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Abstract
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Department of Physics

A semimetal is a material with a small overlap between the bottom of the conduction band

and the top of the valence band. Near the Fermi level, the density of state is almost negligible.

Thus, in the two dimensional limit, the carrier densities can be substantially modulated by

applying an electrostatic gate, affording new opportunities for tuning the electronic states

as well as potential applications in next generation transistors and optoelectronics. On the

other hand, the carrier mobilities in these 2D semimetals are usually extremely high, enabling

observations of various quantum phenomena, such as the quantum Hall effect.

In this thesis, two 2D semimetals, graphene and single layer tungsten ditelluride (WTe2),

will be explored through optical and magneto-transport techniques. In the first part, we will

introduce the discovery of a new type of photocurrent generated by the photo Nernst effect

in graphene in both classical and quantum regimes. By generalizing the Song-Levitov result

of the long-range photocurrent response to the case of non-vanishing magnetic field on strip

shape devices, we were able to formulate the photocurrent and capture almost all features ob-

served in the experiment. Thereafter, we will turn to the other semimetal, WTe2, which was

recently found to be a rich system, hosting a lot of exotic phenomena and interesting theoretic

predictions, such as large magnetoresistance, type-II Weyl points, pressure driven supercon-



ductivity and nontrivial topology. Through investigating the generic magneto-transport

properties of WTe2 to the single layer limit, we discovered that the monolayer is likely a

quantum spin Hall insulator near charge neutrality, while displays superconductivity for

large electrostatic doping at sub-Kelvin temperatures.
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Chapter 1

INTRODUCTION TO 2D ELECTRON GAS

1.1 Classical two dimensional electron gas

A two-dimensional electron gas (2DEG) is a gas of electrons free to move in two dimensions

but are confined in the third dimension. Because of the quantum effect, energy levels in

that direction are quantized, leading to a lot of interesting physical properties and potential

applications of smaller and faster electronics.

The most common 2DEG is found in Si-MOSFETs. Figure 1.1a is an example of a typical

NPN MOSFET. When the transistor is working in the inversion mode after applying a gate

voltage (Fig. 1.1b), electrons underneath the oxide are confined to the semiconductor-oxide

interface but are free to move within the interface, forming the 2DEG.

Figure 1.1: a, Cross section of a typical NPN Si-MOSFET structure. b, Band diagram

of Si-MOSFET in inversion mode when Vg > VT .

Other 2DEG systems include the surface of liquid helium and topological insulators, as

well as high-electron-mobility-transistors (HEMTs). In HEMTs, electrons in heterojunctions
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between two similar undoped semiconductors (GaAs/GaAlAs for example) are confined into

a quantum well. More importantly, unlike in MOSFET, electrons in the undoped hetero-

junctions can transport without scattering from ionized impurities, resulting in extremely

high electron mobility (typically 1,000,000 cm2/V · s at 4 K). At the same time, the mean

free path (l =
√

2πnh̄µ/e for material with a parabolic dispersion) could be even larger

than the size of the transmission channels, especially at cryogenic temperatures, leading to

ballistic transport. The high electron mobility could also enable experimental observations

of Shubnikov-de Hass oscillations and the quantum Hall effect (QHE) when the applied

magnetic field approaches 1/µ.

A common issue of classical 2DEG systems, especially for HEMTs like GaAs/GaAlAs, is

that the device fabrication processes are always very complicated, which could involve mod-

ulation doping and several steps of growth by molecular beam epitaxy (MBE). Making good

electrical contacts to those materials is not trivial, and some are still not fully understood

even after decades of investigations. A simpler 2DEG which does not have some of these

limitations are thus required for better understanding of the fundamental physics and device

applications.
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1.2 Graphene - the first real 2D system

As we know, graphene, consisting of a single layer of carbon atoms, is the first two dimen-

sional material ever found. It is the basic structure element of three dimensional graphite

and charcoal, one dimensional carbon nanotubes and zero dimensional fullerenes [1]. Un-

fortunately, it was only isolated and identified recently using the Scotch tape technique. In

2004 graphene was first spotted on a chosen SiO2 substrate [2], which gives visible contrast

for searching with an ordinary microscope [3].

1.2.1 Lattice and band structure

In bulk graphite, neighboring graphene layers are connected by the weak Van de Wales inter-

actions. However, within the graphene plane, carbon atoms are bonded by the sp2 valence

bond, forming hexagonal structure (see Fig. 1.2a). The pz orbital (bond) is responsible for

the conducting of the sheet. The structure can be seen as a triangular lattice with a basis

of two atoms per unit cell. Although the six corners are all made of the same carbon atoms,

the chemical environments are different for different sites, indicated as A and B.

The unit vectors can be written as (α = 1.42 Å is the carbon-carbon distance)

a1 =
a

2
(
√

3, 3), a2 =
a

2
(
√

3,−3), (1.1)

the nearest neighbor vectors are

δ1 =
a

2
(1,
√

3), δ2 =
a

2
(1,−

√
3), δ3 =

a

2
(−2, 0). (1.2)

The reciprocal unit vectors are then calculated to be

b1 =
2π

3a
(1,
√

3), b2 =
2π

3a
(1,−

√
3), (1.3)

and the Dirac points are

K =
2π

3a
(1,

1√
3

), K ′ =
2π

3a
(1,− 1√

3
). (1.4)
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Figure 1.2: Honeycomb lattice and it’s first Brillion zone. a, Lattice structure of

graphene. a1, a2 are unit vectors, δi (i = 1, 2, 3) are the nearest neighbor vectors. b,

First Brillion zone, K and K ′ are the Dirac points; b1 and b2 are the reciprocal unit

vectors. (Figure taken from Ref. [4])

According to the tight bonding model, considering the nearest neighbor and next-nearest

neighbor hopping, the Hamiltonian would be [4]

H = −t
∑

<i,j>,σ

(ai,σb
+
j,σ +H.c.)− t′

∑
<<i,j>>,σ

(ai,σa
+
j,σ + bi,σb

+
j,σ +H.c.). (1.5)

Here, t and t′ are the nearest and next-nearest hopping energies, < i, j > and << i, j >>

indicate the sum over nearest neighbor and next nearest neighbor. ai,σ, bi,σ (a+
i,σ, b

+
i,σ) are

annihilation (creation) operates of one electron with spin σ(↑, ↓) on site Ri. For most of

the case, we only consider the nearest neighbor hopping (t′ = 0). The Hamiltonian can be

rewritten as [5]

H = t

 0
3∑
i=1

eik·δi

3∑
i=1

e−ik·δi 0

 . (1.6)

The eigenvalues are

E(k) = ±t
√

3 + f(k),
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where

f(k) = 2 sin(
√

3kya) + 4 cos(

√
3

2
kya)cos(

3

2
kxa).

The ‘+’ and ‘-’ signs indicate the upper band (π∗) lower band (π) individually. This dispersion

is plotted in Fig. 1.3. The upper band touches the lower band at the six corners of the first

Brillion zone.

Figure 1.3: a, Electronic dispersion of single layer graphene, the upper band (π∗) touch

the lower band (π) at the six corners of the first Brillion zone. b, Dispersion near one of

the corners (Dirac cone), where q = k −K. c, Contour plot of the dispersion relation.

As shown in Fig. 1.3b, around Dirac points the dispersion is linear (so called Dirac

cones). Suppose q = k−K (q = k−K ′ around K ′), taking the first order Taylor expansion

of formula (1.6), the Hamiltonian becomes

HK =
3at

4
(1 +

√
3)

 0 iqx − qy
−iqx − qy 0

 =
3at

4
(1 +

√
3i)σ̂ · q,
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HK′ =
3at

4
(1 +

√
3)

 0 −iqx + qy

iqx + qy 0

 = −3at

4
(1 +

√
3i)σ̂ · q,

where σ̂ is the properly chosen Pauli matrices

σx =

 0 i

−i 0

 , σy =

0 1

1 0

 , σz =

1 0

0 −1

 .
In total, the Hamiltonian around Dirac points can be summarized to be

H = vF

σ̂ · q 0

0 −σ̂ · q

 = vF (τzσxqx + σyqy),

where vF = 3at/2 ≈ 1 × 106m/s is the Fermi velocity, τz is the valley index (τz = 1 for K

valley, τz = −1 for -K valley). The eigenvalues are

E(q) ≈ ±vF |q|. (1.7)

Different from massive electrons in semiconductors, in graphene the linear dispersion indi-

cates a zero effective mass of carriers around Dirac points. More importantly, the Dirac

nature of electrons (holes) also means they can travel in graphene without scattering from

phonons ideally, leading to extremely high carrier mobilities and ballistic transport for chan-

nels of micrometer size. For example, the mobility of graphene at room temperature has

been determined [6] to be 15, 000 cm2/V · s, much larger than that of silicon (typically

1, 400 cm2/V · s for electrons and 450 cm2/V · s for holes).
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1.2.2 Integer quantum Hall effect in Graphene

The quantum Hall effect is a quantum version of Hall effect observed when 2DEG systems

are subjected to a strong magnetic field at low temperatures, in which the Hall conductance

takes the quantized value

σH = Ichanel/VH = ν
e2

h
.

Here, Ichannel is the channel current, and ν is the filling factor. ν = 1, 2, 3, · · · , indicates

the integer quantum Hall effect (IQHE), while ν = 1/3, 2/5, 3/7, · · · , indicate the fractional

quantum Hall effect (FQHE). The exact quantization of the QHE with 1ppb error was latter

used in metrology for resistance calibration.

Figure 1.4: Longitudinal voltage Upp and Hall voltage UH as a function of gate voltage

Vg at T=1.5 K, B = 18 T. Inset is a top view of the device, with length L = 400 µm,

width W = 50 µm, and distance between the two probes Lpp = 130 µm. (Figure taken

from Ref. [7])
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The IQHE was originally predicted by Ando, Matsumoto, and Uemura in 1975. In 1980,

Klaus von Klitzing discovered the exact quantization in Si MOSFET under high magnetic

field as in Fig. 1.4. When the 2DEG in Si-MOSFET is under inversion, and subjected to

high magnetic field (18 T) at low temperature (1.5 K), the band structure is quantized into

Landau Levels (LLs). As µB ∼ 1, quantum oscillations are visible when sweeping the gate

voltage.

Graphene, on the other hand, has its own advantage, it hosts massless Dirac fermions,

which is generically more beneficial than other 2DEG. The integer quantum Hall Effect in

graphene was first reported by two group independently in 2005 at close to liquid helium

temperature [8, 9], and was later found that the effect could be observed at room temperature

[10]. Under the magnetic field ( ~B = Bẑ, ~A = −yBx̂), the Hamiltonian (around K) is

H = vF σ̂ · (~q +
e ~A

h̄c
) = vF [σx(qx −

eyB

h̄c
) + σyqy].

A easy way to derive the eigenvalues is by calculating H2,

H2 = v2
F [(qx −

eyB

h̄c
)2 + q2

y − σxσy
eB

h̄c
[y, qy]]

= v2
F [q2

y + (
eB

h̄c
)2(y − y0)2 +

eB

h̄c
σz]

= (
vF
h̄

)2[h̄2q2
y + ω2

c (y − y0)2 + h̄ωcσz].

Here, ωc = eB/c, y0 = h̄c
eB
qx, [H

2, qx] = 0. H2 is close to the Hamiltonian of a harmonic

oscillator. The eigenvalues are

E2
qx,n = (

vF
h̄

)2h̄ωc[σz + (2n+ 1)] = (
vF
h̄

)2h̄ωc

2n+ 2 0

0 2n

 .
In all,

Eqx,n = vF
√
h̄ωc
√
n.

Here, n = 0, 1, 2, · · · . For all n ≤ 1, different LLs have the same degeneracy (spin and valley

degeneracy included)

Nn = 4φ/φ0.
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The zero Landau Level (zLL) is slightly different, with half the degeneracy. In terms of

IQHE, the Hall conductivity is quantized to be

σxy = 4(ν +
1

2
)
e2

h
,

where ν is the filling factor of the LL.

Electrons fill from the lowest LL to the Fermi level. When the Fermi level is within the

gap of two LLs, the bulk part won’t conduct. But on the edge of the 2DEG, due to the band

bending, there would be chiral edge current. For each LL, the edge contribution to the total

conductance would be 4e2/h, considering the spin and valley degeneracies.

These edge conduction may also be understood in terms of the skipping motion electrons

execute as their cyclotron orbits bounce off the edge. Importantly, the electronic states

responsible for this motion are chiral in the sense that they only propagate in one direction

along the edge. These states are insensitive to disorder because there are no states available

for backscattering, a fact that underlies the perfectly quantized electronic transport in the

quantum Hall Effect.

Although quantum mechanics predicts the LL splitting for arbitrary 2DEG, in real ex-

periment, LLs are not discrete but largely broadened. One of the criteria for observing the

Shubnikov de Hass (SdH) oscillation is µB ∼ 1. Since the magnetic field is quite limited

(usually 10s of Tesla), 2DEG with large mobility is the only choice. Figure 1.5 is one of the

measurements from the Colombia group[9], for fixed gate voltage (Fig. 1.5a) as the magnetic

field increases, the LL degeneracy increases for each LL below the Fermi level, the LL spacing

increases, and thus the filling factor decreases discretely, indicating a quantized increasing

Hall resistance. On the other hand, for fixed magnetic field B (Fig. 1.5b), as we increase the

gate voltage from negative to positive, the Fermi level also goes from the lower Dirac band

to the upper band and the filling factor also changes discretely, leading to quantized Hall

resistance.
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Figure 1.5: a-b, Quantized magneto resistance and Hall resistance of graphene device,

T = 30 mK, Vg = 15 V in (a), T = 1.6 K, B = 9 T in (b). c, schematics of the

quantized resistance and corresponding Landau Levels. (Figure taken from [9])

So far, the electron-electron interaction is neglected in our discussion about IQHE in

2DEG. This only applies when the carrier density and the magnetic field are relatively

low. In fact, except for the integer resistance plateaus, when the magnetic field is high

enough, fractional plateaus start to develop. This was also first seen in GaAs/GaAlAs

heterostructures[11].
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1.3 Transitional metal dichalcogenides

In previous sections we talked about different 2DEG systems, including conventional quan-

tum wells and single layer graphene. Except for these systems, recently transitional metal

dichalcogenides, in their atomically thin forms, have caught tremendous attentions because

of their supreme physical properties and recent advances in technologies like sample growth,

device fabrication, and optical detection etc. Some of the most investigated TMDCs with

distinct electric properties are provided in the following table.

Table 1.1: summary of common TMDC materials and their electronic properties. (Ta-

ble taken from Ref. [12])

1.3.1 Lattice and band structure

Transition metal dichalcogenides are common layered materials, in which the adjacent layers

are stacked by the Van de Waals interactions. It can be easily thinned down into a monolayer

by mechanical exfoliation. The single layer MX2 is composed of one layer of transition metal

atoms, sandwiched between two layers of chalcogenide atoms. Usually for the single layer

there are two types of stacking (see Fig. 1.6), the ABA stacking (1H phase) and the ABC



12

stacking (1T phase). ABA stacking is noncentrosymmetric [13, 14] with space group P6m2,

and is the stable phase of most semiconducting monolayers (M = Mo, W; X = S, Se). ABC

stacking, on the other hand, is centrosymmetric, but is usually not preferable energetically.

There would be an additional distortion, and it ends up with a lower symmetric 1T’ phase

(space group P21/m). In the 1T’ phase, the transition metal atoms dimerize and form quasi

one dimensional zigzag chains, and is the stable phase of single layer WTe2 and MoTe2. More

information on the 1T’ MX2 will be provided in Chapter 3, for the rest of this chapter, we

will focus on semiconducting monolayers in the 1H phase.

Figure 1.6: Atomistic structures of monolayer MX2 with stacking order 1H, 1T, 1T’

respectively. (Figure adapted from Ref. [15])

Figure 1.7 shows the schematics of the lattice and band structure of monolayer MX2 in

the 1H phase, where the inversion symmetry is intrinsically broken. A bandgap of 1-2 eV

in the visible spectral range is open. The conduction band minimum (CBM) and valence

band maximum (VBM) are both located around the K (-K) points (Dirac points, corners

of the first Brillion zone), making the monolayer a direct bandgap semiconductor [12, 16].

Except for the opening of a bandgap around the Dirac points the spin degeneracy is lifted

[12]. The magnitude of the spin splitting can be as large as hundreds of meV [17], while

the spin polarizations are different for K and -K points, making it a promising candidate for



13

applications in valley- and spin-tronics.

Figure 1.7: Schematics of the lattice and band structure of MX2. a, Top view of

the MX2 monolayer, where A and B are different sites, representing M and X atoms

respectively. b, Schematic drawing of the band structure at the band edges located at

K (-K) points.

1.3.2 Valley degree of freedom and optical selection rules

The 1-2 eV direct band gap around the Dirac point makes monolayer MX2s unique platforms

for optical studies. A visible laser could be used for excitations, making detections much

easier. As we mentioned in the last section, due to the lack of inversion symmetry in mono-

layer MX2 in the 1H phase, the spin textures are the opposite for K and -K points, which

are separated by a large momentum. Thus, the inter-valley scattering is largely suppressed

[13], and valley as a degree of freedom (DOF) is a relatively good quantum number and can

be used as an information carrier similar to the spin DOF.

The magnetic momentum for the n-th Bloch state is calculated [18] to be (around K)

mn(k) = −i eh̄
2m2

∑
i 6=n

Pn,i(k)× Pi,n(k)

En,0(k)− Ei,0(k)
.

Here, Pn,i(k) =< un,k|p̂|ui,k > is the inter-band matrix element for the canonical momentum
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operator. En,0(k) is the Bloch Eigen energy. The Berry curvature is determined to be

Ωn(k) = −i h̄
2

m2

∑
i 6=n

Pn,i(k)× Pi,n(k)

(En,0(k)− Ei,0(k))2
.

From above, we know that the two Bloch states with opposite spins in a Kramer’s pair

(TRS is unbroken) have opposite values of m and Ω. And for each valley near the Dirac

points, the magnetic momentum and Berry curvature do not vanish [14, 18]. The non-

zero magnetic momentum means that the electrons are circularly polarized. For excitations

with certain circular polarization, only one valley would be excited (see Fig. 1.7b). After

recombination the luminescence would also be circularly polarized. The polarization of the

photoluminescence could be quantified by (for σ− excitation)

η =
I(σ−)− I(σ+)

I(σ−) + I(σ+)
.

Here, I(σ−) (I(σ+)) is the intensity of the photoluminescence of left (right) polarization.

The experimental determinations on the selection rules were performed in both monolayer

and bilayer layer MX2s [14, 17, 19, 20] with circularly polarized light.
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1.4 Quantum spin Hall effect

In section 1.2.2, we discussed the quantized edge conduction that emerged at the edges of a

2D integer quantum Hall system despite the insulating bulk. In this section, we are going

to talk about another type of Hall effect, the quantum spin Hall (QSH) effect, which is

closely related to the QHE with gapped interior and gapless edge states. The difference is

in the quantum Hall system to have the topological nontrivial state (n 6=0) usually a strong

magnetic field is applied, thus breaking the time reversal-symmetry. As illustrated in Fig.

1.8, the forward and backward movers in the quantum Hall bar are spatially separated and

no backscattering is allowed on either edges.

Figure 1.8: Comparison of QHE and QSHE. A spinless 1D system has both a forward

and backward mover. Those two channels are spatially separated in a QH bar, where

the upper edge contains only a forward mover and the lower edge has only a backward

mover. A spinful 1D system has four basic channels, which are also spatially separated

in a QSH bar. The upper edge contains a forward mover with up spin and a backward

mover with down spin, and conversely for the lower edge. (Figure taken from Ref. [21])

In a QSH system, however, no magnetic field is needed and the time-reversal symmetry

(TRS) is preserved. In this case, the spin and momentum of the electrons are locked due to
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the strong spin orbital coupling. While the free carriers are still confined to the edges, there

are both forward and backward movers on either edges with the opposite spin textures. For

example, in Fig. 1.8, the upper edge contains a forward mover with up spin and backward

mover with down spin, which are essentially different from the 1D conductor. For either

edges, Kane and Mele [22] showed that the reflection amplitude is odd under time reversal,

roughly because it involves flipping of the spin. Thus at zero temperature, without breaking

TRS, the edge transport is dissipationless regardless of disorder.

At nonzero temperature, inelastic backscattering processes are allowed, resulting in a

finite conductivity for edges longer than the phase coherence length, l > lφ. However, for

l < lφ, even at nonzero temperature, the edge transport can still be considered as ballistic.

The two-terminal conductance for a single edge can be described by the Landauer formula,

G =
e2

h
MT (1.8)

Here, M represents the number of modes, which equals 1 for the QSH edge state. T is the

transmission coefficient for an electron injected at one end the conductor and collected by the

other end. Assuming perfectly transparent contacts, the conductance would be G = e2/h.

For multi-terminal configurations, one could derive the conductance between any pair using

the Büttiker formula.

1.4.1 Quantum spin hall effect in HgTe/CdTe quantum well

The first toy model of the QSH effect is made on graphene [22]. However, due to the weak

spin-orbital interaction (10−3 meV ), there is almost no observable effect in experiment.

Latter, Bernevig, Hughes and Zhang (BHZ) proposed to consider the HgTe/CdTe quantum

well structures, which have much stronger spin-orbital interactions. Inside these quantum

wells, essentially, there is one layer of HgTe sandwiched by two layers of CdTe. When the

thickness of the HgTe is above a critical value (dc = 6.3 nm), the bands in WTe2 would be

inverted, resulting in a gaped bulk with nontrivial topological invariant, Z2 = 1.

Shown in Fig. 1.9 is the first transport measurements on HgTe/CdTe quantum well
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structures by König et al [23]. For HgTe thinner than the critical thickness (d < dc, device

I), at certain gate range, the four terminal resistance is much larger than h/e2, indicating

it’s a normal insulator. However, when the thickness is above the critical thickness (d > dc,

device II, III, IV), when the Fermi level is tuned into the gap, the resistance is significantly

smaller and develops a plateau, the value of which saturates to h/2e2 when the size of the

device is smaller enough (device III and IV). The perfect quantization is one of the key

signature of the quantum spin Hall effect.

Figure 1.9: The longitudinal four terminal resistance (R14,23) of various normal (d =

5.5 nm) (I) and inverted (d = 7.3 nm) (II, III, and IV) QW structures as a function

of Vg at B = 0 T , T = 30 mK. The device sizes are (20.0 × 13.3)µm2 for devices I

and II, (1.0×1.0)µm2 for device III, and (1.0×0.5)µm2 for device IV. The inset shows

R14,23(Vg) of two samples from the same wafer, having the same device size (III) at 30

mK (green) and 1.8 K (black) on a linear scale. (Figure taken from Ref. [23])
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1.5 Summary and outline

The fast explosion of 2D materials offers great opportunities for making new functional

materials as well as provides platforms for realizing a lot of the fundamental physics, such

as the quantum Hall effect, quantum spin Hall effect, high temperature superconductivity

and valley-tronics. This thesis focuses on one type of these two dimensional materials, the

2D semimetal, including graphene and tungsten ditelluride (WTe2).

In Chap. 2, we will talk about the discovery of a new type of photocurrent in monolayer

graphene, generated by the photo Nernst effect. Different from other mechanisms, the photo

Nernst current is a subtle effect that only dominates photocurrent in ultra clean and uniform

graphene devices. In the photo Nernst effect, an out-of-plane magnetic field is applied, which

breaks the mirror symmetry, resulting in a net current when the laser is parked near the free

edges of the graphene flake. The photocurrent has opposite signs for the opposite edges

and is linear with the magnetic field in the low field regime. Furthermore, the photo Nernst

current is found to be more sensitive to the topology of the electronic structure than the four-

terminal transport measurements for an high magnetic field. To explain these observations

quantitatively, we developed a thermoelectric model from the microscopic theory.

In Chap. 3, we will start with a short introduction to the other 2D semimetal, WTe2, we

will talk about the large non saturating magnetoresistance in the bulk material as well as the

nontrivial topology associated with bulk and monolayer WTe2. At the same time, we will

investigate the temperature dependence and the magnetoresistance when WTe2 is thinned

down into the monolayer limit. This chapter also serves partially as an introduction to the

following two chapters.

Chap. 4 is mainly about the magneto-transport properties of monolayer WTe2 near

the charge neutrality. We found that the interior of monolayer WTe2 is insulating below

about 100 K while the edge remains conducting down to 1.6 K. The edge conduction is

strongly suppressed by an in-plane magnetic field and is independent of gate voltage, save

for mesoscopic fluctuations that grow on cooling due to a zero-bias anomaly, which reduces
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the linear-response conductance. Many of the observations are consistent with monolayer

WTe2 being a 2DTI. However, the low-temperature edge conductance, for contacts spacings

down to 150 nm, never reaches e2/h, suggesting significant elastic scattering in the edge.

We will also show a direct imaging of the conducting edge channels by scanning microwave

impedance measurements.

The last chapter is on field induced superconductivity in monolayer WTe2. With an

electrostatic gate, one could easily tune the interior of monolayer WTe2 from an insulator

to a superconductor. The superconductivity is also highly tunable, the critical temperature

can be tuned from 700 mK at high doping level to below 200 mK at low doping levels.

At the lowest temperature (20 mK), a critical field of 35 mT is observed for out-of-plane

magnetic field. When the magnetic field is aligned in the sample plane, the critical field

is much higher. We also studied the gate tunable insulator to metal transition at various

temperatures, which are scaled into an universal curve, indicating this transition could be a

quantum phase transition.
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Chapter 2

PHOTO NERNST EFFECT IN GRAPHENE

2.1 Introduction

2.1.1 Magneto scanning photocurrent microscopy

Scanning photocurrent microscopy (SPCM) belongs to the family of scanning probe mi-

croscopy, and is a very powerful tool for investigating spatial-dependent optoelectronic prop-

erties of classical semiconductors and their nano-structures[24–28]. In SPCM, a focused laser

is raster-scanned across the sample, generates a laser-position dependent photocurrent map.

A typical setup for the SPCM is shown in Fig. 2.1.

Figure 2.1: Schematic diagram of the scanning photocurrent microscopy
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2.1.2 Model the long range photocurrent in graphene

Classical SPCM experiments are always conducted in semiconductor devices, in which electron-

hole recombination process is greatly slowed down due to the existence of a solid band gap.

The long live electrons and holes are usually separated by an electric field and diffuse into

the contacts, resulting in a measurable photocurrent. This is basically the photo voltaic

effect. Graphene, however, is a gapless material, the conduction band touches the valence

band at the Dirac points, making electrons and holes less distinct. On the other hand, pho-

tocurrent has been observed when light is focused on inhomogeneous, junctions[29, 30] and

boundaries[31] in graphene devices, and is suggested to be related to the thermal electric

effect.

Due to the slow electron-lattice cooling process in graphene, the photo excited electron

hole pairs always form the so called hot carriers near the Fermi surface, which are crucial

for understanding charge and energy transfers in graphene. So far most researches have

been focused on the local photocurrent generation, while much less attention has been put

on the later stage, ie. how the charge transports on the long range scale. For ultra clean

graphene devices, the electron/hole mobility has been shown[32–35] to be very close to

GaAs/GaAlAs quantum wells, and a mean free path of tens of micrometers has been achieved.

At low temperatures, when the symmetry for “left” and “right” moving carriers is broken, a

long range photocurrent is expected in graphene. Recently, Song and Levitov[29] proposed

another type of long range response similar to the Shockley-Ramo type photo response[36–

38]. In the following of this chapter, a new member of the thermal electric effect, the photo

Nernst effect, in graphene will be introduced. We will also apply the Song-Levitov result to

the SPCM in a low magnetic field.

2.1.3 Long range photocurrent generation

The movement of charged particles in an electrostatic field is governed by the Poisson equa-

tion (see Appx. A). However, for gapless material like graphene, it becomes a steady current
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problem, and the movement of charge particles instead follows the continuity equation.

∇ · (jd + jph) = ∇ · (−σ∇φ+ jph) = 0. (2.1)

Here jd = −σ∇φ is the diffusion current density, jph is the photocurrent density, φ is the

electric potential. The boundary conditions at the free edges (no outgoing current) and near

the contacts (equal potential) are described as following respectively,

n · (jd + jph) = 0, (2.2)

n×∇φ = 0. (2.3)

In experiment, what we measured is the total photocurrent collected by one of the contact

(short circuit photocurrent) regardless of the details of current flow inside the material. Song

and Levitov [27] figured out this long range photoresponse by using the concept of weighting

(auxiliary) field as in the original Shockley-Ramo theorem. The weighting field(ψ) satisfies

the following equations,

∇ · j(ψ) = 0, j(ψ) = −σT∇ψ. (2.4)

Similarly, the boundary conditions at the free edges and near the contacts for the weighting

field are

n · j(ψ) = 0, (2.5)

n×∇ψ = 0. (2.6)

With this auxiliary field, the total photocurrent can be calculated with the following trick,∫∫
∇ · (jd + jph)ψdxdy =

∮
n · (jd + jph)ψdl −

∫∫
(jd + jph) · ∇ψdxdy

=

∮
n · jψdl −

∫∫
∇φ · (−σT∇ψ)dxdy −

∫∫
jph · ∇ψdxdy

=

∮
n · jψdl −

∫∫
∇φ · j(ψ)dxdy −

∫∫
jph · ∇ψdxdy

=

∮
n · jψdl −

∮
n · j(ψ)φdl −

∫∫
jph · ∇ψdxdy = 0.
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Thus, ∫∫
jph · ∇ψdxdy =

∑
k

(Ikψk − I(ψ)
k φk). (2.7)

For convenience, if we choose I
(ψ)
k to be zero at all contacts, ψk to be zero except the one

connected to the preamp to be 1, then the photocurrent we measured can be simplified as

Iph =

∫∫
jph · ∇ψdxdy. (2.8)

Knowing the local photocurrent density (jph) and the weighting field (∇ψ), the generated

long range photocurrent can be easily calculated as equation 2.8. In the next section, I am

going to discuss the calculation of local photocurrent density and weighting field first, then

I will show that the long range photocurrent can be formulated as the Nernst effect.

2.1.4 Nernst coefficient

To derive the Nernst coefficient for a graphene device, we started from its original definition.

Phenomenologically, the macroscopic electric current density je and heat current density jQ

can be described by the following equations,

je = σE − α∇T, (2.9)

jQ = αTE − κ∇T. (2.10)

The Nernst coefficient N is defined to be N = Ey/(Bz(dT/dx)), if je = 0,∇T = dT/dxx̂.

Under this definition, equation 2.9 becomes E = σ−1α∇T , thus

Ey = (σ−1α)yxdT/dx = (ρyxαxx + ρyyαyx)dT/dx,

N = Ey/(Bz(dT/dx)) = − 1

Bz

(ρxxαxy + ρxyαxx). (2.11)

The last derivation used the Onsager relation, and also assumed conductivity is isotropic in

the sample plane, which is the case for graphene. With the Mott relation, αij = −π2

3

k2BT

e

∂σij
∂εF

,

equation 2.11 can also be written as

N =
π2k2

BT

3eBz

(ρxx
∂σxy
∂εF

+ ρxy
∂σxx
∂εF

) = −π
2k2
BT

3eBz

σxxρxx
∂

∂εF
(
σxy
σxx

). (2.12)
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2.1.5 Weighting field in graphene strip and the photocurrent

The weighting field for a rectangular graphene strip under the magnetic field is not easy

to solve analytically. However, for graphene strip with a large aspect ratio, far away from

the contacts area, the auxiliary current density j(ψ) is approximately j(ψ) ≈ − 1
ρxxL

x̂ (the

prefactor is chose so that at x = L, ψ = 1). The weighting field is

∇ψ = −(σT )−1j(ψ) = −ρT j(ψ) ≈ 1

L
(x̂+

ρxy
ρxx

ŷ). (2.13)

Since the local photocurrent density from equation 2.9 is jph = −α∇T at zero bias, we can

calculate the photocurrent collected by one of the contacts,

Iph =

∫∫
jph∇ψdxdy ≈

1

L
(−α∇T )(x̂+

ρxy
ρxx

ŷ) = − 1

L
(αxy +

ρxy
ρxx

αyy)

∫ L

0

∫ W

0

∂T

∂y
dxdy

= −(αxy +
ρxy
ρxx

αyy)
1

L

∫ L

0

∆T (x)dx = −(αxy +
ρxy
ρxx

αyy)∆Tav.

Here ∆Tav = 1
L

∫ L
0

∫W
0

∂T
∂y
dxdy is the averaged temperature increasement due to the photo

illumination. Compare this formula with equation 2.11, we can rewrite the photocurrent in

terms of the Nernst coefficient (the prefactor β (1 > β > 0) is added due to the contact

effect),

Iph =
β

ρxx
NBz∆Tav. (2.14)
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2.2 Experiment

2.2.1 Device fabrication and experiment setup

Two-terminal graphene devices were made on doped Si/SiO2 substrate, in which the Si

substrate is used as the bottom gate (see Fig. 2.2(a) for the optical image of a typical

graphene device). Figure 2.2(b) shows the transfer characteristics of a two-terminal graphene

device at both room and cryogenic (40 K) temperatures. The gate dependences can be fitted

with the FET equation R = Rc + l/w

eµ
√
n2
0+n2

2D

. The 2D carrier density is estimated using the

capacitance n2D = C∆Vg, C = 120µF/m2 for 285 nm of SiO2, l/w ≈ 2 for the device. The

best fitting yields a field effect mobility of 20,000 cm2/V · s at 40 K, and 17,000 cm2/V · s

at 300 K. The extracted residual local carrier fluctuation n0 is 8 × 1010 cm−2 at 40 K and

13×1010 cm−2 at 300 K, indicating the graphene device is very clean and homogeneous. And

this is very important for the observation of the photo Nernst effect, which would be the

focus of the later part.

The scanning photocurrent microscopy in Fig. 2.2(c) is measured at 40 K and zero

magnetic field with 632 nm laser. A small gate of ∆Vg = 5 V is applied, so the graphene

is slightly n doped. From the 2D colormap, we can see a significant photocurrent when

the laser is parked near the two contacts, which can be understood by the formation of

Schottky barrier near the metal contacts. When the laser is parked elsewhere, far away

from the contacts but still on the graphene, the photocurrent is negligible. However, under

an out-of-plane magnetic field, except for the photocurrent discussed above, there would be

an additional photocurrent when the laser is focused near the free edges of the graphene

flake. Figure 2.3 shows the experimental setup for the SPCM measurement setup under the

out-of-plane magnetic field.
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(a) (b)

(c)

Figure 2.2: Graphene FET on SiO2 for scanning photocurrent microscopy. a, Optical

image of a two-terminal graphene device, scale bar is 2 µm. b, Transfer characteristic

of a two-terminal graphene device at T = 40 K, 300 K respectively. c, SPCM on the

same two-terminal device at 40 K and zero magnetic field. λ = 632 nm, P = 40 µW .

Figure 2.3: Experimental set-up and schematic structure of a graphene device



27

2.2.2 Chiral photocurrent generated on graphene edges

Far away from the metal contacts, when the laser is focused on one of the free edges, the

photo excited electrons/holes will diffuse towards the other edge and the contacts. But due to

the “left” and “right” symmetry, there would be no net photocurrent. However, if we apply

a small out-of-plane magnetic field of 0.3 T, the electron/hole movement will be deflected

and result in a SPCM map as Fig. 2.4b. From the 2D maps, one can see that except for

the photocurrent near the metal contacts as in the zero field case, most of the additional

photocurrent is generated when the laser is positioned on the two free edges. On the other

hand, when we change the magnetic field from 0.3 T to -0.3 T, the photocurrent near the

free edge would also reverse its sign. These observations are in complete agreement with the

photo assisted thermal electric effect in graphene.

Δ푉g = -30 V

+0.3 T

-0.3 T

B = 0 T

-5 V +5 V +30 V

a

b

c

-20+20Iph (nA)

ΔVg=-30 V -5 V 5 V 30 V

Figure 2.4: SPCM images for B = 0 (a), 0.3 T (b), -0.3 T (c) at varies gate voltages,

T = 30 K.
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At ∆Vg = 5 V , near the metal contacts, there is no sign change when we reverse the

magnetic field, it’s actually almost independent of the applied magnetic field. The same

happens for other gate voltages, although the magnitude of the photocurrent is different for

different gate voltages. In Fig 2.5a, b we show the symmetric and antisymmetric component

of the SPCM with respect to the magnetic field at ∆Vg = 5 V . Clearly, we see the pho-

tocurrent generated near the metal contacts is due to the contacts effect (Schottky barrier),

while the photocurrent near the free edges is all coming from the photo Nernst effect. Figure

2.5d is simulation of SPCM based on the Song-Levitov type long range photoresponse, as

in equation 2.14. And Fig 2.5c is the photocurrent along the dashed line in b, we can see a

good agreement between the simulation and experiment.

Figure 2.5: Analysis and modeling of the photo Nernst current at moderate magnetic

field. a, b, B-symmetric and B-antisymmetric component of SPCM from Fig. 2.4b,c

at ∆Vg = 5 V
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2.2.3 Gate dependence of the Nernst photocurrent

Except for the spatial and magnetic field dependence, the photo Nernst current also shows

a strong dependence on the gate voltage or carrier density as shown in Fig. 2.4. To better

understand this gate dependence, we fixed the magnetic field at 0.3 T, and scanned the laser

along the dashed vertical line in Fig. 2.5b while varying the gate voltage. The 2D map is

shown in Fig. 2.6a. For fixed laser, the photocurrent switches its sign twice as we sweep the

gate voltage from negative to positive values (see Fig. 2.6b). This gate dependence can be

well explained by the analysis of the Nernst coefficient (equation 2.12) as in Fig. 2.6c.

Figure 2.6: Carrier density dependence of the photocurrent at 0.3 T. a, Variation of the

photocurrent along the dashed line in Fig. 2.4b as a function of the carrier density. b,

Photocurrent along the line cut in a. c, Profile of the longitudinal and Hall resistivity

as a function of the Fermi energy in the classical regime.
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2.2.4 Photocurrent in the quantum regime

Figure 2.7: Carrier density dependence of the photocurrent in the quantum regime. a,

Variation of the photocurrent along the dashed line in Fig 2.4b as a function of the

carrier density at 3 T. b, c, Photocurrent and two-terminal resistance as a function of

the carrier density at 1, 2 and 3 T respectively. For the photocurrent measurement,

the laser is fixed at the center of one of the free edges.

One of the breakthroughs of the graphene studies is the observation of the quantum hall

effect at relative high temperature and low magnetic field. Although the lowest accessible

temperature in our experiment is ∼40 K, we were still able to see very weak quantum

oscillations in two-terminal resistance above 2 T (Fig. 2.7c). The photocurrent in Fig. 2.7a
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and b, however, shows a strong alternating of positive and negative values. Thus, the photo

Nernst current act as a more sensitive probe of the formation of Landau levels and quasi

particles. It is also clear from the Nernst coefficient in equation 2.12, which is expressed in

terms of the derivative of the resistivity with respect to the Fermi energy.
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2.3 Conclusion and Future Remark

As a summary, we demonstrated a new type of photocurrent generation by the photo Nernst

effect in graphene in both classical and quantum regimes. By generalizing the Song-Levitov

result on the long-range photocurrent response at zero magnetic field to a nonzero perpendic-

ular field, we were able to capture almost all the features observed in experiment, including

the spatial, magnetic field and carrier density dependences.

The magneto scanning photocurrent microscopy technique could also be used to probe

spatial properties of a system, such as the homogeneity and domain structures. Different

from conventional Nernst measurements, the device used in our experiment is much simpler,

a two-terminal graphene device. On the other hand, in the quantum regime, the photo

Nernst current is much more sensitive to the topology of the Fermi surface than regular

transport measurements and can be utilized to study quasiparticle properties of materials

with much short scattering time.
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Chapter 3

TUNGSTEN DITELLURIDE - A COMPENSATED
SEMIMETAL

3.1 Introduction to bulk WTe2

Tungsten ditelluride (WTe2) is a well-known non-magnetic layered semimetal [39, 40], and

has been investigated for its thermoelectric applications [41]. Despite the recent broad inter-

ests in layered materials, other layered semimetals received much less attention compared to

graphene, semiconducting and superconducting MX2s. One of the main reasons is the com-

plicated Fermi surfaces (up to 9 Fermi pockets have been reported [42]). Recently, Ali et al.

[43] reported that orthorhombic WTe2 crystal exhibits extremely large and non-saturating

magnetoresistance at low temperature and high magnetic field, making it a candidate for

low-temperature magnetic field sensors or high-field cryogenic temperature sensors. Beyond

these potential applications, it also opens up a new field of searching for various kinds of

semimetals [44–47] with large magnetoresistance.

The origin of this non-saturating magnetoresistance, however, is still not fully understood.

It has been suggested [42, 48–53] to be related to the small overlap of the conduction and

valence bands, and the near perfect charge compensation at low temperatures. Other papers

suggested that spin-orbital coupling may also play an important role in determining the

magnetoresistance of WTe2 [42] and other semimetals [45].

On the other hand, Soluyanov et.al. [54] predicts that bulk WTe2 in the orthorhombic

structure, is a type-II Weyl semimetal (WSM). Weyl semimetals are a new type of quantum

matter with nontrivial topological invariant as a analogy of 3D graphene or topological

insulators. The electronic structure displays pairs of Weyl points connected by topological

surface states (Fermi arcs). Several materials, including TaAs [48, 55, 56] and NbAs [57] have
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been reported to be WSMs. To have nontrivial topology, either time reversal or inversion

symmetry has to be broken. The Weyl points in this new type-II WSM appear at the contact

of electron and hole pockets instead of the band edges. Soon afterwards, several groups

claimed evidences of Weyl fermions in both ARPES [58–60] and transport measurements

[61].

3.1.1 Lattice and electronic band structure

Figure 3.1: Schematic representations of 2H, 1T’, Td crystal structures of bulk MX2

along the bc plane respectively.

As mentioned in section 1.3.1, there are three different phases of monolayer MX2. WTe2 and

MoTe2 are usually stabilized at the 1T’ phase, in which the transition metal atoms dimerize

and form quasi one dimensional zigzag chains, as the red lines shown in Fig. 3.2c for WTe2.

Different from conventional bulk TMDCs, in which the 1H monolayers stack together forming

the trigonal prismatic structure (2H), the 1T’ monolayers can stack into bulk materials with

two different crystal structures, monoclinic (1T’) structure and orthorhombic (Td) structure

(see Fig. 3.1). At room temperature in ambient conditions, bulk WTe2 is usually stabilized
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in the orthorhombic structure (space group Pmn21, No.31) as Fig. 3.2, the primitive unit

contains four formula units. No structure transition is observed upon cooling to the cryogenic

temperature for low pressures [43, 50, 62, 63]. MoTe2, on the other hand, is more stable at

the monoclinic phase [64–66] at room temperature.

For bulk WTe2 in the orthorhombic structure, the inversion symmetry is broken although

the 1T’ single layer is centrosymmetric. This is the opposite to the case of most MX2s in

the 2H phase such MoS2 and WSe2, in which usually the bulk is centrosymmetric while the

single layer is non-centrosymmetric. However, there are two reflection symmetries: a mirror

in the bc plane myz and a glide plane in the ac plane gxz formed by a reflection in the ac

plane plus a translation by (0.5, 0, 0.5).

Figure 3.2: Atomistic structure of bulk and monolayer WTe2. a, Side view of Bulk

WTe2 (only showing three layers) with orthorhombic stacking. The unit cell dimensions

are: a = 3.48 Å, b = 6.25 Å, c = 14.02 Å. b, Optical image of a bulk WTe2 crystal of

about 100 nm thick, scale bar is 20 µm. c, Top view of monolayer WTe2 in the 1T’

phase, the red lines form a zigzag chain, which is the a axis.
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In terms of the electronic structure, single particle DFT calculations [15, 43, 48] indicate

that there is a small band overlap (negative gap) in both bulk and monolayer WTe2 after

taking spin orbital interactions into account. Figure 3.3 shows the dispersion relation and

Fermi surfaces of bulk WTe2 [43]. Near E = EF , k = 0 (Γ point), the electron and hole

bands cross each other. Therefore, intrinsically there would be electrons and holes coexisted

in such system, i.e. it is a semimetal.

Figure 3.3: a, The dispersion relation of bulk WTe2 for high-symmetry directions in the

orthorhombic Brillouin zone. b, Details of the calculated electronic structures along

ΓX and ΓZ directions. c, The Fermi surfaces of WTe2, two electron (yellow) pockets

and two hole (blue) pockets presented along the ΓX direction. (Figure taken from Ref.

[43])
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3.1.2 Extremely large magnetoresistance

We start the experiment by calibrating the flux-grown bulk crystals [67]. Figure 3.4 shows the

magnetoresistance (MR = Rxx(B)−Rxx(B=0)
Rxx(B=0)

) as a function of the out of plane magnetic field

measured on a 100 nm thick single-crystal WTe2 at 7 K. A constant current of 100 nA is flowed

along the a-axis for the four-terminal measurements. At B = 7 T, the magnetoresistance is

about 80, 000%, very close to the reported data [43] at the same temperature.

As suggested by many groups, this large, non saturating magnetoresistance is due to

the perfect charge compensation in the bulk WTe2 crystal at extremely low temperatures.

According to the classical two-fluid (electron and hole fluid in this case) model.

ρxx =
1

e

nµn + pµp + (nµp + pµn)µnµpB
2

(nµn + pµp)2 + (p− n)2µ2
nµ

2
pB

2
, (3.1)

ρxy =
1

e

(pµ2
p − nµ2

n)B + (p− n)µ2
nµ

2
pB

3

(nµn + pµp)2 + (p− n)2µ2
nµ

2
pB

2
. (3.2)

The magnetoresistance is

MR =
ρxx(B)− ρxx(B = 0)

ρxx(B = 0)
=

np(µn + µp)
2µnµpB

2

(nµn + pµp)2 + (p− n)2µ2
nµ

2
pB

2
× 100%.

For perfect charge compensation, n = p, MR = µnµpB
2 × 100% ∝ B2. The magnetore-

sistance is a quadratic function of the external magnetic field, and will not saturate. The

magnitude of the magnetoresistance is determined by the mobilities of electrons and holes.

In the log-log plot as in the inset of Fig. 3.4, the magnetoresistance indeed can be

fitted into a power law of the applied magnetic field (MR ∝ Bα). However, the best fit

gives α = 1.76, which is inconsistent with two-fluid model with n = p. This sub quadratic

magnetic field dependence is also observed by other groups in both bulk [43, 61, 68] and

thin layer WTe2 [69]. Moreover, anisotropic linear magnetoresistance [67] and exotic spin

texture [42] indicate other factors, such as electron hole correlation and strong spin-orbital

interaction may play important roles in the unusual magnetoresistance in bulk WTe2.
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Figure 3.4: Magnetoresistance of Bulk WTe2 at 7 K. The bulk WTe2 is about 100 nm

thick, current flows along the a axis. Inset shows the same plot in log-log scale, red

curve is the power law fitting.

3.1.3 Electrical characterization of in-plane anisotropy

In the previous section as well as in literatures, for magnetoresistance measurements in bulk

single-crystal WTe2, current is always flowed along the a-axis. Due to the dimerization of the

W atoms, one would expect a large in-plane anisotropy in such system. An example is the

complicated polarization dependent Raman spectroscopy, as discussed in Appx. B. Another

is the report of linear magnetoresistance when the magnetic field is along the b-axis [67]. In

this section, we are going to compare the case of current flowing along a- with b-axis while

always keeping the magnetic field pointed out of the sample plane.

Figure 3.5 shows the four-terminal resistance as a function of temperature and magnetic

field for current flowing along a- versus b-axis. At high temperatures, the anisotropy is weak
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and does not vary much with temperature. However, when it approaches the lowest tem-

perature of the system (7 K here), the resistance ratio (Rb/Ra) starts to diverge, indicating

different scattering rates for different axes at low temperatures. On the other hand, the

anisotropy vanishes for B > 1 T , as shown in Fig. 3.5d.

Figure 3.5: a, Four-terminal resistance as a function of temperature for current flow

along a- and b- axis respectively. b, Temperature dependence of the four-terminal

resistance ratio (Rb/Ra). c, Magnetoresistance as a function of the magnetic field. d,

Magnetic field dependence of Rb/Ra.
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3.1.4 Pressure driven superconductivity

In addition to the exotic large magnetoresistance and possible Weyl physics, bulk WTe2

has also been demonstrated to superconduct under high pressure by several groups [62,

63, 70]. Upon increasing the pressure, in the phase diagram, a superconducting dome is

observed. Figure 3.6 shows the resistance as a function of T at zero magnetic field for

different pressures. Transitions from metallic to superconductivity and then back to metallic

state are observed as the pressure increases. Structure analysis using X-ray diffraction and

Raman spectroscopy indicates the change of the lattice constants or shrinkage of the volume

when pressure increases. At low pressure (< 4 − 5 GPa), the density of state at the Fermi

surface increases tremendously. At high pressure, some groups [70, 71] claim a structure

transition from Td to 1T’ is observed accompanying the emergence of superconductivity. It

is worth mentioning that the 1T’ structure is centrosymmetric, prohibiting any WSM state.

If the structure transition from Td to 1T’ is really responsible for the emerging of super-

conductivity in W(Mo)Te2, it would be very interesting to see signs of superconductivity in

non-pressurized monolayer WTe2, which is in the 1T’ phase generically.

Figure 3.6: Electrical resistance of single-crystal WTe2 as a function of temperature at

different pressures, from 0.3 to 13.0 GPa (a) and from 13.0 to 24.0 GPa (b). The insets

are enlarged views of the low temperature part. (Figure adapt from Ref. [62])
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3.2 Thickness dependence and degradation of ultra thin layers

In the last section, we talked about the extremely large magnetoresistance in bulk WTe2,

which is related to but cannot be simply explained by the perfect electron and hole com-

pensation in such system. A better and reversible control of the carrier imbalance is thus

crucial for understanding the exotic magnetoresistance. This could be achieved by thinning

it down to the atomically thin limit. In the monolayer, the electron and hole carrier density

is predicted [48] to be n = p = 1.6 × 1013 cm−2, which can be accessed simply by applying

an electrostatic gate.

In Table 3.1, we show the space group and the symmetry operations of WTe2 from bulk

to the monolayer. The change of the symmetry is key for understanding many transport and

optical phenomena in such system, including the Weyl physics, second harmonic generation

and ferroelectric behavior.

1-layer WTe2 N-layer WTe2 (N ≥ 2) bulk WTe2

Space group P21/m Pm Pnm21

Point group C2
2h C1

s C7
2v

Symmetry operation

(x,y,z); (x,y,z); (x,y,z);(-x,y,z);

(-x,-y,-z); (-x,y,z) (1/2-x,-y,1/2+z);

(1/2-x,y,z) (1/2+x,-y,1/2+z)

Table 3.1: Symmetry analysis for monolayer, N-layer (N ≥ 2) and bulk WTe2.

(Adapted from [72])

3.2.1 Metal-insulator transition in the atomic thin limit

In Fig. 3.7, we show the temperature dependence of sheet resistivity in WTe2 devices of

different thickness, ranging from 100 nm to three atomic layers (3L). All devices are built on

SiO2 substrate in ambient conditions. As is clear in the figure, there is a metal to insulator
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transition as layer thickness is reduced, consistent with the literature [35]. For trilayer de-

vices, as the temperature decreases the resistivity increases, indicating an insulating behavior

below about 3 layers.

Figure 3.7: Temperature dependence of sheet resistivity (per square) in non-

encapsulated WTe2 devices of different thickness, from 100 nm thick down to a trilayer.

However, monolayer and bilayer WTe2 devices built on SiO2 are usually not stable over

time. In fact, for WTe2 flakes thinner than four layers, we found they could degrade within

a day in ambient conditions, similar to a lot of other air sensitive 2D materials [73–75].

Figure 3.8 shows optical images of a monolayer piece took right after exfoliation and after

keeping in air for one day. One can see a clear change of optical contrast before and after

degradation. In Chap. 4, we will start by introducing a new technique of protecting the

thin films from degradation, i.e. by encapsulating them in hexagonal boron nitride (hBN) in

a nitrogen atmosphere. After encapsulation, we will show that trilayer is still semimetallic,
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while monolayer and bilayer devices are insulating near the charge neutrality.

Figure 3.8: Optical images of monolayer WTe2 as exfoliated (a) and in ambient condi-

tion for 4 hours (b). Scale bar is 5 µm

3.2.2 Magnetoresistance of few-layer WTe2

While WTe2 changes from metallic to insulating as thinned down to the monolayer, the mag-

netoresistance also decreases dramatically. Except for the the sudden fallen of the electron

and hole mobilities, the underlying predominant mechanism for the magnetoresistance also

changes. For example, quantum interference starts to play a more and more important role

for WTe2 below ∼10 layers on SiO2 [35, 76].

In Fig. 3.9, we show the magnetoresistance of a representative few-layer (4.5 nm thick)

WTe2 device. At Vg = 0, T = 1.6 K, the magnetoresistance displays a dip or a V-shape

feature around B = 0. This is very different from quasi-parabolic behavior (U-shape) in the

bulk crystals, and cannot be explained by the two-fluid model. A lot of research have been

focused on this regime, and it has been shown that this can be understood as a result of the

weak antilocalization due to the strong spin-orbit interactions in the material [35, 76].
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More intriguingly, as shown in Fig. 3.9c, in this regime the magnetoresistance can be

tuned from positive to negative values by the applied electric field (gate voltage). Such

weak antilocalization to weak localization transition has also been observed in other systems

including the interface of LaAlO3/SrTiO3, and were explained by gate tunable Rashba spin-

orbit interactions [76, 77].

Figure 3.9: a, Optical image of a few-layer (4.5 nm) WTe2 device made on SiO2 sub-

strate. Scale bar is 5 µm. b, The longitudinal (Rxx) and Hall resistance (Rxy) as a

function of the magnetic field (out-of-plane) at T = 1.6 K, B = 0. c, Magneto conduc-

tance (MC = [σ(B)− σ(0)]/σ(0)) as a function of the magnetic field at different gate

voltages on another device of the same fashion. The magneto conductance for different

gate voltages are plot with offset. T = 7 K.
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3.3 Nontrivial topology in monolayer WTe2

In 2014, Qian et.al. predicted [15] that monolayer MX2 (M = Mo, W; X = S, Se, Te) in

the 1T’ phase is a quantum spin hall insulator, characterized by Z2 topological invariant

(Z2 = 1), if there is a band gap. However, from the material perspective, most of these

MX2s favor the 1H phase energetically. WTe2 is an exception, but single particle calculation

[15, 48] shows it’s a semimetal rather than gapped even in the monolayer limit.

kb

E

a b

0

EF

kb

ka

-π/b-π/b π/bπ/b

Figure 3.10: a, Band structure of monolayer WTe2. Red and blue lines corresponds to

the spin polarized edge states. b, Fermi surface of the monolayer WTe2, which is made

of a hole pocket centered at the Γ point and two electron pockets centered along the

ΓX axis.

The band structure for monolayer WTe2 is illustrated in Fig. 3.10. In the band diagram,

the valence band mainly consists of the 5d-orbitals of the W atoms, while the conduction

band mainly consists of the 5py-orbitals of the Te atoms. Due to the additional distortion of

the W atoms, the 5d-orbitals will be lowered, leading to the band inversion. Due to the small

overlap of the conduction and valence band, the inner part of the monolayer (monolayer bulk)

will be semimetallic, and hybridize with the edge bands, making the separation and detection
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of the edge states very challenging. Thus, to make a quantum spin hall insulator (QSHI)

or topological field effect transistor, the application of a tensile strain is suggested [15] to

open up a gap in the bulk bands. However, as we will show in Chap. 4, in experiment the

interior of the monolayer WTe2 is already insulating without applying any external strain.

Consequently, WTe2 is a possible generic QSHI.
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Chapter 4

TOPOLOGICAL INSULATOR BEHAVIOR IN MONOLAYER
WTe2

4.1 Intrinsic transport of atomic thin WTe2

In the last chapter, we discussed that WTe2 flakes thinner than four layers can degrade very

fast in ambient conditions, causing inconsistency between devices. To probe their intrinsic

electrical properties, one needs to protect them from oxygen and water vapor, especially

during the fabrication processes. The technique we adopted is encapsulating them between

two hexagonal boron nitride (hBN) flakes in an oxygen-free glovebox, which has already been

proven to be an effective way in several other systems [73, 74, 78].

4.1.1 Device fabrication: hBN encapsulation

We start the fabrication by pre-defining platinum (Pt) electrical contacts on a hBN flake

(bottom hBN), which is identified on a SiO2/Si substrate. Thin flakes of WTe2 are cleaved

from the bulk crystals inside a glovebox (O2 and water vapor levels are both lower than 0.5

ppm). 1-3 layers of WTe2 are identified and latter confirmed using atomic force microscopy

(AFM). The flake is quickly encapsulated between the bottom Pt/hBN and another piece of

hBN flake (top hBN). Then another step of e-beam lithography and metalization (Au) are

used to pattern the electrical pads. The top graphite gate is transferred either at the last

step or before picking up the top hBN. Figure 4.1 shows the schematics of the fabrication

processes and images of a representative encapsulated monolayer WTe2 device (MW2). Table

4.1 lists the thicknesses of the upper hBN, lower hBN, and the top graphite used for all five

devices we are going to report in the following chapters, including three monolayer devices

MW1, MW2, MW3, one bilayer device BW1 and one trilayer device TW1.
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Figure 4.1: a, Schematics of the fabrication processes. b, Schematic of an encapsulated

WTe2 device. c, Optical image of a representative encapsulated monolayer WTe2 device

(MW2), the top right inset is a closer look at the dashed rectangular part in the main

figure. Scale bar is 5 µm.

Device label upper hBN (nm) lower hBN (nm) top graphite (nm)

MW1 5.8 18 3

MW2 9.2 17.5 4.1

MW3 11.4 14 3.4

BW1 5.4 30 3.3

TW1 5.5 22.6 4

Table 4.1: Thickness of the upper hBN, lower hBN, and the top graphite used for device

MW1, MW2, MW3, BW1(bilayer) and TW1(trilayer). All thicknesses were obtained

from the AFM image.
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4.1.2 Temperature dependence of the two-terminal conductance

The transfer characteristics of WTe2 devices from trilayer to the monolayer are shown in

Fig. 4.2. For each curve, the temperature is fixed, from 300 K to 1.6 K. It is also worth

mentioning that a small dc bias of 3 mV is applied on top of the 100 µV ac excitation in the

two-terminal measurements to suppress the zero bias anomaly (ZBA), which only affects the

bilayer and monolayer below ∼10 K and will be discussed later (see Appx. C for details of

the linear responses).

Figure 4.2: Two-terminal characteristics of encapsulated trilayer (a), bilayer (b) and

monolayer (c) WTe2 devices. All three devices have similar dimensions. Trilayer

(TW1): L = 0.2 µm, W = 3.4 µm; bilayer (BW1): L = 0.26 µm, W = 3.1 µm;

monolayer (MW1): L = 0.2 µm, W = 3.4 µm. The inset of (a) shows the schematic

configuration of the two-terminal measurement, in which the pink region is the WTe2,

a gate voltage is applied between the top graphite gate and drain contact on WTe2. In

all three devices, the conductance G = I/V is measured at a small dc bias of 3 mV.
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For the trilayer device as shown in Fig. 4.2a, as the temperature decreases, the conduc-

tance increases in general, with a weak gate dependence, indicating a metallic temperature

dependence at all gates. This agrees with the temperature dependence of bulk WTe2 de-

vices [43] and a recent report on trilayer devices [69], but is very different from the trilayer

devices built on SiO2 substrate as in Fig. 3.7, which shows a clear insulating temperature

dependence even in the four-terminal configuration.

However, for the bilayer device the transfer characteristics are very different, especially at

low temperatures. To begin with, for small gate voltages near charge neutrality, the bilayer

behaves like an insulator, i.e. the conductance decreases as the temperature decreases.

Secondly, below ∼ 100 K the gate dependence develops a cusp feature near the conductance

minimum. The conductance minimum keeps decreasing as we lower the temperature and

reaches zero at ∼ 10 K, below which the gate range for zero conductance starts to broaden.

Thirdly, far away from charge neutrality at very large doping, the temperature dependence

becomes metallic again, implying a gate tunable metal to insulator transition.

In the monolayer limit as shown in Fig. 4.2c, the temperature dependence looks very sim-

ilar to the bilayer case in general. However, one of the key difference is that the conductance

minimum stops at a finite positive value (∼ 16 µS) at about 100 K, and develops a conduc-

tance plateau as we keep decreasing the temperature. At the same time, the width of the

plateau is much wider than the bilayer case (for zero conductance) at the same temperatures.

For the rest of the chapter, we will focus on understanding the exotic transport properties

of monolayer WTe2. We will show that the non-vanishing conduction in the monolayer at

low temperature near charge neutrality is due to the existence of edge conduction, while the

bulk becomes insulating as in the bilayer but at a higher temperature of ∼ 100 K. We will

also talk about the properties of this edge conduction, including temperature and magnetic

field dependences as well as the non-linear behavior (zero bias anomaly). Most of these

observations seem to indicate monolayer WTe2 is a quantum spin Hall insulator.
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4.2 Edge conduction in monolayer WTe2

4.2.1 Nonlocal transport

Edge conduction is usually detected using a nonlocal measurement, such as in the HgTe/CdTe

quantum wells [79]. Figure. 4.3 shows the nonlocal signal as a function of the gate voltage

at different temperatures on the monolayer Hall bar shape device (MW2, see Fig. 4.1a for

the optical image). As shown in the inset, a small excitation of 100 µV is applied between

contact 2 and 6, and we measure the nonlocal voltage drop across contact 4 and 5. At room

temperature, the nonlocal voltage to excitation ratio (Vnl/V0) is almost independent of the

gate voltage and is only about 5%, indicating a bulk dominated conduction between contact

2 and 6. Figure. 4.3b is the simulation of the potential distribution for the geometry ap-

proximating the real device. Here we assume the conductivity is isotropic, and the electric

potential satisfies the Laplace equation. The dashed rectangles represents the metal con-

tacts. All contacts except the source and drain are floated, implying constant potential and

vanishing net current as the boundary conditions on these contacts. The simulated nonlocal

to excitation ratio is ∼ 10%, in reasonable agreement with the ratio we measured at room

temperature, considering the uncertainties of the exact monolayer shape and the in-plane

anisotropy of the conductivity.

As the temperature decreases, the nonlocal signal increases for most gate voltages, and

peaks near Vg = 0. When the temperature approaches the base (T = 1.6 K), the nonlocal

signal near the charge neutrality saturates to ∼ 100%. This is obviously in contradict to

the isotropic bulk conduction, and can be explained by the existence of some kind of edge

conduction. For T < 100 K, the 2D bulk near the charge neutrality becomes insulating,

while the edge remains conducting. If all edges are ideal helical edges, one would expect the

nonlocal signal ratio to saturate to Vnl/V0 = 1/4. However, experimentally we found a large

variance between different devices or different edges of the same device although they have

similar lengths. In this particular device, when we apply a small ac bias between contact 4

and 5 while shorting the longer edge by grounding contact 1, the current is almost negligible
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for small doping when it approaches the base temperature. This particular “broken” edge

and the fact that the other edges are non ideal makes the Landauer Büttiker type analysis

not applicable. More discussions on the non-ideal edge will be made in later sections.

Figure 4.3: a, Nonlocal voltage to excitation ratio as a function of gate voltage at

different temperatures. Inset is the configuration of the measurement. b, Simulation

of the electrostatic potential distribution for the Hall bar shape device, the dashed

rectangles represent the metal contacts.
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4.2.2 Distinguishing edge and bulk conduction

Although the global nonlocal measurements strongly indicates that a substantial current

flows along the edge for small doping at low temperatures, quantitative separation of the

bulk and edge contribution is not possible especially when the edges are not ideal. A clearer

and more direct experiment was performed on the same device as shown in Fig. 4.4.

Figure 4.4: Two-terminal conductance measurements on the Hall bar shape device at

T = 4.2 K. The black and blue curves are measured without and with the side contacts

grounded respectively. The insets show the two measurement configurations, in which

the pink rectangles represent the WTe2 flake.

We compared the two-terminal conductance (I/V ) between contact 3 and 5 for two

different configurations at T = 4.2 K. In the first case (black trace), when we floated all the

other contacts the two-terminal conductance as a function of Vg looks very similar to the

transfer characteristic of Fig. 4.2c, except now there is no dc bias. In the second case (blue

trace), when we grounded contacts 2 and 4 the overall conductance is suppressed. More
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importantly, near charge neutrality (2 V > Vg > −3 V ), the conductance is immeasurably

small, indicating that the bulk is completely insulating and the non vanishing conductance in

the black trace for the same gate range is all conducted through the edges. When Vg > 2 V

or Vg < −3 V , the bulk is turned on, and starts to dominate the two-terminal conduction.

This experiment also suggests a way to measure the edge and 2D bulk conduction separately.

Figure 4.5: Temperature dependence of the 2D bulk in monolayer WTe2. a-b, Two-

terminal conductance for the 2D bulk as a function of Vg for fixed temperatures, in

linear (a) and log scale (b) respectively. c, Two-terminal conductance as a function of

T at fixed Vg. The shaded area corresponds to the freezing of the contacts to the bulk.

d, Arrhenius plot of the 2D bulk conductance at Vg = 0.
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Figure 4.5 shows the ambipolar transfer characteristics of the monolayer 2D bulk at

different temperatures after shorting the edge current by grounding contacts 2 and 4, which

has a weak effect on the bulk conduction. On cooling from 300 K, the monolayer bulk start

to develop a “V” shape gate dependence with a sharp minimum around Vg = 0 at around

200 K. Below 200 K, the “V” grows sharper and the minimum keeps decreasing. At about

100 K, the minimum touches zero conductance and gets wider and wider afterwards. From

200 K to 30 K, there is a well-defined gate tunable metal to insulator transition, with critical

gate voltage at Vg ≈ 2 V on the n-side and Vg ≈ −3 V on the p-side. Below 30 K, the gate

dependence deviates from the well-defined behavior. For further investigation, we plot the

temperature dependence at representative gate voltages in Fig. 4.5c. This figure shows a

clear metal to insulator transition at Vg ≈ 2 V . For Vg > 2 V , the conductance increases as

temperature decreases until T ≈ 30 K, below which the conductance starts to fall quickly as

a function of the temperature (shaded area). One possible reason for this sudden fallen is the

freezing of the contacts to the 2D bulk, which in principle could be addressed by some kind of

four-terminal measurements on the 2D bulk (see Chap. 5 for four terminal measurements).

For T > 100 K and Vg < 2 V , the conductance increases almost linearly with increasing

temperature, which contradicts to normal insulating behavior. However, below 100 K the

conductance can be fit into thermally activated behavior (G = G0exp(−∆/kBT )), as in Fig.

4.5d for Vg = 0. The best fitting yields a gap of ∆ = 5 meV .

In all the two-terminal conductance measurements on the 2D bulk above, the geometry

is not proper for measuring the conductivity. In fact, to obtain the aspect ratio (l/w), we

performed a simulation of the current density distribution for geometry approaching the

actual device and got an aspect ratio of 2.2. Of course, this represents a crude estimation

that does not take into account a non-ideal geometry and any in-plane anisotropy of the

conductivity. To avoid such uncertainty and complexity, we also fabricated a new type of

device (MW3) with a series of alternating pincer-shape contacts overlapping a straight edge of

a monolayer WTe2. The inset of Fig. 4.6 shows the schematic of one set of the pincer shape

contacts, in which the pink rectangle represents the monolayer WTe2, and the two outer
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contacts has a well-defined aspect ratio, thus can be used to probe the bulk conductivity if

the center contact is grounded. The black and blue curves in Fig. 4.6 are the conductance

between the two outer contacts with and without grounding the center contact respectively.

Figure 4.6: Two-terminal conductance as a function of Vg on the pincer shape device

(MW3) at T = 10 K. The black and blue curves are measured with the center contact

floated and grounded respectively. The insets show the two measurement configura-

tions, in which the pink rectangles represent the WTe2 flake.

4.2.3 Magnetic field dependence

So far we have shown that monolayer WTe2 bulk becomes insulating below about 100 K,

while the edge remains conducting down to 1.6 K. Then the next question is what kind of

edge state is it? Is it consistent with the quantum spin Hall edge? To investigate it, we

studied the in- and out-of-plane magnetic field dependence of the edge conductance, which

is key for proving the helical nature of the edge.
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Figure 4.7 shows the in-plane magnetic field dependence of the edge conductance at Vg = 0

and low temperatures, in which the conduction through the 2D bulk is negligible. For mod-

erate B|| and T the behavior approximates the activated function Gedge = G0exp(−αB||/T )

with G0 = 17 µS, and α = 5, plotted as the red dashed lines. The B⊥ sweeps are similar

but weaker than B||, as shown in the lower inset. Understanding the behavior under B⊥ is

more complicated due to the orbital effect.

Figure 4.7: Edge conductance as a function of B|| at Vg = 0 for various temperatures.

Dashed lines plot G0exp(−αB‖/T ) with G0 = 17 µS, α = 5. Upper inset: orientation

of B|| relative to the edge. Lower inset: Comparing in- and out-of-plane magnetic fields

at 1.6 K (Vg = 0).

Figure 4.7 also suggests a way of suppressing the edge state by applying a large magnetic

field. In Fig. 4.8a we are showing the linear conductance between two adjacent contacts at

an in-plane field of 0 T (black trace) and 14 T (blue trace) respectively (T = 10 K); the red
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trace plots the difference between the two. Surprisingly, the difference is almost independent

of the gate voltage in the accessible range, meaning the conductance suppression is due to the

edge, while the bulk is immune to the magnetic field. Indeed, Fig. 4.8b shows conductance

of the 2D bulk measurement under the perpendicular magnetic field of 0 T (blue) and 10 T

(green), no appreciable magnetoresistance is found.

Figure 4.8: a, Gate dependence of the two terminal conductance between two adjacent

contacts at an in plane magnetic field of 0 T (black) and 14 T (blue). b, Gate depen-

dence of the conductance of the 2D bulk at an out of plane field of 0 T (blue) and

10 T (green) respectively. Insets are the measurement configurations, both figures are

measured at 10 K on the pincer shaped device.
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4.2.4 Mesoscopic fluctuations and length dependence

In previous sections, we have shown that upon decreasing temperature a conductance plateau

would develop in gate sweeps for monolayer WTe2 devices. However, a close look at these

gate sweeps would reveal some mesoscopic fluctuations, the level of which varies for different

devices and edges.

Figure 4.9: a, Temperature dependence of the edge conductance Gedge as a function of

Vg at zero magnetic field. b, Effect of in-plane magnetic field B|| at 1.6 K.

Figure 4.9 shows typical fine gate sweeps of Gedge between two adjacent contacts for

different temperatures and magnetic fields. Cooling from 50 K to 10 K at 0 T, Gedge increases,

but below about 10 K Gedge decreases again for general Vg, and mesoscopic fluctuations
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start to prevail. For particular gate voltages, Vg = 0.08 V for example, the temperature

dependence of Gedge is shown in the inset, the conductance increases first and then saturates

to certain value (here ∼ 20 µS) below 10 K. Figure 4.9b shows the effect of B||.

In Fig. 4.10 we compile measurements for 19 adjacent-contact pairs in four different

monolayer devices, color coded by device, at zero magnetic field. The edge length L, which

ranges from 0.16 to 5.5 µm, was estimated from atomic force microscope (AFM) images.

For each edge we show the linear conductance, averaged over a window of Vg in which the

bulk contribution is negligible, at 10 K (solid circles) and 1.6 K (open circles). At both

temperatures the average conductance tends to decrease with L, but the trend is rather

weak compared with the large, seemingly random variations. The edges with the weakest T

dependence in this range also have the highest conductance, ∼ 20 µS.

Figure 4.10: Gate-averaged linear response edge conductance for 19 adjacent-contact

pairs at 10 K (solid circles) and 1.6 K (open circles), different colors correspond to

different samples. The error bars represents the full range of fluctuations.
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4.2.5 Zero bias anomaly and gap opening in the edge

In Fig. 4.2, a small dc bias of 3 mV was applied on top of the 100 µV ac excitation to

suppress the mesoscopic fluctuations. To justify it, we are going to introduce the zero bias

anomaly (ZBA) first. Figure 4.11a,b show the linear current and differential conductance

as a function of the applied dc bias at B|| = 0 T (black) and B|| = 10 T (blue), both

measurements are performed on a long edge of 1.5 µm at T = 1.6 K, Vg = 0. At B|| = 0 T ,

there is a sharp dip in dI/dV at V = 0, which we call ZBA. This dip always grows as T

decreases, as illustrated in Fig. 4.11c. The mesoscopic fluctuations that grow on cooling are

linked to the ZBA. A possible explanation of ZBA is that the edge state of monolayer WTe2

behaves as a Luttinger Liquid (LL) due to some kind of interaction [80–83]. As a result,

the temperature dependence can be scaled into a single curve as in Fig. 4.11d with fitting

parameter α = 1.7. Further investigations are necessary for better understanding of the zero

bias anomaly and the underline mechanism.

The 1.5 µm edge is a typical example of the edges we studied, although the strength of

the ZBA varies between different edges and different gate voltages. At the same time, it is

worth mentioning that for some edges the ZBA is rather weak even at the base temperature

(1.6 K). We call them “good” edges. In linear response these they always show much weaker

fluctuations in the gate sweeps and the temperature dependence is also much weaker below

100 K. The linear response measurements in previous sections are performed on these “good”

edges. Nevertheless, to capture the generic behavior of all devices factoring out the ZBA,

we applied a small bias of 3 mV in Fig. 4.2, and we see a flatter edge conduction plateau

similar to the “good” edges.

For B|| = 10 T , as in Fig. 4.11b, a sharp threshold appears for the differential con-

ductance. There are two possible origins for this threshold or solid gap, the bulk gap and

the Zeeman gap of the edge. To figure out which one is dominant we performed the same

experiment on the pincer shape device (MW3) at various magnetic fields.
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Figure 4.11: Nonlinear behavior of a 1.5 µm edge. a, I-V cures at B|| = 0 (black) and

10 T (blue) at Vg = 0, T = 1.6 K. b, Corresponding differential conductance. A zero

bias anomaly (ZBA) is seen at B|| = 0, while a sharp threshold appears for B|| = 10 T .

c, Differential conductance as a function of the dc bias for various temperatures from

30 K to 1.6 K. B = 0, Vg = −0.68 V . d, Scaled differential conductance. Inset is the

linear conductance as a function of the temperature in log-log scale, the best fitting

yields α = 1.7.
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Figure 4.12: dI/dV as a function of Vdc of the pincer shape device (MW3) with (a)

and without (b) the edge grounded for various B⊥. The insets shows the corresponding

configurations of the measurements.

Figure 4.12 shows the differential conductance as a function of the dc bias for the cor-

responding configuration in the inset. In the first case, we grounded the center contact

and measured the differential conductance between the two outer contacts for perpendicular

magnetic field from 0 to 14 T. As in the linear response, the dI/dV of the 2D bulk is also

immune to B⊥, and equals o for Vdc < 30 mV . In the second case, the centered contact

is floated. For B⊥ = 0, there is a strong ZBA as usual. As B⊥ increases, the differential
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conductance minimum decreases and finally becomes completely insulating, forming an in-

sulating gap. The gap increases linearly with the magnetic field, consistent with the linear

response (G ∼ G0exp(−αB/T )), but is always smaller than the bulk gap for B⊥ ≤ 14 T , as

the indicated by the dashed lines.

To summarize, we found the zero bias anomaly seems to be generic to the edge state of

monolayer WTe2, while the strength varies for different edges and gate voltages. When a

magnetic field is applied, both ZBA and dI/dV would be suppressed due to the opening of

band gap in the edge state. The edge gap increases linearly with the external magnetic field,

but is smaller than the bulk gap in the accessible range (B ≤ 14 T ).

4.2.6 Discussions on the non-ideal helical edge

Now we will discuss the compatibility of the edge state we discovered with the scenario of

a helical edge mode, in comparison with a trivial edge mode or carrier accumulation due

to band bending. First, the monolayer edge conductance is roughly independent of Vg, and

therefore chemical potential, over the entire accessible range (Fig. 4.8a). This is consistent

with a single gapless mode, and not with carrier accumulation due to band bending or a

trivial edge mode. Second, we see no edge conduction in bilayers. This can be explained by

the fact that TR symmetry does not prohibit backscattering at the bilayer edge if the electron

changes layer (the pair of coupled edges is not helical), whereas band-bending effects should

be similar to those in a monolayer. Third, the conductance is dramatically suppressed by

B‖, consistent with the expectation that elastic backscattering is allowed once TR symmetry

is broken.

On the other hand, we realized the edges we fabricated are far from being ideal in the

following senses. (1) The conductance for a single ideal helical edge should saturate to the

quantized value (e2/h) as the separation of contacts and temperature decreases. In our

experiment, even for the shortest edge (150 nm), the linear conductance never reaches the

conductance quanta, and seems to keep decreasing as T decreases. (2) For B = 0, the helical

edge is protected by TR symmetry, prohibiting any elastic backscattering. However, in our
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devices, there are always mesoscopic fluctuations to some extent while sweeping the gate

voltage. (3) For small B, the helical edge would open up a gap of ∆B = gµBB, proportional

to the external magnetic field. In previous sections, we do actually observe such gap in the

magnetic field dependent linear and differential conductance measurements. However, in

gate sweeps we never see a single sharp dip in certain gate range, instead there is always

a lot of mesoscopic fluctuations. Possible explanations for these disagreements with ideal

helical edges may include the non-transparent contact, short mean free path (shorter than

100 nm) and interaction effects. With all these ingredients, we propose the following simple

picture, which captures most of the observed behavior while keeping the helical nature.

We suppose that there is indeed a single helical edge mode that follows the physical

edge of the monolayer and effectively experiences a large but smooth disorder potential, for

example due to static charges. As a result, the energy at which the left- and right-going

branches are degenerate fluctuates up and down along the edge, passing through EF at

multiple points. This situation is sketched in Fig. 4.13. If some inter-branch scattering is

possible in spite of the helical protection, it is likely to be strongest at these ‘weak points’

where no momentum transfer is required. At B|| = 0 in some edges the average linear

conductance Gedge is not much less than e2/h, and so the scattering must be weak, yet

we see large, rapid mesoscopic fluctuations. If the origin of these fluctuations is quantum

interference, then since no Feynman paths enclose magnetic flux in a one-dimensional wire we

expect no corresponding fluctuations as a function of B⊥, as is the case (see Fig. 4.7 inset).

As T decreases, the scattering from the weak points strengthens at energies near EF due

to interaction effects, producing the ZBA. Edges longer than a few hundred nanometers are

not phase-coherent and so have smaller conductance due to classical addition of resistance.

Also, as T rises the coherence length will decrease, consistent with the fact that Gedge tends

to decrease with T when the ZBA is small (see Fig. 4.9a, above ∼6 K). A magnetic field

opens a gap ∆B in the helical modes, as sketched in the lower part of Fig. 4.13. Electrons

at EF now encounter this gap at the weak points, which they can pass by activation, thus

introducing the factor exp(−∆B/kBT ) in the conductance.
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Figure 4.13: Schematic of combined effect of smooth static disorder and a magnetic

field-induced gap along the edge.
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4.3 Direct imaging of the edge state

Scanning microwave impedance microscopy (sMIM) is a new mode of imaging using AFM

microscopy. It’s a powerful tool for probing local electromagnetic response (electrical con-

ductivity and permittivity) of nano-scale materials with spatial resolution of sub 100 nm.

The sample is very easy to prepare, and unlike other conventional/non-conventional electrical

probes, this new technique is nondestructive, and can be utilized to probe a wide variety of

materials, from insulators, semiconductors to metals. It can also provide spatial information

of trivial/topological edge states [84–86], magnetic/ferroelectric domains and domain walls

[87–89].

In the sMIM system we use, the optimized electronics couple a 1 GHz microwave into a

shielded tip of around 50 nm or less, which generates a strong electromagnetic (EM) field

locally. After interacting with the sample underneath, the EM field is reflected and detected

by the electronics. There are two output channels, the real part MIM-Re and the imaginary

part MIM-Im, both of which can be viewed as images in the AFM software. Figure 4.14a

shows the schematics of the sMIM. The impedance at the end of the tip can be simulated as

a resistor (R) in parallel with a capacitor (C), or a load of Z, where Z−1 = GR + jGC . GR is

the conductance of the resistor (GR = 1/R), while GC is that of the capacitor (GC = ωC).

From transmission line theory, the reflectance of a microwave in a lossless line is

Γ =
Z − Z0

Z + Z0

=
1− Z0/Z

1 + Z0/Z
=

1− Z0(GR + jGC)

1 + Z0(GR + jGC)

=
(1− Z0GR − jZ0GC)(1 + Z0GR − jZ0GC)

(1 + Z0GR)2 + (Z0GC)2

=
1− Z2

0(G2
R +G2

C)

(1 + Z0GR)2 + (Z0GC)2
− j 2Z0GC

(1 + Z0GR)2 + (Z0GC)2
. (4.1)

Here Z0 is the characteristic impedance. The real and imaginary parts of the reflectance as

a function of the conductivity are simulated in Fig. 4.14b for a quantum well system. Both

G (or σxx) and C are local values that varies spatially. Through scanning the entire sample,

we could map the spatial distribution of the electromagnetic responses.
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Figure 4.14: Schematics of scanning microwave impedance microscopy. b, MIM re-

sponse as a function of the sheet conductance of a quantum well. (Figures adapted

from Ref. [88] and Ref. [84]).

Figure 4.15 shows the optical and AFM image of a WTe2 flake, which is partially covered

by a thin layer of hBN to protected it from degradation. Based on the AFM image, most

of the WTe2 region is monolayer, the lower right corner, however, is a hybrid of bilayer and

thicker layer (≥ 3 L). The sample was cooled down to the base temperature (300 mK) before

the scanning microwave impedance measurements. Figure 4.16 shows the imaginary part of

the reflectance measured at B = 0 and B = 12 T (out-of-plane) on the same scale, performed
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in the contact mode.

Figure 4.15: a, Optical image of WTe2 covered by hBN. Scale bar is 5 µm. b, AFM

image of the hBN/WTe2 heterostructure in a. Monolayer, bilayer and thick layer can

be identified on the same piece. Scale bar is 5 µm. c, Line trace along the dashed line

in b, the monolayer thickness is identified to be ∼0.7 nm.

There are a lot of interesting features in the sMIM. (1) Only the monolayer underneath

hBN has edge conduction, which can be suppressed by the magnetic field as expected. The

uncovered part degraded and did not show any conduction, while the interface of the covered

and uncovered region behaves as a new conductive edge. (2) Bilayer WTe2 under hBN does

not show any edge or bulk conduction. The bulk of the thicker layer conducts and cannot

be turned off by the magnetic field. Both the bilayer and thicker layer signals are consistent

with transport measurements. (3) In addition to the physical edges of the monolayer under

the hBN, there are also internal lines of similar magnitude, not only in this particular sample

but in all samples we’ve measured. These internal lines can also be suppressed by magnetic

field, making them almost indistinguishable with the real physical edges. We also performed
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polarized Raman spectroscopy (see Appx. B for details) on the same sample and found no

difference in the polarization dependence for the entire sample. On the other hand, these

internal lines do not show up in the topology. We thus conclude it’s not due to domain

walls or physical cracks, it’s probably due to some built-in strain which is introduced while

we try to cover the WTe2 with hBN. Nevertheless, further investigations are required for

better understanding of these internal lines and one needs to be very careful while looking

for perfect quantization in transport measurement.

Figure 4.16: a, b, Imaginary part of the MIM signal on hBN/WTe2 heterostructure at

B = 0 (a) and B = 12 T (out-of-plane) (b) respectively. T = 300 mK.



71

4.4 Conclusions and future outlook

In this chapter, we investigated the intrinsic transport properties of monolayer WTe2 in

details near charge neutrality from 300 K to 1.6 K. In contrast to the DFT calculations,

our experiment, however, reveals that the interior of monolayer WTe2 is insulating below

about 100 K. From the temperature dependence of the 2D bulk measurement, a gap of 5

meV at Vg = 0 is obtained. This small energy gap could be a single particle band gap which

is very sensitive to the strain or lattice constant used in the DFT calculations. It is also

realized that certain arrangement of electron and hole puddles in a semimetal with a small

overlap of conduction and valence bands could also lead to an insulating behavior [90]. More

intriguingly, if the insulating behavior is a result of strong electron-electron correlation or

electron-hole coupling, more exotic properties are expected in such system. Nevertheless, the

nature of this insulating behavior is still not understood. Despite the insulating interior, there

are conducting channels along the physical edges. These edge conduction shows expected

temperature and magnetic field dependence as helical edges.

In contrast to the ideal helical edge, the conductance for a single edge never reaches the

conductance quanta, and always shows mesoscopic fluctuations as a function of gate voltage

at low temperatures, indicating appreciable backscattering. The perfect quantization is

clearly a key signature of the quantum spin Hall effect and should be resolved before a

conclusive claim of the nature of the edge conduction. In pursuing perfect quantization for

an ideal helical edge, one needs to exclude the effect of the contact resistance while at the

same time try even shorter channels.

If monolayer WTe2 is indeed a quantum spin Hall insulator, it will offer a lot of new op-

portunities in the realms of both topological and low-dimensional physics. As a monolayer

it can also be combined with other layered materials, such as layered magnets, semiconduc-

tors, and superconductors for the realization of spin manipulation or to create Majorana zero

modes [21, 91].
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Chapter 5

ELECTRIC FIELD INDUCED SUPERCONDUCTIVITY IN
MONOLAYER WTE2

5.1 Introduction: crystalline 2D superconductor

2D superconductors have been investigated for about 80 years since the observation of super-

conductivity in Pb and Sn thin films [92]. A lot of 2D systems including disordered metallic

thin films, interfaces of complex oxide heterostructures [93, 94], and highly crystalline atomic

layers grown by molecular beam epitaxy (MBE) have been reported to superconduct at cryo-

genic temperatures. Recently, mechanical exfoliation, together with the technique of ionic

liquid gating and the ability of applying high pressure, have been utilized in the field of

2D superconductors, therefore spurred tremendous interests in the highly crystalline 2D su-

perconductors. These highly crystalline 2D superconductors provide new opportunities for

studying new quantum phenomena, such as the quantum metallic ground state, as well as

providing clues in searching for high-temperature superconductors [95].

In Chap. 3, we talked about pressure driven superconductivity in bulk WTe2. Without

any pressure or Te deficiency, bulk and few layer WTe2 show no signature of superconduc-

tivity above 30 mK [35, 69, 96]. Monolayer WTe2, however, exhibits very different transport

properties with its bulk and few layer counterparts at low doping levels, as demonstrated in

the last chapter. Figure 5.1a shows the two-terminal transfer characteristic for monolayer

device MW1 at various temperatures, from 300 K to 1.6 K. When increasing the gate voltage

above ∼1.7 V, monolayer WTe2 undergoes an insulator to metal transition, i.e. the conduc-

tance increases as T decreases. Actually, when the temperature is low enough, for gate

voltage larger than 1.7 V, the conductance/resistance is weakly dependent on T . Shown in

Fig. 5.1b is the four-wire resistance normalized by the normal resistance as a function of T on
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the same device while the carrier imbalance (sometimes called carrier density for convenience)

is set to 1.8× 1013 cm−2 with both top and bottom gates (∆(n− p) = Ctg∆Vtg + Cbg∆Vbg).

The black and red curves are in the linear and log scale respectively. For T > 1 K, the

four-wire resistance is almost independent of T .

Figure 5.1: a, Two-terminal conductance as a function of gate voltage for various

temperatures from 300 K to 1.6 K for MW1. The inset is the optical image of the device

together with the electric setup for the measurement, scale bar is 5 µm. b, Temperature

dependence of the normalized four-wire resistance on the same device. Here, T varies

from 5.8 K to 20 mK, and the carrier imbalance is fixed at 1.8 × 1013 cm−2, both the

black and red curves are plots for the normalized resistance, but are in the linear and

log scale respectively. The inset shows the electric setup for the four-wire measurement.

However, when the temperature is below about 700 mK, the resistance suddenly drops

by more than two orders of magnitudes before reaches zero resistance. In the other way,

monolayer WTe2 becomes a superconductor at around 700 mK for a carrier imbalance of

1.8× 1013 cm−2.
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5.2 Gate tunable superconductivity in monolayer WTe2

One of the key benefits of 2D superconductors is that one could modify their carrier den-

sities substantially by applying an electrical gate. One of such example is the observation

of superconducting dome in an ionic liquid gated monolayer MoS2 [97–99]. However, the

disadvantages of using ionic liquid gate are also quite obvious, the long relaxation time and

poor reproducibility over different cooling cycles. In monolayer WTe2, the carrier imbalance

(∆(n − p) = 1.8 × 1013 cm−2) as we discussed in the last section is smaller by one order of

magnitude compared to that of MoS2, implying that one could tune the superconductivity

simply with an electrostatic gate.

5.2.1 Carrier density dependent critical temperature

Figure 5.2 shows the four-wire resistance as a function of T for various carrier densities,

measured in the same configuration as Fig. 5.1b. The carrier densities are estimated using

capacitor model (εBN = 4), and are listed in the right bottom inset. When the carrier imbal-

ance is above 6.1×1012 cm−2, the four-wire resistance continuously decreases to near zero as

T decreases despite the appearance of an intermediate step (the origin of this intermediate

step is still unknown). When the carrier imbalance is below 4.6 × 1012 cm−2, it shows an

insulating behavior, consistent with what we observed in the previous section.

If we define the temperature at which the resistance drops to half the normal value as the

critical temperature (R(T = Tc) = 1
2
RN), then the critical temperature (Tc) as a function of

the carrier density can be plotted as the inset of Fig. 5.2b. Here, Tc can be substantially

tuned from 700 mK at 2 × 1013 cm−2 to below 200 mK at 5 × 1012 cm−2. The main panel

is the normalized resistance as a function of T for various carrier densities same as in Fig.

5.2a.
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Figure 5.2: a, Temperature dependence of the four-wire resistance for various carrier

densities. The bottom right inset shows the carrier densities estimated using the ca-

pacitor model. b, Normalized four-wire resistance as a function of temperature. The

bottom right inset shows the change of critical temperature as a function of the carrier

imbalance.
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5.2.2 Gate tunable insulator to superconductor transition

Shown in Fig. 5.3 is a 2D map of the four-wire resistance as a function of the top and bottom

gates measured at 20 mK. The resistance is plotted in the log scale. For small Vtg and Vbg,

the resistance is larger than 1 MΩ, implying WTe2 is really insulating for T = 25 mK due to

the zero bias anomaly as we discussed in the last chapter. However, when monolayer WTe2

is electron doped with positive Vtg or Vbg, the four-wire resistance quickly drops to below

1 Ω, beyond the measurability of our system, suggesting it becomes a superconductor.

Figure 5.3: Color plot of the four-wire resistance as a function of the top and bottom

gates. T = 20 mK.

It’s worth pointing out that due to the presence of metal contacts underneath the WTe2

flake, Vtg and Vbg are expected to behave slightly differently from each other. One could

actually make use of this slight difference to investigate the insulator to metal transition

without contacts effect, i.e. always scanning Vbg while Vtg is set to a large positive value to

ensure good electric contacts. Figure 5.4 shows the four-wire resistance as a function of Vbg

at different temperatures, here Vtg = 2.05 V . As one can see, R − Vbg curves at different



77

temperatures cross each other at a critical gate voltage of Vbg,c = −32.5 V , with a critical

resistance of Rc = 2 kΩ. By tuning Vbg from below to above Vbg,c, monolayer WTe2 transits

from an insulator to a superconductor.

Figure 5.4: Four-wire resistance as a function of the bottom gate, different curves are

measured at different temperatures as in the top right inset. The top gate is fixed at

Vtg = 2.05 V for all temperatures.

To investigate this transition, we applied scaling analysis to the system as in previous

works [100, 101]. In the analysis, the resistance can be described by following phenomeno-

logical function: R(δ, T ) = Rc · F (δ T−1/νz), where δ = Vbg − Vbg,c is the deviation from the

critical gate voltage in our case, F is an arbitrary function, ν is the correlation length expo-

nent, and z is the dynamical critical exponent. Figure 5.5 shows the scaling of the resistance

as a function of the scaling variable |Vbg − Vbg,c|T−α for temperature from 100 mK to 300

mK near the critical point (100 Ω < R < 8000 Ω). The best fit yields an effective critical

component of α = 1/νz = 0.6 ± 0.2 or νz = 1.7 ± 0.8. Note here we discarded the data at
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20 mK, which did not quite agree with the scaling behavior because of the bad calibration

of the sample temperature near 20 mK.

Figure 5.5: Resistance as a function of the scaling variable |Vbg − Vbg,c|T−α for temper-

ature from 100 mK to 300 mK. The best fitting yields an effective critical component

of α = 1/νz = 0.6.
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5.3 Critical field and intermediate quantum metal

Except for increasing temperature, applying a magnetic field can also destroy the supercon-

ductivity in conventional superconductors by breaking Cooper pairs. Shown in Fig. 5.6a

is the four-wire resistance of a monolayer WTe2 as a function of the magnetic field, from

below to above the critical temperature. The carrier imbalance is fixed at 1.5× 1013 cm−2,

and the magnetic field is always pointed out of the sample plane as indicated in the lower

left inset. At T = 2 K, far above the critical temperature, the magnetoresistance is al-

most negligible, consistent with the 2D bulk measurement in the previous chapter. However,

when the temperature is below the critical temperature, 20 mK for example, the resistance

increases dramatically around Bc2 = 35 mT , and saturates to the normal resistance above

50 mT . In the other way, there is a superconductor to metal transition (SMT) driven by the

magnetic field. It is also noticed that the crossing point varies with temperature, similar to

the quantum Griffiths singularity of SMT observed in Ga thin films [102].

It is also very interesting to see the modulation of the upper critical field Bc2 while varying

carrier density. Figure 5.6b shows the 2D map of the four-wire resistance as a function of

the magnetic field and the carrier imbalance. The dark region in the middle is where WTe2

superconducts. When the carrier imbalance increases from 5× 1012 cm−2 to 9× 1012 cm−2,

Bc2 also increases monotonically. However, above 9× 1012 cm−2, Bc2 is almost independent

of the carrier imbalance.

More intriguingly, the upper critical field is found to be highly anisotropic for out-of-

and in-plane magnetic field. Figure 5.7 shows the in-plane magnetic field dependence of

the resistance measured at 20 mK with a fixed carrier density of 1.5 × 1013 cm−2. The

upper critical field in this case is around 3.5 T, 100 times larger than that for out-of-plane

magnetic field. In fact, it is also larger than the Pauli limit [103, 104] for an homogeneous

superconductor, Bp = 1.86 Tc(0) ≈ 1.3 T .
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Figure 5.6: a, Four-wire resistance as a function of the B⊥ for various temperatures.

The lower left inset shows B⊥ with respect to the sample plane. ∆(n − p) = 1.5 ×

1013 cm−2. b, 2D map of the resistance as a function of the magnetic field and carrier

imbalance. T = 50 mK.

Figure 5.7: Four-wire resistance as a function of B‖, measured at T = 20 mK. Inset

shows B‖ with respect to the sample plane. ∆(n− p) = 1.5× 1013 cm−2.
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In disordered superconducting thin films [105–107] and 2D crystalline NbSe2 atomic layers

[108], it is found that a substantial part of the phase diagram is occupied by an intermediate

quantum metallic state, in which the resistance is non-vanishing but much lower than the

normal resistance. In monolayer WTe2, we were also able to observe such intermediate

state for a small magnetic field. Figure 5.8 shows the temperature dependence of the four-

wire resistance for various out-of-plane magnetic fields measured at a fixed carrier density

of ∆(n − p) = 1.5 × 1013 cm−2. For magnetic field larger than zero but smaller than

Bc2 (35 mT), as T decreases, instead of continuously decreasing to zero, the resistance

decreases exponentially first, and below about 100 mK, the decreasing is much slower and

the resistance almost saturated to a finite value dependent on the magnetic field. The nature

of the quantum state is still under debate, and a lot of mechanisms have been proposed,

including percolation of superconducting islands in disordered systems [109] and the Bose-

metal model [108] where the Cooper pairing persists but the coherence is lost due to strong

phase fluctuations caused by the magnetic field.

Figure 5.8: Temperature dependence of the four-wire resistance for various B⊥. Inset

is the corresponding Arrhenius plot. ∆(n− p) = 1.5× 1013 cm−2.
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Further investigations are necessary for a full understanding the exact mechanism of the

intermediate quantum metal state in monolayer WTe2, and here I want to point out a few

points. First, except for B⊥ the intermediate quantum state is also observed under a small

B‖ or Vbg. In the case of B‖, the phase coherence is unchanged, thus other factors have to

be taken into account in the Bose-metal model. Secondly, the superconductivity presented

in our monolayer WTe2 devices seems to be very non-uniform, especially taking into account

that the critical carrier density is relatively low and the unavoidable strain seems to have a

large effect on the transport as we have already seen in the sMIM. In some devices with the

same doping level, superconductivity is much weaker and there is a residual resistance even

at the lowest temperature (20 mK). On the other hand, even in the same device, different

regions seem to behave differently. It is thus reasonable to believe that instead of being

an uniform crystalline 2D superconductor, upon cooling monolayer WTe2, superconducting

islands appears first and merges later. To have a better understanding the superconductivity

in such system, spatial resolved mappings of the local resistivity at a series of temperatures

are required.
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5.4 Conclusions and Future outlook

In this chapter, we have shown that monolayer WTe2 does become a superconductor in the

interior with a large positive gate voltage when temperature drops to below 1 K. The critical

temperature is highly tunable with an electrostatic gate, from about 700 mK at 2×1013 cm−2

to below 200 mK at a low doping of 5 × 1012 cm−2. For even lower doping levels, the 2D

bulk becomes an insulator. We also studied the magnetic field dependence and found the

upper critical field is very anisotropic. At a large carrier density of 1.5× 1013 cm−2 around

20 mK, Bc2 is about 35 mT for out-of-plane magnetic field. However, for in-plane magnetic

field, Bc2 reaches 3.5 T, about 100 times larger. More intriguingly, for small magnetic fields,

it is revealed that there is an intermediate quantum metal state, which has dissipation but

the resistance is orders of magnitudes smaller than the normal metallic state.

The discovery of field induced superconductivity and topological insulator behavior in

the exact same real two dimensional system is quite unique and encouraging. In principle,

one could tune monolayer WTe2 from one of the exotic states to the other reversely and

reliably, and all one needs is just an electrostatic gate! One could also think of making a

generic QSHI to 2D-SC junction from the same material by designing the gate geometry and

study the interplay between these two quantum states. Moreover, it is proposed that there

are Majorana zero modes attached to the superconductor-magnetic interface at the edge of

QSHI [110]. Based on this proposal, one could create Majorana zero modes by combining

monolayer WTe2 with another magnetic insulator.
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Appendix A

A.1 Shockley-Ramo theorem

The Shockley-Ramon theorem was originally established for dealing with charge detection

problem in a vacuum tube. In the original problem (take a γ-ray spectrometer as an example)

the γ radiation on a typical semiconductor would generate free electron-hole pairs within the

device, labeled as q, these free moving charges generate an instantaneous electric field E,

which induces charge Q on the electrodes. Before the discovery of Shockley-Ramo theorem,

the calculation of this long-range charge response is rather complicated due to the processes

discussed above. Shockley and Ramo reviewed this from the perspective of conservation of

energy, and found that the induced charge can be calculated in a much easier way, with the

help of an auxiliary potential (field), so called weighting potential (field). The derivation

could also be extended to the case with stationary charges instead of vacuum as discussed

below.

Figure A.1: Schematic of a vacuum tube. (Figure taken from Ref. [36])
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To begin with, we consider the following configuration (see Fig. A.1): all electrodes are

set to be at constant voltages Vi(i = 1, 2, ...N), with boundaries Si; inside the device, there

are a free moving charge q and background stationary charges of carrier density ρ(r). The

electrical potential of the system Φ(r) satisfies the following Poisson’s equation with Dirichlet

boundary conditions.

∇2Φ(r) = −(ρ(r) + qδ(r))/ε,

Φ|Si
= Vi(i = 1, 2, ...N).

With Φ(r), the electric field is determined to be E = −∇Φ(r). Then we can calculate

the charge collected by each electrode Qi =
∮
Si
εE · dS. This is basically the traditional

way of calculating the charge accumulated at each electrode. However, due to the linear

superposition, the electrical potential can be separated into two parts, Φ = ψ + φ, ψ is the

auxiliary or weighting field. ψ and φ satisfy the following equation and boundary conditions.

∇2ψ(r) = 0, (A.1)

ψ|Si
= Vi(i = 1, 2, ...N), (A.2)

∇2φ(r) = −(ρ(r) + qδ(r))/ε, (A.3)

φ|Si
= 0(i = 1, 2, ...N). (A.4)

E1 = −∇ψ, E2 = −∇φ are electric fields correspond to the electric potentials introduced

above. Due to the conservation of energy, for ρ(r) and q in the electric potential φ(r), the

work done by E2 on charge q is∫ rf

ri

qE′2 · dr =
1

2

∫
V

ε(E2
2i − E2

2f )dτ. (A.5)

E′2 is part of E2 except for the self field of charge q. On the other hand, the total work done

by E1 and E2 on q is∫ rf

ri

q(E1 + E′2) · dr =
N∑
i=1

Vi∆Qi +
1

2

∫
V

ε[(E1 + E2i)
2 − (E1 + E2f )

2]dτ. (A.6)
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Here,
∑N

i=1 Vi∆Qi is the work done by the external power supply. With Green’s identity and

equation A.1, A.4,∫
V

E1 · E2dτ =

∫
V

∇ψ · ∇φdτ =

∮
S

φ∇ψ · dS−
∫
V

φ∇2ψdτ = 0.

So equation A.6 can be further simplified to∫ rf

ri

q(E1 + E′2) · dr =
N∑
i=1

Vi∆Qi +
1

2

∫
V

ε(E2
2i − E2

2f )dτ. (A.7)

Combine equation A.7 and A.5, we have∫ rf

ri

qE1 · dr =
N∑
i=1

Vi∆Qi = −q[ψ(rf )− ψ(ri)]. (A.8)

This formula clearly shows the relationship between the induced charges on the collecting

electrodes and auxiliary potential of the free moving charge. A simple case is that the

potential of one of the contacts D is set to VD, while all other contacts are grounded, then

the charge accumulated on contact D becomes

QDVD = −q[ψ(rf )− ψ(ri)].

From equation A.1 and A.2, we know the auxiliary potential ψ(r) is always proportional to

Vi, for simplicity, we can set VD = 1 (dimensionless), then ψ(r) would also be dimensionless.

So charge induced on electrode D is

QD = −q[ψ(rf )− ψ(ri)]. (A.9)

Here ψ(r) is the dimensionless auxiliary potential, which satisfies following Laplacian equa-

tion with modified boundary conditions.

∇2ψ(r) = 0, (A.10)

ψ|SD
= 1, ψ|Si

= 0(Si 6= SD). (A.11)
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The name “weighting” comes from equation A.9 and the fact that the solution to above

auxiliary potential is alway between 0 and 1 within the volume studied. From equation A.9,

we can also calculate the induced current collected by the same contact,

ID =
dQD

dt
= qE1 ·

dr

dt
(A.12)

Equation A.9 and A.12 involve no direct information of the instantaneous field E, instead

we use the charge-free weighting potential (field), which is much easier to calculate in reality.

But as we mentioned in the beginning of the section, during the derivation, we do assume the

electric field propagates (builds up) “instantaneously”, or much faster than the movement of

charges, and charges collected on contacts are induced charges, not the free moving charges

themselves. This is the prerequisite when applying the Shockley-Ramo theorem.
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Appendix B

B.1 WTe2 Raman Spectroscopy

Raman spectroscopy is always used to identify different crystals or the thickness of layered

materials, in which different peaks correspond to various phonon modes allowed by the

symmetry. On the other hand, because of the quasi one dimensional nature of the 1T’ WTe2,

its physical properties, such as the exotic magnetoresistance can have a large anisotropy both

in- and out-of-plane. It is thus crucial to determine the actual crystal axes for consistency

and better understanding of the system. In the bulk form, WTe2 usually comes out in the

form of a fine needle (see Fig.3.2c), of which the long axis is the tungsten chain or a-axis.

However, when thinned down into few layers, it could end up in any shape, making it almost

impossible to distinguish the crystal axes from the optical image. Other techniques, such

as polarized Raman Spectroscopy are required in this case. With the help of transmission

electron microscopy (TEM), one can establish the correspondence between the crystal axes

and the polarized Raman Spectroscopy, which can be used latter as a fingerprint of the

crystal axes without damage the thin flake.

For the rest of this section, I will present our polarized Raman Spectroscopy measure-

ments on bulk WTe2 first, and then show the low frequency Raman on a hBN covered mono-

layer WTe2 sample. Figure B.1 shows the schematic polarized Raman setup we used in the

experiment. The polarization of the excitation is rotated after the half wave plate (HWP),

and we collect Raman signals for all polarizations. For low frequency Raman on monolayer

WTe2, we have two additional notch filters in front of the spectrometer to eliminate the

Rayleigh signal.

Figure B.2a shows Raman spectroscopy measurements on a bulk WTe2 sample, the ex-

citation (λ = 660 nm) is linearly polarized, in which θ is the angle between the polarization
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and the a-axis of WTe2 crystal. Four characteristic peaks above 100 cm−1 can be easily

identified, which are located at 213, 165.5, 140.8 and 116.5 cm−1 respectively, consistent

with previous reports [111, 112]. For linear excitation with different polarizations (θ), the

peak frequencies almost do not change. However, the intensities strongly depend on the

polarization as in Fig. B.2b. It is worth to mention that the polarization dependence of

different peaks in the literature is rather complicated and depends on a lot of factors, such

as the excitation energy [113] and the polarization configuration [114].

Figure B.1: Schematic setup for polarized Raman Spectroscopy
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Figure B.2: a, Raman spectra of a bulk WTe2 for different linear polarization; b,

Angular dependence of the intensities of the Raman peaks at 213 and 165.5 cm−1

respectively.
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Figure B.3: Raman spectra of an encapsulated monolayer WTe2. Five Raman peaks

are clearly observed in the range 50 to 250 cm−1, with wavenumbers 85.1, 120.6, 135.9,

165.5 and 218.4 cm−1 respectively.

When thinned down into few layers, the top surface of WTe2 can degrade very fast and

result in very different Raman spectra [113, 115]. To measure the intrinsic Raman spectra

of a monolayer WTe2, we encapsulated it using hBN flakes. Figure B.3 shows the Raman

spectra of an encapsulated monolayer WTe2, which is performed at 5 K with a 532 nm

excitation laser.
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Appendix C

C.1 Linear responses of monolayer and bilayer WTe2 devices

Figures C.1 to C.4 are transfer characteristics of different edges from base temperature 1.6 K

to near room temperature in monolayer devices MW1, MW2, MW3 and bilayer device BW1

respectively. A small enough ac bias of 100 µV was used to ensure linear response. As can be

seen from the temperature dependences, the strength of the ZBA varies for different devices

and edges. For the edge conductance values plotted in Fig. 4.10, we used the averaged

value over a gate range of about 1 V (different for different edges) near Vg = 0, where the

plateau presents. In the case of the shortest edge of at 10 K, a bulk contribution of 2 µS

was subtracted.

Figure C.1: Temperature dependence of transfer characteristics of different edges (ad-

jacent contact pairs) in monolayer device MW1, with contact separation L ranging

from 218 to 1,500 nm.
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Figure C.2: Temperature dependence of the transfer characteristic of a particular edge

in monolayer device MW2. The contact separation is 1.3 m.

Figure C.3: Temperature dependence of transfer characteristics of different edges in

monolayer device MW3, with contact separation L ranging from 165 to 480 nm.
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Figure C.4: Temperature dependence of transfer characteristics of different edges in

bilayer device BW1, with contact separation L ranging from 260 to 1,490 nm.
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