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Quantum materials are those with essential properties that cannot be described in terms of
semiclassical particles and elementary quantum mechanics. In these materials, strong electronic
correlations or electronic order, such as superconducting or magnetic order, or topologically
nontrivial electronic structure play a key role. The study of two-dimensional quantum materials
was triggered by the discovery of graphene as the first stable, isolated atomic monolayer. Beyond
graphene, the emergence of other atomically thin two-dimensional materials, such as transition
metal dichalcogenides, has offered a promising platform for realizing tunable quantum states.
This thesis focuses on the nature of electronic states in monolayer tungsten ditelluride (WTez).

In the first part, | will introduce the discovery of the quantum spin Hall insulator (QSHI) state and



superconducting state in single layer WTez. There, the carrier density-dependent phase transition
from a topological insulator to superconductor hints at BCS-like excitonic condensation in this
exotic material. In the second part, | will address studies of the possibility of forming excitons and
an exciton condensate in monolayer WTez with both experimental and theoretical evidence. Then,
I will show studies of stacking induced ferroelectricity in few-layer WTe2 and illustrate that bilayer
WTe: is another potential excitonic insulator candidate with further study on its insulating state.
At the end, | will talk about a selection of other approaches to studying two-dimensional materials

and give an outlook to future opportunities in the study.
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Chapter 1. Introduction

1.1 2D 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. Due to quantum mechanics, the 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 conventional 2DEG is found in the metal-oxide-semiconductor field-effect
transistor (MOSFET), which is illustrated in Fig. 1.1. The Fermi energy of p-type Si is inside the
band gap but close to the valence band edge. It terminates on an oxide insulator (e.g. SiO2) with a
very large band gap, that electrons cannot penetrate into. Behind this oxide barrier is a metallic
gate. With a positive voltage applied to this gate, the bands bend downward as one approaches the
semiconductor/oxide interface. The Si conduction band edge is pulled below the Fermi energy
within a thin layer known as the inversion layer. We thus obtain a degenerate electron gas that is
confined to this (2D) inversion layer. Its motion in the direction perpendicular to the interface is
restricted and so forms discrete “particle in a box” quantum levels (known as electronic subbands).
Meanwhile its motion in the plane parallel to the interface is “free”, and the planar solutions of the
Schrédinger equation form extended Bloch waves. We thus have a genuine 2DEG.

The MOSFET is among the most important devices for modern integrated circuit technology
such as microprocessors and semiconductor memory?. In terms of physics, it is more fascinating
that fundamental science of 2DEGs has been realized in this and other systems. A good example
is the integer quantum Hall effect (IQHE), which was first discovered by von Klitzing in a Si

MOSFET.
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Metal Oxide . p-type semiconductor
_ Inversion
Insulator

Layer

Conduction Band Edge

Valence Band Edge

Figure 1.1 An illustration of metal-oxide-semiconductor field-effect transistor (MOSFET).

(Figure reproduced from reference?)

1.1.1  Graphene

Graphene, consisting of a single layer of carbon atoms, is the first two-dimensional material ever
found. It can be isolated and identified easily using the Scotch tape technique. In this section, |
will briefly introduce the electronic properties of graphene, which paves the way to understanding
quantum spin Hall insulator physics in the following sections.

In graphene, there are three fully occupied bonding bands and three empty anti-bonding bands
at high energy (called o bands). Locally one can understand them by mixing the s orbital with p,
and p,, orbitals to form orbitals that extend along the directions of nearest-neighbor bonds, known
as o orbitals. The bonding and anti-bonding combinations of these ¢ orbitals have energies far
below and far above the Fermi energy, respectively. This leaves us with one electron (and one
orbital) per atom that does not pair up with neighboring atoms, and it is this orbital that dominates
the low-energy physics of graphene. This remaining orbital is basically the p, orbital that sticks
out of the graphene plane and is called the 7 orbital. In the following we will treat the bands formed

by the m orbitals using the tight-binding method and ignore their coupling with other orbitals. For
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simplicity, we will also ignore the non-zero overlap between 1t orbital wave functions on different
carbon atoms. Alternatively, we can also formulate the problem in terms of the (orthonormal)
Wannier orbitals that correspond to the 7 bands.

Using |i) to represent the m orbital of the ith atom and setting its energy to be zero, the tight-

binding Hamiltonian takes the form

H ==t ) (041 + ) = =t ) (|ii +8] +h.c.),
(i) i€A,8
where (ij) represents a nearest-neighbor pair, and & is a contact vector, and a = |<§| ~ 1.42 A as

the lattice constant. Here, we have 51 = (1,0) and 52,3 = (—% ig)

'I‘, g \\ > 7
B A B v \

Figure 1.2 (a) Graphene’s honeycomb lattice structure. The honeycomb lattice is a triangular
lattice with a two-atom basis. The primitive lattice vectors of the underlying triangular lattice are

given by the dashed lines. (b) The first Brillouin zone of graphene’s underlying triangular lattice.

b_f and Fz are primitive unit vectors of the reciprocal space. K and K’ are the two inequivalent
Brillouin zone corners that become Dirac points of the spectrum. (Figure reproduced from

reference?)

Since we have two atoms per unit cell, there are two such states for each momentum ¢ (one

for each sublattice):

14



N
@ = Y. TR,
\/NjEA,B
Here g is restricted to the first Brillouin zone, which is hexagonal. Our further discussion focuses

21T 2T

?'ﬁ) and K' = —K, are inequivalent,

on the zone corners; while two of the six, namely K= (

the others differ from one of them by a reciprocal lattice vector. The Hamiltonian is rewritten as

H ==t ) (102 185)hg(la (1),
q

0 f(@
ff@ 0

where hg is 2 X 2 Hermitian matrix, ha=< ) in which £(q) =23e"‘7'3 =

3 ,ig-8;
i=1€" "

k a V‘JV 9 k. a

Figure 1.3 Graphene’s band structure. Note the Dirac points at K and K'. The other degeneracy
points are not independent because they are connected by reciprocal lattice vectors to either K or

K. (Figure reproduced from reference?)

Diagonalizing h yields the spectra of graphene’s conduction and valence bands: €,(§) =
+t|£(§)|. The Fermi energy is at €, = 0, and notably e, (K) = €, (K') = 0 = €. Thus, there is
no band gap and so, graphene is a semimetal. Expanding e, (§) near K we find e, (K + k) ~

+v k , Where vy = 3ta ~ 107 m/s. This is manifestly a linear, “Dirac” dispersion and K and
F F =3 y p
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K’ are often referred to as the Dirac points in graphene. | will reiterate this feature in Chapter 3
and introduce this as the key element to measure the chemical potential of monolayer WTex.

Now, we need to fix a deficiency of hg — it is not periodic in reciprocal space: h; # hié

since & is not a lattice vector of the underlying (triangular) Bravais lattice. We need to fix this by

a gauge transformation, namely we introduce an additional (G-dependent) phase to |G)z and work

instead with |g)p = je=id8: |G, resulting in a change of h; to

Flc‘i =—t ( ~ 0_) f(C_I))>' with
ff@ o

F@) = ie=@(g) = i[1 4 £T(50) 4 o0 (E-8)],
Here, fzd and h; describe the same physics. Writing ¢ = K + k and expanding £(@) to linear

order in k, we obtain

_ 0 ky—ik, .
Nk ¥Vl vik, 0 )T vp(0xky + 0yky) = vid - k.

It also takes the form of a 2D massless Dirac Hamiltonian. The two effective Hamiltonians
Hy and Hgs can be written in a unified manner by introducing a valley degree-of-freedom index
1,, where 7, = +1 for K and K’ respectively, which yields
H = vF(TZprx + aypy).
Here, p should be understood as the operator of lattice momentum measured from K. 1 will revisit

this equation in the Section 1.3, which is about two-dimensional topological insulator.
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1.2  Layered two-dimensional materials

Beyond conventional quantum wells and single layer graphene introduced in the previous sections,
more and more two-dimensional materials have caught tremendous attention because of their
physical properties. The classes of 2D materials span a broad range including semimetal (e.g.
graphene), semiconductor (e.g. MoS2, WSe»), insulator (e.g. hBN), charge density wave material
(e.g. TaS2), magnet (e.g. Crls) superconductor (e.g. NbSe2) and others.

Along with the rapid development of controllable fabrication methods, numerous device
geometries based on 2D materials with extraordinary performance have been devised and
demonstrated, including tunneling transistors, spintronic devices and photodetectors. This makes
for a rich phase diagram which can be accessed by varying electronic doping level, magnetic field,
pressure and temperature in a single device. Meanwhile, the ability to assemble 2D material into
2D “van der Waals” structures have enabled many novel properties to be discovered. The twist
angle between the layers in these heterostructures can affect and be used to tune the constituent
properties. Intriguingly, such heterostructures do not need to be made of entirely different materials.
Indeed, twisted homobilayer systems, such as twisted bilayer graphene, have demonstrated exotic

phenomena such as correlated insulator behavior® and unconventional superconductivity®.

1.3 Introduction to 2D topological insulator

In 2005, Kane and Mele explained the concept of topological insulators by discussing ways to
open a gap or, equivalently giving a mass to the Dirac fermions in the graphene band spectrum®®.
There are two ordinary approaches: (i) the first method is to add a conventional mass, which is
same at the two Dirac points. It comes from the sublattice potential difference, which breaks parity

or inversion symmetry but respects time-reversal symmetry; (ii) the second method is to add a
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Haldane mass, which has opposite signs at the two Dirac points. It can be generated by having
imaginary next-nearest-neighbor hopping-matrix elements, which breaks time-reversal symmetry
but respect inversion symmetry. These can be summarized by a four-component Dirac-like
Hamiltonian.
H= vF(Tzaxpx + aypy) + mpo, + myT,0,,

where the ¢ and 7 Pauli matrices act on the sublattice and valley (or K and K') spaces respectively.

Under inversion (or parity transformation, ) we reverse the A and B sublattices as well as
the K and K’ points, thus g, - —ag, and 7, - —1,. Under time-reversal transformation (©) we
reverse the K and K’ points, but the A and B sublattices remain the same, thus ¢, - ¢, and 7, -
—1,. It is thus clear that the regular mass term (mg) is even under © but odd under P, while the
Haldane mass term (my) is odd under © but even under . Hence, there is a natural question to
ask: can one have a mass term that respects both 2 and 0?

Kane and Mele®>® pointed out that the answer is yes, provided that one invokes spin-orbit
coupling. The simplest possibility would be a mass term of the form

My T,0,57

where S, is the Z component of the electron spin operator S. Since S is even under P but odd under
O, it is easy to see that this mass term is even under both P and ©. The way to generate this Kane-
Mele mass term is simply to have two copies of the Haldane model, one for spin-up and the other
for spin-down electrons, with opposite next-nearest-neighbor hoppings. The charge Hall
conductance is zero due to cancellation between the up- and down-spin electrons, as guaranteed
by the presence of time-reversal symmetry. However, there is quantized spin Hall conductance
when the chemical potential is in the band gap. The spin Hall conductance is the difference

between the Hall conductance of up- and down-spin electrons, corresponding to the spin current
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response to a potential gradient. Hence, this state was initially dubbed a “quantum spin Hall state”,
which is topologically non-trivial. Kane and Mele introduced the Z2 index which characterizes the
topological character of the state. The discussed quantum spin hall state has Z2 index of 1.

The two-dimensional quantum spin Hall insulator (2D QSHI) state is also known as a two-
dimensional topological insulator (2D TI). It has two branches of edge modes for each edge, one
for spin-up and another for spin-down, which propagate in opposite directions. They are thus
consistent with time-reversal symmetry and the overall system is achiral since O flips both the
orbital motion and the spin direction. The directions of the spin and velocity of the modes are tied
together, and such modes are called helical. We thus find that there can be topologically non-trivial

bands in the presence of time-reversal symmetry, characterized by gapless helical edge modes.

1.4 Introduction to excitonic insulators

It was predicted several decades ago’ that Coulomb interactions in a system with electron-hole (e-
h) co-existence can make the normal semimetallic state unstable against the spontaneous
appearance of excitons, i.e. bound e-h pairs. This can induce a phase transition to an insulating
phase, called the excitonic insulator (EI) or Bardeen—Cooper—Schrieffer (BCS)-like excitonic
condensation. The excitonic insulator phase emerges with a gap opening at the Fermi surface of
the semimetal, in a manner analogous to the BCS gap in a superconductor.

In a monolayer semimetal, low carrier densities combined with reduced dimensionality
provide the conditions for strong correlation effects. One possible form of such correlations is the
pairing of electrons and holes in the equilibrium state to form excitons. At low temperatures, such
excitons could condense to form an exciton insulator’~%°, However, exciton formation is expected
to be easily disrupted by free carriers which screen the binding interaction, and thus to occur only
at low temperatures and near charge neutrality. A number of materials have been proposed as
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excitonic insulator candidates (TiSe2'"?, TazNiSes'3*, Carbon nanotube®, M0S2*), but there is
no consensus as to whether any truly contains excitons in equilibrium, either as a gas or as a

coherent condensate, except in the case of bilayer heterostructure at high magnetic fields'’=2°.

1.5 Outline and summary

The emergence of atomically thin 2D materials, such as transition metal dichalcogenides, opens
up great opportunities for creating novel functional materials, and advances our understanding of
phase transitions. This thesis focuses on the study of 2D phase transitions in thin tungsten
ditelluride (WTe2).

In Chapter 2, I will introduce studies of phase transitions in monolayer WTez. It was suggested
that monolayer 1T’-WTe2 could have a nontrivial Z2 topological phase. I will talk about transport
measurement and microwave impedance microscopy probing this property. Both confirm that
single layer 1T’-WTez2 is a two-dimensional topological insulator, exhibiting a ground state with
an insulating interior and conducting edges. Also, | will show that monolayer WTe2 can
superconduct at low temperatures, a property that can be switched with electrostatic doping. From
these results, we construct a complete phase diagram showing the presence of both edge
conduction and superconductivity.

The phase transition captured by this phase diagram hints at a possible BCS-like excitonic
condensation in 1T’-WTe2. In Chapter 3, I will discuss detailed studies of monolayer WTe2 to shed
further light on this possibility. That discussion starts with the field- and doping-dependent
behavior of conductivity and the electron chemical potential in the interior bulk of monolayer
WTez. | will show that the conductivity develops a sharp, V-shaped dependence of conductance

on electrostatic doping, while the chemical potential develops a ~43 meV step at neutrality. Such
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features are not possible in the independent-electron picture. In the latter part of Chapter 3, I will
mainly discuss about our calculation from first principles to demonstrate the formation of excitons.
Chapter 4 is primarily about the ferroelectric and insulating states in bilayer WTez. Using top
and bottom gate electrodes, two- or three-layer WTez exhibits spontaneous out-of-plane electric
polarization, which can be directly measured using graphene as electric field sensor. | will also
introduce the further theoretical work and potential application after demonstrating the
measurements. Lastly, | will show some measurements which indicate bilayer WTez is another
potential excitonic insulator candidate. That can be a promising direction to study bilayer WTeo.
In Chapter 5, I will briefly talk about other work which enrich the library fabrication methods
for study of layered two-dimensional materials, such as applying built-in strain, inducing
superconductivity into other non-superconducting materials via proximity effect, and tunneling

devices.
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Chapter 2. 1L WTez — 2D topological insulator and superconductor

A 2D QSHI can be identified by its helical edge modes®?*2, Candidate topological insulator states
have already been observed in two-dimensional systems of quantum wells in Hg/CdTe?* and
InAs/GaSh?®. However, the evidence for the helical edge mode in two-dimensional topological
insulators has been limited to very low temperatures (i.e., near liquid helium temperature). In the
search for high-temperature topological insulators, substantial efforts have focused on a variety of
atomically thin materials?®-°, which hold the promise of advancing the field of topological physics
using the tools developed for two-dimensional crystals. Owing to structural or chemical
instabilities?®39-22 however, experimental observation of the quantum spin Hall effect (QSHE) in
monolayer system has proven challenging.

Monolayer transition metal dichalcogenides (TMDs), materials that are either two-
dimensional semiconductors or semimetals depending on their structural phase, is one of the
proposals for atomically thin topological insulator. It is suggested that an inverted band gap,
resulting in a nontrivial Z2 topological phase?®3, can develop in TMD monolayers in the 1T’
structure. In particular, monolayer WTez has been found to stabilize the 1T’ structure and host a
two-dimensional topological insulator state®37. In the first half of this chapter, | introduce
quantum spin Hall insulator studies of monolayer WTe2, reproducing results, figures and
discussions from our published works®*%,

Superconductors with a topologically nontrivial band structure have been predicted to exhibit
exotic properties. We have previously reported that monolayer WTe2 can be made to superconduct
at around 1K, In the second half of this chapter, I will reproduce the results therefrom to discuss
how in single layer WTez the phase transition from a 2D topological insulator to a superconducting

state occurs at such a low carrier density that it can be readily induced by a simple electrostatic
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gate®>%, In the end, the phase diagram constructed from measurements hints the unusual nature of

the bulk state, which will be fully discussed in the Chapter 3.

2.1 Monolayer WTe>

Layered transition metal dichalcogenides (MXz) comprise 3 atomic layers, X-M-X. In the 1H and
1T structures, the atoms in each atomic layer are arranged in a triangular lattice. Three atomic
layers stack together in Bernal (ABA) order for 1H and rhombohedral (ABC) for the 1T structure.
Perhaps the most studied MX2 materials are the semiconductors with M =W or Mo, and X =S or
Se, and naturally have 1H stacking. Monolayer WTez is also an MXz; however, monolayer WTe:
stabilizes the 1T’ structure, a distorted form of 1T. As shown in Fig. 2.1, monolayer 1T* WTe2
contains an inversion center (indicated by the red dot), a y-z mirror plane (M), a two-fold glide
screw rotational axis (x-axis) and a 1D zigzag tungsten chain along x-axis. The bands near the
Fermi level are mainly from tellurium p orbitals and tungsten d orbitals. By introducing spin-orbit
coupling, a fundamental gap can be opened. Monolayer WTe2 has predicted to be a quantum spin
Hall insulator (QSHI) in 201428, This attracted great attention to this system, and several types of

experiments have since evinced that monolayer WTez is indeed a QSHI3435:37:38.41.42

Figure 2.1 Crystal structure of monolayer WTe2. Dashed grey line in x-y view is the y-z mirror
plane. The red box indicates the unit cell. The inversion center is pointed by a red dot. Orange ball:

Te atom; Blue ball: W atom.
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2.1.1  Crystal growth

WTe single crystals were grown via Te-rich self-flux with the following procedure®®. Elemental
W power and Te shot were loaded into alumina crucibles in the molar ratio 1:50 with a total charge
of 3.5 g. The crucibles were loaded into quartz tubes and sealed under an evacuated argon
atmosphere. The tubes were then placed in a box furnace and heated to 1000 °C over 12 hours,
held at 1000 °C for 12 hours, cooled for 460 °C over 100 hours, and finally decanted at 460 °C via
centrifuge. This procedure resulted in large, high quality single crystals of WTe2 with ribbon-like

morphology and typical dimensions 5 mm x 0.3 mm x 0.01 mm.

2.2  Edge conduction in 1L WTe>

As previously mentioned, edge conduction in monolayer WTe2 was first observed in this work of
ours®. Figure 2.2 shows two-terminal conductance between adjacent contacts as a function of gate
voltage 1, measured at a series of different temperatures. In the high doping regime, the
conductance increased with decreasing temperature. In the low doping regime, the conductance
initially decreased with cooling. Below 100 K, the conductance of the monolayer stopped dropping
and instead broadened into a plateau of conductance, at ~16 S in device MWL1. To find the origin
of the plateau, another monolayer device MW3 which employed a series of alternating pincer-
shaped contacts overlapping a single straight edge of a monolayer flake was designed, as shown
in the inset of Fig. 2.2b. The middle contact could be either floated or grounded to respectively
pass or stop edge current. Hence, this geometry allowed us to measure the conductance including
or excluding any contribution from the edge path. When the middle contact was grounded, only

bulk current could pass and the plateau dropped to 0 conductance (blue curve in Fig. 2.2b). Hence
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distinguishing the insulating bulk and metallic edge of monolayer WTe2. We used a similar method

to study the interior bulk of monolayer WTez, which will be fully discussed in Chapter 3.
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Figure 2.2 Edge conduction in monolayer WTez. (a) Two terminal conductance as a function
of gate voltage (V) at different temperatures (Device MW1). (b-d) Measurements on device MW3
(the contact separation along the edge is 0.22 um; the pincer spacing is 0.28 um). (b) As indicated
by the insets, the black trace is the two-terminal conductance between the outer contacts and the
blue trace is I /V measured with the center contact grounded (T = 10 K). In the insets, red and blue
arrows indicate edge and bulk current paths, respectively. (¢) Same measurement as for the blue
trace in (b) but at 1.6 K, on a logarithmic scale, showing the very weak effect of perpendicular
magnetic field of 10 T. (d) Effect of in-plane magnetic field B, = 14 T on I /V between adjacent

contacts (T = 10 K). The red trace is the magnitude of the decrease.

We also studied the difference of how magnetic field affects bulk and edge conduction. Fig.
2.2¢ shows measurements of the same quantity at 1.6 K, on a logarithmic scale, both with (green

trace) and without (blue trace) a perpendicular magnetic field B, = 10 T. Near charge neutrality
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the bulk conductance was unmeasurably small at this temperature. In Fig. 2.2d, the black trace is
a measurement at zero magnetic field between two adjacent contacts, using the configuration
shown in the inset. The blue trace is the same measurement with an in-plane field B, of 14 T. Since
the bulk conductivity is almost independent of magnetic field, the decrease in I/V must be
associated with the edge. Near I, = 0, where the bulk is insulating, I/V drops nearly to zero. This
implies that the edge conduction is strongly suppressed by the magnetic field. In addition, the
magnitude of the drop is almost same at all V. Thus edge makes a roughly constant contribution

to the conductance, independent of gate voltage and bulk conductivity.

2.3 Direct imaging of 1L WTe;

In addition to transport measurements, we were able to directly image the local conductivity of
monolayer WTez and establish beyond doubt that conduction is indeed strongly localized to the
physical edges at temperatures up to 77 K as reported in another previous work of ours®. To
perform this, our collaborator Prof. Cui and his group used a recently developed mode of probe
microscopy, microwave impedance microscopy (MIM). MIM probes local electromagnetic
response (electrical conductivity and permittivity) of nano-scale material with spatial resolution of
sub 100 nm. Since MIM is nondestructive, it can be utilized to probe a wide variety of materials,
from insulators, semiconductors to metals.

Here | will briefly reproduce our reported results and discussion of MIM of WTe: of edges®.
Later in Section 3.3.1, I will bring up MIM again — with the assistance of MIM, we will gain
understanding of the unusual nature of the bulk state of monolayer WTe2. The MIM technique
probes the local conductivity by analyzing the imaginary and real parts of the complex admittance
(MIM-Im and MIM-Re, respectively) between a sharp conducting tip and the sample (shown

schematically in Fig. 2.3a). MIM-Im characterizes the amount of screening of the microwave
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electric field at the tip by the sample, while MIM-Re characterizes the dissipation generated by the
induced oscillating currents in the sample. MIM-Im increases monotonically as the resistivity
decreases, while MIM-Re is strongly peaked at an intermediate resistivity value. Fig. 2.3b-e are
optical and MIM-Im images of a large monolayer WTe: flake. The MIM maps highlight the

physical edges of the flake as brighter and more conductive than the interior bulk.
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Figure 2.3 Imaging edge conductivity in monolayer WTez (a) Schematics of the technique and
device structure. (b) Optical image of a WTe2 monolayer exfoliated onto SiO2 and covered with a
10-nm-thick hBN. (c-e) Measured at T = 8 K and B = 0, MIM-Im images of the regions marked

in (b) are plotted in white (conductive)-dark (insulating) color scale. Scale bars, 5 um.
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2.3.1  Additional conduction features observed by MIM
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Figure 2.4 Conductivity features near contacts and around defects in monolayer WTe>. (a and
b) MIM-Im and MIM-Re images of part of a monolayer WTez between two Pt contacts, measured
atT =480 mK, ; =0V, and B = 12 T. Scale bars, 500 nm. (c and d) MIM-Im and topography
images of part of a second monolayer WTe: device, measuredat T = 10K, I; =3.3Vand B =0
T. Scale bars, 1 um. (e and f) MIM-Im and topography images of part of a third monolayer WTe:
device, measured at T = 10 K, 1, =0V and B = 9 T. Scale bars, 3 um. (g) Cartoon illustrating

various conductivity features observed in the experiments.

As shown in Figure 2.4, MIM mapping reveals additional details, which have important
consequences for device fabrication and performance. It offers a roadmap to building clean devices
for monolayer WTez, as well as for layered materials in general. Figure 2.4a and b show the MIM-
Im and MIM-Re signals from monolayer WTez in between two thin Pt contacts. A strip of
enhanced conductivity was observed in the WTez bulk adjacent to the contact edges. In contrast, a
MIM-Im map near other contacts (Fig. 2.4c) reveals highly insulating (dark) regions around the
contacts. This is despite the topography (Fig. 2.4d) appearing continuous and featureless.

Additionally, in Figures 2.4c & d networks of conducting lines are observable that do not
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correspond to any physical edge. Also, in Fig. 2.4e, there are small conducting rings, which match
well with bubbles seen in a topographic scan (Fig. 2.4f). Fig. 2.4g schematically summarizes these

various conductivity features.

2.4  QSHI in 1L WTe, — quantized edge conduction

The hallmark of quantum spin Hall insulator is to have quantized conductance of ~e? /h per edge.
While ours was the first report of edge conduction in 1L WTez, we only showed a conductance of
~e? /2h from what should have been a single edge. More recently, edge conduction closer to e? /h
up to 100 K was been observed®. In that work, by measuring resistance change from a bulk-
metallic state (doped) to a bulk-insulating state (undoped), the offset resistance AR =
R(doped)—R (undoped) shows the plateau of h\2e?, which is the anticipated resistance of two
helical edges. This offers a method to measure quantized conductance indirectly which we were
able to reproduce using a similar geometry (Figure 2.5).

Indeed, we showed a plateau of G ~e?/h at T < 40 K by measuring two-terminal
conductance directly (Fig. 2.5a). We have already seen via MIM several different possible types
of conductivity features which prohibits the measured conductance from reaching h/e?. With this
in mind, we employed mechanical cleaning* of the metal contacts on the hBN/graphite back gate
before placement of the WTe2 monolayer to remove residual contamination from the
nanofabrication technique. Fig. 2.5 shows the conductance G vs. back gate voltage V,,, between
the pair of two closest Pt contacts shown in the inset. As T cools down, the conductance shows the
plateau of e?/h along one single edge. Meanwhile, the conductance shows independence of
electronic doping at T < 10 K, which is another hall mark of quantum spin Hall insulator. Limited

by the resolution of MIM, we cannot clearly see the inside of channel. Due to the transfer process,
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several internal conducting lines still exist. Hence, it needs further work to confirm the plateau of

e?/h conductance via direct two-terminal measurement.
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Figure 2.5 (a) Two-terminal conductance, showing the plateau of G ~e?/h at low

temperature, vs. gate voltage (V). Inset: optical image of the monolayer device MW9 (b) MIM-

Im image of the monolayer device MW9, scale bar: 1 um.

2.5  Superconductivity in monolayer WTe>

As demonstrated in the previous sections, monolayer WTe2 exhibits very different transport
properties from its bulk and few layer counterpart at low doping levels. Fig. 2.3 shows the two-
terminal transport 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 WTez undergoes an insulator

to metal transition, i.e., the conductance increases as T decreases.
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Our previous work®®, done in collaboration with Prof. Joshua A. Folk’s group, shows that
monolayer WTez becomes a superconductor in the interior with a large positive gate voltage when
temperature drops to below 1 K. As shown in Fig. 2.6, the critical temperature was highly tunable
with the electrostatic gate, from about 700 mK at 2x10* cm to below 200 mK at a low doping

of 5x10'? cm. For even lower doping levels, the 2D bulk becomes an insulator.
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Figure 2.6 Resistance characterization of device M1 R, on log scale versus temperature T at
a series of positive gate doping levels n, [20, 12, 8.5, 6.7, 6.1, 5.6, 5, and 4.6x10*2 cm2] showing
a drop of several orders of magnitude at low T for larger n,. Inset: Location of sweeps on the phase

diagram.

2.6 Constructed phase diagram of 2D WTe>

Figure 2.7 shows measurements of the conductance G between adjacent contacts in M2 as a
function of gate doping n,. The figure includes schematics indicating the inferred state of the edge
(red for conducting), as well as the bulk state (colored to match the phase diagram). Consider first
the black trace, taken at 200 mK and B, = 0. At low n,, the bulk was insulating, and edge
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conduction dominated, albeit with large mesoscopic fluctuations. For n, > 2x10' cm?, G
increased as bulk conduction began; then, once n, exceeded n..;, it increased faster as
superconductivity appeared before leveling out at ~200 uS as a result of contact resistance. This
interpretation is supported by warming to 1K (red dotted trace), which destroyed the
superconductivity and so reduced G for n, > n..;;, but enhanced the edge conduction at low n,
toward the ideal value of e?/h = 39 uS. A perpendicular field B, of 50 mT (green trace) also
destroyed the superconductivity, causing the conductance to fall for n, > n..; but barely
affecting it at lower n,. High magnetic fields have been shown®* to suppress edge conduction in
the 2D TI state by breaking time-reversal symmetry. This effect can be clearly seen in the B, =
1T data (orange trace in Fig. 2.7) as G fell to zero at low n,. Comparison of the green (B, = 0.05
T) and orange (B, =1 T) traces shows that G fell by a similar amount at higher n,, consistent
with a scenario in which the edge conduction supplies a parallel contribution; this implies that
helical edge states persist when n, > n..;; and at temperatures below T,. The phase diagram of
superconductivity to topological insulator hints the existence of BCS-like excitonic condensation.
In the next chapter, | will focus on the discussion about the insulating state in the interior bulk of

monolayer WTe2
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Figure 2.7 Constructed phase diagram of monolayer WTe2 & evidence for the presence of both
edge conduction and superconductivity. The main panel shows the linear conductance between
two adjacent contacts versus gate doping at the temperatures and perpendicular magnetic fields
noted. Schematics indicate the state of edge and bulk conduction at different points; the bulk is
colored to match the phase diagram reproduced above, and red indicates a conducting edge state.
Superconductivity occurs for n, > 5x10'2 ¢cm? at B = 0. Edge conduction dominates for n, <
2x10'%2 cm but appears to be present at all values of n,. Inset: Color-scale plot of different
conductance versus dc voltage bias and doping level, revealing a gap of ~100 peV that fluctuates

rapidly as a function of doping level.
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Chapter 3. Equilibrium excitons and exciton condensation in 1L WTe»

We have shown in Chapter 2 that a single monolayer of the layered semimetal WTe2 behaves as a
two-dimensional topological insulator with helical conducting edge modes. These edge modes
surround a bulk state that becomes insulating at low temperatures and superconducting when
electrostatically doped. Here, we present evidence that this bulk state has a very unusual nature,
containing quasiparticles of electrons and holes bound by Coulomb attraction — excitons — that
spontaneously form in thermal equilibrium. On cooling from room temperature to 100 K the
conductivity develops a sharp, V-shaped dependence on electrostatic doping, while the chemical
potential develops a ~43 meV step at the neutral point. These features are much sharper than is
possible in an independent-electron picture, but they can be largely accounted for by positing that
some of the electrons and holes are paired in equilibrium. Our first principles calculations show
that the exciton binding energy is larger than 100 meV and the radius as small as 4 nm, explaining
their formation at high temperature and doping levels. Below 100 K more strongly insulating
behavior is seen, suggesting that a charge-ordered state forms. The observed absence of charge
density waves in this state appears surprising within an excitonic insulator picture, but we show
that it can be explained by the symmetries of the exciton wave function. Monolayer WTe:z therefore
presents an exceptional combination of topological properties and strong correlations over a wide
temperature range.

In this chapter, | present exitonic condensation studies of monolayer WTez, reproducing the
discussion and results in work submitted, Sun, B. et al., “Evidence for equilibrium excitons and

exciton condensation in monolayer WTez”.
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3.1 Taking a second look at monolayer WTe>

We have established that an exfoliated WTe2 monolayer behaves?®**% as a two-dimensional
topological insulator, exhibiting helical conducting edge modes localized to its edges. These edge
modes can coexist with an interior bulk that is either insulating or superconducting when
electrostatically doped®®4°. To better understand this behavior in the bulk, let us take a second look
at the 1T structure of monolayer WTe: (Fig. 3.1a). Its bands are spin degenerate due to inversion
symmetry, and near the Fermi energy, E, there is a valence (v) band maximum at I" flanked by
two conduction (c) band minima located at k, = £k, . Some tunneling spectroscopy
measurements®, angle-resolved photoemission®>#, and density functional theory (DFT)
calculations®>*>>4® point to a positive band gap, E,, of the order of the 50 meV, while others
suggest overlapping bands?®4’. Noting that in the photoemission spectra the v and ¢ band
photoemission features are broad enough that they overlap at least somewhat, we use thick lines

in the sketch to signify this uncertainty in E,.
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Figure 3.1 (a) 1T’ structure of monolayer WTe2. The x-axis is taken to be along the zigzag W

chains. (b) Schematic Brillouin zone (above) and bands near E (below).
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This band structure immediately suggests the possibility that exciton could occur in
equilibrium in monolayer WTez, and therefore that the insulating state might not be a simple band
insulator*®-5, In the following sections, | will discuss the behavior of the conductivity (Sections
3.2 & 3.3) and the electron chemical potential (Section 3.4) in the interior bulk of monolayer WTez,
and how even well above 100 K. This behavior cannot be reconciled with independent particle
picture (Section 3.5). This strongly indicates the presence of excitons in the equilibrium state, a
conclusion supported by our first-principles calculations of exciton dispersion and Bohr radius
(Section 3.6). The insulating behavior below 100 K suggests a charge-ordered state, but while in
an excitonic insulator one would normally expect charge density waves, no signs of which are seen
in scanning tunneling microscopy or Raman spectroscopy. To explain this, we show that the
entanglement of spin, orbital, and valley degrees of freedom hides the charge order, as the

contributions to the density wave paired through time reversal cancel out.

3.2 Bulk conduction measurements on monolayer WTe>

In this section, we study devices made from exfoliated monolayer WTez flakes with platinum
contacts, encapsulated by hBN, with graphite gates either above or below. To study the sheet
conductivity while excluding edge conduction, we used the approach/device geometry illustrated
in Fig. 3.2. As indicated in the insets, a bias V is applied to one contact and the current I flowing
to ground through an opposite contact is measured. When the intervening side contacts are
grounded this current must flow through the bulk. The edge current, which produces the plateau

at low Vj, is thereby eliminated and the “partial conductance” G, = 1/V reflects the sheet
conductivity, o, via G,* ~ B/o + R, where f is a geometrical factor considerably larger than

one and R, is the contact resistance.
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Figure 3.2 Technique used to exclude edge conduction: with the side contacts grounded, the
measured current between top and bottom contacts must flow through the interior and the edge

conduction plateau disappears. These measurements are taken on device MW2 at T = 10 K.

Figure 3.3 shows measurements of G, vs. n, and temperature T, where the gate-induced areal
number density n, is inferred from the voltages applied to the graphite gate(s) and the geometric

capacitances. These characteristics are not measurably dependent on applied displacement field or
a magnetic field (up to 14 T), thus confirming the rejection of edge conduction which is highly
sensitive to magnetic field at low temperatures®. (Notably, a recent paper® reports surprising

quantum oscillations at low n,, but we have not seen these in any device). On cooling from room
temperature to 100 K, G, vs. n, develops a sharp “V” shape centered close to n, = 0. We have

seen consistent behavior across a dozen devices, though the sharpness of the V varies, probably as

aresult of variable sample homogeneity. As shown in the inset, for positive n, smaller than a value
Nee = +5 X 1012 cm??, G, decreases monotonically on cooling, whereas for n, > n., it initially
increases. For negative n, (hole doping), a similar but less clear-cut transition occurs around

nep & —10 x 102 cm™2. As indicated in a band below the figure, these values of n., and n, are
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consistent with the threshold for metallic behavior reported in previous work where it was found

that the metallic state at n, > n., becomes superconducting below about 0.8 K (Section 2.5).
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Figure 3.3 G, vs. gate-induced density n, at a series of temperature T on the same device.

Inset: Temperature dependent at positive values of n,. Below: regimes of insulating, metallic and

superconducting behavior identified in the previous work (Section 2.6).

3.3 Local conductivity imaging and anisotropy

As T decreases below 100 K, G, collapses over an increasingly wide range of n,. This insulating

behavior allows the edge conduction to dominate in normal geometries. We used microwave

impedance microscopy® on devices with no top gate to confirm that this is not a contact effect, as

well as to detect any internal lines of conductions (as discussed in Section 2.3.1) in the monolayer
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WTe2. We interpret these features as physical cracks in the flake which could invalidate the
measurements. Fig. 3.4a is a MIM image of device MW10 at 11 K. Red dashed lines mark the
edges of the monolayer WTe: flake, and the wiggly bright lines are cracks. Fig. 3.4b shows the
MIM-derived conductivity, oy, measured in the center of the white dashed square. Like G,, it
collapses over a range of n, that grows as T falls, indicated by the dotted white contour which is
drawn at oy ~ 0.1 uS. The drop-off of G,, at low temperatures even at large ng, evident in Fig.
3.3, can be explained by the fact that the monolayer adjacent to the metal contacts is partially
screened from the gates and so is less doped and remains insulating. In addition, the contact in
MW10 was aligned with the crystal axes, as determined by Raman spectroscopy (Fig. 3.4a inset),
allowing us to compare conductivities along the x- and y-axes (Fig. 3.4c). We see that there is
substantial gate-dependent anisotropy, with the conductivity occurring for p-doping parallel to the
x-axis. This is consistent with the direction in which the valence band edge has a larger effective

mass.
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Figure 3.4 (a) Microwave impedance microscopy (MIM) image of device MW10. Here the
uncalibrated imaginary MIM signal is plotted for the purpose of identifying conducting features.
Multiple conducting cracks are seen running from upper left to lower right. Inset: polar plot of the
Raman peak P11 (210 cm™) intensity, used to determine the crystal axes. (b) Conductivity vs. ng
and T at 2 GHz deduced from MIM measurements in the center of the white dotted square in (a).
(c) Partial conductance parallel to the x-axis (left panel) and y-axis (right), measured in the white

dotted square using the configuration shown in the insets.
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3.3.1  Raman spectroscopy measurements

Raman spectroscopy measurement (Fig. 3.5¢ & Fig. 3.6b-c) were performed by our collaborators
in Prof. Xu’s group. To perform Raman, a sample was excited at normal incidence by a 632.8 nm
excitation laser in backscattering geometry. The laser power was kept below 400 pW to prevent
sample degradation. The scattered light was collected and dispersed by a 1200 mm™* groove density
grating and detected by a cooled charge-coupled device (CCD) with an integration time of 5
minutes. BragGrate™ notch filters were used to reject Rayleigh scatter down to 5 cm™. A linear
polarizer and half-wave plate (HWP) placed between the notch filter and the sample allow the
detection of Raman features that are co-linear with the excitation laser. For angle dependence, the

HWP is continuously rotated by 5° through a full 360° rotation.

3.3.1.1 Determination of crystal axes

Figure 3.5 (a) Optical image of exfoliated monolayer WTez. The nearby bulk WTe:2 crystal and
the shape of tape residue hint the identifiable crystal axes. (b) AFM scanning image of device
MW10: the shape of monolayer WTez is outlined in red and the bottom gate is outlined in blue.
(c) Polar plot of the Raman peak P11 (210 cm™) intensity, used to determine the crystal axes.

Before assembling a device, the x-axis (W-chain axis) of the monolayer WTe2 could be

guessed from the orientation of nearby larger flakes and tape residue (Fig. 3.5). Polarization-
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resolved Raman spectroscopy was later used on the completed device to confirm the alignment.
The Raman spectrum of a WTez monolayer is shown in Fig. 3.6. The peaks near 160 cm™ and 210
cm? are labeled P10 and P11. In the colinear configuration described above, both are strongest
along the y-axis in the monolayer, as seen in the Fig. 3.6, and bulk samples®. We therefore used
several bulk WTe: flakes with easily identifiable crystal axes to calibrate and verify the alignment

between the optical image and incident light polarization.

3.3.1.2 Search for charge density waves (CDWSs)
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Figure 3.6 Raman Spectroscopy. (a) Structure of 1L WTez seen from above; the x-axis is taken
along the W chains. (b) Anisotropy of peaks P11 (210 cm™) and P10 (160 cm™) for colinear
polarization at a series of temperature. (¢) Raman intensity for polarization parallel to x-axis and
y-axis at a series of temperatures, showing no distinct changes across the entire temperature range

that could indicate CDW formation.
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Normally, distinct changes in Raman spectrum of a layered sample provide a signature of
CDW formation due to the associated symmetry change (for example, 1T-TiSe2>®). Our detailed
study of the temperature dependence of the spectrum of 1L WTe2 from room temperature down to
15 K (Fig. 3.6¢), well below the appearance of the insulating state, reveals no such changes. This

is consistent with the fact that no clear signs of CDWs have been observed in STM354247,

3.3.1.3 Notes on anisotropy measurements

Figure 3.7 (a) Contact and boundary geometry for a current distribution simulation. Red line:
boundary of 1L WTe2 (assumed to be a uniform 2D conductor), where normal current density
vanishes (and we neglect edge conduction). Blue line: equipotential at V = V};,s. Green line:
equipotential at V = 0. (b) Current streamlines enclosing 95% of the current flowing from the left

to the right contact.

Here we briefly provide more discussion of the measurements shown in Fig. 3.4c. Since the
edges of monolayer WTez conduct, and there are often cracks present which effectively produce
internal edges, we use the “empty cross” contact pattern sketched in Fig. 3.7a to minimize the
effect of such features. In devices with no top gate, such as MW10, MIM can be used to identify

empty crosses where there are no cracks nearby. We then apply a bias to one contact and collect
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the current to ground from the opposite contact with the other two contacts directly grounded.
Most of the collected current then passes only through the central region of the cross, flowing
roughly parallel to the line joining the contacts, hence probing the conductivity in this direction.
We confirmed this by simulating the current flow for a uniform conducting sheet with contacts in
this shape using finite-element analysis, corresponding to solving an anisotropic Laplace equation
with mixed boundary conditions. Taking the conductivity to be isotropic, Fig. 3.7b shows that the
simulated region encapsulating 95% of the current is indeed localized to the cross’s central

corridor.

3.4  Electron chemical potential measurements on monolayer WTe;

To measure the chemical potential, we study a device including a separately contacted graphene
sheet in parallel with the WTe2 monolayer, as illustrated in Fig. 3.7a. Briefly, the WTez is
approximately an equipotential since it has finite conductivity and carries no current. With both
the graphene and bottom gate grounded, a voltage V is applied to the top gate relative to the WTez
and the voltage V;,, on the WTez is adjusted to bring the graphene conductance to a minimum. This
keeps the graphene neutral and maintains zero electric field beneath the WTex.

The electrostatic potential in the WTez is thus in effect fixed to that of the graphene, so the
change in Vy;, is due to the change in chemical potential, Au = —eAVy,,, associated with the gate-
induced charge density —en, = €,€,V,/d. From Vy, vs. V; we thereby obtain u(ng), choosing the
zero of u at each temperature for convenience. Figure 3.7b shows measurements of both u (black)
and G, (red) vs. n, made on the device MW12. As usual, G,, forms a sharp V as a function of n,

at 100 K. Meanwhile, u exhibits a step at the center of the VV which grows with cooling, saturating
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at ~40 meV in height below about 50 K. The same behavior was seen in two devices, MW12 and

MW15. (Section 3.4.1)
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Figure 3.8 Chemical potential measurements and comparison with single particle model. (a)
Schematic of the device structure used to measure the chemical potential vs. doping. In parallel
with (below) the monolayer WTez is a graphene sheet which is maintained at its Dirac point so
that the electric field beneath the WTe: is zero. Doping n, and the chemical potential u are then
obtained from the voltages as shown. The hBN dielectric between the layers is not shown. (b)
Measurements of u (black) and conductance G, (red) vs. n, on monolayer WTe2 device MW12.
The length of green bars indicates the thermal energy, kT. (c) Single-particle density of states
D(E) that reproduces the low-temperature u — n, behavior. (d) Calculated u (black), electron
density n (red dotted line), and hole density p (blue dashed line) using this D(E) at the same

temperatures as the measurements.
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Let us attempt to account for our observations with a single-particle picture. In this framework,
p and ng are related by n, = ng + f_":o D(E) f(E) dE, where D(E) is the total electron density
of states, f(E) = [1 +exp {(E — u)/kT} 171, and n, is a constant. To match the variation of u
with ng at low temperatures, D(E) must have roughly the form shown in Fig. 3.8c: a constant
value D, in the conduction band to give a uniform slope for n, > 0; a gap, E;; and a §-function-
like peak at the valence band edge (E = 0) to make u flat for n, < 0. In Fig. 3.8d we plot the

chemical potential calculated at the same temperatures as the measurements in Fig. 3.8b, using this

D(E) with best-fit parameters D, = 3.7 x 10** cm?meV* and E; = 43 meV. At 150 K the step
is washed out: in fact, no choice of D(E") can yield a distinct step in u whose height is less than
kT as is needed to match the measurements at T > 150 K. In particular, the addition of states in
the gap will only further smear the step. We also plot (dotted lines) the calculated populations of
electrons in the conduction band, n, and holes in the valence band, p = n, — n, to contrast their
thermally smeared dependence of n, with the sharp V-shape seen in the conductance when T =
100 K. Clearly, the measured variations of G,, and u with n,; cannot be reconciled with a single-

particle picture.

34.1  Signs of excitons at 300 K

Measurements on device MW12, presented in Fig. 3.8, are compared with similar measurements
on similar device MW15 in Fig. 3.9. Their behavior is consistent, except that in MW15 the step in
 is not as steep and the “V” in the conductance is more rounded. It is likely that this is a result of
greater sample inhomogeneity in MW15. The measurements on MW15, however, extend to 300

K and show that some residual step is present in the chemical potential at the neutral point even at
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300 K, even though the step height is much less than kT (green bar), suggesting that excitonic

effects are relevant up to room temperature.
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Figure 3.9 (a) Measurements of chemical potential u (black) and conductance G, (red) vs. gate
doping n, on 1L WTe:2 device MW12, reproduced from Fig. 3.8b. (b) Comparable measurements

on device MW15. The zero of is chosen arbitrarily at each temperature.
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3.4.2  Fabrications of devices to measure chemical potential u

2 graphite
hBN

1L WTe,
h-BN

P 1L graphene
—a hBN
graphite
I

Figure 3.10 Example of sample fabrication and measurement setup: device MW15. (a) Optical

Back Graphite

image of device MW15. The monolayer WTe: is outlined in red. (b) Bottom hBN and graphite
stack preparation. (c) Patterning of metal contacts (7 nm Pt) electrodes for graphene on bottom
layer hBN. (d) Transfer of the middle layer hBN and graphene; optical image shows the transfer
in progress. (e) Deposition of metal contacts electrodes (7 nm Pt) for monolayer WTez on middle
layer hBN. (f) Picking up top graphite/top hBN/monolayer (1L) WTez2: the optical image shows
the pick-up in progress. After transferring the top stack to the prefabricated bottom part, we end
up with the device MW15 shown in (a). (g) Setup used with this device to measure u vs n, (See
Fig. 3.8). We use a “current-focusing” geometry employing four electrodes in each layer, as

shown.
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To illustrate details of 1L WTez as an excitonic insulator, measurements on five monolayer
WTe2 devices with somewhat different configurations are presented in this chapter. Devices MW2
and MW3 have top graphite gate and bottom SiOz/silicon substrate gate. Device MW10 has bottom
graphite gate and no top graphite gate, to allow MIM measurements to be performed. Devices
MW12 and MW15 have an additional graphene layer with multiple contacts in parallel with the
WTe2 allowing chemical potential measurements. Measurements on bilayer WTe2 devices BW4
and B2 will be discussed about in Chapter 4.

The basic fabrication process of a typical device is essentially as follows. First, graphite and
hBN crystals are mechanically exfoliated onto a SiO2/Si substrate. Using the van der Waals (vdW)
transfer technique with polycarbonate/polydimethylsiloxane (PC/PDMS) “stamp™°°, the few-layer
graphite bottom gate is covered by an hBN flake (bottom hBN). After dissolving the PC polymer
in chloroform, the hBN/graphite is annealed at 400 °C for 2h for cleaning. Next, Pt metal contacts
(~7 nm) are patterned on the hBN by standard e-beam lithography and lift-off. Then, WTe2
crystals are exfoliated in a nitrogen-filled glovebox (O2 and H20 concentrations below 0.5 ppm)
and monolayers or bilayers are optically identified. A stack of top-gate graphite on hBN, or just
hBN, is moved into the glovebox on a stamp, the WTez is picked up under it, and the result is
placed down on the Pt contacts on hBN. After the PC polymer is dissolved, another step of e-beam
lithography, metallization (~7 nm V, ~70 nm Au) and lift-off is used to define wire-bonding pads
and connections to the Pt contacts and the top/bottom graphite gates. For devices MW12, MW15
and B2, an extra round of e-beam lithography/metal film deposition/vdW transfer was performed
to add the additional graphene layer with its own contacts. Steps in the fabrication of MW15 are
shown in Fig. 3.10. The device capacitance parameters are summarized in Tables 3.1 and 3.2.

These are purely geometric capacitances, but corrections of finite density of states (quantum
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capacitance effects) are at the percent level in all cases. This can be deduced from the
measurements shown in Fig. 3.9: the total measured variation of the chemical potential x in the

WTe2 (~60 meV) is two orders of magnitude smaller than the applied gate voltage (~5 V).

Device WTe; Top hBN (nm) Bottom hBN (nm) Cig (10%%e/cm?V) Cphg (10%%e/cm?V)
MW?2 Monolayer 9.2 17.5 2.4 Si gate
MW3 Monolayer 114 14 1.94 Si gate
MW10 | Monolayer N/A 18 N/A 0.92

BW4 Bilayer 10 20.7 2.2 1.07

Table 3.1 Thickness of the top and bottom hBN and corresponding areal geometric
capacitances C;4 and C,, between adjacent conductors. The gate-induced electron density is n, =
Cy4Vy/e, where Cy = eppy€o/dppy. The effective dielectric constant of hBN is known to depend
somewhat on the hBN thickness*®’. We used this way for some adjustment to make the critical
density n., for the insulator-metal transition consistent between devices, requiring €,zy = 4 In
devices MW2, MW3, BW4 and €5y = 3 in device MW10.

Device WTe; Top hBN Middle Bottom Cig Cmg Cog
(nm) hBN (nm) | hBN (hm) | (10%2e/cm?V) | (10'2e/cm?V) | (10%2e/cm?V)

MW12 | Monolayer 15 9 N/A 1.1 1.84 N/A

MW?15 | Monolayer 27 20 11 0.61 0.83 151

B2 Bilayer 25 8 N/A 0.89 2.76 N/A

Table 3.2 Thickness of the top/middle/bottom hBN and corresponding areal geometric

capacitances Cy,, Cpg, Cpg for devices including a graphene layer for chemical potential

measurements, where C; = €ppy€o/dppy aNd Cpyq is between the graphene and the WTez.

3.43  Chemical potential measurement in graphene

As was done for the chemical potential in 1L WTe2, we can also measure the u(n,) ~ T for
graphene by swapping the roles of the graphene and WTez in the same device, MW15. Tuning

voltage V;; on graphene and V,, on back gate graphite, we measure the conductivity of 1L WTe:

under different combinations of (V, V},4). The conductivity contour indicates where the potential
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difference stays constant between 1L WTe2 and graphene, as shown in Fig. 3.11a. By tracking the

contour line, we see u(n,) for graphene. At low temperature (T = 25 K), this can be fitted to E =

hvp/mn, to yield vz ~ 10% m/s. This value is in good agreement with the literature®®.
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Figure 3.11 Chemical potential measurement in graphene with/without magnetic field (Device
MW15) (a) Chemical potential of graphene u(n,) fitted with E, = hvf\/n_ne . (b) 2D map of
conductance of 1L WTe2 Gyre, Vs. Vi and V4. (C) Ry, Of graphene measured at B =14 T, T =
1.7 K shows fractional Landau level at v = 2/3, 5/3 and lifted 4-fold degeneracy at v = 1. Inset:
more lifted 4-fold degeneracies (v = 3, 4, 5) shown with higher back gate voltage. Landau levels

are highlighted by the red arrows. (d) Chemical potential of graphene u(n,) under B = 14 T. Zero

Landau level lifts 4-fold degeneracy. (e) Circuit setup to measure chemical potential of graphene.

Furthermore, because the conductivity of the interior bulk in 1L WTez is not sensitive to
magnetic field B, (Section 2.2), we can also measure graphene in the quantum Hall regime. With

well-defined quantized Landau-filling factor, v = N,/Ngz = n,h/eB, the effective dielectric
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constant of hBN €5y can be calibrated from n, = cV,,; = €p€ppnVig/dnpn, 10 yield eppy ~ 3.
In the region of QHE, the lifted 4-fold degeneracy at zero Landau level can be clearly seen in both
the transport measurements and the chemical potential measurements. At base temperature and
high magnetic field (B = 14 T), fractional quantum Hall orders v = 2/3, 5/3 are also observed. This
offers an extra use of the monolayer WTez, as a probe of compressibility of other 2D layers in

magnetic fields.

3.5 Electron-hole pairing and conductivity

The disagreement between the single-particle picture and the observed dependence of u and G on
ng and T can be largely resolved simply by positing that some electrons and holes are bound as
neutral excitons with density n, so that the conductivity is o = y,e(n —n,) + upe(p — n,), as
the sum of the contributions of n —n, free electrons and p —n, free holes with respective
mobilities u, and uy. In Fig. 3.12 we compare predictions based on this equation with data from
Fig. 3.8 (more details will be introduced in Section 3.5.1). When n,, = 0 we just have ¢ = p.en +
urep, which is thermally smeared for any choice of D(E).

To illustrate this, in Fig. 3.12a we plot p and n calculated using the same D (E’) shown in Fig.
3.8¢,at 100 K, and in Fig. 3.12b we plot the calculated o for n,, = 0 (blue dotted), using a mobility
ratio chosen to obtain the best match to the measured conductance at 100 K (black line). However,
when n, takes its maximal value, determined by the number of minority carriers n,, = min(n, p),
then for n; > 0 we have o = p.e(n — p) = p.eny while forn; < 0 we have o = upe(p —n) =
—ppeng. The result is a sharp, asymmetric “V” shape (red dashed line) which matches the
measurements much better. Note that in this limit, where only the unbalanced gate-induced charge
is free to move, the detailed form of D(E) becomes immaterial.
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As T is increased from 100 K, the conductance at ny = 0 rises and sides of the “V”” become
shallower. This is illustrated in Fig. 3.12c, where we replot the measured conductance at 150 K
(black line). The behavior remains incongruous with the single-particle model (n, = 0, blue
dotted), and is more similar to the calculation for the case of maximal n, with slightly decreased
mobilities (red dashed). However, there is now a discrepancy in the form of a vertical shift,
equivalent to an extra gate-independent contribution to the conductance. The vertical shift cannot
be accounted for by varying n,: to illustrate this we also plot (green dash-dotted) the result of
allowing n, to vary with gate voltage according to a chemical equilibrium condition, n,, = K(n —
n,)(p — n,), where K is an equilibrium constant. It also cannot be reproduced by using a single-
electron spectrum, e.g. with overlapping bands. A more sophisticated treatment of the correlated-

electron system may therefore be needed to understand this aspect of the behavior (Section 3.6).
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Figure 3.12 Electron-hole pairing and conductivity. (a) Total electron (n) and hole (p) densities
calculated for T = 100 K using the single-particle density of states D (E) shown in Fig. 3.8c. Here
n—p =ng, and the shaded region labeled min(n,p) is the maximum possible density n, of
noninteracting equilibrium excitons. (b) Measured conductance of device MW12 (black, solid line)
at 100 K compared with calculated conductance for n,, = min(n, p) (red, dashed line) and for no
excitons, n,, = 0 (blue, dotted line). (c) Same at 150 K. The additional green dash-dotted line is

obtained by allowing n, to vary in a kinetic equilibrium (discussed further in Section 3.5.1).
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3.5.1  Notes on modeling the “V”’: mobility, band overlap, and chemical equilibrium
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Figure 3.13 (a-c) Same as Fig. 3.11, using the gapped density of states shown in Fig. 3.8 and

in the inset to (a). (d-f) Corresponding graphs using overlapped bands, as shown in the inset to (d).

Mobility. In our argument that electron-hole pairing helps explain the sharp “V”’, we compared
the conductance data at 100 K (black trace in Fig. 3.12b) with the simple model where all minority
carriers are bound, n,, = min(n, p) (red dashed trace). Then, (neglecting contact resistance R,
because G, is small near zero doping), G, =B 'c =B 'u.en, for ny >0 and G, =
—B~tupeny for ny, < 0. Since the geometric factor B is unknown, we cannot determine the

absolute mobilities accurately. In addition, we know the conductivity is anisotropic but we do not
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know the orientation of the current relative to the axis in this device. This is unimportant, however,
as our objective is simply understanding the linear “V” shape. We therefore treat f~teu, and
S~ teu, as parameters to achieve the best fit at each temperature; their values are unimportant but
for completeness at 100 K they are 8~ Yep, = 2.72 x 10712 uS-cm? and S~ ey, = 0.64 x 10712
uS-cm?; at 150 K they are B~ *eu, = 2.33 x 10712 uS-cm?and B~ *eu,, = 0.52 x 10712 pS-cm?.

Effect of overlapping bands. The blue dotted lines in Figs. 3.12b and c are plots of 0 = p.n +
wnp, where n= ["7 D.(E)f(E)AE and p = [** D,(E)(1 — f(E))dE calculated using the
gapped single particle spectrum shown in the left inset taking E; = +43 meV. To illustrate the
effect of modifying D(E), in Figs. 3.13d-f we show the result of doing the same calculations but
with the ¢ and v bands overlapping, i.e., with a negative gap E; = —40 meV, as shown in the right
inset. Here we have no §-function at the v band edge and set D,,/D, = 1/2 simply because
Nee/Nep ~ 2. Although n and p are now much larger (Fig. 3.13d), and without excitons the model
conductance varies smoothly with n, (Fig. 3.13e) at odds with the data, if we assume again that
n, = min(n, p) then naturally we get the same “V”’ shape, matching the data at 100 K (red dashed),
as when using the gapped spectrum.

Chemical equilibrium considerations. As mentioned in the previous section, one may also
ask whether the observed behavior above 100 K could be explained by a variation of the exciton
density with ng. To make it clear that this is not feasible, we consider a variation based on simple
chemical equilibrium between the excitons and free particles, i.e.,

ny =K —n)(p —ny),
where K is an equilibrium constant>. For simplicity we assume K is independent of ng foragiven

temperature. Solving for n, gives
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2
nx=%In+p+%—\/(n+p+%) —4np|.

The green dash-dotted lines in Fig. 3.13c and Fig. 3.13fare plotsof o = u.,(n — n,) + pup(p — ny)
using the above expression for n, with K chosen to match the measured conductance at ng, = 0
and using the same B~ 'u,, values as before. The agreement with the data remains poor,
irrespective of the single-particle spectrum. The chemical equilibrium condition does not prevent
thermal smearing, and also it causes to n, to approach min(n, p) as |n,| increases, making the

calculated conductance too small at high gate voltages.

3.6  Calculated exciton properties

Excitons that persist in equilibrium at 100 K and at doping levels above 1012 cm must have
binding energy much larger than the thermal energy of ~10 meV and small size to survive
screening by free charges. To see if this is plausible, our collaborator, Massimo’s group, solved
the exciton (Bethe-Salpeter) equation of motion from first principles, building on the DFT band
structure (Fig. 3.14a) and including spin-orbit effects in a non-perturbative way (Section 3.6.2).
The resulting excitation energy vs. momentum q is shown in Fig. 3.14b. Since the binding energy
only weakly depends on E, because the gap is indirect>!®, and the value of E, is uncertain, the
DFT hybrid functional is tuned to make E; vanish. The dielectric function was evaluated in the
random phase approximation, and the uncertainty induced by the numerical discretization of k
space is shown by the error bars. The excitation energy is negative for all q, ranging from —100
meV for direct excitons at ¢ = 0 to a minimum of —330 meV for indirect excitons made of a hole
atI" and an electron at A. In Figs. 3.14c&d, the spatial profile of an exciton is plotted in the center-

of-mass frame. The exciton radius is as small as 4 nm. This is comparable with the typical electron
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separation at the critical doping, nc_el/2 = 4.5 nm, suggesting that excitons could play a role in the

insulator-metal transition at n,.
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Figure 3.14 Calculated exciton properties. (a) Band structure along I' — A — X in Fig. 1b,
obtaining from first principles (DFT-PBEO level). Lines are guides to the eye. (b) Excitation
energy of the lowest exciton vs. center-of-mass momentum q = (q,0) along the same cut,
calculated by solving the Bethe-Salpeter equation. The thick curve is a guide to the eye. The
excitation energy is negative over the whole range of g, implying instability of the ground state to
the spontaneous generation of excitons. Error bars are estimated by extrapolating of Brillouin zone
sampling (Section 3.6.2, Fig. 3.15). (c-d) Wavefunction of the lowest exciton with g = 0 and q =
k,, respectively. The plot shows the conditional probability distribution of the electron for the hole
located at the red dot. The plot in panel d is an average over three degenerate states. (e) Simulated
behavior of u vs. n, (black solid line) for an excitonic insulator within the spinful two-band model
(Section 3.6.3). The density of free electrons (red dashed) and holes (blue dashed) is computed
self-consistently as the population of the ¢ and v bands, respectively, which are renormalized by

the presence of the condensate.
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In interpreting the situation below 100 K in terms of an excitonic insulator, formed by
condensation of the excitons, there are two problems to face.

First, at low temperatures insulating behavior sets in over a wide doping range, approaching
nep < ng < ne.. Conventional neutral excitonic insulator theory provides no mechanism for
localizing the unbalanced charge. Nevertheless, it seems possible that the Coulomb interaction,
which has a long range for these doping values, could stabilize both the excitonic phase'® and
Wigner crystallization of unbound carriers, whose effective mass is enhanced by the opening of a
many-body gap.

Second, the exciton condensate is naively expected to exhibit a charge density wave (CDW)
with wave vector k,, but CDWs are not seen in tunneling microscopy*>*>*” and our detailed
temperature-dependent Raman spectra show no evidence of any CDW transition (Section 3.3.1.2).
One possible explanation is that the condensate is made of direct excitons having q = 0, as
predicted*® for the T* phase of monolayer MoSz. We have checked that this leads to no significant
symmetry breaking, due to the anisotropic character of the WTe2 band structure (Section 3.6.3).
However, this state would have higher energy than a condensate made of indirect excitons with
finite g. A more likely possibility is that the peculiar symmetries of excitons with g = t+k,
prevent the condensate from exhibiting charge order.

From the solution of Bethe-Salpeter equation we find that the lowest-energy exciton with g =
k, (or —k,) is three-fold degenerate and separated by 20 meV from a nondegenerate first-excited
state. This energy splitting is due to residual exchange interaction, present despite the strong spin-
orbit coupling. These excitons are made of electrons and holes that populate respectively the lowest
¢ and highest v band, with momentum k lying the I'A line. Along this high-symmetry line, both ¢

and v Bloch spinors, each doubly degenerate, may be chosen as the eigenstates of the two-fold

59



screw-axis rotation, which has complex conjugated values as irreducible representations. We label
these Bloch spinors as { = +i and use them to write explicitly the exciton wave functions within
a minimal two-band model, which includes both spin and orbital degrees of freedom (Section
3.6.3). In addition to the rotational symmetry, we may classify the excitons according to their
triplet- or singlet-like character, i.e., whether they respectively maximize or minimize the electron-
hole spatial overlap. In fact, Bloch states labeled by ¢ transform like spins polarized along the x
axis under the two-fold rotation, even if their actual spin polarization away from I is zero.

Specifically, the exciton wave functions that are even with respect to the screw-axis rotation are:
[£) = = B se, YEUO[c] e + ke by Ji(R) £ ¢ (e + K, Ky Yoy (R)]10),

where +/— stands for singlet/triplet-like symmetry, cg(k) [ v, (k)] creates [destroys] an electron

of momentum k and screw-axis symmetry ¢ in the ¢ [v] band, |0) is the noninteracting ground

state with all v states filled and c states empty, and y is the exciton wave function in reciprocal

space in the center-of-mass frame, which is nodeless and even in k,, (and, approximately, in k,):

1r[’(kx' ky) = w(kx' _ky)-
In the excitonic insulator phase, the condensate is macroscopically occupied by excitons,

hence the expectation value of the operator that creates an electron-hole pair, (cg v,), has a finite
magnitude, ¢;., and an arbitrary phase, ../, i.e., the complex wave function of the condensate is
ber exp(iew) (here (...} is the average over the many-body ground state). As excitons with q =

(ka, 0) and (—kp, 0) are degenerate, they may separately condense, hence the wave function of
the condensate has two valley components of equal magnitude, whose respective phases are related
by time-reversal symmetry®. Furthermore, both condensate and exciton wave functions share the

same screw-axis and spin-like symmetries’, as well as the same parity in k space. These
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fundamental constraints relate all components of the condensate to a unique wave function
magnitude, ¢ (k), and phase, 6. If the excitonic ground state has triplet-like symmetry, one has:
( (ke £ kp ky) v () ) = £(=D)[o,] ;47 exp(£i6) ¢~ (K).

For the singlet-like ground state, one replaces the 2 x 2 Pauli matrix o, with the identity
matrix 1, the right-hand side of the equation then reading 1 exp(+if) ¢* (k). The charge/spin
density wave of the excitonic insulator is dictated by the interband contribution to the expectation
value of the corresponding density operator, which is proportional to the left-hand side of the above
equation. Therefore, we may assess the occurrence of charge order in the excitonic phase without
actually computing ¢*(k), which is given by a gap equation®® that depends on E,. Indeed, ¢ only
provides the intensity of the density modulation, whereas 8 rigidly shifts the density wave with
respect to the frame origin. After a lengthy but straightforward analytical calculation, the results
are as follows.

There is no CDW with momentum q = k,, regardless of the triplet- or singlet-like ground
state. In fact, the contributions to the CDW induced by excitons that are time-reversal partners
cancel out exactly, due to the entanglement of degrees of freedom: were the spin-orbit interaction
negligible, these contributions would sum up instead. In brief, the charge order is hidden by the
combined effect of time-reversal symmetry and spin-orbit interaction, which is ultimately related
to the topological properties of WTe2?8, The CDW may be unveiled by breaking time reversal
symmetry: practically, one may split the hole states that sustain the density wave through Zeeman
coupling with the magnetic field, as the hole spin is polarized along x (the ¢ eigenvalue reduces to
the spin projection close to I'). Finally, the ground state exhibits a spin density wave of momentum
q = k,, plus a weak charge modulation of period g = 2k,. These feature were also found by

adding an intervalley scattering term to the two-band model®?, in the absence of which different
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ordered states would have been degenerate. In contrast, the hidden order we predict here is inherent
to both triplet- and singlet-like symmetries of the condensate, and hence robust.

Last, we consider the behavior of u vs. n,. We start by putting forward the following heuristic
argument. At low temperatures (T < 50 K), where every minority carrier is paired, forn, <0
when an electron is added to the system it pairs with a hole, reducing the addition energy by the
exciton binding energy and leading to diverging compressibility and self-consistent pinning of u
(in the charge-ordered state). For n, > 0, the added electron does not pair and so u is not affected
by the binding energy; the result is a step in u at n, = 0 whose height is related to the binding

energy. The decrease in the height of the step for T = 100 K could be because the exciton binding
weakens due to screening by the free carriers.

This scenario is supported by simulating the behavior of an excitonic insulator in the presence
of free charge carriers (Fig. 3.14e), with both u and the many-body gap being computed self-
consistently. Here the gap has a purely excitonic origin, as the starting noninteracting phase is a
semimetal. The step in u remains clearly visible up to 100 K, in contrast with the smeared profile
of the independent-electron model (Fig. 3.8d). This is a peculiar consequence of exciton
condensation, as electrons injected for n, > 0 fill in the lowest c states blockading the formation
of e-h pairs — an effect due to Pauli exclusion principle and suppressed with temperatures®. At
even higher T and step is smeared anyway since the condensate is depopulated by thermal
excitations and the excitonic gap melts. Whereas the simulation of Fig. 3.14e was done for direct
excitons for the sake of illustration®®, indirect excitons will exhibit the same qualitative features.

To conclude, examination of the conductivity and thermodynamics of the monolayer
topological insulator WTe2 leads to the remarkable conclusion that neutral excitons are present in

equilibrium, not only in an insulating charge-ordered state at low temperatures but also at

62



temperatures above 100 K when the conductivity is substantial. The fact that this binding energy
is close to the apparent band gap inferred from spectroscopy suggests that the latter might be best
interpreted as a many-body gap. We note that we have seen similar characteristics in bilayer WTe2
though at lower temperatures®® (Section 4.2.1), indicating that excitons with about five times
weaker binding are also present in the bilayer. The low-temperature insulating many-body state of
the monolayer, which isolates the helical edge modes in this 2D topological insulator, therefore
probably has excitonic insulator character, and may compete with the superconducting state that

becomes the ground state above a critical electron doping level.

3.6.1  Ground state calculations from first principles

The ground-state electronic structure within density functional theory (DFT) is obtained with a
plane wave basis set, as implemented in the Quantum Espresso package®?. We fixed a kinetic
energy cutoff of 80 Ry for the wave functions and used fully relativistic norm-conserving
pseudopotentials®® to include the spin-orbit interaction. We optimized the lattice parameters and
atomic positions using the PBE exchange-correlation functional, the final cell parameters being
a =3.52Aand b = 6.29 A. We set the cell side along z to 15 A. We obtained the band structure

using a PEBO pseudopotential, for which we considered a small fraction of exact exchange, 2%.

3.6.2  Excitation energies and exciton wave functions from first principles

The excitation energies of excitons are calculated as well as the dispersion of the lowest-energy
exciton within the framework of many-body perturbation theory®*% by solving the Bethe-
Salpeter equation through the Yambo code®”% and including spin-orbit interaction in a non-
perturbative way®®. We considered the PBEO electronic structure as a starting point and calculated

the static screening in the direct term within the random phase approximation, with inclusion of
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local filed effects; we employed the Tamm-Dancoff approximation for the Bethe-Salpeter
Hamiltonian. To avoid spurious interactions among layers, we employed a truncated Coulomb
cutoff technique’™. We obtained converged excitation energies considering respectively two
valence and two conduction bands in the Bethe-Salpeter matrix, the irreducible Brillouin zone
being sampled up to a 48 x 24 x 1 k-point grid. We extrapolated the excitation energy of the

lowest excitation with momentum q = 0 to the limit of a dense k-point grid, as shown in Fig. 3.15.
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Figure 3.15 Scaling of excitation energy of lowest direct exciton with inverse number of k
points, n,. Plot of the direct band gap (E,, red dots; not to be confused with the absolute, indirect
band gap) and excitation energy of the lowest exciton with momentum q = 0 (blue diamonds,
E...), versus inverse number of irreducible k points, 1/n;. The solid line is the linear regression
of the excitation energy of 1/n,. The difference between the energy extrapolated for 1/n;, = 0
and the value obtained for the largest implemented sampling is 100 meV, which is the uncertainty

induced by the numerical discretization of k-space, shown by the error bars in Fig. 3.14b.

3.6.3  Spinful two-band model

The spinful two-band model provides the noninteracting, doubly degenerate ¢ and v Bloch states
of crystal momentum k that comply with the symmetry group of monolayer WTez (the T’ structure

is centrosymmetric and nonsymmorphic). Within the four-dimensional spin/orbital space, the
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Hamiltonian is a 4 x 4 Hamiltonian matrix, Hysy (k), whose off-diagonal elements are the spin-
orbit interactions terms. Here are the orbital degree of freedom identifies the ¢ and v Bloch states
at I, whose energies are “inverted” with respect to the usual order of bulk semiconductors. These
two states have been variously identified in the literature as a pair of orbitals having either
opposite?®8 or like®>'* parities under spatial inversion, leading to two different forms of the spin-
orbit interaction: we label the corresponding model Hamiltonians respectively as Hysy 1 (k) and
Hysu 2 (k). We find that the charge order is hidden in the condensate of indirect excitons regardless
of the model. The reason is that the screw-axis rotation (around the W atom chain direction)
maintains the same form within the spin/orbital space, entangling the degrees of freedom of its
eigenstates, labelled by ¢ = +i. This is pivotal to the discussion of the previous section.

In the following we detail the Hamiltonians Hgy ; (k) and Hygy » (k). To use a notation
consistent with the reference®, throughout this section and the next (but nowhere else) we swap
the x and y cartesian axes with respect to the reference frame used in the previous section. The first

model, Hysy 1 (K), is taken from references®“ with minor adjustments. The Hamiltonian reads:

Hosua (k) = [e, (k) + €, (1)1 ® 1, + 2 [e, (k) — €,(B)]r, @ 1, + hvzkey T, ® oy,
where v, is the spin-orbit coupling parameter, 7, 7,, 7, and oy, 0, o, are 2 x 2 Pauli matrices
in orbital and spin space, respectively, and the 2 x 2 unit matrices are 1, and 1,. The diagonal
matrix elements, €;(k) with [ = u, g, are the band energies in the absence of spin-orbit interaction,
which are inverted at I and cross at the points +k, of the 'Y line in the Brillouin zone. The
energies €, (ky, k) are even with respect to both k, and k,, axes. The corresponding Bloch states
transform like p, and d,,, orbitals at I'. The functional dependence of ¢, on k differs from the
effective-mass expression given in the reference®®, but its precise form is irrelevant to the

discussion of the previous section, solely based on symmetry arguments. We discard the off-
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diagonal spin-orbit term linear in o,, considered in the reference®, the total Hamiltonian being now
evenin ky, Hosy 1(ky ky) = Hosy1(—ks, ky ). This choice agrees with the evidence that the spin-
orbit field lies in the xz plane®. Furthermore, we find that the spin-orbit term proportional to o,
provides a good matching with the strongly anisotropic DFT bands, as we checked through
comparison with our own first-principles calculations. In the spin/orbital space, the inversion
operator reads I = —7, ® 1, and the screw-axis rotation around the y axis is C,, = it, @
gy exp(ik,a/2), with a being the lattice constant in the direction parallel to the W chains.

The second model, Hysy » (K), is taken from our previous work>? and builds on the four-band
tight-binding Hamiltonian proposed in the reference’ to improve the matching between model
and DFT bands. The ¢ and v orbital states are Wannier functions, respectively an antibonding

combination of d,2_,,

2 -type orbitals localized on W atoms [energy €,,(k)] and a bonding
superposition of p,,-type orbitals localized on Te atoms [energy er. (k)]. These Wannier functions

have the same parities under inversion but opposite parities under the screw axis two-fold rotation,

like the Bloch states at I of our own DFT calculations. The Hamiltonian is:
HQSH,Z(k) = %[Ew(k) + ETe(k)]lr ® 10‘ + % [6W(k) - eTe(k)]Tz ® 10 + ASOTy ® Ox »

where Ag, > 0 is the spin-orbit coupling parameter, which is independent from k. For the sake of
simplicity, here we have neglected the spin-orbit term proportional to o, proposed by the
reference®. Within the envelop function approximation, the band energies €, (k) and ey, (k) are
provided by the tight-binding calculation of the reference’® and are even with respect to both k,

and k,, axes. The inversion operator now reads I = 1,®1,, whereas the screw-axis rotation around

the x axis is again C,, = it, ® o, exp(ik,a/2).
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3.6.4  Eigenstates of the screw-axis rotation

The eigenvectors of Hysy 4 (k) that were explicitly given in the reference®® are spin polarized along
the direction perpendicular to the W atom chains. Here we use the notation |k, A) to identify these
eigenvectors, which belong to either the ¢ or v band and have spin polarization 1 =T,!. In the
Section 3.6, we introduced an alternative, equally legitimate set of eigenvectors, which are

simultaneous eigenstates of Hygy 1 (k) and C5,, (the latter with eigenvalues ¢ = +i), by applying

ik, 1)+ k)

a unitary rotation of the basis for any wave vector k. Explicitly, |k,{ = —i) = N

—i|kD)+|kL)

e, g = +i) = =2

, With €y, |k, { = —i) = —iexp(ikya/2) |k,{ = —i) and Cy,|k,{ =
+i) = iexp(ik,a/2) |k, { = +i), as may be checked by direct substitution. Importantly, the
states ¢ = +i are not spin polarized (except at k = 0), since the spin and orbital degrees of
freedom are now entangled. Note that |k,{ = —i) and |—k, { = +i) are time-reversal mates, with
Olk,{ = —i) = i|-k,{ = +i), the time-reversal operator being 6 =il, ® o, K (K is the
complex conjugation operator).

The simultaneous eigenvectors of Hygy 1 (k) and C,,, that we use to build the excitonic
insulator ground state (within the envelope function approximation) are as follows. The ¢ band
state with k = (0,k,) and { = +i is (=1 + i)/(2V2)[—i, i, 1,1]; the v band state with k = 0 and
{ = +i is (approximately) (1/v2)[0,i,0,1]. The states with { = —i as well as those with k =
(0, —k,) are obtained through time reversal and inversion transformations. Here the first and third
(second and fourth) components of the four-dimensional vector, [uy 1, Vrer, U i Vrer]
correspond to a spinor whose orbital part is a Wannier function localized on W(Te) atoms in the

crystal unit cell.
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3.6.5  Condensate of indirect excitons and charge/spin order

We assess the charge (spin) order of a permanent condensate of indirect excitons of momentum
q = (£k,, 0) within the multivalley framework developed in the reference®. This approach, in
turn, relies on the scheme to decouple the equations of motion for Green functions’2. The theory,
which deals with spinless electrons, may be straightforwardly generalized to spinors labeled by
the screw-axis symmetry { = +i. Indeed, for any given electron and hole species ¢ and {’, the
structure of the equations of motion for Green functions that govern the condensate component
(cgr v,r) remains the same, since ¢ electrons pair with {* holes only: as far as pairing is concerned,
¢ spinors behave as if they were spinless fermions. Therefore, the k -dependent spinless
Bogoliubov-Valatin-like creation operator that defines the excitonic insulator ground state in
equations 20 and 21 of the reference!® is simply replicated for { = +i , provided one specializes
equation 21 to the present case of two valley components and chooses the condensate phases as
shown in the Section 3.6. Finally, we compute the expectation value of the charge (spin) density
operator over the excitonic ground state, after making the spin/orbital structure of ¢ Bloch states
(given in the previous section) explicit, the derivation being lengthy but straightforward. As
discussed in the main text, in order to simply assess the occurrence of charge (spin) order without
computing the density wave modulation intensity, it is not necessary to evaluate explicitly the

coherence coefficients uy and v? that occur in equation 21 of the reference?®.

3.6.6  Condensate of direct excitons and simulation of Fig. 3.14e

We obtain the results shown in Fig. 3.14e within the spinful two-band model Hy ; (k) described
above, the band energies €;(k) being parametrized through comparison with our own DFT

calculations (I = u, g). The noninteracting ground state, in the absence of spin-orbit interaction, is
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taken to be a semimetal with a band overlap of 38 meV. The energy parametrization relies partly
on the tight-binding model of the reference’ (Table 111 therein) and partly on an ad-hoc parameters.
In detail, we correct the tight-binding energies by adding the terms 2(t; — t;') cos 2k, +

2t;" cos 2|k|, with t; = 0.149 eV, t,, = 0.075 eV (see reference®), t;/ = 0.049 eV, and t,] =

0.055 eV. The spin-orbit parameter is v, = 10'* A/s, and the strength of Coulomb interaction is
fixed by the two-dimensional polarizability, @,, = 5.5. In order to compute the chemical potential
u vs. charge density n, in the many-body excitonic phase, we adapt the theory of the reference?®,
which deals with a condensate of direct excitons in an intrinsic semiconductor, to the case of a
doped system, by means of a fully-self consistent calculation of both the excitonic order parameter,
Ay (k), and u. Furthermore, we assume that the Coulomb interaction remains long ranged for any
doping value, which is supported by the evidence that charge carriers localize in a wide doping
interval at low T. The free carriers populating the renormalized bands of the excitonic insulator
are conventionally taken as noninteracting, which is the origin of the unphysical behavior of u for
small, positive values of n, at T = 25 K (du/dn, is negative close to the axis origin in Fig. 3.14e)

We have checked that the observable effects related to the breaking of inversion symmetry,
due to the condensation of excitons with g = 0, are negligible for WTez, contrary to the case of
1T’-MoSz. This is related to the limited extent of the excitonic order parameter, Ay (k), along the
Brillouin zone direction perpendicular to the T'A line, which is in turn caused by the strong
anisotropy of the noninteracting ¢ and v bands close to A (compare Fig. 3.14 with Fig. 3.16). In
particular, the real part of Ay (k) is negligible; hence the ¢ and v bands, renormalized by electron-

hole pairing, each remain doubly degenerate.
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Figure 3.16 Band dispersion perpendicular to I'A cut of the Brillouin zone. Calculated bands
from first principles (DFT-PEBO level) along the cut of the Brillouin zone parallel to I'Y and
intersecting the A point. The plot is a companion to Fig. 3.14 which is along the I'X cut.
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Chapter 4. 2L WTe; — Ferroelectric switching and potential excitonic

insulator candidate

A ferroelectric is a material with a polar structure whose polarity can be reversed (switched) by
applying an electric field”®", In metals, itinerant electrons screen electrostatic forces between ions,
which explains in part why polar metals are very rare”"°. Screening also excludes penetrating
external electric fields in such a metal, apparently ruling out the possibility of ferroelectric
switching. In principle, however, a thin enough polar metal could be sufficiently penetrated by an
electric field to have its polarity switched. It is shown that the topological semimetal WTe2 provide
an embodiment of this principle. Although monolayer WTez is centrosymmetric and thus non-
polar, the stacked structure is polar even in the bilayer. Indeed, we found that two- or three-layer
WTe2 exhibits spontaneous out-of-plane electric polarization that can be switched using gate
electrodes (Section 4.1.1). This polarization can be directly detected and quantified using graphene
as an electric field sensor® (Section 4.1.2). Further theoretical work predicted an out-of-plane
electric polarization that reverses on a shift of stacking order, which modifies the crystal symmetry
(Section 4.1.3). This structural origin of the ferroelectricity agrees with our observations that the
temperature at which polarization vanishes exceeds 350 K, a property which is retained even when
the WTe2 is sandwiched between graphene layers. This demonstrates a robustness suitable for
applications in combination with other two-dimensional materials.

As discussed in the Chapter 2, bilayer WTe2 develops a strong V, dependence with a sharp
minimum near V; = 0, while becoming insulating at low temperature. Inspired by what was found
in monolayer WTez, we measured the chemical potential and found a similar behavior of u(n,) in
the bilayer WTe:2 (Section 4.2.1). We also measured transport characteristics of bilayer WTez on
directly on substrates of SrTiOs, a quantum paraelectric (Section 4.2.2). Due to the dielectric
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screening effect, bilayer WTe2 becomes metallic, which hints that the insulating state is driven by
electron-electron interaction.

In the first half of this chapter, I will present ferroelectricity found in bilayer WTez,
reproducing the results and discussion from our previous work®, and propose potential
applications. In the second half of this chapter, | will introduce the evidence for bilayer WTe2

being another potential excitonic insulator candidate.

4.1  Ferroelectricity in bilayer WTe;

The three-dimensional 1T’-WTez stacks in Tq order, which is orthorhombic and has a polar space
group Pmn2:°. It remains metallic down to three layers when undoped?®?, or to a monolayer when
electrostatically doped3*. As shown in Fig. 4.1, the 1T structure with Tq Stacking contains a y-z
mirror (M) plane and an x-z glide plane. Because a polar axis must be parallel to two symmetry

planes, the only allowed axis is the z-axis which is perpendicular to the layers’.

%@& %‘w
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Figure 4.1 Crystal structure and symmetries of T« WTe2. M and G are (y-z) mirror plane and
(x-z) glide plane, respectively. Orange balls, Te atoms; blue balls, W atoms.

72



411 Transport measurement

An electric field along the polar axis can be applied by using the device geometry indicated in the
Fig. 4.2 wherein a thin WTe2 flake contacted by Pt electrodes is sandwiched between two hBN
dielectric sheets, with the thickness d; (top hBN) and d;, (bottom hBN). Above and below the hBN
are gate electrodes, to which gate voltages V; and V,, can be applied. The average electric flux

density passing upwards through the WTe: flake when it is grounded is defined by

SiO,

Figure 4.2 Cross-section of a device with dual graphite gates. Perpendicular electric field is
applied to a thin WTe: flake by changing top gate voltage (V;) and bottom gate voltage (V).

Measurements of four-terminal conductance G as a function of E, in tri-, bi- and mono-layer
WTe:2 devices are shown in the Fig. 4.3. External doping of the WTe: flake is zero when V, /d, =
-V, /d,. Bistability of G was only observed in trilayer and bilayer devices near E;, = 0 at all
temperatures T between room temperature and 4 K. However, no bistability was observed in the
monolayer device. This is consistent with monolayer WTez being centrosymmetric and therefore
nonpolar. This is not only evidence of ferroelectric switching in bilayer and trilayer WTez, but it
also rules out instabilities involving charge injection into the hBN. Note that a larger field is

required to switch the trilayer than the bilayer WTex.
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Figure 4.3 Conductance G of updoped tri-, bi- and mono-layer WTez as E, is swept in both
directions. Black arrows show sweeping direction of E, and green and red arrows show the
direction of polarization. (Left) Bistability of trilayer WTe2 device TW1. G of the trilayer WTez
increases with cooling, a metallic temperature dependence. While E, is swept, G shows bistability
consistent with flipping of up and down electrical polarization, which occurs at all temperatures
from 300 K to 4 K. Inset: microscope image of device, scale bar: 10 um. (Middle) Bistability of
bilayer WTe2 device BW5. Though G of the undoped 2L WTe2 shows an insulating temperature
dependence, it is still bistable. (Right) The same measurement on 1L WTez device MW1, showing

no bistability. Insets: atomic models of 1L WTe2 showing center of symmetry (red circles).

4.1.2  Detecting the out-of-plane polarization

The conventional methods of detecting polarization switching in insulating ferroelectrics are
measurements of either P-E curves or displacement current. However, these measurements are
challenging with few-layer WTez since both the polarization density and device area are small. To
overcome this limitation, we developed a technique using a graphene electric field sensor on top
similar to the geometry we introduced to measure chemical potential in Ch. 3. Fig. 4.4 shows an
optical image and schematic cross-section of one such device, BW2. The conductivity of graphene

G4y, Which can be measured directly, is sensitive to the electric field £, beneath it.
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Graphene jA

Figure 4.4 Optical image and schematic cross-section of a bilayer device BW2, scale bar: 5
pm. This device has a separately contacted graphene top gate.

Fig. 4.5 presents measurements on a bilayer WTe2 device BW2 with multiple gold contacts to
the top graphene. When the top graphene was grounded, the bilayer WTez conductance showed a
bistability as the bottom gate voltage V}, is swept up and down. Because V, changes both the
perpendicular electric field and doping of the bilayer WTez, the changes in G spanned a bigger
range as compared with Fig. 4.3b. Here, the bilayer WTe: itself can be used to gate the graphene.

In the device BW2, the graphene extends over regions with no WTez underneath.
Consequently, care was taken to measure G4,- with maximal sensitivity to only a central region of
graphene that overlaps the WTez. To achieve this, G, was measured by passing current through
opposite contacts while the two side contacts are grounded to minimize parasitic current flowing
through the part of the top graphene, not screened from the bottom gate by the bilayer WTea.
However, due to finite contact resistances, a small portion of this current still flowed through
graphene not above the WTe2. To remove this parasitic component, we set the WTez voltage V},,
such that the graphene is at its Dirac-point minimum in the region over the WTe2. Because the

minimum is quite broad, the graphene over the WTez is then insensitive to V, and any measured

75



dependence on 1/, can come from only the parasitic component and thus, it can be subtracted out.

Note that removing it has no effect on the magnitude of the hysteresis.
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Figure 4.5 (a) Conductance G versus V,, for the bilayer WTez in device BW2, with the top
graphene grounded. Note that both n, and E, change when V}, is swept. The inset shows a

schematic configuration of the measurement. (b) Graphene conductance G, at 220 K as a function

of ,, with the voltage V;,, on the bilayer WTez at 0 mV (blue) and 129 mV (red). The black curve
is the difference between the blue and red curves. This subtraction removes most of the V,
dependence of the parasitic current that flows through the top graphene, which is not screened
from the bottom gate by the WTe2. Inset, graphene conductance showing the minimum at V;,, =
129 mV.

Fig. 4.5b illustrates this procedure at 220 K. As shown in the inset, we determined that the
graphene above the WTez is at its Dirac point at V,, = 129 mV (with the back gate grounded). The

red curve shows the conductance of the graphene G4, when Vy,, = 129 mV wherein a “V”-shaped

V,, dependence is from only the parasitic contribution. As shown in the blue curve of Fig. 4.5b we
also measured G, at Vj,, = 0 mV, when the graphene is most sensitive to changes in the electric

field in the top h-BN E/, yet also contains the parasitic conductance. The difference between these
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two curves, shown in black, helps us detect and quantify the polarization. It shows that the
hysteresis remains, whereas the “V” shape is mostly removed.

Using this procedure we also observed such behavior at different temperatures as shown in
Fig. 4.6a. From 4 K to 300 K, clear hysteresis loops were seen in Gg, as V}, was swept up and down
with the WTez bilayer grounded. At each temperature, the back gate could be grounded instead
and G4, measured as a function of V,,, as shown in Fig. 4.6b for T = 4 K. In this configuration,
Vi has a one-to-one relationship to E, Vi, ~ d.E¢, and so Gg,-(Vy,) o G(E,) is continuous. To

illustrate the effect of out-of-plane polarization in the WTe2 on G,

gr» @ sketch of the potential

landscape is drawn in Fig. 4.6¢ for the simplified case where d; = d;, and the bottom gate, bilayer
WTe2 and graphene are all grounded. The red and green curves show the electrical potential for
polarization up and down, respectively. Though the potential at the center of bilayer WTe2 must
be zero, spontaneous polarization causes the two layers to be at opposite potentials. For the up
polarization state, a positive electric field is applied to the graphene. Conversely, it is negative for
the down polarization state of the bilayer.

SE; is the change of electric field at the graphene due to the switching polarization. To
measure 6 E;, the dependence of G,,- on V,, (with V,, = 0) is compared to its dependence on Vy,
(with V,, = 0). In the former, the approximately stable values of G, on either branch of the loop
correspond to specific values of E;. These stable values of G, have corresponding values of Vy,
in the latter measurement which, as mentioned earlier, relates G, to E, via Vy,. This relationship
is made exact when taking differences. Therefore, the difference in corresponding Vi, gives
exactly the change in E; due to the polarization flip, §V = d,8E;. This result is plotted as a

function of temperature T in Fig. 4.6d. It decreases roughly linearly with T with 60 K to 300 K,
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extrapolating to zero at roughly 450 K, which provides a rough estimate for Curie temperature of

bilayer WTe2. Note that from this we can also extract the areal polarization density P = g,6V .
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Figure 4.6 Temperature dependence of polarization in bilayer WTez. (a) G, as a function of

1, after removing parasite conductance at Vi, = 0 at a series of temperatures. Black arrows show
sweeping direction of V. The two conductance states seen for sweeping up and down are
associated with different out-of-plane polarization (red and green arrows). (b) G, versus Vy, with
y-axis having the same scale with panel, providing a mapping to the difference §E, = 6V /d; in
E between the two cases. (¢) Sketch showing how switching polarization of bilayer WTe2 changes
E; and the electrostatic potential (from red to green). (d) 6V, which is proportional to the

polarization, mapped out by panel (a) and (b) as a function of temperature.

4.1.3  Mechanism of ferroelectric order in >2L WTe, — stacking order

Above we established how room-temperature vertical ferroelectricity was experimentally shown
in bilayer WTe2. However, this ferroelectric switching is not produced by vertical ionic
displacements. Following our experimental findings, an explanation for this behavior was
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proposed via first-principles calculation®2. This predicted a finite out-of-plane polarization
stemming from an uncompensated interlayer vertical charge transfer that depends on in-plane
translation of one of the layers relative to another which can be switched upon interlayer sliding.
Recall that WTez has a corrugated 1T” monolayer structure which causes adjacent layers to stack
with an offset, as shown in Figure 4.7. Shifting of one of the layers flips the orientation of this
offset. As this transformation is equivalent to mirroring the entire structure, it can thus flip the
polarization vector (Fig. 4.7b). This work also explained how the in-plane rigidity of WTez layer
gives rise to the high Curie temperature despite its small ferroelectric switching barrier and
polarization. This phenomenon is generic to layered structures and recently was demonstrated in

artificial bilayer boron nitride made via van der Waals assembly with small angle twist®.

mirror

: 1 P

Figure 4.7 Crystal structure of WTez. (a) Structure and symmetries of 3L WTez2, reproduced

from Fig. 4.1. (b) Reflecting the crystal in the (x-y) plane of the layers reverses the polar axis,
which is physically equivalent to a small change in alignment of the layers: the pink cell is shifted
relative to the green cell. In 2- and 3-layer WTez films we inferred an out-of-plane polarization P
which can be flipped by electric field which, by this argument, causes such a stacking transition.

The intrinsic bistability in a thin sheet of the layered semimetal WTe2 suggests a new physical

property leveraged for in nonvolatile memory: the stacking alignment between the layers in a
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layered van der Waals material. Because such “stacking order” ferroelectricity persists to room
temperature while preserving metallicity for some materials (e.g. trilayer WTez), it paves the way
for potential ultrathin nonvolatile memory applications.

Switching between the states in WTez is readily achieved using an electric field. Uniquely, as
the first true ferroelectric metal it is metallic in the plane while being polarized out of the plane.
Critically, its conductivity depends on the polarization state (Fig. 4.3), enabling a direct means of
reading the polarization state. These unusual qualities, in combination with those of graphene and
other layered materials or thin films, merit investigation for their potential to make a novel,
compact and very stable room-temperature nonvolatile memory based on electrically addressable

van der Waals stacking (Fig. 4.8).
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Figure 4.8 The basic idea of electrically addressed van der Waals stacking-based memory. For

memory, one could write by switching the state of the WTe2 and read by measuring conductance,

with or without an applied gate bias.

4.2 Bilayer WTez as an excitonic insulator candidate

42.1  Chemical potential measurement

Beyond ferroelectricity, transport and chemical potential measurements on bilayer WTe2 as shown

in Fig. 4.9 show striking similarities to those on monolayers discussed in Chapter 3. It should be
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noted that while in bilayer it is more straightforward to measure conductance because it lacks edge
conduction, ferroelectric switching®! complicates measurements of the chemical potential.

For the former measurement, a sharp “V” consistently develops in conductance vs. gate
voltage measurements in bilayer WTez at the neutral point at around 20 K (Fig. 4.9a). This is
similar to what was seen with monolayer WTez, though the bilayer “V” does not evolve into a
plateau with further cooling. For the latter, a ~10 meV step in the chemical potential (Fig. 4.9b)
can be seen starting at around 75 K that is fully developed below 20 K. This suggests that similar

excitonic physics is at play in the bilayer but at a ~5 times smaller energy scale than that in the

monolayer.
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Figure 4.9 (a) Conductance (inverse 4-terminal resistance) characteristics of 2L WTe2 device
BW4 (for zero displacement field). Inset: microscope image of device, scale bar: 2 um. (b)
Chemical potential: ferroelectric switching in the bilayer limits the range of the chemical potential
measurement: these measurements are all performed sweeping n, downwards in a single
polarization state. The jump of Au at non-zero doping level originates from ferroelectric switching.

Inset: microscope image of device, scale bar: 10 um.
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4.2.2  Metallic state of bilayer WTe> on strontium titanate (SrTiOz)

When a monolayer or few-layer two-dimensional semiconductor is placed a solid substrate,
interfacial interactions between the layered materials and substrate must be considered. Done with
care, changing substrates can introduce additional parameters for study, such as engineering of the
dielectric environment of the material of interest. In this section, I will briefly discuss about how
we did exactly this to tune the phases of bilayer WTeo.

Specifically, we studied bilayer WTe2 on substrates of strontium titanate, or SrTiOs. SrTiO3
has an indirect band gap of 3.25 eV and a direct gap of 3.75 eV®4. Synthetic SrTiOs has a very
large dielectric constant (g, = 300) at room temperature. It has resistivity exceeding 10° Q-cm for
very pure crystals. At Tyrp = 150 K, SrTiOs undergoes a cubic-to-tetragonal structural transition
(to space group 14/mcm), with a small distortion c/a = 1.00056%°. This is known as an
antiferrodistortive (AFD) transition, since the positions of the Sr and Ti atoms remain fixed, while
the oxygen octahedra rotate about one of the cubic axes, with opposite rotation in adjacent cells.
Interestingly, it has been shown that the dielectric susceptibility in SrTiOz first grows rapidly with
cooling from room temperature, as would be seen in a ferroelectric, until at T ~ 10 K when this
growth slows and ultimately saturates at T = 4 K with g, ~2x10* This indicated that this material
is a quantum paraelectric, wherein the dielectric susceptibility diverges as the material approaches
a ferroelectricity instability with cooling until the temperature is sufficiently low for quantum
fluctuations to cancel out the ferroelectricity®®.

As a band insulator with high dielectric constant, SrTiOs can serve both as a high-dielectric
constant environment and a back gate dielectric for a 2D material placed on it. It has also been
used to screen (weaken) electron-electron interaction in graphene®’. In graphene, ferromagnetic

phase have been experimentally observed®®® using extremely large applied in-plane magnetic
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field, exceeding 30 T. In this regime, the Zeeman energy overcomes the other interaction terms.
Similar behavior has also been seen using misaligned graphene bilayers with two layers hosting
different quantum Hall states of opposite charge-carrier types®. By adding SrTiOs nearby (as a
substrate), it was observed that spin-polarization terms become dominant and a ferromagnetic
phase is induced by modifying the effects of the lattice-scale interaction via screening.

Thinking along these lines, we studied a similar device geometry with bilayer WTe2 (Fig.
4.10b & c¢) on 500 um thick SrTiO3 (100) substrates. The surfaces of these substrates were prepared
with atomically flat terraces via annealing in air at T ~ 1000 °C and cleaning in water. Au was
deposited at the back of the substate to serve as a back gate electrode. Top graphite/hnBN/bilayer
WTe2 heterostructures were made from exfoliated flakes using the standard van der Waals pick-
up®®. Top graphite was used as top gate. Inner Pt contacts and outer Cr/Au contacts were patterned
by electron-beam lithography and metallized by e-beam evaporation.

Two-terminals measurements were performed with a standard low-frequency lock-in
amplifier technique in voltage-bias configuration by applying an ac bias voltage. Unlike bilayer
WTe2 on hBN, the conductivity is very high (~40 uS) even at T = 10 mK. With sweeping of the
top gate voltage, the conductance reaches its minimum around V;, = 0 V, indicating the high
conductivity does not result from unexpected electron doping (inset of Fig. 4.10a)). Meanwhile,
the conductivity at neutral point increases at T = 4 K. At this temperature, the dielectric constant
of SrTiOs should have reached to 2x10% substantially screening Coulomb interactions in the
bilayer WTe2. This further evinces that the insulating state of bilayer WTez is driven by electron-

electron interaction and supports its candidacy as an excitonic insulator.
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Figure 4.10 (a) Conductance characteristics of bilayer WTe2 device on SrTiOs. Here the
inverse 4-terminal resistance is plotted. (b) Optical image of device, scale bar: 15 pum. (c)
Schematic of the hBN-encapsulated bilayer WTe2 placed on a SrTiOs (STO) substrate that serves
both as a high-dielectric constant environment and a back-gate dielectric. Owing to the
considerable dielectric constant (e, ~ 20,000) of the SrTiOs substrate at low temperatures,
Coulomb interaction in the bilayer WTez should be substantially screened, thus explaining the high

conductance at 10 mK, as shown in the inset of (a).
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Chapter 5. Other attempts to fabricate nanoscale devices

In the previous chapter, | have mainly talked about how we fabricate devices to perform transport
measurement, MIM measurement, and chemical potential measurement. In this chapter, 1 will
briefly talk about other works which enrich the library of fabrication methods for study of layered
two-dimensional materials, such as applying built-in strain, inducing superconductivity into other

non-superconducting materials via proximity effect, and tunneling devices.

5.1 Applying built-in strain

As we discussed in Chapter 1, the versatility of layered two-dimensional materials extends beyond
tunability by electronic doping, magnetic field, and temperature — parameters we have already
considered in detail. Another parameter that has recently proven effective, if challenging to
implement, is pressure. For example, it was shown to tune the magnetic order in the two-
dimensional magnet Crls by changing the interlayer coupling®-2. Similarly, strain can also play
an important role in manipulating the electronic and optical properties of two-dimensional
materials. In this part, | will briefly introduce a method how to apply built-in strain using quasi-

2D nanobeams of VO2 as an example.

5.1.1 Introduction to VO

Over the past decades, elucidation of the physical properties of strongly correlated systems has
been one of the most challenging subjects in both theoretical and experimental condensed matter
physics. The vanadium-oxide system could be one of the most attractive environments for this
pursuit as many of its members exhibit a metal-to-insulator phase transition (MIT) the mechanism

of which remains controversial to date. Vanadium dioxide (VO3) is perhaps the most interesting
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compound in the family, not only for its relative chemical simplicity but also because its transition
temperature is easily accessible at very nearly room temperature. As reproduced in Fig. 5.1, VO2
has multiple different structural phases which differ by the degree of dimerization, metallicity, and
optical contrast. It was Dr. Jae Park, a former graduate of our group, that proved that VO: has a
triple point of its metallic and insulating phases, constructing a detailed phase diagram of VO2%,

as reproduced in Fig. 5.2.
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Figure 5.1 (a) Arrangement of vanadium ions in the phases involved in the MIT, indicating
their different vanadium chain periods and dimerization (yellow). (b) Alternation of metallic and
insulating domains. At 75 °C, substrate-pinning combined with a mismatching thermal expansion
produces coexistence of the insulating (yellow, brighter) and the metallic (green, darker) phases.

(Figure adapted from reference®)
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Figure 5.2 Constructed phase diagram of VO2 nanobeam as a function of temperature and

tensile strain from measurements. (Figure reproduced from reference®)

5.1.2  Process to apply strain

The process to apply strain is shown in Fig. 5.3a. A material of interest is mounted across a slot in
a silicon chip. The width of the slot gap is tuned and strain applied to the nanobeam by pressing
on a particular side of the chip. A VO2 nanobeam can be placed thusly across the slot using a probe
needle and affixed on both sides using UV-cure epoxy. Using a homebuilt strain platform, we
narrow the slot before placing and fixing the samples, thereby applying tensile strain when the
compression of the slot is released. By measuring the gap width change, we can estimate the
amount of applied strain. These 2x2 mm? chips are fabricated using photolithography (PL) and
deep reactive ion etching (DRIE) and have spring-like mechanism to facilitate the compression.
Different spring geometries are shown in Fig. 5.3c. More details on these topics are presented

below.
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Figure 5.3 (a) Process to apply built-in strain: (top) 3D model of platform; (middle) Si chip
with squeezed slot before VO2 was transferred across the slot; (bottom) slot with mounted
nanobeam. With built-in strain, the nanobeam demonstrates coexistence at the phase transition
(dark. green: metallic, light, yellow: insulating), scale bar: 20 um. (b) Microscope images of a
nanobeam being picked up due to a van der Waals attraction, using a probe needle. (c) Fabricated

Si chips (2x2 mm?) with different designs of the spring mechanism with which to squeeze the slot.

5.1.2.1 Transfer VO2 nanobeam

A given large crystal of VO2 may develop multiple twinned domains. However, each domain is
limited to a certain characteristic size. If a crystal has a dimension comparable or smaller than this
size, it is unlikely that multiple domains will develop in that direction. Therefore, in a sufficiently
thin nanobeam domain structure is only possible along the length of the nanobeam. In order to
realize an even simpler system, it is desirable to avoid domain structure from substrate pinning so
that the nanobeam remains a singly domain though a phase transition. To this end, a systematic

88



approach to studying the MIT is best exemplified in a suspended VO2 nanobeam that allows
superior control of the strain and other parameters.

This is achieved by suspending our VO2 nanobeam across a slot. To transfer a VO2 nanobeam,
our extensively used method is direct manipulation of a single VO2 nanobeam using a 3-axis
stepper-controller motorized manipulator. The manipulator is mounted on a microscope stage for
in-situ transferring. Since these VO2 nanobeams are grown using CVD and consequently pinned
to the oxide substrate surface they must first be loosened with a light BOE etching. A nanobeam
is then picked up due to a van der Waals attraction (See. Fig. 5.3b) using a probe needle (usually

a tungsten needle from Quarter Research) attached to the manipulator.

5.1.2.2 Adhesion

To study the different types of domain boundaries in a nanobeam without access to in-situ
tuning of the strain (as we had intended to do), it is necessary to prepare the suspended sample pre-
strained. This strain is applied after releasing the gap with VO2 nanobeam fixed on both sides.
Good adhesion is naturally necessary for this to work. Here, we use epoxy to fix the VO2
nanobeam. Norland NEA121, a UV curable epoxy, is an ideal candidate for several reasons. (i) It
was chosen for its appropriate viscosity (300 cps, comparable to a motor oil). (ii) There is no need
to mix with a resin. (iii) It is not solvent based and so its viscosity does not change before curing.
(iv) The curing process can be initiated by either UV light or heat and allows plenty of time for
application and other sample processing. (v) The epoxy is optically clear. This allows visual

inspection of the domains under epoxy.
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5.1.2.3 Fabrication of Si chip and platform

To apply pre-strain, we first squeeze the slot by pressing on a side of the chip and causing it to
bend. To make this feasible, we used a 250 um Si wafer which is thin enough to be bent but thick
enough to be a rigid substrate. Fabricated Si chips (2x2 mm?) are shown on Fig. 5.3c. Different
designs of the compliant spring mechanism let us find the most appropriate to best control strain.
Masks were prepared (Heidelberg uPG 101) for photolithography (AB-M Contact Aligner). The

bulk of the wafer was etched quickly and uniformly with DRIE (Bosch process).

5.2 Inducing superconductivity into 2D materials

Inducing superconducting correlations via the proximity effect into a 2DEG has attracted renewed
attention due to its promise for realizing non-Abelian zero modes. It has been proposed that the
proximity effect between an s-wave superconductor and the surface states of a strong topological
insulator can result in a two-dimensional state resembling a spinless p, + ip, superconductor
without breaking time reversal symmetry which supports Majorana bound states at vortices®. To
try to achieve this, we started with making lateral Josephson junctions of NbSe2/graphene/NbSez.

NbSe: is a superconductor with a critical temperature T, = 7.2 K®. The critical temperature
drops when the NbSe2 layers are intercalated by other atoms, or when the sample thickness
decreases, with T. being ~1 K in a monolayer®. Like other layered transition metal
dichalcogenides, NbSe2 can be mechanically exfoliated into single crystalline layers, which makes
it compatible with 2D materials fabrication and techniques. Reportedly, vertical stacked
NbSe2/graphene/NbSe: has been fabricated®”. To make it compatible with electrostatic doping, we

designed a lateral Josephson junction geometry (Fig. 5.4).
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Figure 5.4 Schematic process to make lateral Josephson junction of NbSe2/graphene/NbSe:2 (a)
Exfoliation of thin flakes of NbSe2 (~10 nm). (b) To protect NbSe2 from being oxidized, a piece
of graphene is covered on top. (¢c) ~ 200 nm wide slot is made on the stack of graphene/NbSe:
using a process combining electron beam lithography and reactive ion etching with CHF3 and O2
mixture. (d) Evaporate Pt contacts. (e) Graphene is transferred across the slot, and the junction has
been made. The junction is being made on the substrate of SiO2/Si, hence the Si gate can be used
for electrostatic doping (f) SEM image of the lateral Josephson junction, scale bar: 10 pm.

Using this device, we studied transport at temperatures where the Josephson supercurrent was
observable (slightly below T, = 5.3 K). Fig. 5.5 shows the junction forward current biasing
current-voltage characteristics without gating. Fig. 5.6a-c shows these over a range of T from 1.6
K to 7.0 K, gate voltage from 0 V to 6 V, and out-of-plane magnetic field B from0 Tto 1.5T. The

low-bias transition occurred at the critical current I. =73 pA, T = 1.6 K. Above I., the normal

resistance, Ry, is tunable by Si gate. Supercurrent can still be observedat B, = 15T.
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Figure 5.5 Current-voltage characteristics of NbSez between 1.5 K and 4.4 K. Inset: circuit

setup.
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Figure 5.6 (a-c) Current-voltage characteristic of Josephson junction measured at different
temperatures, gate voltage, and magnetic field. (d) Circuit setup.

We successfully prepared a lateral junction of NbSez/graphene/NbSe2 with a workable
approach. The clean interface between NbSez and graphene produced a highly transparent, short-
ballistic proximity-type Josephson coupling with a robust critical current. Constructing transparent

Josephson junctions using NbSez and graphene represents an efficient and promising route to
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building coherent hybrid systems if we replace graphene to other 2D materials. This will open an

exciting route to explore exotic quantum phenomena at the atomic scale.

5.3  Electron tunneling through ultrathin hBN

Since h-BN is chemically and thermally stable and free of dangling bonds and surface charge traps,
it is universally used as a substrate for graphene electronics, in which the mobility, FET
performance and chemically stability get improved. Crystals of hBN thicker than six layers are
known to act as high-quality insulating layers in most of the 2D materials devices. A single atomic
layer of h-BN on the other hand acts as an effective tunnel barrier and the transmission probability
of the h-BN barrier decreases exponentially with the number of atomic layers. This property offers

us another method to study the interior bulk of monolayer WTex.
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Figure 5.7 (a) Current-voltage curves of mono-, bi-, and tri-layer h-BN. Inset: log-scale tunnel
conductance in the linear regime. (b) Exponential dependence of zero-bias resistance on the
thickness hBN separating graphite and gold electrodes (1-4 layers of hBN, 0.3-1.3 nm). Resistance
is normalized to the area, which ranged from 2 to10 um? (Figures adapted from reference® )

As Ch. 2 might have shown, we need to differentiate the current contributions from edges and

the interior bulk. Here, we used the device design shown in Fig. 5.8c to try to limit tunneling
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current to coming from the interior. In this way, by measuring tunneling current we can figure out
the density of states we are interested in. hBN etched by RIE with CHF3 and O2 mixture can be
picked up via vdW transfer technique. However, it proved challenging to make electron tunneling

devices as 1L hBN is especially fragile and can easily be broken during transfer.

Graphite Tunneling Probe

Graphite Gate

\§  AFM image

Figure 5.8 Process to make electron tunneling devices for monolayer WTe2 (a) Microscope
image of device. Read dashed line outlines the boundary of monolayer WTez, and the black dashed
line highlight the position which the monolayer hBN cover, scale bar: 10 um. (b) Transfer process
of etched hBN, scale bar: 10 um. (c) Cross-sectional diagram of devices. Graphite on top is used
as electron tunneling probe. (d) Challenge of using thin hBN: 1L hBN is fragile and can be broken
during the transfer. Scale bar of AFM image: 1 um.
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Chapter 6. Outlook

Over the last decade, discovery of various two-dimensional materials and rapid development of
controllable fabrication methods make it possible of us to build various device with extraordinary
performance. These techniques led us to discover and confirm the quantum spin Hall insulator
(QSHI) state of 1L WTez. It allows QSHI to exist independently of quantum well in nature.
Subsequently, superconductor state was found 1L WTe: and ferroelectricity was found 2L WTez.
These reflects the great potential of two-dimensional materials.

The constructed phase diagram of 1L WTe2 makes us reconsider the ground state of 1L WTeo.
In this thesis, | mainly discuss about the nature of electronic states and excitonic condensation in
1L WTez. The further understanding of the ground state in 1L WTez, where the interplay between
excitonic insulator phase, topology and superconductivity, may open a new avenue for exploring
correlated topological states. And at the same time, 2L WTez, as an excitonic insulator candidate,
makes this research more challenging since ferroelectricity needs to be incorporated in this
theoretical frame.

From an application perspective, the richness of phases in 1L and 2L WTe2 create more
possibilities of electronics. As discussed in Ch. 3 and 4, combination of ferromagnet,
superconductor and QSHI is proposed to realize Majorana mode. Ferroelectricity of 2L WTez
paves the way for potential ultrathin nonvolatile memory applications. In the last chapter, I briefly
introduce attempts to enrich fabrication methods to study nanomaterials. Driven by more
techniques to fabricate and more dimensions to study, the interest in two-dimensional and layered
materials continues to expand. There are a lot of opportunities for us to explore uncharted scientific

territory and to discover technologically useful 2D materials.
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