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Abstract

In this dissertation, the structural, electronic, topological and spin-related properties of monolayer WTe2 and
WTe2/graphene bilayer heterostructures are investigated theoretically. Monolayer WTe2 is a layered transi-
tion metal dichalcogenide with a distinctive highly anisotropic atomic structure which was recently confirmed
as a quantum spin Hall material. It was further shown to display gate-tunable low-density superconductivity
as well as non-trivial geometric properties and is predicted to feature high spin-orbit coupling and non-trivial
spin-textures. The interplay between these outstanding properties might be of great interests in various fields
such as quantum computation, spintronics or dissipationless electronic devices. A natural question is whether
one can transfer these properties to other layered materials by forming Van der Waals heterostructures. In
particular, WTe2/graphene bilayers offer the prospect of proximity-induced spin-orbit coupling in graphene.
This could effectively lead to non-trivial spin-textures and topological phases in this material, which would
offer great perspectives for the integration of graphene in spin-based electronics.

In particular, this thesis sheds light on the most stable structural phase adopted by monolayer WTe2 in
free-standing conditions. It further predicts a giant spin-orbit proximity effect in graphene, which displays
sizable anisotropy and largely preserves the linear semimetallic behaviour. Moreover, computations reveal
the presence of an electric dipole moment in the bilayer heterostructure, which should affect spin-textures
in the structure and provide a way to control them via electric means. Although these findings certainly
require further confirmation, this investigation also potentially suggests that monolayer WTe2 induces a
canted spin-texture in the conduction bands of the Dirac cone as well as a topological phase in graphene.
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1. Introduction

1.1. Introduction and motivation.
One of the great successes of condensed matter physics was the description of electrons in crystalline solids
through their classical energy-momentum dispersion relation or band structures. This has in particular
allowed the distinction between metals, insulators as well as semiconductors and sufficed to generate much of
the technology used today in electronics and optoelectronics. This picture is nevertheless highly incomplete
and generally only captures a tiny fraction of the potential offered by the solid state when it does not fail to
describe it entirely.

First, the quantum nature of electrons in solids implies that a complete description of their state is only
captured by their so-called wavefunction. Whereas the dispersion relation only accounts for the energy and
momentum associated with the latter, the wavefunction displays a myriad of other properties of fundamental
interest. A crucial topic in modern condensed matter physics is the study of the global (or topological)
properties of the wavefunction. When non-trivial, these features give rise to exotic phases of matter such as the
quantum spin Hall state and topological insulators. These phases exhibit robust edge states which oftentimes
display protected transport, offering for instance great perspectives for the realization of dissipationless
devices. Equally important is a local property of the wavefunction called the Berry curvature, which is at
the heart of the mechanisms responsible for a wide range of phenomena.

Second, the underlying assumption of the band structure picture is the absence of interaction. Yet, in-
teractions between electrons are decisive to explain the occurrence of phases of matter in which electronic
correlations play an important role. A shining example of such phases is the superconducting phase. Although
there are ways around this problem to fall back to the dispersion relation description of superconductors,
these rely on assumptions that may not be valid for more unconventional superconductors.

Finally, although relativistic corrections to the classical picture of solids are supposedly very small, the
consequences of the relativistic nature of our universe on electrons in solids are critical to our understanding
of the underlying physics of an important number of phenomena. They have known an increasing interest
with the discovery of topological insulators and the prospects offered by spin-based electronics or spintronics,
a new paradigm of electronics based on the manipulation of the electron spin rather than its charge. The
principles of relativity imply that electrons moving in an electrostatic potential experience a magnetic field
coupling their spin to their motion. Referred to as spin-orbit coupling (SOC throughout this report), this
phenomenon allows the manipulation of spin via electric means, providing a perfect tool for the realization
of spintronics.

Given these considerations, it is interesting to ask whether one can find materials whose underlying physics
cannot be entirely described through classical band diagrams. In particular, the recent discovery of graphene
has opened the door to the exploration of layered materials, which can be thinned down to a single atomic
layer. In addition to their intrinsic extreme compact nature and the fact that these materials often exhibit
outstanding properties, stacking layers of several of these atomically-thin materials into so-called Van-der-
Waals heterostructures offers the possibility to combine their features at will, partially realizing the long-time
dream of Richard Feynman expressed in his famous lecture "There’s Plenty of Room at the Bottom". A wide
family of so-called 2D materials has attracted much interest in recent years for their mechanical, optical and
electronic properties: transition metal dichalcogenides (TMDs throughout this report). These compounds
all feature strong SOC, many of them display superconductivity and they may well constitute the future of
electronics and optoelectronics altogether.
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Yet, one TMD stands out: WTe2. To begin with, this compound naturally possesses a strongly anisotropic
crystalline structure distinct from that of other TMDs in its monolayer form. More, not only did recent
experimental evidence for the quantum spin Hall state in monolayer WTe2 at record high temperature link the
fields of two-dimensional materials and topological physics, the presence of gate-tunable superconductivity
was also confirmed experimentally. Although highly sought after, the simultaneous natural occurrence of
topology and correlations in a single layered material is unprecedented. The intersection of superconductivity
and topological insulators hosts a fertile landscape of interesting quantum phenomena, including elementary
excitations of the system known as non-Abelian anyons (often referred to as Majorana fermions), which offer
high prospects for the realization of robust quantum computation. Whereas the realization of the quantum
spin Hall state has demonstrated the nontrivial topology of the electron wavefunctions of monolayer WTe2,
the geometrical properties of the wavefunction, such as the Berry curvature, have recently been shown to be
non-trivial as well. Moreover, the compound is predicted to feature strong spin-orbit coupling, non-trivial spin
textures and outstanding magnetotransport properties. This exceptional combination of topology, geometry,
correlations and non-trivial relativistic phenomena establish monolayer WTe2 as a prototype material to
study novel physics which cannot be described through the classical band diagram picture.

Of course, graphene itself offers tremendous fundamental and technological prospects. Beyond the wonder
of the mere existence of atomically-thick materials, its fascinating attributes such as relativistic electrons
with ultra-high mobilities, transparency and unmatched mechanical strength position it as a key material of
the future. Moreover, graphene’s low spin-orbit coupling allows the preservation of the electron spin over
great distances, establishing it as a perfect platform for spin transport. Further enabling the manipulation of
the spin state of electrons in graphene would however offer the possibility to make graphene-only spintronic
devices, making manufacturing much easier while allowing the use of graphene’s exceptional properties.
Hence, it is of crucial importance to investigate whether one can import properties such as spin-orbit coupling
or topological features in graphene - for example through its stacking on TMDs.

Hence, while the exploration of graphene/WTe2 heterostructures naturally triggers fundamental interest, it
also offers great hopes for the integration of graphene in spintronics. Furthermore, recent experimental evi-
dence have established WTe2 as an outstanding platform to study the interplay between topology, geometry,
non-trivial spin textures and superconductivity. Besides, WTe2 offers great prospects with regards to the
realization of quantum computation, dissipationless transport as well as spin-based electronics. All these
reasons motivate the study of monolayer WTe2 and graphene/WTe2 heterostructures, which constitute the
subject of this study.

1.2. Aim
This thesis aims at investigating WTe2 and WTe2/graphene heterostructures from an ab initio perspective.
In particular, this study will focus on the investigation of structural, electronic, topological and spin-related
properties of these materials and structures as well as computational aspects of their modelling.

1.3. Outline
After establishing the theoretical background needed to understand the basics of spin-orbit coupling phe-
nomena and quantum spin Hall states, this work first reviews in more detail some of the key features of
graphene, TMDs and WTe2 and the various relevant heterostructures already investigated in prior studies.
Then follows the presentation and discussion of the first-principle investigations of this study. Finally, some
concluding remarks are provided.
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2. Background

2.1. Symmetries and degeneracies
Symmetries are crucial to the understanding of phenomena involving spin-orbit coupling. Two symmetries in
particular play a central role in these considerations, namely time-reversal symmetry and inversion symmetry.
This section focuses more specifically on their effect on spin-resolved energy diagrams and derives central
results concerning the degeneracies that are implied by their presence.

2.1.1 Time-reversal symmetry

Let us define a system with time-reversal symmetry from U(t)⇥ = ⇥U(�t) where U(t) = e
�iHt/~ is the

time-evolution operator and ⇥ the time-reversal operator. For infinitesimal evolution U(�t) ⇡ 1 � iH�t/~,
which leads to �iH⇥ = ⇥iH. Wigner’s theorem states that operators preserving the absolute value of the
inner product are either unitary or antiunitary. Requiring that H be bounded from below imposes for ⇥ to
be antiunitary [1]. One can therefore write ⇥ in the form ⇥ = UT K where UT is unitary and K is a complex
conjugation operator Kz = z

⇤
K 8z 2 C (antilinearity) such that H⇥ = ⇥H.

In particular, inner products and matrix elements involving ⇥ satisfy the following relations

h⇥↵|⇥�i = h�|↵i = h↵|�i⇤ and h�|A|↵i = h⇥↵|⇥A†
⇥

�1|⇥�i (1)

Proof. Assuming a basis {|ni} of the relevant Hilbert space such that K |ni = |ni, one can write

|⇥↵i = UT K

 
X

n

|ni hn|
!

|↵i =

X

n

hn|↵i⇤
UT |ni ) h⇥�| =

X

m

hm|�i hm| U †
T

) h⇥�|⇥↵i =

X

m,n

hm|U†
T UT |ni h↵|ni hm|�i =

X

m,n

�m,n h↵|ni hm|�i = h↵|�i = h�|↵i⇤

Defining |�i ⌘ A† |�i, one finds, using the preceding argument

h�|A|↵i = h�|↵i = h⇥↵|⇥�i = h⇥↵|⇥A†|�i = h⇥↵|⇥A†
⇥

�1|⇥�i

The action of ⇥ on spinless states/wavefunctions can be deduced as follows (using antilinearity)

⇥ | i = ⇥

Z
d
3
r |ri hr| i =

Z
d
3
r |ri hr| i⇤ ) hr|⇥| i = hr| i⇤ ,  (r)

⇥�!  
⇤
(r)

This can be interpreted as k
⇥�! �k for Bloch states (assuming non-degeneracy) [2]

TR 
⇤
nk(r) = TR 

⇤
nk(r + R) = e

�ik·R
 

⇤
nk(r) )  

⇤
nk(r) =  n,�k(r)

Similarly, the action on two-spinors (spin-1/2) is given by [1]

⇥ = �i�yK =

✓
0 �1

1 0

◆
K

where �y is the second Pauli matrix.
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Proof. Considering the angular momenta operators as the generators of rotations, one has that the eigenstates
of the spin operator component along n̂ can be expressed in terms of the spin up eigenstate along ẑ as follows

|n̂+i = e
�i�Sz/~

e
�i✓Sy/~ |+i and |n̂�i = e

�i�Sz/~
e
�i(✓+⇡)Sy/~ |+i

Spin is an angular momentum, it should thus be odd under time-reversal ⇥S⇥
�1

= �S, which implies
⇥e

�iS↵⇥
�1

= e
�iS↵ (complex conjugation compensates the sign change). Using the latter property and the

corresponding transformation of eigenstates, one finds

⇥ |n̂+i = |n̂�i , ⇥e
�i�Sz/~

e
�i✓Sy/~ |+i = e

�i�Sz/~
e
�i(✓+⇡)Sy/~ |+i

, ⇥e
�i�Sz/~

⇥
�1

⇥e
�i✓Sy/~

⇥
�1

⇥ |+i = e
�i�Sz/~

e
�i(✓+⇡)Sy/~ |+i

, ⇥ |+i = e
�i⇡Sy/~ |+i = e

�i⇡Sy/~
(K |+i) = �i�yK |+i

) ⇥ = �i�yK

Note that the presence of K is necessary for ⇥ to be antiunitary.
For spin-1/2 Bloch states, this translates to [2]

⇥

✓
 k"
 k#

◆
=

✓
� ⇤

k#
 

⇤
k"

◆
with ⇥

2
= �1

The presence of time-reversal symmetry in a system implies the so-called Kramers degeneracy between time-
reversal conjugate states

⇢
[H, ⇥] = 0

H | i = ✏ | i )
⇢

h |⇥ i = 0

H(⇥ | i) = ⇥H | i = ✏(⇥ | i) ,
⇢
✏⇥ = ✏ 

⇥ ?  

Proof. Orthogonality is directly obtained from (1) and ⇥
2

= �1 as h |⇥ i = h⇥⇥ |⇥ i = � h |⇥ i
For spin-polarized Bloch states, this naturally implies

✏nk" = ✏n�k# (2)

2.1.2 Inversion symmetry

Inversion symmetry ⇡ can be defined from its action on position eigenstates

⇡ |ri ⌘ |�ri

In particular, it commutes with the lattice translation operator TR

TR⇡ |ri = TR |�ri = |�r + Ri = ⇡ |+r � Ri = ⇡T�R |ri ) TR⇡ = ⇡T�R

Its action on Bloch states can be found as follows

TR(⇡ | nki) = ⇡T�R | nki = e
�ik·R

(⇡ | nki) ) (⇡ | nki) = | n�ki , k
⇡�! �k

In particular, a system with inversion symmetry [⇡, H] = 0 satisfies

✏nks = ✏n�ks (3)

Proof.

[H,⇡] | ki = H⇡ | ki � ⇡H | ki = H | �ki � ✏k⇡ | ki = (✏�k � ✏k) | �ki = 0 8k 2 B1

On Bloch wavefunctions, inversion symmetry acts as

⇡ nk(r) =  n�k(r) =  nk(�r) and ⇡unk(r) = un�k(r) = unk(�r) (4)

where u denotes the lattice-periodic part of the Bloch state.
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Proof. In addition to being unitary (⇡2
= I), the parity operator is also Hermitian

hr0|⇡|ri = hr0|�ri = �(r0
+ r) = h�r|r0i = hr0|⇡|ri⇤

This leads directly to
hr|⇡| nki = hr| n�ki = h�r| nki

which yields the desired result. The same relations naturally holds for unk.

Unitarity ⇡
2

= I implies that there is only two observable values (eigenvalues) of parity ⇣ = ±1, which
correspond respectively to even and odd states

⇡ | i = ±1 | i , hr|⇡| i = ± hr| i , ± h�r| i = hr| i

2.1.3 Two-fold degeneracy and time-reversal invariant momenta

In the presence of both time-reversal and space inversion symmetries, one finds, combining (2) and (3)

[H,⇡] = [H, ⇥] = 0 ) ✏nks = ✏n�k�s = ✏nk�s

When inversion symmetry is absent, this two-fold degeneracy is preserved at time-reversal-invariant momenta,
which shall be referred to as TRIMs.

TRIMs ⌘ {k | k = �k + G} ) 8k 2 TRIMs, ✏nks = ✏n�k�s = ✏n�k+G�s = ✏nk�s

Hence, a time-reversal symmetric system displays crossing spin up and down bands at TRIMs. Figure 1
illustrates the presence of this two-fold degeneracy for time-reversal symmetric systems in the presence and
absence of inversion symmetry.

Figure 1: Two-fold degeneracy in a 1D system with a unit lattice constant. (Right) The presence of time-
reversal symmetry ensures crossing (i.e. two-fold degeneracy) of spin up and spin down bands at time-reversal
momenta {0, ±⇡} and symmetry between positive and negative momenta. (Left) Adding space inversion
symmetry guaranties two-fold degeneracy over the whole Brilloin zone.

2.2. Spin-orbit coupling
Spin-orbit coupling is central to this dissertation. In this section, a brief review of the nature, strength and
consequences of this effect is provided. Additionally, a common type of spin-orbit coupling is presented.

Spin-orbit coupling. On the atomic level, spin-orbit coupling (SOC) arises as a relativistic correction
stemming from the effective magnetic field felt by electrons with a non-zero angular momentum moving in
the electrostatic potential created by an atomic nucleus, which naturally couples to its spin [3]. In general,
any moving charge with spin in an electrostatic potential experiences this effect. The microscopic form of
this correction is given by

HSO =
1

4mec
2
(rV ⇥ p) · S
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The case of a spherically-symmetric potential V makes explicit the fact that spin-orbit coupling couples
angular momentum and spin.

HSO =

✓
1

4mec
2

1

r

dV

dr

◆
L · S where L = r ⇥ p

Strength. The strength of this effect in atoms and solids is generally found to be proportional to the fourth
power of the atomic number of the ions, i.e. HSO / Z

4 [4].

Effects. Because this coupling depends explicitly on spin, it generally allows the lifting of spin degeneracy.
In addition, the presence of SOC implies that the spin polarization hSi varies with the direction of rV ⇥ p,
and in particular with crystal momentum k. In particular, this implies that the spin polarization is a vector
field in momentum space. Representations of this field are called spin-textures.

Rashba SOC. Different symmetries (for V ) allow different types of spin-orbit coupling. A particular
common case in two-dimensional solids is the presence of a broken out-of-plane inversion symmetry, i.e.

z ! �z asymmetry. This is in particular the case in asymmetric quantum wells, in layered materials
deposited on substrates or in the presence of out-of-plane electrical fields. The SOC associated with this type
of configuration is called Rashba SOC [5,6] and is typically of extrinsic nature. In toy Hamiltonians, it often
takes the form

HR = ↵(� ⇥ k) · ẑ

where ↵ is the Rashba coupling and is typically proportional to the field strength Ez in the presence of an out-
of-plane electric field. According to this expression, when Rashba SOC is dominant, spin-configurations with
exclusively in-plane components perpendicular to pseudo-momentum have the lowest energy. Additionally,
it should induce momentum-dependant (/ k) band splittings for opposite spins. This type of configuration
is illustrated in momentum space in figure 2.

30 Chapter 1. Introduction

a)

kx

ky

EF

� E

k

++ �
b)

k+ k�

Figure 1.6. (a) The energy band structure of the Rashba Hamiltonian with the
definition of the momenta k±. (b) The Fermi surface consists of two concentric
circles of radius k±. The black arrows show the spin direction of the energy
eigenstates.

Hamiltonian. In the latter the spin degree of freedom is not the real
spin but rather the pseudospin corresponding to a sublattice index of the
envelope wavefunction [23–25]. Similarly the time reversal is not the real
time reversal but rather another antiunitary symmetry sometimes called
effective time reversal.

1.3.1 The Rashba Hamiltonian

As a prototypical example of a simple electronic system with spin-orbit
coupling, we consider in this section the Rashba Hamiltonian

HR =
p
2

2m
+
↵

~ (py�1 � px�2). (1.78)

Since HR commutes with the momentum operator p the eigenstates can
be taken to be of the form | i = |ki � |�i with hx|ki = exp(ik · x). |�i is
found by diagonalizing HR for a fixed k = k(cos� x̂ + sin� x̂)

HR =
~2

k
2

2m

 
1 i↵̃e

�i�

�i↵̃e
i�

1

!
, (1.79)

Figure 2: Illustration of typical (a) band splitting and (b) associated spin-texture induced by Rashba SOC.

2.3. The quantum spin Hall state.
Given the fact that a more thorough review of some of the theory (within the framework of topological band
theory) and phenomenology of two-dimensional topological insulators was the subject of previous work, a
brief summary of the main results needed to understand these phases of matter is given here.

Topological equivalence of insulating electronic phases within the framework of topological
band theory. Two band insulators characterized by two (bulk) Bloch Hamiltonians H1(k) and H2(k) are
said to be topologically equivalent if the latter can be mapped continuously (through arbitrary continuous
perturbations) onto each other without closing the gap of the associated band structure. Symmetry-protected
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topological equivalence is defined similarly with the additional constraint that a particular symmetry be pre-
served (time-reversal symmetry throughout this report) [7]. Topological equivalence classes are characterized
by topological invariants that are insensitive to perturbations that continuously preserve the presence of
the gap (while preserving a given symmetry in the case of symmetry-protected topological phases). These
topological invariants are global properties of the electronic wavefunction.

Bulk-boundary correspondence. An interface between two materials or between a material and the void
may be thought as a continuous deformation of the (local) Bloch Hamiltonian. If this interface distinguishes
topologically distinct insulating phases of matter, the gap must close at some point along the interface
according to our definition of topological equivalence. Hence, the interface should host metallic states -
referred to as edge states in two-dimensional systems - as long as the phases across the interface have distinct
topological invariants. This feature makes these edge states robust against small perturbations preserving
the gap (and a given symmetry). Since one can deduce the presence of edge states from topological properties
of the bulk, this principle is referred to as bulk-boundary correspondence [7] and is illustrated in figure 3.

Quantum spin Hall state. The so-called quantum Spin Hall state is a topological insulating two-
dimensional electronic phase protected by time-reversal symmetry and characterized by the so-called Z2-
invariant. The latter only takes two values: 0 and 1, corresponding respectively to the trivial and topological
phases. The presence of time-reversal symmetry ensures that edge states come in time-reversal pairs [8], re-
ferred to as helical edge states. Since time-reversal symmetry reverses both spin and crystal momentum, this
implies that opposite spins in these helical edge states have opposite crystal momenta, enabling the possibility
of net (and potentially pure) spin currents [9, 10], which may be very interesting from a technological point
of view. It can also be shown that time-reversal symmetry protects these edge states from backscattering, a
feature potentially paving the way for low-dissipation devices. The sole observation of these edge states in
transport measurements should hence lead to a quantized conductance twice that of the quantum Hall effect.
Transport-based applications at room temperature would however require the presence of a large bandgap in
order to effectively suppress bulk conduction and observe exclusively the outstanding properties of the bound-
ary modes. In particular, room-temperature transport measurements of the edge states associated with the
quantum spin Hall state have not yet been realized experimentally. Note that a signature of protection by
time-reversal symmetry is the effective suppression of the edge states in the presence of a magnetic field.

Band inversion. The basic mechanism behind the non-trivial band topology in the quantum spin Hall
state is the band inversion between two orbital bands, which can in particular be driven by spin-orbit
coupling [11]. Typically, a gap is created by spin-orbit coupling between two (or more) bands that would
otherwise (in the absence of SOC) be crossing (or close in energy) at a particular point in the first Brilloin zone,
as illustrated in figure 3. Note that the crossing might occur at an intermediate point in the perturbative
process. Nevertheless, the occurrence of the quantum spin Hall state is hence often accompanied by the
presence of strong spin-orbit coupling, which might make a number of those two-dimensional topological
insulators attractive for spintronics applications.

Experimental realization of the quantum spin Hall state. Only a few materials and material struc-
tures have been shown to exhibit the quantum spin Hall state. The first realizations were obtained in
HgTe [12, 13] and InAs/GaSb [14, 15] quantum wells at very low temperatures. A number of alternative
platforms were subsequently discovered, including bismuthene on a SiC substrate [16], the layered com-
pound Bi14Rh3I9 [17] and graphene decorated with BiSe3 nanoparticles (where BiSe3 is a well known three-
dimensional topological insulator). Observation of the hallmarks of the quantum spin Hall state in these
systems is however difficult either due to complex geometry, the buried nature of the interface systems (e.g.

in quantum wells), the strong substrate interactions (e.g. in Bi-based surface systems [16,18]), the extremely
low temperatures required or the significant material engineering needed to synthesize them.

10



EF

Inversion +SOC

Figure 3: (Left) Illustration of the band inversion mechanism leading to quantum spin Hall states. Following a
reversal of the band ordering, SOC creates a gap at the Fermi level which leads to a topological phase. (Right)
Illustration of the concept of bulk-boundary correspondence. From the definition of topological equivalence,
the interface between two topologically-inequivalent insulating phases hosts robust gapless modes.

Majorana fermions. Majorana fermions in solid state physics are zero-energy boundary modes predicted
to appear at the interface between topological insulators and superconductors [19–22]. The name fermion is
somewhat misleading given the fact that these excitations can feature non-Abelian statistics in two dimen-
sions, different from that of fermions or bosons. This stems from the fact that the braiding group is non-
trivial in bidimensional systems, meaning that exchanging two identical quasiparticles leads to an inequivalent
configuration. Therefore exchanging these topologically-protected pseudoparticles through electrical means
(commonly referred to as braiding in reference to the formation of braids in spacetime) provides a way to
encode information non-locally, which is thought to offer great prospects with respect to the realization of
fault-tolerant quantum computing [23].

2.4. Graphene
In this section, a brief review of the main structural, electronic and spin-related features of graphene is
provided. In particular, graphene is a monolayer sp

2-hybridized carbon honeycomb lattice. The remaining
pz orbitals perpendicular to the plane overlap to form a system of delocalized conducting ⇡ electrons which
are shown to display linear dispersion close to the Fermi level. Finally, graphene hosts exceptionally small
spin-orbit coupling.

Crystalline structure. Graphene has point group P6/mmm, which is centrosymmetric. The honeycomb
lattice is not a Bravais lattice. Therefore, graphene must be described in terms of two equivalent sublattices
effectively related through parity. These sublattice are represented in yellow and blue in figure 4 and shall be
labelled respectively by A and B. Let �i denote the vectors connecting nearest neighbours and a their length.
Aligning the x axis with �i, a suitable choice for the primitive lattice vectors a1,2 and the corresponding
reciprocal lattice vectors b1,2 is found as

8
>>>>>>>>><

>>>>>>>>>:

a1,2 =

p
3a

2
(
p

3, ±1)

b1,2 =
2⇡

3a
(1, ±

p
3)

±K =
2⇡

3a

✓
1, ± 1p

3

◆

where ±K are the two (inequivalent) corners of the first Brilloin zone displayed in figure 4.
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2

Figure 4: (Left) Honeycomb lattice and its primitive cell, containing one atom of each sublattice A (yellow)
and B (blue). (Right) Two-dimensional first Brilloin zone of the honeycomb lattice with highlighted high-
symmetry points.

Low-energy theory and emergence of Dirac fermions. Considering only nearest-neighbour hopping
for spinless ⇡ electrons, the following tight-binding Hamiltonian is obtained in second quantization formalism

H = �t

X

hRA,R0Bi

⇣
a

†
A(R)aB(R0

) + h.c.

⌘
= �t

X

R

⇣
a

†
A(R)aB(R) + a

†
A(R)aB(R � a1) + a

†
A(R)aB(R � a2) + h.c.

⌘

where R and R0 identify specific unit cells and h·, ·i denotes nearest-neighbour atomic sites. a
†
A(R) is the

fermionic creation operator in the Wannier basis associated with the A sublattice in unit cell R and aB(R)

the corresponding annihilator associated with sublattice B. Additionally, h.c. stands for Hermitian conjugate.
The Wannier basis and the Bloch basis are related by a Fourier transform.
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Using this relation, one finds the following form for the Hamiltonian
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where the Bloch basis has been organised into pseudospinors for a reason that will become apparent at a later
stage. Diagonalizing h(k) gives the dispersion relation of ⇡ electrons in graphene within the first-neighbour
hopping approximation

✏(k) = ±t|�(k)| =

vuut
1 + 4 cos

✓
3kxa

2

◆
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 p
3kya
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!
+ 4 cos2

 p
3kya

2

!
.

The corresponding energy spectrum is displayed in figure 5.
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In particular, the energy levels are degenerate at ±K. A Taylor expansion around those points k = ±K+ q
shows that the dispersion in their vicinity is linear. The effective low-energy theory is given by

k ⇡ ±K ) �(k) ⇡ �~vF (iqx ± qy) ) He↵ = ~vF

✓
0 �iqx ± qy

iqx ± qy 0

◆
= ~vF (qx�y + ⌧qy�x),

where vF ⌘ 3ta/2~, ⌧ = ±1 and �x,y are the first and second Pauli matrices acting on Bloch pseudospinors.
Note that the Bloch pseudospinor basis is here implicit. Interestingly, the effective Hamiltonian derived here
takes the form of a two-dimensional massless Dirac Hamiltonian in which the sublattice degree of freedom
in graphene has replaced the spin degree of freedom in the original Dirac equation. Hence, this degree of
freedom is termed pseudospin. Note that an additional degree of freedom is found in ⌧ , which identifies about
which corner of the Brilloin zone the low-energy theory is derived. In particular, those points correspond to
the valence band maxima and conduction band minima - also called valleys - at half filling since the valence
and conduction bands are effectively degenerate at these points. Hence ⌧ corresponds to the valley degree of
freedom in graphene. The resulting dispersion features linear cones and should be valid close to the Fermi
level as can be observed in figure 5.

Effect of spin-orbit coupling. The quantum spin Hall effect was first theorized in graphene and although
zigzag graphene nanoribbons were effectively predicted to host helical edge state [24], intrinsic spin-orbit
coupling in graphene is too weak [25] for such states to be experimentally realized. Indeed, due to the
particularly small atomic number of carbon, spin-orbit coupling in graphene is supposedly exceptionally
small, hinting at especially high spin relaxation times. Long spin relaxation lengths on the scale of µm were
indeed experimentally observed at room temperature [26–30]. Intrinsic SOC in graphene, often referred to
as Kane-Mele SOC, is predicted to be of the order of ⇠ 10µeV [25, 31] and should open a small gap at
the Dirac point and induce a small quadratic character in the band dispersion around this point. In model
Hamiltonians, Kane-Mele SOC typically takes the following form

HKM = �KM⌧�zsz

where �z acts on pseudospin and sz on spin. In particular, inducing a more robust quantum spin Hall state
in graphene requires the presence of z ! �z symmetric SOC, which excludes Rashba SOC [32]. Note that
centrosymmetry excludes the presence of bands splittings according to section 2.1.3.

K -K

k
k2

1

Figure 5: Energy spectrum of the ⇡-electron system in graphene within the nearest-neighbour tight-binding
formalism. Close to the Fermi level, the dispersion forms linear cones at the two inequivalent corners of the
first Brilloin zone ±K.
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2.5. Transition metal dichalcogenides
Transition metal dichalcogenides (TMDs) are compounds of chemical formula MX2 where M is a transition
metal, i.e. a member of the d-block in Mendeleev’s table, and X is a chalcogen, i.e. a member of the chemical
group 16 (usually excluding oxygen) such as X = (S, Se, Te). TMDs exhibit a unique combination of atomic-
scale thickness, strong spin–orbit coupling and favourable electronic and mechanical properties, which make
them interesting for fundamental studies and for applications in high-end electronics, spintronics, optoelec-
tronics and more. In particular, this section reviews some of the key structural, electronic, topological and
spin-related features of this family of materials.

Crystalline structure. Group 6 transition metals such as those with M = (Mo, W) constitute an impor-
tant class of materials with a layered crystal structure. These materials possess a variety of polymorphic
structures in the monolayer form such as 1H, 1T , and 1T

0 and 1Td shown in figure 6. The most studied 1H

structure is a sandwich of three planar of triangular lattices X-M-X in an ABA hexagonal stacking config-
uration. In this structure, M atoms are trigonal-prismatically coordinated by six X atoms, which results in
the P6m2 space-group. The two-dimensional first Brilloin zone is identical in shape to that of graphene (cfr.
figure 4). An important difference with graphene is the fact that the structure breaks inversion symmetry
(which corresponds to the sublattice symmetry in graphene).

The M atoms in the monolayer 1T structure are in contrast octahedrally coordinated with the closest six
X atoms, leading to ABC stacking and the P3m1 space group. It has been known that the inversion-
symmetric 1T structure in MX2 is often found to be metastable in free-standing conditions and to undergo
a spontaneous Peierls-like lattice distortion driven by electron-phonon interactions [33] in the x-direction to
form a 2 ⇥ 1 superlattice structure, which results either in the inversion-symmetric 1T

0 phase or the (highly
similar) inversion-breaking 1Td structure, which will both be described in greater detail further along in the
discussion [34]. Note that although monolayer WTe2 has been predicted to be the only candidate of the
group 6 to be more stable in the 1T

0 phase than in the 1H phase, computational evidence of the existence
of a large (> 1eV/MX2) energy barrier between 1T

0 and 1H suggests all TMDs considered here could be
stabilized in the 1T

0 phase [35]. Since bulk WTe2, and MoTe2 crystallize in the bulk 1Td phase [36] (resulting
from ABA stacking of 1Td monolayers into an orthorhombic unit cell), they are both naturally found through
exfoliation in the monolayer-1T

0 phase (or potentially the highly similar monolayer 1Td phase). This is in
contrast with other bulk TMDs, which crystallize in the bulk 2H structure, resulting from the ABA stacking
of 1H monolayers. Recent evidence shows that monolayer WSe2 has nevertheless been successfully stabilized
in the 1T

0 phase [37,38].

Electronic properties. 1T and 1H-MX2 have very different electronic properties: the former is metallic
while the latter is a large direct gap semiconductor. As for the case of graphene, valence band maxima and
conduction band minima in the 1H-phase occur at the two inequivalent high-symmetry points ±K, leading
to valley degree of freedom ⌧ similar to that of graphene. In contrast, The 1T

0 and 1Td are predicted to
either be small-gap semiconductors or slightly semimetallic. [35]

Effect of spin-orbit coupling. In contrast with graphene, the simultaneous presence of non-centrosymmetry
in TMD 2H-monolayers and large spin-orbit coupling (stemming from the large atomic numbers of the tran-
sition metal) in addition to the fact that ±K are not TRIMs allows the presence of significant band splittings
at those points [34]. Since these points are time-reversal conjugates, they should display opposite band split-
tings, allowing valley-dependant spin physics. This property is referred to as spin-valley locking or spin–valley
coupling [39] and implies the immediate translation of the valley polarization of charge carriers into effective
spin polarization. This intrinsic property of 2H-TMDs may be used to design spintronic devices that do
not involve magnetic materials. Analogous to the Zeeman-splitting, the dominant SOC term in 2H-TMDs
is named Valley-Zeeman SOC because the effective Zeeman fields are valley-dependent. It is very similar
to Kane-Mele SOC but embodies the crucial inversion-breaking of 2H-TMDs. In particular, Valley-Zeeman
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Figure 6: Illustration of the possible structural phases of group 6 monolayer TMDs. The 1Tphase is typically
unstable and relaxes through a Peierls-like transition either to the 1T

0 or the 1Td phase. 1H and 1Td break
inversion symmetry, they can therefore display band splittings. In contrast, 1T

0 and 1T are centrosymmetric,
which ensures spin-degeneracy. The 1H phase is a large-gap semiconductor while the 1T phase is metallic.
The 1T

0 and 1Td phases are predicted to be either small-gap semiconductors or slightly semi-metallic. The
1T

0 phase (and most likely the highly similar 1Td phase) is predicted to lead to quantum spin Hall states.

SOC is z ! �z symmetric and typically takes the form [40]

HVZ = �VZ⌧sz

This SOC provokes the spin splitting of degenerate bands, with out-of-plane spin polarization at K and �K

points, and an opposite spin-splitting in different valleys. Analogous to the Zeeman-splitting, the SOC is
named Valley-Zeeman SOC because the effective Zeeman fields are valley-dependent.

Topological features. Both the 1T and 1H phases are topologically trivial. [41] However, all TMDs in
the 1T

0 phase are predicted to be topological [35], which has been confirmed for WTe2 and recently for
1T

0-WSe2 [37, 38]. The latter has been reported as a large gap material hosting an in-gap edge state at the
boundary. The polymorphic flexibility of monolayer WSe2 can be used to study topological states at highly
ordered phase boundaries, which significantly increases quantitative access to these states via microscopy.
This is in contrast with buried systems or layered materials displaying high degree of structural disorder in
their edges (such as WTe2).

Note that, contrary to common belief, the topological nature of the 1T
0 phase in group 6 TMDs is not a

result of the conventionally assumed d-p inversion, where the chalcogen (X) px band moves above the metal
(M) dxy. Rather, recent predictions show [41] that in 1T

0-MS2 and 1T
0-MSe2, the X-p band is pulled down

below the M-d band before the topological phase transition and a p-d band inversion supposedly occurs (i.e.
the opposite of a d-p inversion). The case of 1T

0-MTe2 is somewhat particular because it reportedly (also)
involves the inversion between two different d-bands, which is referred to as d-d band inversion.
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2.6. Graphene/TMD heterostructures
This section reviews the technological interest and key features predicted to occur in graphene/TMD het-
erostructures.

Interest. Enabling the manipulation of electronic spin in graphene offers the possibility to make graphene-
only spintronic devices, in which both control and preservation of spin are possible. While the enhancement
of SOC in graphene may be realized through functionalization with adsorbates or doping with impurities,
proximity effects have the advantage of potentially preserving the outstanding properties of graphene. Given
their strong SOC, TMDs are naturally great candidates and therefore graphene/2H-TMD bilayer heterostruc-
tures, including graphene on MoS2, WS2, WSe2 and MoSe2 have been investigated intensively over the past
few years, both on theoretical and experimental basis.

Strength of proximity SOC. In particular, these substrates were shown to induce large SOC in graphene.
Experimental evidence for this includes the observation of the spin Hall effect at room temperature in bilayer
heterostructures [42–45], which paves the way for graphene-based spin field effect transistors [46]. Further
confirmation was brought by measurements of weak antilocalization [47–50], which confirm the proximity
induced SOC in graphene in the range of 1 to 10 meV. Some discrepancies appear in the magnitude of
the proximity-induced SOC, notably the fact that it seems to be 10 times weaker in MoS2 than WSe2

and WS2 [32], indicating that tungsten-based TMDs may have a better chance at inducing large spin-
orbit couplings in graphene. Similarly, bulk 2H-TMDs reportedly induce SOC 10 times weaker than their
monolayer counterparts [32].

Origins and symmetries. Beyond the amplitudes, the origins and symmetries of the proximity-induced
SOC in graphene are equally interesting. On the one hand, z ! �z asymmetric SOC is expected in realistic
experimental configurations. In particular, the observation of significant charge-to-spin conversion has been
reported in these systems [51], which be traced back to the presence of strong Rashba SOC. On the other hand,
z ! �z symmetric SOC would pave the way for the realization of the quantum spin Hall state in graphene.
Notably, weak antilocalization measurement can distinguish z ! �z symmetric and asymmetric contributions
of SOC and have been able to identify the former as the dominant form of spin-orbit interaction [32]. Hence,
SOC may take the form of enhanced Kane-Mele SOC or Valley-Zeeman SOC, which has been predicted to
appear in graphene/2H-TMD bilayers [52,53]. Note that the latter effectively breaks the sublattice symmetry
of graphene. One of the important consequences of the Valley-Zeeman SOC is the highly anisotropic spin
relaxation, which has been revealed by recent first principle calculation and experimental studies [54–56].
If these predictions are true, the induction of spin-valley locking in graphene on TMDs could moreover
allow for optical spin injection into graphene [57–59]. Valley-Zeeman SOC is also expected to yield robust
topologically-unprotected edge states, i.e. present in topologically trivial systems [60].

Computational predictions. Further computational predictions [40, 57, 61] point out that graphene’s
Dirac point in these structures consistently lies within the semiconducting gap of the TMDs (and shifted
towards the valence bands of the TMD with increasing chalcogen atomic number) and displays an orbital
gap due to the effective staggered potential linked to the asymmetric potential felt by the two sublattices
in graphene. They also report bands splittings due to SOC and inversion-breaking up to 3meV (highest for
WSe2) at the Dirac cones and predict an inverted band structure for the Dirac cones of graphene on WSe2,
which reportedly hosts helical edge states distinct from those in the Kane-Mele model [24] when modelled
in a zigzag nanoribbon geometry, holding many similarities with the predictions of topologically-unprotected
edge states [60]. Additionally, they report small dipole moments (⇠ 0.6 Debye) pointing towards graphene,
which can be tuned electrically to control the band offsets between graphene and the TMDs. They further
identify the metal (d-orbitals) atoms in TMDs to be responsible for the enhancement of SOC. Figure 7
illustrates the effects of valley-Zeeman SOC on the band structures and spin textures of 2H-TMD/graphene
heterostructures based on these computational studies, in the case of WS2 [40].
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Other ab initio studies have reported inverted band structures for all four substrate platforms and emphasized
the strong dependence of band structures and proximity-SOC on twist-angles between graphene and the
2H-TMDs. These investigations predicted dramatic increases in the proximity-induced valley-Zeeman and
Rashba SOC, whose relative magnitudes can be tuned via the twist angle, as well as in the corresponding
bandgaps and band splittings (up to 10 times that of the non-rotated geometry). They have also pointed out
the high sensitivity of the band splittings in the Dirac cone to the relative band energies of graphene and the
TMD. In particular, these splitting are predicted to rise sharply when the graphene’s Dirac point is shifted
toward the TMDs bands by applying a gate voltage [62].

Figure 7: Band structure of graphene (a) with only Rashba SOC (b) in proximity to WS2, where the color
indicates the out-of-plane spin component. The dashed lines show the linear band structure of pristine single-
layer graphene. The band structures are quite similar but due to the presence of valley-Zeeman SOC there
is a noticeable change in the spin texture, which is shown in panel (c) for Rashba SOC and panel (d) for the
WS2 substrate. The insets show the spin-texture at a given Fermi energy for both cases.

2.7. WTe2

In this section, a review of the structural, electronic, topological and spin-related properties of WTe2 (with
a focus on the monolayer form) is provided. In addition, a brief description of other notable properties
including behaviour under strain is reproduced here.

2.7.1 Crystalline structure

Bulk WTe2 possesses a layered structure. The naturally-occurring phase is the so-called bulk 1Td phase,
which can be thought of as a distorted bulk 1T

0 phase, both illustrated in figure 8. It is distorted in the sense
that its unit cell becomes upright (� = 90

�), resulting in an orthorhombic crystal structure. Such a distortion
breaks both the in-plane two-fold rotational symmetry C2a and inversion symmetry present in the bulk 1T

0

phase. These symmetry breakings can be visualized in the following way: the cross-sectional view in the
bc-plane illustrated in figure 8 allows for the distinction between two quadrilaterals in both the 1T

0 and 1Td

phases, namely a narrow and a wide quadrilateral in each of the layers. As we change from bulk 1T
0 phase
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to bulk Td phase, these quadrilaterals slightly deviate from perfect parallelograms, effectively breaking C2a.
More, in the bulk 1Td phase, the centers of these quadrilaterals do not form rectangles in contrast to the unit
cell (cfr. solid grey line in figure 8 (a)), which effectively shows that inversion symmetry is broken as well.
On the other hand, quadrilaterals in the bulk 1T

0 phase form perfect parallelograms whose centers also form
a parallelogram with sides parallel to those of the unit cell. Whereas the transition to bulk 1Td breaks some
symmetries of bulk 1T

0, the distortion also gives rise to additional symmetries, including a glide mirror plane
Cb and the out-of-plane two-fold screw rotational symmetry C2c. In short, bulk Td is an inversion breaking,
orthorhombic phase, whose first Brilloin zone is displayed in figure 8. Table 1 gathers the main information
concerning the structural phases bulk 1T

0 and 1Td.
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b
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Figure 8: (a) Bulk 1Td crystalline structure of bulk WTe2. (b) Bulk 1T
0 crystalline structure. (c) First

Brilloin zone and labelled high-symmetry points for bulk WTe2.

Bulk 1T
0 Bulk 1Td

Structural phase Primitive monoclinic Primitive orthorhombic
Lattice constants a 6= b 6= c a 6= b 6= c

Angles ↵ = � = 90
�
, � 6= 90

�
↵ = � = � = 90

�

Space group P2/m (11) Pmn21 (31)
Point group C2h C2v

Symmetries I, C2a, Ma Ma, Mb, C2c

Table 1: Main structural features of the bulk 1T
0 and 1Td phases.

The monolayer 1T
0 phase (resp. monolayer Td) is obtained by directly isolating a single layer from the bulk

unit cell of the bulk 1T
0 (bulk Td) phase (figure 8). Monolayer 1T

0 has two independent symmetries: a mirror
plane Ma and a two-fold rotational axis C2a, whose combination leads to inversion symmetry. In contrast,
monolayer Td only possesses the mirror plane Ma. It can therefore be viewed as a distortion from monolayer
1T

0 where C2a (and therefore inversion symmetry) is broken. Note that monolayer Td lacks the Mb and C2c

symmetries present in bulk Td (see table 1). This can be explained through the fact that Mb and C2c are
nonsymmorphic symmetries requiring a translation along the c direction, which naturally breaks down in the
monolayer limit. When C2a is broken, both quadrilaterals in the bc-plane side-view are expected to deviate
from perfect parallelograms. In particular, in the 1Td phase, the midpoint between two chalcogen atoms
forming one of the quadrilaterals no longer coincide with that of the transition metal atoms, as is illustrated
in figure 9 (a) and (b). As mentioned in section 2.5, these phases both showcase a dimerized structure
and should therefore display important anisotropy between the directions perpendicular and parallel to the
dimer, namely a and b in figure 9 (a) and (b). In particular, one finds along a more closely packed W-W
zigzag chains while the separation between tungsten atoms may alternately be much larger along b. The
corresponding two-dimensional Brilloin zone with important momenta labelled is displayed in figure 9 (c).
Additionally, table 2 gathers the main information concerning the 1T

0 and 1Td phases.
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M

Figure 9: Crystal structure of monolayer WTe2. (a) The 1T
0 structure of monolayer WTe2 consists of a

mirror plane Ma and a screw rotation symmetry C2a. C2a is nonsymmorphic: it involves a 180
� rotation

about â and a a
2

translation along â, as depicted by the yellow and red parallelograms. (b) The 1Td structure
has only the mirror plane Ma. The rotational symmetry C2a is broken (exaggerated). (c) The first Brillouin
zone with important momenta labelled [63].

Monolayer 1T
0 Monolayer 1Td

Structural phase Primitive monoclinic Primitive monoclinic
Lattice constants a 6= b a 6= b

Angles ↵ = 90
�

↵ = 90
�

Space group P2/m (11) Pm (6)
Point group C2h C1s

Symmetries I, C2a, Ma Ma

Table 2: Main structural features of the monolayer 1T
0 and 1Td phases.

Although the inversion-symmetric 1T
0 structure has been widely assumed in previous work as the most stable

phase for monolayer WTe2 in free-standing conditions [35,64–66], recent experimental evidence has suggested
the stabler phase might actually be 1Td [63]. This will in particular be a subject of investigation of this study.
In any case, since electric fields effectively break inversion symmetry, they inevitably lead to the 1Td phase.

2.7.2 Electronic structure

Topological features. Recent experimental evidence for the quantum spin Hall state in monolayer WTe2 [35,
65–71] has pointed out the extraordinary robustness of the suppression of the bulk conduction in this layered
material. In particular, the observation of the hallmarks of the quantum spin Hall state such as quantized
conductance suppressed by magnetic fields have been confirmed up to 100K, the highest temperature reported
so far. The observation of this state in a layered material is unprecedented and offers significant advantages
with respect to the previously discovered realizations of the quantum spin Hall state (cfr. section 2.3).
More particularly, it provides a platform that does not rely on buried systems or complex geometries, whose
topological nature appears to be insensitive to the nature of the substrate in addition to high operational
temperatures, which offers great perspectives to study this intriguing state of matter through microscopy.
The topological nature of monolayer WTe2 is predicted to result partly from a band inversion between two
d-orbitals associated with tungsten, which is already somewhat unconventional, with the added complication
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that the proximity in energy between W-dz2 and Te-px,y should lead to strong hybridization of these bands.
Thus, the band inversion should be given by a mixture of the p-d and d-d inversions, which sets WTe2 apart
from other 1T

0 TMDs [41]. In particular, the presence of both W-5d and Te-5p characters close to the Fermi
level has been confirmed by partial DOS computations based on first-principles [72]. Note that out-of-plane
electric fields are predicted to enable a topological phase transition to the trivial phase in 1Td TMDs, by
effectively inverting the bands back. This would in particular allow the electrical ON-OFF switching of the
helical edge states, effectively realizing a field-effect topological transistor [35].

Electronic state. Bulk WTe2 is a semimetal. However, there is ambiguous experimental evidence with
regard to the nature of the electronic state in monolayer WTe2. Recent angle-resolved photoemission spec-
troscopy (ARPES) experiments suggest the existence of a fully gapped band structure [65] while scanning
tunneling microscopy (STM) experiments [73] suggest a metallic state. In both cases, conduction band min-
ima (or electron pockets in the semimetallic case) occur at ±Q (cfr. figure 9) while the valence band maxima
in the � (hole) pocket occur either at ±Q or at �, leading either to an indirect or direct gap in the insulating
case. When observed, metallic behavior is observed in the �X direction (including the ±Q points), which
corresponds to the direction of W-W chains along a in figure 9, i.e. perpendicular to the dimer.

Origin of the gap. As mentioned, there is no evidence for a particularly large bulk gap in WTe2, and in
view of how significantly the bulk gap in the clean limit is usually reduced to arrive at the actual gap appearing
in transport data, the enormous robustness of the quantum spin Hall state in WTe2 poses a fundamental
quest to be resolved. While STM measurements would suggest an effective suppressed bulk conductance due
to electron-electron correlations [73], ARPES data seem to indicate the presence of a positive band gap. As
an added complication, experiments on the monolayers are usually realized on substrates and even though
Van-der-Waals coupled substrates might only have a moderate effect in terms of direct hybridization, the
substrate could still strain the monolayer, which has been predicted to induce a transition from a metallic
to an insulating state within the GGA framework [74, 75]. Furthermore, the substrate could break the glide
symmetry of the monolayer, leading to other gap opening mechanisms besides SOC [76]. Studies have also
attempted to explain the presence of the gap through its temperature-dependence [63] and more exotic
potential explanations based on charge-density waves have been proposed as well [66,69]. Whether it can be
explained by disorder, substrate effects, correlations, temperature or more exotic effects, it is clear that the
origin of the suppression of bulk conductance in monolayer WTe2 requires further study.

Ab initio modelling. First, one should keep in ming that experiments on WTe2 monolayers most likely
cannot be directly compared with DFT calculations, for the latter does not take into account substrate effects
or disorder (at edges for example). Density functional theory (DFT) calculations based on the generalized
gradient approximation (GGA) predict a tilted two-dimensional Dirac fermions without spin-orbit coupling
(SOC). The Dirac cones gap into overlapping hole and electron pockets once SOC is included, effectively
rendering the electronic state metallic. Yet it still features a band inversion. It however remains unclear
whether GGA describes the electronic structure correctly. Rather, the ARPES band structures [65] are
well reproduced by HSE06 calculations of free standing monolayers. [64, 76] This method relies on hybrid
functionals, in which DFT is supplemented by exact exchange functionals with screening corrections. This
is in agreement with quantum oscillation experiments on bulk WTe2, hinting that GGA calculations fail to
reproduce the electronic structure close to the Fermi level [77]. The inclusion of exact exchange in hybrid-
functionals such as HSE06 has been shown to mitigate the effects of self-interaction errors, and therefore is
expected to reverse the overlap of the electron and hole pockets. It is indeed found that the indirect band
gap shows a linear dependence on the amount of exact exchange [76] and switches from indirect to direct and
from negative to positive [63,64,76] with a sufficient inclusion of exact exchange. If a fully-gapped structure
were to be confirmed, HSE06 computation would indicate the importance of (post-GGA) correlation effects
in monolayer WTe2.
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2.7.3 Spin texture

Band splittings. While the monolayer 1T
0 phase features inversion symmetry and therefore no band-

splittings due to SOC, the weak inversion symmetry breaking of 1Td enables their presence. In principle,
either 1Td is the naturally-occurring phase of monolayer WTe2 [63] or the inversion can be provided by the
presence of a substrate or a small electric field. In any case, the 1Td phase featuring band splittings remains
widely accessible in experiments even if free-standing WTe2 is found in the 1T

0 phase. In particular, first-
principle calculations in monolayer 1Td have shown that the ±Q pockets exhibit a spin-splitting in the meV

range, while the � pocket remain nearly spin degenerate.

Spin textures (±Q). Significant spin-splitting in the ±Q pockets enables them to display experimentally
accessible spin-textures, which have been studied based on first-principle calculations [63, 78]. In particular,
the ±Q pockets are found to display a canted Zeeman-like (i.e. valley-dependant) spin texture. While the
latter features a significant out-of-plane components much like valley-Zeeman coupled 2H-TMDs (cfr. sec-
tion 2.5), it also exhibits a significant (and largely k-independent) in-plane component, certainly a consequence
of the lack of rotational symmetry in monolayer 1Td TMDs. Figure 10 illustrates the main characteristics
differentiating the SOC fields in 2H-TMDs and WTe2.

Figure 10: Illustration of the key features and differences in the SOC fields and associated spin texture in
monolayer 2H and Td TMDs. (Left) Spin-split ±Q conduction valleys in Td monolayer TMDs display both a
significant out-of-plane and in-plane component, the latter being relatively k-independent close to the bottom
of the electron pocket. (Right) Spin-split ±K valleys in 2H monolayer TMDs only display an out-of-plane
component at low energies.

Origin. The observation of these spin textures in the conduction bands of monolayer 1Td WTe2 has been
theoretically traced back to the presence of in-plane dipoles and out-of-plane electric fields [78]. In particular,
an in-plane dipole is shown to induce an out-of-plane spin polarization in the ±Q pockets, whereas as an
out-of-plane electric field should generate an in-plane spin-orientation, which is illustrated in figure 11. These
considerations offer the prospect of electrical control over the spin textures in the ±Q pockets, which further
establishes monolayer WTe2 as an exceptional material for spintronics applications. Note that the anisotropy
of monolayer WTe2 sets once again this compound apart from its 1H counterparts, for which no canted
behaviour is predicted and de facto no control over directionality of the spin textures.

Spin textures (�). While the � pocket in monolayer WTe2 features near spin-degeneracy, it should still
retain a spin texture. Nevertheless, no trace of a previous detailed study of its spin texture has been found in
the literature besides the mention that it strongly depends on the momentum orientation (in contrast to that
of the ±Q pockets) [63]. However, detailed calculations have been performed for the isomorphic Mo-based
counterpart of 1Td WTe2, namely 1Td MoTe2, which is hence supposed to retain the most similarities in the
spin texture. More specifically, monolayer 1Td MoTe2 is predicted to feature the same canted Zeeman-like
spin-textures in the ±Q pockets and to exhibit spin polarizations rotating from out-of-plane to in-plane and
out-of-plane again in the � pocket [79], as displayed in figure 12.
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Figure 11: (Left) A net dipole moment dx can be induced by a perpendicular electric field E? as a result
of non-alignment of the Te atoms on the top and bottom layers. (Right) Schematic spin splitting and spin
texture of the conduction bands (near the gap) induced by an applied electric field. These can be classed as
in-plane spin orientation originating from an out-of-plane electric field E

tot
z or out-of-plane spin orientation

arising from an in-plane dipole dx.

Figure 12: Calculated spin texture in monolayer Td-MoTe2 for an applied out-of-plane electric field of
0.1V/nm. The two electron pockets are spin-polarized similar to the 2H-phase materials but with an ad-
ditional tilt. In the central hole pocket, the spin within each band rotates completely from out-of-plane to
in-plane to out of plane again.

All these predictions confirm the non-triviality of spin-textures in monolayer 1Td WTe2, which can be expected
from the combination of high structural anisotropy and inverted band structure.

2.7.4 Strain

The effects of strain in monolayer WTe2 are relevant to study how substrates may modify the properties of
this material but also to gain insight as to how one can manipulate the main features of this layered material
through strain engineering.

Stiffness and strength. Mechanical properties of monolayer WTe2 have been investigated through first-
principle computations. In particular, in-plane stiffness along parallel and perpendicular directions to the
dimer have been computed [74]. These values are much smaller than that of graphene and functionalized
graphene-like materials (such as 2H-TMDs or hBN) [74,80]. This indicates that WTe2 is more flexible than
these materials. Computed values for graphene, monolayer WTe2 and MoTe2 are gathered in table 3. In
addition, the monolayer 1T

0-MX2 phase is predicted to sustain large elastic strains up to 10% [35].

Graphene MoS2 WTe2 (k) WTe2 (?)

" (eV/Å2) 21.42 11.23 4.45 6.56

Table 3: In-plane stiffness along parallel and perpendicular directions to the dimer to be compared with that
predicted for graphene and a typical 2H-TMD MoS2
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Effect on electronic properties. Computational studies realized with the GGA framework have reported
that a few percent of in-plane elastic strain can change 1T’-WTe2 (and MoTe2) from semi-metals to small-gap
quantum spin Hall insulators by lifting the band overlap and can effectively tune the gap and the overlap.
In addition to electrical control, this provides an alternative route to band gap engineering [35, 74, 75].
More particularly, tensile (compressive) strain along a (cfr. figure 9) is predicted (within GGA) to decrease
(increase) the band overlap while the opposite is true along b. In both cases, this gives rise to gap openings
around ±3% [75].

Effect on topological features. The topological character of the electronic phase in monolayer WTe2

is numerically predicted to be preserved up to at least 6% strain, including both tensile and compressive
strain [74,75].

2.7.5 Other properties

Besides the electronic and topological features and non-trivial spin-textures, a myriad of other properties
justify the recent interest in WTe2. A brief review of some of the most exciting phenomenology found to
occur in WTe2 is given here.

Superconductivity. Recent experimental evidence has has pointed out the presence of gate-tunable su-
perconductivity in monolayer WTe2 with transition temperatures around 1K [70, 81, 82]. An interesting
feature of the superconducting state is the fact that the latter occurs at such low carrier density that it can
be induced by a simple electrostatic gating. This is in contrast with previous experiments on monolayers,
which have either required heavy electrostatic doping or displayed intrinsic superconductivity [83–90]. The
discovery may therefore open the door to gate-controlled superconducting circuits. Another exciting trait is
the simultaneous presence of non-trivial topology and superconductivity, which is unprecedented in layered
materials. This offers the potential to develop topological superconducting devices in a single material, as
opposed to the constructions based on chemical doping, application of pressure, or proximity effects, methods
that are either ex situ or irreversible and may require fine-tuning at the interface between distinct materials.
Furthermore, as mentionned in section 2.3, the simultaneous presence of non-trivial topology and correlations
offers great prospects with regard to the realization of robust quantum computation based on the braiding of
Majorana boundary modes. Note also that no superconductivity is found in bulk WTe2 unless high pressure
is applied [91,92].

Non-trivial geometry. Whereas the realization of the QSH has demonstrated the nontrivial topology
of the electron wavefunctions of monolayer WTe2, the geometrical properties of the wavefunction, such as
the Berry curvature [93], have recently been shown to be non-trivial as well. In particular, experimental
demonstration of the further presence of an electrically-switchable Berry curvature dipole was provided,
which is required for a wide range of quantum geometrical phenomena. [63] The simultaneous presence of
non-trivial geometry and topology is once again unusual because most topological insulators possess inversion
symmetry, in contrast to the 1Td phase of monolayer WTe2.

Magnetotransport. Experimental studies have reported extremely large positive magnetoresistance (up
to tens of millions of percents) at low temperatures in bulk WTe2. In contrast with other materials, no
evidence for saturation of the magnetoresistance was found even at very high applied fields [94]. Although
the magnetoresistance has been predicted to dramatically decrease with film thickness (i.e. to be much weaker
in the case of few layers and monolayers in particular) [95], calculations have shown that it can be greatly
enhanced in the monolayer via stacking on graphene to attain values even greater than that obtained for
the bulk. The same investigations forecast a strong stacking-orientation-dependent behavior in agreement
with the in-plane anisotropy of monolayer WTe2 [96]. This two-dimensional topological crystal also displays
unconventional spin–orbit torques when embedded in ferromagnet/WTe2 bilayers, due to the absence of
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rotational symmetries in the material. In particular, it was found to produce the highly sought-after out-
of-plane antidamping-like spin–orbit torque needed for devices with perpendicular magnetic anisotropy that
are required for high-density applications. [97]

Ferroelectricity. Two- or three-layer WTe2 were recently discovered as the first metallic platform to exhibit
ferroelectricity [98], which was only observed in insulators and semiconductors so far. In particular, robust
spontaneous out-of-plane electric polarization switching using gate electrodes has been demonstrated up to
room temperature. This property naturally excludes the free-standing centrosymmetric monolayer phase 1T

0,
which is de facto non-polar. In the bulk, enhanced screening of electrostatic forces by itinerant electrons is
thought to forbid switching by electric fields as well as the development of spontaneous polarizations. [98]
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3. Results and discussion

3.1. Methods
First-principles calculations were performed using the ABINIT code [99] and exchange-correlation function-
als in the Perdew-Berke-Ernzerhof’s form within the generalized-gradient approximation (GGA) of density
functional theory [100, 101]. Convergence studies were performed using a tolerance of 0.2% on lattice con-
stants and 5mHa/atom on total energy. In agreement with those studies (cfr. section 5.1), all computations
including the relaxation of atomic structures and self-consistent calculations in unit cells and supercells were
realized using the smallest k-point grids at least as dense as that corresponding to a sampling of 14⇥8⇥4 for
bulk WTe2. The number of k-points along the direction normal to the plane for two-dimensional structures
was naturally reduced to one. The variable used to compare densities is the minimum real-space length cor-
responding to the maximum interval between two neighbouring k-points kptrlen provided by ABINIT. The
smallest grid (taking symmetry into account) corresponding to a given k-point density in each structure was
determined using the variable prtkpt in ABINIT. The corresponding Monkhorst-Pack samplings were centered
on (0.5, 0.5, 0.5) (in reduced coordinates) in three-dimensional structures, (0.5, 0.5, 0.0) in two-dimensional
structures based on WTe2 and on (0.0, 0.0, 0.0) for isolated graphene. Maximum residual force for relaxation
of the atomic structures were set to 5.0 · 10

�5 Ha/Bohr. In all cases, norm-conserving pseudopotentials were
used with kinetic energy cutoff of 35 Ha and calculations were performed with a Gaussian smearing of width
0.001 Ha, in accordance with the convergence analysis (cfr. section 5.1). The inclusion of dipole corrections
was realized within the DFT-D3 [102–104] framework as implemented in ABINIT and the non-collinear DFT
formalism was used to include spin-orbit coupling.

Concerning post-processing, electronic band diagrams were plotted using abipy [105], electronic densities
and spin textures were obtained using the cut3d post-processing tool of ABINIT [106]. Finally, the geom-
etry and strain analysis realized for the various graphene/WTe2 supercells was performed with the use of
pymatgen [107].

3.2. Bulk WTe2

Although the focus of this study is placed on the monolayer form of WTe2, it is crucial to show that the
methods used in this thesis accurately model its bulk counterpart. Hence this section presents and discusses
the results of the computations relative to bulk WTe2 performed for this thesis, including crystalline and
electronic structure calculations.

3.2.1 Crystalline structure

Calculations. Full relaxation of the lattice parameters and atomic positions both in the presence and
absence of dipole corrections was performed. Both the resulting lattice constants and those obtained in
experiment are gathered in table 4.

Experimental data. Several experimental studies [108, 109] have reported measurements of the lattice
constants of bulk WTe2 in the bulk Td phase, which are displayed in table 4. In addition, the corresponding
Wyckoff atomic positions were obtained experimentally. Due to the symmetries in the structure, W and
Te atoms occupy 2a Wyckoff positions corresponding to (0, y, z) and (1/2, �y, z + 1/2). Values of x and y

predicted by experiment for this structure are reproduced in table 5 [108]. Since the measurements by [108]
are performed at the lower temperature, they should be held as the more suitable reference for ab initio
computations at absolute zero.
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Discussion. Previous reports have stressed the strong dependence of the lattice constants and response to
strain on the presence and nature of the dispersion corrections [110, 111]. According to table 4, it appears
that van der Waals correction are crucial to match the experimental data. As expected, this is most true in
the c direction and is found to have effects in the plane up to 0.8%. In particular, the results obtained in the
presence of dipole corrections match experimental values at the lowest temperature [108] up to ⇠ 0.1% for
a, ⇠ 0.7% for b and ⇠ 3.5% for c.

a (Å) b (Å) c (Å)

Exp1 [108] 3.477 6.249 14.018
Exp2 [109] 3.496 6.282 14.07
VdW 3.480 6.292 14.160
No VdW 3.507 6.326 15.902

Table 4: Lattice parameters obtained in
previous experimental studies as well as
those computed ab initio both in the ab-
sence and presence of dipole corrections.

W1 W2 Te1 Te2 Te3 Te4

y 0.60062 0.03980 0.85761 0.64631 0.29845 0.20722
z 0.5 0.01522 0.65525 0.11112 0.85983 0.40387

Table 5: According to experimental findings [108], W and Te atoms in
bulk WTe2 occupy the 2a Wyckoff positions corresponding to (0, y, z)

and (1/2, �y, z + 1/2).(0, y, z) and (1/2, �y, z + 1/2).

3.2.2 Electronic structure

Experimental data and previous computational studies. Several experimental and computational
studies have reported measurements and predictions concerning the band structures of bulk WTe2 [112–115].
A particularly crucial point that this study aims at reproducing is the large band splittings (⇠ 50meV)
predicted in this material in the presence of SOC.

Calculations. Different approaches were adopted to attempt to reproduce the band structures obtained
in previous work for bulk WTe2 and in particular the large band splittings they predicted. To do so, band
structures have been computed in the presence of spin-orbit coupling for input atomic structures with (a)
experimentally-obtained lattice parameters and atomic positions at lower temperature [108] (b,c) relaxed
atomic positions in the presence/absence of van der Waals corrections and lattice parameters fixed according
to [108] (d) relaxed atomic positions in the presence of van der Waals corrections and lattice parameters
fixed according to experimental data at slightly higher temperature [109] (e,f) fully relaxed structure in
the presence/absence of van der Waals corrections. The corresponding band structures are displayed in
figure 14. Since the full experimental case produces the largest band splittings and closely matches previous
calculations [112–115], the corresponding computed band structures in the absence/presence of spin-orbit
coupling are reproduced in figure 13.

Discussion. The electronic structure is found to display strong dependence on the input atomic structures
and on the relaxation schemes undertaken. It is found that relaxing the atomic positions while keeping
the lattice parameter fixed at the experimentally found value both in the presence and absence of dipole
corrections significantly reduces the band splittings due to the inclusion of spin-orbit coupling, and more
so in the case including Van der Waals interactions. Moreover, using the experimental lattice parameters
obtained at higher temperatures and utilizing the same scheme renders the band splittings invisible on the
scales considered. So do the full relaxation of the structure including and excluding dipole corrections. As
expected, excluding these corrections within the full relaxation scheme lead to strong deviations of the band
structure from previous findings, showing the importance of long-range interactions in layered materials such
as WTe2. In particular, the large band splittings due to relativistic corrections are best reproduced by using
the experimentally-obtained structure at the lower temperature, including both the lattice parameters and
atomic positions [108]. Although a first glance at the band structure in the spinless case hints at the presence
of two massless Dirac cones around the Fermi level, a closer look reveals small gaps of about 2 meV which
can be related to the weak in-plane mirror-glide symmetry breaking of the Td phase [76]. The same goes for
the apparent degeneracy around the Fermi level in the spinfull case as shown in figure 14 (c) and (d).
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Figure 13: Electronic band structure of bulk WTe2 for the experimentally obtained atomic structure [108] (a)
without SOC (b) with SOC. (c,d) Mirror-glide symmetry breaking in the bulk Td ensures that degeneracies
at the Fermi level are not fulfilled.

3.3. Monolayer WTe2

The first-principle results obtained with regards to monolayer WTe2 are presented and discussed in this
section, including the structural and electronic structures of this material.

3.3.1 Crystalline structure

Calculations. In order to further investigate the relative stability of the different structural phases po-
tentially adopted by monolayer WTe2, full relaxation of the lattice parameters and atomic positions of the
1T

0 and 1Td phases both in the absence and presence of spin-orbit coupling and dipole corrections were
performed. The resulting lattice constants are gathered in 6.

No SOC SOC

No VdW VdW No VdW VdW

T
0 3.50505 3.46131 3.52281 3.47296

a (Å)
Td 3.50481 3.46094 3.52354 3.47318
T

0 6.32536 6.30250 6.31707 6.30238
b (Å)

Td 6.32526 6.30182 6.31739 6.30230

Table 6: Relaxed lattice parameters for monolayer WTe2 in the 1T
0 and 1Td phases in the presence and

absence of relativistic and dipolar corrections, both of which have significant effect on the results. Similarities
between the 1T

0 and 1Td suggests the 1Td phase relaxes to 1T
0.

Discussion. According to table 6, both spin-orbit coupling and dipole corrections are found to have (un-
usually) significant effects on lattice constants. In particular, deviations up to 1.5% (resp. 0.6%) are observed
through the inclusion of van der Waals (relativistic) corrections, which is in agreement with previous stud-
ies [64]. Nevertheless, the proximity between lattice parameters of the Td phase and the T

0 strongly suggests
that the Td phase relaxes to the T

0 phase. More specifically, lattice parameters within the same relaxation
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Figure 14: Band structures computed in the presence of spin-orbit coupling for input atomic structures with
(a) experimentally-obtained lattice parameters and atomic positions at lower temperature [108] (b,c) relaxed
atomic positions in the presence/absence of van der Waals corrections and lattice parameters fixed according
to [108] (d) relaxed atomic positions in the presence of van der Waals corrections and lattice parameters
fixed according to experimental data at slightly higher temperature [109] (e,f) fully relaxed structure in the
presence/absence of van der Waals corrections.

framework only differ by lengths of the order of ⇠ 10
�4Å. Further confirmation of this trend is obtained by

comparing the computed total energies of both unit cells in calculations using rigorously identical parameters.
The obtained absolute total energies are shown in table 7.

No SOC SOC

No VdW VdW No VdW VdW

T
0 -1.55412736734 -1.55426290631 -1.55440530594 -1.55454016494

✏ (10
4
eV)

Td -1.55412736739 -1.55426290603 -1.55440530617 -1.55454016496

�✏ (eV) 5 · 10
�7

3.2 · 10
�6

2.3 · 10
�6

2 · 10
�7

Table 7: Computed absolute total energies of the relaxed 1T
0 and 1Td phases of monolayer WTe2 in the

presence and absence of relativistic and dipolar corrections.

28



Differences of a few µeV are observed, which is unsignificant in terms of total energy from a computational
point of view. This, along with the absence of imaginary frequencies in the phonon spectra of the 1T

0 phase
computed in previous work [35], constitutes further confirmation that the 1T

0 phase is the stabler phase in
the monolayer limit (in free-standing conditions) and hints at the absence of energy barrier between the 1T

0

and the 1Td phase. Note that the presence of parity-breaking perturbations such as electric fields should
results in the 1Td phase.

3.3.2 Electronic structure

Calculations. Selecting the supposedly more stable 1T
0 phase, band structures of monolayer WTe2 are

computed both in the presence and absence of spin-orbit coupling and dipole corrections. The resulting
dispersion relations are presented in figure 15.

X M Y M

a

X M Y M

b

YMX M

c

X M Y Y

d

Figure 15: Computed electronic band structure for monolayer 1T
0
WTe2 (a) in the presence of dipole cor-

rections (b) in the absence of dipole corrections (c) in the presence of both relativistic and dipole corrections
(d) in the presence of relativistic corrections.
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Discussion. Besides the modest effects of the small in-plane strain induced by the dipole corrections, which
is known to modulate slightly the (negative) bandgap within the GGA scheme [74,75] (cfr. section 2.7.4), the
results with and without Van der Waals interactions are highly similar, as shown in figure 15. In the absence
of spin-orbit interaction, the presence of two Dirac points is protected by the in-plane mirror-glide symmetry
of the 1T

0 phase [76]. The degeneracy is lifted when relativistic corrections are included and the anticrossing
band inversion mechanism leading to non-trivial topological phases occurs to create the observed negative
bandgap. No band splittings are observed since the simultaneous presence of both time-reversal and inversion
symmetries ensures spin-degeneracy for all points in reciprocal space (cfr. section 2.1.3). In particular, this
is in agreement with previous results based on the GGA scheme [35] for which the topological nature of
the electronic phase was confirmed through the computation of the topological invariant. Whereas these
predictions match experiments is still debated (cfr. section 2.7.2).

3.4. Graphene
In this section, the crystalline and electronic structures obtained based on first-principles for graphene are
provided and discussed.

3.4.1 Crystalline structure

Full relaxation of the atomic structure in graphene has been performed. In particular, values obtained for the
lattice parameters |a1| = |a2| = 2.4663Å are found in agreement with the commonly used value of 2.46Å. [116]

3.4.2 Electronic structure

The electronic band structure of graphene was computed and is displayed in figure 16. In particular, the
inclusion of relativistic corrections induce a gap of about 1µeV , which is in agreement with [31].

K

1meV~

K

1µ

Figure 16: (Left) Computed electronic band structures for single-layer graphene in the absence of SOC.
(Right) Occurrence of a small gap of ⇠ 1µeV at the Dirac cone in the presence of relativistic corrections.

3.5. Graphene/WTe2 bilayer heterostructures
In this section, the ab initio results relative to the investigation of graphene/WTe2 bilayer heterostructures are
provided and discussed. This includes in particular results concerning the crystalline and electronic structures
of the supercells considered in this study, as well as an analysis of the electronic density distribution and an
examination of the presence of an electric dipole and non-trivial spin textures in the structure.
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3.5.1 Crystalline structure

Geometry. In order to investigate graphene/WTe2 bilayer heterostructures, two supercells of 30 atoms
(resp. 72) containing 3 ⇥ 3 (resp. 3 ⇥ 7) supercells of graphene and 2 supercells (resp. 5) of WTe2 are
considered. The geometry is such that the primitive lattice vectors of the supercells are collinear with those
of graphene as well as the a-axis and a + b direction in monolayer WTe2 (cfr. figure 9). Those supercells
were embedded in a slab geometry with vacuum of about 11Å, sufficient according to our convergence
criteria (car. section 3.1) and convergence studies (cfr. section 5.1). The resulting supercells possess a
lattice mismatch characterized by (Lagrangian) strain tensors displayed in table 8 along with the associated
principal and equivalent strains as well as the coordinates of the lattice vectors of the supercells in the
primitive basis of graphene and monolayer WTe2. In particular, strain tensors are computed in the Cartesian
basis corresponding to the axis of monolayer WTe2 (cfr. figure 9). Additionally, a schematic view of these
supercells as well as the primitive cells of graphene and WTe2 is displayed in figure 17 along with a side view
of the resulting heterostructure.

aH ,bH (WTe2) aH ,bH (Gr) ✏
tot
eq ✏

tot
1

✏
tot
2

✏
tot

H1 (1 1 0),(2 0 0) (0 3 0),(3 0 0) 0.0699 0.0172 0.0678
✓

+0.0546 +0.0218

+0.0218 +0.0294

◆

H2 (1 1 0),(5 0 0) (0 3 0),(7 0 0) 0.0333 0.0290 -0.0164
✓

+0.0176 �0.0194

�0.0194 �0.0059

◆

Table 8: Lattice vectors of supercells H1 and H2 in terms of the primitive vectors of monolayer WTe2 and
graphene. Corresponding lattice mismatch in the form of Lagrangian strain tensor (in the Cartesian basis
corresponding to the axis of monolayer WTe2) as well as the associated equivalent and principal values.

As stacking graphene on monolayer 1T
0

WTe2 breaks both the mirror glide symmetry C2a (and hence in-
version symmetry) as well as the mirror symmetry in WTe2, virtually all symmetries are broken in the
heterostructure, the resulting supercell is left with no symmetries. This enables in particular the presence of
band splittings (cfr. section 2.1.3).

Figure 17: (Left) Unit cell of the two supercells considered in this thesis in perspective with the unit cells of
graphene and WTe2. (Right) Side view of the resulting heterostructure.

Since the interest of this investigation lies in the modification of graphene’s electronic and spin-related
properties near the Fermi level, one might want to know where graphene’s Dirac cones unfold in the first
Brilloin zone of the supercells. This can be easily obtained by using the relation between the direct and
reciprocal lattice vectors as well as the definition of the supercells’ lattice vectors with respect to the primitive
vectors of graphene.
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This leads respectively for H1 and H2 to
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Calculations and discussion. Different configurations are considered with regards to relaxation. Com-
plete relaxation of H1 is first considered. The significantly higher stiffness of graphene with respect to WTe2

makes unstrained graphene a good starting point. Given the structural anisotropy in monolayer WTe2 (cfr.
section 2.7.4), the resulting strain in graphene is anisotropic as well, effectively breaking the three-fold rota-
tional symmetry. In particular, this should lead to an angle different from 60

� between the supercell lattice
vectors upon relaxation even if the latter are collinear with those of graphene before relaxation. Relaxation
leads to the following strain tensor in graphene, which basically constitutes mainly a compressive strain of
1.17% along x and 0.59% along y.

✏
tot
Gr

=

✓
�0.0117 +0.00001

+0.00001 �0.0059

◆

In particular, the resulting lattice vectors form an angle of 60.148
�, which slightly deviates from that in

graphene (60
�). Besides the effects of a global compressive strain, one should therefore observe the effects of

strain anisotropy in graphene mainly in the x direction. The remaining (important) tensile strain is left on
WTe2.

✏
tot
WTe2

= ✏
tot

+ ✏
tot
Gr

=

✓
+0.0429 +0.0218

+0.0218 +0.0235

◆

According to previous studies [74, 75], the strong tensile strength along x is expected to lead to the opening
of a positive bandgap in monolayer WTe2. Similarly, the electronic phase supposedly remains topologically
non-trivial (cfr. section 2.7.4).

In order to avoid important anisotropic effects of strain in graphene, which should either not be present or
to a lesser extent in real heterostructures, relaxation of the atomic positions with lattice parameters fixed
at those corresponding to unstrained graphene is also performed in H1 and H2. Upon relaxation, the void
separating the graphene layer and the WTe2 is found to be �c = 3.28Å in H1 and �c = 3.30Å in H2.

3.5.2 Electronic structure

Calculations. The computed band structures in the fully relaxed case for H1 both in the presence and
absence of relativistic corrections are displayed in figure 18 including closer views of the Dirac cones associated
with graphene in the supercell along the principal axis of monolayer WTe2 (cfr. figure 9). For comparison,
the Dirac cones of the isolated graphene layer (as present in the relaxed supercell) are also included in order
to identify the effects of the proximity of monolayer WTe2. Figure 19 and 20 displays the corresponding
results for H1 and H2 in the case of unstrained graphene.

Discussion. Starting with figure 18 (a) and (b), one first notices that the band inversion leads to the
presence of a small positive band gap when considering only bands associated with WTe2. In particular,
this was expected from the important strain in the x direction in WTe2. The Dirac point associated with
graphene occurs within the gap, close in energy to the conduction bands minimum in the Q electron pocket.
The semi-metallic character and linear dispersion of graphene additionally appear to be preserved to a large
extent. Taking a closer look at figure 18 (e) and (f) one finds that strain anisotropy in the x direction on
graphene induce a splitting of the Dirac into two subcones displaced from � along X. This band topology
forms a double cross on the X�-X path, therefore leading effectively to 4 crossing points, two at � and two
along X� and �-X. These points all display avoided crossing with small gaps at each of the crossing points
and that already in the absence of stacking on WTe2 and SOC, i.e. only as a results of strain (and potential
miniripples in graphene). Looking at figure 18 (c) and (d), one finds that the stacking on WTe2 results

32



a

MX/Y

c

YX X Y

e

X/Y M

b d

X Y X Y

f

Figure 18: Band structures corresponding to fully relaxed supercell H1. (a) Without SOC (b) With SOC
(c) Dirac cone without SOC (d) Dirac cone with SOC (e) Dirac cone of the isolated graphene layer without
SOC (f) Dirac cone of the isolated graphene layer with SOC.

in an important orbital (i.e. independent from spin and SOC) splitting at the lower crossing point located
in � and from SOC to a smaller widening of the higher crossing point at �. One might think that these
orbital splittings should effectively disappear for larger supercells, since the difference in potential felt by the
inequivalent sublattices of graphene should average out given the distinction between the atomic structures
of graphene and monolayer WTe2. In addition, SOC and inversion-breaking allow the presence of small band
splittings in the meV range, which somehow feature a clear anisotropy along kx and ky, being much larger
along kx (i.e. along the W -W chains and perpendicular to the dimer). Note that meV band splittings in the
Dirac cone suggest that the proximity-induced SOC is already potentially 1000 times higher than intrinsic
SOC in graphene.

Figure 19 displays the corresponding results (for H1) in the case of unstrained graphene. In particular,
virtually no difference if found in figure 19 (a) and (b) with respect to the preceding case. The topology of
the Dirac cone is however found to be dramatically different close to the Fermi level. Figure 19 (e) and (f)
confirm that the effects on the Dirac cones of the relaxation of atomic positions are minimal in the absence of
net strain in graphene and on the scales considered. Taking a closer look at figure 19 (c) and (d), proximity
effects once again induce orbital splittings (widened by the presence of SOC) and an effective orbital gap at
the Fermi level (The Dirac point is no longer protected by the symmetries of graphene). In addition, large
spin splittings are found in the case including relativistic corrections. In comparison to the fully-relaxed case,
the latter are much larger and reach ⇠ 6meV. Again, an important anisotropy is found and features much
larger spin splittings along the kx direction.
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Figure 19: Band structures corresponding to supercell H1 with relaxed atomic positions and lattice parameters
fixed so that the graphene layer is unstrained. (a) Without SOC (b) With SOC (c) Dirac cone without SOC
(d) Dirac cone with SOC (e) Dirac cone of the isolated graphene layer without SOC (f) Dirac cone of the
isolated graphene layer with SOC.
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Figure 20: Computed dispersion at the Dirac cone in supercell H2 in the absence of SOC.
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Similarly, the dispersion corresponding to supercell H2 are presented in figure 20. Due to the size of the
supercell, successful calculations were only obtained in the absence of relativistic corrections. The inclusion
of SOC requires an amount of computing power that has so far exceeded the resources at hand. Nevertheless,
figure 20 shows that in this larger supercell, the orbital splittings and gap virtually vanish, as was expected,
and the Dirac cone appears almost unperturbed in the absence of both relativistic corrections and net strain.

Overall, one can conclude the presence of a giant spin-orbit proximity effect similar in strength to that induced
by 2H-TMDs (cfr. section 2.6) featuring an additional anisotropy along the axis of monolayer WTe2.

3.5.3 Electronic density.

It is interesting to study how the electronic density is distributed in the heterostructures considered. In
particular, to investigate the electrostatic effects induced by the proximity of monolayer WTe2 on graphene,
a comparison between the electronic density of the isolated monolayers and that in the heterostructure is
relevant. Additionally, one can compare the electronic density associated with the bands corresponding to
the Dirac cone in the heterostructure to those in isolated graphene.

Calculations. Figure 21 displays the difference between the total density in heterostructure H1 (fully-
relaxed) and that of the isolated monolayers. For clarity, total density here formally refers to

n(r) ⌘
Z ✏F

0

d✏

X

nk

| nk(r)|2�(✏� ✏nk)

respectively for the monolayers and the heterostructure. Similarly, figure 22 displays the densities associated
with the bands of the Dirac cone at � in supercell H1. In order to identify the effects of stacking on
WTe2, figure 23 shows the densities corresponding to the same bands for isolated graphene as found in the
heterostructure. More specifically, these densities formally refer to

nn�(r) ⌘ | n�(r)|2

Figure 21: Isosurfaces for the difference in total electronic density between heterostructure H1 and its two
isolated monolayers in order to investigate electrostatic interaction between the two layers. Electronic density
excess/depletion are respectively portrayed in blue/orange. (Left) Top view. (Right) Side-view in the bc-plane
for monolayer WTe2 (cfr. figure 9).
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Figure 22: Module of the electronic Bloch functions associated with the Dirac cone at the Dirac point
nn�(r) ⌘ | n�(r)|2 in supercell H1 (From top to bottom) Last valence bands and first conduction bands.
(Left) Fully relaxed supercell. (Right) Supercell with unstrained graphene.

Discussion. As displayed in figure 21, the total density analysis shows that stacking graphene on WTe2

globally induces a net gain in electronic density for graphene and correspondingly a net loss for WTe2. In
particular, this indicates that the heterostructure might display a significant dipole moment, whose presence
will be investigated at a later stage. Additionally, figure 21 identifies preferential channels for electrons in
graphene, situated above the wider quadrilateral along the direction a in the unit cell of monolayer WTe2 (cfr.
figure 9). Moving on to figure 22, one first observes that strain in graphene may have important effects on
the local (in energy) densities. Comparing to 23, one finds that stacking on monolayer WTe2 may strongly
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Figure 23: Module of the electronic Bloch functions associated with the Dirac cone at the Dirac point
nn�(r) ⌘ | n�(r)|2 in graphene as found in supercell H1 (From top to bottom) Last valence bands and first
conduction bands. (Left) Fully relaxed supercell. (Right) Supercell with unstrained graphene.

modify the densities associated with certain bands, indicating the possibility of significant hybridisation.
Additionally, comparing the left-hand sides of figure 23 and 22 seems to point that the order of the bands
may be inverted in the case of the supercell with graphene left unstrained, when the latter is stacked on
WTe2. Although a band inversion mechanism is not particularly apparent in the computed band structures
in figure 19 (c) and (d), this may in fact indicate the occurrence of a topological phase in graphene induced
by proximity. This assumption however requires further confirmation.
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3.5.4 Dipole

The electronic density analysis has pointed out the potential presence of an electrostatic dipole moment in
the heterostructure. As stated in section 2.7.3, this might have crucial effects on the spin textures observed in
monolayer WTe2, which might in turn induce non-trivial spin-textures in graphene. Therefore the presence
of a dipole is explored in this section.

Atom Zion Ze� Znet

C 1 4 -4.004397 -4.397195·10
�3

2 4 -4.007350 -7.350190·10
�3

3 4 -4.002780 -2.779914·10
�3

4 4 -4.005511 -5.511389·10
�3

5 4 -4.005434 -5.434429·10
�3

6 4 -4.002780 -2.779599·10
�3

7 4 -4.005512 -5.511631·10
�3

8 4 -4.007350 -7.350317·10
�3

9 4 -4.003488 -3.488204·10
�3

10 4 -4.007419 -7.419043·10
�3

11 4 -4.005234 -5.233958·10
�3

12 4 -4.003397 -3.396677·10
�3

13 4 -4.005503 -5.502907·10
�3

14 4 -4.005234 -5.234494·10
�3

15 4 -4.002910 -2.910310·10
�3

16 4 -4.007419 -7.418690·10
�3

17 4 -4.004562 -4.562369·10
�3

18 4 -4.002910 -2.909885·10
�3

Te 1 16 -15.95971 4.029310·10
�2

2 16 -15.95962 4.038344·10
�2

3 16 -15.92644 7.356436·10
�2

4 16 -15.92639 7.360753·10
�2

5 16 -15.98081 1.919466·10
�2

6 16 -15.98158 1.842047·10
�2

7 16 -16.00238 -2.377686·10
�3

8 16 -16.00238 -2.383246·10
�3

W 1 14 -14.04297 -4.296571·10
�2

2 14 -14.04218 -4.218004·10
�2

3 14 -14.04270 -4.269945·10
�2

4 14 -14.04328 -4.328267·10
�2

Total 256 -255.9996 3.835561·10
�4

Table 9: Computed Hirshfeld charges in fully-relaxed
supercell H1. The labelling of the atoms in the su-
percell is illustrated in figure 24.

Calculations. In order to investigate the presence
of an electrical dipole in the heterostructure, com-
putation of the Hirshfeld charges [117] for all atoms
in supercell H1 (fully relaxed) is performed. These
charges are defined with respect to the so-called
deformation density, i.e. the difference between the
molecular and free atomic charge densities. The
method divides a system into well-defined atomic
fragments and shares the charge density at each point
between the atoms in proportion to their free-atom
densities at the corresponding distances from the
nuclei. This prescription yields well-localized bonded-
atom distributions, each of which closely resembles
the molecular density in its vicinity. Integration of the
atomic deformation densities defines the net atomic
charges and multipole moments, which concisely
summarize the molecular charge reorganization. The
corresponding atomic charges are displayed in table 9.

Based on these calculations, the resulting dipole mo-
ment in the supercell is estimated:

d =

X

i

�
Z

i
net|e|

�
ri =

0

@
+0.009 eÅ
+0.029 eÅ
+0.282 eÅ

1

A =

0

@
+0.043 Debye

+0.140 Debye

+1.352 Debye

1

A

Discussion. Similar orders of magnitude to those
obtained for 2H-TMDs are found [61] although the
normalization of this dipole moment remains unclear in
those studies (e.g. whether it is computed for the entire
supercell). A crucial difference however is the presence
of a significant y-component in the dipole, which stems
from the effective in-plane breaking of inversion sym-
metry. As stated before (cfr. section 25), out-of-plane
and in-plane dipoles should respectively induce in-
plane and out-of-plane spin polarization components
in the conduction bands (associated with the ±Q elec-
tron pockets) of monolayer WTe2, which might in turn
be imported through proximity effects in graphene.

In particular, a gate-tunable canted dipole governing the spin textures in WTe2 may offer through proximity
effects the prospect of partial electrostatic control over spin-textures in graphene, both in terms of strength
and directionality. This is of course a great perspective for the integration of graphene in spintronics.
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Figure 24: Labels of the atoms in supercell H1 in correspondence with the associated computed Hirshfeld
charges gathered in table 9.

3.5.5 Spin texture

Finally, spin textures in the heterostructure are investigated. Since the main interest of this study lies in the
proximity-induced spin-textures in graphene through hybridisation of the bands associated with the Dirac
cone by those corresponding to WTe2 close to the Fermi level, the focus is placed on the spin textures in the
last valence bands and first conduction bands of the heterostructure.

Calculations. Figure 25 displays the spin textures obtained in H1 (with graphene left unstrained) for the
two last valence bands and two first conduction bands associated with WTe2 in the heterostructure. Figure 26
and 27 similarly display the corresponding textures in the last valence bands and first conduction bands of
the Dirac cone respectively. All spin textures are centered on the Dirac point situated at �. More specifically,
these figures display cuts along the bc-plane of monolayer WTe2 (cfr. figure 9), which are found to be the
most relevant to the analysis. The full spin textures obtained on a mesh in reciprocal space are provided in
appendix 5.2. Note that the fully-relaxed case for H1 also provided in appendix 5.2 qualitatively displays
similar results. The effects of larger scales in the first Brilloin zone and stricter criteria on the wavefunction
residuals were explored. In particular, the spin textures were found to be relatively insensitive to these
parameters (cfr. appendix 5.2).

Discussion. The expected behaviour for the � hole pocket of monolayer WTe2 is a texture rotating from
out-of-plane to in-plane and vice-versa as stated in section 2.7.3. This is in particular in good agreement
with the predictions displayed on the left of figure 25. Similarly, the forecast for the bands associated the
±Q pockets in the presence of both an in-plane and an out-of-plane dipole is a canted Zeeman-like pattern
with both in-plane and out-of-plane components, which should remain largely independent of momentum.
This is once again consistent with the predictions shown on the right of figure 25. Since computations are
performed close to �, which is a TRIM, band splittings are negligible and spin-polarizations are expected
to be very small. Therefore, the numerical value of the spin polarization bears no experimental significance
since the latter is virtually inaccessible (for reference, the maximum value reached in any direction for the
polarisation is about ⇠ 8% compared to 60% predicted around the ±Q points in previous studies [63]). This
should however not be the case for the spin textures predicted at ±K in graphene.

Moving on to the bands associated with the Dirac cone in figure 26 and 27, one can naively expect a mixture
of Rashba SOC, Kane-Mele SOC and/or canted Zeeman-like induced by WTe2 in graphene. The predic-
tions feature an important out-of-plane component, which suggests that Rashba SOC is not the dominant
mechanism. Given the fact that both valleys in graphene ±K fold onto the same point, it remains unclear
whether the type of SOC induced in graphene is valley-dependant. This should however be the case given
the transformation of the energy spectrum under time-reversal symmetry which relates the two valleys of
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Figure 25: Spin textures at � in H1 (graphene-unstrained) of the bands at the Fermi level associated with
monolayer WTe2. The scales are identical on both axis for spin polarization. (Left) Last valence bands
corresponding to the � pocket. (Right) First conduction bands corresponding to the ±Q pockets.

graphene in terms of spin (cfr. equation 2) in the presence of the observed spin splittings (cfr. figure 19). The
canted nature is most pronounced for the conduction bands as shown in figure 27 and suggests the canted
nature of the SOC field in monolayer WTe2 is effectively transferred in graphene in those bands. Besides the
canted behaviour observed mostly in the conduction bands, a mix of exclusively out-of-plane and in-plane to
out-of-plane rotating behaviour (typical of WTe2’s last valence bands) seems to be present in the Dirac cone,
indicating possible complex electron-hole asymmetric hybridisation schemes. Overall, these findings point
towards highly non-trivial spin textures induced in graphene through proximity effects. It however remains
clear that further investigations are needed to identify the dominant trends and symmetries as well as origins
of the proximity-induced SOC field.
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Figure 26: Spin textures at � in H1 (graphene-unstrained) of the bands at the Fermi level associated with the
last valence bands in the Dirac cone of graphene. The scales are identical on both axis for spin polarization.

Given the consistency of the predictions obtained for WTe2 with previous studies, one should be allowed to
think that the predictions regarding the symmetries of the spin textures of graphene are accurate to some
extent. It is however unclear whether the numerical values for the spin polarisation are accurate, since the
latter only reach 3% in the Dirac cones at most along any given direction. An explanation for these results
could be the fact that in the considered supercells, K and �K fold onto the same point in reciprocal space,
namely �. This implies theoretically that the Dirac point becomes a time-reversal invariant momentum,
which ensures both the vanishing of bands splittings due to SOC at these points and potentially highly
reduced spin polarizations. This guess is further reaffirmed by the fact that our predictions predict an exact
numerical spin degeneracy at � (which corresponds to the Dirac point in supercell H1) even in the presence
of SOC as illustrated in figure 18 (c,d) and figure 19 (c,d). In principle, this exact numerical degeneracy
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Figure 27: Spin textures at � in H1 (graphene-unstrained) of the bands at the Fermi level associated with
the first conduction bands in the Dirac cone of graphene. The scales are identical on both axis for spin
polarization.

should not occur since (in-plane and out-of-plane) inversion symmetry is effectively broken in graphene when
it is stacked on monolayer WTe2. This should indeed lead to spin splittings at ±K. It seems however hard to
believe that considering different supercells should yield different results concerning this point. In any case,
it is clear that the reason for this degeneracy and the reduced size of the spin polarizations around the Dirac
point in supercell H1 requires further study. If considering supercells in which ±K fold onto each other is
found to affect the band structures and spin textures as explained, this may lead to the conclusion that those
supercells are unsuitable for the study of SOC-related phenomena in graphene heterostructures.

3.6. Prospects
Several of the results obtained in this thesis call for further investigations to confirm or infirm their potential
implications. In particular, the topological nature of the heterostructure needs to be confirmed. A possible
way to assess the non-trivial nature of the electronic phase is the computation of a Z2 invariant. One
could similarly study nanoribbon geometries to investigate the presence of edge states. Additionally, one
should determine whether the occurrence of a spin degeneracy at the Dirac point is a characteristic of the
system or a numerical artefact due to the fact the supercells considered here feature ±K valleys for graphene
folding onto the same point in reciprocal space. The consequences of this choice on the spin textures and
spin polarizations induced in graphene should be investigated as well. Considering supercells in which both
valleys are not concurrent (e.g. H2 in the presence of SOC) would constitute a potential solution and would
allow a valley-resolved analysis for the spin-textures in the heterostructure. This would in particular help in
the determination of the symmetries in the proximity-induced SOC field. Exploring larger cells (such as H2)
by including SOC would further confirm the universality of our results and provide results in principle closer
to experimental reality due to the reduced lattice mismatch.
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4. Conclusion

To summarize, among transition metal dichalcogenides, WTe2 stands out with a distinct highly anisotropic
structure. Furthermore, the non-trivial behaviour of this material in terms of topology, geometry, correlations
and spin-transport establish WTe2 as an outstanding platform to study the interplay between these proper-
ties and offers great perspectives for next-generation electronics and quantum computation. This quantum
spin Hall material is predicted to feature highly anisotropic gate-tunable spin textures and displays strong
spin-orbit coupling. Therefore, it is naturally an exceptional candidate to induce topological phases, strong
spin-orbit coupling and/or potentially non-trivial spin-textures in graphene through proximity effects. This
would in particular provide a royal way for the realization of graphene-based spintronics.

For these reasons, this dissertation investigated the structural, electronic, topological and spin-related prop-
erties of WTe2 and WTe2/graphene bilayer heterostructures. In particular, in addition to reproducing the
results obtained in the literature in terms of atomic and electronic structure for WTe2, this project further
confirms that the 1T

0 phase is the structure in which the monolayer is found in free-standing conditions.
This work predicts that monolayer WTe2 induces strong spin-orbit coupling in graphene, which should be
of the order of 1 to 10 meV, i.e. up to 10000 times the spin-orbit coupling in isolated single-layer graphene.
It further identifies a sizable anisotropy in this spin-orbit coupling. Moreover, the calculations realized in
this thesis point out the presence of a small electric dipole moment in bilayer graphene/WTe2, which should
govern the spin textures in the heterostructure and potentially offer perspectives of electrical control. More,
this work suggest that a canted spin texture and a topological phase are indeed transferred to graphene
through proximity with WTe2 although more light is to be shed onto these issues. In any case, this thesis
identifies WTe2/graphene bilayers as a promising platform to enable control over the spin degree of freedom
in graphene and calls for further experimental and theoretical investigations.
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5. Appendix

5.1. Convergence studies
Figure 28 displays the results of the computations needed for the convergence studies. In particular, the
choice of computational parameters undertaken in this study (such as Monkhorst-Pack samplings, kinetic
energy cutoff, smearing width, void in supercells describing bidimensional systems made) was based on these
results.

5.2. Spin textures
Figure 29, 30 and 31 display various spin textures computed in this study. In particular, they can be used
to assess the universality and quality of the results provided in section 3.5.5. The corresponding in-plane
components are displayed in figure 32, 33 and 34. Whereas stricter criteria on wavefunction residuals and
larger scales in reciprocal space are found to have little consequences on the spin textures, differences in strain
(between fully-relaxed cells and those with unstrained graphene) are found to have non-negligible effects on
the spin textures both in the bands associated with graphene and WTe2. Nevertheless, all spin textures
qualitatively display the same behaviour as that described in 3.5.5.
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Figure 28: Convergence studies. Dashed grey lines indicate a 0.2% criterion on lattice constants and
5mHa/atom on total energy. (a) Total energy in bulk WTe2 as a function of the size of k-point grid. (b) Total
energy in bulk WTe2 as a function of the energy cutoff. (c) Lattice constants in bulk WTe2 as a function
of the size of k-point grid. (d) Lattice constants in bulk WTe2 a function of the energy cutoff. (e) Lattice
constants in bulk WTe2 as a function of the size of k-point grid for different Gaussian smearing widths. (f)
Lattice constants and total energy in monolayer WTe2 as a function of the size of the cell considered along
the normal to the plane.
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Figure 29: Spin textures in H1 (fully-relaxed) obtained on a 7 ⇥ 7 mesh centered on the Dirac cone at �

in reciprocal space for bands around the Fermi level. (From top to bottom) Valence and conduction bands
associated with WTe2; Valence bands in the Dirac cone associated with graphene; Conduction bands in the
Dirac cone associated with graphene. The same scale as that considered in section 3.5.5 is used.
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Figure 30: Spin textures in H1 (graphene unstrained) obtained on a 7 ⇥ 7 mesh centered on the Dirac cone
at � in reciprocal space for bands around the Fermi level. (From top to bottom) Valence and conduction
bands associated with WTe2; Valence bands in the Dirac cone associated with graphene; Conduction bands
in the Dirac cone associated with graphene. The same scale as that considered in section 3.5.5 is used.
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Figure 31: Spin textures in H1 (graphene unstrained) obtained on a 9⇥9 mesh centered on the Dirac cone at
� in reciprocal space for bands around the Fermi level. (From top to bottom) Valence and conduction bands
associated with WTe2; Valence bands in the Dirac cone associated with graphene; Conduction bands in the
Dirac cone associated with graphene. The scale investigated here in reciprocal space is 1.5 that considered
for all other spin textures. Additionally, a 10

8 times stricter criterion on wavefunction residuals is used.
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Figure 32: In-plane spin textures in H1 (fully-relaxed) obtained on a 7 ⇥ 7 mesh centered on the Dirac cone
at � in reciprocal space for bands around the Fermi level. (From top to bottom) Valence and conduction
bands associated with WTe2; Valence bands in the Dirac cone associated with graphene; Conduction bands
in the Dirac cone associated with graphene. The same scale as that considered in section 3.5.5 is used.
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Figure 33: In-plane spin textures in H1 (graphene unstrained) obtained on a 7⇥7 mesh centered on the Dirac
cone at � in reciprocal space for bands around the Fermi level. (From top to bottom) Valence and conduction
bands associated with WTe2; Valence bands in the Dirac cone associated with graphene; Conduction bands
in the Dirac cone associated with graphene. The same scale as that considered in section 3.5.5 is used.
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Figure 34: In-plane spin textures in H1 (fully-relaxed) obtained on a 9⇥9 mesh centered on the Dirac cone at
� in reciprocal space for bands around the Fermi level. (From top to bottom) Valence and conduction bands
associated with WTe2; Valence bands in the Dirac cone associated with graphene; Conduction bands in the
Dirac cone associated with graphene. The scale investigated here in reciprocal space is 1.5 that considered
for all other spin textures. Additionally, a 10

8 times stricter criterion on wavefunction residuals is used.
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