


Edges and boundaries of transition metal dichalcogenides

Sridevi Krishnamurthi



Composition of the Graduation Committee:

Prof. dr. J.L. Herek University of Twente, Chairman/Secretary
Prof. dr. G.H.L.A. Brocks University of Twente, Promotor
Prof. dr. P. J. Kelly University of Twente, Co-Promotor
Prof. dr. J. Fabian University of Regensburg
Prof. dr. A. Krasheninnikov Helmholtz-Zentrum Dresden-Rossendorf

and Aalto University
Prof. dr. D. Vanmaekelbergh University of Utrecht
Prof. dr. C. Filippi University of Twente
Prof. dr. ir. H. Zandvliet University of Twente

The work in this thesis was carried out at the computational material sciences (CMS)
group of the Faculty of Science and Technology of the University of Twente and
through the research programme of the former “Stichting voor Fundamenteel Onder-
zoek der Materie” (NWO-I, formerly FOM) and through the use of supercomputer
facilities of NWO “Exacte Wetenschappen”(Physical Sciences). We acknowledge the
funding from the Shell- NWO/FOM Computational Sciences for Energy Research
program (Project No. 15CSER025).

Edges and boundaries of transition metal dichalcogenides
Sridevi Krishnamurthi, CMS, University of Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands
ISBN: 978-90-365-5139-7
DOI: 10.3990/1.9789036551397
c� S.Krishnamurthi, 2021. All rights reserved.

Published by: S.Krishnamurthi
Printed by Gildeprint, Enschede, The Netherlands



Edges and boundaries of transition metal dichalcogenides

DISSERTATION

to obtain
the degree of doctor at the University of Twente,

on the authority of the rector magnificus,
Prof. dr. ir. A. Veldkamp,

on account of the decision of the graduation committee,
to be publicly defended

on Thursday 4 March 2021 at 12.45

by

Sridevi Krishnamurthi
born on 23 September, 1991

in Chennai, India



This dissertation has been approved by:

Prof. dr. G.H.L.A. Brocks (promotor)



Contents

1 Introduction 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Edges and grain boundaries of MX2 . . . . . . . . . . . . . . . . . 3
1.3 Lateral heterojunctions . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Hydrogen evolution reaction(HER) at the edges of MoS2 . . . . . . 5
1.5 Computational methods . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5.1 A brief introduction to DFT . . . . . . . . . . . . . . . . . 8
1.5.2 Exchange correlation functionals: GGA/PBE . . . . . . . . 9
1.5.3 DFT+U . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5.4 van der Waals functional . . . . . . . . . . . . . . . . . . . 12

2 Structure and magnetic ordering of VX2 (X = S, Se, Te) monolayers 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 VX2 monolayer structure and energetics . . . . . . . . . . . 16
2.3.2 Electronic and magnetic structure . . . . . . . . . . . . . . 17
2.3.3 Including Hubbard U . . . . . . . . . . . . . . . . . . . . . 19
2.3.4 ARPES on VSe2 and DFT band structures . . . . . . . . . . 21
2.3.5 Charge density waves (CDW) in VTe2 . . . . . . . . . . . . 23

2.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . 23

3 Spin/Charge Density Waves at the Boundaries of Transition Metal Dichalco-
genides 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 MTB states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 SDW/CDWs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . 34

4 One-dimensional electronic instabilities at the edges of MoS2 41
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Methods and model . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.1 Edge structures and metallicity . . . . . . . . . . . . . . . . 44

v



CONTENTS

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 46
4.3.1 Pristine edges . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.3.2 100% S-dressed Mo Edge . . . . . . . . . . . . . . . . . . 48
4.3.3 CDW/SDWs at the 100% S-dressed Mo Edge . . . . . . . . 49
4.3.4 50% S-dressed Mo Edge . . . . . . . . . . . . . . . . . . . 50
4.3.5 S edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.4 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . 55
4.5 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . 56

5 1D metallic states at 2D transition metal dichalcogenide semiconductor
heterojunctions 61
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3.1 Polar/polar TMDC junctions . . . . . . . . . . . . . . . . . 64
5.3.2 Polar/non-polar TMDC junctions . . . . . . . . . . . . . . 67
5.3.3 1D electronic instabilities . . . . . . . . . . . . . . . . . . 69

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.5 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . 74

6 Metal-semiconductor lateral junctions 77
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 79

6.3.1 Armchair junction . . . . . . . . . . . . . . . . . . . . . . 81
6.3.2 Zigzag junction . . . . . . . . . . . . . . . . . . . . . . . . 81
6.3.3 Metal-semiconductor-metal structure . . . . . . . . . . . . 83
6.3.4 Interface dipoles . . . . . . . . . . . . . . . . . . . . . . . 84

6.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . 85

7 Substrate and doping enhancement of the hydrogen evolution reaction
activity(HER) of MoS2 87
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2 Edge structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.3 HER on freestanding MoS2 . . . . . . . . . . . . . . . . . . . . . . 90
7.4 HER on MoS2|substrate . . . . . . . . . . . . . . . . . . . . . . . . 91
7.5 Charge transfer and doping . . . . . . . . . . . . . . . . . . . . . . 93
7.6 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . 97
7.7 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . 99

List of publications 119

Summary 121

vi



1
Introduction

1.1 Introduction

The transition metal dichalcogenides (TMDCs) discussed in this thesis are com-
pounds with a formula unit MX2, where M is a transition metal, and X is a chalcogen,
S, Se, or Te. Many TMDCs have a layered structure where the interlayer bonding is
van der Waals and the in-plane bonding is covalent, see Fig. 1.1(a). Since van der
Waals bonding is not so strong compared to other forms of bonding, TMDCs can be
exfoliated as single or multiple layers, and, interestingly, such thin layers can have
physical and chemical properties di↵erent from their bulk 3D parent compounds.
TMDCs have applications in Li-ion batteries as anode and cathode materials[1, 2], in
2D electronics, and as catalysts, in the hydrogen evolution reaction of water splitting,
for instance [3–8].

Monolayer TMDCs, which is the main subject of this thesis, mainly come in
two crystal structures, the H- and T -phases. In each case the metal atoms are sixfold
coordinated by chalcogen atoms, but for the H-phase the local coordination is trigonal
prismatic, whereas for the T -phase it is octahedral, see Figs. 1.1.(b),(c). The T -phase
structure then has inversion symmetry, whereas the H-phase structure has not. This
thesis focuses on TMDCs where the transition metals are group IV, V or VI elements.
Group V TMDC monolayers (TM = V, Nb, Ta) are typically metallic, whereas group
VI TMDCs (TM = Mo, W) are commonly semiconducting, and group IV TMDCs
(TM = Ti, Zr, Hf) are either metallic or semiconducting, depending on their specific
structure and TM.

Vanadium-based TMDC monolayers have come into recent attention because of
their 2D magnetic properties. We begin our study in chapter 2 with these monolayers,
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Chapter 1. Introduction

(a)

(b) (c)

Figure 1.1: (a) TMDCs structure the shaded rectangles show the van der Waals layers,
a single TMDC layer is identified in the middle.(b),(c) A single unit cell of the H and
T -phase TMDC with trigonal prismatic and octahedral coordination respectively,
the purple atoms represent the transition metal (M) and the chalcogen (X) atoms are
shown in yellow.

investigating the electronic and magnetic properties of both the H- and T -phases
using density functional theory (DFT) calculations, and search for the ground state
of these materials.

In chapters 3 and 4 we move to Mo- and W- based TMDC monolayers, which
are direct band gap semiconductors in their ground state H-phase. Nevertheless,
their edges and grain boundaries can be metallic, which can be traced back to a
topological property. This 1D metallicity and its stability is studied by means of
DFT and DFT+U calculations. Chapters 5 and 6 discuss in-plane heterojunctions be-
tween semiconducting group VI TMDCs, and semiconducting group IV and metallic
group V TMDCs. Two-dimensional TMDC heterojunctions have been realized in
recent years, and besides interesting physical phenomena, they also envision a route
towards truly 2D electronics. We characterize the electronic properties of such het-
erojunctions using DFT calculations. Last, but not least, chapter 7 focuses on some
of the catalytic properties of group VI TMDC layers. The edges of these materials
are known to be active catalytic sites for the hydrogen evolution reaction (HER) that
is part of the process of water splitting, which can be a means for energy storage in
the future. We study how the catalytic activity of these TMDCs for the HER can be
modified by choosing a suitable substrate.

The contents of the chapters are discussed in a little more detail in the sections
below, and a short summary of the computational techniques we use, is given in Sec.
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Chapter 1. Introduction
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Figure 1.2: (a) The MX2 nanoribbon with zigzag edges. (b) The polarization lat-
tice for MX2 crystals, P = (p1a1 + p2a2)e/⌦ with (p1, p2) = (↵+ n1,�+ n2);n1,2 =

0,±,1,±2..., where a1,2 are the lattice vectors of the primitive 2D unit cell, ⌦ the unit
cell area and possible values of (↵,�) are shown in the figure. (c) A lateral hetero-
junction between two TMDCs with di↵erent polarizations, the electronic states are
shown at the interface.

4.2.

1.2 Edges and grain boundaries of MX2

Surfaces and grain boundaries of materials have always held novel chemical and
electronic properties not observed in the bulk. Two-dimensional materials such as
TMDCs also exhibit special properties at the interfaces and edges which are then
one-dimensional. For the H-structure, there are two very elementary orientations
for the edges, called the armchair edge and the zigzag edge. Monolayers of TMDCs
MX2, M =Mo, W, X = S, Se, Te, are direct band gap semiconductors, with band gaps
in the range 1-2 eV. It has been established from calculations and experiments that
the armchair edges of such monolayers remain semiconducting and non-magnetic,
but the zigzag edges can be metallic [9–14]. The zigzag edges are also energetically
more stable than the armchair edge and thus warrant an in-depth study.

Due to the crystal symmetry of the H-structure, its lack of inversion symmetry
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Chapter 1. Introduction

in particular, there are two possible zigzag edge structures, the chalcogen-terminated
edge and the metal-terminated edge, see Fig. 1.2(a). That these zigzag edges are
metallic is not unusual as such, since there are dangling bonds present on the atoms
at the edges, which typically leads to partially filled states. However, the metallicity
remains even if these dangling bonds are saturated by adsorbed atoms.

The origin of the metallicity lies in the inherent bulk polarization of the H-
structure lattice [15, 16], see Fig. 1.2(b). From the formal theory of polarization
and the crystal symmetry of of the H-structure, the bulk polarization is a topological
invariant of the Z3 class [16, 17]. Crossing a boundary between two insulating ma-
terials with a di↵erent value for the invariant, then forces it to jump from one value
to another, which closes the band gap at the boundary, causing it it to become metal-
lic. The edge metallic states can also be considered the 1D equivalent of the 2DEG
(two-dimensional electron gas) present at the interfaces between complex oxides, for
example LaAlO3 and SrTiO3 [18, 19], arising out of a di↵erence in the formal polar-
ization of the two materials.

Although the metallicity has a topological origin, its topological protection is
by spatial (crystal) symmetry only, which can be broken, and is thus rather fragile.
In particular, these edges are susceptible to the instabilities that are frequently ob-
served in 1D metallic systems, such as Peierls reconstructions, charge density waves
(CDWs), or spin density waves (SDWs). For instance, low temperature STM mea-
surements have found evidence for a CDW at the grain boundaries of MoSe2 [20, 21],
which opens up a small band gap at the boundary. In chapter 3, we investigate the
stability of MoS2 edge states with regards to chemical modifications, and we also
discuss the possible 1D instabilities. In chapter 4 we study mirror twin boundaries of
MoS2 and MoSe2 and predict that here a SDW is present along with a CDW, leading
to band gaps that are close to the experimentally observed values.

1.3 Lateral heterojunctions

Continuing with interfaces, in recent years, two-dimensional lateral junctions have
attracted a lot of attention, as e↵ective growth techniques enable heterojunctions with
sharp interfaces between di↵erent materials to be grown. In-plane p-n diodes and in-
plane field e↵ect transistors have been constructed [22–26].

Given the origin of metallic states at TMDC edges, as discussed above, one can
have a junction between two appropriately chosen semiconducting 2D materials that
leads to a 1D metallic interface between the two materials. An in-plane heterojunc-
tion between two TMDCs with di↵erent bulk polarization would lead to a such a 1D
metallic boundary, see Fig. 1.2(c). One could even choose a lateral heterostructure,
where one of the materials is non-polar. As long as the other material has a non-zero
polarization, the interface between the two will be metallic.

As the T -phase is centro-symmetric, which excludes a non-zero polarization, het-
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Chapter 1. Introduction

erojunctions between H- and T -phase TMDC semiconductors fall into that class.
Once again, these metallic 1D states will be susceptible to 1D electronic and struc-
tural instabilities, the type of which, and the size of the band gap that results from it,
depends on the interface details. We study such TMDC junctions in chapter 5.

In chapter 6, we consider metal-semiconductor lateral junctions, where the back-
ground idea is that a lattice-matched 2D metal and 2D semiconductor junction opens
a route to constructing 2D electronic devices. Considering the discussion of TMDC
edge states above, one question that arises is whether one gets a perfect Ohmic con-
tact or a Schottky contact due to these interface/edge states. Choosing the near lattice-
matched NbS2 (a metal) and MoSe2 (a semiconductor), we find that one gets a perfect
Ohmic contact for holes. The polarization charges at the edges are screened by the
metal, and no interface states arise in the band gap of the semiconductor that create a
Schottky contact.

1.4 Hydrogen evolution reaction(HER) at the edges of MoS2

One of the important applications of TMDCs, especially MoS2, is as catalysts for
the hydrogen evolution in the water splitting reaction. With a direct band gap of
1.6-1.8 eV and good stability in acidic mediums, MoS2-based nano-materials such as
CdS/MoS2 and graphene-MoS2 are promising candidates for photoelectro-catalysis
[8, 28, 29]. Electrons and holes are created by absorption of photons, and separate
in a p-n junction or a heterojunction, creating a photovoltage. The holes are used at
the anode of an electrolytic cell to oxidize water molecules to oxygen, the oxygen
evolution reaction (OER), see Fig. 1.3(a)

2H2O+4e+! O2+4H+. (1.1)

The hydrogen cations are reduced at the cathode of the electrolytic cell by the elec-
trons

4H+ +4e� ! 2H2, (1.2)

called the hydrogen evolution reaction (HER). Adding the two half-reactions of Eqns. 1.1
and 1.2 then gives the water splitting reaction

2H2O! O2+2H2. (1.3)

Water splitting is one of the simplest ways to store energy in the form of a solar fuel,
which in this case is the hydrogen gas.

The OER and HER are generally hampered by thermodynamic and kinetic obsta-
cles, making it essential to carefully choose the electrode materials, in particular the
catalysts that would reduce the reaction overpotential ⌘, defined as the energy needed
in addition to the thermodynamic potential for the reaction to proceed. At present, the
best performing materials are based upon transition metals from the platinum group,

5
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(c)(b)

(a)

Figure 1.3: (a) The full photocatalytic water splitting reaction, with hydrogen and
oxygen evolution at the cathode and anode respectively, 2D materials such as MoS2
and GaN have been proposed as alternatives to traditional Pt and Ru/Ir oxides[27].
(b) Schematic of the H evolution at the edges of MoS2,(c) The ’volcano’ plot of �GH⇤
vs the experimental measured current densities, reproduced with permission from [4]

such as Pt metal for the HER, and Ru oxide or Ir oxide for the OER [30–32]. The
high price of these precious elements holds back a possible implementation of water
splitting on a large scale.

MoS2 is considered as an alternative to replace Pt as the electrocatalyst for the
HER. Both from calculations, as well as from experiment, the bulk of the material is
thought to be inactive, and the catalytic activity for the HER stems from the edges
[3, 4], see Fig. 1.3.

The HER proceeds in two steps, the first one of which involves a reduction of the
hydrogen cation and adsorption of a hydrogen atom

H+ + e�+⇤ ! H⇤, (1.4)

6



Chapter 1. Introduction

where * stands for a site at the MoS2 edge. The second reaction step could either be
a recombination of two adsorbed hydrogen atoms to form a hydrogen molecule, or a
second reduction reaction at the site of an adsorbed hydrogen

2H⇤ ! H2+2⇤; (1.5)
H+ + e�+H⇤ ! H2+⇤. (1.6)

Instead of studying such reaction processes in detail, it is custom to look for a
single descriptor that can be used to characterize the catalytic activity. In the case of
the HER, a useful descriptor turns out to be the free energy change �GH⇤ associated
with the reaction of Eqn. 1.5. Plotting the calculated �GH⇤ versus the experimentally
measured current densities shows that that a good catalyst lies at the top of a ‘volcano’
plot with �GH⇤ ⇡ 0 [3, 33].

Di↵erent calculations in the literature have lead to values for �GH⇤ of the hy-
drogen adsorption at a MoS2 edge ranging from -0.45 eV to 0.24 eV [3, 5, 34, 35],
which is somewhat surprising, as nominally very similar techniques are used in these
calculations. In chapter 7, we study this in detail, identifying two factors that have
contributed to this large range. The first of these stems from the electronic structure
of the edges, as discussed in the previous section. Zigzag edges are metallic if one
considers a 1⇥ periodicity along the edge, but they are prone to metal-insulator tran-
sitions that triple the the period along the edge. As the latter represents the electronic
ground state of the edge, it is important to use structures in the calculation that allow
for this 3⇥ periodicity.

The second factor contributing to the di↵erent values for �GH⇤ found in the liter-
ature has to do with (involuntary) doping. The nanoribbon structures typically used in
calculations have more than one type of edge. These edges are chemically di↵erent,
and electron transfer between the edges can occur in order to equilibrate the Fermi
level throughout the whole system. This can lead to involuntary doping of the edge
one is interested in, which alters the calculated �GH⇤.

One can also use the e↵ect of doping on �GH⇤ to one’s advantage. The substrate
can have a considerable e↵ect on the catalytic activity. A recent work on monolayer
MoS2 with di↵erent metallic substrates found that substrate induced charge transfer
can play an important role in determining the activity [36, 37]. If MoS2 is van der
Waals bonded to a substrate such as graphene or VS2, one would naively expect to see
little change in its properties, including the binding strength of an adsorbed hydrogen
atom. However, electron transfer between substrate and MoS2, due to the di↵erence
in work function between the edge and the substrate, can make the hydrogen atom to
bind less or more strongly to the MoS2 edge. This e↵ect can be fully understood by
considering electron/hole doping. In chapter 7, we discuss how this a↵ects �GH⇤.

7



Chapter 1. Introduction

1.5 Computational methods

All calculations in this thesis rely on density functional theory (DFT) and are per-
formed with the VASP program [38–41], which uses the projector augmented wave
(PAW) formalism, and a plane wave basis set for the expansion of the Kohn-Sham
orbitals.

1.5.1 A brief introduction to DFT

DFT is based on the two Hohenberg-Kohn theorems [42], the first of which states that
the ground state electron density has a one-to-one correspondence to the potential,
thus enabling to replace the ground state wave function with the electron density as
the primary variable, while implying that the ground state total energy can be written
as a functional of the density.

The second theorem paves a way for finding this ground state electron density
through a variational principle, stating that the density which minimises the total
energy functional is the ground state density. The total (ground state) energy of the
system is then written as a sum of the kinetic energy of the electrons T [n(r)], the
energy resulting from the Coulomb interactions between the electrons U[n(r)], and
the Coulomb interactions between electrons and nuclei V[n(r)], where n(r) is the
electron density. The nuclei are assumed to be at rest with respect to the electrons, so
there is no kinetic energy term for the nuclei, which is called the Born-Oppenheimer
or adiabatic approximation.

E[n(r)] = T [n(r)]+U[n(r)]+V[n(r)]. (1.7)

Only the last term is simple,

V[n(r)] =
Z

Vext(r)n(r)d3r, (1.8)

where Vext(r) is the external potential (external to the electrons, the Coulomb poten-
tials arising from the nuclei, for instance). Exact expressions for the other terms on
the righthand side of Eqn. 1.7 are not given, as the Hohenberg-Kohn theorems only
involve existence proofs, and no explicit constructions.

The Kohn-Sham single-particle equations [43] provide a way to find the ground
state density by, instead of minimizing Eqn. 1.7 directly, mapping the system of inter-
acting electrons onto a (fictional) system of non-interacting electrons with the same
density, operated on by an e↵ective potential VS (r).

✓�h2

2m
r2+VS (r)

◆
 i(r) = ✏i i(r); i = 1, ...,N, (1.9)

where N is the number of electrons. The e↵ective potential contains the external
potential, Vext(r), the Hartree potential, VH(r), and a potential Vxc(r) that forces the

8



Chapter 1. Introduction

density of the non-interacting electrons to be identical to that of the real interacting
electrons. The latter contains the actual many-body e↵ects of exchange and correla-
tion interactions.

VS (r) = VH(r)+Vext(r)+Vxc(r) =
Z

n(r0)d3r0

|r� r0| +Vext(r)+
�Exc[n(r)]
�n(r)

. (1.10)

Vxc(r) should also account for the di↵erence in kinetic energy of the non-interacting
electrons

Tni =
1
2

NX

i=1

h i|r2| ii, (1.11)

and that of the interacting electrons, Eqn. 1.7. The ground state energy, Eqn. 1.7, is
then reparametrized as

E[n(r)] = Tni+
1
2

Z Z
n(r0)n(r)d3r0d3r

|r� r0| +Exc[n(r)]+
Z

Vext(r)n(r)d3r. (1.12)

Again, an explicit expression of Exc[n(r)] is not given.
For a system containing N electrons, solving the N single-particle Kohn-Sham

equations, Eqn. 1.9, and obtaining the wave functions,  i(r), leads to the ground state
density n(r).

n(r) =
NX

i=1

fi| i(r)2|. (1.13)

Here, fi are the occupation numbers, which can be determined by applying the Fermi-
Dirac distribution using the ✏i of Eqn. 1.9. The latter are the single-particle eigen-
energies of the non-interacting electrons, which, although strictly speaking do not
have physical meaning, except indirectly on shaping the density, have been been
found to represent the actual single-particle excitation spectrum quite decently, at
least in the case of TMDCs and other two-dimensional materials [44, 45].

Since the Kohn-Sham equations, Eqn. 1.9, are non-linear, the e↵ective potential
depends on the density, Eqn. 1.10, and the ground state density itself depends on
the potential, Eqn. 1.13, the equations are solved using an iterative scheme until the
ground state density and in turn the total energy E[n(r)], Eqn. 1.12, are converged.

If the exact form of Exc[n(r)] would be known, DFT guarantees the exact ground
state energy. As, however, this is not the case, one has to use approximations, where
several functional forms of the exchange-correlation functional are available.

1.5.2 Exchange correlation functionals: GGA/PBE

The simplest approach is the local density approximation (LDA), which treats the
electrons locally as a homogenous electron gas

Exc[n(r)] =
Z

n(r)✏xc(n(r))d3r. (1.14)

9



Chapter 1. Introduction

Here ✏xc is the exchange-correlation energy per electron of a homogeneous electron
gas of density n(r), which can be obtained numerically with great accuracy [46].
Although in this thesis we do not make use of the LDA functional, Eqn. 1.14, LDA
is considered the most basic form of Exc[n(r)]. However, it has its shortcomings; it
overestimates binding energies in molecules and compounds, for instance [47–49].

The generalized gradient approximation (GGA) functional uses a similar expres-
sion as Eqn. 1.14, but additionally makes use of the gradient of the local density,
replacing ✏xc(n(r)) by f (n(r),r(n(r)) in an attempt to include the e↵ects of local in-
homogeneity. There are several di↵erent GGA functionals available depending upon
the choice of f , the most popular being the Perdew-Burke-Ernzerhof (PBE) func-
tional [50], which is free of empirical parameters and is suited for a wide number of
systems.

The PBE functional can be written in a form resembling the expression of Eqn. 1.14

Exc[n(r)] =
Z

n(r)✏x(n(r))Fxc(s)d3r, (1.15)

where ✏x is the local exchange of a homogeneous electron gas, s is a scaled, dimen-
sionless, density gradient

s =
|rn(r)|.

2(3⇡2)1/3n(r)4/3 , (1.16)

and Fxc is called the PBE enhancement factor. The exchange part of this enhancement
factor has a simple form

Fx(s) = 1+ � /(1+µs2/), (1.17)

with the non-empirical parameters  = 0.80 and µ = 0.2195. Note that this expression
ensures that PBE reduces to a LDA form when the density gradient s ! 0. The
correlation part Fc is more complicated, see Ref.[50].

Although PBE gives decent binding energies and lattice parameters for monolay-
ers TMDCs, it has problems to account for the strong on-site Coulomb interaction
between electrons in transition metal d orbitals. The latter play a role in localized
structures such as the edges and grain boundaries of two dimensional TMDCs, which
are among the main subjects of study in this thesis. This local interaction can be
modeled using a Hubbard-like model.

1.5.3 DFT+U

In systems with localized d and f electrons such as transition metal and rare earth
oxides, standard DFT functionals often do not describe the localization of the d and
f electrons properly. For Mott insulators, which are insulating compounds due to the
on-site many-body interaction between electrons, such functionals find a band gap
that is far too small, or even a ground state that is metallic [51–53].

10



Chapter 1. Introduction

DFT+U allows one to properly describe these systems without adding a huge
computational cost over regular DFT. It penalizes the partial occupancy of an orbital
by having an additional term in the DFT total energy. The strength of this localization
factor depends on the parameters U for the on-site atomic coulomb interaction (the
Hubbard U) and J for the on-site exchange interaction. In its simplified form, the
Dudarev approach[54], these two parameters are combined to one U � J. Since DFT
also accounts for these interactions, but in a mean-field way, a double counting term
has to be subtracted from the total energy

EDFT+U = EDFT +EU�J �Edc. (1.18)

Treating each site as a single atom and the electron-electron Coulomb and ex-
change interactions within Hartree-Fock, gives an expression for the on-site electron-
electron interaction energy

EU�J =
U
2

X

m,m0,�
nm�nm0��+

U � J
2

X

m,m0,�
nm�nm0�. (1.19)

Here m,m0,� are the atomic magnetic and spin quantum numbers, and nm�,nm0�
are the occupancies of the corresponding orbitals. In this expression one assumes
that only one atomic shell matters (l = 2 or 3 for d or f orbitals, respectively, and
m,m0 = �l, ..., l), and all Hartree-Fock Coulomb and exchange integrals are given by
U, respectively J.

A basic ansatz in the DFT+U method is that DFT essentially gives an electron-
electron interaction energy similar to Eqn. 1.19, but without orbital dependence, i.e.,
the interaction between an electron with spin � and an electron with spin �� gives
a contribution U/2 to the total energy, and an interaction between two electrons with
the same spin � gives a contribution (U � J)/2. This then gives a contribution to the
total energy

Edc =
U
2

X

�

N�N��+
(U � J)

2

X

�

N�(N��1), (1.20)

where N� = ⌃mnm�. If one replaces DFT by DFT+U, one then has to subtract this
term from the total energy, and add the energy of Eqn. 1.19, as in Eqn. 1.18. The
expression can then be simplified, leading to the Dudarev functional as implemented
in VASP

EDFT+U = EDFT +
U � J

2

X

m,�
(nm��n2

m�). (1.21)

As J < U and 0  nm�  1, so n2
m�  nm�, the second term on the righthand side

represents an energy penalty for nm� , 0,1.
A major drawback of the DFT+U method is that two parameters U, J are in-

troduced (or, in case of the Dudarev functional, one parameter U � J). Although
reasonable estimates of their values exist for some compounds, their transferability

11



Chapter 1. Introduction

among di↵erent compounds is limited, as they are strongly influenced by local elec-
trostatic screening. In practice one therefore often performs DFT+U calculations for
a range of possible values, and studies the physical trends.

1.5.4 van der Waals functional

The bonding between 2D layers is van der Waals, which is not included in PBE
or PBE+U functionals. In chapter 7, we study layered systems in the context of
hydrogen adsorption on the edges of MoS2 ribbons in the presence of a substrate,
where van der Waals interactions contribute to the bonding between MoS2 and the
substrate.

The simplest way to account for van der Waals interactions is the approach advo-
cated by Grimme, called DFT-D2/D3 [55, 56]. Here, the van der Waals interaction is
treated as an additive correction to the DFT total energy, through parametrized atom-
atom pair-wise dispersion terms, similar to the attractive part of a Lennard-Jones
potential

EVDW = �
s6

2

NatX

i, j

Ci j
6

R6
i j

fdamp(Ri j). (1.22)

Ci j
6 given by

p
CiiC j j, where Cii is the element specific dispersion coe�cient, Ri j

is the distance between i,j pair of atoms and s6 is a scaling factor that is chosen
according the DFT functional in use; fdamp(Ri j) is a damping function, required for
small interatomic distances

fdamp(R) =
1

1+ e�↵(R/R0�1) , (1.23)

↵ is a damping parameter and R0 is the sum of the van der Waals radii of the two
elements i, j. All parameters in Eqns. 1.22 and 1.23 are tabulated [55], and EVDW can
be added to the DFT total energy with virtually no additional computational cost.
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2
Structure and magnetic ordering of VX2

(X = S, Se, Te) monolayers
⇤

Single two-dimensional layers of vanadium-based transition metal dichalcogenides,
VX2 (X = S, Se, Te), are metallic and potentially ferromagnetic. In this chapter we
study the structure and magnetic order of these compounds by means of density func-
tional theory (DFT) calculations. The standard generalized gradient approximation
PBE functional predicts the H structure as lowest in energy, with a ferromagnetic
ordering of magnetic moments ⇠ 1 µB on the V atoms. Introducing a modest on-site
Coulomb repulsion/exchange U � J = 3 eV for the V d-electrons changes the relative
stability of structures for VSe2 and VTe2. The T structure becomes lowest in energy,
consistent with experimental ARPES results, with an anti-ferromagnetic ordering of
magnetic moments ⇠ 1.5 µB on the V atoms. A well-known charge density wave dis-
tortion for bulk VTe2 does not lower the energy in monolayer VTe2. The calculated
di↵erences in total energies between various structures and magnetic orderings are
small, typically in the range 10-100 meV per VX2 formula unit.

2.1 Introduction

Transition metal di-chalcogenides (TMDCs) with a layered structure, MX2, M tran-
sition metal and X = S, Se, or Te, have been studied since the 1970’s. These layered
materials can be metallic, semimetallic, or semiconducting, depending on the tran-

⇤Parts of this chapter has been published as P. K. J. Wong, W. Zhang, F. Bussolotti et al, Evidence
of spin frustration in a Vanadium Diselenide monolayer magnet, Adv. Mater. 31, 1901185 (2019).
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Chapter 2. Structure and magnetic ordering of VX2 (X = S, Se, Te) monolayers

sition metal and the chalcogen atoms involved, and the details of the structure [57].
Since the discovery of graphene in 2004, TMDCs have gained renewed interest, be-
cause, like graphene, single two-dimensional (2D) MX2 layers can be isolated or
grown. The semiconducting 2D MX2 layers, M = Mo, W, have received most at-
tention, as, in contrast to their 3D bulk form, they have a direct band gap, which
increases their photoluminescence by up to an order of 104 [58], stimulating research
into electro-optic and photovoltaic applications[59]. Moreover, as these TMDCs are
also used as catalysts [4], one can envision applications in photocatalysis.

The revived interest in group V TMDCs, MX2, M = V, Nb, Ta, is more recent.
These materials are intrinsically (semi) metallic, and because of their layered struc-
ture, they are prone to electronic and structural instabilities that are typical of low-
dimensional structures, such as charge density waves (CDWs). Indeed, CDWs have
been observed already in the 1970’s in TaS2, for instance [60, 61]. In this chapter we
focus on the family of vanadium based TMDCs, VX2, X = S, Se, Te.

Bulk VX2 compounds are metallic and have a layered structure with a large in-
terlayer spacing. As such a structure is suited to intercalate alkali metal atoms, VX2
compounds have found use as electrode materials in lithium and sodium-ion batteries
[62–65]. In addition, VX2 compounds have been used as catalyst in the hydrogen
evolution reaction (HER) in electrolytic water splitting [66–68].

M

K

!

ky

kx

K’

b1

b2

(a) (b)

(c) (d)

(e)

Figure 2.1: Structure of VX2 layer in H-phase, shown in top view (a) and at an angle
(b) to visualize the trigonal prismatic coordination, and T -phase in top (c) and at an
angle (d) views (octahedral coordination). The blue and green spheres represent V
and X atoms respectively, with the unit cell marked by black lines; (e) the Brillouin
zone of the lattice, with high symmetry points marked.

More recently, several of the VX2 compounds have been synthesised as mono-
layers or few layer thick sheets using epitaxial methods or liquid exfoliation tech-
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niques [69–71]. Their predicted high work function (& 6 eV) and metallic character
would make them suitable materials for the elusive p-type contact of semiconducting
TMDCs, for instance.

Given the presence of the partially filled V 3d shell, VX2 compounds have been
considered potential materials to realize a 2D ferromagnet. The presence of mag-
netism in the monolayer compounds has been fiercely debated, where several exper-
iments have suggested a charge density wave (CDW) destroys the magnetic ground
state [72, 73], while others claim to actually have found a ferromagnetic state in VSe2
[74, 75]. A recent detailed study on monolayer VSe2 grown on graphite character-
izes the material as a frustrated magnet, with subtle correlations between the spins,
but lacking long-range magnetic order [71].

Ab-initio calculations can shed some light on possible structures and magnetic
properties of VX2 layers [76–78]. Given the subtleties of those magnetic properties,
it is not clear a priori, however, that the standard approach, i.e., density functional
theory (DFT) with a standard functional, will be su�ciently accurate. A practical
addition to the standard approach is to include on-site correlations for the d electrons
in a mean field approximation, such as DFT+U. As we will show in this chapter
DFT+U can change the ground state structure and magnetic order of VX2 mono-
layers, as compared to standard DFT. This implies that methods that account for
electron-electron correlations beyond DFT+U, may be needed to study these materi-
als. Alternatively, one has to rely on experimental results to select the best method.

2.2 Methods

We use first-principles electronic structure calculations at the level of density func-
tional theory (DFT). All DFT calculations are done with the VASP package [40,
41, 43, 79, 80], using the GGA/PBE and PBE+U functionals and the projected aug-
mented wave (PAW) method, treating the V 3d, 4s, 3p, and the X (S, Se, Te) np
and ns (n = 3,4,5) shells as valence electrons. The onsite Coulomb and exchange
are treated within the rotationally averaged approach [54], which applies a single pa-
rameter U � J, where we use a value of 3 eV. We use a plane wave kinetic energy
cut-o↵ of 280eV, and a k-points sampling of 20⇥ 20⇥ 1 in the VX2 unit cell. Upon
relaxing the structures, the ultimate forces acting on the atoms are below 0.01 eV/Å,
and the electronic convergence criterion is set to 10�5 eV/cell. A vacuum distance
of 15 Å in the direction perpendicular to the VX2 plane is used to prevent a direct
interaction between the periodic images. The phonon calculations are done using the
code phonopy [81].
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Compound a (Å) X-X (Å) V-X (Å)
H-VS2 3.15 2.96 2.35
T -VS2 3.17 3.46 2.34

H-VSe2 3.32 3.18 2.49
T -VSe2 3.33 3.70 2.49
H-VTe2 3.57 3.50 2.70
T -VTe2 3.56 4.05 2.69

Table 2.1: Lattice constant a, and nearest neighbor X-X and V-X distances for VX2.
2.3 Results and discussion

2.3.1 VX2 monolayer structure and energetics

(a) (b)

(d)(c)

Figure 2.2: H-phase with FM (a) and AFM (b) order of V magnetic moments in a
2⇥1 unit cell; T -phase with FM (c) and AFM (d) order.

A single TMCD unit comprises a transition metal atom coordinated by six chalco-
gen atoms, and a single TMDC monolayer consist of a covalently bonded 2D network
of such units, where each chalcogen atom links two transition metal atoms. The
monolayer TMDC comes in two crystal phases, which di↵er in the way the metal
atoms are coordinated by the chalcogen atoms. In the H-phase the local coordination
is a trigonal prismatic arrangement, and in the T -phase the coordination is octahe-
dral, see Fig. 2.1. These phases have di↵erent symmetries; the point group for the
H-phase of TMDC monolayers is D3h and for the T-phase it is D3d. The DFT op-
timized lattice constants of VX2 layers are very similar for both these phases, see
Table 2.1. The ground state structure based on the lowest total energy depends on the
DFT functional used to relax the structures. With the PBE functional, the H-phase
ferromagnetic (FM) configuration is lowest in energy, compared to FM T -phase, see
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Compound FM(meV) AFM(meV)
H-VS2 �90 0
T -VS2 0 20

H-VS2+U �80 186
T -VS2+U 0 46

H-VSe2 �88 61
T -VSe2 0 51

H-VSe2+U 9 297
T -VSe2+U 0 �22

H-VTe2 �10 150
T -VTe2 0 90

H-VTe2+U 280 320
T -VTe2+U 0 �290

Table 2.2: Relative total energies (in meV per formula unit) of VX2 monolayers in
the T and H phases, calculated by DFT using the PBE and the PBE+U functionals.
The FM state of the T -phase is used as reference.

Table 2.2. The magnetic moments are then close to 1 µB, see Table 2.3. This find-
ing is in agreement with previous studies [76, 77]. The antiferromagnetic (AFM)
configuration is somewhat higher in energy, increasing along the series VS2, VSe2,
VTe2, where can be observed that the magnetic moments are small, . 0.5 µB, so this
solution is close to being non-spin-polarized. Indeed, for T -VS2 and T -VSe2 the mo-
ments are zero, giving the non-spin-polarized solution. It must be noted that for the
AFM ordering we have only considered a basic 2⇥ 1 unit cell, which gives the spin
arrangement shown in Fig. 2.2.

On using the PBE+U functional with a moderate U � J = 3 eV, the relative sta-
bility of the di↵erent structures changes. For VSe2 and VTe2, the most favorable
structure becomes the AFM T -phase, whereas only for VS2 it stays the FM H-phase.
Not surprisingly, adding on-site Coulomb/exchange to PBE increases the magnetic
moments on the V atoms. The magnetic moments generally become larger than 1 µB,
with the exception of the H-phase of VS2 and VSe2. The total energy di↵erences for
the latter compounds tend to be small, whereas for VTe2 they are significantly larger.
In general, the total energy di↵erences between the two phases and the two magnetic
orderings tend to be small. Hence, it is di�cult to draw definite conclusions on the
basis of DFT calculations alone.

2.3.2 Electronic and magnetic structure

The H- and T -phases of VX2 have a di↵erent electronic structure. In the following,
we discuss the band structures of VSe2; those of VS2 and VTe2 are qualitatively very
similar. As reference, Figs. 2.3(a) and (b) show the non-spin-polarized band struc-
tures of H-VSe2 and T -VSe2, calculated with the PBE functional. The H-phase has

17



Chapter 2. Structure and magnetic ordering of VX2 (X = S, Se, Te) monolayers

Compound FM m (µB) AFM m (µB)
H-VS2 0.97 0.08
T -VS2 0.53 0.00

H-VS2+U 1.31 0.88
T -VS2+U 1.32 1.24
H-VSe2 0.98 0.34
T -VSe2 0.63 0.00

H-VSe2+U 1.25 0.95
T -VSe2+U 1.44 1.34

H-VTe2 1.0 0.52
T -VTe2 0.82 0.02

H-VTe2+U 1.46 1.89
T -VTe2+U 1.75 1.83

Table 2.3: Magnetic moments m on the V atoms, corresponding to the structures of
Table 2.2.

a distinct electronic structure, having a single half-occupied band with a dispersion
< 1 eV at the top of the valence band, whereas in the T -phase multiple bands with a
larger dispersion are crossing the Fermi level.

The isolated, relatively narrow, half-filled band of the H-phase is likely to be
susceptible to a magnetic instability. Indeed, switching on spin polarization gives a
decrease of the total energy. The resulting FM band structure, shown in Fig. 2.3(c),
displays a full splitting between the topmost spin-up and spin-down valence bands,
leaving one band fully occupied, and the other fully empty, with a small band gap of
0.2 eV between them. Hence the H-phase becomes a (Mott) insulator. These bands
have V 3d character, hence this splitting causes a magnetic moment around 1.0 µB to
develop on the V atom. The occupied spin-up and spin-down bands that start close
to �0.5 eV at the � point and disperse downward from there, have appreciable Se
character. Their spin splitting is then much smaller, and the Se atoms do not show
any significant magnetic moments.

The T -phase behaves similar to the H-phase, but to a lesser extend. The spin-
polarized FM band structure the T -phase, shown in Fig. 2.3(d), displays a size-
able splitting between V-dominated spin-up and spin-down bands, albeit somewhat
smaller than in the H-phase, cf. Fig. 2.3(c). Spin polarization decreases the density
of states at the Fermi level, but, in contrast to the H phase, the band structure remains
metallic. A magnetic moment of 0.6 µB develops on the V atoms.

We have also studied the possibility of AFM structures in a 2⇥1 cell, see Fig. 2.2.
The resulting band structure of the H-phase is shown in Fig. 2.4. For ease of compar-
ison to Fig. 2.3, we have unfolded the bands to a 1⇥1 cell, following the procedure
of Ref. [82]. Compared to the non-spin-polarized band structure, Fig. 2.3(a), one
observes that the topmost V-dominated valence band is significantly perturbed in the
AFM structure. The AFM band structure is insulating with a gap of 0.1 eV. The
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Figure 2.3: The non-spin-polarized PBE band structure of (a) H- and (b) T -VSe2;
spin-polarized PBE band structure of (c) H- and (d) T -VSe2, with spin-up and down
states marked in red and blue colors. The H-phase shows a large spin-splitting and is
insulating, while the T -phase is metallic with a smaller spin-splitting.

AFM H-phase develops small magnetic moments of ±0.3 µB on the V atoms. In con-
trast, we have not found an AFM solution for the T -phase in the 2⇥1 unit cell. The
band structures of the H- and T - phases of VS2 and VTe2 closely resemble those of
VSe2. In all cases the bands close to the Fermi level have dominant V 3d character.
Compared to VSe2, the chalcogen derived valence bands of VS2 shift downwards in
energy, whereas those of VTe2 shift upwards.

2.3.3 Including Hubbard U

The localized nature of the d electrons in transition metals, and the fact that the bands
close to the Fermi level have dominant V d character, invites an introduction of on-
site Coulomb interactions for the V d electrons, which we model by the PBE+U
functional, choosing a parameter value U � J = 3 eV. The resulting band structures
for the H- and T -phases of VSe2 are shown in Fig. 2.5.

Comparing Figs. 2.3(c) and 2.5(a), one observes that adding on-site interactions
amplifies the Mott insulating character of the H-phase. It drives the spin-split bands
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Figure 2.4: AFM band structures of (a) H- and (b) T -VSe2, calculated in the 2⇥ 1
cell, unfolded to the 1⇥1 cell; the size of the dots represent the orbital weights upon
unfolding.

around the Fermi level further apart, which enlarges the gap to 0.4 eV. The magnetic
moments on the V atoms remain 1.0 µB, consistent with the band structure.

The e↵ect on the T -phase band structure of introducing on-site interactions is
larger, as can be observed by comparing Figs. 2.3(d) and 2.5(b). The bands are gen-
erally pushed away from the Fermi level, although the structure remains metallic.
The magnetic moments on the V atoms become large (1.5 µB), and even the Se atoms
acquire small magnetic moments (0.1 µB).

The trends observed for the H- and T -phases of VSe2 are also observed for VS2
and VTe2. However, whereas a gap emerges between the V d-state derived bands of
the H-phase, H-VTe2 remains metallic due to Te bands that cross the Fermi level. In
the T -phase there is no metal-semiconductor transition for all three compounds.

In the AFM configuration (in the 2⇥1 cell) the most obvious e↵ect of introducing
on-site interactions, is a large increase in the magnetic moments, see Table 2.3. As
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Figure 2.5: Spin-polarized (FM) PBE+U band structure of H- and T -VSe2. The H-
phase has a band gap of 0.4 eV, while the T -phase remains metallic. AFM PBE+ U
band structure of H- and T -VSe2 in 2⇥1 cell, unfolded to the 1⇥1 cell. The H-phase
has a gap of 0.6 eV, and the T -phase is metallic.

already discussed, the T -phase AFM structure has the lowest energy for VSe2 and
VTe2. It has a metallic band structure, (Fig. 2.5(d)), whereas the H-phase AFM band
structure shows a sizable gap of 0.6 eV.

2.3.4 ARPES on VSe2 and DFT band structures

Most experiments have focused on VSe2, where good quality monolayers can be
grown on substrates such as HOPG. Some experiments claim to have found FM order
in monolayer VSe2 [74, 75], while others find a CDW and no magnetic order [72, 73].
A recent study characterizes monolayer VSe2 as a frustrated magnet, lacking long-
range magnetic order [71]. For a discussion of the magnetic properties of VSe2 we
refer to the latter paper. Here, we will discuss the (room temperature) angle resolved
photoemission spectroscopy (ARPES) measurements also presented in that paper,
and compare the results to our calculated band structures, see Fig. 2.6.

Figs. 2.6(a) and (b) present overlays of the experimental ARPES image with the
non spin-polarized band structures (calculated with PBE) of the T - and H-phases,
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Figure 2.6: Overlays of the experimental ARPES spectrum of monolayer VSe2 with
the calculated PBE (a,b) non-spin-polarized and (c,d) spin-polarized band structures
of the H- and T -phases. Comparison between these bands suggests the T -structure
for the monolayer.[71]

respectively. In the ARPES(angle-resolved photoemission) image one observes a
prominent flat band at ⇠ 0 eV. This is interpreted as originating from the edges and
grain boundaries of the sample [71], and is therefore not present in our band struc-
tures. From the overlays one concludes that the T -phase band structure is in much
better agreement with the ARPES data than the H-phase band structure. Hence it
seems logical to assume that, at least at room temperature, VSe2 assumes the T -
structure. Figs. 2.6(c) and (d) present similar overlays of the experimental ARPES
image with the FM band structures (calculated with PBE) of the T - and H-phases,
respectively. Compared to the non spin-polarized solutions, the agreement with the
H-phase band structure is even worse, and also the agreement with the T -phase band
structure does not improve, making it highly unlikely that ferromagnetism, even if it
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should exist, persists to room temperature. Likewise, overlays with the AFM band
structures do not improve the agreement with the ARPES data, rendering it unlikely
that AFM order exists at room temperature.

2.3.5 Charge density waves (CDW) in VTe2

Low dimensional metals are not only more susceptible to electron-electron interac-
tions, but also to electron-lattice interaction. The latter can lead to a periodic modu-
lation of the electron charge density, called a charge density wave (CDW), leading to
a lowering in the total energy. Several bulk Ta- and Ti-based TMDCs exhibit CDWs
at low temperatures [83], for instance, and also bulk VTe2 is a well-known CDW
material [84, 85].

In the independent particle model, the driving force for a CDW is a suppression in
the metallic density of states close to the Fermi level, which in its most extreme form
leads to a metal-insulator transition. A CDW is accompanied by a distortion of the
lattice, and typically such a distortion is signalled by a soft phonon mode, or even a
mode with imaginary frequency, for the non-distorted lattice. The question of course
arises whether these CDWs carry over from the bulk TMDCs to the monolayer.

Bulk VTe2 crystallizes in the T -phase, where it has been reported that the bulk
structure shows a 3

p
3⇥1 CDW distortion below 482K [84], see Fig. 2.7. Choosing

an undistorted 3
p

3⇥ 1 bulk cell for the DFT calculation, using the PBE functional,
we indeed obtain spontaneously the distortion described in the experimental paper.
However, considering a similar distortion for monolayer VTe2, the 3

p
3⇥ 1 recon-

struction shows neither a lowering of the total energy, nor of the density of states
around the Fermi level, as compared to the unreconstructed T -phase structure.

The unreconstructed T -phase is lower in energy by 60 meV per formula unit,
compared to the distorted system. Once can also look for a soft phonon mode in the
phonon spectra of the unreconstructed structure, however both H- and T -VTe2 do not
display any.

Recently, a 4⇥4 CDW has been observed in VTe2 deposited on HOPG [86, 87],
where it has been theorized that the substrate has a role in determining the recon-
struction. However, another ARPES study at 40K finds a metallic T -phase structure
to be the best match with the experimental results, with no sign of a CDW[88], which
suggests the need for a more detailed theoretical investigation.

2.4 Summary and Conclusions

To summarize, we have presented the electronic and magnetic properties of the H-
and T -phases of VX2 monolayers at the PBE level and at the PBE+U level. Using
the PBE functional we find the ferromagnetic (FM) structure of the H-phase low-
est in energy for all monolayer VX2 compounds. Introducing on-site interactions
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Figure 2.7: (a) Undistorted T -phase VTe2 monolayer; (b) 3
p

3⇥1 CDW distortion;
nearest neighbor distances between V atoms are marked in the image.

via the PBE+U functional stabilizes the T -structure, and also promotes the antifer-
romagnetic structure for VSe2 and VTe2, whereas for VS2 the FM H-phase remains
lowest in energy. Our DFT calculations seem to be inconclusive. One may need to
test more complicated (and more expensive) techniques, involving the use of hybrid
functionals, or the random phase approximation (RPA), for instance.

We have not considered magnetic anisotropy, originating from spin-orbit cou-
pling. According to the Mermin-Wagner theorem, a pure 2D material without anisotropy
cannot have a long range magnetic order. In contrast, the Ising model, which can be
considered as the limiting case for strong out-of-plane magnetic anisotropy, has a
clear phase transition at temperature Tc, and an ordered magnetic phase for T < Tc.
Experimental data from XMCD and absence of spin splitting in ARPES results on
VSe2 suggest that at room temperature there is no long range magnetic order. The
ARPES data are consistent with monolayer VSe2 adapting the T -structure.
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3
Spin/Charge Density Waves

at the Boundaries of Transition Metal

Dichalcogenides
⇤

One-dimensional grain boundaries of two-dimensional semiconducting MX2 (M=
Mo,W; X=S,Se) transition metal di-chalcogenides are typically metallic at room tem-
perature. The metallicity has its origin in the lattice polarization, which for these
lattices with D3h symmetry is a topological invariant, and leads to one-dimenional
boundary states inside the band gap. For boundaries perpendicular to the polariza-
tion direction, these states are necessarily 1/3 occupied by electrons or holes, making
them susceptible to a metal-insulator transition that triples the translation period.
Using density-functional-theory calculations we demonstrate the emergence of com-
bined one-dimensional spin density/charge density waves of that period at the bound-
ary, opening up a small band gap of ⇠ 0.1 eV. This unique electronic structure allows
for soliton excitations at the boundary that carry a fractional charge of ±1/3 e.

3.1 Introduction

The two-dimensional transition metal di-chalcogenides (TMDCs) MX2 (M=Mo,W;
X=S,Se,Te), in their common H-structure, are semiconductors with band gaps of 1-2
eV. Surprisingly, many edges and grain boundaries of these TMDCs are metallic at

⇤This chapter has been published S.Krishnamurthi, and G.Brocks, Spin/charge density waves at the
boundaries of transition metal dichalcogenides, Phys.Rev.B.102.161106 .
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room temperature [89]. This seems to be true irrespective of the substrate on which
the TMDC is deposited, or whether ultra-high vacuum(UHV) conditions are used or
not [20, 90]. Indeed, the exact atomic termination of edges and boundaries seems to
be irrelevant for their metallicity [91].

Experimentally, of the di↵erent possible TMDC edge configurations possible,
mirror twin boundaries (MTBs) have been studied most extensively [20, 90, 92, 93].
MTBs occur spontaneously when TMDC monolayers are grown on isotropic sub-
strates, or on substrates with a high in-plane symmetry, such as graphite. In essence,
a MTB is formed between two TMDC crystallites that have their crystal growth di-
rections rotated by 60 degrees, thereby forming mirror images of one another along
the line of coalescence, see Fig. 3.1. MTBs are among the most predominant one-
dimensional (1D) defects occurring during TMDC growth.

Whereas the presence of MTBs can be desirable or undesirable from the point
of view of applications, the 1D metallic nature of the MTBs makes them interesting
from a fundamental perspective. Two distinct views exist on the basic electronic
structure of such MTBs. From ARPES results on monolayer MoSe2, the existence
of a Tomonaga-Lüttinger liquid (TLL) has been put forward [21], which has also
been claimed from scanning tunnelling microscopy and spectroscopy (STM, STS)
on finite-length MTBs [94]. In contrast, low-temperature STM and STS on the same
material demonstrate the presence of a charge density wave (CDW) at the MTB with
a wavelength of three lattice constants, opening up a band gap of ⇠ 0.1 eV [20, 21].

Density-functional-theory (DFT) first-principles studies of MTBs have focused
foremost on their atomic structure, and their stability and formation energies [95].
There are several possible MTB structures, but overall the stoichiometric 4|4P struc-
ture, shown in Fig. 3.1, seems to occur most often experimentally [20, 96]. DFT
calculations predict this structure to be metallic if a periodicity of one lattice constant
along the MTB is assumed. Although it may appear likely that such 1D metallic
structures are susceptible to CDW Peierls distortions [20], so far, first-principles cal-
culations have not been able to identify the presence of such structural distortions at
MTBs, without resorting to artificial displacements of atoms. It is, however, well-
known that standard DFT functionals underestimate the local electron correlations
that can be prominent in transition metal compounds. Such correlations can give rise
to charge and/or spin ordering, which we study in this chapter by means of DFT+U
calculations.

In the present work, we analyze the electronic structure of 4|4P MTBs in MoSe2
and MoS2 monolayers. The metallicity is carried by 1D states localized at the MTB,
where the intrinsic electric polarization of the 2D TMDC dictates a total occupancy
of these states of 1/3 per MTB lattice site. Including the spin degree of freedom,
we show that a combined spin density wave (SDW) and charge density wave (CDW)
at the MTB leads to a period tripling without structural distortion. The SDW/CDW
lowers the total energy, and creates a band gap of a size comparable to experiment.
The general mechanism proposed here not only holds for MTBs in MX2 (M=Mo,W;
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X=S,Se,Te), but also for edges with zigzag orientations [12], which are also com-
monly found in these materials. We speculate that this unique electronic structure
allows for soliton excitations at such boundaries and edges that carry a fractional
charge of ±1/3 e [97].

In our calculations we model MTBs in a periodic supercell geometry. The su-
percell typically contains a ribbon of twelve MX2 units across the y-direction and a
number of units along the x-direction, with ribbons in neighboring supercells sepa-
rated by 10 Å vacuum in the y and z direction, see Fig. 3.1. Further computational
details can be found in the Supporting information † .

3.2 MTB states

The MX2 monolayer owing to its lack of inversion symmetry, has an in-plane electric
polarization. Using the modern theory of polarization [15, 98], it has been shown that
the polarization of lattices with D3h symmetry, such as the TMDCs discussed here, is
a D3h symmetry only allows for polarizations P = (p1a1 + p2a2)e/⌦ with (p1, p2) =
(↵+n1,�+n2);n1,2 = 0,±,1,±2..., where a1,2 are the lattice vectors of the primitive 2D
unit cell, ⌦ the unit cell area and (↵,�) is one out of three possible values: (2/3,1/3),
(1/3,2/3), or (0,0) (hence, the topological invariant is Z3). Straightforward DFT
calculations show that all our MX2 TMDCs belong to the same class and take on the
specific value (↵,�) = (2/3,1/3), see Fig. 3.1, which is in agreement with previous
calculations [98].

Crossing the MTB, the polarization is inverted (P $ �P), see Fig. 3.1. This
abrupt jump in the topological invariant causes the semiconducting band gap to close,
and gives rise to metallic states [99]. These localized interface states are responsible
for compensating the line charge (� = 2P · n̂, with n̂ the normal to the MTB) that
originates from the polarization [100]. We stress that these are additional electronic
gap states created as a result of the abrupt change of the topological invariant at the
MTB, and not bulk bands pulled towards the Fermi level, as is sometimes argued to
explain the metallic edges of a nanoribbon [98, 100], see Fig. 3.1. Indeed, similar
states are found in tight-binding calculations where edges are simple terminations of
bulk, and bulk parameters are used throughout, which omits any e↵ects of structural
rearrangements or changes in the local potential at the edges [99, 101]. Assuming
local charge neutrality, one observes the correct occupation of 1/3 or 2/3 of these
edge states [101].

A DFT calculation of the band structure of a MoSe2 MTB with the smallest pos-
sible periodicity, shows two bands, one partially occupied and the other completely
empty, that lie within the band gap, see Fig. 3.1, in agreement with previous calcu-
lations [94]. MTBs of other MX2 give similar band structures. On projecting on the

† See Supporting Information for details on exchange-correlation functionals used and other DFT
parameters, It includes the references [40–43, 54, 79, 80]
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Figure 3.1: (a) The 4|4P MX2 MTB structure; the red and black dashed lines indi-
cate the position of the MTB, and the periodicity along the MTB, respectively. The
arrows indicate the polarization P direction, which inverts across the MTB. The blue,
green, and red spheres indicate Mo, Se, and O atoms, see Supporting information.
(b) Calculated dispersion of DFT bands of MoSe2 along the MTB direction. The two
bands in the band gap (red and green), originate from the Mo atoms at the MTB, and
have dxz and dxy/dz2 character. The states at the two edges are not displayed here for
the sake of clarity. (c) The calculated density of states (DoS), with the MTB bands
and their typical 1D van Hove singularities.
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atoms at the MTB, we find that one of these bands has mostly M dxz character (shown
in red in Fig. 3.1), whereas the other band has mostly M dxy/dz2 character (highlighted
in green).

The occupancy of these MTB states can be deduced from a simple general rea-
soning. As the polarization jumps from P to �P going across the MTB, the result is
a polarization line charge � = 2P · n̂ = (2e)/(3a) at the MTB (where a is the lattice
constant along the MTB). In a system that consists of macroscopic domains separated
by MTBs, all of these boundaries have to be neutral, such as to avoid a polarization
catastrophe [18]. This means that each MTB must also carry an electronic charge ��,
which compensates for the polarization charge. Such an electronic charge can only
be carried by the 1D MTB interface states, located inside the band gap, as discussed
above.

This means that these particular bands must have a total occupancy of 2/3 elec-
trons. Referring to Fig. 3.1, this results in the lower of the two bands being 1/3
filled (accounting for spin degeneracy), whereas the upper one is completely empty
‡. Given their 1D character and the partial occupancy of 1/3, these metallic states
might then be susceptible to a Peierls-type structural distortion that leads to a tripling
of the period. However, like previous calculations, our DFT calculations do not give
such a spontaneous structural distortion of the MTB [20, 94]. Breaking the mirror
symmetry through random displacements of atoms at the MTB in the 3⇥ cell, and
subsequent relaxation of this structure, restores the original 1⇥ periodicity, see Sup-
porting Information.

3.3 SDW/CDWs

Nevertheless, it is highly unlikely that such 1D metallic states can escape electronic
perturbations unscathed. We study the possibility of charge ordering and concomitant
spin ordering using DFT+U calculations. The on-site electron-electron Coulomb
interaction in 4d transition metal atoms (TMs) such as Mo, is supposed to be weaker
than that in 3d TMs, and is thus often assumed to be negligible. Explicit calculations
of the screened Hubbard U in TMs [102], and in TM oxides [103], however show
that the latter assumption is often not justified, and that a moderate value of U ⇠ 3
eV for Mo 4d states is not unreasonable. The states at the 1D grain boundaries have
predominant Mo d character, which, because of the 2D surroundings, one may expect
to be relatively weakly screened. It is therefore appropriate to include the on-site

‡Like in most DFT calculations, we model the MTB by a ribbon of a limited width. In such a geom-
etry one can have a transfer of electrons between the (metallic) edges of the ribbon and the (metallic)
MTB, in order to equilibrate the Fermi level. This can cause the occupancy of the MTB bands (and that
of the edge bands) to deviate slightly from 1/3, as can be observed in Fig. 3.1. Although this is physical
for a small ribbon, the electron transfer is artificial when the ribbon is used to model a single MTB. We
suppress this artificial electron transfer by forcing the edges to be insulating, which can be done in a
supercell with tripled periodicity, See Supporting Information.
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Figure 3.2: (a) Band structure of the undistorted MTB of MoSe2, folded in the
tripled cell. (b) The SDW/CDW opens up an indirect band gap of ⇠ 0.26 eV. (c) The
corresponding DOS clearly shows this gap, and the typical 1D van Hove singularities.

Coulomb interaction.
As a starting point, Fig. 3.2(a) shows the same MoSe2 band structure as in Fig. 3.1,

but now in a 3⇥ cell, i.e., a cell that is tripled along the direction of the MTB. The
Mo dxz band (red) that was 1/3 occupied in the simple unit cell, is now of course
folded such, that the lowest branch is completely filled, and the upper two branches
are completely empty. The Mo dxy/dz2 band (green) is also folded twice, but its
three branches lie above the Fermi level. Using a Hubbard U � J = 3 eV §, and
re-optimizing the electronic structure [104], opens up a gap of ⇠ 0.47 eV between
the filled and the empty states of the Mo dxz band, as can be observed clearly in
Fig. 3.2(b). The (empty) Mo dxy/dz2 bands change very little. The result is a band
structure showing an indirect gap of ⇠ 0.26 eV between the occupied Mo dxz band
at X, and the unoccupied Mo dxy/dz2 band at �. The corresponding DOS, shown in
Fig. 3.2(c), shows this band gap, clearly marked by van Hove singularities character-
istic of 1D structures. The emergence of this SDW decreases the total energy of the
MTB by 67 meV/3⇥ cell.

The origin of this band gap opening lies at the emergence of a SDW localized
§We use the rotationally invariant of the DFT+U functional, as formulated by Dudarev et al., where

the Hubbard U and exchange J are combined into one parameter U � J [54].
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Figure 3.3: (a) Spin density at the MTB of MoSe2; the red/green colors indicate
spin up/down, where the SDW results in the three Mo atoms along the MTB becom-
ing inequivalent[105]. (b) The corresponding charge density; the brown/green colors
indicate the change with respect to the charge density of the ideal 1⇥ structure. (c)
LDOS, plotted as a simulated STM image [106], demonstrating the tripling of the
translation period along the MTB. The straight lines indicate the change of scale be-
tween figures (a),(b) and (c). (d) For comparison, the LDOS of the ideal 1⇥ structure
without the SDW/CDW is shown. Both LDOSs are integrated from �0.5 eV up to
the Fermi level.
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on the atoms closest to the MTB, which leads to magnetic moments on the three
Mo atoms on one side of the MTB of 0.40, �0.20, and �0.21 µB, respectively (the
three Mo atoms on the other, the mirrored, side of the MTB have exactly the same
magnetic moments). The inequivalence of the three Mo atoms is clearly visible in
the spin density shown in Fig. 3.3(a). This SDW is accompanied by a quite subtle
CDW, as shown in the corresponding local density of states (LDOS) in Fig. 3.3(b),
which leads to a tripling of the period as observed in STM [20], compare Fig. 3.3(c).
Although we let the geometry of the MTB free to relax with the SDW/CDW, we
observe no visible distortion in the structure. The bond lengths only change on the
order of a few times 10�3 Å.

MoS2 behaves similarly to MoSe2; in the 4|4P MTB structure of MoS2 a gap
is opened by a SDW/CDW with 3⇥ periodicity. Using U � J = 3 eV, the resulting
magnetic moments on the Mo atoms closest to the MTB are 0.25, �0.21, and �0.05
µB. The moments are somewhat smaller than for MoSe2, as is the induced gap at
X. The resulting band structures in the gap region of MoS2 and MoSe2 are however
quite similar, with MoS2 showing an overall indirect band gap of 0.10 eV between
the occupied Mo dxz band at X, and the unoccupied Mo dxy/dz2 band at �. The
total energy of the MoS2 MTB is decreased by 27 meV per 3⇥ cell., see Supporting
Information.

The onsite electron-electron Coulomb interaction is essential for the development
of a SDW/CDW, i.e., in a calculation with U � J = 0 it does not happen. Figure 3.4
shows the size of the band gap, the total energy decrease, as well as the size of the
maximal magnetic moment on the Mo atoms at the MoSe2 MTB, as a function of
the Hubbard U � J value used in the calculation. It can be observed that both the
band gap and the magnetic moments, increase monotonically with increasing U �
J, whereas the total energy decreases monotonically. All, however, remain sizable
even for relatively small values of U � J, which indicates the robust presence of a
SDW/CDW. Only if U � J becomes smaller than ⇠ 0.5 eV, a SDW/CDW fails to
develop.

We have also checked these results by calculations with the HSE06 hybrid func-
tional [107]. Qualitatively, the results are similar to those of the PBE+U calculations.
HSE06 gives a SDW/CDW at the MoSe2 MTB, with magnetic moments of 0.25,
�0.11, �0.15 µB on the Mo atoms along the MTB. The resulting band gap is 0.48
eV, and the energy gain associated with the SDW/CDW formation is 55 meV/3⇥ cell.
Details can be found in the Supporting Information.

Experimentally, the electronic structure of 4|4P MoSe2 MTBs has been inter-
preted using STM and STS in terms of CDWs by Barja et al. [20], where they ob-
served the characteristic 3⇥ periodicity. The observed band gap of ⇠ 0.1 eV suggests
that the e↵ective value of U� J in their case is rather moderate, i.e., in the range 1-1.5
eV. Similarly, these CDWs have been seen in STM by Ma et al.[21], and character-
ized by means of temperature-dependent conductivity measurements. We suggest
that the CDW is accompanied by a SDW, which, although the magnetic moments are
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Figure 3.4: Top: Band gap (red) and total energy per 3⇥ cell (black) of the MTB of
MoSe2, as function of the Hubbard U� J value. Bottom: Maximal magnetic moment
on the MTB Mo atoms as function of U � J.

moderate, may be observed using spin-polarized STM.
Whereas the SDW/CDW should represent the ground state of the MTB, we can-

not exclude that at a higher temperature, or for a markedly di↵erent MTB struc-
ture, electron correlations take over that are typical of 1D TLLs, as argued in Refs.
[21, 94].

In the mean time, SDW/CDWs of 3⇥ periodicity allow for interesting soliton
excitations, i.e., localized quasi-particles with fractional charges ±1/3 e or ±2/3 e,
and spin 1/2, 0, or even an irrational number [108, 109]. Such solitons will occur
naturally on MTBs with an overall length that is not a multiple of 3a, because the
boundary conditions at both ends of the MTB introduce frustration in the lattice [110].
In MTBs with lengths that are a multiple of 3a, solitons do not exist in the ground
state, but may be introduced by excitation. In particular, by depositing TMDCs on
substrates with which the electronic coupling is very weak, it may be possible to
observe their fractional charges in a Coulomb blockade experiment, using STM, for
instance.

In summary, using DFT+U calculations we have shown that a combined SDW
and CDW of triple period arises in MTBs of TMDCs, which open up a band gap of
⇠ 0.1 eV in the 1D metallic band structure of a MTB. We argue that the triple period
is necessarily the result of the topological invariant of these systems, i.e., the lattice
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polarization, which leads to metallic states in the 2D band gap, localized at the MTB,
with a total occupancy of 1/3. The emergence of a SDW/CDW lifts the metallicity,
but it also allows for topological soliton excitations, with charges that are multiples
of 1/3 e.

3.4 Supporting Information
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Figure 3.5: (a) Band structure of a MoS2 ribbon with MTB (the atomic structure
is shown in Fig. 3.5 in the main text). The MTB states with energies in the gap
are highlighted in red and green. The purple lines crossing these are metallic states
originating from the edges of the structure. (b) Band structure of the same ribbon,
with partially oxidized edges to make them insulating. Note that the lowest MTB
band (red) is now completely filled.

DFT calculations: All Density Functional Theory calculations are done us-
ing the VASP package with GGA/PBE and GGA/PBE+U functionals, applying the
projected augmented wave (PAW) techniques [40, 41, 43, 79, 80]. Regarding the
GGA+U functional, we use the rotational invariant form, as formulated by Dudarev
et al. [54], which combines the Hubbard U and exchange J parameters into a single
parameter U � J. We use a plane wave kinetic energy cut-o↵ of 400 eV for all cal-
culations. The forces are converged to 0.01 eV/Å, and the total energy convergence
criterion is set to 10�6 eV. Calculations are also performed using the hybrid, range-
separated Hartree-Fock/PBE functional HSE06 [107]. Because they are expensive
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in terms of computational resources required, HSE06 calculations are used only to
assess the solidity of the GGA+U results.
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Figure 3.6: DFT+U band structure (U � J = 3 eV) of 3⇥ MoSe2 ribbon including
SOC.

MX2 MTBs are modeled in a periodic supercell geometry, see Fig. 3.1(a) in the
main text. The supercell contains a ribbon of twelve MX2 units across in the y-
direction, with the MTB along the center of the ribbon, and one to three units along
the MTB in the x-direction. A k-point mesh of 12⇥ 1⇥ 1 is used for the 1⇥ unit
cell. Ribbons in neighboring supercells are separated by 10 Å vacuum in the y and z
directions.

Insulating edges: As the MX2 ribbon described above contains edges that are
metallic, and the MTB in the 1⇥ structure is also metallic, in general there will be
a transfer of electrons between the edge states and the MTB states, in order to equi-
librate the Fermi level in the system. This electron transfer causes the electronic
occupation of the MTB states to deviate from the 1/3 occupancy, which should nec-
essarily be fixed, if the MTB is part of a larger MX2 flake, see the discussion in the
main text. The deviation from occupancy 1/3 can be observed in Fig. 3.5(a); it is an
artefact of using a ribbon of a small width in the DFT calculations. Such an artificial
doping of the MTB states can prevent a SDW/CDW from developing. Note that such
an artefact occurs, whenever there is more than one type of metallic edge or boundary
present in the structure used in a calculation, which, given the structure of MX2, is
di�cult to avoid.

In order to circumvent this problem, we force the edges to become insulating,
such that no electron transfer to the MTB can take place. This can be done in the
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following way. In the 3⇥ periodic cell, we use the S or Se monomer termination at
the edges and adsorb oxygen on two out of three S or Se atoms near the edge, see
Fig. 1(a) in the main text. This structure makes the edges to become insulating, with
a substantial band gap of 1.23 eV at the edges [12]. There is no electron transfer
from these insulating edges to the MTB. The MTB states then cross the Fermi level
at exactly 1/3 occupancy. In the 3⇥ cell, the lowest of the three folded bands is then
fully occupied, see Fig. 3.5(b).

E↵ect of spin-orbit coupling: The calculations discussed in the main text have
been performed without spin-orbit coupling (SOC). One can include SOC by adding
an onsite term �L · S on the Mo atoms to the Hamiltonian; the coupling parameter
� is calculated self-consistently in VASP. Including SOC in our DFT+U calculation
gives the band structure shown in Fig. 3.6. The splitting in the MTB bands, induced
by SOC, is very small, compare to Fig. 3.2(b) in the main text. The e↵ects of SOC
on the SDW/CDW at the MTB are in fact minuscule; SOC does not a↵ect the SDW-
induced band gap or the magnetic moments developed on the Mo atoms at the MTB.
Therefore, it is safe to omit SOC for the properties discussed in this chapter.

(a) (b)

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

Γ X

E-
E f

 (e
V)

projected MTB DoS (a.u)

Figure 3.7: (a) Band structure of a MoS2 ribbon, folded in the 3⇥ cell, with a
SDW/CDW opening a band gap of 0.1 eV (b) The corresponding DoS projected at
the MTB, with the characteristic van Hove singularities.

MoS2 MTBs: In the main text we mainly present results on the MTBs of MoSe2,
as these have been studied most extensively. In this section we present results on the
MTBs of MoS2. Fig. 3.7(a) gives the band structure of a MoS2 nanoribbon, having
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a MTB along its center with 4|4P structure. Fig. 3.7(b) presents the corresponding
PDoS at the MTB. As for MoSe2, the calculations on the MoS2 ribbon are for a
3⇥ structure, using a value of U � J = 3 eV for the onsite Mo Coulomb/exchange
interaction. This leads to the emergence of a SDW/CDW creating a band gap of 0.1
eV. The SDW/CDW gives magnetic moments of 0.25, �0.21, and �0.05 µB on the
Mo atoms at the MTB along the 3⇥ cell. It decreases the energy by 27 meV per 3⇥
cell.

Compared to MoSe2, the SDW/CDW in MoS2 is less pronounced, with a smaller
band gap, smaller magnetic moments, and a smaller energy decrease. Qualitatively,
however, the physical e↵ects in MoSe2 and MoS2 are the same.

(a) (b)

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

Γ X

E-
E f

 (e
V)

Γ X

Figure 3.8: Band structures of (a) MoSe2 and (b) MoS2 ribbons with ferromagnetic
metallic states. The red and green circles represent the spin-up (Black lines) and
spin-down (Blue lines) bands of Mo dxz and dxy/dz2 character, respectively.

Ferromagnetic configurations in MoS2 and MoSe2 MTBs: The SDWs dis-
cussed in the main text lead to an anti-ferromagnetic ordering of spins on the Mo
atoms along the MTB. The DFT+U functional usually gives several local minima
that di↵er in their spin ordering, which can be close in energy. In many cases we also
find locally stable ferromagnetic states at the MTBs. The Mo atoms at the MTBs (cal-
culated with U� J = 3 eV) then have corresponding magnetic moments of 0.13, 0.13,
0.13 µB for MoSe2 and 0.05, 0.04, 0.23 µB for MoS2, respectively. The ferromag-
netic ordering leads to spin-split band structures, which, however, remain metallic,
in contrast to the SDWs discussed in the main text. Fig. 3.8 (a) and (b) shows the
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band structures of MoSe2 and MoS2 MTBs, respectively. The (anti-ferromagnetic)
SDW in MoSe2 gives a total energy that is 36 meV lower in energy per 3⇥ cell than
the ferromagnetic ordering, confirming that the SDW is the more stable state. For
MoS2, the total energies of the SDW and the ferromagnetic state are within 3 meV
of one another, confirming the conclusion of Sec. 3.4 that the SDW in MoS2 is less
pronounced than in MoSe2.
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Figure 3.9: (a) Spin density at the MTB of MoSe2 obtained with HSE06; the
red/green colors indicate spin up/down, where the SDW results in the three Mo atoms
along the MTB becoming inequivalent [105]. (b) Band structure of MoSe2; compare
to Fig. 2 (b) in the main text.

HSE06 functional: To better account for the on-site Coulomb and exchange in-
teractions, we repeat some of the calculations on the MoSe2 MTB using the hybrid,
range-separated Hartree-Fock/PBE functional HSE06 [107] for the electronic relax-
ation. This results in an antiferromagnetic SDW, which is qualitatively similar to
the one found with the PBE+U functional (the latter being computationally much
cheaper of course). Figs. 3.9(a) and (b) show the SDW and the band structure. The
HSE06 magnetic moments on the Mo atoms along the MTB are 0.251, �0.107, and
�0.147 µB, respectively, and the band gap is 0.48 eV.

Broken mirror symmetry: The MTB retains its metallic character even when
the mirror symmetry is broken by randomly displacing the atoms around the bound-
ary. Fig. 3.10 (a) shows an example of such a structure, with its (non-spin-polarized)
band structure shown in Fig. 3.10 (b). This adds to the suggestion that a SDW is
needed in order to create a gap. Upon geometry optimization, the randomized struc-
ture relaxes back to the 1⇥ periodicity along the MTB.

LDOS of unoccupied states: The LDOS at the bottom of the conduction band,
also show a tripling, however compared to the occupied states, the pattern is displaced
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by half a (3⇥) lattice constant, see Fig. 3.11. This is in agreement with the CDW
found experimentally[20].
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Figure 3.10: (a) MoSe2 MTB structure with randomly displaced atoms around the
boundary; the Mo-Mo distances are given in Å. (b) The corresponding band structure.

(a)

(b)

Figure 3.11: (a) MoSe2 MTB simulated STM image of the occupied states; the
LDOS is integrated from �0.5 eV up to E f . (b) The unoccupied states, where the
LDOS is integrated from 0.2 eV up to 0.4 eV above E f .
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4
One-dimensional electronic

instabilities at the edges of MoS2
⇤

The one-dimensional metallic states that appear at the zigzag edges of semicon-
ducting two-dimensional transition metal di-chalcogenides (TMDCs) result from the
intrinsic electric polarization in these materials, which for D3h symmetry is a topo-
logical invariant. These 1D states are susceptible to electronic and structural per-
turbations that triple the period along the edge. In this chapter we study possible
spin density waves (SDWs) and charge-density waves (CDWs) at the zigzag edges
of MoS2, using first-principles density functional theory calculations. Depending on
the detailed structures and termination of the edges, we observe either combined
SDW/CDWs or pure CDWs, along with structural distortions. In all cases the driving
force is the opening of a band gap at the edge. The analysis should hold for all group
VI TMDCs with the same basic structure as MoS2.

4.1 Introduction

Transition metal di-chalcogenides have emerged in the last decade as a new class of
two-dimensional (2D) materials with attractive electronic and optical properties. In
particular, the group of compounds MX2, M =Mo, W; X = S, Se, Te, has been at the
center of attention. In the bulk 2H-phase, these materials are indirect semiconductors.
Because they have a layered structure, where the interlayer bonding is van der Waals,

⇤This chapter has been published S.Krishnamurthi,M.Farmanbar and G.Brocks, One-dimensional
electronic instabilities at the edges of MoS2, Phys.Rev.B.102.165142 .
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two-dimensional (2D) layers can be isolated by micromechanical cleaving, or they
can be grown by chemical vapor deposition (CVD) or atomic layer deposition (ALD).
These 2D layers are direct semiconductors with band gaps in the range 1-2 eV[58,
111], which makes them interesting for optoelectronic applications, and, as they also
exhibit some catalytic activity, for photo-catalytic applications[112–114].

Growing 2D MX2 layers, one naturally produces finite-sized structures with edges
and grain boundaries[21, 89]. Somewhat surprisingly, such one-dimensional (1D)
structures are typically not semiconducting, but metallic at room temperature. To
find edges to be metallic is not so extraordinary as such, as the atoms at the edge
lack the full coordination of atoms in the bulk. Hence they commonly have dangling
bonds that are partially occupied, leading to metallicity. This type of metallicity is
however fragile, as it vanishes when the dangling bonds are saturated by adsorbants,
which readily happens under ambient conditions, for instance. In contrast, the metal-
licity of MX2 edges and grain boundaries seems to be robust. Not only does it occur
in UHV, but also under ambient conditions, and it does not seem to depend critically
on the details of the edge structure[11, 20, 115].

The 1D edges and grain boundaries of 2D MX2 layers seem therefore well suited
to study the physics of 1D metallic systems. As both electron-electron and electron-
lattice interactions are particularly e↵ective in one dimension, one expects 1D metals
to be very responsive to such interactions. From experiment, di↵erent scenarios for
such responses have been proposed, ranging from Peierls structural reconstructions
or charge density waves (CDWs) driving a metal-insulator transition, to a Tomonaga-
Lüttinger liquid with spin-charge separation[20, 21, 94].

Several computational studies have addressed the electronic structure of MX2
edge states, of zigzag edges in particular. The emergence of magnetic moments
on the metal atoms at the edges has been proposed [10, 44, 91, 116, 117], and re-
constructions of the MX2 edges have been explored, where, depending on the ex-
act edge termination, structures have been suggested that triple the period along the
edge[12], or double the period [14]. Some terminations are found to give rise to
multiple (meta)stable structures[118]. In previous work, we have argued by means
of first-principles calculations, that in mirror twin boundaries (MTBs), spin density
waves (SDWs) coupled with charge density waves (CDWs), localized at the MTBs,
drive a metal-insulator transition, with band gaps ⇠ 0.1 eV as a result[119], where the
symmetry of the MX2 lattice dictates the periodicity of these SDW/CDWs.

In this chapter we generalize these results by studying possible SDW/CDWs at
di↵erent edge structures, using first-principles calculations at the level of density
functional theory (DFT), including DFT+U. We use monolayer MoS2 as an example
of the class of MX2 materials. The edges with zigzag orientation are the most inter-
esting, because they are the ones that emerge naturally under growth conditions, so
we focus on these. We argue that at these edges, possible SDW/CDWs should have a
periodicity of (a multiple of) 3a, with a the primitive lattice constant along the edge,
which is dictated by topology and the symmetry of the lattice.

42



Chapter 4. One-dimensional electronic instabilities at the edges of MoS2

This chapter is organized as follows. In Sec. 4.2, we present our structural
nanoribbon model for the edges, and the technical details of the DFT calculations.
We also summarize the topological and symmetry arguments that predict metallic
edge states, which are partially occupied states localized at the edges, with energies
within the band gap of the MX2 monolayer, as well as the exact occupancy dictated
by these arguments. In Sec. 4.3, we present the results on the di↵erent zigzag edges,
the Mo edge and the S edge, and of di↵erent structural and chemical modifications
of these edges. Finally, the results and conclusions are summarized in Sec. 4.4.

4.2 Methods and model

We use first-principles electronic structure calculations at the level of density func-
tional theory (DFT). All DFT calculations are done with the VASP package[40, 41,
43, 79, 80], using the generalized gradient approximation / Perdew-Burke-Ernzerhof
(GGA/PBE) [50] and PBE+U functionals and the projected augmented wave (PAW)
method, while treating the Mo 4d, 5s, 4p, and the S 3p and 3s shells as valence elec-
trons. We use a plane wave kinetic energy cut-o↵ of 400 eV, and a k-point sampling
along the edge of 24 and 8 points for cells with 1⇥, and 3⇥ periodicity, respectively.
Upon relaxing the structures, the ultimate forces acting on the atoms are below 0.01
eV/Å, and the electronic convergence criterion is set to 10�5 eV/cell.

Although on-site Coulomb and exchange interactions in 4d transition metals,
such as Mo, are typically weaker than in 3d transition metals, first-principles cal-
culations on transition metals and transition metal oxides have shown that Hubbard
U values of order 3 eV are quite reasonable for 4d transition metal atoms [102, 103].
In 2D materials, where electronic screening is weaker than in 3D, one may expect
similar values at least. We include such on-site Coulomb and exchange interactions
within the GGA+U formalism, applying the rotational average approach [54], which
uses a single parameter U� J, where we have checked U� J values over a range from
2-4 eV. Including the on-site interaction with this parameter setting, does not change
the electronic structure of the semiconducting monolayer MoS2, but it can modify
the (electronic) structure of (near-)metallic edges.

Spin-orbit coupling (SOC) may also play a role in 4d transition metal compounds.
In this particular case, SOC only gives small (< 0.1 eV) splittings and shifts in the
edge bands, so we neglect it in the rest of this chapter. See Supporting Material,
Fig. 4.8 for more details.

We model the MoS2 edges by a nanoribbon structure, which is periodic in one
dimension (the x-direction in the following). The width of the ribbon is 11 MoS2
formula units (the y-direction), and its height (the z-direction) is one unit. With this
width the two edges of the ribbon do not interact directly. For too small a width
(. 4 formula units) a bonding/anti-bonding interaction between the two edges occurs;
See Supporting Information, Fig. 4.9 for more details. The periodic images of the
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nanoribbon are separated from one another by a vacuum space of 15 Å along both
y- and z-directions. With this vacuum spacing there are no discernible interactions
between the periodic images of the nanoribbon.

It is important to note that in DFT calculations, if one uses a nanoribbon ge-
ometry with two di↵erent edges, and both the edges are metallic, there can be an
electron transfer between the edges in order to equilibrate the Fermi level. This elec-
tron transfer is spurious if the nanoribbon is supposed to model single edges as they
occur under experimental conditions. It leads to a di↵erent electron occupancy at the
two edges, and, in some cases, this may cause a reconstruction or CDW pattern that
is restricted to a specific nanoribbon geometry [14]. To truly observe the intrinsic
electronic properties of a single edge, the opposing edge of the nanoribbon must be
made insulating to prevent this self-doping.

4.2.1 Edge structures and metallicity

The elementary edges with (10) orientation of a 2D hexagonal lattice such as mono-
layer MoS2, are called zigzag edges, see Fig. 4.1. As the MoS2 lattice lacks inversion
symmetry, or an in-plane twofold rotational or mirror symmetry, it means that for a
nanoribbon with edges in zigzag orientation, the two opposite, (10) and (1̄0), edges
are structurally di↵erent. The (10) edge is called the Mo edge, as in its pristine form
it is terminated by metal atoms, see Fig. 4.1(a). Similarly, the (1̄0) edge is called the
S edge; it is terminated by chalcogen atoms.†

In a nanoribbon geometry, the D3h symmetry of monolayer MoS2 is obviously
broken at the edges. Upon optimization, most structures we are considering here,
however, turn out to keep the mirror symmetry �h with respect to a plane through the
Mo atoms, in which case the electronic states can be classified as even or odd with
respect to �h.

Because of the lack of inversion or similar twofold symmetry, the polarization of
the MoS2 lattice need not be zero. According to the modern theory of polarization,
the latter can be calculated as[15]

P = e
2⇡2

Z

BZ
A(k) d2k (4.1)

where A(k) = i
P

n,occ hun(k) |rk|un(k)i is the Berry connection, with un(k) the peri-
odic part of the Bloch wave function, and n the band index. In 2D, the polarization
vectors form a lattice P = (p1a1 + p2a2)e/⌦, with a1 and a2 the 2D lattice vectors,
⌦ the unit cell area, and (p1, p2) = (↵,�)+ (n1,n2);n1,2 = 0,±1,±2.... For structures
with D3h symmetry, the allowed values of (↵,�) are restricted to (0,0), (1/3,2/3), or

†Edges with (12) orientation, which are perpendicular to the zigzag edges are called armchair edges.
A nanoribbon with edges in armchair orientation has two identical edges. Armchair edges are semicon-
ducting with a sizable gap [10, 98], and not of interest for the present chapter.
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(a) (b)

(c)

Zigzag	Mo	edge

Zigzag	S	edge

50%	S	Mo	edge

100%	S	Mo	edge Side	view:

Figure 4.1: Structures of nanoribbons, with Mo (10) and S (1̄0) zigzag edges along
the x direction. The dashed rectangle indicates 1⇥ unit cell and the blue and yellow
spheres represent Mo and S atoms respectively. (a) Pristine Mo edge and S edge; (b)
100% S-dressed Mo edge; (c) 50% S-dressed Mo edge.

(2/3,1/3), and the polarization is a topological Z3 invariant[16, 17]. Semiconduct-
ing monolayer TMDCs, MX2 (M = W, Mo, X = S, Se, Te) with 2H structure, have
(↵,�) = (2/3,1/3), as is confirmed directly by DFT calculations.

The nonzero polarization of a 2D MoS2 layer has direct consequences for the
metallicity of its zigzag edges[98, 100]. Formally it leads to a polarization charge
� = P · n̂ = ±2e/3a at a zigzag edge, where the positive and negative signs refer to
zigzag edges of (1̄0) and (10) orientations, respectively. In a macroscopic sample,
the edges must be charge neutral, such as to avoid a polarization catastrophe. This
means that the polarization charge has to be compensated by an electronic charge ��.
It might be argued that the electronic charge resides in bands that are pulled up from
the monolayer bulk valence band, or pushed down from the conduction band, due to
a locally changed potential[98]. In the cases we have studied, we observe that the
electronic charge fills additional states created at the edges, with energies inside the
monolayer band gap. Such edge states are likely to have a topological origin; they
are, for instance, also observed in simplified tight-binding models[99, 101], where
the local potential is forced to be fixed at its bulk value.

As the electrons residing in these edge states must contribute a charge ��, it
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means that at the Mo edge (10), the corresponding 1D edge bands must have a total
occupancy of 2/3. Similarly, the corresponding 1D edge bands at the S edge (1̄0)
must be 2/3 occupied by holes. Clearly, in absence of reconstructions or other 1D
instabilities, both these edges have to be metallic. Moreover, from the occupancy of
their edge states, one may suspect that the edges are susceptible to electronic and/or
structural instabilities typical for 1D systems that triple the period along the edges.

4.3 Results and discussion

We first examine the bare Mo edge with unperturbed 1⇥ periodicity, Fig. 4.1(a), and
then look at di↵erent terminations with S atoms at the Mo edge, Figs. 4.1(b) and
(c) [13]. Bare Mo edges can only exist under extreme growth conditions, or are
made artificially under electron bombardment, for instance [11], as any appreciable
presence of sulfur dresses the Mo edge with S atoms[9]. Of those, dressing with S
dimers, Fig. 4.1(b), or with individual S atoms, Fig. 4.1(c) are the most common,
each of the two structures being thermodynamically stable in a di↵erent range of
S chemical potential. They are called the 100% S-dressed Mo edge, and the 50%
S-dressed Mo edge in the following, respectively.

We study the electronic structures of the bare, the 50% S-dressed, and the 100%
S-dressed Mo edges, initially in their unperturbed 1⇥ periodicity, and then look at
possible instabilities that triple the period. Of these, reconstructions or Peierls distor-
tions, which perturb the edge structure, are the most basic, but we will also investigate
spin density and charge density waves that are mainly electronic.

Under typical conditions MoS2 grows in the form of triangular islands, where the
Mo edge, either in its 50% or in its 100% S-dressed form[13, 89], is the most preva-
lent edge termination. For completeness, we also discuss the possible structures and
electronic structures of S edges and their susceptibility to (electronic) perturbations
that triple the period.

As stated in the previous section, in a calculation that uses a nanoribbon geometry
with two di↵erent edges, there can be an electron transfer between the edges in order
to equilibrate the Fermi level, which can lead to an electron occupancy di↵erent from
±2/3 at the two edges. Therefore, in order to model the intrinsic properties of a single
edge, the opposing edge of the nanoribbon is then made insulating.

4.3.1 Pristine edges

A pristine Mo edge is terminated by Mo atoms, Fig. 4.1(a). The Mo atoms at the
edge are undercoordinated and can be expected to participate in edge states. Indeed,
the electronic structure of the nanoribbon shows two such dominantly Mo edge bands
crossing the Fermi level. The first band highlighted in green in Fig. 4.2(a), has Mo
dxy,dx2�y2 ,d3z2�r2 character and even symmetry with respect to �h, whereas the sec-
ond band, highlighted in red, has Mo dxz,dyz character and odd symmetry. The latter
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Figure 4.2: (a) Band structure of the pristine nanoribbon, calculated with the PBE
functional; the green and red colors measure a projection of the wave function on the
Mo orbitals of even (dxy,dx2�y2 ,d3z2�r2 ), respectively odd (dxz,dyz) �h symmetry of
the atoms at the Mo edge; the yellow color marks a similar projection on the p orbitals
of the S atoms at the S edge. The figure on the right side shows the projected density
of states (PDoS), projected on the Mo atoms at the Mo edge. (b) Wave function
density at the S edge at E �EF = �0.1 eV. (c) Wave function density at the Mo edge
at E�EF = 0.5 eV.

band is shown below to have dangling bond character, and is sensitive to (chemical)
changes, but the first band is more robust. The projected density of states (PDoS) at
the Mo edge highlights the typical van Hove singularities of 1D states, see Fig. 4.2(a).

A pristine S edge, terminated by S atoms, shows two edge bands. The first one,
highlighted in yellow in Fig. 4.2(a), crosses the Fermi level with very little dispersion.
This band has S py, pz character and odd symmetry, and can be classified as a typical
dangling bond state. The second band is fully unoccupied, and disperses into the
conduction band of MoS2. It has Mo d character and even symmetry. Typical wave
function densities for the Mo dominated states at the S edge and the Mo edge are
shown in Fig. 4.2(b) and (c). They have been calculated at energies E � EF = �0.1
eV and 0.5 eV, respectively.
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Figure 4.3: (a) Band structure of nanoribbon with 100% S-dressed Mo edge and
corresponding PDoS in the same representation as in Fig. 4.2, calculated with the
PBE functional; the blue line in the figure on the right shows the projected density
of states (PDoS), projected on the Mo atoms at the Mo edge, whereas the black line
shows the projection on the S atoms at that edge. (b,c) Wave function densities at the
Mo edge at E�EF = 1.0 eV and 0.0 eV, respectively.

4.3.2 100% S-dressed Mo Edge

At a Mo edge that is maximally dressed by S atoms, each of the Mo atoms at the
edge is fully coordinated by six S atoms, see Fig. 4.1(b). This structure emerges
under sulfur-rich growth conditions[12, 13, 91, 120, 121]. The S atoms at the edge
have an incomplete coordination, which is partially o↵set by dimerization. In fact,
the undimerized form is not stable, and S dimers form spontaneously at the edge
during geometry optimization.

The band structure of the 100% S-dressed edge is shown in Fig. 4.3(a). The Mo
edge remains metallic, with two edge bands crossing the Fermi level. A band with
a large dispersion, downward from � to X, toward the bulk states, can be attributed
to the S dimers at the edge. It has S px character and is completely localized on S
atoms, see Fig. 4.3(b).
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The band highlighted in green has Mo d character and even �h symmetry. It is in
fact similar to the band with even symmetry identified in the pristine case, Fig. 4.2(a),
but lowered in energy by ⇠ 0.5 eV. Plotting the wave function density confirms its
character, see Fig. 4.3(c). The state is characterized by a bonding interaction be-
tween dxy orbitals of neighboring Mo atoms, and an anti-bonding interaction with
py orbitals on the second row of S atoms and the dx2�y2 orbitals of the second row
of Mo atoms. The qualitative similarity to the state identified for the pristine edge,
Fig. 4.2(c), demonstrates the robustness of this state.

In contrast, the Mo-derived edge band with odd �h symmetry identified for the
pristine edge, (red color in Fig. 4.2(a)) has disappeared for the S-dressed Mo edge,
confirming our previous notion that it is a dangling bond state, which is sensitive to
chemical perturbations.

Focusing on the occupation of the edge bands, we notice that the Mo d band has
an occupancy of approximately 2/3, which one can also infer from the PDoS shown
in Fig. 4.3(a).‡ This 2/3 occupancy stems from the need for electronic compensation
of the polarization charge, as discussed in the previous section.

4.3.3 CDW/SDWs at the 100% S-dressed Mo Edge

Given the metallicity of the Mo edge, and the known susceptibility of 1D structures
to electronic and structural perturbations, it is worth while to study whether such
perturbations can break the translational symmetry along the edge. In particular,
given the 2/3 occupancy of the edge states, a Peierls type structural distortion may
induce a metal-insulator transition at the edge in a 3⇥ unit cell. A similar transition
may be induced by a charge density wave (CDW) or a spin density wave (SDW) with
3⇥ periodicity.

Using the GGA/PBE functional, we do not find a Peierls distortion for the 100%
S-dressed Mo Edge, which is in agreement with the results obtained in previous
work[12]. Including spin polarization at the GGA/PBE level does not change this
result; it does not lead to any magnetic moments on the edge Mo atoms, for instance
[12]. To study the possibility of SDWs at the edge, we therefore introduce a moder-
ate U � J = 3 eV for the Mo 4d electrons[102–104]. This addition does not change
the electronic structure of a MoS2 monolayer, but it modifies that of the Mo edge.
Starting with the structure with 1⇥ periodicity, the edge Mo atom develops a sizable
magnetic moment of 0.7µB. The Mo d edge band becomes spin split, with an energy
splitting ⇠ 1.0 eV. The spin-up band becomes completely occupied and is pushed
down into the valence band, whereas the spin-down band is pushed up, and becomes
1/3 occupied, compare Figs. 4.4(a) and 4.3(a). In contrast, the band derived from the

‡The occupancy can be calculated by integrating the PDoS from the bottom of the band (blue) at
⇠ �0.4 eV to the Fermi level (at 0 eV), and normalizing with respect to the integral over the full band,
from ⇠ �0.4 to ⇠ 0.4 eV.
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S px states shows very little spin splitting, consistent with the absence of magnetic
moments on the S atoms.

The 1/3 occupancy of the Mo edge spin-down band suggest to study possible
perturbations of this 1D metallicity in a cell with 3⇥ periodicity Indeed, upon reopti-
mization in this cell, a SDW emerges that breaks the 1⇥ periodicity, see Fig. 4.4(e),
with magnetic moments on the three Mo atoms at the edge of 1.0 µB, 1.1 µB, and
�0.14 µB, respectively. The SDW also gives rise to a modulation of the structure,
accompanied by a CDW, Fig. 4.4(d). Focusing on the structural details, the S atoms
remain dimerized, where the distance between two adjacent S dimers displays the
3⇥ periodicity with values of 3.47 Å and 2.97 Å. Likewise, the distances between
adjacent edge Mo atoms also show this 3⇥ pattern with values of 3.22 Å and 3.09 Å
. The SDW/CDW causes a lowering of the total energy by 125 meV/3⇥ unit cell.

The corresponding band structures of the Mo edge clearly demonstrate that the
emergence of the SDW/CDW leads to a metal-insulator transition. Folding the 1/3
occupied Mo band of the 1⇥ cell in the 3⇥ cell gives three bands, with the lowest
occupied and the upper two unoccupied. The SDW/CDW creates a sizable band gap
of ⇠ 0.7 eV between the occupied and unoccupied Mo-dominated edge states (high-
lighted in green in Figs. 4.4(b) and (c)). The CDW also splits the S-dominated edge
band, creating a gap of ⇠ 0.5 eV between occupied and unoccupied states (high-
lighted in black in Figs. 4.4(b) and (c)). The overall result is a band structure with
an indirect gap of ⇠ 0.2 eV between a Mo-dominated edge state and a S-dominated
edge state, see Fig. 4.4(c).

The emergence of a SDW/CDW does not depend critically on the particular value
of U � J used in the calculation. It persists for U � J > 2 eV, although the band gap
and the energy gain per unit cell increase monotonically with increasing U � J, see
Fig. 4.5. Varying U � J between 2 and 4 eV changes the magnetic moments on
the Mo edge atoms by ⇠ 50%. However, increasing U � J to beyond 4 eV starts to
spin-polarize all the ribbon states, not only the edge states (although the SDW/CDW
remains), See Supporting Material, Fig. 4.10 for more details. Magnetic moments
then develop also on the Mo atoms in the interior of the nanoribbon. Moreover, for
large values of U � J, monolayer MoS2 also becomes magnetic, which is unphysical.
Through Bader analysis we do not find any evidence for multi-valency of the Mo
edge atoms [12].

4.3.4 50% S-dressed Mo Edge

The 50% S-dressed Mo edge has a single S attached per Mo edge atom, see Fig. 4.1(c).
This structure emerges under growth conditions with a moderately low sulfur con-
centration (a moderately low sulfur chemical potential)[12, 13, 91, 120, 121]. The
corresponding band structure of the 1⇥ cell is shown in Fig. 4.6(a). It shows one
metallic edge band, which originates from the Mo atoms at the edge. This band has
the same character as the Mo d band with even �h symmetry identified in the pristine
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Figure 4.4: (a) Band structure of 1⇥ nanoribbon with 100% S-dressed Mo edge,
calculated with the PBE+U functional, U � J = 3 eV, spin-up and down bands shown
in the same figure in colors red and blue respectively. (b,c) Spin-up, spin-down bands
in the 3⇥ periodic cell, after electronic and structural relaxation (for clarity, the S
edge bands are not shown). (d) CDW at the Mo edge in this cell; the brown/green
colors indicate the change in charge density �⇢ = ⇢3⇥ � ⇢1⇥ with respect to that of
the unperturbed 1⇥ structure. (e) Corresponding SDW at the Mo edge; the red/green
colors indicate the density of spin up/down wave functions[105].
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Figure 4.5: Top: (black) total energy per 3⇥ cell of the SDW/CDW with respect to
the non-polarized 3⇥ structure, as function of U � J; (red) corresponding band gap at
the edge. Bottom: corresponding magnetic moments on the edge Mo atoms.

case, Fig. 4.2(a), but is shifted downward in energy.
There is also a Mo d band with odd �h symmetry, with energies in the gap, which

we characterized as a dangling bond state in Fig. 4.2(a). In this case, however, it
is completely unoccupied. Therefore, the electrons required for compensating the
polarization charge reside in the Mo d band with even �h symmetry. As before,
topology dictates the occupation of this band to be 1/3.

Reoptimizing this structure in a cell with 3⇥ periodicity, results a a sizable Peierls
distortion, where one out of the three S atoms dressing the edge moves inwards, and
pushes the two Mo atoms bonded to it somewhat to the side, see Fig. 4.6(c). In this 3⇥
pattern, two of the distances between adjacent Mo atoms along the edge then become
shortened to 2.97 Å, and the third one increases to 3.61Å .

This Peierls reconstruction opens up a band gap of ⇠ 0.7 eV, resulting in an insu-
lating structure also for this particular Mo edge structure. The total energy decreases
by a sizable 0.33 eV per 3⇥ cell. Unlike the 100% S-dressed Mo edge, no SDW
emerges at the 50% S-dressed Mo edge. The metal-insulator transition is Peierls
driven and does not produce magnetic moments on the edge Mo atoms.

This reconstruction agrees with results found in previous studies [12]. There it
was also claimed that the resulting electronic structure shows a multi-valency of the
Mo edge atoms, with one out of the three Mo atoms showing a higher valency than
the two others. However, in our case a Bader analysis does not provide any evidence
for multi-valency.
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Figure 4.6: (a) Band structure of nanoribbon with 50% S-dressed Mo edge in 1⇥ cell,
using the same color coding as in Fig. 4.2. (b) Band structure after Peierls distortion
in 3⇥ cell. (c) Charge density di↵erence �⇢ = ⇢3⇥ �⇢1⇥[105].

4.3.5 S edge

The pristine S edge is terminated by S atoms, shown in Fig. 4.1, and has a metallic
band structure dominated by an edge state that shows little dispersion, Fig. 4.2(a).
This state mainly consists of dangling bonds on the edge S atoms, and is therefore
susceptible to structural and chemical changes. The simplest structural change is the
formation of a bond between the S edge atoms, called the dimerized (D) structure,
whereas the pristine structure is called undimerized (U). The D structure is lower in
energy than the U structure by 130 meV per 1⇥ unit cell. The S dangling bond state
disappears in the D structure, as expected, but the band structure is still metallic. The
Fermi level is crossed by an edge state that has Mo d character, dominated by the Mo
atoms closest to the edge. This band is approximately 2/3 occupied, hence it is prone
to a 1D metal-insulator instability in a cell with 3⇥ periodicity.

Turning to such a 3⇥ cell, one complicating factor is that one can have a com-
bination D and U sulfur dimers, see Fig. 4.7(a). Using the standard PBE functional,
the UUU and DDD structure are higher in energy compared to the partially dimer-
ized and undimerized structures, UUD and UDD. The UUD structure is the lowest in
energy; upon optimization it develops a CDW, which leads to opening a band gap of
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Figure 4.7: (a) The side view of the UDD structure at the S edge, the edge S atoms
are highlighted in brown (b) Band structure of nanoribbon calculated with the PBE
functional, focusing on the S edge in the UDD structure; the green color measures
a projection of the wave function on the Mo orbitals of even �h symmetry of the
Mo atoms at the S edge, the bands highlighted in yellow are the fully occupied S p
orbitals (for clarity, the Mo edge bands are not shown). (c,d) Spin-up, respectively
spin-down bands in the 3⇥ periodic cell, after electronic and structural relaxation,
calculated with the PBE+U functional, U � J = 3 eV. (e) CDW at the S edge in this
cell; the brown/green colors indicate the change in charge density �⇢= ⇢3⇥�⇢1⇥ with
respect to that of the unperturbed 1⇥ structure. (f) Corresponding SDW at the S edge;
the red/green colors indicate the density of spin up/down wave functions[105].
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0.4 eV at the edge. This is in agreement with what has been found previously for this
structure [12].

However, the UDD structure shown in Fig. 4.7(a) is only about 35 meV per 3⇥
unit cell higher in energy. It is still metallic with a 1/3 occupancy of the edge state
with dominant Mo d character, discussed above, see Fig. 4.7(b). When on-site cor-
relation for the Mo d orbitals is turned on, with U � J = 3 eV, the UDD structure
becomes the lowest in energy compared to the UUD by almost 500 meV per 3⇥ unit
cell. A strong ferromagnetic SDW develops, with magnetic moments of 1.1 µB, 0.6
µB, and 0.6 µB on the Mo atoms at the S edge. This leads to a large band gap of ⇠ 1
eV between the spin-up bands, see Fig. 4.7(c), and an even larger band gap between
the spin-down bands, Fig. 4.7(d). The SDW, shown in Fig. 4.7(f), is accompanied by
a CDW, shown in Fig. 4.7(e), which also leads to a 3⇥ structural modulation. While
the UDD configuration for the S atoms is retained, the distances between adjacent
Mo atoms at the edge display the 3⇥ periodicity, with values of 3.29 Å and 2.98 Å.

Di↵erent patterns of U and D sulfur dimers at the edge represent local minima
in the total energy. If the pattern has a period that is a multiple of three,then a CDW
(which may be accompanied by a SDW) leads to a gap opening. As an example, we
performed a calculation in a 6⇥ cell using the pattern DDDUUU. This structure has
a total energy comparable to the UUD structure, and a similar band gap of 0.35 eV;
See Supporting Information, Fig. 4.11 for more details.

4.4 Summary and conclusions

The physics of MoS2 edges is governed by its 2D hexagonal lattice with D3h symme-
try, which allows for a nonzero 2D electric polarization. The latter is a topological Z3
invariant. It results in a polarization charge � = ±2e/3a at MoS2 zigzag edges (with a
the lattice constant along the edge), which needs to be compensated by an electronic
charge �� at the edge. These electrons reside in electronic states that are confined
to the edge, and have energies within the band gap of MoS2. As these states have
a total occupation of 1/3 or 2/3, structures with 1⇥ periodicity along the edge are
necessarily metallic.

However, as their metallicity is one-dimensional, they are prone to periodic elec-
tronic and structural instabilities that promote a metal-insulator transition. Because
of the reasoning of the previous paragraph, the periodicity of these perturbations has
to be (a multiple of) three. Indeed, we find that in structures of zigzag edges dis-
cussed in this paper, instabilities of 3⇥ periodicity occur that lower the total energy,
and result in a metal-insulator transition.

Which particular instability occurs, depends on the structure of the edge. For a
Mo zigzag edge that is 50% decorated with S atoms, a Peierls distortion occurs, which
generates an insulating edge. Peierls distortions do not occur at a Mo zigzag edge that
is 100% decorated with S atoms, nor at a S zigzag edge. Instead, at these edges we
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find a spin-density wave (SDW), accompanied with a charge-density wave (CDW),
which creates a band gap at the edges. Such SDW/CDWs have also been found
at mirror-twin boundaries of MoS2 [119], indicating that they may be a common
phenomenon for this material.

In fact, because all phenomena discussed in this chapter are driven by the Z3
topology of the 2D D3h symmetry, other compounds that belong to the same class
as MoS2 are expected to show a similar behavior. This holds for all semiconducting
MX2, M =W, Mo; X = S, Se, Te, for instance.

The emergence of SDW/CDWs opens up possibilities for potential experiments.
The spin character might be probed by spin-polarized scanning tunneling, for in-
stance. The 3⇥ periodicity of these SDW/CDWs also allows for interesting soliton
excitations, that have fractional charges ś1/3e or ś2/3e. Such solitons will occur nat-
urally on zigzag edges with an overall length that is not a multiple of 3a. At edges
with lengths that are a multiple of 3a, solitons do not exist in the ground state, but
may be injected. In a Coulomb blockade experiment with STM, it should be possible
to observe their fractional charges, for instance.

4.5 Supporting Information
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Figure 4.8: DFT+U band structure (U � J = 3 eV) of MoS2 nanoribbon with 100%
S-dressed Mo edge in 3⇥ cell, including SOC.
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Spin-orbit coupling: The calculations discussed in the main text have been per-
formed without spin-orbit coupling (SOC). One can include SOC by adding to the
Hamiltonian an onsite term �L ·S on the Mo atoms; the coupling parameter � is cal-
culated self-consistently in VASP. Figure 4.8 shows the band structure of the MoS2
nanoribbon with a 100% S-dressed Mo edge in the 3⇥ cell, calculated while including
SOC. A comparison to Figs. 4 (b) and (c) show that SOC introduces small splittings
and shifts of the bands < 0.1 eV without changing the basic band structure. In fact,
the e↵ects of SOC on the SDW/CDW at the edge are minuscule; SOC does not a↵ect
the SDW-induced band gap, nor the magnetic moments developed on the Mo atoms
at the edge. Therefore, we have omitted SOC for the other edge structures discussed
in this chapter.
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Figure 4.9: (a) Band structures of the 1⇥ pristine MoS2 nanoribbon, for ribbon widths
of (a) two, (b) four, and (c) six (bulk) unit cells. Color coding of the edge bands as in
Fig. 2(a) of the main text.

Width of the nanoribbons: For the calculations discussed in the main text we
have used MoS2 nanoribbons with a widths of eleven (bulk) unit cells. If the width
of the ribbon becomes too small, the states at the Mo edge and the S edge start
to interact across the ribbon, which results in a bonding/anti-bonding hybridization
gap markedly perturbing the band structure. This is clearly visible in Fig. 4.9(a),
which displays the band structure of a nanoribbon that is two unit cells wide. The
hybridization gap becomes smaller with increasing width, as shown in Fig. 4.9(b),
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Figure 4.10: Spin-polarised band structures of MoS2 nanoribbon with 100% S-
dressed Mo edge in 3⇥ cell, calculated with U � J = (a) 4 eV, (b) 4.5 eV, (c) 5
eV. Color coding of the edge bands as in Fig. 3(a) of the main text; spin-up and
spin-down bands are indicated by blue and red lines, respectively.

calculated for a four unit cells wide nanoribbon. The gap disappears for a six unit
cells wide ribbon, Fig. 4.9(c), but small shifts of the edge bands remain, which are
converged in the eleven unit cells wide nanoribbon.

Electronic structure for large values of U � J: The calculations discussed in
the main text have been performed using U � J = 3 eV. The absolute values of the
magnetic moments on the Mo atoms at the edge, the SDW/CDW induced band gap,
and the total energy gain, increase monotonically as a function of increasing U � J,
see Fig. 5 in the main text. However, increasing the value of U� J to beyond 4 eV, the
Mo atoms on the rows adjacent to the edge Mo atoms, develop magnetic moments.

For U � J = 5 eV, the Mo atoms throughout the whole strip get polarized, and the
S edge also displays magnetic moments. For large values of U � J monolayer MoS2
also becomes magnetic, which is unphysical. The band gap increases with increasing
U� J value, and the SDW at the Mo edge persists. Figure 4.10 shows shows the band
structure of the MoS2 nanoribbon with a 100% S-dressed Mo edge in the 3⇥ cell,
calculated for U� J = 4, 4.5, and 5 eV, compare to Figs. 4(b) and (c) in the main text.

S edge in 6⇥ unit cell: The di↵erent combinations of dimerized (D) and undimer-
ized (U) pairs of S atoms represent local minima in the total energy of the S edge.
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Figure 4.11: The S edge in a 6⇥ cell; (a) DDDUUU pattern with the edge S atoms
colored brown; (b) DDDUUU pattern after geometry optimization (PBE, non spin-
polarized); (c) corresponding band structure of the S edge, revealing a gap of 0.35
eV; the bands highlighted in green and yellow correspond to the Mo and S atoms at
the S edge, respectively.

If the pattern has a period that is a multiple of three, a CDW, which may be ac-
companied by a SDW, produces a band gap. As an example, Fig. 4.11(a) shows a
structure with the pattern DDDUUU in a 6⇥ cell. Upon geometry optimization with
the PBE functional (non spin-polarized), this structure retains the DDDUUU pattern,
although interestingly the �h symmetry is broken at the edge, see Fig. 4.11(b). This
structure is lower in energy by 16 meV (PBE, non spin-polarized), as compared to
the UUDUUD structure discussed in the main text. The corresponding band structure
of the DDDUUU structure is shown in Fig. 4.11(c). It shows a band gap of 0.35 eV
between S-dominated (yellow) and Mo-dominated (green) edge states.
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5
1D metallic states at

2D transition metal dichalcogenide

semiconductor heterojunctions
⇤

Two-dimensional (2D) lateral heterojunctions between di↵erent transition metal dichalco-
genides (TMDCs) have been realized in recent years. Homogeneous semiconducting
TMDC layers are characterized by a topological invariant, their in-plane electric
polarization. It suggests the possibility of one-dimensional (1D) metallic states at
heterojunctions where the value of the invariant changes. We study such lateral 2D
TMDC junctions by means of first-principles calculations, and show that 1D metallic
states emerge even in cases where the di↵erent materials are joined epitaxially. We
find that the metallicity does not depend on structural details, but, as the invariant
is protected by spatial symmetry only, it can be upset by breaking the symmetry. In-
deed, 1D charge- and spin-density wave instabilities appear spontaneously, making
2D TMDC heterojunctions ideal systems for studying 1D systems.

5.1 Introduction

Lateral structures grown from two-dimensional (2D) materials arouse growing scien-
tific attention, because of their potential to open a route towards truly 2D electron-
ics. In-plane p-n junctions and barrierless Schottky contacts between 2D compounds

⇤This chapter has been submitted to NPJ 2D Mater. Appl. as S.Krishnamurthi, and G.Brocks, 1D
metallic states at 2D transition metal dichalcogenide semiconductor heterojunctions
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provide the basic building blocks of 2D electronic devices [26, 122, 123]. Lateral
heterojunctions between a variety of 2D semiconductors are realized since chemical
vapor deposition techniques have enabled the growth of sharp one-dimensional (1D)
interfaces between di↵erent 2D materials. Transition metal dichalcogenides are a
particular versatile class of compounds, where 2D heterostructures of TMDCs with a
similar crystal structure are grown routinely now [124–126]. Two-dimensional junc-
tions between TMDCs with di↵erent crystal structures can also be produced [127],
and even structures with a large lattice constant mismatch, such as graphene or h-BN
and MoS2, have been grown as lateral junctions [128].

Two-dimensional TMDCs, MX2, with M a (transition) metal, and X = S, Se,
Te, constitute an extensive family of compounds, covering (semi) metals and semi-
conductors, depending on their elemental composition, and their crystal phase. The
compounds with M =Mo, W, and X = S, Se, have attracted most attention, as they are
direct band-gap semiconductors with potential applications in optoelectronics, pho-
tovoltaics, and photocatalysis [4, 129, 130]. Not surprisingly then, so far the focus
has been mainly on junctions made from these materials, their band alignments and
interface transport properties [26, 122–128].

What has been exploited much less is the notion that, in their most common struc-
ture, these semiconductors are materials that can be characterized by an interesting
topological invariant, i.e., their in-plane electric polarization [16, 17, 98, 131]. In-
sulating or semiconducting TMDCs with transition metals from di↵erent elemental
groups can have a di↵erent value for this invariant. Following the general topological
arguments, this suggests that, if one creates an in-plane heterostructure between two
such TMDCs, then at the junction the band gap closes, and a one-dimensional (1D)
metallic state is formed at the junction. This reasoning should hold for any edge or
junction that involves a sudden change in invariant. Indeed, TMDC grain boundaries
and edges are known to have 1D metallic states that are exclusively localized at the
boundary or edge, which display electronic properties that are especially prominent
in 1D systems, such as charge density waves (CDWs), spin density waves (SDWs),
or Lüttinger liquid behavior, [20, 21, 89, 94, 96, 100, 119, 132]. As grain boundaries
and edges constitute 1D extended defects, one might argue that the appearance of 1D
states is necessarily connected to the rather drastic character of these defects.

However, the presence or absence of 1D states is dictated by change in topologi-
cal invariant, the bulk polarization, of the corresponding TMDCs. In this chapter we
will show that they also appear in perfectly lattice-matched heterojunctions, and these
states arise out of a di↵erence in the bulk polarization at the junction. We will dis-
cuss examples from two di↵erent cases, a polar/polar junction and a polar/non-polar
junction. The topological invariant is protected by spatial symmetry, which means
it can be upset by breaking symmetry. The latter can, for instance, happen through
CDWs and SDWs leading to a charge ordering and/or spin ordering with increased
periodicity, which frequently is accompanied by the emergence of a (small) band gap.

There have been computational studies on interfaces of semiconducting polar 2D
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materials such as AlN or ZnO and SiC, and (functionalized) graphene/BN [131, 133,
134], where these junctions have been found to be metallic. The junction between
blue and black phosphorene has been predicted to have a charge density wave arising
at the 1D metallic interface [135]. However, such junctions have not been produced
yet, and indeed clean junctions between these materials may be di�cult to realize
experimentally. Considering the recent developments cited above, in particular in
controlled growth techniques, junctions between TMDCs are experimentally much
more accessible.

5.2 Methods

To model a 2D TDMC heterojunction, we build a supercell that has a width of twelve
MX2 unit cells, six for each of the two compounds forming the junction. This unit
is periodically repeated in plane, such that each supercell contains two junctions, see
figure 5.1(a), for instance. Perpendicular to this 2D plane we use a vacuum spacing
of 15 Å to prevent an interaction between the periodic images.

We perform density functional theory (DFT) calculations, with the generalized
gradient approximation (GGA) Perdew-Burke-Ernzerhof (PBE) and PBE+U func-
tionals, and the projector augmented wave (PAW) method, using VASP [40–43, 54,
79, 80]. For the transition metals in MX2 the outer s, p, and d shells are treated as
valence electrons, and for the chalcogen atoms the outer s and p shells. A cut-o↵ of
400 eV for the kinetic energy of the plane waves, and a k-point sampling of 12 points
per unit cell along the direction of the junction, are used. All atomic positions along
with the lattice constants are relaxed, till the forces on the atoms are less than 0.05
eV/Å, with a total energy convergence criterion of 10�5 eV.

For the PBE+U calculations we use the rotationally averaged formulation, as
implemented in VASP, which applies a single parameter U � J [54]. We use a value
U � J = 3 eV, which is appropriate for 4d transition metals, and test values between
0 and 3 eV [103, 104].

5.3 Results and Discussion

The macroscopic polarization is a topological invariant for 2D insulators with D3h
symmetry [17]. All semiconducting TMDCs that have the H structure, belong to this
class. Following the modern theory of polarization, it is straightforward to calculate
the 2D polarization from first principles as an integral of the Berry phase over the
Brillouin zone [15]. For the H structure, the direction of the polarization is normal to
the zigzag direction of the hexagonal atomic pattern. Semiconducting TMDCs with
the T structure have zero polarization, as this structure is centro-symmetric.

Connecting two insulators with a di↵erent polarization at a junction results in a
jump in the polarization, if the projection of the latter along the normal to the junction
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is nonzero. According to the theory of topological invariants, this must be accom-
panied by a closure of the band gap at the junction, or, in other words, the junction
becomes metallic[133–136]. We call this a non-trivial junction. If one connects two
insulators with the same polarization, or if the projection of the polarization along
the surface normal is the same, then there is no change in the topological invariant.
This leads to a trivial junction, which, in general, is insulating. In order to construct a
non-trivial junction, we need to choose two TDMCs with di↵erent polarizations and
connect them along a zigzag edge; an example is shown in figure 5.1(a). We also
select TMDCs whose in-plane lattice constants are reasonably well matched, as too
much strain at the junction would make the structure unrealistic from an experimental
point of view. In this chapter, we will show a H/H junction, which is of polar/polar
type, and a H/T junction, which is of polar/non-polar type, as examples of non-trivial
heterojunctions in TMDCs.

Going through a database of 2D TMDCs [137], we identify a list of semiconduct-
ing H- and T -phase compounds. We then optimize their lattice constants and calcu-
late their bulk polarization. In the H-phase, the entire group VI MX2 (M = Mo,W;
X = S,Se,Te) family of semiconducting TMDCs has the same polarization lattice,
P= (p1a1+ p2a2)e/⌦with (p1, p2)= (↵+n1,�+n2);n1,2 = 0,±,1,±2..., where a1,2 are
the lattice vectors of the primitive 2D unit cell, where (↵,�) has the value (2/3,1/3);
e is the elementary charge, and ⌦ is the unit cell area. Choosing compounds for
the junction from this group, for example, a heterojunction between MoS2 and WS2,
means that the polarization is continuous across the interface, which results in a triv-
ial, i.e., semiconducting interface. Several experiments and ab-initio calculations
have indeed confirmed that this junction is semiconducting with a type-II (staggered)
band alignment [122, 123].

5.3.1 Polar/polar TMDC junctions

The group V TMDCs MX2 (M = V,Nb,Ta; X = S,Se,Te) all are metallic, which is
due to the transition metals having one less valence electron compared to group VI
transition metals. Group IV TMDCs in the H structure, such as TiX2, are again semi-
conducting, with a calculated polarization P with (↵,�) = (1/3,2/3) that is di↵erent
from that of group VI MX2. As this means that the topological invariant of group IV
TMDCs is di↵erent from that of group VI TMDCs, this suggests the possibility of
creating a non-trivial, i.e., metallic, junction between, for instance, TiX2 and MX2.
The T - structure of TiX2 is actually lower in energy than the H structure, and is not
suitable, as it is metallic. However, we suggest that it may be possible to create the
metastable TiX2 H-structure by a suitable choice of growth conditions, as likewise it
is possible to create the metastable, metallic, T -structure of MoS2 by suitable growth
conditions [57].

To be specific, a H-TiS2 monolayer has a calculated optimized lattice constant
of 3.34 Å, which is within 1% of the optimized lattice constant of 3.31 Å of MoSe2.
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Figure 5.1: (a) Heterojunctions of H-MoSe2 and H-TiS2; the blue, green, orange and
yellow spheres represent Mo, Se, Ti and S atoms respectively; the black dotted lines
indicate the supercell. The two structurally di↵erent junctions are labeled Ti-edge
and Mo-edge. (b) The band structure of the supercell; the states highlighted in blue
and red are states belong to Mo and Ti edges, respectively, identified by projecting
the wave function densities on the Mo and Ti atoms at the edges. (c) Wave function
density at the Mo-edge at E�EF = �0.2 eV (d). Wave function density at the Ti-edge
at E�EF = +0.2 eV.

Both compounds are semiconductors, TiS2 having a calculated (indirect) band gap of
0.7 eV, and MoSe2 having a (direct) band gap of 1.6 eV. These two semiconductors
form a type-II band alignment according to our DFT calculations, which, apart from
the topological considerations discussed above, would result in a semiconducting
junction.

Figure 5.1(a) shows our supercell model for the TiS2/MoSe2 junction along the
zigzag direction. There are two di↵erent junctions in the supercell, due to the periodic
boundary conditions imposed in the calculations. We call these the Ti-edge, respec-
tively the Mo-edge, according to the transition metal atoms closest to the junction.
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Choosing a stoichiometric Se-S termination at the interfaces, as shown in the figure,
we optimize the lattice constants again over the whole structure. After relaxation, the
original bond lengths and angles are actually retained, and the structure has a uniform
lattice constant close to 3.34 Å.

Figure 5.1(b) shows the calculated non-spin-polarized bands of this structure,
using a 1⇥ periodicity in the direction of the Mo and Ti edges. There is a clear band
gap, with two bands crossing the gap. The wave functions associated with these
two bands are localized at the two junctions in the supercell, where one band can be
assigned to the Ti edge, and the other to the Mo edge. The two edges clearly are
metallic, the Ti edge band being 1/3 occupied, and the Mo edge band 2/3 occupied.

The Mo edge state has dominant Mo dxy and dz2 character, see figure 5.1(c),
whereas the Ti edge state has foremost Ti dxy and dx2�y2 /dz2 character, with some par-
ticipation of the other metal atom’s d states, see figure 5.1(d). As the chalcogen atoms
do not contribute appreciably to these edge states, this would imply that changing the
chalcogen atoms at the edges would not a↵ect the electronic structure. Indeed, on
changing the chalcogen terminations at the junctions from a stoichiometric S-Se to a
non-stoichiometric Se-Se or S-S, no change in the occupation or the dispersion of the
edge states is observed.

Both the existence of states localized at the junctions, with energies in the band
gap, as well as the occupancy of those states can be deduced from the 2D polarization
of the materials involved, and its topological character. Going from material 1 to
material 2 across a junction, the polarization jumps from P1 to P2, which would result
in a polarization line charge density at the junction � = (P2�P1) · n̂, where n̂ is the in-
plane unit vector normal to the junction. For a macroscopic junction this polarization
charge has to be neutralized by a compensating line charge density �e = ��, such as
to avoid an intrinsic electric field generating a polar catastrophe [18, 100, 138].

In the present case, the compensating charge can only be of electronic origin, and
resides in states near the Fermi level, inside the band gap. Following the reasoning
of topological invariants, going across a junction from an insulator with a certain
value for the topological invariant to an insulator with a di↵erent value for that in-
variant, then at the junction the gap has to close, i.e, the junction is metallic, where
the metallicity is carried by states localized at the junction.

Going from MoSe2 to TiS2, this gives �e = (2e)/(3a) at the Mo edge, where a is
the lattice constant along the edge, which means that the corresponding edge state
has to be 1/3 occupied by holes (taking spin degeneracy into account). At the Ti
edge, going from TiS2 to MoSe2, we have �e = �(2e)/(3a), and an edge state that is
1/3 occupied by electrons.

This interpretation is in line with the three-dimensional case of junctions between
insulating oxide perovskites, such as LaAlO3/SrTiO3, where a 2DEG emerges at the
interface between the two insulators [18]. The interface metallicity has there been
attributed to the abrupt change of the valence charge of the cation at the interface,
from La3+ to Ti4+, causing a charge transfer of 0.5 e in order to avoid a polar catas-
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trophe. The 2D heterojunction between AlN and SiC has been analyzed in similar
terms, where the di↵erence in formal charges between the cations and anions in the
2D III-V and the IV-IV materials drives the formation of a 1DEG at the interface, in
order to avoid a polar catastrophe [133].

Our TMDC case is more subtle, because there is no ionic charge discontinuity
at the interface. The formal charges on the cations and ions one both sides of the
junctions are the same in their respective compounds, Ti4+(S2�)2 and Mo4+(Se2�)2.
Moreover, the compounds have the same structure, and we also see no structural
distortions at the junction. The di↵erence in polarization between the two compounds
is then of purely electronic origin, as is the metallicity of the junction.

Formally, the analysis of the metallic junction presented above only holds in the
macroscopic limit, i.e., in the case where one has one junction between two semi-
infinite 2D materials. Nevertheless, in our supercell model, which comprises strips
of six TMDC units wide, we apparently already have reached this asymptotic limit.
We find that if one uses strips of four or fewer units, one still observes edge states,
see Supporting Information Figure 5.6, but the edge states at the Mo edge and the
Ti edge interact across the strip. This causes a gap to open up, similar to hybridiza-
tion between orbitals resulting in a bonding/anti-bonding splitting, used to describe
chemical bonding.

We see no evidence for a residual electric field existing over the width of the
ribbon. The electrostatic potential is approximately constant over the TiS2 and the
MoSe2 regions, and has a step at the interface, see Supporting Information Figure 5.5.
The electrons residing in the edge states have then fully compensated the polarization
charge. This is in agreement with an earlier work that shows that an electric field is
present only if there are no edge states to compensate for the di↵erences in polariza-
tion [134]. The band structure and the dispersion of the edge states suggest that the
latter are not bulk states driven up or down by an electric field, but new states created
in the gap [101].

5.3.2 Polar/non-polar TMDC junctions

The T -phase structure of TMDCs has zero polarization because it has inversion sym-
metry. Most of the T -phase TMDCs are metallic compounds, but HfS2 and HfSe2 are
semiconductors. Constructing a junction between one of these and a semiconducting
H–phase TMDC gives a topological discontinuity, which results in a metallic junc-
tion similar to that described in the previous section. The calculated lattice constant
of T -HfS2 is 3.62 Å, which is close that of H-MoTe2, 3.56 Å, implying that a hetero-
junction between the two can be formed with minimal strain. The PBE band gaps of
T -HfS2 and H-MoTe2 are 1.3 eV and 1.1 eV, respectively, and the band alignment be-
tween the two is type II, which, apart from polarization considerations, would imply
a semiconducting junction.

T -H junctions cannot be stitched perfectly, with all metal atoms at the junctions
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Figure 5.2: (a) Heterojunction of H-MoTe2 and T -HfS2; the blue, black, brown
and yellow spheres represent Mo, Te, Hf and S atoms, respectively; the black dotted
lines indicate the supercell. (b) The band structure of the heterojunction; the states
highlighted in blue and brown are states belong to Mo and Hf edges, respectively,
identified by projecting the wave function densities on the Mo and Ti atoms at the
edges. (c) Wave function density at the Mo edge at E � EF = �0.3 eV (d). Wave
function density at the Hf edge at E�EF = �0.3 eV.

having sixfold coordination by chalcogen atoms. In experimental work one finds the
�-junction structure [127, 139], where the metal atom on the T side of the junction
(the Hf atom in this case) has sevenfold coordination, and the atom on the H side
(the Mo atom) has sixfold coordination. We adopt this structure at one interface,
calling it the Hf edge in the following. At the other interface, called the Mo edge,
we construct a similar structure, giving the Hf atom a sixfold and the Mo atom a
sevenfold coordination. Figure 5.2(a) shows the unit cell, where the two junctions
are marked. More detailed images of the edge structures are given in the Supporting
Information Figure 5.8.

On optimizing, the lattice constant for the whole structure becomes 3.60 Å. The
bond lengths involving atoms close to the interface undergo changes, while the atoms
far away from the interface in both the H- and T -phase remain at their respective bulk
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positions.
The coordination at the edges does not influence the bulk polarization, of course.

It also does not a↵ect the fractional character of the polarization charges at the edges,
as by adding or removing an atom one simply adds or removes an integer number of
electrons. Therefore, edge metallicity is robust against atomic defects at the junction.
To test this we have also constructed a Mo-edge structure where the Hf atom has
a fivefold and the Mo atom has a sixfold coordination, which gives a very similar
electronic structure. Details can be found in the Supporting Information Figure 5.9.

The electronic structure of H-MoTe2/T -HfS2 heterojunctions is shown in fig-
ure 5.2(b). It clearly displays a band gap, with two bands, localized at the junctions,
crossing in the gap at the Fermi level. The band from the Hf edge (�-junction) is
2/3 occupied, and its character is a combination of Mo and Hf dz2 and dx2 orbitals,
figure 5.2(c). At the Mo edge, the band is 1/3 occupied, and has predominant Mo dxy
and dz2 character, see figure 5.2(d). The existence of these localized states, and their
occupancy follows from similar considerations as for the H-H junctions discussed in
the previous section.

5.3.3 1D electronic instabilities

The metallic states at TMDC junctions clearly have a 1D character. Electron corre-
lation and electron-lattice interactions are particularly e↵ective in 1D systems, and
can perturb the metallic character. In the present case, the 1D states have an occu-
pancy of 1/3 or 2/3, which suggest the possibility of a CDW and/or a SDW that
triples the period in the direction along the junction. This would be similar to the
edges of a TMDC flake or a TMDC grain boundary that display a 3⇥ periodicity
[12, 20, 21, 119, 132].

We start from the H-TiS2/H-MoSe2 junction, triple our supercell along the di-
rection of the junction, and reoptimize the structure, using the PBE functional. The
structure in the 3⇥ cell does actually not change as compared to the 1⇥ structure,
meaning that we do not observe a Peierls distortion. Figure 5.3(a) shows the 3⇥ band
structure of the 3⇥ structure. Although the electronic structure close to the Fermi
level looks complicated, with multiple bands crossing, these bands are actually the
same as the ones shown in figure 5.1(b), but folded because of the 3⇥ periodicity.
The Mo-edge band, which is 2/3 occupied in the 1⇥ cell, is then folded into three
bands, with the two lower bands fully occupied, and the topmost one fully empty.
The Ti-edge band, 1/3 occupied in the 1⇥ cell, is folded similarly, with the lowest
band fully occupied, and the two upper ones fully empty.

The metallic edge bands in figure 5.3(a) display the prototypical 1D band struc-
ture that is susceptible to perturbations inducing a metal-insulator transition, such as
a Peierls distortion, or a CDW/SDW, but a DFT calculation using the PBE functional
does not find any of these. The 1D states have mostly Mo d character, and although
the on-site electron-electron Coulomb interaction in 4d transition metals is weaker
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Figure 5.3: The band structure of the H-MoSe2 and H-TiS2 heterojunction calcu-
lated in the 3⇥ supercell; the states highlighted in blue and red are states belong to
Mo and Ti edges, respectively. (a) Calculated with the PBE functional, and (b) with
the PBE+U functional, both after structural relaxation. The latter gives a FM/AFM
SDWs at the Mo/Ti edges, creating gaps of 0.45/0.22 eV, respectively. (c) Spin den-
sity wave at the Mo edge and (d) at the Ti edge; the red/green colors indicate spin
up/down, where the SDWs result in the three Mo atoms at the junction becoming
inequivalent [105].
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than in 3d ones, it is not always negligible [103, 104]. In previous calculations on
mirror twin boundaries of MoSe2 we have found that inclusion of on-site Coulomb
and exchange interactions as in the PBE+U mean field approach, markedly changes
the electronic structure of the 1D states.

Therefore, we repeat the calculations in the 3⇥ cell, using the PBE+U functional
with U � J = 3 eV for the Mo 4d electrons [103, 104]. In principle, one can also
include such a parameter for the Ti 3d electrons, but this has little e↵ect, as in TiS2
these states are mostly empty. The top of the TiS2 valence band has sulfur p character,
and the Ti 3d states only contribute significantly to the conduction band. We have
also tested values of U � J over the whole range 0-3 eV; details can be found in the
Supporting Information figure 5.7

The PBE+U functional indeed gives rise to the opening of a band gap in the band
structure, as shown in figure 5.3(b). It is caused by SDWs at both the Mo edge,
as well as at the Ti edge junctions. In these SDWs the Mo atoms closest to the
junctions carry a magnetic moment, whereas the Ti atoms at the junctions, and the
atoms further away from the junctions, do not show any magnetic moments. Several
(meta) stable magnetic configurations of Mo atoms at the two interfaces are found.
The configuration with the lowest total energy has a ferromagnetic (FM) arrangement
at the Mo edge, with magnetic moments of 1.0, 1.0 and 0.0 µB on the three Mo atoms
at the junction. An antiferromagnetic (AFM) arrangement is 60 meV/3⇥ cell higher
in energy. At the Ti edge we find the AFM arrangement to be lowest in energy, with
magnetic moments on the three Mo atoms at the junction of �1.0, +0.6 and +0.6 µB.

The SDWs are accompanied by CDWs and (slight) distortions of the structure at
the junctions. The Mo atoms at the Mo edge adopt a 3⇥ periodicity, with distances
between the Mo atoms of 3.27 Å and 3.41 Å, whereas the distances between the Ti
atoms at the Mo edge do not change much. At the Ti edge, the distances between
Ti atoms are 3.29 Å and 3.33 Å, and there are no significant changes in the bond
distances between the Mo atoms.

The SDW/CDWs lead to a metal-insulator transition, resulting in a band gap in
both the spin configurations. figure 5.3(b). The band gap at the Mo edge is 0.45 eV
whereas at the Ti edge, it is 0.22 eV. The SDW/CDWs lower the total energy by 330
meV/3⇥ cell compared to the undistorted structure. The exact value of U � J is not
too critical for the emergence of a SDW/CDW and a gap. The SDW/CDW persists
for values of U � J in the range 2-3 eV, although the magnetic moments and the band
gap decrease on decreasing U � J, see the Supporting Information figure 5.7. The
correlation-driven SDW/CDWs seem to be a unique feature of 2D TMDC junctions,
due to the presence of d electrons on the transition metals. In the AlN-SiC case, where
d electrons are absent, spin-polarized DFT calculations do not give SDW/CDWs, and
the junctions remain metallic [133].

In the case of the H-MoTe2/T -HfS2 junction, simply optimizing the 3⇥ struc-
ture with the PBE functional gives a distinct CDW with a clear 3⇥ modulation of
the structure at both the junctions. The modulation is largest at the Mo edge, with
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Figure 5.4: The band structure of the H-MoTe2 and T -HfS2 heterojunction calcu-
lated in the 3⇥ cell; the states highlighted in blue and brown are states belong to Mo
and Hf edges, respectively. (a) undistorted 1⇥ structure, (b) Peierls distorted struc-
ture; band gaps at the Hf and Mo edges are 0.15 eV and 0.6 eV, respectively. Peierls
distorted structures at (c) Mo edge, and (d) Hf edge; the numbers give the distances
in Å between metal atoms at the interfaces.
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distances between the Mo atoms at the edge becoming 3.39 Å and 4.11 Å. At the Hf
edge the modulation is somewhat smaller, with distances between the Hf atoms at the
edge becoming 3.54 Å and 3.69 Å. These Peierls distortions open up a gap of 0.6 eV
at the Mo edge and 0.15 eV at the Hf edge, and lower the energy by 270 meV/3⇥
cell. The band structures of the undistorted and the distorted structures are shown in
figure 5.4. Adding spin polarization has no e↵ect, but upon adding on-site interac-
tions, with U � J = 1.5 eV, magnetic moments of �0.48, 0.54 and �0.30 µB develop
on the Mo atoms at the Mo edge, whereas the Hf edge remains unpolarized. The
band gaps change only slightly upon adding U; at the Hf edge it is 0.17 eV and at the
Mo edge it is 0.42 eV, see Supporting Information Figure 5.10 for the corresponding
band structures.

5.4 Conclusion

In summary, we have shown by means of first-principles DFT calculations that lat-
eral heterojunctions of 2D semiconducting TMDCs can have 1D metallicity in a 1⇥
unit cell. The metallicity arises out of a discontinuous topological invariant at the
junction, the in-plane electric polarization, which is nonzero for TMDCs in the H-
structure. Such heterojunctions can be made from two semiconducting TMDCs, both
in the H phase, with di↵erent values for the topological invariant, and matching lattice
constants. Alternatively, junctions can be made between a TMDC in the H-structure
with nonzero polarization, and one in the T -structure with zero polarization, again
with matching lattice constants. Changing the chalcogen atoms or creating defects in
at the junctions will not a↵ect the invariant and hence metallicity is preserved.

The 1D metallic states are however susceptible to the instabilities of 1D metals
originating from electron-electron and electron-lattice interactions. Using DFT+U
calculations, we show that spin- and/or charge-density waves create a band gap at
the junction, which is, however, much smaller than the band gaps of the two TMDC
semiconductors. The details of these density waves depend upon the detailed struc-
ture of the junction. We propose that 2D TMDC heterojunctions are ideal systems
for studying 1D physics.
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5.5 Supporting Information
Potential profile across the H-TiS2/H-MoSe2 junction

Figure 5.5: (a) Blue line: strip-averaged electrostatic potential energy V(y) =
A�1
R

V(x,y,z)dxdz of the H-TiS2/H-MoSe2 lateral junction; red line: V(y) =
a�1
R a/2
�a/2 V(y+ y0)dy0, where a spans one TMDC unit. The scale of the TiS2/MoSe2

structure is shown below. The electric fields in the middle of the H-TiS2 and H-
MoSe2 strips are approximately zero.

Change in the electronic structure of at the H-TiS2/H-MoSe2 junction
with the width of the TiS2 and MoSe2 strips
(a) (c)(b)
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Figure 5.6: Band structures of the H-TiS2/H-MoSe2 heterojunctions with the width
of the TiS2 and MoSe2 strips, (a) two, (b) four and (c) six unit cells of TiS2 and
MoSe2 each. If the strips are narrow (a), then the states in the gap at the Ti edge (red)
and the Mo edge (blue) hybridize, creating a gap. This interaction becomes smaller
as the strips become wider (b), and is virtually zero for wide strips (c).
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Variation of the band gap and the magnetic moments at the
H-TiS2/H-MoSe2 junction with U � J
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Figure 5.7: Band gaps of the 3⇥ cell at the Mo edge (blue) and the Ti edge (orange) of
the H-TiS2/H-MoSe2 lateral junction, as function of the Hubbard U � J value; inset:
maximal magnetic moment on the Mo atoms at the Mo and Ti edge as function of
U � J. The band gaps increase with increasing U � J, starting from threshold values
0.5 eV and 1.5 eV for the Ti and Mo edges, respectively. The magnetic moments
increase monotonically with increasing U � J.

Structures of the Mo and Hf edges at the H-MoTe2/T -HfS2 junction
(a) (b)

(c) (d)

Figure 5.8: Top and side views of the structures of the Mo and Hf edges at the H-
MoTe2/T -HfS2 junction as used in the main text; (a,b) the Mo edge, with the Mo
atom connected to four Te and three S atoms, and the Hf atom connected to six S
atoms; (c,d) the Hf edge, with the Hf atom connected to four Te and three S atoms,
and the Mo atom connected to six Te atoms.
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Alternative structure of the Mo edge at the H-MoTe2/T -HfS2 junction
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Figure 5.9: Alternative structure of the Mo edge at the H-MoTe2/T -HfS2 junction;
the structure of the Hf edge remains the same as in the previous figure; (a,b) the
Mo edge: Mo atom are connected to four Te and two S atoms, and the Hf atom
is connected to five S atoms; (c) The electronic structure of the junction with 2/3
(brown) and 1/3 (blue) occupancy of Hf and Mo edge states, respectively.

Band structures at the H-MoTe2/T -HfS2 junction with U � J = 1.5 eV
(a) (b)
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Figure 5.10: (a),(b) Spin-up and down bands of the H-MoTe2/T -HfS2 junction, with
band gaps of 0.17 eV at the Hf edge (brown) and 0.42 eV at the Mo edge (blue).
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6
Metal-semiconductor lateral junctions

The ultimate two-dimensional (2D) semiconductor device would use in-plane metal-
semiconductor contacts. To avoid the formation of defect-induced midgap states
and subsequent Fermi-level pinning, the metal and semiconductor lattices need to
be matched at their junction. In this chapter, using ab-initio DFT calculations we
show that a lateral junction between the 2D high work-function metallic transition-
metal-di-chalcogenide (TMDC) NbS2, and the semiconducting TMDC MoSe2, both
with the same H-structure, leads to barrierless contact for holes. The interfaces are
free of edge states, as well as metal induced gap states, and the polarization charges
at the edges of the semiconductor are fully screened by the metal.

6.1 Introduction

Transition metal dichalcogenide (TMDC) semiconducting monolayers have been touted
as ideal materials for applications in two-dimensional (2D) electronic devices, where
their wide range of direct band gaps also makes TMDCs promising candidates for
optoelectronic devices [140–142]. TMDC p-n junctions and field-e↵ect transistors
(FETs) have been constructed [128, 141, 143–146], but contacting a 2D layer remains
to be a challenge. Conceptually the simplest approach is to deposit metal contacts on
the TMDC monolayer. However, metals that have a weak, van der Waals, bond-
ing with the TMDC typically give a substantial Schottky barrier, whereas a stronger,
chemical, bonding leads to Fermi level pinning inside the TMDC band gap, or even
ruins the TMDC semiconducting properties completely [47, 147–149].

It is possible to create n-type vertical metal contacts to MoS2 monolayers without
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Schottky barriers, by inserting a single 2D layer of h-BN or graphene between a
contact with transition metals such as Co or Ni, and the MoS2 layer [150]. The 2D
insertion layer serves a dual purpose; it decreases the work function of the metal
electrode to a value ideal for an n-type contact, and it breaks the chemical interaction
with the TMDC layer, thereby “unpinning” the Fermi level.

The same idea can be applied to construct p-type vertical metal contacts by in-
serting a single 2D layer of a metallic TMDC, such as VS2 or NbS2, or an oxide
such as MoO3, between a metal contact with a TMDC semiconductor [151]. Alter-
natively, TMDC metals can be used to function as metal contacts [47, 152–154]. A
drawback of this vertical set-up is that intimate contacts with the TMDC semicon-
ductor have to be assured in order to avoid the creation of tunnel barriers. Moreover,
this architecture makes a limited use of the 2D character of the semiconductor.

The ultimate 2D device would use in-plane metal-semiconductor contacts, which
can be realized by constructing lateral junctions between 2D metals and 2D semicon-
ductors. Experimentally, thin MoS2 FETS have been constructed by making use of
the fact that MoS2 layers occur in two crystal phases, the semiconducting H-phase,
and the metallic T -phase [22, 23]. Whereas the T -phase is metastable, it can be ob-
tained from the H-phase via an electrochemical route, and by local conversion of the
H-phase[155, 156] it is then possible to make lateral metal-semiconductor junctions.
Several density functional theory (DFT) studies have focused on such H/T in-plane
junctions, concentrating on Schottky barriers and contact resistances [157–163].

If the crystal lattices of the metal and the semiconductor are not well matched,
then obviously defects and lattice deformations can occur at the junction. Electroni-
cally this can have the e↵ect of pinning the Fermi level, as is the case with a junction
between graphene and MoS2 [164]. This likely creates a Schottky barrier, instead of
an Ohmic contact, which is sub-optimal for device performance. Metallic TMDCs
such as NbS2 and VS2 are the natural candidates for lateral heterojunctions with the
semiconducting MoS2, as all these materials have the same H-phase crystal structure.
Vertical heterostructures of these materials have been studied theoretically [152], as
well as in-plane FET structures, claiming high on/on o↵ ratios [165].

Several fundamental questions remain. If the metal and semiconductor are per-
fectly lattice matched at the junction, does that mean that this type of contact obeys
the Schottky-Mott limit? Does the interface dipole that results from bonding two
di↵erent materials at the interface create a Schottky barrier?

H-phase semiconducting TMDCs such as MoS2 have an intrinsic in-plane elec-
tric polarization, which results in the appearance of metallic states at the edges or
grain boundaries of such materials, with energies within the semiconductor band gap
[119, 132]. Do such edge states disappear in the metal-semiconductor junction, or
do they give rise to metal-induced gap states (MIGS) that could cause pinning of the
Fermi level?

In 3D polar semiconductor-metal junctions such as ZnSe/Al or ZnO/metal, di↵er-
ent terminations of the polar semiconductor, cation or anion, lead to di↵erent Schot-
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tky barriers [166–168]. Is this also true in the 2D case? We address some of these
questions using ab-initio DFT calculations on di↵erent structures of the junction.

6.2 Methods

We use first-principles electronic structure calculations at the level of density func-
tional theory (DFT). All DFT calculations are done with the VASP package, using
the GGA/PBE and the projected augmented wave (PAW) method, treating the Mo
4d, 5s, 4p, Nb 4p, 5s, 4d, S 3p and 3s , and Se 4p and 4s shells as valence elec-
trons [40, 41, 43, 79, 80]. We use a plane wave kinetic energy cut-o↵ of 400 eV,
and a k-point sampling along the edge of 10x1x1 for the unit cells. Upon relaxing
the structures, the ultimate forces acting on the atoms are below 0.05 eV/Å, and the
electronic convergence criterion is set to 10�4 eV/cell. The periodic images of the
nanoribbon for the strip and single junction models are separated from one another
by a vacuum spacing of 15 Å along the z-direction.

6.3 Results and discussion

In absence of any charge reordering at a metal-semiconductor interface, the Schottky
barriers for electrons �e and holes �h are given by the Schottky-Mott rule

�e =W ��; �h = IE�W, (6.1)

where W is the metal work function and � and IE are the electron a�nity and ion-
isation energy of the semiconductor. Several DFT studies have tabulated the band
alignment of a group VI semiconducting TMDCs and metallic group V TMDCs
[151, 152, 169]. Vertical junctions involve van der Waals stacking of TMDC layers,
and the absence of a strong interlayer coupling results in the corresponding Schottky
barriers obeying the Schottky-Mott rule, Eqn. 6.1. For instance, NbS2 with a work
function W & 6 eV, gives a barrierless contact for holes with MX2, M =Mo, W; X =
Se, Te, and WS2.

In a lateral junction, the TMDC metal and semiconductor are chemically bonded.
To avoid strain and the formation of defects at the junction, the lattice constants of
the two materials must be close. As an example, we select NbS2, which is a (non-
spin polarized) metal and MoSe2, which has a (PBE) calculated band gap of 1.44 eV.
Figs. 6.1 (a) and (b) show the band structures of the two materials. The calculated
corresponding lattice constants are 3.34 and 3.32 Å respectively, which means that
the strain at the junction is less than 1%. The calculated work function of NbS2 is 6.1
eV, and the ionization energy of MoSe2 is 5.5 eV, so according to the Schottky-Mott
rule, the contact should be barrierless.

One can compute the Schottky barrier height in a lateral junction in a number of
ways [169, 170]. Here, we obtain it by aligning the core energy levels of atoms in an

79



Chapter 6. Metal-semiconductor lateral junctions

-9

-8

-7

-6

-5

-4

-3

-2

Γ K M Γ

E 
(e

V)

Γ K M Γ

 0
 0.5

 1
 1.5

 2
 2.5

 3

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

PD
OS

 (a
.u

)

E-Ef (eV)

(a) (b)

(c)

(d)

Figure 6.1: (a), (b)The electronic band structures of MoSe2 and NbS2, with their
vacuum levels aligned; (c) model of the armchair junction, the purple, light green,
dark green and yellow spheres represent Mo, Se, Nb and S atoms respectively; the
black rectangle indicates the supercell, and the dotted line marks the interface; (d)
projected densities of states, the colours represent the atoms circled in (c) on which
the states were projected.
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isolated monolayer of MoSe2, and MoSe2 that is part of the junction, and calculate
the energies of the valence band maximum (✏VBM) and conduction band minimum
(✏CBM) of MoSe2 in the junction. The Schottky barriers for electrons �e and holes
�h are then given by

�e = ✏CBM�EF ; �h = EF � ✏VBM, (6.2)

with EF the Fermi energy.
Junctions between NbS2 and MoSe2 can be formed with di↵erent crystal orien-

tations. Both arm-chair and zigzag stitched junctions are possible structures, and
in the following sections we will look at both of these. We calculate the barriers
and density of states close to the interface. Subsequently, we build a strip model of
a metal-semiconductor-metal structure, and also consider di↵erent anion/cation ter-
minations at the junctions, to check whether lattice polarization plays a role in the
barrier heights.

6.3.1 Armchair junction

The armchair edges of of the MoSe2 constitute a non-polar termination of the H-
structure lattice. They do not carry any polarization charge and are semiconducting
in nature. Hence, conceptually they represent the simplest orientation along which
to form a NbS2/MoSe2 junction. We model this junction using a periodic double
strip of NbS2 and MoSe2 of eight unit cells each, see Fig. 6.1(c). Fig.6.1(d) shows
the calculated density of states, projected on individual transition metal atoms in the
bulk and at the interface of the two materials.

As can be observed in this figure, Fig.6.1, Mo atoms in the middle of the MoSe2
strip (red) (about three units or 10 Å from the interface) already display the typical
band gap of MoSe2 of 1.44 eV, whereas Mo atoms in the middle of the NbS2 strip
(blue) shows the metallic peaks typical of NbS2. The states projected on the Mo
atoms closest to the interface (black), show some metallicity spill over from NbS2
(green). This result is similar to what has been found for the armchair junction of
MoTe2 and NiTe2, which has metallic character close to interface, but semiconduct-
ing behavior after five units [170, 171].

From aligning the core states, we find that the Schottky-Mott limit is obeyed. The
junction forms a perfect ohmic contact for holes, �h = �0.02 eV, and the barrier for
electrons is simply the band gap of MoSe2, �e = 1.44 eV, which similar to what has
been found for vertical junctions [151, 152].

6.3.2 Zigzag junction

The zigzag edges of the H-structure lattice are the ones that occur naturally under
many growth conditions. They present an interesting case, as they form a polar ter-
mination of the H-structure. These edges compensate for the lattice polarization of
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the semiconductor bulk through the formation of metallic edge states with energies
within the band gap [119, 132].
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Figure 6.2: (a) Model of the zigzag junction, the color coding is the same as in
Fig. 6.1(c); (b) the planar average electrostatic potential shows no constant electric
field component within the MoSe2 semiconductor; (c) the projected density of states,
constructed as in Fig. 6.1(d).

Fig. 6.2(a) shows our model of the the zigzag interface between MoSe2 and NbS2.
The density of states, projected at the edge/interface Mo atoms, shown in Fig. 6.2(c),
does not display the characteristic edge states. Instead we see a distribution of states
very similar to that of the armchair junction, compare to Fig.6.1(d). In the middle of
the MoSe2 and NbS2 strips, the densities of states are similar to those of the corre-
sponding 2D layers, whereas at the junction one has some metallic spill-over from
NbS2 to MoSe2. This also means that the Schottky barriers for electrons and holes
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should be similar to the values found for the armchair junction. Indeed our calcula-
tions show that they are, with �h = 0.02 eV and �e = 1.44 eV.

We have also calculated the planar average electrostatic potential, which is shown
in Fig. 6.2(b). It does not display a constant electric field component across the
MoSe2 semiconductor, which is somewhat odd, as the lattice is polarized. Screening
of the polarization charge by the NbS2 metal seems to be the likely cause for this
absence.

6.3.3 Metal-semiconductor-metal structure

(b)
NbS2MoSe2NbS2

(a)

Figure 6.3: (a) The triple strip configuration of metal-semiconductor-metal with
vacuum separating the strips; (b) the planar averaged electrostatic potential of the
strip showing the jump in the potential between the two metal electrodes.

We study this in somewhat more detail by constructing a triple metal-semiconductor-
metal strip that is separated from its periodic neighbor by vacuum, as shown in
Fig. 6.3(a). A nanoribbon of MoSe2 in zigzag orientation would have line charges
� = P · n̂ = ±2e/3a along its edges, more specifically � = 2e/3a at the Mo edge, and
�=�2e/3a at the Se edge [98, 119, 132]. If these line charges are locally screened by
the NbS2 metal in the metal-semiconductor-metal strip, then counter charges (equal
to �) of the screening charges have to appear at the vacuum end of the strip, as the
system as a whole is neutral.
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Our calculations show that this is indeed the case, as is, for instance, illustrated by
the planar averaged electrostatic potential across the metal-semiconductor-metal strip
shown in Fig. 6.3 (b). The polarization field in the semiconductor is screened, and
a corresponding potential di↵erence between the two metal “electrodes” is visible in
the vacuum region.

6.3.4 Interface dipoles
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Figure 6.4: (a), (b) Zigzag junctions with Mo-terminated and Se-terminated MoSe2,
respectively, and the calculated �⇢(y). Note that the screening charges at the two
junctions have opposite polarity.
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The screening charges at the interfaces can also be visualized more directly by
calculating the charge density redistribution upon formation of the MoSe2/NbS2 in-
terfaces. Denoting the in-plane direction perpendicular to the junction by y, the xz-
averaged charge density redistribution �⇢(y) is defined by

�⇢(y) = ⇢junction(y)�⇢MoSe2(y)�⇢NbS2(y), (6.3)

where ⇢junction(y) is the (xz-averaged) charge density of the junction, and ⇢MoSe2(y),
⇢NbS2(y) are the charge densities of the corresponding 2D materials.

The screening charges can then be calculated by integrating �⇢(y) across the
junction

qscreen = �e
Z
�⇢(y)dy (6.4)

If the screening by the NbS2 metal electrodes is perfect, then the screening charge
should be equal (and opposite in sign) to the polarization charges of the MoSe2 semi-
conductor � = ±2e/3a+n;n = 0,±1,±2...,

Figs. 6.4 (a) and (b) show �⇢(y), calculated for two di↵erent zigzag junctions.
In Fig. 6.4 (a), the MoSe2 strip is terminated by Mo atoms (cation termination),
and in Fig. 6.4 (b) it is terminated by Se atoms (anion termination). The screen-
ing charges are clearly visible, and we can also see that the screening charges at the
Mo-terminated and Se-terminated junctions are of opposite polarity. As for |qscreen|
we calculate a value of 0.3e/a, from which we conclude that the screening is in-
deed (nearly) complete. The calculated Schottky barriers have the same values for
both Mo-terminated and Se-terminated junctions, which are also equal to those of the
armchair junction, �h = 0.02 eV and �e = 1.44 eV. Therefore, we conclude that the
Schottky barriers for 2D polar junctions show no e↵ects of the crystal orientation, nor
of the cation/anion termination at the junction, which is unlike their 3D counterparts.

6.4 Summary and Conclusion

We study in-plane metal-semiconductor junctions between the 2D metallic TMDC
NbS2 and the semiconducting TMDC MoSe2. These compounds have the same H-
structure and are lattice-matched, which enables to avoid the creation of defects at
the interface. The high work-function metal NbS2 gives an ohmic p-type contact to
MoSe2, where we see no evidence for interface states or metal-induced gap states.
This is true no matter whether the junction has an armchair or a zigzag orientation.
Junctions of both orientations have a similar local density of states and barrier heights
for electrons and holes.

A zigzag terminated MoSe2 layer has edge states with energies within the semi-
conductor band gap, but these states vanish upon binding to the NbS2 metal. The
polarization charges of the MoSe2 lattice, which are normally compensated by elec-
trons in these edge states, are then fully screened by the NbS2 metal contacts, such
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that there is no electric field within the semiconductor. The study also establishes the
2D metals as superior contact materials for 2D semiconductors.
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7
Substrate and doping enhancement of

the hydrogen evolution reaction

activity of MoS2

MoS2 edges are important sites for catalyzing the hydrogen evolution reaction (HER).
Surprisingly, their catalytic activity can be markedly changed by a substrate, even if
the MoS2-substrate chemical interaction is negligible. To resolve this mystery, we
perform density functional theory calculations on the hydrogen adsorption energies
(HAE) of well-defined model systems, MoS2 nanoribbons adsorbed on 2D layers of
graphene and transition metal di-chalcogenides (TMDCs). We establish unequivo-
cally that the substrate’s influence on the HER is due to electron transfer to the sub-
strate from the catalytically active MoS2 sites with adsorbed hydrogen atoms, which
stabilizes the adsorbed hydrogen, and decreases the HAE. The e↵ect is particularly
strong for quasi-1D structures, such as edges, and a high work function metal sub-
strate, such as VS2. A careful choice of substrate can be used to improve the HER
activity. Alternatively, similar results can be obtained by strong p-type doping of
MoS2.

7.1 Introduction

Hydrogen is a possible fuel for the future. Identifying relatively cheap and abundant
catalysts for the production of hydrogen through water splitting has been the topic of
intensive study in recent years[172–175]. Electrochemical or photo-electrochemical
splitting of water proceeds via two half reactions: the oxygen evolution reaction
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(OER) at the anode, and the hydrogen evolution reaction (HER) at the cathode. The
HER is a relatively simple reaction, converting the H+ ions supplied by the OER, to
H2 molecules

2H+ +2e� ! H2. (7.1)

Elements from the platinum group, Pt in particular, tend to be excellent catalysts for
the HER[176], but they are of course expensive. In the early 2000’s, it was discovered
that MoS2 shows a very good activity for the HER [3, 4, 35, 177, 178]. The activity
of MoS2 was assigned not to the bulk material, but to the edges of MoS2 crystallites.

Recently, using MoS2 catalysts it has been shown that experimentally measured
current densities are much lower than theoretically predicted ones. It has been sug-
gested that this discrepancy is due to substrate e↵ects, i.e., to the interaction between
a substrate and adsorbed MoS2 particles modifying the catalytic activity of the lat-
ter [36, 179]. This comes as a surprise, as the MoS2-substrate interaction is often
chemically very weak, and MoS2 is bonded to the substrate via van der Waals forces
only. Moreover, a hydrogen atom bonded to a MoS2 edge gives bonding and anti-
bonding states that lie far away in energy from the Fermi level, so it is not clear how
a weak interaction between substrate and MoS2 can influence this bonding.

In this chapter we identify and model the influence of a substrate on the catalytic
activity of MoS2 for the HER, by means of density functional theory (DFT) calcu-
lations using the VASP package; computational details can be found in the methods
section. We show that the one-dimensional (1D) character of the MoS2 edges plays
a vital role. Choosing di↵erent weakly interacting substrates, such as graphene or
VS2, we demonstrate that the catalytic activity sensitively depends upon a sponta-
neous transfer of electrons between the MoS2 edges and substrate, in particular when
hydrogen atoms are adsorbed at the edges. This stabilizes the adsorbed hydrogen,
which is beneficial for the HER.

The results can be interpreted by simple considerations, where the electronic den-
sity of states (DoS) of the MoS2 edge with an adsorbed hydrogen atom, and the po-
sition of the Fermi level, play a central role. The substrate-MoS2 electron transfer,
and therefore the catalytic activity, can be manipulated by choosing a suitable metal-
lic substrate. A high work function metal, such as VS2, gives the largest catalytic
activity, whereas a metal with a moderate work function, such as graphene, gives
little change. In principle, a similar increase in catalytic activity can be achieved by
strongly p-doping MoS2.

7.2 Edge structures

Monolayer MoS2 is a semiconductor with a substantial band gap of ⇠ 2 eV. A defect-
free monolayer shows no catalytic activity toward the HER. The latter takes place at
MoS2 defects, where the edges of MoS2 crystallites are the most prominent active
sites [3, 91, 177, 180]. The edges that emerge naturally during growth of MoS2 have
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(b)

(a) Site	1 Site	2

Mo1 Mo2

Figure 7.1: (a)Top view of the 3⇥Mo (shown in purple) edge, decorated with S atoms
(in yellow); after reconstruction it shows two inequivalent sites for H adsorption. The
reconstruction also leads to two inequivalent Mo atoms at the edge. (b) The side view
of the nanoribbon with H atom (in black) adsorbed on site 1.

a zigzag orientation, and because a MoS2 layer lacks inversion symmetry, there are
two di↵erent kinds of zigzag edges, termed the S edge and the Mo edge, respectively,
where the Mo edge is by far the most abundant edge termination of MoS2 islands
under typical growth conditions.

A bare Mo edge almost never exists under practical growth conditions [89, 91],
but it is always decorated with additional S atoms, where the details of the decoration
depend on the chemical potential of sulfur during the MoS2 growth. The S monomer
and the S dimer decorations are the structures that are observed most often, where
the S monomer is the most likely termination for over a large range of S chemical
potentials. The S edge, and the Mo edge decorated with S dimers, are not catalytically
active for the HER, so we focus on the Mo edge decorated with S monomers (called
the Mo edge in the following) in this study, see Fig. 7.1.

The edges display electronic states with energies in the band gap of the mono-
layer. These states are localized predominantly on the Mo and S atoms at the edges,
hence they can be considered to be one-dimensional (1D) in nature. These edge
states are responsible for the catalytic activity of a (defect-free) ribbon or island, as
the basal plane of the MoS2 monolayer is inactive. Topology requires the 1D states
of the Mo edge to have a total occupancy of 1/3 per edge Mo atom [17, 119, 132].
This means that in an edge structure with a simple 1⇥ periodicity, the Mo edge is
necessarily metallic.

However, because of its low dimensionality and partial occupancy, the edge is
subject to the electronic and structural instabilities typical for 1D systems, of which

89



Chapter 7. Hydrogen evolution reaction at the edges of MoS2

 0

 1

 2

 3

-1  0  1

PD
oS

 (a
.u

)

E-EF (eV)
-1  0  1

E-EF (eV)

(a) (b)

Figure 7.2: The density of states at the reconstructed Mo edge, projected on the Mo
atoms 1 (a), 2 (b), respectively the Fermi level is highlighted in red, see Fig. 7.1

the Peierls distortion is the most elementary. Indeed, the Mo edge reconstructs spon-
taneously to a structure that has 3⇥ periodicity along the edge [12, 132]. This struc-
tural change is most easily noticed in the S atoms at the edge, where one out of three
has moved inwards, see Fig. 7.1. The Peierls reconstruction lowers the total energy
of the 3⇥ periodic cell by 0.3 eV per cell, and it creates a band gap in the edge states
of 0.7 eV.

This Peierls reconstruction thus creates a Mo edge that is semiconducting, which
has two chemically slightly di↵erent types of Mo and S atoms at the edge. Figs.
7.2(a) and (b) show the projected density of states (PDoS) at the reconstructed edge,
projected on the edge Mo atoms. The PDoS clearly shows the van Hove peaks, char-
acteristic of 1D systems. The unreconstructed edge is metallic, and has a markedly
di↵erent PDoS, which leads to a di↵erent HER behavior, so it is important to take
the edge reconstruction into account. It should also be noted that in calculations that
use a MoS2 nanoribbon configuration, it is vital that the (catalytically inert) S edge is
kept insulating, in order to prevent an electron transfer between the S and Mo edges
muddling the results [5].

7.3 HER on freestanding MoS2

We assume that the HER, Eqn. 7.1, takes place at the catalyst, and the H+ ions in
the electrolyte are in equilibrium with a standard hydrogen electrode (SHE) [33]. If
N �1 hydrogen (H) atoms per supercell are already absorbed at the MoS2 edge, then
the Gibbs free energy di↵erence for adsorption of an additional H atom is given by

�G(N)
H⇤ = E[NH@MoS2]�E[(N �1)H@MoS2)]� 1

2
E[H2]+T�S +�ZPE, (7.2)
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N = 1,2, ...,, where E[NH@MoS2] is the total energy of N H atoms per supercell ad-
sorbed at the MoS2 edge, N = 0 representing the clean MoS2 nanoribbon, and E[H2]
is the total energy of a free hydrogen molecule. All total energies are obtained from
our DFT calculations. �ZPE represents the zero point vibrational energy corrections,
and T�S the entropy contribution with respect to the hydrogen gas at standard con-
ditions. We have used T�S +�ZPE = 0.29 eV [3]. Note that �G(N)

H⇤ � 0 means that
the H atom does not bind to the catalyst at all, whereas with �G(N)

H⇤ ⌧ 0 the H atom
binds too strongly, both cases signaling an inactive catalyst. For an optimal catalyst
one should have �G(N)

H⇤ ⇡ 0.
We start from the reconstructed Mo edge, as this is the most stable edge structure.

We find that H atoms adsorb most favorably on the S atoms at the edge, in agreement
with previous studies [3, 5, 179, 181] There are two inequivalent S atoms at this edge,
called site 1 and 2 in Fig. 7.1. Using a periodic cell that contains three S atoms along
the direction of the ribbon (a 3⇥ structure), absorption of one H atom/cell gives a 33%
coverage of the edge. Adsorption on site 1 gives �G(1)

H⇤ = 0.24 eV, which is mildly
unfavorable, as discussed above, whereas adsorption on site 2 gives �G(1)

H⇤ = 0.52
eV, which is clearly unfavorable. This means that site 1 is only mildly catalytically
active, whereas site 2 is likely not. Adsorbing additional H atoms beyond 33% cov-
erage necessarily involve sites 2; we find �G(2)

H⇤ = 0.70 eV and �G(3)
H⇤ = 0.48 eV. As

�G(2,3)
H⇤ � 0, this essentially blocks a coverage beyond 33%.

Table 7.1: H adsorption free energies �G(1)
H⇤ (eV) at Mo edge in 3⇥ cell

N 33% H coverage
MoS2 +0.24

MoS2|Gr +0.29
MoS2|VS2 �0.04

MoS2-V-bulk doped �0.12
MoS2 -V-bulk doped |Gr +0.03

We have checked these results in a doubled unit cell, a 6⇥ structure, where the
lowest possible H coverage is 16.7%. This gives �G(1)

H⇤ = 0.29 eV and 0.58 eV for
H adsorption on sites 1 and 2, respectively. As this agrees well with what we found
for the 3⇥ structure, we conclude that H adsorption on non-nearest neighbor S edge
atoms proceeds independently of one another.

7.4 HER on MoS2|substrate

Graphite is commonly used as substrate for catalysts, in particular in (photo-) electro-
chemistry [8, 182–184], where one needs the substrate to be electrically conducting.
In calculations, graphene is often used as a model system to represent graphite. We
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(b)

(a)

Figure 7.3: (a), (b) Structures of a MoS2 nanoribbon on a graphene(C atoms shown
in brown) and a VS2 monolayer(V and S atoms shown in red and yellow respec-
tively)substrate with 33% H coverage.

use structures of a MoS2 nanoribbon adsorbed on graphene to study the e↵ect of the
substrate on the HER. After a monolayer of MoS2 is allowed to relax on graphene,
ribbons are cut out of this relaxed monolayer, making sure that the periodic images
of the ribbons and are su�ciently far apart, such as to prevent direct interactions
between them, see Fig. 7.3(a).

Below we will show that the work function of the substrate has a pronounced
influence on the HER. So, besides graphene with its moderate work function of 4.3
eV, we have also used a 2D layer of VS2 as a substrate (work function 6.1 eV),
following a similar procedure to construct the structure, see Fig. 7.3(b).

The calculated equilibrium distance between the bottom layer of sulfur atoms of
the MoS2 monolayer or ribbon, and graphene is 3.4 Å, and between that sulfur layer
and the top layer of sulfur atoms of the VS2 layer it is 3.6 Å. Both these distances
correspond to typical van der Waals distances. We calculate a binding energy of
monolayer MoS2 to graphene and VS2 of 0.13 eV/ Mo atom, respectively 0.09 eV/
Mo atom. These small binding energies confirm that graphene and VS2 bind to MoS2
predominantly through van der Waals interactions, which implies that the electronic
properties of graphene, MoS2, and VS2 should be preserved in the bilayers. Indeed,
neither the structures, nor the DoSs of the bilayers show any appreciable change from
those found for the individual freestanding layers.

The Gibbs free energy of H adsorption, �G(1)
H⇤ , at the Mo edge of a MoS2 ribbon

on graphene or VS2 can be calculated according to Eq. 7.2, replacing freestanding
MoS2 by MoS2 on graphene or VS2 (MoS2|Gr, MoS2|VS2). The results are shown
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in Table 7.1. For higher H coverages, �G(N)
H⇤ & 0.5 eV for MoS2|Gr and MoS2|VS2,

which is not so di↵erent from that of freestanding MoS2. Therefore, also in the
presence of a substrate, coverages beyond 33% are unlikely.

Remarkably, for 33% coverage, we see a large influence of the substrate on the
calculated �G(1)

H⇤ . In the case of graphene it goes up by 0.05 eV, compared to free-
standing MoS2, to 0.29 eV, see Table 7.1. This relatively large positive �G(1)

H⇤ implies
that MoS2 adsorbed on graphene is predicted to have little catalytic activity, which is
in agreement with experiment. In stark contrast to this result, �G(1)

H⇤ for MoS2|VS2
decreases significantly, compared to freestanding MoS2, to �0.04 eV. This value is
relatively close to the ideal value of zero, implying that MoS2|VS2 should behave as
an ideal catalyst for the HER.

We have already established that the interaction between graphene or VS2 and the
MoS2 ribbon is weak, such that adsorbing the ribbon does not change its structure or
electronic structure. From a chemical point of view, it is then di�cult to see how
such a small interaction can markedly influence the adsorption of hydrogen on the
ribbon’s edge. In order to rule out any XC-functional related changes in the hydrogen
adsorption, we checked turning o↵ the van der Waals interactions. Calculating total
energies from the PBE functional only, the �G(N)

H⇤ values stay the same.

7.5 Charge transfer and doping

A phenomenon that does not require a strong chemical interaction with the substrate,
is charge transfer, transfer of electrons in particular. The electron a�nity and ioniza-
tion potential of a freestanding MoS2 layer, calculated with the PBE functional, are
4.3 eV and 6.0 eV, respectively [150]. The calculated work functions of freestanding
graphene and VS2 are 4.3 eV and 6.1 eV, respectively, so in stacking MoS2 on top of
one of these substrates, one does not expect any large transfer of electrons between
the two layers.

For MoS2 nanoribbons the situation is slightly di↵erent. Although the Mo edge
is still semiconducting, the energies of the edge states are in the band gap of the
MoS2 semiconductor. The ionization potential of the Mo edge is similar to that of the
MoS2 monolayer, but the electron a�nity is ⇠ 1 eV higher [132], which suggests that
electrons should transfer from graphene to the nanoribbon, in order to equilibrate the
Fermi level. In this process, graphene becomes e↵ectively p-type doped, whereas the
Mo edge of the nanoribbon becomes slightly n-type doped. This is clearly visible in
the PDoSs calculated for MoS2|Gr, shown in Fig. 7.4. In contrast, there is no electron
transfer between the nanoribbon and a VS2 substrate.

For MoS2 nanoribbons with hydrogen atoms adsorbed at the Mo edge the situa-
tion is again di↵erent. For the clean Mo edge, a Peierls 3⇥ reconstruction creates a
gap in the Mo edge bands, see Fig. 7.2. This reconstruction is driven by a 1/3 oc-
cupancy of the Mo edge band in the edge structure with ideal 1⇥ periodicity, which
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Figure 7.4: Density of states of MoS2|Gr, projected on the Mo edge (a), and on the
graphene layer (b). The Fermi level is shifted upward in (a), compare to Fig. 7.2(b),
indicating that the Mo edge is n-type doped. At the same time, the Fermi level is
shifted downward from the Dirac point in (b), indicating that graphene is p-type
doped.

is dictated by the intrinsic polarization of a MoS2 layer [132]. Fig. 7.5(a) shows the
projected density of states (PDoS) at the Mo edge with a hydrogen atom adsorbed on
site 1, see Fig. 7.1, projected on the edge Mo atoms. Adsorption of hydrogen atoms
restores the metallic character of the edge, and the polarization-induced occupancy
of the edge states. Of course, with a 33% concentration of adsorbed hydrogen atoms
the complete Mo edge is a↵ected in this manner, but with a lower concentration the
same will happen locally to the edge atoms closest to the adsorbed hydrogen.

The Fermi level of the nanoribbon is now pinned approximately in the middle
of the MoS2 gap by these adsorption-induced states. As this is quite close to the
value for the electron a�nity of the clean MoS2 nanoribbon, one expects the electron
transfer between graphene and the nanoribbon to be quite similar, with or without
adsorbed hydrogen. Hence the e↵ect of a graphene substrate on the hydrogen ad-
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Figure 7.5: (a) The projected density of states (PDoS) of a MoS2 nanoribbon with
a hydrogen atom adsorbed on site 1 of the Mo edge, see Fig. 7.1, projected on the
Mo atoms 1 and 2, respectively. (b) PDoS of the same system, adsorbed on a VS2
monolayer. (c) PDoS of the V-doped nanoribbon with adsorbed hydrogen (without
any substrate).

sorption energy (HAE) is not large, as can be observed from the results shown in
Table 7.1.

However, with a VS2 substrate, the results are quite di↵erent. As argued above,
a clean MoS2 nanoribbon adsorbed on VS2 does not give rise to an electron trans-
fer. In contrast, the midgap states created by hydrogen adsorption drive a transfer
of electrons from the nanoribbon to the high work function VS2 substrate, e↵ec-
tively p-doping the nanoribbon. This can be clearly observed in the PDoS shown in
Fig. 7.5(b), in comparison to the PDoS of the freestanding nanoribbon, Fig. 7.5(a).
The electron transfer stabilizes the adsorbed hydrogen state, and therefore lowers the
HAE to a value that is optimal for the HER, see Table 7.1.

This interpretation strongly suggests that a similar beneficial e↵ect on the HAE
might be obtained by p-doping the MoS2 using substitutional dopant atoms. To
test this proposition, we performed calculations on a freestanding MoS2 nanoribbon,
where one Mo atom (out of 18, see the Methods section) in the center of the ribbon,
is replaced by a V atom. The latter are known to yield p-type doping of the MoS2
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Figure 7.6: (a) The projected density of states (PDoS) of a MoS2 nanoribbon with a
hydrogen atom adsorbed on site 1 of the Mo edge, see Fig. 7.1, projected on the Mo
atoms 1 and 2, respectively, with the nanoribbon adsorbed on a graphene substrate.
(b) PDoS of the same system, with the nanoribbon doped with a V atom.

semiconductor, the V atom creating shallow acceptor levels within 0.1 eV above the
MoS2 valence band maximum [185, 186]. If a hydrogen atom is adsorbed at the Mo
edge of the MoS2 nanoribbon, then electrons transfer from the midgap edge states to
fill these acceptor levels. The corresponding PDoS is shown in Fig. 7.5(c).

The electron transfer stabilizes the adsorbed hydrogen and decreases the HAE.
The calculated �G(1)

H⇤ = �0.12 eV for adsorption of a hydrogen atom on the V-doped
MoS2 nanoribbon, which is significantly lower than the +0.24 eV for the undoped
nanoribbon, and comparable to the �0.04 eV for the nanoribbon adsorbed on a VS2
substrate, see Table 7.1.

One can still fine-tune the HAE using a substrate. For instance, a graphene sub-
strate n-dopes the edge states of the MoS2 nanoribbon, as discussed above. If the
nanoribbon is doped with a V atom, then this n-doping partially counteracts the p-
doping introduced by the V atom. The corresponding PDoSs is given in Fig. 7.6.
Following the same reasoning as in the previous paragraphs, the partial compensa-
tion of the p-type doping should increase the HAE if we compare it to that of the
freestanding V-doped MoS2 nanoribbon. Indeed, the calculated �G(1)

H⇤ = +0.03 eV
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Figure 7.7: (a) The adsorption energy �G(1)
H⇤ , for adsorption of a hydrogen atom to a

freestanding doped MoS2 nanoribbon as a function of the concentration of holes in
the nanoribbon; (b) similar, as a function of the concentration of electrons.

for adsorption of a hydrogen atom on the V-doped MoS2 nanoribbon adsorbed on
graphene.

The e↵ect of doping by a substrate or by substitutional dopant atoms can be mim-
icked by explicitly adding electrons or holes to a freestanding nanoribbon, where a
uniform background charge is then added to compensate for the charge added by the
additional electrons or holes [187]. Fig. 7.7 shows the HAE �G(1)

H⇤ , calculated as a
function of the hole concentration (a), and the electron concentration (b). The results
clearly show a decrease of the HAE with increasing hole concentration, and an in-
crease with increasing electron concentration. The HAE for the undoped nanoribbon
is too high, see Table 7.1, but a hole concentration of ⇠ 1/60 per Mo atom brings it
very close to zero, which is the optimal value for the HER.

As can be seen in Fig. 7.7 are the slopes of the �G(1)
H⇤ lines for electron and hole

doping di↵erent. In the case of electron doping, the density of states is large above
the Fermi level of the undoped system with a hydrogen adsobed, see Fig.7.5(a). Thus
it is di�cult to shift Fermi level, even with addition of one extra electron. In the
case of hole doping, the density of states is lower below the Fermi level. Thus, small
changes in hole doping level leads to a sizeable shift in �G(1)

H⇤ .

7.6 Summary and discussion

We have shown that hole doping of the Mo edge of a MoS2 nanoribbon decreases the
hydrogen adsorption free energy substantially, and can bring it close to the optimal
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value required for the hydrogen evolution reaction. Hole doping can be achieved
by using an electron accepting substrate, such as a metal with a high work function,
which we have demonstrated using VS2 as a substrate. The relevant Mo edge states
are approximately midgap states of the MoS2 monolayer semiconductor, so this p-
type doping only occurs if the work function of the substrate W & 5.2 eV. Elemental
metals with such high work functions can be found in the platinum group, but these
are expensive. Alternatively, one can use group-V transition-metal dichalcogenides
such as VS2 and NbS2, which have a work function W & 6 eV [151]. Another option
would be to use (heavily) doped semiconducting oxides, such as WO3, as a substrate,
which often have high work functions [188].

One can also explicitly dope the MoS2 semiconductor p-type, using vanadium
atoms to substitutionally replace Mo atoms in the lattice, for instance. Electron trans-
fer from the Mo edge states then fills acceptor levels introduced by the dopant atoms,
and results in hole doping of the Mo edge states. This again decreases the free energy
for hydrogen adsorption and promotes the hydrogen evolution reaction. Electron
doping of the Mo edge states has the reverse e↵ect, i.e., it increases the hydrogen
adsorption energy, which hinders the hydrogen evolution reaction. Metal substrates
with a relatively low work function, such as graphene, have this e↵ect.

In the literature di↵erences in the hydrogen adsorption energy between di↵erent
structures and substrates, are sometimes explained on the basis of the relative occu-
pancy of the bonding and the anti-bonding states of the hydrogen atom bonded to
the structure [179, 189, 190]. This interpretation is unlikely to hold in the present
case. Fig. 7.8 shows the crystal orbital Hamilton population (COHP) analysis of the
hydrogen-sulfur bond [191–194], where it can be observed that both bonding and
anti-bonding states lie far (⇠ 5 eV) from the Fermi level. At the Fermi level, the
COHP density is close to zero, making it unlikely that the hydrogen-sulfur bonding
strength can be altered significantly by relatively small changes in the position of the
Fermi level.

The influence of a substrate and a possible connection to doping has been recog-
nized in the literature [36, 37, 179]. The theoretical analysis, however, is hampered
by the fact that the Mo edge reconstruction has a significant influence on the calcu-
lated hydrogen adsorption energies, resulting in a substantial di↵erence between the
unreconstructed and the reconstructed Mo edges[5, 181, 190, 195]. Moreover, in a
nanoribbon geometry, as it is typically used in DFT calculations, one should also ex-
clude electron transfer from the opposing S edge to the Mo edge, as this introduces
a spurious e↵ect in the analysis. Based on our analysis we find that, if Mo edges are
the prime source of catalytic activities, p-type doping is beneficial for the HER, and
n-type doping is unfavorable [36, 37, 196–199]. It is possible that these considera-
tions are also useful if one studies the catalytic activity of other types of defects, such
as triangular clusters or holes [200].
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(a)

(b)

Figure 7.8: Crystal orbital Hamilton population COHP calculated for the hydrogen-
sulfur bond of a hydrogen atom bonded to the Mo edge in the 3⇥ structure; (a) free-
standing MoS2 nanoribbon,(b) MoS2 nanoribbon adsorbed on graphene.

7.7 Computational Methods

In all our DFT calculations we use the VASP package with the GGA/PBE functional
and PAW basis sets[38–41, 50]. The kinetic energy cut-o↵ for the plane waves is set
to 400 eV. The van der Waals interaction between substrate and MoS2 is captured by
the DFT-D2 functional [56]. MoS2 edges are modeled using nanoribbons in zigzag
orientation. The ribbons are four to six units wide along the y direction, which is
su�cient to prevent any direct interaction between the two edges. Along the ribbon
we use supercells with 3⇥ up to 6⇥ periodicity. The vacuum spacing between the
ribbons in the directions perpendicular to periodicity are at least 10 Å, preventing a
direct interaction between the periodic images. All the atoms in the ribbon except
the ones on the edge opposite to the catalytically active one, are relaxed with a force
convergence criterium of 0.05 eV/Å. The k-point sampling for 3⇥ nanoribbons is
6⇥1, with corresponding sampling densities for the larger supercells.

The 3⇥ MoS2 nanoribbon is absorbed on a 4 ⇥ 16 graphene monolayer. The
lattice mismatch is then ⇠ 4%, where we put the full strain on the graphene, as it is
known that the electronic properties of MoS2 are very sensitive to strain [47]. The
strain on graphene is not critical for the properties we are interested in in this chapter.
We have tested this by adsorbing a 4⇥ MoS2 nanoribbon on 3

p
3⇥ 3

p
3 monolayer
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graphene, where the strain on graphene is less than 1%. A strain of 4% does not
substantially modify the electronic properties of graphene, apart from a slight change
in the work function. The work function of unstrained graphene calculated with the
PBE functional is 4.26eV. Straining graphene by 4%, reduces the work function to
3.96eV.

A VS2 monolayer in a 3⇥12 supercell is used to adsorb the 3⇥MoS2 nanoribbon.
As the lattice constant, calculated with the PBE functional is ⇠ 3.18 Å, both for MoS2
and forVS2, there is practically zero strain on either of the two layers. For the V-
doped system, a single Mo atom in the middle of the ribbon was replaced by a V
atom to obtain a p-doped ribbon.
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Summary

Transition metal dichalcogenides (TMDC) are an interesting class of materials to
study given the wide range of possible applications ranging from 2D electronics to
energy storage. Depending on the transition metal and the polymorphic phase, these
compounds could be metallic or semiconducting. The semiconducting van der Waals
forces bonded substances when reduced to a single (monolayer) layer, owing to quan-
tum confinement exhibit a direct band gap unlike the 3D bulk materials. Reducing the
dimension further, the edges and boundaries of these 2D monolayers materials also
exhibit strikingly di↵erent electronic properties not seen in a monolayer. The main
focus of this thesis lies on these edges and boundaries. Using first principles Density
functional theory (DFT) based calculations we investigate the fundamental nature of
the semiconducting group VI TMDCs- edges and grain boundary states and its role as
a catalyst in the important hydrogen evolution reaction. We also study in-plane junc-
tions between these semiconducting TMDCs and investigate metal-semiconductor
junctions between 2D TMDCs.

In chapter 1, We give a brief introduction to TMDCs, the di↵erent edge ori-
entations and also a short description of DFT and various functionals used in the
calculations.

In chapter 2, We investigate the magnetic properties of group V monolayer
TMDCs in both H and T - phases using PBE functional and DFT+U functional. We
study the di↵erent ferromagnetic and antiferromagnetic configurations and compare
their total energies to predict the ground state of the material. We find that the stan-
dard generalized gradient approximation PBE functional predicts the H structure as
lowest in energy, with a ferromagnetic ordering of the V atoms. Introducing an on-
site Coulomb repulsion/exchange for the V d-electrons changes the relative stability
of these TMDS. Thus by using just DFT, it is not possible to conclude the ground
state of these materials, one has to make use hybrid functionals or random phase
approximation techniques to resolve the ground state of these materials.

In chapters 3 and 4, We study the edges and mirror twin boundaries of MoS2 and
MoSe2, the edges and boundaries exhibit metallicity not present in the 2D bulk mate-
rial. The electronic occupancy of these states is dictated by the toplogical invariant:
bulk polarisation. The 1-D nature of these electronic states make them susceptible
to Peierls type distortions that then produces a bandgap, Using DFT+U, We predict
the existence of a spin density wave (SDW) and a very subtle charge density wave
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(CDW) at the mirror twin boundaries. At the edges, depending on the chemical ter-
mination there could be either a pure CDW and in some cases, a SDW is present
along with a CDW.

In chapter 5, We study the lateral junctions of semiconducting TMDCs, We find
that that lateral heterojunctions with di↵erent bulk polarisation values can have 1D
metallicity in a 1 ⇥ unit cell. Such heterojunctions can be made from two semi-
conducting TMDCs, both in the H phase, with di↵erent values for the topological
invariant, and matching lattice constants or even between an appropriate T - and H-
phase structure. The 1D metallic states are again susceptible to the instabilities of
1D metals originating from electron-electron and electron-lattice interactions. Using
DFT+U calculations, we show that spin- and/or charge-density waves create a band
gap at the junction, which is, however, much smaller than the band gaps of the two
TMDC semiconductors.

In chapter 6, We study laterally joined metal-semiconductor junctions between
the 2D metallic TMDC NbS2 and the semiconducting TMDC MoSe2. These com-
pounds have the same H- structure and are lattice-matched, which enables to avoid
the creation of defects at the interface. An high work-function metal such as NbS2
gives an ohmic p-type contact to MoSe2. We see no evidence for interface states
or metal-induced gap states. The polarization charges of the MoSe2 lattice are fully
screened by the NbS2 metal contacts, such that there is no electric field within the
semiconductor. The study also establishes the 2D metals as superior contact materi-
als for 2D semiconductors.

In chapter 7, We study the hydrogen evolution reaction at the Mo edges of MoS2
through the means of a descriptor �GH⇤. The �GH⇤ is close to zero for an ideal
catalyst. We show that periodicity of the unit cell used in the calculations a↵ects
�GH⇤ due to charge transfer from the other metallic edge. We also show that by
p-doping of the Mo edges either through a suitable substrate such as a high work
function metal or by hole doping using V- atoms in the bulk MoS2, one can tune
�GH⇤ to be close to zero. Electron doping has the opposite e↵ect of increasing �GH⇤,
thereby lowering the catalytic activity.
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