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Abstract

In this thesis the two-dimensional materials MoSy and VS are investigated in their single-layer form.
Different phases, dependent on the synthesis parameters, substrate or temperature are explored,
with an emphasis on the correlated electronic and magnetic states that are present in these ma-
terials. Scanning tunnelling microscopy is used to obtain structural information with atomic-scale
spatial resolution, while scanning tunnelling spectroscopy is employed to measure the local density
of states. Experimental results on correlated phenomena are compared to density functional theory
and numerical renormalization group calculations performed by cooperation partners.

Single-layer VS was predicted to be a strongly-correlated material, with a possibly coexisting
magnetic and charge density wave ground state. However, the metastability of VS, makes it a
difficult material to grow, and an experimental realisation of a freestanding single layer was yet to be
achieved. We successfully synthesized single-layer VS, on the weakly interacting graphene on Ir(111)
substrate, using the molecular beam epitaxy method. With the scanning tunnelling microscope, we
find a charge density wave with a unit cell of 9 x v/3R30°. It is an unusual charge density wave, as it
involves a symmetry reduction from a hexagonal to a rectangular unit cell and is present even at room
temperature. Using the experimental data as the basis for density-functional theory calculations, we
find that the charge density wave transition leads to a drastic reconfiguration of the band structure.
Contrary to the intuitive Peierls picture of a charge density wave, which is driven by the electrons at
the Fermi level, we find that the formation of the charge density wave can be best explained with
non-linear coupling between transverse and longitudinal phonon modes. The most striking feature of
this phase is a large, full gap in the unoccupied density of states, which is measured with scanning
tunnelling spectroscopy. Additionally, x-ray magnetic circular dichroism spectra show that there is no
net magnetization in small islands of VSy, which could be explained by a coexistence of the charge
density wave with an antiferromagnetic spin density wave.

The metastability of VSs can, however, also be utilized to create new compounds, since it can
readily transform to V-rich phases via intercalation or desulphurization. Previously, the introduction
of sulphur defects and the intercalation of vanadium atoms have been shown to lead to phase
transitions or magnetism in similar compounds. We combine scanning tunnelling microscopy with
X-ray photoelectron spectroscopy to demonstrate the synthesis of two new vanadium based materials
on graphene on Ir(111). By annealing single-layer VSs in ultra-high vacuum, we can create the one-
dimensional patterned material V4S7, which has ordered rows of sulphur vacancies running along

its surface. By increasing the amount of vanadium and sulphur on the sample sufficiently, we can



alternatively grow ultimately thin V5Ss, which has a 2 x 2 layer of vanadium atoms intercalated
between sheets of VS,. In the thinnest V5Sg-derived structures, a v/3 x v/3 CDW is found at low
temperatures, which is investigated with scanning tunnelling spectroscopy.

While the semiconducting properties of single-layer MoSy have been extensively studied, there are
many open questions regarding its metallic state, which can only be reached by significant gating or
doping. As typical back-gating cannot achieve this due to breakdown effects, MoSs was previously
made metallic using ionic liquids or doped via sulphur vacancies. However, these methods tend to
lead to disorder and charge inhomogeneities. We instead exploit the unique properties of the graphene
on Ir(111) substrate to adjust the MoSy Fermi level without these drawbacks. Taking oxygen as a
p-dopant and europium as a n-dopant, we intercalate these atoms between graphene and Ir(111). As
a result of oxygen taking up electrons from, or europium donating electrons to graphene, the Fermi
level of MoS, is electrostatically shifted while remaining chemically pristine. Intercalating oxygen
under graphene leads p-doping of MoS., inducing a downwards Fermi level shift of 0.45eV. Using
europium, we can n-dope MoS,, shifting its Fermi level up by about 0.8 eV, inducing a metal-insulator
transition. Due to the enhanced screening of the metallic state, a giant band gap renormalization of
0.67 eV takes place. We further explore the effect of the additional charge on the one-dimensional
metallic states in MoSy mirror twin boundaries. The depletion and charging via the substrate is
shown to shift the periodicity of the states, while preserving their one-dimensional nature. Additional
DFT calculations reproduce the metal-insulator transition and the shifts of the graphene Dirac point
and MoSs conduction band.

The Kondo effect, where the spin of a magnetic impurity is screened by the itinerant electrons in a
metal, is one of the best understood phenomena in many-body physics. Its microscopic description
allows one to predict the properties of the system at any energy scale, using only a few parameters.
Nevertheless, these parameters, which pertain to the magnetic impurity, are inaccessible in the
standard scanning tunnelling microscopy realisation of the Kondo effect, which makes use of magnetic
adatoms on metal surfaces. We present a unique Kondo system in the mirror twin boundaries of
single-layer MoS,. Using voltage pulses applied with the tip of the scanning tunnelling microscope,
the doubly occupied, degenerate one-dimensional metallic states in the mirror twin boundaries can
be shifted to the Fermi level, where they split due to strong Coulomb interactions. This leads to the
formation of a singly occupied state with spin-1/2. Coupling of the magnetic moment of this state to
electrons in the substrate results in a Kondo resonance at the Fermi level. Our ability to resolve the
spectral function of the full Kondo system, consisting of the magnetic mirror twin boundary states
together with the resonance, allows us to compare the experimental data directly with numerical
renormalization group calculations. Another benefit of this system is that the variety of boundary
lengths and energy states leads to a wide range of accessible Kondo coupling strengths, with Kondo
temperatures spanning six orders of magnitude. We also resolve the relation between the magnetic
states and the resonance in real space for the first time.

When single-layer MoSs is made metallic, theoretical and experimental works find evidence for

Vi



strong electron-phonon coupling, which can lead to various correlation effects, like superconductivity
or the formation of polarons, a quasiparticle consisting of an excess charge carrier (electron or
hole) localized within a potential well formed by the ions of the lattice. We provide a scanning
tunnelling microscopy and density functional theory study of electron-phonon coupling effects in
metallic single-layer MoSy. Conductance spectra of two metallic MoSy samples, with europium or
caesium intercalated below the graphene substrate, show series of evenly-spaced peaks around the
Fermi level. Density functional theory calculations for n-doped single-layer MoSs demonstrate strong
coupling between the occupied K-band of MoSs and the unoccupied Q-band via a M-phonon, with
an energy corresponding to the conductance peak spacing. The coupling is shown to be strong
enough to lead to the formation of polarons. We fit the conductance spectra to get an estimate of
the electron-phonon coupling strength. We furthermore show that the conductance peaks, related
to the local creation of polarons with the STM tip, can be shifted by charges at the edges of the
MoS,, islands. We use this dependence on the local environment to confine polarons to a quantum
well, which allows us to image them directly with the scanning tunnelling microscope.

In the Scientific Appendix, two additional studies on single-layer MoSs are presented. With trans-
port studies exhibiting signs of localization effects in MoS,, which could lead to a Coulomb gap at the
Fermi level, we conducted low-temperature (0.35 K) scanning tunnelling spectroscopy measurements
of metallic MoSy on the graphene/europium/Ir(111) sample. The spectra reveal a V-shaped gap at
the Fermi level. The gap is only present on MoSs and is absent on graphene. It does not respond
to external magnetic fields, ruling out that it has a superconducting origin. Instead, it is found that
the gap size depends on the area of the MoSs islands, which is in line with it being a Coulomb gap
driven primarily by electron-electron correlations.

Finally, we have investigated single-layer MoSs on hBN/Ir(111). Exchanging graphene for the large
band gap insulator hBN leads to a substantial band gap increase in MoSs, at least in regions where
sulphur intercalation below hBN flattens out the strong hBN/Ir(111) moiré. In these regions, we can
resolve the maximum of the valence band at the K-point with constant-current scanning tunnelling
spectroscopy, further pointing towards an enhanced decoupling from the substrate compared to
graphene/Ir(111). Simultaneously, in regions with less or no sulphur intercalation, the moiré of
hBN/Ir(111) modulates the band structure of MoSs, giving rise to possible localized states in the

quantum wells formed by the moiré potential.
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Deutsche Kurzzusammenfassung

(German abstract)

In dieser Arbeit werden die zweidimensionalen Materialien MoSs und VSs in ihrer Einzelschicht-
form untersucht. Unterschiedliche Phasen, abhangig von den Syntheseparametern, dem Substrat
oder der Temperatur, werden erforscht, wobei der Schwerpunkt auf den korrelierten elektronis-
chen und magnetischen Zustidnden liegt, die in diesen Materialien vorhanden sind. Rastertun-
nelmikroskopie wird verwendet, um strukturelle Informationen mit atomarer rdumlicher Auflésung
zu erhalten, wahrend Rastertunnel-Spektroskopie eingesetzt wird, um die lokale Zustandsdichte zu
messen. Experimentelle Ergebnisse zu korrelierten Phanomenen werden mit Dichtefunktionaltheo-
rie und numerischen Renormierungsgruppen-Berechnungen verglichen, die von Kooperationspartnern
durchgefiihrt wurden.

Die Einzelschicht von VSs wurde vorhergesagt, ein stark korreliertes Material zu sein, bei dem
moglicherweise ein koexistierender magnetischer und ladungsdichtewellenartiger Grundzustand auftritt.
Die Metastabilitdt von VSs fiihrt jedoch dazu, dass es schwierig herzustellen ist, und eine experi-
mentelle Realisierung einer freistehenden Einzelschicht war bislang noch nicht gelungen. Wir haben
erfolgreich eine Einzelschicht von VS, auf dem schwach wechselwirkenden Graphen auf einem Ir(111)-
Substrat synthetisiert, indem wir die Molekularstrahlepitaxiemethode verwendet haben. Mit dem
Rastertunnelmikroskop finden wir eine Ladungsdichtewelle mit einer Elementarzelle von 9 x v/3R30°.
Es handelt sich um eine ungewohnliche Ladungsdichtewelle, da sie eine Symmetriereduktion von
einer hexagonalen zu einer rechteckigen Elementarzelle aufweist und sogar bei Raumtemperatur
vorhanden ist. Basierend auf den experimentellen Daten als Grundlage fiir Dichtefunktionaltheorie-
Berechnungen finden wir heraus, dass der Ubergang zur Ladungsdichtewelle zu einer drastischen
Neugestaltung der Bandstruktur fiihrt. Im Gegensatz zum intuitiven Peierls-Bild einer Ladungs-
dichtewelle, die von den Elektronen im Fermi-Niveau angetrieben wird, stellen wir fest, dass die
Bildung der Ladungsdichtewelle am besten durch eine nichtlineare Kopplung zwischen transversalen
und longitudinalen Phononmoden erklart werden kann. Das auffalligste Merkmal dieser Phase ist
eine groBe, vollstandige Liicke in der unbesetzten Zustandsdichte, die mit Rastertunnel-Spektroskopie
gemessen wird. Dariiber hinaus zeigen Spektren der zirkularen Rontgenmagnetdichroismus, dass in
kleinen Inseln von VSs keine Nettomagnetisierung vorhanden ist, was durch eine Koexistenz der
Ladungsdichtewelle mit einer antiferromagnetischen Spin-Dichtewelle erklart werden kénnte.

Die Metastabilitat von VS, kann jedoch auch genutzt werden, um neue Verbindungen herzustellen,



da es leicht in V-reiche Phasen iberfiihrt werden kann, indem es interkaliert oder desulfurisiert wird.
Es wurde bereits gezeigt, dass die Einfiihrung von Schwefeldefekten und die Interkalation von Vanadi-
umatomen zu Phaseniibergdngen oder Magnetismus in dhnlichen Verbindungen fiihren kdnnen. Wir
kombinieren Rastertunnelmikroskopie mit Rontgenfotoelektronenspektroskopie, um die Synthese von
zwei neuen auf Vanadium basierenden Materialien auf Graphen auf Ir(111) zu demonstrieren. Durch
das Glithen der Einzelschicht von VS, im Ultrahochvakuum kénnen wir das eindimensionale strukturi-
erte Material V4S7 herstellen, das geordnete Reihen von Schwefelvakanzstellen entlang seiner Ober-
flache aufweist. Durch die Erhéhung der Menge an Vanadium und Schwefel auf der Probe kénnen wir
alternativ letztendlich diinnes V5Sg herstellen, das eine 2 x 2-Schicht von Vanadiumatomen zwischen
Schichten von VSs interkaliert hat. In den diinnsten V5Sg-abgeleiteten Strukturen wird bei niedri-
gen Temperaturen eine v/3 x v/3-Ladungsdichtewelle gefunden, die mit Rastertunnel-Spektroskopie
untersucht wird.

Wahrend die halbleitenden Eigenschaften der Einzelschicht von MoSs umfassend untersucht wur-
den, gibt es viele offene Fragen beziiglich ihres metallischen Zustands, der nur durch erhebliches
Gateing oder Dotierung erreicht werden kann. Da typisches Back-Gating aufgrund von Durch-
bruchseffekten dies nicht erreichen kann, wurde MoSs zuvor mithilfe ionischer Fliissigkeiten met-
allisch gemacht oder iiber Schwefelvakanz-Dotierung dotiert. Diese Methoden neigen jedoch dazu,
zu Unordnung und Ladungsungleichgewichten zu fiihren. Stattdessen nutzen wir die einzigartigen
Eigenschaften des Graphens auf dem Ir(111)-Substrat, um das Fermi-Niveau von MoSy ohne diese
Nachteile anzupassen. Unter Verwendung von Sauerstoff als p-Dotiermittel und Europium als n-
Dotiermittel interkalierten wir diese Atome zwischen Graphen und Ir(111). Als Ergebnis nimmt
Sauerstoff Elektronen von Graphen auf oder Europium spendet Elektronen an Graphen, wodurch das
Fermi-Niveau von MoSy elektrostatisch verschoben wird, wahrend es chemisch unverandert bleibt.
Die Interkalation von Sauerstoff unter Graphen fiihrt zur p-Dotierung von MoS,, was eine Abwértsver-
schiebung des Fermi-Niveaus von 0.45 eV bewirkt. Mit Europium kénnen wir MoSs n-dotieren, wobei
sich sein Fermi-Niveau um etwa 0.8€eV nach oben verschiebt und ein Metall-Isolator-Ubergang in-
duziert wird. Aufgrund der verbesserten Abschirmung des metallischen Zustands wird eine erhebliche
Bandliickenrenormierung von 0.67 eV gemessen. Wir erforschen weiterhin die Auswirkung der zusat-
zlichen Ladung auf die eindimensionalen metallischen Zustidnde an den Zwillingsgrenzen von MoSs.
Die Depletion und Ladung tber das Substrat fiihren zur Verschiebung der Periodizitdt der Zustande,
wahrend ihre eindimensionale Natur erhalten bleibt. Zusatzliche DFT-Berechnungen reproduzieren
den Metall-Isolator-Ubergang sowie die Verschiebungen des Graphen-Dirac-Punkts und des MoSs-
Leitungsbandes.

Der Kondo-Effekt, bei dem der Spin eines magnetischen Verunreinigungszustands von den be-
weglichen Elektronen in einem Metall abgeschirmt wird, ist eines der am besten verstandenen
Phanomene in der Vielteilchenphysik. Die mikroskopische Beschreibung erméglicht es, die Eigen-
schaften des Systems bei jeder Energieskala vorherzusagen, unter Verwendung weniger Parame-

ter. Diese Parameter, die sich auf die magnetische Verunreinigung beziehen, sind jedoch in der



herkdmmlichen Realisierung des Kondo-Effekts mit Hilfe von magnetischen Adatomen auf Metal-
loberflachen, die die Rastertunnelmikroskopie verwendet, nicht zuganglich. Wir prasentieren ein
einzigartiges Kondo-System in den Zwillingsgrenzen der Einzelschicht von MoSy. Durch das Anle-
gen von Spannungspulsen mit der Spitze des Rastertunnelmikroskops kénnen die doppelt besetzten,
entarteten eindimensionalen metallischen Zustidnde in den Zwillingsgrenzen zum Fermi-Niveau ver-
schoben werden, wo sie sich aufgrund starker Coulomb-Wechselwirkungen aufspalten. Dies fiihrt
zur Bildung eines einfach besetzten Zustands mit Spin 1/2. Die Kopplung des magnetischen Mo-
ments dieses Zustands an Elektronen im Substrat fiihrt zu einer Kondo-Resonanz am Fermi-Niveau.
Unsere Fahigkeit, die spektrale Funktion des vollstindigen Kondo-Systems, bestehend aus den mag-
netischen Spiegeltwin-Grenzflachenzustanden zusammen mit der Resonanz, aufzulésen, erméglicht es
uns, die experimentellen Daten direkt mit numerischen Renormalisierungsgruppen-Berechnungen zu
vergleichen. Ein weiterer Vorteil dieses Systems besteht darin, dass die Vielfalt der Grenzlangen und
Energiezustande zu einer breiten Palette von zugénglichen Kondo-Kopplungsstarken fiihrt, wobei die
Kondo-Temperaturen sechs GréBenordnungen umspannen. Wir kénnen auch erstmals die Beziehung
zwischen den magnetischen Zustidnden und der Resonanz im Realraum auflésen.

Wenn die Einzelschicht MoSs metallisch gemacht wird, finden theoretische und experimentelle
Arbeiten Hinweise auf starke Elektron-Phonon-Kopplung, die zu verschiedenen Korrelationseffek-
ten fiihren kann, wie Superfluiditit oder der Bildung von Polaronen, einem Quasiteilchen, das
aus einem Uberschuss an Ladungstragern (Elektronen oder Lochern) besteht, das sich in einem
Potentialtopf bildet, der durch die lonen des Gitters gebildet wird. Wir bieten eine Studie zur
Elektron-Phonon-Kopplung in der metallischen Einzelschicht MoS, mittels Rastertunnelmikroskopie
und Dichtefunktionaltheorie. Leitfahigkeitsspektren von zwei metallischen MoS,-Proben, in die un-
terhalb des Graphen-Substrats Europium oder Casium interkaliert wurden, zeigen eine Serie von
gleichméaBig verteilten Peaks um das Fermi-Niveau herum. Dichtefunktionaltheorie-Berechnungen
fir n-dotierte Einzelschicht MoS, zeigen eine starke Kopplung zwischen dem besetzten K-Band von
MoSs und dem unbesetzten Q-Band mittels eines M-Phonons, mit einer Energie, die dem Abstand
der Leitfahigkeitspeaks entspricht. Die Kopplung ist stark genug, um zur Bildung von Polaronen zu
fihren. Wir passen die Leitfahigkeitsspektren an, um eine Schatzung fiir die Starke der Elektron-
Phonon-Kopplung zu erhalten. Dariiber hinaus zeigen wir, dass die Leitfahigkeitspeaks, die mit der
lokalen Erzeugung von Polaronen mit der STM-Spitze zusammenhangen, durch Ladungen an den
Randern der MoSs-Inseln verschoben werden kénnen. Wir nutzen diese Abhédngigkeit von der lokalen
Umgebung, um Polaronen in einem Quantentopf zu begrenzen, was es uns ermoglicht, sie direkt mit
dem Rastertunnelmikroskop abzubilden.

Im wissenschaftlichen Anhang werden zwei zusatzliche Studien zur Einzelschicht MoSs vorgestellt.
Transportstudien zeigen Anzeichen von Lokalisierungseffekten in MoSs, die zu einer Coulomb-Liicke
am Fermi-Niveau fithren konnten. Daher fiihrten wir Rastertunnel-Spektroskopiemessungen an met-
allischem MoSy auf der Graphen/Europium/Ir(111)-Probe bei niedrigen Temperaturen (0.35K)
durch. Die Spektren zeigen eine V-formige Licke am Fermi-Niveau. Die Liicke ist nur in MoSg
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vorhanden und fehlt im Graphen. Sie reagiert nicht auf externe Magnetfelder, was eine superleitende
Herkunft ausschlieBt. Stattdessen stellt sich heraus, dass die LickengréBe von der Flache der MoSs-
Inseln abhangt, was darauf hinweist, dass es sich um eine Coulomb-Liicke handelt, die hauptséchlich
durch Elektron-Elektron-Korrelationen verursacht wird.

SchlieBlich haben wir Einzelschicht MoSg auf hBN/Ir(111) untersucht. Der Austausch von Graphen
gegen den Isolator hBN mit groBer Bandliicke fiihrt zu einer deutlichen Zunahme der Bandliicke in
MoSsg, zumindest in Regionen, in denen Schwefel-Intercalation unter hBN das starke hBN/Ir(111)-
Moiré glattet. In diesen Regionen konnen wir das Maximum des Valenzbands am K-Punkt mit
konstantem Strom in der Rastertunnel-Spektroskopie auflésen, was auf eine verbesserte Entkop-
plung vom Substrat im Vergleich zu Graphen/Ir(111) hinweist. Gleichzeitig moduliert in Regionen
mit weniger oder keiner Schwefel-Intercalation das Moiré von hBN/Ir(111) die Bandstruktur von
MoSs, was méglicherweise zu lokalisierten Zustidnden in den durch das Moiré-Potential gebildeten

Quantentopfen fiihrt.
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Frequently used Acronyms and Abbreviations

1D
2D
3D
CB
CcC
CDw
CH
CvD
DFT
EPC
FSN

hBN
LEED
MBE
SPT
STM
STS
TMDC
UHV
XPS
VB
vdW

one-dimensional
two-dimensional
three-dimensional

conduction band

constant current

charge density wave

constant height

chemical vapour deposition
density-functional theory
electron-phonon coupling
Fermi surface nesting
graphene

hexagonal boron nitride
Low-energy electron diffraction
molecular beam epitaxy
structural phase transition
scanning tunnelling microscope
scanning tunnelling spectroscopy
transition metal dichalcogenide
ultra-high vacuum

X-ray photoelectron spectroscopy
valence band

van der Waals
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PART I

Introduction and Background






CHAPTER 1

Motivation

Physics is the science of reduction. From the folding of proteins to the crashing of waves on the
beach, from the movement of galaxies to the fall of a feather: it all comes down to four fundamental
interactions. Nothing happens that should not, ultimately, fit into the microscopic causal chains
connecting physical events with prior events via the four forces of nature.

In many cases, determining the precise microscopic origins of physical phenomena is both extremely
difficult and impractical. Most of physics is concerned with cases involving more than a couple of
particles in vacuum and even our best models cannot fully capture all the interactions between
them. Macroscopic events are, instead, governed by statistics. We do not need to know the exact
processes that underlie most phenomena we encounter in our daily lives: to predict the weather days
in advance, or to calculate the current going through a wire. As long as the number of particles is
large enough, we can use emergent properties, like temperature and resistance, to adequately describe
what is happening. It is often enough to know that, on a deeper level, the phenomenological laws
of thermodynamics or conductance should follow from a complete description of the microscopic
constituents of the world.

Two dimensional (2D) materials inhabit the space between single particles described solely by
fundamental forces and macroscopic objects ruled by statistics. An electron living in two dimensions
is neither the elementary particle found in the standard model; nor is it the bland carrier of current
that moves through three dimensional cables. In vacuum, a particle is free because it is alone. In
a three dimensional material, it is free because there are so many other particles that their total
influence is nearly cancelled out - the effects of any particle on their surroundings and vice versa are
screened. In matter with less than three dimensions, electrons are decidedly not free. They are in
close proximity, but without the benefit of screening - which is ineffective in lower dimensions - they
cannot ignore each other. As a consequence, they end up being correlated with one another, forming
new ordered states of matter with their own emergent physics.

In 2D materials, the quest for reduction, which is in the end the pursuit of understanding, takes on
a particularly beautiful form. Most of the basic terminology of condensed matter physics consists of
emergent phenomena: quasiparticles such as holes, polarons, excitons or phonons, or ordered phases
such as superconductivity. The lack of screening in lower dimensions only gives rise to more of such

many-body effects, like spinons and chargons, charge density waves and fractional charges. But here,



Chapter 1 Motivation

a full description based on lower-lying interactions, rooted in electrodynamics and quantum theory,
does not feel so out of reach. Since they are all surface, we can access low-dimensional systems
with extreme local precision - nothing is hidden. So, the emergent macroscopic properties can be
matched with their local microscopic counterparts. In addition, we can grow 2D materials under
clean, ultra-high vacuum conditions, making them as close as possible to the intrinsic materials
considered in theoretical models based on fundamental interactions. We can even add disorder,
defects or charge in a controlled way, to reveal their effects or manipulate the properties of the
material. This unprecedented control over these systems simplifies them to such an extent, that
it allows us to compare experiment directly with ab-initio theories based on the exact microscopic
processes out of which they arise.

This undertaking can be regarded as the recurring theme of this thesis. Using the scanning
tunnelling microscope, which consists of an atomically sharp, metal tip brought in very close proximity
to the surface of a 2D material, we can image the individual atoms of which the material is composed.
The atomic resolution of the structure of materials is made possible by a quantum tunnelling current
between tip and sample, which is extremely distance-dependent. As the tip is moved over the surface,
the current will fall and rise with the ‘landscape’ of atoms beneath it. This current has another, even
more remarkable virtue: it contains information on the local density of states of the sample. With the
STM, we thus see not only where the atoms are sitting, but also what the electrons in the material
are doing. The behaviour of the electrons can be resolved in both space and energy. In some cases,
the STM can even be used to directly observe other types of quasiparticles, like phonons or Cooper
pairs. In most of the Chapters of this thesis, the data obtained with STM is directly compared to
first-principles theory performed by our collaborators.

The correlated physics of low-dimensional materials is explored by means of two materials. VSs
and MoS; are transition metal dichalcogenides (TMDCs), layered materials with weak van der Waals
(vdW) forces acting between molecular sheets of transition metals bound to planes of chalcogen
(S, Se, Te) atoms above and below. Since the coupling between layers is so feeble, these materials
are always semi-2D, even in their bulk form. Nevertheless, it is worthwhile to remove even the last
vestiges of the third dimension and isolate them as single layers, which can lead to the development
of completely new physics [5]. Considering the single-layer variants of VSg and MoSy, it turns out
that they have an impressive range of correlated phenomena to offer, neatly divided between the two
of them.

Single-layer MoS; is a direct band gap semiconductor, where the holes in the valence band can
couple strongly to excited electrons in the conduction band. These electron-hole pairs form quasi-
particles called excitons, which have particularly high binding energies in MoSs [6]. The band edges
of single-layer MoS, are spin-orbit split due to the lack of inversion symmetry, giving rise to valley
physics, which makes use of the opposing spin states of particles moving in opposite directions [7].
Strong n-doping of MoSy can lead to a metal-insulator transition. In its metallic state, coupling

between the electrons and the phonons of the crystal lattice could lead to the formation of another



quasiparticle: a polaron [8]. And if it is doped sufficiently, it can also become superconducting [9],
with indications that this is of the unusual Ising-type, where the spin-orbit splitting of the bands
protects the Cooper pairs from breaking in in-plane magnetic fields [10].

Single-layer VSs is an intrinsic metal and a promising material for strongly correlated physics [11].
Unlike MoSsg, it was not yet synthesized in its freestanding form, due to the metastability of bulk
VS,, which rather grows in S-deficient structures with V atoms intercalated between layers of
VS, [12]. Predictions for single-layer VSy have generally focused on its purported ferromagnetic
ground state [13], which is relatively rare in two-dimensional materials [14]. It was further predicted
to undergo a charge density wave (CDW) transition, where the lattice periodically distorts to ac-
commodate a standing wave of electrons, possibly accompanied by a spin density wave, where the
magnetic moments are periodically modulated with a period related to the CDW [11].

In order to perform STM measurements on these materials, we first need a suitable substrate, one
that allows a current to flow between tip and sample. In other words, we need a metal. Growing
TMDCs directly on a metal is counter-productive: due to the dangling bonds at the surface of the
metal, it could hybridize with the TMDC, altering its electronic properties as a consequence of orbital
overlap. Hybridization, as well as screening from the bulk metal, would act against the intrinsic 2D
nature of the TMDC, and can lead to the suppression of the correlated effects we aim to investigate.
We therefore use a buffer layer between VSy and MoSs and our metallic substrate, which is a Ir(111)
crystal. Graphene (Gr), a 2D sheet of carbon atoms, is selected as buffer; it shields the materials of
interest from the metal, while still allowing a tunnelling current to pass. In this way we obtain what
we call quasi-freestanding TMDCs in our STM [15].

The research we have performed on VSs is contained in two Chapters. In Chapter[4we demonstrate
the first quasi-freestanding synthesis of single-layer VS,. We find a unique, one-dimensional CDW
in the material, which has a transition temperature above room temperature. Unlike most other
CDW systems, it has a full gap in the unoccupied density of states, which we resolve with the STM.
We compare our experimental findings to first principles calculations. The excellent agreement
allows us to determine the microscopic origin of the CDW as mode-mode coupling between phonons.
In Chapter [5, we instead focus on obtaining new vanadium and sulphur based compounds. We
create single-layers of V4S7, a material with ordered one-dimensional sulphur vacancies, which might
host one-dimensional physics, as well as having possible catalytic properties. We also synthesize
self-intercalated 2D variants of V5Sg, which have extra V atoms between layers of VSy and are
promising candidates for magnetic interactions. In the V5Sg-derived structures, we observe a CDW
at temperatures below 110 K.

Our studies of MoS; are found in the remaining three Chapters and two Appendices. In Chapter 0]
we show how we can use our graphene on iridium substrate to control the Fermi level and band gap
of MoSz. By intercalating either oxygen or europium between graphene and iridium, we can achieve
very strong p- or n-doping of MoSy without chemically changing anything in MoSsy itself. Using
europium, we are able to make single-layer MoS, metallic, which is accompanied by a drastic band



Chapter 1 Motivation

gap renormalization. This theme of controlling the properties of MoSy is continued in Chapter [7]
where we use voltage pulses applied with the STM tip to make one-dimensional defects in MoS,
magnetic. In their magnetic state, they couple to the electrons from the substrate, leading to a
Kondo resonance. We are able to measure for the first time the complete spectral function of the
Kondo system with the STM, which allows us to compare our data directly with the microscopic
Anderson model. In Chapter [8 we investigate the properties of metallic MoSsy, which we obtained
using the method of Chapter[f] In its metallic state we directly observe the effects of strong-electron
phonon coupling in the tunnelling current, pointing towards the presence of polarons. Our findings
are compared with first-principles calculations, which indeed find a (meta-)stable polaronic ground
state for our system. Staying with metallic MoS,, we additionally find a small gap at the Fermi level
when we cool down to very low temperatures. This is described in Appendix [A.I] We argue that
it is a Coulomb gap, driven by strong electron-electron correlations. Finally, in Appendix [A.2] we
exchange the graphene buffer layer of our substrate with hexagonal boron nitride (hBN), which is
an insulating 2D material. The effect on the properties of MoSs is dual: depending on the amount
of sulphur intercalation between hBN and iridium, it makes MoS;y either more freestanding - with
the band gap extremely close to its theoretical limit - or it modulates the properties of MoS, in an

ordered fashion, leading to possible moiré physics.

This thesis is structured as follows: Part | provides background information on the concepts and
materials relevant to this work. In Chapter 2 2D materials are introduced. Their history, crystal
structure and practical aspects of their synthesis are discussed. Afterwards, single-layer MoSs and
VS, are presented in more detail. Chapter [3| focuses on the electronic interactions which lie at the
heart of this thesis. They are divided into two categories: electron-phonon coupling, from which the
polarons of Chapter || and charge density waves of Chapters [4] and 5] arise; and screening, which
causes the band gap renormalization of Chapter [ and the Kondo effect encountered in Chapter [7]

Part Il contains five manuscripts, of which the first and third (Chapters [4] and [f]) are published.
The fourth manuscript (Chapter has been accepted for publication, while the second manuscript
(Chapter |5)) is under review and can thus be considered close to being finished. The fifth manuscript,
of Chapte, is in the final state before submission, with the theoretical calculations and experimental
work completed.

In Part I, we discuss the results of the manuscripts, focusing on further experiments that could
be conducted and including a broader consideration of our work in the context of current and past
research.

In Part IV, the Appendices can be found. Apart from the Scientific Appendices mentioned above,
it contains a manual for a Python-based application for data analysis and visualisation, developed
during my PhD. It is freely available for download (https://github.com/cavaern/CPlot).



CHAPTER 2

Transition Metal Dichalcogenides

This Chapter should serve as a brief introduction to transition metal dichalcogenides, a class
of materials with inherently two-dimensional properties. First the concept of a two-dimensional
material will be introduced, followed by a discussion of the crystal and electronic structure of
transition metal dichalcogenides. Their synthesis will be reviewed, as well as the dependence of
their properties on the substrate and internal defects. Afterwards, the two materials investigated
in this thesis, MoSs and VSs2, will be treated of in more detail. For a full review of transition metal
dichalcogenides, the reader is referred to Ref. [5]. An excellent overview of the electronic properties
of MoS> from a theoretical perspective is presented in Ref. [16], while growth methods of MoSs
focused on applications are summed up in the short review of Ref. [17]. Most reviews of VS
concentrate on its applications in battery technology. A recent review of the various applications
of VS is given in Ref. |18].

2.1 Structure and growth of transition metal dichalcogenides

Most of the fascinating properties of TMDCs stem from the fact that they are 2D materials. Before
we delve into the topic, we should therefore establish what that precisely means. Any material can,
in principle, be thinned down, whittled away until nothing is left but a single layer of atoms. But
could we really create a 2D layer of, say, iron in this way? The answer is negative. Iron, being
a three-dimensional (3D) material, is unstable without the strong bonding interactions between its
layers. As a result, it will not form a flat layer, but cluster together into balls.

We can try to remedy the situation. Perhaps we take a suitable substrate, a bulk metal crystal,
which will keep the iron atoms in place while we perform our thinning procedure. Now our experiment
might indeed be called a success. We end up with a layer of iron atoms firmly attached to the metallic
bulk. But what we have created could be better described as a 3D crystal with some iron on its
surface, than a proper 2D layer of iron. We cannot transfer the iron layer to another substrate, we
cannot even think of its properties independent from the bulk metal, due to the strong hybridization
between the two. And for a long time, this was supposed to be the only way for 2D materials to
exist: as an integral part of a larger 3D structure [19].

An actual 2D material would be fully content to stay two-dimensional. If it would be created in
space, it could float as a single layer through vacuum. If put on a substrate, it can be removed again

and put on top of another. Its properties would not be tied to those of the material it rests on. And
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around 1960, it was discovered that such materials indeed exist [5].

True to their nature, these types of materials are never really 3D, with much stronger intra- than
interlayer bonding. In their bulk form, they consist of 2D layers bound only weakly together by vdW
forces. TMDCs are a class of such layered materials, composed of a transition metal atom M and
two chalcogen atoms (S, Se, or Te) X with stoichiometry MXz. They have been studied extensively
in bulk and ultrathin form in the 1960s [20] and by 1986 suspensions of single layers of TaSa, NbSo
and MoS; had been produced [21,22].

However, theoretical doubts persisted about the possibility of single-layers under ambient con-
ditions. It was argued that any 2D material would be inherently unstable due to thermodynamical
fluctuations [23,24]. Only with the discovery of Gr, a 2D sheet of carbon atoms, in 2004 [25], quickly
followed by other freestanding 2D crystals like single-layer hBN [26], those doubts were quelled. Us-
ing the techniques developed during Gr-related research, new ways to study single-layers of TMDCs

opened up and the field of 2D materials came into being.

Electronic and structural properties of TMDCs

Due to the great variety of electronic properties found in the various TMDC materials, paired with
the weak electronic screening inherent to electronic confinement to two dimensions and the ability
to stack them together to form heterostructures, TMDCs have been of continuous interest to fun-
damental research. In their now accessible single-layer form, TMDCs have been known to host a
variety of phenomena, like charge density waves [27], two-dimensional superconductivity [28], valley
polarization [7},29], the quantum spin Hall effect [30] and heavy fermions [31].

Single-layer TMDCs are also hailed as promising materials for applications, especially the semicon-
ductors MoSs and WSe; [32], whose electronic properties can be controlled with their dimensionality,
strain, doping and via the substrate [33-36]. Compared to regular semiconducting materials, they
are less sensitive to the formation of interfacial defects as their inherent 2D nature leads them to
have few dangling bonds at the surface [37]. They further provide the possibility of ultimately thin
transistors, enabling improved electrostatic control and reduced short-channel effects, which are two
of the main issues plaguing current ultrascaled devices [38].

TMDCs can exist in different structural phases, which depend on the coordination sphere of
the transition metal atoms [5]. The most common ones are the trigonal prismatic (2H) and the
octahedral (1T) coordination. The 2H-phase is characterized by AbA stacking of covalently bonded
atomic layers, with the chalcogen atoms (position designated by capital letters) on top of each other
in the direction perpendicular to the layer and shifted relative to the metal atom (position indicated
with lower case letter) [39]. The 1T-phase instead has an AbC stacking order. In most phases,
the chalcogen atoms form a hexagonal lattice which gives TMDCs a threefold symmetry. The digit
in front of the phases indicates the number of layers needed to comprise a unit cell of the bulk
material. For representations of the 2H- and 1T-phases, see the MoSs structure in Fig. and the
VS, structure in Fig. [2.2] respectively.
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The electronic configuration of TMDCs is linked to the number of electrons in the transition
metal d-orbital, which can be partially or fully filled, depending on the choice of transition metal and
coordination phase [40]. The choice of chalcogen atom does not influence the electronic properties
to the same degree, though the heavier the chalcogen, the smaller the band gap in the insulating
(fully filled d-orbital) phases tends to be [41]. Most TMDCs can be realised in various metastable
phases, with drastically different properties [5]; taking single-layer MoSy as an example, its stable
2H-phase is a semiconductor with a large band gap exceeding 2 eV, while the metastable 1T-phase is
metallic [42]. In the sections related to MoS, and VS, which can be regarded as archetypical
2H- and 1T-phase TMDC s, their crystallographic and electronic properties will be discussed in more
detail.

Preparing single-layer TMDCs

There are many ways to prepare single-layer TMDCs, each with their own unique advantages and lim-
itations. A good overview of current synthesis methods can be found in recent review papers [43,44].
In Ref. [15], the growth process of single-layer TMDCs developed within our group is demonstrated

in detail.

Exfoliation

The first method is perhaps the most straightforward: exfoliaton. This can be done either me-
chanically - using adhesive tape as was used for the first isolation of Gr [25,26] - or chemically, for
instance using organic solvents for liquid-phase exfoliation - this was the method used to create the
first TMDC single layers [21,22]. Mechanical exfoliation is fast, requiring only a bulk crystal, maybe
some scotch tape, and a proper optical microscope, but it is also non-scalable and the deposition
of the material can be challenging to get right - there is always the problem of residue from the
adhesive sticking to the layer. Chemical exfoliation involves sonication or shear to overcome the vdW
forces between layers. It is performed in a liquid to ensure that the obtained layers dissolve instead
of re-aggregating [44]. It generally produces high-quality materials, but suffers from fragmentation
of the layers, leading to a wide size distribution [45].

Exfoliation is a top-down method: one starts with a bulk crystal and aims to isolate a single layer.
Most of the other methods used are bottom-up approaches, where the desired material is synthesized
directly in its single-layer form. Many of these can be classified under vapour phase deposition
methods, which allow high levels of control over the exact amount deposited. | will discuss two of
them in more detail. Information about other methods like physical vapour deposition, atomic layer

deposition, and pulsed laser deposition can be found for instance in Ref. [32].
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Chemical Vapour Deposition

Chemical vapour deposition (CVD) takes place in a tube furnace, where a target substrate is placed
downstream from a chalcogen source (classically, this is a powder, but the chalcogen can also be
applied in gas form [44]). As the furnace gets heated under a carrier gas, the S powder evaporates
and reacts with a precursor powder containing a transition metal (like MoOs). This leads to a
stream of TMDC molecules that travel along with the carrier gas onwards to the hot substrate,
where they combine to form the desired structure. Using this method, pum-sized TMDC single-layers
can be grown on different substrates [46-48]. After growth, the material can be transferred either
together with the substrate or exfoliated. CVD is relatively cheap and easy - it does not require a
vacuum chamber or intensive labour and allows the use of many, readily available precursors. More
than any other method it holds the promise of industrial-scale implementation. But the very things
that make it scalable and cheap are also its downsides. The near-ambient pressures involved in the
process and the high substrate temperature lead to contamination and defect formation, while the
many parameters involved lead to enormously diverse results [49]. In general, the conditions of CVD
are not ideal for fundamental research, which requires tight control over the synthesis outcome. In
particular, a prerequisite for a direct comparison between first-principles theory and experiment is the
pristine nature of the investigated material. Adsorbates or defects stemming from CVD growth, which
strongly influence the properties of 2D materials [50], would preclude an unambiguous determination

of their intrinsic properties.

Molecular Beam Epitaxy

The method used in this thesis is called reactive molecular beam epitaxy (MBE). MBE occurs under
ultra-high vacuum (UHV) conditions, where beams of neutral atoms or molecules are directed towards
a (heated) substrate [51]. The high melting temperature of many transition metals neccessitates the
use of electron beam evaporation, which requires high voltages and temperatures not needed in CVD.
MBE typically takes place on weakly-interacting substrates, making full use of the lack of dangling
bonds at the surfaces of TMDCs, as this removes the need for the lattice to match to that of the
substrate, which is necessary in conventional growth of heterostructures [52]. In effect, this means
that the material can be grown quasi-freestanding [15], with its lattice constant and symmetry not
affected by the substrate. The weak vdW interaction with the substrate is enough to control the
orientation of the layer, thereby preventing the sample from exhibiting multiple orientations and angle
mismatches (polycrystallinity) [41,/53,/54]. MBE is generally performed in UHV systems which allow
in situ characterization, using for instance LEED or STM. The UHV conditions also make it ideal for
research purposes, especially those which involve local characterization, as the number of defects or
adsorbates is kept at a minimum. The challenge of MBE growth of TMDCs lies in the low sticking
coefficient of S and Se at the temperatures needed for metal surface diffusion. This problem is
partially alleviated by using vdW substrates such as Gr, which enhance surface diffusion [15|55H57].
Nevertheless, MBE growth typically results in smaller domains than those obtained with CVD. MBE
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growth does allow for easy incorporation of (magnetic) dopant atoms or alloying of materials, by

simultaneous evaporation of elemental metal atoms [58-62].

Substrate interaction in TMDCs

The great advantage of 2D materials is that they are extremely thin. They are all surface. This
fact makes them highly susceptible to their environment, which can be leveraged to achieve a high
level of control over their properties. It also makes them particularly difficult to work with. Their
properties will depend heavily on external sources of disorder, mainly stemming from the substrate,
as well as internal imperfections (defects). Whether this is a boon or a curse will hinge on our ability
to control these parameters.

For the substrate there are - very broadly - three options available. The TMDC can be placed
on a metal substrate, which facilitates easy growth, but leads to strong hybridization between the
TMDC and the substrate. It is also possible to use an insulating substrate. This is necessary for
most device applications, but the lack of screening can lead to strong disorder unless the substrate is
of very high quality. Finally, one could opt for a vdW substrate. This would lead to a more involved
growth process, due to the lack of catalytic activity of the substrate, but the weak interaction with
the substrate reduces a main source of external disorder, so that the intrinsic qualities of the TMDC

can be preserved.

Metallic substrates

As for metallic substrates, high-quality single-layer TMDCs have been successfully grown directly on
Au already before the isolation of Gr. Originally, the islands obtained on Au were small [63]. While
this made them interesting for their catalytic properties, which are enhanced at island edges [64],
the need for large areas of single-layer TMDCs remained. With improvements in the CVD growth
technique, large single-crystals of e.g. WSy and MoS; were eventually grown on Au(111) [65,66].
With the MBE technique, the Au substrate has mainly been used to grow S-based TMDCs, since S
has a high vapor pressure under UHV conditions, so that crystalline S cannot be used as a source
material for the evaporation of elemental S. With a catalytic substrate like Au(111), there is no need
for elemental S, since molecules like H2S can be decomposed on the surface. In this way, the metallic
TMDCs TaSsg, VS2 and NbSo were grown on Au(111). However, in each of these cases the strong
interactions with the substrate led to the suppression of predicted electronic properties like CDWs or
superconductivity [12,67,/68].

Insulating substrates

For device applications, TMDCs are often grown on semiconducting substrates like SiO [48]. Such
substrates have the downside, that they can introduce substantial extrinsic disorder to the single-
layer TMDC [69]. This can be remedied either by depositing a high-x dielectric like HfO2 on top of
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the TMDC, so that it can screen charge impurities in the substrate and passivate charged impurites
within the TMDC layer itself [70]; or by encapsulating the layer in hBN, to increase the distance
between the TMDC and the substrate [71]. However, TMCDs grown on inert substrates tend to also
have many intrinsic defects like S vacancies, antisite defects, adatoms and dislocations [72]. These

lead to localized in-gap states and a strong decrease in the carrier mobility [73].

vdW substrates

This latter point brings us to the third type of substrate, which mainly has benefits for a scientist
interested in the intrinsic properties of single-layer TMDCs. Already among the pioneering works on
the growth of epitaxial TMDC films using MBE was a study demonstrating the succesful growth of
NbSesz on a cleaved 2H-MoS; surface [53]. Despite the lattice mismatch and the weak vdW forces
between the materials, the adlayers shows a strong preference for alignment with the substrates
axes. With the epitaxial alignment secured, the large surface mobility of the evaporated metal atoms
and the minimal substrate interaction make vdW materials the substrate of choice for MBE [74].
However, since the growth is not primarily driven by the catalytic activity of the substrate, nucleation
and expansion of adlayers can take place on top of the first TMDC layer. Using these substrates
therefore tends to result in multilayer structures. To prevent substantial second and higher layer
growth, single-layer films often cover but a portion of the substrate and consist of many small islands
due to low surface diffusion of the chalcogen atoms. Originally, the growth of TMDCs on vdW
substrates was mainly focused on Se-based compounds; this has lately shifted to include the S-, and
Te-based materials [75].

In this thesis we apply MBE growth on Gr/Ir(111) to grow VSs and MoSs, using pyrite (FeSs)
as a UHV-compatible S source [15]. Gr is chemically inert, binds weakly to any adlayer via vdW
forces and screens poorly due to its 2D and semi-metallic nature [76]. To preserve these qualities,
it is crucial that the Gr layer does not interact too strongly with the bulk metallic crystal necessary
for most STM setups. On Ir(111), Gr can be grown epitaxially as a single-crystalline layer with an
extremely low defect density [77-79]. The interaction between Gr and Ir(111) is weak enough that
the Gr layer is physisorbed and its band structure close to pristine [80,81]. As a result, the single-layer
TMDCs we grow on this substrate are quasi-freestanding, with properties close to those expected

from first-principles calculations [15}32].

Defects in TMDCs

But no matter how careful we grow and what substrate we choose, no growth is perfect. Whether
exfoliated or grown with CVD or MBE, the resulting crystal will not be flawless. As a result of the
second law of thermodynamics, every crystal will intrinsically have a temperature-dependent number
of vacancy defects [83,84]. Growing TMDCs using the vapor phase methods involves the nucleation
of small domains which merge together as more and more material is deposited on the substrate.

This will typically result in polycrystalline films, with grain boundaries separating the original nuclei.
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In the end, TMDCs will exhibit a variety of intrinsic and extrinsic defects besides vacancies and grain
boundaries, like adatoms and substitutional impurities [48].

These defects can cause strain, store charge, break the lattice symmetry, scatter carriers, dope the
material, host in-gap states, contain exotic states of matter or act as current filters. Defects can
affect the optical and electronic properties of TMDCs [85,/86]. Understanding their role in shaping
TMDC s is crucial, first from a fundamental point of view, but increasingly for practical applications
as well.

Individual defects in 2D materials can act for instance as optically active sites, which behave as
single-photon emitters [87]. The emission process can be tuned using a gate voltage [88]. They can
also be used at catalytic sites instead of noble metal catalysts - which are expensive - in e.g. the
hydrogen evolution reaction, with catalysis occurring at edges, S vacancies and grain boundaries [89].
Point and line defects in TMDCs can induce magnetism [90,/91], while S vacancies natively n-dope
microcleaved few-layers of MoSy [73]. But they have downsides as well, mainly on the transport
properties of materials. MoSs transport, e.g., is hindered by charged impurities [92] and CVD grown
single-layer MoS, has considerably lower carrier mobility compared to exfoliated samples due to
imperfections stemming from the growth process [72].

The defects investigated in this thesis are mirror twin grain boundaries (MTBs). They form when
two domains of a TMDC rotated by 60° grow together. Instead of other types of grain boundaries,
their unique symmetry relation with the crystal allows them to have a regular atomic structure.
They can thus be regarded as 1D structures embedded in a 2D crystal. Like other grain boundaries,
they are mainly associated with impaired device performance [93,94], though a slight increase in the
in-plane conductivity was also reported for flakes of single-layer MoS, connected by a MTB [85].
From a microscopic point of view, the increased resistance across MTBs could be understood as a
consequence of the band bending observed in STM [95], while the increased conductance could be
related to band gap narrowing near the boundaries [96] and/or to the presence of mid-gap states in
the MTB [97].

Density-functional theory (DFT) calculations predict that MTBs in 2D S-based TMDCs host 1D
electronic bands [98]. This is a consequence of the polar nature of these materials, which results in
polar charges accumulating at crystal discontinuities, which are cancelled out by the free charges that
form the band [99,100]. It was originally thought that the 1D band would lead to a pure Peierls CDW
state in MoSes MTBs [101]. However, the strong electron-electron correlations in MoSs and MoSes
MTBs instead lead to the formation of a Tomonaga-Luttinger liquid, where independent charge- and

spin-density waves emerge out of fractionalized bosonic collective modes [102-104].

2.2 Molybdenum disulphide

Out of all the TMDCs, MoS; is probably the best known and most researched. It is a naturally

occurring compound, silvery-black in its mineral form molybdenite. For a long time it was mainly
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investigated for its tribological properties and used as a dry lubricant [105]. Other applications are
petroleum desulfurization [106]; catalysis, especially involving hydrogen generation [64,|107]; and
photovoltaics, with MoSs layers showing one order of magnitude higher absorption of sunlight com-
pared to regular solar cell materials [108,(109]. MoS3 has also been touted as an efficient electrode for
high capacity batteries [110,111]. Recently, the focus has shifted, with current research looking into
its possible application in nanoelectronics 38|, with the first single-layer MoS, transistor exhibiting
a room-temperature current on/off ratio exceeding 1 x 10® and mobility of ~ 20 cm?V~1s71 [112].
Due to its large band gap, low in-plane dielectric field and atomic uniformity, single-layer MoSs
transistors can be scaled down below the Si transistor scaling limit of ~ 5nm gate lengths [113],

recently crossing even the 1 nm mark [114].

Excitons and valleys

Two interesting transitions take place when bulk MoS, is thinned down to a single-layer. The first is
due to the loss of inversion symmetry in the single layer, causing spin-orbit interactions to split the
MoSs bands and allowing valley-dependent physics forbidden in regular materials [7]. The second
transition is from an indirect to a direct band gap semiconductor [6,33,|115}/116], with strongly

enhanced excitonic binding energies [117].

Spin-orbit splitting

MoSy preferably crystallizes in the 2H-structure, see Fig. 2.1a. Unlike the 1T phase, the inversion
center of the 2H phase lies in the middle between two planes. As a result, 2H-phase TMDCs lose
inversion symmetry when they are thinned down to a single layer [7]. Because of the broken inversion
symmetry, spin—orbit interactions split the MoSs valence bands by 160 meV and the conduction band
by a couple of meV [7}/29,/119].

This can be understood if we consider a simple, non-magnetic, centrosymmetric crystal. Here
each electronic state with energy E has a momentum k and spin 1 or |. Since we have time-
reversal symmetry, Kramer's degeneracy holds. If we flip the arrow of time, all angular momenta
(which includes the electron spin) are reversed along with the linear direction of motion. This can
be expressed as E(k,T) = E(—k,J). In our crystal, we also have inversion symmetry for every state,
such that: E(k,1) = E(—k,T). This leads to a fourfold degeneracy for each momentum state |k|.

Lifting inversion symmetry while preserving time reversal symmetry leads to a particular condition,
which allows the spin splitting of states of opposite momentum. The magnitude of the splitting is
determined by spin-orbit coupling [7]. Looking at the 2H-structure from above, we can see that
inversion symmetry is broken in the real-space directions that connect nearest Mo atoms, see the
red line in Fig. @]a which translate to the I'K direction in the Brillouin zone, which is depicted in
Fig. . Along the I'M direction, inversion symmetry is preserved (green line in Fig. ); the
same holds for spin components which lie in the plane. We thus end up with spin-splitting at the

Q and K points of the MoSy band structure, which due to orbital effects is most pronounced at the
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Figure 2.1: Atomic and electronic structure of single-layer 2H-MoS,. a Top and side view of the atomic structure
of the trigonal prismatic (2H) phase of MoSz. The green line lies along a direction of inversion symmetry
(M), while the red line demarcates a direction where this symmetry is lifted (I'K). b Hexagonal 2D
Brillouin zone, with the high symmetry locations indicated. c Schematic representation of the band
edges of single-layer MoS2, showing the spin splitting of the bands at the K and K’ points. Red and
blue colours indicate up and down spin polarization. d Complete band structure of single-layer 2H-MoS,.
Panel c is adapted from Ref. [5]. Panel d is adapted from Ref. [118].
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top of the valence band, see Fig. [2.k,d. These band extrema are called valleys and the lifting of
the spin-degeneracy and the coupling of the spin and valley degrees of freedom give rise to valley

physics, like photo-induced charge Hall, spin Hall and valley Hall effects [7].

Indirect-direct band gap transition

MoSs is an indirect band gap semiconductor right up to the point where the penultimate layer is
removed. It then undergoes an indirect-to-direct band gap transition [6}33,/115,116]. The transition
can be traced back to the different orbitals that comprise the states at different points in the band
structure. While the conduction band states at the K point are predominantly composed of strongly
localized d orbitals at Mo sites, the states near I' and Q originate from a combination of Mo d
orbitals and antibonding p, orbitals on S atoms. The former are rather insensitive to the number
of layers because of their strong localization, whereas the latter two have strong interlayer coupling
and energies that depend heavily on layer thickness [6]. As a result, the MoSs band gap shrinks with
increasing layer number, as the bonding interactions at the I' and Q points lead to the formation of
new states within the former band gap. The edges of the direct band gap of single-layer MoSs are
located at the K-points, see Fig. [120H122|, while the indirect band gap of the multilayer goes
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Chapter 2 Transition Metal Dichalcogenides

from the I'-point in the valence band to the conduction band edge at the K or Q-point, depending
on the exact number of layers and strain [6,123,(124].

In single-layer TMDCs the weak 2D screening also leads to strong binding between electrons and
holes, which form bound states called excitons. While the binding energy of excitons Ej, in classical
(3D) systems like GaAs quantum wells is in the meV range, this shoots up by one to two orders
of magnitude in single-layer TMDCs [125-128]|. Since the creation of a bound electron-hole pair is
energetically more favourable than creating a free electron, the optical band gap of single-layer MoSs
is considerably lower than the electronic band gap Egap, [6,33], since photons will be absorbed as
soon as they have the energy Fgap — Ep,, with E}, ~ 500meV [129).

Localization and superconductivity

While its innate form might be semiconducting, there are two ways to access metallic phases in MoS,.
One is to induce a phase transition to the metallic 1T-phase, which has a completely different band
structure; the other involves doping 2H-MoS5 until the Fermi level reaches the valence or conduction
band, leaving the band structure of the 2H-phase intact.

While the 1T-phase of MoS; is not stable at room temperature [130], it can be induced under
certain conditions, like electron beam irradiation [131], plasmonic hot electron transfer [132] and
chemical doping [133], specifically when MoSs is doped via Li intercalation [134-136]. A compre-
hensive review of 1T-MoSy can be found in Ref. [137]. For the purposes of this thesis, we will
confine ourselves to the properties of metallic 2H-MoS,, since that is the phase obtained using our
contactless gating method discussed in Chapter [6]

Most of the studies on metallic 2H-MoS, are performed in transport setups, where a combination of
a backgate and vacuum annealing is used to n-dope MoSs. Vacuum annealing of CVD-grown single-
layer MoS; leads to significant n-doping of the sample, attributed to doping from S vacancies [138].
While the process is not completely elucidated yet, it can be argued that it removes O substitutions
at the S vacancy sites that are formed during the CVD process, which otherwise passivate the
defects [139]. Transport in single-layer MoSs has two clearly demarcated regimes. Above a critical
charge density of ~ 1x 10" cm™2 the conductivity of the layer increases with decreasing temperature
- a clear sign of metallic behavior; while below that threshold an insulating state characterized
by variable-range hopping is found [70,|138,/140]. The regimes are separated by a metal-insulator
transition with a localization-driven quantum critical point [140,(141]. There is ample evidence of
long-range Coulomb scattering in single-layer MoS,, both in the metallic [142,|143] and insulating
state [143,|144], which could lead to the observed localization effects.

Doping MoS, even further, to ~ 1 x 10 cm™2, results in the emergence of superconductivity,
with a Tc of 1 — —2K [9,|145,/146|. Like the superconductivity found in bulk MoSy samples, it is
uncoventional; the spin-valley locking at the K and @) points of the BZ protects the superconducting
state from in-plane magnetic fields [10,/147,148]. Superconductivity in single-layer MoSs differs from

its bulk counterpart in its lower transition temperature, which in the bulk lies around 10K. The
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difference is tentatively attributed to the relative positions of the @) and K conduction band minima.
While metallic single-layer MoSs starts out with only a single band at the K-point crossing the Fermi
level [149,[150], in bulk MoSs the band at the Q-point might cross Ef first or near-simultaneously
with the K-band when the metal-insulator transition takes place [6}/115}116,[145], with significant
consequences for the electron phonon coupling - which couples between K and @ - that leads to the

superconductivity [145].

2.3 Vanadium disulphide

Among the many uses of MoSs mentioned in the previous chapter was its potential as an efficient
electrode material for rechargeable batteries . However, at least so far as 2H-phase of MoSs is
considered, its semiconducting nature intrinsically limits its electrochemical performance . VSy
is a member of the metallic TMDC family. It preferentially grows in the 1T-phase, where the bottom
S atoms are staggered with respect to those in the top layer, see Fig. [2.2a,b. It has a strongly
dispersing band crossing the Fermi surface between M and K, which become nearly flat in the 'K
direction, see Fig. [2.2k.
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Figure 2.2: Atomic and electronic structure of single-layer 1T-VS,. a,b Top and side view of the atomic structure
of the octahedral (1T) phase of VS2. ¢ Band structure of single-layer 1T-VS,. Panel ¢ is adapted from

Ref. .

1T-VSy is a clear frontrunner among 2D materials as far as application for high-performance

batteries is concerned . It can easily be (de)intercalated with metal ions due to its large interlayer
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spacing and consequentially weak interlayer interactions; the V atoms can continuously adjust their
valence state; and it has high surface activity. Especially the first two characteristics give it one of
the highest theoretical capacities (it can store many metal ions) combined with fast reaction kinetics
(diffusion through the material is easy) [154,155]. Apart from its promise as a supercapacitor [156] -
which can store up to two orders of magnitude more energy per unit volume or mass than electrolytic
capacitors, moisture sensor [157], cathode material for Li-ion batteries [158] and a host of other
types of batteries [152], 1T-VSy can be applied in catalysis setups [159}/160].

A promising candidate for strongly correlated physics

From a more fundamental point of view, single-layer VS is of interest because of its potential for
strongly correlated physics, due to the localized nature of its d electrons [11]. This has led to a flurry
of theoretical activity, mainly focused on the predicted ferromagnetic ground state of single-layer
VS, [13,/161}/162].

Because VS, is such a strongly correlated material, with most of its properties like its phonon
dispersion, magnetic moment and stability dependent on the effective Hubbard parameter Ug [162],
methods like DFT find many possible ground states for the material, all separated by small energy
barriers. Generally, it is found that in the 1T-phase is more stable in the bulk, while the 2H-phase is
stable in the single-layer limit, so that a layer-dependent coordination-phase transition should take
place. In their single-layer form, both 1T- and 2H-VS; are predicted to be ferromagnetic [11,161,162].
While most studies find larger magnetic moments in the 2H phase, a recent study using both DFT+U
and hybrid DFT calculations using the Heyd-Scuseria-Ernzerhof functional found equal magnetic
moments in both phases [163]. Nevertheless, because the putative larger moments and the stability
in ab-initio calculations, the 2H-phase has gotten considerably more attention from theorists than
the 1T-phase.

Before we discuss the experimental realizations of VS, another prediction bears mentioning. A full
account of the electronic correlations in single-layer VSs results in the emergence of possible CDW
ground states. These could coexist with different magnetic and non-magnetic states, all strongly
dependent on the value of U [11]. CDWs and (non-)magnetic states were found for both 2H- and
1T-VS,. For the 1T-phase, the most likely CDW would have a periodicity of ¢ = %I‘K.

A challenging synthesis

Compared to other TMDCs, VSs is more laborious to grow. The property that makes it a promising
battery electrode - its weak interlayer interaction - also causes it to have no thermodynamically stable
bulk polymorph. While the 1T-phase is indeed more stable than the 2H-phase in the bulk, it is not
the most stable configuration. Instead, it prefers to grow in S-deficient structures with V atoms
self-intercalated between the S layers [20,/164,165]. It also desulpherizes already at temperatures
below 600 K [166].
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The difficulties arising from the synthesis translate directly to an inability to unambiguously de-
termine the electronic ground state of bulk 1T-VSs. When prepared using deintercalation of Li from
LiVSg, a CDW phase was found below 305K in magnetic and NMR studies [166,[167]. From trans-
mission electron microscopy, the periodicity of this CDW has been reported to be either v/3 x /3 [168]
or 3v/3 x 3v/3 [169]. Other methods of preparing bulk VS,, like high pressure synthesis [165,/170]
and chemical vapor transport [171], find no CDW or a 4 x 4 coexisting with a V6 x /6 CDW,
respectively. There is some agreement however, that the main phonon instability responsible for the
CDW should be ¢ = 2I'K [11}/169-171].

As for monolayer 1T-VSy, it was first synthesized on Au(111) using MBE [12]. Though monolayer
1T-VS,, like the bulk, was predicted to have a CDW with ¢ = %FK [11], this was not observed,
likely due to the strong substrate interaction with gold, which also suppresses the CDW in other
TMDCs [67,68]. In Chapter [4| of this thesis, the first MBE synthesis of single-layer 1T-VSy on the
weakly-interacting substrate Gr/Ir(111) is demonstrated, which exhibits the predicted CDW [1]. This
result was reproduced on bilayer Gr using a combination of MBE growth of VTey and a topotactic
reaction to replace Te with S atoms [172].

Single- and few-layer 2H-VSy has only very recently been grown on a sapphire substrate using
CVD. The samples showed the predicted semiconducting behaviour in transport and exhibited ferro-

magnetism above room temperature in magneto-optic Kerr effect measurements [173].
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CHAPTER 3

Electronic and Magnetic Interactions

This Chapter aims to provide a succinct overview of the electronic and magnetic interactions
relevant to this thesis. First, electron-phonon coupling will be briefly introduced, followed by an
in-depth treatment of polarons and charge density waves, which arise out of strong electron-phonon
interactions. The second topic of this Chapter concerns screening effects, which are discussed in
the context of band gap renormalization and the Kondo effect. A thorough review of electron-
phonon coupling from a theoretical standpoint can be found in Ref. [174], while Ref. [175|] contains
a recent overview of polaron studies, which takes in both experimental and theoretical works. An
older, but still particularly relevant review of charge density waves is given in Ref. [176]. For the
Kondo effect, the review of Ref [177] provides an excellent discussion of the underlying physics in

the case of magnetic adatoms.

3.1 Electron-phonon coupling

Once an electron is taken out of vacuum and put into any real material, it seemingly ceases to be
an electron. If you measure it, you will find that it can no longer be regarded as a particle with the
exact electron mass m., or the precise electronic g-factor. Under the right conditions, not even its
charge will seem to correspond to the electron charge e, but appear fractionalized, or doubled.

This is possible, not because the nature of fundamental particles changes when moving through a
material, but because an assembly of many elementary particles can have emergent properties which
can differ greatly from those of the particles from which it is composed. These emergent properties
will have their own quantized carriers, which, not being fundamental, are called quasiparticles. In
this way, the electron in a crystal is not properly an electron; instead, it is a quasiparticle composed
of an electron interacting with other electrons and the atomic nuclei of the crystal.

The coupling between electrons and phonons, which are quantized lattice vibrations, is one of
best studied instances of many-particle physics. Electron-phonon coupling (EPC) lies at the heart of
many macroscopic effects, like the temperature dependence of the electrical conductivity in metals
and the carrier mobility in semiconductors [174]. It is responsible for BCS-type superconductivity
and contributes to optical absorption in indirect band gap semiconductors. In this thesis, | am
interested in cases were this interaction becomes sufficiently strong for more exotic phenomena to
occur. We will encounter polarons, quasiparticles constituted of slow electrons dragging a cloud

of lattice deformation with them as they plod through the crystal. Though they are apparently
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ubiquitous - their presence is inferred in many different materials - they are rarely observed with local
techniques like the scanning tunneling microscope. The second EPC interaction driven effect we
will study is the charge density wave, where the lattice distorts to accommodate a particular charge
ordering of the electrons. Charge density waves have been measured extensively with scanning
tunneling microscopy. However, the focus in STM literature has been on the effect of the CDW at
the states near the Fermi level. In fact, the CDW can transform the entire band structure, with energy
gains distributed throughout the occupied states, see also Sections [9.1] and [9.2] of the Discussion.
For our discussion we will start with the Holstein (or Frolich) Hamiltonian, which is the simplest

model for electrons interacting with a single, optical phonon mode:
Hyol = Z exay ax + Z hwqbg bq + \ﬁ Z 9ot qu (b3 + bq), (3.1)

with €y the energy state of the electron in state k, af and ag the creation and annihilation operators
for k, wq the frequency of the phonon mode in state q, b:{ and bq the creation and annihilation
operators for phonon q, IV the number of lattice sites per unit length and gq the electron-phonon

coupling constant. The Hamiltonian thus consists of (1) a term describing electrons in a parabolic
h2k?

2m* !

band with a dispersion ¢, = where m* is the effective mass; (2) a term for a single phonon mode
with energy hwq, classically taken to be an optical phonon in the Einstein model (so that wq =
is a constant for all q); and (3) a term for the coupling between electrons and phonons, governed
by a coupling constant g, which can in principle depend on both k and q, but is often taken to be
constant. The simplified model nicely captures the intuitive picture of a many-body interaction: if we
want to calculate the energy of electronic states, they will inevitably have a contribution stemming
from the lattice via the interaction term. Vice versa will the energy of the phonon mode 2 depend,
in part, on its interaction with electronic states.

Three fundamental phenomena of condensed matter physics can be described using this model.
Polarons are quasiparticles formed due to the mass enhancement of electrons dressed by the lattice
vibrations. Superconductivity arises from the attractive coupling between electrons mediated by
phonons. And charge density waves emerge out of the softening of the phonon mode due to the
interaction with the electrons. It goes outside the scope of this thesis to answer why in particular
systems one interaction is selected over the others. Instead, we will explore under which conditions

electrons and phonons work together to form either polarons or charge density waves.

Polarons

Let's first consider the effect of EPC on the electronic subsystem, for the case of a single electron with
dispersion ¢ = % Placing an electron anywhere in a lattice with strong EPC will, provided the
electron moves slow enough, cause the surrounding ions to assume shifted equilibrium positions, an
idea first described by Landau in 1933 [178], see Fig.[3.1p. These altered positions create a potential

well for the carrier. If the electronic energy gain E, provided by the deformation is higher than the
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3.1 Electron-phonon coupling

strain placed on the deformed lattice Egtrain (proportional to the characteristic phonon energy h$) of
the interaction [176]), the electron will become self-trapped, gaining an energy E}, - the binding energy
of the polaron, see Fig. [3.1p. It will only be able to move if the ions accommodate its movement,
otherwise the energy barrier separating it from the next lattice site will be too high. Calculating the
electron energy from Eq. for T'= 0 (no thermally excited phonons), we find [179-181]:

(k) = e(k) = By — 5 —A+ . (3.2)

_ 1 g> _ 2¢%ng . . .
where E, = N Zq RO E() >0and A = OB the dimensionless electron-phonon coupling constant,

with ng the density of electron states at the Fermi level. Discarding higher order terms and using
1-=

IJ%A, we obtain:
h2k2 h2k2

G(k):— p—m:—EP‘i‘%

(3.3)
From this we see that the effect of EPC on the electrons is twofold. Not only does it lower the energy
of the electron by a constant E,, but it also enhances the effective mass m — m* = m(1+ ). In
this simple model, the essence of a polaron is captured. Going back to the idea of Landau, the mass
enchancement can be regarded as a consequence of the electron dragging the potential well formed
by the ions, slowing its process through the lattice.
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Figure 3.1: Basic properties of polarons. a Schematic illustration of the polarization (red) caused by the self-
trapping of an electron (blue dot) at a lattice site and formation of a (small) polaron. The lattice is a
standard 2H-phase MX; lattice. b Configuration coordinate diagram depicting the energy balance as a
function of lattice distortion for a delocalized electron and for a localized polaron. FEgtrain is the structural
energy, E}, the polaron binding energy and E, is the electronic energy. Panel a adapted from Ref. [g].
Panel b adapted from Ref. [182].

We can now distinguish two regimes: a weak-coupling regime where E,, < hf) and a strong
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coupling regime for Ey, > h§2. Self-trapping only occurs in the strong-coupling regime, because the
carrier sees the potential well as essentially static (delocalized lattice excitations are rare, since the
localized polaronic state is energetically preferred) [183]. Once we have reached the self-trapped
regime, one can further distinguish between large and small polarons. ‘Large’ and ‘small’ are defined
in terms of the size of the atomic lattice constant a. In the case that the polaron radius is on the
order of the lattice constant, the binding energy of the polaron will be large (=~ 1eV below FEFf)
and its motion will be incoherent. The latter statement means that it can only move via phonon-
assisted hops - a process that becomes more likely with increasing temperature. If on the other
hand the polaron radius greatly exceeds a, the binding energy is small (= 10 meV below Ef) and its
movement is coherent - it essentially behaves like a regular carrier, except for its enhanced mass. As
the temperature increases its mobility will therefore be reduced, as the probability of scattering from
phonons becomes more likely [175]. The two regimes are used mainly when we think about polarons
in a doped insulator, where the bound states will reside within the band gap of the material.

Another important distinction is made between systems where h{) ~ Er and those where Af) <
FEr, with Er the energy of the electrons at the Fermi level, relative to the bottom of the parabolic
band [174]. This distinction is relevant in the case of doped semiconducting systems, where we
consider how EPC changes the electron dispersion. When h§2 < Ef, the EPC will typically lead to
kinks in the band structure, located at Fr — h{) [184]. At the kink, the electron velocity changes
abruptly, as the electrons with energies below and above EfF — h§2 have drastically different experi-
ences while moving through the lattice. The former do not have enough energy to emit a phonon; as
a consequence, they are surrounded by a cloud of virtual phonons which augment their mass, taking
away kinetic energy from the carrier. The latter can emit real phonons, which makes the virtual pro-
cesses less likely. Correspondingly, they have a lower mass and shorter lifetime than their low-energy
counterparts [185]. Now, for systems with 1) ~ Ef, a different scenario occurs. In these systems
strong EPC leads to a parabolic band with enhanced mass and n polaronic satellites of the band
shifted down by nh2 [186H188|]. This condition is fulfilled for degenerately doped semiconductors
close to the conduction band minimum.

In closing the discussion on polarons, it needs to be remarked that in many cases polarons are de-
scribed not by the Holstein Hamiltonian, but with the Landau-Pekar model, which has a Schrédinger-
type equation [189]:

Foo(r) = <V2 —e(L-1) e 'W)'z) o(r), (3.4)

2m oo €0 |’ — 7|

where €9 and e are the static (electronic and ionic) and high-frequency (electronic) dielectric
constants and FEj the polaron ground-state energy. In this model the dimensionless electron-phonon

interaction is represented by:

o= (; - 510) \/g (3.5)
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This model has drawbacks, like the fact that bound polarons are only obtained for €y > €4, (which
holds only for polar crystals, while polarons also exist in nonpolar crystals). More fundamentally, it is
meant to describe large polarons, but it is formally only justified in case of strong EPC such that the
polaron radius is small. Nevertheless, it is the basis for the most succesful modern DFT approaches
to predicting polaron formation in materials, even if it is limited to zone-center (low momentum),
polar phonons [175,190-192].

Charge density waves

Due to EPC, phonons are able to slow down the electrons by trapping them in wells of positive ionic
charges. But how will this interaction affect the phonons themselves? To provide a rather extreme
answer to that question, we will consider a half-filled 1D chain of metallic atoms with lattice spacing
a at T = 0, see Fig. [3.2a. We let it interact with an acoustic phonon of momentum q. In this
scenario, we have two processes. Either an electron absorbs a phonon, exciting the electron to a
state above the Fermi level, after which the phonon is re-emitted without change of its frequency; or
we could have a second phonon being emitted and the original phonon absorbed afterwards. Going
back to the Hamiltonian of Eq.[3.1} we get an expression for the phonon energy [176}[193]:

2 2 lgI? 1 fktq — Jk
=0“1-4 — .
“a < husq Zk: LEyx— Fetq) (3.6)

with L the length of the chain. We can recognize the static Lindhart function for the electronic
susceptibility xo(q) = %é’:ﬁ“ib?i} in the expression. This means that the phonon energy at momentum
q is directly dependent on xo(q). For a 1D chain, xo(q) actually diverges for ¢ = 2kg. This follows
from the consideration that if we have one electron in state k = kg and an empty state at k = —kg,
they are connected by a phonon of momentum q = 2kg, see Fig. [3.2h. In that case, the numerator
in the Lindhart function becomes 1, while the denominator — 0. This singularity is called a Kohn
anomaly. Due to the divergence, the only requirement for wq = 0 is that g > 0. A phonon mode
with zero energy cost leads to a static deformation of the lattice, which will per necessity occur in
1D for finite EPC. The periodic lattice deformation will lead to a reduction of the Brillouin zone,
accompanied by the opening of a gap 2A in the electronic density of states, see Fig.[3.2b. The gap
lowers the energy of occupied electron states, which is how the system gains the energy needed to
overcome the lattice deformation cost (strain). The gap separates two electronic states of equal k,
which are called charge density waves, since they consist of periodic charge accumulations with a
periodicity of 2k.

So far we have considered an ideal situation. But when the temperature and dimensionality of
the material are increased, the divergence of yq is rapidly suppressed [195]. The effect of the
dimensionality in particular is relevant, since the 1D argument holds only because all states at the
Fermi level are coupled by the very same phonon, with momentum ¢. This phenomenon is called

Fermi surface nesting. In a 2D or 3D Fermi surface, this condition is generally not fulfilled; at best
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Figure 3.2: 1D charge density wave. a,b Schematic illustration of CDW formation in 1D. A 1D chain with atomic

spacing a spontaneously distorts with a periodicity @ = 2kr. As a result, the real space lattice and

charge density gain a 2a periodic modulation in real space. In the band structure, the increased lattice

spacing leads to a halving of the BZ; as a consequence, a gap 2A opens up at the Fermi level, resulting
in net energy gain. Figure adapted from Ref. [194].

parts of the Fermi surface will be nested with a single ¢ vector, which means that the energy gain
can stem only from a subset of the electrons. More general, the condition for the formation of a

periodic lattice deformation can therefore be written as:

glokal® op s L (3.7)
hwq d d XO(q)’

where the Coulomb energy Uqg and the exchange energy V4 are taken into account. Note that the
exchange energy is actually attractive due to the electron phonon coupling, favoring the distortion
because it will lead to local increases in the electron charge density, while the Coulomb energy works
against the distortion because it involves local decreases of the ionic distances [176]. Since x¢ will
not diverge in real systems, it is the consideration of the above elements that determines whether
a charge density wave will form. Crucially, the EPC term gy 4 is not constant in real materials and
depends on both q and k. Though this cannot be analytically obtained, a DFT-based approach
allows one to calculate for nested parts of the Fermi surface whether gy q is significant enough to
have an effect on the phonons. DFT can also consider higher-order processes like phonon-phonon

coupling [1] and allows access the total energy gain of the system, which is not limited to the gap
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opening at the Fermi level, but distributed throughout the occupied states [195]. For a more detailed

discussion on CDW formation in real systems, see Section [9.1

3.2 Screening

The screening of electric fields by mobile carriers is a prime example of a renormalized interaction.
If we would naively apply the Coulomb potential of any point charge ¢, V(r) = L, with € the

4mer?’

permittivity, to a fluid of charge carriers, we end up with one of the many infinities that plague

physics. Because even though the Coulomb force F = 4316?32? between two particles in the fluid

diminishes with distance as r% the average number of particles at each distance r is proportional

to r2. As a result, any charge fluctuation would transmit its effect at effectively infinite distance

throughout the fluid.

Luckily, nature abhors infinities as much as vacuums. In the fluid, the charge of a single carrier
is screened by the surrounding carriers. We can imagine this as the negative charges in the fluid
moving away from a negative point charge we put in, effectively surrounding it by a region of relative
positive charge. On a large length scale, these two charges (the negative point charge and the relative
positive charge around it) will cancel out. In this way, the Coulomb potential is renormalized; one
replaces % with %e‘k(””, where kg is the Thomas—Fermi wave vector. This has the result of making
the Coulomb potential short-ranged: carriers only interact with their immediate neighbours in the
fluid.

A second type of screening occurs through dielectric materials. In that case, it is not due to the
rearrangement of freely moving carriers, but via the polarizability of the material. Any electric field
will generate dipoles in a dielectric, which will set up an internal electric field reducing the total field
in the material. The latter effect is especially relevant for 2D semiconductors, where the properties

will largely depend on the dielectric properties of the substrate or possible encapsulating layers.

Band gap renormalization

In 2D the field lines of all charges extend into the vacuum. As a result, all screening, both elec-
tronic and dielectric, will have to occur within the layer or the substrate. Due to this considerable
weakening of screening compared to 3D materials, the quasiparticle band gap in single-layer TMDCs
is expected to increase [196]. It furthermore leads to the formation of strongly bound electron-hole
pairs called excitons [126,(197]. These excitons come in many flavors: there are bright and spin-
forbidden dark excitons [198] and composite excitons called trions [199,[200]. They can also couple
to other quasiparticles like polarons, plasmons or polaritons [201-203] and have been investigated
in heterostructures of TMDCs, where they can arise due to the moiré formed between the TMDC
layers [204-206]. The weak screening also makes it easy to engineer the band gap, by changing the
dielectric environment [207], essentially swapping the vacuum for a dielectric or metal.

In single-layer MoSs, all these effects are encountered, but for the purposes of this thesis, we focus
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on control of the electronic band gap Eg,p, of MoSs via the substrate. The electronic band gap of
a material can be characterized as the sum of the energies needed to separately tunnel an electron
and a hole into it [197]. Since the two will be mutually attracted to one another by the Coulomb
force, they need to be brought far enough away from each other to overcome this attraction. The
distance at which Coulomb forces are active is set by the screening. The stronger the screening, the
smaller the range at which the Coulomb force is effective and the less energy is required to separate
the electron and hole. In this intuitive picture, the concept of band gap renormalization is captured.

The consequences of substrate screening on the band gap of MoSs are made clear when considering
the varying band gap size of MoSy on different weakly-interacting substrates (so that strain or
hybridization should not strongly affect the properties of MoSz): 2.01eV on Gr/SiC [208], 2.20eV
on Gr/Au [209] and 1.90-2.40€V on graphite [95}210,211]. While our substrate of Gr/Ir(111) is
screening ostensibly less than many others, with Fg,, = 2.53 £0.08 eV [82], it is still quite far from
the predicted freestanding value of Fg,, =~ 2.8€V [125,212]. Ways to control the band gap via the
substrate, by changing its screening properties, for instance via doping, should simultaneously result

in control over the exciton binding energies, which are also intimately linked to screening [197].

Kondo screening

Electrons are however not only able to screen charge; they can also screen the spin of a localized
state. The microscopic process via which this occurs is however quite different from the electronic
mechanism sketched above.

The discovery of spin screening started with the observation that impure gold wires had a small up-
tick in their resistivity below a critical temperature, around 4K [213]. This sounds innocent enough,
but it broke with the fundamental understanding that the lower the temperature, the less scattering
should take place, since any phonons that can scatter electrons are successively frozen out. As a
result, metals should conduct ever better the lower the temperature, until a plateau of conductivity
is reached, determined by the amount of defects, which scatter independent of the temperature.

It was quickly figured out that this effect was related to the presence of magnetic defects in the
metal, but it would take thirty years before someone was able to understand and explain what was
happening. In 1964 Jun Kondo showed that at low enough temperatures, a new type of scattering
became possible [214]. In this process an electron in the magnetic impurity temporarily exchanges
its spin state with that of an electron in the metal. Like the virtual boson exchanges that increase
the mass of an electron under the influence of EPC, see section [3.1] this process is classically
forbidden. The electron of the impurity is often far away from the Fermi level (several eV). However,
Heisenberg’s uncertainly principle allows tunnelling processes between the impurity and the metal to
take place as long as, within the time scale set by the uncertainty principle, no energy is lost. In
other words, as long as an impurity electron tunnels to the metal while a conduction electron tunnels
into the impurity, this is quantum mechanically perfectly in order. If the tunnelling involves a spin

exchange process, this changes the energy spectrum of the system. A single exchange leads to a tiny
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change, but if many of these exchange processes are taken together (many-body effect) a resonant
state is formed at the Fermi level. This resonance can scatter conduction electrons near the Fermi
level, leading to the increase in resistivity [215]. For the effect to be significant compared to other
scattering processes, it is essential that most conduction electrons have energies near the Fermi level,
otherwise they (1) will not form the resonance and (2) will not scatter off it.

While Kondo's theory was able to make sense of the increase of resistivity, it also predicted,
quite unphysically, that the resistance would become infinite as 7" — 0. From the framework of
Anderson, discussed below, it could be shown that Kondo's model was valid above a certain critical
temperature, later called the Kondo temperature Tk. Below Tk, the magnetic moment of the impurity
is effectively screened due to the interaction with the conduction electrons, so further enhancement
of the resonance is halted. Essentially, all properties of a single-impurity Kondo effect are collected
in this single parameter Tk, from which its behavior at any temperature T can be predicted using
the numerical renormalization group technique [216].

While the Kondo model explains the resistivity increase due to this interaction, the microscopic
understanding of the Kondo effect is often phrased in term of the Anderson Hamiltonian for a single
impurity coupled to an electron bath [217]:

H=>"exc,cne+ > edid, + Udldrd]d) + Y Vii(dfcre + cfydo).- (3.8)

k,o o k,o

In the Hamiltonian, we have a term for the kinetic energy of the conduction electrons with energy
€, momentum k, spin o and annihilation and creation operators c};o,c;m; this is followed by a term
describing the impurity level with energy e, which is split by Coulomb repulsion U; and finally, a
hybridization term coupling the two, with a coupling potential V.

Originally, Andersons model was used to explain why it is at all possible to have a localized spin
on the impurity. He showed that it is crucial that the Coulomb interaction is only weakly screened on
the atomic length scale, which allows, in the case that ¢ < Ffr < €4 + U, to have a spin localized
at the impurity [217]. With local charge fluctuations thus suppressed at low temperatures, only the
abovementioned virtual spin-flip processes are possible.

Schrieffer and Wolff later derived the effective Kondo coupling pJ between the conduction electrons
and the impurity state [218]:

0 1 1) YU
J_ 0 R _ 3.9
P 27 (5+U 5 2rlelle + U (39)

with J an effective antiferromagnetic exchange coupling, p the density of states of the electron bath
and 7o the broadening of the localized impurity state due to hybridization with the substrate [219].
Using the Schrieffer-Wolff expression, we draw in Fig. the density of states of a magnetic impurity
with U, € and v = 27, coupled to a metal. In Fig. [3.3p, the two possible spin-flip processes that
lead to the formation of the resonance are depicted.

In most experiments, the parameters of the Anderson model are not directly accessible. Instead, a
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Figure 3.3: Kondo screening. a Schematic drawing of the density of states of magnetic adatom on top of a metallic
substrate. U is the Coulomb energy, ¢ the distance from the filled state of the adatom to the Fermi
level and « the full width at half maximum of the impurity states. b The spin of the singly-occupied
state of the adatom can be flipped by an electron from the substrate via process (1) or (2). During
the process the adatom is briefly either empty (1) or doubly occupied (2). As a result of many of these
processes, a Kondo resonance forms at the Fermi level. Figure adapted from Ref. .

fit to the resonance gives p.J, from which the Kondo temperature Tk can be obtained via: [216,220]

kBTK = Deff 2pJ6_1/2pJ, fOI’ ,OJ < 1, (310)

where Desr = w+/7U/4, the effective half-bandwidth for the Anderson model and w the universal
Wilson number w = eC*1/4/73/2 = (0.4128, with C' = 0.577216 being Euler's constant. As we
will see later in Chapter [7] the Kondo temperature can also be obtained directly from the Anderson

model parameters, given here for the general case that ¢ # U/2:

keTk = Yo /U/4,YO€—7T|€H€+U‘/U’YO' (3.11)
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CHAPTER 4

Manuscript [1]: A full gap above the Fermi

This chapter wholly consists of the above-named publication, published in Nature Communica-
tions on 25th November 2021, available online.

This publication was a collaborative effort from multiple groups, spanning almost five years of
research, with the first growth studies of VSs performed in February 2017 by J. Hall. The experi-
ments were proposed by T. Wehling and T. Michely. Sample growth and STM measurements were
conducted at the TUMAII and TSTM systems in Cologne. The growth procedure of the samples
at TUMAII was developed by J. Hall, with the growth parameters adapted for use in TSTM by C.
van Efferen. Room temperature STM measurements were carried out by J. Hall, with assistance
from T. Wekking at TUMAII,; low-temperature measurements were performed by C. van Efferen
with assistance from E. Plaar. The XMCD measurements were performed and analysed by F.
Huttmann and S. Kraus, with support from N. Rothenbach, K. Ollefs, L. M. Arruda, N. Brookes,
K. Kummer and H. Wende. The ab-initio DFT calculations were conducted by J. Berges, A.
Schobert and G. Schénhoff, with support from E. van Loon and T. Wehling. Analysis of STM
data was performed by C. van Efferen and J. Hall; the STS data was analysed by C. van Efferen.
The interpretation of the results was discussed in depth by C. van Efferen, J. Berges, E. van Loon,
T. Wehling and T. Michely.

C. van Efferen and J. Berges wrote the manuscript based on a draft by J. Hall and finalised it in
close collaboration with T. Wehling and T. Michely. Some of the results shown in this Chapter
can be found in the doctoral thesis of J. Hall [221] and the Bachelor’s thesis of E. Plaar.

The first three authors have similar contributions to this publication.

level: the charge density wave of monolayer VS,
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A full gap above the Fermi level: the charge density
wave of monolayer VS,

Camiel van Efferen® "™ Jan Berges® 2, Joshua Hall', Erik van Loon® 2, Stefan Kraus', Arne Schobert?,
Tobias Wekking1, Felix Huttmann!, Eline Plaar!, Nico Rothenbach3, Katharina Ollefs® 3,

Lucas Machado Arruda® 4, Nick Brookes®, Gunnar Schénhoff, Kurt Kummer® °, Heiko Wende® 3,
Tim Wehling® 2© & Thomas Michely'

In the standard model of charge density wave (CDW) transitions, the displacement along a
single phonon mode lowers the total electronic energy by creating a gap at the Fermi level,
making the CDW a metal-insulator transition. Here, using scanning tunneling microscopy
and spectroscopy and ab initio calculations, we show that VS, realizes a CDW which stands
out of this standard model. There is a full CDW gap residing in the unoccupied states of
monolayer VS,. At the Fermi level, the CDW induces a topological metal-metal (Lifshitz)
transition. Non-linear coupling of transverse and longitudinal phonons is essential for the
formation of the CDW and the full gap above the Fermi level. Additionally, x-ray magnetic
circular dichroism reveals the absence of net magnetization in this phase, pointing to coex-
isting charge and spin density waves in the ground state.
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he many-body ground states of two-dimensional (2D)

materials, wherein the reduced dimensionality leads to the

enhancement of correlation effects, have been extensively
researched in recent years. Of particular interest are the coex-
istence or competition between charge density waves (CDWs), as
found in many 2D transition metal dichalcogenides (TMDCs),
with superconducting and magnetic phases!2. Since these phases
can be strongly dependent on the substrate>* or the defect
density>?®, the intrinsic properties of 2D materials are difficult to
determine experimentally. In addition, CDWs themselves are the
subject of an ongoing controversy regarding the driving force
behind the CDW transition and the exact structure of the elec-
tronic system in the CDW phase of 2D materials”>8.

Peierls’ explanation for the CDW in a one-dimensional chain
of atoms states that periodic lattice distortions open an electronic
gap at the nesting wavevector. This gap at the Fermi level lowers
the energy of the occupied states and thus the total energy, while
increasing the energy of the unoccupied states that do not con-
tribute to the total energy. Thus, this gapping mechanism requires
the gap to be at the Fermi level. However, in many (quasi-)2D
cases, CDWs form in the complete or partial absence of Fermi-
surface nesting, suggesting that the driving mechanism behind
their formation lies beyond a simple electronic disturbance®, and
it has been questioned whether the concept of nesting is essential
for understanding CDW formation!?-12. Instead, a strong and
wavevector-dependent electron-phonon coupling is often pre-
dicted to be the driving force behind the transition’. For these
CDWs, spectral reconstructions are not limited to a small energy
window around the Fermi energy, but can occur throughout the
entire electronic structure, opening the door to novel spectral
fingerprints of the CDW. A full gap could occur away from the
Fermi energy. However, even for the well-studied strong-coupling
TMDCs 2H-NbSe,%!3!4 and 1T-TaS,”!°-17, no experimental
verification of a clear CDW gap located away from the Fermi
energy has been provided to date. Furthermore, at the Fermi
energy, the undistorted phase and the CDW can have different
Fermi-surface topologies, with the implication that the transition
is a metal-metal Lifshitz transition!8.

Metallic 1T-VS, is not only a promising electrode material in
lithium-ion batteries!®29, but also a prototypical d' system,
expected to host strongly correlated physics?!. It is stated to be a
CDW material??23 and a candidate for 2D magnetism?42°> with
layer-dependent properties2®, making it a model system for
investigating complex ground states. Although difficult to syn-
thesize, bulk 1T-VS, has been well studied, with many authors
finding a CDW transition at around 305 K when it was prepared
via the de-intercalation of Li2%23-27-29, However, recent powder
samples prepared under high pressure show no CDW
transition®). Based on their finding of a phonon instability at
2/3 TK corresponding to the experimental CDW wavevector of
Li de-intercalated bulk samples?3, Gauzzi et al. point out that bulk
“VS, is at the verge of CDW transition”? but not a CDW
material. Due to a similar difficulty in synthesis, the properties of
monolayer 1T-VS, have proven equally elusive’l. Theoretical
calculations had predicted ferromagnetism and a CDW with a
wavevector of 2/3 TK2125, When it was first synthesized how-
ever, scanning tunneling microscope (STM) measurements did
not reveal a CDW?3!, presumably due to strong hybridization with
the Au(111) substrate, similar to the case of 2H-TaS, on
Au(111)%32:33,

Here we report the growth of VS, monolayers on the inert
substrate graphene (Gr) on Ir(111) via a two-step molecular beam
epitaxy (MBE) synthesis developed for sulfur-based TMDCs3.
Using a combination of STM, scanning tunneling spectroscopy
(STS), and ab initio density functional theory (DFT) calculations,
we determine the spatial and electronic structure of monolayer

VS,. We observe a q ~ 2/3 TK CDW as the electronic ground
state at 7 K, which remains stable up to room temperature. A full
gap in the density of states (DOS), residing completely in the
unoccupied states, is measured via STS. From DFT and density
functional perturbation theory (DFPT), we find that, although a
transverse phonon mode initially becomes unstable in the har-
monic approximation, the final CDW has a substantial admixture
of longitudinal modes. The calculations are in excellent agree-
ment with experiment, regarding both the electronic structure of
the CDW phase and the spatial charge distribution observed on
the VS, islands.

X-ray magnetic circular dichroism (XMCD) measurements at
7K and 9 T robustly show vanishing total net magnetization. The
coupling of the CDW to a spin density wave (SDW), energetically
favored in DFT calculations, could explain this observation,
providing interesting prospects for future research on the inter-
play of CDWs and magnetism.

Results

CDW in monolayer VS,. The typical morphology of the MBE-
grown monolayer VS, islands on Gr/Ir(111) is shown in the
large-scale STM image in Fig. la. The islands were grown by
room-temperature deposition of vanadium in a sulfur back-
ground pressure of P§ = 1x 107® mbar and subsequently
annealed at 600K in the same sulfur pressure. Annealing to
temperatures of 800 K and above leads to the formation of a
variety of sulfur-depleted phases, which are not under concern
here. Similar observations were made by Arnold et al.3!, who
established monolayer stoichiometric 1T-VS, on Au(111) by
annealing in a sulfiding gas at 670-700 K, while sulfur-depleted
monolayer phases form when annealed to the same or higher
temperature in the absence of sulfiding species. We also note that
depending on growth temperature and sulfur pressure bilayer
samples without any monolayer islands evolve.

The monolayer islands are fully covered by a striped super-
structure which is present regardless of island size or defect
density and occurs in domains, typically separated by grain
boundaries. In the topograph of Fig. 1b, taken at 7K, the VS,
lattice is resolved, exhibiting the hexagonal arrangement of top
layer sulfur atoms as protrusions. We find that monolayer VS,
has a lattice constant of ayg = (3.21 £ 0.02) A, in good
agreement with the bulk lattice constant of 3.22A of 1T-
VS,2735, The similarity of the lattice constants indicates also the
absence of epitaxial strain, consistent with the random orienta-
tion of the VS, with respect to the Gr.

The stripes of the superstructure have an average periodicity of
(2.28+0.02)ayg . Close analogues to this structure have pre-

viously been observed in stoichiometric monolayer VSe,. There, a
superstructure of identical symmetry is attributed to a
CDW?336-38 [compare Supplementary Fig. 1]. The superstructure
is found to persist up to room temperature, as can be concluded
from the STM topograph in Fig. 1c, taken at 300 K. At this
temperature, the superstructure appears spontaneously only on
larger islands, suggesting that the transition temperature between
the superstructure and the undistorted phase is not far above
room temperature. Indeed, on smaller islands the STM tip can be
used to reversibly switch between the undistorted (1 x 1) structure
and the superstructure, shown in Supplementary Fig. 2. This
directly excludes the possibility that the superstructure is due to a
sulfur-depleted phase. We conclude that the superstructure is
most likely a CDW in a stoichiometric monolayer of 1T-VS,.
For the DFT calculations below, the experimental wave
pattern must be approximated by a commensurate structure.
A close approximation with periodicity 2.25ayg is overlaid on

the atomic resolution image in Fig. 1b. It locally matches the
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Fig. 1 Structure of VS, on Gr/Ir(111) at 7 and 300 K. a Large-scale 7 K STM topograph of monolayer VS, islands with small bilayers present. A height
profile along the horizontal black line is shown below the image. b, ¢ Atomically resolved STM images of monolayer VS, at 7K (b) and 300 K (¢). The
Fourier transform of each image is shown as an inset, with the 1x1 VS, structure in red and the superstructure spots indicated in blue. In b, an atomic
model for the 9x +/3R30° superstructure is included as an overlay. The model depicts the top sulfur atoms, with their apparent height in STM coded
in orange (low) and yellow (high). Measurement parameters: a 80 x 50 nm?2, /= 0.8 nA, V,= —800 meV, b 6 x 6 nm?, [,= 0.6 nA, V, =400 meV,

c 6x6nm2, [{=10nA, Vi=—-1000 meV.

incommensurate CDW quite well. The blue box indicates the
corresponding 9x +/3R30° unit cell. The Fourier transform of the
topograph is shown as inset in Fig. 1b, with the wavevector of the
CDW indicated (blue arrow). The same is done for the 300 K
topograph in Fig. 1c. Within the margin of error, the wavevector
is found to be temperature independent, with qcpwrk) =
(0.656 +0.006) TK and qcpyy300x) = (0.65+0.03) TK. Since the
wavevector of the 9x+/3R30° unit cell, qy, s3ps0 =
2/3 TK ~ 0.667 TK, is slightly larger than the experimental
value, we will in the following also consider another unit cell of
size  7x+/3R30°, with a slightly smaller wavevector
Q. Sirsor = 9/14 TK & 0.643 TK. With the experimental wave-
vector lying in between q,, sgs- and qg, /3psp> calculations
with these two unit cells should capture the essential features of
the incommensurate structure and provide a check on any
artefacts or errors arising from using them for computational
purposes (cf. Supplementary Fig. 3).

Energetics of lattice instabilities. Ab initio DFPT calculations of
the acoustic phonon dispersion of undistorted monolayer 1T-VS,
confirm that a structural instability and corresponding tendencies
toward CDW formation exist for the experimental wavevector.
Figure 2a shows that the longitudinal-acoustic and
transverse—acoustic modes feature imaginary frequencies in sev-
eral parts of the Brillouin zone. In other words, the
Born-Oppenheimer energy surface is a downwards-opening
parabola for small atomic displacements in the direction of
these modes, as seen in Fig. 2b (triangle marks). At the experi-
mental wavevector between q = 2/3 TK and q = 9/14 TK, we
find an instability of the transverse-acoustic branch. However,
the dominant instability within the harmonic approximation (i.e.,
DFPT), is located at q = 1/2 TM in the longitudinal-acoustic
branch.

To go beyond the harmonic approximation, we have
performed structural relaxations on appropriate unit cells. The
resulting atomic positions are shown in Fig. 2c-e. On the
aforementioned 9x +/3R30° and 7 x 4/3R30° unit cells, which can
approximately host an integer multiple of the observed
wavelength, the vanadium atoms are displaced from their
symmetric positions by up to 8% of the lattice constant, while

the positions of the sulfur atoms remain almost unchanged, see
Fig. 2¢, d. The associated energy gains amount to about 23 meV
per VS, formula unit (cf. ref. 2!). The magnitude of these
distortions and energy gains is similar to other octahedral
TMDCs but exceeds by far what is found in trigonal-prismatic
TMDCs”%. For instance, on the DFT level, the maximum
displacement in the /13% 4/13 CDW of 1T-NbSe, is 8.8% of the
lattice constant with an energy gain of 57 meV per formula unit4?,
while in the 3 x 3 CDW of 2H-NbSe, distortions and energy gain
amount to only 2.3% of the lattice constant and 3.7 meV per
formula unit*!.

The vanadium displacement has components in both the
transverse and longitudinal direction (vertical and horizontal in
Fig. 2¢, d), even though the instability of the phonons at q =
2/3 TK and q = 9/14 TK is of transverse character (white arrows
in Fig. 2¢, d). As a consequence, all longitudinal displacement
components must stem from non-linear mode-mode coupling
beyond the harmonic approximation. The admixture of long-
itudinal displacement components stems mainly from wavevec-
tors @ = 4/3 TK and q = 9/7 TK, which are also commensurate
with the 9% +/3R30° and the 7 x +/3R30° unit cells, respectively.
The admixed longitudinal modes at ¢ = 4/3 TK and q = 9/7 TK
are stable in the harmonic approximation and the non-linear
admixture is not related to any nesting or Peierls physics (cf.
Supplementary Fig. 4e, f).

We also find a distorted ground state on a 4 x 4 unit cell, see
Fig. 2e. This structure is commensurate to the six wavevectors
q=1/2TM, where we have instabilites in the
longitudinal-acoustic branch arising from near perfect Fermi-
surface nesting, see Supplementary Fig. 4a. However, here the
displacements amount to only 4% of the lattice constant with a
corresponding energy gain below 4 meV per 1T-VS, formula unit
—much less than what is found for the 7x+/3R30° or
9x +/3R30° CDW structures. Thus, the DFT total energies of
the fully relaxed structures are in line with the experimentally
observed CDW patterns.

To illustrate the significance of the non-linear mode-mode
coupling, in Fig. 2b, we also show the Born-Oppenheimer energy
surfaces for displacements toward the relaxed structures (circle
marks). The energy curve of the 4 x 4 structure is steeper in the
vicinity of the origin. In other words, the 4 x 4 structure wins for
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Fig. 2 Lattice instabilities in monolayer 1T-VS, from first principles. a Acoustic phonon dispersion from DFPT. LA, TA, and ZA stand for dominant
longitudinal, transverse, and out-of-plane atomic displacements. The insets show selected displacement patterns corresponding to indicated modes.

b Total energy from DFT as a function of the displacement amplitude for atomic displacements toward relaxed crystal structures and their projections onto
soft phonon modes. c-e Relaxed crystal structures on 9x +/3R30°, 7x +/3R30°, and 4 x 4 unit cells from DFT. Vanadium and sulfur atoms are represented
by black and yellow dots, their undistorted positions by gray shadows. Arrows represent the projections of the atomic displacements onto soft phonon
modes. (Only arrows longer than 2% of the lattice constant are shown.) The contributions of different phonon modes are quantified in the figure titles. The
displacements in ¢, d are drawn to scale, those in e have been magnified by a factor of three for better visibility. The primitive cell of the structure in
¢, which is in agreement with the results of ref. 21, is outlined in yellow. Dashed lines and crosses mark reflection planes and inversion centers.

small displacements. However, for larger displacements, the
structures corresponding to the experimental wavevector reach by
far the lowest values. These large energy gains at large
displacements are inaccessible without non-linear mode-mode
coupling, i.e., without the contribution of stable phonon modes
(triangle marks). In the next section, we will address the non-
linear regime of the distortions in a quantitative manner.

Non-linear mode-mode coupling. We decompose the entirety of
atomic displacements of the relaxed 7x V3R30° structure as
u-+v, where u points in the direction of the unstable
transverse-acoustic phonon modes at q = +9/14 TK and the
orthogonal complement v1lu combines contributions from all
other phonon modes. The unstable modes account for |u|?/
|u+ v|% = 69% of the total displacement only. In Fig. 2b, we have
already seen one-dimensional cross sections of the
Born-Oppenheimer energy surface, E(au) and E(S(u + v)), where
« and B are dimensionless scaling factors. Now, we will consider
the full 2D Born-Oppenheimer surface spanned by u and v.
Figure 3 shows E(xu+ yv), where the minimum at x=y=1
corresponds to the 7x +/3R30° structure and x=y=0 is the
undistorted structure. A fourth-order polynomial fit,

E(xu + yv) 2 2 3 2 2 3
— - x-25 29 34x° — 99 — 20 —12
meV/VS, o2y e = Py = 20y — Ly

+ 0.1x* + 445y + 13277 + 4.8x)° + 7.2*,
(1)

n
o
)

Total energy (meV/VSp)
I
8 o

T
-10 0 10 20 30
Total energy (meV/VSp)

Fig. 3 Born-Oppenheimer energy surface for the 7x +/3R30° structure of
1T-VS,. The axes represent the projection of the full CDW displacement
onto the transverse-acoustic (TA) phonon modes at q = +9/14 TK and
the orthogonal complement, which combines all other contributing modes.
The full CDW displacement is located at the point (1, 1). The forces
resulting from this energy surface are predominantly non-linear and
coupled in both directions.
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accurately describes the DFT Born Oppenheimer surface. Here,
the first and second line give rise to linear and non-linear forces
F = —VE, respectively. It turns out that the non-linear part of the
forces is dominated by mode-mode coupled terms*2-44 (depen-
dent on both x and y). The energy reduction stems largely from
the x2y and xy? terms above, which correspond to a shift of the
minimum of the potential-energy surface toward finite positive y
upon finite displacement in x direction and a softening of the
effective spring constant in y direction for finite positive x,
respectively. Note that within the harmonic approximation the x2
(y%) term lowers (raises) the energy.

The decisive role of mode-mode coupling terms x2y and xy?
distinguishes 1T-VS, from systems like 2H-NbSe, or 2H-TaS,,
where a single mode can be employed to describe anharmoni-
cities, and distortions along a single effective coordinate suffice to
explain the relaxation pattern of the full CDW and associated
energy gains (cf. Supplementary Fig. 5).

The non-linear mode-mode coupling also manifests in
monolayer 1T-VTe,, which is isoelectronic to monolayer 1T-
VS,. Monolayer 1T-VTe, in experiment realizes a 4 x 4 CDW#
in contrast to monolayer 1T-VS,. In line with experiment, the
comparison of DFT total energies in the fully relaxed supercells
(Supplementary Table 1) reveals a clear preference of the
4 x 4 structure in 1T-VTe,. At the harmonic level, this is likely
related to a shift of the lattice instabilities, especially in the
transverse-acoustic branch, toward smaller wavevectors in 1T-
VTe, as compared to 1T-VS, (cf. Fig. 2a and Supplementary

Fig. 6a), which can be traced back to differences in the Fermi
surface (cf. Supplementary Figs. 4 and 6b-g). At the harmonic
level, a CDW with 7x +/3R30° structure of monolayer 1T-VS, is
not expected, as Supplementary Fig. 6a shows. The small energy
gain and still appreciable distortions obtained from the relaxation
of a 7x +/3R30° structure of monolayer 1T-VS, (Supplementary
Table 1) despite the stability on the harmonic level suggest that
non-linear mode-mode coupling is also effective, here.

Full CDW gap in the unoccupied states. To better understand
this CDW phase, we determined the electronic structure of
monolayer VS, by a combination of STS experiments and
simulated dI/dV maps based on the ab initio calculations using
the 7x 4/3R30° and 9x +/3R30° unit cells. STS spectra were used
to locally probe the DOS of monolayer VS, at 7 K (black line) and
78.5 K (purple line), shown in Fig. 4a. Both spectra were taken
with a clean Au tip in the middle of VS, islands. The most
prominent feature is the gap located at about 0.175 eV, which is
absent in calculations of undistorted monolayer VS,2!. At 7K, the
dI/dV signal vanishes completely, corresponding to a full gap in
the DOS. At 78.5 K, this gap is not fully open, appearing as a wide
depression with a finite value at its minimum. In most other
characteristic features the spectra agree qualitatively.

While the lack of energy resolution at 78.5K certainly smears
out the spectra and the gap, the reason for its absence is not
immediately evident. When discussing the band structure below,

difdvi(IIv)

DOS 7x\3R30°

-0.5

-0.25
Bias voltage (eV)
(o]

— STS 7K
— STS 78.5K

Fig. 4 Spatially and electronically resolved CDW phase in monolayer VS,. a Scanning tunneling spectroscopy (STS) di/dV spectra taken with a Au tip on
monolayer VS, at 78.5 K (purple) and 7 K (black). The spectra are plotted along with the DFT-calculated density of states (DOS) for the 7 x +/3R30° (cyan)
and 9x 4/3R30° (indigo) CDW phases of monolayer 1T-VS,. b Atomically resolved STM topograph of monolayer VS, taken at V; =175 meV. ¢, d Fourier-
filtered dl/dV conductance maps of the same region as in b, taken at V,=75meV (c) and V,=275meV (d). A linear yellow (maximum) to blue
(minimum) color scale is used to depict the di/dV intensity. The blue box indicates the same location in b-d and corresponds to a single 9 x +/3R30° unit
cell of the CDW. In the same color scale, DFT-simulated dlI/dV maps below (¢) and above (d) the gap of the charge density wave (CDW) are overlaid as
insets. The maps show the integrated DOS from O to 137 meV (¢) and from 137 to 275 meV (d). Additionally, the Fourier transforms of the conductance
maps are shown in the upper-left corners with the 1x1 (red) and CDW peaks (blue) highlighted by circles. Measurement parameters: f=777.7 Hz,
aT=785K =03nA V,ms=6meV and T=7K, f=0.45nA, V, s =4meV, b-d T=7K, 5.5%55nm?2, |y =0.3nA, V,ms =10 meV.
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it will be seen that the width and existence of the full gap depend
on the magnitude of the lattice distortions, which may already be
diminished at 78.5 K.

In the same figure, ab initio calculations for the DOS of VS,,
structurally relaxed in the 7x A/3R30° (cyan) or 9x /3R30°
(indigo) unit cell, are shown. Both unit cells feature quite similar
structures, as expected for close-lying q vectors. Most striking, for
both cases a full gap in the unoccupied states is predicted. They
only differ in size: 0.13 eV and 0.21 eV for the 9x +/3R30° and
7x +/3R30° unit cell, respectively. The location of the gap
matches the STS data. That the width of the gap in the spectrum
is smaller than in DFT might stem from the ground-state
calculation assumed in DFT, overestimating the vanadium atom
displacement at realistic temperatures. Note also that while many
of the characteristic features of calculated and measured DOS
(peaks, minima) seem to agree, the experimental spectra appear
to be compressed with respect to the DFT calculated DOS. This
quasiparticle  renormalization is indicative of strong
electron-electron correlations beyond the approximations of
DFT (compare Supplementary Fig. 7).

With theory and experiment largely agreeing on the electronic
structure, we turn to the relation between the gap and the CDW
measured on the VS, islands. For that purpose, dI/dV
conductance maps were taken on either side of the gap (both
in the unoccupied states), in the location shown in Fig. 4b. The
maps help to distinguish structural from electronic contributions,
providing a close approximation of the spatial distribution of the
DOS at the selected energies. As shown in Fig. 4c, d, we find two
different DOS distributions on either side of the gap (see
Supplementary Fig. 8 for the in-gap DOS). Both distributions are
locked into the distorted lattice periodicity. They are out-of-
phase, as seen in the blue unit cell drawn in the same location in

Fig. 4b-d: The DOS maxima below the gap correspond to DOS
minima above the gap and vice versa. This behavior is perfectly
analogous to that for a CDW with a symmetric gap around the
Fermi level?. Simulated dI/dV maps derived from the DFT DOS
for a 9x 4/3R30° CDW are shown as an overlay in Fig. 4c, d. In
Fig. 4c, the simulation reproduces both the alternating rows of
single and zigzag atoms and the DOS minima between the rows.
Its counterpart in Fig. 4d shows higher DOS contrast than
experiment, but presents the same qualitative features. With the
simulated maps based on the displacement patterns of Fig. 2c¢, the
close agreement with experiment emphasizes the need to look
beyond the harmonic approximation to understand this type
of CDW.

Band structure and Fermi-surface topology. To deepen our
understanding of the system, we calculated the spin-degenerate
band structure, density of states, and Fermi surface of monolayer
1T-VS, with DFT. The results are shown in Fig. 5 and the Sup-
plementary Movies. In the undistorted case, we find a single
electronic band at the Fermi level, which strongly disperses
between M and K and features a Van Hove singularity in the
unoccupied states, as shown in Fig. 5a. The Fermi surface,
depicted in Fig. 5b, consists of cigar-shaped electron pockets
around the M points. For small distortions, partial gaps open at
the Fermi level (e.g., between M and K). With increasing
amplitude of the distortion, the gaps become larger and the bands
are heavily reconstructed also for high energies. Only then, a full
gap as observed in STS at 7K emerges (cf. Supplementary
Movie 1).

The presence of the CDW is therefore in the first place
correlated with the gap between M and K, which opens already
for small displacements and results in a partial gapping of the

Electron energy (eV)

[ 0 DOS (arb.u.)

full displacement

Fig. 5 Electronic structure of monolayer 1T-VS, from DFT. Data for the undistorted structure and the 7x +/3R30° CDW is shown in black and blue,
respectively. The CDW data has been unfolded to the Brillouin zone of the undistorted structure. Here, the linewidth/saturation corresponds to the overlap
of CDW and undistorted wave functions for the same k point. Analogous results for 1T-VSe, and the 9x +/3R30° CDW are shown in Supplementary Fig. 3.
a Electronic band structure and density of states (DOS) for 0 %, 1/3, 2/3, and 100 % of the displacements of the relaxed CDW structure. Please note that
since the CDW breaks the C3 symmetry, the chosen path, indicated in b, does not represent the full Brillouin zone. The bands along an extended path are
shown in Supplementary Fig. 9. b, ¢ Lifshitz transition. The Fermi surface is shown for displacements toward the relaxed CDW structure (b) and its
projection onto unstable transverse-acoustic (TA) phonon modes (¢). The Supplementary Movies 1 and 2 show animations of the transitions in b and ¢,

respectively (including bands, DOS, and structures).
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total DOS. Presumably it is the associated gain in electronic
energy that initially drives the CDW transition. Since the full gap
only starts to open at 70% of the final displacements, the
experimental observation of a full gap above the Fermi level is an
indication that the displacements in the experiments do not fall
much below the calculated ones.

At the Fermi level, there is no complete gap even at large
distortion, since the downwards-dispersing bands along I'-M are
only slightly shifted downwards and remain above the Fermi level
near I'. On the other hand, the originally flat portion of the band
structure between I' and K now disperses downwards and crosses
the Fermi level. The preservation of states near I' that mask the
partial gap at the Fermi level can be understood in terms of
band characters and degeneracies, as shown in Supplementary
Fig. 10. Altogether, the Fermi surface is reconstructed and not
completely destroyed by the lattice distortion. The CDW
transition is thus a metal-metal Lifshitz transition with a change
in Fermi-surface topology, instead of the usual metal-insulator
Peierls transition.

As shown in Fig. 5¢, we cannot understand this Fermi-surface
reconstruction based on a single unstable mode: The displace-
ments expected from the harmonic approximation (u in Eq. (1))
only induce gaps in two-third of the cigar-shaped electron
pockets (cf. Supplementary Movie 2). The other component v
couples to segments of the Fermi surface that are not affected by
u, ie., the remaining third of the electron pockets (cf.
Supplementary Movie 3). Together, they transform the Fermi
surface from multiple cigar-shaped electron pockets around the
M points to the single elliptical hole pocket around T visible in
Fig. 5b. The decomposition of the CDW contains modes at more
than one wavevector q, so several approximate Fermi-surface
nesting conditions and electron-phonon coupling matrix ele-
ments play a role (Supplementary Fig. 4b, ¢, e, f), enabling the
CDW to affect distinct parts of the Fermi surface.

Magnetic properties of monolayer VS,. Prompted by the pre-
diction of ferromagnetism for monolayer 1T-VS, in its q =
2/3 TK CDW phase?!, we also examined the magnetic properties
of VS,, by means of X-ray magnetic circular dichroism (XMCD).
The monolayer VS, samples were grown in situ and investigated
with STM beforehand to make sure that the same phase and
decent coverage were obtained. A STM topograph of the sample
investigated by XMCD is shown in Supplementary Fig. 11. The
blue curve in Fig. 6a represents the X-ray absorption spectrum
averaged over both helicities and external field directions. The
overall line shape is very similar to previous bulk crystal
measurements?3 and clearly fits to a 3d! configuration*®. The red
signal in Fig. 6a is the XMCD magnified by a factor of 10, where
no signal above the noise level is visible. This implies that the total
magnetization vanishes. Sum rule analysis would yield an upper

a

bound of 0.02up per vanadium atom. Since it cannot be strictly
applied to the case of the V,; edges?’, this analysis yields only a
zero-order estimate of the upper bound, but we can safely con-
clude that neither ferromagnetic nor paramagnetic behavior is
present in this system.

We investigated magnetic order in monolayer VS, using spin-
polarized DFT. We were able to stabilize both ferromagnetic and
SDW structures within the 7x+/3R30° unit cell. In fact,
magnetically ordered CDW phases are preferred over nonmag-
netic CDW phases by energies of the order of 1 meV per VS, unit.
Figure 6b shows the most favorable SDW pattern in the
7% +/3R30° CDW phase. The magnetic moments on vanadium
reach +0.18up, those on sulfur only +0.01yp and are thus not
shown. While the CDW alone reduces the total energy to
—22.7 meV per VS, unit with respect to the symmetric structure,
the SDW lowers this value by another 1.5 to —24.2meV.
Interestingly, without the CDW, a similar SDW with larger local
moments of up to +0.51ug (shown in Fig. 6¢) leads to an energy
reduction of 7.1 meV. As already suggested by previous calcula-
tions of ferromagnetism in the 9x +/3R30° structure of 1T-VS,2,
there is a competition between the lattice distortion and the
formation of local moments. Although a full account of
magnetism needs to go beyond the DFT level, in view of the
good agreement between our ab initio results and the experi-
mental STS and XMCD data, the formation of coupled
CDW-SDW state in 1T-VS, is plausible. This presumption is
further supported by comparison of the calculated DOS in the
CDW-SDW state to the STS shown in Supplementary Fig. 12: the
SDW formation on top of the CDW leads to a reduction of the
gap size and the DOS of the coupled CDW-SDW is even in better
agreement with the experiment than the non-spin-polarized
CDW DOS.

Discussion

Both the electronic and magnetic results for VS, shed some light
on the properties of the isoelectronic compound VSe,, which
displays a CDW of the same periodicity>3848, Our calculations
strongly suggest that also for this system non-linear effects are
relevant and that a full gap opens in the unoccupied states
(compare Supplementary Fig. 3). A full gap at the Fermi level, as
proposed for 1T-VSe,®384849 would be unlikely to intrinsically
occur for a CDW with the observed wavevector. The strong
similarity between our calculations and experimental data, espe-
cially for those VSe, systems where only the 7x +/3R30° CDW is
observed3®37, lends credence to our analysis (compare Supple-
mentary Fig. 13). It is possible that the simultaneous occurrence
of a 4x1 CDW39, perhaps due to substrate-induced strain®,
causes an additional gap opening near the Fermi level as a
result of the interplay between the CDWs. In any case, similar to
VS,, the presence of a SDW coupled to the 7x 4/3R30° CDW

Ls — (p+ +p-)2
— (s — pu-)x10

Intensity (arb. u.)

.

PPN Y

0

A 2% veecd Beon
Woertaganeetees e tveegd Tegted ‘il
T

W‘Vv

510 515 520 525 530 535 540

Photon energy (eV)

0.4

SRIRIEIRIESE Y

ie ]

SOICIESEIEIERE

0.2

0
Local magnetic moment (4B)

-04 -0.2

Fig. 6 Magnetic properties of monolayer 1T-VS.. a Plotted in blue is the X-ray absorption signal averaged over both helicities and directions of the B field.
The corresponding XMCD is shown in red. All measurements have been conducted in B fields of 9 T and at a temperature of 7K. b, ¢ Possible SDW

pattern with (b) and without CDW (c).
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could explain the absence of net magnetization in XMCD
experiments37-3848_ Spin-polarized STM or XMLD might be able
to detect the magnetic ground state for both VS, and VSe,.

In conclusion, VS, defies the common phenomenology of
CDW formation, as the complete CDW gap occurs above the
Fermi level, there is giant non-linear longitudinal-transverse
mode-mode coupling, and the CDW formation is accompanied
by a change of the Fermi-surface topology. The unconventional
CDW appears to host further electronic correlations as signalled
by the quasiparticle renormalization and magnetic-moment for-
mation. In this respect, it is reminiscent of correlated phases in
superlattice structures such as Star of David phases’, moiré
superlattices®!, and doped cuprate superconductors®?. In the
latter class, lattice anharmonicities are central to boosting
superconductivity under THz optical driving**. The case of VS,
presents new terrain: A metal-metal Lifshitz transition from non-
linear electron-lattice effects in the strong-coupling regime is
intertwined with electronic correlations. We note that the full gap
in the DOS, situated within 0.2 eV from the Fermi level, opens up
the possibility of inducing a metal-insulator transition upon mild
gating or doping (e.g., with Li). Finally, we are convinced that the
excellent agreement of experiment and theory for the uncon-
ventional CDW of monolayer VS, with the full gap in the
unoccupied states provides a paradigmatic case study of strong-
coupling CDWs in general.

Methods

The Ir(111) crystal is cleaned by grazing incidence 1.5keV Ar™ ion exposure and
flash annealing to 1500 K. A closed monolayer of single-crystalline Gr on Ir(111) is
grown by room temperature exposure of Ir(111) to ethylene until saturation,
subsequent annealing to 1300 K, followed by exposure to 200 L ethylene at

1300 K3,

The synthesis of vanadium sulfides on Gr/Ir(111) is based on a two-step MBE
approach introduced in detail in ref. 3 for MoS,. In the first step, the sample is held
at room temperature and vanadium is evaporated at a rate of Fy = 2.5 x 1016
atoms/(m?s) into a sulfur background pressure of P§ = 1x 10~ mbar built up by
thermal decomposition of pyrite inside a Knudsen cell. This results in dendritic
TMDC islands of poor epitaxy. To make the islands larger and more compact, the
sample is flashed in a sulfur background to 600 K.

The VS, layers were analyzed by STM, STS, and low-energy electron diffraction
(LEED) inside a variable temperature (30-700 K) ultrahigh vacuum apparatus and
a low-temperature STM operating at 7 and 78.5 K. The software WSXM>* was used
for STM data processing. XMCD measurements have been conducted at the
beamline ID32 of the European Synchrotron Radiation Facility (ESRF) in Gre-
noble, France. The VS, samples were grown in situ inside the preparation chamber
and checked with LEED and STM before X-ray absorption spectroscopy mea-
surements. To be surface sensitive, the measurements were conducted in the total-
electron-yield mode under normal incidence. The measurement temperature was
7 K and fields of 9 T were used. The spectra were recorded at the L;, edges, i.e.,
using the dipole allowed transition from 2p states into the 3d shell potentially
generating magnetism.

All DFT and DFPT calculations were performed using QUaNTUM ESPRESSO35:56,
We apply the PBE functional®’»58 and norm-conserving pseudopotentials from the
PseupoDojo table’*00. In the undistorted case, uniform meshes (including I') of
12 x 12 q and 24 x 24 k points are combined with a Fermi-Dirac smearing of 300 K.
For a fixed unit-cell height of 15 A, minimizing forces and in-plane pressure to
below 1 x 105 Ry/Bohr and 0.1 kbar yields a lattice constant of 3.18 A and a layer
height (vertical sulfur-sulfur distance) of 2.93 A. For the superstructure calculations,
appropriate k-point meshes of similar density are chosen, except for the precise total
energies quoted in the section about magnetism and in Supplementary Table 1,
which required four times as dense meshes. The average lattice constant of super-
structures is kept fixed at the value of the symmetric structure. Fourier interpolation
to higher k resolutions (1000 x 1000 for calculations of the DOS) and the unfolding
of electronic states is based on localized representations generated with
WANNIERIO®L. For the visualization of the unfolded Fermi surfaces, a Fermi-Dirac
broadening of 10 meV is used.
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Supplementary Note 1: Unit cells
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Supplementary Figure 1: Correspondence between unit cells in monolayer VSe, literature and
the unit cells used in this paper. In a and b, models of the 1T-VS, atomic lattice are depicted
with V atoms in blue and bottom-S atoms in faint yellow. 7 X v/3R30° (a) and 9 x v/3R30°
(b) superstructures are visible in the top-S atoms, which are drawn in two colors to mimic the
experimental apparent height in yellow (bright) and orange (dark). The dark gray rectangles indicate
the 7 x v/3R30° (a) and 9 x V/3R30° (b) unit cells. The blue rectangle is a 2 x v/3R30° unit, the
red rhombus a v/7R19.1° x v/3R30°.

In the isotypic material VSe,, a superstructure of same symmetry as in VS,, has been identified and
attributed to a charge density wave (CDW)'™. In these studies, the superstructure was described
by a combination of 2 x V/3R30° and v/7R19.1° x 1/3R30° units, which we mark in our model in
Supplementary Figure 1a, b in blue and red, respectively. By the combination of a single 2 x v/3R30°
and two v/7R19.1° x v/3R30° units, the 7 x v/3R30° CDW lattice can be described; two 2 x v/3R30°
units and two v/7R19.1° x 1/3R30° units make up the 9 x V/3R30° lattice.



Supplementary Note 2: Tip-induced switching between distorted and undistorted phase

Supplementary Figure 2: Influence of STM tip on monolayer VS,: the two consecutive STM scans
in panel a and b document the STM-tip-induced switch from the undistorted to the superstructure
CDW phase. Scan c is taken 15 minutes later and shows no more signs of the superstructure. Images
taken at 300 K. Measurement parameters: a—¢ 7 X 7nm?, [, = 0.5nA, V{ = —90meV.

The presence of the superstructure at room temperature can also be influenced by the scanning
tunneling microscope (STM) tip. Supplementary Figure 2a, b shows two consecutive STM scans,
taken at the same position, tunnelling current, and bias. In Supplementary Figure 2a, the STM
reveals only hexagonal atomic ordering inside the small VS, structure. In the successive STM
scan in Supplementary Figure 2b, the wave superstructure is observed in the same region, with the
phase transition apparently triggered by the interaction with the STM tip. A subsequent STM scan
taken about 15 minutes later, displayed in Supplementary Figure 2c, again shows the absence of the
superstructure.



Supplementary Note 3: 1T-VSe;, vs 1T-VS, and 9 x /3R30° vs 7 x v/3R30°
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Supplementary Figure 3: Fermi surface and density of states (DOS) of monolayer a,b 1T-VSe,
and ¢,d 1T-VS, in the undistorted phase as well as for the a,¢ 9 x v/3R30° and b,d 7 x v/3R30°
CDW as obtained from DFT. The CDW data has been unfolded to the Brillouin zone of the
undistorted structure. Here, the color saturation corresponds to the overlap of CDW and undistorted
wave functions for the same Kk point.

In Supplementary Figure 3a, b, we show the Fermi surface and density of states (DOS) of monolayer
1T-VSe, in the undistorted as well as 9 x v/3R30° and 7 x v/3R30° CDW phases from density
functional theory (DFT). In VSe, a similar CDW as the one found in VS, has been reported
repeatedly’>%%. As points of reference, corresponding results for monolayer 1T-VS, are displayed
in Supplementary Figure 3c,d. The results for the 9 x v/3R30° and 7 x v/3R30° cells agree
qualitatively. Furthermore, our calculations suggest that 1T-VSe, and 1T-VS, are very similar in
their electronic structure. In the distorted phase, 1T-VSe, will also have a full gap in the unoccupied
states; at the Fermi energy, only a partial gap is expected. Though this has been observed in
experiment’?, most studies on monolayer VSe, agree on a full gap located at the Fermi level-*%7.
To our understanding, such a gap would require a filling of the downwards-dispersing bands near
I', which are not gapped in the CDW configuration. According to our DFT calculations for both
1T-VS, and 1T-VSe, on a 9 x v/3R30° (7 x v/3R30°) supercell, 1/9 ~ 0.11 (1/7 ~ 0.14) additional
electrons would shift the gap to the Fermi energy (compare Supplementary Figure 10a, b). This
charge could be provided by, e.g., the substrate or defects.



Supplementary Note 4: Nesting conditions and electron—-phonon coupling
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Supplementary Figure 4: Nesting conditions for different longitudinal- and transverse—
acoustic (LA and TA) phonon wavevectors q. We show the relevant electron—phonon coupling
2Wqk+qkJk k+q as @ function of the electron wavevector k (color scale) together with the original
Fermi surface (solid lines) and the Fermi surface shifted by —q (dashed lines). Nesting parts of the
Fermi surface can only have a strong effect on the phonons if they occur in k-space regions with
significant electron—phonon coupling (dark/brown spots). While the g from DFPT is fully screened,
the partially screened g from constrained DFPT (cDFPT)® excludes low-energy electronic screening
(precisely, from within the isolated band at the Fermi level). Together with the bare electronic
susceptibility x, they determine the phonon self-energy I = g*yog responsible for the instabilities
in the phonon dispersion. This analysis is equivalent to the fluctuation diagnostics in Ref. 9. The
electron—phonon coupling has been obtained via the EPW code!*!!.

In Supplementary Figure 2a of the manuscript, we can observe two main instabilities in the acoustic
phonon dispersion of monolayer 1T-VS,from density functional perturbation theory (DFPT): one
in the longitudinal branch at ¢ ~ 1/2TM and one in the transverse branch at q ~ 2/3TK. A
mode with momentum q will be favoured if there is a large electron—phonon coupling matrix
element connecting momenta k and k + q close to the Fermi surface. These nesting conditions are
investigated in Supplementary Figure 4. In the longitudinal case, shown in Supplementary Figure 4a,
we have almost perfect Fermi-surface nesting together with a strong electron—phonon coupling
(cf. Fig. 5c,d of Ref. 12 for the case of 1T-VSe;). This q point is compatible with the formation



of a4 x 4 CDW), as found, e.g., in bulk VSe,'3. Interestingly, despite these favorable conditions,
this is not the preferred ground state of monolayer VS,. Instead, a CDW with a wavevector near
q = 2/3TK and q = 9/14TK develops, which features only approximate nesting and a slightly
reduced coupling strength, as seen in Supplementary Figure 4b, c. As discussed in the main text,
the formation of the CDW can only be understood considering non-linear mode—mode coupling.
Phonon modes that appear stable in the harmonic approximation contribute significantly to the final
atomic displacements, especially the longitudinal-acoustic modes for twice the momenta of the
unstable modes, i.e., q = M, q = 9/7TK, and q = 4/3 K, see Supplementary Figure 4d—f. For
both the harmonic (Supplementary Figure 4b, ¢) and the higher-order contributions (Supplementary
Figure 4e, f) to the experimentally observed CDW, we find a similar situation of partially overlapping
Fermi pockets in k-space regions of considerable coupling, except that different pairs of pockets are
involved.



Supplementary Note 5: Born—-Oppenheimer energy surface in TaS,
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Supplementary Figure 5: a CDW distortion in monolayer 2H-TaS, and b corresponding Born—
Oppenheimer energy surface. Full circles indicate atomic positions and energies for displacements
in the direction of the relaxed structure, arrows and triangle marks those for the projection onto
the unstable longitudinal-acoustic (LA) phonon modes at the six wavevectors q = 2/3TM. The
relaxed atomic displacements have been amplified by a factor of five for better visibility.

While the experimentally observed CDW in VS, can only be explained by the nonlinear coupling
between soft and stable phonon modes, the 3 x 3 CDW in the trigonal-prismatic TMDCs is an
example of a lattice instability that is determined essentially by a single unstable phonon mode.
Analogous to Supplementary Figure 2b—e, Supplementary Figure 5 shows the 3 x 3 CDW structure
and the corresponding Born—Oppenheimer energy surface of monolayer 2H-TaS, from DFT: Here,
the distortion along the leading unstable phonon normal-mode coordinate largely captures the
energy gain associated with the full CDW relaxation. We used the same computational parameters
as in Ref. 9.



Supplementary Note 6: Phonon dispersion, nesting conditions, and electron—-phonon cou-

pling in 1T-VTe,
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Supplementary Figure 6: a Longitudinal—, transverse— and z—acoustic (LA, TA and ZA) phonon
dispersion of monolayer 1T-VTe,. b—g Corresponding electron—phonon coupling 2wqGk+qkJk k+q
together with the k and k + q Fermi surfaces (cf. Supplementary Figure 4).

The phonon dispersion of monolayer 1T-VTe, obtained from DFPT is shown in Supplementary
Figure 6a. We find similar lattice instabilities as in the case of 1T-VS, (cf. Supplementary Figure 2a
of the main text), albeit shifted to smaller |q|. This shift, which is more pronounced for the
transverse—acoustic instability in the TK direction than for the longitudinal-acoustic instability in
the M direction, can be traced back to differences in the Fermi surface (topology) rather than
in the electron—phonon coupling, see Supplementary Figure 6b—g: Instead of the cigar-shaped
electron pockets around the M points in 1T-VS, (cf. Supplementary Figure 4), we find triangular
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hole pockets around the K points (as well as a small hole pocket at I') in 1T-VTe,. In the latter case,
the approximately parallel segments of the Fermi surface are closer together.



Supplementary Note 7: CDW energy gains in VS, vs VTe,

Supplementary Table 1: Comparison of maximum atomic displacements and energy gains upon
CDW formation for different materials and periodicities from DFT (PBE). All energies refer to a
single VX, unit; the reference for the displacements is the lattice constant.

1T-VS, 1T-VTe,
4 x4 4% 3.4meV | 13% 34.2meV
7xvV3R30° [ 8% 22.7meV | 6% 2.5meV

To compare the energy gains associated with CDW formation in 1T-VS, and in 1T-VTe, for
the different periodicities, we performed structural relaxations on corresponding supercells in the
framework of DFT (PBE). The energy gains reported in Table 1 show that in 1T-VS, the 7 x v/3R30°
CDW is favored over the 4 x 4 CDW; in 1T-VTe, vice versa. The DFT prediction is thus in line
with experimental observation for both materials.
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Supplementary Note 8: Compression of electronic spectrum
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Supplementary Figure 7: Compression of experimental scanning tunneling spectroscopy (STS)
data relative to density-functional theory (DFT)-calculated density of states (DOS). In a, the 7 K
spectrum from the main manuscript is compared to the calculated DOS for the 7 x v/3R30° and
9 x v/3R30° unit cells. In b, the calculated DOS is compressed to about 80 % of its original width.
The red arrows in a, b indicate three major features in the spectrum and DOS that can be harmonized
between them when the DOS is compressed.

In Supplementary Figure 4a of the main text, the DOS from DFT appears to be wider than the
experimental spectrum. Dynamic electronic correlation effects beyond DFT are a possible source of
this discrepancy, since they can lead to band renormalization'. More precisely, they effect a mass
enhancement of the electrons, i.e., the quasi-particle dispersions become flatter than what is expected
from theories like DFT. In the case of purely local correlations's, this effect is described by a
single renormalization factor Z or the corresponding mass enhancement factor 1/Z. Supplementary
Figure 7 shows that we obtain a good match between experimental and theoretical spectra by setting
7/ = 0.8. This is indicative of moderate electronic correlations. For comparison, examples range
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from diverging mass enhancement at Mott—Hubbard transitions, via mass enhancement factors of
about 10 to 1000 in Kondo or heavy fermion systems, to enhancement factors between 1 and 10
in transition-metal compounds like metallic chromium or iron-based superconductors. The mass
enhancement factor of 1/Z ~ 1.25 puts VS, at similar electronic correlation strengths as, e.g.,

metallic chromium'®.

The rise in the normalized dI/dV beyond —0.5 eV can be attributed to contributions from the
graphene/Ir(111) substrate, which can come to dominate the signal for large IV when the VS, has a
small DOS. In this case, the graphene spectrum (not shown) diverges beyond the Ir(111) surface
state at —190 meV.
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Supplementary Note 9: Suppression of CDW Fourier intensity within the gap
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Supplementary Figure 8: Suppression of charge density wave (CDW) within the gap. a Logarith-
mic plot of the CDW intensity in the Fourier transform of d//dV conductance maps, normalized
to the 1 x 1 lattice intensity. Additionally, a d//dV spectrum is plotted in order to indicate the
location and width of the gap. b—d d//dV conductance maps taken at the voltages indicated in a.
Measurement settings: (maps) 9.5 x 5.5nm?, I; = 0.3nA, except for the map at 50 meV, which
is taken at I, = 0.6 nA; (d//dV spectrum) f = 777.7Hz, I, = 0.4nA, Vs, = 6 meV. All data
taken at 7' = 7K.

Apart from the different charge distributions on either side of the gap discussed in the main
manuscript, d//dV maps taken within the gap show a clear suppression of the CDW. For a
quantitative analysis, we have Fourier analyzed the d//dV maps and normalized the CDW peak
in the Fourier spectrum with respect to the 1 x 1 lattice peak intensity. The resulting value
R = Icpw/I1x1 is observed to fall by an order of magnitude within the gap. Since a gap of other
than CDW origin would have the same value of R in- and outside of the gap region'’, this is another
clear indication of the relation between gap and CDW.
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Supplementary Note 10: Bands along extended Brillouin-zone path
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Supplementary Figure 9: Electronic band structure along an extended Brillouin-zone path and
density of states (DOS) of monolayer 1T-VS, for a the full 7 x v/3R30° charge density wave (CDW)
displacements, b their projection onto unstable phonon modes, and ¢ the orthogonal complement.

In Supplementary Figure Sa of the manuscript, we show the electronic band structure of monolayer
1T-VS;, in the 7 x v/3R30° phase along a selected high-symmetry path T-M-K-T of the undistorted
phase only. Once the distortion breaks the C; symmetry, this path is not representative of the full
Brillouin zone anymore. For completeness, in Supplementary Figure 9a, we thus reproduce the
respective data along an extended path, again supplemented with the DOS. In Supplementary
Figure 9b, c, we show the analogous results for the projection of the displacement onto the soft
transverse—acoustic phonon modes at q = 49/14TK and the orthogonal complement. There
are some salient differences between the electrons for the full and partial CDW displacement. In
Supplementary Figure 9b, the gap between M’ and K is missing; in turn, in Supplementary Figure 9c,
there is no gap between M and K’ as well as M and K. The combination of both displacement
components is needed to open a full gap.
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Supplementary Note 11: Preservation of states at the Fermi level
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Supplementary Figure 10: a,b Band structure of symmetric and distorted 1T-VS, along path
through Brillouin zone corresponding to 7 x 1/3R30° cell. The low-energy band is half-filled
and splits into seven four-fold (including spin) bands between X and S. Thus, there must be 1/7
unoccupied states per V atom below the gap. ¢, d Orbital-resolved low-energy electron dispersion
of 1T-TaS; and 1T-VS; near I'. In the case of 1T-VS, there is an avoided crossing between V-d and
S-p, , bands.

The CDW does not create a complete gap at the Fermi level. For the commensurate structures
used to approximate the incommensurate CDW, it is the combination of the electron count and the
symmetry of the unit cell that guarantees a partially filled band, i.e., a metallic DOS. A complete
gap at the Fermi level in the CDW would require the splitting of bands that must be degenerate by
symmetry of the CDW structures (Supplementary Figure 10a, b), i.e., further symmetry breaking.

The particular form of the remaining spectral weight at the Fermi level resembling a down-
wards dispersing parabola around I' in the CDW state (cf. Supplementary Figure 5) can be un-
derstood in terms of orbital band characters: In 1T-VS,, we find an avoided crossing of V-d and
S-p,, bands in the relevant region and thus a signification hybridization between these states
(Supplementary Figure 10c). This is opposed to, e.g., the case of 1T-TaS,, where the S-p,, , states
are much lower in energy (Supplementary Figure 10d). Now, while the d-type bands are heavily
reconstructed due to the CDW, the p orbitals are less affected and can contribute to a new Fermi
surface in the case of 1T-VS, in contrast to 1T-TaS,.
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Supplementary Note 12: XMCD sample morphology

|

Supplementary Figure 11: Magnetic properties of VS,: STM topograph illustrating the sample
morphology of the XMCD measured sample. Image size: 100 x 50 nm?.

In the main manuscript, we describe the magnetic properties of VS, as measured by x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD). Supplementary Figure 11
displays the sample morphology of the investigated sample. Like the samples shown in the main
text, the island shape is dendritic. By comparison to substrate step edges, the monolayer height is
measured to be 7 A. The sample has a monolayer coverage of about 40 %. Distinct height levels
indicate up to three layers, with multilayer VS, making up approximately 25 % of the total amount
of VS, present on the surface.
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Supplementary Note 13: DOS for SDW
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Supplementary Figure 12: a Scanning tunneling spectroscopy (STS) data taken with a Au tip
on monolayer VS, at 7 K along with density-functional theory (DFT) calculated charge density
wave (CDW) density of states (DOS) with (red) and without (cyan) SDW. b The same data after
compressing calculated DOS to 80% of original size.

In Supplementary Figure 12a, we show the DOS of the CDW structure with and without spin density
wave (SDW), along with the experimental d//dV spectra. The most prominent difference in the
DOS is the reduction of the gap size. For the 7 x v/3R30° structure, the gap shrinks from 0.21 eV
to 0.06 eV when the CDW is coupled to a SDW. Since the CDW gap is indeed much larger in DFT
than the experimental gap, this can be considered as an additional argument for the simultaneous
presence of a SDW. Taking into account the compression of the experimental data, discussed under
Supplementary Figure 7, the DOS of the coupled CDW-SDW is in even better agreement with the
experimental spectra, as seen in Supplementary Figure 12b.
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Supplementary Note 14: Comparison of DFT results with literature data for VSe2
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Supplementary Figure 13: Fermi surface of 7 x v/3R30° CDW of monolayer 1T-VSe, averaged
over regions of different CDW orientations and comparison to experiment. a Fermi surface reprinted
with permission from Ref. 2 © 2018 American Physical Society. b Symmetrized Fermi surface
calculated in this work. ¢ Energy isolines reprinted with permission from Ref. 7 © 2018 American
Chemical Society. d Symmetrized energy isolines calculated in this work.

In order to compare our DFT results for monolayer VSe, to existing ARPES studies, we have
averaged our calculated Fermi surface of VSe, in the 7 x v/3R30° CDW phase over all domains of
the CDW with respect to the lattice. In this way, many of the familiar ARPES characteristics of VSe,
are uncovered. If we compare to VSe, systems where only the 7 x v/3R30° CDW was observed™?,
we see that the experimental data in Supplementary Figure 13a, taken from Ref. 2, shows excellent
agreement with our calculated Fermi surface in Supplementary Figure 13b. In particular, we observe
the formation of gaps between M and K, while the rest of the Fermi surface remains intact. The
apparent persistence of the six cigar-shaped electron pockets and the appearance of the hole pocket
around I are visible in both theory and experiment. That the ARPES measurements show such small
changes during the transition to the CDW phase can therefore be understood as stemming mostly
from the fact that it is an averaging technique. More subtle changes to the band structure around I'
and the elliptic electron pockets cannot easily be compared by eye. All in all, our theoretical studies
match very well to experimental ARPES reports of VSe, in the 7 x v/3R30° phase>°.

It must however be noted that most publications on VSe; find, in contrast to our prediction,
a full gap at the Fermi level*%7. Monolayer VSe,, especially in the light of recent works!> 1519,
seems to have a strong substrate-dependence. It is therefore likely that our calculation, which
is based on freestanding VSe,, does not capture the intricacies of all experimental systems. At
the Fermi surface, an (additional) 4 x 1 CDW found on some substrates"® !> might induce

18



an insulating state. A possible cause for the presence of different and competing CDW orders
might be substrate-induced strain?’, which is not included in our DFT calculations. Supplementary
Figure 13c shows the Fermi surface and constant-energy contours at higher binding energies of
a VSe, system where the Fermi surface is fully gapped at 25 K, taken from Ref. 7. In this case,
though our calculation in Supplementary Figure 13d does not predict the fully gapped surface, we
see that it captures the features of the band structure away from the Fermi level quite well. The
dissimilarities between VSe, systems with different CDW orders might therefore pertain mostly to
the Fermi surface and the unoccupied states.
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CHAPTER 5

Manuscript [2]: Novel 2D vanadium sulphides:
synthesis, atomic structure engineering and

charge density waves

This chapter wholly consists of the above-named manuscript, which is under review at ACS Nano,
available online on arXiv.

The experiments were proposed by C. van Efferen, J. Hall and T. Michely. Sample growth and
STM measurements were conducted at the TUMAII, TSTM, MSTM systems in Cologne as well
as the STM system at the MAX IV Laboratory in Lund. The growth procedure of the samples
at TUMAII was developed by J. Hall. The growth parameters were adapted for use in the other
systems by C. van Efferen, W. Jolie and J. Fischer. Room temperature STM measurements were
carried out by J. Hall, with assistance from T. Wekking at TUMAII; 3004 K STM measurements
were performed by C. van Efferen and W. Jolie at TSTM and MSTM, room temperature and
110K STM measurements were performed by N. Vinogradov in Lund. The XPS measurements
were conducted by C. van Efferen, V. Boix, J. Fischer and T. Michely, with support from J.
Knudsen and A. Preobrajenski. Analysis of STM data was performed by C. van Efferen and J.
Hall; the STS data was analysed by C. van Efferen and W. Jolie. The interpretation of the results
was discussed in depth by C. van Efferen, J. Fischer, W. Jolie, J. Knudsen and T. Michely.

C. van Efferen wrote the manuscript, with advice and corrections from T. Michely.
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Abstract

Two new ultimately thin vanadium rich 2D materials based on VSs are created
via molecular beam epitaxy and investigated using scanning tunneling microscopy and
X-ray photoemission spectroscopy. The controlled synthesis of stoichiometric single-
layer VSo or either of the two vanadium-rich materials is achieved by varying the
sample coverage and the sulphur pressure during annealing. Through annealing of small
stoichiometric single-layer VSs islands without S pressure, S-vacancies spontaneously
order in 1D arrays, giving rise to patterned adsorption. We provide an atomic model of
the 1D patterned phase, with a stoichiometry of V4S7. By depositing larger amounts
of vanadium and sulphur, which are subsequently annealed in a S-rich atmosphere,
self-intercalated ultimately thin V5Sg-derived layers are obtained, which host 2 x 2

V-layers between sheets of VSy. We provide atomic models for the thinnest V5Sg-derived



structures. Finally, we use scanning tunneling spectroscopy to investigate the charge

density wave observed in the 2D V5Sg-derived islands.

Atomic structure engineering of two-dimensional (2D) materials in order to tailor their
electronic and chemical properties or to create novel phases has been on the forefront of
recent research. Various methods to achieve this have been explored, like the introduction of
point or line defects' ™3, creating horizontal or vertical heterostructures*®, doping or gating®™,
as well as intercalation of native or foreign atoms between the layers!®!!,

The creation of defects has been particularly successful in engineering transition metal

dichalcogenides (TMDCs)!?. Chalcogen vacancies alone can be used to dope TMDCs!3, to

14,15 16,17

develop or enhance a magnetic ground state or to gain increased surface reactivity

Vacancies can be created by extrinsic means like electron-beam irradiation'®!8, but can also
spontaneously form under suitable conditions through thermal annealing %16,

Since TMDCs are layered materials, they are also easily intercalated, with additional
metal atoms placed between the TMDC sheets!!. Intercalated atomic layers have been
used to enhance electronic conductivity, induce ferromagnetism, phase transitions or Ising
superconductivity in TMDCs'* 23, While these intercalants have been used extensively to
intercalate bulk TMDCs 0192122 yecently the focus has shifted to bilayer TMDC intercalation,
being the thinnest intercalated material 292425,

Among TMDCs, vanadium based compounds like VS, have attracted substantial theoret-
ical research interest due to their predicted electronically correlated and magnetic ground
states when thinned down to a single layer?52°. However, due to the lack of a stable bulk
polymorph?°3! VS, is a particularly challenging material to synthesize as a few-layer system
and it was a late addition of the single-layer TMDCs when it was synthesized on Au(111)3
and on quasi-freestanding on Gr/Ir(111), where a 9 x v/3R30° charge density wave (CDW)
was found?3. Owing to the wealth of experiments performed on VS, and its sister compound
VSes showing the absence of net magnetic moment in these materials, it is commonly accepted

26-29

that the theoretically predicted ferromagnetic ground state is not realized in pristine



single-layers of these materials!%33:34,

In contrast, the stable compound V35Sg exhibits layer-dependent magnetism, which
transforms with decreasing thickness from anti-ferromagnetic to ferromagnetic®*37. These
results have so far been limited to samples down to 3nm thickness since this compound has
not yet been realized in its mimimum thickness configuration of two VS, layers sandwiching
a 2 x 2V intercalation layer. Transport measurements of bulk V5Sg show no increase in
the resistivity at low temperatures, suggesting it does not have a CDW?3*39  though upon
cooling down to 100 K, an anisotropic contraction of V-V bonds was observed using X-ray
diffraction®. Several studies also note that the magnetic moment of the intercalated V atoms

can couple to the itinerant electrons in the VS, sheets, leading to a Kondo effect 42,
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Figure 1: Atomic structures and phase diagram of VS, compounds. a-d Atomic
structure models of VSy, V4S7, VoS16 and Vi5Sg, ., respectively. Below the structures, a Gr
substrate layer is drawn; besides the images, the apparent height measured with STM is
indicated. The suggested structure of V,4S; is based on DFT calculations of VSe,/HOPG
in Ref. 16. For V;Sg., the actual configuration of the S atoms in the lowest layer is not
known. e Schematic representation of phases present after annealing temperature of 800 K.
With increasing initial coverage and annealing S pressure, the transition of VS, into V4S7 is
supressed. Instead, a 2 x 2 self-intercalated material is obtained, with stoichiometry V¢Sig or
V5Ss. depending on the number of intercalation layers.

Here we explore two novel 2D vanadium-sulphide compounds, created using a two-step
molecular beam epitaxy process. The synthesis consists of an initial growth step at room

temperature and an annealing step at elevated temperature to enhance island shape and

alignment. Depending on the amount of deposited material during growth, the temperature,



and the S pressure during annealing, three materials of different V:S stoichiometry are
obtained. Since V deposition always takes place in large S excess, the deposited amount is
characterized through the amount of V deposited - the V atoms stay on the surface, while
excess S evaporates. The unit used is monolayer (ML), which characterizes the V amount
needed to grow a full single layer of stoichiometric VS,, i.e. an amount of 1.12 x 10* V
atoms per m?. The synthesis is performed in each case on the inert graphene (Gr)/Ir(111)
substrate, which preserves the intrinsic properties of the material under investigation*344.
Single-layer islands of stoichiometric and phase pure VS, are obtained when less than 0.5
ML are deposited at room temperature and annealed to a temperature not exceeding 600 K33,
Under these conditions, the resulting single-layer VS, is always present in the 1T phase, as
depicted in Fig. 1a. When stoichiometric VS, is exposed to higher annealing temperatures, it
gradually transforms into V4S;, a process that is completed at an annealing temperature of
~ 800 K. V4S; has periodically arranged rows of S vacancies and an accompanying buckling of
the lattice, see Fig. 1b. However, when the initial coverage during growth is larger, specifically
when the islands resulting from the initial growth carry second layer islands of significant size,
a different compound is formed upon annealing. It consists of layers of VS, self-intercalated
with V atoms in a 2 x 2 pattern. The bulk stoichiometry of this phase would be V5Sg, which
has a NiAs structure with ordered V vacancies every second layer (leaving a quarter of the
V atoms to form the 2 x 2)%. The V:S ratio of bulk V5Sg is a limit reached only when
the number of layers goes to infinity. We obtain V5Sg-derived islands of minimal thickness,
consisting of two layers of VS, with a 2 x 2 layer of V atoms intercalated in the van der Waals
(vdWs) gap between the layer. Consequently the stoichiometry is VgSig, see Fig. 1c. We also
find evidence for the presence of a doubly intercalated structure. In that case, a second 2 x 2
layer of V|, passivated by S atoms, intercalated in the vdWs gap between the bottom VS,
sheet and Gr, as depicted in Fig. 1d. We denote this structure as V5Sg, ., since the precise
amount of S saturating the V is unkown. To show the different growth regimes in S pressure

and coverage needed to obtain either the vacany row structure V,S; or the 2D derivatives of



V;5Sg, a schematic representation is shown in Fig. 1e, wherein the structures obtained after
room temperature growth and subsequent annealing at a temperature of 800 K are collected.

In this study, the materials shown schematically in Fig 1 are investigated using scanning
tunneling microscopy (STM) and X-ray photoemission spectroscopy (XPS). Furthermore,
using low-temperature scanning tunneling spectroscopy (STS), a (v/3 x v/3)R30° CDW is
found in the 2D V5Sg-derived islands, with a transition temperature below 110 K. An overview
of our results is given in Table 1.

Table 1: Overview of VS, compounds and their synthesis parameters.

Growth parameters and properties of VS, compounds

stoichiometry VS, V4S7 VoSi6 V55842

coverage (ML) < 0.5 < 0.5 > 0.5

annealing temper- | < 600 ~ 800 ~ 800

ature (K)

annealing S pres- | 0—8 x 107? 0—-8x107° 5x 1079

sure (mbar)

purity phase pure phase pure not phase pure, | not phase pure,
mixed with other | dominant with ex-
Vi5Sg-derived cess V
structures

CDW, T, 9 x v/3R30°, > | none, none (V3 x V3)R30°, ~ 110K

300K

structure T-phase TMDC S-vacancy rows 2 x 2 - intercalation, V5Sg-derived

apparent height | 0.65 0.8 1.15 1.45

(nm)

figure 2d 2f 5b 6d

Results

Creating 1D-patterned V,S; from single-layer VS,

In Fig. 2a the sample topography directly after growth at room temperature is shown.

Dendritic first layer islands of 0.65 nm apparent height are visible, covered by small second



Figure 2: Evolution of stoichiometric VS, with temperature. a STM topograph
of VS, islands directly after growth at 300 K. b-e STM topographs after annealing to the
indicated temperatures. The insets in c-e are close-ups of the topographs, highlighting
the different superstructures. All annealing was performed without S background pressure.
Images taken at 300 K. Image information (image size, sample bias, tunneling current):
main panels 80 x 80 nm?, inset 20 x 20nm?. a —1.0V, 210pA; b —1.0V, 90pA; c —1.0V,
100 pA, inset: —0.7V, 550pA; d —1.2V, 110pA, inset: —1.2V, 110pA; e —1.3V, 10pA,
inset: —1.3V, 10 pA.



layer islands. After annealing in vacuum to 450 K, see Fig. 2b, the single-layer islands are
less rough, but dendritic shapes are still prevalent. After annealing to 600 K, in Fig. 2c, the
islands are more compact with smoother edges. A superstructure, identified in previous work
as a unidirectional charge density wave with an approximate unit cell of 9 x v/3R30°33, covers
all but the smallest regions of the islands. The CDW appears only after annealing to 600 K,
as its formation requires sufficiently large islands of stoichiometric VS;. The instability of
the CDW on small islands of VS, has been documented in previous work?3.

Further annealing to 700 K, see Fig. 2d, leads to the dominant presence of a new type
of striped superstructure (note that already at 600 K some stripes are present, compare
Fig. 2¢). The dark stripes have non-uniform spacing with a minimal width of ~ 1nm and
several domains of different orientations, as can be seen in the inset. After annealing to
800 K, in Fig. 2e, the VS, islands are elongated but compact and display a well-ordered
pattern of stripes. The stripes are generally aligned with the island edges and exhibit only
three domains, rotated by 120°. The islands have an altered apparent height of 0.8 nm (see
Supplementary Fig. 3 for line profiles of the relevant topographies). The area of the islands
has decreased - correspondingly, patches of what are presumably S and V atoms intercalated
under the Gr are visible. Annealing beyond 800 K leads to the formation of higher structures,
discussed below, and elongated crystallites which are not studied in the present manuscript,
see Supplementary Fig. 4.

Focussing on the stripe superstructure, Fig. 3a shows an atomically resolved topograph
of the surface of a striped single-layer island. In the center of the image, a homogeneous area
with evenly spaced stripes is visible. The unit cell is shown as a turquoise box. Its dimensions
are (3.4 4+ 0.1) A along its short axis and (10.6 & 0.1) A along its long axis. The first number
indicates a significant distortion from the original hexagonal lattice with ayg, = 3.214£0.02 A33.
The line profile along the black line shows an apparent height corrugation of about 0.6 A.
Note that the contrast (two bright rows with visible atomic periodicity and a dark row with

faint atomic periodicity) is merely one of several STM imaging contrasts. In the bottom left
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Figure 3: Reconstruction of VS, into V,S; through defect-row formation. a Atom-
ically resolved STM topograph of the stripes of non-uniform width. The unit cells of the
hexagonal lattice (purple) and of the dominant striped superstructure (turquoise) are indi-
cated. The black line indicates the position of the line profile at the bottom. b High-resolution
STM topograph of the striped surface showing three atomic rows. ¢ Atomistic model of the
reconstructed surface with a faint yellow bottom S layer, blue V layer and intense coloured
yellow, orange and brown top S layer. Only the top sulphur layer is reconstructed in this
model; the V atom and bottom S plane are generic to the 1T phase. The unit cell is indicated.
d STM topograph of a V,S; island with dark stripes covered by adsorbates after annealing
in S-rich environment to 800 K. e STM topograph of island surface after quick heating to
600 K. Most of the adsorbates have desorbed. The yellow rhombus indicates the Gr/Ir(111)
moiré unit cell shining through the V,S7 island. Images taken at 300 K. Image information
(image size, sample bias, tunneling current): a 6 x 6nm?, —0.5V, 1nA; b 7 x 2nm?, —0.1V,

0.5nA; ¢ 35 x 30 nm? —05\/ 10pA; d 30 x 30 nm? —0 3V, 20pA



of the image, a thicker row is visible, where the hexagonal VS, lattice can be observed, with
its corresponding unit cell (purple rhombus).

Fig. 3b shows a high-resolution STM topograph of a homogeneously striped area, with
the rectangular unit cell indicated. Here, the STM contrast allows identification of three rows
with atomic periodicity of descending apparent height. Fig. 3¢ shows a proposed model of
this reconstructed surface with the unit cell indicated. In the model, the atoms that form
a rectangle are assumed to neighbour a row of S vacancies in the top layer, which leads to
the observed symmetry, while the bottom S layer is assumed to be without vacancies. The
validity of these assumptions will be discussed below. In this ball model the bottom S layer
is assumed to be of a generic 1T structure.

If every fourth S row is removed from the top S layer without any other changes
in the bonding distances of the V and lower S layer, one would expect a periodicity of
4 X aygy X /3 /2 = 1.11nm normal to the removed rows. This agrees reasonably well with
our measured distance of 1.06 nm. The slightly shortened length is likely due to bond length
changes and bond reorganization as a result of the S-row removal. The enhanced corrugation
measured by STM indicates that this reorganization involves buckling. With every fourth
row of surface S atoms missing, the stoichiometry of this phase amounts to V4S5.

Fig. 3d shows the result of annealing V4S; to 800 K in a moderate sulphur background
of P3yppee = 2 X 107" mbar. Bright stripes of adsorbates are present on the island, with a
spacing corresponding to the periodicity of the originally dark stripes. Subsequent annealing
largely removes the adsorbates uncovering the dark stripes again, as shown in Fig. 3e. Only
some bright adsorbate clusters are left. The moiré of Gr/Ir(111) (marked with a yellow
rhombus) becomes apparent again after annealing.

We interpret the situation as follows: upon cooldown from the annealing step, residual S,
which is hard to pump out, adheres to the islands. The subsequent brief heating in clean UHV
causes desorption of these adsorbed S atoms. Irrespective of the details, the observations

imply a modulated reactivity of the V,S; island with a maximum along the dark stripes.



Note that for stoichiometric VS, islands such structured adsorption was never observed. Note
also the reconstructed island edges in Fig. 3e, with the the stripes causing kinked edges in
segments parallel and orthogonal to them. The stripe superstructure being imprinted on the
step edge highlights that the structure is not of electronic but of structural origin.

In order to obtain additional information about the effect of annealing stoichiometric
VS,, we performed high-resolution X-ray photoemission spectroscopy (XPS) of the S 2p core
level. Fig. 4a shows the S 2p core-level spectra obtained for samples with increasing annealing
temperatures in the absence of S pressure from bottom to top. Spin-orbit coupling of the S
2p level gives rise to an S 2ps/o and S 2p;/, doublet separated by 1.19(3) eV. At 500K only a
single S 2p doublet is visible, with peaks at 160.83(3) eV and 162.02(3) eV. As the annealing
temperature is increased, more doublets become pronounced. In particular, the S 2p peak
intensities shift toward higher binding energies. At the highest annealing temperature of
850 K the total intensity of the signal is significantly reduced.

Fitting the XPS spectra across the whole range of annealing temperatures requires five
doublets, which will be discussed by reference to the lower binding energy 2ps, peak of
the doublet. In Fig. 4b, a single component (160.83(3) eV, yellow) dominates the spectrum,
denoted Svyss. In contrast, the 800 K spectrum in Fig. 4c¢ is made up of multiple doublets of
similar intensity. Crucially, two new doublets close to the original yellow component are present
at 800 K, which we denote Svasz.1 (161.13(3) eV, orange) and Syas72 ((161.47(3) eV, brown).
Comparison to the 500 K spectrum furthermore reveals that the dark grey (162.53(3)eV)
component Sg has disappeared, whereas the silver (162.03(3)eV) component S;, is still
present and has larger relative intensity.

From STM images we know that at or below 600 K, mainly unperturbed (though defective)
single-layer VS, islands are present (compare Fig. 2a,b,c). We therefore assign Sygy to
stoichiometric VS,. Sg, which disappears rapidly when the sample is heated up from room
temperature, we assign to sulphur species which react or desorb upon annealing. S;,;, on

the other hand, can be straightforwardly assigned to S atoms intercalated between Gr
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Figure 4: XPS of single-layer VS,. a Temperature resolved X-ray photoemission spectra
(XPS) of S 2p3/, and S 2py/y core-level spectra of VS, measured at a photon energy of
hv = 260eV. For each successive datapoint the sample was annealed to the indicated
temperature without additional S and then measured at 300 K. b, ¢ XPS spectra of S 2p
core-level spectra fitted with 5 components. The fitted components are denoted as Sygo
(yellow), Svas7.1 and Syys7.2 (orange and brown), Siy (silver) and Sg (dark grey), see text for
discussion. The data points are represented by black circles and the overall fit by a solid black
line. d Change of the relative intensities of the fit components during the entire annealing
sequence as a function of temperature. Dashed lines to guide the eye. Note that the relative
intensity of the intercalated S atoms S;,; has been plotted on the right y-axis versus the total
S signal of the atoms in the vanadium compound.
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and Ir(111)%. The presence of intercalated S atoms is inferred from STM images (see
Supplementary Fig. 5) and low-energy electron diffraction (LEED), an example of which is
shown in Fig. 6. The assignment is further based on the presence of this peak at the same
location for all samples investigated in this study. Its high binding energy furthermore sets
it apart from the peaks intrinstic to the vanadium sulphide compound. Sysg7.1 and Syss7.0
finally, are related to the formation of the striped vacancy row V4S; observed in STM, as
these components are present in significant intensity only at higher annealing temperatures.

Plotting the relative intensities of all components against the annealing temperature in
Fig. 4d, we can broadly distinguish three stages. At 300 K, stoichiometric VS, is coexisting
with unreacted sulphur (compare Fig. 2a and Supplementary Fig. 6). Upon annealing to 500 K,
the sulphur desorbs from the surface, leaving a sample consisting mainly of stoichiometric
VS,, with about 90% of the vanadium sulphide intensity stemming from the Syg, component.
Above 600 K, the sample undergoes a transition to V4S7, with Sy4g7.1 and Syus7.2 becoming
prominent with a ratio that tends to 1 : 2. Because of this ratio, we assign Sy4g7.0 to the
two S atom rows that neighbour a missing S row (orange and brown atoms in Fig. 3c), and
Svasr.1 to the other S atom row, which is not directly next to a missing S row (yellow atoms
in Fig. 3c), see Supplementary Fig. 7. While Sys, is reduced in intensity and shifts to a
slightly higher binding energy by ~ 100 meV when the sample is annealed, it remains present
up to 800 K, when the sample surface uniformly exhibits the striped superstructure. We infer
that this signal stems from the bottom S atoms, which are in a chemical environment not
too different to that of pristine VS,. At higher annealing temperatures, the S detached from
VS, intercalates below Gr, which can be seen in Fig. 2e, leading to the strong increase in the
relative intensity of the S;,; component.

In conclusion, we interpret V,S; to emerge gradually with increasing annealing tempera-
ture through loss of sulphur from the initial VS, islands and an accompanying reconstruction
of the atomic lattice (compare Figs. 2c-e). At about 800 K, the density of the vacancy rows

has reached a saturation, resulting in uniform V,S; characterized by every fourth sulphur
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top layer row missing. The XPS spectra, which show the appearance of new S 2p doublets
at considerably higher binding energies, support this interpretation. In particular, two new
S 2p components indicate that most of the top layer S atoms are in a different chemical
environment compared to pristine VS,, which makes a different stoichiometry likely. The
loss in S is accompanied with a substantial lattice reconstruction, also consistent with the
reshaping of the islands, which reflect the vacancy row periodicity.

A sulphur depleted single-layer of V4S; is in line with recent findings of similar chalcogen
deficient single-layer phases in VS,;/Au(111)3? and VSe,/HOPG 6. The latter in particular
can be regarded as analogous to V,S7, with periodically ordered rows of Se vacancies formed
by removal of every fourth Se row. In STM and density-functional calculations, the authors
of that study observe a distortion of the hexagonal lattice and buckling of the layer similar
to the present case!S.

The formation of chalcogen vacancy rows or line defects due to annealing, electron or
laser beam irradiation seems a general feature in TMDCs*" 5%, In the case of single-layer
VSes, annealing-induced Se-vacancy rows were used to lift the spin-frustration of the material,
leading to room-temperature ferromagnetism!. Since the CDW ground state responsible

for the magnetic frustration®!

is very similar in both stoichiometric single-layers of VS,
and VSe,, it would be of great interest to track the effect of annealing VSy on its magnetic
properties. In contrast to VSey; however, where it is possible to transform the patterned state
back to stoichiometric VSe, via low-temperature annealing after deposition of Se atoms!®16,
low-temperature annealing in sulphur vapour did not recreate stoichiometric VS, from V4S;.
Depending on the coverage of the sample, either adsorbed S atoms on top of the patterned

material were observed, depicted in Fig. 3d, or - in the case of larger coverage - higher

structures were obtained, which will be discussed below.
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Figure 5: Evolution of multiheight VS, with temperature. a STM topograph after
deposition of ~ 1.2 ML, annealed at 550 K in a S-rich atmosphere. b STM topograph after
annealing to 800 K. ¢ STM topograph after annealing to 950 K. Below the STM topographs
in a-c, histograms of the relative coverage of islands of different apparent heights is shown.
Images taken at 4-7K.

STM parameters: a-c 80 x 80nm?, a 1.0V, 50pA, b —1.0V, 50pA, ¢ 1.0V, 100 pA.

Self-intercalation of V atoms in multilayer VS,

Instead of single-layer VS, or V,S7, we can selectively grow a new 2D material by changing
the growth conditions to favor higher structures. Already during growth at 300 K multilayer
structures form (see Fig. 2a). As we deposit more material, a substantial fraction of the
material will grow on top of single-layer VS,. When we then anneal in S-rich environment
to about 800 K, structures with several height levels are created, which do not manifest S
vacancies in their top layer.

In Fig. ba-c the evolution of such a sample is depicted. After annealing ~ 1.2 ML of VS,
to 550 K, the apparent height distribution shows the 0.65nm apparent height characteristic
for single-layer VS,, a significant area fraction of 1.15nm height and some small areas of
1.75nm apparent height, as shown in Fig. 5a. Annealing the sample to 800 K leads to a
transformation of island shapes and apparent heights, shown in Fig. 5b. The island edges are
straight, largely aligned to the dense packed directions of Gr. In addition, two new island

apparent heights appear (1.45nm and 2.05nm), both 0.3 nm offset from the higher islands
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already present at 550 K. The lowest islands are now 1.15nm high. No single-layer VS, is
present on the surface. While the different islands are generally sharply demarcated by step
edges from one another, continuous transitions between them are also observed, like in the
bottom left of Fig. 5b. These transitions will be discussed below. When the sample is further
annealed to 950 K, as shown in Fig. 5c, only islands with apparent heights of 1.75 nm and up
are observed. We thus find that as the annealing temperature increases, the island density
goes down, while the average apparent island height increases, with island heights separated
by =~ 0.3nm. The resulting sample cannot be understood as multilayer VS,, since the height
of each VS, layer is ~ 0.6 nm. We therefore refer to these samples as multiheight VS,. Our
investigation will focus on the lower two levels of 1.15nm and 1.45nm apparent height, which
will be identified as 2D derivates of V5Sg.

In the LEED pattern of the multiheight sample annealed at 800 K, where the apparent
minimum island height is 1.15nm, we find multiple ordered structures, see Fig. 6a. The Gr
(black circle) and iridium (green circle) first order spots are visible, surrounded by hardly
visible satellite spots from their moiré. Closer to the center, sharp v/3 x /3 spots with
respect to Ir [(v/3 x v/3)r,] are present, which stem from S intercalation under Gr. The VS,
spots (orange ellipses) are elongated, indicating a small epitaxial spread in orientation angles,
which sets them apart from the perfectly oriented spots of the substrate. Besides the first
order VS, spots, two other sets of spots with the same elongation are visible, which are
identified as first and second order spots of a 2 x 2 superstructure with respect to VS,. The
first order spots indicate a hexagonal symmetry with a lattice parameter of 3.23 + 0.03 A.
This is close to the lattice parameter of stoichiometric VS, (3.21 +0.02 A)3352. However, the
strong 2 x 2 reflections are characteristic of V5Sg, a material of monoclinic symmetry which
can be understood as a bulk crystal consisting of sheets of VS, with a 2 x 2 layer of V atoms
in between®.

An atomically resolved STM topograph, taken at room temperature, of a 1.15nm high

island after annealing to 800 K, depicted in Fig. 6b, shows that the material has preserved
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Figure 6: 2 x 2 self-intercalation in multiheight VS,. a LEED image of VS, after
annealing to 800 K. Some Gr and Ir first order reflections are encircled black and green,
respectively. Intercalated S (red) gives rise to a v/3 x /3 superstructure with respect to Ir.
Some first order reflections of VS, (orange) and reflections of a 2 x 2 superstructure with
respect to VS, (light blue) are encircled. b Room temperature STM topograph of 1.15nm
island, with FFT as inset. A clear 2 x 2 superstructure is visible on the island. ¢ STM
topograph of VS, sample, where 25% additional V atoms were deposited on a sample grown
at 300 K and annealed to 500 K. After room temperature V deposition, the sample was
subsequently annealed to 800 K in UHV (no S pressure). d STM topograph of 1.15nm and

1.45nm islands on sample without additional V atoms. A (v/3 x v/3)R30° superstructure is
highlighted with blue circles on both islands, see text. Below the topograph, a height profile
taken long the green line is shown. e Side view of atomic structure model of 1.15nm and
1.45nm islands forming a continuous top layer. STM parameters: STM parameters: b 300 K,
10 x 10nm?, —1.0V, 200 pA; ¢ 110K, 80 x 80nm?, 1.5V, 550 pA; d 77K, 16 x 16 nm?, —1.0V,
200 pA LEED taken with 1186V. The contrast of the inner part of the LEED image has been
enhanced for clarity.
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its hexagonal symmetry on the surface - as expected from the LEED pattern. At room
temperature and under favorable imaging conditions, along with the atomic lattice, a 2 x 2
superstructure is visible. The superstructure is slightly disordered. This is evident also
in the fast Fourier transform (FFT) shown in the inset of Fig. 6b, where the 2 x 2 spots
(green circles) are broader than the atomic lattice spots (yellow circles). The presence of a
(2 x 2) superstructure in STM is consistent with a 2 x 2 intercalation layer, as expected for
V5Sg. The fact that it is hard to image and not present on all atomic resolution topographs
obtained indicates that the 2 x 2 does not originate from the top layer, again as expected for
an intercalation layer in a V;Sg-derived structure.

To confirm that it is straightforward to self-intercalate V into existing layers, we evaporated
25% additional V atoms on an already grown VS, sample annealed to 500 K. Prior to V
deposition, the sample was comparable to the sample shown in Fig. 5a, with uncovered
single-layer VS and some islands of 1.15 nm apparent height. The evaporation was performed
in UHV, with no additional S added. After deposition, the sample was annealed to 800 K in
UHYV - so again without the addition of any S. The result is shown in Fig. 6¢c. Compared to
Fig. 5b, which was annealed to the same temperature, the ratio of 1.45nm islands to 1.15nm
islands has increased and little to no thicker layers have formed. Crucially, no V atoms or
clusters are present on top of the islands or the Gr. The V atoms have been incorporated in
the islands, changing their stoichiometry. In the LEED of this sample, a clear 2 x 2 signal
can be distinguished, consistent with our interpretation of a 2 x 2 intercalation structure, see
Supplementary Fig. 8.

No structural differences exist between the surfaces of the 1.15nm and 1.45nm islands.
On the contrary, a continuous transition from one island type to the other is possible, as
evinced in Fig. 6d. In the image, an island of 1.45nm apparent height is seen to continuously
transform into the island of 1.15nm on the right hand side, while a step edge separates it
from the 1.15nm island in the upper left, as seen in the line profile below Fig. 6d. Because of

this continuity, we conclude that the structure of the islands is essentially the same.
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The thinnest possible form of V5Sg consists of two layers of VS, intercalated by a single
2 x 2 sheet of V atoms and has a stoichiometry of VySi¢, see Fig. 1c. The second thinnest
2D V;5Sg-derivative would then have a second intercalation layer under the lower S atoms.
With these structures in mind, we give an atomic model that explains the continuity in
Fig. 6e. Since V atoms below the island would be highly reactive, we presume that they are
passivated by S atoms. This additional layer of V and S accounts for the 3 A apparent height
difference between the islands, see in Fig. 6e. The stoichiometry of the thicker island, with
two V intercalation layers, is dubbed V5Sg_,, since the exact configuration of the bottom S
atoms is not known. 2ps, and S 2p;,

Using XPS we investigated the S2p core level of VS, at different temperatures during an
annealing experiment in a S-rich atmosphere corresponding to the STM sequence in Fig. 5.
The result is displayed in Fig. 7a. After annealing to 500 K, the Sygs doublet at 160.83(3) eV
and 162.02(3) eV is most prominent in the spectrum, indicating the dominant presence of
stoichiometric VS,, see Fig. 7Tb. When the annealing temperature is increased, Syss decreases
in intensity and a new doublet Sysss appears at the higher binding energy of 161.55(3) eV
(brown in Fig. 7c). The total intensity of the signal is reduced significantly. However, unlike
the annealing sequence in Fig. 4, where a small coverage of VS, was annealed without S
pressure, the Syso component in Fig. 7 remains dominant up to 800 K. When we fit the
spectra, using the same fitting parameters for Syss and S;; as for the fits of Fig. 4, we find
that we obtain a reliable fit for a total of four peaks. Besides Syssg, we added a minor dark
grey component Sy located at 163.30(10) eV, hardly visible in the spectra and of unkown
origin. Additional XP spectra of the sample with extra V atoms, shown in Fig. 6¢, can be
found in Supplementary Fig. 9.

Tracking the relative intensities of all components in Fig. 7d, it becomes apparent that
Svsss is already present at the lowest investigated temperature and grows at the expense of
Svse, with an onset for the growth between 550-600 K. S, remains of equal low intensity

throughout the annealing process, while S;,; grows as the annealing temperature is increased.
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Figure 7: XPS of multiheight VS,. a,b,c Temperature resolved X-ray photoemission
spectra (XPS) of the S 2pg/s and S 2p; /5 core-levels of VS, measured at a photon energy of
hv = 260¢V. For each spectrum, the sample was annealed to the indicated temperature in
a S background pressure of 3 x 10~ mbar and then measured at 300 K. The XPS spectra
are fitted with 4 components. The fitted components are Sygs (yellow), Sysss (brown), Siy
(silver) and Sy (dark grey), see text for discussion. The data points are represented by black
circles and the overall fit by a solid black line. d Change of the relative intensities of the fit
components as a function of temperature. Dashed lines are present to guide the eye. Note
that the relative intensity of the intercalated S atoms S;,; has been plotted on the right y-axis

annealing temperature (K)

versus the total S signal of the atoms in the vanadium compound.
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We interpret the two characteristic components in V5Sg-derived islands to stem from
S atoms in two different chemical environments. S atoms bound only to 3 V neighbours
as in VS, give rise to the Syss component, which undergoes a small shift on the order of
~ 100 meV towards lower binding energies upon intercalation, while S atoms next to the V
2 x 2 intercalation layer, being bound to more than 3 V, give rise to the Syssg component.
Although the 2 x 2 superstructure in STM and LEED alone could stem from a lattice
distortion, the strong shift (= 700 meV) in the binding energy of the S atoms from the Syg,
to the Syssg doublet signals a more significant change in the chemical environment of the
atoms.

Islands thicker than 1.45nm are most likely also V5Sg-derived. Consquently, the number
of S atoms bordering 2 x 2-V planes increases upon annealing, causing the Sysss component
to rise, while the number of surface S atoms decreases, leading to the decrease of the Sygo
component and the observed shift in relative ratio between the components. Since XPS is a
surface sensitive technique, the Sygs component stemming from the top S atoms will generally
outweigh XPS signals of S atoms deeper in the islands, which explains the dominant presence
of Sygo even when most islands have one or more intercalation layers. We also cannot exclude
the presence of (unintercalated /partially intercalated) vdWs gaps in the thicker islands. Their
precise analysis lies beyond the scope of the manuscript.

Concerning the other components, the comparatively small increase in the relative
intensity of S;,, compared to the increase of the same component in the XPS of single-layer
VS,, is probably due to the presence of S-intercalation already after annealing at 500 K,
since all annealing steps were performed in a S-rich environment (note the high intensity
of the S intercalation spots in the LEED of Fig. 6a). The increase in the intensity of Siy
is thus a measure of the reduced surface area of the islands, exposing more of the Gr. The
Sx component has little weight and its origin cannot be uniquely determined. It could stem
from adsorbed S, since it has a similarly high binding energy as the Sg component in the

monolayer.
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To summarize at this point, we interpret the islands formed when annealing a large (> 1
ML) deposited amount of VS, in a S background pressure as being V;Sg-derived. This is
indicated by the simultaneous presence of a 2 x 2 superstructure in LEED and STM and the
new Sysss component in the S 2p XPS spectra, with a binding energy 700 meV higher than
Svsa. We are able to create a more pure minimal-thickness V5Sg sample via the evaporation
of extra V atoms on a multiheight sample annealed to 500 K, and then annealing it to 800 K,
as depicted in Fig. 6c.

We note finally that in similar fashion V5Seg was previously procured from seed layers of
VSe, during thin film growth®3, or by increasing the substrate temperature during growth or
annealing of single-layer VSe,®4+%°. In a similar vein, the chemical vapor deposition growth of
VS, nanosheets generally leads to the simultaneous presence of VS, and V5Sg®%°7. In each
case, the small differences in formation energy between the self-intercalated material and
the TMDC are emphasized. Here, we showed that providing extra V atoms after an initial
growth step can help to favor one phase over the other and enables one to grow phase pure
ultrathin V5Sg-derived material down to the minimal thickness of 1.15nm. These minimal
thickness islands with a stoichiometry of V¢S can be considered as single layers of a new

2D material.

(v/3 x v/3)R30° CDW in ultimately thin V;Ss-derived islands

When we cool down the multiheight sample, we find that the islands of 1.15nm and 1.45nm
apparent height undergo a structural phase transition. In both island types, a pronounced
superstructure with a periodicity of 5.5 = 0.1 A = v/3ays. is observed in topography at
temperatures < 77 K. This superstructure can already be seen clearly in Fig. 6d, where the
(v/3 x /3) R30° superstructure maxima are encircled in blue (see also Supplementary Fig. 10).

Upon heating the sample from 7K back to room temperature, the (v/3 x v/3)R30°
superstructure vanishes and the atomic lattice becomes visible. As a measure of the strength

of the superstructure, we take the relative peak intensity of the 1 x 1 Bragg peaks with respect
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Figure 8: (/3 x v/3)R30° CDW transition in thin V;Sg-derived islands. a FFT
of 1.15nm V¢S4 island taken at 7K, with the superstructure spots stemming from the
(v/3 x v/3)R30° and atomic lattice encircled in cyan and green, respectively. b Temperature
dependence of (\/§ X \/§)R30° CDW in VgSi6. Thermal evolution of intensities of CDW
peaks normalized to intensities of Bragg peaks, from FFTs of 5 x 5nm? STM topographs
of 1.15nm (Vg¢Si6) and 1.45nm high (V5Sgy,) islands. c-f Selected topographs at each
temperature used in a, with the unit cells of the (v/3 x v/3)R30° (cyan) and the atomic
lattice (green) indicated. The STM topographies used for the analysis were taken both close
to the Fermi level (|10 — 50| meV) and far from it (]300 — 500| meV), to make certain that the
disappearance is not an artefact stemming from different tunneling conditions. STM/STS
parameters: c-f All topographs 5 x 5nm?; ¢ —0.5V, 50pA; d —0.5V, 200pA; e 0.014V,
500pA; f 0.010V, 3nA.
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to that of the (v/3 x v/3)R30° peaks®®. In the 7K FFT shown in Fig 8a, these are encircled
in green and cyan, respectively. Plotting the relative intensities for FFTs obtained at different
temperatures in Fig 8b, the (v/3 x v/3)R30° can be seen to disappear between 77 K and 110 K
(see Supplementary Fig. 11 for all topographies and FFTs). Some representative topographies
are shown Fig 8c-f, which make clear that the atomic lattice is recovered at 110 K. From the
strong temperature dependence of the (v/3 x v/3)R30° superstructure, we conclude that it is
likely a charge density wave. This CDW is not to be confused with the one that develops in
single-layer VS,, which is unidirectional and has a much higher transition temperature?, see

Table 1 for the differences.
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Figure 9: Multiple CDW orders in V;Sg-derived islands. a dI/dV spectra of islands of
different apparent heights. b-e Constant-current dI/dV maps of different islands, all taken
with Vgt = —0.5V. The insets show FFTs of the images. Note that the FFTs only display
the superstructure, no atomic spots are present. The superstructure spots are encircled for
emphasis. In the images, arrows are drawn to indicate the direction of particular periodicities.
Each arrow has the size of three wavelengths of the corresponding structure. STM/STS
parameters: a Vap = —H00mV, oy, = 250 pA; b-e 9 x 9nm?, —0.5V, 100 pA. STS taken
with fioqa = 871 Hz and Vi,0,q = 5mV. Maps obtained at 7K.

Finally, turning towards the electronic structure of the multiheight islands, we see in
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Fig. 9a that, in contrast to ML VS,, which hosts a CDW with a full gap above the Fermi
level Er33, dI/dV spectra taken on the thinnest VsSg-derived islands (1.15nm and 1.45nm)
show a partial gap around Ff, while a large density of states (DOS) peak is observed below
Ex. Comparing dI/dV spectra of islands of different apparent heights, taken with the same
tip, we see essentially no differences between islands of 1.15nm and 1.45nm apparent height,
which is in line with the fact that both have the same (v/3 x v/3)R30° CDW.

Islands of 1.75nm, however, have a spectrum with no clear gap around Er and instead a
depression around 250 meV. At 2.05nm apparent height, yet another spectrum is obtained,
which lacks the large DOS below Ep that characterizes the other spectra and instead displays
a more symmetric distribution of states on either side of Fr.

dI/dV maps taken on the islands at 7 K, as shown in Fig. 9b-e, reveal that these differences
in electronic structure are accompanied by the presence of different CDWs. Note that all
maps shown are taken at the same bias voltage Vi = —0.5meV, with the same tip, see
Supplementary Fig. 12 for an overview STM image showing all investigated islands. While
the two lower islands both show the aforementioned (/3 x v/3)R30°, the lattice symmetry is
broken in the higher islands, which exhibit striped superstructures. Upon closer inspection,
the 1.75 nm superstructure can be understood as a (v/3 x v/3)R30° structure, together with
dimerization along one of the high-symmetry directions of the lattice, which is highlighted in
the inset Figs. 9d. The dimerization breaks the symmetry and leads to a distortion of the
v/3a FFT spots. The superstructure of the 2.05nm island shown in Fig. 9e, on the other
hand, can be readily decomposed into a v/3a and a 4a component, which are orthogonal to
one another.

These differences illustrate the complexity of the system and would require a further and
more detailed investigation. However, regardless of the actual composition, this variety of
superstructures of slightly differing thickness and stoichiometry is striking. It underscores
both the ubiquity of CDWs in low-dimensional vanadium chalcogenides and the metastability

of any particular periodicity. It can be seen as an analogue to the case of VSes, which hosts
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a plentitude of CDW phases, depending on its substrate and the number of layers® 93

With respect to V5Sg in particular, the fact that it hosts a CDW when thinned down to
its 2D limit could shed new light on the layer-dependence of its magnetism, which changes
from anti-ferromagnetic to ferromagnetic when thinned down to 3.2nm?3* 37, Since bulk V;Sg
is not known to have a CDW, the interplay between the formation of the (v/3 x v/3)R30°

CDW and the magnetic structure would be a compelling subject for further study.

Conclusion

In conclusion, we have grown and investigated two novel 2D vanadium-sulphur compounds:
V,4S7 and V¢S4, the latter being the thinnest possible V5Sg-derived material.

V,S7 is created from ML VS, by the formation of S-defects through annealing without
additional sulphur vapor. At an annealing temperature of 800 K, the S defects have spon-
taneously ordered into a homogeneous array of 1D trenches. We have shown that this 1D
pattern templates S adsorption and speculate that also other adsorbates can be templated
through the vacancy row pattern.

V;5Ss-derived islands are obtained automatically when a larger coverage (> 0.5 ML)
of VS, is grown. Second layer nucleation on top of single-layer VS, does not occur as
bilayer VS,; instead, V atoms intercalate between VS, layers in a 2 x 2 pattern and form
VS16. Annealing a mixture of single-layer VS, and V¢S4 in a S-rich atmosphere to 800 K
leads to further self-intercalation of V atoms and the creation of a variety of structures of
different apparent height. However, when additional V atoms are supplied after growth,
phase-pure minimal thickness V5Sg-derived material is obtained as a mixture of V¢S4 of
1.15nm thickness and V5Sg;, with 1.45nm thickness. Using low-temperature STM, these
2D V5Sg-derived structures were shown to undergo a CDW transition to a (\/3 X \/§)R30°
phase, which develops below 110 K, whereas the thicker islands were found to exhibit different

superstructures, presumably all of CDW origin.
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Our findings provide a recipe for the growth of two new single-layer vanadium compounds.
Given the thickness dependent magnetic and electronic properties of V5Sg, having access to

its 2D form is of particular interest for the further development of 2D magnetic materials.

Methods

The experiments were conducted in five ultra high vacuum systems (base pressure in the low
1071 mbar range). Three systems were equipped with sample preparation facilities, scanning
tunneling microscopy (STM) - operating at base temperatures given in the figure captions -
and low energy electron diffraction (LEED). The fourth system was the FlexPES beamline
endstation preparation chamber at MAX IV, Laboratory Lund, Sweden. There the samples
were grown following the same recipes as in the STM system and sample quality was checked
by LEED. The fifth system was an STM-only system, to which samples from FlexPES were
transferred with a vacuum suitcase and then measured by STM at room temperature and
110 K.

Ir(111) was cleaned by cycles of noble gas sputtering (4.5 keV Xe™ at 75° with respect to
the surface normal or with 1keV Ar™ at normal incidence) and annealing to 1500 K. A closed
monolayer of single-crystalline Gr on Ir(111) is grown by room temperature exposure of
Ir(111) to ethylene until saturation, subsequent annealing to 1500 K and followed by exposure
to 200 L ethylene at 1200 K.

The synthesis of vanadium sulphides on Gr/Ir(111) is based on a two-step molecular
beam epitaxy approach introduced in detail in Ref.*® for MoS,. In the first step, the sample
is held at room temperature and V is evaporated at a rate of Fy = 2.5 x 10'¢ atoms m—2s71
into a sulphur background pressure of P§ =5 x 10~ mbar built up by thermal decomposition
of pyrite inside a Knudsen cell. In a second step, the sample is annealed to 800 K with or
without S pressure.

The XPS experiments were conducted at the FlexPES beamline at MAX IV Laboratory,
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Lund, Sweden®. The S 2p core levels were measured with a photon energy of 260eV. The
measurements were conducted at room temperature with a spot size of 50 x 50 pm. The
spectra for each sample were fitted simultaneously for all temperatures with pseudo-Voight
functions. The width, skew and ratio of Gaussian to Lorentzian contributions were fixed
for each component, meaning that they were not allowed to vary between spectra taken
at different annealing temperatures. The center energy of each component was granted a
maximum deviation of 2100 meV to account for small shifts in the chemical environment
between spectra while the intensities (total area) of the components were unconstrained. The

fitting was performed with the Imfit module of python, using a basinhopping algorithm.
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Supplementary Note 1: Transition from mono- to multi-

layer growth mode

Supplementary Figure 1: Transition from mono- to multilayer growth mode. STM
topographs after growth with identical synthesis parameters (growth temperature 300 K,
S pressure during growth 5 x 107? mbar, annealing temperature 800 K, S pressure during
annealing 2 x 10~ mbar), but variation of deposition time, which results in a change in
growth mode. a Deposition of 0.15 ML resulting in single-layer VS, islands. b Deposition of
0.45 ML results in a non phase-pure system of mixed single- and multilayer heights, which
cover 20% of the surface area. ¢ After depositing 0.9 ML no single-layer heights can be found
anymore, multilayer islands cover about 30% of the surface. d Depositing 1.35 ML results in
a sample with only multilayer islands that cover 45% of the Gr substrate.

Image information (image size, sample bias, tunnelling current): a 160 x 80 nm?, 1.3V, 20 pA,
b 160 x 80nm?, —1V, 1nA, ¢ 160 x 80nm?, -1V, 0.5nA, d 160 x 80nm?, —0.7V, 0.1nA.



Supplementary Note 2: Formation of V;Sg at high S

pressure

Supplementary Figure 2: Formation of V;Sg-derived islands at high S pressure. An-
nealing to 800 K after deposition of 1.2 ML V in a high S pressure p& = 8 x 10~ mbar,
V;5Sg-derived islands in a variety of heights are formed.

Image information (image size, sample bias, tunnelling current): a 655 x 385nm?, —0.02'V,
8 pA.



Supplementary Note 3: Line profiles of VS, islands
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Supplementary Figure 3: Line profiles of VS, islands. a STM topograph of VS,
islands directly after growth at 300 K. b STM topograph after annealing to 600 K. ¢ STM
topograph after annealing to 800 K. All annealing was performed without S background
pressure. Images taken at 300 K. Image information (image size, sample bias, tunneling
current): main panels 80 x 80nm?, inset 20 x 20nm?. a —1.0V, 210pA; b —1.0V, 100 pA;
c —1.3V, 10pA.



Supplementary Note 4: 1D crystallites of VS,

Supplementary Figure 4: 1D crystallites of VS,. a After annealing to 900 K, 1D
crystallites form at the edges of formerly single-layer VS,. b,c Solitary 1D structures which
show apparent heights of several nm. d At the atomic scale again striped reconstructions are
visible, reminiscent of the striped surface of V,S5.

Image information (image size, sample bias, tunnelling current): a 250 x 250 nm?, —0.3'V,
20pA, b 80 x 80nm?, —0.4V, 10pA, ¢ 80 x 80nm?, —1V, 10pA, d 20 x 20nm?, —0.08 V,
0.4nA.

The sulphur loss associated with elevated temperatures leads not only to vacancy super-
structures but rather indicates the metastability of the VS, phase by a quick transition to
thermodynamically more stable phases. In that regard, the striped sulphur vacancy row
phase V,S7 readily transforms into elongated crystallites as illustrated in Fig. 4 when going
to higher temperatures. In panel Fig. 4a, an overview of a formerly pure monolayer sample
after annealing at 900 K in sulphur vapor is given. Besides the formation of small close to
triangular-shaped bilayer islands, elongated bright structures form at the edge of an island
strongly resembling rolled-up layers. Owing to their increased height of about 2-2.5nm, but
low surface contact area to Gr, these structures are easily dragged over the surface or picked
up by the STM tip. In Fig. 4b.c, single, free-standing crystallites, which are not connected to
any residual monolayer are shown. In STM, these structures have an apparent height of up to
3 nm and are again covered in adsorbates, which arrange periodically. This indicates a lattice

rearrangement similar to the one observed for V,S; and may also be resolved atomically



as shown in Fig. 4d. Here, the clean multilayer of 16 nm height shows striped ordering

reminiscent of the monolayer analogue.



Supplementary Note 5: S intercalation below Gr

Supplementary Figure 5: S intercalation below Gr. After growth or annealing of VS,,

patches of (v/3 x v/3)R30° S intercalation are visible below Gr. a STM topograph of partially
intercalated graphene. b Patch of fully intercalated graphene. Visible are the moiré between

graphene and Ir(111)! and the (v/3 x v/3)R30° S intercalation?. Both unit cells are drawn in
the image, with the moiré unit cell in green (amoiré = 25.3 A) and the S intercalation in red
(as(\/gX Va)rsoe = 4.3 A). Images taken at 7K. STM parameters: a 6.2 x 6.2nm? —1.0V,

50pA; a 6.4 x 6.4nm?, —0.5V, 100 pA.



Supplementary Note 6: 300 K XPS spectrum of S 2p3),

and 2p,, core-level spectra of VS,
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Supplementary Figure 6: 300 K XPS of S 2p3/, and 2p,/, core-level spectra of VS,.

XP spectrum data measured at a photon energy of hv = 260 eV, fitted with 5 components,
see text in main manuscript for discussion. The data points are represented by black circles

and the overall fit by a solid black line. The Sy4s7.0 component is assumed to stem from
edges and defects at this temperature.




Supplementary Note 7: Origin of Syys7.1 and Svys7.2 XPS

components
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Supplementary Figure 7: Origin of Sy4s7.1 and Syys7.2 XPS components. Atomic
structure models of V4S7, with labeled boxes around three inequivalent atoms in the structure:
1) top S atoms that neighbour a missing S row, 2) top S atoms which do not sit directly next
to a missing S row and 3) bottom S atoms. The box labels indicate which XPS components
discussed in the main text correspond to the atoms.



Supplementary Note 8: LEED of phase-pure V;Sg-derived

sample

Supplementary Figure 8: LEED of phase-pure V;Sg-derived sample. a LEED
pattern of VS, sample, where 25% additional V atoms were deposited on a sample grown
at 300 K and annealed to 500 K. After room temperature V deposition, the sample was
subsequently annealed to 800 K in UHV (no S pressure). Indicated with colored circles are
the Ir (green) first order reflections. First order reflections of VS, (orange) and reflections of
a 2 x 2 superstructure with respect to VS, (cyan) are visible. Note that unlike the other
LEED images shown in this work, this one was not taken with a microchannel plate LEED,
leading to a reduced gain power. LEED taken with 85€V.
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Supplementary Note 9: XP spectra of S 2p3/» and 2p, ),

core-level spectra of multiheight VS,, with 25% extra V
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Supplementary Figure 9: XP spectra of S 2p3/;, and 2p,/; core-level spectra of
multiheight VS,, with 25% extra V. a XP spectrum of VS, sample, where 25% additional
V atoms were deposited on a VS, sample grown at 300 K and annealed to 500 K. The spectrum
was taken immediately after room temperature V deposition. b XP spectrum of the same
sample, after a subsequent annealing step to 800 K in UHV (no S pressure). XP spectra

measured at a photon energy of hv = 260eV, fitted with 4 components, see text in main

manuscript for discussion. The data points are represented by black circles and the overall fit
by a solid black line.
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Supplementary Note 10: Single-layer VS, and V¢S,

Supplementary Figure 10: Single-layer VS; and V4S;4 Low-temperature STM topo-
graph of a multiheight sample annealed to 500 K, see Fig. 4a of the main text. On the left,
the contrast is placed on single-layer VS,, which has an unidirectional CDW phase®. On the
right, the same image is presented with the contrast placed on the higher islands. On most
islands the (v/3 x v/3)R30° superstructure has developed (see main text), characteristic for
VoS4, while the island in the center looks disordered, indicated by a white arrow. Image
taken at 4 K. STM parameters: 20 x 20nm?, —1.0V, 50 pA.
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Supplementary Note 11: Temperature dependence of

(v/3 x v/3)R30° superstructure

V |300 - 500 meV

V |10 - 50| meV

Supplementary Figure 11: Temperature dependence of (\/§ X \/§)R30° superstruc-
ture All topographs and FFTs used for graph in the top panel Fig. 6a of the main text. In
the FFTs the Bragg peaks (green circles) and the (v/3 x v/3)R30° spots (cyan circles) are
indicated. The FFTs are rotated for the purpose of comparison. All topographs 5 x 5nm?.
STM parameters: a —0.5V, 50pA; b —0.5V, 200pA ;¢ —0.3V, 4.0nA; d —0.05V, 100 pA;
e —0.01V, 200pA; £ 0.014V, 500pA; g 0.01V, 3.0nA.
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Supplementary Note 12: Location spectra and maps of

multiheight sample

Supplementary Figure 12: Location of spectra and maps for multiheight sam-
ple. STM topograph of high-coverage sample with different islands heights. Indicated are the
locations of the maps and spectra shown in Fig. 10 of the main text. All maps and spectra
are tiiAken with the same tip. Image taken at 7K. STM parameters: a 200 x 50nm?, —1.0V,
100 pA.
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CHAPTER 6

Manuscript [3]: Metal-insulator transition in
monolayer MoS, via contactless chemical
doping

This chapter wholly consists of the above-named publication, published in 2D Materials on 28th
March 2022, available online.

The experiments were proposed by C. van Efferen, C. Murray, J. A. Fischer, T. Michely and W.
Jolie. The growth and STM measurements took place at the TSTM system in Cologne. The Eu-
intercalated sample was grown and measured by C. Murray and C. van Efferen. The O-intercalated
sample was grown and measured by C. van Efferen and W. Jolie. Advice on MoS> growth was
provided by J. Hall. The LEED, STM and STS data analysis was performed principally by C. van
Efferen and C. Murray, with assistance from J. A. Fischer and W. Jolie. The DF'T calculations
were conducted by H. P. Komsa. The interpretation of the results was discussed in depth by C.
van Efferen, C. Murray, H. P. Komsa, J. A. Fischer, T. Michely and W. Jolie.

C. van Efferen, C. Murray and W. Jolie wrote the manuscript, with advice and corrections from J.
A. Fischer and T. Michely. Some of the results shown in this Chapter can be found in the Master’s
thesis of C. van Efferen and, to a minor extent, the doctoral thesis of W. Jolie [222].

The first two authors have similar contributions to this publication.
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Abstract

Much effort has been made to modify the properties of transition metal dichalcogenide layers via
their environment as a route to new functionalization. However, it remains a challenge to induce

large electronic changes without chemically altering the layer or compromising its
two-dimensionality. Here, a non-invasive technique is used to shift the chemical potential of
monolayer MoS, through p- and n-type doping of graphene (Gr), which remains a well-decoupled
2D substrate. With the intercalation of oxygen (O) under Gr, a nearly rigid Fermi level shift of 0.45
eV in MoS; is demonstrated, whereas the intercalation of europium (Eu) induces a metal-insulator
transition in MoS,, accompanied by a giant band gap reduction of 0.67 eV. Additionally, the effect
of the substrate charge on 1D states within MoS, mirror-twin boundaries (MTBs) is explored. It is
found that the 1D nature of the MTB states is not compromised, even when MoS, is made metallic.
Furthermore, with the periodicity of the 1D states dependent on substrate-induced charging and
depletion, the boundaries serve as chemical potential sensors functional up to room temperature.

Metallic transition metal dichalcogenide (TMDC)
monolayers show a plethora of many-body phenom-
ena, such as charge density wave order [1], Mott
insulating states [2] or superconductivity [3]. Under-
standing these correlated phases, as well as their
dependence on external electric or magnetic fields,
allows the creation of devices with tunable phase
transitions [4]. While intrinsic TMDC metals are
being extensively investigated, less is known about the
metallic properties of intrinsic TMDC semiconduct-
ors such as MoS; and WS,, mainly due to experi-
mental difficulties in shifting the chemical potential
close to the conduction or valence band.

Monolayer MoS, and WS, have electronic band
gaps of more than 2.0 eV when resting on weakly
interacting substrates (see [5] for a discussion of
substrate-induced band gap variability in MoS;,).
Hence, back-gated devices are typically unable to

© 2022 The Author(s). Published by IOP Publishing Ltd

bring the chemical potential close to the onset of
the conduction or valence band before breakdown
occurs [6, 7]. Larger shifts are obtained with ionic-
liquid-gating. With this method, transport measure-
ments showed that MoS, and WS, become super-
conducting when the chemical potential lies within
the conduction band [8-13]. However, ionic-liquid-
gating suffers from charge inhomogeneities [14]. At
low temperatures this effect is exacerbated due to
freezing of the liquid [ 15, 16]. The liquid also hampers
complementary measurements using surface sensitive
techniques. As a consequence, many open questions
remain on the nature of the superconducting dome
in MoS, [8-10, 17, 18] and WS, [12], the origin of
the finite density of states within the superconducting
gap [19], and on the properties of the (quasi-) metal-
lic phase in between the insulating and superconduct-
ing phases [12].
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Another method to obtain large shifts of the
chemical potential is the introduction of foreign spe-
cies. This is done through adsorption, elemental sub-
stitution or via intercalation between the 2D sheet
and its substrate [20—25]. But the direct contact
with the TMDC results in, like in the case of ionic-
gating, an entangled effect of charge redistribution
and chemical hybridization [26], leading to non-
universal, element-specific properties. Hence, an effi-
cient method able to tune the chemical potential of
TMDCs by large amounts without chemically altering
it or leaving the surface inaccessible would be highly
desirable. Such a method would make it possible to
gain fundamental knowledge on the effect of charge
on the band structure of TMDC semiconductors [13],
ultimately enabling access to novel phases of matter,
such as topological superconductivity [27].

Here, we introduce contactless chemical doping
as a method to induce large shifts in the chemical
potential of MoS,, without disturbing its chemical
environment. We chemically dope a Gr layer from
below in order to shift the chemical potential of MoS,
monolayer grown on top in situ. The doping is done
through the use of intercalants, taking Eu and O as
electron donor and acceptor respectively, to create
high quality MoS,/Gr/(Eu or O)/Ir(111) layered con-
figurations. For both intercalants, it has been found
that they are able to cause considerable shifts in the
Dirac point of Gr (as far as Ep = —1.38 eV for Eu and
up to Ep = +0.68 eV for O), without strong hybrid-
ization [28-31]. In this way, the chemical potential
within the MoS, band structure can be controlled
through the doping level of Gr and shifted far beyond
what is possible in traditional back-gate device setups,
without hybridization or loss of surface accessibility
and quality. The MoS,/doped Gr samples are ana-
lyzed experimentally with scanning tunneling micro-
scopy (STM) and spectroscopy (STS) and theoretic-
ally with ab initio density functional theory (DFT)
calculations. Additional attention is given to the effect
of the Gr doping on the 1D states within mirror-
twin boundaries (MTBs) in MoS,, which can be filled
and depleted via the substrate without compromising
their 1D nature. Thereby, they can be used as chem-
ical potential sensors.

1. Results

1.1. Metal-insulator transition in Mo$S,

Our method is illustrated in figure 1(a). The initial
heterostructure consists of three different materials:
the 2D semiconductor MoS;, the 2D semi-metal Gr,
with the Dirac point close to Fermi level Eg, and the
metallic Ir(111). Since foreign elements bind much
more strongly to Ir(111) than to the van der Waals
materials Gr and MoS,, this arrangement enables us
to intercalate these between Grand Ir(111), while pre-
serving the chemical environment of MoS,. Here, the

C van Efferen et al

concept is demonstrated for the case of Eu and O.
The applicability of our method to other 2D semicon-
ductors is demonstrated in the SI (figure S1 available
online at stacks.iop.org/TDM/9/025026/mmedia).

Concerning the choice of substrate, Gr is ideal as
it fulfills the following requirements:

(a) It is a 2D material, creating the thinnest pos-
sible interface between MoS, and the intercala-
tion layer.

(b) It has a low density of states (DOS) close to the
Fermi energy, so large shifts of the band structure
can be achieved with moderate carrier densities.

(c) TItswork function is pinned to the band structure,
i.e. energy shifts due to doping lead to equal shifts
of the work function [32].

(d) The finite DOS allows for charge flow to MoS,
when it becomes metallic.

Intercalating an electron donor such as Eu thus
leads to an upward shift of the chemical poten-
tial in Gr via charge transfer. Similarly, the inter-
calation of an electron acceptor such as O causes
the chemical potential of Gr to shift down in
energy. These changes in the Gr substrate cause
comparable shifts in the chemical potential of
the top layer via workfunction alignment and/or
charge transfer. The precise mechanisms by which
the MoS, chemical potential is shifted for each
intercalant will be discussed in detail below. In
the following, we refer to MoS,/Gr/Eu/Ir(111)
(MoS,/Gr/O/Ir(111)) as MoS, on n-doped (p-doped)
Gr, while MoS,/Gr/Ir(111) is refered to as pristine.

The STM topograph of figure 1(b) displays the
pristine sample as a reference. Islands of monolayer
(ML) MoS, are distributed on the Gr/Ir(111) sub-
strate. The typical apparent height of the ML islands
is 0.65 nm when tunneling into the MoS, conduction
band. Apart from MTBs, which appear as bright lines,
defects are largely absent. In the inset, an atomic res-
olution topograph of MoS, shows that the moiré of
Gr/Ir(111) is visible through the MoS, layer, see SI
(figure S2). This system has previously been invest-
igated in detail in [5].

An STM image of MoS; on p-doped Gr is shown
in figure 1(c). O was intercalated after the growth
of MoS,, as the O would etch Gr at the high tem-
peratures employed in MoS, growth. The process is
detailed in the section 3. The Gr layer is partially
combusted, leaving uncovered areas (holes) in the
graphene sheet, while the O atoms intercalate the sub-
sisting Gr. An area where Gr was combusted is partly
imaged in the top right of figure 1(c). After the pro-
cess extended Gr patches remain, on which MoS§; is
found. The Gr layer is completely intercalated with
a 0-(2v/3 x 21/3)-R30° superstructure reported pre-
viously, see SI (figure S1) [33]. Since O-intercalation
decouples Gr from Ir(111), the Gr/Ir(111) moiré
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MoS,/p-doped Gr MoS,/n-doped Gr
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Figure 1. (a) Side view schematics visualizing the method of achieving large chemical potential shifts of MoS, on Gr/Ir(111). Left:
pristine MoS,. Middle: MoS; on p-doped Gr through post-growth O intercalation under Gr. Right: MoS; on n-doped Gr through
pre-growth intercalation of Eu under Gr. (b)—(d) Constant current STM overview topographs of: (b) MoS,/Gr/Ir(111);

(c) MoS,/Gr/O/Ir(111) and (d) MoS,/Gr/Eu/Ir(111). (b) Sample sparsely covered by ML MoS,. A single Ir(111) step edge is
visible in the top left. The atomic resolution inset shows the moiré of Gr on Ir(111) imaged through the MoS,. (c) Sample sparsely
covered by ML MoS;; no bilayers have formed. On the right, Ir(111) is not covered by Gr. The atomic resolution inset shows that
the appearance of a MoS,/Gr moiré. (d) Sample largely covered by ML MoS;, with close to no bilayers present. Gr appears in two
phases, bare (dark) and Eu-intercalated (brighter). As is highlighted by the inset, no Gr/Ir(111) moiré appears in the Mo$; layer.
STM parameters (V, I): (b) 1.0 V, 0.05 nA; (c) 3.5 V, 0.01 nA; (d) 1.0 V, 0.10 nA; (b)—(d) image size 150 x 150 nm?. Insets: (b) 0.5
V, 0.58 nA; (c) 1.0V, 0.10 nA; (d) 1.0 V, 0.10 nA; (b)—(d) image size 6.3 X 6.3 nm?.

vanishes and a moiré between MoS, and Gr becomes
visible as shown in the inset of figure 1(c).

Figure 1(d) is an STM topograph of the surface
morphology of MoS, on n-doped Gr. The Gr layer not
covered by MoS§; is not uniformly intercalated: large
intercalation areas and stripes of apparent height
0.30 nm are visible, similar to previous Gr/Eu/Ir(111)
samples [34]. All investigated MoS, islands have an
apparent height of around 0.70 nm relative to the
higher (brighter in d) patches of Gr, under sim-
ilar tunneling conditions as for the pristine sample,
consistent with the absence of any Eu in between Gr
and MoS,. We thus infer that ML MoS, grows pref-
erentially on top of Gr/Eu/Ir(111). A similar prefer-
ence for adsorption on Eu-intercalated patches was
observed for aromatic molecules [35]. The moiré of
Gr/Ir(111) is no longer visible in the MoS, layer;
instead, the layer shows slight apparent height mod-
ulations, due to a variation in the density of the inter-
calated Eu underneath Gr, see SI (figures S2 and S3).

We use STS to investigate how the band structure
of MoS; is altered due to doping of the Gr substrate.
The spectra in figures 2(a) and (b) are recorded in
constant height and constant current mode on MoS,,
respectively. Constant height STS, in figure 2(a), is
proportional to the local density of states and hence
records the band gap position in energy. For pristine
MoS, (black dots), the apparent valence band (VB)
and conduction band (CB) edges are close to —1.8 eV
and 0.9 eV, respectively. The doping of Gr leads
to non-trivial energy shifts of these apparent band
edges. The spectrum measured on MoS, on p-doped
Gr displays a nearly rigid upward shift (=450 meV)

a

— ' ‘ ‘oMoS‘ZIn-dolped Gr : '
= opristine :
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Figure 2. STS of ML MoS; on doped Gr, measured in

(a) constant height and (b) constant current STS modes.
MoS; on Gr/Ir(111) is shown in black; on Gr/O/Ir(111) in
red; on Gr/Eu/Ir(111) in blue. The critical point energies
are identified. The spectra have been shifted in dI/dV for
visual clarity. STS parameters: (a) Vot = 1.5V, Iy = 0.2 nA
(black); 2.5V, 0.5 nA (red); 1.5V, 0.3 nA (blue); (b) Iy =
0.1 nA (black); 0.1 nA (red); 0.2 nA (blue).

of the apparent VB and CB edges (red dots). Since
both band edges shifted by approximately the same
amount, the p-doping of Gr leaves the MoS, band
gap nearly unchanged with only a minor reduction
of ~20 meV. Upon n-doping, a considerable nar-
rowing of the band gap is found, with the appar-
ent CB edge shifting close to the Fermi energy, while
the apparent VB edge remains at approximately the
same location (blue dots). The shift of the appar-
ent CB by ~700 meV demonstrates a large shift of
the chemical potential of MoS,, whereas the lack of

3
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Table 1. Critical point energies (eV) identified in ML MoS; on different substrates using constant current STS (averaged over multiple
data sets), and the corresponding distance between the well-defined I' and Q peaks in STS Er_q. For more details on the
MoS,/Gr/Ir(111) data, including the determination of the actual electronic bandgap E; = 2.53 eV, see [5]. The location of the K-point
of MoS; on n-doped Gr has been determined using quasiparticle interference mapping (see figure 3), since it is not accessible via

constant current STS.

MoS; on T K Q Er_q

Gr/Ir(111) —1.87+£0.02 0.77 +0.02 0.90 4+ 0.05 2.77 £0.05
Gr/Eu/Ir(111) —1.90+£0.01 (—=0.094+0.01) 0.20+0.01 2.10+0.01
Gr/O/Tr(111) —1.37+£0.04 1.22+0.03 1.38+£0.03 2.7540.05

a significant shift of the apparent VB is indicative of
a large band gap renormalization, as will be analyzed
in more detail below.

Constant current STS detects the critical point
energies in the band structure [5, 36]. It serves as a
complementary method to constant height STS. The
resulting spectra are shown in figure 2(b). We fol-
low the analysis of [5] to identify the critical point
energies of MoS,. In the VB, the I'-point band edge
states cause a large peak [5], which is found in all
three systems. The actual VB maximum at the K-
point is not detected in MoS, because of its large par-
allel momentum, in-plane orbital character and close
proximity in energy. Based on ARPES measurements,
the VB K-point was estimated to lie 0.11 eV above
the I'-point energy of the VB [37, 38]. The CB min-
imum at the K-point, however, is dominated by out-
of-plane orbitals and thus appears as a small shoulder
[5, 39]. This shoulder is found in the pristine sample
and in Mo$; on p-doped Gr, but cannot be detected
in MoS, on n-doped Gr with constant current STS,
as the signal diverges near the Fermi energy. States
from the CB Q-point edge cause a larger peak, which
is reproducibly found in all three samples. For that
reason, we specify the gap size Er_q, used for determ-
ining the renormalization energy, as the energetic dis-
tance between the well-defined VB I peak and the CB
Q peak in constant current STS. The actual bandgap
is expected to be at least 240 meV smaller, see [5]. The
exact location of the critical point energies and estim-
ated Ep_q gap sizes are listed in table 1.

Remarkably, we find that the CB of MoS, on n-
doped Gr is effectively at the Fermi level. To address
this point, we perform STS mapping to investigate the
conduction band minimum (CBM) of MoS; on n-
doped Gr. MoS, patches enclosed by grain boundar-
ies and island edges host confined states, effectively
forming a quantum well. Mapping these standing
waves allows us to detect the quasiparticles close to
the Fermi energy. Figure 3(a) displays STS maps of
such a triangular quantum well, in which we identify
quantized states [40]. The lowest state is pronounced
already at —50 meV below the Fermi energy, provid-
ing the smoking gun for the metallic nature of MoS,
on this substrate. In addition, more complex states
appear at higher energies, as expected for an electron-
like band.

Quasiparticle interference patterns around
defects and confined quantum well states such as

4

max

#E = 0,36 + 0.02 me
Ey= -85+ 0.06 meV

-100
-150

015 k(1/A)

Figure 3. Metallic MoS; on Gr/Eu/Ir(111). (a) Six constant
current differential conductance maps in an energy range of
—100 meV to 150 meV with increasing energy. Imaged is a
triangular quantum well formed by two MTBs and an
island edge enclosing a small area of MoS;. (b) Using
multiple sets of STS maps, the dispersion of the
electron-like conduction band near the K-point is plotted
with a best parabolic fit. STM/STS parameters: (a) Vi as
indicated, I = 0.1 nA, image size 9 X 9 nm?.

0 005 010

those in figure 3(a) are used to determine the disper-
sion of the quasiparticles around the Fermi energy.
The result is shown in figure 3(b). The different data
sets and methods used to obtain these data points
are shown and discussed in the SI (figure S4). We
fit the data with a parabolic dispersion and find that
the bottom of the band is located at —85+ 6 meV.
This is consistent with constant height STS measure-
ments taken with small tip-sample distances, shown
in the SI (figure S5). We further obtain an effective
mass of 0.36 £ 0.02 m,, which agrees with the calcu-
lated effective mass of 0.35-0.40 m, at the K-point
[41, 42].

1.2. DFT calculations and model of band shifts

We conducted DFT calculations to obtain a qualitat-
ive understanding of the mechanism through which
the shifts of the chemical potential of MoS, are
enabled. Our supercell includes the MoS, and Gr
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Figure 4. Density functional theory calculations of chemically gated MoS,. Atomic structures of (a) MoS,/Gr, (b) MoS,/Gr/O and
(c) MoS,/Gr/Eu heterostructures. Q denotes the total charge (sum of Bader charges) in each of the constituent layers. The charge
transfer is further visualized by the red and blue isosurfaces for increased and decreased electron density, respectively. The
isosurface values are (a) 0.001 and (b), (c) 0.003 e A=3. (d)—(f) The corresponding local density of states. Positive and negative
values refer to spin-up and -down components, respectively. Vertical black arrow denotes the position of the Gr Dirac-point.

Fermi level is set to zero.

sheets, while the Ir(111) substrate was omitted. This
simplified model of the experimental situation grasps
the essentials at affordable computational effort. We
also note that the renormalization of the fundamental
bandgap due to screening is not accounted for in our
DFT calculations. Since the band alignment is sensit-
ive to strain in Mo$S, and Gr, we adopted a supercell
model where strain was minimized.

Figures 4(a)-(c) show the structural mod-
els of the pristine heterostructure and the inter-
calated structures containing two O and two Eu
dopants, respectively. The figures also show the total
charge transfers, as obtained by summing up the
Bader charges, and the charge density difference
isosurfaces (defined as p(MoS,/Gr) — p(MoS,) —
p(Gr) and p(MoS,/Gr/dopants) — p(MoS,/Gr) —
p(dopants)). In the case of the pristine heterostruc-
ture, the electronic structure at the interface is slightly
perturbed by the presence of the other layers, which
effectively yields a small charge transfer and an inter-
face dipole induced potential shift of about 0.25 eV.
In the case of the O-doped heterostructure, there
is significant electron transfer from the Gr to O,
while the MoS; layer is left mostly unaffected. This
is in stark contrast to the Eu-doped heterostructure,
where we find charge transfer from Eu to both Gr
and MoS,, albeit with the charge transfer to Gr still
considerably larger. The charge transfer, induced
dipoles and Dirac-point positions are listed in the
SI (table S1).

Figures 4(d)—(f) show the DFT-calculated local
densities of states projected onto the two or three con-
stituent layers. We find that pristine MoS, is semicon-
ducting, with the Fermi level 0.2 eV below CBM and
the gap of 1.69 eV close to the value calculated for

an isolated monolayer [43]. Gr remains charge neut-
ral, with the Fermi level coinciding with the Dirac-
point, since the interface dipole is the result of modi-
fications to the extensions of the Gr wave functions
and not of charge transfer. In the case of the O-
doped heterostructure Gr is p-type doped, with the
Fermi level 0.58 eV below the Dirac-point and 0.75 eV
below the MoS, CBM. Thus we find a near-rigid
shift of the Gr and MoS; bands to higher energies,
in agreement to our experiments. In the case of the
Eu-doped heterostructure Gr is n-type doped, with
the Fermi level 0.99 eV above the Dirac-point and
0.05 eV above MoS, CBM. This represents a strong
deviation from a rigid shift picture, in which one
would expect the Fermi level to lie 0.8 eV above
the MoS, CBM. DFT thus reproduces the metal—
insulator transition, as well as the shifts of the Gr
Dirac point and MoS, conduction band found exper-
imentally, including deviations from a rigid shift. Our
DFT model thus captures the essence of our exper-
imental observations, although the absence of the
Ir substrate leads to a significantly lower density of
dopants needed to obtain shifts comparable to the
experiments.

The physics involved in the changes of band edge
positions and bandgap width can be grasped in a
model, accounting for workfunction alignment and
interface dipole formation, as shown in figures 5(a)—
(c). The MoS,, Gr and Ir(111) band diagrams are
sketched for the three samples. Two interfaces are
considered: between (doped) Gr and Ir(111), and
between (doped) Gr and MoS,. If charge transfer
is possible between the layers (e.g. the metal-metal
junction between Gr and Ir), an interface dipole will
be formed, as a result of workfunction differences.
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Figure 5. Band diagrams of Mo$S; on differently charged
substrates. (a) MoS,/Gr/Ir(111). (b) MoS,/Gr/O/Ir(111).
(c) MoS,/Gr/Eu/Ir(111). Indicated are the vacuum level
Eyac, the Fermi level Eg, the workfunctions ®, the Gr Dirac
point Ep and the MoS; conduction and valence bands Ec
and Ey, respectively.

If no charge transfer is possible because one of the
materials is gapped (e.g. the metal-semiconductor
junction between undoped Gr and MoS$;), the work-
functions of the two materials have to align through
shifts in the position of the chemical potential with
respect to the band structure and thus to the vacuum
level.

Both types of interfaces are present in the pristine
case sketched in figure 5(a). The Ir(111) workfunc-
tion @, = 5.76 eV [44] is considerably larger than the
workfunction of pristine Gr ®¢, = 4.56 eV [45]. Due
to the difference in workfunctions, charge will flow
from Gr to Ir until an interface dipole is formed, halt-
ing the flow of further charge carriers. As a result, Gris
slightly p-doped when grown on Ir(111), by about 0.1
eV [46]. Note that for physisorbed Gr with an intact
Dirac cone, e.g. Gr on Ir(111), even strong doping
does not change the energetic separation of the Dirac
point from the vacuum level, it being identical to the
workfunction of undoped Gr [47].

When ML MoS; is placed on top of Gr, the inter-
face dipole between Gr and Ir is marginally changed
due to a slight increase in the p-doping of Gr, from
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+0.1 eV to +0.25 eV [37], resulting in a Gr work-
function 4.56 eV 4 0.25 eV = 4.81 eV. Between the
interior of the MoS; layer and Gr no charge transfer is
possible, as the Fermi level lies within the MoS, band
gap. Therefore, with no dipole formed, the workfunc-
tions of both materials have to align. The chemical
potential of MoS, correspondingly shifts from the
middle of the band gap closer to the CB. With the ML
MoS,; electron affinity x ~ 4.0 eV [48-52], and find-
ing the conduction band edge E. of MoS,/Gr/Ir(111)
in STS at 0.77 eV, the workfunction of MoS, on
Gr/Ir(111) Pmos, = X + Ecem =4.77 eV is indeed
very close to that of Gr: @, = 4.81 eV.

When O is intercalated underneath Gr, shown in
figure 5(b), the Dirac point moves to 0.68 eV [31] and
the Gr workfunction changes to 4.56 eV + 0.68 eV =
5.24 eV. The interface dipole between Gr and Ir(111)
becomes smaller. Following the previous considera-
tions, the MoS, bands must follow the shift of the
Dirac point, in order to keep the workfunctions of Gr
and MoS; the same. The measured K-point shift in
the MoS, CB of ~450 meV is correspondingly close
to the expected Gr Dirac point shift of 430 meV. The
chemical potential of MoS; is thus directly set by that
of Gr, as long as MoS, remains insulating.

Experimentally, we find that the size of the band
gap Eg is only slightly reduced, when comparing the
p-doped and pristine sample. Since MoS$; is still insu-
lating, the screening within the layer should not have
changed. Gr, on the other hand, has an increased hole
density on the order of 10> cm™2 due to an estim-
ated Dirac point energy Ep = —0.68 eV [29]. Gr is
thus expected to better screen electrostatic interac-
tions in MoS,. Previous experimental and theoret-
ical work on TMDC/Gr heterostructures has however
found that the effect of increased Gr carrier density on
the band gap flattens off after Ep = 4+0.25 eV [7, 53].
Since the Gr layer is already p-doped in the pristine
MoS; sample [37], the observed renormalization of
AEg =20 meV seems to indicate that the substrate-
induced renormalization is already close to saturation
prior to O-intercalation.

For Eu-doped Gr, figure 5(c), the situation is
decidedly different. Gr/Eu has its Dirac point at about
—1.38 eV, see [28] and the SI (figure S6). The chem-
ical potential difference between Eu-doped Gr and
pristine MoS; is larger than the difference between
pristine MoS; and the pristine CB edge. The MoS,
potential will therefore shift in response to the Eu-
doped Gr potential until it hits the CB and MoS§S,
becomes metallic. Charge flows from Gr to MoS,, cre-
ating an interface dipole, which reduces the shift of
the MoS; CB minimum compared to the shift of the
Dirac point of graphene.

In addition to the formation of an interface
dipole, the charge carriers within MoS, are also
able to efficiently screen within the layer, leading
to the experimentally observed band gap reduction
AE; = 0.67 eV. The renormalization of the bandgap
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Figure 6. Confined states along 4|4E and 4/4P MTBs in ML MoS; on different substrates. (a) Ball-and-stick model of a 4/4E MTB.
Mo atoms are navy, S atoms yellow (top layer) or dark yellow (bottom layer). A MoS; lattice vector is indicated. (b) Constant
current STM topograph of a 4]4E MTB in Mo$S; on Gr/Ir(111). (c) Constant height STM image of a 4]4E MTB in pristine (-),
p-shifted (O) and n-shifted (Eu) MoS,. Vertical white lines are a guide to the eye. (d) Dispersion of the hole-like 1D band of the
4|4E MTB, with data from MTBs on the differently doped Gr substrates in their respective colors. In green a DFT-calculated
dispersion for MoS,/Gr/Ir(111) is shown, taken from [59]. Experimental data from spectra taken along the same MTBs as used
for the averaged linescans in (f)—(h). (e) Plot of 4|4E (gray) and 4|4P (teal) MTB beating periodicity near Er versus the location of
the CBM. The dotted lines are a guide to the eye. (f)—(h) Constant height STS linescans along a 4|4E MTB in MoS,/Gr/Ir(111)
(left), M0S,/Gr/O/Ir(111) (middle) and MoS,/Gr/Eu/Ir(111) (right). The spectra are averaged over the whole length of the MTB.
Indicated is the ratio of the gap at the Fermi level (Eg,;,) with respect to the average gap between the quantized states (Equs).

STM/STS parameters: (b) top panel: V =1.25V, I = 0.02 nA; (b) —
=0.20 V, I = 0.05 nA; 1 nm scale bar shown. (f) Vit = 0.5V, Iy = 0.1 nA; (g)

0.1 nA.

due to the metal-insulator transition is considerably
larger than what is achieved via methods which only
increase the carrier density in the substrate. In those
cases, renormalization energies of at most 0.24 eV
have been reported [7, 54].

1.3. Effect of charge on mirror twin boundaries

The presence of 0D defects (such as vacancies) or
1D defects (such as MTBs) in TMDCs will influ-
ence the shifts of the chemical potential induced
via contactless chemical doping. In-gap states within
these defects tend to weaken the impact of the work
function difference due to local Fermi level pinning
[55-57], which is absent away from these defects [58].
In the pristine sample, the presence of in-gap states
below the Gr Fermi level in MoS, edges and MTBs
leads to the accumulation of charge in the MTBs,
causing band bending in the surrounding semicon-
ductor [59]. With the doping of Gr potentially influ-
encing the amount of charge that is transfered to
the MTBs as well as the dielectric properties of the
MoS,/Gr heterostructure (e.g. by inducing a metal—
insulator transition), it is worthwhile to disentangle
the various effects of Gr doping on the MTB states
and the electronic landscape surrounding them.
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V=010V, I =0.5nA;0: V=0.02V, [ = 0.1 nA; Eu: V
Vi =05V, I = 0.1 nA; (h) Ve = —0.5V, I =

In MoS; two types of MTBs (4[4E and 4[4P)
are present, formed between 180°-misoriented
MoS, domains [60, 61]. A model and a constant
currrent STM image of the 4|4E MTB are shown in
figures 6(a) and (b), respectively. The 4|4P MTB is
discussed in the SI (figure S4). In the pristine sample,
the states within MTBs are strictly 1D, leading to
strong electron-correlations and the emergence of
Tomonaga—Luttinger liquid (TLL) behaviour [62].
In addition, since the states are located in boundar-
ies of finite length, they are confined. Hence, when
mapping the local density of states close to the Fermi
energy, we expect a pronounced, sinusoidal beat-
ing pattern along the length of the MTB, result-
ing from quantized 1D electronic states, as shown
in figure 6(c). The wavelength of this beating pat-
tern is related to the confined states closest to the
Fermi energy, A = 7 /kg [62]. Therefore, if the charge
donated by the Gr substrate shifts the Fermi level of
the MTB band, the change in filling can be observed
directly with STM, by imaging the periodicity of the
states near Ef.

The constant height STM images in figure 6(c),
taken near Ef, reveal the beating patterns found
within 4|4E MTBs for MoS, on the differently doped
substrates. In the pristine case, we find AF™ = (2.01 +
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0.04)a for the 4|4E MTBs, where a = 0.315 nm
is the ML MoS; lattice constant [63]. For p-shifted
MoS, the periodicity along the 4|4E MTBs has visibly
decreased, \Y = (1.7240.01) a, while for n-shifted
MoS,, an increased periodicity of AE" = (2.69 +
0.11) a is measured.

The shifts in the beating periodicity can be under-

stood from the band structure of the MTB. 4|4E
MTBs host a hole-like band, which is shown in green
in figure 6(d), based on DFT calculations discussed
n [62]. With the Fermi level Eg in the pristine case
bisecting the band at krp = 7/2a, this leads to the
observed 2 a periodicity. When the Gr substrate is n-
doped, additional charge can flow into the bound-
ary, raising the Fermi level to EE" and leading to an
increased wavelength AE'. For p-doping of Gr, the
inverse happens: charge is extracted from the bound-
ary, the Fermi level sinks to EY and \Y decreases.
The quantitative relationship between kg and the line
charge in the boundary is given in the SI (table S2).

From the measured k values we find that the
chemical potential shifts in the MTB are considerably
smaller than those in Gr or MoS,, with the Fermi level
difference between the 4|4E on n- and p-doped Gr
about 500 meV, see SI (table S2) for the exact val-
ues. In other words, the states within MTBs locally pin
the Fermi level, while Fermi level pinning is absent
in MoS, away from defects. This can be understood
from previous considerations: the metal-metal inter-
face between the MTB and Gr allows for charge trans-
fer and thus the formation of an interface dipole. As
a consequence, the MTB Fermi level will not shift as
much as the chemical potential of MoS,, which rigidly
follows the Gr doping level until it becomes metallic.
Note that the relation between A\r and Fermi level is
reversed for 4|4P MTBs, which host an electron-like
band, see SI (figure S7).

Our findings are summarized in figure 6(e) in
which we plot the position of the CBM of MoS; as a
function of beating period for the two types of MTBs.
This allows the identification of the Fermi wave vec-
tor of the MTB band and the position of the chem-
ical potential ;1 with respect to the MoS, conduction
band in a single STM image. Due to the close proxim-
ity of CBM and chemical potential in our n-shifted
MoS, samples, we can also set a lower bound of
A = (2.69+0.11) a for the beating pattern within
4|4E MTBs, for which the surrounding 2D material is
metallic. As a consequence, the MTBs function as a
sensor—they allow for a determination of the chem-
ical potential of MoS, by measuring the periodicity of
the MTB states near Eg. This method is also applicable
at room temperature.

In figures 6(f)—(h) we display additional constant
height STS linescans averaged along the length of 4|4E
MTBs on all three substrates, respectively. The finite
length of the MTBs leads to a series of peaks in the
dI/dV spectra at the energetic location of the quant-
ized states. The dominant lowest energy excitations
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for a given wavevector are used to obtain the disper-
sion within the 4|4E MTBEs, see figure 6(d) [62]. We
find a pronounced gap Eg,, around the Fermi level,
consistent with the presence of a Coulomb blockade
which pushes the states closest to Egp further apart
[62]. The gap is almost twice as large as the energy
spacing between the quantized states Egys. We find
that the ratio Eg,p, /Equs, which eliminates the length-
dependence of both parameters [64], has only minor
substrate-dependence. This is surprising, since the
presence of a Coulomb gap, which arises from strong
electron—electron interactions, indicates that the 1D
correlated states within 4|4E MTBs persist even when
the surrounding MoS; is metallic.

Moving away from the effects of the intercala-
tion on the intrinsic MTB properties, we also investig-
ated the region directly surrounding the boundaries,
where the MoS, bands are bent under the influence of
the MTB charge [59]. The magnitude of band bend-
ing must change if the amount of charge on the MTB
is changed in consequence of Gr doping, while the
shape of the bending provides insight into how the
screening properties of MoS, are affected.

For reference, we take constant current STS lines-
cans orthogonally crossing a 4/4E MTB in the pristine
heterostructure. While figure 7(a) captures the beha-
viour of the CB edge, figure 7(b) captures that of
the VB. Far away from the MTB, at x =45 nm,
the unperturbed pristine band structure is observed.
Approaching the MTB, located at x = 0 nm, both CB
and VB are seen to bend upwards by at least 0.5 eV,
indicating that the MTB is negatively charged. The
bending is smooth in the CB but occurs stepwise at
characteristic energies in the VB due to quantization
effects [59].

On p-doped Gr, figures 7(c) and (d), the mag-
nitude of the bending is severely reduced for both
bands, while the spatial extent of the bending is sim-
ilar to that of the pristine case. There are fewer quant-
ized VB levels and the unperturbed band structure is
recovered at x = 4 nm. This can be understood from
previous considerations: Gr is more p-doped, lower-
ing its chemical potential. As a result, certain MTB
states are now shifted above the Gr Fermi level and
less charge can flow from Gr into the MTB, reflected
in its smaller periodicity at Ep.

On n-doped Gr, shown in figures 7(e) and (f), the
bending of the MoS, bands occurs in a much smal-
ler range of |2| nm on either side of the MTB. In
figure 7(f) there are fewer quantized VB levels—only
two—and their energy spacing is larger. The highest
quantized state occurs at around —1.3 eV, compared
to —1.0 eV found in the pristine sample. Addition-
ally, the VB bends up steeply at x ~ £1.5 nm from
the boundary. The increase in band bending due to
graphene n-doping is expected, as more charge is
transferred into the MTB states.

The decrease of the spatial extent of band bend-
ing on the one hand is a sign of the metallic phase
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of Mo$S, on Gr/Eu/Ir(111), which effectively screens
the charge within the MTB. On the other hand, the
steep band bending close to the MTB leaves the direct
surrounding of the latter insulating, in line with the
persistent Coulomb gap Eg,,, found experimentally.

2. Discussion

We have demonstrated a non-invasive method to
strongly modify the electrostatic environment of ML
MoS;, applicable also to other TMDCs and van der
Waals materials. We have shown that the doping of its
Gr substrate can induce a metal-insulator transition
in MoS, and enables the manipulation of metallic
states within MTBs. In addition, the chemical poten-
tial shifts in MoS, can be monitored via MTB states
and the screening environment around the boundar-
ies. The backside functionalization of Gr leaves the
TMDC top layer chemically pristine, thereby offer-
ing advantages over chemical doping or adatom tech-
niques. Our contactless chemical doping method to
shift the chemical potential of wide-bandgap semi-
conductors can be extended by other intercalants
such as alkalis [65], other rare earth metals [66] or
the p-dopant chlorine [67]. Continuous tuning of
the chemical potential, analogous to gating, could be
accomplished by using Li as intercalant [68, 69]. A
combination of contactless gating for coarse adjust-
ment of the chemical potential with electrostatic gat-
ing for fine adjustment represents another exciting

perspective. As the conductive Gr substrate is not
suited to most technological applications, replacing
it with an insulating layer such as hexagonal boron
nitride presents a promising approach to achieve
practical implementation of this method. We envi-
sion that contactless chemical doping will enable
observation and characterization of novel states of
matter using both local and global surface science
techniques.

3. Methods

The samples were grown in situ in a preparation
chamber with base pressure p <5 x 1071 mbar.
Ir(111) is cleaned by 1.5 keV Ar* ion erosion and
annealing to temperatures T ~ 1550 K. Gr is grown
on Ir(111) by two steps. First, room temperature
ethylene exposure till saturation followed by 1370
K thermal decomposition gives well-oriented Gr
islands. Second, exposure to 2000 1 ethylene at 1370 K
for 600 s yields a complete single-crystal Gr layer [70].
ML MoS, is grown by Mo deposition in an elemental
S pressure of 1 x 1078 mbar [71]. Subsequently, the
sample is annealed to 1050 K in the same S back-
ground pressure. The Eu-intercalated sample is pre-
pared in the order: Gr growth; Eu intercalation; MoS,
growth. Eu is evaporated from a Knudsen cell onto
the Gr/Ir(111) crystal kept at 720 K. Intercalation is
confirmed by low-energy electron diffraction (LEED)
[72]. After Eu intercalation no Eu is adsorbed on
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Gr [72, 73]. Subsequently, the sample is annealed
to 1075 K. Due to this annealing step, all Eu that
could escape from underneath the Gr at the lower
MoS, annealing temperature of 1050 K has already
escaped. Thereby Eu contamination of MoS, during
subsequent MoS, growth and annealing is prevented.
The O-intercalated sample is prepared in the order:
Gr growth; MoS, growth, O intercalation. O inter-
calation is achieved by exposing MoS,/Gr/Ir(111) for
210 seconds at 770 K to 2 x 10* 1 of O, [30, 33]. No
obvious increase in the density of point defects, such
as oxygen substitutions [74], is observed in Mo$; after
oxygen intercalation.

STM and STS are carried out in the T'=7 K bath
cryostat system after in situ transfer from the pre-
paration chamber. STS is performed with the lock-
in technique, at modulation frequency 619-777 Hz
and modulation voltage Viod =4 mVym,, with an
experimental resolution of ~10 meV or better [75].
We employ constant height (recording (dI/dV)) and
constant current ((dI/dV);) STS modes, where I is
the tunneling current, V the bias voltage, and Z the
tip-sample distance or height. In both modes dI/dV
is recorded while V is ramped; see [5] for further
explanation. Spectra are always taken away (>6 nm)
from defects, unless indicated otherwise.

All density functional theory calculations were
carried out using the Vienna Ab Initio Simulation
Package (VASP) [76, 77]. The plane wave cutoff was
set to 400 eV throughout. We used the exchange-
correlation functional of Perdew, Burke, and Ernzer-
hof (PBE) [78]. Van der Waals interactions are
described using Grimme’s semi-empirical corrections
at the D2 level [79]. A 4 x 4 k-point mesh was
used during structural optimization in the super-
cell, while the density of states is evaluated using
a 16 x 16 mesh. The optimized lattice constants of
MoS$, and Gr are 3.18 A and 2.468 A, respectively. For
a minimally strained heterostructure model, we used
the same approach and model as in [39], wherein a
4 x 4 supercell of MoS, is interfaced with a (6,3) x
(6,3) Gr cell (i.e. @, = 6a+ 3b, where @ and b are
the lattice vectors of Gr at an 120° angle). The
dopants were placed as far from each other as pos-
sible within the supercell. The optimized geometry
for O atoms was between graphene top- and hollow-
sites. The optimized geometry for Eu atoms was
on the graphene hollow site.The MoS, layer is kept
unstrained and Gr layer is compressively strained by
0.8%. Finally, in order to avoid the buckling of Gr due
to chemical interactions with the dopants, charging,
or strain, the z-coordinates of C atoms were fixed.
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Contactless chemical doping of WS,

a
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Figure S1: a Constant current STM overview topograph of WS, /Gr/Ir(111) Sample has 0.4 ML coverage
of monolayer WSy with few bilayers. b WSy /Gr/Eu/Ir(111). Sample has 0.7 ML coverage of monolayer
WSs with no bilayers present. A single Ir(111) step edge is visible in the upper left. Gr is fully intercalated.
¢ Constant height STS of ML WS,/Gr/Ir(111) (black) and ML WS, /Gr/Eu/Ir(111) (blue). STM/STS
parameters: a V= 1.75V, I=0.03nA, image size 100 x 100nm?; b Vie= —2.0V, I=0.1nA, image size

100 x 100nm?; ¢ V= 1.5V, Ix=0.4nA (black); Vye= —2.5V, I;=0.2nA (blue).

Contactless chemical gating of WS, is demonstrated in Fig. S1. The scanning tunneling
microscopy (STM) topographs, displayed in Fig. Sla, b, present ML WS, islands on graphene
(Gr) and on n-gated Gr, respectively. In the latter, Gr is fully intercalated by Eu. The Eu

superstructure is identical to the one found after MoSy growth. It is discussed in Fig. S2.

Fig. S1b compares constant height spectra measured on WSy /Gr/Ir(111) (referred to
as pristine) and WSy /Gr/Eu/Ir(111) (referred to as WS, on n-doped graphene). We see
that the n-doping of Gr causes a considerable shift in the WS, band structure towards lower

energies. The conduction band (CB) is shifted by 1eV down to the Fermi energy. In contrast,



the valence band (VB) moved only by about 0.7eV. The different energy shifts of the CB

and VB indicate a band gap renormalization of ~ 0.3eV.



Intercalation structures

Gr/lr(111)

Gr/Eu/lr(111)

a

Figure S2: Constant current STM close-up topographs of the Gr substrates: a Gr/Ir(111), b Gr/Eu/Ir(111),
¢ Gr/O/Ir(111). Insets show the Fourier transform (FT) of each image, with spots corresponding to Gr (white
circled) and the superstructures (green circled) highlighted. STM parameters (V, I): a —0.15V, 8.00nA; b

0.30V, 0.40nA; ¢ 0.01V, 0.50nA; a-d image size 10 x 10nm?.

In Fig. S2 we identify the graphene (Gr) intercalation structures on the atomic scale.
For purpose of comparison, Fig. S2a shows a topograph of Gr/Ir(111) and, in the inset, the
Fourier transform (FT) of the topograph. The Gr lattice and the moiré with Ir(111), of unit
lengths 0.245nm and 2.53 nm respectively, are visible in real space. In reciprocal space the

brightest outer spots correspond to Gr (white circles).

The topograph in Fig. S2b shows an area of Gr/Eu/Ir. A rectangular lattice covers
most of the image, with small trenches of presumably lower (or zero) Eu density in between.
The apparent height of the higher density areas relative to the areas of low density is
~ 50 pm. The higher density patches often coalesce along a single direction, leading to the

formation of bright stripes. The Eu superstructure (green circles) is measured to have unit



lengths (0.426 £+ 0.07) nm and (0.495 £+ 0.06) nm, corresponding to a c(4 x 2) with respect
to Gr. The superstructure spots also have satellites of the Gr/Ir(111) moiré unit length,
and there are additional spots (pink circle), each resulting from the summation of vectors
analogous to multiple scattering in LEED. Eu is known to form various hexagonally symmetric
superstructures under Gr on Ir(111) 3. The c(4 x 2) phase has not been reported previously,
but we note that it has precisely the same density as the well-documented (2 x 2) phase,

namely 25% with respect to the Gr lattice. Its electronic effect on Gr is also comparable, see

Fig. S6.

In Fig. S2c the O intercalation structure is seen. It forms a (2v/3 x 2v/3)-R30° super-
structure with respect to Ir(111), which was previously reported in Ref. 4. It has a density of

0.5 ML of O with respect to the Ir(111) surface.



Effect of non-uniform Eu intercalation on MoS,

b

(dldV), (a.u.)
l
5]
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Figure S3: Spectroscopic investigation of bright and dark patches of MoSs on Eu-intercalated graphene.
a Constant current STM topograph of MoS,; on top of Eu-intercalated Gr. The orange and blue spot
mark the locations of STS spectra. b,c Constant current (b) and constant height (¢) STS taken at the
locations indicated in a. The spectra are normalized to the signal strength at the stabilization voltage: dI/dV
(V' = Vitab). STM/STS parameters (V, I): a 0.80V, 0.50nA; b valence band: —2.50V, 0.20nA (dark),

0.50nA (bright); conduction band: 1.10V, 0.20nA; ¢ —2.50V, 1.00nA; a-c image size 14 x 14nm?.

We find small apparent height modulations in the MoS, layer on the Gr/Eu/Ir(111)
substrate. The modulations on MoS, often appear as stripes, as in Fig. S3a, though individual
patches are also found, see inset of Fig. 1d in the main manuscript. The stripes (or patches)
have an apparent height of ~ 50 pm and have no detectable effect on the electronic properties
of MoS,, as is shown in Fig. S3b,c,d, where dI/dV spectra taken on top and in between the
bright areas show essentially no difference. We therefore rule out that they are caused by

residual Eu atoms between MoS, and Gr, which would lead to strong energy shifts in the peak



positions. Instead, we attribute the effect to the density variations in the Eu intercalation of
Gr, seen in Fig. S2b, which have the same apparent height of ~ 50 pm as the modulations on
MoS,. The lack of electronic variation in MoS, is also in line with the near-uniform doping

of Gr across the Eu-intercalated areas, see Fig. S6.



Fitting of the dispersion

dI/dv (a.u.)

2 4 xhm)g 0 2 4xm)g 0 2 4 xnm)g

o
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Figure S4: Extraction of the dispersion from STS data of n-shifted MoS,. a Top panel: differential constant
current conductance map. Quasiparticle interference patterns around defects are visible. A line profile
(cyan line) is taken on maxima normal to a MoS; island edge. b Top panel: differential constant current
conductance map of a triangular quantum well. A line profile is taken on the maxima parallel to an edge of
the well. ¢ Top panel: constant height STS grid at 35 meV of an approximately circular quantum well. A
line profile is taken along maxima so that the line is normal to the circular wavefronts. a-c Lower panel:
line profile along cyan line in top panel, with below it the relation of maxima along the line profile (D) and
wavenumber (kqpi). STM/STS parameters: a I=0.1nA, image size 11 x 11nm?; b I;;=0.1nA, image size

9 x 9nm?; ¢ I=0.4nA, image size 9.7 x 9.7 nm?.

To determine the dispersion of the quasiparticles crossing the Fermi level, the real
space wavelength of standing waves due to quasiparticle interference D can be measured.
The exact relation between the maxima visible in differential conductance maps and the

wavenumber kq,; depends on the geometry of the scattering area. The most straightforward



case is depicted in Fig. S4a. When quasiparticles scatter from a (relatively) straight edge
or boundary, the standing wave normal to the scatterer has a wavenumber kq, = 7/D.
Note that there are multiple scatters present in the area, which causes the behavior of the

quasiparticle interference (QPI) to differ from that of a single wave-train scattering from a

1D defect 5.

In the case of a triangular quantum well, as in Fig. S4b, interference from the three
straight edges leads to a more complicated pattern, which can be solved exactly, see Ref. 6. In
real space, one can measure the wavefront along a straight edge, which is a factor of cos(30°)

larger than the wavelength of the quasiparticles.

We can approximate the area in Fig. S4c as a circular quantum well, leading to ringlike
interference patterns. Exact solutions exist for a circular quantum well, see e.g. Ref. 7.
In real space, one can measure the difference between the radii of the circular interference

patterns to obtain kqp; ®.
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Constant height STS of CB minimum

(dlidV)7 (a.u.)

%00 -200 0 E(meV)

Figure S5: Constant height STS performed close to the surface. In the inset the same data is shown,
plotted in a logarithmic scale. The CB minimum (red) and the Fermi level (black) are indicated. Vi= 0.2V,

Ist:0~5 nA.

The CB minimum can also be measured with constant height STS when decreasing the
tip-sample distance. We find that the differential conductance decreases towards the Fermi
level when stabilizing at 0.2 eV but remains clearly above the noise level well into the occupied
states. The signal disappears at —80 meV, marking the onset of the CB in agreement with

our QPI analysis.

We find a pronounced gap around the Fermi level. While the origin of this gap remains
unclear at present, we speculate that it is a consequence of phonon-mediated inelastic

tunneling. A similar gap has been observed in graphene %10,
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Field emission resonances on n-doped Gr

b
EREEEE Vmees
i <8
9
=l o Lo
< _—gf/E W Iaog=1.4eV)
N rEu 0 1 2 3 4 5
Dt (n-1/4)?® 1
c S

AP/IP

E (eV)
N W » O O N © ©

Figure S6: Field emission resonance (FER) spectroscopy on n-doped Gr. a STM topograph showing region
of intercalated Gr (bright) and unintercalated Gr (dark). b FER spectroscopy recorded on Gr/Ir(111) (black)
and Gr/Eu/Ir(111) (blue) at the locations marked in a. Resonant states are numbered n, and in the inset
(right) plotted E against (n — i)% see Ref. 11. The energy shift in the corresponding lines of best fit gives the
difference in Gr work function A®g, = (—1.4+0.1) eV. ¢ Constant current linescan along the cyan line shown
in a. STM and STS parameters (V, I): a 20 x 16nm?, 1.0V, 0.04nA; b, ¢ FER spectroscopy stabilization

voltage Vi =2V, Iy = 0.1nA.

Since the ¢(4 x 2) phase of Eu under Gr has not been observed before, we checked the
doping level of Gr using field emission resonance (FER) spectroscopy. FER allows us to
determine the change in the Gr work function due to the Eu intercalation layer. In Fig. S6a
an area of partly intercalated Gr is shown. The bright patches are Eu-intercalated Gr and

12



the dark regions bare Gr. Constant current STS point spectra were taken at the cross and
circle positions in Fig. S6a. The spectra are shown in Fig. S6b. The d//dV peaks are resonant

field emission states. In accordance with the method described by Lin et al. !

, each state
can be assigned an order n and an approximately linear energy shift between same-order
states observed, see inset of Fig. S6b. This energy shift indicates a work function reduction
Adg, = (—1.4 £ 0.1) eV on Eu-intercalated Gr. Assuming a rigid shift of the Dirac cone,
this would mean that the Dirac point has shifted to —1.3eV, compared to its value of 0.1eV

for Gr/Ir(111) '2. This is in line with the ARPES-measured Dirac point of —1.36¢eV for

Gr/(2 x 2)-Eu/Ir(111) 3, and represents strong n-doping of Gr.

Looking at Fig. S6c, where a constant current STS linescan, taken along the line in
Fig. S6a, is depicted, we find that the Eu-intercalated islands are near-uniformly doped, as

the FER states show little change when going across the doped Gr region.

13



DFT results

Table S1: Charge transfers between MoSs, Gr, and dopant (in units of e/supercell) calculated from Bader
charges. Potential shifts induced over the heterostructures due to charge transfer (in units of V). Values for
the doped systems are given relative to the pristine system, where it is 0.249V. Ep — Ep is the position of

Dirac-point with respect to the Fermi level. The concentration of dopants is indicated as Euz and Oz, with

« the number of dopant atoms per MoS, supercell.
MoS, Gr dopant AV Ep—FEFf
MoS, /Gr 0.042 —0.042 0 0

MoS,/Gr/Eul 0.204 0.615 —0.820 0.934 —0.66
MoS,/Gr/Eu2 0.265 1.388 —1.653 1.119 —0.99
MoS,/Gr/O1 0.041 —0.352 0.311 —0.612 0.34
MoSs/Gr/02 0.040 —0.535 0.494 —0.940 0.58
MoS,/Gr/03 0.040 —0.703 0.663 —1.241 0.61

14



Charging of MTBs

MoS, on kr (m/a) A(e/a) AEp(eV)
freestanding (DFT) 13 | 0.63 -0.74 -

Gr (DFT) 13 0.54 10.92 -
Gr/Ir (STM) 0.50 11.00 0
Gr/Eu/Ir (STM) | 0.37 126 +0.33
Gr/O/Ir (STM) 0.58 -0.84 —0.19

Table S2: Fermi wavevectors kr of the 4/4E MTB band in ML-MoS, on different substrates, and the
associated line charge on the MTB, A = —2¢(1 — kp). See Ref. 13 for more details. The experimentally
determined shifts of the Fermi level due to doping of the Gr substrate are given with respect to the pristine

(undoped) case.

In previous work, DFT showed that a 4[4E MTB in a freestanding MoS, layer is
approximately charge neutral, with a line charge A\ of about the same magnitude (but
opposite polarity) as the polarization charge of the MTB )\f/})%B. This leads to Ayt =
Aband )\&OITB ~ 0. For details see Ref. 13. Placing the MoSs on Gr caused an increased
MTB band filling due to Gr electron donation; comparing Fermi wavevectors before and after
showed a changed line charge density of AN = —2¢(kp — kf;) = —0.18 ¢/a '?, sce Table S2. In

STM, a slightly larger value of —0.26 ¢/a was obtained, as the observed Fermi wavevector

was kr ~ (0.5) /a, instead of the DFT-predicted kr = (0.54) 7/a.

Using STM, we can similarly assess the change in band filling due to the Eu and O

interlayer, relative to the unintercalated system. We find AXg, = —2¢(k§" —kf") = —0.26¢/a

15



and Ado = —2(k§" — kf) = +0.16 ¢/a, where k{* is the unintercalated experimental system.

In addition, we can use the shifts in kp to estimate the shift in the Fermi level Ep of
the MTB, relative to the pristine Gr/Ir(111) substrate. This is done in Fig. 6(d) of the main
text, where overlapping k states between the three samples are used to map the dispersion of
the 1D band. The results for the Fermi level of the MTB are shown in the last column of

Table S2.
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4/4P MTB
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Figure S7: Confined states in 4/4P MTBs in ML-MoS, on different substrates. a Ball-and-stick model of
4/4P MTB. Mo atoms are navy, S atoms yellow (top layer) or dark yellow (bottom layer). A MoS, lattice
vector is indicated. b Constant current STM topograph of 4/4P MTB in MoSs on Gr/Ir. ¢ Constant height
STM of 4|4P MTBs in pristine (—) MoSs and in MoSy on p-doped Gr (O). Vertical white lines are a guide to
the eye. No 4[4P MTBs were found in MoSs on n-doped Gr. d Dispersion of the hole-like 1D band of the
4|/4P MTB. Based on DFT calculations from Ref. 13. Fermi level and k-vector based on experimental data.
STM/STS parameters: b V=0.9V, I=0.02nA; ¢ top panel V=0.1V, I;;=0.1nA; bottom panel V=0.04V,

I4=0.1nA. 1nm scale bar shown.
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CHAPTER 7

Manuscript [4]: Modulated Kondo screening
along magnetic mirror twin boundaries in
monolayer MoS; on graphene

This chapter wholly consists of the above-named manuscript, which has been accepted by Nature
Physics, pending minor revisions to comply with editorial and formatting guidelines. The version
in this thesis is available online on arXiv.

The experiments were proposed by W. Jolie. The measurements were carried out by C. van
Efferen, J. Fischer and W. Jolie at the TSTM and MSTM systems in Cologne. The analysis of
the experimental data was performed by C. van Efferen, with support from W. Jolie. The NRG
calculations were conducted by T. A. Costi. The interpretation of the results was discussed in
depth by all authors.

C. van Efferen and W. Jolie wrote the main manuscript, with advice and corrections from T.

Michely. Large portions of the supplement pertaining to the NRG results were written by T. A.

Costi.
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A many-body resonance emerges at the Fermi energy when an electron bath
screens the magnetic moment of a half-filled impurity level. This Kondo effect,
originally introduced to explain the abnormal resistivity behavior in bulk magnetic

alloys !, has been realized in many quantum systems over the past decades, such

2— 5-8 9

as quantum dots %, quantum point contacts , nanowires °, single-molecule

transistors 1°7'2, heavy-fermion lattices 31°, down to adsorbed single atoms 16718,
Here we describe a unique Kondo system which allows us to experimentally
resolve the spectral function consisting of impurity levels and Kondo resonance
in a large Kondo temperature range, as well as their spatial modulation. Our
experimental Kondo system, based on a discrete half-filled quantum confined state

within a MoS, grain boundary, in conjunction with numerical renormalization

group calculations, enables us to test the predictive power of the Anderson model



which is the basis of the microscopic understanding of Kondo physics.

The Kondo effect of single magnetic atoms or molecules on metal surfaces has been
the subject of intense research since it was first observed with the scanning tunnelling
microscope (STM) by Madhavan et al. ' and Li et al. . While the Kondo resonance has
been well-characterized for numerous such systems 2%2!, the underlying atomic or molecular
impurity levels that give rise to it have largely remained experimentally inaccessible. This is
due to the dominant contribution of substrate states to the tunneling current, which lie in
the same energy range as the localized d and f orbitals involved. Furthermore, the strong
hybridization of the impurity states with these substrate states, electronvolts away from the
Fermi energy, obscures the connection between Kondo resonance and impurity levels. While
STM experiments for magnetic atoms on surfaces show that their behaviour close to the
Fermi energy can often be understood in terms of the universal physics of the Kondo effect,
the absence of a full characterization of their impurity levels and Coulomb interactions has
led to a strong dependence on theoretical input to clarify the origin of the measured signals.
For example, the line shapes around zero bias, observed in STM spectra for Co on noble

6 were considered as paradigms for a Kondo resonance, but have recently

metal surfaces !
been argued by Bouaziz et al. to originate from exotic spin excitations rather than the Kondo
effect 22. In consequence, theoretical predictions for the dependence of the Kondo resonance

on energy position, strength of local interactions, and width of the impurity level 2123 could

not be tested due to the absence of experimental data.



A promising approach to enable local detection of the impurity levels is to spatially
confine electrons, as done in a quantum dot 2%. When a confined state at the Fermi energy
Er is filled with a single electron, strong Coulomb repulsion can lift the degeneracy of the
energy level, leading to the formation of a singly occupied state below Er mimicking the
half-filled orbital of a magnetic atom. A Kondo resonance emerges when the non-degenerate
states couple to an electron bath in close proximity 2. The advantages of the confinement
approach are a small separation of the non-degenerate states, together with a large spatial
extension of the confined wave function. In quantum dot systems these wavefunctions are,
however, not accessible due to the lack of spatial resolution. Here we present a system where
scanning tunneling spectroscopy (STS) and STM, with their unsurpassed energy and spatial
resolution, can be used to track the Kondo resonance along with the impurity levels and
the spatial modulation of their wavefunctions on the atomic scale. It enables us to compare
experimental data with unsurpassed precision to predictions for the Anderson model of the

Kondo effect obtained through numerical renormalization group (NRG) calculations.

Our Kondo system is realized in a MoSy mirror twin boundary (MTB), a line defect of
finite length which hosts confined states in the band gap of the semiconducting two-dimensional
(2D) material 242, Due to its one-dimensional nature, strong Coulomb interactions push
the states around the Fermi energy apart and transform higher excitations into the bosonic
spin- and charge excitations of a confined Tomonaga-Luttinger liquid 2%27. The lowest-energy
excitations of such a system can, however, simply be described by a single fermionic level

which is either empty, singly occupied, or doubly occupied. Fig. la sketches the local density



of states around the Fermi energy of a MTB placed on a graphene substrate. The electron
bath is represented by graphene’s Dirac electrons, which exhibit a linear energy dependence
close to the Dirac point 2%. The discrete energy levels sketched in Fig. 1a, right, are quantized
states within the one-dimensional MoSy MTB. The two energy levels closest to the Fermi
energy describe excitations, where a single electron is added to or removed from the MTB.
When the highest occupied level is filled by a single electron, the strong Coulomb interaction
U prohibits a second electron to enter, creating a spin—% system localized along the MTB. This
spin couples to the bath and creates through resonant spin-flip processes a Kondo resonance

pinned to Er , as we demonstrate below.

A MoS, monolayer island hosting two such MTBs is shown in Fig. 1b. The finite length
of the MTBs leads to confined energy levels with a spacing inversely proportional to the
length of the wire 2. When the highest energy level is filled with two electrons, there is no
unpaired magnetic moment and hence no Kondo effect. This situation is depicted in Fig.1c,
which displays the averaged differential conductance df/dV along a MTB. The dI/dV signal
of the STM is proportional to the local density of states as a function of energy (given by the
bias voltage). We find a series of peaks corresponding to quantized energy levels. Satellite
peaks attributed to phonon-induced inelastic tunneling processes are observed at fixed energy
intervals |24.8] + 3.7meV and [47.7| £ 4.1 meV from the main peaks ?°. The peaks closest
to Er exhibit an energy gap Fg., = Eq + U, with Eq the confinement energy and U the
Coulomb energy ‘penalty’ incurred due to strong Coulomb interactions 2%2°. The standing

waves corresponding to the energy levels closest to Er are mapped in Fig.1d using a series of
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Figure 1: Kondo effect within a MoS, MTB. a Kondo coupling of graphene (bath) with the non-
degenerate states (impurity) confined along a MoS, MTB. Indicated are the Fermi energy Er and Coulomb
energy U, see text. The electron inside the highest occupied states is symbolized by an arrow. b Atomically-
resolved topography of a single-layer MoSs island on graphene, with two MTBs of lengths 7.1 nm (left)
and 9.0nm (right), separating mirror-symmetric domains. c,e Spatially averaged dI/dV spectra along a
MTB of 8.6 nm before ¢ and after e voltage pulses applied with the STM, being in a state that is either c
degenerate or e non-degenerate. d,f Conductance colormaps showing spatially resolved dI/dV spectra along
the MTB. Dashed white lines are added to highlight the phase relation between the states on either side

of Er in the middle of the boundary. STM/STS parameters: b 20 x 20nm?, Viey = 500mV, Iy = 10 pA;
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c,d Viey = 500mV, It = 1.00A; e,f Vit = 500mV, Iy = 0.5nA. Vipoq = 2.5mV.



dI/dV spectra taken along the MTB. These standing waves are out of phase in the center of
the boundary, as expected for succesive degenerate particle-in-a-box states (Supplementary

Note 1). 26,

The number of electrons within a MTB can be tuned with the help of the STM, either
continuously with a back gate or stepwise via voltage pulses in the range |Vyuse| = |1 —2.5|eV
(Supplementary Note 2), as has been demonstrated previously for the isostructural 2D
material MoSe; 2939, Fig. le shows the spectrum obtained on the same boundary after such
a voltage pulse. The gap at Er is now reduced to the pure Coulomb energy U, splitting
the formerly degenerate energy level at the Ferm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>