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INTRODUCTION



2 1: INTRODUCTION

Life in general and science in particular are most interesting at boundaries, on edges
and at frontiers. Frontiers of human knowledge, where the unknown meets the known,
but also boundaries between different systems. In condensed matter different types of
such boundaries exist: between different phases of matter (e.g. a liquid-gas interface),
between matter and vacuum (mostly studied by surface science), and between different
condensed matter systems. The challenge in studying this last type of system has tradi-
tionally been to create an atomically clean interface between the two material systems,
and has been served by the art of epitaxy: the deposition of layers of a material on the
surface of a second system in an inert atmosphere. By ensuring the interface is atomi-
cally clean, it becomes possible to study the interaction between the two systems, how
they bond and, of particular interest in this work, how their different lattices reconcile.

The boundary between two three-dimensional systems is a two-dimensional plane.
As the dimensionality plays a large role in the description of electrons in materials, cre-
ating a truly two-dimensional electronic system has been a goal in experimental physics.
An important early example are the gallium arsenide / aluminium gallium arsenide epi-
taxial interfaces, where a two-dimensional electron gas forms. Aside from physically
interesting phenomena, e.g. the Hofstadter butterfly [1], this system also forms the basis
of high-frequency field effect transistors.

The true start of the field now known as two-dimensional materials came in 2004,
when Konstantin Novoselov and Andre Geim et al. realized the first two-dimensional
material, showing that it was possible to thin down layered materials to a thickness of
only a single atom using simple scotch tape [2]. As it turned out, the carbon atoms
in graphite form layers that are strongly bonded by covalent bonds within a layer, but
the layers are only held together by much weaker van der Waals forces (as visible in
the schematic representation of graphite in Figure 1.1a). Therefore, tape sticks more
strongly to the layers than the layers stick to each other, making it possible to peel layers
of graphite from a crystal using tape. By sticking a new tape to the material on the tape,
the peeled off layer can be split again, and again, until a single layer of carbon atoms
in a hexagonal arrangement remains: graphene. This process to obtain atomically thin
layers is called exfoliation.

The advent of exfoliation as a technique for the production of two-dimensional ma-
terials has started extended studies of atomically thin layers. Most notably, the elec-
tronic behavior changes as these materials become truly two-dimensional as no copies
of the same electron orbital exist along the out-of-plane direction, leading to extraordi-
nary properties.

After the original exfoliation of graphene, a larger assortment of materials has been
added to the collection of so-called van der Waals materials. This includes the insu-
lating material hexagonal boron nitride (hBN, Figure 1.1b), with the same structure as
graphene, but consisting of alternating boron and nitrogen atoms, and the transition
metal dichalcogenides (TMDs, Figure 1.1¢,d), where the van der Waals layer consists of
a layer of trigonally arranged transition metal atoms (molybdenum, tantalum, niobium,
tungsten, etc.) sandwiched between two layers of chalcogens (sulfur, selenium or tel-
lurium'). The set of all possible TMDs spans a wide range of properties: from semi-

1 Aside from obvious reasons to not use these elements, polonium and livermorium tend to be too metallic in
character to form TMDs [3]
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conductor to metal, magnetic, and superconductor, often combining several properties
depending on the temperature.
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Figure 1.1: Van der Waals materials. Top views and side views along the so-called arm chair direc-
tion of different van der Waals materials: graphite, the ‘mother material’ of graphene, its insulating
sibling hexagonal boron nitride and the TMD TaS,. In TMDs, different polytypes (layer arrange-
ments) exist. Two of the stable polytypes for TaSy are shown: 1T and 2H® (For more details about
polytypes, see Section 8.1.2).

In addition to the study of intrinsic properties of these 2D materials, exfoliation has
led to a new way of studying matter-matter boundaries: by transferring subsequent van
der Waals layers via exfoliation, so-called heterostacks of different layers with (areas of)
an atomically clean interface between the subsequent layers can be created. In this way
different electronic properties can be combined, used adjacent to each other, or even
hybridized to create new properties.

The parameter space is enormous: in addition to the possibility to combine any
pair of van der Waals materials, independent of the existence of conventional epitax-
ial growth procedures?, the twist angle between subsequent layers enters the picture as
a tunable parameter. This means that even interfaces between two layers of the same
material can become interesting: a non-zero twist angle between the materials leads to
a moiré pattern with its own larger geometry (the ‘super’ lattice), with significant influ-
ences on the electronic structure. Famously, this has led to the observation of supercon-
ductivity in twisted bilayer graphene (TBG), which forms a flat electronic band when the
two layers are stacked at a ‘magic’ twist angle of approximately one degree [4, 5].

1.1 GROWING 2D MATERIALS

Maybe somewhat ironically, the interest in two-dimensional materials has also renewed
the interest in traditional epitaxy: while exfoliation is an excellent platform to study 2D

2 Although not all materials exfoliate to single layers with the same ease. There is no such thing as a free lunch.
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materials, the process does not scale to industrial applications. Therefore, epitaxy, i.e.
growing a 2D material on the surface of a 3D substrate, is pursued as a way to grow 2D
materials on an industrial scale. Challenges in separating the 2D material from the sub-
strate, in scalability and in homogeneity are the major factors complicating the delivery
of applications of the promised ‘miracle’ material graphene in the past 18 years, despite
significant efforts.

Chemical vapor deposition (CVD) can be used to grow bulk crystals of most van
der Waals materials for exfoliation, but also to grow single layers on metallic substrates.
Graphene growth on metals (most notably copper, iridium, and ruthenium) scales very
well, but suffers from different rotational domains dominating the electronic proper-
ties. On the other hand, epitaxial graphene on silicon carbide, which is grown on the
silicon face of SiC by thermal decomposition, has (almost) perfect rotational ordering,
although it is harder to separate from its substrate and still exhibits varying electronic
properties [6-10].

1.2 COMBINING LATTICES: THE FRENKEL-KONTOROVA MODEL

In general, when combining two different lattices, two things can happen. Either both
lattices adapt a single shared lattice, the commensurate phase, or both lattices retain
their own lattice, without significant distortion, known as the incommensurate phase.
However, a boundary region between these two phases exists in the phase diagram,
where lattices partially comply to each other and commensurate regions co-exist with
domain boundaries in between, in which all relative lattice strain is contained. As such
a (quasi-)periodic pattern of commensurate regions and domain boundaries can form
with a periodicity that can be much larger than the underlying periodicities. This new,
larger periodicity is called the ‘superlattice’, and the resulting pattern is called a moiré
pattern. The spatial frequency (i.e. the inverse of the lattice constant) of the superlat-
tice is the difference of the spatial frequencies of the constituting lattices. Therefore,
the smaller the difference between the lattice constants, the larger the periodicity of the
superlattice.

Sometimes it is useful to distinguish higher-order commensurate phases from in-
commensurate phases. In case of a higher-order commensurate phase, the following
holds for the lattice constant a, and a;, of the two lattices:

nag, = may

where n, m are (non-equal) integers. For larger integers n, m, the distinction from (par-
tially) incommensurate becomes increasingly irrelevant, especially in the one-dimen-
sional case.

Whether an incommensurate, commensurate, or mixed state occurs depends on the
lattice mismatch, the interlayer interaction (Van der Waals forces) and the interaction
within the layer (covalent bonds). This holds true in simple 1D models, in traditional
epitaxy, and in van der Waals heterostacks.

The one-dimensional Frenkel-Kontorova (FK) model can be adapted to describe this
phase transition between incommensurate and commensurate stacking. In its original,
most simple form, the FK-model describes a chain of harmonically interacting particles
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subject to a sinusoidal potential. To give an accurate description of the phase transi-
tion in a bilayer of one-dimensional atomic chains, two modifications have to be made.
First, the sinusoidal potential is replaced by the interlayer potential caused by a second,
fixed, strained atomic chain. Second, the harmonic interaction between atoms in the
other chain is replaced by a suitably more accurate intralayer interaction [11]. Further
extensions to two-dimensional interfaces exist, but to describe the full complexity of the
phase diagram, it is necessary to incorporate the full complexity of the system: two lat-
tice constants become two pairs of (2D) lattice vectors, and at least parts of the inter- and
intralayer interaction functions become two-dimensional.

In the 2D case, the extra freedom given by the extra dimension means that higher-
order commensurate structures become more relevant and more common, and they
are sometimes known as ‘reconstructions’. They are named after the size and orienta-
tion of the unit cell with respect to one lattice, e.g. the reconstruction of graphene on
SiC(0001) is denoted (6v/3 x 6v/3) R30°, as a unit vector of the full unit cell is given by
a’ = 6a + 6a;, which is 30° rotated with respect to the unit vectors ag,a; of the SiC sur-
face. Here, |6ag + 6a;| = 6v/3|ag| = 13|bg| where |bg| = 0.246 nm is the lattice constant of
graphene [12-14)3.

a TBG, 6=5° b graphene on hBN c C-CDW in TaS;
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Figure 1.2: Diagrams of superlattices. a, Twisted bilayer graphene (TBG) with a twist angle 0 = 5°.
b, Graphene on hexagonal boron nitride with the same relative twist angle. As a result of the lattice
mismatch, the moiré pattern is slightly smaller ¢, The commensurate charge density wave (C-
CDW) and the corresponding star-of-David periodic lattice distortion of the tantalum atoms in
TaS,, where twelve atoms in the unit cell move slightly towards the charge density center on the
thirteenth tantalum atom. The sulfur atoms are omitted for clarity. Scalebar applies to all panels.

Even for the limited case of two hexagonal lattices with similar lattice constants (e.g.
graphene-on-hBN, TBG or graphene on biaxially strained graphene), the influence of
twist angle, lattice mismatch and a 2D interlayer interaction function mean that in ad-
dition to ‘simple’ hexagonal moiré patterns (as shown in Figure 1.2a,b), additional stripe
phases and spiral domain wall phases can appear [15-19], which are studied in detail in
Chapter 7.

3Typically one would claim strict equality (=) for the reconstruction, not =, but in Chapters 4 and 7 it will
become clear that this is inaccurate.
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1.3 CHARGE DENSITY WAVES

An additional way to combine two lattices in van der Waals materials is to combine the
atomic lattice with the lattice of the Charge Density Waves (CDWSs) occurring in some
TMDs. CDWs are the multidimensional equivalent of the classical Peierls transition,
where a new periodicity larger than the original atomic periodicity forms spontaneously.
In TMDs, typical CDW periodicities include 3 x 3 and V13 x v/13. In this case, the atomic
positions over several unit cells and the associated electron density reorder to exchange
electronic (band) energy with Coulomb energy of the atomic core positions, as illus-
trated in Figure 1.2c. The electronic energy is typically lowered by opening a band gap
around the Fermi energy, lowering the energy of the states below the Fermi energy. This
means the CDW forms only below a critical transition temperature, when the occupancy
of the states above the Fermi energy is low enough to actually lower the total energy. It
also means CDWs dramatically alter the electronic properties of a material, reducing the
conductivity by orders of magnitude as the temperature decreases below the transition
temperature.

A particularly complicated example which we will study in this thesis is 1T-TaS,,
where as the temperature increases, the CDW transitions from insulating commensurate
(C-CDW, (V13 x V13) R13.9°, i.e. acpw = 3a + a;, the example illustrated in Figure 1.2¢)
to semiconducting nearly-commensurate (NC-CDW, (v/13 x v/13) R10.9°) to incommen-
surate (IC-CDW, (v/13 x v/13) R0°, i.e. acpw = V/13ay), until it finally disappears.

However, the mechanism behind the Peierls transition does not translate to physical
systems in more than one dimension. Although significant progress has been made in
recent years to theoretically model and understand real CDW systems (e.g. Ref. [20]), the
CDW states in bulk 1T-TaS,, in particular the NC-CDW remain not fully understood. Ad-
ditionally, in the context of 2D materials, the behavior of the CDW in the 2D limit of the
material and the possibility to combine it with additional lattices in heterostacks open
up new possibilities to modify the CDW behavior and therefore the electronic properties.

1.4 STUDYING DOMAINS IN VAN DER WAALS MATERIALS

The existence of different domains and the spatial variability of such domains turn out
to be essential to explain the (variation of) electronic properties in heterostructures of
van der Waals materials. In particular for van der Waals systems where the lattice mis-
match is small, any small variation in the atomic lattice is magnified in the superlattice,
which often determines the electronic properties. This means these materials, such as
the aforementioned systems of superconducting ‘magic’ angle twisted bilayer graphene
and NC-CDW 1T-TaS, and even epitaxial graphene on SiC, are extra sensitive to local
variations, e.g. a small atomic strain in TBG can break the superconductivity [21]. The
best way to study such variations and domains is to directly image them.

Traditionally 4, Scanning Tunneling Microscopy (STM) (and to a lesser extent Atomic
Force Microscopy (AFM)) has been used extensively to study van der Waals materials,
their growth and the existence of different (mostly rotational) domains. This technique
is very well suited as it is intrinsically surface sensitive and can image the materials with
atomic resolution. However, STM imaging is relatively slow. The atomically sharp tip

4Insofar ‘traditionally’ is applicable to a field that has existed for only 18 years
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needed for STM experiments is fragile and can be easily destroyed by surface contami-
nations. The surface sensitivity of STM is however so extreme, that distinguishing what
is happening in atomic layers beyond the top layer at the surface is hard, if not in most
cases impossible. Another technique with atomic resolution, transmission electron mi-
croscopy (TEM), has also been used and has its own strengths, but it measures a pro-
jection of the sample along the direction of the electron beam. This necessitates extra
effort and requirements to the sample to be able to separate the signal originating from
the van der Waals material under study from the signal due to the substrate.

1.5 CONTENT OF THIS THESIS

In this thesis, we will use Low-Energy Electron Microscopy (LEEM) to study domains in
van der Waals heterostructures. LEEM has advantages in studying 2D materials com-
pared to other techniques. Unlike TEM, it reflects electrons off the sample surface at low
energies and is therefore inherently surface sensitive and much less prone to damaging
the material itself. However, the electrons still penetrate the material to some depth.
This enables for example counting the number of graphene layers on top of a substrate
and imaging the local stacking of the first few layers of atoms and therefore the stacking
domains.

Chapter 2 briefly explains the operating principles and imaging modes of LEEM.
However, obtaining the images is only part of the work. To extract the most from the data
obtained with a LEEM, it is necessary to properly calibrate the data, correct for sample
drift and visualize the resulting multi-dimensional datasets. This process is described in
Chapter 3.

In Chapter 4, we use a specific imaging mode called Dark Field LEEM to distinguish
the different stackings of bilayer and trilayer graphene. We show that stacking domains
are intrinsic to (few-layer) epitaxial graphene on SiC due to the strain exerted by the SiC
substrate. This has implications for the process of hydrogen intercalation, which is used
to create so-called quasi-free standing graphene. We show that the hydrogen does not
penetrate the graphene, except at pre-existing point defects in the graphene, and travels
below the graphene, preferentially along the domain boundaries.

Extending on this, Chapter 5 explores how in few-layer graphene, the domain bound-
aries themselves can be directly imaged using LEEM and we compare the contrast mech-
anism in twisted bilayer graphene and in the strained graphene on SiC. The imaging of
the domain boundaries is applied to twisted bilayer graphene in Chapter 6 to charac-
terize the spatial variations of the moiré pattern, governing the electronic properties of
such samples, as well as temporal fluctuations of the moiré lattice. Although these fluc-
tuations correspond to atomic movements of less than 70 pm, which is much smaller
than the resolution of the LEEM, they can be imaged using a magnification factor due
to the moiré pattern itself. The same magnification enables the imaging of edge disloca-
tions in the atomic lattice. In Chapter 7, the same imaging mechanism is applied to study
the morphology of the stacking domains in several different graphene on SiC samples.
The morphology of the stacking domains highlights that even in the most homogeneous
of such samples, there is an intrinsic strain disorder, caused by a spontaneous symme-
try breaking due to both atomic edge dislocations and the coexistence of striped and
triangular domains.
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In Chapter 8, we change gears and use LEEM to study the superlattices occurring
in TaS;. This TMD occurs in different polytypes, i.e different internal arrangements of
the atoms within the van der Waals layers. After showing that LEEM can be used to dis-
tinguish different stackings of mixes of such polytypes, we study the interaction of the
atomic lattice of TaS, with the temperature dependent Charge Density Waves occurring
in the 1T polytype of TaS,.

Finally, a short outlook on the implications of this research and future opportunities
is given in Chapter 9.
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