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Abstract

The physics of quantum materials is at the heart of current condensed matter re-

search. The interactions in these materials between electrons themselves, with

other excitations, or external fields can lead to a number of macroscopic quantum

phases like superconductivity, the quantum Hall effect, or density wave orders. But

the experimental study of these materials is often hindered by complicated struc-

tural and chemical properties as well as by the involvement of toxic elements.

Graphene, on the other hand, is a purely two-dimensional material consisting

of a simple honeycomb lattice of carbon atoms. Since it was discovered exper-

imentally, graphene has become one of the most widely studied materials in a

range of research fields and remains one of the most active areas of research to-

day. However, even though graphene has proven to be a promising platform to

study a plethora of phenomena, the material itself does not exhibit the effects of

correlated electron physics.

In this thesis, we show two examples of how epitaxially grown large-scale

graphene can be exploited as a platform to design quantum phases through interac-

tion with a substrate and intercalation of atoms. Graphene under particular strain

patterns exhibits pseudomagnetic fields. This means the Dirac electrons in the ma-

terial behave as if they were under the influence of a magnetic field, even though

no external field is applied. We are able to create large homogeneous pseudomag-

netic fields using shallow nanoprisms in the substrate, which allows us to study the

strain-induced quantum Hall effect in a momentum-resolved fashion using angle-

resolved photoemission spectroscopy (ARPES).

In the second part, we show how the intercalation of gadolinium can be used

to couple flat bands in graphene to ordering phenomena in gadolinium. Flat bands
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near the Fermi level are theorised to enhance electronic correlations, and in combi-

nation with novel ordering phenomena, play a key role in many quantum material

families. Our ARPES and resonant energy-integrated X-ray scattering (REXS)

measurements reveal a complex interplay between different quantum phases in the

material, including pseudogaps and evidence for a density wave order.
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Lay Summary

Quantum materials are at the forefront of current research in physics and may

hold the key for future technologies and applications. Some of the challenges in

studying these materials are complicated crystal structures and toxic chemistry.

Graphene, on the other hand, is a single atomic layer of carbon atoms arranged in

a honeycomb lattice. Its unique mechanical, electronic, and optical properties have

made it a highly sought after and well-studied material since its discovery in 2004.

In this thesis, we present two examples how graphene can be used as a platform

to study quantum material properties via tailored interactions with adatoms or sub-

strates. The results can pave the way towards the on-demand design of quantum

materials on a technologically relevant platform.
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Preface

Chapter 3. The results in this chapter are largely based on the publication ”Room

temperature strain-induced Landau levels in graphene on a wafer-scale platform”

by P. Nigge et al. (2019). The work was a collaborative effort between the groups

of A. Damascelli, S. A. Burke, D. A. Bonn and M. Franz at UBC and the group of

U. Starke at the Max Planck Institute for Solid State research in Stuttgart. P. Nigge

and A. C. Qu performed the angle-resolved photoemission spectroscopy (ARPES)

experiments and analyzed the ARPES data. P. Nigge, A. C. Qu, E. Mårsell, and

G. Tom performed the scanning tunnelling microscopy (STM) experiments and an-

alyzed the STM data. É. Lantagne-Hurtubise and M. Franz provided the theoretical

modelling, with input from C. Gutiérrez. S. Link and U. Starke grew the sam-

ples and performed the atomic force microscopy (AFM) experiment. P. Nigge,

A. C. Qu, M. Zonno, M. Michiardi, M. Schneider, S. Zhdanovich, and G. Levy

provided technical support and maintenance for the ARPES setup. A. Damas-

celli, M. Franz, S. A. Burke, D. A. Bonn, and C. Gutiérrez supervised the project.

P. Nigge, A. C. Qu, É. Lantagne-Hurtubise, and C. Gutiérrez wrote the manuscript

with input from all authors. A. Damascelli was responsible for the overall project

direction, planning, and management.

Chapter 4. The results in this chapter are largely based on the publication ”Cor-

related electron physics in gadolinium intercalated graphene” by P. Nigge et al.

(2019). The work was a collaborative effort between the group of A. Damascelli at

UBC and the groups of U. Starke and J. Smet at the Max Planck Institute for Solid

State research in Stuttgart. P. Nigge and A. C. Qu performed the ARPES measure-

ments with 21.2 eV photon energy. P. Nigge analyzed the ARPES measurements

with 21.2 eV photon energy. S. Link performed and analyzed the ARPES measure-
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ments at the I4 beamline at the MAX III synchrotron in Lund, Sweden. S. Link

and U. Starke grew and characterized the samples. P. Nigge, A. C. Qu, F. Boschini,

and R. J. Green performed the resonant energy-integrated X-ray scattering (REXS)

measurements at the Canadian Light Source (CLS) in Saskatoon, Canada. P. Nigge

and A. C. Qu analyzed the REXS data. R. J. Green performed the REXS theory

calculations. P. Nigge, A. C. Qu, F. Boschini, M. Schneider, S. Zhdanovich, and

G. Levy provided technical support and maintenance for the ARPES setup at the

University of British Columbia. P. Nigge wrote the manuscript with input from all

authors. A. Damascelli, U. Starke, and J. Smet supervised the project.
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Chapter 1

Introduction

Graphene is a purely two-dimensional material. It consists of a single atomic layer

of carbon atoms arranged in a honeycomb lattice. Due to graphene's remarkable

mechanical, optical, and electronic properties, it is part of a highly active area of

research in a number of �elds in recent years. As a result, a range of excellent

review articles have been published on the subject of graphene [1–5]. Hence, in

this section only a brief overview summarizing the historical background and the

most important properties, as they are relevant to the research of this thesis, are

given.

The existence of free-standing two-dimensional crystals was already discussed

over 80 years ago by Landau and Peierls. They argued that such structures could

not exist because of divergent thermal �uctuations [6, 7]. Therefore, atomically

thin layers were only known as part of heterostructures with lattice matched crys-

tals [8, 9]. Nevertheless, the unusual electronic properties of graphene in the con-

text of other carbon allotropes were noted early on by theorists [10–12]. Later it

was realized that graphene could also be used as a platform for studying quan-

tum electrodynamics (QED) [13–15]. This is due to the fact that charge carriers in

graphene around the Dirac point behave as massless chiral Dirac fermions. This,

in principle, allows one to probe relativisticQED phenomena in a condensed matter

material at an effective speed of light ofvF � 1� 106m/s (300 times smaller than

the speed of light in vacuum). Experimentally, the advent of graphene began with

the groundbreaking discovery of Geim and Novoselov and the subsequent con�r-
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Figure 1.1: Structure of graphene.(a) The carbon honeycomb lattice of graphene
can be described as two triangular lattices A (red) and B (blue). The unit cell
vectors are denoted bya1� 2 and the three vectors connecting nearest neighbours
by d1� 3. (b) Illustration of the overlap between the in-planesp2 hybridized orbitals
of adjacent carbon atoms. These form the so calleds bonds in graphene. (c) The
out-of-planepz orbitals, in contrast, form the so calledp bonds, that appear similar
to the delocalized electron systems of aromatic molecules for example.

mation of the Dirac nature of the charge carriers in graphene [16–19]. Since then,

an ever-growing number of research papers have been published and graphene still

holds promise for a range of applications from �exible electronics to energy storage

and biomedical applications [20–22].

The structure of graphene is illustrated in Figure 1.1a. The crystal can be de-

scribed as two triangular lattices which together form the honeycomb structure.

The carbon-carbon distance isa � 1:42 	A and the lattice vectors are

a1 =
a
2

(3;
p

3) and a2 =
a
2

(3; �
p

3): (1.1)

The three nearest-neighbour vectors in real space are given by

d1 =
a
2

(1;
p

3); d2 =
a
2

(1; �
p

3) and d3 = � a(1;0): (1.2)

Carbon atoms have the electronic con�guration[He]2s22p2. In graphene, two of

the p orbitals and thes orbital sp2 hybridize and form three in-plane orbitals with

an angle of 120� between them. Each of them overlaps with an in-plane orbital of

a neighboring carbon atom. These are the so calleds bonds (see Figure 1.1b). The

remaining out-of-planepz orbitals contain one electron per carbon atom and form
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