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1
I N T R O D U C T I O N

Despite the field of solid state physics being less than two centuries old,
the fruits of research and developments within the field play an indis-
pensibly large role in our daily lives. Entertainment, communications,
research, and many more fields are powered by tiny integrated cir-
cuits, miniscule wiring and countless antennae of all shapes and sizes.
Physicists have managed to produce models that correctly describe the
properties of many of the crystalline materials used in the guts of all
electronic devices and are able to design new components based on
material properties. Many fancy our knowledge of condensed matter
to be absolute, which creates a sense of resignment not unlike that
which preceded the tremendous paradigm shift near end of the 19

th

century caused by the introduction of quantum mechanics. I argue
that the opposite is indeed true: with every passing day, the amount
of unanswered questions only grows rather than shrinks. A paradigm
shift - which has yet to propagate through to the majority of people -
is in this case possibly triggered by the discovery of high-temperature
superconductors. The properties exhibited by this family of materials
suddenly makes it becomes painfully obvious that our knowledge of
conventional solid state materials is established on assumptions which
do not hold for a plethora of newly discovered materials.

Of course, this is a rather dramatic narrative, and most scientists
busying themselves with the understanding of the properties of crys-
talline materials are aware of the limits of the theories used to describe
their electronic properties. It remains however true that electron corre-
lation effects have been neglected for a long time and limit the validity
of most theories, as they are based on the assumption that electrons
in a material hardly interact. It is in fact rather surprising to what ex-
tent single-electron theories describe certain aspects of materials such
as iron, in which electron correlation effects are known to play a sig-
nificant role. The fact that we are aware of the limits of conventional
theory, and know where they are, does not provide any insight in the
complex physics not well described by single-electron theory however.

1



2 introduction

New systems exhibiting physics governed by interactions between elec-
trons are found every single day. The properties of these materials are
often described as exotic, but form a new and exciting area in solid
state physics, as they lead to new electronic phases.

Although conventional theory inherently lacks the ability to describe
physics originating from electron correlation effects, new theories have
been in development by the correlated electron community, increasing
our grasp on these complicated challenges. An example of a radi-
cally different approach to understand and describe correlated electron
physics in condensed matter is the attempt to use anti-de Sitter/con-
formal field theory correspondence to describe the strong interactions
in terms of quantum gravity within string theory. In order to assay
claims based on such complex theories, correlated systems need to be
extensively studied with experiments.

A major example of a material exhibiting exciting and new physics
was already mentioned: the family of high-temperature superconduc-
tors, specifically the cuprates. These copper oxide based ionic com-
pounds exhibit an unconventional form of superconductivity at tem-
peratures of up to two orders of magnitude higher than the ’conven-
tional’ superconductors, which are relatively well described and un-
derstood with Bardeen-Cooper-Schrieffer (BCS) theory. The cuprates
however are rather challenging to prepare experimentally and have
a complex phase diagram. More and more materials are discovered
however to show similar physics, leading to an increasing pool of can-
didates to study experimentally in order to gain an understanding of
the physics of correlated systems and gauge the theories describing
them.

It is this opportunity to study electron correlation effects in these
experimentally accessible materials which forms the motivation for
the research presented in this thesis: the search for unconventional
physics in crystalline materials in order to provide another platform
for the study of electron correlation effects and the resulting plethora
of electronic phases. In this thesis, work on three different systems is
presented in the context of unconventional electronic phases, i. e. elec-
tronic states of matter which challenge single-electron theories. The
approach taken in this work is the investigation of these systems by
means of scanning tunneling microscopy, which is a technique that
provides not only topographic, but also spectroscopic information at
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the atomic scale. The spectroscopic signatures in specific distinguish
single electron physics from correlation effects.

1.1 outline

The work presented in this thesis is split in two sections, according
to the title: topology and non-Fermi liquids. The first part, regard-
ing topology, describes mostly theoretical work on graphene nanorib-
bons, which exhibit ballistic electron transport across large distances
at room temperature. Calculations based on the tight-binding method
show that these structures exhibit a topological phase, driven by strain.
In the second part, two systems featuring non-Fermi liquid behavior
are considered: the Van der Waals crystal FeGeTe and highly doped
graphene, both of which exhibit charge ordered phases. Non-Fermi
liquid behavior is defined as anything that is not in line with the be-
havior expected from Fermi liquid theory, which describes electron
behavior in metals without electron correlation. In order to elucidate
this and provide a basis for understanding the physics and terminol-
ogy related to non-Fermi liquids, the second part starts with a chapter
explaining firstly Fermi liquid theory and secondly the breakdown
leading to non-Fermi liquid behavior. Both parts are preceded by a
chapter introducing scanning tunneling microscopy and the common
analysis techniques used in the rest of the chapters. As a significant
part of the four years spanned by my doctorate research were invested
in the setup itself, the first chapter furthermore contains a brief ex-
planation of some of the challenges involved with scanning tunneling
microscope, and some of the design choices that were made in the pro-
cess of creating a working setup. The thesis is concluded by a chapter
providing a summary of the main findings and corollaries as well as
an outlook which puts this work in a broader context and provides
suggestions for future work.





2
S C A N N I N G T U N N E L I N G M I C R O S C O P Y

2.1 introduction

Scanning tunneling microscopy (STM) represents one of the major ad-
ditions to the surface spectroscopy scientist’s toolbox, as well as a
beautiful example of the quantum nature of surfaces at the atomic
scale. Not only does the technique allow resolving the structure of
a surface on the atomic scale, but it also concurrently provides spec-
troscopic information. Scanning tunneling spectroscopy (STS) directly
probes the local density of states of a surface, which can be obtained
with the same lateral atomically resolved resolution as the surface to-
pography, which allows for direct correlation of topography and spec-
troscopy. The technique was developed in the 80’s of the previous
century, which led to a Nobel prize being awarded to its inventors,
and subsequently made its name by providing a microscopic account
for unresolved problems such as the support it gave for the Si 7× 7
adatom model[1]. Even today, almost 40 years later, STM still remains
a workhorse of surface science, and even though major advances were
made since then on the data acquisition side, the way of measuring
has hardly changed.

Scanning tunneling microscopy is a probing technique in which an
atomically sharp metallic needle (tip) is brought in close proximity
(3-8 Å) to a surface. A quantum mechanical process known as tun-
neling allows electrons to move from the tip to the sample or vice
versa with a minute probability, which results in a current. The tip is
mounted on a structure of piezoelectric material which allows precise
movements of the tip by applying a voltage, and is referred to as the
scanner. By measuring the tunneling current and scanning the tip in
a raster pattern across the surface, the surface can be probed with res-
olution up to the atomic scale. Typically, a feedback loop is used to
keep the current constant by moving the tip to and from the surface
while scanning. The feedback loop, signal conversion and logic to con-
trol the tip movement are together referred to as the control circuit, as

5



6 scanning tunneling microscopy

nA

Scanner

Tip

Sample

Control

Figure 2.1: A schematic representation of a scanning tunneling microscope.
The tip moves over the sample surface, while the tunneling cur-
rent is measured. The tip is moved by the scanner, which is driven
by the controller.

is shown in Figure 2.1. Although the concept might appear simple,
implementation is not entirely trivial. As an STM routinely achieves
atomic resolution, any contaminants of a surface are visible and hence,
measurements are commonly performed in ultra high vacuum and at
cryogenic temperatures, which introduces additional challenges. This
chapter provides a perspective on the technical side of STM by going
into the design of such an instrument and discussing the challenges
involved, and furthermore gives an overview of the techniques for
data analysis and interpretation of STM/STS measurements used in
this thesis. The first and following section is however dedicated to the
theory behind scanning tunneling microscopy and spectroscopy.
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2.2 theory of stm

2.2.1 Tunneling current

STM as a measurement technique hinges on the fact that the finite
tunneling probability that exists when the wave functions of two atoms
overlap scales exponentially with the distance between them. By using
an atomically sharp tip, a microscope probes the wave functions of
the surface atoms with atomic precision. The exponential dependence
of the tunneling probablity means that the tunneling current resulting
from an applied bias between the tip and the surface is highly sensitive
to the distance z between them[2]:

I ∝ V
z
e−2κz, (2.1)

in which κ is the inverse of the decay distance. In the traditional modus
operandi, the tip is moved in a grid pattern over the surface, while the
current is kept constant by moving the tip towards or away from the
surface. By keeping the current constant, the distance between the tip
and the sample surface is kept approximately constant. Approximat-
ing the situation as a one-dimensional problem, incorporating the vac-
uum as a potential barrier as shown in Figure 2.2 a), gives a first intu-
itive approach for the tunneling process. Using the Wentzel-Kramers-
Brillouin (WKB) approximation, the tunneling probability for a barrier
with a potential relatively large compared to the electron energy is
given by[3]

T = e−
2
 h

∫z
0 |p(x)|dx (2.2)

with

p(x) ≡
√
2m[E− V0(x)],

where z is the width of the barrier (the tip-sample distance) and E �
V0(x) the energies of the incident electrons and the barrier, respectively.
In the case of STM, the barrier potential with respect to the electrons
is roughly equal to the work function, which is typically 4-5 eV for
most metals. The typical kinetic energy of electrons in both the tip
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and the sample is far less than that, so that using the WKB approxi-
mation makes sense. For a linear barrier as shown in Figure 2.2 a), the
expression simplifies to

T(E) = e−2
√
m
 h [ΦT+ΦS−2E]z, (2.3)

in which ΦS and ΦT are the work functions of the tip and sample,
respectively. This approximation gives the tunneling probability of
an electron with an energy E, but the measured quantity is a current
rather than the bare tunneling probability. In order to measure a tun-
neling current, a bias is applied between the tip and the sample, while
the current running through the circuit is measured with an amplifier.
The technical aspects of such an amplifier are discussed further on in
this chapter.

When a bias V is applied across the junction, the energy term in
Equation 2.3 is replaced by E → E− eV

2 . The current flowing across
the junction is of course dependent on the energy-dependent density
of states of both the tip and the sample, ρT and ρS. As is graphi-
cally shown in Figure 2.2 b), it is the integration of the amount of
electrons which can adiabatically tunnel into an empty state across
the barrier in a certain amount of time, which depends again on the
energy-dependent transmission probability:

I ∝
∫eV
0

ρs(E)ρT (E− eV)T(E, eV)dE. (2.4)

Usually, it is assumed that the density of states ρT of the metallic tip
is constant, which simplifies the expression somewhat further:

I ∝
∫eV
0

ρs(E)T(E, eV)dE. (2.5)

2.2.2 Tunneling spectroscopy

As the tunneling current at a certain applied bias as given by Equa-
tion 2.5 depends on the density of states of the sample, the tunneling
process can be used to gain spectroscopic information. The derivative
dI/dV is proportional[2] to the sample density of states at energy eV :

dI

dV
∝ eρS(eV)T(eV , eV) + e

∫eV
0

ρS(E)
dT(E, eV)
d(eV)

dE. (2.6)
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Figure 2.2: a) A 1D representation of the potential barrier formed by the vac-
uum between an STM tip and a surface. The respective work
functions of the tip and sample are indicated with ΦT and ΦS. b)
A 1D representation of the density of states of a sample and an
STM tip. The filled electron levels are shown, shaded up to the
Fermi level, as are the vacuum level, work functions of both tip
and sample and the tunneling process. The bias applied between
the tip and the sample is marked V .
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Although the second term is not directly proportional to ρS, Equa-
tion 2.3 shows that the transmission probability scales smoothly with
the bias V , such that the second term only gives rise to a featureless
background and features in the measured dI/dV signal are attributed
to the sample density of states, as long as inelastic processes are disre-
garded[4].

As the tunneling probability decays exponenially and the STM tip
is assumed to be atomically sharp, STM has an extremely high spatial
resolution and hence, also spectroscopic measurements are resolved at
atomic length scales. By measuring the dI/dV signal subsequently at
points in a scan grid, a map of the spectroscopic features is obtained.
This technique is commonly referred to as current imaging tunneling
spectroscopy (CITS). Whereas the transmission probability T in Equa-
tion 2.6 is featureless during a single dI/dV measurement however, it
is not necessarily constant - and even very likely that it varies - across
the surface. This means that just by measuring and comparing the
dI/dV curves at different locations, the absolute numbers of density
of states can not be compared, although this does not prevent features
from being compared. There are methods which are commonly used
for normalization of the STS curves, such as measuring d ln I

d lnV [5], which
normalizes on the tunnel junction impedance I/V and cancels out the
exponential dependence of T on z and V . This technique however gives
rise for numerical challenges, as (dI/dV)/(I/V) has a double singular-
ity as the current goes to zero as the voltage changes sign. This can
be solved by convolving the signal with a Gaussian, but there are tech-
niques for normalization which are applicable more straightforwardly.
Two examples of commonly used normalization techniques both hinge
on the assumption that the total density of states varies slowly over
the surface. By dividing by either the DOS at an energy far removed
from the Fermi level, or by dividing by the integral over dI(V)/dV , the
curves can be normalized in a relatively painless fashion.

2.2.3 Lock-in spectroscopy

By blatantly performing numerical differentiation in order to obtain
dI/dV , the signal-to-noise ratio (SNR) in the I(V) signal is reduced, as
differentiation reduces low frequency components and enhances high
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frequency ones and noise is typically expected to dominate the high
frequency bands. Rather than performing numerical differentiation,
STS measurements are typically performed using a lock-in technique,
which allows for direct measurement of dI(V)/dV . The lock-in tech-
nique adds a small (typically a few mV) sinusoidal modulation Vmod

to the bias VB:

V(t) = VB + Vmod sin(2πft), (2.7)

due to which the current signal becomes time-dependent. By express-
ing the time-dependent current as a Taylor expansion around the cen-
ter value VB:

I(t) ∝
∫eVB
0

ρS(E)dE+ρS(eVB)eVmod sin(2πft)+
dρS
deV

e2V2mod
2

sin2(2πft)+ . . . ,

(2.8)

it is evident that the amplitude of the first frequency-dependent com-
ponent scales with ρS. The operation principle of a lock-in amplifier
hinges on the orthogonality of sinusoidal functions of different fre-
quencies. By multiplying the signal I(t) with a generated sine of fre-
quency f and integrating, the magnitude of the component in the sig-
nal with the same frequency is found:

S =
1

T

∫T
0

sin(2πft+φ)I(t)dt, (2.9)

in which T is the integration time which should be longer than the
oscillation time 1/f and is typically taken around 10/f. φ indicates
the phase shift of the multiplication signal with respect to the modula-
tion signal Vmod sin(2πft). The phase between the modulation signal
and the multiplication signal is usually set so that it compensates for
any phase lag of the measurement signal acquired during amplifica-
tion, but can also be used to minimize the effects of crosstalk, as is
discussed further on in this chapter. A schematic representation of a
lock-in amplifier is shown in Figure 2.3. As signals with a frequency
different than the modulation frequency f are integrated out by the
lock-in amplifier, is it a narrow frequency band detect, and this tech-
nique reduces influence of noise and greatly improves the SNR.
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Figure 2.3: A schematic representation of a lock-in amplifier.

2.3 the design of a microscope

Whereas up until this section the theory of STM and STS were dis-
cussed, this section focusses on the experimental implementation of
the techniques. Scanning tunneling microscopy is a multidisciplinairy
challenge, involving mechanical design, electronics design, vacuum
technology, software design and a great deal of patience. Although
STMs can be bought commercially, there is still a lot of thought and
challenge involved with controlling the interplay of all the different
components and subsequently obtaining measurements. In the next
few sections, some considerations in the design of such a microscope
are discussed: the electronics and amplification of the tunneling cur-
rent, the preparation of tips, the sources of noise, and briefly the me-
chanical design.

2.3.1 Amplification

In order to measure the tunnel current, which is typically in the nA
range, a suitable amplification has to be made. In most designs, am-
plification is done in two stages: first the current conversion and then
a subsequent stage for impedance buffering and possibility to further
increase gain. Hand in hand with the design of an amplification pro-
cess goes the decision about whether to bias the tip or the sample and
where to measure the current, as is shown in Figure 2.4. Intuitively,
this might not matter, but electronically either choice might involve its
own complications. Furthermore, each route also should be consid-
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Figure 2.4: Four different measurement configurations for a UHV STM.

ered from a mechanical point of view: it might be easier to build a
microscope in which the sample is grounded, but this means that the
tip side needs to be biased and used for measuring the current, such as
in Figure 2.4 c,d). The latter means that the entire amplification stage
should be lifted to the bias applied to the tip, and furthermore has the
downside that any leakage currents are also detected. Due to these
issues, it tends to be easier to bias the sample and measure the cur-
rent through the tip, or vice versa, such as shown in Figure 2.4 a) and
b), respectively. The operating temperature of the microscope might
also complicate the design of an amplifier, as semiconductor electron-
ics might behave differently at cryogenic temperature[6] or even seize
to work entirely[7]. In the case of a room temperature microscope or
a microscope without a cryostat, the amplification might (partially) be
performed in vacuum, which reduces noise as the wiring can be kept
short.

The STM measurements shown in this thesis were recorded on a
microscope in which the sample is biased, and the current is measured
via the tip. The current preamplifier virtually grounds the tip with a
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transimpedance amplifier, as shown in Figure 2.5. The amplification
of such a configuration assuming a perfect opamp is given by[8]

Vout

Iin
= −Rf, (2.10)

where in this case, Rf = 1 GΩ. This means that the current amplifi-
cation stage achieves a conversion gain of 109, such that 1 nA input
current results in an output of -1 V. This large gain comes with two
downsides: an extremely high input impedance and a relatively small
bandwidth. The bandwidth of an operational amplifier circuit scales
inversely with the gain, but the story for transimpedance amplifiers is
slightly different. Instead, the parasitic capacitance Ci shown in Fig-
ure 2.5 a) across the input forms a low-pass filter in the feedback along
with the feedback resistor R. The response of this filter is given by

β =
1

1+ RfCis
, (2.11)

where Ci gives the capacitance over the input. The reciprocal 1/β is
called the noise gain of an amplifier. The capacitance essentially acts as
a parasitic pathway for current, but only for high frequencies due to its
low impedance. For a perfect opamp this would not form a problem,
as the potential difference across the capacitance is always perfectly
kept at zero, but a real opamp will correct the parasitic current by
increasing its output voltage in order to minimize the voltage across
its differential inputs. At higher frequencies, the noise gain curve has
a slope of 6 dB/oct, which means that noise amplification increases.
The zero of the noise gain curve sits at fn = 1/(2πCiRf), as is shown
in Figure 2.5. As the input capacitance increases, the location of the
zero in the transfer function shifts, which moves curve to lower fre-
quencies. Due to the parasitic capacitance, the transfer function of the
total amplifier is

V0 = −
ITRf

1− 2πRfCi
AO

, (2.12)

in which AO is the open loop gain of the opamp. As the frequency ap-
proaches fn, not only does the noise gain increase, but also the phase
shift increases up to 90°. This phase shift, combined with the intrinsic
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Figure 2.5: a) The schematic of a transimpedance amplifier. b) The Bode plot
of a transimpedance implifier showing the characteristic closed
loop gain and the noise gain curves.

phase shift of the opamp and a gain larger than unity, leads to ring-
ing as a result of loop instability. To prevent this, a capacitor Cf is
commonly placed parallel to Rf, which places a dominant pole in the
closed loop gain curve, consequently limiting the bandwidth of the
system. The fact that the noise gain curve slope increases when the in-
put capacitance is increased cautions a warning. While the tip-sample
capacitance is low, in the case of an STM at most 10−15 F, the capac-
itance of the wiring between the tip can be more significant. Using
coax cables for shielding might seem a good idea, but can introduce
large amounts of noise in the measurement circuit if the amplifier is
not compensated for the added capacitance. The bandwidth of the
measurement circuit in the case of the microscope used in the mea-
surements presented in this thesis is roughly 5 kHz, which means that
the amplification factor will rapidly drop for signals with higher fre-
quencies.

The second stage of amplification usually has a number of different
purposes. Firstly, the transimpedance amplifier shown in Figure 2.5 a)
is an inverting amplifier. In order to correct this, the second stage can
be designed such that it inverts again. Secondly, the STM signal itself,
i. e.the information about the surface, is found in the frequency bands
below a few 100 Hz. Hence, in order to reject high frequency noise, a
low pass filter can be incorporated in the second amplification stage.
Thirdly, the second stage could be used to increase the gain even fur-
ther, e.g. in a case where extremely small currents are measured. And
lastly, the second stage of amplification is a buffering amplifier. The
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microscope is normally not directly next to the controller or the op-
erator. In order to get the amplified signal from the amplifier to the
controller, coaxial or shielded cable is commonly used as to shield the
signals from external electromagnetic fields. The cable can easily be a
few meters long, which represents a large impedance due to its capac-
ity. In order to prevent attaching this impedance directly to the output
of the transimpedance amplifier, it is good practice to use a unity gain
amplifier as a buffer. A schematic showing the amplification-, biasing-
and modulation circuits of our microscope is shown in Figure 2.7. The
transimpedance amplifier circuit is shown, as is the unity gain buffer.
The filtered and amplifier current signal going towards the controller
is marked I+ and I-, and a separate branch for lock-in spectroscopy
measurements is marked LIA+ and LIA(0). The rest of the circuits,
used for biasing and lock-in spectroscopy, are discussed in the next
section.

2.3.2 Lock-in spectroscopy

In order to perform spectroscopy measurements, the tip-sample bias
is modulated and the resulting effect in the current signal is detected
with a lock-in amplifier, as stated in Section 2.2.3. The easiest way to
perform the experiment is naturally not to run the tunneling current
through the lock-in amplifier, but rather to take the voltage signal di-
rectly after the second stage amplification. The modulation frequency
has to fall within the amplifier bandwidth, as the steep fall-off of the
gain above the bandwidth limit would suppress the modulated part
of the current signal. Ideally, the modulation frequency is chosen as
close to the bandwidth as possible due to three reasons. Firstly, the
low frequency bands contain more noise due to the 1/f contribution,
as is discussed in the next section. The second reason is that the inte-
gration time needed for the lock-in detection inversely scales with the
modulation frequency, which allows faster measurements or a higher
SNR. Lastly, the bias is continuously modulated during a CITS experi-
ment, and the higher the frequency of the modulation signal, the less
it influences the current and height signals recorded for the topogra-
phy measurement. In this case the chosen modulation frequency is
4.079 Hz. As most modern lock-in amplifiers do their signal process-
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Figure 2.6: A schematic representation of the twisted wire pairs connecting
the tip and sample to the vacuum feedthrough. The parasitic ca-
pacitance between them is indicated CP.

ing mostly digitally, a 4
th order band pass filter is used to prevent any

noise from ’locking up’ the AD converter.
A major problem with the lock-in spectroscopy technique as de-

scribed is crosstalk. Whereas a lock-in amplifier rejects signals and
noise on all frequencies but the modulation frequency, it isolates all sig-
nals with that frequency, even if the signal does not originate from the
experiment. As stated, there is a small but finite capacitive coupling
between the tip and the sample. A far larger capacity is usually found
in -and between- the cables however. The previous section explains
that the use of coaxial cables is detrimental from a noise perspective
and hence, twisted pairs of wires are used in our microscope for in-
vacuum connections. A pair consists of a wire which makes the con-
nection between either tip and sample and the vacuum feedthrough
and another wire which is normally connected to system ground on
the air side and shields the first wire. This is schematically shown
in Figure 2.6, where the wire connected to the sample for applying
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the bias is marked VB and the wire used to measure the current IT .
The disadvantage of this approach is the relatively large parasitic ca-
pacitance between the pairs, which causes significant crosstalk, e. g.in
lock-in spectroscopy experiments.

The solution for this is to reduce the net electromagnetic field com-
ing from the wire pair by having each wire in the pair at opposite
potential at all time. This leaves only a small dipole field, but as both
the wires have a slightly different capacity with respect to ground,
essentially forming a Wien bridge, this is not a trivial excercise. By
using a 1:1 transformer, the modulation signal can be coupled into the
twisted wire pair used for biasing the sample, shown as VB and V0 in
Figure 2.6. The modulation signal coming from the lock-in, shown as
Vmod+ and Vmod- in the schematic, are connected to the primary side
of the transformer. By biasing the secondary side of the transformer
with a potentiometer, which is marked R1 in Figure 2.7, the balance be-
tween both branches of the secondary winding can be set. The twisted
wire pair is connected to the branches, as shown in the schematic.
This essentially offsets the potential of either wire between V(t) =

VB + Vmod sin(2πft) + Vmod and V(t) = VB + Vmod sin(2πft) − Vmod.
The modulated components of both branches are in antiphase and
hence, by adjusting the potentiometer, the offset can used to lower
net potential, reducing crosstalk. In the case of the microscope used
to perform the measurements in this thesis, using a high-performance,
mu-metal shielded audio transformer, this trick reduced crosstalk by
more than 30 dB. An added advantage is that any leakage current from
the lock-in amplifier is not introduced into the system. Furthermore,
noise introduced via the bias circuit can be reduced by differential am-
plification. Figure 2.7 shows the biasing circuit, which consists of an
impedance matching amplifier for either core of the biasing line from
the controller, marked Bias(0) and Bias+, and a differential amplifier
which cancels any noise introduced in the cabling as this would be
in-phase in each core.

2.3.3 Tips

A major component of a usable STM setup is the tip used to scan the
surface. A tip should be extremely sharp, metallic and mechanically
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Figure 2.7: A schematic of the current amplification-, biasing-, and modula-
tion circuits.
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stable. Commonly used materials for tips are PtIr and W, either of
which has its advantages and disadvantages. The large advantage of
using PtIr tips is that they do not have the native oxide layer that tung-
sten does have, but the disadvantage is that PtIr tips are mechanically
rather soft, which means that in the event that the tip crashes into the
sample surface for whatever reason, the tip is often irreversably dam-
aged. As tungsten is one of the hardest materials, tips made from it
do not suffer from these problems. The tips used for all measurements
shown in this thesis are made out of tungsten and this section briefly
considers a solution used for the biggest challenge involved with the
use of tungsten tips: the deoxidation process.

Tungsten tips start out as a piece of tungsten wire, typically with a
diameter of 150-250 µm. In order to obtain an atomically sharp point,
the wire is electrochemically etched in an aqueous NaOH or KOH
solution. After inspection with first an optical microscope and subse-
quently with an electron microscope, the best tips are selected. Tips
with a radius of curvature of less than 50 nm are generally considered
sharp enough. An example of a sharp tip imaged with an electron mi-
croscope is shown in Figure 2.8. Tungsten is very prone to oxidation.
Tungsten oxide has a band gap which can be up to 3 eV for bulk struc-
tures, which makes it rather unsuitable for a tunneling experiment.
The oxide is usually removed by either local heating to extreme tem-
peratures (flashing), bombardment with Ar+ ions, or treatment with
HF. Due to its dangerous nature, HF is usually not the preferred op-
tion. The large problem with Ar+ bombardment is that, although the
impact of highly kinetic ions destroys the oxide layer, the tungsten
itself is destroyed too and often results in a mechanically instable tip,
which leaves flashing the most elegant solution. Flashing makes use of
the fact that tungsten oxide sublimates with the following reaction[9]

2WO3 +W → 3WO2 ↑, (2.13)

which takes place at temperatures above 800 °C, while tungsten itself
has a melting point far above 3000 °C. By locally heating the apex of
the tip with an e-beam, the oxide sublimates while the bulk of the
metal remains, and even becomes mechanically more stable as the
large thermal energy removes strain within the material. The prob-
lem is however that controlling the temperature in the tip is difficult,
while overheating risks melting the tip and reducing the sharpness.
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Figure 2.8: A micrograph of a tungsten STM tip at a) 400x magnification and
b) 250 000x, which reveals the tip apex, which has a radius of
curvature of <30 nm.

An elegant solution for this problem comes in the form of a feedback
mechanism. By using Fowler-Nordheim cold emission, the sharpness
and oxide layer thickness can be monitored and used to obtain a sharp,
metallic tip in a controlled and reproducable fashion. Cold field emis-
sion, as the name states, is the non-thermal emission of electrons from
a surface under the influence of a large electric field. It obeys the
Fowler-Nordheim relation:

IFN ∝
(
Ve

r

)2
exp

[
−6.8 · 109Φ3/2ξkr

Ve

]
, (2.14)

where Φ is the work function of the emitting material, ξ is a factor
describing the geometry, and r is the radius of curvature of the tip.
By measuring the cold field emission current IFN, the radius of cur-
vature can be estimated, assuming the work function of tungsten Φ
= 4.5 eV[10]. More importantly, the current at a set voltage goes up
as the oxide layer becomes thinner, as the work function of the native
oxide is higher[11]. As the radius of curvature increases on the other
hand, the current decreases.

Figure 2.9 a) shows the used setup in two different configurations:
flashing tips is done by resistively heating a filament and applying a
voltage of 1 kV between the tip and the sample. Electrons get ther-
mally excited from the filament, are accelerated towards the tip and
due to the impact, the tip heats up. Measuring cold field emission cur-
rent is done by reversing the high voltage, and measuring the current
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that results from electrons being pulled from the tip to the cold fila-
ment. According to Equation 2.14, ln IFN/V

2 has a linear relation with
the reciprocal voltage, and cold field emission measurements shown
in Figure 2.9 b) show that this is indeed the case. The measurement
has been performed before and after one, two and three flashing steps.
The first two flashing steps cause the curve to shift towards higher re-
ciprocal voltages, indicating that the oxide layer becomes thinner. The
third flashing step shifts the curve towards lower reciprocal voltages,
likely indicating that the flashing step melted the tip and increased the
radius of curvature.

2.3.4 Noise

Scanning tunneling microscopes are prone to noise, as the technique
is very sensitive and the typical signals are small. The three significant
inherent types of noise are thermal noise, 1/f noise and shot noise.
Thermal noise and shot noise are sources of white noise, i. e.a constant
power spectral density, while 1/f or Flicker noise is a source of pink
noise, with a power spectral density inversely proportional to the fre-
quency. The latter originates from quantum fluctuations in the current
and dominates the noise spectrum at low frequencies. Typically how-
ever, the accuracy of an STM measurement is not limited by the noise
floor, but by instabilities in the tunnel junction, electrical noise or hum
caused by improper shielding or ground loops, or lastly by vibrations.
In the next section, the latter is briefly discussed.

2.3.4.1 Vibration

Another source of disturbance is coupled not directly into the UHV
system, but rather through the air. Sound isolation can definitely make
a major difference in the stability of the microscope, as especially loud
noise is often directly visible in the microscope. An extreme example is
shown in Figure 2.10, which shows the recorded current of an STM in
tunneling contact over time while a song was playing. The waveform
of the song is plotted above it, and peaks in the STM current signal
can directly be correlated to peaks in the waveform. While an STM
lab environment is typically not a noisy one and an STM is well iso-
lated from potential vibrations, this underlines that sound vibrations
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can indeed directly influence the measurements and a soundproof en-
closure should be considered. As the effect of sound vibrations might
not be visible on some days as well as others is it might be tempting to
think that this is related to the tip-sample interactions and geometry.
As a blunt tip has a small but finite electrical capacitance with respect
to the metallic sample surface, vibrations affect the capacitance and
hence cause a (dis)charge current which can be measured as a result
- not unlike the working principle of a condenser microphone. It is
however possible to estimate the extent of this capacitive effect.

Suppose a vibration which shakes the STM tip around its mean po-
sition z0 at the setpoint i0, v0. The vibration has a sinusoidal nature
and makes the tip shake with an amplitude a and a frequency f, which
gives an expression for the tip-sample distance:

z(t) = a sin(ft) + z0. (2.15)

As a result, the tunneling resistance changes due to the gap size be-
ing changed, but also the capacitance between the tip and the sample
changes. As the bias across the gap is kept at a value of v0 by the con-
troller, the capacitance has to charge and discharge as the tip shakes
with respect to the sample. As Q = CV , the current that is measured
by the amplifier due to the change in capacitance is given by

iC = Q̇ = V
dC

dt
. (2.16)

Assuming the (metallic) sample surface fully flat and the tip a perfect
sphere, the capacitance of the tip-sample system is given by the stan-
dard expression:

C = 2πε0R ln(8R/z(t)), (2.17)

where R is the tip radius which is usually between 20 and 200 nm.
Combining Equation 2.16 and Equation 2.17 and assuming z0 = 1 Å, a
= 0.1 Å, and v0 = 1 V, the capacitive current is found to be

iC = −afV2πε0
R

z0
cos(ft), (2.18)

which gives a capacitive current fluctuation of about 1 · 10−15 A for f
= 1 kHz. The resistive tunnel current on the other hand is given by

iT = VKe−κz, (2.19)



2.3 the design of a microscope 25

Yes - I’ve Seen All Good People

0 5 10 15 20 25 30
Time (s)

STM signal

Figure 2.10: The waveform of a passage of the song ’I’ve Seen All Good Peo-
ple’ by the band Yes (top) and the current signal recorded from
an STM in tunneling contact while the song was playing. The
current signal was filtered with a 10th order Butterworth high
pass filter at 2 Hz to remove the DC current offset, while the
song was filtered with a 4th order low pass at 40 Hz.
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with K and κ constants both in the order of magnitude 1 · 10−10. For
the previous conditions, the same vibration would lead to a fluctuation
in the tunnel current of 15 pA around the setpoint of 185 pA. Hence,
capacitive effects are completely insignificant when compared to effect
of vibration on the tunnel junction.

2.4 analysis

In this last section, two analysis techniques used in this thesis are in-
troduced and shortly discussed.

2.4.1 FT-STM

Whereas crystals and their electronic properties are commonly de-
scribed in reciprocal space due to their periodicity, STM is a real space
technique. It allows resolving electronic and topographic properties
not visible in diffractive techniques, such as single defects, but periodic
structures are not conveniently and accurately observed in real-space
images. Fourier transforms (FT’s) provide a way to analyze STM mea-
surements in the reciprocal space, and forms the backbone of the tech-
nique of looking at electronic properties in reciprocal space dubbed
Fourier transform scanning tunneling microscopy (FT-STM)[12]. The
2D Fourier transform operation, defined as

U(qx,qy) = F(u(x,y)) =
∫∫∞

−∞ u(x,y)e−i2π(qxx+qyy)dxdy, (2.20)

gives a 2D spectrum U(qx,qy) when applied to a function in 2D space
u(x,y). The spectrum is a complex function of the spatial frequencies
qx and qy and gives information about the periodic signals in u(x,y)
and their phases. In practice, the magnitude of the spectrum is often
considered, while the phase is relevant only in some cases. When
applied to STM measurements, the discrete version of Equation 2.20 is
used.

The Fourier transforms of three simulated lattices are shown in Fig-
ure 2.11. Whereas a square lattice results in a 90°symmetric spectrum,
a hexagonal lattice gives a spectrum which is rotation symmetric over
60°. By definition, the spectra are mirror symmetric as the Fourier mag-
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nitude |F(u(x,y))| is by definition point symmetric in qx = qy = 0. Fig-
ure 2.11 c) shows a hexagonal lattice, with added pixel- and line noise
and demonstrates the effect of noise: whereas pixel noise makes the
lattice difficult to observe in real space, the Fourier transform shows
clearly that of a hexagonal lattice. The line noise, which offsets each
horizontal line, is noise which is typically present in grid microscopy
measurements and results in a vertical line in the Fourier transform.
This artefact is observed in the Fourier magnitude plots of all real STM
measurements. In this thesis, and scanning probe research in general,
the scale of the reciprocal space plots and the size of reciprocal vectors
is given as defined in Equation 2.20. In nonlocal momentum-resolved
probing techniques such as low energy electron diffraction (LEED),
angle resolved photoemission spectroscopy (ARPES), resonant elastic
X-ray scattering (REXS), and electron energy loss spectroscopy (EELS)
however, reciprocal distances include the factor 2π found in the def-
inition of the reciprocal lattice vectors bi · aj = 2πδij. This should
be noted when comparing measurements performed with different
techniques in reciprocal space. As an example, the reciprocal lattice
constant of graphene is 2π 2√

3

1
a = 2π 4.69 nm−1. In this thesis, the

peak corresponding to the atomic Bragg peak, i. e.the reciprocal lattice
vector, would be found at |q| = 4.69 nm−1, whereas an ARPES mea-
surement would put it at 29.5 nm−1.

2.4.2 STS normalization

In order to compare STS measurements acquired at different locations
on the surface, the spectra need to be normalized, as discussed in
Section 2.2.2. Apart from normalization, the spectra may be scaled
and offset due to the lock-in phase and remaining crosstalk and hence,
the spectra need to be corrected before normalizing. The tunneling
current amplifier is well characterized and calibrated and although
directly obtaining the dI/dV signal by differentiation results in a very
noisy spectrum, the I(V) signal can be used for calibration of the dI/dV
signal obtained with the lock-in amplifier. Assuming a linear scaling
factor A and an offset C between the lock-in signal ρ(V) and the true
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Figure 2.11: Three simulated lattices and their respective Fourier transforms.
a) A square lattice. b) A hexagonal lattice with a reconstruction.
c) A hexagonal lattice, with line and pixel noise.
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spectrum, S and C can be determined by using a linear regression
algorythm to minimize

S =
∑
V

Aρ(V) −
dI(V)

dV
−C, (2.21)

where dI(V)
dV is either the slope of a linear fit in a range V − δV - V + δV

or obtained via analytic differentiation of a low-frequency spline. The
measurements in this thesis are calibrated using local linear fits:

S =
∑
V

Aρ(V) −α|V −C, (2.22)

where α|V is the slope of a linear fit through I(V) in the neighborhood
of V .
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T H E O R I G I N O F B A L L I S T I C T R A N S P O RT I N G N R S

3.1 abstract

A tight binding model describing zigzag graphene nanoribbons was
developed in order to understand ballistic transport and near-edge dis-
persive states previously observed with scanning tunneling microscopy
in these systems. By incorporating time reversal symmetry breaking,
the model revealed a dispersive topological state which is likely to fa-
cilitate ballistic transport as well as to be the origin of the spectroscopic
features. The origin of spontaneous time reversal symmetry breaking
are attributed to a large strain gradient which leads to what is very
likely a quantum phase transition.

3.2 short introduction to graphene

Graphene is a two-dimensional (2D) material featuring a hexagonal
crystal lattice consisting of carbon atoms. The 2010 Nobel prize for
physics was awarded to two physicists for the first extraction of graphene
and ’groundbreaking experiments regarding the two-dimensional ma-
terial’ and over the decades that followed the first extraction, the ma-
terial would take its place in research labs by storm. Even almost 20

years after the first experiments on graphene, the many fields sparked
by the carbon crystal still thrive with new and exciting research. Al-
though its extraordinary strength and weight were underlined during
the Nobel prize awards, graphene is usually researched for different
properties, such as the linear energy dispersion of its low-energy elec-
trons, the peculiar manifestation of the quantum Hall effect[1], and
the potential for chemical functionalization. This chapter regards a
curious form of electron transport in graphene nanoribbons (GNRs),
which are ribbon-like structures fabricated from graphene. First how-
ever, a concise introduction to graphene is given, in which the crystal
structure, band structure and some electronic properties are discussed

35
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Figure 3.1: a) The crystal structure of graphene, showing the unit vectors ~a1
and ~a2, which span the unit cell. The unit cell contains two carbon
atoms, which are located on two different triangular sublattices,
marked A and B. b) The two high-symmetry edge configurations
seen in graphene structures: the zigzag and armchair edge types.

in order to provide a background for the research presented in the
remainder of this chapter.

The lattice of graphene is composed of two interpenetrating triangu-
lar sublattices of carbon atoms, referred to as the A and B sublattices.
The resulting atomic crystal structure is the typical honeycomb struc-
ture, shown in Figure 3.1 a). The orbitals of the carbon atoms in the
crystal lattice are sp2 hybridized, i.e. there are three equal bonds in the
crystal plane, angled 120° apart. The hybrid orbitals are composed of
the 2s, 2px and 2py atomic orbitals, whereas the 2pz orbital is aligned
perpendicularly with respect to the crystal plane and is solely respon-
sible for the electron transport in graphene.

The pz orbitals and the hexagonal alignment give rise to the typi-
cal band structure of graphene. It can be calculated fairly accurately
with a tight-binding method[2], in which typically only the 2pz or-
bitals are considered. As shown in Figure 3.2, the tight-binding calcu-
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Figure 3.2: The band structure of graphene along the path shown in the Bril-
louin zone in a). b) shows the band structure as calculated with
an GGA DFT calculation, as well as calculated with a nearest-
neighbor tight-binding calculation.

lation agrees quite well with an ab initio calculation, especially within
a window of roughly an eV around the Fermi level. The density func-
tional theory (DFT) calculation shows multiple bands, whereas the
tight-binding shows only two bands - the π and π∗ bands - as only
the pz orbitals are considered in the calculation. The π bands show
the linear dispersion of the Dirac cone around the Fermi level at the
K-point, which is by far the most distinguishing features of the band
structure. A linear dispersion implies a zero band mass and hence, the
particles are referred to as relativistic Dirac fermions.

In the rest of the chapter, rather than infinite sheets, finite structures
are considered in the form of GNRs. GNRs are a member of the exten-
sive family of graphene structures. A GNR is a structure with a finite
width and a much larger length l � w. The widths of these struc-
ture vary from typically a few nm’s to tens of nm’s in some cases. A
GNR can be seen as a small strip cut from an infinitely large graphene
sheet. The orientation of the cut determines the geometry of the edge
of the GNR, and thereby explicitly also the electronic properties of
the ribbon. Two ’high-symmetry’ edges are distinguished, namely the
’zigzag’ and ’armchair’ edge types, which are shown in Figure 3.1 b).



38 the origin of ballistic transport in gnrs

Any other edges are labelled ’chiral’, with an index indicating the exact
configuration.

3.3 band structure of gnrs

In this section, the band structure of GNRs will be discussed. As men-
tioned previously, properties of a nanoribbon are governed by its size,
morphology, and edge geometry. Theoretically, an infinite number of
different tpyes of GNRs exist, but the discussion of the band structure
of GNRs in this will be confined to the two major archetypes: those
with armchair edges and those with zigzag edges, with a strong focus
on the latter, as the experimental work referred to in this thesis mostly
concerns zigzag GNRs.

3.3.1 General Bloch description

A GNR of both the armchair and zigzag type can be seen as a semi-
one-dimensional structure in the sense that its length is much larger
than its width l � w, and is often even considered infinite. Looking
at the atomic structure, the complete structure of the ribbon can be de-
scribed by a segment repeating itself ad infinitum in the longitudinal
direction of the ribbon. The shape of a segment can be chosen arbi-
trarily, but it always spans the full width of the ribbon. All segments
are indiscernable, implying a translational invariance. It is convenient
to use a single segment as the unit cell for calculations, making use of
the translational symmetry in the longitudinal direction. In this entire
thesis, the ribbon is decribed in the x,y-plane in a Euclidian space, the
longitudinal direction of the ribbon always along the x-axis. Since the
segments repeat periodically in the longitudinal direction, the Bloch
theorem

ψ(~r) = ei
~k·~ru(~r) (3.1)

states that the solutions of the Schrödinger equation in the ribbon can
be described as a plane wave with a propagation vector in the longi-
tudinal (x-direction) modulated with some function u(~r) = u(~r+ ax̂)
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with the same periodicity as the segments. This leads to a constraint
on the form of the electron wavefunction in the ribbons:

ψ(x,y) = eikx·xu(x,y), (3.2)

where u(x,y) is some function with the same periodicity as the lattice
in the x-direction, but which is not periodic in the y-direction (unless a
plane wave description is used). This expression of the wave function
is a general property for all nanoribbons of the armchair- and zigzag
type (and even for all chiral type ribbons, albeit with a much larger
segment size and corresponding periodicity). Although at first glance
this gives GNRs a different band stucture than bulk graphene, the
band structure of a GNR is nothing else than a projection of the bulk
band structure on a discrete plane in the Brillouin zone, and converges
perfectly to the bulk band structure in the thermodynamic (bulk) limit,
as is shown in the next section.

3.3.2 Correspondence in the bulk limit

Considering a one-dimensional (1D) atomic chain, the primary exam-
ple of a toy model in the field of condensed matter physics, consisting
of N atoms with a single orbital spaced at a distance a, the interac-
tions between which are described by some potential, two possible
boundary conditions can be chosen: either periodic (ψ(0) = ψ(N)) or
non-periodic ψ(x < 0) = ψ(x > N) = 0. In the case of a non-periodic
chain, the number of possible indistinguishable wavefunctions and cor-
responding eigenenergies is finite and exactly N. In the bulk limit
N → ∞, the number of possible energies and states becomes larger
and eventually forms a continuous spectrum, approaching the solu-
tion obtained for the chain with periodic boundary conditions. The
discretization of the band structure in the transversal direction in a
GNR is completely analogous. As the system size in the transversal
direction is finite, the number of possible solutions and corresponding
eigenvalues is finite and exactly equal to the number of atoms in one
segment.

Following this logic, increasing the width of the ribbon would con-
verge the energy spectrum towards a continuous spectrum, approach-
ing the bulk solution again. Analogous to the 1D atomic chain, the en-
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Figure 3.3: A hypothetical one-dimensional band structure, incidentally re-
sembling that of graphene. In a finite-sized system, the number
of possible wave vectors is equal to the number of atoms, resulting
in a discrete energy spectrum, such as marked by the dots.

ergy spectrum of a finite chain is simply a discrete subset of the contin-
uous spectrum of bulk energies. More concrete, the possible momenta
of an electron in the finite direction are given by Kn = n2π

aN , forming
a discrete Brillouin zone. The corresponding eigenenergies are then
given by evaluating the bulk band structure: En = Ebulk(

n2π
aN ), as

is shown in Figure 3.3. This is completely analogous to the energy
spectrum of a particle in a box compared to a free particle.

The ribbon, however, is translationally invariant in the longitudinal
direction, and thus the energy spectrum as a function of longitudinal
electron momentum is continuous in that direction. The Brillouin zone
of a GNR is discrete in the transversal direction and continuous in the
longitudinal direction, as is shown for both zigzag- and armchair style
ribbons of 12 atoms wide in Figure 3.4. When the Brillouin zone dis-
cretizes, so does the band structure, which is referred to as zone fold-
ing. The band structure of a nanoribbon is therefore usually plotted
along the longitudinal direction, for the entire width of the unit cell or
lattice segment. The number of bands is equal to the number of atoms
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Figure 3.4: The semi-discrete Brillouin zones of zigzag and armchair GNRs
each 12 atoms wide, plotted over the hexagonal BZ of bulk
graphene. Several high-symmetry points are marked in the
graphene BZ. Due to the finite width of a ribbon, the Brillouin
zone is discrete in the transversal direction.

in the unit cell, and the bands correspond to projections of the bulk
band structure on the discretized BZ, as is shown schematically in Fig-
ure 3.5. As the edge is not taken into account, while the band structure
on the back plane strongly resembles that of a zigzag GNR (zzGNR),
it is missing the flat band commonly associated with zzGNRs.

3.3.3 Tight-binding description

The tight-binding approach is a convenient way to calculate the elec-
tronic band structure of solid state systems with a covalent bonding
character. In the case of graphene, a simple nearest-neighbors approx-
imation describes especially the low-energy single particle dynamics
particularly well. Within the tight-binding approach, the wave func-
tions of the total system are expressed as linear combinations of atomic
orbitals at the lattice sites. Depending on the calculation and the sys-
tem, multiple orbitals may be considered at each site, but for graphene
usually only the 2pz orbitals are taken into account, as these are re-
sponsible for the π and π∗ bands and such a model provides an accu-
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Figure 3.5: The band structure of graphene within the first BZ. In a semi-
discretized BZ, such as that of a 12 atoms wide zzGNR, as is in-
dicated by the lines on the bottom plane, the band structure is
essentially the projection of the bulk band structure on the dis-
cretized BZ, as is shown on the back plane.
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rate description of the low-energy single electron physics well up to
1 eV around the Fermi level[3].

Considering only the 2pz orbital on each site, the tight-binding Hamil-
tonian takes the form

Ĥ =
∑
<i,j>

tijc
†
icj +H.C., (3.3)

where c†i(ci) are fermion creation (annihilation) operators, < i, j >
indicates iteration over nearest-neighbor sites and t is the hopping
energy, which is taken to be the commonly accepted value[3] of 2.7 eV
in the calculations presented in this chapter.

Whereas graphene has two atoms in its primitive cell, the story with
a finite structure of graphene such as a GNR is a little different. In or-
der to describe a GNR in terms of a repeating unit cell, it is convenient
to take a unit cell that spans the width of the ribbon and have it repeat
along the longitudinal direction with a unit vector ~a1 = 1

2

√
3aC−C,

such as shown in Figure 3.6. The fact that the ribbon is finite along the
transversal direction means that the fermion momentum along this
direction is no longer a good quantum number, and results in the
aforementioned discretization of the BZ and projection effects.

The band structure and density of states (DOS) of a GNR are shown
in Figure 3.7. The DOS shows a large peak at the Dirac energy, cor-
responding to a Van Hove singularity caused by the nondispersive
zigzag (zz) surface state[4] marked with an arrow. The band projec-
tion effect due to the finite width of the ribbon such as discussed in
Section 3.3.2 is clearly visible. The zero-energy state is a property of
the zigzag edge which locally breaks bulk symmetry, and although
commonly referred to as an edge state, it has the character of a sur-
face state: the state is highly localized and hardly robust to structural
disorder[5]. The nondispersive character results in the group veloc-
ity of the state being zero, which means that the state does not facil-
itate electron transport. The state decays exponentially towards the
bulk |Ψedge|

2 ∝ e−αy. Furthermore, the symmetry of the bulk Hamil-
tonian prevents this surface state from existing anywhere but at the
edge. This graphene 2D surface state is often referred to in literature
as the graphene edge state, which is quite confusing and is an exam-
ple of physicists being linguistically inaccurate in some cases. For the
sake of consistency, the state resulting from the zigzag termination
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Figure 3.6: A schematic representation of the geometry of an 8-zzGNR as
it would be used in a tight-binding model. The unit cell spans
the ribbon width and the unit vector ~a1 is along the longitudinal
direction of the ribbon. The distance between two sites aC−C,
the nearest-neighbor hopping t and the A- and B sublattices are
indicated.
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Figure 3.7: The band structure and DOS of a 28-zzGNR, calculated with a
tight-binding calculation. The large peak in the DOS at E = 0 is
caused by the nondispersive zigzag surface state, indicated with
an arrow.

of graphene is referred to as the graphene surface state in this thesis,
while the name ’edge state’ will be reserved for states of a completely
different nature, as is discussed in this chapter.

3.4 sidewall zzgnrs

In 2014, the group of Tegenkamp et al. managed to grow sidewall
GNRs by means of selective thermal dissociation of silicon carbide,
and published transport measurements performed on these ribbons,
exhibiting signs of ballistic transport[6]. Ballistic transport in a quasi-
one-dimensional graphene structure is in itself not so surprising, as
this has been demonstrated in carbon nanotubes and GNRs before[7,
8]. However, the sidewall ribbons are an order of magnitude wider
than the typical GNRs in which ballistic transport has been measured,
strongly decreasing electron confinement in the transversal direction,
making ballistic transport much more unlikely. Moreover, the longi-
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tudinal distance over which the ballistic transport persists in the mea-
surements of Tegenkamp et al. is extremely large compared to other
systems.

3.4.1 Ribbon geometry

The sidewall ribbons are fabricated by etching and annealing trench-
like structures in the (0001)-facet of 6H-SiC and subsequently growing
graphene by thermal dissociation of the substrate, which is a proven
method for growing high quality homogeneous graphene[9]. Due
to preferential growth on certain facets, graphene growth nucleates
sooner at the walls of the trench structures than at the (0001)-facet[10].
Although trace amounts of monolayer graphene (dubbed parasitic graphene)
form on the (0001)-facet, as is evident from photoemission spectroscopy[11],
it is clear that the vast majority of the graphene-like structure on the
(0001)-facets is buffer layer graphene, which is in line with the band
gaps observed in scanning tunneling spectroscopy (STS)[10], whereas
the typical V-shaped spectroscopic signature of the ribbon is far more
in line with that of monolayer graphene[12]. Photoemission measure-
ments show the Dirac cone originating from the GNRs[11, 13], as well
as a Dirac cone originating from the parasitic graphene. Whereas the
Dirac point of the latter sits at -0.4 eV, indicating the electron doping
associated with epitaxial graphene on SiC[12], the Dirac point of the
GNRs sits on the Fermi energy, suggesting that the ribbons are charge
neutral and have no significant electrical or chemical interaction with
the substrate.

The ribbon itself is suspended over the sidewall of the trenches at an
angle of 22° with respect to the (0001) facet[10] and has a typical width
of 20 to 40 nm. By changing the orientation of the etched trenches with
respect to the crystal orientation of the substrate, the alignment of the
graphene with repsect to the edges can be chosen. Although both
ribbons with both armchair[13] and zigzag[6] edge configurations are
grown, only zigzag GNRs are considered in the research described
in this chapter. A micrograph of the ribbon structure recorded with
STM is shown in Figure 3.8 a). Scanning tunneling microscopy (STM)
topographs of the ribbon such as shown in Figure 3.8 c) do not ex-
hibit a 6× 6 (or any) reconstruction pattern, which confirms that the
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Figure 3.8: A topograph of a zzGNR, recorded with STM. a) The geometry
of the ribbon is visible, with the upper edge transitioning into
a plateau and the lower edge being attached to the bottom of a
trench. b,c) correspond to archetypical areas marked in a), show-
ing respectively the lower edge and middle (bulk) parts resolved
on the atomic scale. Scanning parameters used were a) VT = 2 V,
IT = 1 nA, b) VT = 1.9 V, IT = 100 pA, c) VT = 0.5 V, IT = 1 nA.

graphene of the GNR is freestanding. The sidewall GNRs, while free-
standing, are attached to the substrate on either side. The topography
at the atomic scale as resolved by STM and TEM shows clearly that the
ribbon smoothly transitions into the buffer layer graphene sheet on the
(0001)-facet of the SiC substrate[6, 11]. While resolving the complete
atomic structure of the lower edge with STM on the other hand proves
rather challenging due to the 3D structure of the STM tip, TEM mea-
surements show that the ribbon is perpendicularly connected to the
substrate, as well as a strong curvature in the lower few nm of the
ribbon[11]. Due to the steep angle, the transition of the ribbon into the
substrate cannot fully be resolved with STM, but Figure 3.8 b) shows
that the edge is atomically sharp.

Due to a sign difference in the linear thermal expansion coëfficients
of graphene and the SiC substrate, typical epitaxial graphene exhibits
residual strain[14]. As the effects of strain on the electronic properties
can be significant[15] and can even lead to topological changes[16, 17],
it is important to consider the role of strain in electronic effects and
topology changes. Raman spectroscopy provides a way to indirectly
probe strain in a graphene layer, as the energy of the intervalley double-
resonance scattering Raman band associated with the breathing mode



48 the origin of ballistic transport in gnrs

Plateau

b

GNR
Trench

Figure 3.9: Raman measurements recorded on a sidewall zzGNR sample.
Spectra were obtained on a 37 × 37 grid spanning 80 × 80 µm.
a) The individual Raman spectra in the range between 2400 and
3100 cm−1, and their mean in red. The spectra exhibit a peak at
2750 cm−1, which is attributed to the graphene 2D Raman peak.
b) The lower half shows the intensity of the 2D peak plotted on
the grid, obtained by integration of the spectra between 2700 and
2800 cm−1. The top half shows an SEM image of the sample, ex-
hibiting the sample structure. The scale bar corresponds to 5 µm.

transversal optical (TO) phonon, known as the 2D band, is rather sen-
sitive to doping and strain[18]. Figure 3.9 a) shows 1400 Raman spec-
tra of a GNR between 2400 and 3100 cm−1, as well as their mean in
red, exhibiting the graphene 2D peak at 2750 cm−1, which is strongly
blueshifted with respect to the 2D peak of fully relaxed graphene at
2680 cm−1. The integrated intensity of the spectra between 2700 and
2800 cm−1 is plotted in the lower half Figure 3.9 b), which in combi-
nation with the overlayed SEM image shows that the 2D peak signal
originates from the ribbon, while the buffer layer shows no Raman
scattering in the same wavelength regime. As photoemission experi-
ments show that the ribbons are charge neutral, the blueshift of the 2D
peak can only be attributed to a compressive strain, which based on
the shift of 70 cm−1 is estimated[18] to be as much as 3%.
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3.4.2 Ballistic transport

In a transport experiment performed with a four-point probe STM,
sidewall zzGNR ribbons exhibit a conducitivity that does not scale lin-
early with the distance between the probe[6], as would be the case
for a typical Ohmic diffusive transport scenario. Instead, the conduc-
tivity assumes a constant value of 39 µS for probe spacings between
500 nm and 10 µm, which is the value of the conduction quantum
e2/h[19]. The lack of correlation between the measured resistance and
the probe spacing as well as the conductance value of e2/h indicates
ballistic rather than diffusive transport. The major difference between
diffusive and ballistic transport is the mean distance an electron prop-
agates between scattering events. In the case of diffusive transport, the
elastic mean free path le is smaller than the transport channel length
L[20], whereas in a ballistic system, the electrons propagate largely
without scattering (le > L).

Although the electron mean free path of graphene in some perfectly
chosen conditions far exceeds that of most materials[21, 22], it is still
limited by scattering due to morphological disorder and the interac-
tion with phonons and does not exceed 1 µm at room temperature.
As ballistic transport is observed over distances of an order of magni-
tude larger than that, it is clear than ballistic transport of such long
distances at room temperature is not attributable to the intrinsic prop-
erties of electrons in graphene, but is rather facilitated by a different
mechanism.

3.5 near-edge state

A piece of the puzzle of the mechanism facilitating ballistic transport
at room temperature over long distances is found in zero-energy states
near the ribbon edge discovered in STM experiments. In this section,
a simple theoretical model incorporating a broken time reversal sym-
metry is introduced, which is able to describe the trends observed in
the experimental data and suggests the presence of a topological sur-
face state, which provides an explanation for the observation of ballis-
tic transport in sidewall zigzag GNRs. The chapter is then concluded
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Figure 3.10: STS spectra recorded at a) the middle of different ribbons and b)
at the edge of different ribbons.

with a discussion on the origin of spontaneous time reversal symmetry
breaking, which potentially is found in local strain gradients.

Figure 3.10 a) shows STS spectra recorded in the middle (bulk) of
different ribbons, exhibiting the typical V-shape associated with the
graphene STS spectrum[12]. In contrast, Figure 3.10 b) shows spectra
recorded on the lower edge of different ribbons. These spectra clearly
exhibit a peak at the Fermi energy, which is likely related to the state
facilitating ballistic transport, as the lower edge has been pinpointed
as the location of the ballistic transport[23, 24].

Closer spectroscopic investigation of the edge reveals that while the
zero-energy state is not dispersive along the edge as is shown in Fig-
ure 3.11 a,b), the peak splits and appears to be dispersive when prob-
ing away from the edge in the direction transversal to the ribbon, as
is apparent from the spectra shown in Figure 3.11 c), corresponding to
the locations marked in Figure 3.11 a). The energy of the peaks mea-
sured on different ribbons is plotted versus the distance to the edge of
the ribbon in Figure 3.11 d), which indeed shows a definite splitting.
Apart from the splitting, the state shows a (nonlinear) dispersion in
the transversal direction.
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Figure 3.11: An STS measurement showing the splitting state near the GNR
edge. a) A topograph showing the lower edge of the ribbon, as
well as the locations of the spectroscopy measurements. b) STS
spectra recorded at different locations along the edge at different
locations, corresponding to the points marked in a). c) STS spec-
tra recorded at locations with increasing distance to the edge, as
marked in a). The distance between two consecutive measure-
ments is 4 Å. Peaks in the curves corresponding to the splitting
state are marked with arrows. d) The energy of the peaks in
the spectra recorded during multiple experiments on different
ribbons plotted versus the distance to the ribbon edge. The split-
ting and dispersion is clearly visible. The parameters used for
obtaining the topograph were VT = 1.9 V, IT = 100 pA.



52 the origin of ballistic transport in gnrs

3.6 topological surface state

The correlation between room temperature ballistic transport and zero-
energy states near the edge of the ribbon appears evident, but a state
facilitating ballistic transport in a ribbon at room temperature is not
trivial. A key to understanding the mechanism behind it is the ob-
servation of e2/h conduction channels. The fact that the conduction
quantum takes this value rather than 2e2/h indicates that time rever-
sal symmetry is broken[25]. By introducing time reversal symmetry in
a simple tight-binding model, not only the mechanism behind ballis-
tic transport through the edge can be understood, but also the nature
of the states observed in the STS measurements becomes clear. In this
section, different possible origins of ballistic edge transport and disper-
sive zero-energy states are discussed and elucidated with toy models.

3.6.1 Landau edge states

An obvious candidate for near-edge states which could potentially fa-
cilitate ballistic transport are the topological chiral edge states such
as seen in the quantum Hall effect. These states are essentially Lan-
dau levels which bend in energy near an edge due to the confinement
potential[26–30]. When these states cross the Fermi level, they form
chiral transport channels, which in the quantum Hall effect leads to
the G0 = 2e2/h conductance. While it is true that Landau levels typ-
ically form in an external magnetic field, the pseudomagnetic field
resulting from strain gradients in graphene sheets can lead to a simi-
lar effect[16, 17], leading to degenerate localized states appropriately
called pseudo-Landau levels. Why strain gradients have an effect so
analogous to magnetic fields might not immediately be clear, but be-
comes slightly more intuitive by looking at the low-energy relativistic
description of the massless Dirac fermions in graphene, given by the
Dirac equation:

νFσ ·
(
~p+

e~A

c

)
Ψ(x,y) = EΨ(x,y), (3.4)

where νF gives the Fermi velocity which has a value of c/300 in graphene,
σ represents the Pauli matrices, ~p is the momentum operator and ~A is
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a vector potential. In the case of a magnetic field B = ∇× ~A, it is clear
what the effects are and how the vector potential comes into play. By
modifying however the bonds between the carbon sites of graphene,
new terms are also introduced in the vector potential[31, 32]:

Ax =

√
3

2
(t3 − t2),

Ay =
1

2
(t2 + t3 − 2t1), (3.5)

where t1,2,3 are the hopping parameters to the respective nearest-neighbor
of a graphene carbon atom. In the small displacement limit, the mod-
ification of the hopping parameter is given by the empirical expres-
sion[15]:

tij = t exp
[
−β

(
dij

a
− 1

)]
, (3.6)

where dij gives the distance between two sites, t represents the hop-
ping energy of 2.7 eV for a fully relaxed graphene bond of a = 1.42 Åand
β = 3.37 is the graphene Grüneisen parameter. By substitution of
Equation 3.6 into Equation 3.5, the expression for the vector potential
resulting from a strain field ~ε(~r) is found[32]:

Ax =
βt

a
(εxx − εyy),

Ay = −
2βt

a
εxy. (3.7)

Hence, by introducing strain in a 2D Dirac fermion system, a vector
potential is introduced, which explains the similarities with an applied
magnetic field. These apparent magnetic fields are commonly referred
to as a pseudo-magnetic field, and can exceed applied magnetic fields
by many times in terms of strength[33]. However, the major difference
between a magnetic field and a pseudomagnetic field is that the latter
does not break time reversal symmetry while the former does. This is
reflected by a symmetry in the vector potential ~AK = −~AK ′[34], which
is broken in a magnetic field. This is the first hint that these edge states
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are not responsible for ballistic transport in the sidewall zzGNRs and
the spectroscopic signatures, as no magnetic field is applied in any
of the transport experiments and Landau edge states resulting from a
strain field do not violate time reversal symmetry, which is the case as
is evident by the conduction quantum.

The second argument that contradicts the presence of edge states
is their dispersion. By introducing a transversal linear strain gradi-
ent (εyy = c) in a tight-binding description of a zzGNR and apply-
ing the relation given by Equation 3.6 to the hopping parameters, the
spectroscopic structure of the resulting edge states can be calculated.
Figure 3.12 shows the calculated energy- and sublattice-resolved lo-
cal density of states (LDOS) as a function of the (transversal) distance
from the edge of a 20 nm wide zzGNR. Zero distance corresponds to
the edge, while 10 nm corresponds roughly with the middle of the
ribbon. The Landau levels can clearly seen to be bending away from
the Dirac point with decreasing distance to the edge. Sublattice A fur-
thermore shows the zigzag edge surface state at zero energy, which
exponentially transitions into the n = 0 Landau level. The fact that the
Landau levels bend towards the Dirac point with increasing distance
from the edge is clearly in contrast with the dispersion observed in
the STS measurements, which bends away from the Dirac point with
increasing distance from the edge. Hence, although a viable candidate,
edge states originating from Landau levels are not responsible for the
ballistic transport in sidewall zzGNRs.

3.6.2 Topological surface state

By approaching the problem the opposite way and just blatantly break-
ing time reversal symmetry in a model, the correct solution to the
problem becomes apparent. Although the origin of time reversal sym-
metry violation is neglected in this approach, a simple tight-binding
model reveals a surface state which not only exhibits a spectroscopic
structure matching the experimental data, but also is topologically pro-
tected and hence provides a formidable mechanism for ballistic elec-
tron transport. In order to introduce violation of time reversal sym-
metry in the tight-binding description of a zzGNR, a complex next-
nearest-neighbor hopping term is added. This term is commonly re-
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Figure 3.12: The energy-resolved and sublattice-specific LDOS of a 20 nm
wide strained zzGNR as a function of distance to the edge, as
calculated from a tight-binding model. The strain gradient is con-
stant, i.e. the strain profile has the form εyy = c, with c = 0.005

ferred to as the Haldane term as the Nobel-prize winner has shown
that this leads to time reversal symmetry breaking in graphene[35].
The full tight-binding Hamiltonian takes the form

Ĥ =
∑
<i,j>

tijc
†
icj + t

′eiφ
∑
�i,j�

c
†
icj +H.C., (3.8)

where < i, j >(� i, j �) indicates summation over (next-)nearest-
neighbor. t ′ and φ indicate the next-nearest-neighbor hopping strength
and the Haldane phase respectively. The introduction of the Haldane
term lifts the degeneracy of the zigzag surface state and adds disper-
sion. Figure 3.13 a) and b) show the band structures of 20 nm wide
zzGNRs without and with a Haldane term (t ′ = 100 meV) included in
the Hamiltonian, and both aforementioned effects are clearly visible.
Rather than a degenerate set of bands, the surface state now consists of
two linear bands that form a cross and connect the respective valence-
and conduction bands of opposite valleys.

By calculating the expectation values of the transversal position <
ŷn >=< ψn|ŷ|ψn > with n the band numbers of the surface states
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Figure 3.13: The band structure of a 20 nm wide zzGNR as calculated with
a tight-binding model a) without and b) with the inclusion of a
complex next nearest-neighbor hopping term with a strength of
t ′ = 100 meV.
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and plotting them versus the corresponding eigenenergies, the real-
space dispersion can be calculated. In the tight-binding framework,
the transversal position operator is defined as

ŷ =
∑
i

yi|i >< i|, (3.9)

with i indexing the sites in the unit cell. The transversal dispersion of
the surface state in a 20 nm wide zzGNR with t ′ = 100 meV is shown
in Figure 3.14 a). The zero-energy peak splits into two bands which
disperse away from the Dirac energy, which is in agreement with the
experimentally observed behavior. The state however only shows a
significant dispersion in the first Å, after which the eigenenergy stays
almost constant. The effect of strain on the surface state is however
significant. By incorporating a transversal strain profile εyy(y) = c+

αy9 which includes both a compressive strain term as well as a strain
gradient near the edge, the dispersion of the surface state predicted by
the model matches the dispersion as measured in the STS experiments.
The surface state splitting predicted by the tight-binding model using
a compressive strain of c = 0.03, as found in the Raman experiments,
and a 9

th order strain gradient, obtained by fitting to the experimental
data, is shown in Figure 3.14 b), plotted along with the experimental
data. The calculated dispersion matches the splitting observed in the
experiments quite well. The value t ′ = 100 meV of the next-nearest
hopping strength matches the experimental data best, but agrees with
values reported in literature[3, 36, 37].

Apart from matching the spectroscopic signatures observed in STS
experiments, the dispersive Haldane surface state is topologically pro-
tected. This can be proven by calculating the first Chern number of the
surface states. The first Chern number is a topological invariant of the
electronic structure, which indicates whether a global gauge can be de-
fined for the system. A state with a nonzero Chern number indicates
its topological character, as is the case in for example two-dimensional
electron gases in a B-field[38], where the prediction of topologically
protected states actually predates the discovery of the quantum Hall
effect by Klaus von Klitzing[39].

The Chern number of a certain band can be calculated by integrating
its momentum-dependent Berry curvature over the first Brillouin zone.
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Figure 3.14: The eigenvalues of the energy of the Haldane surface bands of
a 20 nm wide zzGNR versus the calculated eigenvalues of the
transversal distance from the edge. a) t ′ = 100 meV, no strain
profile. b) t ′ = 100 meV, with a strain profile εyy(y) = c+αy9.

The Berry curvature of band n, Ωn(~k), related to the adiabatically
accumulated Berry phase γn in a closed loop by the Stokes relation

γn =

∫
S

dS ·Ωn(~k), (3.10)

can be calculated directly from the Bloch description of the model. In
reciprocal space it is defined as:

Ωn(~k) = ∇~ki < un(
~k)|∇~k|un(

~k) >, (3.11)

where un(~k) denotes the Bloch weight of the nth state.
However, as the tight-binding models introduced in this chapter are

periodic only in one direction, the Bloch theorem is valid only in this
direction. In order to calculate the Chern number, the model is made
periodic in both directions, introducing the GNR edges by modifying
the hopping energies at periodic intervals in the perpendicular direc-
tion. The fully periodic model, although computationally expensive,
gives a true plane wave description of the wave functions. The Chern
number of the band is then defined as the integral of the Berry curva-
ture over the first BZ:

Cn = −
1

2π

∫
BZ
Ωn(~k)d~k. (3.12)
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The normalized Berry curvature in the first BZ of one of the surface
bands calculated for a 16-zzGNR is shown in Figure 3.15. It is clear
that, while the curvature is zero across the majority of the BZ, the cur-
vature is nonzero at two points. The horizontal bands of finite Berry
curvature correspond to the surface bands at kx = 0, ky = ±

√
3
2
π
8a ,

which connect the K-points in the rectangular BZ. Integrating the cal-
culated Berry curvature according to Equation 3.12 gives a Chern num-
ber of -1, which confirms that the surface state is indeed a topological
state.

By breaking time-reversal symmetry, the zigzag surface state be-
comes a topological state which is no longer degenerate. The state
furthermore becomes chiral due to the absence of time reversal sym-
metry while inversion symmetry is still present. The presence of a chi-
ral edge-bound mode results in a nonzero Chern number according to
the bulk-boundary correspondence principle, which is indeed verified
numerically. The state furthermore contributes to electron transport
with a conductance[40] of G = e2

h |C| = e2

h , which matches the ex-
perimentally observed conductance quantum. Due to its topological
nature, it cannot be removed by mere deformation of the surface[41]
and hence has a robustness against morphological disorder to a cer-
tain degree. The well defined group velocity of the state and the fact
that, due to its chiral nature, no state with an opposite sign is present,
suppress backscattering, providing a robust mechanism for ballistic
electron transport.

3.7 origin of trs violation

While the approach of artificially introducing time reversal symmetry
violation in the tight-binding model shows that under such circum-
stances a topological surface state emerges, it leaves the question how
time reversal symmetry is broken in zzGNRs. The symmetry break-
ing is usually achieved experimentally by applying a magnetic field,
but this is not the case in any of the performed transport experiments.
In Section 3.6.1, the potential involvement of Landau-type edge states
was discussed. Similar states can be introduced in the form of pseudo-
Landau states by introducing a strain gradient, but as discussed, these
cannot be responsible for ballistic transport in zzGNRs or the spectro-
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face band, calculated for a 16-zzGNR. The image spans the entire
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scopic signatures - not least due the absence of time reversal symmetry
breaking. Although it is true that in the first order approach, as shown
in Equation 3.7, strain does not break time reversal symmetry as is
evident from the symmetry of the gauge potential, under some cir-
cumstances it is possible that strain spontaneously, locally, breaks time
reversal symmetry[42]. The lower end of the ribbon is curved starkly,
as is evident from cross-sectional TEM measurements[11], which pro-
vides a realistic scenario for the time reversal symmetry violation that
leads to the emergence of topological surface states.

Whereas a pseudomagnetic field on its own does not break time
reversal symmetry, large Coulomb interaction between the fully de-
generate states introduced by the pseudomagnetic field can lead to a
valley-polarized ground state if the system is at fractional filling[43–
46]. Specifically, a strongly repulsive second-nearest-neighbor inter-
action leads to a favored TRS-broken ground state, whereas a repul-
sive next-nearest-neighbor interaction favors a broken chiral symmetry
ground state[42, 47], but as Igor Herbut[42] concludes: the interaction
strengths are not parameters which can directly be tuned. A finite
flux of the pseudomagnetic field (pseudoflux) however leads to a gap
opening and lifts state degeneracy. A nonzero pseudoflux is hard to
achieve in an infinite sheet of graphene, as a ripple or blister would
(globally) result in zero pseudoflux. In the case of a ribbon however, a
finite pseudoflux is easier to obtain. If only a strain in the transversal
direction is considered, i.e. εxx = εxy = 0, preserving translational
symmetry along the longtidudinal direction, the pseudoflux can be
expressed as

Φps =

∮
Γ

~A · dΓ , (3.13)

which using Green’s theorem, the translational symmetry and Equa-
tion 3.7 can be expressed in the one-dimensional pseudoflux density:

Φps

dx
= −

∫
w

∂Ax

∂y
dy =

βt

a

∫
w

εyydy. (3.14)

The pseudoflux density can become nonzero for a well chosen strain
field, and a resulting vector potential. With the Peierls substitution

tjk → tjke
−i

∫k
j
~A(~r)d~r, (3.15)
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Figure 3.16: The band structure of a 20 nm wide zzGNR as calculated with
a next-nearest-neighbor tight-binding model a) with a sinusoidal
ripple structure, such that the global pseudoflux is zero and b)
with a nonlinear strain profile near the edges such that the global
pseudoflux becomes nonzero.

the vector potential ~A can be directly incorporated in a tight-binding
model accounting for next-nearest-neighbor interactions (t ′ = 0.1 eV).
This allows the direct comparison of the effect of a finite pseudospin:
Figure 3.16 a) shows a 20 nm wide zzGNR with a sinusoidal ripple
structure (Ay ∝ cosy/5), whereas the band structure considering a
nonlinear strain profile (Ay = erfy− y1 + erfy− y2) near the edges,
resulting in a finite positive pseudoflux, is shown in Figure 3.16 b).
By looking at the surface state, it directly becomes clear that whereas
ΦP = 0 results in a degenerate, nondispersive state at E = 0, a fi-
nite pseudoflux lifts the surface state degeneracy and introduces the
dispersion also observed in the Haldane toy mode.

The Peierls phase of the next-nearest-neighbor is the key here. By
comparing Equation 3.15 with the expression for the second order
term in the Haldane Hamiltonian in Equation 3.8, it becomes obvi-
ous that the Haldane term can be written as some well-chosen Peierls
phase. The next-nearest-neighbor interaction strength is a parameter
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which can drive electronic topological changes[47] and specifically the
Peierls phase gives rise to a complex phase diagram, as these inter-
actions can for example open energy gaps in triangular lattice struc-
tures[48].

Although the next-nearest-neighbor tight-binding description of a
zzGNR is by no means a fully physically correct representation, the in-
corporation of a vector potential resulting from pseudomagnetic fields
by means of a Peierls substitution in the system reveals a clear gener-
alization: strain fields with a finite pseudomagnetic flux can result in
a system which violates time reversal symmetry. An example of such
a strain field is given, although an unbounded number of others exist.
The zigzag surface state degeneracy is lifted in those cases, but the spe-
cific dispersion of the surface state and other details in the band struc-
ture depend on the chosen vector potential. The resulting topological
state marks a transition of the electronic topology. As stated, the driv-
ing force behind this transition is the next-nearest-neighbor interaction,
but a finite pseudoflux - which may be infinitessimally small - selects
the time reversal symmetry broken ground state from the manifold of
degenerate ground state and hence triggers the topological transition.
This, along with the fact that an order parameter can be defined[42],
suggests that the transition is in its nature a quantum phase transition.

3.8 discussion

Other mechanisms potentially responsible for time reversal violation
can be considered however. A Rashba-type spin-orbit coupling com-
bined with an exchange field also leads to a non-degenerate topologi-
cal surface state[25], but as the complete absence of magnetic impuri-
ties in these systems was verified with a highly sensitive SQUID exper-
iment, this can be disregarded as a cause. The perpendicular coupling
of the ribbon to the substrate on the lower edge can also be considered
to play a role. Ab initio calculations however show that there is abso-
lutely no chemical interaction between the pz orbitals of the graphene
and the Si atoms of the substrate, and that effects on the ribbon band
structure take place multiple eV’s away from the Fermi level.

The presence of a conducting topological state means that a bulk
band gap should open. Although the term bulk is perhaps an ill-
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defined term in the case of a nanoribbon, the middle of the ribbon
is not expected to show any edge effects. Due to the finite size in the
transversal direction however, the bulk band structure already has a
band gap. The band structure and total density of states of a zigzag
ribbon do not show a gap, but as can be seen from the band structure
of a 40 nm wide ribbon shown in Figure 3.17, the density of states
at the Fermi level is caused by the bands related to the surface state,
which, as the name implies, is localized at the edges. The LDOS calcu-
lated exactly in the middle of the ribbon is also shown, and exhibits a
gap of about 120 meV. As shown in Figure 3.5, the bulk gap can be un-
derstood by considering that the Brillouin zone of a finite sized ribbon
is discretized, and the band structure is essentially the projection of the
3D band structure onto the discretized Brillouin zone. The energy gap
between the second conductance- and valence bands as shown in Fig-
ure 3.17 can be calculated by assuming a linear dispersion around the
Dirac points and taking the distance between two adjacent points in
the discretized Brillouin zone in the transversal direction: kd = 4π√

3aN
.

Using νf = 106 m/s, the expression for the bulk gap is given by:

∆bulk =  hνfkd ≈
4.77
W

[eV · nm] , (3.16)

which for a ribbon with a width of aN ≈ 40 nm gives a bulk gap
of ∆bulk ≈ 120 meV, which is fully in agreement with the value ob-
tained from a tight-binding calculation. This bulk gap has furthermore
been observed in STS measurements recorded in the middle of the rib-
bon[11].

A remaining affair is the matter of the upper edge. It is not entirely
clear why the upper edge does not facilitate ballistic transport and
does not exhibit a surface state as the lower edge of the ribbons does,
but a number of arguments can be considered. Primarily, the geometry
and morphology of the upper edge strongly differ from the lower edge,
as the latter is attached to the SiC substrate perpendicularly and hence
shows a stark curvature in order to accomodate this, whereas the up-
per edge seamlessly transitions into the buffer layer graphene on the
(0001)-facet of the plateaus. Secondly, as buffer layer graphene has the
same crystal structure as the ribbon, but is a band insulator, the elec-
tronic transition is likely gradual, whereas the pz orbitals lower edge
shows no signs of hybridization with the Si atoms of the substrate.
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Figure 3.17: The band structure of a 40 nm wide zzGNR as calculated with
a tight-binding model. The total density of states of the system
is shown, as is the LDOS calculated in the exact middle of the
ribbon. The latter shows a band gap ∆bulk = 120 meV.
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Due to the lack of interesting features, the upper edge, although eas-
ier to probe, has not been subject to the same rigorous investigations
as the lower edge and hence, the cause of the lack of a (conductive)
surface state near the top edge remains purely speculative.

3.9 conclusion

Concludingly, a Haldane-type topological state explains both the ro-
bust ballistic transport observed in sidewall zigzag GNRs and a split-
ting state observed near the lower edge of the ribbon in STS experi-
ments. Time reversal symmetry is artificially broken in the Haldane
model, which is in line with the measured conductance value of G =
e2

h which suggests a broken time reversal symmetry. A pseudomag-
netic field is present due to local variations in strain caused by mor-
phological deformations, such as a large kink near the lower edge. The
pseudomagnetic field in itself does not violate time reversal symmetry,
but a finite pseudoflux can catalyze a quantum phase transition which
is driven by next-nearest-neighbor interaction. A finite pseudoflux can
realistically be achieved in finite-sized structures such as GNRs, and
the generalization that an infinitesimally small pseudoflux can bring
the system in a ground state which violates time reversal symmetry
provides an elegant explanation for the ballistic transport observed
in zzGNRs, as the resulting topological states are chiral, significantly
suppressing backscattering.

3.10 outlook

In a broader perspective, straintronics is an emerging field focussed
on employing the use of strain in two-dimensional materials in order
to make functional devices[49–51]. While it is true that the effects of
strain on these materials are immense and provide a promising degree
of freedom, the effects of strain even on just graphene are far from
fully understood. While focussing mainly on Landau-like physics in
graphene, the link between strain and ballistic transport over large
distances, seemingly unhindered by phonons and morphological dis-
order even at room temperature, provides yet another reminder that
the future advances of an emerging field such as straintronics might
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be in completely different directions than previously predicted. The
generalization of finite pseudoflux leading to violations of time re-
versal symmetry opens up a whole new field of strain engineering
challenges, which could indeed lead to the application of strained
graphene in functional devices. It is staggering how easy it is to fab-
ricate a graphene-based structure, only to find it in a completely dif-
ferent topological state as expected. This story once again underlines
that, even almost 20 years after the first discovery, graphene remains an
interesting and accessible platform to perform fundamental research
on.
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Part II

N O N - F E R M I L I Q U I D S I N T W O - D I M E N S I O N A L
M AT E R I A L S





4
T H E O RY O F D E N S I T Y WAV E S

The discovery of the high-TC superconductors at the end of the last
century marked a paradigm shift in condensed matter physics. Phe-
nomena not observed until then appeared in systems with strongly
interacting particles, arising from collective behavior. Although theo-
ries such as Fermi liquid theory, incorporating weakly interacting par-
ticles, have been relatively successful in describing most metals, there
are currently plenty of materials known which can not be described
with weakly interacting particles because the particle behavior is dom-
inated by strong interactions between the bare particles, e. g. Coulom-
bic - the original example of such a material being NiO[1]. More and
more materials emerge which can not be described by Fermi liquid
theory. A few categories of materials of which the physics are not
described by Fermi liquid theory are discussed in this chapter, includ-
ing one-dimensional systems and density wave systems. Experimen-
tal work on two of such materials is presented in this thesis, namely
FexGeTe2 and gadolinium intercalated epitaxial graphene. This chap-
ter provides an overview of the relevant theory and elucidates on the
terms and concepts used to provide an explanation for the physics of
the two systems presented in their respective chapters. As stated, the
physics introduced by dominant strong electron interactions are not
well described by Fermi liquid theory and these systems are hence of-
ten referred to as non-Fermi liquids or, more correctly, singular Fermi
liquids. Although this chapter focuses on what happens in the cases
that the Fermi liquid theory breaks down, the Fermi liquid is consid-
ered first.

4.1 fermi liquid theory

Fermi liquid theory originates from the endeavour of Soviet physicist
Lev Landau to describe the properties of liquid 3He at low tempera-
tures during the 1950’s[2]. It describes a three-dimensional quantum
’liquid’, which consists of weakly interacting delocalized fermions. Al-
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though developed for helium, it is also successfully applied to describe
electron-electron interactions in a surprisingly large amount of met-
als[3]. What Landau’s Fermi liquid theory entails is essentially a Fermi
gas in which interactions between the fermions are gradually turned
on. Apart from the energy levels of the one-particle states changing,
the fermions scatter and are no longer fully confined to one-particle
states. Because of the finite energy associated with the interactions, the
total energy of the system is no longer the sum of the single-particle en-
ergies. Landau realized that essentially, a large part of the interaction
energy is represented by a renormalization of the single-particle ener-
gies. The renormalization reflects apparent changes in the properties
of the fermions - such as the effective mass, which captures the ele-
gance of Landau liquid theory: the system can be described in terms
of weakly interacting particles whith slightly different properties than
the fermions from which they are constructed. The particles used to
effectively describe the system and its excitations are called quasiparti-
cles. The interactions between quasiparticles are much weaker than the
interactions between the real fermions, which explains why describing
a metal in terms of independent quasiparticles works so well.

4.1.1 Renormalization, spectral function

The elegance of the Landau theory for Fermi liquids mainly originates
from the renormalization process, which allows the system to be de-
scribed in terms of weakly interaction quasiparticles, rather than in
terms of the actual particles, the interactions of which are stronger (and
hence more complex to describe). It is exactly the interaction between
the quasiparticles which forms the contrast between the Fermi liquid
and the ideal, non-interacting Fermi gas. The particles (electrons) in
a Fermi gas have the eigenvalues of the free electron Hamiltonian, re-
sulting in a dispersion

εk =
 h2k2

2m
, (4.1)

in which the wave number k is a good quantum number. It describes a
set of momentum eigenstates which are eigenstates of the Hamiltonian
and form a full basis. Due to the fact that the dispersion bijectively
projects the momentum eigenstates onto the energy eigenstates, the
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energy of a particle in a certain momentum state is very well defined.
This reflects in a sharp spectral function A(k,ω), which is essentially
the probability that a particle with a certain momentum k has an en-
ergy ω. The spectral function of the non-interacting case is nothing
more than a delta function, which can be written as the imaginary
part of the Green’s function G0 for non-interacting fermions:

A0(k,ω) = δ(ω(εk − µ)) for ω > µ,

= −
1

π
Im

1

ω− (εk − µ) + iδ
= −

1

π
ImG0(k,ω),

(4.2)

in which µ denotes the chemical potential, εk the quasiparticle energy,
and δ is the Dirac delta function δ(ω(εk − µ)). The spectral function
is formally defined as the distribution of energies in the system when
a particle with a certain momentum is added or removed and is pro-
portional to the imaginary part of the single-particle Green’s function
for interacting particles. The spectral function can be measured with
photoemission techniques[4].

Whereas the spectral function of a non-interacting Fermi gas is infini-
tisimally sharp, it broadens when interactions are considered. Adding
a particle with a defined momentum k to an interaction system not
only results in an energy distribution representing the kinetic energy
of the added particle, but also gives rise to a contribution originating
from the energy from the interactions between the introduced parti-
cle and the rest of the particles in the system. The contrast between
the spectral functions of a Fermi gas and a Fermi liquid is shown in
Figure 4.1 a) and b), respectively. Both contributions are usually sepa-
rated and referred to as the coherent and the incoherent contributions.
The coherent contribution is the energy distribution corresponding to
the kinetic energy and gives rise to a Lorentzian peak in the spectral
function, as is shown in Figure 4.1 b). The peak, expressed by

Acoh(k,ω) = −
1

π
Im

Zk
ω− ε̃k + i/τk

, (4.3)

is centered around the quasiparticle energy ε̃k ≡ εk − µ which is gen-
erally different than the energy of the free fermion as given by Equa-
tion 4.1. The coherent peak has weight Z and a width that scales with
the inverse of the quasiparticle lifetime τ. Fermi liquid theory states
that close to the Fermi level, the lifetime is proportional to τ ∝ ε̃k−2.
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Figure 4.1: Typical spectral functions for a certain momentum k of a) a Fermi
gas and b) a Fermi liquid. a) The spectral function of a Fermi gas is
a delta peak as the energy of a particle with momentum k is well-
defined and obeys the free electron dispersion. b) The spectral
function of a typical Fermi liquid which consists of a coherent
part, which is a Lorentzian peak, and an incoherent part which
forms a featureless background. The weight Z of the Lorentzian
is the quasiparticle part of the spectral function.

Hence, the lifetime of quasiparticles near the Fermi level increases
rapidly, which indicated that these quasiparticles are well-defined. The
height of the peak Zk is called the quasiparticle amplitude and is es-
sentially the product of the quasiparticle distribution and a measure
of the ’single-particleness’ of the quasiparticles. The trend of Zk(E)
follows the particle distribution function (i. e. the Fermi-Dirac distribu-
tion). On the other hand, if a quasiparticle with a certain energy is
added or removed and is heavily interacting, Z of the resulting coher-
ent peak in the spectral function will be low, whereas a high value of
Z indicates that a quasiparticle has a mostly single-particle character.
The coherent part - the well-defined quasiparticles - is the reason why
’simple’ metals are so well described by Fermi liquid theory and why
we think about charges in a metal as though they were free electrons.
The coherent part is essentially responsible for the predictable features
of most metals, and further on in this chapter the exotic physics that
emerge when the coherent character is minor or absent are considered.
The incoherent contribution on the other hand is a smooth function
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which gives rise to a featureless background in the spectral function.
The incoherent background is the result of the energy distribution of
the interactions of all the fermions in the system which is not captured
by the quasiparticle normalization - all non-linear terms which can-
not be expressed in mean-field effects. If the correlation between the
fermions from which the system is constructed is large, the incoherent
contribution is larger than in a non- or weakly interacting case.

4.1.2 Scattering

The Fermi liquid model allows a suprisingly accurate description of
electrical conductance and the electronic contribution to heat capac-
ity, especially at low temperatures. Conductivity limited by (elastic)
quasiparticle scattering as per Drude’s law is given by

σ =
ne2τ

m∗
, (4.4)

where τ gives the typical timescale of relaxation, n represents the elec-
tron density andm∗ marks the effective quasiparticle mass. Within the
Fermi liquid theory, the average relaxation rate scales with τ ∝ T−2[2],
which means that the electrical resistivity scales with ρ ∝ T2. This is
true for many metals in the low temperature regime[5, 6] where inter-
actions between quasiparticles are limiting, and can be used to gauge
Fermi liquid behavior.

At low temperature, scattering is presumed to be elastic because
scattering happens mainly with fixed impurities, which cannot gain a
momentum in a scattering event with a low energy quasiparticle be-
cause they are fixed in the lattice. The elastic nature of scattering and
the marginal contribution of phonons to heat transport at low temper-
atures are constraints of the Wiedemann-Franz law, which states that
the ratio of electrical- and thermal conductivity of Fermi liquids is pro-
portional to temperature. When temperature is increased, at a certain
point the phonons start to contribute to the heat transfer significantly
and the electrons start to scatter off of the phonons. The fact that not
all thermal conductivity is originating from the electrons as well as
the fact that electron momentum is no longer conserved due to mo-
mentum transfer of electrons to phonons result in a breakdown of the
Wiedemann-Franz law at high temperatures. Furthermore, as electron
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scattering is no longer fully elastic, the resistivity starts to deviate away
from the ρ ∝ T2 behavior. Lowering the temperature can also lead to a
breakdown of Fermi liquid behavior, as the screening length diverges
at low temperatures and leads to long-range Coulomb interactions,
which is known to happen for all metals at extremely low tempera-
tures [7]. Other examples of non-trivial violations of the Wiedemann-
Franz law, which are all related to the emergence of non-Fermi liquid
behavior, include charge neutral graphene[8] and strongly interacting
systems such as Luttinger liquids[9], metallic ferromagnets[10], heavy
fermion metals[11], and underdoped cuprates[12]. The breakdown of
Fermi liquid behavior due to long range electron-electron interactions
is shortly discussed in the next section of this chapter.

4.1.3 Screening

When a charged impurity is introduced in the Fermi liquid, the lo-
cal electrostatic potential will change and cause the mobile quasiparti-
cles to redistribute in order to screen the charge, i. e. to minimize the
Coulomb energy in the system. Depending on the charge of the im-
purity, electron-like quasiparticles will be attracted or repelled by the
impurity. For weak impurities in a Fermi gas, fixed charges are expo-
nentially screened for distances r > k−1F . A more generalized case is
the Lindhard approach, which describes the dielectric response of a
material in terms of the density-density correlation function. A well-
known case is the Lindhard response function for a Fermi gas, also
known as the Lindhard function, which can be calculated exactly as
the density-density correlation function can be calculated due to the
complete lack of interactions. The static, long-wave limit of the Lind-
hard function is known as Thomas-Fermi screening, which gives a
typical screening wavelength k0. Assuming a Boltzmann distribution,
the Thomas-Fermi screening wave vector is given[13] by

k20 =
4πe2n

kBT
, (4.5)

with n the electron density, T the temperature, and kB the Boltzmann
constant. The Thomas-Fermi screening length becomes shorter as the
electron density is increased, but diverges with temperature. Whereas
Thomas-Fermi screening is applicable in the long-wavelength case, which
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works well for screening on typical length scales of an experimentally
realizable system, the approximation is not valid on length scales near
the Fermi wavelength - in metals typically the atomic scale. Although
Lindhard theory in general is in principle exact, the density-density
correlation function becomes rapidly more complex as interactions be-
tween fermions in the system become more involved, and hence is
usually only considered in the Fermi gas approach.

4.2 breakdown of fermi liquid theory

Although Landau’s Fermi liquid theory is an elegant framework which
is able to describe many of the low-energy physics in metals, it has a
limited validity. Apart from the s-metals in which electrons are fully
delocalized and essentially behave as free electrons, Fermi liquid the-
ory also works for a large number of metals with a more localized elec-
tron character, such as the 4d and 5d transition metals. This is quite
surprising considering that Fermi liquid theory essentially describes
the system as a weakly interacting quasiparticle gas. There are how-
ever also plenty of systems that are not accurately described by Fermi
liquid theory or even show a complete breakdown of Fermi liquid be-
havior. When for example transition metal oxides are considered, the
Fermi liquid theory has no validity as the electrons are so correlated
and localized that the description in terms of non-interacting quasipar-
ticles fails completely. Furthermore, multiple systems which do not
comply with Fermi liquid theory are mentioned in this chapter.

As discussed in the previous section, a feature of the Fermi liquid
systems is a peak in the coherent part of the spectral function A(ω,k).
On the other hand, a general indication of breakdown of Fermi liquid
behavior is the lack of a quasiparticle peak in the spectral function,
which indicates that the interactions between the particles in the sys-
tem are so strong that they cannot be renormalized as quasiparticles.
The particles in the system no longer behave as particles and upon
adding or removing a particle, the self-energy of the particle is com-
pletely disregarded and the response of the system is fully incoherent
and nonlinear. It is also possible that some particles with certain en-
ergy and momentum show a breakdown, whereas the other particles
still have a quasiparticle character. This can be observed in photoemis-
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sion spectroscopy as a ’smearing’ of the Fermi surface at certain wave
vectors and is for example seen in systems exhibiting charge density
waves.

There are multiple options which lead to a total breakdown of the
Fermi liquid, commonly called a non-Fermi liquid (NFL) or more
generally, a singular Fermi liquid. They can be categorized in five
classes[7], although only one is considered in-depth in this thesis:

1. Landau-Pomeranchuk instabilities

2. Q-singularities

3. Special symmetries

4. Long-range interactions

5. Singularities in the irreducable interactions

Items 3 and 4 are briefly considered in this thesis, whereas 2 is eluci-
dated upon more thoroughly as it provides a context for the measure-
ments on crystal exhibiting density wave phenomena as discussed in
the following two chapters. All classes of options for driving a system
to Fermi liquid theory breakdown have a common theme: somehow
interactions between the bare fermions or the renormalized quasiparti-
cles in the system diverge or show a singularity under some conditions.
The result is in all cases that full renormalization is not possible. An
example of the category ’special symmetries’ are one-dimensional sys-
tems, in which Fermi liquid is fully invalid. This leads to inherent
instabilities, as is discussed in the next section. The subsequent sec-
tion provides a brief example of how long-range interactions can lead
to breakdown of Fermi liquid theory. The rest of this chapter is dedi-
cated to singularities with certain momenta in the Fermi surface. Such
singularities can manifest as charge- or spin density waves (CDWs,
SDWs) and indicate electron correlation to some extent. This account
of charge- and spin density waves is relevant for the two following
chapters, as two crystalline materials are considered, both of which
exhibit signatures of charge- or spin density waves.
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4.2.1 One-dimensional systems

As stated in the previous section, the validity of Fermi liquid theory is
limited. Although it works well in three dimensions and conditionally
in two dimensions, Fermi liquid theory is not valid in one-dimensional
systems. Due to reduced momentum degrees of freedom, typical prop-
erties of Fermi liquids such as screening are strongly reduced in one-
dimensional systems. There are theories equivalent to Fermi liquid the-
ory for describing the system in terms of excitations rather than its ele-
mentary particles, the primary example being Tomonaga-Luttinger liq-
uid theory. There are however some major differences between Fermi
liquids and Luttinger liquids. Whereas excitations (quasiparticles) in a
Fermi liquid are fermionic, one-dimensional systems are described by
excitations that are bosonic in nature.

As a consequence of the single degree of freedom that the fermions
in a Luttinger liquid possess, tuning the interactions between them can
take the system across a rich quantum phase diagram. Apart from a
metallic phase, Luttinger liquid systems exhibit two major insulating
phases: a Mott insulator phase and a Peierls insulator phase. A phase
transition between the two insulating phases is possible[14]. Within
a tight-binding description, a large on-site Coulomb repulsion (sig-
nified by the Hubbard U) relative to the hopping energy t leads to a
Mott-Hubbard transition, whereas a large (relative to t and U) electron-
phonon coupling will transition the system into the Peierls insulating
phase. The Peierls transition leads to a redistribution of the charges
in the system and enlarges the unit cell. It forms the historical basis
of the density wave phases and although the mechanism behind the
density wave in systems with higher dimensionality is significantly dif-
ferent[15], the Peierls phase provides an intuitive understanding of the
driving force behind the density wave transitions. The metallic phase,
bosonic in nature, differs from the Fermi liquid due to the strong cou-
pling between the bare fermions. This causes the Luttinger liquid to
move as a whole under influence of an external electric field[16], which
omits the scattering resistance and results in a quantized conductivity.

Although the charge contained in a single electron might seem rather
minimal, for large systems the energy associated with the Coulomb
interaction between many electrons can be of significant value. In a
system with large Coulomb interaction, the ground state of the system
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is usually one in which the total Coulomb interaction is minimized.
The Peierls transition accomplishes this with a structural change[17],
but the derivation is valid purely for a true one-dimensional system.
Starting with a simple atomic chain, considering only one atomic or-
bital φs per site, the Bloch theorem states that the wave function will
take the form

ψk(r) =
∑
R

eik·Rφs(r− R). (4.6)

Suppose that the overlap integral between the sites is given by t and
the onsite energy is 0, the band structure of the one-dimensional chain
is given by

E(k) = teik·a + te−ik·a = 2t coska. (4.7)

At half-filling, the Fermi surface in this model is given by the expres-
sion E(k) = 0 and consists of two points within the Brillouin zone
k = ±kF = ±πa2 . These points of the Fermi surface can all be con-
nected with a wave vector with a magnitude of k = pi

a , which is re-
ferred to as the nesting vector. By dimerizing the chain, the system is
able to reduce its energy, as the energy associated with a small bond
deformation u scales with u2, whereas the energy gain of the electrons
scales with u2 logu [17]. Due to the dimerization, a gap opens at ex-
actly the Fermi energy which indicates that the ground state is now
a (weak) insulator. Peierls states that in general, one-dimensional sys-
tems are unstable at half filling. He predicted that instabilities in such
a system would lead to periodic charge fluctuations, which are now
known as charge density waves.

The transition from Luttinger liquid to the Peierls insulator phase
can also be reproduced by considering a tight-binding approach[14].
Starting from a general Holstein model Hamiltonian

H = −t
∑
〈i,j〉

c
†
icj − gω0

∑
i

(b†i + bi)ni +ω0
∑
i

b
†
ibi, (4.8)

where c†, c are fermion creation and annihilation operators, b†,b are
creation and annihilation operators for bosons represting dispersion-
less phonons with energy ω0, t is a hopping parameter, and g rep-
resents the strength of the electron-phonon coupling. The system is
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considered around half filling. Density matrix renormalization stud-
ies show[14] that a quantum phase transition takes place when the
electron-phonon coupling g is increased above a critical value. Around
the critical point, the scaling of the effective parameters which describe
the Luttinger liquid breaks down. This indeed opens up a band gap,
marking the metal-insulator transition. The presence of a band gap
leads to a divergence of the electronic susceptibility and softening of
the phonon modes at the corresponding wave vector, which is com-
monly referred to as the nesting vector. The latter effect is comparable
to the Kohn anomaly in higher-dimensional systems, which is shortly
discussed in the next section.

It is however good to consider again that although this transition
is historically called a charge density wave transition, it is only pos-
sible in a true one-dimensional system. The term is however used
quite broadly and charge density waves in higher dimensions show
similarities, but are driven by diverse different mechanisms, which are
discussed in the next section, whereas the rest of this section shortly
covers how long-range interactions can lead to a breakdown of Fermi
liquid behavior.

4.2.2 Long-range interactions

Fermi liquid behavior is a result of the renormalization of the bare
fermions in a system, and breaks down if interactions can not be renor-
malized - for example due to long-range interactions. In this section
two examples showing a breakdown of Fermi liquid theory due to
long range interactions are shortly discussed.

The first example concerns all metals which do display Fermi liq-
uid behavior, i. e.the bare fermions can be renormalized and exhibit
quasiparticle character. At extremely low temperatures (in the order
of fK), the inductive interaction between the moving electrons in a
metal is largely unscreened[18]. This is reflected in the Thomas-Fermi
wavelength as given by Equation 4.5, which diverges as temperature
approaches zero, meaning that the typical screening length scales with
1/
√
T and rapidly becomes smaller. The long-range interactions lead

to the contribution to the specific heat scaling with T log T , which leads
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Recent experimental developments have made possible
the study of graphene, a single-atom thick sheet of graphite
[1]. The novel electronic properties of graphene arise from
the linear, cone-shaped energy-momentum dispersion of
electrons at low energies. This condensed matter realiza-
tion of a relativistic Dirac spectrum follows from simple
models of electrons hopping on the honeycomb lattice of
graphene [2], and has been confirmed by a range of experi-
ments [3–5].

The relevant Hamiltonian is that of relativistic Coulomb-
interacting fermions in two dimensions:

 H "
X

l

vp̂l:! #
1

2

X

l!l0

e2

"jrl ! rl0 j
; (1)

with velocity v ’ 108 cm=s [3]. p̂l " !i@rrl is the mo-
mentum operator and ! " $!x;!y% are Pauli matrices that
act in the space of the two sublattices of the honeycomb
lattice structure. There is an additional N " 4 fold degen-
eracy caused by spin and the two distinct nodes of the
dispersion, with the only tunable parameter in Eq. (1) being
the dielectric constant ".

In case of the usual electron gas, the first term in Eq. (1)
is
P
lp̂2
l =$2m%. Then, dimensional arguments imply that the

kinetic energy dominates for high electron density while
the Coulomb interaction dominates at low density. The
linear Dirac spectrum changes this situation. The relative
importance of the potential and kinetic energy is the same
for all densities and controlled by the dimensionless num-
ber " " e2=$4"v@%. For "& 1, the Coulomb interaction is
negligible. Using the above value for the electron velocity
yields " ’ 0:55=", i.e. " ’ 0:55 for a free standing gra-
phene film in vacuum, implying that one cannot ignore the
Coulomb interaction. The role of interactions in graphene
has been discussed previously [6–14]. However, few spe-
cific predictions for observable quantities have been made
that allow for a comparison with experiment (see, however,
Ref. [15]). Here, we exploit the enlarged symmetry near its
quantum critical point (QCP) to deduce numerous predic-
tions (based on scaling theory) of interacting graphene.

In this Letter, we use a renormalization group (RG)
approach to the Hamiltonian, Eq. (1), and analyze the

magnetic and charge response of graphene as a function
of temperature T, carrier density n, chemical potential #
and magnetic field B. We make specific predictions for the
the compressibility $ " @n=@#, the diamagnetic suscep-
tibility %D, the magnetic moment M$B%, the heat capacity
C, the infrared conductivity !$!% and the density-density
correlation functions %c$q; !%. We demonstrate that inter-
action effects in these quantities are measurable, allowing
experiments to reveal the subtle interplay of interactions
and kinetic energy in a Dirac liquid. Our analysis is based
on the fact that for T " B " # " n " 0, clean graphene is
located at a QCP, as illustrated in Fig. 1, and its properties
nearby can be obtained via crossover scaling arguments.

The low energy action that follows from Eq. (1) is

 S "@
Z
x
 y$@&!0! ivrr '!% #

e2

2"

Z
x;x0

nxnx0
jr!r0j : (2)

Here,  "  $x% is a two component electron field where
x " $r; &; s% stands for the 2D position r, imaginary time &,
and valley and spin quantum numbers s " 1 ' ' ' 4, such
that

R
x . . . " R

d2r
R'

0 d&
P4
s"1 . . . with '!1 " kBT=@.

nx "  y$x% $x% is the electron density.

FIG. 1 (color online). Quantum critical phase diagram of gra-
phene as a function of density n (in units of 1012 m!2) and
temperature T (in K), for the vacuum case ( " 1, showing the
Dirac liquid and Fermi liquid regimes separated by the crossover
temperature T( [dashed lines, Eq. (13)], with the quantum
critical point occuring at n " T " 0.
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Figure 4.2: The quantum critical phase diagram of graphene. It shows a quan-
tum critical point at T = 0,n = 0, and the Dirac fluid phase as tem-
perature is increased from the QCP. If the doping is increased in
either the electron- or hole doping direction, graphene transitions
to a Fermi liquid phase. Reprinted from [19] with permission.

to deviation from the Wiedemann-Franz law, signifying a breakdown
of Fermi liquid behavior.

The second example is charge neutral graphene, in which the Thomas-
Fermi wavelength becomes smaller as the electron density n approaches
zero. At n = 0, graphene exhibits a quantum critical point (QCP)
which marks the transition from electron- to hole doped, as is shown
in the quantum critical phase diagram in Figure 4.2. If the temperature
is increased from the QCP, the strong interactions between the bare
fermions result in the formation of an electron-hole plasma, which is
referred to as a Dirac fluid[19, 20]. If the graphene is slightly over-
or underdoped with respect to the QCP, it exhibits Fermi liquid be-
havior at zero temperature. As the temperature is increased past the
critical temperature however, the phase transition to the Dirac fluid
phase takes place and the Fermi liquid behavior breaks down[8]. Due
to collective motion similar to that in the previously mentioned Lut-
tinger liquids, the thermal conductivity increases, which again causes
a deviation from the Wiedemann-Franz law.
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4.3 density waves in higher dimensions

As stated in the previous section, the major driving force behind orga-
nized phases is Coulomb energy. The Peierls transition is an example
for the special case of a true one-dimensional bandstructure at exactly
half-filling. Under experimental conditions however, crystals with two
or more dimensions are far more common. Phase transitions similar
to the Peierls transition can however occur in higher dimensional crys-
talline structures as well, albeit driven by a different mechanism. The
common denominator is however the total energy of the system, which
can be lowered by minimizing the Coulomb energy. The mechanism of
minimizing Coulomb interactions lays at the basis of all the transitions
to structured phases considered in this thesis.

In the higher dimensional systems, Coulomb energy can be enhanced
due to a number of causes, of which three are considered in this sec-
tion. Regardless of the origin, enhancing the Coulomb energy enough
forces a system to respond somehow in order to reduce it. Essentially,
there are a couple of options to effectively reduce the Coulomb inter-
action, which are similar but are often found competing. The options
all come down to charge ordering in some form and include but are
not limited to the following:

1. Superconductivity,

2. Charge density waves,

3. Spin density waves,

4. Electron nematic phase,

5. Charge stripe phase.

Although it might not be evident, the link between collective transport
and density wave phenomona was well illustrated by Fröhlig[21, 22],
who showed that a Peierls charge ordering moves as a superfluid un-
der influence of an external electric field, which mitigates all scattering
resistance of a typical Fermi liquid. There are different mechanisms
which can lead to charge ordering found under the umbrella that is
density wave phenomena. Two different systems exhibiting different
types of density waves are discussed here in order to illustrate the
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contrast between them. A common type is the charge density wave
phase driven by strong electron-phonon coupling, observed in layered
transition metal dichalcogenides such as NbSe2 and VSe2. Although
in this sense closely related to the charge ordered Peierls phase in
one-dimensional systems, they exhibit some subtle but important dif-
ferences: the energy associated with a Peierls transition is very low
compared to relevant energy scales and is caused by a Fermi surface in-
stablity which exists only in purely one-dimensional materials. On the
other hand, the spin density wave such as observed in chromium[23,
24] is not driven by a phonon, but rather by a discrepancy in the dielec-
tric response. To conclude this chapter, a third type of density wave
which is observed in high-temperature superconductors is mentioned,
but not explained as the physics of the strongly correlated electrons
in these systems is rather novel, and is, besides a complete theory de-
scriptive of such systems not existing yet, beyond the scope of this
thesis.

4.3.1 Nesting-driven DWs

The traditional Peierls picture stems from an instablity of the Fermi
surface due to nesting, which leads to charge ordering even with weak
coupling. In some systems, the sharp transition between filled and
empty states at the Fermi surface can cause a divergence in the elec-
tronic susceptiblity. This means that some excitations are not well
screened, and in combination with an enhanced density of states and a
low Fermi velocity around the Fermi level can lead to a large Coulomb
interaction. By redistributing the charges in an ordered fashion, the
ground state energy is lowered. Such a divergence in the electronic
susceptibility is observed in chromium[23, 24], which also features a
low Fermi-velocity ’neck’ in the Fermi surface quite close to the Bril-
louin zone edge. Ab initio calculations show that these two ingredients
lead to a spin density transition in the crystal, which leads to an antifer-
romagnetic ground state. The presence of the SDW typically leads to
the opening of a small band gap and the softening of a certain phonon
mode at the corresponding wave vector, known as the Kohn anomaly.

The spin density wave in chromium has some similarities to the
Peierls phase, mainly the nesting and the emergence of a charge or-
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dered in systems with low electron-phonon coupling. It needs to be
noted however that the Peierls instability is a specific property of true
one-dimensional systems, whereas the nesting driving the phase tran-
sition in chromium originates in the electronic properties of the crys-
tal itself and is linked to a specific Fermi surface combined with low-
bandwidth electrons near the Brillouin zone (BZ) edge.

4.3.2 Phonon-driven DWs

On the other hand, there are crystals which exhibit density wave phases,
but do not have a diverging electronic susceptibility and hence, no
Fermi surface nesting. An example of such a material is NbSe2, which
exhibits a phonon-driven density wave transition. The phonon-driven
density wave phase contrasts the Peierls picture in two aspects: there
is no Fermi surface nesting and the density wave phase transition is
driven by a strong electron-phonon coupling. Whereas the Peierls tran-
sition is mainly driven by the instablity due to perfect nesting of the
Fermi surface, the charge density waves in 2H − NbSe2 and 1T − VSe2

do not find their origin in Fermi surface nesting[25, 26]. The Fermi
surface is not nested in both crystals, although previously the charge
density wave in NbSe2 was attributed to Fermi surface nesting. Both
crystals have a single-band Fermi surface. The Coulombic interaction
that eventually drives the charge order transition finds it origin in these
bands; they are flat in small sections of k-space. These Van Hove sin-
gularities lead to a peak in the density of states, and the bandwidth of
the electrons in the flat bands is low due to a low Fermi velocity.

Rather than Fermi surface nesting, a strong electron-phonon cou-
pling leads to the observed charge ordered state. The charge density
wave opens up a gap in the band structure[27], but as this happens
only for the single involved band at select wavenumbers, the crystal
remains metallic. The electron-phonon interaction leads to phonon
mode softening in a broad range of wave vectors[28], as opposed to the
sharp Kohn-type phonon softening due to nesting, e. g. in the Peierls
charge ordered state.
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4.3.3 Charge ordering in high-TC superconductors

The spin density wave in Cr and the charge density wave in NbSe2

represent the two major archetypes of density wave ordered phases.
Although there are major differences between the two types, they are
similar in the sense that both are phases of long range charge ordering,
driven by either electron-phonon coupling at a certain wave vector or
a sharp divergence of the electronic susceptiblity at a certain wave vec-
tor. Both of them open up a gap in the band structure, which contrasts
another type of charge ordering phase, which is found in for example
the high temperature superconductors. Although charge density wave
ordering is found in for example the high-TC compounds YBCO[29],
BSCCO [30], LSCO[31] and many other cuprates, they do not exhibit
a band gap, indicating that the ordered phase found in these materi-
als has a different origin than the nesting- or phonon-driven density
waves. The density wave phases are often competing with the (non-
conventional) superconducting phase[32], but can also co-exist, e. g. in
NCCO[33].

One of the major mysteries in high-temperature superconductors
is the pseudogap phase, which forms a phase transition between the
’normal’ strange metal phase and the superconducting phase in un-
derdoped cuprates. It is characterized by a reduction of the density
of states around the Fermi energy, which cannot be explained by the
emergence of a band gap in the single-particle band structure. In the
pseudogap phase, different charge ordered phases are competing[34]
as the energies associated with them are similar, and the system apts
to show spontaneous, local ordering. The mechanism driving the lo-
cal ordering is unknown, but based on the competitive nature between
charge order and superconductivity it is thought that there is a relation
between the two phases, which might serve as a piece in the puzzling
origin of the pseudogap and superconducting phases in the cuprates.

4.4 conclusion and outlook

This chapter comprises a brief overview of Fermi liquid theory, the
validity thereof, and what breakdown of the theory implies. Fermi liq-
uids are an elegant description of the electronic interactions in metal-
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lic systems in terms of quasiparticles. Although the validity is not
well-defined, the theory is valid in a surprising number of metallic
materials, and although not fully descriptive of all the physics, even in
materials with light electron correlations such as the 3d metals. The
theory and its validity hinge on the possibility of renormalizing the
bare electrons in a system onto a quasiparticle description, which un-
derlines exactly which physics are not captured in the Fermi liquid
description: anything that cannot be renormalized to a quasiparticle.
Examples of systems which do not or hardly exhibit any quasiparticle
character are metal oxides - of which the cuprates are a notorious case
- or truly one-dimensional systems, although many more causes for
breakdown Fermi liquid behavior exist.

Non-Fermi liquids exhibit interesting physics that are not associated
with the typical Fermi liquid behavior due to strong particle-particle
interactions. This chapter mostly focusses on density wave phenom-
ena, which are ordered states that emerge as they form a low energy
ground state by reducing Coulomb interactions. Under the title of
density wave phases fall a multitude of different states, driven by dif-
ferent mechanisms, the two examples discussed in this chapter being
the nesting-driven SDW and the phonon-driven CDW. Whereas both
are charge ordered states, lead to phonon softening, and cause the
opening of a band gap in the electronic structure, the driving mecha-
nisms are different. On the other hand, circling back to the cuprates, as
a consequence of strong electron correlation, charge ordering phases
emerge in the copper oxide based high-temperature superconductors
which do not exhibit a gap and are of a totally different nature than
the density wave phases discussed earlier in this chapter.

In the bigger picture, more and more systems which exhibit inter-
esting physics not explained with Fermi liquid theory are reported
and phenomena associated with strongly correlated electrons become
wider known. As conventional theory comes from a single-electron
perspective, physics governed by strong interactions are typically not
well described, which is underlined by our current lack of a full model
describing the physics in all phases of the high-temperature super-
conductors. The acceptance of the common occurrance of phenom-
ena associated with electron correlation and the rapid development
of theory of condensed matter developed from a completely differ-
ent perspective involving holography duality lead to a new frontier
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in condensed matter physics, which presents a pressuring challenge
for spectroscopic research on strongly correlated electron physics in
condensed matter to provide more of the puzzle pieces in order to
untangle the complex physics driving these exotic phenomena.

The following two chapters of this thesis cover measurements on two
different systems, FexGeTe2 and gadolinium intercalated zero layer
graphene, both of which exhibit signs of charge ordering. Although
relatively new, both crystalline structures are relatively simple to ac-
cess experimentally, emphasizing that phenomena related to electron
correlation become more and more common. Spectroscopic studies do
not reveal a spin density wave induced gap in FexGeTe2, suggesting
a different driving mechanism which is perhaps related closer to the
charge ordering phenomena in the cuprates than to the phonon-driven
density waves. The charge density wave phase in graphene can be
achieved by doping so that the Fermi level shifts onto a Van Hove sin-
gularity, greatly enhancing electron-electron interaction. Spectroscopic
investigation of both materials provides insight on the electronic con-
sequences of electron correlation, which can be understood within the
framework provided in this chapter.
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5
D E N S I T Y WAV E S I N F ex−δG e Te 2

5.1 abstract

Two different Fex−δGeTe2 crystals, x = 3 and x = 5, were investi-
gated by means of scanning tunneling microscopy and spectroscopy.
The x = 3 sample exhibits peaks in the Fourier transforms, originating
from a commensurate reconstruction. This is attributed to a charge
ordered state, caused by Fe vacancy defects which are related to the
imperfect stoichiometry of the crystals. Spectroscopy measurements
furthermore reveal large doping gradients, which are also attributed to
localized defect states. The x = 5 sample shows two contrasting phases
of the surface at 77 K, one of which is strongly commensurately recon-
structed, while the other exhibits just the atomic lattice structure. At
room temperature, the reconstructed phase is not present, suggesting
an electronic origin.

5.2 introduction

Fex−δGeTe2 is a family of Van der Waals crystals, consisting of stacked
slabs of thin crystalline structure, held together by attractive inter-
actions. A layer of Fex−δGeTe2 consists of a trifold symmetric slab
of iron, with germanium atoms on specific sites in between the iron
atoms. The iron slabs consist of x planes and the layer is terminated
with a plane of telluride atoms on either side. In this thesis, only the
crystals x = 3 and x = 5 are considered; the density of iron vacancies
indicated by δ is found to be a relevant parameter due to the role of
defects in the electronic behavior of both crystals. The x = 3 crystal
conforms the space group P63/mmc[1], whereas the x = 5 crystal com-
prises a R3̄m space group [2]. In this chapter, the magnetic and elec-
tronic properties of Fe3GeTe2 are discussed, after which STM measure-
ments are presented which give rise to the research question whether
these crystals do exhibit charge ordering phenomena. The second part
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Fe3GeTe2 Fe5GeTe2
Space group P63/mmc[1] R3̄m[2]

Lattice parameter [pm] a 399.1(2) [1] 404(2) [3]

c 1633(1) [1] 2919(3) [3]

TC [K] 200-220 298

Figure 5.1: Left (Right): The crystal structure of Fe3GeTe2 as viewed along
the ā-axis (c-axis) of the crystal. Two neighboring layers of the ma-
terial are related by inversion symmetry. The crystal is commonly
iron deficient, which results in an FeII vacancy, as is indicated by
a missing site.

of the chapter covers Fe5GeTe2, which exhibits a topological phase
transition in scanning tunneling microscopy (STM) measurements.

5.3 experimental evidence for density waves in fe3gete2

5.3.1 Magnetic properties

Originally discovered in the search for rare-earth element free mag-
netic materials[4], Fe3GeTe2 is found to be an itinerant ferromagnetic
material with a large perpendicular anisotropy, showing ferromag-
netism even for small numbers of layers[5]. Furthermore, the material
exhibits an exceptionally large anomalous Hall effect (AHE)[6], which
has been attributed to a large Berry curvature at a topological nodal
line. The material is considered to be a three-dimensional Ising ferro-
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magnet - a lattice of magnetic moments formed by the localized iron
3d orbitals present in the crystal. Iron vacancies in the crystal can be
considered from the perspective of a Kondo lattice effect caused by va-
cancies in the lattice of localized spins[7], which forces delocalization
of the the 3d orbitals in order to screen. Spin interactions such as these
dominate the magnetic interaction and electronic spectrocopy at low
temperatures.

The spin texture on a larger scale (100 nm - 1µm) is also known
from investigations with spin-polarized scanning electron microscopy
(SEMPA)[8]. Below the presumed Curie temperature of the material,
the surface shows a striped texture which is chiral, i. e. the vector of the
magnetization rotates counterclockwise along an in-plane axis. Such
a structure in itself is not unusual, as it has been observed in iron,
permalloy and magnetite films[9, 10] and can be explained taking into
account only the anisotropy energy and the magnetic self-energy

E =
1

2

∫
~H · ~BdV , (5.1)

in which H is the magnetic field strength and B the magnetic flux
density. However, these structures, referred to as Néel caps, exhibit a
clockwise rotating magnetization along an in-plane axis. In contrast,
the spin texture measured in Fe3GeTe2 exhibits a counterclockwise
rotation, which has been attributed to the presence of a Dzyaloshin-
skii–Moriya interaction (DMI) based on micromagnetic simulations[8].
DMI is an umbrella term for all antisymmetric indirect exchange ef-
fects between two spins Si with a Hamiltonian of the form

Hij = ~Dij ·
(
~Si × ~Sj

)
, (5.2)

in which Dij is an interaction matrix. These interactions favor spin
canting and leads to antiferromagnetism and chiral textures. As there
is not a single specific effect associated with DMI, it would be purely
speculative to assign an atomic origin to these microscopic effects. In
order to study the magnetic properties and effects, superconducting
quantum intereference device (SQUID) measurements have been per-
formed on Fe3GeTe2 samples with different stoichiometries. In these
experiments, the magnetization, static susceptiblity, and dynamic sus-
ceptibility were measured at different temperatures, as shown in Fig-
ure 5.2.
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Figure 5.2: a) The magnetization and b) susceptibility and dynamic suscepti-
bility of Fe3GeTe2 as a function of temperature as measured with
a SQUID magnetometer with H \\c.

Although a dominant antisymmetric exchange would lead to a global
antiferromagnetic ground state[11], Fe3GeTe2 samples exhibit a finite
magnetic moment below a certain temperature (TC). This is evident
from magnetization curve shown in Figure 5.2 a). The sudden in-
crease of magnetic moment below a certain temperature is accompa-
nied by a sharp peak in the dynamic susceptibility χAC, shown for the
x = 2.9 sample in Figure 5.2 b), which usually indicates a second or-
der phase transition[12]. Furthermore, the magnetic susceptibility χ,
also shown in Figure 5.2 b), diverges from the Curie-Weiss relation be-
low the same temperature for both samples, indicating ferromagnetic
behaviour. From the transition point of the inverse susceptibility, the
Curie temperature is determined to be 195 K and 207 K, respectively,
which is shown as a vertical dashed line for either stoichiometry in Fig-
ure 5.2 b). As is evident, the stoichiometry correlates with the Curie
temperature, which is discussed in the next section.

5.3.2 Iron vacancies

Fe3GeTe2 crystals are usually synthesized in vapor transport reactors.
The stoichiometry heavily influences the properties of the crystals and
hence is important to consider when comparing measurements per-
formed on different crystals. As discussed, crystals are usually iron
deficient. Dark field TEM and X-ray diffraction measurements show
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Figure 5.3: The TC of a number of samples with different stoichiometries plot-
ted versus the iron fraction. A linear least-squares fit is shown and
used to estimate the iron fractions of two samples with TC = 195 K
and TC = 207 K, which are found to be x = 2.866 and x = 2.901
respectively. The data points are adapted from [13].

that the resulting iron vacancies are always placed below the telluride
atoms[1] - the missing iron atom is always the FeII atom, as is indicated
in Figure 5.1. Although it is not directly clear what the resulting effect
is on the magnetism on the atomic scale, the stoichiometric reduction
of iron correlates with a lowering of TC. As TC can be measured fairly
easily, the transition temperature provides an indication of the vacancy
density[13]. In this research, two crystals with slightly different TC’s
are considered, as stated in the previous section. By comparing the
TC’s measured for different stoichiometries, an estimate can be made
for the stoichiometry of the two crystals considered in this thesis. As-
suming a local linear relation between TC and the iron deficiency, a
least squares fit gives x = 2.866 and x = 2.901 for the crystals with
TC = 195 K and TC = 207 K, respectively. The data and the fit are
shown in Figure 5.3. The difference in FeII occupancy reflects in elec-
tronic properties, as is explained in the next section.

STM is the technique which is prominently suitable for investigat-
ing crystal surfaces on an atomic scale. Furthermore, as collective
oscillations are expected to manifest, they would do so in STM mea-
surements as it is sensitive to not only contrast in the local density of
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Figure 5.4: An STM measurement consisting of a) the height signal and b) the
current signal, showing the typical topography of Fe3GeTe2 at the
atomic scale.

states but also to local charges. As is shown in Figure 5.1, a layer of
Fe3GeTe2 is terminated with a plane of Te atoms. This topmost plane
gives the atomic contrast visible in STM measurements of Fe3GeTe2, as
is shown in Figure 5.4. The atomic corrugation is in the order of 50 pm,
whereas the distance between neighboring Te atoms is measured to be
4 Å, which agrees with diffraction measurements and LDA calcula-
tions [1, 14]. In addition, the plane of FeI atoms just underneath the
Te plane can be observed with the tunneling conditions, although the
contrast is quite weak. This is shown in Figure 5.5 a). Figure 5.5 b)
furthermore shows a lattice defect. A Te atom appears to be missing
from the top plane, but the contrast is actually originating from an
FeII vacancy underneath[15]. DFT calculations furthermore show that
the contrast appearing in STM measurements around such a vacancy
match simulations from a DFT calculation in which a Hubbard U =
4 eV is taken into account[16]. The fact that a Hubbard term needs to
be included hints at correlation playing a role in the electronic struc-
ture. The magnetic ground state found in the ab initio calculations
is interlayer ferromagnetic rather than antiferromagnetic, which is the
ground state found when no Hubbard U is considered[16]. As stated,
these defects lead to a lower TC.



5.3 experimental evidence for density waves in fe3gete2 109

FeI
Te
Ge

b

3 nm

Figure 5.5: a) An STM current measurement showing the atomic lattice, with
the lattice structure overlayed. The main contrast originates from
the Te atoms, but the first layer of FeI atoms can be observed as
well in the form of bright spots between the Te sites. b) An STM
current measurement showing a lattice defect. A Te atom appears
to be missing, but the contrast is rather caused by a missing FeII
atom directly underneath.

5.3.3 Sub-Bragg peaks in FT

In order to detect signatures of collective phenomena, it is interesting
to look at the sample in the reciprocal space. This is done by taking
the magnitude of the (fast) Fourier transform of a measurement, usu-
ally the current signal. A typical Fourier transform (FT) magnitude
plot in the reciprocal space is shown in Figure 5.6. This FT concerns
a defect-rich sample and is later on compared to a sample with less
defects. The brightest peaks in the FT, as well as their higher orders,
correspond with the periodicity of the atomic lattice and are labeled
qBragg. The Bragg points correspond with the second-order Γ points
and hence, a Brillouin zone can be drawn. It then becomes clear that
the peaks at smaller wave vectors than the Bragg peaks sit exactly at
high-symmetry points of the BZ, the largest intensity at the M-points.
Figure 5.7 shows the radial intensity of the FT plots for different bi-
ases. The largest intensity again comes from the atomic Bragg peaks
at qBragg = 0.25 nm−1, whereas the intensity at the M-points causes
a peak at 0.15 nm−1. The latter peak, marked qDW , is likely the result
of a collective oscillation, as is eludicated further in this chapter. It is
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furthermore visible that the latter peak does not disperse with varying
bias, although the intensity fluctuates a bit. Furthermore, the inset of
Figure 5.6 shows that some intensity is also observed on the K-points.
This results in a shoulder on the high q-side of the peak at 0.15 nm−1,
which has been marked in Figure 5.7. The curves that show a shoul-
der also exhibit a peak halfway between the first order Γ -point and
the K-point, marked K1/2, and its corresponding position in the radial
intensity plots.

Whereas the defect-rich sample shows fairly well-defined sub-Bragg
peaks, the image in the reciprocal space changes when a sample is mea-
sured which contains less defects. The FT intensity at the M-point van-
ishes and there are no longer sub-Bragg peaks in the radial intensity
profile, as is shown in Figure 5.8 and Figure 5.9. Instead, the FT shows
large intensity smears at sub-Bragg wavevectors, which are not ori-
ented at high-symmetry points. Moreover, the features do not appear
to be six-fold symmetric, which means the features correspond to a
quasi-periodic signal which is not commensurate with the lattice, with
a large spread in wave vectors. This as opposed to the peaks observed
in the FT plots of the measurements performed on the defect-rich sam-
ple, which correspond to a well-defined signal which is periodic over
distances of at least the measurement window - which is 20 nm in this
case. Without considering the origin of the periodic signals observed
in the STM measurement, it is clear that the measurements show a
large contrast between the two samples, the major difference between
which is the growth quality and subsequently, the amount of FeII va-
cancies. Hence, it is natural to assume the origin of the periodic signal
is tied with the presence of FeII defects, the amount of which acts as a
control parameter. An explanation involving collective density waves
is given in the next section.

5.3.4 Local doping

Apart from the local alterations in the DOS brought about by the pres-
ence of an FeII vacancy shown in Section 5.3.2, contrast is observed in
spectroscopy curves measured across the surface. This contrast is well
visible in CITS maps, such as the measurement shown in Figure 5.10.
The measurement, performed on an Fe2.87GeTe2 sample on an area
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qBragg

BZ

5 nm−1

M

K

K1/2

Figure 5.6: The FT magnitude plot of an STM measurement performed on
Fe3GeTe2 with a relatively high defect density. The brightest
peaks marked qBragg and their higher orders correspond with
the periodicity of the atomic lattice. The first Brillouin zone is in-
dicated with a white hexagon marked BZ. The inset shows a zoom
of the FT within the Bragg peaks, as well as the high-symmetry
points, on some of which FT intensity is visible. The plot is ob-
tained after summation of the FT of a series of 20x20 nm2 current
images at 10 equal bias intervals between -225 mV and +225 mV.
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Figure 5.7: The radial intensity of the FT at different biases. The atomic
Bragg peaks are marked at 0.25 nm−1, whereas the peaks on
on the K-points, marked qDW , show up at 0.15 nm−1. Further-
more, a shoulder on the high q-side of the latter peak is indi-
cated. The curves are normalized on the area under the curve
for |q| > 0.1 nm−1 in order to cut off the DC signal, and convo-
luted with a Gaussian function (σ = 0.005 nm−1) in order to filter
high-frequency noise.
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Figure 5.8: The FT magnitude plot of an STM measurement performed on
Fe3GeTe2 with a relatively low defect density. The brightest peaks
marked qBragg and their higher orders correspond with the peri-
odicity of the atomic lattice. The first Brillouin zone is indicated
with a white hexagon marked BZ. The inset shows a zoom of the
FT of current measurements probing the empty and filled states
respectively. In contrast with the high defect density sample, this
sample shows no FT intensity on the high-symmetry points of
the BZ, but rather an undefined structure at sub-Bragg wavevec-
tors. The plot is obtained after summation of the FT of a series
of 20x20 nm2 current images at 10 equal bias intervals between
-100 mV and +100 mV.
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Figure 5.9: The radial intensity of the FT at different biases. The atomic Bragg
peaks are marked at 0.25 nm−1. The q-value at which a sub-Bragg
peak is observed in the defect-rich sample is indicated with qDW ,
although there is no sharp peak present in the curves on this
sampple. However, a feature is visible in the filled-state curves
at 0.1 nm−1. With some fantasy, a double peak can be made out,
which is consistent with the k-space resolved FT image, as the
sub-Bragg features there have a different wave vector magnitude.
All the curves are normalized on the area under the curve for
|q| > 0.1 nm−1 in order to cut off the DC signal, and convoluted
with a Gaussian function (σ = 0.005 nm−1) in order to filter out
high-frequency noise.
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of 10 nm squared, consists of a topography scan during which spec-
troscopy measurements are performed on a regular 16x16 point grid
spanning the measurement frame. Apart from the topography of the
surface, this gives information about the local density of states with
a fairly high energy resolution. Figure 5.10 b,d show the LDOS at an
energy E = ±150 mV respectively, which show a contrast which is
not obviously correlated to any features observable in the topography
which is recorded during the same measurement, shown in Figure 5.10

a. Although the LDOS of the empty states is not exactly the inverse
of the LDOS of the filled states, the majority appears to be anticor-
related, especially in the lower half. As each pixel of the CITS grid
corresponds to an STS spectrum, this contrast should be observable in
the individual spectra. Figure 5.10 c) shows two spectra corresponding
to the markers in the LDOS plots. The spectrum corresponding to a
bright contrast in the filled states LDOS indeed shows a consistently
higher STS signal at the filled states side (negative biases) compared to
the spectrum corresponding to the dark contrast, whereas it exhibits
an LDOS which is lower in the empty states side (positive biases) com-
pared to the other spectrum.

Comparing the shape of the spectra, they appear to be tilted around
some point at zero bias with respect to each other, changing the slope
of the LDOS. These effects are typically attributed to doping [17–19],
implying that local doping of the crystal varies over distances of a few
nm. The electrical resistivity of Fe3GeTe2 is in the order of 1 mΩcm,
which is comparable to graphite[20]. Furthermore, the STS spectra do
not show an explicit band gap, but a rather finite DOS at the Fermi
level. Although the material is not quite metallic, it conducts well
enough to make the fact that variations in the doping are observed
over distances as short as a few nm quite surprising. This implies that
the ability of the conduction electrons to homogenize the local doping
gradients is impaired somehow, which would also strongly reduce the
ability of the crystal to screen any static charges. The Fermi surface
is rather complex, containing multiple electron- and hole pockets[6].
All bands crossing the Fermi level are a filling discrepancy[21] which
causes a singularity in the electronic susceptibility[21], which leads to
a reduced screening ability. Furthermore the inability of the crystal to
reduce the doping gradients can be explained by a low screening band-
width of the conduction electrons. Figure 5.11 shows a similar CITS
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Figure 5.10: A CITS measurement performed on a 10 nm squared area of
Fe2.87GeTe2, with a spectroscopy grid of 16x16 points. a) The
height topography recorded during the measurement. b) The
di/dv signal of the area at E= +150 meV (empty states) c) The
di/dv signal of the area at E = -150 meV (filled states) d) The spec-
tra recorded at the locations indicated in b) and c) with markers
in the corresponding colors. The spectra are normalized by their
integrals and filtered with a Gaussian filter (σ = 10 meV). The
high-frequency noise of the real-space images is removed with a
Gaussian filter (σ = 500 pm). Images recorded at 77 K with a W
tip.
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measurement performed on a x = 2.90 sample, which shows the same
gradients in the doping. The inverse relation between the LDOS of the
filled states and the LDOS of the empty states is visible quite clearly in
both the energy plane plots and the STS curves. Again, the features in
the LDOS cannot directly be associated with any pronounced features
in the height image. Furthermore, the minimum of the STS curve shifts
almost 20 mV in energy across the recorded area, which is shown in
Figure 5.12.

The samples considered have different iron fractions, resulting in a
different number of FeII vacancies, as is shown in Section 5.3.2. These
FeII vacancies locally cause local non-mobile hole doping/electron de-
ficiency, but also are expected to have a strong effect on the conduc-
tion electrons around them due to fact the conduction electrons will
attempt to screen the localized charge. The conduction electrons orig-
inate from the FeI 3d bands which hybridize with the Te orbitals. The
Te atoms are located in the top plane, and are covalently bonded to
three FeI atoms in the plane directly beneath. Due to the in-plane
bond angle (120 °), the electrons in the 5s and 5p orbitals of the Te
atoms very likely hybridize somewhere inbetween sp2 and sp3 and
form strong covalent bonds with the FeI atoms. The leftover orbital
has a p-character and is responsible for the contrast in STM measure-
ments[16]. The conduction electrons with large Te character are the
only quasiparticles with a large dispersion. The 3d electrons of the
FeII atoms form bands with a typical Fe character: a small Fermi ve-
locity and strongly localized[7, 22]. The Ge orbitals stay almost fully
atom-like. Due to the localized nature of the FeII 3d electrons, the FeI-
Te hybridized electrons are responsible for the conduction and thus the
electrons largely responsible for the screening ability of the crystal. In
a ferromagnetic configuration, it is expected that the bandwidth of the
conduction electrons decreases, as the Fe 3d orbitals form an oriented
spin structure. Photoemission measurements show a kink near the
Fermi level at q = 0.7 ¯ΓK in a major dispersive band when the crystal
is cooled down below the ferromagnetic ordering temperature[7, Fig
S3]. Accompanying this effect is the spectral weight transfer from a
nearly non-dispersive band (the η band) as the transition temperature
is crossed.

In the absence of a FeII atom however, it is important to consider
what the effect on the local electronic structure would be. A vacancy
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Figure 5.11: A CITS measurement performed on a 10 nm squared area of
Fe2.90GeTe2, with a spectroscopy grid of 40x40 points. a) The
height topography recorded during the measurement. b) The
di/dv signal of the area at E = +130 meV (empty states) c) The
di/dv signal of the area at E = -130 meV (filled states) d) The spec-
tra recorded at the locations indicated in b) and c) with markers
in the corresponding colors. The spectra are normalized by their
integrals and filtered with a Gaussian filter (σ = 5 meV). The
high-frequency noise of the real-space images is removed with a
Gaussian filter (σ = 250 pm). Images recorded at 77 K with a W
tip.
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Figure 5.12: The bias at minimum of the STS curves recorded during the CITS
measurement shown in Figure 5.11.
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forms a highly localized defect state. The aforementioned hybrid con-
duction electrons will try to screen the localized defect state in order to
reduce the Coulomb energy. As the dispersive character of the conduc-
tion electrons for the largest part originates from the Te 5sp orbitals, it
is far more likely that the Te valence electrons rehybridize in order to
screen the FeII vacancy. This would result in a decreasing dispersivity
of the FeI 3d electrons, and hence, locally decrease the screening ability
of the crystal. A defect would locally suppress the conductitivity even
further as the former conduction electrons would have hybridized and
lose their dispersive character. The nature of the Fe 3d electrons is
fairly localized rather than metallic and this becomes even more pro-
nounced at low temperatures, which is experimentally observed as
discussed in the previous paragraph. An FeII vacancy would enhance
the localization of the electrons even further, which would explain why
strong doping gradients on short length scales can be observed with
STM. The vacancy locally breaks the ferromagnetic ordering, assuming
a local interlayer antiferromagnetic ground state[16], which is in line
with experimental evidence of competing antiferromagnetism[23].

5.4 chiral spin density waves

Based on the observations from local spectroscopy, the peaks in the
FT’s recorded with STM, and published results of photoemission mea-
surements on similar sample[6], it is possible to draw a cautious con-
clusion regarding the presence and possible origin of density waves
in Fe3GeTe2 under certain conditions. Based on sub-Bragg peaks ob-
served in FT-STM measurements on Fe2.87GeTe2, it is evident that
there are collective oscillations of an electronic nature. In this section,
the nature of fully electronically driven density waves in Fe3GeTe2 is
elucidated and linked to the presence of FeII vacancies.

As discussed in the previous chapter, all density wave phenomena
share a common origin: the presence of (localized) charges embody-
ing a large Coulomb energy. Density waves form a way to lower this
energy by redistributing charges. In Fe3GeTe2, the Fe 3d electrons
have a quite localized nature and all the more so when their spins
are ferromagnetically ordered, as is evident from photoemission ex-
periments, which show a large spectral weight transfer to flat bands
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near the Fermi level when dropping the temperature below a critical
temperature[7]. The localized character of the Fe 3d bands is also pre-
dicted in DFT[7] and dynamic mean field theory (DMFT)[6] calcula-
tions, which predict a Van Hove singularity at the M-point. Imperfect
stoichiometry originating in the growth process causes FeII vacancies
in the sample. In the previous section, it is argued that the presence of
these defects localizes the conduction electrons even further because
the Te 5sp electrons will screen the strongly localized state introduced
by the defect. Both the localization of the conduction electrons and the
local depletion of electrons caused by the FeII vacancy lead to a large
Coulomb interaction which cannot be screened locally, which is con-
firmed by evidence of strong local doping gradients measured with
STS.

For hexagonal systems specifically, the presence of a Van Hove sin-
gularity at the M-point in combination with certain nesting leads to
chiral spin density waves (CSDW)[24]. A density wave vector ΓKM is
predicted, which would connect the Van Hove singularities at equiva-
lent M-points, as is shown in Figure 5.14. Two samples are investigated
in the work presented in this thesis: one with a higher FeII vacancy
density than the other. The high defect density sample exhibits peaks
at the M-point in FT-STM measurements, whereas the low defect den-
sity sample shows rather undefined structures at sub-Bragg wave vec-
tors, which supports the hypothesis that the localization and localized
defect states caused by FeII vacanies gives rise to density waves. As
is visible in the topography shown in Figure 5.13, the low defect den-
sity sample shows a superstructure which is not quite periodic, which
may be attributed to the same mechanism which underlies the CSDW
in the high defect sample, but on a rather small scale so a full-fledged
density wave does not form. STS shows no pronounced spin density
gap, which underlines the fully electronic nature of the CSDW, rather
than a phonon driven transition.

5.4.1 Low temperature spectroscopy

As shown in Section 5.3.3, the overall average defect density correlates
with the presence of ordered sub-Bragg peaks indicating a charge or-
dered state, whereas no strong contrast between an x = 2.87 and an



122 density waves in fex−δgete2

a

10 nm

qBragg

b

2 nm−1

Figure 5.13: a) The topography of Fe2.90GeTe2, showing the atomic cor-
rugation, and a not well pronounced superstructure which is
quasiperiodic in a single high-symmetry direction. Its antinodes
and periodicity are indicated. The direction and wavevector of
the periodicity correspond with a peak in the b) Fourier trans-
form of the topography. The atomic Bragg peaks are indicated,
as is the peak corresponding to the underpronounced superstruc-
ture. The direction of the superstructure is along the direction
of one of the Bragg peaks, but the length of the corresponding
wavevector is 2/3, such that it falls on the M-point of the first
Brillouin zone. The scanning parameters for this measurements
were VT = 100 mV,IT = 100 pA.
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Figure 5.14: The Brillouin zone of Fe3GeTe2 plotted along with the nesting
vectors predicted for chiral spin density waves on a hexagonal
lattice[24] and the nested Fermi surface.

x = 2.90 crystal is observed in the STS measurements. The defect-
poor sample shows a low-wavevector intensity in the FT-STM mea-
surements, which potentially indicates an onset of a transition to a
phase ordered state. A possibility is that the transition temperature
is simply lower for crystal with a lower defect density and hence, the
STM experiments on Fe2.90GeTe2 are repeated at 4 K.

As is visible in Figure 5.15, the FT-STM images do not exhibit any
sub-Bragg peaks indicating the presence of a charge ordered state. Al-
though there is some intensity visible at lower wavevectors, the

√
3

peaks that appear in the Fe2.87GeTe2 measurements do not emerge
in this crystal, even at 4 K. This suggests that the doping level of the
x = 2.90 sample is sub-critical.

On the other hand, spectroscopic results as shown in Figure 5.16

exhibit a stark contrast with the spectroscopy as measured at 77 K.
Apart from the broad V-shaped di/dv curves also observed at 77 K,
the LDOS signal is now features a sharp dip around zero energy. The
dips have an FWHM of 80-90 mV and the minimum varies slightly in
energy over the surface, as did the spectra measured at 77 K. Another
feature observed at 77 K which is still present at 4 K is the tilting
of the di/dv spectra dependent on the position on the surface. The
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Figure 5.15: The summed FT magnitude plot of a series of STM measure-
ments performed on Fe2.90GeTe2 at 4 K. In contrast with the
higher doped sample, even at 4 K the FT plot does not ex-
hibit sub-Bragg peaks, indicating that no charge ordered state
is formed. The plot is obtained after summation of the FT of
a series of 40x40 nm2 current images at 10 equal bias intervals
between -50 mV and +50 mV.
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anticorrelation between the contrast in the DOS of the filled and empty
states is again clearly visible in Figure 5.16 b) and c).

The fact that the spectra tilt and their minima shift over short dis-
tances indicates large local variations in doping are present at 4 K as
well as at 77 K. Although the Fe2.90GeTe2 crystal does have a finite de-
fect density, the FT-STM measurements however do not indicate any
signs of a charge ordered phase, which contrasts the measurements
on a crystal with an even higher defect density. The spectroscopic
data remains interesting nontheless, as the density of states around
the Fermi level decreases, possibly due to a change in the Fe 3d - Te
5sp hybridiziation. Without any photoemission experiments, it is hard
to link this quench of the state density to any specific band, but there
is a number of similarities with different systems which allows for
speculation on the origin of the decreasing DOS at the Fermi level.

Spectra exhibiting a similar gap-like feature are observed near dopants
in lightly doped Mott insulators[19]. The pseudogap, which is dis-
cussed in Chapter 4, is linked to the presence of strongly correlated but
weakly delocalized itinerant electrons. As discussed, such electrons
hardly -if at all- show a quasiparticle character, and only contribute
to the incoherent part of the spectral function. Pseudogap phases are
associated with strongly correlated electron systems, which allows the
question whether the quenched DOS finds its origin in an increased
electron correlation at low temperatures. Another possibility is that a
gap opens due to the onset of a charge ordering phase. Seeing however
as the spectra at 77 K in the Fe2.87GeTe2 crystal do not exhibit a sim-
ilar feature although the FT-STM measurements suggest the presence
of a charge ordered phase, the presence of the quench cannot directly
be correlated to the presence of charge ordering.

5.5 conclusion and outlook

The first part of this chapter comprises an overview of STM measure-
ments on two different Fe3GeTe2 crystals, which suggest the presence
of a charge ordered state in one of them. It is clear from diffraction
and magnetism measurements that FeII defects play a large role in
the electronic structure and the magnetic properties of the system[1,
13]. FT-STM measurements show that the Fe2.87GeTe2 crystal exhibits
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Figure 5.16: A CITS measurement performed on a 10 nm squared area of
Fe2.90GeTe2, with a spectroscopy grid of 40x40 points. a) The
height topography recorded during the measurement. b) The
di/dv signal of the area at E = +130 meV (empty states) c) The
di/dv signal of the area at E = - 130 meV (filled states) d) The
spectra recorded at the locations indicated in b) and c) with mark-
ers in the corresponding colors. The spectra are normalized by
their integrals and filtered with a Gaussian filter (σ = 5 meV). The
width of the zero-centered dip is indicated. The high-frequency
noise of the real-space images is removed with a Gaussian filter
(σ = 250 pm). Images recorded at 4 K with a W tip.
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sub-Bragg peaks impervious to electron energy, suggesting the pres-
ence of a charge ordered state. Furthermore, STS measurements show
that the doping varies on rather short length scales of typically a few
nm, which suggests a complex Fermi surface as the crystal is conduc-
tive which makes a doping variation rather surprising. It is probable
that the 3d Fe character of the itinerant electrons in combination with
the localized FeII defects results in an enhancement of the interaction
between the bare fermions, which can indeed cause a transition to a
phase ordered state, as is discussed in the previous chapter.

The local character of the electronic structure of crystal defects could
explain why a Fe2.90GeTe2 crystal does not exhibit any signature of
charge ordering, even at a temperature of 4 K. In a system with a
low defect density, the localization of the itinerant 3d electrons could
plainly be not extensive enough in order to reach the large Coulomb
energy needed to induce a charge ordering phase transition. Another
possibility is that a charge ordering is present, but is not pinned so
that it is simply not visible in STM measurements[25]. The local spec-
troscopy measurements on this crystal are rather interesting however,
as they reveal a quench of the DOS around the Fermi level. This could
be interpreted as a pseudogap, which suggests a strong bare fermion
correlation[19, 26, 27].

Focussing on the Fe2.87GeTe2 crystal on the other hand, the combi-
nation of strong fermion-fermion interactions and a Van Hove singular-
ity at the M-point is predicted to lead to a chiral spin density wave[24].
DFT and DMFT calculations show a low-dispersion band which is re-
moved just 50 meV from the Fermi level at the M-point, which in com-
bination with the hole doping by the FeII defects might just be pushed
even closer. The presence of a chiral spin density wave would nicely
explain two phenomena in Fe3GeTe2, the origins of which up until
now have been unexplained. The first is a large non-intrinsic anoma-
lous Hall effect which has been measured[6] in Fe3GeTe2 crystals. A
chiral spin density wave is a toplogical phase with a noncoplanar mag-
netic ordering, which introduces an AHE as well as gapless edge states.
Secondly, a chiral spin texture is observed in Fe2.87GeTe2 crystals[8].
The texture is obtained in micromagnetic simulations by introducing
a DMI interaction, which is an umbrella term for asymmetric indi-
rect exhange phenomena but does not clarify the atomic origin of the
large-scale chiral texture. The proposed chiral spin density wave on
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the other hand introduces a finite asymmetric indirect exchange term
of the DMI form, which provides a potential explanation for the ob-
served spin texture.

Although the presence of a chiral spin density wave provides an ex-
planation for many observations, more experiments are needed before
any conclusive interpretations of the STM measurements can be made.
Most noticably, information about the Fermi surface and the bands
close to it is lacking. Although ARPES measurements have been per-
formed on Fe3GeTe2 crystals[6, 7], details of the sample such as the
defect density are unknown. Especially the difference between a high-
and a low defect density sample would be interesting to measure as the
effect of doping due to the FeII vacancies might be visible in photoe-
mission experiments. Furthermore, a spin density ordering can result
in a discrepancy in the electronic response function at the wavelength
associated with the density wave, which could be observed with EELS
measurements. Finally, in order to obtain direct evidence for the pres-
ence of a spin ordered state, resonant inelastic X-ray scattering (RIXS)
measurements should be performed[28, 29]. Complementary to ex-
periments on the sample, it would be interesting to perform electronic
structure calculations incorporating a realistic FeII vacancy density, but
this might be challenging as traditional ab initio methods such as DFT
are notoriously bad at incorporating correlation effects. A last consid-
eration is the origin of the charge ordering. As the previous chapter
explains, the precursors for a charge ordered state are likely present
in the form of strong interactions between 3d itinerant electrons, but
it remains an open question why the formation of a charge ordered
state does not lead to the opening of a hard density wave gap. A
possible explanation lies in the similarities with the charge ordering
observed in the pseudogap phase in cuprates, but the current lack
of spectrosopic measurements like ARPES and EELS bids for careful
speculation rather than any conclusive remarks.

In a broader perspective, it is also interesting to consider other sys-
tems exhibiting charge ordering in order to see the differences and sim-
ilarities. In the rest of this chapter, another member of the Fex−δGeTe2 fam-
ily is considered in a similar fashion, which exhibits very strong sub-
Bragg peaks in FT-STM measurements, although the question remains
open as to whether these should be attributed to an electronic or
a structural phenomenon. The next chapter comprises experimen-
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Figure 5.17: Left (Right): The crystal structure of Fe5GeTe2 as viewed along
the a-axis (c-axis) of the crystal. Two neighboring layers of the
material are related by inversion symmetry.

tal work on a completely different system - highly doped graphene
- which also exhibits signatures of local charge ordering, continuing
the topic of charge ordering. Both the family of Fex−δGeTe2 crystals
and highly doped graphene exhibit charge ordering, a phenomenon
which is not associated with Fermi liquid behavior, and are examples
of systems which cannot fully be described by Fermi liquid theory.
As underlined in the previous chapter, non-Fermi liquid behavior, al-
though traditionally regarded as exotic, is likely more common than is
generally thought.

5.6 superstructures in fe5gete2

As introduced in Section 5.2, there are three known members of the
Fex−δGeTe2 crystal family. Whereas the first half of this chapter con-
siders Fe3GeTe2, the rest of the chapter regards Fe5GeTe2. As stated,
the amount of iron atoms in the unit cell corresponds to the number
of iron planes in a single layer. For Fe5GeTe2, this comes down to
five layers, as is visible in the schematic plot of the unit cell shown in
Figure 5.17. The layers are surrounding a Ge plane and are capped by
Te planes on either side. Analog to Fe3GeTe2, Fe5GeTe2 compounds
regularly contain iron deficiencies on two of the five iron sites, as well
as stacking faults and a split-site Ge-Fe pair[30]. The material exhibits
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ferromagnetic behavior[3] with a Curie temperature near room tem-
perature. This is also confirmed by SQUID measurements performed
on an Fe5GeTe2 crystal, shown in Figure 5.18.

Whereas Fe3GeTe2 is subject to intensive research, measurements
and calculations on Fe5GeTe2 are rather scarce, as is reflected by the
relatively low amount of peer-reviewed publications (50 on Fe5GeTe2 vs.
650 on Fe3GeTe2 as of March 2021). Hence, it is hard to estimate the
iron deficiency by based on the Curie temperature rather than by per-
forming quantitative energy dispersive X-ray spectroscopy (EDS) or
X-ray diffraction (XRD) experiments. As δ ≈ 0.4 is commonly found
for Fe5GeTe2 crystals[3, 30] along with a TC =≈ 280K, the sample stud-
ied in this research features a slightly lower defect density, as a Curie
temperature of 298 K is measured.

This section considers STM measurements on an Fe5GeTe2 crystal,
which exhibits a

√
3 ×
√
3 superstructure on the atomic scale. Al-

though this is far from a finished topic, it is interesting to consider this
superstructure from an electronic perspective, although a conclusion
solely based on local spectroscopic techniques is not possible. Hence,
STM/STS measurements on Fe5GeTe2 are presented in this section
along with a short discussion on the possible origins of the superstruc-
ture, but a definitive conclusion is omitted.

5.6.1 Atomic structure - STM measurements

Although the main contrast in STM measurements on Fe5GeTe2 is ex-
pected to come from the top plane of Te atoms which form a trigonal
structure, typical topography measurements exhibit irregular struc-
tures rather than a simple trigonal structure. As is shown in Fig-
ure 5.19 a), areas exhibiting a

√
3×
√
3 reconstruction are visible along-

side areas showing purely the atomic corrugation. The Fourier trans-
form, which is shown in Figure 5.19 b), clearly shows the peaks cor-
responding to the reconstruction. The first Brillouin zone is also indi-
cated in the figure, which makes it clear that the peaks coincide with
the K-points. Comparing the topography measured by tunneling into
the empty states rather than from the filled states reveals that the re-
construction is more clearly pronounced in the the empty states, as is
shown in Figure 5.20.
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Figure 5.18: The a) magnetization, b) susceptibility and AC susceptibility
of Fe5GeTe2 as a function of temperature as measured with a
SQUID magnetometer with H \\c. The magnetization curves
were obtained during cooling, at applied field strengths as in-
dicated. The arrow in a) indicates a kink in the magnetization
curves, which is clearest at small external fields.

Interestingly enough, the
√
3×
√
3 reconstruction disappears when

the same measurements are performed at room temperature, as is
shown in Figure 5.21. This suggests that the reconstruction is the result
of an electronic effect as a structural reconfiguration is not expected. In
the following section, it is shown that the reconstructed areas also con-
trast with the atomic areas in their spectroscopic signatures.

5.6.2 Spectroscopy

The contrast between the
√
3×
√
3 areas and the 1× 1 areas also gives

rise to a strong contrast in the spectroscopic signature. The spec-
troscopy measurements shown in Figure 5.22 overall exhibit a stark
contrast with the spectroscopy measurements on Fe3GeTe2 presented
in this chapter, as the STS spectra measured on Fe5GeTe2do not re-
semble the broad V-shaped spectra observed in Fe3GeTe2. Instead,
the spectra recorded at the 1× 1 structure all show peaks at -150 meV
and 70 meV, whereas the spectra recorded on the

√
3×
√
3 structure

do hardly show signs of the peak at 70 meV. The peak at -150 meV is
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Figure 5.19: a) A typical STM height measurement showing the atomic struc-
ture of Fe5GeTe2. Two distinct areas can be observed, one show-
ing the atomic structure, one showing a

√
3×
√
3 superstructure.

b) The FT magnitude of the same measurement, showing the
atomic Bragg peaks and the peaks corresponding to the

√
3×
√
3

superstructure. The measurement was performed at a tempera-
ture of 77 K, with the scanning parameters VT = 100 mV, IT =
200 pA.
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Figure 5.20: A comparison of the topography of measured while probing a)
the filled states and b) the empty states. The empty states exhibit
the
√
3×
√
3 reconstruction more clearly as compared to the filled

states. This is also visible in the radial intensity plots, which are
shown in the respective insets of the corresponding topography
plots. The measurement was performed at a temperature of 77 K,
with the scanning parameters VT = ±150 mV, IT = 100 pA.
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a

10 nm

qBragg

√
3×
√

3

b

2 nm−1

Figure 5.21: a) The topography of Fe5GeTe2 as measured at 298 K showing
the atomic structure, but not the

√
3 ×
√
3 superstructure ob-

served at 77 K. This is supported by a lack of intensity where the√
3 peaks would be exptected in b) the Fourier transform. The

measurement was performed at a temperature of 298 K, with the
scanning parameters VT = 20 mV, IT = 200 pA.

present but appears to shift towards higher negative energies in one of
the recorded spectra.

This contrast between the
√
3×
√
3 and 1× 1 structures in the spec-

troscopic signatures of the empty states can be directly linked to the
difference in contrast in the topography measurements, as a topogra-
phy measurement in STM is of course also partially a spectroscopic
measurement. Peaks in Fe3GeTe2 spectra at energies of -180 meV
and 50 mV have been predicted to originate from ferromagnetic Fe 3d-
states[22], which suggests that the areas without reconstruction have a
ferromagnetic ordering if the peaks measured in the Fe5GeTe2 spectra
indeed correspond to those in Fe3GeTe2. If the 1× 1 areas are ferro-
magnetically ordered, this begs the question what exactly the magnetic
ordering of the

√
3×
√
3 reconstructed areas is. At room temperature,

the STS curves show a broad V shape, as is visible in Figure 5.23. The
peaks observed at 77 K are no longer present, which suggests a lack of
ferromagnetic ordering.



5.6 superstructures in fe5gete2 135

123
4

5
6

a

10 nm

0.7

0.8

0.9

1.0

di
/d

v
(a

.u
.)

1
b

2

0.7

0.8

0.9

1.0

di
/d

v
(a

.u
.)

3 4

−0.2 0.0 0.2
Bias (V)

0.5

0.6

0.7

0.8

0.9

1.0

di
/d

v
(a

.u
.)

5

−0.2 0.0 0.2
Bias (V)

6

Figure 5.22: A series of point spectroscopy measurements on Fe5GeTe2 taken
at 77 K. a) The topography recorded before the spectroscopic
measurements, exhibiting the atomic and reconstructed areas.
The locations of six point spectroscopy measurements are indi-
cated and labelled 1-6 and correspond to the spectra in b). The
scanning parameters during the topography measurement were
VT = -100 mV, IT = 200 pA. b) The spectra corresponding to the
measurement location indicated in a). Spectra 1-4 correspond to
the atomic area, whereas spectra 5 and 6 correspond to recon-
structed areas. The lighter spectra correspond to measurements
acquired during reverse sweep. Lock-in parameters during the
measurement were fmod = 4079 Hz, Vmod = 10 mV.
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Figure 5.23: An STS measurement recorded on Fe5GeTe2 at room tempera-
ture. Lock-in parameters during the measurement were fmod =
4079 Hz, Vmod = 10 mV.
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5.6.3 Charge ordering in Fe5GeTe2

Although the conclusion of the latter part of this chapter is omitted,
this section contains an account of arguments for the speculation about
the origin of the reconstruction observed in the STM measurements,
which serve as a concluding section, after which a brief outlook is
provided.

The previous sections present STM measurements on Fe5GeTe2, which
exhibit a

√
3×
√
3 reconstruction in the topography of the surface. The

reconstruction is also shown in recently published work[31], which at-
tributes the superstructure to ordering of Fe atoms in the plane directly
underneath the top telluride plane due to the Ge split-site. The super-
structure is stated to break inversion symmetry, which introduces a
DMI and leads to topological magnetism. Another analog is the pres-
ence of a peak-dip structure in the magnetization curves at low exter-
nal fields, as marked by an arrow in Figure 5.18 a), which is stated to
indicate a commensurate to incommensurate phase transition. Rather
than the structural account, another explanation for the superstruc-
ture would however be more in line with the first half of this chapter
in which a charge ordered state in Fe3GeTe2 is discussed.

The Fe5GeTe2 crystal shows magnetic behavior which is more or
less in line with ferromagnetism. Above a critical temperature TC, the
magnetic moment vanishes as is evident by the lack of hyperfine split-
ting observed at room temperature in Mössbauer spectroscopy[3]. The
fact that the crystal does not exhibit a

√
3×
√
3 reconstruction above

the critical temperature suggests an electronic origin of the superstruc-
ture rather than a structural one. In line with the previously discussed
Fe3GeTe2, a charge ordered state would provide an explanation for
the reconstruction. A spin density wave would also vanish above the
Curie temperature, as the magnetic moment becomes zero and the
spin polarization vanishes.

The contrast between the 1 × 1 and
√
3 ×
√
3 regions would then

be explained by the presence of a charge density wave in the recon-
structed areas, whereas the areas showing purely the atomic struc-
ture are likely ferromagnetically ordered, based on the finite magnetic
moment at low temperatures. This would also correspond with the
suggestion that the peaks in the di/dv spectra correspond with fer-
romagnetic Fe 3d states, which only show up in the 1× 1 areas, and
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vanish above TC. Furthermore, ab initio calculations predict a large
contribution of minority-spin bands to the empty state DOS near the
Fermi level[32], providing a potential explanation for the larger con-
trast of the reconstruction in the empty states as compared to the
filled states. The driving mechanism behind a charge ordered state
is unclear, but it makes sense that it finds its origin in local doping
due to the Fe vacancies commonly found in the compound[30], analo-
gous to Fe3GeTe2. A density wave vector ¯ΓK obviously increases the
size of the electronic unit cell, which would explain a chiral/helical
spin texture[31]. Furthermore, a commensurate to incommensurate
magnetic structure transition as signalled by the dip-peak structure in
the magnetization curves[33, 34]. Such a transition is typically asso-
ciated with chiral spin density waves[35], helical magnetism[36], and
specific charge ordering phase transitions in general[37]. Hence, an
electronically driven charge ordered phase would fit the full puzzle
perfectly. It is known that systems near a QCP can exhibit sponta-
neous ordering which can have symmetries unrelated to the Hamil-
tonian’s due to zero-point fluctuations[38]. Strong interactions gov-
erning almost chaotic behavior, although expected to lead to disorder,
can spontaneously form ordered states[39]. The gradually increasing
state degeneracy close to a transition point of such a pseudo-Goldstone
driven phase results in a gradual onset and a broad transition window
- which agrees with the rather broad peak of the magnetic moment
observed around TC, as opposed to a sharp peak corresponding to a
commensure-incommensurate transition.

As stated before, this section is not meant to present a definitive
conclusion so much as to discuss another viable explanation for the
reconstruction found in Fe5GeTe2 crystals, which is more in line with
the charge order found in Fe3GeTe2. In order to establish whether
the reconstruction is indeed the manifestation of a charge ordering
phase, RIXS could provide a definitive insight in the potential pres-
ence of a spin density wave. However, in order to find the origin
of a charge ordered phase, information about the electronic structure
of the sample is needed. At the moment of writing, only one first-
principles study has been performed on Fe5GeTe2[32], which does not
consider the effect of Fe vacancies on the electronic structure. Further-
more, no photoemission data is available up until now, which would
be crucial in the interpretation of the STS data as well as the deter-
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mination of the origin of a potential charge ordered state. Analogous
to Fe3GeTe2, EELS could provide information on the dielectric func-
tion, which likely shows a discrepancy at QDW = ¯ΓK. If this potential
spin density wave is indeed chiral or helical, the resulting respective
chiral texture or helimagnetic state would be interesting to probe as
a function of temperature with MFM, as was recently done[31], or
spin-sensitive electron microscopy techniques such as SEMPA, which
would be able to confirm chirality of helicity as it can distinguish the
out-of-plane component of the magnetization. Furthermore, the local
and commensurate nature of the potential spin ordering as well as the
large spectroscopic contrasts would make Fe5GeTe2 a highly interest-
ing candidate for spin polarized STM or exchange force microscopy.
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6
C H A R G E O R D E R I N G I N S T R O N G LY D O P E D
G R A P H E N E

6.1 abstract

Heavily doped graphene was investigated by means of scanning tun-
neling microscopy and spectroscopy. The epitaxial graphene is doped
by gadolinium intercalation, resulting in an electron doping of n =

4.5 · 1014cm−2, which has previously been shown to lead to severe
band renormalization. The sample surface appeared disordered at
the atomic scale, resulting in weak atomic Bragg peaks, as well as a√
3 reconstruction. Spectroscopy revealed a change in doping when

cooling down from 77 K to 4 K, suggesting an electronic topology
change. Apart from the disordered areas, which represent the major-
ity of the sample, large ordered areas were measured. These exhibited
a sharp Fourier peak, corresponding to an incommensurate reconstruc-
tion, which is attributed to a spin density wave.

6.2 introduction

In line with the previous two chapters, another interesting example
of non-Fermi liquid behavior is discussed in this chapter. As consid-
ered in Chapter 4, there are numerous possible causes for a deviation
from the Fermi liquid behavior description of a system. One of the
possiblities is the introduction of strong Coulomb interactions in the
system, e. g. by the presence of a Van Hove singularity of the Fermi
level. Crossing a Van Hove singularity can change the topology of
the Fermi surface[1], creating electron- or hole pockets for example[2].
Electronic topological transitions come hand in hand with anomalies
in electronic and thermal properties of a system[3]. Such a transition
can be introduced by strain[4–6], gauge fields[7], or doping (which can
of course also be done with a field)[8–10].

147
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This chapter showcases scanning tunneling microscopy (STM) and -
spectroscopy (STS) measurements performed on a heavily doped graphene
system, which exhibits signatures of a charge ordered phase. Heavy
doping in graphene is commonly achieved by chemical doping[9, 11–
15] rather than with a static electric field, as the latter method is lim-
ited by the breakdown voltage of a dielectric such as SiO2. With lan-
thanoid intercalation of epitaxial graphene, such extreme doping can
be achieved that the Fermi level shifts to the Van Hove singularity[9,
13] which is nearly 1.5 eV removed from the charge neutrality point,
as shown in Chapter 3. As argued in the previous chapters, the large
density of states (DOS) associated with a Van Hove singularity leads
to strong electron-electron interactions which is a sure way to Fermi
liquid breakdown. In this case, large doping in epitaxial graphene by
means of gadolinium intercalation evidently leads to an ordered phase
and signatures of pseudogap formation, as is elucidated in this chap-
ter. Doping up to the Van Hove singularity by gadolinium intercala-
tion leads to extended bands near the M-point - commonly referred to
as extended Van Hove singularities[11, 16], additional long-range pe-
riodicity such as an apparent 13× 13 reconstruction in the low energy
electron diffraction (LEED) pattern[17], signatures of Fermi surface
nesting, and anomalies in transport measurements[17], as is shown
in recently published work[13]. This chapter essentially provides a mi-
croscopic extension on this work in the context of a non-Fermi liquid
perspective in analogy to the previous chapter.

6.3 gd intercalated graphene

The system on which the measurements discussed in this chapter are
performed is an epitaxial graphene sheet which is strongly doped by
intercalation with gadolinium atoms. The system starts out as a zero-
layer epitaxial graphene system on a SiC(0001) substrate, grown by
thermal evaporation of the substrate. Zero-layer graphene (ZLG), also
known as buffer layer graphene[18], is covalently bonded to specific
sites of the substrate. Graphene buffer layer, although structurally
similar to graphene, is electronically different and is a band insulator
rather than a semimetal[19]. During the intercalation process, foreign
atoms slip between the substrate interface and the graphene buffer
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layer, breaking the covalent bonds and lifting the graphene layer in the
process[20, 21]. The resulting graphene layer is referred to as a quasi-
freestanding monolayer graphene (QFMLG), as the layer electronically
behaves like a graphene monolayer[22, 23] (albeit electron doped) and
is weakly bounded to the substrate by solely Van der Waals interac-
tions.

By choosing the intercalant right, the doping level can be tuned be-
tween a few 100 meV[23] to large values of 1.5 eV[13]. Apart from the
Fermi level shifting with respect to the band structure due to filling,
large charge carrier densities can increase the particle-particle interac-
tion strength which, as discussed in Chapter 4, can lead to deviations
from the Fermi liquid description and consequential phenomena. Pho-
toemission measurements, such as shown in Figure 6.1 a), beautifully
show that gadolinium intercalation can shift the Dirac point more than
1.5 eV away from the Fermi level[17], which corresponds to an elec-
tron density of n = 4.5 · 1014cm−2[13]. With such strong doping, it
is not surprising that the same photoemission experiments also show
that the band structure is rather different than the one-electron band
structure and exhibits signs of strong renormalization. Furthermore,
an extended Van Hove singularity is observed at the M-edge of the
Brillouin zone (BZ). As stated in the introduction of this chapter, the
Fermi surface crossing a Van Hove singularity can lead to changes in
the electronic topology and introduce anomalies in electronic and ther-
mal properties. This section discusses the peculiar effects observed in
gadolinium intercalated graphene (ZLG:Gd) to provide a context for
the STM measurements discussed in the rest of the chapter, which is
then concluded with an interpretation and a reflection in the perspec-
tive of present solid state physics.

6.3.1 Periodicity and diffraction

Due to a slight mismatch in the lattice constants of SiC(0001) and
graphene, a 6

√
3× 6

√
3R30 reconstruction appears, which can be ob-

served with scanning probing techniques[19] as well as electron diffrac-
tion techniques[22]. After intercalation, this reconstruction typically
disappears[20, 23], as the covalent bonds between the graphene buffer
layer and the substrate surface no longer exist and the distance be-
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a b c

Figure 6.1: ARPES measurements showing the electronic structure. a) A cut
through the K-point, indicated by the yellow line, showing the
Dirac cone, which is centered around -1.6 eV. b) a cut along the
KMK direction, indicated by the yellow line, showing the Van
Hove singularity. c) Symmetrized energy dispersion curves along
the ΓK direction measured at different temperatures. These fig-
ures are reprinted with permission from the doctoral thesis of
Pascal Nigge[24].

tween them increases. This is also the case in gadolinium intercalated
epitaxial graphene[17], confirming a succesful intercalation. After the
intercalation however, additional diffraction spots appear, marking pe-
riodicities introduced by the intercalation process. The spots corre-
spond to a

√
3×
√
3 and a 13

√
3× 13

√
3 reconstruction with respect to

graphene, of which the former is also observed in STM measurements
as is shown later in this chapter.

6.3.2 Photoemission and electronic structure

As stated, the band structure of ZLG:Gd as measured by angle re-
solved photoemission spectroscopy (ARPES), shown in Figure 6.1, not
only shifts with respect to the Fermi level, but is also strongly modi-
fied. This effect is strongest near the M-point of the first BZ, where the
band becomes extended near the Fermi level along the KMK-direction,
which is clearly visible in the spectrum shown in Figure 6.1 b). The
photoemission data is compared with both a simple tight binding
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model, shown as a green line in the figure, and a more sophisticated
fluctuating-exchange (FLEX) model which takes dynamical fluctua-
tions due to non-local many-body interactions into account with ana-
lytic second-order perturbation theory in a multi-band Hubbard model[25].
The shift of the Dirac point is correctly predicted, as is the electronic
structure of the π-bands near the Dirac energy. Both methods how-
ever fail to predict the extended Van Hove singularity and show a
large discrepancy with the bands measured with ARPES around the
M-point. A flat band is however predicted by dynamical mean field
theory (DMFT) calculations incorporating Hubbard interactions in the
strong-coupling limit in a triangular lattice[26]. The relevance of this
is discussed in context in the concluding section of this chapter.

The Fermi surface shows the contribution of the flat band close to or
at the KMK BZ edge, depending on the temperature[17]. An electronic
topology transition also becomes apparent: the extended bands form
a single hole pocket rather than the electron pockets of SiC epitaxial
graphene. This effect, although initially due the hexagonal warping
of the π-dome at higher energies, in combination with the flat band
indicates strong correlation effects and an electronic topology transi-
tion. The flat band is not only extended in energy, but also coarses
parallel to the KMK BZ edge, which possibly results in nesting with
the matching band in the neighboring extended BZ.

Another interesting hint from the photoemission experiments comes
in the form of the appearance of a pseudogap. The apparent band
crossing near K shows a pseudogap stable even at room temperature,
though increasing in energy and intensity as the temperature drops.
Analogous to the previous chapter, the term pseudogap appears as a
band-gap like quench of the DOS without a sharp band edge and with
a finite DOS at the Fermi level, which is clearly visible in the energy
dispersion curves shown in Figure 6.1. The appearance of a pseu-
dogap at the M-point suggests another electronic topology transition,
which in the conclusion of this chapter is argued to be the transition
to a charge ordered phase. The missing spectral weight of the (appar-
ently linearly dispersive) π band around the Fermi energy, resulting
in a pseudogap, is associated with large electron-electron correlation,
resulting in collective oscillations. A kink in the concerning band at
-180 meV is associated with mode coupling[24]. Coupling with an op-
tical phonon is suggested, analogous to pristine epitaxial graphene[27]
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but this can only explain the kink at -180 meV and not the bending of
the entire band, which results in the pseudogap at K. The bending can
be intuitively explained by the presence of a charge order: as a charge
order emerges to negate the large Coulomb energy introduced by the
extended Van Hove singularity, a gap is opened, which also affects the
apparently linear π-band.

6.3.3 Magnetism and magnetotransport

X-ray magnetic circular dichroism (XMCD) measurements of ZLG:Gd
exhibit lightly paramagnetic behavior[17]. The moments at low tem-
perature (2 K) however do not saturate at a field strength < 6 T, as
would be the case for a true paramagnetic behavior. Furthermore, mag-
netotransport measurements at temperatures of 50 mK and lower ex-
hibit a significant negative magnetoresistance. The resistance of a typ-
ical metal increases with the strength of an applied magnetic field[28]
due to increased electron localization due to the decreasing size of the
cyclotron orbits of the charge carriers. A negative magnetoresistance
can be ascribed to weak localization[29, 30] or the Kondo effect [31, 32].
As a localization effect is in contrast with the isotropy of the magne-
toresistance[17] and a Kondo effect is unlikely as this would introduce
a Kondo state near the Fermi level which is not observed in photoemis-
sion measurements[24] nor in the STS measurements presented further
on in this chapter, the origin is not obvious. An alternative explanation
is however provided by the presence of a charge ordered state. Charge
ordered states in pseudogapped systems can exhibit superfluid-like
charge motion rather than Drude-type scattering motion, which has
been shown to cause negative magnetoresistance in non-Fermi liquid
systems[33, 34]. Negative magnetoresistance in such systems, specifi-
cally the strange metal-like systems, is attributed to spin ordering. The
highly doped graphene however is likely not a strange metal as this
contrasts with the presence of a pseudogap in the photoemission mea-
surements.

Another possible explanation for the unexpected magnetic behavior
can be found in sub-critical magnetic correlations. The polarization
dependence of the XMCD signal[24] indicates that there are magnetic
correlations, which could potentially be attributed to ferromagnetic
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interaction which are sub-critical[35] but result in a large magnetic
moment without a full-fledged ferromagnetic ordering.

6.4 stm measurements

6.4.1 Topography and reconstruction

In this section, STM topography measurements on ZLG:Gd are shown
and discussed. Apart from the obvious change in structure with re-
spect to epitaxial graphene, the periodicities observed in the system
proves interesting and can be linked to diffraction experiments.

The STM measurements on ZLG:Gd are strongly complicated by re-
gions of unstable graphene, such as shown in Figure 6.2 a,c), marked
with circles. Large corrugation is observed, which does not match the
sub-Å corrugation expected of a single crystal surface[36], but does re-
veal structure on the atomic scale when investigated further, as shown
in Figure 6.2 b,d). A graphene-like atomic structure - such as shown
in Figure 6.3 a,b) - observed near or on the unstable structures sug-
gests that these structures are indeed the graphene layer which has
come loose from the surface (blister-like), to which it was bonded
with a relatively weak Van der Waals interaction. After a couple of
passes, some of the rather distorted and unimageable structures start
to exhibit atomic-scale structure, which commonly features a

√
3×
√
3

reconstruction, as is the case in the subsequent topography measure-
ments shown in Figure 6.2. A likely explanation could be provided by
inhomogeneous Gd intercalation. The distance between the substrate
surface and the graphene layer correlates with the amount of interca-
lated Gd atoms, which would mean that the blister-like features are
areas featuring a large number of intercalants. Although the exact me-
chanics of the loose patches are unclear and rather tricky to investigate
by means of purely STM due to its local nature and limited direct ac-
cess to mechanical information, these structures are considered to play
only a minor role in the physics of the heavily doped graphene.

As is shown in Figure 6.3 a,b), the typical topography as measured
with STM on the gadolinium intercalated graphene system is quite
a contrast as compared to epitaxial graphene on SiC[37]. While the
atomic corrugation corresponding to the graphene lattice can still be
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a

5 nm

b

5 nm

Figure 6.2: The topography of ZLG:Gd recorded during two subsequent STM
scans. a) and c) show the height and current recorded during the
first pass, b) and d) the height and current during the subsequent
pass, respectively. The first measurement exhibits a large unstable
area marked with a black circle, where the graphene is suspected
to have come loose from the substrate. Furthermore, the first mea-
surement contains a patch exhibiting less pronounced instablities.
In the second pass however, this patch appears lower and exhibits
structure on the atomic scale, indicating that the graphene sheet
has been pushed back onto the substrate. Both measurements
were performed at 77 K with conditions VT = 150 mV, IT = 0.5 nA.
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resolved, the 6
√
3× 6

√
3 reconstruction is not present, which is in line

with the corresponding peaks in the LEED pattern largely vanishing
after intercalation[13]. Whereas the sub-Å corrugation is typically the
largest corrugation in the epitaxial graphene topography, the interca-
lated sample shows non-periodic large-scale corrugation, which are
in the order of 1-2 Å, as can be seen in line profile 1 shown in Fig-
ure 6.3 c), whereas the typical graphene corrugation is sub-Å, as is
visible in the second trace. The areas corresponding with an increased
height such as marked with an arrow in Figure 6.3 do no exhibit a
clear atomic periodicity, but rather a

√
3×
√
3 structure with respect

to the atomic lattice. This periodicity is also reflected in the Fourier
transform of the topography shown in Figure 6.3 d), which exhibits the√
3-peaks coinciding with the K-point of the first BZ, in addition to the

(heavily smeared) atomic Bragg peaks. As discussed in the previous
section, the LEED pattern of gadolinium intercalated graphene also
shows the

√
3×
√
3 periodicity. The measurement shown in Figure 6.3

a) also exhibits a valley-like structure. The height difference with the
surrounding structure, visible in line trace 3 shown in Figure 6.3 c),
corresponds to that of an atomic step edge in the SiC-substrate, which
is about 2.5 Å[36, 38].

Lowering the temperature from 77 K to 4 K, the topography shows
no apparent changes, as can be seen by comparing Figure 6.3 b) to
a typical topography measurement at 4 K shown in Figure 6.4 a). In
the latter, two features are marked. The feature marked with white
exhibits a reconstruction, but also a clear atomic structure. The fea-
ture marked in magenta shows a strong reconstruction but not a clear
atomic lattice. It is likely that the magenta feature is a small patch of
graphene which has loosened from the substrate, which is credible as
the feature can be influenced by the STM-tip and increases in size with
a subsequent pass, as is shown in Figure 6.4 f). It is clear that the inter-
action strength between the tip and the substrate plays a large role in
decoupling the graphene layer. A blister-like feature disappears when
the bias (and hence the large E-field) is lowered, and reappears when
the bias is suddenly increased again, as is shown in Figure 6.5. The
fact that the blister reappears with the same height profile supports
the hypothesis that a clustered large amount of dopant atoms reduces
coupling between the substrate and the graphene sheet, as the location
and shape of the blisters appears fixed.
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Figure 6.3: The a) height and b) current recorded during an STM topography
measurement of a ZLG:Gd sheet. Apart from the atomic corru-
gation, a superstructure can be observed which has a

√
3 ×
√
3

periodicity, as can be concluded from the corresponding peaks in
the d) Fourier transform of the height measurement, showing the
peaks corresponding to the atomic corrugation marked qBragg as
well as the

√
3 peaks which coincide with the K-points of the first

BZ. c) Line traces corresponding to the lines in a), which show
that the surface exhibits a corrgation in the order of 1-2 Å. The
topography was recorded at a temperature of 77 K, the STM set-
points used for the measurement are VT = 350 mV, IT = 0.5 nA.
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Normally, a decrease of temperature comes hand in hand with in-
creased stability and reduced drift in STM measurements, both of
which usually lead to sharpened Fourier peaks. As becomes evident
however by comparing Figure 6.3 d) to Figure 6.4 e), the Fourier peaks
corresponding to the atomic corrugation do not necessarly become
sharper at lower temperatures in this case. Analysis of the respective
Fourier components of the reconstruction and atomic corrugation, as
is shown in Figure 6.4 d,e), shows that the intensity of the atomic peri-
odicity Fourier component is more homogeneously distributed across
the measured as compared to the periodicity of the reconstruction.
The
√
3 component shows increased intensity on and around the struc-

tures. Although the structures do feature a finite contribution of the
atomic periodicity, the periodicity corresponding to the reconstruction
is the major signal, as becomes clear when the ratio between the com-
ponents is overlayed onto the topographic image, as in Figure 6.4 c).
Without discussing the nature of the reconstruction, the large contribu-
tion of the reconstruction periodicity provides the explanation for the
smeared atomic Bragg peaks in the Fourier transforms, which is not
temperature-related as evident from the lack of contrast between the
Fourier transforms (FTs) at 77 K and 4 K.

Apart from the corrugated surface, there are also parts of the sur-
face which appear completely flat and do not exhibit unstable (loose)
graphene patches. In line with previous reasoning, the intercalant
atoms are presumably less clustered, ordered better or just present
to a lower degree. The flat area is pictured in Figure 6.6 c), which con-
trasts with the corrugated surface areas such as shown in Figure 6.6
a,b). Whereas the corrugated area exhibits a

√
3×
√
3 reconstruction

and the corresponding peaks in Fourier space, shown in Figure 6.6
d), the flat area does not show a strong reconstruction and the atomic
Bragg peaks are significantly sharper, as can be seen in Figure 6.6 e,f).
Furthermore, the FTs of the flat areas exhibit a sharp peak which cor-
responds to the atomic Bragg peak of the substrate. This means that
somehow, the atomic periodicity of the substrate shines through. It is
however clear that the graphene sheet is not entirely laying directly on
the substrate surface, as no signs of the 6× 6 peaks expected of epi-
taxial graphene[19] show up in most of the Fourier transforms. This
means that the graphene sheet is indeed intercalated, but that the in-
tercalant atoms order with respect to the substrate at least to some
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Figure 6.4: a) The current recorded during a topography measurement. Two
features are marked: the white circle marks a patch exhibiting a
slight reconstruction, the magenta circle does not appear to exhibit
atomic structure. b) The Fourier components F√

3
corresponding

to the
√
3 ×
√
3 reconstruction and FBragg corresponding to the

atomic Bragg peaks are isolated, and the corresponding intensities
in real space are plotted in d) and e), respectively. c) shows the
ratio of the

√
3×
√
3 component with respect to the atomic Bragg

signal, defined as F√
3
/(F√

3
+ FBragg). The Fourier components

are convoluted with a Gaussian kernel (σ = 0.5 nm). f) shows the
recorded height zoomed onto the feature marked with magenta
in a) as well as the same feature recorded in the subsequent pass.
With the visual aids, it is clear that the feature extends towards the
top and hence can be deformed by an STM tip. The topography
was recorded at a temperature of 4 K, the STM setpoints used for
the measurement are VT = 805 mV, IT = 1.51 nA.
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(Å
)

ti
m

e

b
0.5
0.1
0.2
0.3
0.4
0.5

Figure 6.5: a) A reconstructed patch of graphene sheet recorded with a bias
of 0.5 V. b) Height traces along the line indicated in a) at different
biases. The feature can be observed to vanish with decreasing
bias, and the graphene can be observed to sit flat on the substrate
at 0.1 mV bias. When the bias is increased back to 0.5 V again,
the feature returns. The measurements were recorded at 77 K, the
setpoint used for the measurement was IT = 0.5 nA.
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degree, as this would be the only way to observe the SiC periodicity in
the graphene electronic structure. However, in line with the LEED pat-
tern still exhibiting a very slight 6

√
3× 6

√
3R30 reconstruction, areas

exhibiting signs of the reconstruction are found in STM measurements
as well. A measurement clearly exhibiting 6× 6 peaks as well as the
quasi-

√
3 peaks is shown in Figure 6.7. Based on statistics however, it

is estimated that areas exhibiting a 6
√
3× 6

√
3R30 reconstruction rep-

resent a minor contribution to the total surface.
Whereas a

√
3 ×
√
3 reconstruction is not directly obvious in the

measurements taken at flat areas, the FT exhibits a set of peaks which
appear to be

√
3 peaks but appear at slightly shorter wavevectors.

The
√
3 peak is expected at 2.71 nm−1, but the peaks, marked with

white circles in Figure 6.6 e,f), appear at |q| = 2.15 nm−1. Although
the origin is not obvious, deduction makes it likely that the periodic-
ity corresponds to that of the charge ordered state. The peak is not
commensurate with the graphene lattice, nor is it with the substrate.
Furthermore, Figure 6.7 b) shows all the points corresponding to the
6
√
3× 6

√
3R30 reconstruction overlayed on the FT. It is clear that the

quasi-
√
3 peak does not coincide with any of the points, making it clear

that the peak does not originate from the 6
√
3×6

√
3R30 reconstruction.

Another possibility is that somehow, the gadolinium ordering is mea-
sured. Resonant elastic X-ray scattering (REXS) experiments however
do not exhibit any signs of gadolinium ordering at periodicities cor-
responding to the quasi-

√
3 periodicity nor lower orders thereof[24],

nor do any of the periodicities observed in the REXS measurements
show up in the FTs, so it is unlikely that the periodicity corresponds
to the gadolinium ordering. However, an incommensurate periodicity
with the crystal symmetry is fully in line with charge ordering and
can thus likely be attributed to a pinned charge density wave (CDW)
or spin density wave (SDW).

From the topography measurements it can be concluded that the
gadolonium intercalation, although structured[39], is inhomogeneous
across the sample. The gadolinium partially clusters beneath the graphene
layer, weakening the Van der Waals interaction between the substrate
surface and the graphene layer and in some cases loosening the layer
locally. This can be observed in STM topography images as an unsta-
ble patch in the graphene sheet which protrudes up with respect to the
rest of the sheet. These patches can be pushed back onto the surface,
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after which a stable surface can be imaged, which exhibits a
√
3×
√
3

superstructure. Apart from the corrugated areas, the sample exhibits
the flat areas discussed in the previous paragraph. The major contrast,
both in reciprocal- as well as real space, between the flat areas and the
corrugated areas is attributed to different amounts of intercalants. The
corrugated areas show rather broadened atomic Bragg peaks as well
as broadened peaks, whereas the flat areas exhibit very sharp Bragg
peaks, as well as sharp Bragg peaks corresponding to the substrate.
The flat areas furthermore exhibit signs of the 6

√
3× 6

√
3R30 recon-

struction of the graphene sheet due to interaction with the substrate,
which suggests that the amount of intercalants is lower at the flat areas.

The sub-Bragg peaks in the FTs corresponding to corrugated areas
are rather broad but appear exactly at the

√
3 position - which is com-

mensurate with the graphene lattice - and not only become signifi-
cantly sharper but also shift to a different wavevector at the flat areas.
A potential explanation is that only the well structured (flat) areas ex-
hibit charge ordering and that the quasi-

√
3 peaks correspond to a

pinned, non-commensurate SDW/CDW, coherent over large distance,
resulting in a sharp peak in the FT. The largely corrugated areas, such
as shown in Figure 6.3 a) en Figure 6.4 a), exhibit a rather disordered
structure. Due to lack of ordering, it is likely that the

√
3 ×
√
3 re-

construction can be attributed to increased valley-valley scattering[40],
which is typically associated with defects in the graphene[41–43]. Al-
though a single defect can not be pinpointed in the topography, it is
not unlikely that an aggregation of intercalants acts as a series of de-
fects, locally breaking symmetry and increasing the intervalley scatter-
ing. Due to the high doping level, what is left of the Dirac cone close
to the Fermi level is quite wide in momentum space, which would
explain the rather broad

√
3 peaks.

6.4.2 Spectroscopy

Although spectroscopic information can provide spatially resolved elec-
tronic information in some cases, the major spectroscopic contrast ob-
served on ZLG:Gd is the significant change with temperature. An
averaged di/dv curve recorded on the sample at 77 K is shown in Fig-
ure 6.8 a). The contrast with the STS curves recorded on pristine epi-
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Figure 6.6: a,b,c) Topography of distinct areas of the surface and d,e,f) their
respective Fourier transforms. a) the corrugated surface type. It
shows a clear

√
3 reconstruction in d) the FT, as wel as smeared

Bragg peaks. The lower half b) shows the corrugated surface,
which transitions into a flat region in the top half of the image.
c) shows purely flat region. The contrast with the corrugated area
is well visible in Fourier space, as the atomic Bragg peaks are very
sharp and well defined in e,f). The Bragg peak of the SiC substrate
is marked qBragg,SiC. A peak with wavenumber is 2.15 nm−1 is
marked with a white circle. The measurements were performed
at 4 K with setpoints VT = -560 mV,IT = 0.773 nA.
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Figure 6.7: The a) current topography and b) its Fourier transform of a flat
area. The reciprocal image clearly exhibits the 6× 6 reconstruc-
tion peaks and the typical diamonds originating from the recon-
struction, indicating interaction of the graphene layer with the
substrate. The atomic Bragg peaks of the graphene and the sub-
strate are indicated, as are the sets of peaks corresponding to the
quasi-

√
3×
√
3 periodicity (|q| = 2.15 nm−1) and 6× 6 reconstruc-

tion around a graphene Bragg peak. The points corresponding
to the 6

√
3 × 6

√
3R30 reconstruction are shows as dots, making

it clear that the quasi-
√
3 peak is not commensurate with either

the substrate or the graphene periodicity. The topography was
recorded at a temperature of 4 K, the STM setpoints used for the
measurement are VT = -0.3 V, IT = 0.80 nA.
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Figure 6.8: Typical spectroscopy curves recorded at a) 77 K and b) 4 K. Vmod
= 20 mV, fmod = 4.48 kHz.

taxial graphene on SiC is clear[40], whereas non-intercalated graphene
exhibits a typical V-shaped STS curve, the heavily doped graphene ex-
hibits an asymmetric STS curve with a wide peak around -180 meV.
The DOS around the Fermi level is slightly decreased but finite, and
the DOS of the empty states increases rapidly. At 4 K however, the
DOS of the filled states appears to quench heavily, leaving the DOS
almost constant, as is shown in Figure 6.8 b).

While not as clear as the quench on the filled-states side, the empty
states DOS relatively increases. The large asymmetry of the spec-
troscopy curves is also observed systems exhibiting strong electron
correlation, such as the cuprates[44, 45] and doped graphene[46]. The
asymmetry is correlated to the doping level, which agrees with the
electron doping in the ZLG:Gd, and furthermore implies that the dop-
ing level shifts up slightly when cooling. Comparing the spectroscopy
curves to the energy dispersion curve (EDCs) measured with pho-
toemission experiments, the strong reduction of the amount of filled
states close to the Fermi level is directly in line with the widening of
the pseudogap at the K-point and the opening of a pseudogap at M.
Whereas ARPES however is able to measure the incoherent contribu-
tion to the spectral function, it is not evident to what extent STS is
sensitive to it. It makes sense however that the increase of electron-
electron correlation and the resulting collective behavior results in a
reduction of the tunneling probability, as there are no longer single
electron states to tunnel to or from.
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6.5 conclusion and outlook

By intercalating buffer layer graphene with gadolinium, the Fermi
level can be shifted such that it crosses the first Van Hove singular-
ity. This causes a transition in the electronic topology, such that the
Fermi surface is formed by a single hole pocket rather than a set of
electron pockets. As the previous two chapters were intended to clar-
ify, the presence of a Van Hove singularity close to or at the Fermi
level often leads to interesting physics which usually do not comply
with Fermi liquid theory. Heavily doped graphene is no different and
this chapter elucidates on the different ways the breakdown of Fermi
liquid behavior manifests in this system.

Photoemission measurements make it not only clear that the Van
Hove singularity at the M-point is pushed to the Fermi level, but
also shows that the band becomes flat and extends along the KMK-
direction along the BZ edge[13, 24]. Tight binding and FLEX calcula-
tions fail to describe the flat band, suggesting that the single-electron
nature of the tight-binding technique and even the non-local many-
body interactions taken into account with the FLEX technique are not
sufficient to capture the strong interactions in the system. However,
DMFT calculations on a triangular lattice in the strong coupling regime
do predict a flat band[26] and show that the system is indeed in a
non-Fermi liquid regime, potentially exhibiting a spin density wave
instability of the Fermi surface. As discussed in this chapter, further
experimental work confirms the non-Fermi liquid nature of the system
and exhibits further evidence for the presence of an SDW/CDW.

The photoemission experiments show that while the flat band sits at
the BZ edge at room temperature, a pseudogap opens up when lower-
ing the temperature, suggesting another electronic topology transition.
A pseudogap is present even at room temperature at the K-edge of
the BZ, which increases in energy and intensity when the tempera-
ture is lowered. As stated in the previous two chapters, momentum-
dependent pseudogaps are typically associated with non-Fermi liquid
behavior, especially the cuprate high-TC superconductors.

More evidence for non-Fermi liquid behavior is given in the form
of magnetic- and magnetotransport behavior. The system exhibits an
anomalously large static susceptibility at low temperatures which can
not be described with simple paramagnetic behavior. Furthermore,
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negative magnetoresistance is shown, which by deduction can be at-
tributed to a charge ordered state, suggesting the presence of spin
fluctuations which is in line with a large susceptibility at low tempera-
tures and the presence of a charge ordered state.

The second half of the chapter comprises STM measurements on the
highly doped system. It is clear that, although the atomic structure of
graphene is visible, the sample does not resemble a pristine epitaxial
graphene system by far in many aspects. Apart from a reduced at-
tractive interaction between the substrate and the graphene layer, the
typical reconstructions associated with epitaxial graphene vanish and
a
√
3×
√
3R30 reconstruction appears in large areas of the sample ex-

hibiting corrugation in the order of 2-3 Å, whereas sub-Åcorrugation
is typical for epitaxial graphene. The

√
3 reconstruction can likely be

attributed to local electronic defects, enhancing intervalley scattering
processes. Flat areas of the sample on the other hand, exhibiting far
less disorder, exhibit sharp Bragg peaks of both graphene as well as
the substrate, hinting on a graphene-substrate interaction, potentially
explained by a non fully intercalated sample. The gadolonium inter-
calation, although structured as evident from REXS experiments[39],
appears to be inhomogeneous across the sample. The spectroscopy is
rather uniform but shows a stark contrast between spectra recorded
at 77 K and 4 K, supporting the hypothesis of a topology transition
at low temperatures. The flat areas of the sample furthermore ex-
hibit sharp peaks in the FT, corresponding to a non-commensurate
periodicity which by deduction is likely associated with the expected
SDW/CDW.

As discussed, the large asymmetry exhibited by the STS spectra can
be related to similar effects in (underdoped) cuprates. The asymmetry
agrees with the large electron doping of the sample and its tempera-
ture dependence suggests that the doping level shifts up even further
when cooling down from 77 K to 4 K. The reduced filled state DOS is
in agreement with photoemission EDC’s, which exhibit an increasing
pseudogap. While the presence of the pseudogap and its dependence
on temperature can be argued to be related to band folding due to a
large scale Gd ordering[24], this would be driven by chemical inter-
action between the Gd atoms and the graphene, i. e. hybridization of
their atomic orbitals. This is however unlikely, as the atomic states
of the Gd atoms show up completely flat in the photoemission spec-
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tra[17], and other lanthanide intercalated graphene systems show that
even the π* band can fully be resolved underneath the Fermi energy[9],
which can only be attributed to an electronic rather than a chemical in-
teraction. Hence, the pseudogap is likely of electronic origin, similar
to the pseudogap observed in underdoped cuprates.

Gadolinium intercalated graphene, part of a zoo of graphene sys-
tems intercalated with a large selection of elements, is yet another
graphene-based sample which provides easy experimental access to
a non-Fermi liquid system exhibiting exotic phenomena. In this case,
the unprecedented doping levels lead to a large variety of topological
changes and properties typically associated with the cuprates, e. g. the
emergence of a pseudogap and a negative magnetoresistance. While
the book cannot yet be closed on Gd intercalated graphene, it is clear
that lanthanide intercalated graphene provides a reliable way for strong
graphene doping and a platform for the research of the often compet-
ing phases associated with non-Fermi liquids. In this case, a spin-
and/or charge density wave likely emerges, but other lanthanides
could possibly result in a superconducting phase[15]. Considering
the likely presence of the charge ordered state in ZLG:Gd, RIXS ex-
periments could provide the final word in the form of a definitive
conclusion.
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7
C O N C L U S I O N S & O U T L O O K

Three different systems are considered in this thesis, with electron cor-
relation effects in common. This chapter serves as a short summary of
the presented work, as well as a brief outlook. Firstly, the main conclu-
sions are summarized per chapter, after which suggestions for future
work as well as some general thoughts related to the field are given.

7.1 main conclusions

In Chapter 3, an explanation is given for the observation of a near-edge
state and large-distance ballistic transport observed on the lower edge
of sidewall zigzag GNRs. Broken time reversal symmetry gives rise to
a topological phase, in which the zigzag surface state becomes disper-
sive and topologically protected. Due to its chiral nature, backscatter-
ing is suppressed which provides a mechanism for ballistic transport
as well as a protection against morphological disorder. The sponta-
neous violation of time reversal symmetry is attributed to the pres-
ence of a finite pseudoflux due to a significant curvature near the
edge. Due to strongly repulsive next-nearest-neighbor interaction, the
ground state becomes valley polarized, violating time reversal symme-
try. The topological nature of the state can be attributed to a finite
Berry phase acquired in a closed loop path by electrons near the edge.

Chapter 5 presents scanning tunneling microscopy and scanning
tunneling spectroscopy measurements on Fe3GeTe2 crystals A sample
with a relatively high Fe deficiency exhibits a strong reconstruction
peak in some cases. This is attributed to the presence of a charge
ordered state, which emerges due to large Coulombic interactions be-
tween the Fe 3d electrons, driven by the localized defect states. The
presence of localized states is supported by spectroscopy measure-
ments, which show large gradients in the local doping. The charge
ordered state, specifically a chiral spin density wave, is predicted for
similar systems, and explains the large anomalous Hall effect as well
as the chiral large scale spin texture that have both been observed in
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Fe3GeTe2 crystals. In the second part of the chapter, measurements on
the related system Fe5GeTe2 are presented. The topography exhibits
two contrasting areas of the surface. One of which exhibits a recon-
struction, while the other exhibits just the atomic contrast. This is also
attributed to a charge ordering, which is furthermore supported by the
fact that the reconstruction vanishes as the temperature is increased.

In Chapter 6, scanning tunneling microscopy and spectroscopy mea-
surements on heavily doped graphene are presented. By doping by
means of Gd intercalation, the Fermi level is shifted up to the first
Van Hove singularity. Due to the high carrier density, interactions
between bare particles strongly increase, leading to severe band renor-
malization as well as changes in the electronic topology. The sample
exhibits mostly heavily disordered graphene surface, which show a
strong commensurate reconstruction due to increased intervalley scat-
tering. Ordered areas appear as well to a lesser degree. These exhibit a
sharp non-commensurate reconstruction, which is attributed to charge
and/or spin ordering. Spectroscopy measurements furthermore show
that, cooling down from 77 K to 4 K leads to a change in doping, likely
due to another electronic topology transition.

7.2 outlook

Fe5GeTe2 and highly doped graphene both show evidence of charge
ordering albeit being vastly different systems. This underlines one
of the premises made in this thesis: non-Fermi liquid behavior is
more common than generally thought, and definitely not reserved for
cuprates. Topography and local spectroscopy measurements provide
only so much information however, which is why both chapters fea-
ture multiple different complementary measurements, which are often
performed by respective specialized research groups. This warrants a
general conclusion: research on topics such as correlated systems is
complicated to such a degree that extensive collaboration between sci-
entists of different disciplines is necessary to advance our knowledge
on the topic.

As stated in the respective chapters, the origin of the charge ordered
state is not fully clear. Especially the FeGeTe case lacks a theoretical
foundation, as many of the calculations are performed on a pristine
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lattice or at most include a single defect. This complicates interpreta-
tion of spectroscopy measurements. As a phonon-driven charge order-
ing cannot be excluded, the electric response function as well as the
phonon band structure can be studied with electron energy loss spec-
troscopy. A discrepancy in the response function at the right wave vec-
tor could provide a conclusive indication on the nature of the charge or-
dering. Furthermore, resonant inelastic X-ray scattering studies could
provide even more insight in the charge ordering. In order to gain
momentum resolved information of the electronic structure, angle re-
solved photoemission experiments have been performed on the very
same samples used in our scanning tunneling microscopy studies. The
measurements show no band structure at all however, except for very
broad and undefined structures. This is in contrast with measurements
published in literature[1, 2]. This suggests either a problem with the
samples, or some intrinsic effect causing decoherence of the outgoing
electrons. Similar effects are observed in the form of large spectral
weight transfer in a very similar material[3]. A phase transition driven
by temperature would fit the picture, as all other measurements pre-
sented in literature have been performed at elevated temperatures. A
temperature-dependent photoemission study might reveal this.

A remaining open question is the contrast between the reconstructed
areas and the areas showing just the atomic structure found in Fe5GeTe2.
This was attributed to atomic ordering[4], but this would warrant ad-
ditional explanation as to why the reconstruction contrast vanishes at
higher temperatures. Again, studying the Fe vacancy defects with both
theory and spectroscopic studies might prove interesting and provide
more insight in the role of defects in the potential phase transition.
Furthermore, inelastic X-ray scattering measurements would provide
a definitive conclusion as to whether a charge ordered state caused by
large interactions between particles is indeed present. Incorporating
defects as well as these interactions in ab initio calculations is however
not trivial and remains as a challenge for a group specialized in e.g.
cluster density functional theory calculations.

Heavily doped graphene has proven to be a viable candidate for
studying uncommon electronic phases of graphene, especially since a
closely related intercalation method has undeniably shown a similar
electronic topology transition[5]. Although the picture is becoming
more and more clear as more experiments are performed on highly



doped graphene, the relation with high-temperature superconductors
remains elusive. An interesting experiment would be to use electron
energy loss spectroscopy to study collective interactions between the
bare particles in the system, as these collective interactions are thought
to play a major role in the cuprates.

Lastly, the topological phase exposed in GNRs offers a promising
new research direction in the straintronics field. Spontaneous time re-
versal symmetry breaking by means of strain, although predicted by
theory[6], is a highly interesting phenomenon, opening the door for
engineering of topological phases. As symmetry breaking occurs due
to an infinitesimally small pseudoflux, the strongly resembles a phase
transition, although it is not directly evident what the order param-
eter is. A sophisticated experiment could be designed, using strain
as a control parameter to study the phase change. Furthermore, the
measurements were carried out in context of a project with spintron-
ics devices as goal. Due to the pseudospin coupling in graphene, the
design and fabrication of such devices comes into reach, using local
symmetries as a design tool.

A final remark is left to conclude this chapter and the substance of
this thesis. Although the three systems studied in this promotion re-
search appear to be very different, this thesis attempts to underline
their similarities and analogies. This is done to illustrate that while
topology and non-Fermi liquid behavior might be considered as exotic
and uncommon, this is only due to the tendency to disregard interac-
tions in theory in favor of ease, and although the physics governing the
electronic properties of such systems might be rather complex, they
are highly interesting. As theories to describe them start to emerge
and analysis techniques facilitating the investigation of interactions at
short time and length scales rapidly develop, the time appears right
for a heads-on and structural investigation of these complicated but
compelling physics.
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A B S T R A C T

The field of condensed matter physics is challenged by the emergence
of materials of which the electronic properties are governed by interac-
tions between electrons, as conventional theories in the field typically
originate from a single electron perspective. In this thesis, three sys-
tems that can not be described with conventional Fermi liquid theory
are considered.

Firstly, an explanation is given for the observation of a near-edge
state and large-distance ballistic transport observed on the lower edge
of sidewall zigzag GNRs. Broken time reversal symmetry gives rise to
a topological phase, in which the zigzag surface state becomes disper-
sive and topologically protected. Due to its chiral nature, backscatter-
ing is suppressed which provides a mechanism for ballistic transport
as well as a protection against morphological disorder. The sponta-
neous violation of time reversal symmetry is attributed to the pres-
ence of a finite pseudoflux due to a significant curvature near the
edge. Due to strongly repulsive next-nearest-neighbor interaction, the
ground state becomes valley polarized, violating time reversal symme-
try. The topological nature of the state can be attributed to a finite
Berry phase acquired in a closed loop path by electrons near the edge.

Secondly, scanning tunneling microscopy and scanning tunneling
spectroscopy measurements on Fe3GeTe2 crystals are presented. A
sample with a relatively high Fe deficiency exhibits a strong recon-
struction peak in some cases. This is attributed to the presence of a
charge ordered state, which emerges due to large Coulombic interac-
tions between the Fe 3d electrons, driven by the localized defect states.
The presence of localized states is supported by spectroscopy measure-
ments, which show large gradients in the local doping. The charge
ordered state, specifically a chiral spin density wave, is predicted for
similar systems, and explains the large anomalous Hall effect as well
as the chiral large scale spin texture that have both been observed in
Fe3GeTe2 crystals. Topography measurements on the related system
Fe5GeTe2 exhibit two contrasting areas of the surface. One of which
exhibits a reconstruction, while the other exhibits just the atomic con-
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trast. This is also attributed to a charge ordering, which is furthermore
supported by the fact that the reconstruction vanishes as the tempera-
ture is increased.

Lastly, scanning tunneling microscopy and spectroscopy measure-
ments on heavily doped graphene are presented. By doping by means
of Gd intercalation, the Fermi level is shifted up to the first Van Hove
singularity. Due to the high carrier density, interactions between bare
particles strongly increase, leading to severe band renormalization as
well as changes in the electronic topology. The sample exhibits mostly
heavily disordered graphene surface, which show a strong commen-
surate reconstruction due to increased intervalley scattering. Ordered
areas appear as well to a lesser degree. These exhibit a sharp non-
commensurate reconstruction, which is attributed to charge and/or
spin ordering. Spectroscopy measurements furthermore show that,
cooling down from 77 K to 4 K leads to a change in doping, likely
due to another electronic topology transition.

The findings in this thesis suggest that non-Fermi liquid behavior
is more common than previously thought and gives an insight in
the types of systems that exhibit phenomena related to such behav-
ior. While the origin of the behavior remains speculative, it is remark-
able that the diverse systems shown in this thesis exhibit such similar
behavior, which provides a chance to gain an understanding of the
physics of correlated systems.

S A M E N VAT T I N G

Het veld der fysica van gecondenseerde materie staat voor een uitdag-
ing in de vorm van de emersie van diverse materialen waarvan de
electronische eigenschappen grotendeels bepaald worden door de in-
teractie tussen de elektronen in het materiaal, aangezien conventionele
theorieën in het veld typisch gestaafd zijn op het gedrag van enkele
elektronen. In dit proefschrift worden drie systemen aangestipt die
zich niet goed laten bschrijven met de conventionele Fermi-vloeistof
theorie.

Ten eerste wordt een verklaring gegeven voor een electronische toe-
stand die is gevonden nabij de rand van een grafeen nanolint met
zigzagranden, alswel voor het ballistische elektrische transport dat
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is waargenomen op dezelfde rand over lange afstanden. Gebroken
tijdsomdraaiingssymmetrie leidt tot het ontstaan van een topologis-
che toestand, die onstaat uit een oppervlaktetoestand welke dispersie
gaat vertonen en topologisch beschermd wordt. Door de chirale sym-
metrie van deze toestand wordt terugstrooiing van elektronen verbo-
den, hetgeen zorgt voor ballistisch transport, alsmede een bescherming
tegen morfologische wanorde. Het feit dat de tijdsomdraaiingssym-
metrie spontaan gebroken wordt, wordt toegeschreven aan de aan-
wezigheid van een eindige pseudomagnetische flux welke veroorzaakt
wordt door een sterke kromming van het grafeen nabij de rand. Door
sterk afstotende interacties kan het systeem een quantummechanische
faseovergang doorgaan, waardoor de grondtoestand van het systeem
tijdsomdraaiingssymmetrie schendt.

Ten tweede worden rastertunnelmicroscopie- en tunnelspectroscopiemetin-
gen op Fe3GeTe2-kristallen getoond. Een kristal met een relatief hoge
ijzerdeficiëntie laat een sterke reconstructiepiek zien in het Fourier-
domein, welke toegeschreven wordt aan de aanwezigheid van een
toestand waarin lading geordend zit. Deze toestand ontstaat door
Coulomb-interacties tussen de 3d elektronen van het ijzer. De in-
teractiesterkte neemt toe door gelokaliseerde defecttoestanden. Het
bestaan van gelokaliseerde toestanden wordt bevestigd door spectro-
scopiemetingen, welke sterke gradiënten laten zien in de lokale doter-
ing. Voor gelijksoortige kristallen wordt een geordende toestand voor-
speld in de vorm van een chirale spindichtheidsgolf. Deze toestand
verklaart waarom een sterk anomalous Hall effect wordt waargenomen
en verklaart ook de bijzondere chirale spintextuur die is waargenomen
op dergelijke kristallen.

Het vergelijkbare kristal Fe5GeTe2 laat in de rastertunnelmicroscopie
twee sterk contrasterende gebieden zien, waarvan er een een recon-
structie van het kristalrooster laat zien, terwijl de andere slechts het
kristalrooster laat zien. Dit wordt evenzo toegeschreven aan een geor-
dende verdeling van de lading, wat bovendien bevestigd wordt door
het feit dat het contrast verdwijnt als de temperatuur wordt verhoogd.

Als laatste worden rastertunnelmicroscopiemetingen aan sterk gedo-
teerd grafeen besproken. Door de grafeenlaag te intercaleren met
gadoliniumatomen schuift het Ferminiveau zo ver omhoog dat het de
eerste Van Hove-singulariteit bereikt. Door de zeer hoge dichtheid van
ladingsdragers nemen de interacties tussen de geladen deeltjes sterk in
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kracht toe. Dit leidt ertoe dat de bandenstructuur hevig renormaliseert
en bovendien de elektronische topologie verandert. Het kristal laat
een sterk wanordelijk grafeenrooster zien, dat bovendien een com-
mensurabele reconstructie bevat. In een mindere mate laat het kristal
echter ook gebieden met een ordelijke structuur zien, welke ook een
reconstructie bevatten die evenwel incommensurabel is. Tunnelspec-
troscopymetingen laten zien dat een afkoeling van 77 K tot 4 K gepaard
gaat met een verandering in het karakter van de ladingsdragers, wat
allicht een volgende verandering in de elektronische topologie mar-
keert.

De resultaten in dit proefschrift wekken de indruk dat gedrag dat
afwijkt van het conventionele Fermi-vloeistoefgedrag vaker voorkomt
dan voorheen gedacht werd. De besproken kristallen en metingen
leveren inzicht in wat nu tot zulk afwijkend gedrag leidt. Alhoewel
het speculatief is wat nu exact de oorzaak is van dit gedrag, is het
opmerkelijk dat de besproken kristallen, welke zozeer verschillend
zijn, zulk overeenkomstig gedrag laten zien. Het bestuderen van zulk
gedrag in dergelijke kristallen leidt hopelijk tot meer kennis en inzicht
in in de fysica welke gepaard gaat met elektroncorrelatie.
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