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1. Introduction

Semiconductor electronics are driving a huge development in information technology to-

wards omnipresent digitization since the realization of the �rst transistor in 1947.1,2 The

discovery of graphene3 in 2004 added a new candidate to the pool of materials competing

to improve key properties of micro- and nano-electronic devices on the quest to contin-

uously become faster, dissipate less power per active unit and require less space, also

known as Moore's law.4 Only one atomic layer thick, graphene embodies the ultimate

size reduction in one dimension while combining high mechanical �exibility and strength

(Young's modulus of 1 TPa)5 with high electrical conductivity and comparatively low

optical absorption (about 2.3 %).6 Flexible electronics and conductive composite ma-

terials were among commonly proposed applications.7�9 Being an all-surface material,

graphene's environment strongly impacts its properties. This severely limited device ho-

mogeneity and required to transfer graphene from Si/SiO2 to a better-suited substrate

like hexagonal boron nitride (hBN) to achieve ballistic transport on the few 10µm scale.10

On the other hand, sensor applications become very appealing. For instance, sensitive

Hall measurements allow to determine magnetic �eld strengths with much higher ac-

curacy than before.11 Exploration of the properties of graphene has kindled interest in

other 2D crystals like dichalcogenides or layered oxides and their heterostructures.8,9,12

Graphene also remains highly interesting from a fundamental perspective. Opposed to

other two-dimensional electron systems (2DES) realized in semiconductor heterostruc-

tures, graphene grants direct access to basically all scanning probe microsocopy (SPM)

techniques. Especially scanning tunneling microscopy (STM) and spectroscopy (STS) on

2DESs has been limited for instance, to those induced by surface doping of n-InAs(110)13

or n-InSb(110)14 by Cs. The inherent disorder poses limits on the observation of delicate

quantum phase transitions like the fractional quantum Hall e�ect (FQHE).15 In princi-

ple, graphene could be the key to capture the local nature of these e�ects. The charge

carriers in graphene are quasiparticles that behave as chiral fermions, which are addi-

tionally free of rest mass, a property usually encountered for elementary particles such



1. Introduction

as photons and neutrinos. In graphene, the chiral property is not the spin, but the sub-

lattice degree of freedom. The electrons in graphene come with an additional degree of

freedom which is also formally analogous to the physical spin, called valley pseudospin.

In this unique disguise, graphene's charge carriers enrich the physics of, for instance,

the quantum hall e�ect (QHE)16�19 or localization in 2D.20�22 Moreover, graphene has

been called a tabletop test environment for high energy physics,7,18 since its e�ective

�ne structure constant is three orders of magnitude larger23�26 than in quantum electro-

dynamics. Therefore experiments mimicking hardly attainable settings in the context

of astro, relativistic particle or nuclear physics become tangible. For instance, the large

magnetic �elds of white dwarfs,27�29 neutrino oscillations,30 Zitterbewegung,31�33 Klein

tunneling34,35 and the atomic collapse in case of supercritical charge36�40 have been the

subject of proposals or conducted experiments.

Graphene has also sparked some enthusiasm in the quantum computing community.

Quantum bits (qubits) are the primitive building blocks of quantum computers. In prin-

ciple, they can solve certain problems much more e�ciently, popular examples being

prime factoring41 and searching in unsorted data.42 There has been signi�cant progress

on, for instance, qubits in superconductors.43�46 Graphene presents a promising host

material for spin qubits, which have been intensively researched in III-V semiconductor

heterostructures like GaAs/AlGaAs.47�49 There, strong hyper�ne and spin-orbit inter-

action limit spin coherence times,50,51 though nuclear spin bath polarization52 results

in times exceeding 200µs and tailored gate sequences53 provide some additional coun-

teraction. On the other hand, graphene's carbon is a light element creating negligible

spin-orbit interaction.54,55 Graphene can also be grown from an isotopically puri�ed
12C source, thereby eliminating the about 1.1 % of 13C atoms carrying nuclear spins in

natural carbon.56,57 This leads to expected spin decoherence times limited by phonon-

mediated spin relaxation in the range of milliseconds.58�61 The same objective is also

pursued by using group IV host materials like Si and Ge and prototype qubits have been

demonstrated.62,63 Here, one of the drawbacks is the requirement to lift the additional

valley degree of freedom. Though this is also an issue in graphene, controlling the valley

pseudospin also o�ers the possibility to operate qubits within the valley space. Again,

long coherence times on the order of milliseconds are expected.64 On paper, graphene's

properties look quite promising. However, the challenge of creating well-de�ned QDs

which allow their exploitation remains.

The aforementioned Klein tunneling renders purely electrostatic con�nement in mono-
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layer graphene di�cult. Hence, imposing physical boundaries and thus gaps due to

size quantization by carving out nanostructures from pristine graphene sheets appeared

as appealing solution, because the existent tool-box of semiconductor nanostructuring

techniques could be applied. However, graphene's surface sensitivity makes it highly

susceptible to lithography process residues. As the latter also hamper the investigation

of graphene by STM, I explored an alternative resist-free patterning technique (chap. 6):

local anodic oxidation (LAO). A negatively biased metallic tip of an atomic force micro-

scope (AFM) dissociates water molecules in the water meniscus forming between tip and

sample under ambient conditions. Moving the tip thus allows writing arbitrary oxide

patterns on the sample surface. LAO was previously employed to create nanostructures

in, for instance, GaAs/AlGaAs heterostructures.65,66 I successfully structured graphene

rings and QDs, while the de�ning cuts can be as narrow as 10-15 nm and no structural

change is observed for the rest of the �ake. However LAO, like most other lithography

techniques, lacks control over the generated atomic edge con�guration. The disordered

edges of patterned graphene devices have been identi�ed as the main source of uncon-

trolled charge localization and thus crucial limitation to device performance.67 Hence,

I did not observe Aharonov-Bohm oscillations and the measurements on the QD were

limited to Coulomb blockade physics without the regular substructure of excited states,

alike most of the literature.67

Looking for an alternative approach to con�ne Dirac electrons, inducing band gaps

by an external magnetic �eld seems appealing. At a moderate �eld of B = 2 T the �rst

Landau gap in graphene already reaches a comparatively large value of about 50 meV.

Adding a gate-induced band bending then allows to con�ne electrons in QDs without

physical edges. Since the potential disorder needs to be smaller than the gap size,

I investigate a graphene �ake transferred to hBN. The great advantage of using an

STM tip-induced con�nement potential is its maneuverability, such that the QD can,

for instance, also be used as a local probe.68,69 Transport measurements on the LAO

structured QD exhibit an irregular charging peak sequence with addition energies of 3−
4 meV. Measuring the Coulomb staircase in the tip-induced QDs by means of STS reveals

addition energies of 10 − 20 meV at 7 T and a preferential grouping of Coulomb peaks

in quadruplets (chap. 5). This footprint of a sequence of well-de�ned orbital QD states

shows that the QD energy level spectrum exhibits large and regular orbital splittings

which separate quadruplets of QD states. Their additional spin-valley substructure

manifests itself as separation of quadruplets into doublets, while the experiments �nd

7



1. Introduction

the impact of the valley splittings to dominate over the Zeeman splitting in accordance

with theoretical expectations.

I characterize the QDs by utilizing the two main tuning knobs of my experiment: the

external magnetic �eld and the position of the induced QD within the superstructure

of commensurate graphene on hBN (13.8 nm periodicity). Varying the magnetic �eld

reveals the onset of con�nement between 1 − 2 T and Landau levels (LLs) with non-

zero index as the origin of the con�ned electron and hole states. The QD wave functions

inherit a peculiar property of the bulk LL wave functions, as exchanging the valley index

for a particular orbital state corresponds to swapping the wave function amplitudes

between the two sublattices. Thus, moving the trapped electrons across the sample

and subjecting them to a substrate-induced breaking of the local sublattice symmetry

directly e�ects the magnitude of the observed valley splittings. The STM allows to map

the QD properties, thereby uncovering signatures of local avoided valley crossings and

a tunability of the valley splitting beyond 7 meV on the scale of 10 nm. These values

surpass the highest reported values for any potentially nuclear spin free host material

by more than one order of magnitude (Si/SiO2, 500µeV).70 On the one hand, these

controlled valley splittings show a road toward spin qubits in graphene. On the other

hand, these �ndings may be seen in analogy to singlet-triplet transitions in spin qubits

subjected to local magnetic �eld gradients,71,72 thus allowing to harness the valley or a

combination of spin and valley degree of freedom in novel graphene quantum devices.
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2. Measurement techniques

Before getting involved with the physics of graphene quantum dots, it is mandatory to

discuss the employed probing techniques and a specially developed data analysis method

for spectroscopy series, which was key to identify spatial variations in the quantum dot's

addition energy spectrum. Therefore, this chapter reviews the principles of STM and

STS (sec. 2.1), describes a peak tracing algorithm developed to map peak energies in

STS series (sec. 2.1.3) and brie�y states details relevant to the conducted transport

measurements (sec. 2.2).

2.1. Scanning tunneling microscopy and spectroscopy

Gaining insight on the electronic structure of solids on the nanometer scale contributes

immensely to the fundamental understanding of many physical phenomena. In 1982,

the invention of the STM by Binning and Rohrer,73,74 in this sense, started a new era in

surface science research. The addition of the atomic force microscope (AFM) �ve years

later75 further extended the capabilities in the growing �eld of SPM. While the early

measurements were concerned with imaging the atomic topography,76 nowadays STS

providing spectroscopic information of the local density of states (LDOS) with atomic

resolution is the main focus. It is the key to delve into e�ects like superconductiv-

ity, the Kondo-e�ect, the QHE16,17 or supercritical charge.40 Other applications range

from single atom manipulation,77,78 imaging of chemical reactions79,80 or di�ering spin

populations81,82 to time-resolved measurements on the sub ns scale.83�85 Many exper-

iments have to be conducted in a controlled environment at low temperatures, since

contamination of the sample surface and thermal activation either limit the observation

or undermine the formation of the sought-after state. Therefore, STMs are often inte-

grated into ultra-high vacuum (UHV, i.e., p < 1× 10−9 mbar) low temperature (down

to T = 10 mK)86 systems.
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Our home-built STM setup87 utilizes liquid helium as cooling agent (T ≈ 4.2 K) and

a pressure of p ≈ 1× 10−10 mbar. The STM's base temperature is T ≈ 8 K due to the

heat load of additional wiring required to �t a high-frequency compatible STM unit.85

Additionally, the setup allows to apply a |B| ≤ 7 T �eld perpendicular to the sample

surface as well as smaller in-plane magnetic �elds in both directions (3 T, 1 T). In the

following I will address the main concepts behind STM and STS. Readers seeking a

broader introduction should consider Refs. [88, 89].

2.1.1. The tunneling effect - revealing the atomic topography

Electron tunneling is one of the most basic concepts in quantum mechanics. In STM,

we consider an electronic tip and sample state at energy ε with wave functions Ψtip

and Ψs, respectively. They are separated by a potential barrier of width Z and height

Φ̄ ≈ (Φtip+Φs)/2, where Φtip and Φs are the work function of tip and sample, respectively.

Both states will decay exponentially inside the barrier, but if it is narrow enough (i.e.,

a couple of Å) both states will have a �nite overlap and electrons can tunnel between

Ψtip and Ψs. The corresponding transmission probability in WKB approximation to �rst

order90 is T ∝ e−2κZ , with the inverse decay length

κ =

√
2me

~2
(Φeff − ε) , (2.1)

where Φeff = Φ̄+eVtip/2 captures the impact of an applied tip voltage Vtip on the e�ective

barrier height. T governs the tunneling current90

I =

∫ eVtip

0

ρs(r, ε) ρtip(r,∓eVtip ± ε)T (ε, eVtip, r) dε (2.2)

at the location r of the tip with respect to the sample. Here, one assumes elastic

tunneling at Vtip � Φeff/e. The LDOS of tip ρtip and sample ρs in between their

electrochemical potentials µtip and µs, that is, within the bias window eVtip = µtip − µs,

carry I (blue arrows in Fig. 2.1). The upper and lower signs in the argument of ρtip

correspond to µtip > µs (i.e., Vtip < 0, Fig. 2.1a) and µtip < µs (i.e., Vtip > 0, Fig. 2.1b),

respectively. States in the upper part of the bias window contribute more strongly

to I since the barrier is lower for them. Terso� and Hamann91,92 amended the one-

dimensional model to treat elastic tunneling in three dimensions more accurately by
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2.1. Scanning tunneling microscopy and spectroscopy

a b

eVtip

µtip

µs eVtip
µtip

µs

tip

sample

tip

sample

Figure 2.1.: Energy diagram for tunneling between an STM tip and a sample. Work
function of tip Φtip and sample Φs marked by double arrows. Gray, blue or white �lled areas
depict DOS of tip (assumed �at) and sample, as labeled at the bottom. Applied tip voltage
Vtip (black vertical arrow) opens a bias window between the electrochemical potentials of tip
µtip and sample µs (black dotted lines). Electrons from occupied states (dark blue �lled areas)
can tunnel (light blue arrows) into available unoccupied states of the other electrode (light blue
�lled areas). (a) For µtip > µs, electrons tunnel from the tip to the sample. (b) For µtip < µs,
electrons tunnel from the sample to the tip.

incorporating an s-type tip orbital (e.g., Au tips). Many metallic tips like Tungsten or

Pt/Ir tips, however, tunnel also via p or d orbitals close to µtip, which show higher spatial

resolution. Here, Chen found an elegant description based on di�erent order derivatives

of the orbital wave functions leading to adjusted κ values.93�95 Fortunately, I (eq 2.2)

retains its general structure and is su�cient to discuss the features in my experiments.

The exponential dependency of T and thus I on Z, that is, the tip-sample separation, is

the great trump when designing a feedback loop to navigate the STM tip with subatomic

precision relative to the sample. In constant current mode, a local variation of ρs within

the bias window will be compensated by a counteracting Z shift of the tip, issued by the

piezo-motors. Rastering the tip across the sample and logging Z will thus produce a map

of the integrated LDOS within the bias window. Since the LDOS is strongly correlated

with the atomic positions, this explains referring to such images as the topography.

Figure 2.2 portrays two examples recorded on graphene on hBN (panel a) and Au(111)

showing the typical heringbone surface reconstruction96 (panel b).

Moreover, I(Z) curves allow to sensitively crosscheck the tip-sample interaction. Ide-

ally, Φeff ≈ 5 eV is the only free parameter and thus 2κ ≈ 2.3 Å
−1

(eq 2.1). If the decay

is signi�cantly stronger (i.e., 2κ > 2.3 Å
−1
), attractive forces between tip and sample

11



2. Measurement techniques

20 nm0.5 nm

a b

Figure 2.2.: Exemplary constant-current STM images of graphene and Au(111).
(a) Atomically resolved 1.5×1.5 nm2 STM image of graphene on hBN taken at T = 8 K. Bright
dots stem from one atomic sublattice of the graphene honeycombs. Vtip = 300 mV, I = 300 pA.
(b) STM image of a Au(111) surface with di�erent terraces featuring the fcc-hcp heringbone

reconstruction96 (parallel brighter lines). Darker stripe at the top due to tip change. Image
recorded at Vtip = 480 mV, I = 300 pA.

reduce the e�ective Z by deforming the tip and/or sample. Since graphene easily buckles

and is not strongly attached to its usually insulating substrates, lifting of the sample is

expected to dominate in this case.29

Finally I want to brie�y address the tip preparation. First, tungsten tips were prepared

by microchemical etching of wires. The microtips were then reshaped by controlled

indentation into the surface of a Au(111) crystal,97 thereby forming a Au apex of a few

10 nm in length. Typically Vtip = 9 V during the procedure and thus I ≈ 8 mA due

to an additional 1 kΩ resistor in series. I then check I(Z) curves and characterize the

tips by exploiting the topographic and spectroscopic features of the Au(111) surface

reconstruction.96
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2.1. Scanning tunneling microscopy and spectroscopy

2.1.2. Differential conductance spectroscopy

Starting from the tunneling current in eq 2.2, we can derive the contributions to the

di�erential conductance89

dI

dVtip

∝ eρtip(0)ρs(eVtip)T (eVtip, Vtip) (2.3)

+

∫ eVtip

0

∂ρtip(ε− eVtip)

∂Vtip

ρs(ε)T (ε, Vtip)dε (2.4)

+

∫ eVtip

0

ρtip(ε− eVtip)ρs(ε)
∂T (ε, Vtip)

∂Vtip

dε (2.5)

for the case Vtip < 0. As ρtip is favorably featureless, the second term is neglected. The

reduction of the barrier height with increasing Vtip enters in the third term. It produces

an exponential background to the LDOS features of the sample in the �rst term. Thus

focusing on the dI/dV modulation reveals the structure of ρs. However, this assumes

Vtip does not alter ρs. For instance, a tip-induced band bending will modify the position

of ρs with respect to µs, thus, for instance, states dropping out of the bias window would

cause additional dips in dI/dV . Moreover, charging of a tip-induced QD also shifts

ρs relative to the bias window giving rise to Coulomb peaks in dI/dV (see sec. 5.1).

Essentially, the modulation of the dI/dV signal can have other sources than a variation

of ρs at µtip while sweeping Vtip.

Practically, the dI/dV spectra are measured by lock-in detection of the tunneling

current change due to adding a sinusoidal modulation Vmod to Vtip. In this thesis, I use

a frequency of fmod = 1223 Hz and amplitudes of 2 − 7.3 mVrms for that purpose. In

measurements of QD charging sequences, I optimized Vmod for well separated charging

peaks at maximum signal-to-noise ratio. Prior to sweeping Vtip for every spectrum, the

tip is stabilized at the stabilization voltage Vstab and current Istab. Then the feedback loop

is switched o� for the acquisition of the I(Vtip) and dI/dV (Vtip) spectrum. Whenever I

plot (dI/dV )/I0, I divide every point of the dI/dV spectrum by the �rst current value I0

of the measured I(V ) curve. This normalization compensates small remaining variations

in tip-sample distance after stabilization, which are due to inherently imperfect feedback

loop operation or residual mechanical noise.

Compared to usual dI/dV measurements, where the tip-sample distance is kept con-

stant after stabilization (�xed-Z mode), the tip slightly approaches the sample at a rate

13



2. Measurement techniques

Vtip,eff (V)

-0.5

0

-1 -0.5 0.5 10
-2 %

2 %

0 %

Figure 2.3.: Change in capacitance between tip and tip-induced graphene QD in the
varied-Z mode. Relative change of the tip to dot capacitance ∆Ctip = Ctip,VarZ − Ctip,6Å

with respect to the capacitance Ctip,6Å at a �xed tip-sample separation Z = 6 Å. During the
varied-Z spectroscopy, the tip approaches at a rate of 0.5 Å/V. Poisson calculation conducted
for a tip radius of rtip = 120 nm and a dot radius of rdot = 25 nm. Vtip,eff denotes the applied
tip voltage. The error bars re�ect the convergence criterion of the Poisson solver concerning the
iteration-by-iteration threshold in the change of the induced charge, which is used to calculate
the capacitance. More details in section 5.2.

of 50 pm/V in the varied-Z mode. Thus the tip approaches the sample by ∆Z = 0.5 Å

while sweeping the voltage from 1 V to 0 V and retracts the same distance while continu-

ing to sweep to −1 V. This increases the dynamic range of the di�erential conductivity,

that is, the visibility of features for small Vtip improves, since the increasing barrier

height is counteracted by a smaller Z keeping T roughly constant. In turn, graphene's

linear density of states (at 0 T) will not appear in its usual 'V-shape' in dI/dV , but com-

paratively �at. The additionally ensued change in tip to sample capacitance, derived

from my Poisson-solver results and shown in Figure 2.3, amounts to below 2.5 %. It was

thus neglected in the analysis of the tip-induced QD (chap. 5), since the capacitance

uncertainty due to the uncertainty in tip radius is larger (Fig. 5.7).

Generally, Vmod will impact the energy resolution of the experiment, which can be

expressed by98

∆E ≈
√

(3.3kBT )2 + (2.5eVmod)2 , (2.6)

where the �rst term is due to thermal broadening of the Fermi distribution. Conse-

quently, the reduction of both, temperature and Vmod, aids achieving higher energy

resolution. Additionally, if the signal-to-noise ratio and the acquisition time do not pose

obstacles, one should aim for eVmod ≈ kBT . Especially the time for a spectroscopy series

often is limited due to the sheer number of spectra. For instance, recording 60 × 60

spectra with 1000 points resolution in voltage and a raster time of 10 ms (Lock-In in-

tegration time 3 ms) requires a total of about 10 hours. Signi�cantly increasing the

energy resolution thus costs several more hours, which always has to be weighted with

14



2.1. Scanning tunneling microscopy and spectroscopy

the setup's stability concerning, for instance, (thermal) drift.

2.1.3. Mapping spectroscopy peaks

In many settings, it is highly insightful to locally trace the energy of electronic states.

Their footprint in STS are peaks, which can also be generated by charging of localized

states68,99,100 and various measurement artifacts, for instance, mechanical noise. While

a human is generally well suited to weed out erroneous peaks and identify the same

peak in di�erent dI/dV spectra, this task becomes impossible to handle manually with

increasing spatial resolution, that is, number of spectra collected on a �ne grid. For

instance, more than half a million peaks had to be processed in the one spectroscopy

series portrayed in section 5.4.2.

Hence, I trained an army of monkeys1 to do the job. They operate on an algorithm

which I devised to mimic the human ability to identify errors in an image. There are

two main assumptions behind the algorithm. First, the position of the peaks changes

smoothly and more or less uniformly across the sample, that is, it is possible to de�ne

a sensible maximum pixel-by-pixel variation δpx. Second, the peak sequence is generally

well ordered across the sample, that is, numbering the peaks going from zero towards

higher |Vtip| is a good �rst approximation for the �nally determined index. The following
description omits many of the details in favor of a comprehensive overview of the key

properties.

Prior to applying the algorithm, the relevant peaks have to be identi�ed. Figure 2.4

shows the di�erent stages of the process. For every spectrum of an STS series (N ×N
grid), a peak �nder (simple �rst order criterium based) identi�es peaks, which are then

�tted by a Gaussian to extract their position and FWHM. The resulting peak list is

then �ltered based on certain cut criteria: (i) the peaks have to be within a certain Vtip

interval, (ii) their FWHM needs to be within a certain interval (i.e., 10 − 20 mV), (iii)

consecutive peaks need to have a minimum spacing (i.e., 15 mV). The cropped peaks

are saved as backup in a category B peak matrix. The peaks which pass make up the

N ×N ×L category A peak matrix, where the third dimension corresponds to the peak

index l. Every N ×N × 1 matrix layer corresponds to an initial peak map. Single pixel

within the map are identi�ed by their coordinates (m,n).

We now unleash the algorithm, starting with l = 1. The peak map will contain

1The semiconductor transistor breed commanded by MATLAB.

15



2. Measurement techniques
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Figure 2.4.: Flow diagram of the peak tracing algorithm. First row: For every spectrum
of an STS series a peak list is generated by a peak �tting procedure (examples in the top right
box). Every spectrum is identi�ed by its coordinates (m,n) within the grid. Second row: The
peak lists are �ltered according to the shown cut criteria to create the peak matrices category
A and B. The �rst serves as starting point for the algorithm. Third row: The images I,II and
III showcase a generated initial peak map, identi�ed connected (blue area) as well as erroneous
parts (black px, actual result found by the algorithm) and the peak map after replacing some
erroneous px, respectively. The last image represents the ideal �nal map.

numerous erroneous pixel, as showcased for the image marked I in Figure 2.4. Besides

the quality of the spectra, this depends on the cut criteria and can be in excess of 50 %

of all px. Nonetheless, it is possible to identify smoothly connected areas by naked

eye. The algorithm starts with a pixel which is smoothly connected to at least three of

its neighbors, that is, the top, bottom, left and right pixel are no more than δpx away

(typically δpx ≈ 5 mV). Then it adds all neighboring pixel within δpx to this initial patch

and iterates this process. Figuratively speaking: A wetting layer of height δpx spreads

from the starting point and all dry points are called disconnected. If there are no more

connected neighbors and a signi�cant portion of the image has not been analyzed (i.e.,

10 %), the algorithm selects a new appropriate starting pixel and continues. Finding

multiple isolated patches is actually typical. Too small patches are also ignored. The

result of applying this procedure to image I is marked II in Figure 2.4. We see, a large

fraction of the intact image is successfully identi�ed (light blue area).

16



2.1. Scanning tunneling microscopy and spectroscopy

In the next step, the algorithm tries to �nd substitutions for the erroneous pixel. First

it generates an estimate for every pixel by interpolation from the correct pixel. If the

present peak position lies within a certain interval of this estimate, the peak remains in

category A. If not, the algorithm �rst looks for a replacement in category A at higher

l, that is, the peak �nder possibly identi�ed peaks prior to the desired sequence. If it

is successful at some higher index l = lr, all peaks in the peak list at (m,n) with l < lr

will be moved to category B and the peaks with l ≥ lr move down in index, that is,

l→ l− lr + 1. Otherwise, category B at (m,n) is searched and, if found, the peak in the

map is exchanged with the match from category B. In case no alternative peak can be

found a token is inserted and all l in the list at (m,n) are incremented by one assuming

the spectrum lacks an adequate peak. Note that by �xing the peak map with l = 1 we

actually improve all maps with higher l whenever a peak sequence at some (m,n) moves

up or down.

After this �rst round of replacements, we have to address those error pixel which are

not detected by the 'wetting layer' approach. For instance, let us consider the analog of

a screw dislocation in a crystal. There, the layer index of two speci�c neighboring atoms

di�ers by one and the burgers vector appears similar to a helix or the threads of a screw.

Here, we �nd two neighboring pixel which are more than δpx apart, but we can �nd a

smooth path connecting the two pixel which circles around the step. However, the map

will still look discontinuous at least for these two pixel. I employ di�erent median and

gradient �lters to identify these pixel. Then the same replacement procedure as stated

above is performed. Eventually, this completes one full replacement iteration (we have

reached image III in Fig. 2.4) and the algorithm starts over. If no pixel was replaced

during the last iteration, the peak map with index l is �nal and the algorithm moves on

to map l + 1.

The �nal peak matrix allows to investigate local changes in single peak energies as

well es peak splittings. Actually, any property of such a peak becomes mappable, for

instance, the life time of a state via the peak's FWHM. While I will investigate charging

peak sequences of a tip-induced QD (chap. 5), Landau level spectroscopy, local varia-

tions in spin splittings, or a superconducting gap could also be interesting applications.

Generally, whenever using a peak �nder and de�ning a certain interval is not enough,

for instance, due to occasionally recorded error peaks, the algorithm should prove ben-

e�cial. Of course the e�ectiveness of the algorithm depends on choosing appropriate

parameters. Fortunately, evaluating a couple of exemplary spectra is usually su�cient
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2. Measurement techniques

to �nd sensible boundaries for peak spacings, the FWHM and δpx, which is obviously

sensitive to the experimental resolution. The algorithm is surprisingly fault tolerant,

that is, it can deal with signi�cantly more than 50 % erroneous pixel in the �rst map.

Hence, one should try weakening the cut criteria to include more potential peaks, if too

many pixel remain blank in the �nal peak maps. The algorithm is applicable to any

problem where peak positions or, more generally, some quantities vary smoothly in a 2D

space. However, peaks which only occur in a part of this space, cross or split are so far

di�cult to deal with. The resulting artifacts in the maps are on the one hand undesired,

but, on the other, may also provide important clues.

2.2. Transport measurements

All transport measurements were carried out in a 3He-bath cryostat, which is described

in detail in Ref. [101]. It provides a base temperature of T ≤ 290 mK and a maximum

magnetic �eld of B = 10 T. A total of 24 contacts can be separately connected via a

connector box on the top of the insert. All contacts can be grounded, �oated or low-pass

�ltered (cuto� frequency fc = 1 kHz) individually.

Measurements in 2-point geometry were carried out in two ways. Firstly, a constant

current source was used to drive a current I through the sample. It is connected to two

BNC sockets of the connector box and additionally the voltage V between these two

sockets is measured by a voltmeter (34401A, Agilent) via two T adapters. Ohm's law

R = V/I then yields the total resistance of the circuit including that of the sample, the

contacts and the wiring. The second method utilizes home-built symmetric I-V convert-

ers. They apply a DC and/or AC source-drain voltage VSD to the sample, which is divided

by a factor of 102 and 104, respectively, on the input side. The I-V converters directly

output the resulting current with a chosen gain of 105 . . . 1010 V/A. A Lock-In ampli�er

(SR830, Stanford Research Systems) provides the AC signal (f < 100 Hz), while all

DC signals, including gate voltages, are applied by highly stable voltage sources (7651,

Yokogawa). DC outputs are fed to voltmeters after being low-pass �ltered (fc = 3 Hz),

while the di�erential conductance dI/dV is extracted by a Lock-In ampli�er from the

raw signal.
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3. Graphene characteristics
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In 2004, the isolation of a single layer of graphite, now known as graphene,3 came as

a surprise, in part because the Mermin-Wagner theorem102 doomed it and any purely

two-dimensional crystal unstable. Before its discovery, many of its properties were al-

ready investigated, since it had served as starting point in the theoretical description of

graphite103,104 and carbon nanotubes.105 As showcased in the introduction, graphene has

many strong traits with respect to mechanical, optical or electrical applications, while

also o�ering intriguing insight on more fundamental phenomena.

This chapter captures the main properties of graphene related to my experiments.

Broader treatises on the subject are found in Refs. [26, 106, 107]. In section 3.1, I

will start out with the crystal lattice of monolayer graphene (MLG) and deal with the

resulting wave functions, band structure and density of states (DOS). The application of

a strong external magnetic �eld signi�cantly changes these properties (sec. 3.2), which

will be key to localize charge carriers as portrayed in chapter 5. I will also discuss Si/SiO2

and hexagonal boron nitride (hBN) substrates (sec. 3.3), since the properties of actual

graphene devices crucially depend on their interaction with their immediate environment.

Though this is often the limiting factor for device homogeneity, it also allows to introduce

a new periodicity to the system by aligning the crystal lattices of graphene and the

substrate. The appropriate graphene sample preparation techniques are addressed in
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Figure 3.1.: Crystal lattice and �rst Brillouin zone of graphene. (a) Honeycomb lattice
structure of graphene: sublattices marked B (darker gray) and A (lighter gray); nearest neighbor
vectors r1, r2, r3; lattice vectors a1, a2; unit cell, semi-transparent yellow diamond; lattice
constant aG = 2.459Å.108 (b) First Brillouin zone of graphene: reciprocal lattice vectors b1,
b2; high-symmetry points Γ, M, K, K′ marked by dots.

section. 3.4. The last section will then consider the structure of commensurate graphene

on hBN from an experimental and theoretical perspective (sec. 3.5).

3.1. Atomic lattice, band structure and wave function

properties of graphene

Graphene's honeycomb lattice structure (Fig. 3.1a) is described by a triangular Bravais

lattice with a lattice constant of aG = 2.459Å108 and a two-atom basis consisting of

sublattice A and B. Correspondingly, the �rst Brillouin zone (BZ) also has hexagonal

symmetry (Fig. 3.1b). It features the high-symmetry point Γ at k = 0, two inequivalent

K and K′ points at the corners and three inequivalentM points in the middle of the BZ

edges (only one marked). The originally 1s22s22p2 con�gured carbon atoms sp2 hybridize

in the x-y plane to form covalent σ bonds with their neighbors at relative angles of 120◦.

The unhybridized 2pz orbitals overlap comparatively weakly forming π bonds. The

strongly di�ering overlap of the π and σ bonds leads to a large 12 eV separation of the

bonding and anti-bonding σ bands at the Γ point, while the π bands govern the low

energy properties around the Fermi energy and thus the electronic transport.

In the most simple tight binding (TB) approximation of the π bands, the wave func-
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3.1. Atomic lattice, band structure and wave function properties of graphene

tion is a linear combination of pz orbitals φ(r) centered at the atom positions. Using

R = n1a1 + n2a2 (n1, n2 ∈ Z), while r = 0 on a B sublattice site, one gets109,110

Ψk(r) =
1√
N

∑
R

eikR[Aφ(r−R + r1) + Bφ(r−R)], (3.1)

where A and B are the sublattice amplitudes on sublattice A and B, respectively, r1 is

the nearest neighbor vector (Fig. 3.1a) and N the number of lattice sites. Eq 3.1 can be

written as

Ψk(r) = eikruk(r) (3.2)

and ful�lls Bloch's theorem since uk(r) is lattice periodic. Besides the kinetic energy,

the graphene lattice Hamiltonian includes all the potentials of the carbon atoms V0(r)

and thus reads110

H =
p2

2m
+
∑
R

[V0(r−R + r1) + V0(r−R)]. (3.3)

Solving the eigenvalue problem HΨk(r) = ε(k)Ψk(r) by including only nearest neighbor

hopping and neglecting second order terms in the overlap integrals yields the energy

dispersion relation110

ε(k) = ±tNN

√√√√1 + 4 cos2

(
kxaG

2

)
+ 4 cos

(
kxaG

2

)
cos

(√
3kyaG

2

)
, (3.4)

where

tNN =

∫
d3rφ(r− r1)V0(r− r1)φ∗(r) (3.5)

is the nearest neighbor hopping amplitude (tNN ≈ 3 eV)106 and the ± distinguishes be-

tween the conduction and valence band. The result is plotted in Figure 3.2a. Stemming

from the distinction of bonding and antibonding bands, the conduction (petrol) and

valence band (orange) are also referred to as π∗ and π band, respectively. However, we

will see that this simple distinction does not prevail in the low energy electronic wave

functions. The energy di�erence is largest at Γ (i.e., 6tNN), while their touching points

at K and K′ are called Dirac points. These main features do not change upon including

next-nearest neighbor hopping (tNNN ≈ −0.1tNN)26,106,111 in Figure 3.2b (same scale,

origins leveled). However, now we see an electron-hole asymmetry arising. Every carbon
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Figure 3.2.: Band structure of graphene. (a) π and π∗ band, as labeled, of MLG from
nearest neighbor TB according to eq 3.4 with tNN = 3 eV. Dotted line marks edge of �rst BZ.
K and K′ points labeled. (b) Same as panel a (same scale, origin vertically aligned to panel
a) but from next nearest neighbor TB106 with tNNN = −0.1tNN. (c) Zoom onto Dirac cones
around EF at K′ and K, as labeled. Colored rings represent equi-energy lines. Bottommost
and topmost ring mark E = ±260 meV. Black arrows mark wave vector q measured from the
respective K′ or K point. Blue arrows mark the projection Θ of the pseudospin vector onto q.
Black dashed arrow marks intravalley backscattering process, which is prohibited (red 'x') due
to the orthogonality of states with opposite Θ.

atom contributes one electron to the π bands, thus the valence band is completely �lled

and the Fermi energy resides exactly at the Dirac points.

Since the transport properties of graphene are governed by an energy interval of

roughly 1 eV around EF, the further evaluation can be restricted to the bands around

K′ and K. Expanding H in eq 3.3 linearly around K, that is, k = K + q and only �rst

order terms in |q|aG are taken into account, yields109,110

~νF

(
0 qx − iqy

qx + iqy 0

)(
Aq

Bq

)
= ε

(
Aq

Bq

)
, (3.6)

where νF = 3tNNaG/2~ ≈ 106 m/s is the Fermi velocity and the components of the spinor

ΨK = (Aq,Bq) give the relative amplitudes of the wave function on sublattice A and

B. Using the Pauli-matrices in two dimensions σ = (σx, σy) the Hamiltonian in eq 3.6

reads26,110

HK = ~νFq · σ. (3.7)
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3.1. Atomic lattice, band structure and wave function properties of graphene

Note that the Schrödinger equation thus e�ectively takes the form of the Dirac equation

with an adjusted speed of light νF. Moreover, σ does not act on the real spin but on

the sublattice space such that ΨK is referred to as sublattice pseudospin vector.106 The

eigenvalues for the simpli�ed HK

ε(q) = ±~νF|q| (3.8)

�nally reveal that graphene's electrons exhibit a linear dispersion (Fig. 3.2c) making

them massless quasirelativistic fermions. This is yet another example of electrons dis-

guising their elementary character in very speci�c solid state settings,112 others being,

for instance, excitons, majorana excitations113�116 and the fractional charge of composite

fermions.117�119 Another good quantum number for such quasiparticles is the helicity η.

The operator of helicity ηq = q · σ/|q| projects the sublattice pseudospin vector onto

its direction of motion. There are only two eigenvalues η = ±, meaning the sublattice

pseudospin projection Θ is either parallel ('+') or antiparallel ('−') to the momentum

(Fig. 3.2c). Additionally, there is a correspondence of helicity and chirality (i.e., hand-

edness) for massless particles.106 Therefore, electrons (ε > 0) at K are right-handed

(η = +) while holes (ε < 0) are left-handed (η = −). Again, there is a link to par-

ticle physics, where massless neutrinos are strictly left-handed and antineutrinos are

right-handed.

Now if we consider the situation at K′ = −K, that is, HK′ = −~νFqσ∗ = H∗K, the

dispersion relation (eq 3.8) does not change. Consequently, the states at K′ and K

are degenerate, which gives rise to an additional twofold valley degree of freedom and

the valley pseudospin ξ = + at K and ξ = − at K′. Also η inverts, that is, electrons

and holes have opposite chirality at K and K′. By de�ning the band index λ = ± for

the conduction and valence band, respectively, we see that the di�erent indexes relate

as λ = ξη. Since states of opposite chirality are orthogonal, backscattering (q→-q)

vanishes on smooth potentials (Fig. 3.2c), because they only provide small ∆k and thus

cannot couple the two valleys (i.e., no intervalley scattering).106,109,110 In real graphene

samples, random strain �uctuations manage to reinstall intravalley backscattering to

some extent.120 We can gain additional insight by considering the wave functions in the

two valleys26

ΨK,λ =

(
Aq

Bq

)
=

1√
2

(
e−iϕq/2

λeiϕq/2

)
(3.9)
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3. Graphene characteristics

and

ΨK′,λ =

(
A′q
B′q

)
=

1√
2

(
eiϕq/2

−λe−iϕq/2

)
(3.10)

while the angle ϕq = arctan(qx/qy) of q with the kx-axis e�ectively describes a phase.

One characteristic of a spinor is that a 2π phase rotation of ϕq changes the sign of

the wave function, which indicates a phase of π, commonly known as Berry's phase.121

Interestingly, Berry's phase in bilayer graphene (BLG) is 2π.122

3.1.1. Density of states

The linear dispersion derived in the previous section distinctly alters the DOS in graphene

compared to the two-dimensional semiconductor case with parabolic dispersion (constant

DOS). In order to �nd the number of electronic states dN at energy E per unit area, we

consider a ring on one Dirac cone (compare Fig. 3.2c) with radius q, width dq and thus

area 2πqdq. A single state in 2D has the area (2π)2/L2, where L is the length of a square

sample. Straightforwardly, under consideration of the fourfold spin-valley degeneracy,

dN = 4 · 1

L2
· 2πqdq · L2

(2π)2

eq 3.8
=

2E

π~2ν2
F

dE (3.11)

and thus the DOS in graphene D(E) = dN/dE is linear in E. By integrating from

the Dirac point up to a certain energy E, we can hence calculate the charge carrier

concentration N(E) and �nd110

N(E) =
2

π~2ν2
F

∫ E

0

E ′dE ′ =
E2

π~2ν2
F

. (3.12)

In conclusion, graphene's DOS vanishes towards the Dirac point, thus screening is

strongly reduced. In turn, any charge in the environment of graphene will cause a

comparatively strong band shift and electrostatic disorder from the substrate leads to

the formation of electron-hole puddles if EF is close to the Dirac point.123�128 Such an

energy dependent screening ability is called quantum capacitance and will be an issue

in section 5.2.
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3.2. Graphene in an external magnetic �eld
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Figure 3.3.: Landau levels in graphene (a) DOS of graphene in a perpendicular magnetic
�eld of B = 7 T. Position of Landau levels (LLs) calculated according to eq 3.13 with νF =
1× 106 m/s. LLs portray Gaussian broadening with a 5 meV sigma width, are labeled by their
index NLL, and orange/petrol �lling marks states with hole/electron character. (b) LL fan for
NLL = −10, . . . , 10, also calculated for νF = 1× 106 m/s. Gray horizontal bar marks section
shown in panel a.

3.2. Graphene in an external magnetic field

An external magnetic �eld B applied perpendicular to the graphene plane will force

the electrons onto cyclotron orbits. For low B the electrons will not complete a full

orbit without scattering, that is, ωCτ � 1, where ωC is the cyclotron frequency and τ

the mean time between scattering events. However, the vector potential of the mag-

netic �eld will add an Aharonov-Bohm phase110,129 to any scattering path, thereby

modifying the interference condition for counterpropagating electrons on closed phase-

coherent paths. Measuring the magnetoresistance allows to extract the strength of dif-

ferent scattering processes, while an decreasing/increasing magnetoresistance at low �eld

corresponds to weak localization130�133/ antilocalization.134 Contrary to a conventional

2DES, graphene's pseudospin supports weak antilocalization,22,105 however, especially

early experiments mainly observed weak localization101,135,136 due to various impeding

(e.g., intervalley) scattering mechanisms.20,21,137

Signi�cantly increasing B to the point where the electrons complete at least one cy-

clotron orbit without being scattered, that is, now ωCτ = µB ≈ 1, where µ is the charge

carrier mobility, imposes the same condition for constructive self-interference on all elec-

trons. In analogy to the Bohr-Sommerfeld quantization for atoms, the quantization of

the cyclotron motion leads to a condensation of graphene's DOS into highly degenerate
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3. Graphene characteristics

Landau levels (LLs) at discrete energies ENLL
, which read for graphene,26,138

ENLL
= sgn(NLL)

√
2e~ν2

F|BNLL| (3.13)

= sgn(NLL)~ωc

√
NLL, (3.14)

where νF is the Fermi velocity, NLL ∈ Z is the LL index and ωc =
√

2eν2
F|B|/~

is the cyclotron frequency. Figure 3.3 shows the according DOS at B = 7 T, for

νF = 1× 106 m/s, and assumed Gaussian broadening in panel a, while panel b portrays

ENLL
(B) for NLL = −10, . . . , 10. Compared to a 2DES with parabolic band structure,

where ωc = eB/m∗, ENLL
= ~ωc(NLL + 1/2) and thus the LL energy is proportional

to B and NLL, graphene exhibits a square root dependency on B and NLL (Fig. 3.3b).

Interestingly, a 2DES with huge Rashba spin-orbit coupling also exhibits a graphene-like

LL spectrum.139 Graphene's quasi-relativistic charge carriers also form an unusual LL at

zero energy, which is comprised of electron and hole states and is a direct consequence

of the Berry phase of the sublattice pseudospin (see Fig. 3.3a). Another feature are the

di�erent wave function amplitudes on sublattice A and B for the bulk LL eigenstates26

ΨK
NLL

=

(
ΨA
|NLL|−1

ΨB
|NLL|

)
and ΨK′

NLL
=

(
ΨA
|NLL|

ΨB
|NLL|−1

)
. (3.15)

For each valley, this leads to sublattice polarized states for NLL = 0, because the part

of the wave function with subscript |NLL| − 1 = −1 does not exist. Peculiarly, all other

valley polarized LLs with |NLL| ≥ 1 exhibit di�erent orbital states on either sublattice,

where the orbitals are interchanged in the other valley.

The square-root LL spectrum emphasizes the �rst Landau gaps. For instance at B =

7 T, the �rst Landau gap ∆LL
01 = E1−E0 ≈ 100 meV in graphene, but ∆LL

01 ≈ 15 meV for

m∗ = 0.05− 0.07me as found in InGaAs/InP and GaAs/AlGaAs heterostructures.140,141

Ultimately, they can provide robust con�nement for graphene QDs (see sec. 4.3, chap. 5)

and enable the observation of the QHE and Shubnikov-de-Haas oscillations142 at room

temperature.143 Within the quantum Hall regime, transport experiments with QDs need

to take the formation of edge channels into account (see Fig. 5.20). To brie�y discuss

their origin (details see, e.g., Ref. [110]), we consider a sample of width 2w and a length

much lager than w (Fig. 3.4b). The con�ning edge potential will shift the energies of

electron/hole LLs upwards/downwards toward the sample edge (Fig. 3.4a). Thereby
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3.3. Si/SiO2 and hexagonal BN substrates

E

w

-w

x

0 1 2-2 -1NLL

EF

0
B

a b

x
y

S
o
u
rc
e

D
ra
in

2w

Figure 3.4.: Edge channels in the quantum Hall regime (a) Schematic real space energy
diagram for LLs with index NLL = ±2, ±1, 0 portraying a line cut across a sample of width
2w, aligned to panel b. Modulation of the LL energy inside the bulk re�ects potential disorder.
EF lies within a LL gap (dotted blue line) . Circles mark selected crossing points of a LL with
EF and thereby the position of a corresponding edge channel in panel b. (b) Edge channel
con�guration in a sample of width 2w and EF in a LL gap, as labeled and de�ned in panel
a. Blue arrows indicate direction of electron motion. There is no backscattering between edge
channels and their electrochemical potentials match that of source µS and drain µD, as labeled.

1D conductive channels, which do not exhibit backscattering due to their chirality, are

formed along the edge (horizontal petrol lines in Fig. 3.4b) where the LLs cross EF

(circles in Fig. 3.4a), which are therefore called edge channels. Backscattering between

the edge channels of opposite sample edges is only possible if EF coincides with the

energy of an extended state of the bulk (center of a LL).

3.3. Si/SiO2 and hexagonal BN substrates

Initially, graphene samples were exfoliated and processed on standard Si/SiO2 wafers.3,18,19

The 90 nm or 300 nm thick thermally oxidized SiO2 top-layer serves two purposes: (i)

interference e�ects ease the optical identi�cation of graphene �akes144 and (ii) it in-

sulates the graphene from the degenerately doped Si back gate electrode.3 However,

dangling bonds, trapped charges, SiO2 surface optical phonons145,146 and the surface

roughness-induced graphene corrugation124,147�152 of a few nm severely limited the per-

formance of graphene devices,120,153�155 such that mobilities hit a wall slightly above

10 000 cm2/Vs.19,26,154

On substrate, mobilities �nally surmounted this limit with the introduction of hBN

as additional layer between SiO2 and graphene.154 Just like graphite, hBN is a layered

crystal with weak van-der-Waals forces acting between the layers. The individual layers

27



3. Graphene characteristics

ahBN

a bNBB A

x

y

Figure 3.5.: Crystal lattice of hBN. (a) Honeycomb lattice structure of a single hBN layer:
Sublattices B and A are labeled and are occupied by boron (B, blue) and nitrogen (N, red)
atoms, respectively. Lattice constant ahBN = 2.505Å.156 (b) Three layers of AA′ stacked hBN,
i.e., a B atom always sits on top of a N atom in the adjacent layer and vice versa. Vertical lines
are guides to the eye.

exhibit the same honeycomb lattice structure as graphene, while the B and N atoms

substitute one of the graphene sublattices each (see Fig. 3.5a). The lattice constant

ahBN = 2.505Å156 is about 2 % larger than that of graphene. Adjacent layers prefer

AA′ (eclipsed) stacking,157,158 with B atoms residing over N atoms (see Fig. 3.5b). The

large band gap of about 6 eV159 makes hBN transparent for visible light and suitable as

insulating gate dielectric (εhBN ≈ εSiO2 = 3 − 4).154,160 It presents a far superior sub-

strate to SiO2,153,154 because it is atomically �at, relatively free of dangling bonds and

charge traps and thus greatly reduces disorder for graphene's electrons.125,161,162 Its high-

energy optical phonon modes154 are also bene�cial, since they are barely excited at 300 K

Moreover, to avoid contamination by adsorbates, hBN serves as a capping layer163 in

hBN/G/hBN heterostructures.164 There is, however, room for improvement during crys-

tal growth. The remaining oxygen and carbon defects (density < 1× 1018 atoms/cm3)165

can be charged166�168 electrically and optically, cause hysteresis in large gate voltage

sweeps166 and create electrostatic potential disorder and even localized states in the

graphene.169�171
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3.4. Graphene sample preparation

3.4. Graphene sample preparation

Often, graphene samples for transport experiments are still prepared by exfoliation from

graphite crystals by the 'scotch tape method',3 while more recently graphene grown

by chemical vapor deposition (CVD) has rivaled or even exceeded the performance of

exfoliated graphene if transferred correctly.10 The isolation of graphene �akes started

out on Si/SiO2 substrates, but it is nowadays transferred to the cleaner and less cor-

rugated substrate hBN (see also sec. 3.3). The polymer based, �ake-by-�ake transfer

technique154,163,172,173 required intermediate annealing after the transfer of every layer

and was later simpli�ed by Wang et al.164 and Zomer et al.174 to solely rely on the van

der Waals interaction between the two crystals in contact, also called the polymer free

'dry-transfer' technique. The di�erent components are separately exfoliated on SiO2 and

successively picked up by a polymer-coated mask to assemble a stack (e.g., G/hBN). In

the next step, the stack is placed on the designated bottommost layer (e.g., hBN) form-

ing the desired heterostructure (i.e., hBN/G/hBN). Finally, the mask is detached by

melting the polymer layer. In an e�ort to copy this technique, I designed and imple-

mented a heating stage for our clean room's mask aligner based on the design used in

Groningen by N. Tombrosh and P. Zomer.173 The bene�t of this approach is that only

the topmost layer will have been in contact with the polymer. The technique is also

referred to as 'stamping'174 and allows to assemble stacks much more quickly and with

comparatively high success rate. However, there is one important drawback in terms of

SPM accessibility. To receive a graphene �ake of highest quality, it needs to be picked

up by an hBN �ake. To come out on top, the entire stack has to be �ipped keeping the

polymer as substrate. There is also the rather challenging option of directly growing

graphene on top of hBN on Cu or Ni.175�178

The solution to the �ipping problem is exfoliation of the graphene on a separate

polymer coated mask. Bringing a graphene �ake into contact with a hBN �ake on

Si/SiO2 results, in most of the cases, in delamination of the graphene from the polymer.

By using a resist free contacting technique it is now possible to create a sample which has

never been in contact with solvents. There are two candidates: Indium soldering101,179,180

and shadow mask evaporation. The samples used in the LAO experiments (chap. 6, e.g.,

Fig. 6.7a) were contacted by In. Here, the sample is placed on a heating stage underneath

a microscope. Micro-manipulators are used to pull In needles (tip diameter ∼ O(µm),

length of 0.5− 1 cm) from a molten droplet of In (melting at T ≈ 156.6 ◦C).181 Placing

29



3. Graphene characteristics

SiO2 substrate

hBN flake

Au

Au

5x opt.

1mm

Graphite

Graphene

50x opt.

hBN 

50µm aligned

a b

Figure 3.6.: Images of the crystallographically aligned graphene-on-hBN sample. The
sample stack is made up of graphite, hBN (30 nm) and graphene (aligned to the hBN), as labeled
in panel b. Cr/Au (2 nm/100 nm) contacts marked 'Au' are evaporated through a shadow mask.
(a)/(b) 5×/50× enlarged optical image of the sample.

the needles on the graphene �ake with µm precision creates contacts. However, the main

drawback of this technique lies in an oxide barrier of the contacts forming under ambient

conditions, which regularly yields contact resistances in excess of 100 kΩ.

Meanwhile, shadow mask evaporation is employed to improve the contacts and omit

heating the sample over several hours in air. However, applying more than four contacts

requires processing individual shadow masks rather than using, for instance, standard

transmission electron microscopy (TEM) grids. The technique was used on the commen-

surate graphene sample investigated by STM (sec 3.5, chap. 5). The graphite/hBN/MLG

stack (Fig. 3.6b) was prepared by the Manchester group which exfoliated graphite �akes

on a SiO2 substrate, followed by two consecutive dry transfers182 of 30 nm thick hBN

and MLG. The latter was crystallographically aligned to the hBN with a precision better

than 1◦ (see Fig. 3.6b).183 Moreover, the graphite layer serves as additional screening

layer for the SiO2, contact to the graphene and safe landing platform for the STM tip,

since missing the graphene �ake and approaching an insulating substrate would damage

the tip.

3.5. Superstructure of commensurate graphene on

hexagonal boron nitride

As discussed in section 3.3, one layer of hBN is isostructural157,158 to graphene and

has an only about 2 % larger lattice constant.108,156 Hence, one observes moiré lattices

with di�erent periodicity depending on their relative crystal orientation when forming
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Figure 3.7.: Moiré structures of graphene on hBN. STM topography images for di�erent
misalignment angles θ, as labeled. (a) Vtip = −0.15 V, I = 0.1 nA, VBG = −25 V. (b)
Vtip = −0.15 V, I = 0.2 nA, VBG = 0 V. (c) Vtip = −0.15 V, I = 0.2 nA, VBG = −6 V. (d)
Vtip = −0.15 V, I = 0.15 nA, VBG = −3 V. Error on θ = ±1◦. Adapted with permission from
Decker, R. et al. Nano Lett. 2011, 11, 2291�2295.161 Copyright (2011) American Chemical
Society.

a bilayer125,161,175,183�187 as portrayed in Figure 3.7. However, one has to distinguish

two phases:183 (i) the incommensurate phase, where both crystal lattices remain almost

undistorted and (ii) the commensurate phase, where the graphene lattice adjusts to

�t n graphene to m hBN lattice constants such that n
m
∈ Q. This adjustment goes

hand in hand with the expansion of areas of favorable stacking con�guration. The

commensurate-incommensurate transition183 occurs at a critical misalignment angle of

about 1◦, which corresponds to a moiré lattice constant of about 10 nm. Importantly, as

soon as the graphene lattice adapts, the resulting superstructure is no longer described

by a plain moiré lattice. Its broken inversion symmetry results in opposite directions

of current �ow in the K and K′ valley, which gives rise to the valley Hall e�ect.188 I

will focus on the commensurate phase, since my STM measurements were carried out

on such a sample.

Two components determine the interaction between the C atoms and the hBN layer:191

�rst, di�erent onsite potentials for the two carbon atoms; second, a di�erence in inter-

layer hybridization of di�erent C atoms with the B and N atoms. Their competition

will favor the C atom on B over the one on the hBN hollow site for a smaller interlayer

separation, because the gain in kinetic energy due to the stronger orbital hybridization

outweighs the gain in potential energy on the hollow site.191 For a larger separation, the

onsite potential becomes determining and the C above the hBN hollow site is preferred.

Thus, among others, the interlayer separation is a crucial factor in determining the fa-
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Figure 3.8.: Details of the superstructure of commensurate graphene on hBN (a) The
three high-symmetry stacking orders of graphene on hBN labeled AA, BA and AB from top
to bottom. For AA stacking, the two sublattices for both layers are labeled A and B. Carbon,
boron and nitrogen atoms colored gray, blue and red, respectively. Vertical lines are guides
to the eye. (b) Zooms onto high-symmetry points in the STM topography image shown in
panel c as marked by colored squares and aligned to panel a. Note the pronounced sublattice
symmetry breaking. (c) Bottom part shows raw STM topography image of the commensurate
graphene superstructure on hBN. Vtip = 400 mV, I = 1 nA, I(Z) yields 2κ = 5.7 ± 0.1 Å−1.
Colored squares mark zooms in panel b and high-symmetry points labeled by their stacking
order AB, BA, AA. Top part shows the Fourier �ltered image, where only �rst and second
order contributions with the periodicity of the graphene lattice constant aG were included
(see Fig. 3.1a). Note the nearly circular boundary region between AA and AB/BA stacking,
indicating a switching of the sublattice with high intensity (see inset). (d,e) Adsorbtion energy
Eads and sublattice symmetry breaking potential V z per unit cell for commensurate graphene
on hBN as calculated by DFT189 with an adequate van der Waals potential (RPA correlation
energy evaluated within the adiabatic connection �uctuation-dissipation theorem190). High-
symmetry stacking orders labeled BA, AA, AB. Reprinted �gure with permission from Sachs,
B. et al. Phys. Rev. B 2011, 84, 195414.189 Copyright (2011) by the American Physical Society.
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vored stacking191 and impacts any observable sublattice symmetry breaking (SSB) in

STM. The main features of the superstructure become intuitively clear by keeping in

mind that the position above a N atom is the least desirable. The three high-symmetry

con�gurations are illustrated in Figure 3.8a: (i) AA stacking, with C on B and C on

N, (ii) BA stacking, with C on N and C on the hBN hollow site and (iii) AB stacking,

with C on B and C on the hBN hollow site. The DFT calculations by Sachs et al.189

(Fig. 3.8d and sec. 3.5.1) identify AB stacking as most favorable (-83 meV/unit cell) and

BA (-65 meV/unit cell) as only slightly better than AA stacking (-62 meV/unit cell).

Their �ndings corroborate other ab-initio calculations,192 which also �nd the repulsive

C-N interaction, being about two to three times larger than the C-B repulsion,193 to

dominate the adsorbtion energy between the graphene and the hBN layer. This results

in a lower adsorbtion energy per graphene unit cell for AB stacking compared to the

other two con�gurations (Fig. 3.8d).

The variation of the adsobtion energy Eads determines the corrugation of the graphene

sheet and nicely matches the STM topography image in the lower part of Figure 3.8c. In

Figure 3.8c, for instance, I measure a peak-to-peak height corrugation ∆zSS = z(AA)−
z(AB) = 85± 3 pm. Generally I �nd ∆zSS = 90± 10 pm (error re�ects variation for 10

di�erent topography images recorded with 4 di�erent tips and also varying micro-tips;

scan parameter range Vtip = −0.240−1 V, I = 7−700 pA), in close agreement with values

reported by Decker et al.161 (see Fig. 3.7d). The STM tip will pull on the graphene due

to van der Waals and electrostatic forces,29,151,194 which could lead to an exaggeration

of ∆zSS in the measurements if, for instance, areas with low adsorbtion energy are

lifted more strongly than those with high adsorbtion energy. I(Z) curves are a good

indicator of lifting (see sec. 2.1.1). Indeed, frequently, measurements with comparatively

steep I(Z) curves, that is, 2κ > 3.5 Å
−1

(e.g., Fig. A.5a), exhibit ∆zSS > 100 pm and

maximum values of ∆zSS = 125 ± 5 pm.1 For more regular I(Z) curves, di�erent tip

shapes and varying Vtip or I only have an impact within the stated uncertainty range,

thus much smaller values of ∆zSS are unlikely. Hence, the experimental values clearly

disagree with the predicted smaller ∆zSS ≈ 20 pm in di�erent DFT calculations.189,195

While the superstructure formation contributes a slowly varying, sublattice indepen-

dent potential term V 0(r), largely caused by the long range corrugation, the variations

on the atomic scale due to the B and N atoms lead to a SSB term with amplitude V z (see

1Measured at Vtip = 220 mV, I = 250 pA. Increasing the tip-sample distance by going to Vtip = 400 mV
and I = 7 pA reduced ∆zSS to 87± 7 pm.
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Fig. 3.8e). Formally, the potential energy in the Dirac Hamiltonian takes the form196

Hpot = V 0(r) · σ0 ⊗ τ0 + V z(r) · σz ⊗ τ0, (3.16)

where the unit matrix σ0 (τ0) and the Pauli matrix σz act on the A-B sublattice (val-

ley) degree of freedom. The sign of V z inverts going from AA to AB/BA (Fig. 3.8e).

Sublattice A becomes energetically less favorable as it shifts its position from on top of

a B atom to a N atom/hollow site (see Fig. 3.8a). Looking for this sublattice contrast

in experiment, I Fourier �lter the top part of the STM image in Figure 3.8c and only

include �rst and second order components in the graphene lattice periodicity aG. There

is a clear circular boundary of lower intensity around AA stacked areas (high LDOS

on sublattice A) across which the sublattice contrast inverts, while AB and BA stacked

areas (high LDOS on sublattice B) are continuously connected matching the DFT pre-

dictions in Fig. 3.8e. This is all the more surprising, since in this case the tip lifts the

graphene signi�cantly by about 55 pm (see Figure A.1). On the one hand, this increases

the interlayer separation with respect to equilibrium and thus alters the carbon onsite

energies. On the other hand, it induces strain and thereby contributes an additional

SSB through the pseudo Zeeman e�ect.29 Moreover, this is the only measurement which

matches the DFT this nicely. Other images recorded at smaller I, di�erent/inverted Vtip

or with another tip showcase, for instance, weak or absent SSB on AB, identical SSB for

all stackings or the same SSB on BA and AA. In Fig. 3.8b, the zooms on to the high-

symmetry points emphasize the details of the sublattice symmetry breaking. While the

bright sublattice has a triangular appearance for AA and AB stacking, it looks round

for BA stacking.

Because the elastic energy needed to stretch the graphene to conform with the hBN

lattice amounts to 40 meV/two carbon atoms and thus outweighs the gain in adhesion

energy of 14 meV/two carbon atoms for AB stacking189 with respect to the average adhe-

sion energy, a superstructure forms. The favored expansion of AB stacked areas induces

tensile strain, which is compensated in the compressed and slightly lifted BA and AA

areas. The additional out-of-plane corrugation does not signi�cantly release in-plane

strain. We can deduce an upper bound for this relaxation by estimating that a change

of ∆z ≈ 80 pm happens on a length of 4 nm (transition between, e.g., AB and AA).

Therefore, the lattice only relaxes by
√

0.082 + 42/4 = 0.02 %.
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3.5.1. Limits of the density functional theory results

Above, I have pointed out some agreement of DFT derived potentials and experiment,

however, there is also signi�cant disagreement in parts pointing to physics not captured

accurately by DFT so far. The incompatibility of theory and experiment is to some

extent expected, because DFT in the local-density approximation (LDA) and general-

ized gradient approximation (GGA) fails to reproduce van-der-Waals forces and other

long-range correlations accurately.197,198 Sachs et al.189 employed the random phase ap-

proximation (RPA) to determine the equilibrium separation of graphene and hBN for

the di�erent stacking orders more accurately, however, the size of the graphene super-

structure unit cell exceeds the computational limits of this method. So far, there simply

is no appropriate method to consistently implement the full structural relaxation and

DOS calculations within one framework. Hence, the derived equilibrium geometries for

commensurate graphene on hBN probably underestimate the corrugation signi�cantly,

because they do not include strain e�ects, which occur on the moiré unit cell length

scale.

Purely isotropic strain creates an additional scalar potential,199,200 while shear com-

ponents can be captured by a gauge �eld resulting in a pseudomagnetic �eld200 and thus

contributions to V z.29 Additionally, the interlayer distance is a crucial parameter for the

onsite potential of the carbon atoms. While a change in magnitude due to a change

in distance is the quite obvious result of large scale molecular dynamics calculations by

van Wijk et al.,193 calculations by Xu et al.191 also imply the possibility of a sign change

in the SSB. To some extend stuck in this predicament, theory can only try to �t the

potentials to experiment. Nonlocal measurements of the Hofstadter butter�y could be

reproduced by next-nearest neighbor TB.196 There, V 0 was based on Figure 3.8d (i.e.,

Eads) and expanded by adding a Gaussian with an amplitude of −100 meV and FWHM

of 7 nm to AB stacking (inferred from second order perturbation theory in Ref. [184]) and

taking V z from Ref. [189] (same as Fig. 3.8e). DFT195 favors a di�erent V 0, where AB

and BA stacking with respect to AA stacking have the same amplitude but opposite sign,

that is, V 0 = ±60 meV, respectively. Strain was modeled by expanding (compressing)

the graphene lattice on AB (AA, BA) areas. Here, slight changes to the misalignment

of graphene and hBN will change the local strain but probably leave the macroscopic

transport properties largely una�ected. These results thus cannot serve as reliable ref-

erence for models dealing with local properties on the scale of the superstructure unit

35



3. Graphene characteristics

cell.

In conclusion, there are still serious loopholes in the theoretical treatment of com-

mensurate graphene on hBN. Especially the uncertainty in the atomic structure quite

possibly underestimates the local role of strain for slight misalignment θ < 1◦. To this

end, superstructure lattice deformations (e.g., Fig. 5.14a) add even more complexity

when trying to reproduce local measurements. Nonetheless, STM experiments provide

a good indication for various parameters in question and the later portrayed tip-induced

QDs (see chap. 5) capture intriguing details related to V 0 and V z and thus help to

understand the MLG/hBN system better.

3.5.2. Investigating the density of states at zero magnetic field

Generally, a slowly varying periodic potential on a scale much larger than the graphene

lattice constant introduces a new supercell in real space. According to the zone fold-

ing in reciprocal space, new high-symmetry points are created in the band structure

giving rise to multiple minibands and secondary Dirac points (SDPs) at the supercell

Brillouin zone boundaries.201�204 Depending on the periodic potential, the SDPs can be

isotropic or anisotropic and exhibit more or less pronounced gaps surrounded by van

Hove singularities (VHS).196,205,206 In principle, lithographically de�ned patterns201,207

and moiré patterns forming due to crystallographic misalignment should have a similar

impact. Due to their structural compatibility, substrates with hexagonal lattices,208 for

instance, decoupled twisted bilayer graphene,209�213 Iridium214�216 or hBN,100,125,161,184

are of particular interest. The induced VHS have been probed , for instance, by

Raman spectroscopy.217 Measurements of the Hofstadter-Butter�y e�ect218 reveal the

SDPs219�221 and even Zak-type cloning of third-generation Dirac points.222 Reports of

a gap at the original DP, mostly assumed to be of about 30 meV, have been incon-

sistent throughout the experimental literature.125,183,185,219,223�225 Similarly, early DFT

calculations226 predicted a gap of about 50 meV, while including a graphene-hBN lattice

mismatch diminishes the gap by restoring sublattice symmetry on average.227,228 How-

ever, structural relaxation of graphene and hBN, and many-body e�ects resurrect the

gap yielding values of 7 − 20 meV.192,206,229 Recently, Xu et al.191 argued that depend-

ing on the strength of the Coulomb onsite repulsion and the graphene-hBN interlayer

spacing an interaction-induced state can close or enhance the gap. There has also been

a spread in the predictions of the position of the valance and conduction band SDPs,
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Figure 3.9.: Expected DOS of commensurate graphene on hBN. (a) Cut through the
band structure (ky = 0) of bulk graphene (13.8 nm superlattice wave length) within the re-
duced zone structure of the superlattice (SL) calculated using a third-nearest-neighbor TB
model. Sublattice independent potential amplitude on AB stacking, −100 meV, zero for AA
and BA. Sublattice symmetry breaking potential shown in Fig. 3.8e is implemented. Details see
Ref. [196]. Red dashed line shows a �t to the main Dirac cone (red region). Blue dashed lines
mark SDPs. (b) Central plot: experimental dI/dV curve for a SL wavelength of 13.4 nm; orange
arrows, SDPs. Three images show ∆dI/dV maps, recorded 270 mV below (left), at (middle)
and 330 mV above (right) the DP. All scale bars 10 nm. No clue in original publication con-
cerning position of the high-symmetry points. Panel a: Reprinted �gure with permission from
Chizhova, L. A. et al. Phys. Rev. B 2014, 90, 165404.196 Copyright (2014) by the American
Physical Society. Panel b: Adapted by permission from Macmillan Publishers Ltd: Yankowitz,
M. et al. Nat. Phys. 2012, 8, 382�386, copyright (2012).184

which lie in the range of −200 . . .−150 meV and 130 . . .200 meV (compare blue dashed

lines, Fig. 3.9a), respectively.184,196,203,206,230,231 Moreover, the valence band SDP is gen-

erally expected to show a stronger DOS feature. Again, structural relaxation reduces

the DOS signature of both SDPs.206

The LDOS of graphene on hBN with small misalignment angles has been captured

in two STM experiments.125,184 In particular, Yankowitz et al.184 measured a sample

with 13.4 nm superstructure wavelength. As portrayed in Figure 3.9b, they report that

for energies below the SDP in the valence band (Vtip − VDP ≈ 230 mV, right arrow) a

hexagonal pattern of increased LDOS forms (right image, Vtip − VDP = 330 mV). In the

conduction band above the SDP (Vtip−VDP ≈ −220 mV, left arrow) the contrast inverts

(left image, Vtip − VDP = −270 mV). The contrast is strongly reduced for energies in
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between the SDPs (center image). However, the authors of Ref. [184] do not clearly link

the contrast inversion center to a high-symmetry stacking con�guration.

I compare these results to spectroscopy series of my own. In Figure 3.10k the mean

of 9 × 9 single spectra, recorded in the areas marked by identically colored squares in

Figure 3.10b, are portrayed. While there are generally more dI/dV features, the dips

at Vtip ≈ 180 mV and Vtip ≈ −180 mV (orange arrows) can possibly be interpreted as

the valence and conduction band SDPs, respectively. The reduced spacing compared to

Ref. [184] could to some extent be due to the larger SL wave length of about 13.8 nm in

my case. Plots of the LDOS above (Fig. 3.10c-d) and below (Fig. 3.10j) the SDPs do

not reproduce the expected LDOS inversion discussed above. For the valence band it

seems like the LDOS is reduced on AA areas (Fig. 3.10j), while in the conduction band

AB areas portray decreased LDOS (Fig. 3.10c-d).

In the region in between the SDPs (Fig. 3.10e-i), AA stacking is the contrast inver-

sion center showing either higher (panels e,f,i) or lower LDOS (panels g,h) with respect

to AB and BA stacking. In parts, a shift of the LDOS patterns with respect to the

high symmetry points is observed. This could point towards additional strain contri-

butions. In another spectroscopy series (see Figure A.5), again AA and AB areas are

either higher or lower in intensity with respect to the other stacking con�gurations.

LDOS plots (Fig. A.5c-h) also show signi�cant changes in the contrast close to the DP.

There, the conduction band features higher LDOS for AB areas (Fig. A.5c), while the

valence band exhibits reduced LDOS close to AA stacking (Fig. A.5h), similar to Fig-

ure 3.10j. Hence, there is no contrast inversion for a high-symmetry point as suggest by

Yankowitz et al.184 However, the I(Z) characteristic for that series (Fig. A.5a, compare

to Fig. 3.10a) indicates additional lifting of the graphene by the STM tip,29 probably

inducing additional features in the dI/dV signal and obscuring the SDPs.

In Figure 3.10g,h one can also see a pronounced stripe pattern, while Figure 3.10d

portrays more of a checkerboard pattern. Both are attributed to a sublattice contrast,

which is sampled by the comparatively coarse spectroscopy grid and thereby produces

an aliasing e�ect. The stripe pattern inverts close to the DP (compare orange lines in

Figure 3.10g,h) and at Vtip ≈ 210 mV the same pattern as in Figure 3.10h is observed

(not shown). Atomically resolved STS series corroborate this �nding (e.g., Fig. A.6).

This does not agree with Slotman et al.,230 who predict signi�cantly di�ering sublattice

wave function amplitudes of their TB quasieigenstates only close to the SDPs (case of

perfect crystallographic alignment).
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Figure 3.10.: LDOS of commensurate graphene on hBN at zero magnetic �eld.
(a) Mean of �ve I(Z) curves (blue) taken at the position marked by a red dot in panel b.
Vstab = 400 mV, Istab = 300 pA. Red line marks linear �t yielding 2κ as labeled. Solid part
marks range used for �tting. (b) 35×35 nm2 STM topography image recorded at Vtip = 400 mV,
Iset = 300 pA. Colored squares mark areas where spectra in panel k were recorded (blue:
BA, magenta: AA, green: AB). Red dot marks position where I(Z) curve in panel a was
recorded. (c-j) dI/dV maps extracted from a series of spectra taken on a 100 × 100 grid in
the area shown in panel b. Spectroscopy (�xed-Z, series S541) parameters: Vstab = 400 mV,
Istab = 300 pA, Vmod = 7.3 mVrms and B = 0 T. Vtip, as labeled in panel k, in alphabetic order
of the panels: −400 V, −316 mV, −160 mV, −96 mV, −60 mV, −8 mV, 94 mV and 400 mV.
Green and magenta squares mark AB and AA stacked areas respectively. Orange lines in panels
d,e,g,h mark identical positions to emphasize shift in stripe pattern. (k) Nine locally averaged
dI/dV spectra (9 × 9 single spectra) from the areas marked by colored squares in panel b.
Dotted vertical lines mark Vtip of the dI/dV maps shown in panels c-j, as labeled. Vtip axis is
the same as in Fig. 3.9b.
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Figure 3.11.: LDOS variation on the atomic scale at zero magnetic �eld. (a) 18.3 ×
18.3 nm2 STM topography image. Vtip = −450 mV, Iset = 0.9 nA. Colored squares mark areas
where spectra in panel b-e were recorded. (b) Three locally averaged dI/dV spectra (6 × 6
single spectra on 2.2 × 2.2 nm2) from the AB (green), AA (magenta) and BA (blue) areas
marked by colored squares in panel a. Black spectrum is average over 50 × 50 spectra taken
over entire area of panel a. Spectroscopy (�xed-Z, series S47) parameters: Vstab = −450 mV,
Istab = 0.9 nA, Vmod = 5.5 mVrms. I(Z) curves yield 2κ ≈ 2.35 Å−1. Orange arrows indicate
possible position of the SDPs. (c-e) dI/dV spectra extracted from a series of spectra taken
within the colored squares in panel a. Spectroscopy (�xed-Z, series S3, S42, S40) parameters:
Vstab = −350 mV, Istab = 0.8 pA, Vmod = 5.5 mVrms. Dark colored spectra (2 each), sublattice
A; light colored spectra (3 each), sublattice B; gray spectra (3 each), hollow site, as sketched
in the upper part of the panels. Spectra for di�erent positions are vertically o�set for clarity,
light gray horizontal lines mark zero dI/dV .
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3.5. Superstructure of commensurate graphene on hexagonal boron nitride

Switching of the sublattice contrast is indeed observed at various energies. We can

additionally investigate another set of spectroscopy series which allow to assess LDOS

variations on the atomic scale. Figure 3.11a shows the area covered by a spectroscopy

series from which the averaged spectra in Figure 3.11b are extracted. The conduction

band SDP at Vtip ≈ −120 mV appears for all stackings, while it seems suppressed in the

valence band at Vtip ≈ 220 mV for AB stacking. Generally the valence band SDP DOS

feature is more pronounced in the literature,195,232 however, the LDOS for AB stacking

is unavailable making the interpretation of the suppression cumbersome. Averaging

over the entire area (black curve) retains both SDP features. They appear shifted with

respect to Figure 3.10k, which might be due to a di�ering local doping. Figure 3.11c-e

portray single spectra from atomically resolved spectroscopy series recorded inside the

AB, AA and BA areas in Figure 3.11a marked by green, magenta and blue squares,

respectively. The dark and light colored spectra were recorded close (within experimental

resolution) to the A and B sublattice, respectively. The gray curves stem from the hollow

site. Multiple spectra for every position are plotted to convey local variations in the

measurements.

For AB stacking (Fig. 3.11c) we see that the valence band SDP LDOS dip (orange

arrow) is visible on the atoms, but shifted for the hollow site explaining the weak appear-

ance in the averaged curve (green, Fig. 3.11b). Moreover, the dips in both conduction

and valence band seem to be more pronounced on the B sublattice. For AA stacking

(Fig. 3.11d) the SDP features appear sharper, while sublattice B shows close to zero

dI/dV for both SDPs and sublattice A only in the valence band (orange arrow). Only

the hollow site shows an additional dip at Vtip ≈ −0.2 V, which also appears for AB

(Fig. 3.11c) and BA stacking (Fig. 3.11e). However, in the latter case the feature is also

found on the A sublattice. It is again the B sublattice and the hollow site which portray

a more pronounced valence band SDP.

There are two more noteworthy features: (i) a double peak structure above EF (i.e.,

Vtip < 0 V), which is most pronounce for AA stacking (Fig. 3.11d) and (ii) additional dips

in dI/dV slightly below Vtip = 0.4 V (best seen in Fig. 3.11c,e), which could stem from

higher generation DPs. However, the lack of LDOS spectra on the atomic scale in the lit-

erature make it generally di�cult to compare the results. STS always probes the LDOS

at a distinct position within the atomic lattice and the observed signi�cant local changes

make it tough to compare to calculated DOS plots. Interestingly, STS measurements233

and theory234 concerning twisted BLG at small misalignment angles (Fig. 3.12) portray
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3. Graphene characteristics

some similarities. Here, additional nondispersive �at bands develop at the DP for cer-

tain magic twist angles due to modulated interlayer hopping.235�237 This kinetic term is

frequently dismissed204 for the hBN/graphene bilayer, since the hBN bands are situated

far from EF. The twisted bilayer measurements in Figure 3.12c show a double peak

structure above EF, which is most pronounced for AA stacking. Slightly changing the

misalignment shifts the position and relative amplitude of the peaks (Fig. 3.12b). Min-

imal misalignment of my graphene/hBN sample and local changes therein might cause

the similar spectroscopic features to arise. This asks for more detailed theoretical anal-

ysis of the graphene/hBN interlayer hopping, especially for misalignment angles slightly

di�erent from 0◦. There has also been a recent study on C defects in the topmost hBN

layer and their e�ect on the LDOS.238 Hybridization with a graphene C atom results in

additional peaks close to EF, which could therefore also account for some of the STS

features.

3.5.3. Conclusion

In summary, the analysis of the sublattice contrast of commensurate graphene on hBN

reproduces a very similar structure to the one expected from DFT in some cases. There,

the sign of the sublattice symmetry breaking potential inverts going from AA to AB

or BA stacking. Di�erent tips and imaging parameters, however, yield alternate sub-

lattice contrast. While the superstructure topography closely resembles the calculated

adsorbtion energy, I �nd an about four times larger value for the corrugation, that is,

90 ± 10 pm, in agreement with STM measurements in Ref. [161]. Molecular dynamics

calculations by van Wijk et al.193 yield closer values of 30-35 pm. STS measurements

portray a rich LDOS structure without a gap at the primary DP, which varies on the su-

perstructure as well as on the atomic scale. This does not match the results of Ref. [184]

(Fig. 3.9b), which portrays a much more straightforward change in LDOS with energy.

While their own theoretical model reproduces their results, San-Jose et al.232 only attain

similar LDOS patterns by excluding pseudogauge �elds. They are likely to be relevant

due to strains of the order of 2% and resulting pseudomagnetic �elds206,232 of 5−50 T

within the superstructure. Though obviously dependent on the local strain distribution,

they further enrich the electronic structure which agrees much better with my general

observations. My speci�c LDOS patterns do not match those calculated in Ref. [232].

However, tip-sample interaction e�ects, especially lifting of the graphene, can alter the
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3.5. Superstructure of commensurate graphene on hexagonal boron nitride

Figure 3.12.: Scanning tunneling spectroscopy on twisted bilayer graphene.
(a-d) Spatial evolution of dI/dV spectra along the dashed lines in STM images of the insets
for the twisted bilayers with θ = 0.88 ± 0.03◦ (panel a), θ = 1.11 ± 0.05◦ (panel b), θ =
1.88 ± 0.08◦ (panel c), and θ = 3.1 ± 0.1◦ (panel d). The VHSs of the twisted bilayers are
marked by arrows in the spectra. For the 1.88◦ and 3.1◦ bilayers, the two peaks with energy
spacing of 80 and 350 meV, respectively, are the two low-energy VHSs. For the 1.11◦ and 0.88◦

samples, a pronounced peak mainly localized in the AA-stacking regions is observed at the
charge neutrality point of the spectra, indicating the emergence of nondispersive �at bands.
The FWHMs of the peaks for the 1.11◦ and 0.88◦ bilayers are 18 and 30 meV, respectively.
Reprinted �gure with permission from Yin, L. J. et al. Phys. Rev. B 2015, 92, 081406.233

Copyright (2015) by the American Physical Society.

local strain signi�cantly29,194 and thus hamper the observation of the unperturbed sam-

ple structure. It is also likely that some of the dI/dV structures stem from tip states.

Nonetheless, features which obviously vary on the atomic scale should stem from the

sample. The comparison to experiments on twisted bilayer graphene hints at a possibly

stronger graphene/hBN interlayer hopping than generally assumed. Also C defects in

the hBN can contribute additional LDOS peaks close to EF.238
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4. Quantum dots in graphene

This chapter aims at gaining a general understanding of QDs, their characterization and

results from the literature, while chapters 5 and 6 portray my own experimental results.

A small island of graphene which is only weakly coupled to its environment presents

a quasi zero-dimensional electron system or a so-called QD. Here, the diameter of the

QD is smaller than the coherence length, which has two important consequences: (i)

there are only discrete energy levels (i.e., orbitals) due to size quantization and (ii) the

Coulomb interaction between the individual electrons will strongly impact the energy

separation of di�erent charge states (sec. 4.1). In GaAs,239 well-de�ned QD con�nement

potentials have been realized which mimic that of a nucleus and thus the QD energy

level spectrum is similar to that of real atoms. Hence, those QDs are sometimes called

arti�cial atoms.240,241

Con�nement in graphene is naturally challenging, as conventional, purely electrostatic

electron traps cannot e�ciently con�ne massless Dirac electrons.34 This phenomenon is

called Klein tunneling (see sec. 4.2). Circumventing it by patterning QDs into graphene

failed to reproduce the GaAs con�nement quality.67 Energy spectra lack a well-de�ned

orbital structure and there are no signs of the valley degeneracy. While disorder in

the bulk was eventually ruled out (see, e.g., Refs. [67, 242�244]), the uncontrolled edge

termination and edge structure resulting from the patterning process were identi�ed

as main source of undesired localization and scattering. An extensive review on this

topic can be found in Ref. [67]. The literature on approaches to introduce smooth

con�nement in graphene will also be reviewed in the following sections, while addressing

purely electrostatically con�ned whispering gallery modes (WGMs)170,171,245 and BLG

gapped by electric displacement �elds.246�248

The alternative approach of our choice relies on combining a gap opening magnetic

�eld with a local electrostatic potential (sec. 4.3).249,250 This smooth electrostatic con�ne-

ment, comparable to that of conventional gate-induced semiconductor 2DES QDs,241 has

received surprisingly meager attention over the years. It has been di�cult to implement



4.1. Quantum dot terminology

it in exfoliated graphene �akes on Si/SiO2 substrates, because vertical gate structures

de�ning the QD need to be applied to the �ake. The option of pre-patterned bottom

gates within the substrate was unfeasible, since the exfoliation of �akes is a random

process. Top gates require an additional dielectric layer, which, if deposited by evapora-

tion, would have further reduced the graphene homogeneity in addition to the negative

in�uence of the SiO2 substrate. The rise of hBN and transferable hBN/graphene/hBN

heterostructures overcome these obstacles, but so far no such device has been reported.

Closely related experiments have been concerned with localization in the QH regime.

It is well established that the existence and robustness of QH phenomena are intimately

linked to disorder.17,251 Scanning single-electron transistor measurements on a semicon-

ductor 2DES by Ilani et al.252 were the �rst to shed light on the local formation of

dots and antidots in the valleys and hills of the disorder potential. The same technique

was later also applied to graphene by Martin et al.123,253 revealing the strong impact

of Coulomb interactions on localization and screening even though the mobility is two

to four orders of magnitude smaller than in high-mobility GaAs samples.254�257 More

highly resolved STM studies on the general QHE in semiconductors14,258 and graphene

on SiC,259,260 graphite,261�264 SiO2
265 and hBN266 were corroborated by the observation

of con�nement in disorder or defect induced potentials of, for instance, graphite267,268

and graphene on graphite,269,270 on SiO2,152 on SiC271 and on hBN.194,272 Also probed

by STM, strain induced pseudomagnetic �elds28,29,200 can lead to localization.194 Ad-

ditionally, transport measurements on metal contact induced pnp junctions273 and a

suspended graphene nanoribbon (GNR)274 have observed the formation of QDs in the

disorder potential at high magnetic �elds. However, the challenge of tuning the con�ne-

ment potential deliberately and characterizing the con�ned states has remained.

4.1. Quantum dot terminology

In this section I will introduce the important quantities related to QDs, while mainly

following Ref. [110]. Within the rather intuitive capacitance model, the electron inter-

action on the dot and its coupling to additional electrodes is captured by capacitances

Cj, where j = 1, 2, . . . , J denotes the electrodes. Therefore it neglects any more complex

electron-electron interaction, for instance, exchange interaction, and assumes that the

electrostatic repulsion of the electrons on the QD, that is, the charging energy, increases
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4. Quantum dots in graphene

by the same value for every additional electron. The results of the capacitance model are

identical to those of the constant interaction model.110 In Figure 4.1a the capacitances

between the QD and the source CS, the drain CD and the gate electrodes CGi
comprise

the total capacitance of the QD CΣ =
∑

j Cj = CS +CD +
∑

iCGi
. If all capacitances are

known, this allows to calculate the (additional) charging energy EC = e2/CΣ required to

add an electron to the QD. Under the assumption that the single particle energy levels

ε
(0)
n have been obtained from the solution of the quantum mechanical problem with all

electrode voltages Vj = 0 (i.e., the QD is con�ned by pure geometrical means), the total

energy of the QD with N electrons reads

E(N) =
N∑
n=1

ε(0)
n +

e2N2

2CΣ

+ |e|N
J∑
j=1

Cj
CΣ

Vj. (4.1)

De�ning the electrochemical potential to add an electron to a QD with N − 1 electrons

as

µN = E(N)− E(N − 1) (4.2)

= ε
(0)
N +

e2

CΣ

(
N − 1

2

)
+ |e|

J∑
j=1

αjVj (4.3)

o�ers a simple physical interpretation. The chemical potential ε(0)
N is required to occupy

the next single-particle energy state. The second term re�ects the total electrostatic

repulsion of the electrons on the QD and the last term portrays the impact of a changing

electrode voltage Vj, while its e�ectiveness is captured by the electrode lever arm αj =

Cj/CΣ. Note that necessarily
∑

j αj = 1. In most experiments, the electrochemical

potential of the QD is continuously tuned by a gate and subsequent changes in the

number of electrons on the QD are detected. The respective gate voltage distances ∆VG

capture the addition energy required to add the N + 1st electron to the dot

Eadd(N) = µ(N + 1)− µ(N) = ∆ + EC, (4.4)

where ∆ is the single particle energy level spacing and eαG∆VG = Eadd is used for

conversion.

Suppose the experimental conditions allow us to resolve integer changes in the oc-
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Figure 4.1.: Modeling transport through a QD. (a) Sketch of a QD, which is separated
from source and drain leads by tunneling barriers with capacitance CS and CD and resistance
RS and RD, respectively. An additional gate capacitively couples to the QD via CG. (b)
Schematic relating the electrochemical potentials of source µS, drain µD, and the QD µn (blue
lines) for n = N − 1, N , or N + 1 electrons on the QD. The di�erence of µS and µD (light gray
area) marks the bias window. (c) Left panel: su�ciently lowering µD with respect to panel b
makes transport via µN possible allowing electrons to tunnel (green arrows) from the source to
the QD and further to drain. Right panel: Upon reaching µN − 1 with µD, two charge states
may contribute to current in parallel. (d) Left panel: µN resides inside the bias window. Right
panel: By lowering the gate voltage VG the electrochemical potential of the QD is increased by
eαGVG, where αG is the gate lever arm. The QD is in the Coulomb blockade regime.

cupation number of the QD, that is: (i) the QD is only weakly coupled to source and

drain, ensuing a conductance via the QD of less than e2/h, and (ii) temperature is small

compared to the charging energy, that is, kBT � EC = e2/CΣ. If additionally (iii)

kBT � ∆, then the single-level transport regime is reached. Figure 4.1b corresponds to

the energy level structure of the QD system in Figure 4.1a. A �nite source-drain bias

voltage VSD = µS − µD separates the electrochemical potentials of source µS and drain

µD. This opens a so-called transport bias window (light gray area). As no energy level

resides inside the bias window in Figure 4.1b, no transport occurs and this situation is

referred to as Coulomb blockade. Now, if we increase the bias window such that a charge

state enters, like in Figure 4.1c, an additional electron can tunnel from the source onto

the QD (i.e., N − 1 → N) and again to the drain electrode (i.e., N → N − 1) giving

rise to a conductance resonance. Since in the �rst panel µN+1 lies outside the bias win-

dow, an electron raising µN−1 to µN will block the QD for any further electron until it
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4. Quantum dots in graphene
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Figure 4.2.: Schematic relating Coulomb peaks and Coulomb diamonds. (a) Con-
ductance resonances in a gate voltage VG sweep for small negative bias VSD = µS − µD, i.e.,
eVSD � Eadd, corresponding to a horizontal cut through the Coulomb diamonds in panel b.
Bottom sketches: left, whenever a QD energy level (blue horizontal line) resides between µS

and µD a Coulomb peak appears in the conductance which are marked by green arrows; right,
QD in Coulomb blockade, marked by red crosses in the conductance. (b) Sketch of the conduc-
tance for a single QD in the VG-VSD plane: blue, �nite conductance; white, no conductance; N ,
N + 1, N + 2, N + 3, occupation number of the QD within the Coulomb diamonds; light blue
horizontal arrow, line cut shown in panel a; vertical and horizontal black arrows, VG spacing
and VSD value used to extract the addition energy Eadd as labeled (αG, gate lever arm). Exem-
plarily, green arrows indicate direction of current �ow and red crosses mark Coulomb blockade
regime as de�ned in panel a.

leaves the QD again, which coins the term sequential single-electron tunneling. Further

increasing the bias window in the second panel of Figure 4.1c, we see that transport

via more (here, two) charge states becomes possible. In Figure 4.1d we keep the bias

window constant with respect to Figure 4.1b, but shift the electrochemical potential of

the QD up by applying a gate voltage VG (eq 4.1) to allow transport via µN . A further

decrease of VG (second panel) will restore Coulomb blockade again. Thus the sequence

of Coulomb peaks produced by a VG sweep (schematically Fig. 4.2a) will resolve the

energy level spectrum of the QD.

Obviously, the size of the bias window will in�uence the VG interval in which the QD

is conductive. Systematically mapping the conductance in the VG-VSD plane (schemati-

cally Fig. 4.2b) reveals areas with exponentially suppressed conductance,275 the so-called

Coulomb diamonds.276�278 Within a Coulomb diamond the number of electrons is �xed

to an integer number. The edges of the Coulomb diamonds mark the alignment of a

QD energy level with either the source (µS = µN) or drain (µD = µN) electrochemical

potential. Di�erent slopes m1 and m2 of these lines result from di�erent capacitive cou-

plings to source and drain. In turn, this allows to extract αS and αD whenever drain
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4.2. Klein tunneling and electrostatic con�nement in graphene

or source are grounded, respectively. If VSD is applied antisymmetrically, then only

αS − αD is attainable. However, 1/αG = |∆m| = |m1 −m2| is independent of the bias
con�guration.

There are two ways to extract Eadd from the Coulomb diamonds. First, the touching

points of the Coulomb diamonds for VSD ≈ 0 V mark the coincidence of an energy level

with µS and µD. Thus one only needs to convert the distance in gate voltage ∆VG of

two adjacent touching points (black horizontal arrow in Fig. 4.2b) via Eadd = eαG∆VG,

although αG has to be determined independently. Secondly, the upper and lower tip of

a Coulomb diamond mark the bias value where one energy level is aligned to µS and

another level to µD. Hence, on directly �nds Eadd = eVSD, as marked by the vertical

arrow in Figure 4.2b. For near constant contributions from EC, the size of the Coulomb

diamonds will only vary for signi�cant contributions from ∆ to Eadd. Thus, graphene's

fourfold degeneracy would appear as a regular pattern of three smaller diamonds followed

by a larger one (see also Fig. 5.4). This basic description of Coulomb diamonds excludes

features arising from, for instance, excited states276,277,279 or cotunneling,280�282 since

they were not observed in my experiments.

4.2. Klein tunneling and electrostatic confinement in

graphene

Con�nement of relativistic particles touches upon the so-called Klein paradox.283 It

describes the unimpeded penetration of an electron through a potential barrier of width

D and height V0, in case V0 exceeds the electron's rest energy.34 Hole-like states inside

the barrier align with their conjugated states outside the barrier284�286 enabling electrons

to travel though the barrier as positrons. Owing to their vanishing rest mass, that is,

the lack of a band gap, this condition is always ful�lled for electrons in graphene34

as sketched in Figure 4.3a,b. Hence, Klein tunneling34,287,288 through any electrostatic

potential which is smooth on the atomic scale and thus does not couple the two valleys

hinders electron con�nement.26,249,289�292

Contrasting the case of free electrons in vacuum, momentum conservation and the

preservation of chirality make Klein tunneling highly anisotropic in graphene. In par-

ticular, the scattering probability for an electron and a hole state from the same valley

with identical wave vector is null, because they feature opposite chirality and are thus
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Figure 4.3.: Klein tunneling in graphene. (a) Sketch of an electrostatic potential Φ (green
line) creating a barrier of widthD and height V0. Φ locally shifts the band structure as indicated
by the three displaced Dirac cones: petrol, conduction band; orange, valence band. Electrons at
the Fermi energy EF (dark petrol circle) can penetrate the barrier by occupying a di�erent state
(gray circle). (b) Refraction of the electron at the potential barrier (green arrow). Initial wave
vector k, petrol arrow; angle of incidence, φ; refracted wave vector, k′; angle of refraction, θ.
Left and right circle portray Fermi surface around one K point outside and inside the barrier,
respectively. Magenta arrow indicates conserved wave vector component ky, parallel to the
barrier. (c) Same as panel a, but sketch shows an npn junction. Electron passes the potential
barrier as a hole (orange circle). (e) Transmission coe�cient for a npn barrier with parameters
D = 100 nm, V0 = 200 meV. EF = 40 meV (blue line) and EF = 80 meV (magenta line).

orthogonal (see also sec. 3.1). The preservation of this quantity also restricts vertical

tunneling between decoupled graphene layers.293,294 On the other hand, the momentum

component parallel to the potential barrier has to be conserved.35 Therefore, as sketched

in Figure 4.3a, ky = kF sin(φ) = kF sin(θ) = k′y, where φ is the angle of incidence and

θ the angle of refraction. Since, in general, the Fermi circle inside and outside of the

potential barrier will di�er in radius, the electron will be refracted. This argument also

illustrates the unimpeded transmission in case of normal incidence. For arbitrary φ, the

transmission coe�cient in the limit of a high barrier (i.e., |V0| � |EF|) reads34

T (φ) =
cos(φ)2

1− cos
(
D ·
√

(V0 − EF)2/(~νF)2 − k2
y

)2 , (4.5)

while ky = EF

~νF
sin(φ). Two examples of T (φ) are plotted in Figure 4.3e. While the

transmission for normal incidence is equal to unity, the additional structure towards

larger φ also depends on the relation of the Fermi wave length and D. Furthermore,
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4.3. Con�nement in gapped graphene

for φ ≈ ±π/2 the transmission becomes very small. This creates the possibility to

trap electrons which repeatedly glance o� a circular potential, while slowly varying po-

tentials are more e�cient.295 In terms of quantum mechanics, these are states which

are well described by an angular momentum quantum number m. STM experiments

have con�rmed the existence of electrostatically con�ned small-m states170,171 as well as

WGMs245 for high m. However, the reported dwell times are extremely short, that is,

below 200 fs (< 14 fs in Ref. [170]). Alternatively, it has been suggested to create zero-

energy modes296 by tuning the electrochemical potential outside of the con�nement area

exactly to the Dirac point and thus creating a barrier region of vanishing DOS. Obvi-

ously, this approach is highly susceptible to any disorder and evanescent modes297 could

also facilitate a �nite conductivity. Nevertheless, guiding electrons along a GNR de�ned

by detuning a narrow stripe of graphene from the Dirac point has been demonstrated.298

Similarly, waveguides have been de�ned in pnp and npn channels.299 While pure electro-

static con�nement is exhausted at this point, I will now turn to the various approaches

which utilize a gap in the electronic spectrum of graphene.

4.3. Confinement in gapped graphene

There are basically three main strategies utilizing energy gaps to con�ne electrons in

graphene which will be addressed in sections 4.3.1 - 4.3.3. Robust con�nement demands

gaps in excess of the potential disorder. Minimum values of the potential �uctuations in

suspended samples reach down to 1 meV,300 while STM measurements on hBN125,161,162

indicate values of 5 − 10meV (one standard deviation). Con�ning electrons in pat-

terned nanostructures by size quantization (see Fig. 4.4a,b) is the most straightforward

approach from a technological point of view. Width modulation along a ribbon of

graphene, in principle, allows to tailor the con�nement gap (particle in a box). Thereby,

electrons can be trapped on small patches of graphene bordered by constrictions, which

only allow tunnel-coupling to source and drain leads. In regularly AB stacked bilayer

graphene, an electric displacement �eldD opens up a band gap301,302 (see Fig. 4.4c,d) and

can be used to tune the conductivity in �eld-e�ect transistors.302�307 Finally graphene's

Dirac LL spectrum provides a large gap between LL zero and one, that is, already about

50 meV (eq 3.13) at a moderate magnetic �eld of 2 T (see Fig. 4.4e,f). Additional vertical

gates could be used to de�ne QDs.
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Figure 4.4.: Three gap opening mechanisms in graphene. (a) Sketch of a width-
modulated, patterned graphene QD structure, where constrictions separate the QD from the
source and drain leads. Additional gates: plunger gate (PG), side gates left (SGL) and right
(SGR). Magni�ed details showcase edge imperfections created during fabrication: edge rough-
ness, reconstruction and binding of oxygen (blue O) or other molecules. (b) Sketch of MLG
band structure (light blue lines) at a K point in the ky direction. Size quantization restricts ky

values to the vertical dashed magenta lines and the remaining states are marked by dots. (c)
BLG encapsulated by two arbitrary dielectric layers separating it from a top and bottom gate.
Applying gate voltages Vt and Vb will create a displacement �eld D (d) Sketch of the band
structure of bilayer graphene at a K point. For �nite D a band gap ∆ opens up. (e) Sketch
of a MLG subjected to a perpendicular magnetic �eld B. (f) MLG band structure (like panel
b) under the in�uence of Landau quantization. Blue and red circles mark electron and hole
Landau levels (LLs), respectively, labeled by their index −3 . . . 3. Gray stripes indicate Landau
gaps.

4.3.1. Patterned QDs

Electron beam lithography (EBL) and reactive ion etching (RIE) have been perfected

in processing semiconductor samples over decades and are widely available. Other niche

techniques include LAO308,309 (see chap. 6), He ion310 and electron beam sculpting,311,312

and growth of in-plane hBN-graphene heterostructures.313,314 While the �rst three are

time-consuming, there have been no reports on devices produced by the latter. I will

give an overview of conducted experiments on patterned QDs and refer to Refs. [67, 315]

for an extensive review. The idea behind width-modulated graphene nanostructures as

sketched in Figure 4.4a is that size con�nement opens up an energy gap Eg. For GNRs

the gap is theoretically316�320 and experimentally321�323 found to be inversely proportional
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Figure 4.5.: Coulomb diamonds of an etched BLG QD. Logarithmic plot of the conduc-
tance of a BLG QD with 40 nm diameter (see Refs. [67, 324]) as function of source drain voltage
VSD and back gate voltage VBG. T = 1.3 K, all side gates are grounded. Adopted from Bischo�,
D. et al. Appl. Phys. Rev. 2015, 2, 031301, with the permission of AIP Publishing.67

to the width of structureW , that is, Eg(W ) = α/W , with α in the range of 0.2−1.5 eVnm

depending on the model. Separating the dot from source and drain leads by narrow

constrictions with larger Eg thereby allows to trap charge carriers on the wider graphene

island. Adjacent graphene electrodes can serve as gates (compare Fig. 4.4a).

Besides many examples of more or less irregular Coulomb blockade measurements67

(see Fig. 4.5, Fig. 6.8d), QDs have exhibited excited states on numerous occasions67,325

and the related cotunneling has been observed in a few devices.326�328 Charge detection as

a method to read out spin qubits in, for instance, GaAs based double QD systems,52,329

was �rst demonstrated by Güttinger et al.330 Unlike using a second QD for charge

detection,331 they utilized the coupling to a proximate GNR.330,332 The scheme can also

be used for time resolved charge detection and Ref. [333] assessed the charge detector

back action on the QD. Moreover, charge relaxation times of 60-100 ns were found by

Volk et al.332 In B �eld dependent measurements an electron-hole crossover326,327,334 was

detected and the Zeeman splitting was determined,335,336 while the spin �lling sequence

did not show a favored spin orientation. Double QDs, in principle designed to realize

spin qubits, have shown the expected hexagonal patterns in stability diagrams and �nite

bias triangles.337,338

Though many methods and designs from semiconductor QD experiments have suc-

cessfully been adopted, results have stayed behind the high expectations. This ob-

servation is further corroborated by experiments on GNRs, where, in principle, only

the transverse modes are quantized. Transport generally exhibits less regular Coulomb

diamonds322,323,339�342 than found in QDs. This behavior is explained by percolation

through electron and hole puddles being disconnected by gapped areas and forming
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4. Quantum dots in graphene

separate QDs, whose form is additionally energy dependent.322,343 The expected quan-

tized conductance317,344�348 has only been observed in the case of a very short suspended

GNR.349

We see that carving out nanostructures from graphene leaves behind severed edges

hosting localized states and crippling the control over the electronic properties.

TEM350,351,354�356 and STM measurements352,357 of graphene edges, as those shown in

Figure 4.6a-c, portray the multitude of realized edge (re)con�gurations, while tight bind-

ing calculations353,358,359 give a feeling of the strong impact of minor edge roughness (see

Fig. 4.6d). It is known from studies on graphite that graphene edges are notoriously

reactive and various functional groups can easily bond.360,361 Of course this can also

be exploited in desired functionalization.362�365 Single missing atoms, protrusions and

dents are frequently observed, for instance, at graphite step edges even after repeated

annealing352 (Fig. 4.6c). Hence, it seems impossible to free GNRs, QDs or their constric-

tions from parasitic localized states. Near perfect edges have so far only been achieved in

bottom-up processes like molecular self-assembly of GNRs366 or unzipping CNTs.367,368

While STM con�rmed the existence of an edge state in the latter case,369 transport

measurements did not go beyond comparatively clean Coulomb diamonds without signs

of orbital splittings.370

4.3.2. Bilayer graphene gapped by electric displacement fields

Theoretically, displacement �elds open a band gap in regular AB stacked BLG with max-

imum values of 0.25 − 0.3 eV.21,371,372 Early experiments on SiO2, with gate structures

only covering a strip of the sample, deduced e�ective transport gaps in the range of a few

meV, even at displacement �elds up to 2.5V/nm.305 Later, 80−130meV were reported at

displacement �eld of |0.85|− |1.23|V/nm in hBN encapsulated samples with fully cover-

ing top gates.306,307 In contrast, gap values extracted from angle-resolved photo emission

spectroscopy (ARPES)301 infrared microspectroscopy302 and SdH-oscillations373 are in

excess of 200 meV. The strong discrepancy between transport and optical absorption

measurements on the same sample,302 that is, a maximum resistance of ≈ h
2e2

for a

gap of about 250 meV, showcases the existence of parasitic conduction channels inside

the gap, especially for the more narrow gate structures. Suspended BLG samples por-

tray increased homogeneity,374�376 but remaining disorder in the band gap,300,377,378 edge

conductance379 or domain walls of AB and BA stacked areas380�382 possibly facilitate

54



4.3. Con�nement in gapped graphene

24n
m

10-6 10-4 10-2 100 102 104

c

d

b

a

LDOS (a.u.)

Figure 4.6.: Atomic reconstructions and localization at graphene edges.
(a,b) Aberration-corrected TEM image of free-standing MLG (see Ref. [350] for details). Panel
a and b show pentagon and pentagon/heptagon reconstructions, respectively. (c) STM image
(14.8×13.4 nm2) of a graphite edge after repeated cycles of heat treatment at 800 ◦C in UHV and
subsequent hydrogenation, recorded at Vtip = −20 mV, I = 0.7 nA. (d) Calculated LDOS at
E = −54 meV in an armchair GNR of 24 nm width, 150 nm length and 1% defect concentration
at the edge (atom removed). Reprinted �gure with permission from Koskinen, P. et al. Phys.
Rev. B 2009, 80, 073401 (panel a,b),351 Kobayashi, Y. et al. Phys. Rev. B 2006, 73, 125415
(panel c),352 Evaldsson, M. et al. Phys. Rev. B 2008, 78, 161407 (panel d).353 Copyright
(2009, 2006, 2008) by the American Physical Society.
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Figure 4.7.: Coulomb diamonds of an electrostatically de�ned BLG QD. Conductance
of a BLG QD, de�ned by a back gate (BG) and a split top gate, as function of source drain
voltage VSD and one top gate VTG,1. Lithographic dot diameter of 400 nm, VBG = −14.4 V,
VTG,2 = 11 V, B = 5.2 T, T = 110 mK. EC ≈ 0.4 meV. Adapted by permission from Macmillan
Publishers Ltd: Allen, M. T. et al. Nat. Commun. 2012, 3, 934, copyright (2012).247

the residual conductance. Experiments employing corbino-like geometries383,384 actually

disagree with the edge conductance model. Unless a method is developed to eradicate

the domain walls, reliably integrating multiple gate-induced QDs on the same bilayer

graphene �ake is prone to fail. Though single electrostatically de�ned QDs exhibiting

Coulomb blockade have been reported,246�248 they still lack control over the spin and val-

ley degree of freedom of an individual state. An example of nicely regular Coulomb dia-

monds without the expected fourfold symmetry is shown in Figure 4.7, notably, recorded

at B = 5.2 T.

4.3.3. QD eigenstates in a large magnetic field

Landau quantization, as discussed in section 3.2, and the entailed Landau gaps (see

Fig. 4.4f) present the basis for an alternative con�nement scheme, which has been ad-

dressed theoretically in multiple publications249,250,292,385�391 starting in 2007. Introduc-

ing a local electrostatic potential Φel
gr in graphene will create states which peak inside of

it, however, due to Klein tunneling these states have extended oscillatory tails.250 The

uniform magnetic �eld suppresses these tails exponentially through the Landau gaps

and thereby creates con�ned states. The eigenenergy of these states εi(Φel
gr) will shift

with respect to the bulk LL energies (eq 3.13), that is, Φel
gr breaks the orbital degeneracy

of the LLs.270 Of course the exact shape of Φel
gr is pivotal for the resulting energy level

spectrum and the single-particle orbitals.
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Figure 4.8.: Landau level wave functions in the symmetric gauge. (a-f) Square of the
wave functions |Ψnr,m|2 (see eq 4.9) for di�erent radial nr and angular momentum m quantum
numbers as labeled. Plots cover an area with radius 6 · lB. Height scale identical for all plots,
color scaled individually.

I will next describe the QD states and the energy level spectrum theoretically. The

tip-induced potential will modify the bulk LL wave functions (eq 3.15), though the QD

states inherit their general structure. Inspecting the ideal, unperturbed wave functions

makes it easier to categorize the TB wave functions later, for instance, with respect to

their valley index and angular momentum. The bulk LL wave functions on one sublattice

provided in Ref. [26] read

ΨNLL
(ξ) = 2−NLL/2(NLL!)−1/2 exp(−ξ2/2)HNLL

(ξ), (4.6)

where ξ = y/lB− lBk is a dimensionless length scale, lB =
√

~/eB is the magnetic length

and HNLL
is a Hermite polynomial. Amending the wave functions in eq 4.6 by a factor of

π−1/4 makes them so called Hermite functions, which are then orthonormal and satisfy
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4. Quantum dots in graphene

the di�erential equation of a one-dimensional quantum mechanical harmonic oscillator

Ψ′′NLL
(r) + (2NLL + 1− r2)ΨNLL

(r) = 0. (4.7)

This was derived by Landau in 1930,392 while solving the Schrödinger equation for a free

electron in a homogeneous magnetic �eld, which boils down to the harmonic oscillator

problem. Therefore, the wave functions in the symmetric gauge

~A =
B

2
(−y, x) (4.8)

can be derived from the known Fock-Darwin states241,393�395 and in polar coordinates

read396

Ψnr,m(r, θ) =
e−imθ√

2πlB

√
nr!

(nr + |m|)!
e
− 1

4
r2

l2
B

(
1√
2

r

lB

)|m|
L|m|nr

(
1

2

r2

l2B

)
, (4.9)

where Lmn (x) is a generalized Laguerre polynomial and nr ∈ N0 and m ∈ Z are the

radial and angular momentum quantum number, respectively. Two wave functions with

(nr, ±m) only di�er by a phase factor e−imθ. In Figure 4.8 I show a few examples of the

squared wave function |Ψnr,m|2, which are scaled to the characteristic length lB. While nr

determines the number of radial nodes, increasing |m| increases the distance of the �rst
maximum to the center. Identifying the possible combinations for a given NLL

250,396,397

yields the restriction

|NLL| = nr + 1/2 · (m+ |m|) , (4.10)

with 0 ≤ nr ≤ |NLL| and m ≤ |NLL|. Note that without an additional potential,

for instance, resulting from disorder or being tip-induced, the di�erent m states are

degenerate. Adding such a potential, states with small |m| exhibiting the most central

probability density (see Fig. 4.8) will shift more strongly in energy than states with

higher |m| as long as the potential is not smooth on the scale of a few lB. This will lead

to the observation of orbital splittings in chapter 5.
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So far, I have portrayed that various approaches to create graphene QDs mainly based

on nanostructuring or gate-induced gapping of bilayer graphene have not overcome fun-

damental limitations in device control. While the measurements show Coulomb blockade

physics, the detrimental e�ects of edge roughness in patterned devices or remaining dis-

order in the displacement gap of BLG prohibit the control over the spin or valley degree

of freedom of the QD state. Hence, one of the main requirements for qubit applications

in graphene58,60 has not been met yet.

Local probe techniques like STM o�er to manipulate the band structure of weakly

screened materials beneath the tip by acting as a gate electrode. Even though this

perturbation is generally undesired, it can be utilized to con�ne charge carriers in

semiconductors68,258,398,399 and map the interaction of the sample with the tip-induced

QD.69,400 In graphene, however, the lack of a band gap results in extremely short dwell

times170,171 (< 200 fs) for purely electrostatic con�nement.

In this chapter I will discuss the creation and characterization of smoothly con�ned

quantum dots in graphene on hBN, which avoid many previously discussed drawbacks,

that is, substrate and edge disorder, and exhibit a greatly improved control over the con-
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�ned wave functions. The electrons are trapped by a combination of LL gaps and an elec-

trostatic potential.
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Figure 5.1.: Con�nement in LL gaps.
(a) Sketch of my experiment. A 30 nm thick
hBN layer partially separates the graphene
from the graphite layer. The applied tip volt-
age Vtip induces a potential Φel

gr(r) (green line)
in the graphene, calculated as solution of Pois-
son's equation (sec. 5.2). The external mag-
netic �eld B induces Landau quantization. (b)
Real space energy diagram aligned to panel a:
states belonging to electron (hole) LLs, blue
(red); bulk LLs, 1, 0, -1; local band bending
Egr, green line; QD states embedded in the
LL0-LL+1 gap, thin blue lines; Fermi energy
EF, black dotted line.

As sketched for my experiments in Fig-

ure 5.1a, an STM tip is the source of

the smooth con�nement potential Φel
gr(r)

(green line). The corresponding band

bending Egr(r) and resulting formation of

the QD is portrayed in Figure 5.1b. Lan-

dau quantization in the perpendicular ex-

ternal magnetic �eld forms band gaps,

the largest being the LL0-LL±1(7 T) ≈
100 meV gap. By lifting the orbital degen-

eracy of the bulk graphene LLs, the tip-

induced potential embeds localized states

(thin blue lines) within this gap. In princi-

ple, such a smooth symmetric con�nement

potential creates a well-ordered sequence of

orbitals and suppresses intervalley scatter-

ing, because it changes only slowly on the

atomic scale.

By sweeping the tip voltage, con�ned

states are gated across the Fermi energy

and create sequences of charging peaks

in dI/dV by means of Coulomb stair-

cases (sec. 5.1). The predominant group-

ing of these Coulomb peaks in quadruplets

(sec. 5.4) re�ects the fourfold spin-valley

degeneracy of graphene (sec. 5.1.1). The varying stacking orders and strain con�gura-

tions of commensurate graphene on hBN locally render a di�erent sublattice energetically

favorable, thus con�ned states of valley index K and K′ will separate in energy. When-

ever this valley splitting signi�cantly exceeds the Zeeman splitting and temperature, I

observe an additional separation of quadruplets into doublets (sec. 5.4.2). In principle,

this makes these QDs suitable as building blocks for spin qubits. Moreover, the STM

allows to raster the trapped electrons across the graphene superstructure. Thereby I
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5.1. The Coulomb staircase

can map the changes in orbital and valley splittings. On the one hand, this reveals

the giant tunability of the valley splitting of more than 7 meV, exceeding the highest

reported values70 for any potentially nuclear spin-free host material by more than an

order of magnitude. On the other hand, higher orbital states exhibit signatures of local

avoided valley crossings (sec. 5.4.3), which indicates superpositions of K and K′ states.

Moving the QD fast enough such that states evolve coherently across the anti-crossing

would even also allow for Landau-Zener-Stückelberg interferometry.401,402 Moreover, the

observed valley splitting gradients potentially enable all-electric gate operations on qubit

states utilizing the valley degree of freedom.64,403�405

Since there is no independent probe of the tip-induced QD enabling the determination

of its lateral extent or the con�nement potential, I use a Poisson solver to estimate the

tip-induced potential and the capacitive couplings of the QD to surrounding electrodes

(sec. 5.2). Florian Libisch and Larisa Chizhova implemented the derived tip-induced

potential within their TB framework196,406 to model the QD within the commensurate

graphene (sec. 5.3), which provides viable insight on the details of the con�ned states.

Additionally, I cover the impact of charging of hBN defect states on my measurements

(sec. 5.4.4), LL features observed in STS (sec. 5.4.5) and �nally draft a transport device

scheme (sec. 5.5) based on the showcased con�nement mechanism.

5.1. Probing the QD addition energy spectrum with the

STM - the Coulomb staircase

So far, I have discussed the characterization of QDs in a transport con�guration, im-

plicitly focusing on nanostructured graphene QDs. I will now relate these to STM mea-

surements on their tip-induced counterparts and present a detailed microscopic picture

of the tip-QD interaction. Figure 5.2a shows a sketch of the STM con�guration. The

graphene surrounding the dot and the STM tip serve as source and drain electrodes, re-

spectively. Vertical tunnel-coupling of the QD states to the graphite electrode is virtually

null due to the 30 nm thick BN �ake.407 In contrast to many transport measurements,

the two involved tunneling barriers are strongly asymmetric. While the dot-graphene

tunnel-coupling will be some multiple of h/e2, that is, Rgr < 1 MΩ, the vacuum tun-

neling barrier to the tip is Rtip ≈ 1 GΩ. Therefore, electrons will tunnel much faster

between the QD and graphene than to or from the tip. Consequently, I also neglect any
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Figure 5.2.: Schematic STM measurement con�guration for a tip-induced QD.
(a) Sketch of an STM tip above a graphene sheet (light gray) and a back gate (BG) electrode
(dark gray). The tip-induced QD, labeled 'dot', couples to the surrounding graphene via a
tunneling resistance Rgr and capacitance Cgr, to the tip via Rtip and Ctip and to the BG via
CBG. (b,c) Energy diagram relating the electrochemical potential of graphene µgr, di�erent
QD charge states (blue lines) µN and tip µtip. Light gray box marks the bias window. Vertical
gray lines represent the tunneling barriers, while their relative size indicates Rtip � Rgr. Light
blue arrows indicate the gating e�ect of the tip on the QD states upon further increasing (panel
b) or decreasing (panel c) µtip.

additional resistances in series (Au-electrode, graphite, bulk graphene) or any e�ect of

the DOS of bulk graphene or graphite.

The close proximity of the metallic tip and the induced QD, that is, about 6 Å tip-

sample distance, makes the tip an e�cient gate. Consequently, changes in Vtip strongly

in�uence the QD energy level spectrum. Ultimately, the QD disappears for vanishing

electric �eld between tip and graphene. If the electrochemical potential of the tip µtip

exceeds that of graphene µgr (Fig. 5.2b), the tip will be negatively charged and hole

states localize underneath the tip. By further increasing µtip these states will be gated

into the bias window from below. This means that µN will never coincide with µtip and

therefore it is impossible to directly capture the energies of the QD states in dI/dVtip

spectra. The analogous case for con�ned electrons is portrayed in Figure 5.2c.

However, exploiting the gating capabilities of the STM tip opens up a di�erent de-

tection scheme. Adopting the argument from Ref. [100], I will extend the above stated

picture for the case of electron con�nement, that is, positive Vtip, since the reasoning

is analogous for hole con�nement. Increasing Vtip (orange arrow in Fig. 5.3) shifts the

states underneath the tip energetically down. States originating from LLs with posi-

tive index are embedded in the LL0-LL+1 gap which provides electrostatic con�nement

(Fig. 5.3a, see also Fig. 5.1b). Within the bias window eVtip = µgr − µtip, electrons

tunnel from the sample into unoccupied states of the tip. One current path (dashed
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Figure 5.3.: Sketch of the Coulomb staircase. The chemical potentials of graphene µgr

(black dashed line) and tip µtip (black solid line) de�ne the bias window eVtip, within which
graphene states tunnel into empty tip states. There are two current paths available: (i) a
weak one (green dashed arrow) via quantum dot states (blue lines), (ii) a dominant one (solid
green arrow) via states strongly coupled to the graphene bulk (marked LDOS). Left: bulk
graphene LLs away from the tip-induced band bending. (b) Schematic diagram of change
in QD energies (blue lines) and quasi-continuous LDOS underneath the tip (green and gray
triangle) for increasing Vtip from left to right. Between the second and third frame, the QD
changes its charge state shifting the energy of the QD states and the entire LDOS upwards. (c)
Tunneling current I displaying the staircase (green line) and di�erential conductance dI/dV
(purple line) for increasing Vtip (aligned with panel b).
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green arrow Fig. 5.3a) passes through states of the QD (blue lines). The other stronger

current path (solid green arrow Fig. 5.3a) originates from the quasi-continuous LDOS at

lower energies where energetically overlapping LL states strongly couple to the graphene

bulk. Though increasing Vtip gates QD states down (Fig. 5.3b), the Coulomb gap around

EF always separates the highest occupied from the lowest unoccupied state, prohibiting

continuous charging of con�ned states. It is only when the next unoccupied level crosses

µgr that the QD is charged by an additional electron. The electrostatic repulsion due to

its charge abruptly increases the Hartree energy of all states, thereby shifting additional

graphene states from below µtip into the bias window (Fig. 5.3b, central transition).

Consequently, the tunneling current I increases which translates to a charging peak in

dI/dVtip (Fig. 5.3c). This mechanism is called Coulomb staircase408 and has been ob-

served previously, for instance, for charging of clusters within an STM experiment.409 In

essence, charging peaks in dI/dV signal the coincidence of a charge level of the QD with

µgr
99 and thus provide a clear signature of the addition energy spectrum of the QD.

5.1.1. Signature Coulomb peak sequence of an ideal graphene QD

In graphene QDs, lifting the orbital, valley or spin degeneracy impacts the energy level

spectrum. Figure 5.4a portrays the case where, for instance, the con�nement potential

exclusively induces an orbital splitting ∆o
1. The two split states remain spin and valley

degenerate (indicated by the four small black arrows). Subsequently �lling these states

with electrons by gating them across EF will produce the Coulomb peak sequence shown

in Figure 5.4b. The �rst four peaks are split by EC, because the single particle energy

contribution to Eadd is zero. Since the �fth electron has to occupy the next orbital, that

is, now ∆o contributes to Eadd, the fourth and �fth peak show a larger spacing. More

generally, in the case of graphene peaks will group in quadruplets.

By introducing a sublattice-discriminating substrate interaction, for instance, by align-

ing graphene to hBN, one can create an additional valley splitting ∆τ as sketched in

Figure 5.4d. Consequently, the quadruplets will exhibit a generally di�ering additional

splitting, reducing the spacing of adjacent quadruplets. As shown in Figure 5.4c, ∆o

cannot be unambiguously determined from the quadruplet spacing in this case, while ∆τ

is attainable. Subjecting the QD to an external B �eld, which naturally also contributes

to ∆o,393 will add a Zeeman splitting ∆σ. If ∆τ �∆σ, quadruplets should again split

into doublets, but here one expects no di�erence between the quadruplets. If ∆τ �∆σ,
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Figure 5.4.: Single particle energy spectrum and Coulomb peak sequence. (a) Energy
level diagram for the �rst two orbital states of a graphene QD exhibiting an orbital splitting
∆o

1. Both orbitals are fourfold degenerate, as indicated by black arrows representing physical
spin. (b,c) Charging peak sequence in the di�erential conductance dI/dV corresponding to
the level diagrams in panel a and d, respectively. Charging peaks are separated by the addition
energy Eiadd = EiC + ∆i, where EiC ≈ EC is the charging energy and ∆i is comprised of ∆o

j

and/or the valley splittings ∆τ
k. In panel b quadruplet ordering showcases a dominant ∆o

1,
while ∆τ

k become sizable in panel c, further separating quadruplets into doublets. (d) Same as
panel a, but including additional ∆τ

k. The spin splitting ∆σ is neglected, as ∆σ < ∆τ
k,∆

o
j , EC

in experiment.

∆σ only adds a minor contribution to the splitting within the valley-split doublets. Fig-

ure 5.4 purposely shows the situation later encountered in graphene on hBN, where at

7 T ∆o is about 4− 10 meV, ∆τ is generally smaller but locally up to 10 meV and thus

exceeds ∆σ = gµBB ≈ 800µeV (g = 2).

5.2. Poisson calculations

Investigating tip-induced QDs in an STM setup with no additional gates lacks an in-

dependent probe of the tip-sample interaction. Moreover, the tip cannot access the

environment of the QD. Therefore, I estimate the electrostatic couplings of the di�erent

electrodes in Poisson calculations. Without this information the tip lever arm αtip re-

mains unknown and it is not possible to deduce Eadd from the measured peak spacings in

Vtip. Additionally, the form of the tip-induced potential in graphene Φel
gr(r) was required

for the TB calculations of the con�ned states in section 5.3.

Poisson calculations using the �nite-di�erence method were implemented in Matlab
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5. Tip-induced quantum dots in commensurate graphene on hBN

based on Ref. [410] and adopted for cylinder symmetric problems. Starting point for the

solver was a program written by Christian Holl, which I modi�ed quite thoroughly. The

problem is modeled in the ρ− z plane by (i) the edge boundary conditions, being either

of the Dirichlet (�xed potentials), Neumann (dΦel/d~n = 0, where ~n is the outward-

pointing unit normal vector) or constant normal gradient type (d2Φel/d~n2 = 0); (ii)

assigning di�erent dielectric constants, for instance, εhBN = 4 for hBN and εgr = 2.5

for graphene; (iii) de�ning materials with free charges, here, graphene's DOS (eq 3.11)

and temperature through the Fermi Dirac distribution; (iv) setting up other electrodes

with �xed Φel like the tip, e�ectively amending the Dirichlet boundary conditions. The

induced charge density q(r) on the graphene electrodes and the electrostatic potential

solution Φel(r) to Poisson's equation related by

∆Φel(r) = −q(r)

ε
, (5.1)

where ε = ε0 · εr, are found by iterating two steps. First, Φel(r) is found by numerical

matrix inversion. Then charges are redistributed according to this Φel(r). Typically only

10-15% of the change relative to the last iteration is used to achieve smooth convergence.

This is done until the relative changes in Φel(r) and q(r) drop below a threshold value,

typically 0.2-0.5 % integrated over the whole QD. The next two sections will portray the

results for Φel
gr(r) and the capacitance between the QD and the other electrodes.

5.2.1. Tip-induced potential in graphene

A typical set of parameters to simulate Φel
gr(r) includes a tip radius rtip = 120 nm, a tip

opening angle γ = 30◦, a tip sample distance Z = 6Å, the thickness of the hBN layer

thBN = 30 nm, the dielectric constants of hBN εhBN = 4 and graphene εgr = (4 + 1)/2 =

2.5, a magnetic �eld B = 0 T or 7 T modifying the DOS of graphene, which additionally

incorporates σ = 3 meV Gaussian disorder broadening and a temperature of T = 8 K.

The grounded graphite is modeled by the boundary condition Φel(z = 0 nm) = 0 V.

Figure 5.5a shows an exemplary converged solution of the resulting potential (color

code) with the potential within the graphene layer Φel
gr(r) shown as green overlay.

I perform calculations with varying tip potential to �nd the relation Φel
0 (Vtip,eff) in

Figure 5.5b, which I use to translate tip-induced potential amplitudes Φel
0 to tip voltages

and vice versa. Here, I use the e�ective tip voltage Vtip,eff = Vtip + ∆Φ/e, to simplify
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Figure 5.5.: Poisson calculations of the tip-induced potential. (a) Converged numerical
solution of Poisson's equation modeling the STM tip (rtip = 120 nm, tip-sample distance Z =
6Å) over graphene (εgr = 2.5, νF = 1×106 m/s) on hBN (εhBN = 4, thBN = 30 nm) on graphite
(potential �xed to ground) at B = 0 T. Induced con�nement potential in the graphene layer
Φel

gr(r) as green overlay (axis on the right). (b) Tip-induced potential amplitude Φel
0 depending

on the e�ective applied tip voltage Vtip,eff , which includes possible work function di�erences
between graphene and tip at B = 0 T. Every dot corresponds to a separate calculation. (c)
Change in Φel

gr(r) for varying rtip and applied magnetic �elds. Red curve portrays the potential
used in the TB calculation corresponding to eq 5.2, which is adapted to the Φel

gr(r) at 7 T.

the discussion by making the applied tip voltage Vtip independent of any work function

di�erence ∆Φ = Φtip − Φgraphene, which only presents an o�set. Note, since in the

measurements |Vtip| ≤ 1 V, it is su�cient to consider the capacitive coupling of the QD

to the surrounding graphene and to the BG within |Φel
0 | < 300 mV (sec. 5.2.2).

I also estimate the e�ect of B on the band bending. Therefore I implement LLs into

graphene's DOS at energies following eq 3.13, degeneracy nLL = 4× e
hB
, and smoothed

by a Gaussian with standard deviation σ = 3 meV. The main e�ect of the increased

DOS close to EF is a reduction of the radial tail of the induced potential, as seen in

Figure 5.5c.

I use the results at B = 7 T to deduce an analytic function for the induced potential

67



5. Tip-induced quantum dots in commensurate graphene on hBN

(red curve in Fig. 5.5c) reading

Φel
gr(Φ

el
0 , r) = Φel

0 · cos

 πr

2Φel
0

· 106

0.32 +

(
0.005+|Φel

0 |
0.04

)−1.2


5

, (5.2)

r in [m] is the radial distance to the center of the tip. This simpli�es the implemen-

tation into the TB calculations (sec. 5.3), because Φel
0 is the only free parameter. The

cosine shape was motivated by work of Maksym et al.,387 while the regularly suggested

Gaussian250 would only suit tips with very small radii rtip ≤ 20 nm. The tip radius

is the main parameter to match theory and experiment. Using Φel
gr(r) from a tip with

rtip = 70 nm in the TB calculations did not reproduce the experimental observations,

that is, too few states crossed EF in the relevant Vtip interval. However, for a larger

tip with rtip = 120 nm, we reach agreement. Also note that the results for Φel
gr(r) only

vary slightly for 100 nm ≤ rtip ≤ 150 nm as shown in Figure 5.5c. In the same plot

the size of the QD can be estimated from the FWHM of Φel
gr(r) resulting in a radius

of rdot = 25 ± 5 nm. This will be used in the next section to deal with the capacitive

coupling of the QD to the other electrodes.

5.2.2. Coupling of the quantum dot to the other electrodes

After estimating the dot radius, I can calculate the capacitances of the dot to the other

electrodes to eventually deduce αtip = Ctip/CΣ, where CΣ is the total capacitance of the

dot. Three di�erent scenarios (Fig. 5.6) are employed to �nd the contributing capaci-

tance between QD and tip Ctip, QD and surrounding graphene Cgr and QD and back

gate CBG. One electrode is set to a �xed potential Φel and via the induced charge Q on

the other I can calculate C = Q/Φel. The di�erent boundary conditions are indicated

in Figure 5.6. In case of CBG (Fig. 5.6c), the top boundary models the constant electric

�eld in front of an in�nitely extended charged plate. Graphene is always modeled with

its bulk density of states (eq 3.11). For Ctip (Fig. 5.6a) and CBG (Fig. 5.6c) I �xed the

tip potential Φtip and BG potential ΦBG, respectively, and extract the induced charge on

the QD (blue). For Cgr (Fig. 5.6b) ΦQD is �xed and the induced charge within a cuto�

radius of 50 nm into the surrounding graphene is used.

The impact of di�erent parameters, that is, rtip = 100 − 150 nm, rdot = 20 ± 5 nm,
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Figure 5.6.: Sketches of the simulation domain used in the Poisson calculations.
(a-c) Q indicates on which electrode the induced charge was determined to calculate C = Q/U .
Green areas: vacuum (ε = 1); violet areas: hexagonal boron nitride (hBN, ε = 4); blue
lines: graphene (ε = 2.5); gray lines, gray area or gray dot: Dirichlet boundary condition;
black boundaries: Neumann boundary condition, as labeled. Panel a: QD-tip capacitance was
extracted for �xed tip potential Φtip. Typical tip-sample distance, 6 Å, as labeled; tip opening
angle, γ = 30◦; tip radius varied within 5−150 nm. Panel b: QD-graphene capacitance was
extracted for �xed QD potential ΦQD. Width of the gap between the QD and the surrounding
graphene wgap, black double arrow, as labeled. Panel c: QD-BG capacitance was extracted for
�xed BG potential ΦBG. The top boundary condition captures the constant electric �eld in
front of an in�nite charged plate.

wgap = 5 − 20 nm, Z = 5 − 7.5 Å and �nite doping δn = 0 − 1.2× 1015 m−2, on the

capacitances is investigated and the main results are summarized in Figure 5.7. An

e�ect arising from graphene's linear DOS, so-called quantum capacitance,123,319,411�413

manifests itself as reduced capacitance around the Dirac point. The largest contribu-

tion to CΣ stems from Ctip, followed by CBG and Cgr. While Z (6 % change in stated

range, compare Fig. 2.3) and wgap (Fig. 5.7b) have a comparatively weak impact within

the stated boundaries, rtip (Fig. 5.7a) and especially rdot (Fig. 5.7a,c) dominate the

uncertainty of the derived capacitances. Doping and, weakly, temperature ensue an

asymmetry in C(Veff,tip) and generally increase the capacitances and reduce quantum

capacitance e�ects compared to the case with no doping (see Fig. 5.7c, dashed lines

40 meV hole doping). As we want to extract Eadd via αtip from charging peak distances

in the spectra, it is su�cient to consider the Vtip range where these are observed, that

is, |Vtip,eff | > 150 mV. I state the values at Vtip,eff = −0.2 V, where, considering the

QD's diameter of 55 nm and a slight p-doping, Ctip = 8 ± 1.5 aF, CBG = 5 ± 1 aF,

Cgr = 3.5 ± 0.7 aF and thus CΣ = 16.5± 3.2 aF. Now I can calculate αtip, which is

portrayed in Figure 5.8. The similar behavior of all capacitances reduces the quantum

capacitance e�ect on αtip, which remains nearly constant away from the Dirac point. Es-

69



5. Tip-induced quantum dots in commensurate graphene on hBN

C
B

G
 (

aF
)

C
g

r (
aF

)

C
ti

p
 (

aF
)

4

3

-0.2 0 0.2

-0.2 0 0.2

4

3

2

5

6
10

5

-0.2 0 0.2-0.4 0.4

rtip=120nm

rdot= 25nm rdot= 30nmrdot= 20nm

rtip=100nm rtip=150nm

wgap= 5nm

wgap=15nm
wgap=10nm

wgap=20nm

rdot=25nm
rdot=30nm

rdot=20nm

undoped

doped

a

b

c

Figure 5.7.: Simulated capacitive couplings of the tip-induced QD. For all calculations,
T = 8 K and potential �uctuations incorporated by Gaussian smoothing of the DOS with
σ = 3 meV. (a) QD-tip capacitance Ctip simulated as sketched in Fig. 5.6a. Thick lines show
Ctip for �xed rtip = 120 nm and rdot = 20, 25, 30 nm, as labeled above. Thin lines are results
for �xed rdot = 25 nm and rtip = 100 . . . 150 nm, in steps of 10 nm. Doping δn = 2× 1014 m−2.
(b) QD-graphene capacitance Cgr simulated as sketched in Fig. 5.6b. Cgr was calculated for a
�xed rdot = 25 nm and di�erent widths of the gap wgap between the QD and the surrounding
graphene, as labeled above. δn = 2× 1014 m−2. Same scale as panel c. (c) QD-BG capacitance
CBG simulated as sketched in Fig. 5.6c. Cgr was calculated for di�erent rdot as labeled. Solid
lines mark simulations with no doping and dotted lines with δn = 1.2× 1015 m−2 (i.e., a 40 meV
shift in EF), respectively.

pecially in the relevant regime of the observed charging peaks I �nd αtip = 0.51± 0.03.

This value is close to a value reported by Jung et al.152 (αtip = 0.56) for a similar system

with an STM tip above graphene in the QH regime.

5.3. Tight binding model

The TB calculations portrayed in this section were carried out by Florian Libisch and

Larisa Chizhova, while their interpretation was a joint e�ort. They calculate eigenstates

of a 120 nm×100 nm commensurate graphene �ake on hBN using third-nearest neighbor

TB,406 where the substrate interaction enters via a periodic superstructure potential and

local strain e�ects leading to varying hopping matrix elements t,196 parametrized from

DFT calculations.189,414 As portrayed in section 5.2.1, we approximate Φel
0 and Φel

gr(r) by

a classic electrostatic solution of Poisson's equation (Fig. 5.5a) with the tip radius rtip as

�t parameter. Comparing calculated charging energies to experiment yields a plausible
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Figure 5.8.: E�ect of quantum capacitance on αtip. (a) Change in tip lever arm αtip due
to a changing dot radius rdot at constant tip radius rtip = 120 nm. (b) Change in αtip for
varying rtip at constant rdot = 25 nm. δn = 2× 1014 m−2.

value of rtip ≈ 120 nm implying a FWHM of the QD con�nement potential of 55 nm at

7 T (see Fig. 5.5c). I independently determine the initially free parameter EF from the

position of LL0 in STS as EF = −40± 5 meV (see sec. 5.4.5). Accordingly, the graphene

is p-doped. Note that varying EF within the stated uncertainty range (see blue horizontal

bar in Figure 5.9a) leads to no qualitative changes in the predictions of their model. They

use open boundary conditions to simulate the coupling of the �ake to the surrounding

graphene. Consequently, eigenstates will feature complex eigenvalues El = εl + iΓl/2,

where the real part εl represents the resonant energies and the imaginary part Γl the

coupling to the delocalized bulk states.359 Thus we can readily distinguish states that are

spread out over the �ake (large Γl) from those localized near the tip (small Γl). We color

code Γl in Figure 5.9a for a calculation with the tip-induced potential centered on an AB

stacked area. At B = 7 T and vanishing band bending (Φel
0 = 0), we �nd only delocalized

states whose eigenenergies cluster around the bulk LL energies (eq 3.13, Fig. 5.9a). As

we increase Φel
0 , states begin to localize at the tip and shift in energy, with smaller

Γl (darker curves) pointing to stronger localization (see Fig. 5.9a). Comparing hole

states originating from LL−1 for negative and positive Φel
0 , we �nd, as expected, stronger

localization in case of negative Φel
0 . The potential is always attractive to one kind of

charge carriers which will localize underneath the tip. The other kind is repelled by the

induced potential (see also Ref. [250]) which results in stronger coupling to the bulk. In

section 5.3.1, I will classify our TB wave functions in terms of the quantum numbers N ,

nr and m by comparing sublattice A and B separately to the ideal Fock-Darwin states of
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Figure 5.9.: Tight binding eigenenergies of the tip-induced QD. (a) TB eigenenergies
of a 120× 100 nm2 graphene sample with open boundaries as function of tip-induced potential
amplitude Φel

0 at B = 7 T. The tip-induced potential (red line in Fig. 5.5c) is centered on an AB
area slightly o�set from the center of the sample (see, e.g., Fig. 5.10b). BA and AA yield very
similar behavior, not shown. Line color encodes coupling to the boundary (imaginary part Γl of
eigenenergies): black (red) indicates strong (weak) localization underneath the tip. States from
LL±1 and the split LL0 are labeled by ±1 and 0, respectively. The LL0 splitting, induced by the
sublattice dependent potential V z of the hBN, reduces the con�ning gap to E0−−E−1 ≈ 50 meV.
First states crossing EF from LL±1 are highlighted in orange. Uncertainty in EF indicated as
blue horizontal bar (sec. 5.4.5). The green rectangle marks the zoom shown in panel b. (b)
Zoom into area marked by a green box in panel a. Colored lines identify valley K (cyan) and
K′ (purple) (see sec. 5.3.1). First two orbital ∆o

j and valley ∆τ
k splittings marked by arrows.

section 4.3.3 and Figure 4.8. As expected, small angular momentum states are the �rst

ones to localize with increasing Φel
0 , in line with calculations in Ref. [385]. Since the radial

extent of the wave functions grows for the �rst couple of states crossing EF, as expected

for increasing m (compare Fig. 5.9b-e), we expect Ei
C to decrease towards higher peak

indices at �xed B. Delocalized states remain at bulk LL energies (red horizontal lines

in Fig. 5.9a). Besides the applied B naturally lifting the orbital degeneracy in QDs,393

the TB results allow to estimate the orbital ∆o
j and valley splittings ∆τ

k. First we see

that according to Figure 5.9b the valley index orders as K-K′ for the �rst pair of states

and as K′-K for the second pair on the AB-stacked area. The calculation therefore

predicts a valley splitting of about ∆τ
1 = 3 meV for the �rst orbital state. We can also
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Figure 5.10.: Main impact of the magnetic �eld on the tight binding results.
(a) Energy of �rst con�ned hole state as function of induced potential amplitude Φel

0 for di�erent
integer valued B as marked. Φel

gr(r) according to eq 5.2 (red line in Fig. 5.5c). At larger B,
the state crosses EF (dashed line, blue bar represents uncertainty) at larger Φel

0 and thus
the corresponding onset tip voltage V ∗ for charging peaks shifts to larger negative values.
Color codes imaginary part of the eigenenergy Γl at εl = EF as in Fig. 5.9a. (b) Calculated
|Ψ| =

√
|ψA|2 + |ψB|2 of the �rst con�ned hole state (same as panel a) when crossing EF at

di�erent B as labeled. The state originates from LL−1, i.e., Vtip < 0 V when crossing. All scale
bars identical.

distinguish two regimes in the sequence of spin degenerate states crossing EF for negative

Φel
0 . The �rst regime (Fig. 5.9b) exhibits ∆τ

k . ∆o
j . Ei

C, while the second at higher Φel
0

is characterized by densely spaced states, thus ∆o
j ≈ ∆τ

k � Ei
C. The sequence within the

�rst regime corresponds to about �ve orbital pairs from valley K and K′, in line with

about �ve quadruplets in our experimental spectra (see labels '4' in Fig. 5.12a and ∆V

sequences in Fig. 5.12b,c). Within the employed TB model, the strength of the valley

splitting is dominated by the sublattice symmetry breaking term V z due to the hBN

substrate.196

Figure 5.10 portrays the main impact of a changing magnetic �eld in the TB simu-

lations. Here, we use a constant shape of the potential albeit its width might change

with B in the experiment (see Fig. 5.5c). First, the bulk LL−1 energy moves away from

EF with increasing B (Φel
gr = 0 mV in Fig. 5.10a), thus gating the �rst hole state to

EF requires larger Φel
0 . Additionally, a strong reduction of Γl is found with increasing

magnetic �eld, corresponding to the suppression of the radial tail of the wave function as

visible in Figure 5.10b and indicating the onset of strong localization in the QD between

1 and 3 T (Fig. 5.10a).
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Figure 5.11.: Identifying the valley of tight binding eigenstates. (a) Schematic of eigen-
state energies for valley K deduced from Fig. 5.9a. LL0− and LL−1 are marked. Color codes
imaginary part of the eigenenergy Γl as in Fig. 5.9a. Blue horizontal bar marks uncertainty
in EF. State labels correspond to radial and angular momentum quantum number (nr,m) on
sublattice A and B colored di�erently, as marked. (b-e) Color plot of the TB wave function
amplitude |Ψ| =

√
|ψA|2 + |ψB|2 of the �rst four states crossing EF on the hole side. Φel

0 at the
crossing point εl(Φel

0 ) = EF is marked. Solid (dashed) white lines are line cuts along the dotted
white line in panel b for contributions from sublattice A (B), as marked. Below the plots, (nr,
m) combinations on sublattice A and B, and associated valley (eq 4.10) are added. All scale
bars identical.

5.3.1. Assigning a valley to the TB wave functions

In order to classify the TB wave functions in terms of N , nr and m, we consider sub-

lattice A and B separately. Tracing the states back to their LL of origin reveals N ,

constraining possible nr ≤ N . The value of nr is then determined by counting radial

minima in sublattice dependent line cuts of the wave function amplitude (Fig. 5.11b-d).

The distance of the �rst radial maximum from the center of the wave function is after-

wards su�cient to order the possible m numbers of the LL (eq 4.10). Additionally, the

(nr,m) combinations need to be consistent with N di�ering by one on the two sublattices

(eq 3.15). For instance, the line cuts in Figure 5.11b portray (nr,m) = (0, 0) and (0, 1)

on sublattice A and B, respectively. Figure 5.11c-e additionally shows that the roles of

the two sublattices interchange for the �rst and second pair of states. Inserting nr and

m in eq 4.10 yields the valley index, where states with NA = NB − 1 and NB = NA − 1

are assigned to valley K and K′, respectively. For valley K more states are labeled by
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their (nr,m) combinations in Figure 5.11a.

5.4. Spectroscopy at finite magnetic field

In this section I present STS measurements on the QDs. The external magnetic �eld

B induces Landau quantization, which allows to capture Dirac electrons in the LL gaps

electrostatically by inducing a smooth local band bending using the STM tip. Well-

de�ned graphene QDs, in principle, portray charging peak (CP) sequences with pref-

erential grouping into quadruplets (see sec. 5.1.1). This embodies fourfold spin-valley

degenerate QD states which are separated by orbital splittings ∆o. Additional spin ∆σ

or valley splittings ∆τ induce a subtle substructure within the quadruplets. The TB

calculations allow to crosscheck the onset of localization with B (expected between 1 T

and 3 T) and the CP positions in Vtip for varying B. The latter should shift outwards in

voltage for increasing B for states originating from LLs with |N | > 0 due to the increase

in bulk LL energies (∝
√
B, eq 3.13). Finally, probing di�erent positions within the

graphene superstructure by moving the tip and, thus, the QD is expected to impact the

addition energy spectrum of the QD. Potentially such local changes can be used as a

tuning knob for ∆τ .

Figure 5.12a shows three exemplary dI/dV spectra, acquired at B = 7 T at the po-

sitions marked by correspondingly colored dots in the stylized graphene superstructure

topography at the top. The spectra were adjusted to same vertical scale by dividing

dI/dV by the �rst value I0 of the respective I(V ) curve (sec. 2.1.2). I observe pro-

nounced, regularly spaced peaks for Vtip < −170 mV and Vtip > 500 mV. A closer look

at the sequences reveals the expected grouping in quadruplets, which can still be dis-

tinguished up to the 20th peak. This grouping becomes even more evident by directly

comparing the voltage di�erence between adjacent peaks ∆V in Figure 5.12b,c: ∆V

between quadruplets is up to twice as large as ∆V within the quadruplets indicating

∆o
j . Ei

C while ∆τ
k and ∆σ are signi�cantly smaller.

To further elucidate grouping patterns, I measure 6400 dI/dV spectra at equidistant

positions within a 60 nm × 60 nm area, thus, probing all areas of the superstructure.

The median ∆V values (orange circles in Fig. 5.12b,c) portray the robust ordering into

quadruplets on the hole side, implying ∆o
j generally dominates over ∆τ

k and ∆σ. On

the electron side of the spectra the sequences are disturbed by a few additional CPs of

75



5. Tip-induced quantum dots in commensurate graphene on hBN

a

b c confined electrons
40

30

20

20161284

X1 area median

peak index

4 4 4B = 7 T

(d
I/d

V
) 

/ I
0

-1000 -800 800600-600 -400 400-200 2000 1000
Vtip (mV)

4
444444X1:AB/AA

X2: AB

X3:AB/BA

*
*

**
*
*

20 16 12 8 4

confined holes

peak index

40

30

20

X1 area median

(m
V

)
Figure 5.12.: Spectroscopy at B = 7T revealing quadruplet ordering of CPs.
(a) Representative di�erential conductance spectra dI/dV (Vtip), normalized by the �rst value
I0 of the respective I(Vtip) curve (sec. 2.1.2). Recording positions, as sketched at the top, are:
X1, between AA and AB (blue); X2, on AB (cyan); X3, between AB and BA (green). Spectra on
other regions (e.g., AA, BA) look similar. Series S500, varied-Z, Vstab = 1 V, Istab = 700 pA,
Vmod = 4.2 mVrms, B = 7 T. Quadruplets of peaks are marked by '4' and the �rst CP on
either Vtip side by an asterisk. Curves are o�set for clarity, while horizontal gray lines mark
dI/dV = 0 S. Inset shows a zoom with Gaussian �ts (dashed lines) used to extract distances
between adjacent peaks ∆V as marked. (b,c) Distances ∆V as function of consecutive peak
index, for spectrum X1 (blue, error bars smaller than symbol size) and the median values for
80× 80 spectra (orange) recorded on 60× 60 nm2 (see Fig. 5.14a).

defect states in the hBN substrate169 which are identi�ed by their characteristic spatial

development (see sec. 5.4.4). This limits the comparability of the electron and hole sector

and hides possible smaller electron-hole asymmetries in the data. The dI/dV features in

between the CPs most likely capture contributions from multiple orbital states of each

LL, which are lifted in degeneracy by the tip-induced potential, but cannot be identi�ed

unambiguously (see sec. 5.4.5 and also sec. 3.5.2).

5.4.1. Onset of charging peaks

Tuning the bulk LL energies (eq 3.13) by varying B allows to illuminate di�erent key

aspects of the con�nement mechanism. On the one hand, the observation of CPs requires

(i) su�ciently large Landau gaps to overcome the potential disorder and (ii) the states
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spatially adjacent spectra (2x2 grid) taken within the violet area in panel b are averaged and
the ones for B > 0 T are o�set by a value proportional to

√
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Vstab = 1000 mV, Istab = 700 pA, Vmod = 4.2 mVrms. I(Z) curves yield 2κ = 2.33 ± 0.01 Å−1.
Green lines are guides to the eye, marking the onset voltage of CPs V ∗. At 7 T an asterisk
marks the �rst CP on either side. Inset shows zoom onto marked peaks. (b) STM image
(raw data) recorded at Vtip = 400 mV, Iset = 0.3 nA. Violet square marks AA area where
spectra in panel a were recorded. (c) Comparison between measured and calculated V ∗. Inset
shows the required Φel

0 (Vtip) for conversion of Φ∗0 to V ∗. It is taken from a Poisson-solver
(sec. 5.3) including a reasonable work function di�erence of ∆Φ = 50 meV between graphene
and tip. Error bars for measured V ∗ re�ect typical variation of V ∗ on AA areas across a few
superstructure unit cells. Error bars for calculation arise from the uncertainty in EF. (d) Plot
of the B dependance of E1

add ≈ E1
C of 20 spectra (semitransparent dots) in the vicinity of an

AA area. Data points are recorded at integer valued B �elds (in Tesla), but displayed slightly
shifted to the left (electrons, blue) and to the right (holes, red) for clarity. Median values are
encircled in black.
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localized underneath the tip need to �t into the tip-induced potential. On the other hand,

the con�ned states need to be gated to EF from the bulk LL energies, thus requiring

larger |Vtip| for higher B if NLL 6= 0 as discussed in section 5.3. I will therefore compare

the B dependence of the onset voltage of CPs V ∗ in theory and experiment.

Indeed, experimentally V ∗ shifts towards higher |Vtip| for increasing B (green lines

Fig. 5.13a), thus gating the �rst state to EF requires stronger band bending for higher

B. Since the curves for B > 0 T are o�set proportional to
√
B, the straight line con-

necting the �rst CPs reveals that the energy distance of the �rst state to EF scales

with
√
B. This corresponds to the increase in bulk LL energies for N 6= 0 (eq 3.13),

strongly suggesting those LLs as source of the con�ned states. The observed asymmetry

in V ∗ is explained by a p-doping of the sample (determined from the position of LL0, see

sec. 5.4.5). While the evolution of states with Φel
0 in the calculations (Fig. 5.9a) is ap-

proximately symmetric with respect to Φel
0 → −Φel

0 , a shifted EF induces an asymmetry

in the �rst crossing points of LL±1 states with the Fermi level Φ∗0 for electrons and holes

(see orange highlighted lines in Fig. 5.9a). In Figure 5.13c I compare V ∗ and Φ∗0 from the

Tb calculations (see Fig. 5.10a) which is adopted by using the Vtip(Φel
0 ) dependence from

the Poisson solver (inset Fig. 5.13c, Fig. 5.5b). Care must be taken to correctly account

for the work function di�erence between the tip and the sample: the tip's work function

(4.5− 4.8 eV)68,415 exceeds that of graphene (4.5 eV), placing electric �eld neutrality in

the positive Vtip sector. Moreover, it de�nitely has to lie in between the two CP regimes

because the QD vanishes without band bending. Using a plausible work function di�er-

ence of +50 meV in Figure 5.13c leads to satisfactory agreement between the theoretical

predictions for the �rst state crossings and the experimental V ∗. Recall that the TB

model does not consider the change of the form of the con�nement potential with B.

It sticks to the 7 T estimate (Fig. 5.5c), albeit Φel
gr(r) in the experiment becomes more

extended for smaller B (Fig. 5.5c), which would aid the gating of localized states having

a larger lateral size (increasing lB). Hence, this would decrease the theoretical values of

|V ∗| for small B and further improve agreement.

The �rst clear CPs in experiment appear at around 2 T (Fig. 5.13a), nicely agreeing

with the predicted 1−3 T range (sec. 5.3). First signatures are already visible at 1.6 T

(Fig. 5.13a, Vtip ≈ 350 mV), where the �rst LL gap has a value of about 46 meV (eq 3.13).

Though a LL0 gap would reduce this value, it can be interpreted as upper bound for the

potential �uctuations on a scale of 10−20 nm. This agrees with values estimated from

the local variation of the onset of CPs (see sec. 5.4.2), that is, the eigenenergy variation of
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the �rst con�ned state. Moreover, it coheres with the local changes of the Vtip position of

the Dirac point in other STM measurements of graphene on hBN (maximally 40-50 meV

on about 20 nm).125,161

These �nding are further corroborated by comparing the diameter of the LL state dn =

2
√

2n+ 1 · lB, being d1 = 89 nm (63 nm) for LL1 at 1 T (2 T), with the FWHM of Φel
gr(r)

being 55 nm. At higher B, the diameter of the �rst QD state wave function is dominated

by lB rather than by the width of Φel
gr(r). The compression of the wave function for

increasing B (Fig. 5.10b) also manifests itself as increase in addition energy, for instance,

for E1
add = E1

C + ∆σ in Figure 5.13d, where the increase in E1
add with B of about 4 meV

cannot be explained by that of ∆σ, being 460µeV between 3 T and 7 T. Consequently,

increased Coulomb repulsion between electrons due to stronger compression and thus

larger E1
C dominates E1

add(B). I observe a similar monotonic increase for the other Ei
add

with odd index i, where Ei
add = Ei

C +∆σ with negligible ∆σ, independent of the position

of the QD.

The inset in Figure 5.13a portrays slight deviations from the pure quadruplet ordering,

which will be treated in the next section.

5.4.2. Capturing the influence of the graphene superstructure on

orbital and valley splittings

As already observed in Figure 5.12a and emphasized by the inset in Figure 5.13a, quadru-

plets sometimes split up into doublets depending on the position of the tip. Moreover,

dI/dV maps within the CP regime show characteristic patterns on the scale of the

superstructure. I will employ the peak tracing algorithm portrayed in section 2.1.3 to

reveal the spatial modulation of the individual peak voltages. By subtracting consecutive

voltage maps we can �nally generate maps of the addition energies.

Figure 5.14b shows a dI/dV map recorded at Vtip = 1 V, that is, deep in the CP

regime, and thus bright features identify positions where the tip has gated a con�ned

state to EF. Consequently, we understand circular or any line-like feature as equi-energy

lines of a certain QD state. Overlaying a topography contour from Figure 5.14a, we see

a clear tendency of the features to center on AB areas. The shift to the top right in

the lower left corner is attributed to a sloping background potential. Moreover, lines

never cross, as would be expected for charging of defect states (see sec. 5.4.4), but rather

merge between the AB areas. This essentially proves that the spatial charging patterns
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Figure 5.14.: Local variation of CP features. (a) STM image recorded at Vtip = 1 V,
Iset = 0.7 nA, B = 7 T. (b) Corresponding dI/dV image with orange topography contour
(about half of maximum height) overlay extracted from panel a. Same parameters as in panel
a and Vmod = 4.2 mVrms. (c) Top: STM topography image recorded at Vtip = 510 mV, Iset =
0.4 nA, B = 7 T. Note, panel a and c are scanned with a relative rotation of 185◦. Bottom:
Two tip voltage maps tracing the �rst (left) and eighth (right) hole CP in a spectroscopy
series covering the area shown at the top (Series S817, varied-Z, Vstab = 1 V, Istab = 750 pA,
Vmod = 2.7 mVrms; I(Z) curves yield 2κ = 3.50± 0.02 Å−1).

arise from the superstructure-induced modulation of the eigenenergies of the con�ned

states of a tip-induced QD.

In order to gain a clearer picture of this eigenenergy modulation, we need to trace

the position of every single CP in Vtip across the sample. Therefore I collect dI/dV

spectra on a regular grid and link the CPs from di�erent spectra, that is, assign their

correct index to them, to produce voltage maps for every CP. Figure 5.14c showcases

the result for a highly resolved spectroscopy series. The left Vtip map for the �rst hole

CP is nicely modulated in correspondence to the superstructure topography at the top.

AB areas appear darker in the Vtip map, that is, here it requires less gating by the tip

for the �rst con�ned state to reach EF. This is in fact equivalent to the observation

of the features being centered on AB areas (Fig. 5.14b), because this is where the CP

�rst appears. Suggested by the TB results (Fig. 5.11b), I expect the �rst state to

cross EF to be the most circular symmetric one, which, thus, most straightforwardly

probes the local electrostatic potential.68,69 Hence, it is not surprising that the Vtip

map resembles the adsorbtion energy landscape (Fig. 3.8d) with a variation of about

Vtip(AB) − Vtip(AA) ≈ 15 mV · αtip ≈ 7.5 meV within one superstructure unit cell.
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Figure 5.15.: Addition energy maps. (a) STM image of the 45×45 nm2 area for which
panels c-j are shown. Vtip = 400 mV, Iset = 300 pA, B = 7 T. Magenta arrow corresponds to
blue and green arrows in panels d, f, h. Honeycomb gray grid lines adapted to topography
for comparison to panels c-j. (b) Line cuts along arrows in panels d, f, h: E2

add, light blue;
E4

add, green; E
6
add, dark blue. (c-j) Addition energy maps (labeled by their index at the top,

extracted from the spectroscopy series S500, see Fig. 5.12 for details) for the addition of the �rst
eight holes to the tip-induced QD shown for the area in panel a. The panels are also identi�ed
in the schematic CP sequence on the top right. Data recorded at B = 7 T. Honeycomb gray
grid from panel a. Same scale bar as panel a.

As seen for the right Vtip map in Figure 5.14c (eighth hole CP), less straightforward

patterns are found probably due to less symmetric wave functions and electron-electron

interaction at higher occupation numbers.

Next, I create 45 nm × 45 nm maps of the addition energies at 7 T by subtracting

consecutive CP voltage maps and converting them via αtip = 0.51. We directly see that

maps of Ei
add with odd index i generally appear weakly modulated compared to those

with even i (compare Fig. 5.15c-j, see Fig. A.7 for higher orbitals). This links the odd

transitions to spin �lling within one valley,100 since the spin splitting is expected to be

spatially homogeneous except for possible exchange enhancement. Dark line features

most probably originate from the local crossing of states, which will be discussed in

section 5.4.3. The residual spatial variation below 1 meV (one standard deviation of the
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median values of E3,5,7
add ) within the assessed area (Fig. 5.15a) is attributed to local changes

in the charging energy or subtle di�erences in the exchange enhancement.260,400,416 On

the contrary, addition energy maps for even i are more strongly modulated on the scale of

the superstructure, as seen in Figure 5.15d,f,h,j (compare to Fig. 5.15a). In detail I �nd:

(i) local maxima at AB stacking for E2
add, (ii) E

4
add exhibits local minima with weak halos

in the AB area, (iii) E6
add resembles a honeycomb pattern connecting AA and BA areas,

while a local maximum at AB stacking is also present. Figure 5.15b shows exemplary

linecuts in E2,4,6
add showcasing their variation on the scale of the superstructure unit cell

exceeds 7 meV. The slight o�set of the line cut with respect to the high-symmetry

points of the superstructure is attributed to an o�set of the capacitive center of the tip

to the tunneling tip. Moreover, by subtracting the charging energy (EC ≈ 8−10 meV)

we see that absolute values of the valley splitting of up to 10 meV are attainable (see

also Fig. 5.15d,h).

These observations lead to two main conclusions concerning possible qubit applica-

tions. Realizing a spin qubit within one valley of the �rst orbital ensures a comfortable

separation from higher excitations due to the large valley splitting. However, the greater

novelty lies within the captured valley splitting gradients. This, in principle, allows to

conduct gate operations within the valley degree of freedom by utilizing electric gates

to slightly shift the QD position.71,72 I also note, that while the valley splittings are not

completely regular with respect to the superstructure, there barely are homogeneous

areas. Therefore there is no need for precise gate alignment during the fabrication of

gate structures.

So far the patterns in Ei
add for even i could not be precisely reproduced by TB. For

example, while Figure 5.15h looks symmetric around AB, the calculation using DFT

based TB parameters favors AA stacking as point of symmetry. Most probably, either

the strain con�guration of the ideal superstructure is not correctly parametrized or slight

distortions of the superstructure in experiment already have a signi�cant impact on the

sublattice symmetry breaking and thus Eadd. Indications for the latter explanation are

most prominent in the lower right corner of Figure 5.15h. Here it seems like the symmetry

of the pattern changes, now connecting AB and BA areas. Though the superlattice seems

to be horizontally stretched in this region (see Fig. 5.15a), it is not certain which area

is the least disturbed. Towards the top of the images the pattern changes again, which

is apparently connected to the superlattice defect just outside of the frame (compare

Fig. 5.14a, more vertical stretching on the left). This variability and the generally
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observed local variation of spectroscopic features might actually have the same origin:

local changes in the strain con�guration. While their impact on the topography is minor,

they seem to strongly impact the sublattice symmetry breaking V z through the pseudo

Zeeman e�ect29 and thereby the valley splittings.

5.4.3. Possible observation of local valley anti-crossings
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Figure 5.16.: Signatures of a local valley anti-
crossing. (a) Schematic showing the crossing of
states within the second orbital for a changing
position of the QD. States belonging to valley K
and K′ are colored cyan and magenta, respec-
tively. Black arrows indicate physical spin ori-
entation. Single particle energy splittings ∆5−7

are marked by double arrows. (b) Schematic be-
havior of ∆5−7, as labeled, derived from panel a.
X0 marks center of the crossing. (c) Linecuts
along correspondingly colored arrows in panels
d-f through E5−7

add , as labeled. (d-f) Addition
energy maps for the �fth through seventh hole
transition. Arrows mark linecuts shown in panel
c. Centers of honeycomb grid identify AB stack-
ing (see Fig. 5.15a). All same color scale.

As pointed out in the previous section,

the addition energy maps linked to spin

�lling (odd index) show distinct dark

lines starting to be pronounced with the

second orbital. Figure 5.16d-f highlights

these features within the second quadru-

plet. Since V z inverts going from AA

to AB or BA stacking (see Fig. 3.8), it

is plausible to expect crossings of states

from di�erent valleys.

The footprint of such a crossing in sin-

gle particle energies and thus addition

energies is derived in Figure 5.16a. On

the left, we start with two spin split

states per valley. Moving the QD closer

to the crossing, the valley splitting ∆6

(blue arrow) decreases, while the spin

splittings ∆5 and ∆7 remain constant.

Passing through the crossing creates a

dip-peak-dip structure in ∆6, while dips

in ∆5 and ∆7 should coincide with the

peak in ∆6 (Fig. 5.16b). Coupling of

the states at the crossing points by, for

instance, the con�nement potential, will

create avoided crossings.

Line cuts of E5−7
add are shown in Fig-

ure 5.16c and clearly reproduce the char-

acteristic features of Figure 5.16b. How-
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ever, we see dips in ∆5 and ∆7 of about 2 meV, thus exceeding the maximum value

within the simple model, which is given by ∆σ ≈ 800µeV. As the intermediate peak

in ∆6 is only about 1 meV high (maximum value also ∆σ), there must be additional

e�ects shifting the eigenenergies or lowering of the charging energy. In the center of the

crossing (marked X0 in Fig. 5.16b,c) the spin �lling sequence is ↑↑↓↓. Pauli exclusion

therefore reduces the e-e repulsion and thus EC. If we conjecture a drop in EC of about

1 meV for the �fth and seventh transition, that is, EC does not drop for E6
add, this would

account for the discrepancy. However, it is not possible to draw any conclusions on the

size of the anti-crossings.

For higher orbitals, these footprints are observed more frequently in the addition en-

ergy maps (e.g., Fig. A.7), while also occurring for the orbital transitions in between

quadruplets. Consequently the spin transitions show even richer patterns with coun-

terparts in either the valley or orbital transitions. The features are not observed on

the electron side (see Fig. A.8) and they are additionally obscured by charging of defect

states in the hBN,169 which will be addressed in the next section. Especially, the crossing

in the second orbital is highly interesting from a fundamental point of view. Driving a

state through such an anti-crossing allows to create a superposition of valley states. The

probability to remain in the same valley after the sweep (a so-called Landau-Zener tran-

sition) is known as Landau-Zener probability and was originally treated in the context of

atomic collisions by Landau,417,418 Zener,419 Stückelberg420 and Majorana.421 It depends

on the size of the avoided crossing and the sweep speed. Systematically investigating

such transitions by means of Landau-Zener-Stückelberg interferometry401,422,423 allows

to access coherence times of two-level systems as well as their energy-level structure.

I note that there is a peculiar twist to the portrayed observations on the hole and

electron CPs. While it becomes increasingly di�cult to match CPs for holes in some

areas (see lower left corners of Eadd maps in Fig. 5.15 and Fig. A.7), this is less of an issue

for electrons (Fig. A.8). Additional investigations of the TB eigenstates might reveal

di�erences in the electron and hole wave functions. Experimentally, the asymmetry in

Vtip with respect to the onset of CPs might o�er a di�erent explanation. The tip-induced

potential amplitude is more than 50 meV larger for electrons before the QD is actually

charged (Fig. 5.9). Perhaps the con�nement potential thereby inhibits the redistribution

of the probability density to areas of favorable stacking and thus limits relative changes

in the eigenenergies. Moreover, the p-doping leaves LL0 unoccupied slighly above EF

(see sec. 5.4.5). This could lead to a signi�cantly di�erent screening of the tip depending
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Figure 5.17.:Defect charging peaks (DCPs) in the di�erential conductance. (a) dI/dV
map for Vtip = 812 mV (extracted from spectroscopy series S500, Vstab = 1 V, Istab = 700 pA,
Vmod = 4.2 mVrms and B = 7 T). Discontinuity lines of the charging pattern marked by gray
arrows stem from DCPs. Orange dots mark location of �rst occurrence of the DCPs. Orange
to red fading arrow indicates where spectra in panel c were taken. (b) Vtip map of the 13th

electron CP. Darker areas with sharp boundaries (half of each area marked by yellow overlay)
are caused by a DCP. (c) dI/dV spectra, normalized by initial current I0, recorded while
laterally moving the tip away from a defect state along orange-to-red arrow in panel a. The
CP originating from the defect state is highlighted and labeled DCP. The �rst �ve CPs of the
tip-induced QD are marked CP1-5.

on the Vtip polarity leading to better screening for Vtip > 0 V. However, measurements

with adjustable Fermi energy, that is, with an operational back gate, are required to

decide on these conjectures.

5.4.4. Identification of defect charging peaks

Besides the already discussed CPs originating from the tip-induced QD, similar but dis-

tinctly di�erent additional spectroscopic features stemming from the charging of defect

states probably within the hBN are observed. In dI/dV maps faint lines appear (gray

arrows, Fig. 5.17a), which act as discontinuity with respect to the QD charging patterns.

The area enclosed by such lines grows for increasing Vtip amplitude. In maps of the Vtip

position of the CPs the corresponding areas appear o�set (yellow overlay, Fig. 5.17b).

In contrast to the QD features, these areas overlap for large enough Vtip. This is the

typical behavior seen for charging of localized defect states by an STM tip.99,424 In this

case, they most probably stem from impurities in the hBN layer, which were previously

reported by Wong et al.169 to produce 'ring defects' in dI/dV maps. The respective de-
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fect level lies above the Dirac point, which agrees with my almost exclusive observation

of defect charging peaks (DCPs) for positive Vtip.

In contrast to charging of tip-induced QD states, Vtip needs to be increased to charge

the same defect state as the tip moves away, because the capacitive coupling to the

state weakens. Such a sequence of dI/dV spectra, where the tip laterally moves away

from the emergence point of such a DCP is portrayed in Figure 5.17c. Its height is

suppressed with respect to the adjacent CPs, which �ts the weaker impact that a more

distant charge has on the LDOS beneath the tip (detection mechanism see sec. 5.1).

As soon as the DCP mixes with the QD CPs, the CP sequence will be o�set by one.

From which index on a speci�c spectrum is o�set depends on the distance to the defect

state, where the spectrum is recorded. This blurs the fourfold sequence of the median

values in Figure 5.12c, since for higher charging peak indexes, that is, higher Vtip, spectra

in a larger area around the defect will incorporate the corresponding DCP. The ideal

quadruplet transitions for the median values washes out and later even shift towards

higher peak transition indexes (Fig. 5.12c, e.g., 12→ 13, 16→ 17).

5.4.5. Discussion of Landau level features in spectroscopy

For some tips I �nd dI/dV spectra portraying an apparent LL sequence at B = 7 T

like in Figure 5.18a for Vtip > −100 mV. I do not observe LLs for Vtip < −100 mV since

charging peaks set on earlier for Vtip < 0, which in turn is due to LL−1 being closer

to EF than LL+1 (see discussion of asymmetric onset of charging peaks in sec. 5.4.1).

Plotting the squared LL peak energies for spectra A and B in Figure 5.18b, we see that

they do not correspond to the ideal LL energies (EN) of eq 3.13 (νF = 1 × 106 m/s).

However, they show a square root dependency and if I include the gating e�ect of the

tip by multiplying EN by 1 + αtip = 1.51 (schematically Figure 5.18c), I see agreement.

I conclude that the dI/dV features have to originate from states which are gated by

the tip, thus they need to be su�ciently localized underneath the tip and I do not

probe them at the bulk LL energies. The only exception is LL0, since the e�ect of the

tip-induced potential is very limited for small electric �elds (work function di�erence

compensated at Vtip ≈ −50 mV, sec. 5.4.1).

The distinct peaks in the spectra may be explained by dominant contributions to

dI/dV from the states with m = 0 (peak in the wave function amplitude at r = 0,

Fig. 4.8) originating from the respective LLs.258,270 These are not the con�ned QD states
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Figure 5.18.: Landau level signatures in the di�erential conductance. (a) Two dI/dV
spectra taken at di�erent locations, averaged over trace and retrace, recorded at B = 7 T,
Vstab = 400 mV and Istab = 200 pA. Contributions from states with m = 0 originating from
LLs with N = 0, . . . ,−5 are marked, as well as charging peaks (CPs). Contribution from
LL−4 for spectrum B only visible as shoulder. (b) Comparison of the squared measured peak
energies deduced from panel a (light and dark gray) to the squared ideal LL energies (EN ,
petrol) calculated from eq 3.13 (νF = 1 × 106 m/s). Additionally the calculated values are
plotted after multiplication with a factor of 1 + αtip = 1.51 (cyan). (c) Schematic of the ideal
LL energies (left) and expected energies in dI/dV (right), where the latter are shifted by the
gating e�ect of the tip to (1 + αtip)-times larger energies.

responsible for the charging peaks in the positive sector (electron con�nement), as these

already occupied states will not cross EF for increasing Vtip. However, at least the '-1'

peak will lead to changing peaks in the negative Vtip sector. Dominating m = 0 states

are only observed if (i) the tip tunnels very close to its capacitive center and (ii) the

con�ning potential is very close to circularly symmetric around this center. If either

condition is �awed, various angular momentum states will contribute to dI/dV and

multiple peaks per LL will be observed.270 Quantitatively, misalignment smaller than the

magnetic length will already lead to signi�cant contributions of m 6= 0 states (compare

line cuts in Figure 5.11b-d). As charging patterns in maps of the dI/dV signal reveal

the same symmetry as the graphene superstructure, I can estimate the relative shift of

tunneling and capacitive center. I commonly �nd shifts of a few nm. This explains why

the majority of dI/dV spectra feature a very rich structure in the charging peak 'gap'.

However, without knowing the exact con�nement potential everywhere, linking spatially

varying contributions of the peaks to distinct m states cannot be done reliably.

Next, I point out a few similar observations which have been reported in the litera-

ture. For instance, strained graphene on Rh has also exhibited unconventional splitting
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spectroscopy series S459, AB stacking, I(Z) curves yield 2κ = 3.31 ± 0.04 Å−1). As sketched
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gray. Landau level (LL) zero labeled LL0 and the two peaks are split by about 25 meV. Peaks
attributed to higher LLs labeled by their LL index -1,-2,-3. (b) Average dI/dV spectra obtained
on sublattice A and B of graphene on SiC at B = 8 T. E axis inverted for clarity of comparison
to panel a. Adapted by permission from Macmillan Publishers Ltd: Miller, D. L. et al. Nat.
Phys. 2010, 6, 811�817, copyright (2010).271

of LLs and an increased visibility of hole LLs compared to electron LLs.425 Inhomoge-

neous strain patterns arising from the deformation of the graphene superstructure might

have a similar e�ect. The observation of LL features is limited to the hole side in my

measurements. Though the induced band bending is most probably the limiting factor,

a comparable mismatch in visibility has also been observed in graphene on SiC. There,

electron LLs show a much stronger signal.260

I frequently �nd a splitting in the LL0 feature as seen in Figure 5.19a. The position

of the LL0 peak is linked to the position being either on sublattice A (dark blue curve),

B (light blue) or the hollow site (gray), while the splitting amounts to approximately

25 meV. The gap between LL0+ and LL0− in TB is about 40 meV (Fig. 5.9). Again,

this could point to insu�ciently captured details of the strain or sublattice symmetry

breaking potential term. Such a splitting has been previously interpreted as valley

splitting of LL0 (≈ 11 meV, Fig. 5.19b), while the responsible sublattice symmetry

breaking was induced by a misaligned second graphene layer on SiC.271 Corroborating

measurements on SiC and highly oriented pyrolytic graphite at B = 8 T by Wang et

al.426 yield very similar values of 13 meV and 16 meV, respectively. The e�ect is most

pronounced for LL0, because its wave functions link valley and sublattice most strongly

(see eq. 3.15, sec. 3.2).
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The LL features additionally allow to estimate EF. Since I �nd LL0 peaks always in

the unoccupied states sector (i.e., Vtip < 0 V), EF = −40 ± 5 meV (Fig. 5.18a) is used

to determine the coincidence of states with EF in the TB calculations.

5.5. Conclusion and transport device considerations

In summary, I have realized graphene quantum dots without physical edges via elec-

trostatic con�nement in magnetic �eld using low disorder graphene crystallographically

aligned to a hexagonal boron nitride substrate. I observe more than 40 charging peaks in

the hole and electron sector arranged in quadruplets due to orbital splittings. The �rst

few peaks on the hole and electron side show an additional doublet structure traced back

to lifting of the valley degeneracy. Note that such a lifting is key for the use of graphene

quantum dots as spin qubits [58]. Tight binding calculations196,406 quantitatively repro-

duce the orbital splitting energy of 4−10 meV as well as the �rst orbital's valley splitting

energy of about 3 meV for AA stacking by assuming a tip potential deduced from an

electrostatic Poisson calculation. The latter also allows to estimate the capacitances of

the dot to the tip (Ctip ≈ 8 ± 1.5 aF), the surrounding graphene (Cgr ≈ 3.5 ± 0.7 aF)

and to the back gate graphite electrode (CBG ≈ 5 ± 1 aF). Thus the total capacitance

of the QD amounts to CΣ ≈ 16.5 ± 3.2 aF, which in turn yields a charging energy of

EC ≈ 10 meV and a tip lever arm of αtip = 0.51. The tip radius is the only remaining

�tting parameter and is determined by matching the onset of charging peaks in tip volt-

age and the orbital splittings to the experimental values. With rtip = 120 nm the full

width at half maximum of the induced potential is 55 nm at 7 T. At 2 T the diameter of

a LL1 state compares favorably to this value, which agrees well with the experimental

onset of charging peaks in experiment and the tight binding calculations.

The results demonstrate a much better controlled con�nement by combining magnetic

and electrostatic �elds than previously found in graphene. I further exploit the sensi-

tivity of the quantum dot states to their environment to map the e�ect of the graphene

superstructure on orbital and valley splittings. The most exciting �ndings concern the

local variation of the valley splittings for con�ned holes: (i) within the �rst orbital, lo-

cally values of 10 meV are reached and (ii) strong changes of up to 7 meV on the scale

of a few nm are found, while (iii) from the second orbital on, signatures of local valley

crossings are unveiled. While (i) is very encouraging for the realization of spin qubits,
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Figure 5.20.: Draft of a transport device building on electrostatic con�nement in the
QH regime. (a) Top-view of the proposal: Graphene �ake, gray square; source contacts, S1

and S2; drain contacts, D1 and D2; edge gate left, EGL; edge gate right, EGR; center gate, CG;
side gate, SG; edge states at source/drain potential, red/blue. Black arrows indicate hopping
of an electron from the left edge channel to the right via the QD underneath CG. (b) Side view
of the device structure. Graphene is encapsulated by two hBN layers. The topmost hBN layer
is pre-structured according to the gate geometry. Holes later accommodate the gate electrodes
and contacts (yellow). Black dashed line indicates cut shown in panel a.

(ii) and (iii) open up the �eld for valley based quantum computation by using gate

structures which shift the QD's position. Here, it would be highly interesting to assess

the decoherence times for the valley degree of freedom predicted to be O(1 ms),64 for

instance, by employing Landau-Zener-Stückelberg interferometry.

Importantly, building QDs and qubits based on this con�nement approach requires

devices operating in the quantum Hall regime. In particular, edge states replace con-

ventional source and drain leads. Fortunately, there is a great wealth of experiments in

semiconductor heterostructures dedicated to the investigation and manipulation of edge

states,427�429 for instance, revealing quasiparticles with fractional charge in the fractional

quantum hall regime.117�119 Edge states can generally be guided by electrostatic gates,

as sketched in Figure 5.20a. Here, I use side gates (EGL and EGR) to bring the edge

states from the left and right sample edge into proximity with the QD, which is induced

by the central gate CG with a diameter of about 100 nm. Tuning the voltages on EGL

and EGR should also mediate the tunnel-coupling of the edge states to the QD. Now

we apply the bias voltage VSD to the source contacts S1 and S2, and ground the drain

contacts D1 and D2. The current IS2 will convey the usual longitudinal conductance in

the quantum Hall regime and is not concerned with the current via the QD. Due to the

chirality of the edge states, current can only �ow in one direction along an edge channel

(here, counterclockwise). Thus, only IS1 and ID1 capture the current via the QD and
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5.5. Conclusion and transport device considerations

should yield the same absolute value. Finally, the side gate SG could be used to slightly

shift the QD position.

This scheme can be easily expanded to accommodate two QDs in series. One main

issue in this design is the contacting of the gates. Leads on top of a hBN/graphene/hBN

heterostructure need to be much more distant from the graphene than the actual gate

electrode. This could be accomplished by stacking two di�erent hBN layers on top of

the graphene, as shown in Figure 5.20b. The �rst is only a few nm thin to ensure strong

coupling of the electrodes to the graphene. The second layer is much thicker, that is,

about 50 nm, and is structured430�432 before stacking to contain holes in form of the

gates. Consequently the gate leads will be separated from the graphene.
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6. Graphene nanostructures produced

by local anodic oxidation
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AFM lithography employing LAO has been developed to create nanostructures on the

surface of semiconductors starting with silicon433�435 and has been applied to titanium

�lms,436 GaAs/AlGaAs heterostructures65,66,437,438 and carbon nanotubes.439 Although

STMs are also used for LAO,440 AFMs are generally more convenient to operate and

being able to image partially insulating samples is clearly advantageous. Experiments

on graphene by Giesbers et al.308 stimulated work in our research group towards STM

compatible resists-free nanostructures. After pre-studies by Markus Liebmann, my-

self and quite a few bachelor students,441�447 I investigated rings structures and QDs.

LAO, in principle, o�ers several advantages over the combination of EBL and RIE.
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Figure 6.1.: Principle of LAO. The tip at the end of an AFM cantilever is brought into contact
with a graphene sample in ambient conditions. A water meniscus (blue area) forms and by
applying a strong negative tip voltage Vtip the graphene is locally oxidized. The piezo controlled
navigation of the tip (green arrows) allows to create arbitrary patterns (white stripe). Left:
Sketch of the LAO reaction. Su�ciently high electric �elds E ≈ 1 V/nm (�eld lines indicated
by orange arrows) facilitate the dissociation of water molecules into H+, OH− and O− ions (�rst
frame). The oxidative ions can react with the graphene leading to partial oxidation (second
frame). Continuing the oxidation �nally leads to gasi�cation of the carbon in form of CO and
CO2 molecules (third frame). H2 is released in any case.

Once contacted by either micro-soldering or shadow mask evaporation (see sec. 3.4),

the structuring is accomplished using only the AFM. This enables in-situ crosschecks

of the structures. Moreover, the rest of the graphene �ake is not contaminated with

resist or solvent residues during the process. The latter are especially burdensome when

engaging the sample with an STM tip. I will describe the method comprehensively here

and refer the reader to broader introductory reviews448�450 and a review designated to

carbon allotropes and especially graphene451 for additional information.

The basic principle of LAO under ambient conditions is sketched in Figure 6.1.

As the conductive tip of an AFM is brought into contact with the sample, a water

meniscus452 forms due to the ever-present water �lm on the sample,453 which acts

as an electrolyte. Controlling the humidity of the air thus presents a tuning knob

for the size of the meniscus.452 By applying a negative tip voltage below a threshold

of Vtip = −5 . . .−4 V,334,336 water molecules dissociate454 in an electric �eld of about

1 V/nm and oxygen and hydroxyl oxidative ions can react with the sample surface. The

reaction is limited to a small area underneath the cusp of the tip, because there the elec-
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6. Graphene nanostructures produced by local anodic oxidation

tric �eld is the strongest and the anions reach the graphene most quickly.455 The piezoac-

tuators of the AFM allow to navigate the tip with nm-precision, thus arbitrary patterns

can be produced on the surface, for instance, modeling quantum point contacts,334,456,457

nanoribbons,458,459 Aharonov-Bohm rings458 and QDs309,334,336 with feature sizes down to

10 nm.457 Regulating the scan speed (typically 50−200 nm/s) mediates the reaction time

and therefore presents a handle on the width of the produced lines.459 Typical widths

range from a few tens of nm to 200 nm, while the radius of the tip apex and the relative

humidity (via the water meniscus) also have a strong impact.460 Adjusting the speed

can also be used to only partially oxidize a stripe of graphene (so-called pseudocuts),

instead of removing it completely by gasi�cation of carbon (see Fig. 6.1).451 The degree

of oxidation and thus the size of the induced transport gap (up to 4 eV)461 also increases

with increasing |Vtip|,456 while partially oxidized lines consisting of graphene or graphene
oxide nanoislands harbor localized states.461 Finally, the load force Fload of the cantilever

adds a mechanical component to the process. With higher Fload, the tip plows through

the fractured graphene leaving rubble at the sides of the resulting cuts (see Fig. 6.3b).

The degree of scratching is controlled by the cantilever de�ection set-point SDef [V]. It

translates to the cantilever de�ection ∆z = σCantSDef via a cantilever speci�c de�ection

sensitivity σCant [nm/V]. The latter can be approximated by σCant = lCant

2
V−1, where

lCant is the length of the cantilever. Using the force constant of the cantilever Df and

Hook's law one obtains

Fload = Df ·∆z. (6.1)

Obviously, many parameters can be varied to try and reduce feature size, improve

control and reliability of the LAO process. For instance, tapping mode AFM can be

used instead of contact mode to reduce ablation of the tip.458,459 Inverting the polarity

of Vtip leads to hydrogenation of the graphene462 and equally insulating structures, if

catalytic Pt/Ir tips are used. In the majority of experiments, highly doped Si tips are

used,308,458,459,461 partly because coatings like TiN463 or Ti/Pt441,447 appear to degrade

faster and leave contaminants behind. Park et al.464 applied LAO in a di�erent atmo-

sphere and thus exchanged the active electrolyte with, for instance, isopropyl alcohol

or methyl alcohol, reducing the cut width down to 3 nm in case of methyl alcohol. By

modulating the amplitude of Vtip between zero and a set point between 15 and 30 V,

structuring electrically isolated graphene is possible.458,465 Using an STM for structur-

ing, Tapasztó et al.340 could control the atomic edge con�guration of only 3 nm wide
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Figure 6.2.: LAO electronic circuitry. The internal AFM voltage source can apply tip
voltages Vtip in the range of −12 . . . 12 V. The resistor Rlim is used to limit the current �owing
during the LAO process. Optionally, a variable gain I/V converter (DLPCA-200, Femto) can
be connected in series to view the current on an oscilloscope and capture it by feeding it to an
auxiliary port of the AFM controller unit.

nano-ribbons. It is also possible to start out with a highly resistive sheet of graphene

oxide (GO) and locally reduce it to create conductive structures.466,467

6.1. Preparation of nanostructures

Graphene �akes were exfoliated on 300 nm SiO capped Si wafers and contacted by in-

dium soldering (see sec. 3.4). LAO was performed by employing contact-mode AFM

(Dimension Icon, Bruker) inside an acoustic isolation enclosure. The latter also simpli-

�ed controlling the relative humidity (RH), generally maintained at 60%, by utilizing

an additionally installed humidity control unit (miniClima EBC11, Long Life for Art).

I used highly n-doped Si cantilevers (NSC18) with an intermediate Df = 2.8 N/m, reso-

nance frequency ωres = 75 kHz and σCant = 112 nm/V. They are sti�er than specialized

contact mode cantilevers (e.g., CSC17, D ≈ 0.2 N/m) and thus allow capturing tapping

mode images at reasonable speed in between individual structuring steps, when Vtip is

set to zero. High resolution tapping mode images were acquired using NSC15 cantilevers

(Df = 40 N/m, ωres = 325 kHz). The electric circuitry is sketched in Figure 6.2. The

internal voltage source of the AFM can apply voltages in the range of ±12 V to the tip.

A current limiting resistor Rlim = 1 MΩ is added to avoid damage to the graphene or the

tip. The current �owing during the oxidation ILAO can be simultaneously monitored by

either using an I/V converter (DLPCA-200, Femto) in series or measuring the voltage

drop across Rlim. In principle this also allows to perform conductive AFM.447 The crucial

observation for making cuts or pseudocuts, also made by Puddy et al.336 and Zijlstra,447
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Figure 6.3.: Pseudocuts and cuts produced by LAO. (a-c) AFM tapping mode topography
images. Red arrows mark line cuts shown in the panels below. Panel a: Narrow elevations
produced with LAO parameters: RH = 60%, Vtip = −9.7 V, vtip = 200 nm/s, Fload = 25 nN.
Panel b: Narrow cuts produced with LAO parameters: RH = 60%, Vtip = −9.5 V, vtip =
200 nm/s, Fload = 22 nN. Panel c: Wide elevations produced with LAO parameters: RH =
65%, Vtip = −6 V, vtip = 200 nm/s, Fload = 25 nN. (d-f) Line cuts marked by red arrows in
the panels above and all drawn to same vertical scale. Orange double arrows mark width of
pseudocuts, as labeled. Panel e: All petrol arrow pairs mark a distance of 10 nm. Panel f : All
petrol arrow pairs mark a distance of 20 nm and all orange double arrows a distance of 120 nm.

is that ILAO has to vanish during the process (ILAO < 100 pA, otherwise ILAO ≈ 1µA).

Probably, the oxidation within the water meniscus continuously disconnects the part of

the tip directly in contact with the sample from the surrounding graphene.468 Hence Vtip

mainly drops at the tip-sample interface and sustains the required electric �eld.

Before patterning the �nal structure, working parameters have to be found. In ev-

ery new processing session, Vtip, vtip and the amplitude set-point are widely varied.

One should bare in mind that �nal parameters result from this time consuming proce-

dure and are to some extent, random, because the tip-sample system cannot be su�-

ciently controlled. I typically employed Vtip between −6 and −10 V and vtip between 25

and 200 nm/V. My Fload in the range of 0.1 to 32 nN is comparable to values used in

Refs. [334, 445, 447, 462], but signi�cantly lower than, for instance, in Refs. [336, 442].

Figure 6.3 on the one hand portrays a few examples of produced pseudocuts (Fig. 6.3a,c)

and cuts (Fig. 6.3b), while on the other hand showcasing the di�erence in results for

almost identical parameters (Fig. 6.3a vs. Fig. 6.3b). The elevations in Figure 6.3a are

among the most narrow ever produced. As seen in Figure 6.3d, their width ranges be-
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Figure 6.4.: Pseudocut with attached full cuts. (a) Tapping mode AFM topography of
the middle section of the graphene on SiO2 sample S129. Image was linewise aligned (median
of di�erences method). Monolayer (ML) and bilayer (BL) part of the �ake and Indium contact
(In) are labeled. Numerous cuts and pseudocuts at the edge of the �ake exemplify the process
of �nding adequate parameters. Pseudocut (marked by white arrow) was produced with LAO
parameters: RH = 50%, Vtip = −7 V, vtip = 120 nm/s, Fload = 31 nN. The cuts connecting the
edge of the �ake and the pseudocut (marked by arrows with black �lled heads) were produced
with LAO parameters: RH = 48%, Vtip = −7 V, vtip = 50 nm/s, Fload = 5 nN on the next day
and the oxidation was repeated once. Inset shows zoom into area marked by the black square
from a separate measurement. Full color scale is 1.76 nm. (b) Phase image corresponding
to panel a. Image was linewise aligned (median value method). Inset shows zoom into area
marked by a black square from a separate measurement. Full color scale is 5.26 deg.

tween 30 − 45 nm and their height is about 1.1 nm. The latter is a very typical value,

as can be seen by comparing to the other line cuts (Fig. 6.3e,f), which have an identical

height scale. In comparison, even though reducing Vtip to −9.5 V and Fload to 22 nN,

cuts were produced in Figure 6.3b. Their width of about 10 nm (Fig. 6.3e) is probably

limited by the tip geometry. In the last example (Fig. 6.3c), wide, homogeneous pseudo-

cuts of about 120 nm width (Fig. 6.3f) were structured. The reduced Vtip = −6 V limited

the degree of oxidation and largely pertained graphene's mechanical stability. The tip

was still quite sharp judging from the about 20 nm wide depression in the center (petrol

arrows Fig. 6.3f), but did not plow through the partially oxidized graphene.

Next, I will demonstrate that cuts and pseudocuts can be successfully combined in

one structure. A pseudocut, purposely distanced from the �ake edges, serves as active

element, while cuts separate the source and drain lead. Figure 6.4a shows a tapping mode

AFM topography image of an Indium contacted graphene �ake on SiO2 and Figure 6.4b

the corresponding phase image. The MLG part was used for LAO and the short lines

perpendicular to the �ake edges are the result of �nding adequate parameters. First, the

about 4µm long pseudocut is drawn (fully white arrow Fig. 6.4a,b) using the parameters
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6. Graphene nanostructures produced by local anodic oxidation

RH = 50%, Vtip = −7 V, vtip = 120 nm/s and Fload = 31 nN. It is barely visible in the

topography but clearly visible in the phase image (see insets Fig. 6.4) and appears to

be nicely homogeneous over almost its entire length. Next, I increase the oxidation

time by reducing the scan speed to vtip = 50 nm/s and repeat the process once to

produce the attached cuts (marked by arrows with black heads in Fig. 6.4). The upper

cut is actually incomplete and exempli�es the limited reproducibility of the method.

Transport measurements of this structure revealed a gap of about 2.6 eV at T = 120 K

(see Fig. A.2), compatible with values reported by Masubuchi et al.461

In conclusion, LAO can be used to create nanostructures, while the most narrow

features are attained with pseudocuts. Moreover, it allows to de�ne electrodes on the

10µm scale, which is crucial to apply contacts to the sample. In the next sections I will

discuss the transport measurements of a few nanostructures.

6.2. Graphene ring structures

The Aharonov-Bohm (AB) e�ect129,469,470 beautifully portrays the wave nature of elec-

trons in a quantum interference experiment, which was �rst realized by Webb et al.471

in a single metal ring. Electrons entering a ring-like structure as shown in Figure 6.5a,b

from the left may exit on the right by either traversing through the upper or lower arm.

Initially, these two partial waves will interfere constructively leading to a maximum in

the transmission. In an external magnetic �eld B the magnetic �ux φ = B · A threads

the mean area A enclosed by the two arms and both partial waves will accumulate an

opposite AB phase |∆ϕAB| = π φ
φ0
,110 where φ0 = h/e is the magnetic �ux quantum.

Consequently, their interference will oscillate between constructive and destructive with

a period of

∆BAB =
φ0

A
=
h/e

A
, (6.2)

which is also observed in the transmission through the ring. For an Aharonov-Bohm ring

(ABR) with inner radius rin and outer radius rout eq 6.2 reduces to ∆BAB = 2~/(er̄2),

where r̄ = (rin + rout)/2 is the mean radius.

As pointed out in the context of weak localization (sec. 3.2), interference of phase-

coherent scattering paths is special in graphene. Upon rotating the electron wave vector

adiabatically by 2π, the ML graphene wave function (eq 3.9) accumulates an additional

Berry phase121 of π due to its sublattice pseudospin property (see also sec. 3.1). This
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Figure 6.5.: Graphene rings (GRs) produced by LAO. (a) GR structured into MLG
(sample L328, zone 1) by Nent442 with LAO parameters: RH = 42%, Vtip = −7 V, vtip =
150 nm/s, Fload = 300 nN. Cuts are 30 − 35 nm wide (see panel c). Red arrow marks line
cut in panel c. (b) Bilayer GR (sample S129) structured using LAO parameters: RH = 48%,
Vtip = −7 V, vtip = 200 nm/s, Fload = 5 nN, inner ring radius 150 nm, outer ring radius 300 nm.
Cuts are about 35 nm wide (see panel d). Red arrow marks line cut in panel d. (c,d) Line cuts
along the red arrows in above panels. Left/right petrol vertical boxes, width (petrol labels) of
the lower/upper arm of the GR (in panel d, the left box ignores remaining GO which makes
the cut appear too narrow); upper/lower black horizontal double arrows, e�ective inner/outer
diameter of the GR as labeled; orange arrow pair, cut width as labeled at a position where the
full cut width appears in the line cut (compare panel a,b).

additional phase di�erence leads to destructive interference of the two paths and sup-

presses the transmission for vanishing B.472 In BLG Berry's phase is 2π.122 Hence one

expects a peak in the transmission for B = 0 T.473�475

The AB e�ect in semiconductors is well established since 1987.476�478 AB oscillations

in graphene (see Ref. [479] for a review) were successfully observed in EBL and RIE pat-

terned ABRs,480�486 antidot lattices487 and, recently, in a dual-gated hBN/MLG/hBN

sample, where the ABR was gate de�ned.298 In the latter case, the de�ning electro-

static potential guides the electrons along the ring while exploiting the suppression of

Klein tunneling for grazing incidence (see Fig. 4.3e). Moreover, the scattering is valley-

preserving as a minimum in conductivity is observed for B = 0 T around the Dirac

point.

Figure 6.5a,b portrays the LAO structured graphene rings (GRs) to be discussed here.

After I prepared and contacted the ML graphene �ake on SiO2, the structuring of the GR

in Figure 6.5a was carried out by A. Nent442 utilizing a di�erent AFM (Anfatec) but the
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6. Graphene nanostructures produced by local anodic oxidation

same cantilever type (NSC18). Besides the upper arm being slightly wider than the lower

(55 nm vs. 40 nm) and some remaining rubble (bright white dots), narrow, 30 − 35 nm

wide cuts were achieved. With rin ≈ 215 nm and rout ≈ 280 nm (diameter measured, see

Fig. 6.5c), r̄ = 247.5 nm and thus ∆BAB = 21.5 mT. The bilayer GR in Figure 6.5b was

structured with similar parameters, RH = 48%, Vtip = −7 V, vtip = 200 nm/s, Fload =

5 nN, though the load force was signi�cantly smaller. The reduced rubble indicates

that the tip thus removed less of the produced GO from the pseudocuts leading to

the comparatively incomplete appearance of the cuts. Otherwise the structuring result

looks homogeneous and the nicely symmetric GR should be su�ciently de�ned by the

insulating GO. The measured rin ≈ 177 nm and rout ≈ 265 nm (see Fig. 6.5d) yield

r̄ = 221 nm and ∆BAB = 27 mT.

Figure 6.6a-c portrays the transport data on the monolayer GR. The back gate was

broken thus only measurements with �oating back gate electrode were conducted. Hence,

the position of the Dirac point could not be obtained and I can only speculate that this

sample is also p-doped. A constant source drain current ISD = 10 nA was applied

and the 2-point magnetoresistance recorded. As expected, the data is symmetric for

−B → B. All measurements below about 3.2 K show massive negative magnetoresis-

tance between -25 and 25 mT (Fig. 6.6a). This pronounced feature is observed in all

four LAO structured GRs (compare Fig. 6.6d, Fig. A.3). The maximum resistance Rmax

(magenta diamonds, inset Fig. 6.6a) increases approximately linearly with decreasing T

and saturates at about 1 K. This excludes WL and more generally quantum interference

corrections in 2D as possible mechanism, because they are logarithmic in T .110,135

Peculiarly, Rmax of the second GR on the same sample shows a very similar behavior

(blue diamonds, inset Fig. 6.6a). If the e�ect would arise from localization e�ects within

the nanostructures, it should be very sensitive to the individual scattering paths, that is,

the geometry and atomic edge con�guration are crucial. However, all LAO structured

samples share Indium contacts. The superconducting critical temperature Tc = 3.41 K

(bulk value488) falls rights into the range between 3.1 K and 3.95 K (no intermediate

values recorded) where the feature subsides. Moreover, the critical magnetic �eld488

Bc = 28.57 mT at zero T describes the width of the peak reasonably well. As deduced

in my diploma thesis101 from the T dependence of jumps in the resistivity of a MLG

�ake, Bc for In contacts is reduced by up to a factor of two, while Tc ≈ 3.37 K roughly

matches the bulk value. This is plausible, because the small diameter of the contacts

makes them less resilient against the external magnetic �eld. Very similar resistance
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Figure 6.6.: Transport characterization of graphene rings (GRs). (a) 2-point resistance
of the monolayer GR (sample L328, zone 1) around zero B for seven di�erent T , as labeled.
ISD = 10 nA (constant current), back gate �oating. Inset shows maximum resistance Rmax(T )
for all curves with a central peak: magenta diamonds, this GR; blue diamonds, monolayer GR
on the same sample (see Fig. A.3). (b) Same data as in panel a at di�erent B after background
subtraction (Savitzky-Golay �ltered, 2nd order, 85 mT kernel) for T = 1.5 K (green), 1.31 K,
1.11 K, 1.01 K, 0.9 K, 0.8 K, 0.73 K, 0.64 K, 0.54 K, 0.49 K, 0.4 K, 0.34 K, 0.3 K (blue). Black
bar marks expected AB period of 21.5 mT, as labeled. (c) FFT of the data in panel b for three
di�erent T , as labeled, in the range B = 60 − 400 mT excluding the central feature. Magenta
arrow indicates expected AB period of 21.5 mT. (d) 2-point di�erential conductance dI/dV
of the bilayer GR (sample S129) around zero B for two di�erent T , as labeled. VSD = 10µV,
Vmod = 40µV, fmod = 23.23 Hz, VBG = 20 V. (e) Same data as in panel d at di�erent B after
background subtraction (Savitzky-Golay �ltered, 2nd order, 107 mT kernel) for T = 1.12 K
(green), 1.03 K, 0.92 K, 0.8 K, 0.7 K, 0.55 K, 0.48 K, 0.36 K, 0.3 K (blue). Black bar marks
expected AB period of 27 mT, as labeled. (f) FFT of the data in panel e for three di�erent
T , as labeled, in the range B = 60 − 1000 mT excluding the central feature. Magenta arrow
indicates expected AB period of 27 mT.
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6. Graphene nanostructures produced by local anodic oxidation

jumps were found on the BLG sample for pairs of contacts not attached to the GR (see

Fig. A.4). However, the mechanism behind the strong e�ect in the resistance is not

understood, but also of no further relevance for the evaluation of the transport features

outside of the a�ected B range.

In order to extract possible AB oscillations from the data, I perform a background

subtraction. The background is generated by applying a second order Savitzky-Golay

�lter with an 85 mT kernel, which is approximately four times ∆BAB. Figure 6.6b shows

the temperature dependence of the exposed resistance �uctuations. Quite obviously,

there is no dominant 21.5 mT period, which is corroborated by the absence of a corre-

sponding peak in the fast Fourier transform (FFT) of the data (magenta arrow, Fig. 6.6)

for B between 60 and 400 mT. Moreover the FFT shows that the relative magnitude

of the frequency components remains largely unchanged while the absolute magnitude

increases for decreasing temperature. Hence, there is no sign of entrant AB oscillations.

The signal is dominated by UCFs,135,489�492 which arise from the interference of random

paths modi�ed by B.

Though the bilayer GR was designed for a 4-point measurement, two contacts were

not usable and thus only the 2-point di�erential conductivity was recorded. Firstly, the

low conductivity (Fig. 6.6d) shows that the bottom graphene layer was fully a�ected

by the LAO process. The same procedure for background subtraction is employed,

this time with a 107 mT kernel. However, the di�erential conductivity �uctuations in

Figure 6.6e show no modulation with the expected 27 mT period and no corresponding

peak in the FFT (Fig. 6.6f) is observed. Di�erent parameters were varied, that is, VBG

from -10 to 30V, VAC from 25 to 250µV, but no regime with AB oscillations was found.

Consequently the sample was abandoned in a timely manner.

In conclusion, LAO appears a cumbersome path to create graphene nanostructures

for quantum interference experiments. The investigated GRs most probably su�er from

rough edges as source of strong intervalley scattering and localization with detrimental

consequences for the observation of AB oscillations. My experiments thus corroborate

�ndings by Weng et al.458 for the only other reported LAO structured GR. Close in-

spection of Figure 6.5a actually casts doubt on the transparency of the lower arm of the

MLG device. Incompletely oxidized areas reduce the e�ective width of the entrance to

the lower arm strongly below 40 nm, which could also explain the absence in that case.

However, AB oscillations are not observed in any of the four investigated GRs. There

might be a chance to observe AB oscillations in future GRs if they feature smaller radii
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6.3. Coulomb blockade in a structured quantum dot
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Figure 6.7.: LAO structured multi-electrode QD with Indium contacts. (a) Optical
micrograph of sample IB01 showing the about 35µm×15µm large graphene �ake on a Si/SiO2

substrate and seven micro-soldered Indium contacts. (b) Tapping mode AFM phase image
showing multiple graphene electrodes separated by oxidized lines running towards the QD
structure. (c,d) Tapping mode AFM topography and phase image, respectively, of a zoom
onto the central QD structure. LAO parameters: RH = 60%, Vtip = −8.75 V, vtip = 200 nm/s,
Fload = 19 nN. In d Contacted electrodes are labeled: Source (S), drain (D), side gate left
(SGL) and right (SGR), and two plunger gates (PG, UG).

and perhaps only a large oxidized dot in the center produced without moving the tip.

6.3. Coulomb blockade in a structured quantum dot

In Figure 6.7 I portray a MLG QD produced by LAO, which has also been discussed

in Ref. [309]. After exfoliation on Si/SiO2, I micro-soldered (see sec. 3.4) seven Indium

contacts onto the about 35µm × 15µm graphene �ake (Fig. 6.7a). Figure 6.7b shows

the vicinity of the QD with bright lines separating the di�erent electrodes, which were

mainly structured with the same LAO parameters as the QD (i.e., RH = 60%, Vtip =

−8.75 V, vtip = 200 nm/s, Fload = 19 nN). The large chunk of debris at the bottom right

stemmed from a nearby tip-crash, which damaged an In contact, and was later removed

with the AFM tip. Figure 6.7c,d portray tapping mode AFM topography and phase

images, respectively, of a zoom onto the central QD structure. The LAO parameters

were optimized to generate the most narrow boundary structures possible. They are

only about 15 nm wide and barely visible in the topography (Fig. 6.7c). However, the

clear contrast in the phase image (Fig. 6.7d) con�rms the successful partial oxidation and

realization of source and drain leads, several side gates and two plunger gates. From this

image I also extract the QD diameter of about 60 nm and the width of the constrictions

of about 35 nm.

For the characterization of the QD VSD was applied anti-symmetrically to source and
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6. Graphene nanostructures produced by local anodic oxidation
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Figure 6.8.: Transport characterization of a LAO structured QD. (a) Sketch of the
electrical circuit of the MLG QD on Si/SiO2 (Sample IB01). Source (S), drain (D), lower
plunger gate (PG), upper plunger gate (UG) and left/right side gate (SGL/SGR) electrode are
labeled. All gate electrodes except the PG and BG were leaky, thus only VPG and VBG are
sketched. VSD is applied antisymmetrically and can include an AC component, which is used to
measure the di�erential conductance dISD/dVSD via a Lock-In ampli�er (not shown). (b) Back
gate trace recorded at VSD = 1.5 mV, T = 300 mK, VPG = 0 mV, all other electrodes �oating.
(c) Zoom into transport gap, showing a Coulomb peak sequence in dISD/dVSD recorded at VSD

= 0.5 mV, Vmod = 100µVrms, fmod = 73.78 Hz, T = 1.2 K, VPG = 0 mV, all other electrodes
�oating. FWHM of the peaks about 15 mVBG. (d) Coulomb diamonds in a logarithmic plot
of dISD/dVSD recorded as function of VSD and VBG at T = 1.2 K, Vmod = 100µVrms, fmod =
73.78 Hz, VPG = 0 mV, all other electrodes �oating. Diamond with dotted boundaries at
VBG = 15.5 V was used to extract BG lever arm αBG. The left (right) side of the diamond
yields αBG,L = 0.0736 (αBG,R = 0.0656), thus αBG = (αBG,L + αBG,R)/2 ≈ 0.07. (e) Coulomb
diamond in a logarithmic plot of dISD/dVSD recorded as function of VSD and VPG at T =
300 mK, Vmod = 30µVrms, fmod = 73.78 Hz, VSGL = VS, VBG = 14.8 V, VSGR = VD, UG
�oating. Slopes of the diamond boundary, marked by dotted lines, yield αPG,L = 0.152 and
αPG,R = 0.137.
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6.3. Coulomb blockade in a structured quantum dot

drain (i.e., VSD/2 = VS = −VD) and the 2-point conductance G = ISD/VSD was measured

(see also sec. 2.2). Figure 6.8b shows a back gate trace, recorded by varying VBG at

�xed VSD = 1.5 mV and T = 300 mK. The outer regions portray a transport regime

of �nite conductance, while the conductance partly vanishes and exhibits intermittent

conductance resonances in the central region. This so-called transport gap at low carrier

densities is governed by Coulomb blockade of the QD structure. Single Coulomb peaks

in dI/dV are resolved in Figure 6.8c. They were measured by modulating VSD with an

amplitude of Vmod = 100µVrms and frequency fmod = 73.78 Hz. Collecting many such

back gate traces at varying VSD reveals partly overlapping Coulomb diamonds (Fig. 6.8d)

of various size. This strongly suggests that contributions from multiple QDs in series

enter the conductance signal.322,341,493 Deformed diamonds indicate mixing of QD states

with other localized states.327 Moreover, the diamonds barely touch at zero VSD which

indicates that part of VSD drops either at a QD or contact oxide barrier (see also sec. 3.4)

in series.

The diamond marked by dashed lines in Figure 6.8d appears to originate from trans-

port through a single charge state and its slopes yield a back gate lever arm of αBG = 0.07

(mean of left αBG,L = 0.0736 and right αBG,R = 0.0656 side, see also sec. 4.1). To deduce

a total capacitance for the QD CΣ from this I need to estimate the back gate capacitance

CBG. A circle with 60 nm diameter is the lower boundary for the e�ective QD area AQD.

However, since the QD constrictions are not much narrower than the QD itself, it might

extend into the source and drain leads and cover an area of up to 60× 200 nm2. In the

plate capacitor model this yields

CBG = ε0εSiO2

AQD

tSiO2

= 0.425 . . . 1.4 aF, (6.3)

with εSiO2 = 4 and tSiO2 = 300 nm. It is known, that due to fringe �eld ampli�cation494

eq 6.3 easily underestimates the capacitance of such nanostructures. Indeed, the Poisson

solver cross-check in Figure 6.9 (see also sec. 5.2) yields a much larger capacitance for

a circular graphene QD with rdot = 30 nm on 300 nm SiO2. Obviously, the electric �eld

lines (cyan arrows in Fig. 6.9a) deviate strongly from the idealized parallel alignment

in the plate capacitor model. Excluding the two data points closest to the Dirac point

in Figure 6.9c, that is, adjacent to zero VBG, and thus neglecting e�ects of quantum

capacitance, yields a mean CBG ≈ 3.7 aF. This value probably overestimates CBG,

because the surrounding graphene electrodes suppress the extended part of the electric
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Figure 6.9.: Visualizing fringe �elds and estimating the back gate capacitance of the
QD. (a) Zoom into the electrostatic potential Φel, calculated as numerical, cylinder symmetric
solution of Poisson's equation for the system sketched in panel b. QD extends from r =
0 − 30 nm at z = 0 nm. Cyan arrows indicate electric �eld, calculated as gradient of Φel. (b)
Sketch of the Poisson calculation. 300 nm SiO2 (ε = 4) separate the back gate (BG) from the
graphene QD (30 nm radius, ε = 2.5). The upper bound is �xed at Φel = 0 V and the lower
bound (BG) at, e.g., Φel = −1 V. The left and right boundary ful�ll a Neumann boundary
condition. (c) Back gate capacitance CBG calculated from the induced charge QQD on the
graphene QD for di�erent VBG (CBG = QQD/VBG).

�eld. However, using this value, CΣ = CBG/αBG = 52.9 aF and EC = e/CΣ = 3 meV,

which is in reasonable agreement with the 3 − 4 meV observed in the measurements

(height e∆VSD of Coulomb diamonds in Fig. 6.8d).

In principle various other side gates allow to tune the QD. However, all but PG turned

out to be leaky, that is, exhibit a resistance of ≤ 10 MΩ to the rest of the structure.

Hence, gate voltages of 1 mV will already induce leakage currents on the order of 100 pA,

signi�cantly disturbing the QD conductance signal. PG was used to record the Coulomb

diamond at VBG = 14.8 V in Figure 6.8e. Since the opening of the diamond on the right

side e�ectively reduces the slopes of its boundaries (dotted lines), I use αPG ≈ 0.15 from

the left side of the diamond. This is a typical value for lateral gates also found in etched
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6.4. Conclusion

graphene QDs.315,330,332,495�497 The close proximity of PG and the QD, compared to the

BG, explains the stronger gating.315 By crudely estimating that the side gates on the

left and right side each combined make up for an area equal to that of the PG, I �nd

six electrodes with roughly the same coupling to the QD. Together with the back gate

they add up to the total capacitance (i.e.,
∑

i αi = 6× 0.15 + 0.07 ≈ 1, see sec. 4.1).

On the contrary, considering the width of the diamond ∆UPG ≈ 42 mV at zero VSD

translates to CΣ = e/(αPG · ∆UPG) ≈ 24 aF, which disagrees with the previously esti-

mated value of CΣ = 53 aF. However, it is di�cult to judge from a single diamond if

Eadd ≈ EC and Figure 6.8d suggests that this is actually not the case.

In summary, it was possible to de�ne a graphene QD with oxidized pseudocuts and

measure the Coulomb blockade features of this device. The demonstrated feature sizes

are amongst the smallest reported for etched graphene QDs.315,324,498 Narrow bound-

aries, again at the limit of values reported for AFM LAO,461 allow to bring gates very

close to the target structures, that is, the QD or tunneling barriers. Unfortunately, a

few electrodes were insu�ciently insulated from the rest of the structures, thus future

structuring attempts need to check the homogeneity of the boundaries more carefully.

Ideally, less surgical parameters should be used to de�ne the outer electrodes. The mea-

sured Coulomb diamonds are irregular and indicate that additional QDs in series and

localized states contribute to the conductance. This behavior is also found in the other

reported LAO structured graphene QD334 and in the majority of experiments on etched

graphene QDs.67,244

6.4. Conclusion

LAO enables the resist-free structuring of graphene and was employed to create graphene

rings and QDs, which could potentially be investigated by STM. They were de�ned by

insulating graphene oxide lines down to 15 nm in width and exhibit minimal feature

sizes of 35 nm. Both values are at the lower end of reported values. Especially the

multi-electrode QD is among the most complex structures reported in literature and

even exhibits an operational graphene plunger gate; a novum for LAO structured QDs.

Transport measurements on four graphene rings showed no sign of Aharonov-Bohm os-

cillations down to T = 300 mK, but were rather dominated by universal conductance

�uctuations. The QD exhibits Coulomb blockade in a transport gap ranging from 10
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6. Graphene nanostructures produced by local anodic oxidation

to 22 V in back gate voltage. Irregular coulomb diamonds reveal addition energies of

3 to 4 meV, with no trace of orbital or valley splittings. In this sense, nanostructures

produced by LAO are not superior to those created by electron-beam lithography and

reactive ion etching. The only observed advantage is the increased resilience against un-

controlled charge rearrangements, which were very seldom encountered even in repeated

back gate sweeps of 10 V.

Thus, edges resulting from the LAO process are e�ectively not advantageous with

respect to those produced by electron-beam lithography and reactive ion etching when

it comes to preserving the Dirac nature of the con�ned charge carriers. Disordered edges

lead to uncontrolled charge localization358 and intervalley scattering,67,244 thereby crip-

pling the control over con�ned states and quantum interference experiments. Within the

frame of patterned graphene nanostructures, a possible solution might be to anneal the

structures and thereby recon�gure the edges. Homogenizing the partially oxidized edges

by controlled carbothermal etching in a dilute oxygen atmosphere499�505 and subsequent

(hydrogen) functionalization506�510 might improve the edge characteristics. However, In-

dium contacts would not withstand this treatment and thus either the �ake would have

to be contacted di�erently for LAO structuring or one could employ tapping mode AFM

LAO instead. The results emphasize that �nding a less invasive con�nement mechanism

is mandatory to explore graphene's properties in nanostructures. One such approach

realizing smooth con�nement in graphene QDs was addressed in the previous chapter.

As a side note, LAO can potentially also structure next generation graphene/hBN

heterostructures. Together with Zijlstra,447 we could show that about 8 nm deep cuts

can be structured into BN by LAO if the BN is covered by graphene and the process

commences at the BN edge. Otherwise, the oxidation terminates about 3 nm into the

BN, as observed by Grob.511 In principle, this could reduce the SiO2 induced disorder

and improve the LAO nanostructures.

108



7. Summary

In an e�ort to circumvent rough edges and substrate induced potential disorder, I con-

ducted STM and STS measurements on a commensurate MLG �ake on hBN. An external

magnetic �eld opens up Landau level gaps in the electronic spectrum and allows to trap

electrons by a smooth tip-induced electrostatic potential. Poisson calculations in con-

nection with next-nearest neighbor TB estimate a FWHM of 55 nm at B = 7 T for the

con�nement potential induced by an STM tip, with a radius of rtip = 120 nm. Charging

peak sequences in dI/dV of more than 40 peaks on the electron and hole side reveal

the addition energy spectrum of the created QDs. The onset of localization is found be-

tween 1-2 T. Typical addition energies at B = 7 T lie in the range of 10-20 meV. They

are comprised of charging energies of about 10 meV, orbital splittings of 4-10 meV and

valley splittings for the �rst/second orbital ranging from about 3 meV/7 meV on AA

stacking to 8 meV/2 meV on AB stacking. The valley splittings surpass those reported

for any potentially nuclear spin free host material by more than one order of magnitude

(Si/SiO2, 800µeV).70 The local disappearance and reappearance of a valley splitting

around the AB area for the second orbital leaves traces of a valley crossing in maps of

the addition energies, which is attributed to sublattice symmetry breaking interactions.

Additional atomically resolved STS series �nd a sublattice symmetry breaking of 25 meV

for LL0 at 7 T.

The portrayed robust lifting of the valley degree of freedom embodies the �rst realiza-

tion of a monolayer graphene QD meeting the prerequisites to be used in a spin qubit.58

Additionally, moving the QD within the graphene superlattice (13.8 nm periodicity) sup-

plies a highly e�ective tuning knob for the valley splitting and thereby establishes an

inroad into quantum computation within valley space. In a next step, it would be highly

interesting to assess spin and valley relaxation rates in transport measurements based

on this con�nement approach. Therefore, I propose a device design (Fig. 5.20) based on

a hBN/MLG/hBN heterostructure using electrostatic gates to induce the QD, couple

it to edge states and shift its position. Further STM experiments on samples with an



7. Summary

operational back gate should also elucidate the role of the position of the Fermi energy

relative to the Landau level gaps with respect to the con�nement strength and selection

of the con�ned states. Moreover, taking the QD probe to other graphene heterostruc-

tures may reveal di�erent sources impacting the eigenenergies. For instance, a WSe2

substrate could induce strong spin-orbit interaction.

Nanostructures are also produced by local anodic oxidation of graphene �akes. They

corroborate the general �ndings in the literature. I demonstrate precise structuring

with feature sizes down to 10-30 nm, however, mono- and bilayer graphene rings with

average diameters of 440 and 500 nm measured in 2-point con�guration did not show

signs of Aharonov-Bohm oscillations down to T = 300 mK. Transport measurements on

a monolayer graphene QD with a diameter of 60 nm and multiple lateral gates exhibit

irregular charging peak sequences with addition energies of 3 − 4 meV. No orbital or

valley splittings could be observed. Noteworthy is the comparatively strong resilience of

LAO structures against uncontrolled charge rearrangements in large back gate voltage

sweeps commonly observed in QDs structured by EBL and RIE.
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A. Appendix

The appendix mainly provides a bit of extra information, while most of it are additional

�gures which did not make it to the main text. However, if certain readers want to look

into the data, the references to spectroscopy series in �gure captions like 'S500' are the

original �le names of the data sets. Their whereabouts can be retrieved in the folder of

my dissertation in the excel sheet 'List of spectroscopy �elds.xlsx'.
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Figure A.1.: Exemplary graphene lifting assessment. Logarithmic plot of an I(Z) curve
(blue line); Vstab = −400 mV, Istab = 1 nA. Orange solid line, linear �t yielding 2κ = 5.8 ±
0.1 Å−1; orange dotted line, extrapolated �t; green dashed line, ideal I(Z) curve with 2κ =

2.35 Å−1; black double arrow, graphene lifting height Alift ≈ 55 pm.
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Figure A.2.: GO gap. 2-point I-V curve of the pseudocut shown in Fig. 6.4. T = 120 K as
labeled. Arrows mark sweep direction of VSD. Magenta dotted lines mark gap of about 2.6 eV.
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Figure A.3.: Central magnetoresistance peak of another GR. 2-point magnetoresistance
of the GR structured by Hecking445 (sample L328, zone 3) around zero B for di�erent T as
labeled. ISD = 10 nA (constant current), back gate �oating.
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Figure A.4.: Hysteretic magnetoresistance of graphene contacted by Indium. 2-point
magnetoresistance of the pairs of contacts marked by the same color as the curves in the central
sample sketch. VSD = 1 mV, temperature as labeled. Arrows mark sweep direction of the
magnetic �eld B. Hysteresis is interpreted as delay between the transition of the contacts from
superconducting to normal state (sweep to higher |B|) compared to regaining superconductivity
(sweep to zero B).
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Figure A.5.: LDOS of commensurate graphene on hBN at zero magnetic �eld.
(a) Mean I(Z) curve of 5 consecutively acquired single curves. Vstab = 300 mV, Istab = 80 pA.
Red line marks linear �t yielding 2κ (error ±0.03 Å−1), as labeled. Solid part marks range
used for �tting. (b) 40 × 40 nm2 STM image recorded at Vtip = 300 mV, I = 80 pA. Colored
squares mark areas where spectra in panel i were recorded. (c-h) dI/dV maps extracted from
a series of spectra taken on a 40× 40 grid in the area shown in panel b. Spectroscopy (varied-
Z, series S184) parameters: Vstab = 300 mV, Istab = 80 pA, Vmod = 5.5 mVrms, B = 0 T,
tip approaches/retracts at vz = 100 pm/V. Vtip, as labeled in panel i, in alphabetic order of
the panels: −300 V, −117.5 mV, −88.5 mV, −23 mV, 206 mV, 283.5 mV. Contrast adapted for
optimal visibility. (i) Nine locally averaged dI/dV spectra (3×3 single spectra on 2.3×2.3 nm2)
from the areas marked by colored squares in panel b. Magenta lines, AA stacking; green lines,
AB stacking; blue lines, BA stacking. Dotted vertical lines mark Vtip of the dI/dV maps shown
in panels c-h, as labeled.
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Figure A.6.: Sublattice contrast inversion. Maps of the dI/dV signal at the indicated Vtip

taken from the spectroscopy series portrayed in Fig. 3.11 recorded on an AA stacked area.
Stripe pattern shifts horizontally by about 1.8 Å. Blue lines are guides to the eye. Graphene
lattice vertically distorted due to thermal drift.
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Figure A.7.: Additional addition energy maps for con�ned hole states. Top left shows
STM image of the area where addition energy maps 9-20 for con�ned holes, as labeled, were
recorded (see Fig. 5.15 for details). The �rst three columns of maps correspond to transitions
within one QD orbital for every row, while the last column shows the addition energy required
to add the �rst hole to the next orbital as indicated in the sketched charging peak sequence at
the top. Honeycomb gray grid lines adapted to topography. All scale bars the same.
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Figure A.8.: Addition energy maps for con�ned electron states. Top left shows STM
image of the area where addition energy maps 1-20 for con�ned electrons, as labeled, were
recorded (see Fig. 5.15 for details). The �rst three columns of maps correspond to transitions
within one QD orbital for every row, while the last column shows the addition energy required
to add the �rst electron to the next orbital as indicated in the sketched charging peak sequence
at the top. Patches (map index shifted) and sharp lines in the maps are artifacts originating
from defect charging peaks. Honeycomb gray grid lines adapted to topography. All scale bars
the same.
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