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Research Background

The first topographical images of surfaces with atomic-resolution were produced in the
1980’s by Binnig et al. [1], and since then the technique has been widely applied to a large
variety of materials. These became possible by approaching an atomic-sharp tip to a few
angstroms of a surface and applying a voltage difference between these, a situation which
allowed for quantum tunneling to occur, and by employing tunneling’s high sensitivity
to distances, we could analyze the current change as the tip was moved to gain surface

information with atomic resolution [2].

This new technique is known as Scanning Tunneling Microscopy (STM) and through the
decades after its creation it developed both in technique and equipment for an entire new
field of research [2]. One of the developments on the methods of the technique is Scanning
Tunneling Spectroscopy (STS), that allows for spectra analyzes of surfaces with atomic
precision or of an entire surface [3], while development of the equipment, as an example,
improves resolution by functionalization of the tip by the addition of a CO molecule to its

apex [4].

With the discovery of graphene in 2004 [5] and with the subsequent development and study
of the 2D materials [6] has opened new doors for the development of novel and interesting
surface materials [7], and STM/STS techniques are particularly useful on the analyzes of
such materials. The unique degree of resolution allows for observation of topographical
and electronic features on the surface, and is particularly useful for the study and iden-
tification of surface defects and functionalizations. However, despite the developments
and advancements on the STM/STS methodology and technology, the analyzes of the
produced images can be difficult, especially when studying novel material configurations,
and so computer simulations were created to assist the identification of observed features
and the understanding of the underlying physical phenomena that lead to the observed
features [8, 9].

The theoretical bases for such simulations have been created decades before the creation
of the STM, in the 1960’s. John Bardeen’s seminal work on superconducting tunnel metal
junctions models the wave functions of both the sample and tip to determine the tunneling
through their overlap, a calculation method that allows for the obtaining the interaction
between any tip and sample, albeit at the cost of neglecting structural change caused by
the tip and sample interactions [10] . This cost follows all developments of simulation

methods, many of which happens with a direct focus on the simulation of STM.

Tersoff and Hamann [11] developed one of the most fundamental mathematical methods
for STM simulation by developing a mathematical framework to simulate a spherical
orbital around the apex atom of the tip and calculating the tunneling by the interaction
of the sample wave function with it. This methodology allows for easier, more compu-
tationally efficient simulations of STM images, at the cost of simplifying the tip-orbital
configuration to a s-orbital [2, 10]. This method was further developed by Chen [12],



which allows the simulated tip-orbitals to be considerably more complex while still being
less computationally costly than Bardeen’s method, and Chen’s derivative rules were later
revised and further improved by Mandi and Palotds [13], among others. Development of
the simulations methods are still on-going, allowing for them to provide further help in
analyzing surfaces in different manners, like analyzing stacking of charge density waves
in 2D materials [14], investigating complex magnetic surfaces [15], and even exploring
non-2D materials [16]. These methods are an incredibly useful tool to be used alongside

experimental examples and by itself.

Objectives

The simulations of any technique are only as capable as the simulation software allows,
and there is always space to improve and add to its framework. My PhD research aimed
to improve the efficiency and expand the capabilities of the simulation software BSKAN
[17] by improving the possibilities available to utilize its calculated results. For such, a

twofold approach is utilized:

o Focus was placed in applying the the results of calculations done for and by the sim-
ulation, like the Density Functional Theory (DFT) calculations, and applying such
in a variety of different theoretical analysis methods, like Bader Charge calculations,

Charge Density Difference, and Work Function calculations.

e Focus was placed on implementing additions to the simulations software to allow it
to produce a larger variety of computationally efficient simulation methods that can
be used for gaining novel insights and understanding of the simulated system from

methods already utilized, mainly the revised Chen’s method [13].

Novel Scientific Achievements

During the first phase of my PhD, I investigated pristine and nitrogen-doped corrugated
graphene over two kinds of metallic substrates through STM simulations, with different
configurations of nitrogen defects on the graphene surface. The work was done in collab-
oration with an experimental group, I was able to help to identify the most energetically
favorable defects and their preferred positions in the corrugated graphene layer [P1, P4].
Much of the data produced during the calculation for this publication was utilized on many
different theoretical methods to produce further insight into the electronic effects of the
defects upon the graphene layer and the substrate to better understand the underpinning
physical interactions that led to the seen structural preferences, as well as to identify the
examples which are energetically preferable and to help identify catalytic potential on the

nitrogen-defects for future practical applications [P4].

My second research was an investigation on the effects of CO functionalized tips on STM

images of Cu adatom and CO adsorbated on a Cu(111) substrate in a variety of configura-



tions (angles and tip-sample distances). In this research I applied a systematic tip-orbital
decomposition analysis of the tunneling current to a CO functionalized tip at different
tip-heights and to geometrically straight and tilted functionalized STM tips, with the first
example in the literature known for the latter. In this research we were able to gain a
wealth of insight of the tip-sample orbital wave function and the underlying interactions
that lead to the unique features seen in experimental examples produced by our collabo-

rating experimentalists [P2].

During the second phase of my PhD I further dwell into the simulation software to im-
plement in the software’s framework a method to run STS simulations with the Chen
Revised method, which could also utilized the new energy-resolved tip-orbital contribu-
tion decomposition method. This new STS capabilities and the tip orbital contribution
decomposition were both validated in an exploration of nitrogen or boron doped graphene
layers over three different kind of tungsten tips: a sharp tungsten tip, a blunt tungsten
tip, and a sharp carbon functionalized tungsten tip. These simulations produced novel
degree of insight into differential conductance data of the analyzed systems, including the
presence of negative differentical conductance arising from tip-orbital inteference that was
before unavailable, allowing to gain a deeper understanding of the different effects of the

various tips on the effects of a junction [P3].

The major achievements of my research are summarized in the following thesis statements:

1. For the first time, I applied the tip-orbital decomposition method based on the re-
vised Chen’s derivative rules for the tunneling current as implemented in the bSKAN
code to geometrically tilted and CO-molecule-functionalized STM tips to study the
bias-voltage- and tip-sample-distance-dependent STM imaging characteristics of the
following surface adsorbates: Cu adatom and CO molecule on the Cu(111) surface.
Through extensive STM simulations I identified the particular tip conditions, which
were present in the related experiments. The analysis of the CO-CO and CO-Cu
tunnel junctions under different voltages, tip-tilting angles, and tip-heights demon-
strated that the s and p, tip-orbitals, as well as their interference terms, are essential
for accurately reproducing the observed STM images. The quantitative capabilities
of the current decompositional method allowed for a detailed comparison of orbital
contributions, revealing a clear preference for certain tip orbitals under different
conditions. Specifically, the analysis showed that the contributions of the p, and
py orbitals are significantly higher above a Cu adatom than over an adsorbed CO

molecule at the same tip-height. Publication related to this thesis point is [P2].

2. T implemented the tip-orbital decomposition method based on the revised Chen’s
derivative rules for the tunneling differential conductance dI/dV into the bSKAN
code to allow for an unprecedented analysis of energy-resolved tip-orbital contribu-
tions to the electron tunneling also in high spatial resolution, which is applicable on

novel material surfaces to better understand their local electronic structure proper-



ties down to the atomic scale. To validate this method, I conducted extensive ST'S
simulations on a graphene layer (pristine and with substitutional B or N defects),
employing systematically constructed model tip configurations based on tungsten.
The differential conductance (dI/dV) spectra obtained using this approach were
systematically compared with those derived from the Bardeen and Tersoff-Hamann
methods, demonstrating physical consistency while significantly reducing compu-
tational costs. The newly developed tip-orbital decomposition approach provided
unprecedented insight into the orbital contributions governing dI/dV, enabling a
more detailed understanding of the tip and sample orbital interactions at the atomic
level, for example the effect of s-p, tip-orbital interference is highlighted. By apply-
ing this method, I was able to observe the influence of orbital geometry on tunneling
characteristics, which has direct implications for the interpretation of experimental
STS data. Publication related to this thesis point is [P3].

. I theoretically investigated nitrogen- and boron-doped graphene systems, par-
ticularly focusing on unveiling the STM/STS characteristics of these defects, in
comparison with experimental results. For N and B substitutional defects in flat
graphene and without metal substrate I provided evidence that the tip-orbital
decomposition of the dI/dV is utmostly sensitive to the n- or p-doping character
of the defect atom [P3]. This puts forward that a detailed electronic fingerprint
of surface defects can be obtained applying our new energy-resolved tip-orbital
decomposition method (thesis point 2). Taking corrugated graphene on Ir(111) and
Ru(0001) substrates I performed STM simulations in their pristine form and on
graphitic and pyridinic nitrogen defects at various surface positions, and compared
the simulated results with related STM experiments. The experimentally found
STM characteristics are reproduced by the simulations, and the corresponding
atomic geometries of the nitrogen defects are identified [P1]. Moreover, I performed
a detailed analysis of the calculated physical properties of nitrogen-doped corrugated
graphene configurations, such as total energy, atomic geometry, work function,
charge density difference and Bader charges [P4]. Graphitic nitrogen is found to be
energetically preferred at higher regions, while pyridinic nitrogen at lower regions
of the corrugated graphene. My theoretical work advances our understanding on
the interplay of structural and electronic properties, detectabiliy and identification
as well as the catalytic application potential of nitrogen defects on corrugated

graphene. Publications related to this thesis point are [P1, P3, P4].
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