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1 Introduction

Tribology, the study of friction, has a long history dating back to ancient Greek
times, where the term ‘tribos’, meaning ‘to rub’, was coined [1]. Over this extensive
period, the concept of friction has evolved and been explored across various fields [2,
3]. Understanding friction is essential for enhancing the efficiency and longevity
of machinery, reducing energy consumption, and minimizing wear on mechanical
components [4, 5]. In recent years, its relevance has expanded into fields such as
biology and electronics, further broadening its scope.

For instance, at the microscale, reducing friction in devices like microelectrome-
chanical systems (MEMS) [6, 7] and nanotechnology-based components can sig-
nificantly improve durability and reliability. As devices become smaller, control-
ling friction at the nanoscale ensures smooth operation of key components like
nanoswitches [8, 9] and actuators[10, 11]. This precise control also aids in con-
structing accurate nanoelectronic circuits [12] and advancing quantum computing
systems [13, 14], where reduced friction and wear enhance both reliability and en-
ergy efficiency. Devices with minimized friction consume less energy, generate less
heat, and become faster, more efficient, and longer-lasting.

2D materials, such as graphene and MoSs, offer unique advantages in the context
of friction [15]. These materials are incredibly thin and prone to wear, making it
critical to understand friction at the atomic level to prevent degradation. Many 2D
materials exhibit low friction, or even superlubricity [16, 17]. Atomic-level friction
studies can also optimize mechanical stability and contact resistance in interfaces
within 2D material-based devices, enhancing performance in flexible electronics and
sensors [15, 18]. Understanding how friction affects heat generation at the atomic

level is vital for designing improved thermal management systems.



1 Introduction

In biology, studying friction at the atomic scale helps in understanding how cells
and proteins interact with surfaces and each other, which is crucial for processes
like cell adhesion, migration, and tissue formation [19-21]. Molecular friction in-
sights are also important for designing medical devices and implants that interact
smoothly with biological tissues, reducing wear and improving biocompatibility [22—
24]. Additionally, friction at the molecular level influences protein folding [25, 26]
and molecular motors [27, 28], essential for understanding diseases caused by protein
misfolding, such as Alzheimers [29, 30]. Studying natural lubricants, like synovial
fluid in joints, can lead to the development of synthetic lubricants [31, 32]. Over-
all, atomic-scale friction studies offer significant advancements across diverse fields,
driving innovation and improving technologies.

Given these advancements, one might ask: How close are we to fully understand-
ing friction at the atomic scale? While the practical significance of tribology is clear,
the field still involves intriguing physics that remains not fully understood. As Feyn-
man said in 1963, ‘Quantitative experiments in friction are difficult, and the laws
of friction remain poorly understood.’ [33]. Despite significant strides in tribology,
friction continues to present fundamental challenges, especially at the nanoscale,
requiring precise and high-resolution measurements [34]. Turning to the evolution
of measurement tools and their resolution, Atomic Force Microscopy (AFM) holds
the leading position among instrumental setups, despite the development of various
other measurement methods.

AFM, introduced by Binnig et al. in 1986, marked a significant advancement
in measuring surface interactions [35]. In a typical AFM setup, a sharp micro-
fabricated tip is scanned over a surface. This tip is mounted on a cantilever
force sensor with sensitivity well below 1nN [36]. Images of surface topography are
recorded by maintaining a constant normal force, achieved through piezoresistive
cantilevers or by reflecting a laser beam from the back of the cantilever into a pho-
todetector [37]. Just one year after the invention of AFM, the first lattice-resolved
maps of stick-slip motion were acquired by Mate and coworkers [38]. In this tech-
nique, as the cantilever sweeps over the sample in one direction and then back again,
the energy dissipation can be calculated, providing valuable insight into frictional
forces. Since then, known as Friction Force Microscopy (FFM), this method has
been widely applied to measure friction at atomic resolution [39-42]. Stick-slip mo-

tion, a type of wearless friction, involves energy dissipation without material loss



and was first proposed by Prandtl and Tomlinson 60 years earlier [43, 44]. This
model describes the interaction between a particle and a surface, where the particle
is trapped behind a potential energy barrier (sticking to the surface) and is then
suddenly released (slipping) when the applied force overcomes static friction.

By 1990, advancements in AFM techniques were evident with Meyer and Amers
introduction of a laser beam reflected off the cantilevers back, which was later
expanded to a four-cell detector to measure torsional modes [45, 46]. This period
also saw the proposal of frequency-modulation atomic force microscopy (FM-AFM)
by Albrecht and coworkers [47]. FM-AFM utilizes a phase-locked loop (PLL) to
track the cantilevers resonance frequency, enabling detailed force measurements at
the atomic scale. This method allows for precise mapping of vertical and lateral
forces, revealing piconewton force contrasts in a deep non-contact regime.

In 1998, Giessibl introduced the qPlus sensor, based on a quartz tuning fork, to
enhance atomic resolution measurements [48]. Its high stiffness allows for operation
with small amplitudes in dynamic mode, addressing limitations of previous sensors.
With the introduction of the qPlus sensor, lateral force measurements were also
enhanced by rotating the cantilever, allowing its bending mode to cause the tip to
oscillate along the surface[49, 50]. This technique, named frequency-modulation
lateral force microscopy (FM-LFM or LEM) [37, 51], records both the frequency
shift (A f) and drive signal,[49], corresponding to conservative and non-conservative
interactions, respectively. An additional advantage of LFM for measuring friction
is its ability to control the tips apex at the single-atomic level. This precision
allows for accurate manipulation of the tip apex atom and detailed measurement
of surface features. A widely used method is functionalizing the metal tip with a
single carbon monoxide (CO) molecule, a technique first developed by Gross et al.
for STM/AFM experiments [52].

In this thesis, high-precision LFM measurements with atomically characterized
tips are presented. The study includes an analysis of atomic interaction mecha-
nisms affecting LEM contrast as a function of tip-sample distance. These tips are
then used to investigate friction across single chemical bonds. Additionally, the
contribution of phonons to frictional forces is explored. The remaining chapters
of this work are outlined as follows. Chapter 2 introduces the fundamental prin-
ciples of STM and AFM. Specifically, the FM-LFM mode of operation, which is
used throughout this work, is described in detail. Additionally, it covers Density
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Functional Theory (DFT) and the basic concepts of the calculations discussed in
this thesis.

Chapter 3 describes the experimental setup and measurement techniques used
in this study. It begins with a detailed account of the microscope setup used for
the measurements, followed by an introduction to the qPlus sensor, which enables
simultaneous STM and AFM measurements. The chapter also covers techniques
for sample and tip preparation, including established characterization methods such
as the carbon monoxide front atom identification (COFI) method [53-55] and the
methodology for creating Hydrogen and Deuterium terminated tips.

Chapter 4 focuses on high-precision LFM measurements using an atomically char-
acterized CO tip. Understanding the probe’s features, such as contact conditions
and the properties of the driving system (its stiffness), is crucial as friction depends
on these factors [56]. The discussion includes how LFM can precisely measure in-
plane interactions with high-resolution imaging of individual H atoms and studies
the impact of the CO-functionalized tip on image interpretation. Until this point,
only conservative interactions are addressed, and friction is not yet introduced.

Chapter 5 enhances the understanding of friction at the single-atom scale by
mapping energy dissipation over single chemical bonds. It provides a detailed
quantitative analysis of energy dissipation over various chemical bonds, supported
by precise potential energy surface calculations. DFT calculations and machine
learning models are used to refine predictions and apply the snapping model to
energy dissipation. Analysis of covalent bonds in the PTCDA molecule reveals a
linear relationship between energy dissipation and bond order, concluding higher
bond orders correlate with greater dissipation. Interestingly, Newtons law, applied
within the principle of least action, still holds relevance in single-atom friction sce-
narios, provided the potential energy of the system is known. However, the fate of
the dissipated energy is less clear. Electronic friction and phononic contributions
are often proposed as explanations, but important questions remain: What is the
time scale of these processes, and what are we truly measuring in terms of energy
dissipation? The slow cantilever hides most information about the rapid dynamics
of the tip apex, making it challenging to identify the exact transition of mechanical
energy to heat.

Chapter 6 explores the impact of atomic and molecular mass on the phononic

contribution to friction, using isotopic variations to more closely address the pre-



viously raised questions. It starts with comparing isotopes of functionalized tip,
120160 and '2C80, to find the phononic contribution to friction. Additionally,
experiments with Si(100) surfaces terminated with Hydrogen and Deuterium were
conducted since the mass ratio is larger for this sample. Hydrogen-terminated
surfaces exhibited significantly higher energy dissipation when measured directly
over the atoms. While the measurements match well with the theoretical value
when taken directly over the atoms, the dissipated energy varies depending on the
scanned area at single-atom resolution. These findings highlight the critical role
of atomic mass in friction and suggest the need for further precise research to re-
solve discrepancies at the single-atom scale, thereby advancing the understanding
of nanoscale friction mechanisms.

Finally, chapter 7 concludes with a summary of all the results presented within
this thesis.






2 Fundamentals of scanning
tunneling and atomic force

Mmicroscopy

All experiments in this thesis were conducted using a combined scanning tunneling
microscope (STM) and atomic force microscope (AFM) using the qPlus sensor for si-
multaneous STM and AFM measurements [36]. This chapter provides a description
of the fundamental principles of STM (section2.1) and AFM (section 2.2).

2.1 Scanning tunneling microscopy

The scanning Tunneling Microscope (STM)! is the first instrument that allowed
imaging surfaces at the atomic resolution, which was invented in 1982 by Gerd
Binnig and Heinrich Rohrer [57]. Since then, it has paved the way for numerous
discoveries in materials science, chemistry, and nanotechnology. This chapter sum-
marizes the main concepts relevant for the present work based on Ref. [58]. The
basic instrumentation and parameters are introduced, followed by the theoretical
background of their working procedures.

The STM consists of a sharp metal tip that is brought very close to the surface
of an atomically flat sample. The tip is mounted on a scanner equipped with three
mutually perpendicular piezoelectric transducers, which can move the tip laterally
in the xy-plane and vertically in the z-direction by applying a voltage to each
piezo. Beneath the scanner, a piezo walker mechanism provides coarse approach

capabilities. Vibration isolation system, including an eddy current damper with a

'In this work, STM refers to both the technique of scanning tunneling microscopy and the instru-
ment, scanning tunneling microscope.
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spring and a damping stage, ensures a stable operating environment by minimiz-
ing vibrations. Control electronics manage the electric signals necessary for the
control of STM systems. STM uses the quantum mechanical tunneling current
flowing through the vacuum gap, between the tip and the sample as measurement
signal [58]. When the tip is sufficiently close to the sample (approximately 500 pm, a
few atomic diameters), tunneling conductance arises, and a bias voltage Vg applied
between the tip and sample makes electrons tunnel through the vacuum gap. The
current amplifier converts the tunneling current into a voltage signal, which will be
compared to a reference signal. This tunneling current, I, is used as the feedback
signal in a z-feedback loop [58]. The STM image can be obtained by raster scanning
over the surface. The constant current mode images are created by recording the z
position while keeping I as constant. Constant height mode records I at the same

z position.

The tunneling current can be described by a simple 1D model [59]. When V3 is
small compared to the work function of tip and sample, the vacuum gap (tunneling
barrier) is roughly rectangular with a width z, where z is defined as tip-sample
distance. The barrier height is given by the average work function, ® = (&, + D) /2,
of the tip (®;) and sample (P5). By solving the Schrodinger equation, the tunneling
current is given by

I(z) = Ipe = (2.1)

where [ is a function of the applied voltage and k = /2m.®/h%, m, is the free
electron mass and & is the reduced Plancks constant. The tunneling current has
an exponential distance dependence and most of the tunneling current is carried
by the front atom that is closest to the sample. This allows STM to easily achieve

the atomic resolution imaging.

To account for the influences of the applied bias voltage and the electronic prop-
erties of the tip and sample, and temperature, the tunneling current I can be
described by Bardeen’s theory [60]. For tunneling across a barrier, Bardeens work

on the tunneling current / through an insulating barrier can be described by:

1= [ T(E) (B~ )~ J(E - o)) dE (2.2)

where e is the electron charge, h is Plancks constant. T'(FE) is the transmission
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coefficient (probability of tunneling), and f(F — p;) is the Fermi-Dirac distribution
function for the two electrodes with chemical potentials p and ps.
According to this theory, the tunneling current [ is given by the following integral

over the energy e:

_47r o

I=— | [f(Er—eVa+e)= f(Ep+e)lp(Er — Vi +€)p,(Br +€)|Mys|* de (2.3)

where f(E) is the Fermi-Dirac distribution function which describes the occupancy
of electronic states. It is given by f(F) = [1 + exp ((E — Fy)/ksT)]”" , where Ep is
the Fermi energy, kg is the Boltzmann constant, and 7' is the temperature. p; and
ps are the densities of states of the tip and the sample, respectively, and EF is the
Fermi energy. The tunneling current is expressed in terms of the matrix element
Mg, which represents the overlap of the tip and sample wave functions across the
tunneling barrier. Therefore, |M;|> determines the tunneling probability between
the two electrodes [58].

Since the Fermi-Dirac distribution approximates a step function at low temper-
atures and the energy is confined within the applied voltage, equation (2.3) can

be:

4Are? [eVs

h Jo

While equation (2.4) primarily addresses tunneling phenomena, it illustrates the

I(Vg) = ps(Ep — eV + €)py(Ep + €)|Mys|? de (2.4)

difficulty in interpreting STM images, as the tunneling current depends on the local
density of states (LDOS) of both the tip and the sample.

This can be simplified in a more practical approach for STM experiments by
assuming that |M|? is constant [60] and that the tip has a geometry of s-type
wave functions. This is a reasonable assumption for metal tips [60, 61], implying

that p; is constant around Fg. Then equation (2.4) becomes [58, 61, 62]:

eVp
I(Va) o /0 po(Br — eVig + &) de (2.5)

This implies that the STM probes the LDOS of the sample at the Fermi level rather
than the surface topography when using metal tips [58, 63].

While STM primarily provides spatial information about surface topography,
Scanning Tunneling Spectroscopy (STS) focuses on the electronic properties of

materials. STS measures the tunneling current as a function of the applied voltage
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between the tip and the sample. The current-voltage (/(Vg)) characteristic reveals
information about the local density of states (LDOS) of the sample, as described by
equation (2.5). To enhance sensitivity, an AC voltage is applied during the voltage
ramp, allowing measurement of the current derivative, which is directly related to
the LDOS (4 « ps(Er — eV3)). For the work in this thesis, a lock-in demodulator
within the Nanonis system was used.

Previous discussions considered only elastic tunneling, where electrons tunnel
into states with the same energy as their initial state. Inelastic tunneling, on the
other hand, involves electrons gaining or losing energy at specific values, hw, which
opens additional tunneling channels [64]. This expanded spectroscopy technique is
often referred to as Inelastic Electron Tunneling Spectroscopy (IETS)!.

The concept of IETS was first discovered by Jaklevic and Lambe in 1966 while
studying metaloxidemetal junctions [65]. Contrary to their initial expectation of
observing band structure effects in the metal electrodes, they identified patterns in
the characteristics related to vibrational excitations of molecular impurities within
the insulator [65]. Fig.2.1 shows the schematic concept of the IETS mechanism.
Fig. 2.1 A illustrates the energy band diagram of a tunnel junction with a vibrational
mode of frequency w localized inside. The elastic tunneling process is depicted in
blue, while the inelastic tunneling process is shown in red. When a negative bias
is applied to the left metal electrode (the tip electrode in this case), the left Fermi
level is lifted. An electron from an occupied state on the left side tunnels into an
empty state on the right side, and its energy is conserved (blue process). This is
the elastic process, where the current increases linearly with the applied small bias
as shown in Fig. 2.1 B. However, if there is a vibrational mode with a frequency
w localized inside the barrier, when the applied bias is large enough such that
eV > hw, the electron can lose an energy, hw, by exciting the vibration mode and
tunnel into another empty state (red process) [64]. This opens an inelastic tunneling
channel for the electron, increasing its overall tunneling probability. Consequently,
the total tunneling current exhibits a kink as a function of the applied bias as shown
in Fig. 2.1 B. This kink appears as a step in the differential conductance j—é plot

and as a peak in the jiv{z plot.

'Tn this work, IETS denotes both the technique of inelastic electron tunneling spectroscopy and
the resulting measurements, referred to as inelastic electron tunneling spectra (or spectrum for a
single measurement).

10
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Figure 2.1: Principle of inelastic electron tunneling spectroscopy.

(A) Energy band diagram of a tunnel junction with an inelastic excitation. When
an electron has a sufficient energy to induce an inelastic process (E > hw), the elec-
tron can either tunnel elastically from the tip to the sample, or transfer part of its
energy to occupy a energetically lower unoccupied state. (B)In the I(Vg) curve, the
opening of an inelastic conduction channel is translated into a change in the slope for
VB > hw/e. Inelastic excitation can be better detected in the (C)dI/dV(Vg) curve
where it appears as a step and in the (D) d*I/dV?(Vg) as a peak.

In experiments, IETS often used to study the electronic or vibrational proper-
ties of molecules and materials,excited via certain energy, Aw, including chemical
identification, bonding investigation, trace substance detection, and spin-flip exci-
tation [64, 66-69]. Although IETS has been called by different names depending
on the specific mechanisms involved, the measurement method remains similar to
that used in STS.

2.2 Atomic force microscopy

The limitation of the STM is that only conducting materials can be investigated.
Later, Binnig observed that atomic forces played a crucial role in the operation
of the STM and suggested that these forces could be harnessed for a new type
of microscope capable of imaging insulating surfaces [35, 70]. In 1986 [35], Binnig
et al. conceptualized and developed the AFM, a revolutionary tool that extended
the atomic resolution capability of STM to non-conducting samples [35, 70, 71]. The
first AFM successfully imaged insulating surfaces with atomic resolution, paving
the way for its widespread application in various fields, including materials science,

biology, and nanotechnology.

11



2 Fundamentals of scanning tunneling and atomic force microscopy

AFM is well-described in various review papers and books [36, 58, 70, 72] and
the following section briefly introduces the main concepts behind the technique
mainly based on the explanations in Ref. [36, 51]. AFM operates by measuring the
forces between a sharp tip and the sample surface. The tip is mounted on a flexible
cantilever with a known spring constant k. The interactions between the tip and
the sample surface cause the cantilever to bend. This deflection is then measured

and used to image the surface topography.

Depending on how this deflection measurement is detected, AFM operates in
several distinct modes, each tailored to different types of measurements and sam-
ple properties. The primary operating modes of AFM include three main types,
including contact mode, Amplitude Modulation (AM) mode, and Frequency Mod-
ulation (FM) mode [36, 70].

The contact mode is the simplest mode of AFM, where the AFM tip remains
in continuous contact with the sample surface as it scans. The deflection of the
cantilever, Az, is directly measured, providing topographical maps of the sample.
This deflection is related to the force, F', exerted on the cantilever by the interaction
between tip and sample through Hooke’s law, F' = kAz, where k is the spring
constant of the cantilever. Contact mode is advantageous for hard surfaces but
can be less suitable for soft or delicate samples due to potential damage from the
constant contact. Despite its limitations, contact mode remains a fundamental

technique for obtaining detailed surface information.

The two main dynamic modes are AM mode and FM mode [37, 58]. AM-AFM
involves oscillating the cantilever with a constant drive amplitude at a fixed fre-
quency near the cantilever’s unperturbed resonant frequency (fy). The oscillation

amplitude is related to the tip-sample interaction forces:
A = Agcos(¢) (2.6)

where Aq is the free oscillation amplitude and ¢ is the phase shift caused by the
tip-sample interaction. Therefore, the tip-sample interaction results in a deviation
of both the amplitude and phase of the cantilever motion. The changes in the
oscillation amplitude or phase provide the feedback signal for imaging. Currently,
most AFMs operating in ambient conditions use AM mode, which has the advantage

of being conceptually simple, but it also has a few drawbacks.

12



2.2 Atomic force microscopy

First, it is impractical for low temperature experiments that usually require the
cantilevers to have a high Q factor. The responding time scale of FM-AFM is
given by Tam & 2Q/ fo, and quality factor of the cantilever is defined by @ = g—(}
where fjy is the resonant frequency of the cantilever and Af is the full-width at
half-maximum of the resonance peak [36, 47]. For example, the sensor that is used
in this thesis, has nearly 50,000 Q factor with a resonance frequency of 37 kHz,
then the time scales on which the amplitude change responds to the tip-sample
force will be Tan = 2(50,000)/37kHz =1.35s. Second, extracting forces using this
method is more complex and usually requires assumptions about the tip-sample
contact [37, 73] or about its motion [74]. Third, distinguishing dissipative and non-
dissipative parts of the interaction force components is not straightforward with
a monotonic feedback signal. In 1990, Albrecht et al. proposed FM-AFM to take
advantage of cantilevers with a larger Q-value [47], and with this mode, the three

points described above can be improved.

2.2.1 Frequency modulation atomic force microscopy

FM-AFM directly measures changes in the resonant frequency of the cantilever
caused by tip-sample interaction. This provides a direct relationship between fre-
quency shifts and force gradients, making quantitative analysis more straightfor-
ward. The key to this technique is utilizing a phase-locked loop (PLL) to follow
the resonance frequency fy, and drive the cantilever at that frequency [47]. The
frequency shift, Af = f — fo, is used as a feedback signal to control the cantilever
height. A second feedback loop adjusts the drive amplitude Ag.ive to keep the os-
cillation amplitude A fixed and independent of the interaction between the tip and
the sample. This strictly separates dissipative and non-dissipative interactions [36].

The force sensor oscillating at a constant amplitude can be described by a har-
monic oscillator. At far distance, when the force gradient field between the tip

and the sample is close to zero, the oscillation frequency is the same as the eigen-

1 k
e E n

where k is the stiffness, and m* is the effective mass of the cantilever. For a smaller

frequency of the cantilever:

distances, when the tip sample interaction Fis is detected, the spring constant will

13



2 Fundamentals of scanning tunneling and atomic force microscopy

be changed to k' = k + ks, where ki is defined as ky = —0Fs/0z with tip-sample

separation z. If ks << k, the square root can be expanded as a Taylor series

and the shift of the resonance frequency, Af = f — fy, is approximately given as
kis(z

Af = T) fo, where z is the tip-sample distance [36].

To convert Af into force, ki, must be integrated. For a conservative force field,
this integration provides the potential energy. When the small-amplitude approxi-
mation is not valid, the cantilever’s motion must be considered. (When ki is not
constant over the oscillation cycle.) In such cases, the weighted force gradient (ki)
replaces ks in the formula, and calculating ks from (ki) is called deconvolution [75—
77]. Common deconvolution methods include the SaderJarvis method [78] and the
Giessibl matrix method [77] for normal AFM (oscillating vertically), and Fourier
method [79] for lateral force microscope (LFM) (oscillating laterally).

Conservative force between the tip and the sample can be obtained from the
frequency shift using above method. When the tip-sample forces vary between
forward and backward traces during oscillation, the force field is not conservative
anymore. In such cases, the amplitude feedback circuit must adjust its drive signal
(Adrive) to keep the oscillation amplitude (A) constant [70, 77]. The drive amplitude
for a cantilever in a conservative force field is Agnve = A/Q where Q is the quality
factor of the sensor, and the energy loss by internal friction in the force sensor is

given by:
kA2

Q

per oscillation cycle. For non-conservative forces, the integral over one oscillation

A-E'cl -

(2.8)

cycle (running from ¢’ = —A to ¢ = A for forward, and coming back to ¢ = —A
for backward direction), AEy = [ _AA Fis(z+¢') dq', is nonzero. Here, x is oscillation
direction, and is parallel to the surface for LEFM cases [56]. Then the adjusted drive

amplitude can be written as:

AE;
trive = A rive | 1 > 2.9
drive d < + AEC1> ( )
Therefore, energy dissipation can be calculated by monitoring Agive:
kA
AEtS = A ( drive AdriVQ) (210)

14



2.2 Atomic force microscopy

In this thesis, AFE is defined as friction, and labeled FEg;q.

2.2.2 Forces detected in lateral force microscopy

The frequency shift is determined by the total tip-sample forces, Fiy = —dVis/dx
where Vi is potential energy between the tip and sample, and x is sensor oscillation
direction. While the tunneling current has a very short-range, Fis has both long-
and short-range contributions. This section introduces primary tip-sample inter-
actions commonly observed in LFM experiments conducted in ultra high vacuum
settings.

The van der Waals interaction is a major long-range force that arises from corre-
lated fluctuations of atomic dipole moments [36]. The potential energy of the vdW

interaction between two isolated atoms at a distance z is given by:

CVdW

Viaw(2) = — 6

, (2.11)

where Cyqw is the London-van der Waals constant, which depends on the chemical
species of the interacting atoms[80, 81]. Although this interaction is fundamen-
tally short ranged, its effects can extend over larger distances when considering
macroscopic shape of both tip and sample. In the Hamaker approximation, the
total vdW interaction is determined by summing the contributions from all atomic
pairs. Therefore, the shapes of the tip and sample also should be considered. For

a spherical tip with radius R and a flat sample, the total vdW force is given by:

_3Vvdw - _AHR
0z 22

where Ay is the Hamaker constant, which depends on the materials of the tip

Foaw(z) = , (2.12)

and sample [82]. This formula describes a long-range attractive interaction that
decreases as the tip radius R decreases, i.e., if the macroscopic tip shape is sharp-
ened [75]. In this context, many of tip sharpening and shaping methods have been
developed, and some of them are introduced in section 3.3.

Most long-range interactions are typically oriented normal to the surface [37],
whereas short-range interactions have a strong lateral component. To explicitly
measure potential energy using conventional AFM, where the sensor oscillates nor-

mal to the surface, it is necessary to account for and subtract the effects of long-
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2 Fundamentals of scanning tunneling and atomic force microscopy

range interactions. This can be done either by estimating the long-range component
or by measuring it away from the adsorbate of interest. Thereofre, LFM is ideal for
detecting short-range interactions and generally does not require the subtraction of
long-range van der Waals and electrostatic interactions.

When the tip-sample distance is smaller, Pauli repulsion should be considered.
Pauli Repulsion refers to the repulsive force that arises due to the Pauli exclusion
principle, which states that no two fermions (e.g. electrons) can occupy the same
quantum state simultaneously. As two atoms come very close to each other, their
electron clouds begin to overlap, leading to a strong repulsive force as the electrons
are forced into higher energy states to avoid overlapping. This repulsive interac-
tion counters the van der Waals attraction at closer distances and is crucial for
understanding the short-range behavior of atomic and molecular systems.

The Lennard-Jones potential describes the interaction between a pair of neutral

atoms or molecules. It combines attractive and repulsive forces and is given by:

Vis(2) = Vi [(Z)u _9 (Zﬂ (2.13)

where V; is the depth of the potential well, o is the equilibrium distance at which

12
the potential is zero. The (%) term represents the repulsive force due to Pauli

exclusion, which grows rapidly as atoms approach each other. The (%)6 term
represents the attractive van der Waals force, which decreases more slowly with
distance. The combination of these terms gives rise to a potential that has a
minimum, representing the stable interaction distance between the atoms.

The Morse Potential is another model used to describe the interaction between
two atoms in a diatomic molecule. It is particularly useful for modeling molecular

vibrations and bond dissociation. The Morse potential is given by:
2
VMorse(z) - De {1 - e—a(z—re)} (214)

where D, is the dissociation energy, r. is the equilibrium bond length, and a is a
parameter related to the width of the potential well.

The short range electrostatic forces arise from the interactions between charged
entities and can be either attractive or repulsive. This has been described in a good

approximation by the force acting on a point charge (or a single dipole moment)
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representing the tip apex in the electric field of the sample. Coulomb’s law describes

the electrostatic force F' between two point charges ¢, and ¢, separated by a distance

r:

_ 1l ae
drey 127

where € is the permittivity of free space (8.85 x 1072 F/m). In AFM, if the

tip and sample are conductive or charged, these forces significantly influence the

F

(2.15)

cantilever’s frequency shift.

2.3 Density functional theory

Density Functional Theory (DFT) is a computational quantum mechanical mod-
eling method used to investigate the electronic structure of many-body systems,
primarily atoms, molecules, and solids. It is based on the electron density rather
than the wavefunction, making it more computationally efficient for large systems.
The central concept in DFT is the electron density (p(r)), which represents the
probability distribution of electrons in a system [83]. The Kohn-Sham equations, a
set of self-consistent equations, simplify the many-body problem to a series of non-
interacting particles moving in an effective potential [84]. The exchange-correlation
functional (E,.[p]) accounts for the complex many-body effects of electron exchange

and correlation.

The total energy E[p] of a system within DFT is given by:
Elp] = Ti[p] + Vexlp] + Jp] + Exclp], (2.16)

where Tg[p] is the kinetic energy of a system of non-interacting electrons with density
P, Veut|p] is the external potential energy, J|p| is the classical electrostatic (Hartree)
energy, representing the energy contribution due to the classical Coulomb interac-
tion between electrons. E,.[p] is the exchange-correlation energy. The Kohn-Sham

equations, which must be solved self-consistently, are:

<_2hmv2 ; veff<r>) Ui(r) = e (x),

where V.;s(r) is the effective potential including the external potential, Hartree
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2 Fundamentals of scanning tunneling and atomic force microscopy

potential, and exchange-correlation potential [85].

The central idea of DFT is to describe the system in terms of its electron density
rather than the many-body wavefunction. The electron density, p(7), is a function
of spatial coordinates and provides information about the probability of finding an
electron. In this thesis, DF'T modeling was used to determine the atomic positions
of two PTCDA molecules in a super cell on the Cu(111) surface. Calculations were
done using the FHI-aims quantum chemistry code [86]. We used a PBE exchange-
correlation functional [87] and the T'Ssurf van der Waals correction scheme [88, 89].
While the experimentally observed superstructure appears to be incommensurate, a
commensurate structure was used as has been previously discussed in the literature
as a necessary balance between accuracy and computational power [30]. The inter-
action of the second sliding surface, to study friction in chapter 5, is predominantly
via the CO at the apex. To describe this interaction over a range of vertical and
horizontal positions, a machine-learning model was used to determine the potential
energy for each position of the O atom at the apex assuming a vertically-oriented
CO molecule. The training data for this machine-learning model was also calcu-
lated with DFT. This potential energy landscape was then one input into a snapping
model (in chapter5) which simulates the oscillation of the tip at a certain point
assuming that the CO at the apex responds to applied forces as a torsional spring
and that the atoms of the surface are fixed. These assumptions are the same as
those fo the successful Probe Particle Model [90], used to simulate df images of
normal-force AFM images with a functionalized tip.

DFT can provide detailed atomic-level insights that complement FM-AFM mea-
surements [91]. First, in surface characterization, DFT calculations can predict
precise atomic positions and surface reconstructions, aiding in the interpretation
of atomic-scale features observed in FM-AFM images. Additionally, DFT offers
information on electronic states and the density of states, which helps understand
contrast mechanisms in AFM images, especially for conductors and semiconductors.

Second, regarding interaction forces, DFT can calculate the forces between the
AFM tip and sample atoms. These calculations assist in understanding the origin
of frequency shifts observed in FM-AFM. By mapping potential energy surfaces,
DFT predicts how the AFM tip interacts with different sites on the sample, aiding
in the quantitative interpretation of data.

Third, for tip-sample interactions, DFT helps identify the chemical nature of
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2.3 Density functional theory

the interaction between the AFM tip and specific sample sites, which is crucial
for understanding contrast in AFM images. It also provides detailed insights into
bonding characteristics and adhesion energies between the tip and the sample.
DFT is a powerful computational tool that offers detailed atomic and electronic
insights into material properties. When used in conjunction with FM-AFM, DFT
calculations enhance the understanding of surface interactions, aid in interpreting
frequency shifts, and help identify the chemical and electronic properties of the

sample, thereby enriching the data obtained from FM-AFM measurements.
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3 Experimental setup

This chapter outlines the experimental setup used for the measurements in this
thesis. The experiments were conducted using a commercial microscope setup that
has been modified for LFM, which is described in section3.1. This microscope
is equipped with a qPlus sensor that enables simultaneous STM and AFM mea-
surements. The sample preparation procedure is detailed in section 3.2. Finally,
section 3.3 covers the LFM sensor preparation based on the qPlus sensor, followed

by a detailed explanation of the methods for tip preparation and characterization.

3.1 Low-temperature STM/LFM

All experimental data presented in this thesis have been collected on a low-temperature
STM/AFM system manufactured by CreaTec Fischer and Co. GmbH that has been
modified for LEFM sensors, as described in Refs. [49, 92| and section 3.3. The temper-
ature of the STM/AFM head is maintained at 5.2 K for 72 hours using a bath-type
cryostat with an outer liquid nitrogen container covering an inner liquid helium
vessel. The control electronics are Nanonis electronics manufactured by SPECS
Zurich GmbH. To minimize mechanical noise, the entire system is equipped with
air-cushion vibration dampers, and the STM/AFM head is supported by three sus-
pension springs with an eddy current damper. The whole system can be separated
into three main parts via gate valves: load lock, preparation chamber, and measure-
ment chamber. The load lock chamber enables the transfer of samples and sensors
to the UHV system from air without venting the entire system. The pressure of
the load lock chamber can be reduced to a low value of 1078 mbar after 12 hours of
pumping using a rotary pump and turbo pump. Both the preparation chamber and
measurement chamber maintain their UHV condition (2 x 107 mbar) via contin-
uously pumping ion pumps. Each ion pump contains titanium sublimation pumps

that are regularly flashed. Samples are degassed and prepared on a manipulator
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installed in the preparation chamber. The preparation chamber contains two leak
valves and one thermal evaporator, which includes two molecular crucibles.

The prepared sample is transferred to the measurement chamber, which houses
the cryostat and microscope head, thermally connected to the cryostat. Opration
in low temperature minimizes the thermal drift and prevents thermal desorption
or diffusion of adsorbates. The control electronics are connected to the microscope
head via electric cables that enter the UHV system through UHV feedthroughs
at the top of the cryostat. A cryogenic deflection pre-amplifier, the AD8616, is
used for the AFM to minimize capacitance to the input signal by reducing the
cable length [70]. The tunneling current is measured via the tip using a separate
commercial FEMTO transimpedance amplifier. For the work presented in this
thesis, the bias voltage is applied to the sample side.

A customized gas line system is additionally equipped, consisting of three sepa-
rate lines, each connected to the chamber via separate leak valves. The first line
is used to dose Argon (Ar) gas into the preparation chamber for Ar-ion sputtering
of the samples. The second line can support up to three different gas bottles and
is used to dose Hy and Dy gases for preparing H/D-terminated Si(100) samples.
The third line is connected to the main chamber and is used to dose isotopes of
carbon monoxide (CO) gas into the UHV system. Further details on the sample

preparation process are described in section 3.2.

3.2 Sample preparation

The measurements performed in this thesis were carried out on (1) single-crystal
metallic surface of Cu(111) with evaporated molecules and, (2) Si(100) surface
terminated with Hydrogen and Deuterium atoms. Following sections will describe

the procedure of the sample preparation and basic surface characteristics.

3.2.1 PTCDA / Cu(111)

The Cu(111) sample is cleaned through repeated sputtering and annealing cy-
cles [62]. For sputtering, the preparation chamber is pumped with a turbo pump,
and Ar gas is introduced via a leak valve until pressure reaches around value of

2.0 x 10~®mbar. The gate valve connected to the ion getter pump is closed during
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3.2 Sample preparation

the sample preparation. The sample is then sputtered for 20 minutes with Ar™
ions, which are accelerated to a kinetic energy of Fy;, = 1.1keV via sputter gun.
By directing Ar* ions onto the sample surface, contaminants are removed, and
multiple atomic layers of the Cu crystal are ablated, generally resulting in a rela-
tively rough surface with only small terraces[93]. This causes an emission current
to flow through the sample, and the Ar gas pressure is finely adjusted to achieve
an emission current of 2 yA. Next, the Ar gas is pumped out of the chamber, and
the surface is annealed for 20 minutes at a temperature of approximately 550 °C,
resulting in a flat sample surface with single-atom steps and terraces on the order

of several hundred nm?

. Depending on the level of contamination, this cleaning
cycle (consisting of 20 minutes of sputtering followed by 15 minutes of annealing)
is repeated 25 times to clean the Cu single crystal.

Copper crystallizes in a face-centered cubic (fcc) lattice with a cubic lattice con-
stant of ag = 361.5pm. Hence, the Cu(111) surface shows a hexagonal lattice with
a nearest-neighbor distance of d,,, = ag/ V2 = 255.6 pm. The distance between
(111) planes is d(111) = ao/v/3 = 208.7pm. Steps on Cu(111) should therefore be
integer multiples of d(;11), where a step height of 1 X d(;11) corresponds to a single-
atom step. Figure 3.1A shows an STM topography image of the Cu(111) sample
after cleaning with sputtering and annealing, revealing two step edges.

To make a CO functionalized tip, single CO molecules should be adsorbed on the
Cu(111) sample. Since CO desorbs from Cu surfaces well at room temperature, CO
molecules were dosed on the cold sample inside the microscope head after cleaning
and cooled down to 5.2 K. CO gas is leaked into the analysis chamber via the gas
line system until the pressure reaches ~ 3.0 x 10~ mbar. During this process,
the gate valve in front of the ion pump is closed. Subsequently, the small thermal
shield at microscope head, facing to the CO leak valve, is opened for 13 minutes,
depending on the desired amount of CO. A dosage time of 1.5 minutes results in
a coverage of about 0.01 ML CO. Single CO adsorbates appear as dark spots in
the STM topography when probed with a metal tip at small bias voltages [94], as
shown in Fig. 3.1.

A thermal evaporator is used in preparation chamber to deposit molecules onto
substrates after the clean surface is scanned. The crucible, which contains the
molecules, is heated to a high temperature via a filament that surrounds it until the

material sublimates or evaporates. The filament is heated through power supplied
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Figure 3.1: The PTCDA /Cu(111) sample with COs. (A) STM topography
image recorded of the Cu(111) sample after cleaning with sputter and anneal cycles.
Imaging parameter: Vg = 1V and It = 100 pA (B) STM topography image of the
Cu(111) surface after PTCDA and CO adsorption. CO molecules appear as dark
features, and PTCDA molecules form islands having herringbone structure. Imaging
parameters: Vg = 100mV and Igt = 100 pA

via a connected feedthrough. The vapor then travels through inside the vacuum
chamber and condenses onto the target surface or substrate, forming a thin film.
The shutters opening and closing regulate the flow of the molecular beam. In this
work, PTCDA (3,4,9,10 - perylenetetracarboxylicdianhydride) molecule was used
for chapter 4 and 5.

0.5 ML coverage of PTCDA molecular islands are formed with a heating power
of 1.4 A and 5.0 V for a deposition time of 1.5 minutes. During this process, the
vacuum in the preparation chamber increased from approximately 2.0 x 1071° mbar
to 3.0 x 108 mbar. The evaporator was warmed up for 6 minutes with a same
power of deposition prior to opening the shutter. Fig.3.1B shows the surface with
the PTCDA molecular island and dosed CO molecules.

3.2.2 H/D terminated Si(100)

The polished and cut to [110] direction wafer of the highly arsenic-doped Si(100)
sample (with resistivity of 0.003 - 0.004 Q- cm) was used. The sample was placed
in the sample holder, gripped at the sides, and adjusted to be perpendicular to the
sensor direction, as shown in Fig.3.2 A. This adjustment allowed LFM measure-
ments in both perpendicular and parallel directions relative to the Si(100) dimer
row and the oscillation direction, which will be discussed further in chapter 6. The

entire sample was degassed at 600 °C with e-beam heating in UHV for 24 hours to
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3.2 Sample preparation

Figure 3.2: Custom-built Si(100) and hydrogen cracker. (A) The wafer, pol-
ished and cut in the [110] direction, was adjusted in the sample holder to be perpen-
dicular to the sensor direction, allowing LFM measurements in both perpendicular
and parallel directions relative to the Si(100) dimer row and oscillation direction.
(B) The sample was degassed at 600 °C using e-beam heating in UHV for 24 hours
to remove adsorbed water. (C) Native oxide layers were removed by resistive heating
with rapid flashes up to 1150 °C, maintaining the preparation chamber pressure be-
low 5.0 x 107!° mbar and ensuring a clean surface when flashing pressures did not
exceed 2.0 x 1072 mbar. The surface was then terminated with H or D atoms by
exposing the flashed sample to hydrogen gas passed through a homemade cracker at
1 x 1075 mbar. A tungsten filament at 1900°C dissociated the hydrogen gas into
atomic hydrogen. (D) To ensure the cleanness of Hy and Do, the gas line was cooled
with liquid nitrogen, minimizing impurities in the gas.

remove any adsorbed water after exposure to air as shown in Fig. 3.2 B. Then, it
was resistively heated through rapid flashes up to 1150 °C several times to remove
native oxide layers, as presented in Fig.3.2C. The temperature was measured us-
ing a pyrometer. The preparation chamber pressure was maintained below 5.0 X
10719 mbar before flashing. A clean sample was typically ensured if the maximum
pressure remained under 2.0 x 107 mbar during flashing. Between flashes, the

sample was cooled to 600 °C for around 5 minutes.

To terminate the surface with H or D atoms, a homemade cracker was used to
dissociate Hs and Do molecules dosed in the chamber via a leak valve. The flashed
sample was exposed to Hydrogen gas passed through the cracker at a pressure of 1 (E
10~% mbar, with the ion pump closed. A tungsten filament, maintained at 1900 °C,
was used to dissociate the Hydrogen gas into atomic Hydrogen. After waiting for
120 seconds without additional heating, the sample was turned to face the cracker
filament, indicated with a white arrow in Fig.3.2C. The sample temperature is
330 °C during H-termination, for making the Hydrogen-terminated 2 x 1 surface

reconstruction. After the flashing, the sample remained in the preparation chamber
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for around 5 minutes, allowing the pressure to gradually return to the initial base
level. As Si(100) is very reactive, the cleanness of Hy and Dy molecules are very
important. The gas line was cooled with a liquid nitrogen during this process to

minimize the impurities in the gas line, as shown in Fig. 3.2 D.

3.3 Tip and sensor preparation

FM-AFM relies on precise frequency changes to measure force gradients, making
the stability of the sensor’s frequency crucial. Quartz tuning forks, used in quartz
watches, are promising candidates for this application due to their stability in keep-
ing time and their ability to provide an electrical deflection signal with low power
requirements [36]. This low power consumption minimizes heat generation, making
them optimal for low-temperature operation. However, these tuning forks origi-
nally have two oscillating prongs, which can cause issues in AFM due to symmetry
breaking when a tip is attached. To address this, the qPlus sensor modifies the
tuning fork by attaching one prong to a heavy substrate, effectively creating a
single-prong oscillator. This change helps to maintain high precision and reduce

problems related to mass imbalance and reduced quality factor [70].

In this thesis, the third generation qPlus sensors with a type of S0.8 and S0.6 [70]
that has includes top and bottom electrodes, and side electrodes for differential
deflection measurement, and a center electrode for an additional STM channel (see
Fig.3.3A). The center electrode, where a gold wire is attached using conductive
epoxy glue (EPO-TEK H20E), biases the tip for STM operation and can optionally
excite the sensor’s oscillation. As shown in Fig. 3.3 B, a heating plate is used under
the microscope, and the gold wire is held in place with tweezers for precise micro-
alignment, followed by immediate heating to harden the epoxy. This procedure is
repeated for each gold wire, including those for the AFM and STM patches. To
prevent electrical contact between the wires, non-conductive epoxy is applied over
the conductive glue after it hardens. Once the wires are attached, the entire sensor
is mounted onto the home-built sensor holder, as shown in Fig.3.3 C, using non-
conductive epoxy glue (EPO-TEK H70E). To directly measure lateral forces, the
sensor was rotated by 90°, so that it can oscillate parallel to the sample surface, as
shown in Fig.3.3B[37, 49, 50, 95, 96]. The sensor holder is cleaned with acetone
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and isopropanol in an ultrasonic bath to remove contaminants and ensure proper
adhesion of the glue. The tungsten wire, which will serve as the tip, is attached
and electrochemically etched. The etching was started with a longer wire and
the etching station was provided by CreaTec Fischer & Co. GmbH, as shown in
Fig. 3.3D. 2M density of KOH was used as the etching solution. After etching, the
tip is rinsed with diluted water and checked under the optical microscope. Tungsten
is chosen as the tip material because of its high stiffness. This is important because
extending the oscillating arm will decrease the spring constant, and a soft tip wire
(because of material and/or geometry) can lead to an overall sensor stiffness that
is too low. A custom-built ceramic sensor holder was utilized, featuring three holes
through which copper wires pass to connect the sensor electrodes to the STM /LFM
head. As shown in Fig. 3.3 E, the holder includes a spring that facilitates in-situ
sensor installation. Note that the stiff spring is required for the quality factor of the
sensor. Although several home-built springs were tested, they proved ineffective,
making the use of a spring from Createc essential. The system’s wobble stick is
equipped with a fork at the apex designed to securely hold the sensor. Insulated
copper wires are connected from top to bottom of the holder, and are connected to
the gold balls, which will be electrically connected to the sensor patches. After each
assembly step, the conductivity is tested to confirm that the electrical pathways
are intact. Fig. 3.3 F shows the LFM sensor sitting in the microscope head.

The microscopic tip apex shape can be engineered on a clean Cu(111) sample
partially covered with CO molecules. To modify the tip apex shape, the tip is
repeatedly poked into a clean area of the Cu(111) sample [97, 98]. After each poke,
the tip is moved to a clean spot on the bare Cu surface in STM feedback to assess
its sharpness. Fig.3.4 A shows STM images obtained with a metal tip having a
single-atom apex, and Fig. 3.4 B shows the same area scanned after picking up one
CO molecule. The depth of a CO molecule on Cu(111) with a single-atom tip is
approximately 45-50 pm in constant current STM image when using a scanning
condition of Vg = 10 mV and a I, = 100 pA. After this fast check, the tip apex is
further characterized using the carbon monoxide front atom identification (COFI)
method [54, 55, 99], which determines the number of atoms at the tip apex. Achiev-
ing atomic resolution requires a sufficiently sharp tip apex, ideally terminating in
a single atom as shown in Fig. 3.4 C. Due to the strong distance dependence of the

tunneling current and the short-range tip-sample forces, the tip-sample interaction
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is predominantly mediated by the front-most tip apex atom [53].

Additionally, the spatial resolution achieved in STM and AFM experiments can
be significantly enhanced by picking up an adsorbate, a process known as tip func-
tionalization [100]. Individual atoms and molecules can be picked up from a surface
using vertical manipulation [97, 101, 102]. CO-terminated tips, prepared by picking
up a single CO molecule from a surface [60], effectively reduce the chemical reactiv-
ity of a single-atom metal tip [52, 100]. The use of CO tips in AFM experiments
was first demonstrated by Gross et al. in 2009, who achieved atomic resolution
imaging of a single pentacene molecule [52].

The CO pickup process used in this work is a modified version of the protocol
originally proposed by Bartels et al. in Ref. [101]. A single-atom metal tip is placed
in STM feedback (feedback settings: Vg = 1V, I = 1nA) above an isolated
CO molecule adsorbed on a Cu(111) surface. With STM feedback loop on, the bias
voltage is increased in 100 mV steps until a sudden drop or increase in the tunneling
current signal is detected. An increase in I indicates lateral manipulation of the
CO molecule away from the tip-sample junction, whereas a drop signifies that the
CO molecule has hopped to the tip apex. Successful CO tip functionalization is
confirmed by a change in the STM appearance of CO adsorbates imaged with either
CO or metallic tips, as illustrated in Fig.3.4 A and B.

Typically, the CO pickup process works best with circularly symmetric single-
atom metal tips. The sharpness of the tip apex, indicated by the number of metal
atoms in the front-most layer, can be initially assessed from the depth of the CO
depressions in the STM topography. While CO molecules appear as approximately
50 pm deep depressions with single-atom metal tips, they appear less deep with
blunter metal tips. Additionally, the CO molecule may adsorb at the tip apex in a
tilted configuration due to inherent asymmetry of the single-atom metal tip apex.
Thus, the tip apex must be characterized at the atomic scale before and after the
CO pickup attempt. In this work, tip characterization of metal and CO-terminated
tips is performed using the COFI method.

In COFI, the tip is scanned at a constant height above a CO molecule adsorbed
on a Cu(111) surface[54, 55]. The COFI method takes advantage of the upright
adsorption geometry of individual CO molecules on Cu(111). CO molecules adsorb
on top sites with the Oxygen atom pointing away from the surface[103]. The

resulting constant-height A f image, known as the COFI image, reveals the atomic
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configuration of the tip apex. Initially, different patterns in COFI images were
interpreted as signatures of the crystallographic orientation of various single-atom
metal tips [53-55, 99]. In 2015, Emmrich et al. performed a reverse experiment by
imaging single metal adatoms and small metal clusters on a Cu(111) surface with a
CO tip [53]. The constant-height A f images of metal adatoms and clusters showed
similarities to COFI images recorded of different metal tip apices. This led to the
conclusion that the number of tip apex atoms in the first atomic layer and their
geometric configuration are imaged by the COFT method [53].

The COFTI image of a single-atom metal tip, shown in Fig. 3.4 C, presents a cir-
cular shape attractive feature (dark) with a repulsive ring (bright) around it. The
mirror symmetry comes from the lateral oscillation direction of the LFM sensor.
This COFI portrait closely resembles the appearance of single metal adatoms when
probed with a CO tip [104]. For successful CO-terminated tip preparation, a sym-
metric single-atom metal tip is required, which can be confirmed by a circularly
symmetric COFI portrait. COFI images of CO-terminated tips are also recorded
to ensure successful CO tip functionalization and a circularly symmetric tip apex.
With a symmetric CO tip, the surface CO also looks very symmetric, as shown
in Fig.3.4D. The raw image of the CO molecule with LEM (Fig.3.4D) revealed
a circular shape with a highly localized depression in the middle [95]. In following
chapters, CO-functionalized tip is used to directly image the internal structure of

a planar molecule and to characterize chemical bonds.
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Figure 3.3: Custom-built qPlus sensor. (A) The quartz oscillator with the
STM channel contact, where a gold wire is attached using conductive epoxy glue.
(B) Micro-alignment of the gold wire under a microscope with tweezers. The align-
ment was done over the heating plate, allowing direct heating without moving the
component after alignment. (C) Sensor (type qPlus S0.8[70]) mounted onto a custom-
built holder using non-conductive epoxy. The sensor has three separate gold elec-
trodes to simultaneously detect the STM and AFM signal. The tungsten tip will
be electrochemically-etched after glued with conductive glue to the end of the free
prong. (D) Electrochemical etching of the tungsten wire, using 2M KOH solution, to
sharpen the tip. The etching station includes a container for the etching solution, a
ring-shaped cathode, and a sensor-holding part connected to the anode. During the
electrochemical etching process, monitoring the decreasing current flowing through
the solution and tip ensures etching process. (E) The sensor holder is assembled with
a spring for mounting. The three gold balls underneath the holder are electrically
connected to the sensor’s contacts through insulated copper wires. (F) The com-
pleted LFM sensor positioned in the microscope head.
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Figure 3.4: COFI process. (A) STM topography image of Cu(111) recorded with
a metal tip before CO tip functionalization. (B) STM topography image of the same
area as in (A) after picking up the CO molecule. The CO appearance changed with
respect to (A). Imaging parameters for both images: Vg = 100mV, Iy = 50pA. (C)
LFM Af image with a single atom tip over CO adsorbate. (D) LFM Af image
obtained over CO adsorbate with a CO tip.
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4 Exploring in-plane interaction

beside an adsorbed molecule with
LFM

Most of the content in this chapter has been published in PNAS [96]. Parts of
the text, figures, and interpretations are identical to those in the publication. This
work is done with support from the co-authors, Elisabeth Riegel?, Lukas Hormann?,
Oliver T. Hofmann®, Oliver Gretz®, Alfred J. Weymouth®, and Franz J. Giessibl®.
Elisabeth Riegel® collected data beside the PTCDA. The code used for the modeling

and analysis can be found in the appendix.1.

The resolution and imaging stability in AFM can be significantly enhanced by us-
ing well-defined tips, allowing for the scanning of individual atoms and molecules.
Traditional AFM/STM experiments often involve gently poking the tip into the
sample to create a sharp apex. This process typically results in the apex being cov-
ered with a cluster of sample atoms, leaving the tip termination composed of the
same material as the sample. Another example of improving atomic-scale contrast
involves modifying the tip apex by picking up specific atoms or molecules. Gross
et al. attached a carbon monoxide (CO) molecule to the tip apex, which was then
used to image surfaces[52]. By using this technique, they distinguished between

various atoms within a pentacene molecule, a planar structure composed of five
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benzene-like rings[52]. The CO molecule, being chemically inert and stable, en-
hances measurement accuracy at short tip-sample distances where repulsive forces
dominate. A CO-terminated tip provides a well-defined, atomically characterized
apex, facilitating precise and reproducible measurements. However, the flexibility
and bending of the CO molecule at the tip apex can complicate image interpre-
tation. The lateral deflection of the CO molecule may result in image distortions
and elongated features, emphasizing the importance of understanding the exact
characteristics of the probe tip apex.

Since its introduction, the CO-terminated tip has been widely used in this method,
making it essential to understand the probe’s characteristics for accurate data inter-
pretation and reliable model development. The interaction of a CO-terminated tip
with adsorbates has also been extensively studied through theoretical approaches.
Early studies concluded that the dominant interaction was Pauli repulsion between
atoms [100, 105], which can be well described via empirical potentials [90, 95]. This
paved the way for the development of the highly successful Probe- Particle model
introduced by Hapala et al. [90]. Subsequent AFM investigations of CuNy [106] and
molecules with strongly polarized groups [107] concluded that the electrostatic in-
teraction between the CO tip and the sample electron density should be considered,
revealing that there is a negative charge at the apex of the CO tip. More recently,
AFM experiments on ionic crystals with a CO tip showed that the CO tip can
have a more complex electric field [108]. The dipole at the metal tip apex (i.e.,
behind the CO), with a positive pole pointing toward the surface, must be consid-
ered to reproduce the measured signal. It is therefore accepted that when imaging
charged systems, accounting for the charge at the CO apex and/or the metal dipole
is essential for achieving accurate results [106, 108]. However, for weakly polarized
molecules, modeling the tip-sample interaction using radially symmetric atomic
interactions (e.g., Lennard - Jones or Morse potentials) is generally sufficient to re-
produce AFM images [90, 95].

This chapter questions the validity of radially symmetric models as a function of
tip height in weakly polarized systems. To do this, an archetypical surface adsor-
bate, a single adsorbed CO molecule, was used to characterize the CO tip. Data
acquisition beside the adsorbed molecule on the surface allowed the probe tip to
go closer. LFM [49, 109], in which the tip oscillates laterally across the surface, is

an ideal tool to measure in-plane interactions since the recorded frequency shift
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4.1 Validity of radially symmetric interaction

Af is a direct measure of the lateral stiffness. Section4.1 introduces the procedure
of LFM data acquisition and analysis beside the molecule in detail. To explain
the data shown in section4.1, section4.2 starts by quantifying parameters of an
interaction between two CO molecules previously modeled [95] including torsional
springs, and empirical potential. The model is then extended by including elec-
trostatic interaction to explain the observed additional feature at lower tip height
(beside the molecule). Another system, PTCDA (3,4,9,10-perylene-tetracarboxylic-
dianhydride), was studied in section 4.3 to determine if this result can be generalized
to weakly polarized systems. In this process, the sensitivity of the LFM is addition-
ally proven by probing single Hydrogen atoms within the PTCDA molecule. This
knowledge about the validity of radially symmetric interaction later helps improve
the accuracy of friction measurements, which will be discussed in chapters5 and 6.
This leads to more detailed insights into the mechanisms governing friction with

single atom resolution.

4.1 Validity of radially symmetric interaction

CO-terminated tips were prepared on a Cu(111) surface and the tip apex was
characterized with the COFI method before and after picking up CO via the process
described in section3.3. The background image in Fig.4.1 shows an LFM Af
image acquired above an adsorbed CO molecule on a Cu(111) surface.The CO-
CO interaction results in Af images characterized by a mirror symmetric circular
shape with a highly localized dark feature at the center. The mirror symmetry
of LFM images is due to the direction of the sensor’s oscillation (same direction
as the solid red line), which directly affects the sensitivity of the measurement.
The sharp dark feature at the center of the CO results from the LFM techniques
high sensitivity of the Af measurement to changes in the total lateral force. It is
reported that this sharp feature was not feasible by using only normal force AFM
data[95]. After the tip was prepared and characterized, three-dimensional (3D)
data sets were collected above and beside the CO molecule with 5pm tip-sample
distance difference between each slice. Fig.4.1 shows the schematic concept of
the measurement process. All images were acquired in constant height mode with

zero bias voltage to prevent crosstalk with tunneling current [110]. The middle
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

Above | T s

Afdata -25..8H Beside

Figure 4.1: Schematic depiction of the system. 3D dataset was acquired
above and beside the molecule. Two CO molecules are depicted with Oxygen (red),
Carbon (gray), and Copper (ochre) atoms. Constant height LFM images of a CO
molecule, scanned with a CO-terminated tip, are shown in the middle.The tip height
is 450 pm for the larger image and 320 pm for the inset image. The color scale and
length scale are indicated in the figure. At the closer distance shown in the inset, an
additional dip appears (marked with black arrows in the figure). The red solid line
intersects the center of the CO (the dark feature in the middle) and extends to one
side along the direction of tip oscillation.

figure shows raw data of two slices within a 3D data set, taken at z =445 pm and
z=320pm as examples. Below a height of z=445pm, data must be acquired at
the side of the CO adsorbate, otherwise, it will laterally move on the surface. The
z-values are defined as the distance between Oxygen of the tip CO and the Cu
surface when the CO is assumed to be unrelaxed, taken from theory, which will
be discussed later. The background image (acquired above CO) is identical with
Fig. 3.4 in section 3.3. LFM image acquired at the side of the CO (inset in Fig.4.1)
reveals an additional dip, highlighted with black arrows.

To physically interpret the interaction between the tip and surface CO, the data
along the red line in Fig.4.1 were extracted for all images in the 3D dataset and
converted into lateral force, as shown in Fig. 4.2. Since the extracted A f line aligned
with the direction of the tip oscillation, it could be deconvoluted and integrated to
obtain the lateral force in that direction. The lateral force was deconvolved using
the Fourier decomposition method for data obtained above the molecule [79], and
the Sader-Jarvis method for data collected at the side of the molecule [78]. While
the Sader-Jarvis method [78] is commonly used for FM-AFM data to convert the
observed Af data into force and energy, the Fourier decomposition was recently

developed considering the physical FM-LFM setup [79]. In general, the Fourier
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4.1 Validity of radially symmetric interaction

method is superior for LFM data due to the high number of inflection points but
can only be used on data where the opposite sides of the image (defined by the
oscillation direction) are the same, as it enforces periodic boundary conditions in the
potential energy [79]. This is why Sader-Jarvis method is used for data acquired at
the side of the molecule. This process was repeated for various tip-sample distances.

The lateral force on the CO molecule is depicted in Fig.4.2, which shows the
force as a function of both lateral and vertical positions. The lateral force presents
an attractive interaction as the CO molecules approach each other, changing to
a repulsive interaction when the distance is smaller than the equilibrium distance.
Assuming the CO bends to relax, bending is expected at all positions except where
the lateral forces are zero. The lateral and vertical positions where the lateral forces
are zero were calculated and fit to a circle, as shown in Fig.4.2. =0 is defined
as the center of the adsorbed CO on the surface, determined by the maximum
energy point for each image in the dataset. Since the positions of zero net force
correspond to energy minima, the bond length between two Oxygen atoms can be
determined. Assuming that the CO molecules do not tilt at these positions, the
radius of the circle represents the bond length o between the two Oxygen atoms.
Then, the absolute tip heights can be determined using the measured bond length o
= 340 pm from the data and and the known CO adsorbate length lco =302 pm [111].
The z-scale in Fig. 4.2 denotes the calculated absolute heights of the Oxygen atoms
at the tip apex above the Cu surface. These heights were determined by fitting a
circle to the zero net force points, which are indicated by the white dots.

Above a height of z =350 pm, the zero crossings fit well to a circle with a radius
of 0 =340pm. The radius from the circular fit deviates by approximately 11.7 %
from the previously reported value of 385 pm [95]. The difference might arise from
the different energy convolution method in terms of methodology, and variations in
the metal tip apex as a physical factor. Defining the surface normal as 0°, a circular
fit is valid up to a large angle of a=82° as indicated in Fig.4.2. It means that
a radially symmetric interaction of CO-CO interaction (such as a Morse potential)
is valid for a rather large interaction angle. In this range, there is attractive in-
teraction outside the zero-crossing circle and repulsive interaction inside the circle,
as well-described by a Morse potential. This indicates that the radially symmetric
model only becomes invalid at tip heights where measurements beside the molecule

are required, since it is no longer possible to acquire images above the molecule
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

without manipulating the adsorbed CO. The primary question will be then how
this angle of a=82°was determined. This is done by evaluating the agreement

between experimental data and the model which is discussed in the next section.
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Figure 4.2: Approaching at the side of CO. The lateral force data on the right
were obtained by deconvolution at various tip heights along the red line in Fig. 4.1.
White dots indicate points of zero lateral force. Above a height of z =350 pm, these
can be fit by a circle centered on the Oxygen of the sample CO. Going closer, the
crossings start to deviate from the circle. The transition point corresponds to an
angle of 82°with respect to the surface normal. The bond length (o) between two
Oxygens, z =340 pm, and CO length (Ico), 302 pm, are also shown.
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

4.2 Model simulation

This section will start with a simulation that had previously been very successful
in describing the LEFM image [95]. Then, the duration for which this model remains
valid will be determined, and a new model will be introduced in section4.2.2 to

explain the non-validated regime.

4.2.1 Previous model

The previous model described the interaction between tip and sample only be-
tween the two O atoms of the CO molecules as an interatomic interaction, and the
CO molecules were allowed to be relaxed as torsional springs with different spring
constants. These total interaction can be separated by three components: (i) in-
teratomic interaction described by Morse potential [112] between the two Oxygen
atoms, (ii) the relaxation of the tip CO molecule, and (iii) the relaxation of the
surface CO molecule. The total energy of the system with the exclusion of any

electrostatic interactions, F,.gs , was therefore:

EnoES = EMorse(EPn g, )‘7 T)
+ ESpring(kTv HT) + ESpring<kS> 05)

— By (—Qexp (_T; U) +exp <—2r S U))

1 1
+ §k:T9% + ikseg (4.1)

The term describing the Morse potential, Ey\jorse, is @ function of the bond energy
Eg, the bond length o, the decay length A\, and the distance between the atoms
r. Eg = 8.4meV and A\ = 47 pm are values previously determined via FM-AFM
measurement of Af(z) [95]. ¢ is determined from Fig.4.2. The torsional spring
constants for the tip CO and the surface CO are kr = 22zNm and ks = 150 zZNm,
respectively. A moment arm of 302 pm was used for both COs [111]. The CO tilting
angles are denoted as f1 and fs. At each position of the metal tip apex, 1 and 0g
are relaxed to minimize E, gg.

The schematic of this model is shown in Fig. 4.3 A. With all the required param-
eters from the previous model known, the mean squared error (MSE) between the

model and the data can be evaluated, as shown in Fig.4.3. The MSE is calculated
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4.2 Model simulation

by averaging the sum of the squared differences across data points for various tip
heights. The MSE values for each tip height are provided in Fig.4.3. The dis-
crepancy between the model of F,,gs and the data begin to appear at a height of
2z~ 350 pm, as shown in Fig.4.3C. As the tip height decreased, the additional dip
in the data becomes deeper, and is no longer fitting the model of E,,gs. The values
of MSE are then plotted as a function of tip height (see Fig. 4.3 B). The point where
the error significantly increases, indicated with an arrow at z =350 pm, marks the

limit where the model becomes invalid.
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Figure 4.3: Evaluating the accuracy of radially symmetric model with
a CO adsorbate. (A)Schematic figure of the model described by Epogs[95] (see
equation4.1). The CO molecule at tip side is allowed to relax by an angle 61, and
the surface CO molecule is allowed to relax by an angle 5. (B)By comparing the
Af data acquired at various heights to a model without electrostatic interactions
(Enors), the sum of the squared differences averaged over the number of data points
(mean square error, MSE) are calculated. The data used here are identical to those
in Fig.4.2 from the parts acquired at the side of the molecule. The MSE is calculated
for several tip heights and plotted as a function of tip height. The point where the
error starts to substantially increase at z =350 pm is defined as the point where this
model is no longer valid. This height corresponds to the angle a=82° as indicated
in Fig. 4.2. (C) Some examples of discrepancies between the data and previous model
outputs. Data are plotted in gray, and the model output is plotted in blue. The
data used here are identical to those in Fig.4.2 and were acquired at the side of the
molecule.
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4.2.2 New model with an electrostatic interaction

To explain the additional dip observed, as presented in the inset of Fig.4.1 and
discrepancies shown in Fig. 4.3 C, another interaction should now be considered in
the model. Although the system of a single CO molecule on Cu(111) is not highly
polarized, the electrostatic interaction between the tip and the CO molecule on
the surface is additionally considered, adopting a concept similar to that used in
previous studies [106, 108].

The electrostatic potential energy, Ep, between two point dipoles p; and ps is

given by:

ke (p1 - P2 — 3(P1 - 7) (P2 - 7))
3
kepipa (cos O — 3 cos by cos Os)
_ kepips p 1 2 (4.2)

ED(plap%F) =

where p; and py are the dipole moments of the two interacting dipoles, having the
magnitudes of p; and ps. 7 is the unit vector in the direction of the line connecting
the two dipoles, and 7 is the distance between the two dipoles, and k. is Coulombs
constant. If the dipoles have an angle # between them, the interaction energy can
be expressed in terms of this angle. 6; and 6, are the angles between each dipole
moment and the line connecting the dipoles.

The interaction energy depends on the relative orientations of the dipole moments
and their positions with respect to the line connecting them. The term cos 6 reflects
how aligned the dipole moments are relative to each other, while cosf; and cos 65
adjust for the angles between the dipole moments and the line connecting them. The
energy decreases with the cube of the distance between the dipoles, indicating that
the effect of dipole-dipole interactions diminishes rapidly as the distance increases.
For example, if the dipoles are aligned head-to-tail (§ = 0°), the interaction is
generally attractive. If they are aligned side-by-side (# = 90°), the interaction is
typically repulsive.

A schematic figure of this new model is shown in Fig.4.4 A and B. The position
of the metal tip atom, which does not relax, is defined as (x4ip, Ztip), relative to the
Cu atom below the adsorbed CO, which is at (0,0), as shown in Fig.4.4 A. If the
CO bends clockwise relative to its original position, indicated by the dotted line

in Fig.4.4 A, the angle is defined as a positive value for both f and 5. Fig.4.4B
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

illustrates the dipoles considered in the model. On the tip side, there is one dipole

located at the Oxygen atom of the CO, denoted as ]5;%0, and another at the metal

Pretal The CO on the surface has one dipole, PSO_ located

tip sample’

at the Oxygen atom of the CO.

tip apex, denoted as

Therefore, two dipole-dipole interactions are considered in the new model:
1) between the CO at the tip apex and the CO on the surface, having a distance
of 7o.0 and
2) between the metal tip apex and the CO on the surface, having a distance 7p.0.
The total potential energy including electrostatic interaction is:

Eiot = Enors + Ep(PS2 ﬁcﬁﬁple, 7o.0) + Ep(PRet™ PSO | Fip-o)  (4.3)

tip 7 * sa tip sample’
For the calculations, the tip dipole ﬁfﬁftal is positioned at the center of the Cu
atom, (Xtip, Ztip), With a magnitude of 4D as shown in Fig. 4.4 B [113, 114]. ﬁt(ijr? is
positioned at the center of the Oxygen atom and points toward the Cu atom [108],
with a dipole moment of 0.166 D[106]. The free parameters in the model were
pco

sample*

the dipole moment and dipole direction of the CO on the Cu(111) surface,
PCo pco

tip Sample?ro_o) then inClude ¢1 _987 as

The second term of equation (4.3), Ep(
the angle between the two dipole directions located at O, as shown in Fig.4.4 B.
The third term of equation (4.3), ED(J%?;etal, Izggple, To.0) corresponds to the dipole-
dipole interaction between the metal tip apex of the CO-functionalized tip and the
CO at the sample. The angle between these two dipoles is ¢5-60s, as the angle

between the two dipole directions as shown in Fig. 4.4 B.

By varying the position of the metal tip apex, (Xtip, Ztip), the total energy of the
system can be calculated as a function of the bending angle of the CO molecules,
61 and fg. For each tip position (xp, Ztip), the energy is minimized with respect to
Ot and g, resulting in the energy of the system at that position. The determined
bending angle can then be used to obtain the force and force gradient. The force
gradient is convoluted with a semicircular weight function to account for cantilever
motion and multiplied by g—g to explicitly determine Af, which can be directly

compared with experimental data.
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Figure 4.4: New model description. (A)Definition of the angles used in the
model. The position of the metal tip atom, which does not relax, is defined as (zp,
Ziip), relative to the Cu atom below the adsorbed CO, which is at (0, 0). g is a tilt
angle of the surface CO from +z, which is defined as thl in the appendix.l. 67 is
the tilt angle of the CO on the tip from -z, which is defined as th2 in the appendix.1.
Then, the angle between the two COs can be defined as 0g + m — fg (defined as
th3 in the appendix.l). ¢o.o is the angle between the dipole moments located at
the Oxygen atoms, and ¢y,.0 is the angle between the dipole moment at the metal
tip apex and the Oxygen atom of the surface CO molecule. ¢o.0 and ¢iip-0 can
be obtained by the known distances between the dipoles, as shown in Fig. (B). (B)
Definition of the distances and the directions of the dipoles in a new model, Eq.
The tip has two dipoles, one at the O-atom (]3,3%0 ), allowed to tilt, and one at the

metal tip apex, ]5;%‘”331. ]5;?;)9'331 points toward the surface with a 4D dipole moment.

ﬁgpo has a negative pole at the O-atom with a 0.166 D dipole moment [106]. (C) A
line scan through the center of the CO molecule at z =450 pm and (D) a line scan at
the side of CO at z=320pm. Gray line is raw data, red line is model output with
an electrostatic interaction, and blue line is model output without an electrostatic
interaction. Model output has an additional dip at the lower tip height, z =320 pm,

only with electrostatic interaction as shown in (D).
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Then Af is calculated as a function of height and lateral distance. Fig.4.4C
and D show the comparison between experimental data and model output at two
representative tip heights in the direction of the tip oscillation, along the red line
in Fig.4.1. The data were plotted as gray lines. For the higher tip height, at
z=450pm (Fig.4.4C), the additional dip is not present. Both the E,,gs model
and the Fi, model agrees well with the data.

Good agreement with the data was obtained with a dipole moment of the CO on
the surface pointing toward the surface with a value of 0.8 D, as shown in Fig. 4.4 B.
This means that the dipole is asserted to be in the opposite direction to what has
previously been proposed [115]. However, sensitivity in the model is likely limited
to the interaction at the very apex of the CO molecule on the surface, and the
actual charge distribution is likely very complex [108, 114]. It is possible that the
dipoles at the tip (both metal and CO) change as a function of tilt, as well as due
to the proximity of the nearby CO molecule on the surface. Likewise, the dipole
of the surface CO could change. Nevertheless, the model with fixed (static) value
of dipoles for the metal tip and both CO molecules is sufficient to explain the
additional dip in the measurement, where the F, g5 model fails.

By separating the contributions of each force component considered in the model,
the contrast change and the emergence of the additional dip at lower tip heights
can be explained, as shown in Fig. 4.5. At z =450 pm, where the image was scanned
above the entire CO and do not observe the additional dip, the total force is domi-
nated by the Morse interaction with a maximum force of 40 pN. The electrostatic
interaction between the metal tip apex and the CO on the surface plays only a
small role with a maximum magnitude of 8.0 pN. The CO-CO dipole interaction
has an even smaller effect with a maximum magnitude of only 1.0 pN. Therefore,
and not surprisingly, the total interaction can be well described only with a Morse
potential at these distances. Also, note that the metal tip-CO dipole interaction is
much larger than the CO-CO dipole interaction.

Approaching to the surface, the tilting angles of the COs increase [90, 116] and
the saddle points toward the minima of the potential energy surface become sharper
as shown in Fig. 4.5B. At z =320 pm, which is a height where an additional dip was
observed in the image, the Morse force component is more than twice as big with a
maximum value of 90 pN. However, the total force has a narrower repulsive region

beside the adsorbed CO compared to the larger tip-sample distance. The dipole
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Figure 4.5: Force contributions with the new model. Af and force decom-
posed images in terms of the interactions are shown for (A) z=450pm and (B)
z=2320pm. The main contribution of the total force comes from the Morse interac-
tion for both tip heights. The parameters of the Morse interaction are given in the
main text. However, for small distances (B), the contribution from the metaldipole
interaction is also significant and is the origin of the additional dip in the A f images.
The red arrow shows the tip oscillation direction.

interaction between the metal tip and surface CO has also substantially increased
and has a maximum magnitude of 60 pN at z =320 pm. In comparison, the dipole-
dipole interaction between the CO molecules shows a maximum magnitude of only
1.0 pN.

Therefore it is shown that the dominant dipole-dipole interaction is again between
the metal tip apex and the adsorbate, where the relative magnitude of this metal
tip-adsorbate dipole interaction, the main factor of the additional dip, becomes
comparable with the Morse contribution at the closer distance. To prove that the
additional dip does not come from the interaction between the two COs acting as
dipoles, Fig. 4.6 A-C shows a simulation ignoring the metal tipadsorbate interaction,
El., = FEuops + ED(IB%D, f’sggple, 7o.0) This result does not show the additional dip.

Additionally, the interaction ignoring the electrostatic interaction between the
CO molecules, E{, = Epops + E D(]%‘f;etal, f’sggple, 70.0), is simulated to confirm that
the additional dip is mostly from the metal tip dipole, as shown in Fig.4.6 D-F.
Moreover, the model did not show the additional dip when the direction of the CO

dipole on the sample is changed, as shown in Fig. 4.6 G-1. Therefore, it is concluded
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that the additional dip appears only in the case of 1) the existence of the metal tip
dipole and 2) the negative pole of the sample CO dipole at its Oxygen apex, which
is allowed to be tilt in the model.

The tilting behavior of the CO has a strong influence on the scanned image
features since the tilted angle of COs increases as they get closer to each other
(the direction of close to Horizontal, 2 =0), as shown in Fig.4.7 A-C. These angles
are the values generated during the simulations process of the Fig.4.4 C and D. If
the CO bends clockwise relative to its original position, as indicated by the dotted
line in Fig.4.7 A, the angle is defined as a positive value. Therefore, for the case
of Fig.4.7A, both 05 and O have negative value of angles as they are rotating
to the counterclockwise relative to their original position. Note that the original
positions of the two CO molecules are different. When the two COs are far from
each other (z=600pm for both tip heights), the tilted angles f5 and 6 are zero.
As the COs get closer (z~450pm), O increases because the attractive term of
the Morse potential dominates over other interactions in this regime, for both tip
heights, as shown in Fig.4.7B and C. As the distance decreases further, towards
x =0, Ot bends counterclockwise, as repulsive interactions become dominant. The
CO at the tip apex is bent at a larger angle compared to the sample CO due to
its smaller stiffness. While fg does not change much in Fig.4.7B, at a closer tip
height, 65 shows a significant increment and decrement, as shown in Fig. 4.7 B, due
to the influence of the attractive interaction with the metal tip dipole.

Further comparison between this new model, Ei,, and the experimental data
are shown in Fig.4.7D and E. The image contrast regime is consistent between
the simulation image and the data, as indicated in the figures. This provides a
clear explanation of the model output with precise values and its comparison with

experimental data across various tip heights.
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Figure 4.6: Additional trials with the CO-CO model. To prove that the
additional dip is mainly from the metal tip apex, three more cases are simulated.
(A) Schematic of the model ignoring the metal tip dipole. (B) Simulation and exper-
imental data at z=450pm agree well. (C)The simulation at z=2320pm does not
show the additional dip observed in the data. (D) Schematic of the model ignoring
the dipole of the CO at the tip. (E)Simulation and experimental data at z =450 pm
agree well. (F)Simulation and experimental data at z=320pm agree well, imply-
ing that the tip CO dipole is not significant in these measurements. (G) Schematic
of the model with the sample CO having a dipole moment in the opposite direc-
tion. (H) The simulation and experimental data at z =450 pm. (I) The simulation at
z=320pm does not reproduce the second dip.
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Figure 4.7: CO relaxation angles. The tilting angle of the COs are extracted
from the simulation at each tip height. (A) Definition of the bending angle, O and
fs. The x-axis is defined same as in other figures (z =0) corresponds to center of
the CO on the surface), for (A)-(C). The angle of the CO at the tip, O, side is
plotted with a red color, and the angle of the CO at the sample, g, side is plotted
with a sky blue color for both tip heights. (B) The tilt angle at z=450pm. (C) Tilt
angles at z=320pm. (D)-(E)Further comparison between simulation results and
experimental data for various tip heights. The image contrast regime is identical, as
50indicated in the figures.
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4.3 In-plane interaction beside the PTCDA molecule

In section4.1, it is shown that LFM is ideal for measuring in-plane interaction
and short range interactions. The data is explained well with a simple model
introduced in section4.2. The large angle of the radially symmetric interaction
is validated with a previous model [95]. Furthermore, the additional feature is fit
via a new model (see section4.2.2) [96]. This indicates that, contrary to formal
expectations [106, 115, 117], induced electrostatic interactions through the metal
tip must be accounted for, even in weakly polarized systems.

To more generally validate the observed influence of the metal dipole at the tip
apex [108], another weakly polarized system, PTCDA (3,4,9,10 - perylenetetracar-
boxylicdianhydride), is investigated in this section. PTCDA is a good test sample
because it has a stable and planar molecular structure that forms a well-ordered
mono layer, making it easy to get 3D data sets beside the molecule without ma-
nipulating the molecule [118, 119]. Additionally, the mechanism of Hydrogen atom
spatial resolution could be unveiled.

PTCDA forms a Hydrogen-bonded, herringbone-like structure when adsorbed on
Cu(111) at room temperature [120]. Fig.4.8 A shows a Af LFM image of the edge
of a self-assembled PTCDA molecular island on Cu(111), measured with a CO-
terminated tip in constant height mode. In the A f image, the internal structure of
the molecule is visible, with the inner five rings corresponding to the perylene core
of the molecule. The spatial contrast is particularly strong over carbon bonds that
are perpendicular to the oscillation direction (+ x-direction in Fig.4.8 A). Image
contrast inside the Cg rings is relatively even at this height, z =600 pm, showing
that PTCDA lies approximately flat on Cu(111) [119]. At the height at which this
image was acquired, inside the Cg rings, the signal appears relatively constant.

To investigate the lateral interaction of the CO with the sides of the adsorbed
molecules, 3D data sets were acquired over a z range of z=460pm to 600 pm
with a vertical spacing of 10 pm in the regions indicated by the black rectangles in
Fig. 4.8 A. These regions were chosen because one is closer to the O-side of a PTCDA
molecule and the other is closer to the H-side. Fig.4.8 B is a schematic figure of
the measurement process. The starting height of 3D measurements is denoted as
z=600pm. This z-value describes the unrelaxed height of the O atom of the tip.
Tip height z=0pm is defined as the average height of the nuclear positions of the
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Figure 4.8: Experimental observations of PTCDA on Cu(111). (A) Constant
height Af LFM image of the side of a PTCDA island probed with CO-terminated
tip. This imaging height is referred to as z =600 pm. The oscillation direction of the
sensor is along the +x-direction. The oscillation amplitude was 50 pm. Ball and stick
models of two PTCDA molecules are shown with Oxygen (red), Hydrogen (white),
and Carbon (gray) atoms. The schematic figure of the tip heights is shown in (B). At
the side of the island, over the areas indicated by black boxes near the H-side and
O-side of PTCDA molecules in (A), Af images were collected at lower heights. The
negative partial charge at the CO tip apex is indicated by d—, and the positive partial
charge at the H-side is indicated by d+. (C) Potential energy maps at the H-side and
at the O-side at z=600pm. The color bar and the scale bar are the same for both
sides. (D) Potential energy maps at the H-side and at the O-side at z =460 pm. The
color bar and the scale bar are the same for both sides. Stars and arrows, indicating
local potential energy minima and maxima, are discussed in the main text.

Cu(111) surface atoms. The atoms of the PTCDA molecules are found on average
z=270pm above the top surface plane of Cu atoms via theoretical simulation, as
will be discussed later. This is very similar to the previously reported height of
268 pm [119].

Acquired Af data were then converted to potential energy, Ui, by deconvolu-
tion along the direction of the tip oscillation (i.e. in-plane) using the Sader-Jarvis
method [78]. At the height of z=600pm, similar magnitudes of potential energy
are observed on both the H-side and O-side, as shown in Fig. 4.8 C. When the tip
approaches lower, the potential energy map on the H-side at z =460 pm shows three

local minima marked by stars in left column of Fig. 4.8 D. They have a magnitude
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Figure 4.9: Location of the H atoms from experimental data. A linescan in
the potential energy map shows the locations of the four hydrogen atoms, indicated
by arrows. The potential energy is calculated from the obtained A f data via Fourier
method [79]. Data was acquired at the tip height of z =460 pm.

of approximately -30 meV and are separated by lines of higher potential energy of
approximately -28 meV indicated by arrows. The increased potential energy corre-
sponds to the positions of the four individual Hydrogen atoms. A linescan of these
data is shown in Fig. 4.9, illustrating the individual features. These observations of
local potential energy maxima over the positions of H-atoms show that LFM can
clearly identify the position of H-atoms via Pauli repulsion on a flat-lying organic
molecule.

On the O-side, however, there is much stronger attraction of approximately -
70meV, as shown in Fig. 4.8 D. In other words, the attractive interaction between
the CO-terminated tip and the O-side of the molecule is significantly larger than
that of the H-side. Considering the relatively negative Oxygen at the tip apex [106],
it was expected to form a weak hydrogen bond with the Hydrogen atoms on the
H-side. Thus, the stronger attraction observed on the O-side was unexpected. This
observation underscores the need to consider the interaction between the metal tip
apex and the CO on the surface, as discussed in the previous section4.2.2. At this
height, even though PTCDA is not a strongly polarized system, the influence of
the metal tip’s dipole may need to be factored into the analysis [108].

To further understand this, the system and the tip-sample interaction are mod-
eled based on DFT calculations. DFT simulations were performed using a PBE

exchange-correlation functional [121] and the T'Ssurf van der Waals correction scheme [118,
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

122] to determine the relaxed atomic positions of PTCDA on a Cu(111) surface.
To focus on the side site of a molecular island, the system was modeled with two
PTCDA molecules in a large supercell.

The unit cell of the calculations is shown in the Fig.4.10 A, including the heights
of all Oxygen atoms. A non-planar adsorption geometry had been previously pro-
posed by the x-ray standing-wave technique [119], and the DFT results indicate that
the molecules do not lie perfectly flat. This explains why the data at the O-side
in Fig. 4.8 D do not appear mirror-symmetric around the long axis of the PTCDA
molecule: The white star in Fig. 4.8 D shows the location of the energy minimum
on the O-side which does not perfectly correspond to the location of the Oxygen
atom. The PTCDA molecules were placed in a herringbone arrangement and at a
distance of approximately 1 nm between the H-side of one molecule and the O-side
of another, before the two molecules were allowed to fully relax. To gain more
insight into the electrostatic interaction, a Mulliken charge decomposition on the
PTCDA is determined, as shown in Fig. 4.10 B. The Mulliken charge decomposition
will be explained later. The two molecules are in total slightly negatively charged
by -0.21e. The Oxygen atoms are negatively charged, while the Hydrogen atoms
become slightly positively charged. The Carbon atoms to which the Hydrogen
atoms are bonded receive a small negative charge. Based on these observations, it
can be concluded (given that atomic charges are not directly observable) that the
negative sign of the electrostatic potential results from the overall negative charge
distribution within the molecules. Although Hydrogen atoms exhibit a small posi-
tive charge, this charge is likely balanced by the minor negative charge on adjacent
Carbon atoms and the stronger negative charge on the Oxygen atoms. Charge
decomposition further clarifies the effect of the electrostatic potential when moving
laterally along the O-side towards the molecule’s backbone. Specifically, beyond
the molecule, the negatively charged Oxygen atoms provide electrostatic attrac-
tion, whereas within the molecule, the total potential encompasses the influence of
the positively charged Carbon atoms.

Then the atomic positions obtained by DFT are used to calculate the expected
LFM Af signal using a model very similar to the Probe-Particle model introduced
by Hapala et al. [90]. At each position of the metal tip atom, we sum the interactions
of all PTCDA atoms with the O atom at the tip apex. As a starting point, the tip-

sample interactions are described solely by Lennard-Jones empirical functions to

o4
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Figure 4.10: Calculated features of PTCDA molecules on Cu(111). (A)
Calculated structure of PTCDA molecules on Cu(111). Unit cell of the relaxed
atomic positions of two PTCDA molecules on a Cu(111) surface from DFT calculation.
Oxygen (red), Hydrogen (white), Carbon (grey), Copper (gold) atoms are depicted
with circles. The heights of the O-atoms above the Cu plane are indicated for each
atom. (B) Mulliken charge decomposition on the PTCDA molecules adsorbed on the
Cu(111) surface. Cu surface not explicitly shown.

determine whether the increased attraction near the O-side is purely due to van der
Waals forces. The CO molecule is then allowed to relax to minimize the potential
energy, and the lateral forces on the tip are calculated. This process is repeated for
64 different positions of the tip apex during the oscillation cycle. This model has

two notable distinctions from the Probe-Particle model [90]:

1. The oscillation direction of the tip is set to be lateral in our model, allowing

for a more straightforward comparison between theory and experiment.

2. The code directly outputs the potential energy, Uyy, facilitating a more direct

comparison between theory and experiment.

To determine the corresponding z-value in the simulations for the experimental
tip height, simulated LFM images are compared with experimental data. Fig.4.11 A
shows a simulated LFM image at the height that most closely matches the experi-
mental results shown in Fig. 4.8 A (z=600pm). At closer distances, the A f signal
is no longer constant within the Cg rings. The calculated potential energy maps at
the heights z =600 pm and z =460 pm (corresponding to the determined experimen-
tal heights) are shown in Fig.4.11 C, E,and G (2 =600 pm) and Fig.4.11 D, F,and H
(2=460pm). The calculated area is indicated by the black box in Fig.4.11 A. The

LFM simulation can output the potential energy landscape as a result of purely
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

Lennard-Jones interactions at various heights. Since LFM is not sensitive to ver-
tical forces, the comparison to theory is straight forward and does not require a
subtraction of long-range interaction. The calculated potential energy near the O-
side and H-side at z =600 pm, shown in Fig. 4.11 C, considering only Lennard-Jones
interaction (Upj), agrees well with our observations in Fig. 4.8 C. At 2 =460 pm, the
positions of the individual H-atoms on the H-side can again be clearly observed via
repulsive interaction. This is further proof that LFM is indeed directly observing
H-atoms at the sides of the PTCDA as a result of Pauli repulsion, as no electro-
statics are included in Upj. However the attractive potential energy calculated
near the O-side and H-side based only on Lennard-Jones interactions, shown in
Fig.4.11 D, appears very similar. This is in stark contrast to the observations
shown in Fig.4.8 D where there is much stronger attraction near the O-side. This
indicates that there is another tip-sample interaction that must be taken into ac-
count. One possible mechanism that can explain these observations is the influence
of the large dipole of the metal tip apex[113] as previously discussed with CO-CO

interaction.
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Figure 4.11: Modeling of the sides of a PTCDA molecule. (A) Af calculated
from the DFT relaxed positions of a PTCDA pair with a supercell chosen so that
there is 1 nm between two neighboring adsorbates. (B) Electrostatic potential energy
from the DFT calculations of an electron as a function of lateral distance r (defined in
(A)) and height. (C)Map of the potential energy contribution from Lennard- Jones
interactions of the area marked in (A) at a height of 600 pm, (D)as (C) but for a
height of 460 pm. (E) Electrostatic potential energy contribution from a metal tip
250 pm above the imaging plane of the area marked in (A) for a height of 600 pm.
(F) As (E) but for a height of 460 pm. (G and H) Sum of the upper two panels.

From the DFT calculations, the electrostatic potential energy experienced by
a single electron, Upc(7), is obtained, as shown in Fig.4.11B. This enables the

calculation of the electrostatic potential energy experienced by the metal tip dipole,
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

Ugs. The relevant heights are presented in Fig.4.11 Eand F.:

Urs(r) = [Upc(7) — Upc(7 — 022)] (Li?j) (4.4)
where 0z is the spacing between vertical slices from the DFT output, and ¢,
is the elementary point charge. Ugs is calculated at a height of 7 = 74, — 0.5 2,
where 7%, is the location of the apex metal atom of the tip, as previously suggested
[108]. However, the previous investigations have shown that this magnitude can
vary significantly depending on the shape of the metal tip [114]. For this calculation,
a metal tip dipole with a magnitude of |pi;,| = 3 Debye, which is consistent with
values reported in the literature [108, 113, 115], produced results that agree well
with our data. The sum of Ugg and Uy is shown in Fig.4.11G and H.

At a height of z=600 pm, the additional Ugg contribution does not significantly
change the contrast of the overall potential energy landscape. In other words, the
electrostatic contribution from the metal tip apex does not strongly affect the LFM
contrast at a typical imaging height. This has also been observed in general for FM-
AFM data [117]. At the closer tip height of z =460 pm, the total calculated potential
energy, Uroy = ULy + Ugs, agrees very well both quantitatively and qualitatively
with LEM observations (compare Figs.4.111 to 4.8 D). Here, there is clearly more
attraction at the O-side. Near the H-side, the four lines of increased potential
energy that correspond to the four Hydrogen atoms can also clearly be seen.

As shown in Fig. 4.11 B, the contribution of the electrostatic interaction increases
the closer the approach is to the molecular plane. A priori, it was not clear what
the dominant interaction terms would be: the van der Waals attraction and Pauli
repulsion, modeled by Lennard-Jones interactions; the electrostatic interaction of
the dipole from the metal apex; or the electrostatic interaction from the CO at
the tip. To estimate the interaction of the dipole moment of the CO, the potential
energy of a 0.166 D dipole moment was calculated [106], pointing in the z-direction
at 600 pm and 460 pm, shown in Fig.4.12.

At z=600pm, the contribution has a magnitude of 5meV and is negligible. At
460 pm,the contribution is also much smaller than the electrostatic interaction from
the metal apex. Therefore, we conclude that the electrostatic interaction with
the dipole from the metal apex of the tip as well as CO bending, and van der

Waals attraction and Pauli repulsion are the significant contributions to the total
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4.3 In-plane interaction beside the PTCDA molecule

Figure 4.12: Interaction of the dipole moment of the CO. The potential
energy of a CO at tip apex, having a dipole moment of 0.166 D, pointing in the z-
direction for a tip height of (A) z =600 pm and (B) at z =460 pm. CO was not allowed
to be tilt at this simulation therefore the calculated values could be overestimated.
(C) The potential energy of a metal dipole for a tip height of z =460 pm. (D) Sum of
the metal dipole interaction + CO dipole interaction for a tip height of 460 pm. The
metal dipole is located 50 pm lower from the core of the tip atom.

interaction when the tip approaches closer beside an organic adsorbate.
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4 Exploring in-plane interaction beside an adsorbed molecule with LFM

4.4 Discussion

In section 4.1, imaging of a single CO molecule revealed that a radially symmetric
description of the atomic interactions is valid for a large angle of 82° from the sur-
face normal, corresponding to a solid angle of 5.4sr. Generally, when imaging over
weakly polarized systems, it suffices to consider CO bending and the short-range
attraction and repulsion, which can be modeled by torsional spring and the empir-
ical radial functions such as Morse or Lennard-Jones potentials. However, when
approaching closer to gain insight into the in-plane interactions, the electrostatic
interaction with the metal dipole cannot be neglected, as shown in section4.2.2.
Previous work has noted the importance of the metal dipole with FM- AFM for
strongly polarized materials and molecules [107], including defects in ionic crys-
tals [108] and hexagonal boron nitride [114]. However, it is commonly accepted
that for normal AFM measurements of molecular adsorbates on metal surfaces, the
effect of the metal tip can be ignored [117]. Throughout the chapter, it is shown
that when investigating in-plane interactions, this effect must be considered with
both a single CO adsorbate and PTCDA.

Furthermore, the mechanism of H atom imaging was unveiled in section4.3. Hy-
drogen, the smallest and most abundant element in nature, plays a vital role in many
molecular interactions. Their positions can determine the interactions with neigh-
boring molecules in the form of Hydrogen bonds. While atomic force microscopy
can image the internal structure of flat lying molecules, H atoms are difficult to
directly image due to their size. Kawai et al. were able to directly observe H atoms
by carefully choosing a nonplanar molecule so the H atoms pointed out perpendic-
ularly from the surface [123]. While Peng et al. were not able to directly identify
the location of H atoms of flat lying water molecules via their repulsive signature,
they made use of the strong dipole of the water molecule to determine their po-
sitions [124]. Unfortunately, neither of these strategies is generally applicable to
identify the positions of H atoms terminating the sides of flat lying (approximately
planar) molecules. Section 4.3 introduce a new strategy to investigate H atoms at
the sides of flat lying molecules. LFM data were collected beside the molecule at
heights that are inaccessible when performing constant height imaging above the
molecule. Each H atom were observed, clearly showing their locations via Pauli

repulsion. LFM, in which the AFM sensor is modified so that the tip oscillates
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laterally above the surface [49] and is only sensitive to the lateral component of the
force on the tip [51, 125, 126]. A lateral oscillation means that the recorded fre-
quency shift is a direct measure of the lateral forces, which have strong contrast at
the terminal edges of planar molecules. It also remains in the plane where these in-
teractions are maximum, in contrast to normal AFM in which a vertical oscillation
moves it out of the plane of interest. Interestingly, a previous study with normal
AFM where data were collected at the sides of molecules[127] did not report the
observation of H atoms but did report imaging instabilities that were attributed to
the strong lateral forces that normal AFM is not directly sensitive to. Therefore it
is an ideal tool to probe short-range in-plane interactions that have strong lateral

force components [109].
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5 Sliding friction over single

chemical bonds

Most of the content in this chapter has been submitted. Parts of the text, figures,
and interpretations are identical to those in the submitted manuscript. This work
is done with support from the co-authors, Lukas Hormann', Oliver Gret?®, Oliver
T. Hofmann?, Franz J. Giessibl?, and Alfred J. Weymouth?

The study in chapter 4 focused on the sensitivity of LFMs in-plane molecular in-
teraction measurements, enabling the imaging of individual H atoms. This can be
expanded by exploring interactions beyond conservative forces. In this chapter, the
CO-terminated tip, along with the quantized understanding from the previous chap-
ter, has been used to observe dissipative lateral forces, referred to as friction. The
advantage of frequency modulation mode, with its additional feedback that keeps
the oscillating amplitude constant, allows for the simultaneous and separate mea-
surement of both conservative and non-conservative interactions (see section 2.2.1).

Most friction is well described through established laws, but when it comes to
the molecular or atomic scale, friction becomes a complex phenomenon governed
by interactions between individual atoms and molecules. This has significant impli-
cations for the fields of nanotechnology, where components operate at dimensions
where atomic interactions dominate, and for surface science, where the precise con-
trol of friction can lead to innovations in lubrication and material performance.

Sliding friction, specifically, is influenced by a variety of factors, including the
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5 Sliding friction over single chemical bonds

nature of the surfaces in contact, their relative orientation, and the microscopic
features of the surface, such as roughness and atomic-scale irregularities.

One intriguing approach to studying friction at the atomic level is to focus on
single chemical bonds. These bonds, which represent the most fundamental in-
teractions between atoms, can provide a clear and detailed understanding of the
mechanisms driving friction. This approach not only enhances our understanding of
atomic-scale friction but also sheds light on the relationship between bond strength,
bond order, and frictional behavior. In this context, the study of sliding friction
over single chemical bonds is not just a scientific curiosity but a crucial step toward
enhancing frictional control in advanced material systems.

This chapter is dedicated to exploring the phenomenon of sliding friction over
single chemical bonds using a specific model system, PTCDA on Cu(111), with
several key factors that make it particularly suitable for this study. First, PTCDA
is a stable molecule that exhibits consistent behavior during LFM measurements,
as demonstrated in prior studies [56, 96]. This stability is crucial for obtaining reli-
able and reproducible data when investigating friction at the atomic scale. Second,
the Cu(111) surface provides an optimal balance between reactivity and inertness,
which is essential for conducting precise measurements. The surface’s characteris-
tics allow for the effective use of a CO molecule to characterize the metal tip apex
through the COFI method (see section3.3). This method ensures that the metal
tip ends in a single atom, which is necessary for making a similar functionalized
tip [53].

In the gas phase, PTCDA is planar, and it adsorbs approximately flat on the
Cu(111) surface. This flat adsorption reduces the complexity associated with bond
tilt in the normal direction. Moreover, PTCDA incorporates a variety of chemical
bonds, including intermolecular hydrogen bonds (O-~H) and intramolecular covalent
bonds (C-C). This creates a diverse array of covalent bonds with varying bond
orders, providing unique features to study friction as a function of both in-plane
angles and bond order. Notably, one of the Oxygen atoms in the PTCDA molecule
forms a bond with the Cu(111) surface, resulting in the buckling of the bond, which
reveals another interesting point.

The chapter is structured as follows: section 5.1 provides an introduction to the
PTCDA/Cu(111) system, highlighting its suitability for studying sliding friction at

the atomic level. This section also introduces the key concepts and techniques used
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5.1 Mapping sliding friction over single chemical bonds

to measure energy dissipation across various chemical bonds. section 5.2 delves into
the methodology for calculating the energy dissipated over each bond during slid-
ing. This includes a detailed explanation of the computational approach employed
using DF'T and a machine learning system. Finally, section 5.3 highlights the rela-
tionship between energy dissipation and bond order by combining the results from

sections 5.1 and 5.2.

5.1 Mapping sliding friction over single chemical
bonds

In frequency-modulation LFM, as described in section 2.2.1, the amplitude of oscil-
lation is set, and the drive signal required to maintain this amplitude is recorded.
If the drive signal increases, it indicates that there is energy loss during the tip’s
oscillation, referred to as energy dissipation [36]. Energy dissipation (FEgiss) repre-
sents the work done on the cantilever during one oscillation cycle and is measured
in units of meV /cycle. This signal is recorded separately from the frequency shift
(Af, unit of Hz), which reflects the conservative interaction between the tip and
the sample. Dissipation can be caused by various forces acting on the tip as it
moves forward and backward direction during a single oscillation cycle [56, 128].
While this hysteretic behavior has been previously reported in systems with vari-
ous mechanisms [129-132], a notable example of LFM work is the snapping model
demonstrated by Weymouth et al. through the functionalization of the tip apex
[56]. To measure dissipation accurately, it is crucial to understand the characteris-
tics of the driven surface, which, in this case, is a CO-terminated tip. The snapping
model explains the physical mechanism of dissipation by describing how the CO
molecule, when driven to slide laterally over a pair of atoms or a chemical bond,
behaves like a torsional spring. It stores energy as it stretches over the bond and
releases it when it snaps back during each oscillation cycle. The snapping model
describes the physical mechanism of dissipation when the CO molecule is driven to
slide laterally over a pair of atoms or a chemical bond between two atoms. The CO
molecule, pulled by LFM, behaves like a torsional spring as it stretches over the
bond and then snaps back during each oscillation cycle. The behavior of the CO as

a torsional spring is discussed in the previous chapter4, and this chapter expands
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5 Sliding friction over single chemical bonds

on that discussion with the snapping model.

Fig.5.1 A shows the basic concept of the snapping model. The model assumes
that both the surface atoms and the metal tip atoms, except for the CO molecule
at the apex, remain static. The position of the metal atom at the tips apex is
fixed, while the tip oscillates laterally in space. In the middle of Fig.5.1 A, the
total lateral force is plotted for various lateral distances from the chemical bond
over one oscillation cycle. The horizontal-axis represents the position of the metal
tip relative to the chemical bond, which is located at z=0pm. As the metal tip
moves, the potential energy landscape changes until the CO molecule snaps down.
At certain positions, there are two local low-energy solutions. However, the CO
molecule at the tip does not always find the thermodynamic minimum solution. To
observe energy dissipation, the CO at the tip must be trapped between two surface
atoms. Therefore, at each position, the model calculates the low-energy angle of
the CO molecule at the apex based on its previous position, relaxing only to the
local energy minimum rather than the global one.

During the simulation, the metal apex is moved step wise across the surface. At
each step, the CO tip adopts an equilibrium deflection angle. The force resulting
solely from the interaction between the tip and the surface (excluding the torsion
spring) is then calculated [90]. Energy dissipation is determined by convolving the
force F(t) acting on the CO tip with the phase of the oscillation. This energy
dissipation signal is detectable only within a narrow range of a few tens of picome-
ters [51, 56], while atomic resolution in A f data can be acquired over tip heights of
hundreds of picometers [133]. As dissipation starts to occur at much lower heights,
the CO molecule at the tip apex is easily lost if the tip is brought too close to the
surface. The criteria for losing a CO molecule at the apex also vary depending on
the specific tip apex geometry, showing that the method outlined in section 3.3 is

crucial for making a stable and symmetric tip.
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Figure 5.1: Sliding friction over a single chemical bond. (A) A functionalized
tip oscillating laterally forward and backward over a single covalent bond (blue feature
between two C atoms) can be used to measure the corresponding energy dissipation.
At each relative lateral position of the metal tip apex, the CO bends (exaggerated
in the sketches). As it does, depending on the sliding direction, the Oxygen atom
at the apex can be trapped. The area enclosed in the hysteresis loop is the energy
dissipated as the tip oscillates over the bond. (B) LFM Af image of a PTCDA
island. Raw data of (C) Af image and (D) the simultaneously measured excitation
image, obtained over the area outlined in (B). These images are then converted to
(E) potential energy (E), and to (F) dissipated energy (FEqgiss)

The sample preparation procedure is the same as that used in chapter4. The
Cu(111) sample was cleaned using standard sputter and anneal cycles, and PTCDA
molecules were deposited from a home-built evaporator. CO molecules were then
leaked into the chamber to functionalize the tip with a CO molecule. Before and
after the CO pickup, the tip was checked using the COFI method [53].

Fig. 5.1 B shows a LFM (Af) image acquired with a CO-functionalized tip over
an island of PTCDA molecules. The ordering of PTCDA on Cu(111) appears to be
herringbone, which describes a lattice with a unit cell involving two molecules, as

shown in Fig.4.10 in section 4.3. While this seems accurate for nearby molecules, a
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true supercell that includes the underlying substrate cannot be observed in the A f
image. Incommensurate layers have also been previously reported [134]. Hydrogen
bonds between adjacent molecules and covalent bonds within the molecules can
be directly identified via the Af image. Fig.5.1 Cand D show raw data of a Af
image and the simultaneously measured excitation image. These images are then
converted to potential energy (F) via the Fourier method [79], as shown in Fig. 5.1 E,
and to dissipated energy (Fqiss) via the method described in section 2.2.1, as shown
in Fig. 5.1 F. Interestingly, the magnitude of both E and Fy;s are not uniform across
the molecules, which also means they are not always consistent over the chemical
bonds. While the Fg;ss acquired by the driving signals clearly indicate the locations
of the bonds, the raw data cannot perfectly avoid random background noise, as
shown by gray plot of Fig.5.2 A. To minimize this effect, data were acquired as
two lines along both the backward and forward scanning directions. These four
lines of data were then averaged, and the 2D images, as a function of tip height,
were filtered using a Gaussian filter with a standard deviation of 0.5 pixels (the
black line of Fig. 5.2 A). The filter was applied using a square Gaussian kernel. The
lateral distance is same with Fig.5.2 B, 300 pm. Fig.5.2B shows data acquired as
a function of lateral (z) and vertical (z) position of the tip over the area indicated
by the red line in Fig.5.2C (2 =-3 pm).
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Figure 5.2: Data acquisition and analysis. (A)Comparison between raw data
(gray) and averaged data (black). Two lines of data were acquired for both forward
and backward scanning directions consisting of 256 pixels. These four lines of data
were then averaged, and the 2D images, as a function of tip height, were filtered using
a Gaussian filter with a standard deviation of 0.5 pixels. The filter was applied using
a square Gaussian kernel. (B) Over each bond, energy dissipation data are measured
as a function of lateral and vertical position. Curves at different relative heights (Az)
are offset by 10 meV /cycle for clarity. The acquired position is indicated in the first
figure of (C) as a red line. (C) Eqjss images for each tip height, corresponding to the
same location as in Fig. 5.1 C. 69



5 Sliding friction over single chemical bonds

The labeled height is a relative height, defining z=0pm as the point just before
Eqiss completely disappears. FEgiss begins to appear as a peak over the chemical
bond and increases as the tip approaches closer (from green to yellow in Fig. 5.2 B),
and starts to decrease at even smaller distances (from yellow to blue). This strong
distance dependence is related to the width of the hysteresis loop (Fig.5.1 A) and
the height of the energy barrier as the tip approaches the bond [56]. The increased
width of the hysteresis loop causes the CO molecule to store more energy before it
is released. Once the tip gets too close, the CO can no longer snap over with each
oscillation cycle, causing Fyg;ss to decrease.

The 3D data of Egs show varying magnitudes and widths over covalent bonds,
depending on the tip height, as shown in Fig. 5.2 C. To compare the energy dissipa-
tion characteristics of different chemical bonds, the data were analyzed by plotting
only the maximum values of the line scans shown in Fig.5.2B as a function of
tip height. These data were collected over several bonds, as labeled in Fig.5.3.
From the positions optimized using DFT and the electron density distribution, it
is observed that the system exhibits both 180° rotational symmetry and inversion
symmetry (details are described in section 5.2.1). These symmetries define equiva-
lent bonds being mapped onto each other. Data were collected over several years,
with the analysis detailed in this manuscript based on three datasets obtained from
two different sample areas.

E4iss was measured with a tip height difference of 1 pm. Multiple datasets were
acquired over the same bond, and used to calculate averages (thick purple line in
Fig.5.4). Theses data sets include bonds that are symmetrically equivalent, as
defined by the theoretical two-molecule unit cell, which will be described in the
next section. The shaded purple area in Fig. 5.4 represents the standard deviation
between the multiple data sets and the average of them. The vertical distances
(horizontal-axis) represent the simulated heights of the metal apex (the terminal Cu
atom) relative to the plane of the PTCDA. The tip height of the averaged data was
adjusted through calculation (bar plot with a yellow color) so that the maximum
value aligns with the same tip height. (The details about the DFT calculation
is described in the next chapter.) As previously reported [56], energy dissipation
increases exponentially as the tip height (z) decreases, followed by a decrease at
even lower heights. This behavior occurs because, below a certain height, the

CO molecule can no longer oscillate freely from side to side and instead becomes
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5.1 Mapping sliding friction over single chemical bonds

Figure 5.3: Sliding friction measurement over single bonds. The LFM
Af image of PTCDA molecules allows the identification of covalent and hydrogen
bonds. (B) Comparison of experimental and simulated energy dissipation over various
bonds, as labeled in (A). Energy dissipation measurements were taken with a tip
height difference of 1 pm. Multiple datasets were acquired for each bond to calculate
averages, shown as the thick purple line. The experimental maximum of Egjss(2)
was vertically offset to align with the theoretical model (yellow bar plot) for each
bonds. The shaded purple area represents the half standard deviation among the
datasets and their average. The horizontal-axis shows the simulated heights of the
metal apex (the terminal Cu atom) relative to the PTCDA plane. Numbers indicate
the maximum values.

trapped on one side of the bond. Interestingly, the maximum energy dissipation
values vary across different types of chemical bonds, as shown in Fig.5.4. 1If it
were assumed that the interaction of the CO molecule occurs predominantly with
the two nearest carbon atoms [56], one would expect that the energy dissipation as
a function of height would exhibit uniform characteristics across all covalent bonds.
Specifically, this means that the peak width and maximum value of the energy
dissipation should be consistent, as long as the covalent bonds are oriented in the
same direction relative to the oscillation of the CO molecule (e.g. CC12 and CC 13
in Fig.5.3). However, the maximum values of energy dissipation across various
chemical bonds are not uniform, and this variations suggest that the interaction

of the CO molecule with different covalent bonds is more complex than initially
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5 Sliding friction over single chemical bonds

assumed. Further data was also collected on other bonds, including the O---H
bond.

The widths of the peaks resulting from DFT shown in Fig.5.4 are in excellent
agreement with the experimental data, with both measurements indicating peak
widths on the order of tens of picometers. This agreement confirms that the distance
dependence of inter atomic interactions is accurately represented in the simulation.
Additionally, the magnitudes of the maximum values, as explicitly listed in Fig. 5.4
align very well with the experimental results for the various covalent bonds.

It is also important to note that the maximum energy dissipated is not always
higher for covalent bonds compared to hydrogen bonds. This adds complexity
to understanding energy dissipation. Even though covalent bonds usually involve
stronger interactions because of shared electrons, this does not always mean they
will show greater energy dissipation than the weaker hydrogen bonds. This find-
ing suggests that energy dissipation is affected by more than just bond type and
strength, possibly due to differences in: the orientation of the bonds, the spatial
arrangement of the molecules, bond strength, or the specific electronic environment
surrounding each bond. A detailed approach including calculation is needed to un-
derstand observed dissipated energy, considering both the nature of the bonds and

their position in the molecular structure, which is described in the next section.
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Figure 5.4: Sliding friction measurement over single bonds. Comparison
of experimental and simulated energy dissipation over various bonds, as labeled in
Fig. 5.3. Energy dissipation measurements were taken with a tip height difference of
1 pm. Multiple datasets were acquired for each bond to calculate averages, shown as
the thick purple line. The experimental maximum of Fqiss(z) was vertically offset to
align with the theoretical model (yellow bar plot) for each bonds. The shaded purple
area represents the half standard deviation among the datasets and their average.
The horizontal-axis shows the simulated heights of the metal apex (the terminal Cu
atom) relative to the PTCDA plane. Numbers indicate the maximum values.
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5 Sliding friction over single chemical bonds

5.2 Modelling sliding friction

To ascertain the properties of a chemical bond that correlates with higher energy
dissipation, simulations of the sliding surfaces were conducted with Density Func-
tional Theory (DFT) calculations and the mentioned snapping model. The Poten-
tial Energy Surface (PES) experienced by the CO tip is crucial for understanding
the different dissipation mechanisms. It is carefully calculated for every bond using
DFT combined with Machine Learning methods, which is described in section 5.2.1.
Subsequently, the snapping model was applied, as presented in section 5.2.2. This
involves analyzing the calculated PES by varying the tip’s vertical and lateral po-
sitions, the stiffness of the CO tip, and the angle of the bond relative to the tip’s
oscillation direction. Finally, this chapter will conclude with an analysis of bond

order correlation (section 5.2.3) in relation to energy dissipation.

5.2.1 Atomic structure determination

Density Functional Theory modeling was used to determine the atomic positions of
PTCDA molecules as an adlayer structure within a supercell on the Cu(111) sur-
face, as shown in Fig.5.5 A. Although the superstructure observed experimentally
appears to be incommensurate, a commensurate structure was used in this simula-
tion. This approach aligns with previous discussions in the literature [134], which
suggest that using a commensurate structure represents a necessary compromise
between achieving accuracy and managing computational resources. In this con-
text, choosing a commensurate supercell is justified because it offers a reasonable
approximation of the system while keeping computational demands manageable.
To determine the structure of the adlayer, two PTCDA molecules were posi-
tioned within the unit cell according to the geometry suggested by experimental
observations. To find the energetically most favorable structure, a geometry opti-
mization was performed starting from this experimental configuration. Both the
PTCDA molecules and the first two layers of the copper substrate were allowed
to relax, following common practice in such simulations to ensure that the sys-
tem reaches an optimal and physically realistic arrangement. This was carried
out using the FHI-aims quantum chemistry code [135]. The calculation used the

PBE exchange-correlation functional [121] and the T'Ssurf van der Waals correction
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Figure 5.5: DFT calculation process (A) Calculated structure with the supercell.
(B) An example of the calculated potential energy landscape over hydrogen and
covalent bonds.

scheme [118, 122]. Default tight species settings were applied, and the generalized
Monkhorst-Pack k-grid [136] with 44 k-points was used for a reliable sampling of
the Brillouin zone.

The substrate was modeled using a repeated slab approach, where the surface was
approximated by a slab consisting of five layers of copper atoms. During geometry
optimization, all atoms were relaxed until the residual forces on each atom fell
below 0.01 eV/A. The resulting molecular adsorption geometries can be seen in
Fig.5.5 A as a ball and stick representation. For electronic friction calculations, the
default light species settings were used due to the high computational demand of
these calculations. This choice is typical for such studies to balance computational
resources with the necessary accuracy.

The tip interacts with the surface mainly through the CO molecule at the tip
apex [49]. To accurately map the potential energy landscape, it is necessary to
calculate how the CO interacts at each lateral and vertical position above each
chemical bond using a theoretical model that includes quantum mechanical inter-
actions. Because the interaction mainly involves the Oxygen atom [95, 105], the
potential energy landscape was calculated with a vertically-oriented CO molecule.

To computationally determine energy dissipation, PES for the interaction be-
tween a CO molecule and the sample surface are calculated, as shown in Fig. 5.5 B.
Fig. 5.5 B shows slices of the PES, which reveal interactions over hydrogen and co-

valent bonds. Above the CC bond, the interaction energy has a broader shape,
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5 Sliding friction over single chemical bonds

and high values of energy (repulsive interaction) start to appear at higher heights
compared to the O---H bond.

PES were calculated using a machine-learning model based on Gaussian process
regression and radial distance functions, a methodology previously applied to de-
scribe PES of organic/inorganic interface systems [137]. The training data for these
PESs were obtained through DFT calculations, using the same settings as described
earlier. For each chemical bond probed, separate PES were generated. Between
250 and 300 data points were used to train the PES for each specific bond. The
training data was chosen such that it reached a prediction accuracy (based on a
leave-one-out cross-validation error, with a root-mean-square error) of 2meV for
the interaction between the CO molecule and the sample surface. This potential

energy landscape was then used as one of the inputs for a snapping model.

5.2.2 Snapping model

The snapping model simulates how the LFM tip oscillates at a specific point. In
this simulation, the CO molecule at the tip apex is modeled as a torsional spring
that responds to applied forces, while the atoms on the surface are assumed to be
fixed [56, 95, 96]. This approach is similar to the well established probe particle
model [90], which is widely used to simulate images from normal (oscillation direc-
tion relative to the substrate surface) AFM measurements with a functionalized
tip.

The snapping model extends the probe particle model by forcing the CO molecule
to remain in a local energy minimum, allowing for energy dissipation, as briefly
introduced in Fig. 5.1 A. Fig.5.1 A shows the calculated lateral forces over one os-
cillation cycle as the tip interacts with a covalent bond. The observed hysteresis
loop, representing the difference between the forces during forward and backward
motion, supports the hypothesis that energy dissipation results from the mechan-
ical deformation of the tip apex. Specifically, as the CO molecule is cocked and
then snaps over a single bond, energy is lost. The area within this hysteresis loop
quantifies the amount of energy dissipation occurring during this process [56].

Energy dissipation was analyzed by calculating it as a function of both average
lateral and vertical positions, mirroring the way the data were obtained experimen-

tally. This approach accounts for the fact that the chemical bond is not always
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Figure 5.6: Calculated dissipated energy with a various angle and CO
stiffness. Dissipated energy (Fjyiss) is calculated by changing the bond angle relative
to the tip oscillation direction. The dependence of the stiffness of CO at the tip apex
was also evaluated for k values of (A) 22zNm, (B) 14zNm, and (C) 30zNm. The
calculation results were obtained for the CC 2 bond.

perfectly perpendicular to the direction of oscillation [50, 138]. Table 5.1 shows the
bond angle relative to the oscillation direction applied to the calculation. Fig. 5.6A
shows a bond angle (structural) dependent friction calculation over CC 2 bond for
an example. The horizontal-axis is the magnitude of the dissipated energy. Vertical-
axis presents the angle between the chemical bond and the tip oscillation direction
as a range of — /2 to + 7/2. Energy dissipation has a largest value when the bond

angle is perpendicular to the tip oscillation direction.

Bond Name | Angle (degrees) Bond Name | Angle (degrees)
CcC1 -60 CC8 0
CcC 2 -60 cC9 -15
cC 3 45 CC 10 0
cC 4 -15 CC 11 0
CcC 5 45 CC 12 0
CcC6 45 CC 13 0
cCcrT -15 OH 1,2 0

Table 5.1: Bond angles. This table lists the bond names and their corresponding
angles in degrees. The bonds are presented in two separate columns for easier com-
parison.

Another crucial parameter in this simulation is the stiffness of the CO tip. Al-
though the stiffness of the CO molecule at the tip apex has been known as k = 22.0 zZNm
[90, 95], its effect on the simulation is further evaluated by using the different stiff-
ness values as shown in Fig.5.6 B and C. When the stiffness of the CO tip is increased,

the amount of energy dissipated during the snapping event also increases. This is
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Figure 5.7: Z height difference between OH bond and CC bond. (A) Bond
names over the measured area. (B) Energy dissipation over hydrogen (OH) and
covalent (CC) bonds showing that the maximum dissipation is observed at higher
heights over covalent bonds.

because a stiffer CO tip can store more energy before it snaps, resulting in greater
energy dissipation during the snapping process.

To revisit the comparison between experimental measurements and simulations,
as shown in Fig. 5.4, it remains to address the question of why the maximum en-
ergy dissipated is not always higher for covalent bonds compared to hydrogen bonds.
Notably, the simulation results (Fig. 5.4 OH1 and OH 2) show that energy dissipa-
tion over hydrogen bonds occurs at lower tip heights compared to covalent bonds.
Although accurately determining the absolute tip height in measurements is chal-
lenging, the relative height remains meaningful for comparing the height differences
between C-C bonds and O--H bonds. Fig. 5.7 shows the collected data sets over the
labeled bonds within a short time frame, allowing for the assumption that vertical
drift can be neglected. Additionally, the thermal drift was checked by scanning and

comparing the large area before and after acquiring data.

This can be attributed to two main factors: First, the Oxygen atoms in hydrogen
bonds are situated lower than the carbon atoms in the PTCDA molecule. Second,
the significant interaction in hydrogen bonds is primarily with the atomic cores
rather than with the bond itself. Through section 5.1, it is shown that the magni-
tude of energy dissipation (FEyiss) varies across different bonds, including different

types of bonds. Then section5.2.1 provides insights into how dissipation differs
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between bond types and what factors influence these differences using DFT calcu-
lation based on the snapping model. The various magnitudes of Fyi are fitting
well with a simulation.

However, the key question remains unanswered.: whether there is a noticeable
rule or pattern governing the magnitude of energy dissipation and, if so, what that
pattern might be. To address this, it is crucial to explore whether the observed dissi-
pation behavior aligns with specific trends or relationships related to the properties

of the bonds, such as bond order, bond type, or interaction characteristics.
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5.2.3 Bond order

Previous research has established a correlation between the apparent length of a
covalent bond and its bond order [116]. This correlation suggests that the potential
energy landscape experienced by the CO molecule at the tip apex depends on the
bond order. Fig. 5.8 A shows bond orders calculated by DFT.
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Figure 5.8: Characterizing sliding friction.(A) The bond order calculated for
each covalent bond of the PTCDA molecule on Cu(111). (B) Energy dissipation from
the simulation as a function of bond order over covalent bonds, with a linear fit.

The bond order was determined using the Mulliken population analysis based on
orbital populations calculated with the FHI-aims quantum chemistry code. The
FHI-aims code represents the electronic wave function as a linear combination of
atom-centered orbitals, described by spherical harmonics and radial functions, with
cut-offs applied at large distances [135]. The wave function is expressed as a series

expansion in the basis of atom-centered functions:

Gi = ZCMXT <5'1)

where ¢; represents the wave function, x, denotes the atom-centered basis func-

tions, and ¢,; are the expansion coefficients.
To determine the total number of electrons N, the expansion coefficients ¢,; and

the overlap matrix S, are used:
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N = Z Z 2¢).C5iSps = Z P..S,s (5.2)

where P,s = >, 2¢},cs;. By separating the summation into contributions from all
basis functions centered on atoms A and B, the bond order g4p is determined as

follows:

N:ZZPTS‘STS+ZZPTSSTS:ZQA+ZQAB (53)

Here, the second term g4p represents the bond order between atoms A and B,
reflecting the bond strength and nature. This method provides a measure of bond
order for any pair of atoms, including hydrogen bonds, even though bond order is

not typically applied to them.

Fig. 5.8 B shows the energy dissipation as a function of bond order for covalent
bonds within the PTCDA molecule. The analysis considered fifteen covalent bonds.
To assess the relationship between bond order and energy dissipation, the Pearson
correlation coefficient r is first determined. In this case, the correlation coefficient
is found to be r=0.68. This value indicates a moderate to strong positive linear
relationship between bond order and energy dissipation. To evaluate whether this
correlation coefficient is statistically significant, a Student’s t-test is employed. The

t-score is calculated using the formula:

n—2
tscore =T\ 77— 5.4
I (5.4

where n represents the sample size, and r is the Pearson correlation coefficient.
The next step is to determine the confidence level associated with the t-score.
This is done by evaluating the cumulative distribution function of the Student’s
t-distribution using the computed t-score. A one-tailed test is used because the
focus is on validating the significance of a positive correlation coefficient. In this
analysis, a significance level of 99.8 % is obtained. This high level of significance
indicates that there is a very low probability (0.2%) that the observed correlation

is due to random chance.
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5.3 Discussion

This chapter aimed to quantitatively characterize the relationship between the mag-
nitude of energy dissipation over single chemical bonds and the nature of those
bonds using molecular snapping. The snapping technique, previously introduced
to study friction at the single-atom level between sliding surfaces [56], was qualita-
tively established using a simple empirical model.

Building on this work, simulations based on DF'T were employed. While Lennard-
Jones interactions provide a basic description of atomic interactions, DFT offers
greater precision by treating atoms as electron clouds, allowing for a more detailed
calculation of interactions. Machine learning methods were used to optimize com-
putational efficiency in these simulations.

Using a well-characterized tip functionalized with a CO molecule, energy dissipa-
tion over individual chemical bonds, including both covalent and hydrogen bonds,
was mapped. The DFT simulations closely matched the experimental results, vali-
dating the mechanism of molecular snapping.

Interestingly, the nature of a chemical bond cannot be fully determined by the
magnitude of dissipated energy alone. It was observed that hydrogen bonds dissi-
pate energy at lower tip heights compared to covalent bonds, likely due to interac-
tions with atomic cores rather than the bonds themselves.

Section 5.1 covers energy dissipation measurements over various chemical bonds.
Multiple 3D data sets were acquired in a highly stable environment to ensure
reproducibility. Aditionally, the data were collected with different CO tips and
re-prepared surfaces. Defining equivalent chemical bonds on the incommensurate
surface was challenging, but symmetry was identified by comparing Fqgi data sets
acquired with different CO tips and molecular islands. The system has a 1807 rota-
tion symmetry and an inversion symmetry, and confirmed again via DFT-relaxed
positions and electron density.

Section 5.2 details the calculation steps. DFT calculations were performed, and
a machine learning model was trained to refine these predictions. Separate PESs
were calculated for each bond, and the snapping model was applied to determine
energy dissipation. The results also accounted for the angle relative to the sensors
oscillation direction. DFT simulations agreed well with the experimental data and

confirmed that hydrogen bonds dissipated energy at lower heights than covalent
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bonds, likely due to interactions with atomic cores. Finally, analyzing covalent
bonds within the PTCDA molecule showed a clear correlation between bond order
and energy dissipation. Higher bond orders resulted in greater energy dissipation,
with an approximately linear trend.

In conclusion, the investigation of friction over single chemical bonds within the
PTCDA molecule demonstrates that sliding friction over covalent bonds increases
with bond order.

83






6 Phononic contribution to friction

Friction, as described by Newton’s laws of motion, arises when two surfaces slide
against each other, leading to the conversion of kinetic energy into other forms of
energy. A common example of this is rubbing our hands together, where the kinetic
energy from the motion is transformed into heat, raising the temperature of our
skin. This heat generation results from the microscopic interactions at the interface
of the sliding surfaces.

At the nanoscale, frictional energy dissipation becomes even more complex due to
various mechanisms, including phononic, electronic, electromagnetic, and quantum
effects. These mechanisms depend on factors like the material properties, sliding
velocity, and temperature. However, current theoretical models often consider these
mechanisms in isolation, leading to a fragmented understanding of friction. For
instance, the widely used Prandtl-Tomlinson model [43, 44| effectively describes
atomic-scale friction but may obscure the underlying processes that contribute to
energy dissipation.

Experimental evidence shows that different mechanisms, such as phononic or
electronic friction, can dominate under specific conditions. Despite this, a unified
theoretical framework that consistently accounts for these diverse mechanisms re-
mains elusive, and direct experimental validation is still needed. It is also crucial
to differentiate between the loss of momentum and the conversion of energy into
heat, as these processes can occur at different scales and involve various internal
degrees of freedom within the materials.

The debate over the mechanisms contributing to friction, particularly the role
of phonons, has been a significant point of contention. For example, experiments
by Cannara et al. on Hydrogen and Deuterium covered surfaces suggested that
phononic contributions are significant, with Hydrogen-covered surfaces exhibiting
higher friction due to higher vibrational energy [139]. In contrast, Mo et al., through

molecular dynamics simulations, found no clear trend between the mass of the
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terminating layer and frictional force, suggesting that other factors might explain
the differences in friction rather than phononic effects alone [140]. Their debates
began a decade ago and have been revisited until now [141-144].

These experiments were conducted using friction force microscopy (FFM), a tech-
nique that, while capable of producing atomic-scale contrast, typically involves mul-
tiple atomic contacts. Around the same time, atomic resolution experiments using
STM and nc-AFM were conducted on Hydrogen-terminated surfaces, advancing
our understanding of surface interactions at the atomic level [145, 146].

Building on these concepts, we employed LFM to directly measure friction with
single-atom resolution. Unlike previous studies focusing on Hydrogen adsorption
and desorption, our approach combines the high-resolution capabilities of AFM with
a focus on phononic contributions to friction. By comparing friction measurements
using Hydrogen-terminated tips with those using Deuterium-terminated tips, the
study aims to isolate and understand the role of phonons in friction at the atomic
scale.

To examine phononic effects exclusively, isotopes of different masses are used in
this chapter. In section 6.1, isotopes of CO molecules at a tip apex as is described
as an extension of the previous chapter 5. Section 6.2 covers a simple theory about
phononic friction and discuss the isotopes used in this chapter. Section 6.3 presents
the energy dissipation measurement over the surfaces of Hydrogen- and Deuterium-
terminated Si(100) with a single atom resolution. This final chapter takes another
step toward resolving the debate [139-141].

6.1 Vibrational properties of a CO tip

The oscillation frequencies of a molecule on a surface are defined by the distribution
of mass within the molecule and the restoring forces generated when the molecule
bends [147, 148]. These restoring forces arise from atomic-scale interactions both
within the molecule and with the surface, and are crucial to the molecule’s dynamics
and reactivity [141].

One way of changing the distribution of mass within the molecule without chang-
ing its chemical properties is the use of isotopes [139]. To this end, identical bonds

were probed using tips terminated with different CO isotopes, as an extension of
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Figure 6.1: CO isotopes on Cu(111). (A) Large size STM image of the Cu(111)
surface with 12C'%0 and PTCDA islands. (B) Zoomed in area of the surface in (A),
indicated with a red rectangle in (A). (C) Same area scanned after dosing 2C'%0O
additionally. By comparing with (B), 2C160 and 2C'®0 can be recognized. Scan
parameters were set identically for each image, Vg =400 mV, Iy =50 pA.

the previous chapter. The isotopes used in this study are '2C'°O, which was also
used for the experiments presented in the previous chapters, and *2C*®0. Fig. 6.1 A
and B show Cu(111) after the adsorption of ?C'®Q. The area indicated with a red
rectangle in Fig.6.1 A is the same area shown in Fig.6.1 B and C. After scanning
Fig. 6.1 B, the tip was retracted and 2C*®0O was carefully dosed. The tip was only
slightly retracted (around 10 steps with a z-piezo walker) to stay at the same lo-
cation over the sample, and 2C'80 was dosed in for a short time of 1 minute to
prevent the tip from crushing into the sample due to an increase in temperature.
By comparing the images before and after the dosing, 2C1°0O and '2C'80 were
recognized as shown in Fig. 6.1 C. Additionally, techniques such as inelastic scatter-
ing (e.g. with helium atoms or electrons) can be used to distinguish the isotopes
since the vibration frequencies of the molecules are different due to their different
masses. The energy lost by the scattering particles corresponds to the vibrational

excitations of the molecules (see section 2.1) [149, 150].

Isotope- specific vibration spectra of individual molecules have been mesured
with Inelastic Electron Tunneling Spectroscopy (IETS)[67]. The excited vibra-
tional states can be observed as peaks in the second derivative of the current-
voltage curve [67, 151]. These peaks correspond to the vibrational excitations of

the adsorbed molecule in the experiment described in this section. Furthermore,
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6 Phononic contribution to friction

a uniform and well-characterized single atom tip was used, checked by the COFI
technique [152] before the IETS measurements, as described in section 3.3 and 2.1
for each. This is important because optimizing both the apex structure and ma-

terial of the tip enhances the resolution of the IETS signal [152]. To measure the

differential conductance (<% ) and IET signals ( %

with a 3mV rms amplitude) is applied to the sample, and detected harmonics are

), a modulation voltage (496 Hz

processed via a lock-in amplifier integrated within the Nanonis system.

Fig. 6.2 A and B show normalized IETS measured over CO molecules including iso-
topes. The normalized TETS are calculated as the second derivative of the current-
voltage curve divided by the conductance. This normalization helps to isolate the
vibrational features from the overall conductance and provides a clearer picture of
the vibrational states[151, 152]. Additionally the IETS on a flat Cu(111) surface
has been subtracted from that measured on top of the CO molecules. Fig.6.2B
shows spectra acquired with higher resolution, in a narrower voltage range. This
regime corresponds to the frustrated translational (FT) modes (Epr = 4.2meV),
one of two lateral vibrational modes, as shown in Fig. 6.2 C [153]. The correspond-
ing energy of frustrated rotational (FR) modes of CO is Epg =35.4meV [152-155].
The spectra were recorded at a height corresponding to a setpoint of Vg =50 mV
and s =5 nA. The energy states of the FT mode were identified by looking at the
peak with the highest IETS value around 4.2meV and finding its corresponding
Vi. This yields 2C*®O has an Epr value of 4.7 meV, while 2C*0O has 4.3 meV and
4.2meV, as shown in Fig.6.2 B.

Although two vibrational modes are nicely measured, it requires further data
processing (e.g.normalization and subtraction) to recognize the small difference be-
tween the peaks. For this study, the bias line is connected to the Nanonis controller
at room temperature (/= 300 K), which results in thermal noise of % ~ 6 THz
where kp is the Boltzmann constant and h is the Plank constant. The RF noise
causes the Vg to smear out, leading to a broadening of the spectroscopic features
along the Vg (energy) axis. This decrease the precision in determining the peak
positions [153, 156]. To minimize this effect, it is recommended to use appropriate
low-pass filters, properly grounded and shielded pre-amplifier and shielded cables.
Therefore, the isotopes were identified using both IETS and scanning [156]. Their
locations were reconfirmed by comparing the images obtained before and after iso-

tope dosing.
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6.1 Vibrational properties of a CO tip

A B
2
b — 10 P
; N os|
® y L z,
) J =0
S ‘ j 0 2
= i FT mode FR mode
Lu ¥ <
@
9

Ve (MV)

Figure 6.2: Measurements of the vibrational energy of CO isotopes.
(A) Normalized IETS measured over three different CO molecules, including isotopes.
The spectra were obtained from the molecules indicated in Fig. 6.1 C. (B) Normalized
IETS of the FT mode. Measured over the same molecules used in (A), but within
a narrower voltage range. The energy states of the FT mode were identified by ex-
amining the peak with the highest IETS value, around 4.2 meV, and determining its
corresponding voltage, Vz. This yields that 2C'60 has an Epr value of 4.7meV,
while 12C'80; has 4.3meV and '2C'0, has 4.2meV (C) Schematic images of FT
mode (left) where the C and O atoms deflect in the same direction and FR mode
(right) where they deflect in opposite directions. The setpoint durng measurement
was Vg =50mV and It =5 nA. The lock-in modulation voltage was 3mV.

PTCDA molecular islands on Cu(111) were selected as the test system to probe
with isotope CO-functionalized tips, extending the study from the previous chapter.
Fig. 6.3 illustrates the measurement region and the corresponding dissipated energy.
Bond 1, which is relatively perpendicular to the tip oscillation direction (indicated
by the red arrow in Fig.6.3 A), was selected due to its rigidity, allowing for an
accurate measurement. Bond 2 is located near the O atom, where it forms a bond
with an underlying Cu atom and exhibits a buckling effect. These two bonds were
examined due to this additional interesting characteristic.

The tip was functionalized after distinguishing the CO isotopes via IETS and
comparing the scanned images of the same area before and after isotope dosing. The
CO pick-up conditions were identical for both isotopes as shown in section 3.3. After

pick-up, the tip was moved to the same location, and the same bond of the same
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Figure 6.3: Dissipated energy measured with CO isotope tips. (A)The
locations of the bonds where dissipated energy was measured. Energy dissipation
was recorded with a tip height spacing of 1 pm. Multiple datasets were collected
from the same bond to calculate the averages. (B)The thick purple line represents
the averaged data (AVG) acquired with a '2C!O tip, while the thick yellow line
shows the averaged data with a 2C1®0 tip. Measurements over Bond 1 are shown
on the left, and Bond 2 on the right, as indicated in Fig.6.3 A. The shaded area
represents half of the standard deviation (SDD) of the multiple datasets and their
average. The numbers indicate the maximum value of the averaged dissipated energy
and half of the standard deviation.

molecule was measured to ensure a direct and accurate comparison. The locations
of the measured bonds are indicated in Fig.6.3 A, and the measured dissipation
energy is shown in Fig. 6.3 B.

The dissipated energy was measured with a tip height spacing of 1 pm. Multiple
datasets were acquired over the same bond, and used to calculate averages. The
thick purple line in Fig. 6.3 B represents averaged data (AVG) acquired with ?C180
tip and the thick yellow line shows averaged data acquired with 2C1°0O tip. The
left side figure of Fig. 6.3 B is measurement over Bond 1 and the right side is mea-
surement over Bond 2, indicated in Fig.6.3 A. The shaded area represents the half
standard deviation (SDD) of the multiple data sets and the average of them. The
written numbers are the maximum value of the averaged dissipated energy and half

standard deviation.
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6.2 Simple Theoretical Derivation

The vertical distances (horizontal axis) represent the relative tip heights, with
0 defined as the height at which the maximum value of dissipated energy was
acquired. The measurements with the 2C!0O tip has a wider peak width, and
larger maximum value. However, the difference is within the standard deviation,
so it is hard to clearly distinguish them. To understand how phonons contribute to
energy dissipation, the next section will discuss simplified phononic friction theory,

following Persson’s idea [2].

6.2 Simple Theoretical Derivation

Our current understanding of atomic-scale friction remains semi-phenomenological.
While mechanisms involving phonons [157-161] or electronic [162-164] interactions
are frequently cited, several crucial questions about friction are still unresolved.
Firstly, what is the timescale over which energy and momentum losses become
irretrievable? Specifically, how does kinetic energy convert into heat distribution,
and what is the duration of this conversion process? Another important question
is how and on what timescale mechanical energy transitions into heat, particularly
through phonon interactions. How swiftly does this conversion occur once the
mechanical energy is transformed into heat?

In this section, these mechanisms will be addressed using a simplified model,
aiming to bridge the gap between theoretical predictions and experimental findings.
The model incorporates elastic collisions and estimates the propagation of energy
from the excited atom based on the speed of sound within the material. The
model is based on the framework developed by Persson [2], which simplifies the
adsorbate oscillation as a collision with the substrate. Persson developed a model to
explain the phononic contribution to friction, specifically focusing on the interaction
between an adsorbate monolayer and a single moving surface [2]. In this model,
friction arises from inelastic collisions between vibrating adsorbates and the surface.
While this setup does not perfectly align with the conditions observed in AFM
measurements, where confined atoms are chemisorbed to one surface and interact
with the other under load, the authors in Ref.[139] suggest that the model still

offers valuable qualitative insights.

The applicability of this model to real-world systems, such as AFM experi-
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6 Phononic contribution to friction
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Figure 6.4: Model description with collision. (A) The elastic collision process
between the tip and a surface Hydrogen atom. my denotes the effective mass of the
tip portion involved in the collision, moving with velocity vy. The massmy collides
with a stationary Hydrogen atom, with mass my, adsorbed on the surface. As a
result of the collision, the Hydrogen atom gains energy. The total momentum is
conserved before and after the collision. (B) A schematic of the frictional interface.
Vibrating adsorbates collide with and dissipate kinetic energy from the moving tip
at a rate that depends on the adsorbates frequency and thus its mass.

ments, also raises important questions regarding the timescale of inelastic collisions.
Whether it can be measured, and what exactly is being measured during such ex-
periments, are crucial considerations. These inquiries continue to drive research
into friction mechanisms. After the model description, the concept of the speed
of sound within the material is employed to provide a brief understanding of the

timescale associated with phononic contribution to friction.

When a body slides over a surface, the kinetic energy of the moving body (tip)
is partially converted into the vibrational energy of the surface atoms, which can
be represented as phonons. This increase in vibrational energy contributes to heat
generation, and as friction generates heat, it raises the local surface temperature.

The first mechanism is illustrated using an elastic collision, as shown in Fig. 6.4 A.

Fig. 6.4 A illustrates the simple one-dimensional elastic collision process. my rep-
resents the mass of the portion of the tip effectively involved in the collision. The
tip, moving with a velocity vy, collides with a Hydrogen atom adsorbed on the sur-
face, which has a mass my and an initial velocity as zero. As a result, the collided
Hydrogen atom gains energy. The total momentum is conserved before and after
the collision:

myvy = Myvy + myvy (6.1)
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6.2 Simple Theoretical Derivation

where v; and v}y are the velocities of tip and adsorbed H atom after the collision.

The total kinetic energy is conserved before and after the collision:

1 1 1
imtvf = §mtv€2 - imva (6.2)

By substituting v;{ from Eq.6.1 into Eq.6.2, the velocity of Hydrogen after the

collision, vy, can be derived as vy = %

2,2
%. The same process is applied to the D atom.

Then, the kinetic energy of Hydrogen
after the collision, %mva, is
To compare both systems, the ratio of the kinetic energy of the atoms after the

collision can be obtained as follows:

Ep _ (my +my)* mp
EH (mt + mD)2 my

mp

(6.3)

The mass of the portion of the tip effectively involved (my) and the initial velocity

of that portion (v;) are assumed to be the same for both cases.

Assuming my >> mpp where the effectively involved tip mass is much larger

than the mass of the adsorbed atom, this can be interestingly rewritten as
—_— o —, (6.4)

This simple model predicts that an D-terminated substrate will dissipate twice the
energy per collision compared to a H-terminated substrate. However, this shows
opposite results to Persson’s model, which is described in Ref. [2] and has been used
to explain the experimental results[139, 165]. While Persson and Cannara et al.
explained similar systems using a rate of energy dissipation per unit time [2, 139],
the elastic collision model in this section focuses on the kinetic energy resulting
from the different masses of the adsorbates in a single collision. A description of

Persson’s model can be found in appendix .2

When applying the same theory to the case of CO isotopes (see section6.1),

equation 6.4 gives:
dElQCl8O _ Mazciso 30u

= ~ 1.07 6.5
dE12CI6O mizgiep 28u ( )

Using the measured maximum values of dissipated energy from Fig. 6.3, the ratio

of dissipated energy can be calculated, yielding for the measurement over Bond 1,
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6 Phononic contribution to friction

;@iﬁ = 120 =1.04, and for the measurement over Bond 2, Zgigizg = 55=107.
These values agree better with the Person’s model output in appendix.2. However,
the experiment requires a very high signal-to-noise ratio since the mass ratio is
very small between 12010 and 2C80. While the average value from multiple
measurements shows good agreement, the standard deviations of these data sets
overlap, as shown in Fig. 6.3.

Using a surface terminated with H/D would result in a larger difference in energy
dissipation, as calculated above. The mass of the H atom is nearly half that of the
D atom, and their relative masses compared to the surface atom are also signifi-
cantly larger. In section6.3, H/D terminated Si(100) is used. While the Si(100)
surface is very reactive because of unsaturated bonds, it allows for a controlled
and reproducible termination of the surface with H or D atoms. Additionally, the
surface can be terminated with a single layer of atoms, making it easier to study
the effects of different terminants.

Then, the second question was how quickly the generated phonon modes dissipate
after a collision. The speed of sound within the material provides a framework for
understanding this process (see Fig.6.4B).

Previous studies have investigated the lifetimes of vibrational levels of hydro-
gen adsorbed on the Si(100) surface. These studies reveal that the lifetimes of
the lowest vibrational levels differ significantly depending on the mode: stretching
modes have lifetimes on the order of nanoseconds, while bending modes lie in the
picosecond range, as shown by computational models in Ref. [83]. For example, the
lowest stretching mode has a lifetime of 2130 ps, and the lowest bending mode has
a lifetime of 1.35 ps at zero temperature in their calculation. Their calculation
of the the lifetimes of stretching modes is consistent with available experimental
observations [83], range from 6 ns to 1.2 ns, depending on temperature.

However, AFM operates in the much slower kHz measurement regime. Therefore,
what we are measuring is not the effect of a single collision, but rather the average
outcome of multiple collisions.

This time scale can again be checked by comparing it with the peak width of
CO’s FR mode. In Fig. 6.2, the peak width is around 5 meV. Note that the IETS
peak contains more than a single phonon mode and depends on the tip shape. Also,
the use of a AC voltage amplitude of 3mV introduces an artificial broadening in

the measurement, which means the observed linewidth is wider than the actual
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6.3 Friction measurement over H/D -Si(100)

(natural) linewidth. According to the Heisenberg Uncertainty Principle, AE - At >
I
29
reduced Planck’s constant (A = 4= ~ 1.055 x 1073 J - s). By substituting the

1.055x10~34 J. _ —14 _ 1
values, At > 2X(5X10,36V:1.602X1§,19 ) = 6.59x 107%s, and Af = 57 ~ 15.2 THz.

Since the measured linewidth includes contributions from the applied AC voltage,

where AF is the uncertainty in energy, At is the uncertainty in time, A is the

the calculated lifetime, which is based on this linewidth, underestimates the true
lifetime of the system. Therefore, it provides only a brief understanding of the

vibration mode’s time scale.

6.3 Friction measurement over H/D -Si(100)

The Si(100) surface, in its clean and unsaturated state, exhibits rows of silicon
dimers [166, 167]. These dimers, consisting of pairs of silicon atoms, bond together
and align in parallel rows across the surface. On an atomic terrace, these dimers
line up in one direction, while on a lower terrace, which is one step down, the dimer
rows are orthogonal to those on the upper terrace. This creates a regular, patterned
arrangement visible in STM images as shown in Fig. 6.5 A. The unsaturated dimers
are highly reactive, often buckling or bending due to their high reactivity and the
strain in surface bonds[166, 168-171]. Fig.6.5B and C are LFM A f images of the
unsaturated surface measured over the same region, different tip height. Fig.6.5C
is a measurement 20 pm closer to the surface, and shows that the tip changed
during scanning (indicated with a red arrow). The height variations, related to
dimer buckling and step edges between terraces, make it challenging to scan bare
Si(100) surfaces without changing the tip.

When the Si(100) surface is terminated with Hydrogen or Deuterium (H/D-
Si(100)), the Si dimers become saturated with H or D atoms [172]. Fig.6.6 A shows
a STM image after deuterium termination. H or D termination causes the surface
to rearrange into a 2 X 1 symmetric pattern, as shown in Fig.6.6 B. The prepara-
tion process is described in Sec. 3.2. Different patterns such as 3 x 1 or 2 x 2 can be
achieved by varying the temperature of the Si(100) surface during the termination
process [172, 173].

The STM image of a H/D-Si(100) typically shows a periodic array of bright spots
corresponding to H/D atoms bonded to the Si atoms [166]. The STM resolution can
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6 Phononic contribution to friction
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Figure 6.5: Bare Si (100). (A) STM image of a Si(100) surface showing dimer rows.
The dimer rows on the lower terrace are orthogonal to those on the upper terrace.
VB =-800mV, Iyt =30pA. (B) LFM image scanned with an oscillation amplitude of
50 pm. White dots correspond to the location of Si atoms. (C) Same area as (B),
tip height is 20 pm lower. Tip changed at the area indicated with the red arrow. For
LFM measurements, Vg was set to zero.

be high enough to resolve individual H atoms and the underlying Si atoms [174].

H/D termination makes the surface much less reactive, thus more stable. LEM
images usually reveal a more even surface with less chemical reactivity, resulting in

less tip changes, as shown in Fig.6.6 B and C.
When the sample is aligned such that the tip oscillation is parallel to the Si

dimer rows on a given terrace, moving to a higher or lower terrace allows for data
collection with the tip oscillating perpendicular to the dimer rows, as shown in,
Fig.6.6 A. This setup allows the investigation of frictional stiffness both parallel
and perpendicular to the dimer rows [50]. This section will focus more on exploring
phononic friction by comparing H-Si(100) and D-Si(100), rather than examining
the directional dependence of friction.

By slicing the Si wafer along the [011] plane, the [011] direction can be aligned
with the tip oscillation inside the vacuum chamber. The sample was cut by hand
and placed on a sample holder before being put in the vacuum chamber. The angle
between the dimer rows and the tip oscillation direction is approximately 8F (or
981) degree, measured from the obtained LFM image, Fig. 6.6 C. The tip oscillation
direction is indicated with a red arrow.

To ensure a known tip apex configuration, a single D atom was picked up before
acquiring the 3D data set. Accurate tip positioning is crucial, as incorrect posi-

tioning can lead to improper Hydrogen removal [174]. Both STM and LFM images

96



6.3 Friction measurement over H/D -Si(100)
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Figure 6.6: D terminated Si (100). (A) STM image of the D-Si(100) surface
showing dimer rows. The dimer rows on the lower terrace are orthogonal to those on
the upper terrace. Vg =-800mV, Iyt =30pA. (B) STM image over a single terrace.
Dimer row has a perpendicular direction relative to the oscillation direction for this
image. (C) LFM constant height Af image scanned with oscillation amplitude of
50 pm. Vg =0 to prevent the tip crushing into the surface. The scanned area is the
same as in (B), but smaller image size. White dots correspond to the location of D
terminated Si atoms. The detailed location will be discussed in the next figure. Tip
oscillation direction is indicated with a red arrow.

were used to precisely locate the tip above a Hydrogen atom. After checking the lo-
cation of the atoms with LFM imaging and positioning the tip, the STM feedback
was turned on with parameters of 1.3V and 50 pA for the H/D pick-up process.
Fig.6.7 A and B show the STM and LFM images before the D pick-up. To pick up
a single H or D atom, a short voltage pulse was applied while the STM feedback
was on. As illustrated in Fig.6.7 C, this results in the selective desorption of the
H or D atom under the tip apex, which is often transferred to the tip. Fig.6.7
shows a typical STM image of the created single dangling bond. In accordance
with earlier studies, the removed H/D creates a dangling bond that appears as a
bright protrusion as a change in the local tunneling current [145, 146]. If the tip
successfully picks up a H/D atom and becomes bonded to the tip apex, the imaging
resolution also changes. This is similar to what is well known for the CO molecule,
where once it is picked up by the tip apex following a voltage pulse it enhances the
STM and AFM contrast [52].

Interestingly, the magnitude and duration of the bias pulse differ between the H
and D pick-up conditions. The H atom was picked up using a voltage pulse of 1.8V
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6 Phononic contribution to friction

Figure 6.7: Single H/D pick up (A)STM image of D-Si(100) rows before D
pick-up. Vg =-1.8V, it =50pA. (B) LFM image of D-Si(100)rows before D pick-
up. Oscillation amplitude is 50pm. (C)STM image of same area after pick-up.
dangling bond is brighter than surrounding region. Scanning parameter is Vg =1.3 'V,
It =50 pA. (D) LFM image after D pick-up. Oscillation amplitude is 50 pm. The
oscillation direction is parallel to the figures. The bias is applied to the sample side
for all measurements.

for 20 ms, while the D atom was picked up with a higher voltage of 2.2V for 40 ms.

The LFM image after pick-up can be used to check the single atom tip apex,
similar to the COFI mechanism (see section 3.3), as shown in Fig.6.7D. The dan-
gling bond is represented as a protrusion in LFM image when scanned with a D
terminated tip. This indicates that the dangling bond formed by removing the
terminating atom has an attraction interaction with the D atom at the tip apex.
However, the initial structure of the tip apex before picking up a H atom can
vary [175], so the Htip bond is not necessarily identical across all H-functionalized
tips. This variability is similar to the differences observed with CO-functionalized
tips.

Then, the positions of the atoms and dimer rows were determined via procedure
indicated in Fig.6.8. First, the LFM and STM images were compared, as shown
in Fig.6.8 A. The same region of the surface was scanned using LFM (left side
of Fig.6.8A) and STM (right side of Fig.6.8 A). As described before, the dimer
rows on the surface are oriented at an angle of 8° relative to the tip oscillation
direction, which is indicated with a red arrow in Fig.6.8 A,B and C. For easier
interpretation, the scanned images were rotated by —8° in the analysis. White
dots indicate Hydrogen atoms, solid lines trace dimer rows, and dotted lines denote

spaces between rows.

Fig. 6.8 B presents the calculated potential energy derived from the Af image,
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Figure 6.8: Process for finding the location of atoms (A) Same region of
D-Si(100) scanned with LEM (left side) and STM (right side). Dimer rows have an
angle of 8° relative to the tip oscillation direction. Tip oscillation direction is parallel
to the figures. In analysis, scanned images are rotated —8° to help eyes. The white
dots are locations of H atoms. The solid lines are guiding the dimer rows, and the
dotted lines are corresponding to the space in between the rows. (B) Calculated
potential energy from Af image of (A) using Fourier method. It additionally helps
where the atoms and rows should be, qualitatively, while the potential value is not
accurate quantitatively. (C) Egiss image scanned simultaneously.

shown in the left side of Fig.6.8 A, using the Fourier method [79]. This helps vi-
sualize the arrangement of atoms and rows, though the potential values are not
quantitatively accurate. The dimer row locations obtained from Fig. 6.8 A show a
slight offset between the STM and LFM images. It is known that AFM and STM
images do not always match perfectly [151].

These small discrepancies in atom locations were corrected by comparing with
potential energy images. The maximum energy points indicate where the atoms
are expected to be. The atom locations determined through this process were then
used as references for analyzing the dissipated energy (Fqiss) image, as shown in
Fig. 6.8 C. Fy; is calculated from the excitation of the LFM drive and was obtained
simultaneously with the LEM A f image used for Fig. 6.8 B.
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Figure 6.9: 3D data acquired over 2Xx1 reconstructed D-Si(100)
(A) Schematic figure for the top view of the D-Si(100) surface area showing the 2 x 1
reconstruction. D atoms are indicated with a white color, and Si atoms are indicated
with a yellow color. The lattice constant of the bare Si(100) is 543 pm. The distance
between dimer rows is 420 pm, and the spacing between individual dimers within the
same row is 384 pm and 348 pm. (B) Side view along the y-z direction, where z is the
surface normal and y is parallel to the dimer rows. (C)Direction of tip oscillation
relative to the (x, y, z) coordinates in (A) and (B). (D)-(F) Images from the 3D data
set obtained at the lowest tip height. Data sets are rotated 8 degree from the raw
data. (D) Calculated Egiss, (E)calculated lateral force using Af data (F), via the
Fourier method [79]. Figure (G) shows extracted images along xz direction from the
data set. Arrows in (D) indicate the locations of x axis of each extracted xz planes,
with D atoms location (white dots). The dotted line shows the spacing between dimer
rows, and the solid line represents the spacing within dimer rows.

Fig. 6.9 shows 3D measurements over D-Si(100) surfaces by changing the tip
height. The data were acquired in constant height mode with a height increment of
2pm. Fig.6.9 A provides a top view of the measured area on the D-Si(100) surface,
which is characterized by a 2 x 1 reconstruction. D atoms are represented with

white color and Si atoms as brown color. This 2 x 1 reconstruction results from the
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6.3 Friction measurement over H/D -Si(100)

surface rearrangement of Si atoms following D termination, which minimizes surface
energy. Consequently, the surface unit cell is twice as long in one direction compared
to the other, forming a rectangular lattice with dimensions of 2 x 1. Silicon atoms
are paired along the [110] direction, creating a dimer row.

The lattice constant of the Si(100) surface matches the bulk silicon value of
approximately 543 pm. The distance between dimer rows is approximately 420 pm,
the distance between individual dimers within the same row is 348 pm, and the
spacing between adjacent dimers within the same row is about 384 pm [50].

Fig. 6.9 B provides a side view along the y-z direction, with z as the surface normal
and y parallel to the dimer rows. Fig.6.9C shows the tip oscillation direction
relative to the defined coordinates. Fig.6.9 D-F shows slices from the 3D dataset
of D-Si(100) acquired at the lowest tip height. The arrows indicate the measured
locations, as shown in Fig.6.9 A and B, with matching colors. The locations of H
atoms are marked by white dots. The dotted line guides the spacing between dimer
rows, while the solid line indicates the spacing within the dimer rows.

Fig.6.9D shows an Ejg; image obtained from the excitation data. The Egi im-
age reveals significant dissipation between dimer rows (magenta), over atoms (sky
blue), and in the spaces between adjacent dimers within the same row (purple).
Fig.6.9E presents the A f data used for calculating the lateral force, while Fig. 6.9F
shows the calculated lateral force via the Fourier method [79]. Attractive inter-
actions are observed above the atoms and dimer rows, in contrast to the regions
between the rows.

Fig. 6.9 G presents extracted images along the xy direction from the data set. The
arrows in Fig. 6.9 B and D indicate the locations for each xz plane, highlighted with
corresponding colors, with D atoms shown as white dots. z axis is corresponding
to the surface normal direction. The dotted line guides the spacing between dimer
rows, and the solid line represents spacing within the dimer rows. The data were
obtained over a total vertical distance of 40 pm, with a 2 pm increment between each
slice, and the indicated numbers in Fig.6.9 G shows 10 pm tip height differences.
Fig.6.10 shows the lowest 10 slices of full data set. The data was acquired by
decreasing the tip heights, until the tip lost D atom at its apex. z=0pm is defined
as the height at which the tip lost its terminated front atom.
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Figure 6.10: Energy dissipation acquired over D terminated Si (100). Dis-
sipated energy, Fyiss, is acquired from excitation data, by changing the tip height.
z=0pm is defined as the height that the tip loses the H atom at its apex. The
images were acquired for 2 pm tip height differences. Dimer rows are parellel to the
oscillation direction. White circles are location of H atoms.

Dissipation initially appeared as a line or rectangular shape over individual atoms
at z=14 pm. As the tip approached the surface, dissipation was also observed over
the dimer rows and in the spaces between them, forming a triangular shape. This
triangular shape arises because the potential energy varies along the row, depending
on the distance to the atoms.

The Egiss data for D-Si(100) is then compared with that for H-Si(100). Fig.6.11 A
shows slices of the 3D dataset acquired with single H terminated tip at a tip height
of z=12 pm over H-Si(100). The tip height of z=0pm is defined as the position at
which the tip loses the H atom at its apex, consistent with the definition used for the
tip height in D-Si(100). As mentioned before, the pick up condition was already
different, in line with expectations of difference in Fg. The data acquisition
process is same with the data set of D-Si(100). D-terminated tip was lost earlier
than H-tip for this data set. The colors of the arrows are consistent with those in
Fig.6.9. Magenta indicates the spaces between rows, sky blue indicates the space
over atoms, and purple represents the spaces within the same rows.

Dissipation patterns, as shown in the first image of Fig.6.11 A, are similar to
those observed over D-Si(100), with triangular shapes appearing both over and
between rows. However, there are differences in the shapes observed in A f images,
shown in the second image of Fig.6.11 A. These differences may be attributed to
variations in the tip apex configuration. Despite thorough checks for single atom

pick-up, variations in the tip apex above that single atom can influence imaging.
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6.3 Friction measurement over H/D -Si(100)
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Figure 6.11: 3D data acquired over 2x 1 reconstructed H-Si(100)
(A)Images from the 3D data set obtained at z=0pm tip height. Data sets are
rotated 8 degree from the raw data. Left figure is Fgiss, middle one is Af data used
for calculating lateral force, as shown in right. (B) Subtracted Eg;ss images along xy
direction from the data set. Arrows in (A) indicate the locations of y axis of each
xz planes, with H atoms location (white dots). The dotted line shows the spacing
between dimer rows, and the solid line represents the spacing within dimer rows.

For example, variations in the tip’s apex or potential contamination can influence
the resolved images, revealing additional structural details, such as the underlying
silicon atom arrangement. The lateral force image, shown in the third figure of
Fig.6.11 A, is calculated using the Fourier method and exhibits a pattern similar
to that observed for D-Si(100) [79]. The image reveals attractive interactions above
the atoms and rows, compared to the surrounding areas.

Fig.6.11 B shows extracted images along the xy direction from the data set. The
arrows indicate the y-axis locations for each xz plane, with H atoms shown as white
dots. The dotted line guides the spacing between dimer rows, and the solid line
represents spacing within the dimer rows. The data were obtained over a total
vertical distance of 64 pm, with a 2pm height difference between each slice. The
color scale is used with the same range in Fig.6.9 G. Fig.6.12 shows the lowest 19
slices of full data set. The tip height z=0pm is defined as the height at which the
tip loses its H atom at the apex. As the tip height decreases, dissipation begins to
appear, initially as lines or rectangular shapes over atoms. As the tip gets closer
to the surface, dissipation is also observed over the dimer rows and in the spaces
between the rows, forming a triangular shape. This triangular dissipation pattern
occurs because the potential energy varies along a row, depending on the distance

to the atoms.
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Figure 6.12: Energy dissipation acquired over H terminated Si(100). Dis-
sipated energy, Fqiss, 1S acquired from excitation data, by changing the tip height.
z=0pm is defined as the height at which the tip loses its H atom at the apex. The
images were acquired for 2 pm tip height differences. Dimer rows are parallel to the
oscillation direction. White circles are location of H atoms.
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Figure 6.13: Energy dissipation plot as a function of tip height. The maxi-
mum Fgiss values from each slice are plotted as a function of tip height. Egiss values
were obtained from multiple locations: between dimer rows, directly over atoms, and
across dimer rows, represented by magenta, sky blue, and purple colors, respectively.
For each yz line, which includes 4 or 5 atoms, Fgiss values were collected from 4 data
points per atom. These data points were averaged, and the standard deviation was
calculated to quantify variability. The same methodology was applied to locations
across dimer rows and between dimer rows to ensure a comprehensive analysis. The
numbers written in the figures indicate the averaged values and the standard devi-
ation values multiplied by 0.5. The tip height z=0pm is defined as the height at
which the tip loses its H or D atom at the apex.

To quantitatively compare the dissipation behaviors of D- and H-terminated

Si(100) surfaces, the maximum Fg;s values from each slice are plotted as a function

of tip height, as shown in Fig. 6.13. These Fy;ss values were obtained from multiple

locations, including positions directly over atoms, across dimer rows, and between

dimer rows, as previously indicated with arrows. In each yz line, which includes four

atoms, the Eg;ss were collected for each atom. These data points were averaged to

provide a representative value for each slice. Additionally, the standard deviation

was calculated to quantify the variability. The same process was applied to the

other locations: across dimer rows and between dimer rows.
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6 Phononic contribution to friction

The grid sizes are kept the same for both the x- and y-axes in H- and D-terminated
Si(100) for the accurate comparison. Compared to CO tips, single H/D tips are
more prone to losing their apex atoms, making it challenging to obtain a complete
dataset of Egis(z). Despite this, the data at z =0 pm, defined as the height at which
a single H/D atom is lost from the tip apex, can still be compared. Additionally,
the plots are fitted with an exponential function to analyze the trends.

Applying the model introduced in appendix .2, H/D can be modeled as an atom
colliding with a Si atom at the surface. According to Eq.10 in appendix.2, the

ratio of energy dissipation between H and D is given by:

EH mp 2.014u
— N — = ~ 2.00 6.6

The dissipation ratios for H and D atoms can be determined by analyzing the
maximum values of the dissipated energy (Fqiss) at z=0pm from the data shown
in Fig.6.13. The ratio of dissipated energy for measurements taken between the

dBy _ 46

rows is calculated as ar = 31 ~ 148 This indicates that the energy dissipation

for Hydrogen is approximately 1.48 times greater than that for Deuterium in these
dEy _ 6.5

regions. For measurements taken directly over the atoms, the ratio is e =31 =
1.91. Here, the energy dissipation for Hydrogen is about 1.91 times greater than
that for Deuterium. This value is closer to the theoretical expectation of 2.00, which
suggests that the observed dissipation is more aligned with theoretical predictions
when measuring directly over atoms. The dissipation ratio for measurements taken
across the rows is % = % = 0.83. In this case, the energy dissipation for
Hydrogen is lower than that for Deuterium, with a ratio of 0.83. This observation
is inconsistent with the expected ratio and suggests that other factors may be
influencing the dissipation measurements in these regions.

To summarize, the theoretical dissipation ratio, based on the mass difference
between Hydrogen and Deuterium, is approximately 2.00. This value reflects the
expected difference in energy dissipation due to the mass discrepancy between these
isotopes. Measurements obtained directly over atoms align reasonably well with the
theoretical value of 2.00, indicating that the theory well predicts the dissipation
behavior in these regions. However, the dissipation ratios obtained from regions
between and across the rows exhibit greater deviation from the theoretical value.

The observed dissipation ratios in other regions, particularly between and across the
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6.3 Friction measurement over H/D -Si(100)

rows, exhibit large deviations from the previous model [139]. Despite the similarities
in some measurements, the calculated values do not always adhere strictly to neither
the theoretical predictions [140] and previous experimental results [139)].

Nevertheless, compared to measurements involving >C**0O and 2C'™0, where
the differences in dissipation were relatively minor, the differences observed in the
dissipation ratios for Hydrogen and Deuterium are significantly more pronounced.
This more pronounced difference between isotopes is likely due to the substantial
mass difference between Hydrogen and Deuterium, which amplifies the effect on
energy dissipation.

The Eq4iss(2) plots are further analyzed by fitting the data with an exponential
function, as shown in Fig.6.14. The plots display averaged data for each location
as dots, with the exponential fit represented by a red solid line. The left column of
the figure corresponds to measurements on H-Si(100), while the right column shows
measurements on D-Si(100). The grid sizes on the axes are consistent across all the
plots. Fig.6.14 A involves measurements taken between the dimer row. Fig.6.14 B
is for the measurements directly over the atoms, and Fig.6.14 C covers measure-
ments taken across the rows.

In the exponential fit, the vertical distance of the tip (z) is plotted against the
averaged Fgiss (y). The parameter multiplied by x in the exponent, the expo-
nent’s coefficient, is larger for measurements on D-Si(100) compared to H-Si(100)
for Fig.6.14 A and B. This indicates a more rapid increase in Eg;s as a function of
tip height for the D-Si(100) sample, suggesting a significant difference in dissipation
behavior between the two surfaces.

The rapid increase in Egiss observed for the D-Si(100) sample can be interpreted
as indicative of the vibrating with higher frequencies and lighter nature of the H
atoms compared to the D atoms. This means the H atoms to interact with a wider
range of tip heights, resulting in a more wider peak in Eg(z). This tendency is
similar to observations with isotopes of a CO tip, where lighter isotopes of CO
also exhibited a wider peak width in their measurements as shown in section6.1.
The similarity suggests that, just as lighter CO isotopes show a broader range of
interaction due to their lower mass, the D atoms on the silicon surface show a more
extensive response due to their larger mass.

However, the friction measurements over H/D-Si(100) were obtained using dif-

ferent tips, either H-terminated or D-terminated. Both tips are chemically less
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6 Phononic contribution to friction

inert than a CO tip and lost their frontier atom quickly before completing the full
3D data acquisition. Further research is recommended on a mixed H/D-Si surface

using the same tip or a CO-functionalized tip, which is more chemically inert.
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Figure 6.14: Energy dissipation plot with an exponential fit. The Egiss(2)
plots are analyzed by fitting the data with an exponential function. The data mea-
surement taken between the dimer rows (A), over atoms (B), and across the dimer
rows (C). The plots display averaged data for each location as dots, with the expo-
nential fit represented by a red solid line. The left column shows measurements on
H-Si(100), while the right column displays measurements on D-Si(100). The grid
sizes on the axes are consistent across all plots.
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6 Phononic contribution to friction

6.4 Discussion

This chapter provides a thorough exploration of phononic contributions to friction
at atomic and molecular scales, with a particular focus on the role of isotopic vari-
ations. By using different isotopes, the study isolates and examines these phononic
contributions, revealing how variations in atomic mass influence energy dissipation.
In the first experiment, isotopes of 2C160 and 2C*®0O are used for the tip function-
alization and scanned the same chemical bond. The experimental results indicate
that the measured dissipated energy is not much different between the isotopes.
However, the mass difference between 2C*0O and '2C'®0 is very small, with a
ratio of 1.07, making it difficult to detect and insufficient for drawing conclusions.

Therefore, the experiment extends to the Si(100) surface terminated with Hy-
drogen and Deuterium, which have a larger mass difference ratio of 2. Hydrogen-
terminated Si(100) surfaces exhibit a greater frictional response and a broader range
of energy dissipation compared to Deuterium-terminated surfaces, as determined
by exponential fitting. These findings align well with theoretical predictions in
appendix .2, concerning phononic friction, supporting the idea that lighter atoms
contribute more significantly to frictional interactions due to their higher vibra-
tional frequencies. However, the ratio does not always align with the theoretical
value across the entire scanned area, although it matches relatively better when
measured directly over the atoms. This discrepancy may explain the differing con-
clusions in previous studies [141-144], both theoretical [140] and experimental [139],
and suggests further investigation with a precise calculation. While the previous
studies under debate involved systems with many atoms, at single-atom resolution,
friction varies with picometer scale distance differences.

These findings underscore the critical role of atomic and molecular mass in de-
termining frictional properties. By utilizing isotopic variations and precise friction
measurements, the study discusses the phononic contributions to energy dissipa-
tion, providing a foundation for future investigations into friction mechanisms at

the nanoscale.
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7 Summary and outlook

This thesis presents the understanding of friction at the single-atom scale by us-
ing LFM, based on the qPlus sensor. The atomic interaction mechanisms that are
relevant for the LFM contrast and dissipated energy in measurements have been
analyzed in detail as a function of the tip-sample distance. By investigating various
factors like tip functionalization, chemical bonds, and isotopic variations, each chap-
ter has provided insights into the mechanisms governing friction at single atomic
and molecular levels.

In chapter 4, the use of radially symmetric atomic interactions for a CO-terminated
tip is validated, showing that these interactions are consistent across a wide range
of angles relative to the surface. The results highlight that while radial functions
like Morse or Lennard-Jones potentials are effective for describing short-range inter-
actions, the influence of the metal dipole on electrostatic interactions must also be
considered for accurate AFM data interpretation. Additionally, the chapter demon-
strated that LFM is effective in visualizing Hydrogen atoms, which are challenging
to detect with normal AFM methods. This capability is important for studying
terminal molecular features and improving the understanding of molecular interac-
tions.

Chapter 5 extended this work by quantitatively characterizing the energy dis-
sipation over individual chemical bonds, including covalent and hydrogen bonds.
Through the use of CO-functionalized tips and DFT simulations, the molecular
snapping mechanism was confirmed. This chapter highlighted the role of bond or-
der in energy dissipation, showing that higher bond orders lead to greater frictional
energy losses. The findings provide a deeper understanding of how atomic-scale in-
teractions contribute to friction, especially in systems with varying bond types and
molecular orientations. The linear relationship observed between bond order and
dissipation further reinforces the impact of bond properties on frictional behavior.

Chapter 6 explored the role of atomic mass and isotopic variations in phononic
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7 Summary and outlook

friction. The experiments demonstrated that lighter isotopes does not always ex-
hibit greater energy dissipation compared to heavier isotopes. This was previously
explained with a simple theoretical models of phononic friction [139] and was fur-
ther debated by molecular dynamics caculations [141]. By measuring the friction
on H/D terminated Si(100) surfaces, this chapter demonstrated the importance of
the single-atom resolution to finish the debate. The greater energy dissipation ob-
served with hydrogen-terminated surfaces underscores the influence of atomic mass
on frictional properties. However, discrepancies in energy dissipation measurements
across different scanned areas suggest that further research is needed with a same
tip and fully understand nanoscale friction mechanisms.

Friction research is often associated with its practical implications, but it is cru-
cial to acknowledge the complex physics underlying these phenomena. Despite
significant advancements, such as the introduction of Friction Force Microscopy
(FFM) [8-11, 13] and frequency-modulation AFM, friction study with single-atom
resolution using a true single atom tip apex has proven difficult. Recent devel-
opments, including the use of the qPlus sensor and functionalized tips [36, 53-55],
have enhanced our ability to measure atomic-scale friction and in-plane forces with
greater precision.

The findings of this thesis highlight the importance of continuing to refine exper-
imental techniques and theoretical models. Atomic-scale friction remains a semi-
phenomenological field where microscopic dissipation mechanisms are not yet fully
integrated with experimental observations. There is a need to better understand
how energy and momentum losses become irretrievable and how mechanical energy
transitions to heat. Additionally, new approaches are needed to explore friction
mechanisms across various timescales, from femtoseconds to microseconds [176, 177].
While this thesis has provided valuable insights into atomic-scale friction, address-
ing the remaining challenges and expanding the scope of research will be essen-
tial for achieving a comprehensive understanding of frictional phenomena at both
nanoscale and larger scales.

In summary, this work has made significant strides in elucidating the intricacies of
atomic-scale friction. However, ongoing research and advancements are necessary to
fully unravel the complexities of energy dissipation and friction mechanisms, paving

the way for both fundamental physics and practical applications in tribology.
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Appendix

.1 MATLAB code scripts used in chapter 4

.1.1 The new model introduced in section 4.2.2
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.1 MATLAB code scripts used in chapter 4

Listing 1: The new model includes electrostatic interactions between a CO
adsorbate and two dipoles: one located at the metal tip apex and the other at
the CO tip apex. The total interaction encompasses the Morse interaction between
the two Oxygens with known parameters, bending CO molecules treated as torsional
springs, and dipole-dipole interactions between the dipoles. Two CO molecules and
the metal tip apex are treated as dipoles, as described in section 4.2.2. The CO dipole

is allowed to tilt, whereas the metal tip dipole is not.
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.1.2 Determination of the mean square error shown in Fig.4.3
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Appendix

Listing 2: To determine the discrepancy between the data and the previous model,

the function used here is the same as the one included in the code.l.1, but without

the electrostatic interaction.
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.1 MATLAB code scripts used in chapter 4

.1.3 Determination of the bond length (¢) shown in Fig. 4.2
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.1 MATLAB code scripts used in chapter 4

Listing 3: This is used to determine the bond length between two Oxygens from
the 3D data set.
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.2 Persson’s model describing the phononic

contribution to friction

The contents of this section are all from Ref. [2]. In Persson’s model, the friction

force due to vibrational damping by a single adsorbate is given by:
Fatom,f,vib = _mthu (1)

where my is the effective mass of the tip, h is the damping constant of the interaction,
and wu is the relative sliding velocity between the tip and the sample. The negative
sign indicates that the friction force opposes the direction of motion.The total
vibrational contribution is proportional to the number of adsorbates, which depends
on the areal density o and the contact area A. When variations in h caused by

non-uniform contact stresses are neglected, the total vibrational contribution is
Fr i = myhouA (.2)

For interfacial friction, the vibrational contribution to the shear strength is 7.y, =

mthO'.

The damping constant h is related to the density p and the transverse sound

velocity cr of the moving surface by:

3muw?

(-:3)

= 8rpcd,

where m and w refer to the adsorbate’s mass and vibrational frequency, respectively.

To illustrate the physics behind this equation, consider an adsorbate vibrating
with energy E and colliding with the moving surface (the AFM tip). During one
vibration cycle, the adsorbate transfers energy AE = MﬂsE to the tip, where Mg
is the mass of the portion of the tip effectively involved in the collision. Thus, the

energy transfer rate can be expressed as:

: w o m
F=————F 4

2r M S ( )

During the collision time ¢ ~ 27, a local displacement field forms in the tip within

w
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.2 Persson’s model describing the phononic contribution to friction

3 3
a distance <T, corresponding to a volume (%) . Therefore, Mg ~ p (%T) . The

energy transfer rate is then:

mw4

E~ E (.5)

2mpcd,

The solution to this equation shows exponential decay with a damping constant

h = %, which aligns with the quantity derived in the previous equation. Since

w o< m~Y?%, the damping constant h, shear strength 7, and friction force F ¥ all
1

scale as % ~ —.
m m

.2.1 Solving with a rate of energy dissipation per unit time

For an atom of mass m colliding with a much heavier surface of mass M, the energy

transfer AF per collision is given by:

dmM 9
AFE = Ey (W‘W) sin” 0 (.6)

where Fj is the energy associated with the atoms oscillation, m is the mass of the
atom (H or D), M is the mass of the surface part, and 6 is the collision angle.

m ~ m

Assuming M > m, it can be approximated m + M ~ M. Thus, i ~ g and

M

2 2
(m—i—LM) ~ (%) . Therefore, the energy transfer for the atoms having a mass value

of m can be simplified: A
m\ .
AE ~ E, () sin? @ (.7)

The mass of the surface part M involved in the collision can be estimated with
the mass density p, the transverse speed of sound cr, and the period of one oscil-
lation 7 of the surface. For a more general volumetric estimate, if considering a
characteristic length of c¢p7 in three dimensions, the mass M can be approximated
as M ~ p- (cp7)3.

To calculate the rate of energy dissipation per unit time, the energy transferred
per collision AFE and the period of oscillation 7, which is related to the phonon

frequency by w = 27/, can be used:

dE_ Eosin’0 (%)  Eosi®6 (%) 1 et
dt 2 B 27 4t pcs,
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When comparing surfaces terminated with H atoms to those terminated with
D atoms, the primary difference lies in the oscillation frequency of these atoms,
which affects how much energy is dissipated when these surfaces interact with their
environment. To compare the energy dissipation between H and D, the ratio of

dissipated energies can be calculated:

4
dEH . muwyg

(-9)

- 4
dED mpwp

By approximating the bond between the atom and the surface as a spring with
spring constant kg, w = \/%. Then, the energy dissipation ratio between surfaces

terminated with H and D due to phononic effects is:

2
dEH . muymp

dEp  mpm% 2 (-10)
with the assumption that the spring constant of the bonds is the same for H and D.
Eq. .10 can be interpreted as that the lighter atoms vibrate at a higher frequency,
resulting in a faster energy dissipation and greater friction compared to heavier
species.

Here, the spring constant, kg, indicates the stiffness of the spring or the rigidity
of the bond. In a chemical bond, a higher spring constant means the bond is
stronger and requires more force to stretch or compress it. Conversely, a lower
spring constant means the bond is weaker and more easily stretched or compressed.
By the assumptions in this theory, the bond stiffness, ks, does not change with
isotopes, but the vibrational frequency does, due to the change in reduced mass
when they make a bond with the surface. Assuming there is no inherent chemical
contrast between the H- and D-terminated surfaces, the force constant remains
unchanged across different isotopes. However, the difference in mass affects the
observed vibrational frequency.

This theory predicts that H-terminated surfaces will dissipate twice the energy

per unit time compared to D-terminated surfaces, given the following assumptions:

o The surface atom mass M is much larger than the masses of H and D.
e The collision angle # is the same for both H and D.

o The spring constant is the same for both H and D.
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