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Abstract

A quantum computer is considered to overtake classical computers from its ability
of parallel information processing. However, qubits fabricated from quantum
states are easily perturbed by their environment, leading to short decoherence

time and limited gate operations. To extend decoherence time, qubits based on topo-
logical superconductivity are promising candidates thanks to their immunity against
external perturbations. This dissertation aims on the fundamental understanding of
condensed matter systems to realize topological superconductivity by targeting the ob-
servation of Majorana zero modes using low-temperature scanning probe microscopy.
To accomplish this goal, we fabricate spin lattices via on-surface reactions on super-
conducting substrates (Nb and Pb). We first demonstrate the synthesis of atomically
precise nanographenes on the superconducting Ag/Nb(110), and characterize their
structures with atomic force microscopy at low temperatures. Our approach opens
the route to couple π-magnetism to superconducting states. We then compare the
spin signature of Fe atoms in the coordinated organometallic frameworks on Pb(111)
and on Ag(111). On both substrates, we observe spin-flip excitations due to magne-
tocrystalline anisotropy. We last investigate an electron-spin superlattice fabricated by
self-assembly of radical molecules on Pb(111). Using superconducting tips, we probe
by tunneling spectroscopy Yu-Shiba-Rusinov states arising from the coupling of such
spin-1/2 system with the superconductor. The observation of low-energy modes near
boundaries of this two-dimensional magnetic island is consistent with the signature of
Majorana zero modes.
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Introduction

Fast and enormous computer calculations are needed to address the complexity
of systems that involve a huge number of parameters. From weather forecasting
to the prediction of climate change, simulating molecules for drug discovery,

or cryptology for cybersecurity, such simulations are beyond the scope of classical
computers due to the impractical amount of time required.

In classical computing, the binary-code algorithm, which relies on the on-off op-
eration of transistors, limits the capacity of the calculation process. To improve the
computational performance, the semiconductor industry currently targets the minia-
turization of the transistor size to increase their density for computer chips. This
trend follows Moore’s law–an empirical observation that the number of transistors in
an integrated circuit is doubled every year, while the cost of computers is halved [1].
Nowadays, the smallest transistor in production is 3 nm in size [2]. This, however,
is now challenging Moore’s law, since a smaller transistor approaches the atomic size.
This dimension confronts the problem of quantum tunneling, leading to the leakage of
current and lose the on-off control on the transistor. To keep improving the computa-
tional power for vast calculations, a new type of computing is in urgent need.

In a quantum computer, quantum states, which rely on the superposition of two or
more basic states, are used as bits. A quantum state has multiple statuses depending
on the weight of each component. The superposition remains until a measurement is
performed on the system. Different quantum states can couple with each other through
interference or entanglement. With these properties, quantum states are considered
as ideal candidates for bits (or qubits) of a quantum computer, expected to perform
multiple-code algorithm that enables parallel computation of input values. The first
qubit proposal was made by Loss and DiVincenzo [3], stating that spins are proper
candidates as qubits, as an electron spin state can be viewed as the superposition of
“spin-up” and “spin-down” basis states. Most importantly, spins confined in quantum
dots (QDs) are able to be gated. In addition to spin-QDs, other quantum systems
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Introduction

have also been proposed as qubits, such as superconducting circuits [4] and trapped
ions [5].

However, practical issues arise during the operation of quantum computing. As
raised by DiVincenzo, seven criteria have to be fulfilled to bridge the gap between
qubits and quantum information processing [6]. Among these criteria, scientists con-
front the problem of short decoherence time of qubits. Since operating Boolean gates
relies on the coherent interaction between qubits, the tight coupling of the system to
the environment causes superposition states to collapse due to external perturbations
(such as electronic noise or radiation) [7]. The writing and reading cycles of qubits
also need to be done within the decoherence time.

In search of qubits with long decoherence time, scientists target topologically pro-
tected quantum systems. Topologically protected states/modes emerge upon the real-
ization of topological superconductivity (TSC), which have their experimental signa-
tures of Majorana zero modes (MZMs). Majorana fermion were proposed by Ettore
Majorana, which defines a particle being its own antiparticle [8]. In 2001, Kitaev pro-
posed an one-dimensional (1D) model based on s-wave superconductivity that shows
spinless fermions and unpaired MZMs at two ends of the chain, known as Majorana
bound states (MBSs) [9]. This model has taken Majorana fermions, originally ded-
icated for neutrinos and cold dark matters in particle physics, to condensed matter
systems, making it possible to be realized in the laboratory scale [10].

Majorana fermions are also non-Abelian anyons, meaning that they may form col-
lective composite particles with degenerate ground states [7,11]. Manipulating anyons
and exchange their positions could lead to the hopping between degenerate ground
states, which is known as the “braiding” process [7]. Non-Abelian exchange statis-
tics makes MZM-bearing anyons potential media for topological qubits. Topological
quantum computers are considered fault tolerant, since information is encoded non-
locally in quasiparticle states, making them robust against error caused by local dis-
turbance [12]. Braiding gates based on the manipulation of anyons were proposed in
several studies [12–14]. Its feasibility, however, remains elusive.

To realize TSC in condensed matter systems, Lutchyn et al. [15] and Oreg et al. [16]
proposed that by combining spin-orbit coupling, superconductivity, and a Zeeman field
in the solid-state system, an equivalent spinless chain is able to be generated. Based on
this model, the first observation of MZMs was demonstrated in the hybrid system of
a superconductor and a semiconducting nanowire [17]. In addition to this prototype,
atomic spin chains on a s-wave superconductor have been found to exhibit spinless
p-wave pairing [18–22].

The study of such exotic spin-spin and spin-substrate coupling at the atomic scale
requires high spatial and energy resolution. Scanning probe microscopy (SPM) thus
plays an important role in the realization and investigation of TSC. Atomic force mi-
croscopy (AFM) is able to resolve the surface topography in atomic scale by detecting
forces acting in the tip-sample junction [23]. With the implementation of a tuning fork
sensor and a CO-terminated tip at low temperatures, chemical bonds of organic mole-
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Introduction

cules or nanostructures can be further revealed [24,25]. Scanning tunneling microscopy
(STM) was invented based on the quantum tunneling effect, which can also reconstruct
the surface morphology with atomic resolution [26]. Scanning tunneling spectroscopy
(STS) is able to probe local electron density of states [27], unveiling signatures of spin-
spin and spin-substrate coupling. Furthermore, SPM also enables tip manipulation of
atoms or molecules, and thus the in situ build-up of nanostructures. In recent studies,
charge state control of a molecule has been achieved by using the local electric field
of a SPM-tip [28–30], opening the use of single molecules as QDs. Therefore, SPM is
an incontrovertible tool to disentangle structural and electronic properties of nanos-
tructures on surfaces. In this context, its use to construct and characterize TSC is
ubiquitous.

In this dissertation, we focus on the investigation of the coupling between a single
spin/spin lattice with a normal metal/superconductor using SPM, namely STM and
AFM. Chapter 1 introduces concepts and technical background of SPM. Chapter 2
covers the physical concepts closely relevant to the thesis: (1) the fabrication of spin
lattices, (2) different magnetism origins, and (3) the behavior of magnetic moments
on different surfaces and their exchange interactions via the substrate. Chapter 3
describes specification of the microscopes used in this work, and details about the
sample preparation. In Chapter 4, we demonstrate the first direct synthesis of atomi-
cally precise nanographene on a superconducting substrate. In Chapter 5, we fabricate
a magnetic lattice through the coordination between small organic molecules and tran-
sition metal elements (Fe). The resulting organometallic structure and the spin-flip
excitations observed on normal metal and on a superconductor are discussed. Chapter
6 presents islands of molecular electron acceptors prepared on a conventional super-
conductor, on which we find signatures of topologically protected edge modes.
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1
Scanning Probe Microscopy

With the progress in the research of quantum physics, microscopes based on
quantum phenomena were developed to examine interactions in the atom-
ic/molecular level in real space with high spatial resolution and surface sen-

sitivity. This microscopic technique is known as scanning probe microscopy (SPM).
In addition to the microscopic function, the spectroscopic operation of SPM is able
to probe local electronic properties or distinguish different types of elements on the
surface. Moreover, due to the atomic resolution, SPM is also considered as an efficient
tool to manipulate atoms or molecules on the substrate. In this chapter, we will in-
troduce the working principle and recent progress of two SPM techniques – scanning
tunneling microscopy and atomic force microscopy.

1.1 Scanning Tunneling Microscopy

The first tunneling experiment was performed by Binnig, Rohrer, Gerber, and Weibel
in 1982 [26], demonstrating the feasibility to measure tunneling current from a metallic
substrate through a controllable vacuum junction thickness. The technical success in
tunneling current measurement paved the way to the invention of scanning tunneling
microscopy (STM), which acquired the first topographic images of CaIrSn4(110) and
Au(110) in 1982 [31]. Moreover, the real space atomic resolution image obtained by
STM reveals the silicon (Si) (111)-(7 × 7) surface reconstruction that has long puzzled
experimental measurement and theoretical modeling due to its large unit cell [32].
With the development of STM, Binning and Rohrer were awarded the Nobel Prize in
Physics in 1986 [33].

Following pioneering results in 1980s, STM was later applied to a variety of research
in surface sciences. For instance, the STM investigation on the TiO2(110) surface shows
the diffusion of oxygen vacancies at elevated temperatures [34]. With high spatial
resolution, the ability of atom manipulation with a STM tip was first demonstrated
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Chapter 1. Scanning Probe Microscopy

by moving xenon atoms on the cold Ni(110) surface [35], followed by building artificial
atoms by constructing quantum corrals [36].

In this section, the numerical approximation of the tunneling effect will first be
introduced. A brief description of STM operation and the implementation of the
ultra-high vacuum system to STM will also be discussed.

1.1.1 Quantum tunneling

Figure 1.1: A scheme illustrating quantum tunneling through a 1D poten-
tial barrier. The incident wavefunction decays exponentially in the potential barrier.
The remaining wavefunction at the other side of the barrier generates a probability for
the particle to tunnel through.

The basis of STM lies in the detection of the tunneling current. The quantum
tunneling effect occurs when an incident particle confronts a potential barrier (Fig.
1.1). The incident wavefunction carried by the particle decays exponentially across a
thin potential barrier while a large portion is reflected. The remaining wavefunction
at the other side of the barrier leads to a probability for the particle to tunnel through
due to the particle-wave dualism.

Based on the first order of Bardeen’s approximation, Tersoff and Hamann devel-
oped a theoretical approach to simulate tunneling effect in STM. The tunneling current
is expressed as following [37]:

I =
2πe

ℏ
∑
t,s

f(Et)[1− f(Es + eV )]|Mts|2δ(Et − Es), (1.1)

where f(E) is the Fermi-Dirac distribution f(E) = 1
1+eE/kT

, V is the applied bias, M
is the tunneling matrix between states of the tip (φt) and the sample surface (φs),
Et,s is the energy of state φt,s without tunneling, and the delta function describes the
conservation of energy for elastic tunneling. With the assumption of small applied bias,
low temperature and a s-wave dispersion of a point probe (Fig. 1.2), the tunneling
current can be re-written as [37]:

I ∝
∑
s

|φs(r⃗0)|2δ(Es − EF ), (1.2)
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1.1. Scanning Tunneling Microscopy

Figure 1.2: The simplified tunneling geometry proposed by Tersoff and
Hamann. The Tersoff-Hamann approximation for the tunneling current is based
on a locally spherical tip with s-wave approximation. Reprinted with the permission
from [37].

describing the tunneling current with the tip at position r⃗0. In Equ. 1.2, by definition,
the right-hand-side corresponds to the local density of states (LDOS) at EF of the
sample surface at the tip position r⃗0 (ρs(r⃗0, EF )). It can be thus concluded that the
tunneling current is only proportional to surface LDOS at a certain tip position, and
the information STM acquires is a contour of LDOS of the surface.

In addition, in Equ. 1.2, φs(r⃗0) is the surface wavefunction at r⃗0, which decays
exponentially with the in z-direction normal to the surface [38], meaning that

φs(r⃗) ∝ e−κz, (1.3)

where κ =
√
2mϕ/ℏ is the inverse decay length of the wavefunction in vacuum, and ϕ

is the work function. Then, the charge density at r⃗0 with R the radius of the point
probe, and d the rip-sample distance can be found as:

|φs(r⃗0)|2 ∝ e−2κ(R+d). (1.4)

Therefore, the tunneling current, being proportional to the surface LDOS, also decays
exponentially with respect to the distance z = R + d:

I ∝ e−2κz. (1.5)

In the same publication, Tersoff and Hamann applied this numerical method to
simulate the (2 × 1) and (3 × 1) reconstructions Au(110), and found nice agreement
with the experimental results acquired by Binning et al. [37, 39].
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Figure 1.3: A scheme that shows critical components for scanning and
operation modes of STM. The position of the STM tip is controlled by a piezo
drive, whose shape is determined by the voltage applied on five pieces of piezoelectric
materials. During scanning, the CCM and CHM are two modes used for acquiring
STM images with and without the feedback loop.

1.1.2 Operation of STM

Figure 1.3 is the scheme that shows critical components for obtaining a STM image.
The tip scans across the sample surface line by line and pixel by pixel. The movement
of the tip is driven by a cylinder attached with five pieces of piezoelectric materials.
Since the dimension of a piezoelectric material can be tuned by the magnitude and
polarity of the applied voltage, the shape of the cylinder and thus the tip position are
changed accordingly. During the scan, a bias is usually applied to either the tip or
the sample to enhance the tunneling effect. The consequent tunneling current then
passes through an amplifier to magnify the signal, which is then sent to the controlling
electronics for processing and displaying.

The feedback loop is a built-in function of control units, which gives two operation
modes for probing the surface morphology according to its on/off status (right half of
Fig. 1.3). First, in constant height mode (CHM), the feedback loop is switched off
and the tip stays at the same height through the scanning process. The topography
is then reconstructed based on different amount of tunneling current detected at each
pixel. In CHM, there is a high demand for the flatness of the surface, since the tip
is subject to damage while encountering bulky protrusions without the feedback loop.
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1.2. Scanning Tunneling Spectroscopy

Another operation mode is constant current mode (CCM), and it is commonly used
for acquiring STM images. CCM is operated with the feedback loop, which enables
tip movement according to the surface roughness to maintain the current setpoint (It).
The topography is reconstructed by tracing the tip position in this mode.

1.1.3 Ultra-high vacuum system

In order to prevent surface oxidation, an ultra-high vacuum (UHV) system is usually
implemented for SPM, enabling the vacuum level below 1×10−9 mbar. Typically, a
microscope is divided into several chambers, each of which has a different vacuum level
and is separated from one another by a valve (see Section 3.1-3.3 for the specification
of different microscopes). To reach UHV, a “bake-out” process of chambers at about
130◦C is first performed to remove water vapor. Simultaneously, different types of
pumps are operating to reach UHV. First, a primary pump is applied to reduce the
chamber pressure from 1 atmosphere to about 10−2 mbar, followed by the operation
of turbo molecular pumps which enables the pressure in the range of 10−9 mbar. In
the chamber for sample analysis, a higher demand of the vacuum level can be attained
by a ion getter pump which can reduce the pressure to 10−10 mbar or even lower.
In addition, in the chamber for sample preparation, the pressure may worsen due to
the frequent sample preparation. An additional titanium sublimation pump can be
applied to capture residual gas molecules to recover UHV. The instantaneous pressure
is readout by the ionization gauge.

1.2 Scanning Tunneling Spectroscopy

In addition to probing the surface topography, STM can also acquire information of
local electronic properties by applying its spectroscopic function, which is scanning
tunneling spectroscopy (STS). To perform STS, the tip is parked above the target
position at a fixed height, and a bias sweep is applied on either the tip or the sample.
The amount of the tunneling current is detected at each bias value. In acquired I −V
curves, a sharp increase of the current means that an additional tunneling channel is
available under a certain bias, indicating a state at the corresponding energy. The
local differential conductance can be obtained by applying a lock-in amplifier, which
modulates the bias and demodulates the detected tunneling current. The obtained
conductance spectra directly reflect LDOS, known as differential conductance spectra
or dI/dV spectra (Fig. 1.4a).

The lock-in technique also enhances the signal-to-noise ratio of the STS measure-
ment. A lock-in amplifier superimposes a sinusoidal alternating current (AC) voltage
modulation Vr = Vmcos(ωrt) (Vm is the modulation amplitude, and ωr is the modu-
lation frequency) to each applied bias of the sweep [40]. The input signal embedded
with noise Vs = Rcos(ωst + θs) is sent to the signal mixer for the multiplication with
the reference signal that has the frequency ωr. By demodulating the detected tun-
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Chapter 1. Scanning Probe Microscopy

neling current, only the signal and noise at frequency ωr remain [41]. Cleaner dI/dV
signals can be obtained by applying proper low-pass filter. Note that the tunneling
current also responds to the AC component of the bias, thus the choice of Vm is criti-
cal as a large voltage modulation could hamper the visibility of states that have small
width. The instrumental contribution in the lineshape broadening is known as lock-in
broadening.

Although in Equ. 1.2, the tunneling current is only proportional to the surface
LDOS, the tip DOS (ρt) can also modify the tunneling current given that the assump-
tion of Tersoff-Hamann approximation is not applicable. For instance, in the case that
a non-s-wave tip is used, or a large bias is applied. By taking ρt into account, the
experimental dI/dV spectra are the convolution of ρt and the ρs [38, 42]:

dI

dV
(V ) ∝ eρt(0)ρs(eV )T (eV, eV )

+

∫ eV

0

ρt(±eV ∓ E)ρs(E)
dT (E, eV )

dV
dE,

(1.6)

where V is the applied bias, and T is the transmission coefficient. The transmission
coefficient has a monotonic increase as the bias increases [38]. Thus the first term in
Equ. 1.6 dominates the spectral lineshape at a fixed tip position.

The surface DOS as a function of position can be mapped by collecting dI/dV
signal at a fixed applied bias, and moving the tip pixel-by-pixel and line-by-line through
the surface in the constant height mode. The acquired DOS distribution image is called

Figure 1.4: Exemplary dI/dV spectra measured with a metallic tip and a
SC tip. a, The dI/dV spectrum measured on a pentacene molecule adsorbed on the
NaCl/Cu(111) substrate with a metallic tip at 5 K. The spectrum clearly resolves the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the molecule. Reprinted with the permission from [27]. b, The dI/dV
spectrum measured on a Mn adatom on the superconducting Pb(111) with a metallic
tip at 1.2 K. The metallic tip DOS smears out the resolution of in-gap states. c, The
same sample as b but measured with a SC-tip at 4.8 K. The superconductivity DOS
can largely enhance the visibility of small energy states (α± and β± in the spectrum).
b-c reprinted with the permission from [43].
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1.3. Atomic Force Microscopy

the differential conductance map or dI/dV map. By setting the applied bias at which
a conductance peak arises, the corresponding atomic/molecular state orbital can be
directly imaged [27].

Note that the working temperature can also cause linewidth broadening given
that either the tip or the sample is metallic. Since Fermi-Dirac distribution tends
to broaden at an elevated temperature, thermal-excited electrons at the Fermi edge
could contribute to the tunneling event to a certain state, which could smear out
the resolution of the dI/dV spectrum [44]. This unwanted contribution by thermal-
excited electrons is known as the thermal broadening effect. To consider the thermal
broadening effect, one has to further convolve the Fermi-Dirac function to Equ. 1.6.

Due to thermal broadening and instrumental constraints, the emergence of small
energy states may be hindered from the spectra with the usage of a metallic tip, since
a metal is subject to the thermal broadening effect. To circumvent the limitation of
temperature, the implementation of a superconducting tip (SC-tip) could be a solu-
tion. The DOS of a superconductor exhibits sharp coherence peaks and particle-hole
symmetry, it is thus an ideal tip material to enhance the energy resolution of supercon-
ducting samples. Figures 1.4b, c show a stark contrast in energy resolution between
the application of a metallic tip and a SC-tip. By measuring with a SC-tip (Fig.
1.4c), in-gap states generated on a magnetic adatom on a superconductor (see Section
2.3.3 for theoretical details) can be clearly resolved at 4.8 K comparing to the 1.2 K
measurement with a metallic tip (Fig. 1.4a) [43].

1.3 Atomic Force Microscopy

In 1986, atomic force microscopy (AFM) was first demonstrated by Binnig, Quate,
and Gerber [23], and was awarded the Kavli Prize in Nanoscience in 2016 for its
versatile scientific investigation in the field of physics, chemistry, biology, and materials
science [45]. AFM probes the sample surface by detecting forces acting in the tip-
sample junction. The atomic resolution AFM image acquired on the Si(111) surface
under UHV also shows (7× 7) reconstruction, which confirms the result of STM [32,46].

While the tunneling current is monotonic with respect to the distance (Equ. 1.5),
there are multiple forces acting at the tip-sample junction in AFM, and each of them
behave differently with respect to the distance [25]. The force component responsible
for atomic resolution is only relevant at small distance regime and is highly sensitive
to the change in distance. To extract this force component, a phase-locked loop (PLL)
is required.

In this dissertation, we target the investigation of organic molecules or nanostruc-
tures. To better resolve chemical bonds, we utilize a variation technique of AFM – the
frequency-modulation AFM. In this section, we first introduce different forces arising
in the atomic scale, followed by a focus on the working principle of the frequency-
modulation AFM and the functionalization of the tip that further enhances the image
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Chapter 1. Scanning Probe Microscopy

resolution.

1.3.1 Force interaction in the tip-sample junction

Figure 1.5: Graph of the distance dependency of the tunneling current and
forces acting at the atomic scale. The long-range force has a minor change with
respect to the tip-sample distance. On the contrary, in the distance of few angstroms,
the short-range force changes abruptly in magnitude and direction, and thus contributes
to the atomic resolution. The local minima of the total force curve marks the “equilib-
rium distance” (σ). Adapted with the permission from [47].

The force curve in Fig. 1.5 describes the trend of the different forces with respect
to the tip-sample distance z. The negative force marks the attractive component, while
the positive force represents the repulsive interaction. Forces at the atomic scale can
be divided into two contributions: long-range and the short-range forces. Long-range
forces include van der Waals (vdW) force, electrostatic, and magnetic forces, which
exist in a large range up to 100 nm [47]. Short-range forces becomes relevant within
the tip-sample distance of only few angstroms, referring to chemical bonding forces.

The total force can be described by Lennard-Jones potential under the criterion of
two charge neutral atoms or molecules [47]:

VLJ(z) = −Ebond(2
σ6

z6
− σ12

z12
), (1.7)

thus the tip-sample force (Fts) can be derived as

Fts(z) =
−∂VLJ

∂z
=

12Ebond

σ
(
σ13

z13
− σ7

z7
), (1.8)
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1.3. Atomic Force Microscopy

where Ebond is the bonding energy, and σ is the equilibrium distance which locates at
the minima of the force curve (Fig. 1.5). From Equ. 1.7, the component z−6 refers
to the attractive force (which has the vdW force as the major contribution), and the
z−12 indicates the repulsive one. The vdW force is mainly the result of the interaction
between induced dipoles, known as London interaction. Following the statement above,
the atom-atom vdW pair potential can be expressed as the following [48]:

VvdW (z) = −C

z6
, (1.9)

where C is the coefficient of the atom pair potential. Here, C is determined by the
Hamaker constant AH = π2Cρ1ρ2 (ρ1 and ρ2 are the atom densities of the two bodies).
By taking the derivative, the vdW force (FvdW ) is

FvdW (z) = −6C

z7
. (1.10)

However, the Hamaker constant is further dependent on the geometry and the material
of the considered system [48]. For instance, a spherical tip results in a proportional
relation to 1/z2, and a pyramidal tip gives a 1/z relation [49].

In the case of a conducting tip and sample, the electrostatic force has to be taken
into account. Consider a spherical tip with radius R [50]:

Fel(z) = −πϵ0RU2

z
, (1.11)

where ϵ0 is the vacuum permittivity and U the electrostatic potential difference.

From Fig. 1.5, the short-range force becomes relevant when the tip-sample distance
is less than 1 nm. At such short distance, the overlap of sample and tip wavefunctions
leads to the formation of covalent bonds, and the force required to break the bond
is the chemical bonding force. As shown in the force curve, the chemical bonding
force experiences an abrupt change with a minimal change in the distance. Thus, it is
the main contribution to the atomic resolution of AFM. The chemical bonding force
(Fchem) can be derived from the Morse potential [47]:

Fchem(z) =
−∂Echem

∂z
= −2Ebondκ(e

−κ(z−σ)−e−2κ(z−σ)

), (1.12)

with κ the decay length. However, in the regime z < σ, the repulsive electrostatic
force from the inner shell electrons comes to effect, leading to a rapid switch of the
total force from the attractive to the repulsive interaction.

In addition to atomic resolution, AFM also possess chemical identification [51]
and the charge state resolution [52], since the force interaction differs from element to
element even with the identical tip-sample distance.
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1.3.2 Operation of AFM

Two common operation modes of AFM are the amplitude-modulation (AM) and the
frequency-modulation (FM) modes. In the AM-AFM mode, or the tapping mode, the
cantilever is driven by a shaker piezo and oscillating at a constant frequency with
an amplitude setpoint Aset. Due to the force acting at the tip-sample junction, the
change in the oscillation amplitude is sent to the feedback loop to maintain Aset. The
amplitude shift is monotonic to distance in the operation range z ≳ σ, and is relatively
simpler in the extraction of surface topographic information [25]. AM-AFM is thus
the widely used AFM imaging technique in the ambient condition.

The FM-AFM mode relies on the shift of oscillation frequency from the eigen-
frequency of the cantilever f0 = 1

2π

√
k/m∗, where k is the spring constant of the

cantilever. A PLL is used to keep the cantilever oscillating at f0 with a constant
amplitude A. Given that the oscillation amplitude is much smaller then the force in-
teraction range (A ≪ λ), the frequency shift of the cantilever is proportional to the
force gradient [25]:

∆f = f0
kts
2k

= f0
−∂Fts

∂z
, (1.13)

where kts is the spring constant of the tip-sample junction. On the contrary, if a
large oscillation amplitude is considered (A > λ), the normalized frequency shift γts ≈
0.4Fts

√
λ is involved [25]:

∆f = f0
kts
k

1

A3/2
γts. (1.14)

Similar to AM-AFM, FM-AFM usually operates at tip-sample distances z ≳ σ, which
falls in the attractive force regime with ∆f < 0 (see Equ. 1.13).

Based on the FM-AFM, Giessibl et al. developed a qPlus sensor, which is composed
of a tip attached on a tuning fork made of piezoelectric quartz, making it possible to
perform STM and FM-AFM with the same microscope [25]. In this thesis, bond-
resolved AFM images of organic molecules are acquired with a qPlus sensor under the
operation of FM-AFM.

1.3.3 CO-functionalized tip

The Tersoff-Hamann approximation points out that the surface topography acquired
by STM is proportional to LDOS with the assumption of a s-wave tip state (see Section
1.1.1). A general approximation considering different tip states was proposed by Chen
as the derivative rule, which suggest that a p-wave tip state is able to probe the spatial
gradient of the surface wavefunction [54,55].
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Figure 1.6: Images acquired by FM-AFM show different contrast with dif-
ferent tip terminations. a, A pentacene molecule deposited on the NaCl/Cu(111)
substrate probed with a Ag-tip. b, The same molecule probed with a CO-tip. c, The
petacene molecule probed with a Cl-tip. d, The image acquired by a pentacene-tip. a-d
reprinted with the permission from [53].

Functionalizing the tip with a molecule is an efficient way to modify the tip wave-
function from the metallic s-wave tip to other tip sates. The STM image of a CO-
terminated tip (CO-tip) exhibits the p-wave nature of the tip, since 2π∗ degenerate
states are the frontier states of a CO molecule and significant tunneling events occurs to
these states [24]. With regard to the FM-AFM measurement, the p-wave nature of the
CO-tip is also found to have the optimal chemical bond resolution. As demonstrated
by Gross et al. [53], bond resolution of an organic molecule acquired by FM-AFM
with a CO-tip is greatly enhanced (Fig. 1.6b), comparing to a metallic s-wave tip
(Fig. 1.6a) or other tip terminations (Figs. 1.6c-d). The ideal geometry of a CO-tip
lies in the vertical position of CO with respect to the sample surface. A canted CO
molecule could change the bond length in an AFM image [56].

1.4 Summary

As the main investigation method of this thesis, this chapter discusses the theoretical
background of SPM as well as a general description of SPM operation. The ground
breaking invention of STM allows the visualization of the sample surface with atomic
resolution. By performing STS, information of local electronic properties can be ob-
tained, which reveals intriguing physical properties. AFM is another atom-resolved
imaging technique that provides chemical information by measuring the force curves.
To better resolve organic molecules, FM-AFM is developed with the application of a
qPlus sensor. Decorating a CO molecule at the tip apex during the FM-AFM mea-
surement, chemical bonds can be clearly visualized through probing with a p-wave tip
state.
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2
Spins on Surfaces

Noise and external disturbance are known to be the largest challenges in quantum
computing. A novel type of qubits that are protected by topology could largely
extend their decoherence time. These so-called topological qubits has their

scientific fundament in topologically protected edge states/modes in hybrid systems
combining ferromagnets and conventional superconductors. The understanding of the
interplay between spin lattices and superconductivity is thus in urgent need.

In this chapter, approaches for the fabrication of spin lattices will be discussed,
followed by the introduction of three sources of magnetism: orbital magnetism con-
tributed by transition metal elements, spins in carbon-based aromatic nanostructures
due to unpaired π-electrons, and spins arose from molecular electron acceptors. Inter-
actions between spins and normal metals and superconductors are then discussed. In
the last section, the concept of topological superconductivity is briefly introduced, as it
is an exotic physical property that could emerged from the coupling between magnetic
moments and superconducting states.

2.1 From Single Spins to Spin Lattices

Possessing the spatial resolution down to atomic level, manipulating magnetic adsor-
bates with a SPM tip is an intuitive approach to construct a spin lattice [57]. Due to
the time-consuming operation and the lattice restriction from the underlying substrate,
we seek for methods that can build ordered spin structures with higher flexibility and
convenience. On-surface reaction is a bottom-up approach to fabricate nanostruc-
tures with atomic precision. Here, we focus on the strategies to fabricate ordered spin
structures with different on-surface reactions using pre-designed molecule precursors.
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Chapter 2. Spins on Surfaces

Figure 2.1: Self-assembly of different MPc molecules on normal metal
substrates. a, The chemical structure of a CuPc molecule. b, The self-assembled
CuPc monolayer on the Ag(100) surface. Reprinted with the permission from [58]. c,
The co-deposition of FeF16Pc and MnPc on the c(2×2) oxygen-reconstructed Co(001)
surface forms a chessboard-like assembly through hydrogen-bonds. Reprinted with the
permission from [59].

2.1.1 Designing supramolecular and covalent spin lattices

Self-assembly of magnetic atoms. An approach to arrange single spins is to attach
ligands to transition metal ions and form magnetic molecules. Such magnetic molecules
are able to sustain their structure at the sublimation temperatures in UHV. Upon
the deposition on the substrate, magnetic molecules spontaneously form an ordered
monolayer through the van der Waals interaction, with the assembly pattern following
the substrate registry [63, 64]. Metal phthalocyanine (MPc), which is composed of a
transition metal ion core and an aromatic macrocyclic ligand (see CuPc in Fig. 2.1a as
an example), is one of the well-studied magnetic molecules on surfaces [58,59,63,65,66].
In addition to single MPc molecule assemblies (Fig. 2.1b) [58], co-evaporating two
types of MPc with different core ions and modified ligands can also form a self-organized
“chessboard” pattern (Fig. 2.1c) [59]. However, the weak van der Waals or hydrogen-
bond interactions, which are the main binding mechanisms in molecular assemblies,
could alter the reaction pathway comparing to the much stronger covalent bonding [67].

Organometallic (OM) coordination. Coordination chemistry is another approach
to form spin lattices. Organic molecules with negatively charged functional groups are
able to coordinate with transition metal ions and organize spins into ordered magnetic

18



2.1. From Single Spins to Spin Lattices

Figure 2.2: OM networks through the coordination of transition metal
ions with organic molecules. a, Clover-shaped motifs is composed of a Fe and
four terephthalic acid molecules on Cu(111), which further self-assemble into a 2D
network. Reprinted with the permission from [60]. b, A grid of 1D magnetic chain
can be fabricated by coordinating Fe with pyrene-4,5,9,10-tetraone (shown in the inset)
on Cu(111). Reprinted with the permission from [61]. c, A Kagome lattice of Fe on
Au(111) is synthesized with the coordination with benzene-1,2,3,4,5,6-hexaol molecules.
Reprinted with the permission from [62].

networks. Such functional groups include charged atoms like O2−, S2−, Cl−, or groups
with electron doners, such as OH− [68]. These functional groups provide directional
bonding with metal ions with a moderate strength that leads to certain morpholo-
gies [67]. Factors such as different combinations of metal ions and functional groups,
intermolecular interactions, and the coupling with the substrate have to be taken into
account to determine the structural and electronic properties of the OM network.

Due to the small steric hindrance of the peripheral functional groups, it is possible
that one transition metal ion coordinate with multiple molecules, which can further
self-assemble into a monolayer through hydrogen-bonds (Fig. 2.2a) [60, 69]. A grid
of 1D magnetic chains with reduced magnetic moments on each metal ion site (Fig.
2.2b) [61], or a Kagome magnetic lattice exhibiting spin frustration (Fig. 2.2c) [62]
can also be fabricated through coordination chemistry.

Covalent spin structures. Ullmann coupling is one of the well-known on-surface
reactions to synthesize carbon-based nanographenes (NGs) and graphene nanorib-
bons (GNRs). Since the synthesis of atomically precise GNRs on Au(111) in 2010
(Fig. 2.3b) [71], the bottom-up fabrication of NGs has become popular for synthesiz-
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Figure 2.3: Different GNR morphologies obtained by Ullmann coupling. a,
A scheme explaining the pathway of Ullmann coupling, which start from single molecule
precursors to a 1D or 2D framework via thermal treatment. Reprinted with the per-
mission from [70]. b, 7-carbon-wide armchair GNRs can be synthesized by subliming
10,10’-dibromo-9,9’-bianthracene molecules on Au(111) and undergoing two stages of
annealing. Reprinted with the permission from [71]. c, Synthesis and the AFM im-
age of an edge-modified 6-carbon-wide zigzag GNR. The scale bar is 1 nm. Reprinted
with the permission from [72]. d, Different synthesis stages of a nanoporous graphene.
Reprinted with the permission from [73]. e, The reaction pathway and structural char-
acterization at different tunneling conditions of B-doped armchair GNRs. Reprinted
with the permission from [74].

ing complex graphene structures [75], comprising well-defined edges (Fig. 2.3c) [72],
topological defects (Fig. 2.3d) [73, 76], or hetero-atomic dopants down to the single
atom limit (Fig. 2.3e) [74]. Such on-surface reaction requires the sublimation of pre-
defined halogenated organic precursors in ultra-high vacuum (UHV) onto crystalline
substrates, followed by a thermally triggered surface-assisted polymerization. The
crucial part of the polymerization is to initiate dehalogenation, which leads to the
formation of organometallic intermediates. A subsequent annealing releases precursor
radicals and enforces cyclodehydrogenation processes.

The morphology of the final reaction product depends on the type of halogen atoms
on the initial precursors and the choice of the substrate. Due to high stability of some
halogen substituents (such as chlorine), cyclodehydrogenation could take place within
the precursor prior to dehalogenation, and deviates the reaction from the conventional
Ullmann coupling [77]. In addition, the different reactivity of substrates (Cu(111)
> Ag(111) > Au(111) for instance) leads to different alignment patterns after the
sublimation of the same precursor. Later, this leads to different reaction products
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after thermal treatments [71,78–80]. Other than these thermodynamic causes, kinetic
factors such as the heating rate is also possible to deviate the final product from the
conventional reaction pathway [81].

2.1.2 Magnetism with different mechanisms

Figure 2.4: Transition metal clusters and double-decker molecules are con-
sidered as SMMs. a, The chemical structure of Mn12O12(CH3COO)16. The black
circles are Mn, O are white, C are grey, and H are small white circles. Reprinted
with the permission from [68]. b, A top view (top) and the side view (bottom) of a
bis(phthalocyaninato)terbium(III) (TbPc2). c, The self-assembly of TbPc2 on Au(111)
shows Kondo resonance on the dI/dV spectrum. Figures b-c reprinted with the per-
mission from [82].

Magnetism from transition metal elements. 3d transition metal elements, such as
Cr, Mn, Fe, Co and Ni, have magnetic moment due to the electron orbital moment.
Directly depositing transition metal atoms on a surface is a straightly forward approach
to study the interaction between magnetic moments and various substrate electron
DOS. However, the strong orbital hybridization with the substrate often alters intrinsic
magnetic properties of single atoms, and a thin insulating decoupling layer is usually
needed [64].

Capsuling transition metal ions with ligands can effectively protect the atomic spin.
Some types of molecules with multiple metal ion sites could elongate the spin relaxation
time by generating large magnetocrystalline anisotropy energy. These molecules resem-
ble single ferromagnets, and are known as single-molecule magnets (SMMs) [64,68,83].
Examples of SMMs include Mn12-acetate complexes (Mn12O12(RCOO)16) (Fig. 2.4a)
and double-decker molecules (Fig. 2.4b-c) [82,83].

π-magnetism in carbon nanostructures. Polycyclic aromatic hydrocarbons (PAHs)
are composed of fused benzene rings with only carbon (C) and hydrogen (H) atoms.
The structure is stabilized by the π-bond resonance, which is induced by the over-
lapping of parallel aligned pz-orbitals of carbon. The honeycomb lattice of PAHs is
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Figure 2.5: Localized spins in PAHs. a, Two unpaired spins arise on a triangu-
lene due to sublattice imbalance. b, Two unpaired spins couple antiferromagnetically
on a Clar’s goblet due to topological frustration. In the upper penal, solid and hallow
circles represent carbon atoms in A and B sublattices respectively. Adapted with the
permission from [86,87].

bipartite, the number of carbon atoms in each sublattice is denoted as NA and NB

respectively. If NA and NB are equivalent, these PAHs are close-shell Kekulé struc-
tures with no net spin. On the other hand, a net spin arises on an open-shell Kekulé
structure when sublattice imbalance (NA ̸= NB) occurs. The net spin of the open-shell
PAH can be then estimated by Lieb’s theorem [84, 85]: S = |NA −NB|/2. Triangular
zigzag (ZZ) PAHs, or known as triangulenes, are examples that show spins through
sublattice imbalance (Fig. 2.5a). In addition, net spins on PAHs can also arise due to
topological frustration without sublattice imbalance. In those structures, it is impos-
sible to assign all pz-orbitals into pairs and form π-bonds, thus some π-electrons are
left unpaired [85]. It is found that Clar’s goblet is one of these particular topologies
which hosts two antiferromagnetically coupled spins at two edges (Fig. 2.5b) [86].

Similar to PAHs, ZZ segments at GNR edges are able to host unpaired spins due to
sublattice imbalance [88]. As introduced in section 2.1.1, carbon-based GNRs can be
synthesized into designed structures via Ullmann coupling, including the fabrication
of a long-range pattern of ZZ segments at edges. With the bottom-up approach, the
spin-spin spacing is able to be precisely controlled while ensuring the spin-1/2 quasi-
1D chain with minimal spin-orbit coupling (SOC). Moreover, in some specific orders of
ZZ segments, it is possible to generate non-trivial topological phase at the junction of
GNR patterns [89–91]. In addition to GNRs, connecting triangulenes through covalent
bonds is an approach to realize spin chains based on π-magnetism. In the study by
Mishra et al. [92], triangulene chains are able to exhibit spin-substrate (see Section 2.2.1
for Kondo effect) and spin-spin coupling (see Section 2.2.2 for spin-flip excitation) on
the Au(111) substrate.
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Figure 2.6: Exemplary systems and dI/dV spectra of molecular accep-
tors on surfaces. a, A STM image of the assembly of the electron-acceptor
tetracyanoquinodimethane (TCNQ) and the electron-donor tetramethyltetrathiafulva-
lene (TMTTF) on Au(111). b, An exemplary dI/dV measured on a charged TCNQ,
showing the molecular-induced interface state ”IS” and the signature of the discharging
event ”P”. Figures a-b are reprinted with the permission from [28]. c, The 4,5,9,10-
tetrabromo-1,3,6,8-tetraazapyrene (TBTAP) assembly on Ag(111) exhibits Kondo res-
onance peak around EF , confirming the spin-1/2 state of a charged TBTAP molecule.
Reprinted with the permission from [30]. d-e, The DJTB model illustrating the charge
transfer mechanism at the molecule-substrate junction.

Electronic spin in a molecular acceptor. A self-assembled and metal-free magnetic
framework can be realized by depositing designed molecular electron-acceptors on sur-
faces. Such molecular acceptors enable charge localization and an integer number of
charge transfer, making it an ideal candidate of a single molecular transistor [28]. This
type of molecules consists of an electron-accepting backbone and subtituents that can
reduce the coupling with the metallic substrate [29,30].

In recent studies, such molecules can be treated as quantum dots (QDs), and their
charge states are able to be controlled by the field imposed by the STM tip [28,30,93].
In the STS study, the discharging event of molecular acceptors is shown as a sharp
conductance peak as in Fig. 2.6b. The peak-like Kondo lineshape (see Section 2.2.1)
observed a molecular acceptor confirms the spin-1/2 state from the additional electron
being trapped in the molecule (Fig. 2.6c).

The mechanism of charge transfer, or gating, can be explained by the double-
junction tunneling barrier (DJTB) (Fig. 2.6d-e). Due to the double potential barriers
generated at the tip-molecule and molecule-substrate junctions, the bias V applied by
the tip is reduced to the potential shift of αV with respect to the chemical potential
of the substrate at the molecule, where α is the lever arm, representing the efficiency
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Figure 2.7: A scheme illustrating the formation of Coulomb rings by tip-
induced field. a, A molecular QD system with on-site Coulomb interaction U can be
discharged by the electric field imposed by the tip when V ≥ Vthresh. b, With a constant
tip-sample separation, the discharge event appears as a dot or ring in the dI/dV map
depending on the applied bias. Inside the ring, the tip efficiently couples with the QD
and triggers the single discharge (e= 1) as depicted in c. d, Two non-interacting QDs
with on-site Coulomb interaction U can also be discharged by the tip-field V ≥ Vthresh.
At V= V2, paraboloids centered to each QD start crossing, leading to the intersection
of the Coulomb rings in dI/dV map as shown in e. The region e= 2 marks the (X, Y )
positions of the tip that allow the discharge of both QDs as in f. g, Two interacting
QDs with on-site Coulomb interaction U and hopping exchange t can be discharged by
tip-gating when V ≥ Vthresh. In contrast to the non-interacting case, applying V= V2

leads to the fusion of the Coulomb rings in the dI/dV map (h). In the region e= 2,
discharge of both QDs occurs if the tip is not located directly above one QD. The ring
fusion is the fingerprint of electron hoping between neighboring molecular sites (i).

of discharging the molecule. At first approximation, α is also linearly dependent on
the applied bias and the relative (X, Y , Z) position of the tip to the molecule.

In the case of a single molecule, a single discharging event appears as V reaches
Vthresh at the constant tip-sample distance z (bottom of the parabola in Fig. 2.7a),
showing a dot in the constant-height dI/dV map. When V > Vthresh, the dot expands
to a ring as marked by the red circle at the top of the parabola in Fig. 2.7a, and
the ring diameter linearly increases with V since the stronger electric field is able
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to discharge more efficiently in the lateral dimension. Discharging rings occurred at
different applied bias form concentric rings in the paraboloid in Fig. 2.7a right above
the charge on the surface. The consequent ring defines the boundary of single-charge
(e= 1 region) and zero-charge (e= 0) removal (Fig. 2.7b).

In the case of two non-interacting QDs, the same on-site Coulomb interaction U
leads to the identical Vthresh, which further results in similar series of discharging rings
at QD sites (Fig. 2.7d). With the presumption of zero hopping exchange (t), identical
ring sizes occur when V = V1 on the dI/dV map (e= 1 in Fig. 2.7f) with the tip at the
vicinity. When V = V2, two paraboloids start to cross, a double discharging event is
possible at (X, Y ) positions equidistant from two QDs (e= 2 in Fig. 2.7f). In dI/dV
maps, double discharge is shown as crossing of the neighboring rings, inside which two
charges can be removed by the tip field.

Lastly, assuming a non-zero t between two QDs, each QD also has identical series
of discharging rings (Fig. 2.7g). In contrary to the non-interacting case, when V ≥ V2,
neighboring rings fuse in dI/dV maps without intersection. The fused rings indicates
the double discharge of both QDs for all (X, Y ) positions inside the fused area (e= 2
in Fig. 2.7h). Therefore, with interacting QDs, placing the tip near the target QD is
not a strict necessity to trigger discharging events (Fig. 2.7i).

2.2 Spins on a Normal Metal Substrate

The coupling between a magnetic impurity and electrons near the Fermi sea involves
many-body process which usually occurs at energies close to the Fermi level. As a
powerful tool to investigate or manipulate such interactions in the atomic or molecular
level, tunneling spectroscopy reveals two common interactions: Kondo resonances and
spin-flip excitations.

2.2.1 Kondo effect

Typically, the resistance of a normal metal decreases with the lowering temperature due
to the reduction in phonon scattering. However, it was found that with a small fraction
of magnetic impurities, the resistance of a normal metal starts to increase below a
certain temperature. In 1964, Jun Kondo explained this observation by introducing
perturbation Hamiltonian to the dilute magnetic alloy system, which is later known as
Kondo effect [95]. The characteristic temperature is denoted as Kondo temperature.

In the microscopic point of view, Kondo effect is the result of the local screening
of the magnetic moment by antiferromagnetically coupled itinerant electrons from the
substrate, and the incident electrons are scattered via elastic spin-flipping (Fig. 2.8a)
[96, 97]. As illustrated in Figs. 2.8b-d, single-impurity Anderson model can nicely
explain Kondo effect in the dilute alloy system. The Anderson model assumes only
one energy state ε0 below the Fermi level occupied by an electron (Fig. 2.8b). Due
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Figure 2.8: The scheme of Kondo screening and Anderson impurity model.
a, A scheme showing the local screening of the magnetic impurity by itinerant elec-
trons of the substrate. Incident electrons are scattered with a spin-flip process. b, The
Anderson model involves only one state with energy ε0 below the Fermi level. Due to
Coulomb repulsion, an empty state with the energy difference U is created above ε0.
c, In the “virtual” state, the electron tunnels out from the spin state to the Fermi sea
without adding energy to the system. The linewidth of the state is broadened due to
the tunneling effect. d, An electron tunnels from the Fermi sea to compensate the tem-
porarily empty spin state. e, An exemplary spectrum showing the energy distribution
of DOS based on the Anderson model. Figures b-e are reprinted with the permission
from [94].

to Heisenberg uncertainty principle, the electron is able to tunnel out from its spin
state to the DOS continuum without consuming energy (Fig. 2.8c) [98]. In this short
timescale (≈ h/ε0, where h is the Planck constant), another electron tunnels to the
spin state with an opposite spin from the original one, resulting in an equivalent spin-
flip event (Fig. 2.8d) [98]. A collective tunneling leads to the screening effect, with
the energy at EF .

Figure 2.8e is an example of a Kondo resonance dI/dV spectrum predicted by the
Anderson model, which corresponds to a spin-1/2 system. The width of the spin state
energy level Γ is broadened due to the tunneling effect, which is related to the Kondo
temperature (TK) and further modifies the linewidth of the Kondo resonance [99]:

TK =
1

2

√
ΓUeπε0(ε0+U)/ΓU . (2.1)

With different spin states and substrates, there could be distinct spectra from
Fig. 2.8e, exhibiting an asymmetric Kondo lineshape or a dip. Nevertheless, the
lineshape can be fitted with Fano or Frota functions, the latter is modified by the
numerical renormalization group calculation and found to describe tunneling spectra
better [100,101]:

Fano(V ) ∝ (q + ϵ)2

1 + ϵ2
, F rota(V ) ∝ Im

[
eiϕ

√
iΓFrota

eV − EK + iΓForta

]
, (2.2)
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where V is the sample bias, q and ϕ are the asymmetric factors that determines the
Kondo lineshape for Fano and Frota functions respectively, ϵ is the normalized energy
written as ϵ = (eV −EK)/ΓFano , EK is the energy of the Kondo resonance, and the half-
width at half-maximum (HWHM, ΓK) of the resonance is equal to ΓFano or 2.54ΓFrota .
The asymmetric factor q and ϕ could be the result of coupling between the adsorbate
and the metal wavefunctions [102].

From Equ. 2.2, TK can be extracted as [103]:

ΓK =
1

2

√
(αkBT )2 + (2kBTK)2, (2.3)

where α is the slope of the linear growth of ΓK , kB the Boltzmann constant, and T
the temperature. As indicated in Equ. 2.3, the Kondo linewidth is broadened as the
temperature increases.

2.2.2 Magnetocrystalline anisotropy

Upon adsorption of magnetic impurities on a crystalline surface, the combined effect
with SOC of the magnetic impurities gives rise to the varying magnetization intensity
along different crystalline axes, also known as magnetocrystalline anisotropy (MA)
[68,104]. The spin state S of the impurity could split into multiplet without an external
magnetic field, and solely due to the effect of MA, leading to zero field splitting (ZFS).
Factors that modify MA include the adsorption symmetry with respect to the substrate
and ligands attached to the ion. The overall influence of the surrounding to the metallic
ion can be expressed by the crystal field Hamiltonian [68]. In the case of a single ion,
the Hamiltonian has the form:

HCF = DxxŜ
2
x +DyyŜ

2
y +DzzŜ

2
y , (2.4)

where Dxx, Dyy, and Dzz are the anisotropy strength in x-, y-, z-axis, and Ŝx, Ŝy, Ŝz

are spin operators along corresponding axes. By subtracting a constant 1/2(Dxx +
Dyy)S(S + 1) from Equ. 2.4, the Hamiltonian can be written as

HCF = DŜ2
z + E(Ŝ2

x − Ŝ2
y), (2.5)

with D = Dzz − 1/2Dxx − 1/2Dyy and E = 1/2(Dxx −Dyy). The new parameters D
and E are the strength of axial and transverse anisotropy respectively. In the case of
axial symmetry, meaning that the magnetization strength is isotropic on the xy plane
(Dxx = Dyy), Equ. 2.5 is then simplified into

HCF = DŜ2
z . (2.6)
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By solving Equ. 2.6, eigenstates are the spin state in z-projection, which are |mz⟩ =
| − S⟩, | − S + 1⟩ ... 0 ... |S − 1⟩, |S⟩ with the definition Ŝz|mz⟩ = mz|mz⟩. It can be
thus interpreted as the splitting of spin state S into (2S + 1) multiplet with the effect
of axial anisotropy D. Furthermore, due to the quadratic nature of Equ. 2.6, state
energy is the same with identical |mz|. Next, by introducing the E term, |mz⟩ starts
to hybridize with each other under the criteria ∆mz = ±2. Note that D can be either
positive or negative. According to the spin excitation scheme, a low-spin ground state
favors positive D, while a high-spin ground state has negative D. In convention, D
and E solved from Equ. 2.5 should fulfill the criteria of maximizing |D| and letting
E > 0 [105]. Nevertheless, in some cases of large half-integer spins, positive D values
split S with degenerate mz = ±1/2 as ground states, which promotes Kondo resonance
with the coexistence of spin-flip excitations at larger energies [96].

2.2.3 Coupled spins

For the presence of multiple spins with small spacings, the wavefunction overlap be-
tween adjacent atoms/molecules enables the exchange of electrons, leading to the
coupling of spins [64]. Heisenberg coupling indicates the so-called ferromagnetic or
antiferromagnetic coupling, meaning that neighboring spins are either parallel or an-
tiparallel aligned. With the lack of inversion symmetry at surfaces or interfaces,
Dzyaloshinskii-Moriya interaction (DMI) arises when the spin-orbit coupling (SOC)
breaks the inversion symmetry of hopping electrons in Heisenberg exchange [106–109].
The noncollinear nature of the spin order induced from DMI could results in exotic spin
textures [108]. By taking Heisenberg coupling and DMI into account, the Hamiltonian
in Equ. 2.5 is modified as [97]:

H =
∑
i

(D(Ŝi
z)

2 + E((Ŝi
x)

2 − (Ŝi
y)

2)) +
∑
i,j

J⃗ijŜ
i · Ŝj +

∑
i,j

D⃗ijŜ
i × Ŝj, (2.7)

where J⃗ij and D⃗ij are vectors of Heisenberg coupling and DMI terms respectively, and

Ŝi the total spin operator which is composed of Ŝi
x, Ŝ

i
y, and Ŝi

z. Heisenberg interaction
can be separated into the isotropic and anisotropic terms. The isotropic component
can be simply written as a scalar Jij, and a positive value represents ferromagnetic
coupling while a negative one stands for antiferromagnetic coupling [68].

In addition to direct coupling via the wavefunction overlap, through the media-
tion of substrate itinerant electrons, a long-range coupling up to few nanometers can
be achieved (Fig. 2.9), which is known as Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction [110–112]. Due to the close vicinity of a magnetic moment, itinerant elec-
trons in the substrate possess a preferential spin orientation which oscillates with the
distance from the magnetic source. Another magnetic moment then couples with the
oscillating spin-density in either the ferromagnetic or antiferromagnetic manner [113].
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Figure 2.9: Magnetic coupling in different length scales. At different dis-
tances, different spin coupling mechanisms come to effect. Reprinted with the permis-
sion from [64].

In this dissertation, we examine magnetic properties in atomic and molecular sys-
tems on surfaces. From Fig. 2.9, electron-electron correlation, exchange coupling due
to electron hopping, magnetocrystalline anisotropy, and RKKY interaction are the
main coupling mechanisms in our study.

2.3 Spins on a Superconductor

In contrary to normal metals, spins of electrons on a superconductor are limited by
Pauli exclusion principle due to the formation of Cooper pairs. Upon adsorption of a
magnetic impurity, the impurity spin can break Cooper pairs and result in quasiparticle
excitations. In this section, superconductivity will be first introduced, followed by the
discussion of the interaction between magnetic moments and superconducting states.

2.3.1 Superconductivity

The resistance of metals tends to drop as the temperature decreases due to the re-
duction of lattice vibration. For some materials, it is found that the resistance drops
to zero while lowering the temperature to a critical value (Tc). Such property is later
known as superconductivity, and the materials are superconductors. The first observa-
tion of superconductivity was made by Heike Kamerlingh Onnes in 1911, who is also
the pioneer of liquefying helium, by cooling solid mercury to 4.2 K [115]. In addition,
superconductors are also able to repel an external magnetic field up to a critical value
(Hc), known as Meissner effect [116]. Meissner effect can be used to distinguish type-I
and type-II superconductors. Superconductivity of type-I superconductors vanishes

29



Chapter 2. Spins on Surfaces

Figure 2.10: The relation between the energy gap of a superconductor to
temperature. The ratio of the energy gap to that at 0 K drops as the temperature
increases, and finally the gap closes when reaching Tc. Reprinted with the permission
from [114].

when the magnetic field raises above Hc. On the other hand, type-II superconductors
have a lower (Hc1) and a higher (Hc2) critical field. When the applied field falls be-
tween these two limits, magnetic flux quanta are able to penetrate through, locally
destroy the superconductivity, and exhibit Abrikosov vortices [117].

From the microscopic point of view, below Tc, electrons in superconductors conden-
sate into pairs via the indirect phonon exchange, which results in attractive interaction
that dominates over Coulomb repulsion [118]. Due to the pairing energy of electrons
(∆), there is an energy gap (2∆) about a few meV symmetric to EF , being known
as the superconducting gap. The symmetry to EF also implies the particle-hole sym-
metry of the superconducting state. The explanation of the phenomenon was further
completed by Bardeen, Cooper, and Schrieffer [114]. Bardeen-Cooper-Schrieffer (BCS)
theory was therefore developed to describe conventional superconductivity, which has
symmetric pairing (s-wave pairing) of electrons in space. BCS theory also describes
the temperature dependency of the superconducting gap (Fig. 2.10) as one of the char-
acteristics of a conventional superconductor. The spatial dimension of a Cooper pair
is denoted as the coherence length (ξ), in which the attractive force remains between
two electrons in a Cooper pair.

From BCS theory, DOS of a conventional superconductor around EF was derived
in [114] as:

ρbcs(E) =
E√

E2 −∆2
. (2.8)

However, as temperature increases, the superconducting gap can be broadened and
becomes more shallow as a “soft” gap. As fermions, the excitation probability of
electrons follows Fermi-Dirac function at finite temperature as shown in the following:
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f(E, T ) =
1

1 + eE/kT
, (2.9)

f ′(E, T ) =
1/kT

2 + eE/kT + e − E/kT
. (2.10)

The superconducting gap width demonstrated in Chapter 3 to Chapter 6 is estimated
by fitting the dI/dV spectra with thermal-broadened BCS function, which is obtained
by convoluting BCS function with Fermi-Dirac function:

ρbcs′(E, T ) ∝
∫

ρbcs(E − ε)f ′(ε, T )dε (2.11)

Another aspect of superconductivity was developed by introducing the concept of
“quasiparticles”. At finite temperatures, unpaired electrons from the broken Cooper
pairs are considered as quasiparticles with spin-1/2 [119]. Dynes et al. modified
the superconductivity DOS derived from BCS theory (Equ. 2.8) by considering the
recombination of two quasiparticles close to the energy gap edge [120]. Thus, the
quasiparticle lifetime (Γ ) is included to estimate DOS:

ρdynes(E) = ρ0Re

[
E − iΓ√

(E − iΓ )2)−∆2

]
, (2.12)

Bogoliubov quasiparticles were further proposed to describe excitations in super-
conductors [121]. Excitations can be written as a superposition of a particle-like com-
ponent and a hole-like component, which can be solved from the Bogoliubov-de Gennes
Hamiltonian [122]. Quasiparticle excitations play an important role when introducing
magnetic adsorbates which could break Cooper pairs and generate localized bound
states. The magnetism-superconductivity interaction will be elaborated in Section
2.3.3.

2.3.2 Proximity-induced superconductivity

Proximity effect can be found at the interface of a normal metal and a superconduc-
tor (NS interface). In conventional superconductors, electrons condensate into Cooper
pairs. Since the pairing pattern of electrons cannot change abruptly across the in-
terface, Cooper pairing leaks to the immediate vicinity of the normal metal. The
microscopic scattering event at the NS interface can be described by Andreev reflec-
tion (Fig. 2.11). As illustrated in the scheme, an electron injected from the normal
metal to the interface can be transmitted to a Cooper pair when there is another
injected electron, which can be viewed as the retro-reflection of a hole in the oppo-
site direction with the identical momentum [123]. The leakage of Cooper pairs to the
normal metal has the opposite mechanism, as plotted in the lower part of Fig. 2.11.
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Figure 2.11: Andreev reflection at the NS interface. At the interface, an
incident electron from the normal metal reflects back as a hole in the opposite direction.
The charge difference is absorbed as a Cooper pair in the superconductor.

As proposed by McMillan [124], proximity effect at the NS interface can be treated
as a tunneling process of Andreev reflection with a potential barrier at the interface.
Thus, the quality of the interface, such as impurities or lattice mismatch, could largely
influence the proximity effect.

2.3.3 Yu-Shiba-Rusinov states

Tunneling measurement of Yu-Shiba-Rusinov states. A magnetic impurity ad-
sorbed on a superconductor can impose an exchange interaction into the scattering
of Cooper pairs, resulting in a local pair-breaking potential. The exchange coupling
induces Bogoliubov quasiparticle excitations, generating low-energy bound states in-
side the superconducting gap, which are known as Yu-Shiba-Rusinov states (YSR
states) [43, 125–128].

In dI/dV spectra, YSR states are shown as pairs of asymmetric peaks inside the
superconducting gap. Depending on the magnetic moment and the crystal field around
the magnetic impurity, the orbital degeneracy is lifted, and multiple pairs of YSR states
can arise due to different scattering channels of the angular momentum [43,129]. From
the method of Yu, Shiba, and Rusinov, the bound state energy can be expressed
as [43,130,131]:

ε = ∆
1− α2

1 + α2
, while α = JKSπρs/2. (2.13)

Here, JK is the exchange coupling strength between the magnetic impurity and the
Cooper pair (also the Kondo exchange coupling), ρs is the substrate DOS at EF in the
normal state, and S is the spin state of the impurity. As indicated in Equ. 2.13, the
bound state energy is determined by JK . When the coupling is weak, the small JK
merges YSR states to the superconducting coherence peaks.
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Figure 2.12: dI/dV spectra and conductance maps of a Mn dimer on the
superconducting Pb(001). a, Three pairs of YSR states (±α,±β, ±γ) are observed
on a Mn dimer, and each of them splits into symmetric and antisymmetric hybridiza-
tion of YSR wavefunctions. b, The STM image of the target Mn dimer. c, Series of
dI/dV maps of the Mn dimer at positive YSR energies. A nodal line perpendicular to
the dimer axis is observed on the antisymmetric hybridized YSR wavefunctions (αa,
βa, γa). Reprinted with the permission from [132].

Hybridization of Yu-Shiba-Rusinov states. Although YSR states are bound to mag-
netic impurity sites, YSR wavefunctions have a slow spatial decay, enabling wavefunc-
tion hybridization. The particle-like (u(r)) and hole-like (v(r)) wavefunctions can be
found by solving the Bogoliubov-de Gennes equation [122,127]:

u(r), v(r) ∝ sin(kF r + δ±)

kF r
exp

[
−|sin(δ+ − δ−)|r

ξ

]
, (2.14)

where kF is the Fermi wavevector, δ± are the scattering phase shift, and ξ is the
coherence length of the superconductor. From Equ. 2.14, the wavefunction decays
with the factor 1/(kF r) in short distances, and it has an exponential decay in large
distance which further depends on ξ [43]. An example of YSR hybridization has been
studied in the Mn dimer system on the superconducting Pb(001) [132]. The symmetric
and antisymmetric superposition of YSR wavefunctions splits each resonance peak into
two on the dI/dV spectrum (Fig. 2.12a). On conductance maps at corresponding YSR
energies, the d-orbital shapes of a single Mn still remain (Fig. 2.12c) [132].

By fabricating magnetic atoms into a spin chain (Shiba chain) or a spin island
(Shiba lattice), the formation of YSR bands is expected, and this is considered as a
promising route towards the realization of topological superconductivity (see Section
2.4) [18, 133–135].

Quantum phase transition. As discussed in Section 2.2.1, the antiferromagnetic
coupling of the impurity spin with itinerant electrons can lead to a Kondo singlet state.
This also happens on a superconductor under the condition kBTK ≫ ∆, when the
screening energy is much larger than the pairing energy [137]. In the weakly screening
regime kBTK ≪ ∆, YSR states are observed and Kondo resonances are suppressed
due to the DOS depletion around EF [43, 65]. Under the criteria kBTK ∼ ∆, Kondo
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Figure 2.13: STS study of quantum phase transition arise from the modu-
lation of adsorption sites. a, A plot showing the relation between the bound state
energy (EB) and the Kondo energy (kBTK). The strong coupling with the substrate
(large kBTK) gives rise to the Kondo singlet ground state. A small kBTK leads to an
weak Kondo screening, and a broken Cooper pair is bound to the magnetic site, which
is the free-spin ground state. Reprinted with the permission from [65]. b, The STM
image of a MnPc self-assembly on Pb(111). c, The dI/dV contour along the Moiré of
a MnPc assembly, showing the excitation peaks shift from hole-dominant to particle-
dominant excitations (I→III)). d, dI/dV spectra extracted from c at the corresponding
markers b-d reprinted with the permission from [136].

screening and superconducting pairing coexist, with the ratio of their strengths leads
to quantum phase transition [43, 65,138].

Quantum phase transition describes the crossing of YSR states through the Fermi
level, and the transition between the Kondo-screened singlet to the free-spin doublet
ground state occurs (Fig. 2.13a) [65]. The STS observation of quantum phase transi-
tion has been studied on a MnPc assembly on the sueprconducting Pb(111) [65, 136].
As shown in Fig. 2.13c, d, along the Moiré of the MnPc assembly, YSR peaks shift
their spectral weight from the negative bias (hole-like) regime to the positive bias
(particle-like) regime (I→III), with the merge at EF (spectrum II, at ±∆tip). This
also marks the switch from Kondo-screened to the free-spin ground state [65,136].

In addition to adsorption sites, the exchange coupling strength between the mag-
netic molecule and the superconducting substrate also changes by imposing the force
from the tip to the target molecule [130, 139]. Following the Lennard-Jones potential
diagram, when the tip approaches the surface, an attractive force is induced between
the tip-sample junction, which lifts the molecule from the surface (Fig. 2.14a). The
decreasing exchange coupling between the impurity spin and Cooper pairs drives the
molecule through a quantum phase transition from the Kondo-screened (S = 0) to the
free-spin (S = 1/2) many-body ground state [139]. In a dI/dV spectrum, the shift of
the YSR energy (Fig. 2.14b, c) has a similar trend as the lattice-modulated quantum
phase transition (Fig. 2.13c).
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Figure 2.14: STS study of quantum phase transition driven by the tip-
induced force. a, The Lennard-Jones potential diagram indicates an attractive force
when the tip approaches the surface (red box), which pulls the molecule upwards and
reduces the coupling with the substrate. If the tip goes further closer, an induced repul-
sive force pushes the molecule towards the surface (blue box). b, The dI/dV contour of
a Fe-porphin (FeP) molecule adsorbed on the Pb(111) superconductor. The weight of
YSR states changes along with the tip-sample distance. c, Before the quantum phase
transition, the molecule is in the Kondo-screened ground state, having a higher spectral
weight in the positive bias YSR state (brown spectrum). The claret spectrum marks the
quantum phase transition, at which YSR states merge to EF (±∆t in the spectrum).
The molecule shifts to the free-spin ground state after the quantum phase transition,
which has a higher intensity at the negative YSR energy (blue spectrum). Reprinted
with the permission from [139].

2.4 Topological Superconductivity

Topological superconductors are currently of particular interest in condensed matter
physics due to their tolerance to the external disturbance and noise, considered as
ideal building blocks for topological quantum computation [7, 13]. Topological su-
perconductivity (TSC) is elusive in nature, but it can also be engineered in hybrid
heterostructures by coupling an electron gas with spin-momentum locking to a con-
ventional superconductor [140–144].

The emergence of TSC is closely related to Majorana fermions, which is defined
by a particle being its own antiparticle [8]. At zero energy, Bogoliubov quasiparticles,
which are the superpositions of particle and hole excitations, are chargeless as the
particle and hole components are equivalent, yet net spins remain [10]. When both of
the criteria are reached–being chargeless and spinless–Majorana fermions arise at zero
energy, with the spatial distribution at the topological margin. To achieve zero net spin,
a p-wave superconducting pairing is required that the hole and the electron spin can
cancel out with each other [10,142,145,146]. Possessing the non-Abelian characteristic,
Majorana fermion manipulation is a promising route for realizing topological quantum
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computation [13].

2.4.1 Majorana bound states in the 1D system

The common goal of these models is to fabricate a spinless, time-reversal breaking p-
wave pairing superconducting state [9,147]. Such system can be achieved by combining
s-wave superconductivity, Rashba SOC, and an out-of-plane magnetic field [148]. A
more concise system was later proposed by Klinovaja et al. by placing ferromagnetic
atomic chains on a s-wave superconductor [18]. In this prototype, a helical spin tex-
ture arises on the chain through RKKY interaction, resulting in an equivalent p-wave
pairing.

The experimental realization of the aforementioned model has accomplished by
the STM/STS investigation through constructing magnetic atomic chains on a su-
perconducting substrate (Fig. 2.15a) [19–21, 149]. With STS measurements, TSC is
demonstrated as Majorana zero modes (MZMs), which can be identified by a conduc-
tance peak at zero energy in a dI/dV spectrum at the system boundary which also
mark the system topology [22]. For the 1D atomic chain, MZMs arise at two ends of
the chain, also known as Majorana bound states (MBSs).

2.4.2 Chiral Majorana modes in the 2D system

In 2D systems, MZMs can be realized by growing ferromagnetic islands via epitaxy on
a s-wave superconductor (Fig. 2.15b, c) [150,151]. Different from the 1D case, in which
MBSs appear as a pair and bound to both ends of the chain, in the 2D system, MZMs
propagate along the topological edge, also known as chiral Majorana modes. Although
having the antiferromagnetic nature, Mn islands grown on the Nb(110) superconductor
also exhibit chiral Majorana modes. Depending on spin coupling patterns at different
Mn island edges, MZM signatures on dI/dV spectra vary from a single peak pinned
at zero-energy to pairs of peaks symmetric to EF (Fig. 2.15d) [152].

In addition to epitaxial growth of magnetic islands, chiral Majorana modes can also
be realized by constructing magnetic islands atom-by-atom through tip-manipulation
[153], or by molecular self-assembly [154]. Such constructed spin lattices have larger
lattice parameters than that of magnetic films. The YSR impurities then hybridize via
the RKKY interaction. The resulting Shiba bands propagate throughout the island
[135,155]. This type of spin lattice is also called a Shiba lattice.

In such Shiba lattices, MZMs emerge at boundaries of the islands [153,156] (Fig. 2.15e).
The topology class of the Shiba lattice can be indexed by the Chern number. With
different Chern numbers, multiple MZMs could arise, where each pair propagates along
the topological edges in opposite directions, also known as “chiral” MZMs. In a dI/dV
spectrum, chiral MZMs show multiple low-energy peaks with equal spacing symmetric
to EF [156].
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Figure 2.15: Experimental realization of MBSs and MZMs under the STM
and STS investigation. a, A Fe chain is constructed by tip-manipulation on the
Pb(110) superconductor. A zero-bias conductance peak is found at two ends of the
chain. Reprinted with the permission from [19]. b, A CrBr3 island grown on the
superconducting NbSe2 shows a broad zero-bias conductance peak at the island edge.
Reprinted with the permission from [151]. c, A Fe island fabricated on the supercon-
ducting Re(0001)-O(2×1) substrate shows Majorana edge modes. Reprinted with the
permission from [150]. d, The antiferromagnetic Mn island grown on the Nb(110) su-
perconductor shows different low-energy modes depending on the spin order at the edge.
Reprinted with the permission from [152]. e, The spatial distribution of the zero-energy
peak is highly dependent on the geometry of the Shiba lattice. In the bottom panel, color
dots map the LDOS intensity at zero energy. Reprinted with the permission from [153].
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2.5 Summary

This chapter serves as a toolbox of concepts that will be used in the following chap-
ters. We first discuss approaches to fabricate spin lattices via on-surface reactions as
well as three spin origins that will be investigated later. The interplay between mag-
netic adsorbates with itinerant electron and with Cooper pairs are also elaborated,
with the focus on the SPM research as it is our main investigation technique. Lastly,
we introduce topological superconductivity and its 1D and 2D realization under the
SPM study, showing signatures of MBSs and MZMs respectively. The topologically
protected MBSs and MZMs are robust against the external disturbance, which is con-
sidered as a promising route towards topological qubits.
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3
Experimental Setup

In this dissertation, sample investigation is completed by scanning probe microscopy
(SPM). Three different microscopes with distinct working temperatures and spec-
tral resolutions are used throughout this project research, which enables a thorough

exploration in fundamental physics via multiple aspects. In addition to investigation
tools, the proper sample fabrication plays a crucial role that validates the sample ex-
amination. In this chapter, specifications of three types of SPM and details of sample
preparation will be introduced.

3.1 4 K STM/AFM

To resolve the bond structures of organic nanostructures, it is essential to reduce lattice
vibrations and surface diffusion by decreasing the sample temperature. We thus use a
4 K STM/AFM purchased from Scienta Omicron GmbH (Fig. 3.1a). The cryostat is
composed of an outer and an inner tank, filled with liquid nitrogen (LN2) and liquid
helium (LHe) respectively. The 4 L LHe bath cryostat is able to cool down the sample
to about 4.7 K and stay at this temperature for 16 hours after each LHe and LN2

refill [157]. In addition to the LHe temperature, the measurement can also be done at
LN2 temperature (≈ 77 K) or room temperature [157]. The measurement is carried
out with the controlling software and electronics provided by Nanonis RC5-SPECS.

The 4 K STM/AFM is composed of a preparation chamber and an analysis cham-
ber, separated by a gate valve. The preparation chamber is mounted with a Ar+

sputtering gun and evaporators for depositing molecules and atoms (Fig. 3.1b). The
pressure of the preparation chamber is kept around 10−9 mbar throughout the prepa-
ration process to prevent heavy contaminations. After preparation, the sample is
transferred to the analysis chamber for investigation using a manipulator. Methods of
sample preparation will be discussed in Section 3.4-3.6.

In the analysis chamber, the pressure is kept at about 10−11 mbar. To maintain
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Figure 3.1: Photos of the 4 K STM/AFM. a, An overview photo of the 4 K
STM/AFM. b, A zoom-in photo of the preparation chamber, showing the Ar+ sputter-
ing gun and different types of evaporators.

Figure 3.2: Photos showing the scanning stage and the qPlus sensor. a,
The scanning stage is hanging inside two layers of cylindrical shutters. In the 4 K
STM/AFM, a qPlus sensor is placed above the piezo tube scanner for sample investi-
gation. b, A zoom-in of a qPlus sensor. A W-tip is attached on the quartz tuning fork.

the sample at low temperature during scanning, the scanning stage (Fig. 3.2a) is
surrounded and thermally isolated by two layers of shutters. Samples are inserted into
and taken out from the scanning stage using the wobble stick. Above the piezo tube
scanner, we install a qPlus sensor, which is composed of a tuning fork and a tungsten
(W) tip attached to its top (Fig. 3.2b, see Section 1.3.2 for the working principle
of a qPlus sensor). The tuning fork has the natural resonance frequency of about
23 kHz and spring constant 1800 N/m. The vibrational amplitude is usually set to
50-60 pm to acquire bond-resolved AFM images. The W-tip is prepared by focused
ion beam and is further sharpened by indenting the tip into a metallic substrate to
enhance the conductivity and spatial resolution. As mentioned in Section 1.3.3, a CO-
functionalized tip is usually used to improve the resolution of the frequency-modulation
AFM. A CO-tip is prepared by deposition CO molecules on a cold substrate (< 10 K)
with the chamber pressure about 1×10−7 mbar, and then gently dipping the tip above
a CO molecule. A successful CO-tip preparation shows a current jump during either
the dipping or the retracting process, since CO attachment can largely reduce the
conductivity of the tip.
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3.2 Joule-Thomson STM/AFM

Figure 3.3: The JT STM/AFM microscope. The figure shows the JT
STM/AFM microscope, as well as an exemplary superconducting gap spectrum ac-
quired with a superconducting tip after the improvement of the electronic noise (It=
300 pA, V= 8 mV, Amod= 50 µV).

Although the 4 K STM/AFM is able to reveal molecular structures with spatial
resolution down to the atomic level, investigating bound states generated by a local
spin on a crystalline substrate requires a higher spectral resolution. We thus implement
another microscope – TESLA Joule-Thomson (JT) STM/AFM purchased from Scienta
Omicron GmbH. JT STM/AFM is able to lower the temperature to 1 K through the
JT cooling, and stay at 1 K for more than 120 hours with 11 L of L4He and 22 L of LN2

after each refill [158]. The microscope also possesses a vertical magnetic field up to
2.2 T. The main components of JT STM/AFM are similar to that of 4 K STM/AFM
(Fig. 3.3), yet efforts were put to reduce the noise and improve the spectral resolution.
First, the mechanical vibration is reduced by damping legs purchased from TableStable.
To eliminate the electronic noise that hampers the dI/dV spectral resolution, we install
an I/V converter from Basel Instruments for the current line, and a home-built voltage
divider and a π-filter to the voltage line. The radio frequency noise is further removed
by re-wiring the ground loop between the microscope and the Nanonis electronics into
“star ground”.

To probe low-energy states, such as Yu-Shiba-Rusinov states (see Section 2.3.3),
a much higher energy resolution is required for dI/dV spectra. Under the constraint
of the working temperature, in this dissertation, we utilize a superconducting Pb-tip
to better resolve these in-gap states. A Pb-tip is prepared by cutting a short segment
of Pb wire, dipping into pure acetic acid for primary cleaning, and followed by several
cycles of Ar+ sputtering for oxide removal. The sharpness and superconductivity of
the Pb-tip are then adjusted by indenting into the Pb(111) substrate, ensuring the
superconducting gap width on Pb(111) to be 4∆ as shown in the inset of Fig. 3.3.
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3.3 Dilution Refrigeration STM

Figure 3.4: The dilution refrigeration STM built in Karlsruhe Institute
of Technology. a, An illustration that demonstrates the overall setup of the dilution
refrigeration STM. The figure is reprinted from [159]. b, An exemplary spectrum
acquired at 35 mK with a W-tip shows double-gapped superconductivity on Pb(111) [44]
(It= 50 pA, V= 2.5 mV, Amod= 40 µV).

The implementation of a superconducting tip at 1 K is able to reveal YSR states,
however, due to the convolution with tip DOS and thermal broadening, it could be
difficult to discern multiple pairs of YSR states and near-zero energy states. To better
resolve these low-energy states, we use the STM equipped with a dilution refrigerator
built in Karlsruhe Institute of Technology (Fig. 3.4a) [159]. Dilution refrigeration
relies on the circulation of the 3He-4He gas mixture, which undergoes repeating con-
densation and evaporation processes. V ia multiple cooling processes, below 10 mK
can be reached at the mixing chamber [159], which can cool down the sample to the
base temperature (≈ 35 mK). When being stabilized at the base temperature, the LHe
consumption is lowered and can stay for 59 hours [159]. To reduce the extra mixture
loss for cooling down the hot sample, as-prepared samples are first pre-cooled to about
90 K on the LN2 shield before inserting into the scanning stage.

At millikelvin temperatures, thermal broadening is largely reduced, enabling the
energy resolution about 25 µeV on a dI/dV spectrum [159]. Figure 3.4b shows an
exemplary superconducting gap spectrum of Pb(111) probed with a metallic tungsten
(W) tip. The two-band superconductivity of Pb is able to be revealed under this
working condition [44].
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Figure 3.5: A schematic plot of an e-beam evaporator. The rod atom source
is placed at the center of a filament, and a high voltage is supplied directly to the source
to provide desired flux.

3.4 Atom/Molecule Deposition

3.4.1 Atom deposition

Atoms are evaporated on the target substrate through an e-beam evaporator EFM3
purchased from Focus GmbH. As plotted in the scheme (Fig. 3.5), the atom source is
placed at the center of a W filament, which is supplied by a current to ionize atoms
due to the potential difference. A high voltage is then applied to the atom source to
produce a sufficient flux. The relative position between the filament and the atom
source is calibrated by applying 200 V of high voltage with measured 5 mA of emission
current. During the atom evaporation, the water cooling with the flow rate larger than
0.5 l/min is required to keep the evaporator temperature around 30◦C.

There are two atom sources used in this dissertation. First, the silver (Ag) source
is provided by a 2 mm diameter Ag rod with 99.99% of purity. The Ag source is used
for fabricating Ag films with designated thickness. Secondly, the iron (Fe) source is
also provided by a rod with 2 mm in diameter, which is used for depositing single
atoms.

3.4.2 Molecule deposition

Molecules are evaporated on substrates through a three-pocket Knudsen cell. Dry
molecule powder is placed in a quartz crucible wrapped by a W filament. By heating
the crucible above the molecule sublimation temperature, molecules are then sublimed
from the crucible in the conical pattern. The flux of the molecule evaporation is
monitored by a quartz micro-balance (QMB).

Three different organic molecules are carefully examined in this dissertation. First,
10,10’-dibromo-9,9’-bianthracene (DBBA) (Fig. 3.6a) are sublimed at 170◦C with the
flux of 1.38 Å/min. DBBA is a well-studied monomer for performing Ullmann-type
reaction. In Chapter 4, we use DBBA precursors as the first attempt to synthesize
atomically precise NGs on a superconducting substrate. Secondly, pyrene-4,5,9,10-
tetraone (PTO) (Fig. 3.6b) is sublimed at 150◦C with the flux 2.7 Å/min on the
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Figure 3.6: The chemical structures of molecules used in this thesis. a,
The chemical structure of 10,10’-dibromo-9,9’-bianthracene (DBBA), which is used to
perform on-surface synthesis of NGs. b, The chemical structure of pyrene-4,5,9,10-
tetraone (PTO), which is able to coordinate with magnetic atoms through electron
affinity. c, The chemical structure of 4,5,9,10-tetrabromo-1,3,6,8-tetraazapyrene (TB-
TAP), which is a designed electron acceptor.

preheated Ag(111) and Pb(111) substrates. Due to the strong electron negativity of
ketone groups, PTO is able to coordinate with magnetic transition metal elements
and form chain structures. Characterization of such organometallic system will be
presented in Chapter 5. Lastly, as will be demonstrated in Chapter 6, we evaporate
4,5,9,10-tetrabromo-1,3,6,8-tetraazapyrene (TBTAP) (Fig. 3.6c) at 170◦C with the
flux 1.3 Å/min on the cold Pb(111) surface (≈ 200 K). TBTAP is a carefully designed
electron acceptor, which is able to capture one electron from the substrate while being
decoupled intrinsically due to Br substitutes. The alternating charged and non-charged
TBTAP rows exhibit exciting physical properties which are promising for fabricating
topological qubits.

3.5 Preparation of Metal Substrates

In this dissertation, we use the Ag(111) and lead (Pb) (111) single crystalline sub-
strates purchased from MaTeck GmbH with readily polished surfaces. Both Ag and
Pb are face-centered cubic (FCC) crystals, with the melting point 961.78 and 327.46◦C
respectively [160].

Since SPM is the main technique we use to characterize our samples, there is a high
demand in a conducting sample with a smooth surface to prevent damaging the probe.
It is thus necessary to adequately remove oxides on the surface before scanning. In our
work, the cleaning process of substrates is performed in the preparation chamber under
UHV (≈ 10−9 mbar) in order to achieve contaminant-free surfaces. The substrate first
undergoes argon ion (Ar+) bombardment for 10 minutes to efficiently remove surface
oxides. Ar gas is ionized with the filament and accelerated by a high voltage of 1 kV.
Following Ar+ sputtering, the surface of the substrate is flattened by annealing to
360◦C for Ag(111) and 137◦C for Pb(111). The annealing of both substrates are done
with the built-in heater on the manipulator. In 4 K STM/AFM and the dilution
refrigeration STM, the manipulator is equipped with an e-beam bombardment heater,
which heats up the sample by accelerating electrons emitted from the filament placed
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at the back side of the sample. The heater in JT STM/AFM can provide a much lower
heating rate to the sample through radiative heating using pyrolytic boron nitride.

3.6 Preparation of the Nb(110) Substrate

Niobium (Nb) is a body-centered cubic (BCC) crystal, which has {110} as the close-
packed plane. In this dissertation, we focus on the superconducting nature of Nb
below its critical temperature (Tc ≈ 9.2 K). Under the working temperature, Nb be-
comes a type-II and one-band conventional superconductor. The Tc of Nb is relatively
high compared to other single-element conventional superconductors such as Pb (Tc ≈
7.2 K), vanadium (Tc ≈ 5.4 K), or aluminium (Tc ≈ 1.2 K) [160]. Moreover, the su-
perconducting gap width of Nb(110) is estimated to be 2∆ ≈ 3.0 meV [161], which is
larger than its counterparts. Combining all of these intrinsic properties, Nb is an ideal
superconductor to investigate possible in-gap states with our microscopes.

3.6.1 Radio-frequency heater

Figure 3.7: Pictures illustrating the operation of RF heating on the
Nb(110) substrate. a, The picture shows the setup of the RF heating. The Nb(110)
sample plate is grabbed by a water cooled wobble stick. b, The sample is inserted into
the slit of the Cu coil, being ready for annealing. c, RF heating is able to heat the Nb
substrate to temperatures higher than 1600◦C with a power of 2 kW.

Although Nb is an ideal superconductor for the study in this thesis, the high melt-
ing point of Nb (≈ 2477◦C) makes it difficult to obtain atomically clean surfaces with
the annealing approach described in Section 3.5. It is found that the annealing temper-
ature higher than 2200◦C is needed to remove surface oxides after Ar+ sputtering [162].
The heater with electron bombardment as described in Section 3.5 cannot reach such
a high temperature in short time without losing UHV. Therefore, we develop a radio-
frequency (RF) induction heating using copper (Cu) coils (Fig. 3.7), which provide
temperature ≥ 1600◦C with a full power of 2 kW and the output frequency of one
hundred-and-tens Hz, depending on the matching with the Cu coil. An upgrade of the
RF generator to 10 kW is also possible.
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Figure 3.7 shows the setup and the operation of the home built RF heater. The
Nb(110) substrate is spot welded onto a tantalum (Ta) plate, which is a material that
has a higher melting point (3017◦C) than Nb to sustain the high annealing temperature.
To avoid heavy degassing, the sample plate is deliberately cut, the manipulator and
the Cu coil are water cooled, allowing the pressure kept bellow 5×10−8 mbar while
annealing.

3.6.2 Nb-O reconstruction

Figure 3.8: The superconducting state of the oxide-reconstructed Nb(110)
substrate. a, The pristine Nb(110) surface after cleaning. The inset is a zoom-in of
the surface. The texture of short rods indicates the Nb-O reconstruction (It= 1 pA, V=
-1 V. Inset: It= 1 pA, V= -150 mV). b, The model showing the NbO(111) terminated
Nb(110) surface. The figure is reprinted from [163]. c, The superconducting gap of Nb
is measured by a metallic tip at the position of the red dot in the inset (It= 100 pA,
V= 10 mV, Amod= 80 µV). The shaded area marks the superconducting gap with the
width of 2∆. The inset is a STM image of Nb(110) with 0.11 ML of Ag (It= 100 pA,
V= 1 V).

The Nb(110) substrate was prepared by Ar+ sputtering and followed by cycles
of heat flash and cooling. RF heating is able to remove bulk oxides from Nb(110),
however, as shown in Fig. 3.8a, textures of short rods observed on the surface indicate
a certain surface reconstruction. Due to the insufficient annealing temperature, oxygen
(O) embedded in the bulk is able to diffuse to the surface, and forms rod-like Nb-O
reconstruction [164]. From previous studies, the reconstruction has the FCC NbO(111)
structure [163, 164]. Furthermore, additional Nb rows arranged along the NbO⟨1̄10⟩
direction exhibit the rod pattern (Fig. 3.8b), which has about 5◦ of misalignment from
the Nb⟨111⟩ of the Nb(110) plane.

Nevertheless, the oxide reconstruction does not influence the superconductivity.
The superconductivity of Nb(110) was examined with a metallic tip on the sample
with less than 1 monolayer (ML) of Ag (red dot in the inset of Fig. 3.8c), which shows
a BCS lineshape (Fig. 3.8c). The spectrum is fitted with the thermal-broadened BSC
function as described in Section 2.3.1. The fitted ∆= 1.5±7.3×10−7 meV, which agrees
to the ideal superconducting gap of Nb.
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3.6.3 Ag film growth on Nb(110)

Figure 3.9: STM images of different Ag coverages obtained by adjusting
the Ag deposition time. a, 2 minutes 30 seconds (It= 1 pA, V= -100 mV), b,
5 minutes (It= 1 pA, V= -100 mV), c, 20 minutes (It= 1 pA, V= -100 mV), d,
30 minutes (It= 1 pA, V= -80 mV), e, 1 hour (It= 1 pA, V= -80 mV). Terraces are
tilted upward in all images to have a better contrast.

As will be discussed in Chapter 4, we demonstrate the first attempt to synthesize
NGs directly on a superconducting substrate. In order to realize this, a substrate
possessing low reactivity and superconductivity is needed. Inspired by Tomanic et
al. [161], we grow homogeneous Ag buffer layers on Nb(110) to obtain an inert surface
while maintaining superconductivity via proximity effect. Ag films are grown on the
Nb(110) surface kept at room temperature through e-beam evaporation (see Section
3.4.1). Typical evaporation is about 30 min for a measured flux of about 30-40 nA.
After Ag deposition, the sample is annealed with the RF heater to 550◦C for 15 minutes
in order to obtain flat and extended Ag monolayers.

To characterize the two-dimensional (2D) growth of Ag films on Nb(110), we keep
the Ag evaporation flux and the subsequent annealing process unchanged, and adjust
the Ag deposition duration. The Ag coverage is calculated by the software Gwyddion,
which shows 21% and 42% of coverage for Fig. 3.9a and Fig. 3.9b respectively. The
linear relation between the coverage and the deposition time enables intuitive estima-
tion of the Ag film thickness. Thus, the Ag thickness in Figs. 3.9c, d and e can be
deduced as 1.6, 2.5 and 5 ML respectively. On the surface with full coverage of Ag
(Figs. 3.9c-e), we find long triangular lines on terraces, which are considered as the
trait of Ag film growth. In addition, defects such as notches at the terrace edge and
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Figure 3.10: Characterization of the clean Ag/Nb substrate with 2.5 ML
of Ag. a, The STM image of the clean Ag/Nb surface (It= 1 pA, V= -100 mV).
b, The height profile extracted from the line indicated in a. The height of a terrace
is roughly 0.24 nm, and the triangular line is about 35 pm above the terrace. c, The
large scale dI/dV spectrum measured at the position marked in a (It= 1 pA, V= -1 V,
Amod= 20 mV). d, The superconducting gap measured on the 2.5 ML Ag at the position
indicated in the inset (It= 100 pA, V= 10 mV, Amod= 50 µV. Inset: It= 100 pA, V=
-1 V).

tiny holes on the terrace are also found on thick Ag.

Since 2.5 ML of Ag provides large and uniform terraces (Fig. 3.10a), most of the
on-surface reactions are performed on the Ag layer with such thickness. The height
profile extracted from a clean substrate is plotted in Fig. 3.10b. The height of a
terrace is approximately 0.24 nm, which is consistent with the theoretical height of
a Ag(111) atomic layer (0.24 nm). The triangular line is about 35 pm above the
surface. The large range dI/dV spectra in Fig. 3.10c exhibits periodically oscillating
peaks in the negative bias, and two steps in the positive bias. These signatures could
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Figure 3.11: Characterization of the thick Ag layer grown on Nb(110).
a, STM topographic image of the Ag layer showing island growth (It= 100 pA, V=
800 mV). b, SS is observed at different positions with the energy at about -10 meV
(It= 100 pA, V= -500 mV, Amod= 10 mV).

be the result of vertical confinement induced by atomically thin Ag, or the lateral
confinement due to limited width of the terrace. Figure 3.10d confirms proximity-
induced superconductivity on the Ag layer. The superconducting gap obtained with a
metallic tip is fitted with the same method as Nb, which has ∆= 1.5±6.3×10−7 meV.

As the Ag layer grows much thicker than 5 ML, we observe Stranski–Krastanov
growth mode on Nb(110) (Fig. 3.11a). On the thick Ag island, surface state (SS)
is probed by dI/dV at different positions, showing the energy level ESS ≈ -10 meV
(Fig. 3.11b). Since SS is a characteristic of the noble metal (111) surface [165], we
assume this substrate has similar chemical reactivity as Ag(111). However, ESS of the
thick Ag island deviates from that of the bulk Ag(111) (about -63 meV [165]), which
is very likely the result of the epitaxial strain induced on Ag due to the insufficient
thickness [161]. The comparison of the on-surface synthesis on the homogeneous thin
wetting layer and the rough Ag island will be discussed in Section 4.1.
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3.7 Summary

In this chapter, three different types of STM/AFM used in this thesis are introduced.
By cross-checking samples with different microscopes, we ensure the reproducibility of
the results and complete the investigation in diverse aspects. Following the specifica-
tion of microscopes, details about sample preparation are described. Noteworthy is the
novel setup of RF heater which is delicately designed for generating high temperature
to clean the Nb(110) substrate. Lastly, a careful calibration of Ag film growth on
Nb(110) is presented.
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4
On-surface Synthesis of Nanographenes on

the Superconducting Ag/Nb(110)

With the bottom-up synthesis through on-surface reactions, atomically-precise
nanographenes (NGs) and graphene nanoribbons (GNRs) [71, 72] can host
Dirac fermions, topological electronic properties [90,91,166], magnetic edge

states [72, 167], and coupled spins [92, 168]. Despite considerable efforts to engineer
their structures and electronic properties on surfaces, observing the interaction of a
superconducting state with graphene local magnetism is scarce in literature [169]. In-
terestingly, this interaction can lead to further application from strong spin-orbit cou-
pled materials to novel graphene-based topological superconductors [170], which opens
a new era for implementing Majorana-based qubits in topological quantum computa-
tion.

Inspired by the seminal work of Tomanic et al. [161], this chapter targets Nb(110)
substrates covered with thin Ag buffer layers grown in UHV as a reliable supercon-
ducting platform [161]. Using STM and AFM at 4 K, we investigate Ullmann polymer-
ization of 10,10’-dibromo-9,9’-bianthracene (DBBA) precursors. We characterize the
synthesized nanostructures by AFM with CO-terminated tips and confirm proximity-
induced superconductivity. We believe our results open a new route towards the study
of topological superconductivity in atomically-precise NGs.

4.1 Nanographene Synthesis

Our aim is to reproduce Ullmann polymerization of DBBA precursors (compound 1 in
Fig. 4.1a), which leads to 7-carbon-wide armchair GNRs (7-AGNRs) on Ag(111) [80,
81], on the superconducting Ag/Nb(110) substrate. To achieve this, we first investigate
by STM the growth of Ag thin films on the oxide-reconstructed Nb(110) [162] with
thicknesses ranging from 0.2 to 5 monolayers (ML) (see Section 3.6.3). Precursor 1
is then sublimated at 170◦C to the Ag/Nb(110) substrate kept at room temperature,
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Figure 4.1: Bottom-up synthesis of NGs on the superconducting
Ag/Nb(110) substrate. a, Hierarchical Ullmann polymerization leading to
bisanthene-Ag chains as compared to literature. b-e, Series of STM images show-
ing the evolution of surface morphology as a function of substrate temperature. b,
Sublimating DBBA molecules (1) on Ag/Nb(110) leads to extended two-dimensional
self-assemblies (It= 1 pA, V = 1.8 V. Inset: It= 1 pA, V= -1.5 V). c, Upon annealing
to T1= 75◦C, molecular domains evolve to one-dimensional stacks of compounds 3 (It
= 1 pA, V= -1.5 V. Inset: It= 1 pA, V= 900 mV). d, Annealing to T2= 300◦C leads
to bisanthene-Ag chains 5 (It= 1 pA, V= 1.8 V. Inset: It= 1 pA, V= 900 mV). e,
The final thermal treatment to T3= 390◦C results in small NG domains (It= 1 pA,
V= 1.9 V. Inset: It= 1 pA, V= 2 V).

resulting in 2D self-assembled domains located mostly at step edges and defects (Fig.
4.1b). Upon annealing to T1= 75◦C, dehalogenation of 1 is initiated, forming bundles
of chains (Fig. 4.1c). Increasing the sample temperature to T2= 300◦C then results in
single polymeric chains (Fig. 4.1d) while for T3= 390◦C, molecular structures appear
more curved and fused. The close-up STM image of each sub-product is shown in the
insets of Figs. 4.1b-e. We found the formation of these sub-products are independent
of the Ag thickness explored so far.

Interestingly, on the Ag/Nb(110) substrate prepared at a lower temperature about
450◦C (comparing to the typical preparation temperature of 550◦C), we find coexisting
zigzag and armchair chains after DBBA deposition (Fig. 4.2). As will be elucidated
with high resolution AFM, we assign both of the configurations to organometallic (OM)
intermediate compounds towards graphene nanoribbons (GNRs). Different from the
OM intermediate synthesis shown in Fig. 4.1c, the spontaneous conjugation indicates
that the energy barrier for forming such intermediates is very low, and it can be
overcome by the surface-assisted process on this Ag/Nb(110) substrate. Despite of
the different reaction pathway on this substrate, OM intermediates are still able to
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Figure 4.2: Structural characterization of zigzag and armchair intermedi-
ates. a, Large scale STM image of the sample where zigzag and armchair intermedi-
ates coexist (It= 1 pA, V= 1.8 V). b, The close-up STM image of a zigzag chain (It=
1 pA, V= 150 mV). c, he close-up STM image of an armchair chain (It= 1 pA, V=
150 mV).

transform to bisanthene-Ag chains by annealing at a much lower temperature estimated
to be 150◦C.

To better understand the reaction steps, we elucidate the chemical structure of each
sub-product using AFM imaging with a CO-functionalized tip [53]. First of all, Figs.
4.3a and b display AFM images of zigzag and armchair chains respectively. Both chain
configurations are found as intermediates towards 7-AGNRs on noble metal surfaces
[71, 80]. We assign both buckled structures to the formation of OM intermediates 3,
which are composed of bianthracene radicals and Ag surface adatoms. Due to the
steric hindrance between anthracene moieties, only the topmost phenyl rings can be
resolved by AFM (bold lines in the superimposed Kékulé structures of Figs. 4.3a and
b). Our assignment is different from the previous study on Ag(111) using the same
precursor [80], in which the zigzag pattern was confirmed as polyanthrylene 2 after
successful dehalogenation of 1 and formation of C-C bonds. We attribute the two
different buckling patterns of 3 on Ag/Nb(110) to the accommodation to the distorted
lattice of thin (2.5 ML) Ag films.

To enforce cyclodehydrogenation towards GNRs, we further annealed the sample
to T2 = 300◦C. Exemplary STM/AFM images of the resulting product are shown in the
inset of Fig. 4.1d and Fig. 4.3c. Surprisingly, cyclodehydrogenation only occurs within
each bianthracene moiety, but not between adjacent bisanthene monomers (Fig. 4.3c).
By extracting the distance between adjacent bisanthenes, we find the interlinking bond
length about 2.51±0.07 Å, which is too long to be a single C-C bond. Moreover, bright
protrusions located at the interlinking position in the STM image (inset of Fig. 4.1d)
indicate conducting species conjugated in between. Based on these observations, we
assign the synthesized structure of Fig. 4.3c to the bisanthene-Ag polymer 5 even
though Ag atoms are not clearly resolved by AFM [171]. According to the relaxed
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Figure 4.3: Bond-resolved characterization of reaction sub-products. a,
AFM image of OM intermediates 3 showing a zigzag pattern. b, AFM image of the
OM intermediates 3 which have an armchair pattern fingerprint in AFM. Bold bonds
in the corresponding Kékulé structures of a and b represent the most protruding part
of the chain. Two buckling patterns of 3 might result from the Ag lattice-modulated
effect. c, AFM image of a bisanthene-Ag chain 5 where each monomer is linked by
C-Ag-C bond. d, Relaxed structure of the OM intermediate on Ag(111) optimized by
DFT. The DFT simulation result shows the distance of 3.29 Å between bisanthene
moieties. e, AFM image of the irregularly fused bisanthenes (blue) leading to small
7-GNR segments (red) as well as irregular structures. All scale bars are 1 nm.

structure of 5 on Ag(111) optimized by density function theory (DFT) (Fig. 4.3d),
surface Ag atoms are pulled out, yielding a distance of 3.29 Å between middle pe-
ripheral carbons of adjacent bisanthene monomers. This distance is still much larger
than our measured bond length (2.51 Å), which might be explained by different lattice
configurations of thin Ag films and Ag(111). Besides, the shorter bond length may be
caused by intrinsic limits of the AFM technique, such as the tilted CO molecule at the
tip apex [56] and slight drift during the slow scan.

With the confirmation of 5, we stress that intermediate 2 is unlikely to be synthe-
sized at this step of the reaction, since breaking a strong C–C bond between anthracene
moieties and forming a much weaker OM (C–Ag) bond is not energetically favorable.
Furthermore, bisanthenes are interlinked not only from the middle of the bisanthene
edge (red arrow in Fig. 4.3c) but also from the peripheral carbons (yellow arrow).
This observation allows us to conclude that surface Ag atoms of Ag/Nb(110) are
involved in the reaction, causing the Ullmann-type reaction competes with surface-
assisted dehydrogenative coupling (non-Ullmann). Noteworthy is the synthesis of 5
from DBBA precursors on Ag/Nb(110), which is novel compared to previous studies
on Ag(111), suggesting that these two substrates do not share the identical catalytic
reactivity [80,81].
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Figure 4.4: The STM image of products synthesized on the thick Ag layer.
Stripe-like structures are synthesized on the thick Ag after the slow annealing process
that could be attributed to GNRs (It= 100 pA, V= 1 V).

Annealing the sample to T3= 390◦C promotes a cyclodehydrogenation reaction
between neighboring bisanthene monomers, leading to dendritic structures (Fig. 4.1e)
instead of straight GNRs. These structures consist of irregularly-fused bisanthenes or
short GNR segments according to AFM imaging (Fig. 4.3e), which are similar to those
obtained using chlorinated precursors on Au(111) [77]. We suggest that the Ag co-
ordination between bisanthene monomers prevents the conventional Ullmann reaction
(Fig. 4.1a) and promotes alternative cyclodehydrogenation processes. Note that we
are aware that kinetic factors such as annealing temperature of the substrate [80] or
heating rate [81] are key parameters that can influence the reaction towards extended
GNRs. We explored various preparation procedures but no significant improvements
of Ullmann reaction sub-products nor the formation of extended GNRs have been
observed on top of thin Ag film. However, on thicker Ag buffer layers (≥ 5 ML),
we observed a Stranski–Krastanov growth mode with the formation of large Ag is-
lands [161] (see Section 3.6.3 Fig. 3.11) on top of which premises of GNR reaction has
been obtained with slow annealing rate (Fig. 4.4). We thus think that the epitaxial
deformation in thin Ag buffer layer containing many surface dislocations (see Section
3.6.3 Fig. 3.9d) leads to a substantial amount of Ag adatoms during annealing for the
GNR synthesis. Nevertheless and despite the large involvement of the substrate in the
Ullmann reaction, short segments of 7-AGNRs on the thin Ag layer can be occasionally
found as marked by the red rectangle in Fig. 4.3e.

4.2 Spectral Analysis

4.2.1 Spectra on bisanthene-Ag chains

Next, we performed scanning tunneling spectroscopy (STS) on 5 and fused NGs to
gain an in-depth understanding of their electronic properties in combination with DFT
calculations. The superconducting states on 5 was confirmed at 1.3 K with a metallic
tungsten tip (Fig. 4.5a). The overall shape and gap width of the fits using BCS on
5 are almost identical to that measured on the Ag/Nb(110) substrate, which implies
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Figure 4.5: Experimental and simulated electronic properties of
bisanthene-Ag chains 5. a, Proximity-induced superconductivity on 5 at differ-
ent positions marked in the inset (It= 100 pA, V= 10 mV, Amod= 50 mu V. Inset:
It= 20 pA, V= 760 mV). Dashed line corresponds to a representative spectra on pris-
tine Ag/Nb. Shaded area marks the fitted width of the superconducting gap. b, dI/dV
spectra measured at three representative positions of the bisanthene chain. Shaded areas
refers to the onsets of CB and VB (It= 1 pA, V= 900 mV, Amod= 20 mV. Inset: It=
1 pA, V= 900 mV). c-g, Series of dI/dV maps at indicated bias. Scale bars of all the
images are 5 Å. h-l, Simulated DOS of 5 at different energy levels shows consistency
with the experimental results in c-g.

that the superconductivity state is given by proximity from the underlying substrate
is not influenced much by the molecular adsorbates. In addition, a series of differential
conductance (dI/dV ) spectra and dI/dV mapping were acquired along the central of
5 and across a bisanthene monomer. Figure 4.5b shows three representative dI/dV
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spectra acquired at positions marked in the inset. Along the chain axis, a shoulder
at +0.76 eV is found on bisanthene monomers (orange) and Ag atomic sites (blue)
which is absent at the bisanthene armchair edge (green). The latter has a resonance
at +0.13 eV attributed to the conduction band (CB) onset. The frontier resonance of
the valence band (VB) onset is assigned to -0.60 eV, allowing to extract an energy gap
of about 0.73 eV. In comparison, DFT calculations of the OM structure in gas phase
reveal a gap of 1.05 eV in relative agreement with experimental data. Note that the
band gap value extracted from STS measurements is typically reduced by an additional
electron screening from the underlying metallic surface with respect to the band gap
of the gas-phase polymer obtained by DFT [172]. Moreover, due to the heavy orbital
hybridization with the substrate, a non-zero DOS around Fermi energy as in Fig. 4.5b
leads to reasonable observation of superconductivity on 5.

The dI/dV map acquired at +0.50 eV (Fig. 4.5f) shows an increased DOS over
bisanthene edges and at Ag atomic sites while centers of bisanthene units are ex-
tinguished. The dI/dV map above the VB edge (Fig. 4.5c) shows maxima at Ag
atoms and lateral termini of the bisanthene moiety, while the dI/dV map acquired at
+0.76 eV (Fig. 4.5g) shows a continuous DOS over the entire chain. Despite the fact
that DFT calculations cannot predict correctly the magnitude of the intrinsic band-
gap of the polymeric chain, we find that the measured DOS of 5 on Ag/Nb(110) has
a similar trend to the calculated frontier orbitals of 5 on Ag(111) for the VB and CB
band edges (see Figs. 4.5h-l), validating the character of the frontier orbitals predicted
by DFT.

4.2.2 Spectra of nanographenes

We last discuss the electronic properties of irregularly fused NGs. dI/dV spectra ac-
quired at different positions share almost identical line-shape (Fig. 4.6a), allowing a
gap estimation of 1.58-1.68 eV. We also carry out STS measurements at 560 mK with
a metallic tip to investigate the superconductivity within the NG structure. Supercon-
ducting gaps at various positions are estimated by using the BCS function considering
thermal broadening as described in Section 2.3.1. They all have identical widths of ∆=
1.5 meV, being comparable to that on the Ag/Nb(110) substrate (dashed line in Fig.
4.6b). Note that we also observe an increase of the SC coherence peak at the edge of the
nanographene (red and blue spectra in Fig. 4.6b) as opposed to the center of the NG
(green). Such increase, similar to the one observed for Fe adatom on Nb(110) [173,174],
might suggest the presence of a single pair of YSR states, which energetically overlaps
with the coherence peaks due to the limited spectral resolution at the measurement
temperature. We thus conclude that the NG structure induces a slight modification
of the proximity-induced superconductivity from the Ag/Nb(110) substrate, as the re-
sult of YSR states likely arising from unpaired electrons at edges of fused bisanthene
moieties. This allows us to conclude that the fused NGs on Ag/Nb(110) might contain
evidences of carbon magnetism [92], which will be explored in future works.

As for the speculated GNRs shown in Fig. 4.4, according to the work by Tomanic et
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Figure 4.6: Proximity-induced superconductivity in fused NG. a, dI/dV
spectra showing VB and CB onsets of a NG segment (It= 1 pA, V= 1.8 V, Amod=
20 mV). The STM image of the target NG is shown in the inset (It= 1 pA, V=
1.8 V). Green, orange and blue dots in the inset refer to positions of dI/dV spectra.
b, Superconducting gap measurement at different positions of NG shown in the inset
as compared to the pristine Ag/Nb (dashed line) (It= 100 pA, V= 10 mV, Amod=
50 µV. Inset: It= 50 pA, V= 1.5 V). The estimated widths of superconducting gaps are
highlighted by the shaded area, indicating a robust proximity-induced superconductivity
on the NG. Scale bars of the insets are 1 nm.

al. [161], superconductivity is fully proximitized on the surface state for such coverage.
We thus reasonably assume that GNRs synthesized on such Ag films might show similar
superconducting gap as found on bisanthene-Ag chains and NGs.

4.3 Summary

In conclusion, we fabricated a metal-superconductor heterostructure consisting of a
Nb(110) substrate covered by thin Ag films, and find robust proximity-induced su-
perconductivity on the Ag layer [161]. In contrast to the reactive Nb surface, we
demonstrated by low temperature STM/AFM that the Ag buffer layer is compatible
with thermal-triggered on-surface reactions, including surface diffusion of molecules,
dehalogenation, formation of C-C intra-monomer bonds as well as cyclodehydrogena-
tion. The presence of surface Ag adatoms from thin Ag buffer layer however change the
reaction pathway compared to pristine Ag(111) leading to unexpected NG structures
such as bisanthene-Ag polymeric chains or fused nanographene. We propose to use
in future experiments iodine substituent instead of bromine atoms in the precursors
to promote polymerization on the surface at lower annealing temperature in order to
circumvent the formation of organometallic intermediates [175]. As compared to the
pristine substrate, bisanthene-Ag polymer and edges of fused nanographene show an
increase of the SC coherence peaks which can be attributed to the presence of YSR
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states from unpaired electrons in these structures [92]. Our results demonstrate an
exciting starting point towards the general exploration of exotic electronic states or
carbon magnetism in atomically precise NGs or extended metal-organic frameworks
proximitized to a s-wave superconductor. This may open new routes towards the
emergence of topological superconductivity in carbon-based nanostructures.
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5
Substrate Dependent Long-range Spin-spin

Coupling in Organometallic Chains

Upon the adsorption of transition metal elements on metallic surfaces, d-orbital
degeneracy is lifted due to the crystal field imposed by the substrate and lig-
ands. As discussed in Section 2.4.2, fabricating a spin lattice into specific

geometries might give rise to topological superconductivity through the coupling with
superconducting states. To construct a regular spin lattice, we utilize the directional
bonding of functional groups on organic molecules, and coordinate them with transi-
tion metal ions.

In this chapter, we fabricate a magnetic organometallic (OM) framework using
pyrene-4,5,9,10-tetraone (PTO) and Fe atoms on Ag(111) and on the superconducting
Pb(111) [61]. The subsequent structural characterization is carried out by scanning
tunneling microscopy (STM) and atomic force microscopy (AFM) at 4 K. Local mag-
netic features are examined by inelastic tunneling spectra measured at 1 K, which
reveals different spin-state excitation mechanisms and distinct long-range spin-spin
coupling behaviors on the two substrates.

5.1 Fabrication of PTO-Fe Chains

The reaction pathway of the magnetic OM chain on Ag(111) and Pb(111) is depicted as
Fig. 5.1a. PTO molecules are first sublimed on the substrate kept at room temperature,
resulting in extended 2D domains that are stabilized by hydrogen bonds (Fig. 5.1b). Fe
atoms are subsequently deposited on pre-heated Ag(111) to 150◦C. Due to the electron
affinity between ketone groups and Fe atoms, PTO-Fe coordinated chains are formed
as shown in Fig. 5.1c. On Pb(111), since Fe has high tendency of forming clusters
with Pb, a reduced amount of Fe is evaporated followed by the PTO deposition, and
an annealing process at a much lower temperature (≈ 115◦C) is then treated to the
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Figure 5.1: On-surface synthesis of PTO-Fe chains on Ag(111) and
Pb(111) substrates. a, Overview of the reaction pathway. b-d, STM images of
a PTO assembly and PTO-Fe chains on Ag(111) and Pb(111) respectively. b, Subli-
mating PTO molecules on Ag(111) leads to extended two-dimensional self-assemblies
(It= 1 pA, V= 500 mV). c, After depositing Fe atoms, PTO and Fe are able to form
coordinated chains, which further assemble into islands in the close-packed pattern on
Ag(111) (It= 1 pA, V= 200 mV). d, PTO-Fe chains assemble into bundles rather
than islands on Pb(111), showing a stark difference from that on Ag(111) (It= 80 pA,
V= 600 mV. Inset: It= 100 pA, V= 50 mV).

sample. Though the chain structure is expected to be identical on both substrates,
PTO on Pb(111) shows obvious diagonal links between two chains while this link on
Ag(111) is relatively weak (Fig. 5.1d).

Atomic structures of the PTO assembly and the PTO-Fe chain on Ag(111) are
revealed by AFM with a CO-functionalized tip and density function theory (DFT)
calculation. As shown in Fig. 5.2a, PTO molecules self-assemble into a rotated ar-
rangement through hydrogen bonds, resulting in an angle approximately 60◦ between
adjacent rows inside the assembly. Interestingly, hydrogen bonds can also lead to par-
allel arrangement of PTO assemblies, yet it is less energetically favorable on Ag(111)
according to DFT calculations (Fig. 5.2c). The subsequent Fe deposition on the heated
substrate at 150◦C allows metal-coordination with PTO molecules. Bonds between ke-
tone groups and Fe are clearly resolved by AFM, which shows the coordination number
of four on Fe (Fig. 5.2b). To clarify the species of the conjugated atom, DFT calcu-
lation was performed to compare the energy of Ag- and Fe-coordination (Fig. 5.2d).
The simulation shows 5.40 eV more energetically favorable in the Fe-coordinated case
over its counterpart.
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Figure 5.2: Structural characterization of reaction products. a, The AFM
image shows a PTO self-assembly with about 60◦ of rotational angles between two
molecular rows. b, The AFM image reveals Fe-coordinated PTO chains. Fe atoms are
separated by 9 Å along the chain, and about 8.6 Å across the chain. Scale bars in a and
b are 5 Å. c, DFT calculations confirm the energetically favorable rotated arrangement
of PTO self-assembly, which is in relative agreement with the experimental observation.
d, DFT calculations show that Fe-coordination is preferred over Ag-coordination.

5.2 Magnetic Signatures of Fe Atoms in
Organometallic Chains

Figure 5.3b shows serial tunneling spectra performed along the central axis of a segment
of a chain (Fig. 5.3a). From both the spectra and its contour (Fig. 5.3b, c), a dip
around EF and symmetric steps at about ±18 meV are consistently observed. These
two features are considered as spin state excitations with different mechanisms induced
by inelastic tunneling. The consistent observation of magnetic signatures along the
PTO-Fe chain indicates the formation of a dispersed spin chain.

As discussed in Section 2.2.2, magnetocrystalline anisotropy (MA) is induced by
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Figure 5.3: Spectral analysis of a fully conjugated PTO-Fe chain on
Ag(111). a, The STM image of a segment of PTO-Fe chain (It= 100 pA, V=
50 mV). The molecular model is superimposed on the image. Scale bar: 500 pm. b,
A series of dI/dV spectra recorded along the PTO-Fe chain as marked in a. Spectra
measured around Fe sites are plotted in red (It= 300 pA, V= 35 mV, Amod= 1 mV). c,
The dI/dV contour plotted based on b shows the modulated asymmetric lineshape with
respect to the position. d, The DFT calculation of spin ground state on Fe, showing
S0= 2 and D4h symmetry of 3d energy levels after coordinating with PTO. e, The
experimental dI/dV spectrum on Fe with a higher spectral resolution (red curve), and
the conceptual simulated curve including four antiferromagnetically coupling Fe (blue)
(It= 1.5 nA, V= 35 mV, Z-offset= +20 pm). f, The scheme of an unit spin lattice
for simulating the spectrum in e.

the combine effect of the crystal field and spin-orbit coupling, which can split the
spin state into multiplets even without an external field. Excitations among these
multiplets give rise to several steps at low energies on a dI/dV spectrum. Considering
the adsorption on the Ag(111) hollow site and the coordination with two neighboring
PTO (Fig. 5.2d), each Fe is in a square antiprismatic crystal field that lifts the d-level
degeneracy (Fig. 5.3d). The DFT calculation also suggests the spin ground state S0=
2 is expected on Fe. Thus, we assign the dip around EF as the spin-flip excitation of
a single Fe resulted from MA, while the steps at ±18 meV mark the collective spin-
flipping events caused by superexchange. In addition, the consistent lineshape observed
along the PTO-Fe chain indicates that spin-flip excitations are delocalized across the
entire chain. Rather than direct d-orbital overlapping, itinerant electron mediated
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [110–112] is the mechanism that
leads to Fe-Fe coupling although being separated by a PTO molecule.

The tunneling spectrum with a higher energy resolution reveals more features
inside the dip around EF and additional steps at about ±10 meV (red spectrum in
Fig. 5.3e). Considering S0= 2, a conceptual simulation of the spectrum was done
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using the perturbative model developed by Ternes (blue curve in Fig. 5.3e) [176].
We construct the spin lattice with the unit cell including four antiferromagnetically
coupled Fe along and across the chains (Fig. 5.3f). The simulated spectrum has the best
agreement with the experiment when the uniaxial and transverse anisotropy strengths
are D= -1 meV and E= 0.8 meV respectively on a single Fe. Parameters related to
the substrate electron bath, such as potential scattering U= 0.63 meV and Kondo
scattering JKρs= -0.02 meV are also taken into account.

Interestingly, these small energy excitations are usually observable with a decou-
pling layer [96, 105, 177], an atom or molecule decorated spin-polarized tip [178–181],
or a superconducting substrate [182,183]. In our system, a possible explanation could
be that Fe atoms are lifted from the substrate due to the coordination with PTO mol-
ecules, and the exchange with substrate electron bath is slightly reduced. This could
lead to the preservation of Fe spin ground state (S0= 2) as expected for a free-atom
spin [105].

On the other hand, excitations at larger energies (±10 meV and ±18 meV on the
red spectrum in Fig. 5.3e) are associated with collective spin-flipping events. With Fe-
Fe separation about 8 to 9 Å (Fig. 5.2b), RKKY interaction can be approximated by
an antiferromagnetic Heisenberg Hamiltonian [184]. As plotted in Fig. 5.3f, we assume
the same MA on each Fe, a constant and stronger intra-chain coupling strength (J1),
and a weaker inter-chain coupling (J2). The Hamiltonian describing MA on a single
magnetic impurity (Equ. 2.5) is modified accordingly as

H =
4∑
i

Hi + J1(S⃗1 · S⃗2 + S⃗3 · S⃗4) + J2(S⃗2 · S⃗3 + S⃗1 · S⃗4), (5.1)

where Hi is the Hamiltonian of a single Fe. With J1= -4.0 meV and J2= -1.5 meV,
steps at ±10 meV and ±18 meV in the experimental spectrum can be best reproduced.

Lastly, we adjust the tip-sample distance (∆Z) on top of a Fe site. The force
imposed by the tip follows Lennard-Jones type potential that can pull or push Fe
outward or toward the surface [139]. Such interaction is able to modify the exchange
strength with the substrate and could possibly induce slight shift in the spin-flip energy
[130,139,182,183]. In Fig. 5.4, ∆Z = 0 is defined by the tunneling condition It= 1.5 nA,
V= 35 mV, and the tip position is changed manually without the feedback loop. At
different ∆Z, the lineshape of the spectra maintains, and only the excitation at about
5 meV shows clear shift (orange lines in Figs. 5.4a and 5.4b). Since the PTO-Fe
coordination is rigid against the tip-induced structure modification, only the local Fe
spin orbital responds to the force imposed by the tip and shows slight shift in the
excitation energy. On the contrary, excitations at higher energies are related to the
long-range Fe-Fe coupling which is delocalized along the chain (blue lines in Figs. 5.4a
and 5.4b). The local change in the Fe bonding with the substrate has relatively minor
influence, and thus and these energies remain unchanged under the tip effect.

65



Chapter 5. Substrate Dependent Long-range Spin-spin Coupling in
Organometallic Chains

Figure 5.4: Height-dependent inelastic tunneling spectra measured on Fe.
a, Series of dI/dV spectra measured at different tip heights. Numbers marked next to
the spectra indicate ∆Z with the unit of pm. ∆Z = 0 is defined by It= 1.5 nA and
V= 35 mV. Dash lines are plotted for the guide for the eye, showing the exemplary
evolution of spin-flip energies at different tip-sample distances. b, Among the three
exemplary spin-flip excitations, only the step at around 5 meV shifts slightly towards a
smaller energy as the tip moves away from the surface, while the steps at about 1 meV
and 18 meV stay almost unchanged (Amod= 400 µV, fmod= 613 Hz).

5.3 Magnetic Properties of PTO-Fe Chains on the
Superconducting Pb(111)

By transferring PTO-Fe coordinated chains from a normal metal to a superconductor,
extended spin-flip excitation lifetime on Fe is expected due to the depletion of substrate
DOS around EF [182, 183]. Figure 5.5b shows a series of dI/dV spectra measured
along the central axis of a PTO-Fe chain (Fig. 5.5a) using a superconducting Pb-tip at
1 K. Two pairs of excitations are systematically observed outside the superconducting
gap around Fe sites (red spectra in Fig. 5.5b) that we assign as MA-induced spin-flip
excitations. These excitation energies slightly vary on different Fe with the range up
to 0.72 meV on eight exemplary spectra, which could the result of the modulating
coupling strength with the substrate [65].

As more clearly resolved in the contour (Fig. 5.5c), asymmetric coherence peaks
at Fe sites indicate the weak coupling with the superconducting states. The emer-
gence of Yu-Shiba-Rusinov (YSR) bound states depend on the wavefunction overlap
between unpaired electrons in d-orbitals of Fe and the substrate, in which the out-of-
plane d-orbitals (dxz, dyz, and dz2) have larger effect than the in-plane orbitals (dxy
and dx2−y2) [130,185]. By adopting the DFT calculation about d-orbital splitting and
filling on Ag(111) as a similar coordination geometry of Fe is expected on both sub-
strates, only the degenerate dxz-/dyz-orbitals and dxy-/dx2−y2-orbitals have unpaired
electrons (Fig. 5.3e). As we interpreted in the previous section, Fe atoms are very
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Figure 5.5: Spectral analysis of a fully conjugated PTO-Fe chain on the
superconducting Pb(111). a, The STM image of an assembly of PTO-Fe chains
(It= 80 pA, V= 9 mV). The molecular model is superimposed on the image. b, A
series of dI/dV spectra recorded along the central axis of the PTO-Fe chain as marked
in a. Spectra measured at Fe sites are plotted in red (It= 300 pA, V= 8 mV, Amod=
50 µV). c, The dI/dV contour plotted based on b shows the modulated asymmetric
coherence peaks and mildly dispersed spin-flip excitation with respect to the position.
d, A defect site of the PTO-Fe chain with an additional Fe atom (green dot) attached
to the chain (It= 90 pA, V= 9 mV). e, dI/dV spectra measured at three Fe around
the “defect” site of the chain. The green spectrum measured on an additional Fe shows
typical YSR states without spin-flip excitation. The orange spectrum taken at the close
vicinity to the additional Fe shows the coexistence of YSR states and the spin-flip
excitation. The blue spectrum shows two pairs of spin-flip excitation, similar to those
measured in the defect-free PTO-Fe chain. Black arrows mark spin-flip excitations and
red arrows point out YSR in-gap states (It= 300 pA, V= 8 mV, Amod= 50 µV).

likely lifted by ketone groups of PTO, making the planar dxy- and dx2−y2-orbitals triv-
ial and perpendicular dxz- and dyz-orbitals only weakly coupled to the substrate. This
is possibly the reason pronounced in-gap quasiparticle excitations are not shown on
the fully coordinated PTO-Fe chain.

Nevertheless, clear YSR in-gap states are observed at defect sites of the chain
(Fig. 5.5e). For instance, due to the attachment of an additional Fe (green dot in
Fig.5.5d), the coupling with the Fe inside the chain leads to the change in the spin
ground state, and thus only one spin-flip excitation is found with the coexistence of
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YSR states (see arrows in Fig. 5.5e). Although the end of the chain is deviated from
the assembly (blue dot in Fig. 5.5d), the coordination with two PTO molecules enables
a typical two-pair-spin-flip excitation as shown in the blue spectrum in Fig. 5.5e.

In addition, in Fig. 5.5b, spin-flip excitations are localized on Fe but absent on
PTO, making a stark contrast with the measurement on Ag(111). This deviation is
due to the different surface band characteristics of the two substrates, which gives
rise to distinct RKKY interactions. The bulk Ag(111) exhibits Shockley surface state
at about -65 meV with a parabolic dispersion close to Γ-point [186, 187], while bulk
Pb(111) has a flat valance surface band dispersion around M - and K-point at -
2.2 eV [188]. Furthermore, since the tunneling measurement is limited to the small
energy window determined by the workfunction, the interaction between magnetic
impurities and surface electrons away from Γ-point is difficult to be detected [187].
Thus, the low-lying surface states of Ag(111) are prone to interact with magnetic
impurities of PTO-Fe chains, making it an ideal platform for the long-range RKKY
interaction as observed by scanning tunneling spectroscopy (STS). On the contrary,
the absence of such states on Pb(111) decreases long-range magnetic interaction and
suppresses the signature of collective spin excitations in the tunneling spectra on Pb.

As a preliminary comparison, we first extract spin-flip excitation energies on Ag(111)
from Fig. 5.3e, and shift these values by 2∆= 2.7 meV due to the superconducting elec-
trodes. The rough estimation of spin-flip energies on Pb(111) is obtained accordingly
(dotted lines in Fig. 5.6b and Table 5.1). Note that the energy +3.00 and -3.20 meV
fall close to the superconducting gap edge, which is an indication of another pair of
spin-flip excitations as the superconducting gap on Fe is slightly wider than that on
the bare Pb(111). However, this rough estimation does not match exactly with the
experimental results on Pb(111). A possible reason for the deviation could be the
strong coupling of Fe to Pb(111) that modifies the crystal field.

Based on the spectrum in Fig. 5.6b, differential conductance maps (Figs. 5.6c and
5.6d) measured at coherence peak energies (±2∆ meV) show different relative intensity
between PTO and Fe at the particle- and hole-regimes. This difference stems from the
magnetic nature of Fe, where highly asymmetric coherence peaks arise. On the other

Table 5.1: Estimated and experimental spin-flip excitation energies of Fe on Pb(111).

Excitation on
Ag(111) (meV)

Estimation on
Pb(111) (meV)

Excitation on
Pb(111) (meV)

+0.30 +3.00 -
+1.90 +4.60 +4.34 (+ε1)
+3.30 +6.00 +4.96 (+ε2)
-0.50 -3.20 -
-1.65 -4.35 -4.22 (-ε1)
-2.85 -5.55 -4.84 (-ε2)
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hand, magnetic characteristics cease on PTO and equal intensity of coherence peaks
are observed. Conductance maps at each pair of spin-flip energies (±ε1 and ±ε2) have
roughly the identical DOS distribution on Fe (Figs. 5.6e-h).

As demonstrated in the previous works [182, 183], the lifetime of the spin state
excitation can be extracted from dI/dV spectra measured at different tip-sample dis-
tances. The spin state excitation peaks are expected to shift towards larger energies as

Figure 5.6: Conductance maps measured at the characteristic energies.
a, The STM image of an assembly of PTO-Fe chains (It= 90 pA, V= 9 mV). The
molecular model is superimposed on the image. b, Representative dI/dV spectra mea-
sured on Pb and on a Fe marked by the red cross in a (It= 300 pA, V= 8 mV, Amod=
50 µV). c-h, dI/dV maps recorded at pairing and spin-flip energies. Maps e-h show
roughly identical DOS distribution on Fe at each pair of spin-flip excitation (±ε1 and
±ε2 respectively). Scale bar: 1 nm.
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the tip approaches. This measurement is planned to perform on the PTO-Fe/Pb(111)
system in the near future.

5.4 Summary

In this chapter, we compare spin-flip excitations of an ordered magnetic lattice on
a normal metal and on a superconductor. We fabricate an OM framework using
PTO and Fe on Ag(111) and Pb(111). On Ag(111), the slight lifting of Fe after the
coordination with PTO decouples the magnetic moment from the substrate, leading to
the visibility of spin-flip excitations at small energies induced by MA. PTO-Fe chains
on superconducting Pb(111) show only two clear spin state excitations and asymmetric
coherence peaks that indicate weak spin-superconductivity coupling. Interestingly, the
Fe-Fe coupling due to RKKY interaction is only observable on Ag(111) and absent on
Pb(111). This different coupling behavior can be attributed to different electronic
properties of the two substrates.
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6
Topological Superconductivity in a

Molecule-Based Electron Spin Lattice

With the protection from topology, Majorana zero modes (MZMs) are known
to be tolerant to defects or external disturbance, and are expected to be
fabricated into a novel type of qubits for quantum computing. So far, the

realization of MZMs in 2D has only been found by coupling transition metal mag-
netic islands with s-wave superconductivity (see Section 2.4.2) [150–152,189,190]. As
demonstrated in Chapter 5, the PTO-Fe spin lattice fabricated on the superconducting
Pb(111) shows spin-flip excitations without sub-gap quasiparticle excitations, indicat-
ing insufficient interaction between magnetic moments and superconducting states. In
search of a novel approach, as described in Section 2.1.2, molecule electron acceptors
are able to extract one electron from the substrate and ensure the simple spin-1/2
system. With designed ligands, the backbone of a molecule can be lifted, leading to
the natural decoupling effect. Inspired by the recent works about tip-induced charge-
state control using scanning tunneling microscopy (STM), [28, 30, 93], we propose to
fabricate a Shiba lattice with such gate-tunable radical molecules on a superconductor.

In this chapter, the Shiba lattice is realized by 4,5,9,10-tetrabromo-1,3,6,8-tetraazapy-
rene (TBTAP) molecules which self-assemble into large-range islands on the supercon-
ducting Pb(111). TBTAP molecules are able to trap one electron from Pb(111), and
form alternating charged and neutral rows in the assembly. Through the investigation
of STS at millikelvin and 1 K, we demonstrate the sub-gap quasiparticle excitations
on charged TBTAP molecules, as well as the modulation of Yu-Shiba-Rusinov (YSR)
band across the molecular island. Supported by theoretical calculations, we assign
the emergence of low-energy modes (LEMs) to chiral MZMs near the edge of the
supramolecular assembly.
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6.1 Supramolecular Assembly of TBTAP on the
Superconducting Pb(111)

Figure 6.1: Supramolecular assembly of radical TBTAP molecules on
Pb(111). a, The chemical structure of 4,5,9,10-tetrabromo-1,3,6,8-tetraazapyrene
(TBTAP). b, The STM overview of the supramolecular assembly on Pb(111) (V=
−0.5 V , It= 1 pA). c, The close-up STM image of the molecular lattice (V= 0.8 V,
It= 0.8 pA). The unit cell is marked with arrows. d, The corresponding constant-
height AFM image acquired with a Br-fuctionalized tip. The lattice consists of charged
(c) and neutral (n) TBTAP molecule rows. Red, blue, white and black colors of the
CPK models refers to Br, N, H and C atoms. e, Simulated AFM images using the
probe-particle model [191]. DFT coordinates are applied for an isolated neutral and
charged molecule on the surface with a neutral (top row) and a charged (bottom row)
tip.

As precursors, we synthesize 4,5,9,10-tetrabromo-1,3,6,8-tetraazapyrene (TBTAP)
molecules (Fig. 6.1a) that is composed of an acceptor perimidine backbone and four
peripheral Br atoms. In a recent work [30], we have shown that the TBTAP molecule
is singly-occupied by an electron donated from the substrate, leading to the spin-
1/2 ground state on Ag(111). We thus sublime TBTAP molecules in ultra high vac-
uum on the Pb(111) substrate kept at about 200 K (see Section 3.4.2), forming large
supramolecular domains larger than 100 nm (Fig. 6.1b). Molecules exhibit a densely
packed rectangular structure (lattice parameter a1= 12.3 Å and b1= 17.2 Å, arrows in
Fig. 6.1c), observed by STM as alternating dark and bright rows. The corresponding
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Figure 6.2: TBTAP supramolecular assembly on Pb(111) optimized by
DFT. a, The perspective view of the TBTAP assembly on Pb(111) optimized by DFT
calculations. Red and blue arrows depict the electron spin lattice formed by the anionic
TBTAP•− molecules. b, Simulated top and side (c,) views of the TBTAP supramolec-
ular assembly on Pb(111). The unit cell is 17.5 Å×12.1 Å, 90◦. d, STM image of
both the supramolecular assembly and the Pb(111) substrate with atomic resolution.
Red arrows refer to the molecular lattice, black lines are the principal directions of
Pb(111), and white dashed/dotted lines mark molecular rows.

constant-height atomic force microscopy (AFM) image (Fig. 6.1d), probed by a Br-
terminated tip, shows each Br atom bound to the TAP backbone as bright protrusion
that allows assigning the exact position of the molecule in the array (space-filling CPK
models in Fig. 6.1d). Similar to STM imaging, two AFM contrasts are observed as a
function of the rows under consideration denoted as c (dashed line) and n (dotted line).
To rationalize this contrast difference, we simulated the AFM image of the neutral and
anionic TBTAP (denoted as TBTAP0 and TBTAP•− respectively) from the density
function theory (DFT) coordinates using the probe-particle model (Fig. 6.1e) [191].
Using an uncharged tip (top row, no electrostatic molecule-tip) interaction, TBTAP0

and TBTAP•− have the same contrast. For a negatively charged tip (bottom row),
the neutral molecule appears bright, especially in the central region. This implies that
the contrast difference emerges due to different electrostatics between the sample and
the tip, instead of the topographic cause.

Using DFT, we relaxed the supramolecular TBTAP network on Pb(111) (Figs.
6.2a-c). The lattice parameter (a1= 12.1 Å and b1= 17.5 Å, rotated by 90◦) is in
registry with the Pb(111) surface and agrees with the experimental data. Molecules
are stabilized by a combination of halogen bonds between Br atoms (C–Br...Br–C)
and TAP units (C–N...Br–C). The n rows have their molecules inclined by 50◦ with
respect to the row axis, while molecules in c rows are almost vertically overlapped (-
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6◦). Furthermore, according to DFT calculations, molecules are flat-lying in the same
plane 3.4 Å above the surface (Fig. 6.2c). Therefore, we conclude that the contrast
in STM/AFM images between molecules of neighboring rows is due to the coexistence
of two charge-states in the TBTAP assembly [93], rather than the difference of rel-
ative height. Note that the selective charging of the TBTAP assembly is the result
of electronic long-range self-interaction, which is unable to be modelled directly by
DFT [192]. In addition, to compare the simulated morphology with the experimental
data, we acquired a STM image resolving both the supramolecular assembly and the
Pb surface with atomic resolution (Fig. 6.2d). The black lines show the main crys-
tallographic directions of Pb(111) with red arrows the TBTAP lattice unit vector. By
comparing Fig. 6.2b with Fig. 6.2d, we found the self-assemble registry is well-aligned
between DFT simulation and STM investigation.

6.2 Imaging Correlated Electrons of the
Supramolecular Assembly

To confirm the assumption of alternating c-n rows according to the AFM simulation
(Fig. 6.1e), we assigned their molecule charge states by comparing dI/dV spectra
(Fig. 6.3b) of TBTAP molecules located in c and n rows respectively. For c molecules
(also TBTAP•−, blue spectra), a strong resonance D appears at V ≈ 1 V which is
absent for nmolecules (also TBTAP0, red spectra). The D resonance peak is attributed
to a charge state transition induced by the local electric field of the tip, which transfer
the molecule charge state from TBTAP•− to its neutral counterpart TBTAP0 [28, 30,
93]. Radical TBTAP•− are obtained by transferring one electron from the surface
to the lowest unoccupied molecular orbitals (LUMO). Due to Coulomb repulsion, the
former LUMO splits into a singly-unoccupied molecular orbital (SUMO) above EF and
a singly-occupied molecular orbital (SOMO) below EF with different spin directions.
As shown in Fig. 6.3c, SOMO and SUMO energy levels are located at ±150 meV
respectively. Similar mechanism of forming radical molecules by electron donation
from the substrate have also been reported in the literature [193]. Note that charging
events expected at negative voltages are not observed for either type of molecules,
meaning that trapping an excessive charge on the molecule is spontaneous instead of
tip-induced.

The discharging efficiency from TBTAP•− to TBTAP0 is characterized by the lever
arm (α), which is linearly dependent on the applied voltage V and the tip position
(X, Y, Z) with respect to the charged molecules. The discharge of TBTAP•− on
Pb(111) can be explained by the double-junction tunneling barrier (DJTB) model
[28,93,194]. By gradually increasing the positive sample voltage V , the energy level of
SOMO is only shifted by αV with respect to the chemical potential of the substrate
due to the potential barrier between the molecule and the substrate. As depicted in
Figs. 6.3e and d, when V = Vthresh (Vthresh is the threshold voltage of the molecule
discharge), SOMO aligns with the surface chemical potential, the electron at SOMO
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Figure 6.3: TBTAP•− discharging mechanism. a, The STM image of the molec-
ular assembly (V= 0.8 V, It= 50 pA). The scale bar is 1 nm. b, Single-point dI/dV
spectra of c (blue) and n (red) molecules. The D resonance peak correspond to the tip-
induced discharging event (V= -0.8 V, It= 100 pA, Amod= 20 mV). c, dI/dV spectra
on a charged molecule. Dotted lines refers to vibrational excitations of the TBTAP
molecule at ± 18 meV, ± 36 meV and ± 52 meV respectively, which are similar to
our previous work of TBTAP/Ag(111) [30]. Black arrows point to the SOMO/SUMO
onsets at ± 150 meV. SC refers to the superconducting gap edge which resolution is
hampered by the large voltage modulation used for the lock-in detection (lock-in param-
eters: fmod = 611 Hz, Amod = 700 µeV). d, Energy levels of the tip-TBTAP-surface
for V= 0 V. SOMO of the molecule below EF is occupied by an electron. e, By apply-
ing a positive voltage V ≥ Vthresh, SOMO is shifted by the amount αV with respect to
the chemical potential of the substrate. When SOMO crosses EF , the level is emptied,
leading to the discharge and the neutral state of TBTAP.

is able to tunnel through, and the molecule is now in the TBTAP0 state. Such charge-
state transition opens an additional tunneling channel between tip and sample, being
observed as a sharp conductance peakD in dI/dV spectra (Fig. 6.3b). To determine α,
we estimate the ratio between the SOMO level (ESOMO) and the energy of discharging
(E−→0= eVthresh), which gives α = |ESOMO|/(E−→0 − |ESOMO|) [155]. From Fig. 6.3c,
ESOMO is about -150 meV, and E−→0= 0.9 eV according to Fig. 6.3b. Therefore, α=
0.2, which is in the similar range compared to previous works regarding discharge of
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molecules on metals [28] or on a thin insulating layer [195].

A constant-height dI/dV map acquired at the discharge threshold D shows that
rings and dots of high conductance always center on molecules in c rows, marking
the signature of discharging events (Fig. 6.4a). It also indicates the spatial position
of electrons trapped at TBTAP•− prior to its discharge (i.e. without tip gating).
When the tip is located inside a ring in dI/dV maps, the molecule is discharged but
remains charged when the tip is outside the ring. Discharging rings were not observed
for molecules of n rows since no charge can be extracted from the TBTAP0. Figure
6.4b shows a dI/dV cross-section acquired across n-c-n rows (solid line in Fig. 6.4a).
The high-conductance parabola is positioned above the TBTAP•− molecule with its
bottom (≈ 0.9 V) corresponding to the minimum voltage for the discharge. Owing to
the linear dependency of α, the parabolic branches linearly expands with increasing
V , which also reflects the formation of “Coulomb” rings at higher voltages in the
corresponding dI/dV maps.

Circular halos in Fig. 6.4a form a well-ordered superlattice of parameter a2= 20 Å
and b2= 39.7 Å and rotated by 30◦ with respect to the molecular lattice. The variation
of ring diameters is due to a slight modulation of the threshold voltage ∆D along the
charged rows. We found ∆D ≈ 150 mV by comparing the bottom of parabolas among
neighboring TBTAP•− of a c row (Fig. 6.4c). When V ≥ 1.1 V and the tip is located

Figure 6.4: Electron superlattice of the supramolecular assembly. a, The
dI/dV map shows discharging rings centered at every molecules of c rows. Red arrows
mark the electron superlattice unit vector (V= 1 V, Amod= 6 mV). b, The dI/dV
contour across n-c-n rows (solid line in a) that shows electron localization c, The
dI/dV contour across five TBTAP•− molecules (dashed line in a). The parabolic
pattern marked by the dashed line corresponds to multiple discharging events by tip
gating. e is the number of charge removed by gating. d-g, Series of dI/dV mapping
at increasing V shows the expansion of the ring diameter and cascade discharge for
V ≥ 1.15 V (Amod= 6 mV). Scale bars are 1 nm.
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between two adjacent molecules, the parabola start to merge (dashed line in Fig. 6.4c)
promoting the removal of multiple electrons from neighboring molecules (region e > 1).
Increasing V in a series of dI/dV maps (Figs. 6.4d-g) first leads to the ring expansion
in real space (Fig. 6.4e), and their coalescence along c rows (Fig. 6.4f). In contrast
to a simple superposition of rings as expected for non-interacting quantum dots, their
fusion as observed in Figs.6.4f-g indicates a cascade discharge along c rows and thus a
manifestation of electron correlation in the supramolecular assembly [196].

6.3 Spectral Characterization of the Supramolecular
Assembly

6.3.1 Yu-Shiba-Rusinov states from radical molecules

Radical TBTAP•− on Pb(111) feature a S= 1/2 ground state with strong spin-polarization
according to DFT calculations (Fig. 6.5a). To assign the interaction of the electron spin
lattice with the superconducting Pb, we probed the YSR bound states of TBTAP•−

in the middle of the island using tunneling spectroscopy with a metallic tip at 35 mK
(see Section 3.3). In Fig. 6.5c, we compared dI/dV spectra of three neighboring
TBTAP•− (black) with the pristine Pb(111) surface (blue) and a TBTAP0 (red). In
all the spectra, a hard gap is systematically observed centered to EF and framed by
the coherence peaks of Pb(111) [44]. Similar to Pb, TBTAP0 shows no in-gap states
due to the absence of unpaired electrons. Each TBTAP•− spectrum additionally shows
one pair of YSR states at energies εα= ±460 µeV, εβ= ±720 µeV and εγ= ±940 µeV
(dotted lines), resulting from the spin-1/2 nature of the radical molecule.

In series of dI/dV maps at ε±α , ε
±
β , and ε±γ YSR energies (Figs. 6.5e, f), both

particle-like and hole-like wavefunctions of TBTAP•− show the typical donut-shape,
which is similar to the computed spin density map of the anionic molecule (Fig.
6.5a). These differential conductance maps also show that YSR energies are molecule-
dependent and well-extended in real space into a long-range superlattice. We thus
attribute the convergence to only three YSR energies and their spatial distribution
to the long-range coherent coupling between quasiparticle excitations in the spin net-
work [138].

Figure 6.5g shows a dI/dV cross-section across the island (red arrow of Fig. 6.5d),
where white dotted lines refer to the ε±α,β,γ YSR energies. Broad resonances near EF

coexist with the YSR peaks as marked by black arrows in Figs. 6.5c and g. These
LEMs are systematically observed with the highest intensity on molecules along the
white dashed lines marked in the zero-energy dI/dV map as in Fig. 6.5d.

6.3.2 Spectral signatures of low-energy modes

The intrinsic particle-hole symmetry of zero-energy modes, imposed by the Bogoliubov
quasiparticle character, can be probed by tunneling spectroscopy using superconduct-
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Figure 6.5: YSR states of the TBATP•− assembly. a, Spin density map of
a single TBTAP•− molecule on Pb(111) calculated by DFT. b, dI/dV (X, Y) map
of the TBTAP•− assembly acquired at energy ∆S= -1.28 meV at T= 35 mK with
a metallic tip. The scale bar is 1 nm (lock-in parameters: fmod= 3.28 kHz, Amod=
40 µV, tunneling parameters: It= 200 pA, V= 5 mV). c, Exemplary dI/dV point-
spectra of Pb(111) (red), TBTAP0 (blue), and three representative TBTAP•− (black).
Black spectra are shifted by 1 µS for clarity. Pairs of YSR resonances at εα = ± 460
µeV, εβ = ±720 µeV and εγ = ±940 µeV are molecule-dependent along the c row.
The black arrows mark the low-energy modes near EF . d, The near zero-energy (ε=
+100 µeV) dI/dV map shows the spatial distribution of the LEM line as pointed out
by the white dotted line. e-f, Series of dI/dV maps extracted at energies of ±εα, ±εβ
and ±εγ respectively. g, dI/dV (V, X) cross-section acquired along the red arrow in d.
White dotted lines refer to YSR energies. Dashed lines show the superconducting edge
±∆S, while black arrows mark LEMs.

ing STM tips (∆T= 1.35 meV is the superconducting pairing strength of the tip).
Due to the convolution of tip and sample electron DOS, a zero-energy peak appears
in dI/dV spectra as a pair of peaks of equal amplitude shifted from zero to the fi-
nite voltages eV = ±∆T , while the superconducting edge is observed at ± (∆T +
∆S) = ± 2.7 meV (∆S= 1.35 meV is the superconducting pairing strength of the
substrate). Using bulk Pb tips at T= 1 K, YSR energies at εα,β,γ acquired from mil-
likelvin measurements (Fig. 6.5c) are now expected to be found at a single energy eV=
±(∆T +εα,β,γ) ≈ ±2.1 meV due to the large thermal broadening (≈ 90-100 µeV). This
is in agreement with our results measured along seven TBTAP•− (white dotted lines
in Fig. 6.6a and ε±α,β,γ marked in Fig. 6.6b). In addition, the emergence of YSR states
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Figure 6.6: Tunneling spectroscopy of LEMs near an island edge. a, dI/dV
cross-section measured along seven TBTAP•− (black line in c). White dotted lines
mark the YSR energies ε±α,β,γ, and black dashed lines correspond to ±(∆T + ∆S)
and ±∆T energies respectively (lock-in parameters: fmod= 611 Hz, Amod= 25 µV,
tunneling parameters: It= 300 pA, V= 5 mV). b, dI/dV spectra extracted at the red,
blue, and black arrows in a. c, The topography and d-f, dI/dV maps near an island
edge showing DOS at the superconducting gap energy, wavefunction of LEMs, and at
the ε+α,β,γ energy. Scale bar is 1 nm. g, dI/dV cross-section acquired along the blue
dashed line in c, which is also the local maxima of the modulated LEM wavefunction.
h, dI/dV spectra extracted at the blue, red, and black arrows in g. LEMs appear as
pairs of peaks with equal amplitude positioned at ±∆T . i, Decay length of the LEM
wavefunction (blue) comparing to the ε+α,β,γ energy (grey) along the blue dashed line in
e. The border of the island is set at X= 0 nm. The dashed line is the theoretical fit of
the edge mode using two exponential functions that estimate the short (ξ1= 3 nm) and
the long (ξ2= 110 nm) localization length.

is accompanied by resonances at ±∆T , which are signatures of LEMs probed by a
superconducting tip.

From the constant-height dI/dV maps acquired near the island edge, we compare
the spatial distribution of LEM wavefunction at +∆T (Fig. 6.6e), hole-like (YSR)
wave-function at ε+α,β,γ (Fig. 6.6f), and at the superconducting edge ∆T+∆S (Fig.
6.6d). At the YSR energy, DOS is homogeneous along c rows, while LEM lines emerge
along the rotational angle of 60◦ with respect to the edge. The propagation of the
LEM lines corresponds to the ferromagnetic direction of the spin lattice. To better
characterize LEMs, we next extracted a dI/dV cross-section across the island edge
along one LEM line (Fig. 6.6g acquired along the blue dashed line in Fig. 6.6e).
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As shown in Fig. 6.6h, all in-gap excitations along the LEM line strictly appear at
zero energy (±∆T ) with equal amplitudes of particle-like and hole-like regimes. This
observation is in stark contrast with the particle-hole asymmetry of YSR resonance
peaks (Fig. 6.6b), indicating the “near” zero-energy character of these edge modes.

6.3.3 Localization length of low-energy modes near the island
edge

We next characterize the LEM localization length (Fig. 6.6i) by comparing dI/dV (X)
profiles along the LEM line (blue) with the one obtained at ε+α,β,γ energy (grey). In

contrast to the continuous spatial distribution of the ε+α,β,γ DOS, the LEM DOS has
its maximum amplitude at the border of the island (X= 0) with a long decay towards
the interior of the island without completely vanishing. To explain this observation,
we consider the TBTAP•− network as a spin-1/2 lattice with long-range YSR overlap
coupled to a superconductor as in References [135,155]. We further estimate the LEM
decay by fitting its envelop (dashed line in Fig. 6.6i) with f(x), which is composed of
two exponential functions with the short ξ1= 3 nm and the long ξ2= 110 nm localization
length [21].

6.4 The Theoretical Modeling of Edge Modes

To further rationalize our findings, we use a tight binding model on a rectangular spin
lattice introduced by Soldini et al. [153] in order to describe the symmetry-protected
topological order of an antiferromagnet-superconductor hybrid system. As suggested
by our tunneling spectroscopy measurements, we assume the antiferromagnetic or-
der of the electron spin lattice imposed on the TBTAP assembly (Fig. 6.7a, electron
spin orientation illustrated by red and blue arrows). Based on our STM observations
(Fig. 6.1b and Fig. 6.6c), we construct a prototypical Shiba lattice mimicking the
supramolecular network boundaries by only considering edges along the [110] direction
(red dashed line in Fig. 6.7a). Figure 6.7b shows the simulated zero-energy LDOS
map, where LEMs are found located at edges in agreement with [153]. Theoretical
LDOS spectra are plotted in Figs. 6.7c and d for two selected edge positions marked
in green and orange squares in Fig. 6.7b respectively. These edge modes exhibit two
typical spectral signatures consisting of either two peaks with equal amplitude split
from EF (green in Fig. 6.7c), or three resonances centered to EF (orange in Fig. 6.7d).
Both of these cases are framed by a topological gap (±∆top) extracted at the center of
the island (faint yellow spectra in Figs. 6.7c, d), as well as the superconducting gap
at ±∆S (grey spectra). Since the 45◦-edges selected in our model lattice are protected
by spatial symmetries [153], these edge modes possess a topological character due to
the formation of a gapped topological crystalline superconductor. The experimental
spectral signatures of LEMs (Figs. 6.7e, f) acquired near an edge at 50 mK with a
metallic tip are in good agreement with the theoretical prediction of these topological
edge modes.
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Figure 6.7: Theoretical modeling of LEMs. a, Antiferromagnetic spin lattice
(black dashed rectangle) formed by the supramolecular assembly (red arrow: spin up,
blue arrow: spin down). The molecular lattice has different hopping strengths tx and
ty in x and y directions. The red dashed line is the assumed 45◦-edge with respect to
the molecular lattice. b, LDOS map of the constructed lattice at zero energy shows
the emergence of edge modes. c-d, Theoretical LDOS(ω) spectra of LEMs extracted
at lattice edges (green and orange squares in a) as the comparison to the pristine Pb
(grey) and the center of the island (faint yellow). e-f, Experimental dI/dV spectra
of edge modes acquired at 50 mK with a metallic tip (lock-in: fmod= 3.2 kHz, Amod=
20 µV).
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6.5 Summary

In conclusion, we demonstrated the formation of highly-ordered arrays of electron spins
on the superconducting Pb(111) through the supramolecular assembly of organic rad-
icals. Occupied by a single electron transferred from the substrate, radical molecules
are in the spin-1/2 ground state, confirmed by probing one pair of YSR in-gap states in
differential conductance spectra. Additionally, signatures of LEMs are observed by tun-
neling spectroscopy near molecular island edges with a long decay length towards the
interior of the domain. Using both metallic and superconducting tips, we investigate
the zero-energy character of the LEM resonance: its intrinsic particle-hole symmetry,
the localization length, as well as position-dependent spectral signatures. Altogether,
these key features reproduced by theory are consistent with the emergence topological
non-trivial modes in an antiferromagnet-superconductor hybrid system that can be
assigned to Majorana zero modes [153].

Nevertheless, such symmetry-protected topological superconductor can have com-
plex topological phase diagrams that depends on edge terminations of the system
boundaries, as well as the lattice parameter a (i.e. hopping parameters t) [153]. Mod-
erate assembly disorders or alternative boundaries that break the mirror symmetry of
the system could result in trivial edge modes.

Since the molecular spacing determines the spin lattice constant, we plan to explore
in future works the design of side groups of the molecule, which enables the access to
alternative sizes and lattice symmetries. For instance, one can envision to use coupled
spins in nanographene structures [92] as 1D or 2D Shiba lattices obtained by on-
surface reactions on a superconducting substrate [197]. More importantly, our findings
demonstrate the reversible control of the charge (spin) in radical molecule by the local
electric field of the tip, opening an interesting platform for the fine tuning of the system
with external gate voltages. We envision to controllably build defect patterns in the
molecular assembly by tip-induced chemistry [198] in order to investigate the effect of
disorder on the topological phase as well as the topological edge modes.

Overall, our work constitutes key advances in designing organic topological su-
perconductors by the self-assembly of organic metal-free molecules in proximity to
the superconducting Pb(111). This could further serve to demonstrate non-Abelian
Majorana exchange statistics in supramolecular arrays and possibly form the robust
quantum bits required for a topological quantum computer.
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This dissertation focuses on the investigation of spin-spin and spin-substrate in-
teractions as the fundamental scientific background for the realization of topo-
logical qubits. To fulfill this goal, we synthesize spin-carrying nanostructures

through various on-surface reactions with different magnetic sources. The subsequent
structural and spectral characterization are performed with low-temperature scanning
probe microscopy.

First, in Chapter 4, we demonstrate the first synthesis of nanographenes (NGs)
directly on the superconducting Ag/Nb(110) substrate. Different products are found
at each stage of the reaction. Due to the distinct lattice constant of the thin Ag
film and kinetic factors, the reaction pathway deviates from the conventional Ullmann
coupling. By fine-tuning of the reaction parameters, we envision the feasibility to
fabricate ordered NG structures and couple π-magnetism with a superconductor.

To ensure the magnetism in nanostructures from d-/f -shell electrons, we fabricate
organometallic (OM) chains using transition metal elements as explored in Chapter
5. By coordinating Fe atoms with pyrene-4,5,9,10-tetraone (PTO) on Ag(111), we
observe three spin-flip excitations on Fe due to magnetocrystalline anisotropy (MA).
These excitations at small energies are able to be measured even without a decoupling
layer, which could be the result of the slight lifting of Fe in the coordinated structure.
Furthermore, the consistent dip lineshape around the Fermi level in dI/dV spectra
indicates the lateral dispersion of Fe magnetic moments across the PTO-Fe chain,
leading to the Fe-Fe coupled spin-flip excitation. By modifying the tip-sample distance,
however, does not show clear energy shift for all MA-induced spin-flip excitations, and
only one excitation responds to the force imposed by the tip.

In the same chapter, we also show the feasibility to synthesize PTO-Fe chains
on the superconducting Pb(111). Through the characterization by a superconducting
Pb-tip at 1 K, we observe weak Yu-Shiba-Rusinov (YSR) states as they contribute to
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the asymmetric coherence peaks, and two spin-flip excitations. With the preliminary
estimation using simulated results of Ag(111), three spin-flip excitations of Fe are very
likely on Pb(111), although the one with the smallest energy merges to the coherence
peaks. We plan to explore in detail the effect of MA on Pb(111) in the near future.

Chapter 6 covers the investigation of a Shiba lattice fabricated by self-assembled
molecular electron acceptors. 4,5,9,10-tetrabromo-1,3,6,8-tetraazapyrene (TBTAP)
molecules are deposited on the cold superconducting Pb(111) substrate, which self-
assemble into alternating charged and neutral molecular rows. The charge trapped on
the molecule can be gated by tip-induced electric field, showing a sharp discharging
peak in a dI/dV spectrum. On charged TBTAP, Coulomb rings expand and fuse with
the neighboring ones as the bias increases, indicating the electron correlation along
the charged rows. Most importantly, the resulting YSR bands across the molecular is-
land exhibit low-energy modes in dI/dV spectra measured at millikelvin temperatures,
which are consistent with signatures of Majorana zero modes.

In conclusion, we explored the structural flexibility of spin lattices through on-
surface synthesis. With the measurement by low-temperature STM/AFM, we explore
spin-substrate interactions from spin-flip excitations, YSR states, to Majorana zero
modes. We further propose several experiments to extend and deepen our research.
First, to ensure the π-magnetism on the superconducting Ag/Nb(110) substrate, tri-
angulene chains are the proper carbon nanostructures for investigation [92]. For the
magnetic OM structure, we expect different spin-flip excitations using other transition
metal elements, such as Ni or Mn, due to different spin ground states. In addition,
we are also interested in how photon-assisted tunneling affect low-energy modes on
charged TBTAP molecules. With this approach, it is expected to firmly confirm the
existence of Majorana zero modes, and distinguish them from YSR states and the
Andreev bound state [199,200].
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Nomenclature

Symbols

Latin letters

A Oscillation amplitude
AH Hamaker constant
Amod Lock-in modulation amplitude
Aset Amplitude setpoint
a, b Lattice parameters
D Axial anisotropy
d Distance
E Energy / Transverse anisotropy
Ebond Bonding energy
EF Fermi level
e Elementary charge
e− Electron
F Force
Fchem Chemical bonding force
Fel Electrostatic force
Fts Total tip-sample force
FvdW Van der Waals force
fmod Lock-in modulation frequency
f0 Eigenfrequency
g Gyromagnetic ratio
Hc Critical magnetic field
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Nomenclature

I Tunneling current
It Current setpoint
JK Kondo coupling strength
Jij Spin-spin coupling strength
kB Boltzmann constant
kts Stiffness parameter
m∗ Effective mass of electron
R Radius of curvature of the tip
r⃗ Tip position
r⃗0 Initial tip position
S0 Spin ground state
T Temperature
Tc Critical temperature
TK Kondo temperature
t Hopping exchange
U Electrostatic potential difference
V Bias voltage
VLJ Lennard-Jones potential
Vthresh Discharging threshold voltage
X Coordinate of one horizontal axis in the sample surface plane
Y Coordinate of one horizontal axis in the sample surface plane
Z Coordinate of the vertical axis between tip and sample
z Tip-sample distance

Greek letters

α Lever arm
γts Normalized frequency shift
∆ Superconducting pairing strength
∆f Frequency shift
∆Z The offset of the tip height
ϵ0 Vercuum permittivity
ε Energy position on a tunneling spectrum
κ Inverse decay length of the wavefunction in vacuum
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Nomenclature

λ Force interaction range
ρ Electron density of states
σ Equilibrium distance
ϕ Work function
φ Surface wavefunction
ξ Coherence length
Ψ Electronic states
ω Angular frequency of the oscillation

Abbreviations

AC Alternative current
AFM Atomic force microscopy/microscope
AM Amplitude-modulation
BCC Body-centered cubic
BCS Bardeen-Cooper-Schrieffer
CCM Constant current mode
CHM Constant height mode
DBBA 10,10’-dibromo-9,9’-bianthracene
DBTJ Double barrier tunnel junction
DFT Density functional theory
DMI Dzyaloshinskii-Moriya interaction
DOS Density of states
FCC Face-centered cubic
FM Frequency-modulation
GNR Graphene nanoribbon
HOMO Highest occupied molecular orbital
HWHM Half width at half-maximum
LDOS Local density of states
LUMO Lowest unoccupied molecular orbital
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Nomenclature

MA Magnetocrystalline anisotropy
MBS Majorana bound state
ML Monolayer
MPc Metal phthalocyanine
MZM Majorana zero mode
NG Nanographene
OM Organometallic
PLL Phase-locked loop
PTO Pyrene-4,5,9,10-tetraone
QD Quantum dot
qubit Quantum bit
RF Radio frequency
RKKY Ruderman-Kittel-Kasuya-Yosida
SC Superconducting
SMM Single molecule magnet
SOC Spin-orbit coupling
SOMO Singly occupied molecular orbital
SPM Scanning probe microscopy/microscope
STM Scanning tunneling microscopy/microscope
STS Scanning tunneling spectroscopy
SUMO Singly unoccupied molecular orbital
TBTAP 4,5,9,10-tetrabromo-1,3,6,8-tetraazapyrene
TCNQ Tetracyanoquinodimethane
TSC Topological superconductivity
UHV Ultra-high vacuum
YSR Yu-Shiba-Rusinov
ZZ Zigzag
1D One-dimensional
2D Two-dimensional
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Aschauer, U.; Decurtins, S.; Liu, S.-X.; Thoss, M.; Meyer, E.; Pawlak, R. Strong
signature of electron-vibration coupling in molecules on Ag(111) triggered by
tip-gated discharging Nat. Commun. 14, 5956 (2023). DOI: 10.1038/s41467-
023-41601-2

6. Pawlak, R.; Liu, J.-C.; Li, C.; Hess, R.; Chen, H.; Drechsel, C.; Zhou, P.;
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Häner, R.; Decurtins, S.; Aschauer, U.; Liu, S.-X.; Meyer, E.; Pawlak, R. DPG
Fall Meeting: Condensed Matter Section 2021, 2021-09-26, virtual.

4. On-surface Chemistry on Proximity-induced Superconductors. Liu, J.-C.; Pawlak.
R.; Wang, X.; D’Astolfo, P.; Drechsel, C.; Zhou, P.; Decurtins, S.; Aschauer, U.;
Liu, S.-X.; Wulfhekel, W.; Meyer, E. molCH 2022, 2022-06-10, Bern, Switzer-
land.

5. Proximity-Induced Superconductivity in Atomically Precise Nanographene. Liu,
J.-C.; Pawlak. R.; Wang, X.; D’Astolfo, P.; Drechsel, C.; Zhou, P.; Decurtins, S.;
Aschauer, U.; Liu, S.-X.; Wulfhekel, W.; Meyer, E. Novel 2D materials explored
via scanning probe microscopy & spectroscopy, 2022-06-20, San Sebastian, Spain.

6. Proximity-Induced Superconductivity in Atomically Precise Nanographene. Liu,
J.-C.; Pawlak. R.; Wang, X.; D’Astolfo, P.; Drechsel, C.; Zhou, P.; Decurtins,
S.; Aschauer, U.; Liu, S.-X.; Wulfhekel, W.; Meyer, E. The 23rd International
Conference on Non-contact Atomic Force Microscopy, 2022-08-01, Nijmegen, the
Netherlands.

7. Proximity-induced superconductivity in magnetic molecules. Liu, J.-C.; Li,
C.; Chen, H.; Drechsel, C.; Zhou, P.; Häner, R.; Aschauer, U.; Glatzel, T.;
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Chahib, O.; Wang, X.; Zhou, P.; Häner, R.; Decurtins, S.; Aschauer, U.; Liu,
S.-X.; Meyer, E.; Pawlak, R. DPG Spring Meeting: Condensed Matter Section
2023, 2023-03-27, Dresden, Germany.

107


	Abstract
	Introduction
	Scanning Probe Microscopy
	Scanning Tunneling Microscopy
	Quantum tunneling
	Operation of STM
	Ultra-high vacuum system

	Scanning Tunneling Spectroscopy
	Atomic Force Microscopy
	Force interaction in the tip-sample junction
	Operation of AFM
	CO-functionalized tip

	Summary

	Spins on Surfaces
	From Single Spins to Spin Lattices
	Designing supramolecular and covalent spin lattices
	Magnetism with different mechanisms

	Spins on a Normal Metal Substrate
	Kondo effect
	Magnetocrystalline anisotropy
	Coupled spins

	Spins on a Superconductor
	Superconductivity
	Proximity-induced superconductivity
	Yu-Shiba-Rusinov states

	Topological Superconductivity
	Majorana bound states in the 1D system
	Chiral Majorana modes in the 2D system

	Summary

	Experimental Setup
	4 K STM/AFM
	Joule-Thomson STM/AFM
	Dilution Refrigeration STM
	Atom/Molecule Deposition
	Atom deposition
	Molecule deposition

	Preparation of Metal Substrates
	Preparation of the Nb(110) Substrate
	Radio-frequency heater
	Nb-O reconstruction
	Ag film growth on Nb(110)

	Summary

	On-surface Synthesis of Nanographenes on the Superconducting Ag/Nb(110)
	Nanographene Synthesis
	Spectral Analysis
	Spectra on bisanthene-Ag chains
	Spectra of nanographenes

	Summary

	Substrate Dependent Long-range Spin-spin Coupling in Organometallic Chains
	Fabrication of PTO-Fe Chains
	Magnetic Signatures of Fe Atoms in Organometallic Chains
	Magnetic Properties of PTO-Fe Chains on the Superconducting Pb(111)
	Summary

	Topological Superconductivity in a Molecule-Based Electron Spin Lattice
	Supramolecular Assembly of TBTAP on the Superconducting Pb(111)
	Imaging Correlated Electrons of the Supramolecular Assembly
	Spectral Characterization of the Supramolecular Assembly
	Yu-Shiba-Rusinov states from radical molecules
	Spectral signatures of low-energy modes
	Localization length of low-energy modes near the island edge

	The Theoretical Modeling of Edge Modes
	Summary

	Conclusion
	Bibliography
	Nomenclature
	Acknowledgements
	List of Publications & Communications

