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" Caminante, son tus huellas
el camino, y nada más;
caminante, no hay camino:
se hace camino al andar.
Al andar se hace camino,
y al volver la vista atrás
se ve la senda que nunca
se ha de volver a pisar.
Caminante, no hay camino,
sino estelas en la mar."

— Antonio Machado, Proverbios y
cantares
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Abstract

Antiferromagnetic (AFM) materials are a promising platform for new generations of
ultra-fast, low energy, robust data storage and computing systems. Their combination
with different substrate symmetries and properties leads to a plethora of interesting
phenomena such as multi-Q states [1], [2], frustrated antiferromagnetism [3], [4] or
topological nodal point superconductivity (TNPSC) [5], [6]. However, the atomic scale
magnetic ordering makes their study challenging for most microscopic techniques.

In this thesis I use the spin-polarized scanning tunneling microscopy (SP-STM)[7] tech-
nique to characterize the properties of AFM ultra-thin layers on substrates with differ-
ent structural and superconducting properties.

In the first part, the growth and magnetism of the phases in the first monolayer of Mn on
Ir(111) are studied. In this system a cluster phase and reconstructed phase coexist in the
sub-monolayer regime until the coverage reaches one monolayer, when the structure
becomes pseudomorphic. The magnetic state of the reconstructed and pseudomorphic
phases is the Néel state.

In the second part, the growth, magnetism and superconductivity of Cr/Nb(110) is
studied. The first layer of Cr grows pseudomorphically, the second one goes through
several phases with increasing density, and the third one reaches the Cr bulk lattice
constant. Regarding magnetism, just the first layer displays magnetic properties. Its
magnetic ground state is the c(2 × 2) AFM state. Small strips of the first layer and
the whole second layer do not develop magnetic properties such as in-gap states or
magnetic order. The study of the first Cr layer on superconducting Nb(110) results in
its characterization as a TNPSC.
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Zusammenfassung

Antiferromagnetische (AFM) Materialien sind eine vielversprechende Plattform für neue
Generationen von ultraschnellen, energieeffizienten und robusten Datenspeicher- und
Rechensystemen. Ihre Kombination mit unterschiedlichen Substratsymmetrien und
-eigenschaften führt zu einer Vielzahl interessanter Phänomene, wie beispielsweise
Multi-Q-Zustände [1], [2], frustrierter Antiferromagnetismus [3], [4] oder topological
nodal point superconductivity (TNPSC) [5], [6]. Allerdings stellt die atomare magnetis-
che Ordnung eine Herausforderung für die meisten mikroskopischen Techniken dar.

In dieser Arbeit verwende ich die spin-polarisierte Rastertunnelmikroskopie (SP-STM)
[7], um die Eigenschaften ultradünner AFM-Schichten auf Substraten mit unterschiedli-
chen strukturellen und supraleitenden Eigenschaften zu charakterisieren.

Im ersten Teil werden das Wachstum und der Magnetismus der Phasen in der ersten
Monolage von Mn auf Ir(111) untersucht. In diesem System koexistieren eine Cluster-
phase und eine rekonstruierte Phase im Submonolagenbereich, bis die Bedeckung eine
Monolage erreicht; dann wird die Struktur pseudomorph. Der magnetische Zustand
der rekonstruierten und pseudomorphen Phasen ist der Néel-Zustand.

Im zweiten Teil werden das Wachstum, der Magnetismus und die Supraleitung von
Cr/Nb(110) untersucht. Die erste Lage von Cr wächst pseudomorph, die zweite durch-
läuft mit zunehmender Dichte mehrere Phasen, und die dritte erreicht die Gitterkon-
stante von Cr im Volumen. Bezüglich des Magnetismus zeigt nur die erste Lage mag-
netische Eigenschaften. Ihr magnetischer Grundzustand ist der c(2 × 2) AFM-Zustand.
Kleine Streifen der ersten Lage und die gesamte zweite Lage entwickeln keine mag-
netischen Eigenschaften wie In-Gap-Zustände oder magnetische Ordnung. Die Un-
tersuchung der ersten Cr Lage auf supraleitendem Nb(110) führt zu ihrer Charakter-
isierung als TNPSC.
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1 Introduction

" A PhD is a doctorate. It’s literally
describing a doctor. [...]
The problem here is that medical
practitioners have co-opted the word
"doctor". [...]
I know we live in a world where
anything can mean anything, and
nobody even cares about etymolo-!"

— Captain Raymond Holt, Brooklyn
Nine Nine

Rapid advances in modern technology have been largely fueled by enhancements in
computing power, data storage, and communication systems. However, conventional
electronics approach their physical limits and new paradigms are required to continue
progress in information technology. One of the main challenges for traditional silicon-
based computing is the increasing energy consumption. Another significant challenge
is the data retention time of traditional memory storage. Magnetic-based solutions, in-
cluding spintronic devices, have been proposed as alternatives. Ferromagnetic (FM)
materials are already used in spintronic applications, but they face scalability issues
due to their sensitivity to external magnetic fields and their stray field interactions [8].
Antiferromagnetic (AFM) materials present a promising solution to these limitations.
They exhibit no macroscopic magnetization, which makes them highly resistant to ex-
ternal magnetic perturbations. This results in AFM-based devices not having the same
limitations as the FM-based ones. Additionally, they operate in the terahertz regime,
compared to the gigahertz range of FM materials, making AFM-based devices a great
contestant for high-speed, low-power applications [9], [10], [11]. Another path towards
low energy, non-volatile technologies is topological superconductivity. In these mate-
rials, the energy efficiency comes from the non-dissipative transport that characterize
superconducting materials. The information robustness is realized via the topological
protection that these systems can provide to their states. The combination of super-
conductivity and topology can also give rise to exotic quasiparticles known as Majo-
rana bound states, which are considered to be key building blocks for scalable quan-
tum computers. A way to realize these topological superconductors is via magnet-
superconductor hybrid systems (MSHs) [12]. A particular case are AFM materials in
proximity to superconductors, potentially obtaining both the benefits of antiferromag-
nets and topological superconductors [5].
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1 Introduction

The structure of the AFM materials is a key factor determining the AFM ordering at
the nanoscale, and therefore its potential final applications. When an ultra-thin film of
AFM material is grown on a substrate, the interplay between the layers determines the
final atomic configuration. This can give rise to complex spin textures such as the 120°
Néel state [13] or different multi-Q spin configurations [1]. These magnetic states can
then interfere with other phenomena such as superconductivity, generating the men-
tioned topologically protected states. To study all these phenomena, an invaluable tool
is spin-polarized scanning tunneling microscopy (SP-STM) [7], which allows the direct
investigation of AFM systems with magnetic resolution at the atomic scale. Alongside
this technique, scanning tunneling spectroscopy (STS) permits the study of the super-
conducting properties of the systems.

In this thesis I report on the structural, magnetic and superconducting (when applica-
ble) properties of two AFM ultra-thin layer systems studied via SP-STM and STS. In
both systems different structural phases are observed and characterized. The magnetic
ground states have also been characterized, and their evolution through the different
structural phases is also discussed. In chapter 2 I discuss briefly the main interactions
present in magnetic ultra-thin films and I introduce the theoretical frame for later chap-
ters. In chapter 3 I comment on the experimental techniques that have been used during
the thesis along with some particularly recurrent analysis techniques. In chapter 4 I ex-
plore the three different structural phases exhibited by a monolayer of Mn/Ir(111) and
develop atomistic models for all of them. The magnetic ground states of two of these
phases are characterized, while for the third one different possibilities are proposed. In
chapter 5 I report the presence of the topological nodal point superconducting (TNPSC)
phase in the first layer of Cr/Nb(110). In this system, the main structures of the first,
second and third layers are characterized. The system’s different structures result in
frustrated and non-frustrated magnetic orderings, which in turn influence the topolog-
ical characteristics of the layers. In the appendix (6) I discuss in detail the intermediate
growth phases of the second layer of Cr/Nb(110). Finally, in the summary and outlook
(7) I summarize the results of the thesis as a whole and I propose further studies for
these systems.
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2 Theoretical background

"People think of education as
something they can finish."

— Isaac Asimov

In this chapter I will introduce basic theoretical concepts which are necessary to inter-
pret the experimental results in the following chapters. I will start discussing the scan-
ning tunneling microscopy (STM) technique, and in particular spin-polarized scanning
tunneling microscopy (SP-STM). I will continue discussing the magnetic interactions
that play a role in the magnetism observed in the studied systems. Then I will focus
on the topology in condensed matter physics as a way to characterize gapped systems.
Finally, I will discuss superconductivity and magnet-superconductor hybrid systems.

2.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy [14], [15] is a scanning probe microscopy technique that
uses the quantum tunneling effect to characterize electrically conducting surfaces in
real space with sub-nanometer resolution. In an STM, the electron tunneling takes place
between two electrodes called tip and sample separated by a potential barrier consisting
of a vacuum gap of a few hundreds of picometers. When a bias voltage V on the order
of mV to several V is applied between tip and sample, a current on the order of pA to nA
flows through the vacuum barrier. The tunnelling current between electrodes decays
exponentially with the distance between them, allowing for a precise measurement of
the tip-sample distance [7]. This decay has the form of:

I ∝ e−2κd (2.1)

where d is the distance between tip and sample and κ is the inverse decay length.

The movement of the tip through piezoelectric elements in three dimensions allows for
the topographic characterization of the sample in a scanning fashion thanks to the high
sensitivity of the tunneling current on the tip-sample distance. This can be achieved
using different measurement modes such as the ones explained in section 2.1.2. The
resolution in the XY plane is given by the sharpness of the apex of the tip. Ideally, it is
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2 Theoretical background

a single atom tip, allowing for sub-atomic resolution due to the fast decay of the wave
function.

To model the current between tip and sample when a voltage is applied, it is assumed
that the eigenstates of both electrodes are solutions of the Schrödinger equations for
the non-interacting case . It is also assumed that these eigenstates are coupled at the
tunneling junction. Then, the probability for an electron to go from a tip state to a
sample state can be calculated with Fermi’s golden rule, and the matrix elements via the
perturbative approach [16]. If we then model the tip as an s-orbital [17], the tunneling
current is given by:

I(V,T) =
4πe

h̄

∫ ∞
−∞ ρs(E − EF)ρt(E − EF + eV)

· [ f (E − EF + eV, T)− f (E − EF, T)] dE (2.2)

Here ρt is the density of states of the tip at the apex, and ρs is the local density of states
(LDOS) at the tip location. V is the bias voltage and f is the Fermi-Dirac distribution
that describes the population of states due to thermal excitations:

f (E,T) =
1

1 + eE/kT
(2.3)

The tunneling process is represented schematically in Fig. 2.1.

Figure 2.1: Schematic tip-sample tunneling junction. (a) Tip-sample DOS with V = 0. Both
Fermi levels are aligned. (b) Tip-sample DOS with V < 0. The sample’s Fermi level has now
been shifted up with respect to the tip’s. The electrons can now tunnel to the unoccupied states
in the tip. (c) Tip-sample DOS with V > 0. The sample’s Fermi level has now been shifted down
with respect to the tip’s. The electrons can now tunnel to the unoccupied states in the sample.

If ρt is independent of the energy around EF, at very low temperatures (T ≈ 0K) equa-
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2.1 Scanning Tunneling Microscopy

tion 2.2 can be written as:

I(V) ∝
∫ EF+eV

EF

ρs(E) dE (2.4)

This reveals that the tunneling current is approximately proportional to the integrated
vacuum density of states of the sample at the tip’s location.

2.1.1 Spin-polarized STM

SP-STM [18] is a STM technique that enables the study of magnetic structures at the
atomic scale. The technique uses magnetic electrodes for both tip and sample. The
tunneling magnetoresistence (TMR) effect [19], allow us to obtain information about
the magnetic structure of the sample.

The TMR effect distinguishes between differently polarized electrons when tunneling.
This can be modeled as an extra component in the tunneling current: ISP, the spin polar-
ized component. This component is dependent on both tip and sample polarizations,
Pt and Ps, and the angle between their magnetizations θ like [20]:

ISP = I0PtPscos(θ) (2.5)

where the polarization of the tip and the sample are:

Pt =
n↑

t − n↓
t

n↑
t + n↓

t

(2.6)

Ps =
n↑

s − n↓
s

n↑
s + n↓

s
(2.7)

Here n↑↓
s,t are the spin-resolved densities of states. In other words, Pt and Ps are propor-

tional to the difference between n↑ and n↓ states in a given electrode. When n↑ and n↓

are equal, i.e. in a non-magnetic material, the polarization is zero.
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2 Theoretical background

Then, the overall tunneling current can be modeled as the sum of a spin-averaged and
a spin-polarized component [20]:

I = I0 + ISP = I0(1 + PtPscos(θ)) (2.8)

This shows how the maximum and minimum values for ISP occur when θ = 0°, and
θ = 180°. Depending on the signs of the polarization of tip Pt and sample Ps, the
maximum ISP can appear for both θ = 0° or θ = 180°: When the polarizations are both
positive or negative, the maximum spin polarized current occurs for parallel magnetic
moments. When the polarizations have different signs, the maximum current occurs
when the magnetic moments are antiparallel.

Figure 2.2: Schematic spin polarized current tunneling for different magnetization angles
between electrodes. (a) DOS of tip and sample when θ = 0°. The yellow arrow represents the
current flowing between electrodes. (b) DOS of tip and sample when θ = 180°.

In Fig. 2.2 a schematic representation of the spin polarized tunneling is represented for
different θ values. The current is represented by the yellow lines always flowing from
tip to sample. The decrease in current I when θ is 180° is represented by the smaller
thickness of the yellow arrow.

This results in a way to use the TMR to image magnetic textures.

2.1.2 Measurement modes

STM is a versatile technique with which different types of experiments can be per-
formed. The most characteristic ones used in this work are explained next.
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2.1 Scanning Tunneling Microscopy

Constant-current mode

This is the main stabilization mode of the STM, and the one used for recording most
of the images presented in this work. In this mode, scanning with the tip over the
surface is done while keeping a constant current flow between electrodes. The current
is dependent on the distance between electrodes and the LDOS at the tip position, as
shown in eq. 2.1 and eq. 2.4 respectively. This means that when the tip is moved
from a position to another one in the XY plane, if the tip-sample distance or the LDOS
change, the STM will have to modify a parameter to keep the same current flow. This
parameter is the tip height, which is regulated through a feedback loop to keep the
current constant. So for example, if the tip is moved from one location to another one
where the current is reduced, the tip will approach the sample to increase the measured
current to the setpoint value. In this mode, the topographic maps are generated by the
movement of the tip in the three-dimensional space. Constant-current images contain
structural, electronic and magnetic information.

Figure 2.3: Constant-current measurement schematic. When the tip-sample distance changes,
the tip follows the contour keeping the current constant.

Constant-height mode

In this mode the tip is scanned at constant-height while the tunnel current is recorded.
This leads to current changes when moving along the XY plane depending on the to-
pography of the sample and the LDOS. This measurement mode is particularly useful
when studying atomically flat surfaces to avoid artifacts created by the feedback loop
of the constant-current mode. On the other hand, it becomes unreliable when work-
ing with step edges, as the resolution is lost in the lower layers when the tip-sample
distance increases. Furthermore, there is a possibility of crashing the tip against the
surface if there are higher step edges, or due to thermal drift.

17



2 Theoretical background

Figure 2.4: Constant-height schematic. The tip is not moved in the out-of-plane direction, so
when the tip-sample distance changes, the current changes with it.

Differential conductance maps

With the help of a lock-in amplifier it is possible to obtain differential conductance
(dI/dU) maps of the surface while scanning the sample. This is achieved adding an al-
ternating current (AC) modulation on the order of kHz to the DC bias voltage between
tip and sample. The typical amplitude of said modulation is around 10% of the bias
voltage. The dI/dU signal can be interpreted as the LDOS of the system around the
selected bias voltage energy (this can be seen in eq. 2.3). The spatial LDOS variations
on the surface of the sample can be caused by structural, electronic or magnetic phe-
nomena. The dI/dU maps allow us to characterize these different regions in real space
in a fast and precise way.

Multipass mode

In multipass mode lines are scanned more than once with different parameters to ob-
tain different information. The first scan is in constant-current mode, recording the
topography of the surface. After that, the measurement parameters are changed, and
the tip follows the previously recorded topographic profile with the new parameters.
This is useful to measure with very low energies, including U = 0 mV, without crashing
the tip into the sample. This measurement mode can be used to obtain data at low bias
voltages for different structures or terraces. On the other hand, the recorded path in the
first pass may lead to artifacts in the second pass that are not supposed to be there at
the new applied parameters.

Scanning tunnelling spectroscopy and spatially resolved spectroscopy maps

In the same way that a differential conductance map obtains information of the sam-
ple at a given energy for different locations, the scanning tunnelling spectroscopy (STS)
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2.2 Magnetic interactions at the atomic scale in ultra-thin layers

mode obtains information at a given location for different energies. During these mea-
surements the tip is kept at the same position and the applied voltage between tip and
sample is swept while recording the current. That way, a I(u) spectrum is acquired.
These spectra are proportional to the energy resolved LDOS of the sample at the tip
position. The comparison of different spectra at different positions can reveal charac-
teristic features of the sample in those positions.

If STS data are taken along a two-dimensional grid in real space, a spatially resolved
spectroscopy map is obtained. This map is the combination of a differential conduc-
tance map and STS, and includes the information of both of these measurements to-
gether, providing a complete set of data. Some of the problems with these measure-
ments are the long time they take and their lack of high resolution in either space or
energy to make them affordable time-wise. Usually they are substituted by high spa-
tial resolution images and high energy resolution STS measurements on the interesting
points. Still, the spatially resolved spectroscopy maps can be useful to identify places
on a surface to study in more detail if time is available. A particular case is the line-
spectroscopy map. Here the STS measurements are taken along a line instead of taking
them on a two-dimensional grid.

2.2 Magnetic interactions at the atomic scale in ultra-thin layers

In this section I will discuss the magnetic interactions at the atomic scale that play a
role in determining the magnetic ground state of the studied ultra-thin layers. These
are mainly two: Heisenberg exchange and magnetic anisotropy.

The Heisenberg exchange interaction determines if neighboring atoms are oriented par-
allel or antiparallel to each other, but does not give information about this direction with
respect to the crystal. Magnetic anisotropy, on the other hand, describes how different
directions along a crystal may be preferred for the spins of the atoms to align with, but
does not depend on their relative orientation.

I will start discussing the Heisenberg exchange.

2.2.1 Heisenberg exchange

The Heisenberg exchange interaction mediates between magnetic atoms determining
the resulting magnetic order. It has its roots in the Coulomb interactions between
charges and Pauli’s exclusion principle. If we consider a two electron system, Pauli’s
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2 Theoretical background

principle dictates that the overall wave function has to be antisymmetric. This means
that in the case of a symmetric spatial part of the wave function, the spin wave function
must be an antisymmetric singlet state (S = 0) or vice versa. If the spatial wave func-
tion is antisymmetric, the spin wave function must be a symmetric triplet state (S = 1).
The difference in energy between the singlet state and the triplet state determines the
strength and direction of the exchange interaction. This is encompassed in the exchange
coefficient [21]:

J =
ES − ET

2
(2.9)

where Es is the energy of the singlet state and ET is the energy of the triplet state. For
J ≥ 0, the energy of the singlet state is higher than the energy of the triplet state. This
means that the triplet state is the ground state, and therefore the spin wave function
is symmetric, i.e. the magnetic moments are aligned in a parallel (ferromagnetic) fash-
ion. For J ≤ 0 this is reversed, and the singlet state is the ground state. In this case
the spin wave function is antisymmetric, i.e. the magnetic moments are aligned in an
antiparallel (antiferromagnetic) fashion.

With J, the Hamiltonian of the Heisenberg model can be written like [21]:

Hexchange = −∑
i j

Ji jSi · S j (2.10)

Here, Ji j is the exchange coefficient for two particular atoms in lattice sites i and j. The
value of J decays rapidly with the distance, and usually nearest-neighbor interactions
are enough to describe a system. These nearest-neighbor exchange coefficient is known
as J1. The exchange coefficient for next-nearest-neighbors is called J2, then J3, etc. (see
Fig. 2.6 (a)). The ratio between different Js gives rise to different magnetic ground states.

The Néel state: an SP-STM perspective

If we just consider an AFM J1 for a system (this is J1 < 0), the resulting state is known
as the Néel state. This is a simple ground state in systems with square symmetry, as it
gives rise to a checkerboard pattern of spins with nearest-neighbor-spins rotated 180°
forming a c(2 × 2) AFM structure (Fig. 2.5 (a)). The Néel state has a different appear-
ance in a hexagonal lattice though. In that case, a given spin cannot be antiparallel to all
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2.2 Magnetic interactions at the atomic scale in ultra-thin layers

its nearest-neighbors due to the symmetry of the system. This creates a magnetic frus-
tration that is resolved by 120° spin rotations between adjacent spins, as can be seen in
Fig. 2.5 (b). In that case, the Néel state is a magnetically frustrated state [3] [22] [23] [24].

Figure 2.5: Néel state schematic. (a) Schematic showing the Néel state on a square lattice. The
spins are all antiparallel to their nearest-neighbors. (b) Schematics showing the Néel state on a
hexagonal lattice. The symmetry of the lattice makes it impossible for a spin to be antiparallel to
all its nearest-neighbors. In orange the atomic unit cell is indicated, while in blue the Néel state
magnetic unit cell is indicated. (c) Schematic representation of the appearance of (b) when mea-
sured by SP-STM with a tip magnetization oriented along the direction shown in the schematic.
In this representation, white represents more current and black represents less current.

In Fig. 2.5 (b) it is shown how the hexagonal Néel state is formed by three hexago-
nal magnetic sublattices aligned in different directions (yellow, green and red). If an
SP-STM measurement is done with a tip magnetized in the easy-plane of the surface,
the differently aligned atoms will render different contrasts, such as in panel (c). This
would result in a hexagonal lattice with a period larger than the atomic one, and ro-
tated with respect to this one. Calculating the sizes and angles of the relative unit cells
displayed in Fig. 2.5 (b) and (c), we can identify that the magnetic superstructure would
be a (

√
3 ×

√
3)R30° structure.

The AFM row-wise state

If we include J2 in a hexagonal antiferromagnetic system, the resulting state can be
the antiferromagnetic row-wise (AFM-RW) state (see Fig. 2.6 (b)) depending on the
ratio between J1 and J2 [1]. The AFM-RW state consists of rows of atoms with the
spins oriented in an antiparallel way to each other. In this state most of the nearest-
neighboring and the next-nearest-neighboring spins are antiparallel to the reference
atom’s spin.
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2 Theoretical background

Figure 2.6: Different neighbor’s exchange coefficients and AFM-RW state. (a) Schematic
showing the first, second and third nearest-neighbors of an atom in a hexagonal lattice. Dif-
ferent colors indicate different neighbors and their exchange constants. (b) Schematics of the
AFM-RW state.

2.2.2 Magnetic anisotropy

In solid state physics not all directions are equivalent, i.e. the space is not isotropic. The
energy of the magnetization is dependent on its direction relative to the atomic lattice.
This gives rise to directions along which it is energetically favorable for the magneti-
zation to be aligned. These are called easy axes. There are several types of magnetic
anisotropies, but for ultra-thin layers the most important is the surface anisotropy. This
section will be mostly based on the book Fundamentals of magnetism by M. Getzlaff [25].

Surface anisotropy

The magneto-crystalline anisotropy is created by the spin-orbit coupling of the elec-
trons. As the electrons live in orbitals that are dependent on the crystallographic struc-
ture, their spins align with these crystallographic axes or planes. This energy term
tends to be smaller than the Heisenberg exchange term. Nevertheless, they do not usu-
ally compete with each other. This is because the Heisenberg term determines the rel-
ative (parallel or antiparallel) orientation of spins with respect to each other, while the
magneto-crystalline anisotropy energy determines the easy axes for that orientation.

The surface anisotropy takes into account also the broken symmetry at interfaces. The
absence of neighboring atoms on a surface can induce an easy-axis perpendicular to the
surface. In this case, the effective anisotropy constant Ke f f has a component represent-
ing the volume dependent magneto-crystalline anisotropy (KV) and surface dependent
magneto-crystalline anisotropy (KS):

Ke f f = KV + 2KS/d (2.11)
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2.3 Topology in condensed matter physics

Here d is the thickness of the system, and the factor two represents the existence of two
surfaces. It is clear that when d grows, the surface contribution decreases, so this term
will only be significant for (ultra-) thin layers, like the ones studied here.

The Hamiltonian for the energy has the form [21], [25]:

HSMAE = −∑
i

Ke f f S2
i,z (2.12)

Where Ke f f is the effective anisotropy constant, S2
i,z represents the spin component

along the surface normal. When Ke f f is negative, the system displays an easy-plane
anisotropy.

2.3 Topology in condensed matter physics

Topology is a branch of mathematics that studies the invariance of certain properties in
a system under continuous deformations [26]. A classical example of one of these prop-
erties is the number of holes of a certain object. This number cannot be changed under
continuous deformations, i.e. cannot be changed without cutting the object, piercing
it, making it go through itself, etc. It is a topological invariant. The most well known
example for this topological invariant is the donut/mug. These two objects are topo-
logically equivalent regarding the number of holes, as they both have one. It is possible
to say that they have a topological number of one, where the topological number is the
topological invariant equal to the number of holes. This also makes them topologically
distinct from a football, which has zero holes, i.e. its topological number is zero.

In condensed matter physics, topology has become a useful concept to understand and
classify properties of the studied systems for some years [27]. This is applied to whole
types of materials like the so called topological insulators [28], [29] and topological
superconductors [30], [31]. But it can also be applied to particular structures such as
magnetic skyrmions, which are said to be topologically protected [32]. In all these cases,
the concept of topological usually refers to objects with different topological invariants.
This topological difference gives rise to the concept of "topological protection", which
means that mathematically it would be impossible to smoothly transform one into the
other state and vice versa. What is understood as "smoothly" varies from case to case.
Based on this definition, we can say that the donut/mug is topologically protected from
becoming a football.
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2 Theoretical background

In condensed matter physics, the topological invariants are no longer the number of
holes, but other quantities such as topological quantum numbers or topological charge. One
subtype of topological quantum numbers in particular for two dimensional systems is
the Chern number [27].

In real systems, objects such as skyrmions are not absolutely topologically protected.
This occurs because the mathematical description is just a continuum approximation to
these real systems [32].

I will now introduce the most general concept regarding the classification of gapped
systems topologically as an example of the role of topology in condensed matter sys-
tems.

2.3.1 Topological classification of gapped quantum systems: The quantum dot

To distinguish two topologically distinct Hamiltonians, we must first define a topo-
logical quantum number, i.e. a topological invariant M. We will consider that two
Hamiltonians with an energy gap are topologically equivalent if they can be continu-
ously transformed in each other without closing said gap during the transformation
(this we consider a smooth transformation). Therefore, the topological invariant M
must be preserved while the gap remains, and change when the gap closes [28], [30].
The following discussion about the quantum dot is mostly based on [33].

The most simple example to discuss this classification is the case of a finite quantum
system with discrete states. For that we consider a quantum dot described by a Hamil-
tonian H1. To transform H1 into a second Hamiltonian H2 we can model the transfor-
mation as [33]:

H(α) = αH2 + (1 −α)H1 (2.13)

So when α = 0 we obtain the Hamiltonian H1, and when α = 1 we get H2. This
parameterα could represent an applied voltage in the sample.

A good invariant for this system is the number of completely full energy levels, N .
This occurs because the eigenvalues of gapped Hamiltonians can be freely moved as
long as they do not cross zero energy, i.e. continuous transformations exist between
Hamiltonians with the exact number of full energy levels below zero. When an energy
level crosses zero energy, N changes in the parameter space [31]. This is known as
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2.3 Topology in condensed matter physics

a topological phase transition. When two Hamiltoninans have different N , they are
separated by such transition, which means that it is necessary to close the gap to go
from one to the other. This is shown in Fig. 2.7 (a) by the green-red line. This line aims
to go from (E = 0, α = 0) to (E = 0, α = 1) without crossing any band. The color
change represents a topological phase transition in the chosen path from one point to
another. On the other hand, if the topological invariant N does not change from the
original Hamiltonian H1 to the final one H2, there has to be a continuous transformation
from one to the other one (Fig. 2.7 (b)). This occurs even if the invariant changes for
certain intermediate α. In this case the path may need to vary from a straight line, like
displayed in Fig. 2.7 (c).

Figure 2.7: Schematic representation of invariant changes during Hamiltonian transforma-
tions. (a) Schematic representation of band structure in parameter space. The green-red line
represents a path to go from (0,0) to (1,0). a’ Invariant N counter for panel (a). (b) Schematic
representation of band structure in parameter space. b’ Invariant N counter for panel (b). (c)
Schematic representation of band structure in parameter space. The green line represents a path
to go from (0,0) to (1,0) without crossing any band. c’ Invariant N counter for panel (c).

This same concept can be applied for any system, but the invariant can be any other
number. For example, for two dimensional systems, a possible invariant is the Chern
number. A way to find out some characteristics of the invariant is using the Tenfold
way [34]. This is a process that determines if the invariant of a Hamiltonian can just
have one value (N ∈ 0), a binary result (N ∈ Z2), or an infinite amount of results
(N ∈ Z). To do so, the method just requires the symmetries of the Hamiltonian and
the spatial dimensions of the system. The Tenfold way is summarized in the following
table 2.1 for systems with dimensions one to four.

Conventional superconducting materials (such as niobium) have time-reversal symme-
try and particle-hole symmetry. This means that when combined with a magnetic ma-
terial (no time-reversal symmetry), the system belongs to class D. In two dimensions,
the invariant of the hybrid system also has an infinite amount of possible values.
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Class T C S d=1 d=2 d=3 d=4

A 0 0 0 0 Z 0 Z
AIII 0 0 +1 Z 0 Z 0

AI +1 0 0 0 0 0 Z
BDI +1 +1 +1 Z 0 0 0
D 0 +1 0 Z2 Z 0 0

DIII -1 +1 +1 Z2 Z2 Z 0
AII -1 0 0 0 Z2 Z2 Z
CII -1 -1 +1 Z 0 Z2 Z2

C 0 -1 0 0 Z 0 Z2

CI +1 -1 +1 0 0 Z 0

Table 2.1: The Tenfold way classification with Time-Reversal (T), Particle-Hole (C), Chiral (S)
symmetries for one-dimensional, two-dimensional, three-dimensional and four-dimensional
systems. A value of +1 or -1 indicate the existence of the symmetry, while a value of 0 rep-
resents its absence.

In general, if two Hamiltonians H1 and H2 with different invariants M and N are put
in contact, the gap must close at their interface. This indicates that boundary states
exist inside the bulk gap, which is known as bulk-boundary correspondence. These
boundary states are topologically protected, as they exist due to the interaction between
two topological invariants, M and N , which are topologically protected themselves.

2.4 Superconductivity

Superconductivity is a phenomenon in which the electric resistance of a material drops
to zero below a certain critical temperature Tc. Below this temperature, magnetic flux
is expelled from the material in the so-called Meissner phase [35].

The energy gap opening in the superconducting state permits the topological charac-
terization of superconducting systems via invariants, as discussed in 2.3.1. This makes
superconducting systems an interesting platform for the appearance of topologically
non-trivial phases and protected states.
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2.4 Superconductivity

2.4.1 BCS theory and DOS around EF

The first fundamental superconductivity theory is the one proposed by J. Bardeen, L.
N. Cooper and J. R. Schrieffer, the BCS theory [36]. In this theory, the charge carriers in
the system are no longer individual electrons, but pairs of them, the so-called Cooper
pairs. These electrons have opposite spins and momenta, and their mutual attraction
is created by electron-phonon interactions. The existence of Cooper pairs leads to the
appearance of a gap 2∆ in the density of states around the Fermi energy, where ∆ is the
minimal required energy to break a Cooper pair.

In the BCS theory, the ideal DOS of a sample around EF can be described by [37]:

N(E)
N0

=


|E|√

E2−∆2 for |E| > ∆

0 for |E| < ∆
(2.14)

where E is the energy, N0 is the value of the DOS outside the gap, used to normalize the
function, and ∆ is half the gap width. The absence of states around EF (−∆ < E < ∆)
happens because of the necessity of a minimum energy (∆) to break a Cooper pair. Also
it is possible to see how sharp peaks appear at E = ±∆, due to the equation’s singu-
larities. In real systems, these features are broadened. To describe this, a broadening
parameter Γ is introduced. This allows us to re-write eq. 2.14 as [37]:

N(E)
N0

= Re

[
E − iΓ√

(E − iΓ)2 − ∆2

]
(2.15)

This equation is known as the Dynes function. Here, Γ broadens the peaks, reducing
their height and filling the gap with states as shown in Fig. 2.8. This density of states
around the Fermi energy can be measured by STS when sampling the LDOS.

2.4.2 Type-I and type-II superconductor classification

Before the BCS theory, the first phenomenological model describing superconductivity
was proposed by Fritz and Heinz London [38]. From their model the penetration depth
of a magnetic field in a superconductor can be obtained:

27



2 Theoretical background

Figure 2.8: Normalized Dynes function for different Γ parameters and gap ∆ = 1.

λL =

√
B

∇2B
=

√
m

µ0nse2 (2.16)

where B is the magnetic field inside the superconductor, m is the mass of the electron,
e is the electron charge, and ns is related to the charge carrier density phenomenolog-
ically. This tells us that, in the scale of λL, magnetic fields are exponentially screened
inside of superconductors.

If we considerξ0 as the coherence length in a superconductor, also viewed as the exten-
sion of a Cooper pair, we can characterize superconductors depending on which length,
λL or ξ0 dominates the system. It was found that the change in the properties of the su-
perconductors occurs when the ratio κ = λL

ξ0
= 1√

2
[39]. This ratio, which is roughly

temperature-independent, allows distinguishing between type-I and type-II supercon-
ductors. Type-I superconductors are those with κ < 1√

2
, while type-II superconductors

are those with κ > 1√
2
. In the case of type-I superconductors, when a critical field Bc

is applied, the superconducting properties vanish. In contrast, type-II superconductors
have two critical fields, Bc1 and Bc2. When Bc1 < B < Bc2 normal-metallic regions in the
shape of tubes known as vortices are able to cross the superconductor. These vortices
arrange themselves in a hexagonal lattice called Abrikosov lattice with a lattice con-

stant d = 1.075
√

φ0
B , where B is the applied magnetic field, and φ is a single magnetic

flux quantum. This phase occurs because for a certain range of applied fields, the for-
mation of normal-superconducting interfaces is energetically favourable. Then, type-II
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superconductors exhibit a second critical field, Bc2 above which the superconducting
properties completely disappear [40], [39].

In this thesis I used niobium, for which λL = 39 nm and ξ0 = 38 nm, so κ ≈ 1.03, i.e.
Nb is a type-II superconductor. In fact, Nb is one of the only three elemental type-II
superconductors along with vanadium and technetium [41], [42].

2.4.3 Topological nodal-point superconductivity

A particular type of superconductivity is topological nodal-point superconductivity
(TNPS) [43]. This superconducting state occurs when the energy gap closes at cer-
tain k-vectors, but not along the whole k-space. This is a possible state for magnet-
superconductor hybrid systems (MSHs). In these systems, the nodal-points have a
topological charge that can be calculated. This can be used as a topological invari-
ant to characterize the system. Low energy modes appear between nodal-points with
different topological charges along certain directions (depending on the nodal-points).
When the system is cut along these directions, for example with a step edge, the low
energy modes can be observed via STM as edge states, i.e. available tunneling states
appear along some edges at low energies, inside the gap. These low energy edge modes
are topologically protected [5].

2.4.4 Superconductivity and magnetism: Yu-Shiba-Rusinov states

The theoretical study of single-atom magnetic impurities in proximity to s-wave super-
conductors was done by L. Yu, H. Shiba and A. Rusinov in the 1960s [44], [45], [46].
Their results revealed the existence of states inside the superconducting gap, |E| < ∆,
when magnetic impurities are present. These states are located at energies:

E(A,B) = ±∆
1 − A2 + B2√

(1 − A2 + B2)2 + 4A2
(2.17)

with particle weight

P(A,B) = ±∆
1 + (A + B)2√

2 + (A + B)2 + (A − B)2
. (2.18)
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where A = πN0G and B = πN0K are dimensionless parameters dependent on G, a
magnetic scattering potential, K a nonmagnetic scattering term, and N0, the value of
the DOS outside the gap.

These in-gap states are known as Yu-Shiba-Rusinov (YSR) states, and they appear when
the Cooper pairs interact with the impurities via the magnetic exchange coupling, re-
ducing the energy needed to break the pairs. Due to the particle-hole symmetry, these
states appear in symmetric pairs around EF. When B = 0, both positive and negative
states exhibit the same weight. However, for a finite B, their intensity can be asymmet-
ric. When A is strong, then the YSR states appear close to EF. A can be so strong, that
the YSR states are inverted, i.e. they change sign with each other. When this is the case
the system is said to have experienced a quantum phase transition.

The spatial localization of the YSR states can be probed via STS. They are exponentially
localized around the magnetic atom on the scale of the superconductor’s coherence
length ξ0. For short distances, the spatial localization is governed by a (kF · r)−1 decay,
where kF is the isotropic Fermi wavevector. This has been proven experimentally, with
a localization of YSR states within close distances from the magnetic atoms (∼ 1 nm)
[47],[48].

The symmetry of more complex orbitals, such as d-orbitals, can generate the appear-
ance of different pairs of YSR states instead of just one even for a single magnetic impu-
rity [49], [50]. In the case presented here the states arise from the existence of magnetic
layers on the superconductor. This leads to the formation of YSR bands [51], [52].
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"Longum iter est per praecepta, breve
et efficax per exempla"

— Seneca

In this section I will first describe the experimental setup used in this work. This will be
continued by the preparation processes for the studied samples. I will finish discussing
in more detail some repeatedly used analysis techniques in the work.

3.1 Experimental setup

The STM results displayed in this work were taken in two different ultra-high-vacuum
(UHV) systems. All measurements above 100 K were done with a home-made variable-
temperature (VT) STM, while the measurements at 80 K or lower were performed in a
system with two home-made low-temperature (LT) microscopes equipped with super-
conducting magnets. Every microscope occupies one chamber in multi-chamber UHV
systems. In the other chambers the sample preparation is done via Ar-ion-sputtering,
annealing, and molecular beam epitaxy. Further analysis such as low energy electron
diffraction (LEED) or Auger spectroscopy can also be done in these chambers. More
detailed explanations of the sample preparations are given in the specific chapters.

A series of pumps and a bake-out are used to bring the systems to pressures on the
order of 5 · 10−11 mbar. This base pressure is required to obtain clean ultra-thin films
via molecular beam epitaxy and to keep them clean for extended periods of time while
the measurements are performed.

The two LT microscopes are able to achieve different lowest temperatures and to apply
different out-of-plane magnetic fields. The first one can operate at 8 K with a liquid
He cryostat and with an out-of-plane field up to 2.5 T via a superconducting magnet.
The second microscope can operate at 4 K with a liquid He cryostat, and can be cooled
down further to a temperature of roughly 1.3 K via a Joule-Thomson cycle. The upper
limit for the applied out-of-plane magnetic field in this microscope is 9 T.

For the SP-STM and STS measurements, three different types of tips were used:

• Cr bulk tips.

• Fe coated W tips.
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• Cr bulk tips with Nb clusters at the apex.

Cr bulk tips (Fig. 3.1 (a)) are antiferromagnetic tips with a varying spin orientation at
the apex. The antiferromagnetic nature of Cr prevents the existence of a significant stray
field. Gentle contact of the tip with the sample allows for the reorientation of the apex
spin [53]. This makes this tip a polyvalent choice, as it can probe the spin orientation
both out-of-plane and in-plane. It is also not affected by applied magnetic fields (up
to the spin-flip transition, which is not accessible with this range of magnetic fields),
which makes it particularly useful to probe ferromagnetic materials that can react to
applied magnetic fields while the tip is magnetically stable. Still, this type of tip was
used in this work also to study AFM materials.

The Fe coated W tips (Fig. 3.1 (b)) are used in the opposite cases. These tips are ex-
pected to have an in-plane magnetization due to shape anisotropy. The ferromagnetic
properties of the Fe makes it to align with applied magnetic fields [54], in the case of
our systems, out-of-plane. This makes Fe-coated W tips useful for probing antiferro-
magnetic materials that do not react to the applied field.

Cr bulk tips with Nb clusters at the apex (Fig. 3.1 (c)) are useful for STS measurements
on superconductors [5],[55]. When performing STS with these tips, the convolution of
the tip’s DOS and the sample DOS widens the observed superconducting gap:

∆measured = ∆tip + ∆sample (3.1)

Increasing the size of the energy gap increases the energy resolution, which is beneficial
for the characterization of in-gap features. However, this also creates a region inside the
gap belonging to the tip gap, where thermal artifacts can appear.

3.2 Sample preparation

Here I will describe the sample preparation of the two main studied systems: Mn/Ir(111)
and Cr/Nb(110). All these preparations are done inside the UHV systems described in
section 3.1.
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Figure 3.1: Schematic showing the STM tip types used in this thesis and the samples for
which they are usually most useful. The colors represent different properties of the materials:
Blue represents antiferromagnetic (AFM), orange represents ferromagnetic (FM), grey repre-
sents non magnetic, and yellow represents superconducting (SC) states.

3.2.1 Manganese on iridium

The Ir single crystal is first cleaned of any surface impurities or previously deposited
layers via Ar-ion sputtering. To prepare an atomically-flat surface of the crystal, the
sample is then annealed three times to about T = 900 K. Afterwards, the Mn is evapo-
rated on the Ir crystal via molecular beam epitaxy (MBE). To do so, we use a Knudsen
cell evaporator with a pyrolytic boron nitride crucible heated up to a temperature of
T = 963 K. Different sample preparations were done regarding the temperature of the
substrate when depositing Mn (from T ≈ 450 K to T = 300 K) and the amount of Mn
deposited (from 0.05 atomic layers to 1.2).

3.2.2 Chromium on niobium

Similar to the Ir single crystal, the Nb single crystal is first cleaned via Ar-ion sputter-
ing. After that, the annealing is performed at a temperature of T ≈ 2700 K, slightly
below its melting point. The parameters to achieve this temperature are found follow-
ing the work by Odobesko et al [56]. After obtaining a clean Nb surface, the Cr layer
is deposited. For that we use a Knudsen cell evaporator with a pyrolytic boron nitride
crucible heated up to a temperature of T = 1398 K. The different coverages studied
range from 0.15 atomic layers to roughly 2 atomic layers. The Cr deposition is always
done at substrate temperatures from T ≈ 450 K to T = 300 K.
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3.3 Frequently used analysis techniques

3.3.1 Moiré patterns

Moiré patterns are interference patterns generated when two or more gratings are su-
perimposed. The Moiré pattern arises when the gratings are rotated, transposed, dis-
torted or otherwise non-identical in general among themselves. Rotated Moiré patterns
are often studied in solid state physics for well known systems like graphene double
layers [57]. But the structures that I will discuss here are the Moiré patterns arising
from lattice mismatches in metal-metal systems i.e. when one layer grows over another
one with different lattice constant [58]. This nano-scale characterization can help to
understand better these systems as a whole when atomic resolution is not available.

Here I will briefly discuss three types of lattice-mismatch Moiré patterns that are found
in the systems studied in this work. I will also explain how to characterize mathemati-
cally the patterns and even obtain atomic information from them. The cases that I will
describe here are:

• Anisotropic strain Moiré patterns

One-dimensional Moiré patterns

Bi- dimensional arbitrary strain Moiré patterns

• Isotropic strain Moiré patterns

Anisotropic strain Moiré patterns

Anisotropic strain Moiré patterns are those in which the distortion of the top layer with
respect to the bottom one occurs differently along different crystallographic axes.

One-dimensional Moiré patterns

These Moiré patterns occur when the top layer is expanded or compressed with respect
to the bottom layer in just one of the crystallographic directions. This leads to a beating
pattern with a modulation along that direction. In essence, the atoms move from bridge
sites to on-top sites and then back to bridge sites, as shown in Fig. 3.2 (a). The Moiré
characterization of such a reconstruction uses the following formula:
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d =
p2

δp
± p (3.2)

where d is the distance between two equivalent positions, p is the lattice constant of
the first layer along the reconstruction direction, and δp is the difference between said
distance and the lattice constant of the second layer along the same direction. If we
solve for δp we can obtain the lattice constant of the top layer (p ± δp) by measuring
the Moiré pattern period (d) and knowing the atomic distance of the bottom layer in
that direction (p):

δp =
p2

d ± p
(3.3)

So for example, if we take two equal layers and compress the top one by 10%, like in
Fig. 3.2 (a), we can apply the formula to recover the compression of said layer. In this
case p = 1 if we normalize the distance of the bottom layer atoms along the horizontal
direction. Now, if we count the atoms along the direction in which we have to move to
recover the original position, we obtain d = 9. As the top layer is compressed, we have
to add p to the denominator, which leads to δp = 1/10. Then, as it is a compression, the
lattice constant in that direction is p − δp = 1 − 0.1 = 0.9, which is exactly the original
10% compression of the top layer.

Normally, the on-top positions are not preferred, and the top layer shifts along the
direction perpendicular to the strain. This results in the atoms alternating between one
three-fold hollow site to bridge sites to the other three-fold hollow site. The structural
periodicity in this case is the same as for the non-shifted one (Fig. 3.2 (b) black lines).
However, via STM, when the three-fold hollow sites are equivalent, they cannot be
distinguished, effectively doubling the observed periodicity (Fig. 3.2 (b) black lines
and dotted line). To account for that, eq. 3.3 becomes:

δp =
p2

2dm ± p
(3.4)

where dm is the measured periodicity of the Moiré, which is half the value of d. This
avoidance of the on-top positions is not possible in bi-dimensional Moiré patterns, so

35



3 Methods

just eq. 3.3 is needed.

Bi-dimensional arbitrary strain Moiré patterns

These Moiré patterns occur when the top layer is expanded or compressed with respect
to the bottom layer along more than one crystallographic directions. This can be mod-
eled as the superposition of two one-dimensional Moiré patterns propagating in per-
pendicular directions (see figure 3.2, where the top layer has been compressed by 20%
along the vertical direction and 10% along the horizontal one). The one-dimensional
Moiré patterns are just a particular case of those in which one of the strains is zero.

To characterize these systems, one just needs to perform the analysis shown for one-
dimensional Moiré patterns but along perpendicular directions using eq. 3.3. It is inter-
esting that another potentially useful quantity appears in these Moirés, and that is the
angle between the reconstruction unit cell vectors θM:

θM = arctg(r
cx

cy
) (3.5)

where cy is the compression of the top layer along the Y axis and cx along the X axis
[59]; r is the ratio between bottom layer atomic distances along the X and Y directions.
In the example of Fig. 3.2 (b), the structure refers to a hexagonal layer. This means
that the distance between atoms in the Y ([112̄]) direction is

√
3 times larger than the

distance along the X ([11̄0]) direction (so r =
√

3). Then cy = 0.2 and cx = 0.1 So finally
θM ≈ 41° which is what we can see in Fig. 3.2 (b).

Isotropic strain Moiré patterns

Isotropic strain Moiré patterns are those in which the distortion of the top layer with re-
spect to the bottom one is equivalent along different crystallographic axes. This means
that the top layer is either compressed or expanded homogeneously. These Moiré pat-
terns are a specific case of the bi-dimensional arbitrary strain Moiré patterns, in which
the compression/expansion is the same for both axes. As such, they can be character-
ized again as a superposition of two one-dimensional Moiré patterns. In this particular
case, the angle θM is the same along the different crystallographic directions, which
means, that eq. 3.5 becomes:
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θMiso = arctg(r) (3.6)

In the case of a hexagonal lattice, like in Fig. 3.2 (c), the ratio between atomic distances
along the X and Y direction is r =

√
3. This givesθMiso = 60°. So, as these Moiré patterns

are just dependent on the bottom layer symmetry, the symmetry of the reconstruction
will always be the same.
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Figure 3.2: Different lattice-mismatch Moiré patterns. (a) Schematic showing a one-
dimensional Moiré pattern over a hexagonal lattice created by a 10% compression along the X
axis. (b) Schematic showing a one-dimensional Moiré pattern over a hexagonal lattice created
by a 10% compression along the X axis and a shift of the layer along the Y axis. (c) Schematic
showing an anisotropic bi-dimensional Moiré pattern over a hexagonal lattice created by a 10%
compression along the X axis and a 20% compression along the Y axis. (d) Schematic showing
an isotropic Moiré pattern over a hexagonal lattice created by a 15% compression along both X
and Y axes.
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3.3.2 Two dimensional fast Fourier Transforms

Two dimensional fast Fourier transforms (2D-FFT) are a versatile and useful analysis
tool when analyzing 2D periodic structures. They are the two dimensional generaliza-
tion of the fast Fourier transform algorithm.

Solving the discrete Fourier transform can be a time demanding problem that is cir-
cumvented via FFTs. FFTs are algorithms allowing for the fast computation of discrete
Fourier transforms [60].

Once the problem can be solved in one dimension (one array of data), the generaliza-
tion to two dimensions is the simple repetition of the one dimensional case along the
different directions of an image.

We can understand an STM image as a matrix of points where each pixel is an element
in the matrix with a value. In that case, it is possible to perform 1D-FFTs along each of
the rows and columns of the matrix. This way we obtain information of the frequencies
present at said row or column. If we do this along the x and y axes, we obtain a two
dimensional map revealing the frequencies present in the original image (see Fig. 3.3).
In this map, low frequencies (k = 0) are located in the center of the frame, and the
furthest a point is from the center, the higher the frequency it represents (compare Fig.
3.3 (a) and (b)). As frequencies are the same from left to right and right to left, peaks are
symmetric with respect to the center of the image, and the line crossing through both
peaks and the center is perpendicular to the real-space direction of the lines.

STM analysis via 2D-FFT

The 2D-FFT peaks’ distance to the center and their relative orientation with respect
to the crystallographic directions of the sample deliver information about the studied
structure. To obtain the real space distances between lines, i.e. the period, from the
2D-FFT, the following equation is used:

p =
2

kp2p
(3.7)

where p is the period between lines in real space, and kp2p is the measured distance
between the two peaks in the 2D-FFT in units of distance−1. The factor of two results
from taking the peak-to-peak value for k.
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Figure 3.3: Schematics showing 2D-FFT properties. (a) Schematic representation of an im-
age with a periodic structure with a certain frequency and its schematic 2D-FFT below. (b)
Schematic representation of an image with a periodic structure with higher frequency than (a)
and its schematic 2D-FFT below. (c) Schematic representation of an image with two periodic
structures with different frequencies and along different directions, and its schematic 2D-FFT
below. (d) Schematic representation of an hexagonal atomic lattice indicating the atom-atom
distances in orange and the line-line distance in red. The 2D-FFT displays the peaks between
lines, not atoms.
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The peaks of the 2D-FFT appear perpendicular to the lines we observe in real space.
This means that also the angles these k vectors form, are oriented perpendicularly to
the ones in real space.

Depending on the symmetry of the system and the studied structure, the 2D-FFT plots
may still require some post-processing to get the desired values. For example, in atomic
resolution images, the periodicities indicated by 2D-FFTs do not always corresponds to
inter-atomic distances (Fig. 3.3 (d) orange lines). Instead, they may be distances be-
tween lines of atoms (Fig. 3.3 (d) red lines). This can be different depending on the
symmetry of the system. The measured distances can be used to solve simple trigono-
metric problems that lead to the real inter-atomic distances. For example, in the case of
a hexagonal lattice like in Fig. 3.3 (d), the relation between the inter-atomic distance a
and the line-line distance h is a = 2h√

3
.

Obtaining structural information via 2D-FFTs has its benefits and problems compared
to obtaining it via real space measurements. The benefits include the averaging over
the entire image, reducing noise and spatial variations of the patterns. 2D-FFTs can also
reveal periodicities that are hard to identify in real space, such as similar periods which
could appear as two close but distinct peaks. Finally, 2D-FFTs also give us information
about how periodic a structure is. Depending on how localized the peaks in the 2D-FFT
are, we get an understanding about how disperse the structure’s period and direction
are. On the other hand, 2D-FFTS also have certain drawbacks. First, it is necessary
to have large images with high resolution of the structure to obtain good resolution in
frequency space. Scanning artifacts such as thermal drift and creep of the piezoelectric
scanner can directly modify the angles and distances between peaks in the 2D-FFTs.
This makes angle and distance measurements not very reliable for large images. In
particular, the slow-scan-direction peaks cannot precisely be determined. To diminish
the impact of these artifacts it is always better to obtain quantitative values from the
fast-scan-direction.

In conclusion, 2D-FFTs are a useful tool to characterize certain types of nanoscale struc-
tures. However, they should be complemented with real space analysis methods.

Inverse 2D-FFT filtering as a tool

Inverse two dimensional fast Fourier transform (I2D-FFT) filtering is a data processing
technique that takes advantage of the Fourier transform bijection. The same way it is
possible to perform a 2D-FFT, it is possible to obtain the original real space image from a
2D-FFT map when the phase is known. This opens the possibility to perform operations
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in the 2D-FFT map before transforming it back to real space. These operations mainly
consist of erasing or smoothing out peaks in the map before performing the I2D-FFT.

It is important to note that I2D-FFT filtering is a data processing technique, not a data
analysis technique. As such, it modifies the original data and can introduce artifacts.
For that reason it is recommendable to use it in a conservative way and avoid processed
images as the only source for an argument. Here I discuss three ways to use it as a data-
quality enhancing technique, just to better understand an already existing observation.

Noise reduction

This technique consists of erasing the 2D-FFT peaks created by noise during the mea-
surement. This is only useful with periodic noise, such as electronic or vibration noise.
After that, the I2D-FFT is performed and an improved real space image is obtained.

Structure identification

Sometimes, several different patterns may be superimposed on top of each other. This
makes it extremely hard to discern which line or peak belongs to which pattern in real
space. In this case just one set of peaks is selected in the FFT, and the other peaks
are erased. When the I2D-FFT is performed, just one of the patterns remains. This
procedure is followed for all the sets of peaks in the FFT so all patterns are identified.
This permits the correlation between real space structures and their FFT peaks, where
they may be easier to analyze and compare.

Structure location in real space

This is a particular application of the structure identification case. In this case, the dif-
ferent patterns are not located everywhere, but located in different parts of the image.
This could be the case for a STM image with islands exhibiting different superstruc-
tures, such as in Fig. 3.4 (a). In this situation, one set of peaks is selected in the FFT and
the others are erased (Fig. 3.4 (b)). When the I2D-FFT is performed we can identify the
real space location of the structure where the corrugation of the remaining periodicity
is larger (Fig. 3.4 (c)). The case of Fig. 3.4 is just a simple illustrative example of this
technique.
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Figure 3.4: Structure location in real space. (a) Constant-height STM image of Cr first layer
and second layer patches on Nb (110). The second layer exhibits a one-dimensional Moiré-
like reconstruction. Some of these islands are indicated by green ellipses. (b) FFT of panel (a).
Red circles indicate the frequencies corresponding to the Moiré-like reconstruction. (c) Image
obtained as a result of performing a I2D-FFT of panel (b) using only the circled spots. The
regions with high corrugation are the ones in which the spatial frequency is localized. The
green ellipses indicate the same locations as in panel (a).
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4 Growth and magnetism of first layer
Mn/Ir(111)

"- Where’d you get the coconuts?
- We found them.
- Found them? [...] The coconut’s
tropical! [...] this is a temperate zone.
- The swallow may fly south with the
sun or the house martin or the plover
may seek warmer climes in winter,
yet these are not strangers to our
land?
- Are you suggesting coconuts
migrate?"

— Monty Python, Monty Python and
the Holy Grail

In this chapter I will discuss the results of the publication "Phase Coexistence of Mn Trimer
Clusters and Antiferromagnetic Mn Islands on Ir(111)" [3].

I will start presenting the three structural phases that appear in the system. Afterwards
I will comment on the differences observed at different measurement temperatures.
Then I will focus on the three phases in detail, characterizing them structurally and
magnetically. In the end I will discuss a low coverage sample preparation that helps
understanding the relation between two of the studied phases.

4.1 Introduction

Antiferromagnetic (AFM) materials have recently gained notoriety due to their poten-
tial benefits in transport and spin dynamics with respect to the more studied ferromag-
netic materials [9], [10], [11]. But the properties of AFM materials are also tailored by the
substrate on which they are grown. For example hexagonal substrates create an inter-
esting canvas for materials with AFM nearest-neighbor exchange. This substrate sym-
metry forces non-collinear frustrated AFM configurations when just nearest-neighbor
exchange interactions intervene [61].

The growth modes of the materials on the substrate also play a role when determining
the properties of the system. Classical metal-on-metal growth through MBE is heavily
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dependent on deposition rate, diffusion coefficient and thermal energy, and thus deter-
mine the structure of the system. Generally, at sufficiently high temperature, deposited
atoms are able to diffuse until they find a nucleation site, i.e. a step edge or a pinning
defect, for example. The now immobile particles can work as nucleation centers for
further incoming atoms enabling the film growth [62], [63]. Evaporated atoms can also
be arranged into cluster superstructures. This is usually achieved when the superstruc-
ture’s skeleton is already preexisting in the substrate in either a structural or electronic
way, i.e. structural reconstructions or electron standing waves of noble metal surface
states [64], [65], [66]. In these cases, the substrate’s preceding pattern propitiates the
growth of the clusters in certain points of the surface and inhibits it in others, thus
generating the superstructure. Non-organized heterogeneous clusters have also been
obtained due to charge transfer between the substrate and the clusters. The charge
transfer generates out-of-plane electric dipole moments in the clusters that create a re-
pulsive force among them [67]. However, this growth mechanism is not expected to
occur regularly for metal-on-metal systems. For clusters, self assembly and homogene-
ity are two highly important characteristics. These properties allow their fabrication in
large numbers and ensure reproducible behavior in fields related to catalysis [68], [69].

Here I report on the finding of three structural phases in the submonolayer regime of
Mn/Ir(111). Two of these phases consist of extended films with different structural
properties. The third one is a phase formed by monodisperse self-assembled clusters.

I will start introducing the three observed structural phases and talking about their
temperature dependence to later discuss each of them in detail.

4.2 Mn/Ir(111): Three structural phases

Figure 4.1 shows the three phases observed in the first layer Mn/Ir(111) from lower to
higher Mn coverage at T = 4 K. Figure 4.1 (a) shows the least dense Mn phase consisting
of self-assembled monodisperse Mn clusters. This phase is also observed in Figure 4.1
(b) coexisting with the second phase, which consists of triangularly reconstructed Mn
monolayer islands. Figure 4.1 (c) shows the third phase characterized as a pseudomor-
phic layer of Mn. This phase appears when the coverage of Mn approaches and reaches
one atomic layer.

It is worth highlighting the phase coexistence at intermediate coverages as an unusual
behavior for a metal-on-metal system. The typical metal-on-metal growth discussed
in section 4.1 allows for either one or another growth mode, i.e. film growth or cluster
growth, but not both. Whereas a similar coexistence was found in a non metal-on-
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Figure 4.1: Overview of the three Mn on Ir(111) growth phases. (a) Overview constant-current
STM image of a sample with extremely low Mn coverage with just the cluster phase visible. (b)
Overview constant-current STM image of a sample with a coverage of around 0.7 atomic layers
of Mn. In this regime of coverage, the cluster phase and the reconstructed phase coexist. (c)
Overview constant-current STM image of a sample with a coverage of just above 1 atomic layer
of Mn. The Mn monolayer now displays a pseudomorphic structure. (Measurement parame-
terss: (a) U = +10 mV, I = 1 nA, T = 4 K, (b) U = +100 mV, I = 500 pA, T = 4 K, (c) U = +30 mV, I
= 1 nA, T = 4 K, (all) Cr bulk tip)

metal system [67], I present the case of Mn/Ir(111) with such a phase coexistence in a
metal-on-metal system.

4.3 Measurement temperature differences

To better understand the cluster phase we performed measurements at five different
temperatures: 4 K, 80 K, 115 K, 150 K, and 300 K. The higher four temperature prepara-
tions are shown in Fig. 4.2 to highlight the differences between them.

In Fig. 4.2 the cluster phase appearance at different temperatures can be compared.
In panel (a) we see the individual clusters of the cluster phase along with the island
phase. In panel (b) and (c) we can see how the clusters appear less defined as they gain
thermal kinetic energy and lose stability. Finally, in panel (d) the cluster phase cannot
be observed. The structural characteristics of the reconstructed phase remain the same
at all temperatures. A closer inspection of the vacancy islands at 300 K, i.e. the areas
with no reconstructed Mn phase, reveals the existence of fast-moving particles below
the tip when scanning. These particles appear as random spikes of current over the Ir,
and never over the Mn, effectively reducing the apparent height of the Mn islands. The
increasing movement of the clusters with temperature in panels (a-c) help us identify
these particles as the clusters and relate this movement to temperature and not just
interactions with the tip. The fact that STM is a slow data acquisition technique stops
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Figure 4.2: Measurements at different temperatures. (a-d) Constant-current STM measure-
ments of Mn/Ir with submonolayer coverages ranging from 0.3 ML to 0.6 ML. (Measurement
parameters: (a) U = +50 mV, I = 100 pA, T = 80 K, (b) U = +650 mV, I = 600 pA, T = 115 K, (c) U
= +6 mV, I = 50 pA, T = 150 K, (d) U = +650 mV, I = 800 pA, T = 300 K, (all) Cr bulk tip.)
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us from imaging these clusters while they move. From this data it is concluded that
Mn clusters must also be mobile during deposition at room temperature or higher. On
the other hand, when decreasing the temperature, clusters slow down to the point of
freezing. The following study of the three structural phases was performed at either 4
K or 80 K, where the clusters do not move.

4.4 Mn pseudomorphic phase

4.4.1 Structure of the pseudomorphic phase

Figure 4.3: Atomic resolution of pseudomorphic phase. Constant-current STM image of an
almost closed first layer of Mn on Ir(111) with atomic resolution. Inset: FFT of the real space
image with orange circles indicating the peaks representing the atomic resolution. The two
other main peaks observed correspond to noise in the image. (Measurement parameters: U =
+30 mV, I = 1 nA, T = 4 K, Cr bulk tip)

Fig. 4.3 shows an atomic-resolution image of the almost complete first layer of Mn on
Ir(111). The bright isolated structures on the surface are residuals of the reconstructed
phase, and completelly disappear when the coverage reaches the full first layer. The
analysis of both the real space image and its fast Fourier transform (inset of figure 4.3)
help determine the atomic structure of the layer to be the same one as the structure
of the underlying Ir, i.e. hexagonal symmetry with a nearest neighbor distance of 272
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pm. The structure being the same means that the first monolayer of Mn on Ir(111)
is pseudomorphic when the coverage approaches, reaches and surpasses one atomic
layer.

4.4.2 Magnetism of the pseudomorphic phase

Figure 4.4: Magnetic resolution images of the Mn pseudomorphic layer. (a) Constant-current
STM image of a fully closed first layer of Mn on Ir(111) with magnetic resolution. Inset: FFT of
the real space image with cyan circles indicating the peaks representing the magnetic lattice. Or-
ange line indicates the line profile displayed in Fig. 4.8. (b) SP-STM atom manipulation image
of a fully closed first layer of Mn on Ir(111) with atomic and magnetic resolution. Inset: FFT of
the real space image with orange circles indicating the peaks representing the atomic structure
and blue circles indicating the peaks representing the magnetic superstructure. (Measurement
parameters: (a) U = +3 mV, I = 870 pA, T = 4 K, (b) U = +10 mV, I = 5 nA, T = 4 K, (all) Cr bulk
tip )

To study the magnetism of the pseudomorphic layer an antiferromagnetic Cr tip was
used. In Fig. 4.4 (a) the observed magnetic structure is displayed. We identify this
magnetic ground state as the Néel state (section 2.2.1). The Néel state observed via SP-
STM appears as a hexagonal superstructure with a unit cell

√
3 times larger than the

atomic one and rotated by 30° with respect to this one. This occurs as the tip spin is
always more parallel (or antiparallel) to one of the three spin orientations of the sample
than to the other two ones. The inset in Fig. 4.4 (a) is the FFT of the real space image
where the magnetic peaks have been highlighted with cyan circles. The lattice constant
of the magnetic unit cell is 468 pm, also indicated in cyan. This is, as expected,

√
3 times
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larger than the atomic lattice constant of the Mn pseudomorphic phase. The magnetic
superstructure is therefore characterized as a (

√
3 ×

√
3)R30° structure, i.e. the Néel

state.

Fig. 4.4 (b) shows a spin polarized atom manipulation image where simultaneous struc-
tural and magnetic data have been measured. Atom manipulation images are obtained
when an atom is dragged along with the tip while scanning. During this procedure the
STM current goes always through the dragged atom. This atom is measured again and
again over the different adsorption sites. The different electronic properties of each ad-
sorption sites give rise to different contrasts. This gives us information about the crys-
tal structure. In this case, the measurement is also spin-polarized, i.e. a spin polarized
atom manipulation image. This means that in addition to the topographic information
it also contains magnetic information. This type of images is notably difficult to inter-
pret in real space due to the superposition of data with different physical origins. FFT
analysis is the ideal tool to identify the different sets of information in the data. The dis-
tinct orientations, symmetries and sizes appear much more clearly and become easier
to characterize in the FFTs. Performing inverse FFT filtering also allows us to individ-
ually correlate spots in the real space image to the magnetic or electronic structures. In
the inset of Fig. 4.4 (b) the FFT of the real space image exhibits two main sets of peaks.
The cyan circles highlight the peaks corresponding to the magnetic superstructure. The
orange circles highlight the peaks corresponding to the topographic structure. It is easy
to see in the FFT how both structures, although having the same hexagonal symmetry,
exhibit different periods and relative orientation (30° difference). The corresponding
unit cells are demarcated in the real space image with their respective colors. Their
sizes and orientations are the expected ones for the atomic structure and Néel state.

4.5 Mn reconstructed phase

The Mn reconstructed phase coexists always with the Mn cluster phase discussed in
section 4.6. This reconstructed phase forms extended Mn islands while the cluster
phase inhabits the vacancy islands left by the reconstructed phase. In this section I
will discuss the Mn reconstructed phase.
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4.5.1 Structure of the reconstructed phase

Figure 4.5: STM and LEED observation of the Mn reconstruction. (a) Constant-current STM
image of a submonolayer patch of Mn on Ir(111). (b) LEED image obtained from a sample
exhibiting the reconstructed Mn phase. (Measurement parameters: (a) U = +10 mV, I = 1 nA, T
= 4 K, Cr bulk tip (b) E = 57.7 eV).

When the Mn reconstructed phase is studied with a non-magnetic tip such as in Fig. 4.5
(a) a triangular reconstruction with three different regions is observed. These regions
are: darker triangles (A), brighter triangles (B) and the connection among six triangles
(C). The lattice constant of the reconstruction (indicated by the white diamond in Fig.
4.5 (a)) is 3.8 nm, i.e. around 14 nearest neighbor distances of the Ir substrate. This type
of structure can be understood as a Moiré reconstruction where the different triangles
(A & B) happen to be atoms in different lattice sites (stackings) and the meeting points
of six triangles (C) are where the Mn atoms are positioned on top of Ir atoms. The (C)
positions appear in two different ways (see Fig. 4.5 (a)). One of them is the absence of
atoms in the on top positions, the other case is when the hole is closed and three bright
spots take its place. This type of Moiré is created by a lattice mismatch between the Mn
top layer and the Ir bottom layer. The symmetry of the reconstruction along with the
symmetry of the substrate implies an isotropic change of the lattice constant of the Mn.
The modeling of the reconstruction as a Moiré structure using eq. 3.3 reveals a roughly
7% mismatch between both layers.

In Fig. 4.5 (b) the LEED pattern generated by a sample exhibiting the reconstructed
phase is shown. In this image one can observe the six main spots on the LEED screen
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generated by the hexagonal atomic structure of the Ir (111) crystal. Surrounding these
spots, smaller sets of six spots created by the triangular reconstruction appear. The ratio
between the reciprocal lattice vectors of the main spots and the smaller spots is roughly
1/15, confirming a lattice mismatch of around 7% .

The difficulty to obtain atomic resolution on the Mn reconstructed phase made harder
to determine if the lattice mismatch that generates the Moiré superstructure corre-
sponds to an expansion or a compression of the Mn layer. The way to determine this
is comparing the magnetic state of the pseudomorphic layer with the magnetic state of
the reconstructed one. This is discussed in section 4.5.2.

Figure 4.6: Model of the Mn reconstruction. (a) Ideal Moiré model created by two hexagonal
layers in which the top one is expanded by 7% with respect to the bottom one. (b) Constant
current STM image showing the reconstructed monolayer of Mn on Ir(111). (c) Tiling pattern
generated by triangular patches in different stackings. (Measurement parameters: (b) U = +10
mV, I = 1 nA, T = 4 K, Cr bulk tip)

The well defined border between the different stackings of the Mn layer give rise to
the idea of a distorted Moiré formed by homogeneous patches of alternating stackings.
This can still be understood as a Moiré-like structure. The proposed model of the re-
construction is therefore a distorted Moiré where the transition between stackings is
sharper than in the ideal Moiré. The ideal Moiré and the discrete patches with differ-
ent stackings are shown in Fig. 4.6 (a) and (c) as the extreme cases between which the
observed reconstruction (b) occurs.

4.5.2 Magnetism of the reconstructed phase

The observed magnetic state for the Mn reconstructed phase is the Néel state. In Fig.
4.7 (a) and (b) it is possible to see the magnetic hexagonal superstructure as well as
the structural triangular superstructure. Once again, its analysis through FFTs and real
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Figure 4.7: Magnetic resolution images of the Mn reconstructed phase. (a) Constant-current
SP-STM overview image of a Mn reconstructed island with magnetic resolution. (b) Constant
current SP-STM close-up image showing the magnetic superstructure in more detail. Inset: FFT
of the real space image with cyan circles indicating the peaks representing the magnetic resolu-
tion, the blue line indicates the line profile displayed in Fig. 4.8. (Measurement parameters: (a)
U = +10 mV, I = 1 nA, T = 4 K (b) U = +5 mV, I = 900 pA, T = 4 K), (all) Cr bulk tip

space, i.e. its size and orientation with respect to the main crystallographic directions,
help us identify it as the Néel state.

The size of the pseudomorphic and the reconstructed magnetic unit cells were com-
pared through line profiles in their FFTs. This is shown in Fig.4.8 confirming roughly a
7% mismatch between the pseudomorphic and the reconstructed layers. In particular,
it determines the mismatch to be an expansion of the Mn reconstructed layer over the
Ir below. As the comparison is done in reciprocal space, the peaks of the reconstructed
phase (blue) are closer together than the ones of the pseudomorphic phase (orange).
The line profiles of the FFTs are the ones indicated in Fig.4.4 (a) inset and Fig.4.7 (b)
inset. The reconstruction being expanded means that there is a smaller amount of Mn
atoms in the top layer than Ir atoms below. The density of Mn atoms is 87% the density
of Ir atoms below, i.e. the Mn layer has 0.87 times the number of atoms of the Ir layer
below in a given area.
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Figure 4.8: FFT comparison of the pseudomorphic and reconstructed Néel states through line
profiles of Fig.4.4 (a) inset and Fig.4.7 (b) inset.

For the Néel state of the reconstructed layer extra measurements were performed with
an Fe-coated W tip. The goal of these measurements was to study the system with
known tip magnetization direction to determine the orientation of the Néel state. It has
been shown before that Fe-coated W tips tend to have an in-plane magnetization axis at
0 T applied field [54]. When a magnetic field on the order of a few Teslas is applied, the
tip aligns its magnetization axis with the field due to its ferromagnetic nature. As Mn
is an antiferromagnetic material, this kind of interaction between the sample and the
field is not expected for the available field strengths, i.e. the sample magnetic ground
state is unaffected by the field.

The performed experiment consists of the three steps shown in Fig.4.9 (a-c). First, an
extended reconstructed layer was measured with the Fe-coated W tip with no applied
magnetic field, obtaining the image 4.9 (a). After this data was taken, a -2T magnetic
field was applied perpendicular to the surface of the sample. As represented in the
sketch in Fig.4.9 (b), the magnetization direction of the tip almost aligns with the ap-
plied field, while the sample remains unchanged. Finally, in Fig.4.9 (c), the magnetic
field is switched off and another image is taken to confirm that we recover the original
state. All these measurements are taken avoiding any structural tip changes to make
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Figure 4.9: Out-of-plane magnetic measurements of the Néel state in the reconstructed Mn
phase. (a-c) Constant-current spin polarized STM measurements of the same region of the sam-
ple with different tip magnetization directions indicated by the sketches. The FFTs are obtained
from the respective real space images. Insets are close-up current images of the indicated areas.
(Measurement parameters: (a) B= 0 T,(b) B = -2 T, (c) B = 0 T, (all) U = +9 mV, I = 1.5 nA, T = 8
K, (all) Fe-coated W tip)

the images comparable.

Through the series of data in Fig.4.9 one can see how the magnetic contrast of the Néel
state is present both in Fig. 4.9 (a) and (c), while it is diminished in (b). This is easier
to appreciate in the insets where the magnetic corrugation is more obvious. It becomes
very clear in the FFTs, where the Néel state appears as well defined points forming an
hexagon in (a) and (c) but it is significantly fainter in (b). This experiment allows us to
identify the orientation of the Néel state in our sample. The absence of contrast occurs
when the magnetization of the tip is perpendicular to the plane in which the spins
are contained. In the present case, the contrast is diminished when the out-of-plane
direction for the tip is approached, i.e. the Néel state in the Mn reconstructed phase has
its spins in the surface plane.

4.6 Mn cluster phase

The Mn cluster phase appears as soon as Mn is deposited onto the Ir substrate and
remains present until the vacancy islands disappear. This means that the Mn cluster
phase coexists with the reconstructed phase for most of the Mn coverage range. In this
section I will focus independently on the Mn cluster phase, as the Mn reconstructed
phase has already been discussed in the previous section.
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4.6.1 Cluster types and behavior

Figure 4.10: Types of clusters (a) Constant-current STM measurement displaying a vacancy
island populated by the tree different types of clusters. (b) Line profile obtained along the path
indicated in the real space image. (Measurement parameters: (a) U = +10 mV, I = 1 nA, T = 4 K,
Cr bulk tip)

When observing the Mn cluster phase, it is possible to identify mainly three types of
clusters. In Fig. 4.10 they are indicated as Dilute, the smallest in height of the clusters,
Compact, the biggest of them, and Asymmetric, the one lacking three-fold symmetry.
When measured with standard parameters (around U = +10 to +100 mV, I = +1 to +5
nA), Compact and Asymmetric clusters have an apparent height of around 0.25 nm, or
around 80% the height of the reconstructed phase. Dilute clusters on the other hand
have an apparent height of around 0.15 nm, or around 50% the height of the recon-
structed phase. The ratios between these configurations depend on the exact prepara-
tion and vary considerably.

It was found that the clusters can change between their different types. In Fig. 4.11 (a-c)
it is shown how the clusters in a vacancy island change when scanned at 1 V. For better
comparison of these images, the z scale and origin are adjusted to be the same in every
panel. Fig. 4.11 (a) and (c) are measured at the same voltage to show the differences
between before and after the 1 V measurement, which is displayed in Fig. 4.11 (b). In
panel (b) it can be seen how the clusters become shorter when the tip scans over them
(see inset in Fig. 4.11 (b)). This change was found to be not reversible. Fig. 4.11 (d)
shows how this newly formed Dilute clusters behave under more extreme voltages, in
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this case -2 V. The image reveals how some of the Dilute clusters are quite unstable
and appear noisy in the measurement while others remain stable in their configuration.
This instability moves the individual atoms inside the cluster, but it does not move the
cluster as a whole. The circles placed through the series of images highlight model-
type clusters for the three main behaviors observed. The behavior classification takes
into account the original cluster, the final cluster, and the apparent stability of the final
cluster:

• Red circle: Asymmetric clusters that evolve to unstable Dilute clusters.

• Green circle: Compact clusters that evolve to unstable Dilute clusters.

• White circle: Compact clusters that evolve to stable Dilute clusters.

• Cyan circle: Dilute clusters that remain stable Dilute clusters.

The rectangles in Fig. 4.11 (a) and (c) indicate the cut-outs later used in Fig. 4.19 (b) and
(c).
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Figure 4.11: Cluster change and stability via imaging. (a-d) Constant-current STM series of
measurements showing how the clusters evolve and their behavior at high voltages while mea-
sured via STM. (Measurement parameters: (a) U = +50 mV, I = 100 pA, T = 80 K, (b) U = +1 V, I
= 4 nA, T = 80 K, (c) U = +50 mV, I = 100 pA, T = 80 K, (c) U = -2 V, I = 4 nA, T = 80 K, (all) Cr
bulk tip)

To further study the cluster change and stability via their interaction with the tip, a dif-
ferent type of experiment was performed. In this case, the experiment consisted of iden-
tifying either Compact clusters or Asymmetric ones. After that, the tip was positioned
just on top of the cluster to study using atom tracking software. This software detects
the curvature of the surface below the tip and moves the tip towards higher positions,
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finding in this way local maxima. Once the tip was stabilized over the cluster (mea-
suring around half an hour in the area plus around one minute over the cluster), the
parameters to perform a bias sweep were selected and the bias sweep was performed.
This consisted of stopping the feedback loop and gradually changing the applied volt-
age between tip and sample while recording the current. With this technique, clusters
can be changed individually, as shown in Fig. 4.12.

Figure 4.12: Cluster change via bias sweeps. (a-f) Constant-current STM series of measure-
ments showing how different Compact and Asymmetric clusters were transformed into Di-
lute ones individually with local tunnel currents. The clusters highlighted in red are the ones
changed before the next image. (Measurement parameters: (all) U = +10 mV, I = 1 nA, T = 80
K, Cr bulk tip)

Repeating this experiment over many clusters, we obtain the curves in Fig. 4.13. Each
curve in each panel is done over a different cluster and when cluster changes happen
the current drops occur. In Fig. 4.13 (b) it is shown how the clusters change approxi-
mately at 1.1 V when the tip has been stabilized at U = +110 mV and I = 200 pA. This
contrasts with the unchanged status of the clusters for negative voltages with the same
tip stabilization parameters as shown in panel (a). When performing the experiment
again with a smaller tip-cluster distance, different results are obtained. The voltage
needed in Fig. 4.13 (d) to change the clusters is smaller than in Fig. 4.13 (b). With these
different stabilization parameters it is possible to see in panel (c) how the negative volt-
ages also switch the clusters.

Here we observe that the absolute value of the voltage needed for the switching to occur
is higher than in the positive case. From these experiments it is inferred that the abso-
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Figure 4.13: Obtained curves via bias sweeps. (a-d) Series of bias voltage sweeps from small to
large voltage over different clusters with same tip-sample distances: (a) and (b) are done with
larger tip-sample distance while (c) and (d) are done with smaller tip-sample distance. The
abrupt current drops indicate the clusters switching to Dilute ones. (Measurement parameters:
Stabilization parameters before bias voltage sweeps: (all) U = +110 mV, (a,b) I = 200 pA, (c,d) I
= 1 nA, all T = 80 K, (all) Cr bulk tip)

61



4 Growth and magnetism of first layer Mn/Ir(111)

lute value of the voltage is not the only parameter responsible for the cluster change.
We also determine that the current alone is not responsible for the change either, as the
currents at which the switching happens are 3.5 nA and 8.4 nA for the two positive
cases. Finally, the switching power is also not the determining factor, as it is on average
3.9 nW and 5.9 nW for positive voltages in panels (b) and (d). The different sign offset
in the required voltage to generate the switching is not fully understood. A possibility
to explain it could be the electric field generated by the tip. If the clusters have a dipole
moment, as it has been seen in [67], an electric field could favor the integrity of the clus-
ters for a particular polarity while facilitating their structural change with the opposite
one. However, even if this is the case regarding the observed asymmetry, the mecha-
nism that strictly generates the switching at both positive and negative bias voltage is
not yet understood.

Some possible explanations for the clusters being metastable include their magnetic
state (further discussed in section 4.6.5) and the expansion of the Mn layer. The mag-
netic explanation considers that the clusters loose their mobility before they reach their
Néel temperature while cooling the system. This could result in the Dilute clusters be-
ing energetically favorable when magnetism is present, but not when they are formed
at room temperature. In this scenario, the energy received during the voltage sweeps
could let them overcome the barrier between the two configurations and go to the lower
energy state. The expanded Mn explains the behavior because the strain in between the
expanded Mn atoms of a cluster could propitiate their movement to a more stable po-
sition where the atoms are further away in perfect three-fold hollow site positions.

4.6.2 Cluster density and distribution

Another aspect studied was the clusters’ density and relative position to each other.
This is shown in Fig. 4.14. In Fig. 4.14 (a) we can see a vacancy island in which the
positions of the clusters have been marked. With these data we obtain the graph of
Fig. 4.14 (b). This graph is a pair correlation between each of the clusters with all
the other ones in this vacancy island. No spatial ordering among clusters is found
except a minimum distance between clusters of around 1.35 nm, i.e. 5 atomic distances
(indicated by the red circles). This can be understood as a short distance repulsion. This
analysis was repeated with another data set and the results were equivalent.

If we ideally fill the Ir surface with clusters respecting the minimum cluster distance
we would obtain an idealized hexagonal cluster phase superstructure. In that case, the
cluster density would be maximized. The cluster density for those conditions would
be 0.63 clusters/nm2. This value contrasts with the observed cluster densities shown
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Figure 4.14: Cluster pair correlation and density (a) Constant-current STM image centered in
a vacancy island with the exported cluster positions superimposed. (b) Pair correlation of the
cluster positions in panel (a). (c) Cluster density as a function of reconstructed phase coverage.
Each data point represents a different sample preparation. The numbers next to the points
represent the time between last flash and Mn deposition. (Measurement parameters: (a) U =
+50 mV, I = 1 nA, T = 4K, Cr bulk tip)
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in Fig. 4.14 (c). The observed cluster densities remain around significantly lower val-
ues (0.08-0.24 clusters/nm2) independent of the temperature of the sample during the
evaporation or the Mn coverage. To explain this phenomenon I propose that a local
increase of the cluster density above the 0.24 clusters/nm2 could result in the spon-
taneous formation of reconstructed phase sections. This growth would happen at the
expenses of the cluster phase, which is mobile at room temperature when the growth
occurs, as already discussed in section 4.3. This idea is represented schematically in Fig.
4.15. The decrease of cluster density combined with the increase of the reconstructed
phase surface would explain the roughly constant cluster density for different Mn cov-
erage preparations. The cluster density obtained in a certain preparation would then be
determined by the moment in which the Mn evaporation is stopped. The agglomera-
tion of data-points between 0.08 clusters/nm2 and 0.24 clusters/nm2 hints to a narrow
range of densities for the cluster phase, see Fig. 4.14. Note that the reconstructed phase
growth occurs in complete sections of the reconstruction. This can be seen at the edges
of the reconstructed phase, which always include full triangles of the reconstruction.

Figure 4.15: Schematic representation of the growth relation between the cluster phase and
the reconstructed phase. The orange and blue lines represent the maximum and minimum
values between which the cluster density oscillates.

Adding this knowledge to the cluster movement at room temperature, we can under-
stand the cluster phase as a 2D cluster gas frozen in place when the temperature is de-
creased. Its relative distribution being only governed by a small repulsive force, while
its density being confined around 0.16 clusters/nm2. The density is constantly increas-
ing due to the evaporation, and suddenly decreasing when sufficiently high to form the
reconstructed phase.

A potential explanation of the cluster-cluster repulsion can be the dipole moments of
the clusters that could also give rise to the asymmetry in the switching mechanism. If
every cluster had an equal out-of-plane dipole moment, electrostatic repulsion could be
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the force behind their distancing. Another possible explanation for this repulsion could
be the expansion of the Mn atoms discussed in section 4.5.2. In that case, the Mn atoms
forming a cluster would be forced outwards from the perfect hollow sites. That could
make the addition of more atoms to the cluster difficult, as they would be forced to
reside in unfavorable positions far away from hollow sites. One last explanation for the
cluster-cluster repulsion could be the existence of standing electron waves determining
stable areas around the clusters. This is not a possibility since there is no surface state
crossing the Fermi energy in Ir(111) [70].

4.6.3 Cluster orientation

Figure 4.16: Schematic relations between edge type, stacking and island pointing direction.
Different colors of the top atoms represent different stackings. The edge types are represented
by black triangles and rectangles joining the bottom layer atoms with the top layer ones.

The clusters (almost) always show the same orientation. This means that their trian-
gular shapes are (almost) always found pointing in the same directions with respect to
each other along the whole crystal, i.e. the clusters exhibit C3 symmetry. Other sys-
tems with hexagonal top layer symmetry sometimes exhibit C6 symmetry as islands
in two different stackings with triangular shapes pointing in opposite directions [71],
[72] [73]. In these systems, a particular type of edge (triangle or square, see Fig. 4.16) is
more energetically favored than the other one. If both atomic stackings are similar in
energy, then both of them will occur, but they will give rise to islands pointing in differ-
ent directions. This way, the favored edge type is preserved, as shown in Fig. 4.16. This
means that the edge type is fixed, and then for each stacking, a particular island orien-
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tation is allowed. This contrasts with our cluster observations. In the case of the Mn
clusters, the fixed parameter is their pointing direction, and then for each stacking, a
particular cluster edge is chosen. This reveals the possibility of two identically looking
objects with different stackings and edges, which could lead to two different behaviors,
just as observed in section 4.6.1.

4.6.4 Cluster structure

To fully characterize the clusters the aim is to create a cluster model that describes them
structurally while explaining the three observed behaviors in Fig. 4.11.

The first unknown to tackle is the amount of atoms forming the clusters. For this,
I performed atom manipulation experiments with different clusters such as the one
displayed in Fig. 4.17. In these experiments I consistently found that all clusters are
formed by three atoms, making them trimers. Clusters changing from one to another
type would just require structural changes and not the addition or subtraction of atoms.
The last two panels in Fig. 4.17 show two artificially built cluster structures that more
or less resemble the other clusters observed with the same tip in the top part of the
images.

Once clusters are known to be trimers, a series of constant-height STM simulations
were performed to identify the atom configurations that give rise to the three observed
cluster types, i.e. Compact, Dilute and Asymmetric clusters. The simulations displayed
in Fig. 4.18 (a) coincide with the three known cluster types shown in Fig. 4.18 (b).
The structural models of these configurations are shown in Fig. 4.18 (c). The Compact
Trimer (CT) model comes from packing three Mn atoms as nearest neighbors. The
Dilute Trimer (DT) model comes from packing three Mn atoms at the distance of two
lattice constants. The Asymmetric Trimer (AT) model comes from packing two Mn
atoms as nearest neighbors and adding the third one as represented in Fig. 4.18. Other
configurations for the third atom of the AT do not reproduce the observations with the
simulations.

The structural model in Fig. 4.18 (c) reproduces our imaging observations, but it also
reveals how CT and DT clusters could appear in two different stackings in which their
atomic distances are the same. This means that even though two clusters could appear
to be the same type of trimer in an STM image, they could have different stackings and
therefore different properties. I relate this to the observations in Fig. 4.11 where two
different final behaviors (panel (d)) occurred for two identically looking DTs (panel (c))
coming from two identically looking CTs (panel (a)).
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Figure 4.17: Disassembling a cluster via atom manipulation. Series of constant-current STM
measurements taken between atom manipulation experiments disassembling a cluster inside
a vacancy island. The last two panels show a larger view to compare the artificially created
trimers with natural ones. (General measurement parameters: U = +5 mV, I = 2 nA, T = 4 K,
(all) Cr bulk tip. General atom manipulation parameters between images: U = +1 - +5 mV, I =
70 - 90 nA)
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Figure 4.18: Trimer simulations and structural model. (a) Constant-height S-orbital STM simu-
lation of the atomic structures in panel (c). (b) Constant-current STM image displaying the three
different types of trimers for comparison. (c) Structural atomic arrangement of the simulations
in panel (a). (Measurement parameters: (b) U = +10 mV, I = 1 nA, T = 4K, Cr bulk tip)

To include the cluster stacking and behavior into the structural model, I analyzed in
more detail the switching behavior itself. In Fig. 4.19 (a) it can be seen how differently
stacked CTs (CT and CT*) would travel different paths (indicated by roman numerals)
to arrive to differently stacked DTs (DT and DT*). All these paths except number I
would create a measurable center of mass movement when switching. This center of
mass movement is represented by green and red dots in Fig. 4.19 (a); green dots indicate
the starting center of mass of the trimer and red dots indicate the final center of mass
of the trimer after the switching. The suggested paths in this figure are just exemplary
routes for the atoms to move and are not suggested to occur exactly like that.

Fig. 4.19 (b) and (c) show close-ups from Fig. 4.11 (a) and (c) in which two clus-
ters switch from Compact Trimers to stable Dilute Trimers, one Asymmetric Trimer
switches to an unstable Dilute Trimer, and a stable Dilute trimer remains stable. If we
use the original stable DT in Fig. 4.19 (b) as a system of reference placing a triangle
over it, we can place another triangle over one of the CTs and see if the cluster moves
with respect to its original position in Fig. 4.19 (b). What we observe is that there is no
change in position for the trimer during the switching. This means that the observed
switching is the one described by path I, i.e. CT->DT. That also means that the other
CT stacking (CT*) must give rise to the other DT stacking (DT*), i.e. path IV, CT*->DT*.
We observe that the lower left DT in panel (c) is stable while measuring, while the one
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Figure 4.19: Trimer potential switching paths and center of mass analysis. (a) Possible paths
for both CT stackings to become both DT types indicating atom movements over bridge sites.
(b) Constant-current STM close-up from Fig. 4.11 (a). (c) Constant-current STM close-up from
Fig. 4.11 (c). (Measurement parameters: (b and c) U = +50 mV, I = 100 pA, T = 80 K, Cr bulk
tip.)
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to its right is unstable (its atoms move while being scanned). This allows us to identify
DTs as stable trimers, and DTs* as unstable ones, so we can characterize them based
on their behavior. Finally, as all ATs become unstable DTs, that means they all become
DT*.

To crosscheck this result I analyzed in detail the movement of the atoms forming the
unstable dilute clusters. Assuming that the atom movement happens over bridge sites
and away from the center to avoid forming CTs again, the directions in which the atoms
could jump in the different dilute clusters depend on the stacking, as shown in Fig.
4.20 (a). In this panel it is also possible to see that the DT has two equivalent jumping
possibilities for each atom, while the DT* has just one. In Fig. 4.20 (b) a stable dilute
cluster and an unstable one are shown. The arrows superimposed over the unstable
one indicate the directions in which its atoms move. Comparing with Fig. 4.20 (a) we
see that the unstable dilute cluster must be the DT*. This is exactly what is expected
after the previous "center of mass" analysis.

Figure 4.20: Unstable DT atomic movement analysis. (a) Possible atomic jumps away from
the cluster center through bridge sites for both DT stackings. (b) Constant-current STM image
exhibiting a stable DT and an unstable DT with the observed atomic jumps marked with purple
arrows. (Measurement parameters: (b) U = +50 mV, I = 1 nA, T = 80 K, Cr bulk tip.)

With this information the proposed model in Fig. 4.18 can be improved to include the
clusters’ edge type, switching and stability. This final structural-behavioral model is
shown in Fig. 4.21.

As discussed at the end of section 4.6.1, the existence of two stackings for the clusters
manifests the leading role of the island-pointing-direction in the system. We know
that certain trimer-pointing-direction is more stable than the other one. Then, as both
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stackings are observed, it means that both edge types occur (see Fig. 4.16). This is
contrary to previously observed systems, where the edge type is the fixed parameter
and the other ones vary.

Figure 4.21: Complete structural-behavioral cluster model.

4.6.5 Cluster magnetism

To complete the cluster characterization I attempted to obtain magnetic information
about them. I did this by two different experiments and none of them yielded results.
Still, the absence of results is the foundation for the proposed magnetic state for the
clusters that I will discuss at the end of this section.

The experiments performed were:

• SP-STM imaging

• Spin polarized telegraph noise measurements
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SP-STM imaging is utilized the same way it is used in sections 4.4.2 and 4.5.2. The idea
being that if clusters had differently oriented spins for each of their atoms, they should
give rise to different contrasts while imaging with SP-STM. This is similar to the Néel
state discussed in the above-mentioned sections. Different magnetic contrasts were not
observed between atoms in the same cluster.

When a constant spin orientation can not be imaged, the possibility of a super-paramagnetic
state in which the spins of the individual atoms change between different orientations
is proposed [74]. I studied that possibility trying to measure the current changes that
would appear from the spin configuration changes. The working principle behind this
experiment is that if the SP-STM tip is positioned over a magnetic atom, the height at
which the tip remains is dependent on the relative tip-sample spin orientation. If the
spin orientation of the atom in the cluster is changing between different orientations,
the tip should move up and down when the change happens depending on the pro-
jection of the sample spin on the tip spin. Additionally, the number of levels observed
in the fluctuations could give us information about the amount of possible spin orien-
tations. Again, the experiment yielded no results, i.e. no height jumps were observed
while stabilized over the atoms. This could be related to the jumps happening at a
higher rate than the electronics could measure (several times per ms), or not happening
at all.

Figure 4.22: Proposed spin configurations for a Mn trimer. At the measured temperatures, the
magnetic state is understood to be constantly fluctuating between these states.

4.7 Low coverage sample: Proto-islands

To better understand the cluster phase and its relation with the reconstructed phase,
a sample with a coverage of 0.05 monolayers was prepared. This preparation reveals
the existence of the cluster phase at these low densities, in contrast to a possible single
atom phase at low coverages.
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Figure 4.23: Low coverage sample. (Measurement parameters: U = +3 mV, I = 1 nA, T = 4 K,
inset: U = +20 mV, I = 1 nA, T = 4 K, (all) Cr bulk tip)

Fig. 4.23 shows the cluster phase existing without any extended Mn layer present. In
the figure it is also possible to see objects not previously found that I call Proto-Islands
(PI). These objects are triangular three-lobed structures apparently similar to DTs but
bigger, seemingly higher, and rotated with respect to the common cluster orientation.
If we consider the CTs and DTs to be 0° rotated, some of these objects appear to be 30°
rotated while others are 60° rotated.

Based on this rotational distinction, I identify two main types of Proto-Islands. In Fig.
4.24 (a) and (b) a closer look to these PIs is shown. If we take into account that clusters
move at room temperature as discussed in section 4.3, we can imagine the PIs to be
formed by three clusters each, the same way three atoms give rise to a cluster. Combin-
ing three trimers in different ways panels (c) and (d) in Fig. 4.24 can be obtained. These
atomic configurations keep the triangular symmetries of the PIs and make them point
in the observed directions.

To check this model constant-height STM simulations were performed (Fig. 4.24 (e) and
(f)) and compared with the observed structures. Experimentally it is found that the area
occupied by the Proto-Island in panel (b) is larger than the area of the Proto-Island in
panel (a). The areal ratio between them is b/a= 1.15. If this same comparison is done
for the simulated proto-islands in (e) and (f), it is found that f/e= 1.11. In the magni-
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Figure 4.24: Proto-Islands analysis and model. a,b Constant-current STM image of the two
different types of Proto-Islands. c,d Atomic structure models for the Proto-Islands in a and
b. e, f Constant-height STM simulations of the atomic structures in c and d. (Measurement
parameters: (a) U = +3 mV, I = 1 nA, T = 4 K, (b) U = +5 mV, I = 1 nA, T = 4 K (all) Cr bulk tip)

fication of panel (c) in 4.24 we see that if we join the centers of the three trimers used
to create the PI, a black triangle with sides running perpendicular to the close-packed
rows is obtained. On the other hand, if we join the outermost atoms of each trimer, i.e.
the ones further apart from the center, a green triangle slightly rotated by 13.26° with
respect to the first one is obtained. In STM we observe the edges of the PIs, but no
atomic resolution of their insides was acquired. It is reasonable to understand that the
green triangle in the enlarged view of Fig. 4.24 (c) would be the one measured. When
characterizing this rotation experimentally, an angle of 13.5° is obtained reinforcing the
proposed model.

After analyzing the Proto-Islands I propose that they are the starting stage of the recons-
tructed-phase, hence their chosen name. They would nucleate at defects to later act as
nucleation points themselves for the reconstructed phase. That would also explain why
they are not observed once the reconstructed phase has appeared, as they are already
surrounded by other Mn atoms
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4.8 Mn/Ir(111) conclusions

Mn/Ir(111) is a complex system that exhibits three structural phases with distinct prop-
erties. These are: the pseudomorphic phase, that appears when the first monolayer is
completed. The reconstructed phase, that is present at sub-monolayer coverages. And
the cluster phase, that coexists with the reconstructed phase and also appears alone at
extremely low coverages. The Mn pseudomorphic phase keeps the atomic structure
of the underlying Ir and exhibits the Néel state as its ground state. The Mn recon-
structed phase displays a Moiré-like triangular reconstruction generated by a 6% to 7%
expansion of the Mn layer with respect to the Ir below. Its magnetic ground state is the
Néel state, as in the pseudomorphic case. The Mn cluster phase is formed by monodis-
perse self-assembled Mn trimers. These trimers are mobile at room temperature. When
their density increases above a certain threshold they form the reconstructed phase.
At temperatures between 4 K and 80 K the trimers become immobile and appear in
three different apparent configurations: Compact Trimers (CTs), Dilute Trimers (DTs)
and Asymmetric Trimers (ATs). CTs and ATs can be switched unidirectionally to DTs
when interacting with the STM tip. The clusters’ behavior allowed to identify a stack-
ing difference between different types of clusters and permitted the creation of a full
structural-behavioral cluster model. The magnetic ground state of the clusters has not
been observed but I propose it to be a super-paramagnetic antiferromagnetic configura-
tion where the spins are in plane 120° rotated between atoms and fluctuate coherently
between their different possible orientations.

The existence of the clusters is proposed to have its origin in the structural expansion
of the Mn atoms found in the reconstructed Mn layer phase. This would make trimer
configurations more stable in contrast to configurations with more atoms that would be
forced further away from hollow sites. The cluster-cluster repulsion is not completely
understood, and three possibilities are proposed: The first one is again the structural
expansion of the Mn atoms. The second one is the existence of dipolar moments in
the clusters that could result in repelling each other. The third one is the presence of
electron standing waves that could generate a potential barrier around the clusters. Fi-
nally, the coexistence of the cluster phase and the reconstructed phase seems to arise
from the maximum permitted cluster density. When the cluster density grows locally
above a certain threshold, the reconstructed phase becomes energetically more favor-
able. Then a section of the reconstructed phase is grown, decreasing the density of the
cluster phase in the process and generating the coexistence.
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5 Growth, magnetism and superconductivity
of Cr/Nb(110)

"[...] But the basic fact is that all of
these theories are likely correct at
some degree, and each played off
each other in a synergistic orgy of
destruction."

— Mike Duncan, The History of
Rome

In this chapter I will discuss about the first, the second and briefly the third layer of Cr
on Nb(110). I will start by analyzing the structure of the layers. Then I will continue
with the analysis of their magnetic and superconducting properties.

5.1 Introduction

Topological superconductivity has been investigated in the last years by focusing on
hybrid systems consisting of semiconductor-superconductor [75], topological insulator-
superconductor [76], magnet-superconductor [77], [78], [79] and in particular, antiferro-
magnet-superconductor [5], [80]. In the case of the magnet-superconductor hybrid
systems (MSHs), the magnetic moments provided by the magnetic layer break the
time-reversal symmetry, which along with the particle-hole symmetry of the system
let us classify them topologically as class D materials (see table 2.1). The publication by
Bazarnik et al. [5] predicts theoretically the existence of a gapless topological supercon-
ducting phase, the topological nodal-point superconducting (TNPSC) phase [81], [82],
[83], [84], [85] for MSHs with AFM ordering. This topological phase is realized in the
same publication by a monolayer of Mn on Nb(110).

The atomic structure of the magnetic layer on the substrate is known to play a role for
the magnetic ground state of the system, as discussed in Chapter 4, section 4.1. Further-
more, the magnetic ground state can be modified by effects such as edge anisotropy or
different adsorption sites. These magnetic changes can lead in certain cases to a quench-
ing of the magnetic moments [86].

Here I report on the presence of a TNPSC phase in the first layer of Cr on Nb(110).
Lateral variations of the structure lead to topological phase transitions, in and out of
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the topologically trivial phase.

5.2 Cr/Nb(110): Growth and structural analysis

The growth of different Cr layers on Nb(110) can be seen as the discrete transformation
of the Nb(110) structure into the Cr(110) one. Both materials are bcc crystals, and when
Cr is evaporated on Nb(110) it grows following the (110) facet. The 12% difference
between the unit cell sizes ( a[001] = 330 pm and b[11̄0] = 467 pm for Nb(110) versus
a[001] = 291 pm and b[11̄0] = 411 pm) leads to strain within the evaporated layers. This
difference also results in different surface atom densities: 12.98 atoms/nm2 for the Nb
surface and 16.7 atoms/nm2 for the Cr one. The strain is relaxed forming different
types of atomic structures bridging the gap between the Nb unit cell and the Cr(110)
bulk unit cell. All observed structural phases of the first three layers will be discussed
in the following.

5.2.1 Cr first layer

When Cr is deposited onto a Nb crystal in the T ≈ 450 K to T = 300 K range, the Cr
monolayer grows in a step-flow growth fashion, as shown in Fig. 5.1 (a). When the size
of the terraces is large enough, isolated islands can also be found, such as the one in Fig.
5.1 (c). These islands are characterized by elongated edges along the [001] direction (see
Fig. 5.1 (c)).

Fig. 5.1 (b) shows an atomic resolution image of the first layer of Cr. The analysis of the
atomic structure reveals the same unit cell as the Nb below, i.e. bcc (110) with 330 pm
lattice constant. This means that the first layer of Cr on Nb(110) grows pseudomorphi-
cally. This is shown again in more detail in Fig. 5.1 (d). Here, the atom manipulation
image reveals the structure of the first Cr layer. The symmetries and periods revealed
by the measurement confirm the pseudomorphic growth.
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Figure 5.1: First layer growth and atomic structure. (a) Constant-current STM image of a sub-
monolayer Cr/Nb(110) preparation exhibiting step-flow growth. Green dotted lines indicate
the location of the buried step edges. (b) Current channel of a constant-current STM measure-
ment showing an extended patch of first layer Cr with atomic resolution. Inset: FFT of panel b.
(c) Constant-current STM close-up of a first layer Cr island with atomic resolution (better seen
in inset). (d) Constant-current STM atom manipulation image of Cr first layer showing the bcc
(110) symmetry. (Measurement parameters: (a) U = +5 mV, I = 7 nA, (b) U = +1 mV, I = 9.8 nA,
(c) U = +5 mV, I = 1.1 nA, (d) U = +1 mV, I = 90.8 nA, (all) T = 4 K).
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5.2.2 Cr second layer

The second layer Cr on Nb(110) starts growing before the first layer fully covers the
Nb substrate. The second layer grows in islands with no clearly defined shape. This
layer often reaches the edges of the first layer film. In these cases, the second layer’s
growth is just limited by the absence of first layer to grow over. This results in steps
from second layer to Nb as marked with cyan ellipses in Fig. 5.2 (a).

The second layer Cr islands grow in a reconstructed fashion. Three different recon-
struction types and two intermediate adatom phases are identified depending on the
structure of the Cr atoms. These are named:

• 1D Reconstruction (1DR) (Fig. 5.2(b)).

• Train Track adatom Phase (TTP) (Fig. 5.2(c)).

• Absorbed Train Track Reconstruction (ATTR) (Fig. 5.2(d)).

• Music Box adatom Phase (MBP) (Fig. 5.2(e)).

• 2D Reconstruction (2DR) (Fig. 5.2(f)).

The most prominent and well understood structures are the 1DR and the 2DR. Both of
them can be modeled as Moiré patterns. In particular, the 1DR can be modeled as a one-
dimensional Moiré pattern, and the 2DR as a bi-dimensional arbitrary strain Moiré pattern,
following the nomenclature in 3.3.1. These two reconstructions will be discussed next,
while the intermediate ones are explained in detail in the Appendix. All phases have
been observed in sample preparations with warm substrates, i.e. when Cr was evap-
orated from eight to fifteen minutes after the last flash. All of them can coexist in the
same sample. These reconstructions and phases occur as the Cr second layer increases
its surface atom density approaching the Cr(110) bulk one.

1D Reconstruction

The 1DR of the second Cr/Nb(110) layer appears as a series of lines running along the
[11̄0] direction. The period of the lines is 2040 pm on average, but it can vary locally.
The reconstruction lines sometimes deviate from the [11̄0] direction locally by a few
degrees. Both of these small variations can be observed in Fig. 5.3 (a). These variations
reveal local strain changes in the layer. The Cr layer is observed to be pseudomorphic
along the [11̄0] direction (Fig. 5.3 (b)). This allows the modeling of the layer as a Moiré
pattern using eq. 3.4 (δp = p2

2dm±p ) along the [001] direction. With this approach it is
found that the layer is either expanded by 8.8% or compressed by 7.5%. For this the
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Figure 5.2: Second layer growth and its different phases. (a) Constant-current STM image of
a Cr/Nb(110) preparation exhibiting both first and second layers. Green dotted lines indicate
the location of the buried step edges. (b) Zoom-in in panel (a) showing a close-up of the 1D
reconstruction. (c) Zoom-in in panel (a) showing a close-up of the train track adatom phase. (d)
Constant-current STM close-up of the absorbed train track reconstruction. (e) Constant-current
STM close-up of the music box adatom phase. (f) Zoom-in in panel (a) showing a close-up of
the 2D reconstruction. (Measurement parameters: (a), (b), (c), (f) U = +10 mV, I = 7.6 nA, T = 4
K, (d), (e) U = +5 mV, I = 2.5 nA, T = 4 K).
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average periodicity of the reconstruction (dm = 2040 pm) and the distance between
atoms of the bottom layer in the [001] direction (p = 330 pm) are used.

Atomic resolution measurements of the reconstruction such as Fig. 5.3 (b) reveal that
the layer is compressed along the [001] direction by roughly 8% , confirming one of the
Moiré cases. In these images it is also found that the layer is pseudomorphic along the
[11̄0] direction, i.e. the atomic distances along the [11̄0] direction are the same ones as
for Nb(110). This supports the one-dimensional Moiré characterization.

Figure 5.3: 1DR structure and Moiré model. (a) Constant-current STM image of a second layer
Cr island exhibiting the one-dimensional reconstruction. It can be seen how the reconstruction
lines run roughly perpendicular to the [001] direction. (b) Constant-current STM close up of
the one-dimensional reconstruction with atomic resolution. The orange diamond indicates the
atomic unit cell and the blue line indicates the line profile shown in panel (d). (c) Atomistic
Moiré model of the one-dimensional reconstruction. The blue circles represent the first layer
Cr atoms with the bcc (110) symmetry. The orange circles represent the second layer Cr atoms
with the 7.5% compression along the [001] direction. The orange atoms are shifted along the
[11̄0] direction towards the three-fold hollow sites. (d) Line profile obtained along the blue line
in panel (b). The distance between the points marked in red is approximately 1.2 nm versus the
1.32 nm expected for Nb, revealing the Cr compression. (Measurement parameters: (a) U = +5
mV, I = 7.6 nA, T = 4 K, (b) U = +1 mV, I = 94 nA, T = 4 K).

Once the 1DR is confirmed to be a compressed Moiré-like structure, a model is created
in Fig. 5.3 (c). In this schematic model, blue atoms represent the bottom pseudomor-
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phic Cr layer and orange atoms represent the top reconstructed Cr layer. In the model
one can observe how the atomic rows along the [001] direction go from one three-fold
hollow site (A) to bridge sites, to the other three-fold hollow site (B). This is taken into
account by eq. 3.4. Knowing the compression the atom density of this reconstruction
can be calculated, which is 14.12 atoms/nm2. This model is a good approximation to
the structure of the layer, but the atoms are additionally expected to relax laterally.

2D reconstruction

When more Cr is evaporated onto the 1DR, different intermediate phases appear (see
Appendix 6) until the final structural reconstruction takes place. This is the 2DR. This
reconstruction looks like a distorted hexagonal superstructure with high variability in
size and direction (see Fig. 5.4 (a)). On the borders of the reconstruction it connects with
either the 1DR, the ATTR or the MBR, sometimes all of them as shown in Fig. 5.4 (b).

This reconstruction can be characterized as a Moiré pattern, in particular as a bi-dimen-
sional arbitrary strain Moiré pattern. To characterize it as such, eq. 3.3 (δp = p2

d±p )
is used. This time it is applied along the [001] and the [11̄0] direction. For these di-
rections, the average measured values of d and p are: d[001] = 2760 pm, p[001] = 330
pm, and d[11̄0] = 5940 pm, p[11̄0] = 467 pm. It is important to note that the high vari-
ability of the d values makes this general model a good first approximation, but may
vary significantly locally. This analysis generates four possible compression-expansion
combinations. From these options, just the compression-compression case increases the
density towards the Cr(110) bulk one. This compression-compression case is confirmed
by atomic resolution measurements. So the 2DR is characterized to be compressed
along the [11̄0] by 7%, and along the [001] direction by 11%, resulting in a surface atom
density of 15.63 atoms/nm2. With this information, a model is created in Fig. 5.4 (d).
In both panels (c) and (d) the different regions of the reconstruction are indicated. Red
ellipses indicate the on-top positions of the reconstruction, green ellipses represent the
bridge sites, and the black ellipse indicates the four-fold hollow sites.
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Figure 5.4: 2DR overview. (a) Constant-current STM overview of a second layer Cr region
mostly populated by the 2DR. The unit cell of the 2DR is indicated in cyan. The bright moving
particles on top of the reconstruction are hydrogen impurities. (b) Constant-current STM image
of a second layer Cr region where different borders of the 2DR connect to both the 1DR and
the MBP. The unit cell of the 2DR is indicated in cyan. (c) Zoom in panel (b). The same unit
cell of panel (b) is indicated in cyan. The dotted ellipses indicate the different parts of the
reconstruction and are color-coded the same way as in panel (d). (d) Atomistic Moiré model
of the two dimensional reconstruction. The atomic unit cell is indicated in orange, while the
Moiré unit cell is indicated in cyan. The blue circles represent the first layer Cr atoms with
the bcc (110) symmetry. The orange circles represent the second layer Cr atoms. Red ellipses
indicate the on-top positions of the reconstruction, green ellipses represent the bridge sites, and
the black ellipse indicates the four-fold hollow sites. (Measurement parameters: (a) U = +2 mV,
I = 3.5 nA, T = 4 K, (b) and (c) U = +10 mV, I = 1.5 nA, T = 4 K.
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5.2.3 Cr third layer

Figure 5.5: Third Cr layer reconstruction and model. (a) Constant-current STM overview
image of a sample preparation with high second layer coverage and third layer islands. (b)
Constant-current STM close-up of a third layer island exhibiting the third layer reconstruction.
The unit cell of the reconstruction is indicated in cyan. Moving particles on top of the third layer
are thought to be hydrogen atoms. (c)Atomistic Moiré model of the third layer reconstruction.
The atomic unit cell is indicated in orange, while the Moiré unit cell is indicated in cyan. The
blue circles represent the second layer Cr atoms with the bcc (110) symmetry. The red circles
represent the third layer Cr atoms. (Measurement parameters: (a) U = +2 mV, I = 3 nA, T = 4 K,
(b) U = +2 mV, I = 4.5 nA, T = 4 K).

Fig. 5.5 (a) shows how atoms deposited on the 2DR in the second layer give rise to the
third Cr layer, in contrast to the previous adatom phases.

The third layer of Cr on Nb(110) exhibits once again a Moiré-like reconstruction, so
it can be analyzed the same way as the 1DR and the 2DR were. When doing so, eq.
3.3 is applied in two dimensions, like for the 2DR case. The measured values for d
along the [001] and the [11̄0] directions are: d[001] = 2300 pm and d[11̄0] = 4140 pm.
These distances reveal the bcc(110) symmetry. As discussed in section 3.3.1, this means
that both layers creating the Moiré pattern have the bcc(110) symmetry with different
lattice constants. Additionally, as just one Moiré pattern is observed, there is exactly one
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interlayer lattice mismatch from the Nb substrate to the Cr third layer. This would not
be observed if there would be a bcc(110) layer on top of the 2DR, which would result in
a combination of Moirés, which means that one of the layers forming the Moiré pattern
must have the Nb(110) unit cell. If eq. 3.3 is solved for the observed reconstruction and
the Nb(110) unit cell, one obtains that the other layer must be compressed by roughly
12% in both the [001] and the [11̄0] directions, i.e. it must have the Cr(110) structure.

To determine exactly which layers originate the Moiré pattern, all possibilities are con-
sidered: The first possibility is that the reconstruction appears in the interface between
Nb and Cr first layer (Interface A in Fig. 5.6). This is unlikely, as the first layer is under-
stood to remain pseudomorphic when the second layer grows on top with the different
structural phases. So it is reasonable to assume that it remains stable when a third layer
is added. The second possibility is that the reconstruction appears at the interface be-
tween Cr first layer and Cr second layer (Interface B in Fig. 5.6, highlighted in yellow).
In this case, the Cr second layer would have to further compress from the 2DR to the
Cr(110) bulk structure. This is the most probable situation. Finally, the third possibility
is that the reconstruction appears at the interface between Cr second layer and Cr third
layer (Interface C in Fig. 5.6). For that to occur, the second layer should be pseudo-
morphic, which means it would have to decrease its density from the 2DR instead of
increasing it. This is highly unlikely.

Figure 5.6: Interface origin of the Cr third layer reconstruction.

Therefore the third Cr layer structure can be understood as a Moiré pattern generated
between the first and second layers of Cr. When the third layer starts growing, the
second layer compresses by 12% along both axes with respect to the first layer below.
Then, the third layer grows on top following the Moiré pattern below, also with the
12% compression, i.e. with the Cr(110) bulk structure. The atom densities of the third
layer and the second layer below are therefore the ones of Cr(110) bulk: 16.7 atoms/nm
2. This Moiré pattern is exhibited in Fig. 5.5 (c), where the blue circles represent the first
Cr layer with pseudomorphic growth, and the red circles represent the second Cr layer
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atoms generating the Moiré pattern.

In reality, in a similar way as for the 1DR and 2DR, the Moiré pattern observed in the
third layer exhibits local distortions. This means that the model is a first approxima-
tion to the whole structure of the layer, but may not be able to replicate precisely local
structures.

5.3 Cr/Nb(110): Magnetism and superconductivity

The study of magnetism in the Cr/Nb(110) system has proven to be particularly chal-
lenging. The only magnetic state directly measured is the one of the pseudomorphic
extended first Cr layer. And even this state exhibits extremely low corrugation and
happened to be difficult to measure with Cr bulk tips, probably due to a small spin-
polarization of the system or Nb contamination of the tip. Despite these complications
addressing the magnetism of the system, several magnetism related phenomena can be
discussed in the first and second monolayers of Cr on Nb(110). All the following data
was measured with Cr bulk tips, sometimes with Nb clusters at the apex.

On the other hand, the superconducting properties of the sample were easier to mea-
sure. The interplay between superconductivity and magnetism leads to interesting
topological phases and states such as topological nodal point superconductivity TNPSC,
YSR bands and topologically protected edge states. But the apparent absence of mag-
netism for certain studied structures also results in interesting phenomena, like the
recovery of superconductivity in higher layers or under certain constrains.

In this section I will discuss both magnetism and superconductivity.

5.3.1 Cr extended first layer

The magnetic and superconducting properties of the first layer of Cr on Nb(110) are
comparable with the results of Bazarnik et al. [5]. They modeled a single layer of
AFM material with bcc(110) symmetry in proximity to an s-wave superconductor. Their
model predicts the existence of topological nodal points (TNP) in the superconducting
band structure of the system. They predict the appearance of low energy edge modes
along the FM and zigzag edges ([001] and [11̄0] respectively in our case). This is con-
firmed in the same publication experimentally for the case of Mn/Nb(110). However,
they claim that these predictions are general for AFM materials with bcc(110) symmetry
in proximity to an s-wave superconductor, which is also the case for the first monolayer
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of Cr on Nb(110).

Magnetism

The first layer of Cr on Nb(110) exhibits a c(2 × 2) AFM ground state (schematically
depicted in Fig. 5.7 (c) inset). The structure of the Cr layer is the one of the underly-
ing Nb(110) below, as discussed in section 5.2.1, which results in the appearance of the
state as a row-like pattern when studied via SP-STM. This is shown in Fig. 5.7 (a), (b),
(c) and (e). In panel (a) it is possible to see the FM rows of atoms along the [001] di-
rection, highlighted in a section of the image via red and green lines. Different colors
indicate opposite spin orientations of the magnetic moments of the sample. The mag-
netic contrast in the topography channel is very small, on the order of 0.5 pm to 1.5 pm
when measured with low voltage (2 mV - 15 mV) and high current (3 nA - 10 nA). No
higher corrugation than that was observed despite studying the system with different
tips. Higher corrugation is obtained in the current channel with these same parameters,
as shown in panels (b) and (c). The fact that the Cr first layer grows with straight edges
along the [001] direction leads to FM edges. The less common, but still observed edges
running along the close-packed rows are AFM edges.

In panel Fig. 5.7 (c) the current channel of a different first layer area is displayed. In
the current channel it is easier to identify the ferromagnetic rows of the superstructure.
The highly periodic nature of the structure makes the FFT analysis convenient to obtain
their spatial frequency more precisely. Panel (d) shows the FFT of panel (c). The peaks
corresponding to the magnetic corrugation are indicated via cyan circles. The FFT anal-
ysis reveals a periodicity of roughly 465 pm along the [11̄0] direction, determining the
structure as the already mentioned c(2 × 2) AFM superstructure. Panel (e) of Fig. 5.7
shows an image with atomic and magnetic resolution. The magnetic resolution appears
as a slight increase in current in every other line along the [001] direction. This is better
seen when a line profile is taken along the blue line in (e) (along the [11̄0] direction),
where panel (f) is obtained. Note that this line profile averages for almost 4 nm along
the [001] direction to increase the signal to noise ratio of the measurement. In panel
(f) each peak is separated from the next one by around 230 pm, i.e. atomic resolution,
while high and low peaks alternate, as highlighted by the red and green lines that join
every two peaks. This confirms with atomic resolution that the c(2 × 2) AFM super-
structure is the magnetic ground state. This can be observed additionally in panel (g),
where an FFT of the dotted rectangle in panel (e) has been calculated. Here it is possi-
ble to identify both the magnetic and atomic peaks of panel (e), highlighted in blue and
orange respectively.
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Figure 5.7: Cr first layer: magnetic ground state. (Caption next page.)
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Figure 5.7 (previous page): Cr first layer magnetic ground state. (a) Constant-current SP-STM
image of the first layer of Cr displaying the c(2 × 2) AFM ground state in the topography chan-
nel. (b) Current channel of panel (a). The inset reveals more clearly the magnetic resolution.
Atoms with different spin orientation are sketched on top the image as red and green circles.
The magnetic unit cell is represented with a cyan rectangle. (c) Current channel of a constant-
current SP-STM image of an extended Cr first layer patch with magnetic resolution. The top
left inset shows a sketch of the extended c(2 × 2) AFM ground state. The right bottom zoom-in
exhibits more clearly the magnetic corrugation. (d) FFT of panel (c) with the magnetic peaks
highlighted with cyan circles.(e) Current channel of a constant-current SP-STM close-up of Cr
first layer with atomic and magnetic resolution. The bottom part of the image exhibits only
magnetic resolution. The top part of the image exhibits both atomic and magnetic resolution
simultaneously. (f) Profile obtained along the blue line in panel (e). The distance between peaks
is the one for atomic resolution. Odd peaks are joined by a green line and even ones by a red
one to highlight the alternating height levels of the peaks which reveal the magnetic contrast.
(g) FFT of the cyan rectangle in panel (e) with the atomic peaks highlighted with orange circles
and the magnetic peaks highlighted with cyan circles. (Measurement parameters: (a), (b) U =
+15 mV, I = 7 nA, T = 4 K, (c) U = +10 mV, I = 7.7 nA, T = 4 K, (e) U = +5 mV, I = 4 nA, T = 4 K).

The magnetic superstructure is represented in most panels of Fig. 5.7 with red and
green lines, sometimes also represented by red and green atoms. The magnetic unit cell
is indicated in blue.

Further experiments are needed to determine the easy axis of the magnetic moments in
the extended first layer of Cr. I propose to study the first Cr layer on Nb(110) by an Fe
coated W tip with different applied magnetic fields to determine said easy axis.

Superconductivity

The Cr first layer exhibits a superconducting gap similar to the one of the Nb. The Cr
gap is populated by in-gap states that arise from the presence of magnetic moments
(Fig. 5.8 (b) blue curves for Cr vs black curves for Nb). These states are the 2D analogon
of the YSR states, i.e. YSR bands. In Fig. 5.8 (b), several series of spectra of the Nb, Cr,
and Cr edge states are shown. Different series are taken with different but comparable
tips in different locations. The spectra in this panel were taken with a Cr bulk tip with
Nb atoms at the apex, which leads to a doubling of the gap’s size. This effect discussed
in section 3.1, lets us obtain the ∆tip value via eq. 3.1: ∆measured = ∆tip + ∆sample. In the
case of a Nb sample, ∆sample = 1.55 mV [5]. With that information, ∆tip is represented
in Fig. 5.8 (b), having a value of ≈ 1.55 mV, by the gray rectangle around zero energy.
The spectral weight inside ∆tip is either created by thermal excitations or is a result of
the thermal broadening of states outside ∆tip, so it is not considered.
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Figure 5.8: Cr first layer: zero energy edge state imaging and in-gap states. (Caption next page.)
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Figure 5.8 (previous page): Cr first layer zero energy edge state imaging and in-gap states. (a)
Constant-height STM close-up of a first layer Cr island measured at the sample’s Fermi energy.
This measurement reveals the existence of zero energy modes localized along the [001] step
edges. The crosses are exemplary locations of the curves in (b). (b) Spectra taken over Nb, Cr
extended layer and Cr edge state. The vertical dotted lines indicate the positioning of the Nb
coherence peaks (±3.1 mV) for an ideal Nb tip. The gray rectangle around U = 0 mV represents
the tip gap (∆tip) for an ideal Nb tip. (c) Constant-height STM close-up of a first layer Cr island
measured at the sample’s Fermi energy. The measurement exhibits peaks in the dI/dU contrast
at the edges that run along the [001] direction. (d) Waterfall plot representation of a series of
constant height spectra taken along the green line in panel (c). (e) Waterfall plot representa-
tion of a series of constant height spectra taken along the red line in panel (c). (Stabilization
parameters for waterfall plots and single spectra: U = +5 mV, I = 1 nA, T = 4 K. Measurement
parameters: (a) and (c) U = +1.5 mV, E ≈ 0 meV, T = 4 K. Modulation: all 50 µV. Tip: all Cr
bulk with Nb clusters in the tip).

Knowing ∆tip allows us to sample the Cr at determined energies with respect to its
Fermi energy: ±E = ±|Uapplied| ∓ |∆tip|. For example, Fig. 5.8 (a) shows the dI/dU
channel of a constant height measurement on a small Cr island, taken at 1.5 mV with
the same tip as the spectra in panel (b). As ∆tip ≈ 1.55 mV, then E ≈ 0 meV. Therefore,
the measurement is done at roughly zero energy for the sample. In the image it is
possible to observe how the edges running along the [001] direction exhibit an increased
conductance at zero voltage; these are edge modes or edge states. However, due to the
limited energy resolution and approximate value for the tip gap, their exact energy
cannot be determined.

In Fig. 5.8 (b), the red curves show the spectra corresponding to the edge states. The
comparison of the three colors of curves in Fig. 5.8 (b) gives some information about the
Cr in-gap states, but the lack of energy resolution prevents a complete characterization.
The negative energy peaks barely move towards the inside of the gap. On the other
hand, the positive peaks shift towards zero energy considerably. The modeling of a
similar gap in Fig. 5.9 reveals that this can occur due to the lack of resolution and the
different intensity of the in-gap states. The negative in-gap states can have a smaller
intensity and not shift the observed position of the resultant peaks. The positive energy
peaks of the in-gap states can have a bigger intensity, resulting in a shift of the resultant
peaks. This effect could therefore explain the measurements. In Fig. 5.8 (b) it is observed
how the Cr in-gap states away from the edges (Cr bulk) have a higher energy than the
ones of the edge states. The positive energy peaks appear at roughly E = 1.35 meV for
the Cr bulk states and E = 0.7 meV for the Cr edge state.

In Fig. 5.8 (c), the dI/dU channel of a constant height image at E ≈ 0 meV of another Cr
first layer island is shown. Across this island, constant height line profile spectroscopies
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Figure 5.9: Modeling of a superconducting gap with two different broadening factors. In the
modeled system, both tip and sample have a 1.55 meV gap. The sample exhibits in-gap states at
±1.2 meV with very different intensities for exemplary purposes. When the broadening factor is
small (better resolution) it is possible to observe both in-gap states in addition to the coherence
peaks of the system. When the broadening factor is bigger (worse resolution), the coherence
peaks and the in-gap states cannot be distinguished. This appears as a shift of either the in-gap
state to the coherence peak (negative energy case) or vice versa (positive energy case).

were taken along the green and red arrows, i.e. perpendicular to a [001] edge (green)
and a [111] edge (red). The obtained data are displayed in Fig. 5.8 panels (d) and (e)
as waterfall plots. The spectra were taken at constant height. This measurement mode
optimizes the resolution for the Cr island and avoids artifacts generated by the tip feed-
back. Due to that the Nb sections of the waterfall plots do not exhibit any features, as
they are further away from the tip. This helps identifying the edge of the island in the
waterfall plots. In Fig. 5.8 (d) two edge states can be seen, one per side of the island.
In both cases it is possible to see how the Cr in-gap states shift from a position closer
to the Nb peaks (dotted lines) inside the island towards zero energy at the edges. In
panel (e) just one edge is shown. In this case the Cr in-gap states do not exhibit major
changes when approaching the edge. Comparing these waterfall plots reveals the low
energy edge state dependency on the crystallographic direction of the edge.

As a summary, low energy edge states are observed along the ferromagnetic edges of
the Cr/Nb(110) system, as the theory by Bazarnik et al. predicts [5]. No STS measure-
ments were done for the zigzag edges as they are much less common than the FM and
AFM edges. Bulk in-gap states compatible with the ones reported in said publication
are also observed (Fig. 5.8 (b), (d) and (e)). These observations inside the theoretical
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frame established by Bazarnik et al. let us conclude that the first monolayer of Cr on
Nb(110) is another example of a topological nodal point superconductor.

5.3.2 Cr worms

Observations

Figure 5.10: Worm characterization. (a) Constant-current STM image of a region displaying
several buried Nb step edges. The crosses indicate exemplary positions of the curves in pan-
els (c) and (d). (b) dI/dU channel of panel (a). There is a contrast difference between the Cr
extended layer (blue) and Nb (yellow). Cr worms are highlighted by purple rectangles. In
topography they look similar to the Cr extended layer, while in dI/dU they exhibit the same
contrast as the Nb. (c) Nb-Cr worm spectroscopy comparison at 4.2 K. Both curves align almost
completely inside the Nb gap. (d) Nb-extended Cr-Cr worm spectroscopy comparison at 1.3 K.
The Nb and the worm curves align almost completely inside the gap again. The measurements
are done with a tip different but comparable to the one in panel (c). (Stabilization parameters:
(c), (d) U = +5 mV, I = 1 nA, (c) T = 4.2 K, (d) T = 1.3 K) (Measurement parameters: (a), (b) U =
+2 mV, I = 6.4 nA, T = 4.2 K, modulation: (c), (d) 50 µV, tip: (all) Cr bulk with Nb clusters at the
apex).
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The first Cr monolayer exhibits different properties than the ones discussed in section
5.3.1 when grown in very narrow strips. These Cr strips, called worms, exhibit the
same superconducting properties as the Nb with different tips and variable tempera-
tures (see Fig. 5.10 (c) and (d)). In particular, the Cr thin strips do not exhibit in-gap
states, whereas the broader Cr regions do. As these in-gap states are indicative of
magnetic moments, this suggests that thin Cr strips do not have magnetic moments.
Additionally, no magnetic contrast has been obtained when performing SP-STM mea-
surements. A convenient way to identify these worms is via dI/dU images inside the
superconducting gap, such as at 2 mV when taken with a superconducting tip. In Fig.
5.10 (a) a region with a high density of terraces is shown. Due to the morphology of
the region, thin strips of Cr grow in a step-flow growth fashion. In the image, some
of the Nb buried step edges are drawn with black lines for clarity. The dI/dU channel
of the same image is shown in panel (b), where the worms can be identified (regions
highlighted in purple). These structures exhibit a maximum width (perpendicular to
the step edge) but are not limited in length (along the step edge). It is unclear why these
worms behave in a different way compared to the extended Cr. One possibility could be
that they are magnetic domain walls between phase shifted AFM regions that nucleate
in constrictions to reduce their energy. However, the worms occur in all constrictions
where the width of the Cr layer is thin enough. It is very unlikely that the number of
domain walls is exactly equal to the number of constrictions, so this possibility is ruled
out.

When measuring worms in different areas and preparations, no worms were observed
at step edges running along the [001] direction. On the other hand, when the step edges
run along the [11̄0], a maximum worm width of approximately 2 nm is found. In other
words, if the angle between the step edge and the [001] direction is calledθ, it is possible
to observe a maximum worm width for θ = 90°, and no worms for θ = 0°. This means
that when the angle between the step edge and the [001] direction is θ = 0°, the Cr
layer displays in-gap states. In the following the maximum measured worm width is
evaluated as a function of worm angle theta with respect to the [001] direction. Due to
the structural symmetry of the system, with two orthogonal mirror planes, only 0° <θ <
90° is considered. When measuring the maximum width of the worms for the different
observed angles one obtains the graphs in Fig. 5.11 (a) and (b). This data is plotted as a
360° polar plot in panel (c) to highlight the symmetries of the system. It can be seen that
there is a continuous decrease of the maximum worm width when the angle changes
from the [11̄0] direction to the [001] direction.
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Figure 5.11: Maximum worm width angle dependency. (a) Representation of the average max-
imum worm widths for different angles in a quadrant of a polar plot. Some examples of the
measured widths are shown along the graph with the same crystallographic orientation. (b)
Maximum worm width vs. θ. Black points represent the widest measured worms for that an-
gle, while teal points represent the average worm width for that angle. The error bars are 4°
in the x-axis and 150 pm for the y-axis. (c) Generalization of panel (a) to the four equivalent
quadrants.
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Heisenberg exchange model

Figure 5.12: Heisenberg exchange model: edge anisotropy schematic and Heisenberg energy
as function of Cr width for different J2 values. (Caption next page.)
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Figure 5.12 (previous page): Heisenberg exchange model: edge anisotropy schematic and
Heisenberg energy as function of Cr width for different J2 values. (a) Schematic showing
different edges in a bcc(110) surface indicated by the black lines along the atoms. Different
colored atoms indicate atoms with different combination of first and second nearest neighbors,
and therefore different energy contributions indicated below. (b-h) Energy per atom as a func-
tion of width of the Cr layer. For these panels, J1 = −1 (normalizing the energy with respect to
J1) and J2 = -5, -1, -0.2, 0, 0.2, 1 and 5 respectively. The colors of the curves are the ones of the
rectangles around the angles in panel (a). The black points mark the experimentally measured
maximum worm widths for the different modeled angles.

The question arises why the maximum worm length depends on the angle. One pos-
sible explanation is the contribution of the edge to the energy of the magnetic systems.
The symmetry of the bcc(110) surface results in different types of edges along differ-
ent directions. For example, in the publication by Bazarnik et al. [5] they discuss the
FM edge (along the [001] direction), the AFM edge (along the [111] direction) and the
zigzag edge ( along the [11̄0] direction). This implies that different edges can be en-
ergetically different from a magnetic point of view. This type of study was already
done by Spethmann et al. [87] for a RW-AFM on a hexagonal atomic lattice. Different
edges can be named by the angle they form with the [001] direction. This way the FM
edge is called the 0° edge, the AFM edge is the 55° edge and the zigzag edge is the 90°
edge. It is possible to generalize this nomenclature for other measured intermediate
edges such as the 40° edge or the 77° edge. All these edges are represented schemat-
ically in Fig. 5.12 (a). These edges differ in the number and type of neighbors that
each of their atoms have. In the following only nearest and next-nearest neighbors (J1

and J2) are considered. In Fig. 5.12 (a) different colors for the atoms represent different
neighbor configurations as explained in the label. For example, red colored atoms have
two first nearest neighbors and one second nearest neighbor, while blue atoms have
four first nearest neighbors and two second nearest neighbors, i.e. blue atoms are bulk-
like. These edge differences define the Heisenberg exchange energy that these atoms
contribute to the total energy in a certain Cr layer. Then it is possible to calculate the
energy of a Cr strip growing along these edges as a function of width. For that equation
2.10 (Hexchange = −∑i j Ji jSi · S j) is used. But to use this equation the values of J1 and J2

are needed.

As it is known that the extended Cr layer exhibits a c(2 × 2) AFM structure, J1 must be
negative. Then the model can be normalized to J1, i.e. J1 = −1. With that information
seven qualitatively different J2 possibilities can be found. These are represented in Fig.
5.12 (b-h): J2 < J1, J2 = J1, 0 > J2 > J1, J2 = 0, 0 < J2 < |J1|, J2 = |J1| and J2 > |J1|. In
Fig. 5.12 (b-h) the energy per atom of a Cr strip along different angles (color-coded) is
plotted against the width of the strip. It is possible to see how all curves converge to the
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same energy value for an infinitely wide Cr layer. This occurs because the differences
in the curves come from the edge differences, which become negligible for extended Cr
layers. For this model it is assumed that a certain minimum energy per atom due to
magnetic exchange is necessary to form a collective AFM state in the Cr layer. If the
energy is not enough, no magnetism evolves. In this case the moments are quenched.
If the energy exceeds this threshold, antiferromagnetically coupled magnetic moments
appear, i.e. magnetism is nucleated. It is important to note that no other interactions
are considered for this model.

Energy minimization simulations neglecting the spin dynamics of our lattice reveal
that J2 > J1/2 to nucleate the observed AFM structure, which indicates that the system
is not represented by panels (b) or (c). Additionally, it is observed that magnetism is
not nucleated for small worm widths except for 0° edges, so the Heisenberg exchange
energy per atom must be higher than the bulk value. In the model, just J2 > |J1| re-
produces this observation. This is consistent with the simulations, as a negative J1 and
a positive J2 both stabilize the observed c(2 × 2) magnetic state. Fig. 5.12 (h) shows
an example of the modeled energies per atom in units of |J1| as a function of the strip
width for different edges and a chosen J2 = 5. In the graph it is possible to see for the
modeled edges 40°, 55°, 77° and 90°, that the wider the Cr layer is, the lower is the
Heisenberg exchange energy per atom, i.e. when the layer grows it favors the nucle-
ation of magnetism. This is not the case for the 0° edge whose energy increases with
width. However, the 0° energy is always lower than any of the other cases, so it always
nucleates magnetism. This is compatible with the experiments, in which the 0° Cr strips
never exhibit worms, i.e. they are always magnetic.

In Fig. 5.12 (b-h), on top of the modeled energies for different edge strips, the observed
maximum worm widths are placed as black points. If the system requires a certain
energy per atom to nucleate magnetism, these black points should align roughly in a
horizontal line (inside the error of the measurements). This would mean that once the
energy curves are below this energy threshold, they should nucleate magnetism. If the
values of J2 are sampled to flatten the black curve, the bigger the J2 values the better
the flattening of the curve. This result could be different with more precise measure-
ments, and just a high enough J2 could explain the observations. With a reasonable J2

inside these possibilities, such as the already discussed J2 = 5, it is possible to obtain a
threshold energy for which the magnetism nucleates. In this case the threshold energy
is roughly -4.7 J1. If this energy is used as an input for the model to obtain the maxi-
mum worm width as a function of θ, the model roughly reproduces the experimental
data. This is shown in Fig. 5.13.

In Fig. 5.13 (a) one can see that the model reproduces the observations. For the 0°
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Figure 5.13: Heisenberg model comparison with experimental data. (a) The blue points rep-
resent the maximum measured worm widths, while the red ones represent the modeled points
via the Heisenberg model. (b) Representation of the points in panel (a) in a polar plot, repeating
the data for the four equivalent quadrants.

edge the model predicts a negative length, which has no physical meaning. The way
to understand this is that the 0° edge is always magnetic, and it would require a cer-
tain amount of energy to make it non-magnetic. The amount of energy is equal to the
Heisenberg exchange energy of a 0° edge of that length. One can then limit the lowest
value for the width to 0. Then, if the date is represented in the polar plot, as in Fig. 5.11
(c), Fig. 5.13 (b) is obtained.

This simplistic model using only J1 and J2 can capture the angle dependence of the
worm critical width. However, also other magnetic interactions can differ from bulk
atoms to edge atoms, such as the MAE which is not included here. Including more
interactions in the model might lead to a better fit to the experimental data, but without
knowledge of the interaction parameters they will not lead to a better understanding of
the system.

Cr magnetic moment quenching

DFT calculations from Tim Drevelow in Kiel [88] suggest that the Cr/Nb(110) system
may be prone to quenching its magnetic moments, i.e. to reduce the magnitude of the
spins to almost zero or zero [89]. The calculations predict that this moment quenching
can originate from local spin non-collinearity. It is also possible that other small pertur-
bations in the system have similar effects. Some further potential small perturbations
include thermal excitations or interactions with Cooper pairs. These phenomena could
be responsible for the threshold energy that must be overcome to nucleate magnetism,
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leading to the appearance of the worms.

Regarding thermal excitations, the worms were studied at two different temperatures,
4.2 K and 1.3 K. During these experiments, a wedge shaped worm was found (see Fig.
5.14). If thermal excitations would play a role in quenching the moments, lower temper-
ature should result in smaller maximum worm width (less moments quenched). This
would result in this particular worm shrinking along the step edge. The comparison
between Fig. 5.14 (a) and (b) reveal that the worm does not change despite the different
temperature. This indicates that thermal excitations are not the dominant mechanism
that leads to a quenching of the magnetic moments of the Cr worms, or at least it plays
a minor role for the moment quenching.

Figure 5.14: Worm size comparison at different temperatures. The dotted lines are placed
as a reference in both images following the step between Cr and Nb. The red lines indicate
roughly the border between the worm-like Cr and the extended Cr layer. (a) dI/dU channel of a
constant-current STM close-up of a worm measured at 4.2 K. The inset is the topography chan-
nel of the image. (b) dI/dU channel of a constant-current STM close-up of a worm measured at
1.3 K. (Measurement parameters: (a) T = 4 K, (b) T = 1.3 k, (all) U = +2 mV, I = 1.1 nA).

Local spin non-collinearity has been calculated by Tim Drevelow in Kiel [88] to result
in the quenching of the spins. As the moments prefer a collinear spin orientation in
the extended Cr layer, any perturbation towards non-collinearity should come from its
edges. This is a possibility due to edge magnetic anisotropy which could favor differ-
ent moment orientations in the edges. If the edge magnetic anisotropy or any other
edge effect (such as DMI) quench the moments of the edges, some edges should exhibit
no magnetic contrast even in the extended layers. With the current data, this is not ob-
served for any edge (see Fig. 5.7 (a) and (c) around the edges). Even, if the local moment
quenching is localized to the last atomic row of the edges, it cannot be the only pertur-
bation generating the worms, which consist in up to seven rows of atoms (depending
on the direction). On the other hand, this effect could be responsible for part of the en-
ergy needed to nucleate magnetism. The quenching of the edge moments could explain
by itself the existence of worms of two rows of atoms. Therefore it is concluded that the
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non-collinearity possibly localized in some Cr edges cannot fully explain the existence
of the observed worms. Further studies are required to discern if this perturbation is
even present at the edge of the islands.

Another perturbation that could lead to the moment quenching in the worms is the
interaction with Cooper pairs. This would be a case of superconductivity quenched
magnetism. I have not realized experiments to prove this scenario, but I propose SP-
STM measurements of the worms across the Tc of Nb. If the worms exhibit no magnetic
contrast below Tc and they recover the magnetic moments above Tc, then superconduc-
tivity must be the perturbation leading to the moment quenching in the worms. This
measurement could also be done applying a magnetic field to quench the superconduc-
tivity instead of using an increased temperature.

5.3.3 Cr second layer

The second Cr layer on Nb(110) is a structurally complex system with three recon-
structed phases and two adatom phases on top, as discussed in section 5.2.2. Despite
of this structural variety the second Cr layer always exhibits the same behavior regard-
ing magnetism and superconductivity. That is why in this section I will mostly show
data of the 1DR and the 2DR structural phases, as they are the most extended and well
known.

Observations and discussion

Fig. 5.15 (b) shows the dI/dU channel of a STM image measured at 2 mV (which cor-
responds to E ≈ 0.5 meV) where the second layer Cr patch with the 2DR displays the
same signal intensity as the Nb surface. In Fig. 5.15 (d), a similar phenomenon occurs
between the second layer 1DR and the Cr in the top right part of the image. This time
the image is the dI/dU channel of a multipass image at 0 energy and the contrast is
inverted. Additionally, the presence of in-gap states along the [001] edges is observed.
These in-gap states are not observed along any other edge direction or when the edge
goes to the first Cr layer. They are also visible in Fig. 5.15 (a) - (d) indicated by yellow
rectangles. In panel (d) it is possible to see how they exhibit the same modulation as
the 1DR present in the island. In Fig. 5.15 (e) a series of spectroscopy measurements
taken with the same tip as panels (a) and (b) is displayed. It is clear that the Nb curve
is identical to the ones obtained over the hollow site and the on-top site in the 2DR.
In contrast, the second layer in-gap states located at the edge look more similar to the
in-gap states observed in the first Cr layer. The absence of in-gap states (and therefore
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Figure 5.15: Second layer in-gap states imaging and spectra. (a) Constant-current STM image
displaying the Nb surface, extended first Cr layer, first layer Cr worms and the second Cr layer
with the 2DR. (b) dI/dU channel of panel (a). (c) Constant-current STM close-up of a second
layer Cr exhibiting the 1DR. (d) Multipass of panel (c) at 1.5 mV (≈ 0 real mV). (e) Series of
spectra taken around the location in panel (a) with the same tip. Example locations are placed
in (a) and (b). (Measurement parameters: (a) and (b) U = +2 mV, I = 3.1 nA, T = 4 K, (c) U = +5
mV, I = 1 nA, T = 4 K, (d) U = +1.5 mV, T = 4 K. Stabilization parameters: (e) U = +5 mV, I = 1
nA, T = 4 K).
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magnetism) in the second layer indicates the absence of in-gap states (and therefore
magnetism) in the first layer below. No magnetic resolution has been obtained in any
of the reconstructions of the second layer, including situations when first and second
layers have been measured next to each other and the first layer has shown SP-STM
contrast. This supports the absence of magnetic moments indicated by the absence of
in-gap states.

The general absence of in-gap states and magnetic contrast in the extended Cr second
layer is reminiscent of the case of the first layer worms. In the case of the second layer it
is proposed that the magnetic inter-layer frustration created by the reconstructions may
lead to the magnetic moment quenching of both first and second layer and therefore the
absence of in-gap states. A schematic representation of how the system could look like
if the moments were present is shown in Fig. 5.16. In the schematic it is assumed that
the bottom layer exhibits a perfect AFM state and that the top strained layer has the
same AFM state. One can see how sections with effective FM and AFM configurations
between the layers alternate going through frustrated magnetic sections in between.
The magnetic unit cell of both layers together is indicated in blue.

Figure 5.16: Schematics of the possible magnetic state in the reconstructed second layer. The
half transparent blue and yellow circles represent the first layer Cr atoms with the c(2 × 2)
AFM state. The green and red circles represent the second layer Cr atoms with the 1DR and
the c(2 × 2) AFM state. The horizontal yellow lines represent the three-fold hollow sites of the
atoms in the 1DR.

In conclusion, this schematic shows how the structural strain of the Cr second layer re-
sults in thin strips of both interlayer coupling possibilities. The favorable interlayer
coupling regions (for example AFM) have a small width along the [11̄0] direction,
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which could result in the impossibility to generate a collective AFM state (similar to
the worms).

Regarding the in-gap states localized at certain second layer edges, the possibility of
them being edge states is excluded, as the second Cr layer does not show signs of mag-
netism. It is proposed that the second layer edge in-gap states are localized magnetic
patches in the second layer edges or the first layer edges below. As discussed in section
5.2.2, the Cr second layer structure varies significantly from one point to another locally.
This leads to the possibility of locally more pseudomorphic second layer areas where
the AFM interlayer coupling regions shown in Fig. 5.16 could be capable of developing
magnetism. In particular, this can be the case for the edges along the [001] direction,
where the second layer Cr atoms may be able to relax into three-fold hollow sites due
to the absence of neighbors in one direction (see fig. 5.17 edges). Another possibility
could be local patches with smaller strain, where the three-fold hollow site regions are
extended, and, similar to the worms, can generate a collective magnetic state.

Figure 5.17: Schematics of possible magnetism nucleation points in the Cr second layer.
Orange circles represent second layer Cr atoms outside three-fold hollow site positions. Yel-
low circles represent second layer atoms roughly positioned at three-fold hollow sites, i.e.
pseudomorphic-like. Blue circles represent first layer Cr atoms positioned pseudomorphically
on top of the Nb substrate.

This explanation is consistent with the observation of patches with in-gap states inside
the 1DR of the second layer of Cr shown in Fig. 5.18 (a) and (b). Here one can see that
in-gap state patches appear in slightly wider (less dense, i.e. more pseudomorphic) sec-
tions of the hollow site positions of the second layer (purple ellipses). No spectroscopy
has been performed to characterize them, so their spectra cannot be directly related to
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the ones obtained for the edge in-gap states. However, in Fig. 5.18 (c) - (e) the simi-
larities of one of these patches (purple rectangles) and the edge in-gap states (yellow
rectangles) are shown in the topography, dI/dU at 2 mV, and constant height map at
≈ 0 meV.

Figure 5.18: Patches with in-gap state and edge in-gap states. (a) Constant-current STM im-
age displaying a second layer Cr island with the 1DR. (b) dI/dU channel of panel (a) where
the patches can be observed. (c) Constant-current STM close-up of a second layer Cr island
exhibiting the 2DR, the MBP, the ATTR and two 1DR lines. At the top of the right 1DR line, a
patch can be found. (d) dI/dU channel of panel (c) where the patch and the edge in-gap states
can be observed. (e) Constant height measurement of the region in (c) and (d) at ≈ 0 real mV
(Measurement parameters: (a) and (b) U = +2 mV, I = 7.6 nA, T = 4 K, (c) and (d) U = +2 mV, I
= 3.5 nA, T = 4 K, (e) U = +0.5 mV, T = 4 K).

I propose further measurements of these patches and the edge in-gap states both via
STS and SP-STM imaging to determine the nature and possible relation between these
objects.
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5.4 Cr/Nb(110) conclusions and outlook

Cr/Nb(110) is a system where many different interactions compete to determine the
local features of the layers. The structure evolution of the Cr layers is generally under-
stood and can be used as a solid platform to understand other phenomena. The first
Cr layer grows pseudomorphically, while the second one grows with a series of recon-
structions depending on the Cr density. Finally, the third layer grows with the Cr bulk
structure. The system exhibits the TNPSC phase in the first layer, but minor pertur-
bations seem to disrupt it. One example for this are the worms, which do not display
TNPSC characteristics. In the case of the second layer, perturbations such as inter-layer
magnetic frustration could be responsible for the absence of TNPSC, and local pertur-
bations (such as edge magnetic anisotropy) may be the ones helping to nucleate it. The
structure variability of the second Cr layer appears as a promising candidate to study
the TNPSC phase. This could be realized evaporating new materials on the sample that
could force the second layer to change its structure. One example could be Mn, which
is known to grow pseudomorphically on Nb(110) in both the first and second layers
[90]. This could result in STM-accessible pseudomorphic second layer Cr islands. A
non-magnetic material instead of Mn could also be useful to avoid its magnetic state to
affect the one of the Cr. This Mn approach is schematically represented in See Fig. 5.19.

Figure 5.19: Schematic representation of how the second layer of Mn/Nb(110) could poten-
tially help obtaining a pseudomorphic second layer of Cr on Nb(110).

Further studies are required to understand in detail some of the magnetic and super-
conducting properties of the system. Additionally, the already started collaboration
with theory is necessary to fully understand the observed phenomena.
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6 Appendix A: Further considerations about
the growth of Cr/Nb(110)

"There is only one thing in the world
worse than being talked about, and
that is not being talked about."

— Oscar Wilde, The Picture of Dorian
Gray

In this appendix, I will discuss the intermediate growth phases between the 1DR and
the 2DR in the second layer of Cr on Nb(110). I will additionally summarize the whole
growth of Cr/Nb(110) from the first layer to the third layer.

6.1 Cr second layer: intermediate growth phases

6.1.1 Train track adatom phase

The TTP appears when more Cr is evaporated on the 1DR (Fig. 6.1 (a)). This reconstruc-
tion consists of adatoms partly embedded in the second Cr layer, located at both sides
of the 1DR elevated reconstruction lines. Line profiles over the adatoms along the [11̄0]
direction reveal the details of the reconstruction. Once one adatom is placed on one
side of a 1DR line, another adatom can be place on that side of the 1DR at a minimum
distance of 934 pm, i.e. twice the periodicity along the [11̄0] direction. This minimum
distance is attributed to the local lattice distortion generated by the existing Cr adatom.
This means that there are two possibilities between the sides of the TTP: The sides are
either in phase (purple rectangles in Fig. 6.1 (a)) or out of phase (green rectangles in
Fig. 6.1 (a)). In general, the in-phase arrangement is preferred. In rare occasions, some
adatoms on the same side of the same line may place themselves at 467 pm from each
other. This generates a higher corrugation, see Fig. 6.1 (b).

The Moiré structure of the 1DR results in the three-fold hollow sites of the second
Cr layer not being equivalent. This leads to a preferred nucleation site for the TTP
adatoms. We assume that the preferred stacking is the A-B-A stacking without loss of
generality to portray the model.

The distance between adatoms on opposite sides of the same line along the [001] direc-
tion is measured to be roughly 550 pm. This is determined between two out-of-phase
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Figure 6.1: Train track adatom phase overview and model. (a) Constant-current STM image of
a second layer Cr island exhibiting the TTP. The adatoms appear tightly packed over the 1DR.
(b) Constant-current STM close-up of a TTP line. Some atoms and their relative distances are
highlighted. (c) Atomistic model representing the structure in panel (b). The vertical yellow
line represents the symmetry axis of the TTP line. The blue circles represent the first layer Cr
atoms with the BCC (110) symmetry. The orange circles represent the second layer Cr atoms
with the 7.5% compression along the [001] direction. The two different three-fold hollow sites
of the second Cr layer are not equivalent if we take into account the first Cr layer. This leads to
a preferred one for the adatoms to nucleate. (Measurement parameters: (a) U = +10 mV, I = 7.6
nA, T = 4 K, (b) U = +100 mV, I = 6 nA, T = 4 K).
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adatoms to increase the resolution of the measurement (like the ones in the green rect-
angle in Fig. 6.1 (a)). If we take into account that the second layer is compressed along
the measurement direction, we would expect a distancing of around 600 pm. We pro-
pose that the local distortion of the second layer created by the TTP adatom can further
reduce this distance towards the observed 550 pm. This distance is then compatible
with the positioning of the adatoms at two atomic distances in a compressed layer with
a small further distortion. With this knowledge and the HCP assumption, an atomistic
model capable of reproducing any TTP line can be developed. An example of this is
shown in Fig. 6.1 (c), where Fig. 6.1 (b) is schematically represented. The vertical yel-
low line represents the symmetry axis of the TTP line. These are the perfect three-fold
hollow sites of the 1DR. The blue circles represent the first layer Cr atoms, and the or-
ange circles represent the second layer Cr atoms with the compression along the [001]
direction. The Moiré of the second Cr layer forms a template of available three-fold
hollow sites for the adatoms to nucleate. The green circles represent the TTP adatoms
observed in Fig. 6.1 (b).

We can calculate the maximum atom density of the TTP adatoms. For that we consider
the minimum adatom distance of 934 pm and the full occupation of all 1DR lines. This
reults in a TTP density of 1.06 atoms/nm2.

6.1.2 Absorbed train track reconstruction

Figure 6.2: Absorbed train track reconstruction. Constant-current STM image of a second layer
Cr island exhibiting the ATTR. One of the ATTR lines is marked in green, with two atoms of the
MBP attached to it also marked in green. One of the secondary ATTR lines is marked in orange.
The only 1DR line is marked in black. (Measurement parameters: U = +2 mV, I = 3.4 nA, T = 4
K ).
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When no more TTP adatoms can be placed over the 1DR, the adatoms are absorbed by
the second Cr layer. This gives rise to the ATTR (Fig. 6.2). The ATTR is a very localized
reconstruction that can be understood as a local atom density increase around the 1DR
lines, not modifying the general 1DR periodicity. Its confined nature does not allow
its study as a Moiré structure. It appears similar to the 1DR but with thinner, brighter
and more straight lines than the previous reconstruction. This difference can be seen in
Fig. 6.2 between the line marked in green (ATTR line) and the line highlighted in black
(1DR line). At very low bias voltage (2 mV), the ATTR also displays extra sets of less
bright lines in between the main ones, highlighted in Fig. 6.2 by an orange line. These
lines appear roughly at 800 pm from each other, but with certain variability depending
on the boundary conditions. The ATTR is always observed with the next adatom phase
(the MBP) on top, marked in Fig. 6.2 by the green circles. As the ATTR is surrounded by
two adatom phases, it can be understood as just a milestone on the way from the 1DR
to the 2DR in which the surface atom density of the second Cr layer is well defined. As
it is created by the addition of the TTP to the 1DR, its atom density is the one of the 1DR
plus the one of the TTP adatoms, i.e. 14.12 + 1.06 = 15.18 atoms/nm2.

6.1.3 Music box adatom phase

The music box adatom phase (MBP) is the adatom phase formed over the ATTR. It con-
sists of further Cr atoms evaporated over the ATTR, and possibly remanent ones from
the TTP. In this case, the underlying reconstruction lines are not completely covered
by the adatom phase. The analysis of the adatoms along the [11̄0] direction reveals the
same minimum distance as observed in the TTP, i.e. 934 pm. On the other hand, the dis-
tance between adatoms on different sides of the same reconstruction line along the (001)
direction is decreased. In the previous adatom phase, this distance was about 550 pm,
while in this reconstruction it is measured to be roughly 500 pm. This is compatible
with the further compression along the (001) axis generated by the absorption of the
TTP. This small difference does not change qualitatively the structure of this adatom
phase with respect to the previous one, making it possible to apply the same type of
model now.

Constant-current STM measurements with low voltages and high currents, such as the
ones of Fig. 6.3 (b), are capable of moving the MBP adatoms, confirming their nature.
This movement is limited to hopping along the ATTP lines or from side to side of them.
The atom manipulation movement allows positions between adatoms that are not com-
monly observed naturally (distances smaller than 934 pm).

If the position of the adatoms is compared along two MBP lines, sometimes it is possible
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6.1 Cr second layer: intermediate growth phases

Figure 6.3: MBP adatom manipulation and model. (a) - (c) Series of constant-current STM
images over a region with the MBR. The measurement in panel (b) at 40 nA is able to move the
adatoms from side to side of the 1DR lines and along them. (d) Constant-current STM close-
up of two MBP lines. The lines exhibit a phase shift between them and are not saturated of
adatoms. (e) Atomistic model showing the structure in panel (d). The two different three-fold
hollow sites of the second Cr layer are not equivalent if we take into account the first Cr layer.
This leads to the 170-290 pm phase shift between MBP lines due to the template-behaving Moiré
reconstruction. (Measurement parameters: (a) U = +2 mV, I = 20.5 nA, T = 4 K, (b) U = +2 mV, I
= 40.5 nA, T = 4 K, (c) U = +2 mV, I = 3.5 nA, T = 4 K, (d) U = +10 mV, I = 7.6 nA, T = 4 K).
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6 Appendix A: Further considerations about the growth of Cr/Nb(110)

to observe a phase change of ≈ 170 pm or ≈ 290 pm (depending on the measurement
direction). This 170-290 pm shift arises from the 1DR, and therefore the ATTR, sitting
above the three-fold hollow sites of the first Cr layer. The two MBR lines shown in Fig.
6.3 (d) exhibit the 170-290 pm phase difference. This means that their adatoms are in
equivalent, but shifted, three-fold hollow sites. Four of the adatoms are highlighted
in panel (d), including the distances between them along the [11̄0] direction. For those
adatoms, most of the characteristic distances of the MBP can be observed: Two adatoms
on the same side of the same MBR line cannot be closer than 934 pm. Two adatoms on
different sides of the same line can be closer than that, in particular 467 pm or side by
side (top left corner). When there is a shift between lines, adatoms from one line to
another line can be shifted by roughly 170 pm or 290 pm depending on the measure-
ment direction. In 6.3 (e) the whole MBP structure of panel (d) is modeled. The vertical
yellow lines represent the symmetry axes of the MBP lines. These are the perfect three-
fold hollow sites of the ATTR. The blue circles represent the first layer Cr atoms, and
the orange circles represent the second layer Cr atoms with the compression along the
[001] direction. Once again, the Moiré of the second Cr layer forms a template of avail-
able three-fold hollow sites for the adatoms to nucleate. The green circles represent the
MBR adatoms observed in Fig. 6.3 (d).

6.2 Cr growth: holistic structure model

Once the first layer, the five structural phases of the second layer and the third layer
are independently understood, we can get a complete picture. Crystalline Cr forms
a bcc structure with a lattice constant of 291 pm and a surface atom density of 16.7
atoms/nm2 along the [110] direction. When evaporated on another bcc structure such
as Nb(110), it grows following the bcc(110) facet. The lattice constant difference, from
330 pm of the Nb to the preferred 291 pm of the Cr, generates strain that leads to dif-
ferent atomic structures in the layers. When directly in contact with the Nb surface, the
Cr interlayer bonding energy cannot be overcome by the intralayer one, which leads to
the atoms strictly following the structure of the Nb, i.e. they grow pseudomorphically.
This forces a surface density of Cr atoms equal to the density of Nb atoms below: 12.98
atoms/nm2.

The interlayer bonding energy between the first and second Cr layers is smaller than
the Nb-Cr one, leading to extended first layer terraces. Once the second layer is nucle-
ated, the smaller bonding energy makes the growth of the second layer possible with
a non pseudomorphic structure, the 1DR. This reconstruction makes the second layer
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energetically more favorable than the first one, as it resembles better the Cr(110) bulk
interatomic distances. This results in a small amount of large-sized second layer is-
lands. It also explains why the second layer growth often reaches the first layer edges,
as the second layer growth is faster once nucleated. At this stage, the surface density of
the second Cr layer increases to 14.12 atoms/nm2, approaching the Cr (110) one.

When Cr atoms are evaporated on the 1DR, they find new nucleation sites on the three-
fold hollow sites of the reconstruction. These new arrays of adatoms are the TTP. They
locally distort the 1DR, as revealed by their minimum observed distance. When a suf-
ficient number of them populate the reconstruction lines of the 1DR, the distortions are
high enough to restructure the second Cr layer and the adatoms are absorbed by it. This
new phase is the ATTR, where the second layer density increases to 15.18 atoms/nm2.
The ATTR reconstruction is more favorable than the 1DR, as it is closer to the Cr (110)
density, but it requires the distortion of the previous adatom phase to appear. The local
nature of this reconstruction, and the fact that it is just an intermediate stage in the den-
sity path from the 1DR to the 2DR makes the ATTR reconstruction less well understood
structurally than any of the other phases.

Further evaporated Cr atoms generate a new, less dense adatom phase on top of the
second Cr layer, the MBP. This phase is modeled almost in the same way as the TTP.
The adatoms still find nucleation points in the second Cr layer, probably in locally less
dense spots. Once again, these adatoms are absorbed by the second layer. In this case
they distort the layer along the [11̄0] direction, creating the 2DR. The analysis of this
reconstruction reveals its unit cell to be 294 pm along the [001] direction and 434 pm
along the [11̄0] direction. This is much closer to the Cr unit cell of 291 pm along the
[001] direction and 411 pm along the [11̄0] direction than any of the previous recon-
structions. This can also be conclude from the surface atom density, with a value of
15.63 atoms/nm2. However, the second layer Cr surface density is still smaller than the
Cr(110) bulk surface density of 16.7 atoms/nm2.

To bridge this final density gap between the Nb(110) density and the Cr(110) density,
it is necessary to take into account the third layer. Our current model indicates that
when a third layer of Cr is nucleated on the Nb, the second layer changes its structure
to the Cr(110) bulk one. The relaxation of the second layer strain appears as an isotropic
compression of roughly 12%, leading to a moiré pattern that can be seen through the
third layer. The third layer grows following the layer below, i.e. also with the Cr(110)
bulk structure.

This whole density evolution is shown in Fig. 6.4. Here, each of the closed layer phases
are represented by a point, while the adatom phases are represented by purple and
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Figure 6.4: Density comparison for the different Cr layer structures. The different closed layer
phases are represented by the points in the graph and named below. The Nb(110) and Cr(110)
densities are represented by a red and a green line respectively. The adatom phases bridging
the gaps between the reconstructions are represented by the purple and orange bands.

orange bands in the regime they appear, bridging the space between points. In this
representation it is clear how the evaporated Cr strives for reaching the Cr(110) bulk
density with each different structural phase until it finally reaches it in the second layer
once the third layer grows on top.
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7 Summary and outlook

"It is good to have an end to journey
toward; but it is the journey that
matters, in the end."

— Ursula K. Le Guin, The left hand of
darkness

AFM materials exhibit a wide range of complex and interesting physical properties,
many of them useful for the development of new spintronic technologies. In this thesis,
two AFM ultra-thin layer systems have been investigated via SP-STM and STS. One
of them keeps its magnetic properties despite of a structural phase change, while the
other one displays a completely different set of features when its structure changes.
These findings highlight how the structure can protect, enhance, or dismiss magnetic
properties of a system and with them other more exotic features such as superconduc-
tivity.

The first of these systems is the monolayer of Mn on Ir(111). This system exhibits three
different structural phases, two of which coexist in the submonolayer regime. The co-
existing phases include a closed Mn film with an expanded Moiré-like reconstruction
and a self-assembled, monodisperse Mn cluster phase. The addition of Mn atoms to the
system increases the cluster phase density. Until this density is high enough, some clus-
ters join the Moiré phase. If a complete monolayer of coverage is reached, a structural
transition occurs, leading to the third phase: a pseudomorphic layer of Mn. The clusters
have been characterized as trimers that can appear in five different configurations. It is
possible to switch the configuration of the clusters unidirectionally from some types to
others. The magnetic ground state of both the reconstructed Mn layer and the pseudo-
morphic one is the frustrated Néel state contained in the plane of the surface. For the
trimer phase no magnetism was detected; however, we propose a superparamagnetic
ground state with thermal fluctuations between different Néel-state-like configurations.

The second studied system is Cr on Nb(110). The first Cr layer grows pseudomorphi-
cally on the Nb(110) and it exhibits a c(2 × 2) AFM ground state. STS measurements of
this first layer show the presence of YSR bands inside the superconducting gap of the
system. Comparison of these results with previous work ([5]) reveals the realization of
a topological nodal point superconductor for the extended monolayer of Cr on Nb(110).
Small first layer Cr patches (called worms) do not display the YSR states observed on
the extended first Cr layer, i.e. they exhibit the same superconducting properties as
the Nb. Theoretical calculations [88] indicate that the Cr is susceptible to quench its
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magnetic moments, potentially leading to the observed non-magnetic Cr worms. One
possible scenario is that a minimum threshold of Heisenberg exchange energy per atom
is required to counteract these perturbations and stabilize the c(2 × 2) magnetic state,
which is only achieved in extended Cr layers. The second layer of Cr on Nb(110) ex-
hibits three different structural phases separated by two adatom phases between them.
Each structural phase has a higher surface atom density than the previous one. None
of these phases exhibit magnetic contrast via SP-STM, nor do they display YSR states
inside the gap. It is suggested that the reconstructions act as perturbations that induce
magnetic moment quenching, leading to the second Cr layer exhibiting the same su-
perconducting properties as Nb and the first-layer Cr worms. Additional experiments
are required to further characterize the Cr/Nb(110) system, particularly in three areas.
First, lower temperature STS measurements of the superconducting gaps should be per-
formed to improve the energy resolution. Second, SP-STM measurements with known
tip polarization are needed to characterize the quantization axis of the Cr first layer’s
magnetic ground state. Finally SP-STM images of the worms and their surroundings
inside and outside the superconducting regime could give information about the nature
of the worms and the origin of the moment-quenching perturbations. In addition, the
second Cr layer presents an opportunity to study TNPSC as a function of the structure
due to its malleability.

"Acta est fabula, plaudite!"

— Gaius Julius Caesar Augustus
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