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Abstract 

The rise of two-dimensional materials, triggered by the discovery of graphene, has 
sparked intense interest in Xenes, monoelemental 2D lattices composed of heavier group-
IV elements. Among these, stanene (2D tin) is a particularly promising candidate for 
next-generation nanoelectronics and spintronics due to its strong spin-orbit coupling 
and predicted topological properties, such as the quantum spin Hall effect. However, 
the synthesis of high-quality stanene remains challenging, as the structural evolution 
of tin (Sn) is highly sensitive to the substrate and growth conditions. The Sn/Au(111) 
system, while promising, has been the subject of conflicting reports in the literature, 
with disputed structural models for the observed submonolayer Sn arrangements. 

This thesis presents a comprehensive structural and chemical analysis of submonolayer 
Sn growth on Au(111), combining Scanning Tunneling Microscopy (STM), Low-Energy 
Electron Diffraction (LEED), X-ray Photoelectron Spectroscopy (XPS), and X-ray 
Photoelectron Diffraction (XPD). By correlating chemical state analysis with detailed 
structural characterization, the complex interplay between surface ordering and interface 
alloying is resolved. The structural evolution is categorized into two distinct regimes. At 
coverages below 0.33 ML, Sn adsorption is characterized by weak substrate interactions. 
A previously unreported, chemically freestanding (2 × 2) phase is identified at a coverage 
of 0.28 ML, representing a precursor state for buckled 𝛼-stanene. Increasing the coverage 
leads to the formation of a long-range-ordered Au2Sn surface alloy. Using XPD combined 
with genetic algorithm optimization, this phase is definitively identified as a substitutional√ 
alloy with a Rec(26 × 3) unit cell, resolving long-standing discrepancies in its atomic 
structure. At higher coverages (up to 0.66 ML), the growth is driven by the interplay 
between the interface alloy and the Sn adlayer. This work clarifies the nature of the 
X-phase, previously interpreted as honeycomb stanene or AuSn alloy. Atomically resolved 
STM reveals that the X-phase is, in fact, a substrate-symmetry-breaking, square-like Sn 
arrangement growing atop the Au2Sn alloy, interpreted as the onset of 𝛽-Sn(001)-like 
growth. Furthermore, a novel striped phase was discovered, featuring alternating stripes of 
ultraflat honeycomb stanene and the square-like Sn arrangement. These nanoribbon-like 
structures represent the first experimental realization of ultraflat stanene on Au(111) 
and the first experimental evidence of nanoribbon-like stanene structures. 

Collectively, these findings provide a comprehensive framework for the submonolayer 
Sn/Au(111) system, demonstrating its versatility as a platform for realizing diverse low-
dimensional structures and laying the groundwork for future topological investigations. 
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Kurzfassung 

Die Entdeckung von Graphen im Jahr 2004 hat großes Forschungsinteresse an weit-
eren zweidimensionalen Materialien geweckt. Im Besonderen die sogenannten Xene, 
monoelementare 2D-Gitter aus den schwereren Elementen der Kohlenstoffgruppe, und 
ihre außergewöhnlichen Eigenschaften sind dabei in den Fokus geraten. Unter diesen gilt 
Stanen (2D-Zinn) aufgrund seiner starken Spin-Bahn-Kopplung und der vorhergesagten 
topologischen Eigenschaften, wie etwa des Quanten-Spin-Hall-Effekts, als besonders 
vielversprechender Kandidat für die Nanoelektronik und Spintronik der nächsten Gen-
eration. Die Synthese von hochgeordnetem Stanen bleibt jedoch eine Herausforderung, 
da die strukturelle Anordnung von Zinn (Sn) äußerst empfindlich gegenüber Substrat 
und Präparationsparametern ist. Das System Sn/Au(111) ist hierbei als besonders 
vielversprechend identifiziert worden. 

Diese Arbeit präsentiert eine umfassende strukturelle und chemische Analyse des Wach-
stums von Sn auf Au(111) für Submonolagen-Bedeckungen. Unter Verwendung von 
Rastertunnelmikroskopie (STM), niederenergetischer Elektronenbeugung (LEED), Rönt-
genphotoelektronenspektroskopie (XPS) und Röntgenphotoelektronenbeugung (XPD) 
wird detaillierte strukturelle und chemische Charakterisierung des Sn/Au(111) Proben-
systems und insbesondere das komplexe Zusammenspiel zwischen Oberflächenordnung 
und Grenzflächenstrukturen entschlüsselt. Bei Bedeckungen unterhalb von 0.33 ML 
zeigt sich eine Entwicklung von chemisch schwach gebundener Sn-Struktur, hin zu einer 
Au2Sn-Legierung in der obersten Probenlage. Bei einer Bedeckung von 0.28 ML wird eine 
chemisch entkoppelte (2 × 2)-Phase beobachtet, welche bisher unbekannt war. Diese wird 
identifiziert als Vorläufer für das Wachstum einer 𝛼-Stanen Anordnung, welche der Honig-
wabenanordnung der Atome im Graphene gleicht. Eine Erhöhung der Bedeckung führt 
zur Bildung einer langreichweitig geordneten Au2Sn-Oberflächenlegierung. Mithilfe von 
XPD in Kombination mit einem genetischen Optimierungsalgorithmus wird diese Phase √ 
eindeutig als Substitutionslegierung mit einer Rec(26 × 3)-Einheitszelle identifiziert, 
wodurch bestehende Diskrepanzen in der Literatur bezüglich ihrer atomaren Struktur 
eindeutig geklärt werden. Bei höheren Bedeckungen bis zu 0.66 ML wird das Wachs-
tum durch das Zusammenspiel zwischen der Grenzflächenlegierung und der Sn-Adlage 
bestimmt. Für die sogenannte X-Phase, die zuvor in der Literatur sowohl als Honeycomb-
Stanen, als auch als AuSn-Legierung interpretiert wurde, liefert diese Arbeit ein völlig 
neues Strukturmodell. Atomar aufgelöste STM-Messungen zeigen, dass es sich bei der X-
Phase tatsächlich um eine die Substratsymmetrie brechende, quadratische Sn-Anordnung 
handelt, die auf der Au2Sn-Legierung wächst und als Beginn eines 𝛽-Sn(001)-artigen 
Wachstums interpretiert werden kann. Darüber hinaus wurde eine neue striped phase 
entdeckt, die aus alternierenden Streifen von ultraflachem Honeycomb-Stanen und der 
quadratischen Sn-Anordnung besteht. Diese Nanoribbon-artigen Strukturen stellen 
sowohl den ersten experimentellen Nachweis von ultraflachem Stanen auf Au(111) dar 
als auch den ersten experimentellen Beleg für Stanen-Nanoribbons. Insgesamt liefern 
die präsentierten Ergebnisse die erste umfassende Übersicht über strukturelle Sn auf 
Au(111) im Submonolagenbereich. Im Besonderen kann die strukturelle Vielseitigkeit 
des 2D-Zinns genutzt werden zum Design komplexer zweidimensionaler Strukturen und 
möglicher zukünftiger topologischer Anwendungen. 
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1 Introduction 
I call our world Flatland, not because we call it so, but to 

make its nature clearer to you, my happy readers, who 
are privileged to live in Space. 

—Edwin A. Abbott, Flatland 

The study of structures at the atomic scale offers a unique window into a world that, like 
Abbott’s Flatland, challenges our intuition. In Abbott’s novella, the concept of a solid, 
three-dimensional object is unimaginable to the inhabitants of a strictly two-dimensional 
world. Conversely, we rely on advanced measurement techniques to understand the 
physics at the nanoscale and in low-dimensional structures. Yet, while what happens at 
such small scales lies beyond the reach of our senses, it is profoundly consequential for 
the macroscopic world we inhabit. 

The development of the transistor [1] marked the beginning of the so-called Silicon Age. 
Silicon-based technologies have since formed the foundation of the information society, 
powering everything from smartphones to supercomputers. Consequently, the behavior 
of matter at the nanoscale has become of critical importance to our society. 

However, like every era, the Silicon Age is likely approaching its end. The continued 
miniaturization of electronic components has long followed Moore’s law, which predicts 
that the number of transistors on an integrated circuit doubles roughly every two years [2]. 
As device dimensions approach the boundary between the nanoscale and the atomic 
scale, fundamental physical constraints arise. In the coming years, the feature size of 
silicon transistors is expected to reach limits where quantum mechanical effects prevent 
proper device functionality [3, 4]. To sustain technological progress and ensure energy 
efficiency, making it sustainable as well [5], fundamentally new classes of materials must 
be explored, starting a technological era beyond Moore’s law [6]. 

The rise of low-dimensional materials offers potential solutions for post-silicon electronic 
circuit development [7, 8]. The discovery of graphene [9], a single layer of carbon 
atoms arranged in a honeycomb lattice, triggered the emergence of a new research 
field. Graphene’s exceptional electronic, mechanical, and thermal properties [10] inspired 
the investigation of the Flatland of 2D materials. Following graphene, other 2D 
counterparts from the carbon group followed: silicene [11] in 2011, germanene [12] in 
2014, stanene [13] in 2015, and finally plumbene [14] in 2019. 

These Xenes have attracted significant attention due to electronic properties similar to 
graphene, most notably the linear Dirac-type band dispersion [15]. Among them, the 
heavier elements are particularly exciting; their higher atomic number results in enhanced 
spin-orbit coupling (SOC), which leads to a buckled structure rather than an atomically 
flat arrangement, opening a bandgap. Consequently, the structural properties in these 
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CHAPTER 1: INTRODUCTION 

Xenes are directly connected to their electronic properties. Stanene and plumbene, 
consisting of the heaviest elements of the carbon group, are especially intriguing, as 
their strong spin-orbit coupling introduces non-trivial topological characteristics, po-
sitioning them as promising candidates for next-generation electronic and spintronic 
applications [16]. 

Stanene, the Sn-based analogue of graphene, stands out within this family. Theoretical 
models predict that stanene hosts quantum spin Hall (QSH) insulating phases, possesses 
a large bandgap of up to 300 meV [17, 18], and may even support topological supercon-
ductivity [19]. These properties hold immense promise for room-temperature topological 
applications. 

However, realizing stanene experimentally presents significant challenges. Bulk tin is 
structurally versatile, exhibiting a phase transition at 285 K between semiconducting
𝛼-Sn (diamond structure) and metallic 𝛽-Sn (body-centered tetragonal structure). While 
monolayer 𝛼-Sn corresponds to the honeycomb stanene phase, its thermal instability 
limits multilayer growth at elevated temperatures [20, 21]. Conversely, 𝛽-Sn is stable at 
higher temperatures and is a known superconductor (𝑇𝑐 ≈ 3.72 K), with ultrathin films 
proposed as platforms for topological superconductivity [22]. 

The growth and structural arrangement of 2D Sn layers are strongly influenced by the 
substrate. Stanene has been synthesized on materials such as Bi2Te3 [13], InSb(111) [23], 
and various metal surfaces including Cu(111) [24], Ag(111) [25], and Pd(111) [26]. 
Depending on the substrate, different structural arrangements of Sn have been observed, 
ranging from atomically flat stanene to buckled structures. 

Beyond honeycomb and hexagonal Sn arrangements, a wide range of other 2D tin 
allotropes have been proposed by theory. Dumbbell-like [27], staggered, layered dumbbell 
structures [28], as well as pentamer and tetramer arrangements, featuring rectangular 
unit cells [29], are predicted. Bilayer growth of 𝛽-Sn(001) with a square-lattice has been 
predicted by theory to be stable as well [30]. While many of these phases are expected 
to be topologically nontrivial, experimental realization of such non-hexagonal phases 
remains scarce. Typically, 2D structures grown on threefold/sixfold-symmetric (111)-
surfaces adopt hexagonal geometries. Symmetry-breaking arrangements are rare, though 
some other elements show such symmetry-breaking 2D arrangements [31–34]. Regarding 
tin, 𝛽-Sn(001) layer-by-layer growth has been reported on HOPG [35], and square-like 
Sn monolayers have been observed on Al(111) [36]. Additionally, single-layer 𝛽-Sn has 
been grown on Cu(111), exhibiting a nearly freestanding electronic structure [37]. This 
structural versatility highlights the rich potential of 2D tin allotropes and underscores 
the need for detailed structural characterization. 

Theoretical calculations identify Au(111) as a promising substrate for supporting planar 
stanene growth due to favorable lattice matching and the expected bonding behaviour [38]. 
Indeed, experimentally, Sn growth on Au(111) yields a wide range of structural phases. 
However, the existing literature presents a conflicting and often confusing picture of the 
Sn/Au(111) system. Reports range from descriptions of surface alloys with disputed lattice 
parameters [39–41] to complex incommensurate phases at higher coverages interpreted 
as honeycomb-like structures, zigzag chains, or AuSn alloys [41–44]. The precise atomic 
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arrangement, the role of alloying versus 2D layer formation, and the structural evolution 
depending on preparation parameters remain unresolved questions. 

This thesis aims to resolve these open questions of the Sn/Au(111) system. By com-
bining scanning tunneling miscroscopy (STM), low-energy electron diffraction (LEED), 
X-ray photoelectron spectroscopy (XPS), and X-ray photoelectron diffraction (XPD), 
a comprehensive analysis of the structural and chemical evolution of Sn on Au in the 
submonolayer regime is performed. This work provides the first detailed structural 
and chemical analysis of all phases and transitions in the submonolayer regime (below 
0.66 ML), identifying several previously unknown structural arrangements. Remarkably, 
a chemically freestanding (2 × 2)-reconstruction at low coverages [45] and the first ex-
perimental realization of ultraflat honeycomb stanene on Au(111), as well as the first 
experimental evidence of stanene nanoribbon-like structures are reported [46]. In addition, 
the conflicting proposed structural models [39, 40] regarding the Au2Sn substitutional 
surface alloy observed at a coverage of 0.33 ML, are resolved by a detailed XPD analy-
sis [45]. Moreover, the so-called X-phase, which forms after depositing 0.66 ML Sn and 
has been interpreted either as honeycomb stanene or as AuSn alloy in the literature [41, 
42]. Based on the first atomically resolved STM analysis presented here, these proposed 
models are revisited and challenged; instead, a substrate-symmetry-breaking square-like 
arrangement is identified [47]. 

This thesis is organized into eight chapters. Chapter 2 begins with an introduction to 
2D materials, paying particular attention to their structural, electronic, and topological 
properties. The experimental analysis methods applied in this work are explained in 
Chapter 3, while the specific experimental setups are described in Chapter 4. The 
preparation of the Sn/Au(111) sample system is detailed in Chapter 5. This is followed 
by a structural analysis of low and high Sn submonolayer coverages in Chapters 6 and 7, 
respectively. Finally, a summary and outlook are provided in Chapter 8. 
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2 2D Materials 
Two-dimensional materials can be visualized as a sheet of paper, but orders of magnitude 
thinner; they extend macroscopically in two dimensions, while the translation symmetry 
perpendicular to the surface is broken. The stability of 2D materials from Group 14 of 
the periodic table beyond graphene was predicted by Takeda and Shiraishi in 1994 [48], 
though their results remained essentially unnoticed until the first experimental realization 
of single-layer graphene by Novoselov and Geim in 2004 [9]. 

Materials similar to graphene, often termed Xenes (where X is the element), have the 
thickness of a single atomic monolayer (ML). They feature strong in-plane covalent bonds, 
while weaker van der Waals forces often dominate their interaction with a substrate. 
This can be explained by their valence electronic structure, which is similar across all 
elements in the carbon group, as illustrated by the example of graphene. In graphene’s 
ground-state configuration, three of carbon’s four valence electrons occupy 𝑠𝑝2-hybridized 
orbitals, which result from combining its 2𝑠 orbital with two of its 2𝑝 orbitals (2𝑝𝑥, 2𝑝𝑦). 
These 𝑠𝑝2-hybridized orbitals are oriented in-plane and form strong 𝜎-bonds with the 
three nearest-neighbor carbon atoms. The fourth valence electron occupies the remaining 
2𝑝𝑧 orbital, oriented perpendicular to the plane, as depicted in Figure 2.1. These out-of-
plane 2𝑝𝑧 orbitals form half-filled 𝜋-bonds, which host freely-moving electrons. While 
the strong in-plane 𝜎-bonds grant graphene its extraordinary mechanical strength, the 
half-filled 𝜋-bands are responsible for its exceptionally high charge-carrier mobility [49, 
50]. 

orbital

orbitalbond

bond

Figure 2.1: Depiction of a graphene honeycomb lattice with the out-of-plane 𝑝𝑧 orbitals shown 
in light pink. Modified and reprinted with permission from [51]. 

However, these same 𝜋-bands are also responsible for graphene’s (almost) zero band gap, 
which limits its application in digital electronics. The search for materials combining 
graphene’s extraordinary properties with a tunable band gap has created interest in its 
heavier Group 14 analogues. The synthesis of these 2D structures has succeeded in recent 
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C H A P T E R  2:  2 D  M A T E RI A L S  

y e ars,  wit h  sili c e n e (sili c o n) i n 2 0 1 2  [ 1 1], g er m a n e n e  ( g er m a ni u m)  i n 2 0 1 4  [ 1 2], st a n e n e  
(ti n) i n 2 0 1 5  [ 1 3], a n d  fi n all y  pl u m b e n e  (l e a d) i n 2 0 1 9  [ 1 4]. S o m e  str u ct ur al  p ar a m et ers  
of  t h e X e n es  of  t h e c ar b o n  gr o u p  ar e  pr es e nt e d  i n T a bl e  2. 1.  

Wit h  i n cr e asi n g at o mi c  n u m b er  𝑍 , t h e or y pr e di cts  a  r a pi dl y i n cr e asi n g b a n d  g a p,  risi n g 
fr o m a  m er e  1  µ e V  f or gr a p h e n e  [ 1 5] t o n e arl y  1 0 0  m e V  [ 1 7] f or st a n e n e  a n d  m or e  t h a n 
2 0 0  m e V  f or pl u m b e n e  [ 5 2]. 

H o w e v er,  e x p eri m e nt all y  r e ali zi n g t h e pr e di ct e d  pr o p erti es  of  a n al o g u es  s u c h as  st a n e n e  
h as  pr o v e n  c h all e n gi n g,  as  t h e or eti c al a n d  e x p eri m e nt al  r es ults l a c k c o ns e ns us.  T h e or eti -
c al  pr e di cti o ns  f or st a n e n e’s  b a n d  str u ct ur e  v ar y  wil dl y,  as  di ff er e nt  m o d eli n g  a p pr o a c h es,  
str u ct ur al  p ar a m et ers,  a n d  s u bstr at e  c h oi c es  yi el d  v astl y  di ff er e nt  r es ults [ 1 7 – 1 9, 2 7,  2 8,  
3 0 , 5 3].  T h e  c or e  c o ns e ns us  fr o m t h e or y is t h at t h e s u bstr at e  a n d  str u ct ur al  c orr u g ati o n  
f u n d a m e nt all y di ct at e  t h e el e ctr o ni c  a n d  t o p ol o gi c al pr o p erti es  [ 1 5, 3 0,  5 2].  E x p eri -
m e nt all y,  t h e sit u ati o n  is si mil arl y c o m pl e x.  W hil e  h o n e y c o m b-li k e  ti n str u ct ur es  a n d  
e vi d e n c e  of  t o p ol o gi c al st at es  h a v e  b e e n  r e p ort e d o n  s o m e s u bstr at es,  all o y  f or m ati o n 
is o bs er v e d  o n  ot h ers  [ 2 5, 2 6,  4 0,  4 2,  4 3,  4 5,  5 4 – 5 7].  F urt h er m or e,  e x p eri m e nt al  r es ults 
oft e n  c o ntr a di ct  t h e or eti c al pr e di cti o ns  or  e a c h  ot h er.  A  wi d e  v ari et y  of  s u p erstr u ct ur es  
ar e  o bs er v e d,  a n d  a  cl e ar  u n d erst a n di n g  of  all  str u ct ur al  p h as es  a n d  t h eir pr o p erti es  h as  
n ot  y et  b e e n  est a blis h e d.  

A  c o m pl et e  tr e at m e nt of  t h e m at h e m ati c al  f or m alis m b e hi n d  t h e el e ctr o ni c  a n d  t o p ol o gi c al 
pr o p erti es  of  st a n e n e  is b e y o n d  t h e s c o p e of  t his e x p eri m e nt all y  f o c us e d t h esis. I nst e a d, 
t his c h a pt er  ai ms  t o m oti v at e  h o w  t h e i ntri nsi c pr o p erti es  of  t h es e 2 D  h o n e y c o m b  
m at eri als  ar e  di ct at e d  b y  t h eir at o mi c  str u ct ur e.  T o  d o  s o, t h e dis c ussi o n  will  b e gi n  wit h  
t h e pr o p erti es  of  gr a p h e n e  a n d  t h e n e x pl ai n  t h e di ff er e n c es  t h at aris e  w h e n  pr o gr essi n g  
t o h e a vi er  a n al o g u es,  wit h  a  f o c us o n  h o w  str u ct ur e  i n fl u e n c es el e ctr o ni c  pr o p erti es  a n d  
t o p ol o g y. 

T a bl e  2. 1:  P r e di ct e d  st r u ct u r al  a n d  el e ct r o ni c  p r o p e rti e s  of  X e n e s.  H e r e,  𝑎  i s t h e  l atti c e 
c o n st a nt,  𝑑  i s t h e  n e a r e st- n ei g h b o r  di st a n c e,  𝛿  i s t h e  b u c kli n g  h ei g ht,  𝐸 g a p  i s t h e  b a n d  g a p,  a n d  
𝑣 F  i s t h e  Fe r mi  v el o cit y.  R a n g e s  i n di c at e v a ri ati o n s  a c r o s s  di ff e r e nt  t h e o r eti c al  c al c ul ati o n s.  

X e n e  𝑎  [ Å] 𝑑  [ Å] 𝛿  [ Å] 𝐸 g a p  [ m e V] 𝑣 F  [1 0 5  m / s] R ef.  

C  2. 4 6  t o 2. 4 7  1. 4 2  � 0 0. 0 0 1  6. 3  t o 1 0. 1  [ 1 5, 5 8]  
Si  3. 8 2  t o 3. 8 7  2. 2 5  t o 2. 2 8  0. 4 4  1. 5  t o 2. 0  5. 1  t o 6. 5  [ 1 5, 5 9,  6 0]  
G e  4. 0  t o 4. 0 6  2. 3 4  t o 2. 4 4  0. 6 9  2 3. 9  t o 3 3. 0  3. 8  t o 6. 2  [ 1 5, 6 0,  6 1]  
S n  4. 6 7  t o 4. 6 8  2. 7 0  t o 2. 8 3  0. 8 5  7 3  t o 1 0 1  4. 4  t o 5. 5  [ 1 5, 1 7,  5 2,  6 1]  
P b  4. 9 3  t o 4. 9 6  3. 0 0  0. 9 8  2 0 0  t o 4 9 1  4. 5  [ 5 2, 6 2]  

2. 1  T h e  H o n e y c o m b  L a t ti c e  

T h e  h o n e y c o m b  l atti c e, c o m m o n  t o b ot h  gr a p h e n e  a n d  its h e a vi er  a n al o g u es,  is n ot  
a  Br a v ais  l atti c e. I nst e a d, t h e str u ct ur e  is d es cri b e d  b y  a  h e x a g o n al  Br a v ais  l atti c e 
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2.2 Electronic Properties 

with a two-atom basis, labeled A and B in Figure 2.2(a). The structure can also be 
described as two interpenetrating triangular sublattices (A and B). Atoms in sublattice 
A are surrounded by three nearest-neighbors from sublattice B, and vice versa. Such a 
lattice, where nearest-neighbors always belong to the other sublattice, is called bipartite. 
This A-B sublattice symmetry is the key to the unique electronic properties of these 
materials. 

The fundamental structural difference between graphene and the heavier Xenes lies in 
the spatial arrangement of these two sublattices. In graphene, both A and B atoms are 
located in a single, flat plane. In the heavier analogues, the larger atomic radii weaken the 
𝜋-bonding, making it energetically favorable to mix the 𝑠𝑝2 and 𝑠𝑝3 hybridizations [63, 
64]. This results in a corrugated or buckled structure, where the A and B sublattices are 
vertically displaced from each other, as shown in Figure 2.2(b). This vertical separation 
is the buckling height, denoted by 𝛿. The buckling height 𝛿 increases when stepping 
down the periodic table, reflecting the increasing 𝑠𝑝3 character. 

Figure 2.2: (a) Top-down view of a honeycomb lattice. The zigzag and armchair directions 
are indicated and named after the geometric profiles of the edges formed when the lattice is 
terminated along these axes. The lattice parameter is denoted by 𝑎 and the nearest-neighbor 
distance by 𝑑.(b) Side view of a buckled structure, defining the buckling height 𝛿 as the vertical 
separation between the A and B sublattices. 

2.2 Electronic Properties 

Graphene and its heavier-element analogues are classified as Dirac materials because 
their low-energy excitations (excitation of states close to the Fermi level) are described 
by the Dirac equation, rather than the conventional Schrödinger equation [65]. The 
defining feature of such materials is the existence of Dirac points, where the conduction 
and valence bands touch linearly at the Fermi level. 
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CHAPTER 2: 2D MATERIALS 

Figure 2.3: 3D plot of the band structure of graphene, showing the valence and conduction 
bands touching at the Dirac point in the zoomed-in inset. Nearest-neighbor and next-nearest-
neighbor electron hopping were taken into account in calculating the energy bands, according 
to Equation D.18. 

This Dirac point arises in honeycomb materials due to the equivalence of the A and B 
sublattices. In the nearest-neighbor tight-binding model [66], this sublattice symmetry 
ensures that the effective Hamiltonian is off-diagonal: 

0 𝜉(𝒌)𝐻(𝒌) = ( 0 ) (2.1)𝜉∗(𝒌) 

with 𝜉(𝒌) = −𝑡 ∑3 Here, 𝑡 is the nearest-neighbor hopping energy, 𝜼𝑛 𝑛=1 exp (𝑖𝒌 ⋅ 𝜼𝑛). 
are the vectors connecting an A site to its three nearest B neighbors, and 𝜉∗(𝒌) denotes 
the complex conjugate of 𝜉(𝒌) [67]. A detailed derivation is provided in Appendix D. 

At the 𝐾 and 𝐾′ points of the Brillouin zone, the function 𝜉(𝒌) equals zero. Consequently, 
for small deviations 𝒒 close to these points, the linearized low-energy Hamiltonian near 
±𝐾 reads: 

𝐻D = ℏ𝑣F(𝜎𝑥𝑞𝑥 ± 𝜎𝑦𝑞𝑦) . (2.2) 

Here, 𝜎𝑥 and 𝜎𝑦 are the Pauli matrices, 𝒒 is the momentum relative to the Dirac 
point, and 𝑣F ≈ 106 m/s is the Fermi velocity. The Dirac Hamiltonian 𝐻D features no 
mass-dependent term, resulting in the characteristic gapless Dirac point responsible for 
graphene’s semimetallic nature [67]. 

The corresponding eigenvalues describe a linear energy-momentum relation [64, 68]: 

𝐸D = ±ℏ𝑣F|𝒒| . (2.3) 

The Dirac Hamiltonian, as well as the linear Dirac energy momentum relation 𝐸D, are 
mass-independent, in contrast with the conventional quadratic dispersion 𝐸 = 𝑝2/(2𝑚∗) 
for Schrödinger fermions, which depends on the effective mass 𝑚∗ . 
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2.3 Topological Properties 

For the heavier elements of the carbon group, the spin-orbit coupling (SOC) alters this 
scenario: it effectively introduces a mass-like term into the Hamiltonian. Physically, 
this term opens an energy gap at the Dirac points, similar to the effect of breaking 
sublattice symmetry. However, rather than creating a simple potential difference between 
sublattices A and B, the strong SOC couples the electron’s spin to its orbital motion. This 
results in a spin-dependent gap opening that maintains the lattice’s inversion symmetry 
(in the absence of external fields) but lifts the degeneracy at the Dirac points 𝐾 and 𝐾′ , 
given by: 

2 
𝐸 = ±

√
ℏ𝑣F 

2 |𝒒|2 + (𝛥SO ) (2.4)
⎷ 2 

where 𝛥SO is the SOC-induced energy gap. This gap scales approximately as 𝑍2 with 
atomic number 𝑍, becoming sufficiently large in heavier materials to enable semiconduct-
ing behavior at room temperature and to give rise to exotic states such as the quantum 
spin Hall (QSH) effect [64, 69–71]. 

2.3 Topological Properties 

If materials exhibit a band gap, they are typically classified as semiconductors, with a gap 
of 0 ⩽ 𝐸gap ⩽ 4 eV, or as insulators (𝐸gap > 4 eV). In the following, this classification 
is simplified to a distinction between metallic (no energy gap) and insulating (a finite 
energy gap) behavior. 

The formation of the SOC-induced band gap, as described above, does not simply create 
a trivial (normal) insulator, but rather a topologically nontrivial phase known as a 
QSH insulator, or a 2D topological insulator (TI). The topological nature arises from a 
process called band inversion: strong spin-orbit coupling causes electronic states near the 
Fermi level to hybridize and reorder. Consequently, states that in a conventional (trivial) 
insulator would contribute to the valence band maximum instead become the conduction 
band minimum, and vice versa. This band inversion is illustrated in Figure 2.4. For a 
topological insulator, orbitals normally associated with the valence band (depicted in 
orange) switch ordering in the energy diagram with those of the conduction band (green). 
This reordering of orbitals changes the electron wavefunctions’ symmetry and topology, 
introducing a fundamentally nontrivial character to the material. 

Two insulators are considered topologically equivalent if their Hamiltonians can be 
smoothly deformed into one another without closing the band gap. Insulators are thus 
classified by a topological invariant, such as the ℤ2 invariant 𝜈, which mathematically 
describes the “twisting” or winding of the occupied electronic wavefunctions in momentum 
space. Insulators with 𝜈 = 1 are topologically non-trivial, while those with 𝜈 = 0 are 
trivial (normal). Crucially, the non-trivial state (𝜈 = 1) is protected by time-reversal 
symmetry. This symmetry forbids elastic backscattering of the spin-polarized edge states 
by nonmagnetic impurities. Because the topological invariant necessarily changes at 
the boundary between regions of differing topology 𝜈 (such as the boundary between a 
topological insulator and vacuum), the band gap must close at the interface to allow this 
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Figure 2.4: Schematic illustration of band inversion: In a normal insulator, the band gap 
is trivial; in Dirac semimetals like graphene, the gap closes at the Dirac point; in topological 
insulators (e.g., stanene), the bands invert their orbital character at the high-symmetry point. 
In addition, topological surface states appear in the band gap. 

change. As a result, gapless conducting edge states must exist at the boundary. This 
principle is known as the bulk-edge correspondence. The existence of such edge states 
is topologically protected. As long as the system remains in its topological phase, the 
change in the bulk invariant at the boundary requires the presence of gapless edge states. 
These boundary states cannot be destroyed unless the topological phase of the insulator 
itself is destroyed, e.g., by closing its bulk band gap [67]. 

A topological insulator, therefore, has an insulating bulk but requires the existence of 
conducting channels along its edges (in 2D) or surfaces (in 3D). However, this topological 
phase can be destroyed by perturbations that close and reopen the bulk band gap, thereby 
changing 𝜈. Several mechanisms can influence the band gap and induce a topological 
phase transition in buckled honeycomb structures, including applying a perpendicular 
electric field, mechanical strain, substrate interactions, or chemical functionalization. 
These perturbations can alter the effective SOC strength or crystal symmetry, driving 
the system between trivial and nontrivial phases [67]. 

While the terminology can be counterintuitive in two dimensions, it is crucial to note that 
conducting states in 2D materials appear at the one-dimensional edges rather than at 
surfaces. Since a 2D material is intrinsically a surface, its topological boundary is defined 
by its one-dimensional edge. Consequently, investigating 1D edges in 2D materials, such 
as those in germanene and stanene nanoribbons, is of significant importance due to the 
potential presence of topological edge states [72–75]. 

To summarize, both the electronic and topological properties of these materials are highly 
sensitive to the band gap. Unlike semimetallic graphene, heavier elements of the carbon 
group naturally exhibit band gaps due to their stronger SOC. Controlling structural 
parameters, such as the buckling 𝛿, or modifying the chemical environment through 
substrate interactions and functionalization, enables the precise tuning of these elec-
tronic and topological properties, unlocking technological possibilities beyond graphene’s 
semimetallic nature. 
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3 Theoretical Background 
This chapter provides an overview of the theoretical foundations for the experimental 
methods used in this work. The discussion begins with the inelastic mean free path 
(IMFP) in Section 3.1, which is the physical basis for the surface sensitivity of electron-
based techniques. Building on this framework, Section 3.2 details the principles of 
X-ray photoelectron spectroscopy (XPS). Subsequently, electron diffraction methods 
are introduced, with X-ray photoelectron diffraction (XPD) and low-energy electron 
diffraction (LEED) presented in Sections 3.3 and 3.4, respectively. Finally, Section 3.5 
provides an introduction to scanning tunneling miscroscopy (STM). 

3.1 Inelastic Mean Free Path (IMFP) 

To obtain structural or chemical information from a sample using electron-based methods, 
electrons that retain their initial kinetic energy are of primary interest. Only elastically 
scattered electrons can form diffraction patterns through interference, as inelastic scat-
tering processes destroy the phase coherence required for interference. Consequently, 
elastically scattered electrons are essential for diffraction methods such as LEED and 
XPD [76]. Similarly, in XPS, it is only possible to determine the binding energy of a core 
level if the emitted photoelectrons have preserved their initial kinetic energy. 

Accordingly, the distance that electrons can penetrate the solid before losing part of their 
kinetic energy defines the probing depth of these techniques. Hence, a critical quantity is 
the probability of inelastic scattering of electrons within a solid, which occurs through 
interactions such as those with plasmons or phonons. A measure for this probability 
is the inelastic mean free path (IMFP), 𝛬IMFP(E), defined as the average distance an 
electron travels between successive inelastic collisions. This corresponds to the distance 
over which the intensity of an electron beam is attenuated to 1/𝑒 ≈ 37 % of its initial 
value [77, 78]. 

An initial electron beam of intensity 𝐼0 traveling through a sample decays exponentially 
with the path length 𝑑 in the solid: 

𝛬IMFP 

𝑑 
(𝐸)

) .𝐼(𝑑) = 𝐼0 exp (− (3.1) 

In numerous experiments on varying materials [80–83], it has been found that 𝛬IMFP(E) 
is largely independent of the material. As shown in Figure 3.1, 𝛬IMFP(E) follows the 
so-called universal curve, which exhibits a broad minimum around 70 eV. 

The IMFP becomes shorter than 1 nm in the vicinity of this minimum, which means an 
electron can only penetrate the first 3–4 atomic layers before being scattered inelastically. 
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Figure 3.1: The universal curve as well as IMFPs for Sn and Au obtained using the TPP-
2M formula [79] are plotted in comparison to experimental data of different elements taken 
from [80–83]. 

Therefore, the use of low-energy electrons for diffraction experiments (XPD and LEED) 
and for chemical analysis (XPS) makes these techniques highly surface-sensitive. 

As shown in Figure 3.1, the universal curve exhibits two branches with different slopes in 
the double-logarithmic plot. In the low-energy region, electrons mainly lose energy by 
creating electron-hole pairs. The inelastic scattering probability is proportional to the 
density of states available for excitation, both occupied (∝ 𝐸) and unoccupied (∝ 𝐸), 
leading to the universal curve scaling with ∝ 𝐸−2 in this energy range [84, 85]. 

At higher electron energies, plasmon excitation and core-level electron ionization become 
the dominant loss processes. Qualitatively, the inelastic scattering cross-section 𝜎 can be 
assumed to be proportional to the interaction time 𝜏, which is inversely proportional to √ 
the electron velocity (𝑣 ∝ 𝐸). Assuming the non-relativistic case, 𝜏 and thereby 𝜎 are√ 
proportional to 1/ 𝐸 . Since 𝛬IMFP is inversely proportional to 𝜎, the slope of 𝛬IMFP(E)√ 
at higher kinetic energies scales with 𝐸 [84–86]. Where the two loss mechanisms 
overlap, the universal IMFP curve reaches a global minimum, approximately in the range 
𝐸 = 40 eV to 100 eV, which defines the energy range of minimal electron escape depth 
for most materials [77, 87]. 

Seah and Dench curated a database of all IMFP data available in 1979 and found that 
the best-fit universal curve follows the relation [82]: 

143 √
𝛬uc(𝐸) = 

𝐸2 + 0.054 𝐸 . (3.2) 

12 



3.2 X-Ray Photoelectron Spectroscopy (XPS) 

However, as is evident from the deviations of individual data points from this curve, 
the universal curve provides only a general trend, and more advanced models that 
account for material-specific properties are required for higher precision. Such a more 
accurate description is given by the TPP-2M formula, especially for kinetic energies
𝐸kin > 50 eV: 

𝐸 𝛬TPP-2M = (3.3)
𝐸p 

2(𝛽 ln(𝛾𝐸) − (𝐶/𝐸) + (𝐷/𝐸2 )) 
. 

The parameters 𝐸p, 𝛽, 𝛾, 𝐶, and 𝐷 are material-dependent, derived from physical 
quantities such as the plasmon frequency, the number of valence electrons, the density, 
the atomic weight, and the bandgap of the material [79, 88]. The resulting curves for tin 
and gold, calculated using the TPP-2M formula, are also presented in Figure 3.1 [79]. 

In addition to the high surface sensitivity resulting from their short IMFP, low-energy 
electrons have de Broglie wavelengths (compare with Section 3.4) that coincide well 
with typical interatomic distances in a crystal of a few angstroms. Combining these 
two factors, a short penetration depth and well-suited wavelengths, makes low-energy 
electrons the perfect probe for surface chemistry, the electronic structure of surface layers, 
and surface structural determination. These advantages are heavily applied in this work 
through the use of XPS, LEED, and XPD. 

3.2 X-Ray Photoelectron Spectroscopy (XPS) 

The photoelectric effect describes the emission of electrons from a material when it 
is irradiated with electromagnetic radiation. The phenomenon was first observed by 
Heinrich Hertz in 1887 [89] during experiments with radio waves, where he observed 
that ultraviolet light promotes the sparking between metal electrodes. Shortly afterward, 
Wilhelm Hallwachs, Hertz’s assistant, systematically analyzed the effect and demonstrated 
that ultraviolet light induces the loss of charge from a negatively charged metal plate, 
indicating the emission of negatively charged particles [90]. These findings challenged the 
classical wave model of light, which could not explain why electron emission depended 
on the frequency of the incident light rather than its intensity. 

Before Einstein proposed the quantization of light in 1905 [91], it was not understood 
why photoelectrons were emitted with low-intensity, high-frequency light but not with 
high-intensity, low-frequency light. Classical theory predicted that sufficiently intense 
light of any frequency should eject electrons and that the kinetic energy of emitted 
electrons should increase with intensity, but experiments contradicted both predictions. 
Einstein postulated that light is composed of particles called photons, each with an 
energy of ℎ𝜈, which could be fully transferred to an electron bound in a solid to induce 
its emission. Here, ℎ is Planck’s constant and 𝜈 is the frequency of the light. To eject 
an electron, the photon’s energy must be greater than the sum of the electron’s binding 
energy and the material’s work function. Therefore, the frequency of the photons, not 
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their number (intensity), determines whether electrons are ejected. Any remaining energy 
is converted into the kinetic energy of the emitted photoelectron: 

ℎ𝜈 = 𝐸kin + 𝐸bin + 𝛷S . (3.4) 

The material’s work function 𝛷S is given by the difference between the vacuum level 𝐸vac 
and its Fermi level: 𝛷S = 𝐸vac − 𝐸F. The vacuum level is defined as the energy of a free 
electron at rest outside the material, serving as a reference point for the kinetic energy 
of emitted photoelectrons. 

Einstein’s equation shows that if the photon energy ℎ𝜈 is known, measuring the kinetic 
energy 𝐸kin allows one to determine the binding energy of the core level from which 
the photoelectron was emitted. Based on this principle, Siegbahn developed the first 
spectrometer to measure atomic binding energies in 1956 [92–94]. He initially named the 
technique electron spectroscopy for chemical analysis (ESCA) (ESCA), but today, the 
term X-ray photoelectron spectroscopy (XPS) is more common. 

The process of photoemission is depicted in Figure 3.2 and can be described as a three-step 
process: 

1. Photoexcitation: A photon with energy ℎ𝜈, greater than the sum of an electron’s 
binding energy 𝐸bin and the sample’s work function 𝛷S, transfers its energy to a 
core electron, exciting it into an unoccupied electronic state with an energy above 
the vacuum level 𝐸vac. At this point, the electron has sufficient energy to leave the 
solid, but it is still physically located within the solid. 

2. Transport to the Surface: The excited electron travels towards the solid’s 
surface. During this transport, it may undergo elastic and inelastic scattering 
events, potentially losing energy. 

3. Escape into Vacuum: If the electron reaches the surface with sufficient kinetic 
energy, specifically, if its energy exceeds the vacuum level, it overcomes the surface 
potential barrier 𝛷S and is ejected into the vacuum. Electrons that suffered inelastic 
scattering on their way to the surface but still escape are detected at lower kinetic 
energies and contribute to the background signal as secondary electrons. 

To measure the photoelectron’s energy with the analyzer, the electron must overcome the 
analyzer’s work function. If the sample and the analyzer are in electrical contact, their 
Fermi levels align. As shown in the inset in Figure 3.2, to be detected in the analyzer, 
photoelectrons have to overcome the analyzer’s work function 𝛷A. Consequently, the 
measured kinetic energy is referenced to the analyzer’s work function, and measuring the 
photoelectrons’ kinetic energy provides no information about the sample’s work function, 
𝛷S. Because the analyzer’s work function is a known constant, measuring the kinetic 
energy of the photoelectrons allows a direct determination of the binding energy of the 
core level from which the electron was emitted. Einstein’s equation, as applied to XPS 
measurements, is therefore formulated as: 

𝐸kin = ℎ𝜈 − 𝐸bin − 𝛷A , (3.5) 
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Figure 3.2: (a) Principle of photoemission. (b) Auger-Meitner effect and (c) fluorescence illus-
trate relaxation processes refilling the core hole. The inset illustrates Einstein’s photoemission 
equation applied to XPS measurements in the energy diagram. Inspired by [95]. 

with 𝛷A being the analyzer’s work function. This relationship is illustrated in the energy 
level diagram in the inset of Figure 3.2. 

The three-step model serves as a useful approximation of the photoemission process; 
however, the details are more complex [96, 97]. For an accurate description, additional 
effects must be considered. For example, the emitted electron might interact significantly 
with the core hole it leaves behind [98, 99]. Furthermore, the photoemission process is 
often described using the sudden or frozen orbital approximation. This approximation 
assumes that the removal of the core electron happens instantaneously compared to the 
relaxation time of the remaining electrons. Therefore, the other electrons are considered 
frozen in their initial orbitals during the photoemission event, and they do not have time 
to relax or adjust to the presence of the core hole before the photoelectron leaves the 
sample. This approximation essentially ignores the effect of electronic relaxation on the 
binding energy associated with the main photoemission peak [100–103]. 

As illustrated in the top left of Figure 3.2, the emitted photoelectrons generate a spectral 
distribution. The secondary electrons contribute to a continuous inelastic background. 
Additional signals, often relatively broad and less pronounced than the core-level signals, 
are also observed and stem from relaxation processes that refill the core hole. The 
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hole created by the emitted photoelectron can be refilled in two ways: Either by the 
Auger-Meitner effect [104, 105], depicted in Figure 3.2(b), where an electron from a 
higher energy level relaxes into the core hole and the excess energy is transferred to 
another electron, which may then be emitted and measured in the spectrum. Or by 
fluorescence, depicted in (c), where the excess energy is released by the emission of a 
photon with energy ℎ𝜈.̃ 

For the Auger-Meitner process, the kinetic energy of the emitted Auger electron 𝐸kin, A-M 
depends only on the energy differences of the contributing energy levels and is independent 
of the initial excitation energy. For the example depicted, the measured kinetic energy 
would be: 

𝐸kin, A-M = 𝐸K − 𝐸L1 
− 𝐸L2,3 

− 𝛷A . (3.6) 

This property makes Auger signals distinguishable from photoemission signals; when the 
excitation energy ℎ𝜈 is varied, Auger signals remain at a constant kinetic energy, while 
photoemission signals shift linearly with ℎ𝜈. 

Precise energy analysis of the emitted electrons is fundamental to recording photoelectron 
spectra. The methods for this analysis can be classified into four main principles: resonant 
collision phenomena, time-of-flight experiments, dispersion by an electric or magnetic field, 
and retardation by a potential barrier [106, 107]. Of these, dispersion and retardation are 
the most commonly used in modern instrumentation. Retarding field analyzers function 
as a high-pass filter. While conceptually simple, they offer limited energy resolution. They 
are thus typically employed in techniques like LEED, where high resolution is not the 
primary goal (see Section 3.4). In contrast, electron spectroscopy requires higher energy 
resolution, for which dispersive field methods are ideal. These analyzers act as band-pass 
filters, selectively transmitting only electrons within a narrow energy window, allowing 
for a precise and direct measurement of the spectral distribution [106]. A hemispherical 
analyzer is often used for this task. The one used in this thesis is a CLAM IV analyzer 
from VG Microtech, as sketched in Figure 3.3. After being emitted from the sample, 
photoelectrons pass through three key components of the analyzer before detection: the 
lens system, the deflecting hemispheres, and the detector. The lens system consists of 
a series of electrostatic lenses that focus and retard the photoelectrons. These lenses 
define the acceptance angle and the inspected area on the sample, image the sample 
plane onto the hemisphere’s entrance slit, and, most importantly, retard or accelerate 
the photoelectrons to a fixed pass energy 𝐸pass before they enter the analyzer through 
an entry slit. 

The hemispherical analyzer can be understood as a spherical capacitor in which the 
outer hemisphere is held at a negative potential, 𝑉2, and the inner hemisphere at a 
positive potential, 𝑉1. This arrangement creates a radial electric-field gradient that causes 
electrons to disperse according to their kinetic energy as they traverse the analyzer. Only 
electrons with a kinetic energy 𝐸kin that matches a small energy window around the 
pass energy 𝐸pass will follow the central trajectory and reach the detector. The required 
voltages are determined by the relationship: 

(𝑟2 − 
𝑟1𝑒(𝑉2 − 𝑉1) = 𝐸pass ) , (3.7)

𝑟1 𝑟2 
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Figure 3.3: Sketch of the hemispherical analyzer installed at the experimental setup. The 
system consists of the lens system, the energy analyzer sphere, and the detector. Figure inspired 
by [108–110]. 

with the radius of the outer hemisphere 𝑟2 = 187 mm and the radius of the inner 
hemisphere 𝑟1 = 113 mm [111]. The mean radius of the analyzer, 𝑟0 = (𝑟1 + 𝑟2)/2 = 
150 mm, defines the central trajectory that electrons with kinetic energy 𝐸kin = 𝐸pass 
follow. Photoelectrons whose kinetic energy does not match the pass energy window will 
strike either the inner or outer hemisphere, depending on whether their kinetic energy 
is smaller or larger than the pass energy, respectively. The analyzer thereby acts as a 
band-pass filter. 

Due to the spherical nature of the electric field gradient, the shape of the entry slit 
is significant. While a curved entry slit that mimics the analyzer’s focal plane will be 
imaged as a straight line at the exit, a straight slit will be imaged as a curved line on the 
detector. Consequently, a straight slit offers greater angular acceptance but compromises 
energy resolution. For high-resolution XPS measurements, a curved entry slit is hence 
the optimal choice [112]. 

As indicated by the blue shade in Figure 3.3, the analyzer transmits electrons within a 
narrow energy window, ±𝛥𝐸(𝐸pass), centered around the pass energy, 𝐸pass. Accepting 
an energy interval rather than a single energy value allows for higher count rates. The 
axis parallel to the electric field gradient is therefore known as the energy-dispersive 
axis. 
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Reducing the pass energy narrows the energy window 𝐸pass ± 𝛥𝐸(𝐸pass), which improves 
the energy resolution. However, this simultaneously reduces the number of transmitted 
electrons, thereby lowering the signal intensity. A trade-off must therefore always be 
made between energy resolution and signal intensity [111]. Exit slits can also be inserted 
at the exit of the hemispheres to further improve energy resolution. The theoretical limit 
of the energy resolution of the analyzer, 𝛥𝐸ana, scales directly with the pass energy: 

(𝑤1 + 𝑤2 𝛼2
𝛥𝐸ana = 𝐸pass + 

2
) , (3.8)

4𝑟0 

where 𝑤1 and 𝑤2 are the widths of the entry and exit slits, respectively, and 𝛼 is half 
the acceptance angle of the electron cone at the entry slit [113–115]. 

To detect electrons across this energy window, the detector consists of a linear array 
of nine channel-electron multipliers (CEMs, often called short channeltrons) positioned 
along the energy-dispersive axis. 

Each CEM amplifies a single incoming electron into a detectable electronic pulse, providing 
a signal gain of 106 to 108 , which is then registered by a counting unit [116]. As shown 
in the inset of Figure 3.3, a channeltron consists of a horn-shaped tube coated with lead 
glass, a high-resistance, high-emissivity material that forms a continuous dynode. A high 
voltage of approximately 2 kV to 3 kV is applied between the entrance and exit of the 
channeltron. When an electron strikes the channeltron’s inner walls, secondary electrons 
are emitted. These secondary electrons are then accelerated down the tube by the 
potential difference. The curved geometry of the channel, which is much more complex 
than depicted in the figure, ensures they will strike the inner wall again, initiating 
an electron avalanche that multiplies the number of electrons with each subsequent 
impact [116]. 

3.2.1 Angle-Resolved X-ray Photoelectron Spectroscopy 
(ARXPS) 

As previously discussed, the IMFP determines the information depth that XPS can access. 
While photoelectrons with kinetic energies of only a few hundred electronvolts are already 
highly surface-sensitive due to their small IMFP (compare with Section 3.1), the surface 
sensitivity can be increased further. If the sample is rotated relative to the analyzer, as 
sketched in Figure 3.4, the effective escape depth (EED) from which photoelectrons can 
escape the sample decreases. While at normal emission the EED is on the order of the 
IMFP, at a grazing emission angle of 𝛩 = 60°, the EED is significantly reduced, thereby 
enhancing the contribution of the surface layers to the total signal [117]. 

Angle-resolved photoelectron spectroscopy (ARPES) is a general term that makes use of 
the angular dependence of photoemitted electrons in both the polar (𝛩) and azimuthal 
(𝛷) directions. Most commonly, the term ARPES refers to the study of electronic 
band structures, which involves mapping the electronic dispersion of the valence band 
in k-space. As will be discussed in Section 3.3, the angular distribution of diffracted 
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Figure 3.4: Principle of angle-resolved X-ray photoelectron spectroscopy (ARXPS). Measuring 
photoelectrons emitted at grazing angles effectively reduces the escape depth and increases the 
surface sensitivity compared to measuring at a normal emission angle. 

photoelectrons is also used in XPD to analyze the local structural arrangement. In this 
work, ARXPS is primarily used to resolve the layer arrangement of the topmost surface 
and interface layers of a sample. 

The EED, however, should not be confused with related concepts such as the information 
depth (ID), the electron attenuation lenght (EAL), or the mean escape depth (MED) [77, 
78]. While all are closely related, the EED is a simplified geometric approximation that 
neglects diffraction effects [117]: 

𝛬EED = cos (𝛩) ⋅ 𝛬IMFP . (3.9) 

This simple relation provides a good qualitative understanding of how grazing-angle 
measurements increase surface sensitivity and helps in the analysis of the stacking order 
in layered systems, which is the main application of angle-resolved spectroscopy in this 
thesis [118, 119]. 

3.2.2 XPS Data Analysis 

Quantitative analysis of XPS measurements typically involves fitting the measured 
spectrum to contributions from different chemical elements or a single element in different 
chemical environments. As sketched in Figure 3.2, spectral lines can be assigned to 
the electronic orbitals of the elements in the sample under investigation. For samples 
consisting of multiple elements, analyzing the relative intensities of these contributions 
enables the determination of the sample’s elemental composition. Databases such as the 
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one provided by NIST [120] help identify the elemental contributions observed in XPS 
spectra. 

Measured XPS spectra can be divided into two categories: 

• Survey spectra span a wide energy range and are used for the identification of 
the sample’s elemental composition. 

• high energy-resolution XPS spectra (HighRes) are recorded with high energy 
resolution over a narrow energy range corresponding to a specific core level. These 
spectra enable detailed analysis of the different chemical environments in which an 
element exists in the sample. 

Film thicknesses for thin adlayers or stacked-layer structures can be obtained from survey 
spectra. This is done either by using ARXPS or by analyzing the relative intensities 
of core levels from different elements [121–123]. These approaches are primarily based 
on the attenuation of photoelectron signals by the layers stacked above the emitting 
layer. However, this method is less precise in the monolayer or submonolayer regime, or 
when growth occurs in island-like rather than layer-by-layer growth. As submonolayer 
coverages are a primary focus of this thesis, film thicknesses were determined using 
Fadley’s approach for submonolayer coverage [124], as summarized by Zemlyanov et 
al. [125]. This approach is described in detail in the Appendix C, and depends on 
sample-dependent parameters, such as material densities, Scofield cross-sections, and 
photoelectron attenuation lengths. 

Spin-Orbit Coupling 

As depicted in Figure 3.5, a typical high-resolution XPS spectrum of a core level with 
non-zero angular momentum displays a characteristic doublet structure, separated by 
the spin-orbit splitting energy, 𝐸SOC. The details of the peak lineshapes and background 
contributions will be discussed later and are ignored here for simplicity. The example 
shown represents the Au 4𝑓 signal, which is investigated in detail in this thesis. Each 
bound electron is described by a unique set of quantum numbers, which define the 
stationary state in which the electron resides [126]. The states of electrons are described 
using two different notations: the X-ray notation (IUPAC notation) and the spectroscopic 
notation. The use of two different notations has historical origins; the spectroscopic 
notation was developed primarily by chemists, while the X-ray notation was developed by 
physicists [127]. Since XPS was established with significant contributions from chemistry, 
and Auger-Meitner electron spectroscopy (AES) was mainly developed by physicists, 
the X-ray notation is still commonly used to describe the Auger-Meitner process. In 
contrast, the spectroscopic notation is widely used to describe XPS spectra. A detailed 
description of these nomenclatures and how to convert between them is provided in the 
Appendix A.3. 

The principal quantum number, 𝑛, defines the energy level (or shell) an electron occupies. 
It can take integer values starting from 𝑛 = 1 for the most tightly bound electrons, 
with increasing values for energy levels farther from the nucleus. Each principal energy 
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Figure 3.5: Typical XPS spectrum of the Au 4𝑓 signal, the two peaks of a doublet are observed. 

level contains one or more subshells, which determine the shape of the electron’s spatial 
distribution. These are characterized by the angular momentum quantum number, 𝑙, 
which can take integer values from 0 to 𝑛 − 1. The orientation of the orbital angular 
momentum vector is described by the magnetic quantum number, 𝑚𝑙, which specifies 
its projection onto a defined axis (conventionally the z-axis) and can take integer values 
from −𝑙 to +𝑙. Lastly, the orientation of the electron’s spin (𝑠 = 1/2) is described by the 
spin magnetic quantum number, 𝑚𝑠, which can take values of 𝑚𝑠 = ± 1/2 [127, 128]. 

Each orbital (defined by 𝑛, 𝑙, 𝑚𝑙) can contain a maximum of two electrons, which must 
have opposing spins 𝑚𝑠 = ± 1/2 . Crucially, no two electrons in the same atom can 
have an identical set of all four quantum numbers (𝑛, 𝑙, 𝑚𝑙, 𝑚𝑠). This is the Pauli 
exclusion principle [129]. A detailed explanation of the quantum numbers is given in the 
Appendix A.1. 

Spin-orbit splitting in XPS arises because electrons in an atomic subshell with non-
zero orbital angular momentum (𝑙 > 0) experience an interaction between their orbital 
angular momentum (𝑙) and their intrinsic spin angular momentum (𝑠). This interaction 
couples the two momenta, meaning that 𝑚𝑙 and 𝑚𝑠 are no longer independent [130]. 
Consequently, a new set of quantum numbers is required to describe the electron’s state, 
defined by the total angular momentum, 𝑗. A single energy level splits into a doublet of 
two states with slightly different binding energies, distinguished by their 𝑗 value, which 
can take the values 𝑗 = 𝑙 ± 𝑠 = 𝑙 ± 1/2 . The orientation of the total angular momentum 
vector is described by the total magnetic quantum number, 𝑚𝑗, which runs in integer 
steps from −𝑗 to 𝑗. The set of quantum numbers describing an electron state under 
spin-orbit coupling is therefore (𝑛, 𝑙, 𝑗, 𝑚𝑗). 
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Each of these spin-orbit split states, characterized by a specific 𝑗 value, has a degeneracy 
of 2𝑗 + 1. This degeneracy, which corresponds to the number of possible 𝑚𝑗 values, is 
precisely the reason that the two components of a spin-orbit doublet in an XPS spectrum 
exhibit a distinct intensity ratio. For example, for a core hole in the Au 4𝑓 subshell 
(𝑙 = 3), the two possible 𝑗 values are 𝑗 = 3 + 1/2 = 7

2 and 𝑗 = 3 − 1/2 = 5/2 . The 
degeneracy of the 𝑗 = 7/2 state is 2(7/2) + 1 = 8, while the degeneracy of the 𝑗 = 5/2 
state is 2 ⋅ (5/2) + 1 = 6. The ratio of the number of available final states, and thus 
the expected intensity ratio of the corresponding XPS peaks, is therefore 8 ∶ 6, or 4 ∶ 3. 
Further details are given in the Appendix A.2. 

Chemical Shift 

A key advantage of XPS is its ability to resolve the different chemical environments in 
which an element exists within a sample. This ability arises from slight, environment-
dependent shifts in the measured binding energy, a phenomenon known as the chemical 
shift. This effect was discovered by Kai Siegbahn, for which he was awarded the Nobel 
Prize in Physics in 1981 [131]. 

A classic and instructive example is the C 1𝑠 core-level spectrum of the ethyl trifluo-
roacetate molecule, as displayed in Figure 3.6 [132, 133]. The molecule contains four 
carbon atoms, each in a distinct chemical environment. The origin of the chemical shift 
can be understood by considering the local electronegativity of the bonding partners. 
Valence electrons involved in a chemical bond are shifted towards the partner with the 
higher electronegativity. This displacement reduces the extent to which these valence 
electrons screen the nuclear charge for the remaining core electrons. Consequently, the 
core electrons experience a higher effective nuclear potential, which increases their binding 
energy, making them harder to remove. 

For example, the CF3 component is shifted by 𝛥𝐸 = 8.2 eV relative to the CH3 com-
ponent. By comparing the electronegativities on the Pauling scale, where higher values 
indicate stronger electron attraction (C: 2.55, H: 2.2, O: 3.44, and F: 3.98), it becomes 
clear that the observed trend in binding energy shifts correlates with the electronegativity 
of the bonding partners. 

While this concept often serves as a good rule of thumb, deviations exist [134, 135], 
especially in alloys. Au-Sn alloys, in particular, are well known for such unexpected 
shifts [136]. To determine core-level binding energies, the Fermi level (𝐸F) is the standard 
reference, requiring that the sample and spectrometer be in good electrical contact. 
Consequently, interpreting observed shifts in core-level binding energies is not simply a 
function of electronegativity but results from the interplay of several competing physical 
effects that can shift both the core levels and the alloy’s Fermi level relative to the pure 
elements [136]. For a system like AuSn, the most important factors include: 

• Alloy Fermi Level: An alloy forms a new, common Fermi level that is distinct 
from that of its pure constituents. Since all core levels are referenced to this new 𝐸F, 
the entire electronic ”energy ladder” shifts. Only if all core-level binding energies 
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Figure 3.6: The C 1𝑠 core level shifts of the ethyl trifluoroacetate molecule illustrate the shift 
in binding energy observed for carbon atoms in different chemical environments. Reproduced 
from [132, 133]. 

are referenced to this new Fermi level is a direct comparison to the binding energies 
of the pure elements meaningful. 

• Inter-Atomic Charge Transfer: If charge transfer occurs between alloying 
elements, it can significantly shift the Fermi level. This is especially true for metals 
with a low density of states (DOS) at 𝐸F. For example, Au has a DOS of only 
≈ 0.3 electrons close to 𝐸F, meaning even a small charge transfer can shift its Fermi atom⋅eV 
level by hundreds of meV. 

• Packing Density: Alloying often changes the interatomic spacing. An increase in 
density (compression) leads to stronger interatomic core-valence repulsion, which 
can shift core levels to lower binding energies. 

• Final State Effects: The measured binding energy is also affected by how 
efficiently the surrounding valence electrons screen the core hole created during 
photoemission. This screening efficiency can change dramatically upon alloying, 
leading to significant shifts in the binding energy. 

• Intra-Atomic Charge Transfer/Rehybridization: The occupancy of valence 
levels can change upon alloying. It has been observed that for AuSn alloys, an 
intra-atomic charge transfer from the Au 5𝑑 to the 6𝑠 level occurs. This process 
increases the binding energy of the Au core levels, offsetting the expected shift to 
lower binding energies that would result from inter-atomic charge transfer from 
the less electronegative Sn (1.96) to Au (2.54). 
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CHAPTER 3: THEORETICAL BACKGROUND 

A special case of binding energy shift, known as a surface core-level shift, is observed for 
atoms at the sample surface. These atoms experience a modified chemical environment 
due to their reduced number of bonding partners, a consequence of the broken symmetry 
at the surface [136, 137]. This effect was first observed for the Au 4𝑓 signal [138]. 

Background and Peak Shape 

The primary analytical focus of this thesis is on HighRes XPS spectra, which are fitted 
to quantitative models to identify different chemical states. A significant challenge 
in quantitative XPS analysis is selecting appropriate peak lineshapes and background 
models to identify different chemical states of an element. In the following, background 
models and peak shapes are discussed, before the fitting procedure is explained. 
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Figure 3.7: Comparison of the background shapes of the Tougaard background 𝐵T and the 
Shirley background 𝐵S. 

As previously discussed in Section 3.1, during photoemission, an electron excited from a 
core level may undergo inelastic scattering events on its way to the solid’s surface. These 
processes, which lead to kinetic energy losses and the creation of secondary electrons, 
generate a characteristic background in the measured spectrum. 

To model this background, two approaches are commonly used: the empirical Shirley 
background and the physically motivated Tougaard background. Figure 3.7 demonstrates 
the different characteristics of these two models. The Shirley background (𝐵S), repre-
sented by the blue dotted line, exhibits a step-like behavior, obtained by integrating 
the measured data over a defined energy range surrounding the peak. In contrast, the 
Tougaard background (𝐵T), represented by the dashed green line, has a shape derived 
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from the inelastic scattering cross-section, which naturally accounts for the energy loss 
tail and thus allows for a more physically meaningful analysis of asymmetric peaks 
(details on the signal’s peak shape will be discussed later). 

The Shirley background is calculated as: 

𝐵S(𝐸1) = 𝑘 ∫ 
𝐸2 

[𝐼(𝐸′) − 𝐼(𝐸2)] d𝐸′ , (3.10) 
𝐸1 

with 𝐸1 and 𝐸2 being the start and end points of the integration range, and 𝐼(𝐸′) being 
the measured intensity [139]. The Shirley background assumes a uniform energy loss 
function and is therefore best suited for approximately symmetric peaks, where the signal 
is well described by a line shape that is similar on the low- and high-binding-energy 
sides. In contrast, many core-level spectra, especially in metals and strongly interacting 
systems, exhibit asymmetric peaks due to lifetime broadening and many-body effects, 
which lead to an extended tail on the high-binding-energy side. 

The Shirley background does not approximate the sloping background behaviour of 
such asymmetric peaks well [140]. The Tougaard background, however, is based on 
the inelastic-electron scattering cross-section, providing a more physical model for the 
background and better accounting for the long inelastic tail underlying asymmetric 
core-level features: ∞ 

𝐵T(𝐸) = 𝜆(𝐸) ∫ 𝐾(𝐸, 𝑇 )𝐼(𝐸′) d𝐸′ . (3.11) 
𝐸 

Here, 𝑇 = 𝐸′ − 𝐸 is the energy loss, 𝜆(𝐸) is the IMFP, and 𝐾(𝐸, 𝑇 ) describes the 
probability that an electron of energy 𝐸 loses energy 𝑇 when traveling through the 
solid [141]. The product 𝜆(𝐸)𝐾(𝐸, 𝑇 ) is the inelastic-electron scattering cross-section, 
which can be approximated using various functional forms. One common form is: 

𝐵𝑇 𝜆(𝐸)𝐾(𝐸, 𝑇 ) = (3.12)
(𝐶 + 𝐶′𝑇 2)2 + 𝐷𝑇 2 , 

where the parameters 𝐵, 𝐶, 𝐶′ , and 𝐷 can be obtained from electron energy loss spec-
troscopy (EELS) [142]. 

Since the Tougaard model assumes that the characteristic inelastic tail becomes negligible 
at kinetic energies of approximately 30 eV to 50 eV below the main peak, and the integral 
in Equation (3.11) extends to infinity, practical approximations must be made. Commonly, 
HighRes spectra are not measured over such a broad energy range. It has been shown, 
however, that even for these limited ranges, modifying the Tougaard background by 
adding a polynomial term yields reasonably good fitting results [140, 143]. 

Photoelectrons emitted from a well-defined energy level should ideally produce a delta 
function, 𝛿(𝐸 − 𝐸bin), in the XPS spectrum. However, as discussed in Appendix B, 
intrinsic and extrinsic broadening effects cause the measured peak to have a finite width 
and a specific peak lineshape. Mathematically, the ideal delta function is convoluted 
with various broadening functions to generate the final measured signal. 
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The broadening due to the finite core-hole lifetime has a Lorentzian shape: 

1 𝜎L𝐿(𝐸; 𝐸0, 𝜎L) = ] , (3.13)
𝜋

[
(𝐸 − 𝐸0)2 + 𝜎2 

L 

where 𝐸0 is the center and 𝑓L = 2 ⋅ 𝜎L defines the full width at half maximum (FWHM) 
of the Lorentzian [144]. Thermal and instrumental broadening contributions are well 
described by a Gaussian function: 

1 −(𝐸 − 𝐸0)2 

𝐺(𝐸; 𝐸0, 𝜎G) = √ ⋅ exp ⎛ ⎞ , (3.14)
𝜎G 2𝜋 ⎝ 2𝜎G 

2 
⎠ 

√ 
with 𝑓G = 2 ⋅ 𝜎G 2 ln 2 ≈ 2.355𝜎G being the Gaussian FWHM [144]. All Gaussian 
contributions can be combined into a single effective Gaussian because the convolution 
of two Gaussians is itself a Gaussian, with a variance equal to the sum of the individual 
variances: 𝜎2 = + 𝜎2𝜎2 

G,2 [145]. The resulting peak shape, a convolution of aG,conv G,1 
Gaussian and a Lorentzian [146], is known as a Voigt profile: 

∞ 
𝑉 (𝐸; 𝐸0, 𝜎G, 𝜎L) = ∫ 𝐺(𝐸′; 0, 𝜎G)𝐿(𝐸 − 𝐸′; 𝐸0, 𝜎L) d𝐸′ . (3.15) 

−∞ 

While there is no simple analytical solution for the Voigt integral, it can be expressed 
as the real part of the Faddeeva function, which can be computed numerically [147]. 
However, the Lorentzian used in the Voigt profile is symmetric. For metals, the interaction 
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Figure 3.8: (a) Visualization of a Voigt profile 𝑉 as the convolution of a Lorentzian 𝐿 and a 
Gaussian 𝐺. (b) The Doniach-Šunjić profile plotted for different asymmetry parameters 𝛼. 

of the core hole with conduction electrons adds an asymmetry to the peak shape, creating 
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a tail towards lower kinetic energy (higher binding energy) [148]. This requires the use 
of asymmetric peak lineshapes like the Doniach-Šunjić (DS) lineshape [149]: 

cos [𝜋𝛼 + (1 − 𝛼) ⋅ arctan (𝐸−𝐸0 )]
𝐷𝑆(𝐸; 𝐸0, 𝛾, 𝛼) = 2 𝛾 . (3.16)

[(𝐸 − 𝐸0)2 + 𝛾2](1−𝛼)/2 

Here, 𝛼 is the asymmetry parameter. If 𝛼 = 0, the DS peak lineshape reduces to a 
Lorentzian profile, with the width parameter 𝛾 = 𝜎L. The DS profile presents challenges, 
most notably that its area is mathematically infinite. Therefore, when calculating peak 
areas, the integration must be performed over a finite energy range. 

As with the Voigt profile, its FWHM has no simple analytical solution and must be 
approximated. Empirically, by fitting the FWHM of DS profiles as a function of 𝛾 and 
the asymmetry 𝛼, it was found that: 

𝑓DS = 𝛾(2 + 𝛼 ⋅ 𝑏 + (𝛼 ⋅ 𝑐)4) , (3.17) 

provides a very good approximation, with 𝑏 = 2.5135 and 𝑐 = 3.6398, yielding an error 
of less than 2% for 𝛼 < 0.25. Further details are found in the lmfitxps documenta-
tion [150]. 

Since the DS profile accounts only for intrinsic broadening (lifetime and asymmetry), it 
must, as in the Voigt profile, be convoluted with a Gaussian to account for instrumental 
and thermal broadening. This convoluted Doniach-Šunjić-Gaussian profile is used to fit 
all HighRes core-level spectra in this thesis. 

Fitting Procedure and Software 

Fitting a mathematical model to experimental data requires an optimization procedure 
to determine the model’s parameters that achieve the best possible agreement with the 
measured spectrum. This optimization is performed by minimizing a target function, 
typically based on the residual, which is the difference between the measured spectrum 
𝐼(𝐸) and the model function 𝑀(𝐸, 𝒑). For XPS data, which are subject to Poisson 
counting statistics, the weighted residual should be minimized [151, 152]. The weighted 
residual 𝑅(𝑘) at each data point 𝑘 is given by: 

𝐼(𝑘) − 𝑀(𝑘, 𝒑) 𝑅(𝑘) = . (3.18)
√𝐼(𝑘) 

This weighting prevents the high-intensity peak regions from disproportionately influenc-
ing the fit. The quantity that the algorithm minimizes is 𝜒2 , the sum of the squares of 
these residuals: 

𝑁 𝑁 [𝐼(𝑘) − 𝑀(𝑘, 𝒑)]2 

𝜒2(𝒑) = ∑ [𝑅(𝑘)]2 = ∑ , (3.19)
𝐼(𝑘) 𝑘=1 𝑘=1 
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where 𝑁 is the number of experimental data points. To assess the goodness-of-fit, the 
reduced chi-squared is used: 

𝜒2(𝒑) 𝜒2 (𝒑) = (3.20)red 𝑁 − 𝑃 
. 

Typically, the number of independent parameters 𝑃 is small compared to the number of 
data points (𝑁 ≫ 𝑃), ensuring that 𝑁 − 𝑃 ≈ 𝑁. 

In this thesis, all model fitting and parameter optimization are performed using the 
Levenberg-Marquardt algorithm [153, 154]. While this fitting process is well defined, 
finding suitable software for XPS analysis is challenging. Most widely used tools are 
proprietary and limited to Windows operating systems, such as CasaXPS [155], Thermo 
Avantage [156], Unifit [157], and others [158–160]. Their proprietary, black-box nature 
prevents users from adapting the code or independently verifying the fitting algorithms. 
Key limitations in many commercial packages include the use of approximations for the 
Voigt and Doniach-Šunjić peak lineshapes and, crucially, a static approach to background 
subtraction. Typically, the background is calculated and subtracted before the peak 
fitting, which can introduce artifacts, especially for multi-component and asymmetric 
XPS peak signals. 

To overcome these limitations, a new open-source Python package, lmfitxps [150], 
was developed as part of this thesis. It is built upon the robust LMFIT Python library, 
which implements the Levenberg-Marquardt algorithm [161]. lmfitxps implements 
the background and peak-shape models discussed above. Its critical feature is the 
ability to include the background model in the optimization process and to optimize all 
background parameters simultaneously with the peak parameters, avoiding the issues of 
static background subtraction. 

Building on this package, a cross-platform graphical user interface, LG4X-V2 [162], was 
also developed to streamline the analysis workflow. This work was inspired by software 
developed by Hideki Nakajima [163]. The development of open-source tools is continued 
by Gwilherm Kerherve, who developed KherveFitting/LG4X-V3 and added significant 
new features to the software [164]. 

For all spectra fitted in this thesis, both the 𝜒2 
red and a plot of the normalized residual 

𝑅(𝐸) are provided. A good fit is indicated by a residual that is randomly distributed 
around zero and a reduced chi-squared value that approaches unity (𝜒2 → 1) [151, 165]. red 
A guiding principle in spectral fitting is to always constrain parameters within physically 
meaningful boundaries and to avoid adding components solely to improve the fit quality 
without physical justification [165]. To aid in model selection, information criteria can 
be used to balance the goodness-of-fit against model complexity [166–168]. 

Referencing of Binding Energies 

Determining absolute binding energies in XPS can be challenging, a topic that has 
been discussed extensively in the literature [169–171]. The gold standard for conductive 
samples that are in good electrical contact with the spectrometer is to measure the 
sample’s Fermi edge. As long as the spectrometer’s energy scale is linear, the Fermi 
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3.3 X-Ray Photoelectron Diffraction (XPD) 

edge provides a robust internal reference, with its inflection point defined as zero binding 
energy (𝐸bin = 0 eV). 

Figure 3.9(a) shows an experimentally measured Fermi edge. In this work, the Fermi edge 
was measured before and after each set of HighRes spectra using identical spectrometer 
and excitation source settings as for the measurement itself. The binding energy scale 
was then calibrated by fitting the Fermi edge with a model consisting of a Fermi-Dirac 
distribution convoluted with a Gaussian. 

The fit model is highly sensitive to the center position of the Fermi edge. This is 
demonstrated in Figure 3.9(b), where the reduced 𝜒2 

red is plotted for different center 
positions of the fit model applied to the data from Figure 3.9(a). This procedure enables 
precise and reproducible energy referencing. In addition, the width of the Gaussian used 
to broaden the Fermi-Dirac function provides a direct measure of the total experimental 
energy resolution, as detailed in Appendix B. 
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(a) Measured and fitted Fermi edge. (b) Binding energy calibration. 

Figure 3.9: (a) A measured Fermi edge is fitted with a model (red line) to precisely determine 
its energy position, defined as 0 eV binding energy. (b) The reduced chi-squared of the fit 
exhibits a parabolic shape with a minimum at the true Fermi edge position, demonstrating the 
high precision of the calibration method. 

3.3 X-Ray Photoelectron Diffraction (XPD) 

While XPS focuses on the energy and momentum of emitted photoelectrons, properties de-
scribed within the particle model, XPD utilizes the particle-wave duality of electrons [172]. 
This concept is also central to LEED, which will be discussed in Section 3.4. 

Although the basic principle is similar to X-ray photoelectron spectroscopy, the key 
difference is that X-ray photoelectron diffraction takes the wave characteristics of the 
emitted photoelectron into account. A photoelectron, emitted from a core level of a 
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so-called emitter atom, can scatter at the atoms surrounding the emitter, referred to as 
scatterers [173, 174]. This principle is illustrated in Figure 3.10(a). 

Figure 3.10: (a) Illustration of photoelectron diffraction. The primary wave 𝛹0 interferes with 
the (multiply) scattered waves 𝛹𝑗, resulting in an interference pattern containing structural 
information about the local environment of the emitter. (b) Intensity modulation in the 
experimental XPD pattern is observed as a function of the polar 𝛩 and azimuthal 𝛷 angles; 
each data point on the hemisphere corresponds to a single integrated XPS spectrum. Figures 
inspired by [175]. 

Considering a single emitted photoelectron wave, the unscattered, primary photoelectron 
wave, 𝛹0, interferes with the photoelectron waves, 𝛹𝑗, that have been elastically scattered 
at neighboring atoms. This creates a complex interference pattern that depends on the 
final emission direction, defined by the wavevector 𝒌 (or equivalently by the angles 𝛷 
and 𝛩). The resulting intensity modulation recorded by the detector is the square of the 
total wavefunction, which is the sum of all contributing waves: 

2 

𝐼(𝒌) = ∣𝛹0(𝒌) + ∑ 𝛹𝑗(𝒌)∣ . (3.21) 
𝑗 

The direct wave 𝛹0 is the component emitted from the source atom that travels straight 
to the detector. Each scattered wave 𝛹𝑗 is created by a fraction of the primary wave 
traveling first to a neighboring scatterer atom 𝑗 and is then diffracted towards the 
detector [176]. The direct wave, originating from the emitter at the origin, takes the form 
𝛹0 ∝ 1/𝑟 exp (𝑖𝑘𝑟). A wave scattered from an atom at position 𝒓𝑗 is likewise described 
as a spherical wave originating from that point, 𝛹𝑗 ∝ 1/|𝒓 − 𝒓𝑗| exp (𝑖𝑘|𝒓 − 𝒓𝑗|) [176]. 

The interference between 𝛹0 and 𝛹𝑗 at the detector is determined by the phase difference 
between them. This difference arises because the scattered wave travels a longer, different 
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3.3 X-Ray Photoelectron Diffraction (XPD) 

path to the detector than the direct wave. The path-length difference depends on both 
the scatterer’s location and the scattering angle. The resulting intensity modulations are 
therefore directly dependent on the interatomic distances and the geometric arrangement 
of the surrounding atoms. It is important to note that only elastic scattering preserves the 
phase coherence between 𝛹0 and 𝛹𝑗 (compare Section 3.1). In addition to the phase shift, 
the atomic scattering factor 𝑓𝑗(𝒌) defines the amplitude of scattered waves. It depends 
strongly on the energy, the scattering angle, and the element of the scattering atom [175, 
177, 178]. Furthermore, as sketched in Figure 3.10(a), the photoelectron wave undergoes 
refraction at the surface when leaving the sample due to the inner potential 𝑉0, which 
influences the angles at which the intensity maxima are observed [179]. Therefore, the 

R=0.08R=0.09

R=0.21

Figure 3.11: The high sensitivity of the XPD diffraction pattern to small changes in the 
photoelectron kinetic energy is demonstrated. In the top row, the energy range integrated to 
obtain the corresponding XPD pattern below is marked in red. The difference between the 
resulting XPD patterns is quantified by the R-factor, which is a factor of 5 larger than the 
agreement between experimental and simulated patterns observed in Section 6.1.4. 

interference condition changes as either the measured emission angle or the photoelectron 
energy is varied. The latter can be achieved, for example, by measuring emission from 
a different core level or by changing the photon energy ℎ𝜈. Measuring the angular 
dependence of the photoemission intensity modulations allows a precise determination 
of the local structural environment of the emitter atom. This measurement principle is 
shown in Figure 3.10(b). The resulting hemisphere of intensity modulations is plotted 
as a function of the polar angle 𝛩 and the azimuthal angle 𝛷. Each data point on the 
hemisphere represents an integrated HighRes spectrum. 

In contrast to most other diffraction methods, XPD does not rely on long-range periodicity. 
Due to its high sensitivity to the local environment, it is suitable for systems with only local 
order, such as small atomic clusters. Furthermore, XPD offers chemical resolution. Since 
the diffracted photoelectron is emitted from a specific core level within the sample, rather 
than being generated by bombardment with an external electron beam, the technique is 
element-specific. This chemical sensitivity allows for determining the contribution of a 
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specific chemical state to the diffraction pattern, enabling a precise, element-resolved 
analysis of the local structure [180–182]. 

Figure 3.11 demonstrates the high sensitivity of the diffraction pattern to the photo-
electron’s kinetic energy. Although all three patterns shown have identical rotational 
symmetry, apparent differences are visible despite only minor differences in the integrated 
energy range of the measured photoelectron spectrum. To generate each pattern, the 
photoemission intensity was integrated over a narrow energy interval of only 120 meV 
centered on the stated kinetic energy. This interval is sufficiently narrow to justify 
calculating only a single energy step using the Electron Diffraction in Atomic Clusters 
(EDAC) algorithm, while averaging four experimental data points. For the XPD patterns 
presented in this work, the energy interval was chosen to be a narrow window of 120 meV, 
centered on the maximum intensity of the respective core-level peaks, namely Au 4f7/2 
and Sn 4d5/2. 

3.3.1 XPD Data Analysis 

Acquiring XPD patterns is often time-consuming, with the duration depending on the 
desired angular resolution. A complete pattern, like that shown in Figure 3.10, consists 
of 7200 individual XPS spectra measured at different azimuthal (𝛷) and polar (𝛩) angles. 
All presented patterns were recorded using an excitation energy of ℎ𝜈 = 240 eV. The 
angular resolution covered a polar angle range of 2° ≤ 𝛩 ≤ 72° in steps of 𝛥𝛩 = 2° and 
a full azimuthal range of 0° ≤ 𝛷 < 360° with increments of 𝛥𝛷 = 1.8° for the Sn 4d 
XPD pattern. For the Au 4f measurement, a reduced polar angle range of 6° ≤ 𝛩 ≤ 72° 
was used due to limited beam time. 

During the measurement of an XPD pattern, the incident photon flux decreases over 
time due to the intensity decay of the synchrotron radiation, as discussed in Section 4.3.3. 
Therefore, after subtracting a Shirley background from each spectrum, a normalizing 
anisotropy function, 𝜒(𝛩, 𝛷), was applied to the data for each polar angle 𝛩. More 
advanced background models are not implemented in the XPD software, and their effect 
on the resulting XPD pattern is negligible, as different backgrounds primarily generate a 
constant offset that is removed by the anisotropy function. This function is defined as: 

𝐼(𝛩, 𝛷) − 𝐼(𝛩) 𝜒(𝛩, 𝛷) = , (3.22)
𝐼(𝛩) 

where 𝐼(𝛩, 𝛷) is the integrated intensity measured at the emission direction defined by 
the angles 𝛩 and 𝛷, and 𝐼(𝛩) represents the mean intensity averaged over all azimuthal 
angles 𝛷 for that specific polar angle 𝛩 [183]. The anisotropy function effectively flattens 
the measured ”ring” for each polar angle 𝛩 of the XPD pattern. As a result, as seen in 
Figure 3.12(c), the diffraction pattern is already clearly visible after this normalization. 
However, artifacts such as cracks can sometimes appear, often attributed to poor electrical 
grounding of the sample at certain rotation angles. In the pattern shown, such a crack is 
visible at 𝛷 ≈ 230°. These artifacts are removed either by applying symmetry operations 
to small azimuthal angle ranges where cracks appear or by normalizing the intensity 
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3.3 X-Ray Photoelectron Diffraction (XPD) 

(a) (b) (c)

(d) (e) (f)

background subtraction

crack removal symmetry operation

anisotropy function

rotation

raw data

Figure 3.12: Overview of the post-processing steps from measured raw data in (a) to the 
presented XPD pattern in (f), demonstrated for the Sn 4d XPD pattern. 

of affected individual spectra relative to their neighbors. The resulting XPD patterns 
are further processed by applying a threefold symmetrization operation to the entire 
XPD pattern. This step averages and interpolates the data based on the known surface 
symmetry. Finally, the pattern is often rotated to align its coordinate system with that 
of the simulated crystal structure for direct comparison. 

Simulating XPD Patterns 

A direct, analytical reconstruction of the sample’s atomic structure from an XPD pattern 
is generally not feasible. This is because the phase information of the electron wave is lost 
in the intensity measurement, as 𝐼(𝒌) is the squared modulus of the total wavefunction. 
Therefore, a trial-and-error approach is used, in which diffraction patterns for different 
test structures are calculated and compared with experimental data. The agreement 
between the experimental and computed patterns is then evaluated to find the best 
match between the proposed model and the structure of the measured sample [184]. To 
quantify the agreement between the experimental (𝜒exp) and simulated (𝜒sim) patterns, 
Pendry’s reliability factor (R-factor) is used: 

(𝛩, 𝛷) − 𝜒sim(𝛩, 𝛷)]2∑𝛩,𝛷 [𝜒exp
R = . (3.23)

(𝛩, 𝛷) + 𝜒2 (𝛩, 𝛷)] exp sim∑𝛩,𝛷 [𝜒
2 
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Figure 3.13: Flow chart of the genetic algorithm with the evolution of the R-factors for the 
best set of test structures. 

The R-factor ranges from 0 ≤ R ≤ 2, where R = 0 indicates perfect agreement, R = 1 
indicates no correlation, and R = 2 corresponds to perfect anticorrelation [185]. The 
structural parameters of the test structure are iteratively varied to minimize the R-
factor. 

To simulate the XPD patterns, the EDAC algorithm was used [186]. The algorithm 
calculates the multiple scattering of electron waves at the atomic potentials within a 
cluster of atoms. These atomic potentials are approximated using a muffin-tin model [187], 
and the scattering is calculated up to the 20th order to take into account all significant 
scattered photoelectron waves 𝛹𝑗 [186]. The simulation cluster includes all atoms 
surrounding the emitter that are required for the calculation to converge. Specifically, it 
must contain all atoms for which the multiple-scattering amplitude of the photoelectron 
wave significantly contributes to the resulting interference pattern. The cluster size 
is typically defined by a radius 𝑅max ≈ 1.5𝛬IMFP [186], where the inelastic mean free 
path (𝛬IMFP) is calculated using the TPP-2M formula, compare Equation (3.3). The 
EDAC code also allows for the use of a paraboloidal cluster for emitters near the surface. 
This shape is a computational optimization; it excludes atoms that are geometrically 
distant and cannot be reached by an electron undergoing multiple scattering processes 
before leaving the solid within a total path length of 𝑅max. To calculate the multiple 
scattering of electron waves, the EDAC algorithm solves for the exact Green’s function 
propagator iteratively. The calculation requires ≈ (10/3)⋅𝑁2 ⋅(𝑙max + 1)3 multiplications 
per iteration, where 𝑁 is the number of atoms in the cluster and 𝑙max ∝ 𝑘𝑟mt is the 
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maximum significant angular momentum needed for convergence, with 𝑘 being the 
electron momentum and 𝑟mt being the muffin-tin radius of the scatterers [186]. 

To find the optimal structure, a genetic algorithm is used to minimize the R-factor, 
thereby systematically improving the match between the simulated and experimental 
diffraction patterns [188, 189]. The principle of the genetic algorithm is illustrated in 
the flowchart in Figure 3.13. The process begins with an initial structural model (the 
start structure), which defines the atomic positions and their allowed ranges of structural 
variations. Each variable structural parameter of the initial structural model serves as a 
gene, while the allowed range of the parameter defines the possible traits for that gene. 

From the initial structural model, a set of initial candidate structures is generated 
through random variation. For each candidate structure in the set, the corresponding 
XPD pattern is calculated using EDAC, and its agreement with the experimental data is 
quantified using the R-factor. Based on the R-factors, a subset of the best-agreement 
structural models is identified. As long as the termination criterion has not been met, a 
new generation of candidate structures is created. This is achieved either by randomly 
selecting pairs of best structures and combining their genes (crossover) or by randomly 
varying existing structures (mutation). This new set of candidate structures is then used 
for the next round of EDAC calculations and R-factor analysis. 

The operations within the genetic algorithm (mutation, crossover, and variation) can 
potentially modify atomic positions in ways that violate known periodicity or rotational 
symmetries of the sample, e.g., as determined previously by LEED measurements. To 
prevent this, structural constraints must be imposed before running the algorithm. 
This is typically accomplished by grouping symmetry-equivalent atoms and restricting 
their parameters to move in unison, thereby preserving properties such as unit-cell 
periodicity. 

3.4 Low-Energy Electron Diffraction (LEED) 

Nearly every ultra-high vacuum (UHV) chamber used for surface science is equipped 
with a LEED system because it provides rapid insight into the surface’s periodicity 
using a reliable, compact experimental setup. Electron diffraction is based on particle-
wave duality, first postulated for massive particles by de Broglie in 1924 [172]. This 
was experimentally confirmed shortly thereafter by Davisson and Germer [190] and by 
Thomson [191] in diffraction experiments. Low-energy electrons are highly suitable for 
surface-sensitive measurements due to their short IMFP, especially in the energy range 
of 30 eV to 200 eV, as discussed in Section 3.1. The associated de Broglie wavelength: 

ℎ𝜆 = , (3.24)
√2𝑚e𝐸kin 
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ranges from 2.2 Å to 0.9 Å, enabling the resolution of interatomic distances [76, 192]. 
When electrons are accelerated onto a well-ordered sample, elastically backscattered 
electrons interfere constructively if the 2D Laue condition is satisfied: 

𝑮ℎ𝑘 = 𝒌𝑓 − 𝒌0 . (3.25) 

Here, 𝒌0 and 𝒌𝑓 are the wave vectors of the incident and scattered electrons, respec-
tively [193]. 𝑮ℎ𝑘 is a two-dimensional reciprocal lattice vector of the sample’s surface 
lattice, given by: 

𝑮ℎ𝑘 = ℎ ⋅ 𝒂∗ + 𝑘 ⋅ 𝒃∗ . (3.26) 

The vectors 𝒂∗ and 𝒃∗ are the reciprocal lattice vectors corresponding to the real-space 
lattice vectors 𝒂 and 𝒃, which define the sample’s surface lattice in real space. ℎ and 𝑘 
are the Miller indices that specify positions in reciprocal space. 

The Laue condition can be visualized using the Ewald sphere construction, shown in 
Figure 3.14. For a two-dimensional lattice, the periodicity perpendicular to the surface 
is indefinitely large; this is represented by continuous lattice rods extending from the 
reciprocal lattice points, marked by yellow dots in Figure 3.14(a). The Ewald sphere is 
constructed as follows: The wavevector of the incident electrons, 𝒌0, connects the origin 
of the reciprocal lattice to the center of the sphere, and its length defines the sphere’s 
radius. As the Ewald sphere is defined in reciprocal space, its radius scales inversely 
with the de Broglie wavelength (|𝒌0| ∝ 1/𝜆). Since only elastically scattered electrons 
preserve the phase coherence required for interference, LEED exclusively considers elastic 
scattering. Consequently, the wavevector of a scattered electron, 𝒌𝑓, has the same length 
as the incident wavevector, |𝒌𝑓| = |𝒌0|. Every intersection of the lattice rods with the 
Ewald sphere fulfills the Laue condition and corresponds to the position of a diffraction 
spot in the measured LEED pattern. 

In contrast to grazing-incidence techniques such as reflection high-energy electron diffrac-
tion (RHEED), in LEED the incident electron beam is normal to the sample surface, 
simplifying the Ewald construction. Because the magnitude of the incident wavevector 
|𝒌0| determines the Ewald sphere’s radius, adjusting the electron energy varies this radius. 
This, in turn, changes the number of intersections with the reciprocal lattice rods and 
enables higher-order spots to be observed at higher beam energies. As illustrated in 
Figure 3.14(b), the measured LEED pattern is a two-dimensional projection of these 
intersections. 

Thus far, we have considered an ideal two-dimensional surface lattice with no periodicity 
in the direction perpendicular to the surface. In reality, the sample consists of many 
atomic layers; accounting for three-dimensional periodicity modifies this simple picture. 
Because of the short IMFP of low-energy electrons, the topmost 3 to 5 layers dominate 
the LEED pattern. Nevertheless, the three-dimensional periodicity of the bulk crystal 
produces an intensity modulation along each lattice rod. Consequently, the intensity of 
each diffraction spot varies with electron energy. Additionally, multiple scattering events 
and the atomic basis at each lattice point further contribute to this energy-dependent 
intensity modulation. 
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(a) (b)

Figure 3.14: (a) The intersections of the lattice rods with the Ewald sphere can be observed 
as spots in the LEED pattern. (b) The two-dimensional cut along the green line in (a). In 
the top half, the two-dimensional projection of the Ewald sphere with the position of the rod 
intersections is shown. Spots in the reflection pattern are labeled using their Miller indices (ℎ𝑘). 
Adapted from [194]. 

Analogous to the analysis of XPD patterns described in Section 3.3, the intensity 
modulation of LEED spots can be used to determine the local atomic structure of the 
sample. This analysis, which involves recording the energy-dependent intensity of LEED 
spots by measuring 𝐼(𝐸) curves for each spot, is known as IV-LEED [76, 192, 193, 195]. 

A typical LEED setup is shown in Figure 3.15. It consists of an electron gun, in which 
electrons are emitted from a hot cathode, focused by a Wehnelt cylinder, and accelerated 
by an anode. An additional lens system provides further focusing of the electron beam. 
The cathode is biased at a negative voltage −𝑉 relative to the sample, which is typically 
held at ground potential. This potential difference accelerates the electrons toward the 
sample, and their resulting kinetic energy upon reaching it is 𝐸kin = e ⋅ 𝑉. 

A four-grid energy filter is installed in front of the fluorescence screen, with the first 
grid grounded so that the scattered electrons experience a field-free region as they travel 
from the sample towards the fluorescence screen. A suppressor voltage of −(𝑉 − 𝛥𝑉 ) is 
applied to the second and third grids, which act as a high-pass energy filter, rejecting 
electrons that have scattered inelastically and lost kinetic energy. The fourth grid is 
grounded, screening the suppressor grids from the high positive voltage (≈ 6 kV) applied 
to the fluorescent screen. The concentric, spherical geometry of the grids and screen 
reduces distortions in the recorded LEED pattern, providing an accurate projection of 
reciprocal space. For normal incidence, the (00) spot, the specularly reflected beam, 
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Figure 3.15: Schematic of the LEED setup, consisting of the electron gun with the focusing 
lenses, the four-grid energy filter system, and the fluorescent screen where the LEED pattern 
can be observed. Adapted from [196] 

which is the most intense, is blocked by the electron gun, improving the visibility of 
fainter higher-order diffraction spots. LEED patterns are typically recorded with a 
charge-coupled device (CCD) camera that captures images of the fluorescent screen 
through a viewport. 

3.5 Scanning Tunneling Microscopy (STM) 

STM is a powerful tool for investigating the electronic and structural properties of 
solid-state surfaces. An STM produces topographic images of conductive sample surfaces 
with up to atomic resolution. The technique was developed by Gerd Binnig and Heinrich 
Rohrer in 1981, for which they were awarded the Nobel Prize in Physics in 1986 [197–199]. 
For STM measurements, a sharp metal tip is brought into close proximity to the sample 
surface, within 1 nm. The schematic of an STM setup is shown in Figure 3.16. This small 
gap represents a potential barrier for electrons. However, due to quantum-mechanical 
tunneling, electrons can pass through this finite barrier. Thus, despite the gap, a tunneling 
current 𝐼T can be established. This tunneling current is exponentially dependent on both 
the potential barrier height (controlled by the bias voltage) and the barrier width (the 
tip-sample distance) [200, 201]. This exponential dependency makes the tunneling current 
highly sensitive to both parameters. The tip is mounted on a piezoelectric tube scanner 
that uses the inverse piezoelectric effect to control its position [202]. STM tips used in 
this thesis are made from tungsten wire via electrochemical etching in sodium hydroxide 
(NaOH), with the detailed procedure being described in [203]. To record an image, the 
controller moves the piezoelectric tube to raster the tip line by line across a predefined 
area of the sample. The measured data are then processed to generate topographic 
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images of the rastered area. The STM can be operated in two modes: the constant 
height and constant current modes. In this work, all presented data were recorded in 
constant-current mode. In this mode, a feedback loop adjusts the tip’s 𝑧-position to 
maintain a constant tunneling current. The voltage applied to the piezo to change the tip 
height 𝑧 is recorded at each raster point and then converted into an apparent height. As 
will be shown later, this apparent height does not necessarily correspond to the surface’s 
geometric height. 

A gain parameter regulates the feedback loop. The gain parameter must be set high 
enough for the controller to quickly adjust the tip’s position during scanning to avoid 
crashing into the sample. However, if the gain is set too high, the feedback loop becomes 
overly sensitive, leading to high-frequency oscillations of the tip. 

The STM is extremely sensitive to external vibrations and therefore requires advanced de-
coupling systems to prevent vibrational noise from affecting the measurements. Typically, 
the entire UHV chamber is decoupled from the building’s foundation by a spring and 
damper system. Internally, an eddy-current damping system is often used to decouple 
the measurement stage from the UHV chamber itself. 

Figure 3.16: Schematic of an STM experimental setup. An atomically sharp tip, positioned 
by a piezoelectric tube scanner, rasters across the sample surface. The controller maintains a 
constant tunneling current between the tip and sample, generating a real-space topographic 
image of the surface. 

3.5.1 Physical Phenomena in STM 

The basic principle of STM operation is the quantum mechanical tunneling effect, 
first theoretically formalized by R.H. Fowler and L. Nordheim in 1928 [204]. They 
analyzed electron field emission and demonstrated that electrons have a finite probability 
of tunneling through a one-dimensional surface barrier, from which they derived the 
corresponding emission current. In the following, the basic model of the tunneling 
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effect through a one-dimensional barrier, as depicted in Figure 3.17, is explained, closely 
following the explanation given in [205]. The tunneling junction consists of three regions: 

sample

vacuum
barrier

tungsten tip

Figure 3.17: Sketch of the tunnel barrier between tip and sample. The Fermi level of the 
sample is shifted by the bias voltage 𝑈T. The electron’s wavefunction, depicted in blue, decays 
exponentially in the vacuum barrier between the tip and the sample; nevertheless, the tunneling 
process is considered elastic, so the electron’s wavefunction frequency is conserved during 
transmission. 

the tungsten tip, the sample, and the vacuum barrier separating them. Classically, 
electrons cannot cross this potential barrier from the tip to the sample or vice versa. In 
quantum mechanics, however, electrons have a finite probability of tunneling through the 
barrier. As illustrated in blue in Figure 3.17, the electron wavefunction 𝜓 extends across 
all three regions, penetrating the tunneling barrier. While the tip and sample share the 
same vacuum energy level, they typically have different work functions (𝛷T, 𝛷S) and Fermi 
levels (𝐸F

T , 𝐸F
S ). Additionally, applying a bias voltage 𝑈T to the sample shifts its energy 

levels relative to the tip. By applying a positive sample bias, lowering 𝐸F
S , tunneling 

from the tip’s filled states to the sample’s empty states is enabled. Conversely, applying 
a negative sample bias of −𝑈T raises 𝐸F

S , leading to tunneling from the sample to the 
tip. To mathematically describe the tunneling process, it is reduced to a one-dimensional 
problem. Assuming identical work functions of sample and tip (𝛷T = 𝛷S = 𝑉0) and no 
applied bias voltage (𝑈T = 0 V). The vacuum tunneling barrier is thereby of height 𝑉0. 
Schrödinger’s equation describes the problem: 

∂2
[− 

ℏ2 

∂𝑧2 + 𝑉 (𝑧)]𝜓(𝑧) = 𝐸𝜓(𝑧) , (3.27)
2𝑚 

40 



3.5 Scanning Tunneling Microscopy (STM) 

Because the potential is different in these three regions (tip, sample, and vacuum barrier), 
the Schrödinger equation must be solved separately for each region using a suitable 
ansatz: 

⎧𝐴𝑒𝑖𝑘𝑧 + 𝑅𝑒−𝑖𝑘𝑧, 𝑧 < 0 (tip){ 
𝑒𝑖𝑘𝑧 + 𝑅v𝑒−𝑖𝑘𝑧 𝜓(𝑧) = 𝐴v , 0 ≤ 𝑧 ≤ 𝑑 (vacuum barrier) (3.28)⎨{𝑇 𝑒𝑖𝑘𝑧 ⎩ , 𝑧 > 𝑑 (sample) 

The constants are determined using the continuity conditions for the wavefunction and 
its first derivative at the boundaries of the three regions, from which the tunneling 
probability 𝑇 (𝐸) can be derived. For a wide and high potential barrier, the tunneling 
probability has an exponential dependence on the barrier width 𝑑: 

𝑇 (𝐸) ∝ exp(−2𝜅𝑑) , (3.29) 

with 𝜅 ∝ √𝑉0 − 𝐸 being the inverse decay length, which depends on the barrier height 
𝑉0. The tunneling current 𝐼T is proportional to this probability and therefore also 
decreases exponentially with increasing gap width 𝑑 and barrier height 𝑉0. 

While this simple model illustrates the basic principle of quantum tunneling, it neglects 
that the sample and tip are typically made of different materials and that a bias voltage 
𝑈T is applied. Additionally, the tip and sample are not limited to a single electronic 
state; their electronic structures are described by their respective DOS. To accurately 
describe the tunneling process, advanced models of the STM tunneling contact are 
required. The first more accurate description was formulated by Bardeen, who discussed 
the tunneling between two metals with an oxide layer in between as a many-particle 
problem in 1961 [206]. Tersoff and Hamann later, after the invention of the STM, applied 
Bardeen’s groundwork to the tunneling process in STM [207]. They showed that for 
a tip with an 𝑠-wave-like state at its apex, meaning the tip’s electronic wavefunction 
is spherically symmetric and localized at its outermost atom, the tunneling current is 
proportional to the sample’s local density of states (DOS) at the Fermi level, evaluated 
at the position of the tip 𝒓0: 

𝐼T ∝ ∑ |𝜓𝜈(𝒓0)|2𝛿(𝐸𝐹 − 𝐸𝜈) ≡ 𝜌𝑆(𝐸𝐹, 𝒓0) , (3.30) 
𝜈 

where 𝜓𝜈 are the wavefunctions of the sample [207]. The apparent height recorded in 
constant-current mode, therefore, does not exclusively represent the geometric topography. 
Instead, the feedback loop maintains a contour of constant tunneling current, which is 
proportional to the sample’s DOS integrated over the energy range defined by the bias 
voltage. Thus, the apparent height measured in STM is a convolution of the geometric 
topography of the sample and its local electronic structure. 

It is worth noting that the Tersoff-Hamann approximation described above is valid only 
for very small bias voltages and low temperatures and is not applicable, for example, to 
semiconductors [208]. In the literature, many other descriptions of the STM tunneling 
process can be found. Notably, Chen generalized the Tersoff-Hamann approach to include 
tip orbitals with higher angular momentum, showing that localized 𝑝𝑧 and 𝑑𝑧2 tip orbitals 
are crucial for achieving true atomic resolution [209]. These orbitals are prominent in 
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𝑑-band metals such as platinum, iridium, or tungsten, which explains their popularity 
as STM tip materials. Further theoretical descriptions are found in the literature, for 
example, those that use Green’s functions [205], model the tip as a cluster of atoms [210], 
or apply molecular orbital theory to the tunneling contact [211]. 

3.5.2 STM Image Analysis 

Preparing an atomically flat surface and aligning it perfectly with the STM’s scanning 
plane is nearly impossible. Consequently, raw STM data typically exhibits a global tilt. 
Furthermore, the data are often affected by experimental artifacts, such as electronic 
noise, external vibrations, and distortions due to piezo creep, a slow, gradual drift in 
the piezoelectric scanner’s position after a voltage change. A thermal drift between 
consecutive images is also common. 

To analyze the STM data, post-processing methods such as plane subtraction, data 
leveling, and drift, as well as line-by-line corrections, are necessary. The Gwyddion 
software was used for all post-processing and for extracting quantitative results, such as 
lattice constants and periodicities [212]. 

Z-correction 

To correct the sample’s tilt, a plane leveling correction is applied. In the top row of 
Figure 3.18, the raw STM data is displayed; the height profile of the step edge clearly 
shows a sloping linear background. To remove the tilt, the data are leveled by subtracting 
a plane: 

𝑧 ̃ = 𝑧 − (𝑎𝑥 + 𝑏𝑦 + 𝑐) . (3.31) 

This method is only effective for a linear tilt of the entire image plane; it does not correct 
non-linear distortions between the height coordinate 𝑧 and the lateral position (𝑥, 𝑦). In 
addition to the global tilt of the sample, the measurement principle of STM contributes 
to further instrumental distortions. An STM image is recorded line by line. The tip 
scans horizontally in what is called the fast-scan axis, as marked by the red arrow in 
Figure 3.18. Due to the rapid scan speed along this axis, measured distances along this 
axis are largely unaffected by drift. Since the entire frame often requires several minutes 
to complete, the vertical axis used to stack the lines is consequently referred to as the 
slow-scan axis, as marked in the figure. Each line is typically scanned twice: once from 
left to right and again on the return path from right to left. The data from these two 
scans are saved as separate images, referred to as the forward and backward images, 
respectively. Sometimes, due to an inhomogeneous tip shape, one scan direction offers 
significantly better resolution and fewer scan artifacts. The entire image frame is usually 
scanned from bottom to top, called the trace-up scan, and then subsequently from top to 
bottom, called the trace-down scan. One therefore obtains four images of each scanned 
area: the trace-up and trace-down scans, each scanned forward and backward. 

42 



2 

1 

o<( 0 
N 

3 

I 2 

1 

0 
4 8 12 

x [nm] 

3.5 Scanning Tunneling Microscopy (STM) 

raw
data

leveled
data

fast-scan

slow-
scan

Figure 3.18: Atomically resolved STM image of a single atomic step. In the top row is the 
image before correction, and in the bottom row is the image after data correction via plane 
leveling. The extracted height profiles shown on the right indicate the improvement, going from 
a tilted step to a step with flat terraces after correction. 

XY-correction 

The obtained square STM image usually does not correspond to a square area of the 
sample due to instrumental drift. This becomes especially evident when comparing 
consecutive measurements. After scanning an up- and down-scan image of the same area, 
the images are not identical due to thermal and piezoelectric drift [213]. Piezo drift is 
most pronounced immediately after moving the tip over large distances, as illustrated by 
the two consecutive images in Figure 3.19. As is evident, the up-scan image in the top 
row differs from the subsequent down-scan image, not only in the scanned area but also in 
the distortion of the atomic features. Directly after changing the measurement position, 
one often observes non-linear piezo drift for several minutes, after which the drift becomes 
almost perfectly linear, as shown in Figure 3.19. If the STM tip is kept at the same 
position for an extended period, the drift rate often decreases significantly, sometimes 
becoming negligible. Drift correction can be applied by measuring a known feature, 
such as the lattice periodicity (known from LEED measurements), and calculating its 
measured distortion compared to the expectation [214]. Alternatively, if the scanner is 
well-calibrated, the drift vector can be calculated by tracking a distinct feature across 
consecutive images, though this method does not account for piezo miscalibration. In 
this thesis, corresponding LEED measurements were consistently available, allowing for 
the correction of both the drift and any small piezo miscalibrations. 
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Figure 3.19: Two consecutive images of the same region are shown. Due to linear piezo drift, 
the inspected area shifts between and during the measurement of both images. After applying 
drift correction, the structural details in both images match when overlaid. 

Line correction 

The state of the tip apex might change during scanning, causing an abrupt vertical 
shift 𝛥𝑧 between adjacent scan lines. If this change does not significantly influence 
the electronic states involved in the tunneling process, it simply introduces an offset 
in the absolute height value 𝑧 of subsequent lines. To address this, STM images are 
often corrected using line-by-line correction methods. Various methods are used to find 
representative heights and slopes for each scanned line, which are then used to correct 
the line. Methods such as calculating the median height 𝑧 ̃ or the mode value of the 
height, as well as using polynomial fitting, can be applied [212]. However, great care 
must be taken when applying correction methods that include a slope or higher-order 
polynomials to avoid introducing artifacts or removing relevant details [215, 216]. 

Determining the atomic lattice 

To determine lattice constants and periodicities from atomically resolved STM data, a 
combination of reciprocal-space methods is used. A 2D Fast Fourier Transform (FFT) 
is applied to the real-space STM image to generate a reciprocal-space image, revealing 
the data’s primary periodicities. This allows for direct comparison with periodicities 
observed in LEED measurements. In addition, the autocorrelation function (ACF) and 
the power spectral density (PSD) function, which is the FFT of the ACF, are also used 
to determine lattice parameters [216]. 
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4 Experimental Setup 
This chapter briefly presents the different experimental setups used in this thesis. An 
overview of the instruments is provided in Table 4.1, and a short description of each 
experimental setup is provided at the end of this chapter. The instrumentation for the 
primary techniques of this thesis was already addressed in the previous chapter. This 
chapter presents the remaining methods, primarily focusing on sample preparation and 
manipulation. Additionally, a brief description of the Center for Synchrotron Radiation 
Dortmund (DELTA) and beamline 11 (BL11), which were used for the XPS and XPD 
measurements, is given. 

Table 4.1: Overview of the instrumentation used in this thesis. 

Chamber Techniques Institute/Location 𝑃base [mbar] 

BL11 LEED, XPS/XPD Beamline 11, DELTA < 1 × 10−10 

RT-STM LEED, STM AG Westphal/TU Dortmund < 5 × 10−11 

LT-STM LEED, STM AG Hövel/TU Dortmund < 5 × 10−11 

4.1 Ultra-High Vacuum (UHV) 

A vacuum is defined as a space entirely devoid of matter. Since such a state cannot be 
achieved experimentally, vacuum is instead categorized into different pressure ranges. 
For surface science experiments, the use of UHV systems, operating at pressures in 
the range of 1 × 10−9 mbar to 1 × 10−12 mbar, is necessary for two main reasons [217]: 
Firstly, the low particle density in UHV enables the use of techniques that rely on 
particle transport (e.g., electrons) from the sample to the detector, thereby minimizing 
scattering from gas-phase particles. Secondly, surface-sensitive experiments require the 
sample surface to remain stable and clean for a significant duration. The low particle 
density in UHV minimizes interactions with residual gas molecules, thereby maintaining 
a contaminant-free surface for an extended period of time. Consequently, all sample 
preparation and data acquisition in this work are performed in UHV chambers. 

4.1.1 Mean Free Path of Particles 

The ideal gas law approximates the behavior of residual gas particles in UHV systems 
as: 

𝑁 𝑃 𝑛 = = (4.1)
𝑉 𝑘B𝑇 

. 
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Here, the particle density 𝑛, given by the number of gas particles 𝑁 per unit volume 
𝑉, is proportional to the pressure 𝑃 and inversely proportional to the average particle’s 
thermal energy 𝑘B𝑇, with 𝑘B being the Boltzmann constant [218]. 

Assuming a hard-sphere collision model, the average distance a particle travels between 
collisions is given by: 

√𝑘B𝑇 𝜆gas = (4.2)
2𝜎𝑃 

, 

where 𝜆gas is the mean free path and 𝜎 is the collisional cross-section of the particles. 
This equation enables the calculation of the mean free path at different pressures [219]. 
At room temperature (≈ 300 K) and assuming an average particle radius of 1 Å, the mean 
free path at standard atmospheric pressure (𝑃 ≈ 1 × 105 Pa = 1 bar) is approximately 
1 µm. For electron-based techniques such as LEED, XPS, and XPD, a long mean free 
path is required to prevent electron scattering by residual gas molecules. A path length 
exceeding tens of meters, which is achieved at pressures of ≈ 1 × 10−5 mbar or lower, is 
typically sufficient. 

It is important to distinguish this gas-phase mean free path, which describes the scattering 
of electrons or ions with residual gas particles in the UHV chamber, from the IMFP of 
electrons within a solid, which was discussed in Section 3.1. 

4.1.2 Monolayer Formation Time 

For gas particles of density 𝑛, where the average particle velocity 𝑣 is determined by the 
Maxwell-Boltzmann distribution, the flux 𝛤 of particles impinging on a surface is given 
by: 

𝛤 = 
4
1𝑛𝑣 . (4.3) 

Using the ideal gas law (4.1) and substituting 𝑣 derived from the Maxwell-Boltzmann 
distribution [220] yields: 

1 
𝑘
𝑃 
B𝑇 

⋅ √8𝑘B𝑇 𝑃 𝛤 = = (4.4)
4 

⋅ 
𝜋𝑚 √2𝜋𝑚𝑘B𝑇 

. 

In reality, only a fraction of the impinging particles adsorb onto the surface; most desorb 
relatively quickly back into the gas phase. This process is described by the sticking 
coefficient, 𝜉, which represents the probability that an impinging particle will adsorb. A 
worst-case scenario, where every impinging particle sticks (𝜉 = 1), provides a lower limit 
for the monolayer formation time: 

𝑛mono𝜏 = , (4.5)
𝛤 

≈ 1 × 1015 particleswhere 𝑛mono is the typical atomic density of a monolayer [221]. Using cm2 

Equation 4.5, one can calculate that at room temperature and atmospheric pressure, a 
monolayer of a typical gas like nitrogen N2 (molecular mass of 𝑚 ≈ 28 u) forms within 
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4.2 Sample Preparation 

nanoseconds. In contrast, under UHV conditions, this process takes several hours or even 
days. 

In summary, these two requirements mandate the use of UHV for all surface-sensitive 
experiments: a long mean free path in the gas phase for electron-based techniques (such 
as LEED, XPS, and XPD) and, even more importantly, a long monolayer formation time 
to ensure a stable, clean surface over extended time periods. 

4.2 Sample Preparation 

implementation
of residuals
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residuals

damages
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up to
+
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+

-

sample

filament

sample holder
V

thermocouple

(a) Sample bombardment by Ar+ ions. (b) Electron beam sample heating. 

Figure 4.1: (a) Visualization of the processes occurring when the sample is bombarded by 
Ar+ ions. (b) Schematic of a typical setup for sample annealing by electron beam heating. In 
the low temperature scanning tunneling miscroscope (LT-STM) chamber, a thermocouple is 
mounted close to the sample to monitor its temperature. 

To prepare the sample system, each UHV system used is equipped with a sputter gun, a 
sample-heating setup, and at least one evaporator for depositing monolayer Sn films on 
the Au(111) sample surface. While the specific preparation recipes will be provided in 
Chapter 5, the experimental techniques applied are explained below. 

Typically, the substrate crystal is cleaned and prepared through repeated cycles of 
sputtering and annealing before monolayer films are deposited on top. To sputter the 
sample, a sputter gun is used. A noble gas, typically argon (Ar), is introduced into the 
sputter gun via a needle valve to a back pressure of ≈ 1 × 10−6 mbar. Inside the gun, the 
gas is ionized by a filament; the resulting ions are then accelerated and focused onto the 
sample. As depicted in Figure 4.1(a), when the Ar+ ions impinge on the sample, they 
can remove adsorbates from the surface via momentum transfer. However, this process 
can also implant residual gas atoms into the sample and heavily damage the surface 
crystal structure. 

To create a clean, well-reconstructed surface, the sample is subsequently annealed to 
heal damage caused by sputtering. The sample is typically heated from the back. In 
this thesis, the sample was heated using either a pyrolytic boron nitride (PBN) heater 
plate (in the LT-STM chamber) or a heating filament, as used in the BL11 endstation 

47 



flux 

'····1 •• • coll,matm 

2kV 

CHAPTER 4: EXPERIMENTAL SETUP 

sample holder and the room temperature scanning tunneling miscroscope (RT-STM) 
chamber’s manipulator. When using a PBN heater plate, the sample is heated primarily 
by thermal radiation. If a heating filament is used instead, as depicted in Figure 4.1(b), 
the sample is heated by thermal radiation from the hot filament and, additionally, by 
electron bombardment (often termed electron beam heating (EB)). To heat via electron 
bombardment, a high voltage of up to 1 kV is applied between the filament and the 
sample, accelerating electrons emitted from the hot filament onto the back of the sample 
to achieve higher temperatures than with thermal radiation alone. Typically, several 
cycles of sputtering and annealing are required to remove most contaminants from the 
sample surface and achieve a clean, well-reconstructed crystal lattice. 

4.2.1 Preparation of Monolayer Films 

front electrode

deposition
area

back electrode

quartz crystal 

(a) EB evaporator. (b) quartz crystal microbalance (QCM). 

Figure 4.2: (a) Electron beam evaporator used to deposit tin (Sn). The picture is adapted 
from [222]. (b) Schematic of the working principle of a quartz crystal microbalance. 

Submonolayer Sn films were grown epitaxially on the Au(111) substrate via physical 
vapor deposition (PVD), using EB evaporators similar to the one shown in Figure 4.2(a). 
Inside the evaporator’s cooling shroud, a tungsten crucible filled with Sn pellets is 
mounted centrally, surrounded by a circular tungsten filament. By applying a current to 
the filament and a high voltage of 𝑈HV ≈ 2 kV between the crucible and the filament, 
the crucible is heated by electron bombardment with an emission current 𝐼em. This 
heating causes the Sn pellets to melt and subsequently evaporate at temperatures around 
950 K [223]. A shutter and collimator are used to direct the resulting beam of Sn atoms 
onto the sample, with the shutter precisely controlling the deposition time. The heating 
power, given by 𝑃em = 𝑈HV ⋅ 𝐼em, determines the flux of atoms and thus the deposition 
rate. Since Sn melts at a relatively low temperature of 500 K, well below the temperatures 
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required for significant evaporation, the crucible must be oriented upwards to contain 
the molten metal [223]. 

To calibrate the deposition rate as a function of heating power, a QCM is used. The QCM 
operates based on the piezoelectric effect. A quartz crystal, as displayed in Figure 4.2(b), 
is excited to oscillate at its resonant frequency 𝑓0 ≈ 6 MHz by an alternating voltage. 
When material is deposited onto the crystal, the total oscillating mass increases, causing 
the resonant frequency to decrease by 𝛥𝑓. This frequency shift is directly proportional 
to the added mass 𝛥𝑚, allowing for the calculation of the deposited film thickness 𝛥𝑑 
via the Sauerbrey equation [224]: 

𝛥𝑓 = −𝐶q ⋅ 𝛥𝑚 = −𝐶q ⋅ 𝜌Sn ⋅ 𝐴 ⋅ 𝛥𝑑 . (4.6) 

Here, 𝐶q is the sensitivity constant of the quartz crystal, which depends on its material 
properties. To determine the deposited film thickness 𝛥𝑑 from the frequency shift, the 
density of the deposited material (𝜌Sn) and the active area 𝐴 of the microbalance must 
be known. 

The deposition rates and corresponding heating powers were first calibrated using the 
QCM in a separate test chamber and later verified by XPS film thickness measurements 
at the BL11 endstation. Furthermore, the high sensitivity of the Sn submonolayer’s 
structural arrangement to coverage, particularly below 1/3 ML, provided a precise method 
for in-situ film thickness calibration [45]. The distinct diffraction patterns observed via 
LEED in the low-coverage regime were used to fine-tune the preparation parameters in 
each experimental chamber, accounting for specific chamber geometries. 

4.3 Vacuum Chambers 

As described, all chambers offer similar methods for sample preparation; however, the 
detailed experimental setups differ, and most importantly, each chamber provides unique 
sample characterization methods. The following sections provide a brief description of 
each experimental setup. 

4.3.1 RT-STM Chamber 

The RT-STM chamber is the smallest chamber used in this thesis. Sample preparation 
and characterization are performed within the same vacuum chamber. The chamber 
is equipped with a rotatable manipulator, on which the sample can be heated using a 
filament. A voltage of up to 1 kV can be applied for EB-heating. For sputtering, an ion 
sputter gun is used. The temperatures achieved as a function of heating power were 
calibrated using a thermocouple mounted close to the sample [225]. 

In addition, the chamber is equipped with an electron beam evaporator. Unlike the 
evaporator presented in Figure 4.2, this one is not equipped with a flux monitor due to 
geometric constraints of the experimental setup. To verify successful sample preparation, 
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the chamber is equipped with a SPECS ErLEED 150 LEED system. STM data acquisition 
is performed using an Omicron RT-STM. In this setup, the sample is mounted on a piezo 
tube, while the tip remains grounded. Consequently, scanning is achieved by moving the 
sample rather than the tip, unlike most standard STM designs. The STM data at low 
Sn coverages, up to the formation of the Au2Sn surface alloy (presented in Chapter 6), 
were acquired using this RT-STM chamber. 

4.3.2 LT-STM Chamber 

The Omicron LT-STM surface science facility consists of an analysis chamber and a 
preparation chamber, separated by a gate valve. The preparation chamber is equipped 
with a 4-axis manipulator (𝑥, 𝑦, 𝑧, and rotation) and multiple stages for preparing 
samples and cooling them to 10 K using a flow cryostat. In this work, however, only 
liquid nitrogen was used to cool the sample to approximately 80 K. The preparation 
stage features a PBN heater plate with a thermocouple mounted next to the sample, 
allowing for precise temperature monitoring. Similar to the other experimental setups, 
the preparation chamber includes an EB evaporator and a sputter gun. This setup 
enables LEED measurements of the cooled sample, suppressing thermal background 
and sharpening the diffraction spots. Consequently, most LEED data presented in this 
thesis were recorded using this setup. Additionally, the preparation chamber is equipped 
with a high-resolution photoelectron analyzer and a He discharge lamp for photoelectron 
spectroscopy, though neither was used in this thesis. 

The analysis chamber is equipped with an Omicron LT-STM. The STM is housed in a 
dual-stage cryostat, enabling data acquisition at temperatures as low as 5 K. However, 
it was observed that the tip easily picked up residual or Sn atoms from the sample 
surface during measurements at low temperatures, leading to unstable tip conditions. 
Since returning the tip to a sharp and stable state was challenging at low temperatures, 
all data presented in this thesis were recorded at room temperature. The significant 
influence of the tip on the sample’s morphology is demonstrated in Figure F.1. All 
STM data for Sn film thicknesses above 0.35 ML (presented in Chapter 7) were recorded 
using the LT-STM chamber. Further details of the experimental setup are provided in 
References [226–228]. 

4.3.3 DELTA and Beamline 11 Endstation 

Synchrotron facilities are the preferred sources for X-ray photoemission experiments. 
While a synchrotron facility requires significantly more complex instrumentation and 
infrastructure than a laboratory X-ray tube, its advantages justify the additional effort. 
In contrast to laboratory X-ray tubes, which emit discrete lines (typically Al 𝐾𝛼 and Mg
𝐾𝛼), synchrotron light is tunable, offering monochromatized X-rays with high brilliance 
and a photon flux that is orders of magnitude higher than that of X-ray tubes [229]. 

Initially, synchrotrons were developed to improve the performance of cyclotrons, specif-
ically to reach higher particle energies for nuclear and high-energy physics. When a 
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charged particle traveling at relativistic speed undergoes radial acceleration, it emits 
bremsstrahlung radiation. Ironically, this synchrotron radiation was initially regarded 
as an unwanted energy loss, despite early synchrotrons being designed to generate X-
rays by focusing high-energy electrons onto a target [230]. While at early synchrotron 
facilities this unwanted radiation was only used parasitically, today around 50 dedicated 
synchrotron light sources are in operation worldwide, one of which is the DELTA. 

Figure 4.3 displays a simplified schematic of the DELTA facility. Electrons are generated 
via thermal emission in an electron gun, accelerated to 70 MeV in a linear pre-accelerator 
of DELTA (LINAC), and injected into a booster synchrotron ring (BoDo). The booster 
increases the electron energy to the final storage-ring energy of 1.5 GeV using a 3-cell 
500 MHz cavity. Once the electrons reach this energy, they are injected into the storage 
ring in bunches. 

The electron beam, with a maximum current of 130 mA, is stored with a lifetime of 
over 24 h. Because DELTA does not operate in top-up mode (where beam current loss 
is compensated by continuous electron injection), scattering processes and intra-beam 
scattering inevitably lead to a loss of electrons and an exponential decay of the beam 
current [231]. 

In the DELTA storage ring, electrons travel near the speed of light, maintained on a closed 
orbit by a magnet lattice. This lattice uses dipole magnets to steer the electrons, while 
quadrupole and sextupole magnets focus the beam to counteract the Coulombic repulsion 
that constantly defocuses it. Due to synchrotron radiation, the beam electrons continually 
lose energy. To prevent them from losing their orbit, a 1-cell radiofrequency cavity boosts 
the electrons on each pass, maintaining their energy and orbital stability [232]. 

Experimental endstations, known as beamlines, are located around the storage ring. They 
are positioned either along the straight sections, using synchrotron radiation generated 
at insertion devices such as the superconducting Wiggler (SCW) and the undulators 
(undulator 55 (U55) and undulator 250 (U250)), or tangentially at the dipole bending 
magnets. 

In Figure 4.3, BL11, the beamline used in this thesis, is highlighted. BL11 provides 
soft X-ray radiation in the range of 50 eV to 1500 eV, generated by the U55 undulator. 
The undulator consists of two rows of alternating permanent magnets with a period 
length of 55 mm. When electrons pass through the undulator, the periodic alternating 
magnetic fields force them onto an oscillating trajectory. This motion results in the 
emission of highly brilliant, linearly polarized synchrotron radiation with a sharp photon 
energy distribution. The energy of the emitted X-rays is tuned by varying the undulator 
gap. Using a plane-grating monochromator (PGM), monochromatic X-ray radiation of a 
desired photon energy is selected by adjusting the relative alignment of a plane grating 
and a mirror, effectively spectrally band-pass filtering the synchrotron radiation [233, 
234]. The X-ray beam is focused to a spot size of (70 × 30) µm2 at the sample, with a 
maximum energy resolution of 𝛥𝐸/𝐸 = 1/30000 achieved at ℎ𝜈 = 140 eV [235]. 

The BL11 chamber, similar to the other experimental setups used in this thesis, is equipped 
with a LEED system and a sputter gun. A heating filament is integrated into the sample 
holder. The sample holder’s design allows continuous rotation around the sample’s surface 
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Figure 4.3: Schematic of the 1.5 GeV electron storage ring DELTA, including the main 
accelerator and insertion devices. Beamline 11, which was used during this thesis, is highlighted. 

normal, as required for XPD measurements. All XPS and XPD data were measured 
with a CLAM IV hemispherical energy analyzer from VG Microtech. The analyzer is 
mounted at an angle of 𝛼 = 55° with respect to the incident synchrotron radiation. This 
configuration is close to the magic angle configuration of 𝛼m ≈ 54.7°, which minimizes 
intensity distortions arising from the angular distribution of photoelectrons excited by 
polarized radiation [236, 237]. The setup is also equipped with a SPECS dual-anode 
X-ray tube, which was used for calibration and test measurements. However, all spectra 
presented in this thesis were acquired using synchrotron radiation. 
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5 Sample Preparation 
This chapter details the preparation of the sample system. Before submonolayer films of 
Sn can be prepared on the Au(111) substrate, a clean and well-ordered Au(111) surface 
must be prepared and characterized. Here, successful sample preparation is confirmed 
by combining LEED, STM, and XPS with ARXPS measurements of the valence-band 
region. 

Following the successful preparation of the substrate, Sn is deposited onto the surface. 
To ensure controlled growth, the Sn deposition rates required to deposit well-defined 
submonolayer coverages onto the Au(111) substrate surface were measured and are 
presented at the end of this chapter. Parts of this chapter were previously published 
in: 

• J. A. Hochhaus et al., Structural analysis of Sn on Au(111) at low coverages: 
Towards the Au2Sn surface alloy with alternating fcc and hcp domains, Scientific 
Reports 15, 7953 (2025) 

• J. A. Hochhaus et al., Ultraflat honeycomb stanene nanoribbons on au(111), Ad-
vanced Materials Interfaces 12, e00861 (2025) 

5.1 Clean Au(111) 

As discussed in Section 4.1, sample preparation is performed in a UHV chamber to 
prevent surface contamination by residual gases and adsorbates. 

In this thesis, monocrystalline Au(111) crystals with a purity of > 99.999% and an 
orientation accuracy of < 0.1° relative to the surface normal were used. All gold crystals 
were supplied by MaTecK and Surface Preparation Laboratory. 

To prepare a clean Au(111) surface, the standard procedure involves repeated cycles of 
Ar+-ion sputtering and thermal annealing. In this work, optimal surface quality was 
achieved using the parameters detailed in Table 5.1. 

For crystals freshly inserted into the UHV chamber, initial preparation cycles with higher 
sputtering currents (𝐼Ion ≈ 3 µA) and higher annealing temperatures (≈ 950 K) were 
applied. These higher temperatures and more intense sputtering removes contaminants 
from the surface and near-surface layers. In subsequent cycles, the sample was annealed at 
lower temperatures and sputtered more moderately. This strategy minimizes the further 
segregation of bulk impurities to the surface. Consequently, by reducing the sputtering 
intensity and annealing temperature relative to the first two cycles, a near-surface region 
depleted of impurities is created, yielding a well-ordered sample surface. 

The successful preparation of the Au(111) surface was confirmed using LEED. As 
shown in Figure 5.1, a hexagonal pattern is observed, stemming from the face-centered 
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Table 5.1: Preparation parameters of the clean Au(111) substrate. Reprinted from [46]. 

Process Step Details Pressure (UHV) 

First Two Cycles (Only if freshly inserted into UHV) 
4 × 10−6 mbarSputtering Performed for 1 h using Ar+-ions (𝐸 = 1000 eV); ion (Ar+ atmosphere)current at sample: 𝐼Ion ≈ 3 µA 

Annealing Temperature ramped linearly over 10 min to 𝑇final ≈ ≤ 5 × 10−10 mbar 
950 K, held for 120 min, and cooled parabolically over 
20 min 

Repeated Cycles (> 5 times) 
2 × 10−6 mbarSputtering Performed for 1 h using Ar+-ions (𝐸 = 1000 eV); ion (Ar+ atmosphere)current at sample: 𝐼Ion ≈ 1.2 µA 

Annealing Temperature ramped linearly over 10 min to 𝑇final ≈ ≤ 3.5 × 10−10 mbar 
920 K, held for 120 min, and cooled parabolically over 
20 min 

Figure 5.1: LEED pattern of the clean Au(111) showing the first Brillouin zone. The 
inset displays satellite spots stemming from the long-range order of the herringbone surface√ 
reconstruction. The right panel shows the simulated Rec(22 × 3)-reconstruction pattern, with 
the bulk spots and unit cell marked in yellow. Figure adapted from [46]. 
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cubic symmetry of the Au(111) substrate. In addition, the zoomed-in inset reveals a 
superstructure surrounding the primary substrate diffraction spots. These satellite spots 
arise from the surface reconstruction of the Au(111). This reconstruction is described by √ 
a Rec(22 × 3) unit cell; the expected LEED pattern, calculated using LEEDPat [238], 
is displayed in the right panel of the figure and matches the experimental LEED pattern 
well. 

Figure 5.2: Structural model of clean Au(111). The compression of atoms in the surface layer √ 
leads to the Rec(22 × 3)-reconstruction (unit cell marked in red). The alternating hcp and 
fcc stacking results in variations in electron density and atomic corrugation (barely visible in 
the side view, as the maximum height corrugation is approx. 14 pm, 6 % of interlayer distance). 
The alternating stacking results in bright and dark stripes, the herringbone pattern, in STM 
(indicated by the top color gradient). Based on the model by Hanke and Björk [239]. 

The Au(111) surface reconstruction is illustrated in Figure 5.2, following the structural 
model of Hanke and Björk [239]. Due to its low reactivity towards residual gases [240] and 
the relative ease of preparing clean surfaces in UHV, Au(111) has been studied extensively 
using STM and other surface techniques [241–244]. As depicted in the model, the topmost 
surface layer experiences a uniaxial compression of ≈ 4% along the [110]-direction. This 
results in the stacking of 23 surface atoms onto 22 substrate lattice sites. This mismatch 
forces the surface atoms to form alternating stripes of fcc- and hcp-stacked regions. 
Additionally, the calculations by Hanke and Björk indicate a displacement along the 
[112]-direction, which locally optimizes the stacking so that more gold surface atoms 
occupy hollow positions [239]. In the transition regions between fcc and hcp stacking, 
atoms are forced into less favorable bridge or quasi-top sites; consequently, they are 
vertically lifted and appear brighter in STM measurements. This is visualized by the 
color gradient shown in the top third in Figure 5.2.

√ 
However, the local Rec(22 × 3) unit cell alone does not fully capture the complexity of 
the surface. As extensively studied by STM [241, 245, 246] and shown in Figure 5.3, these 
local stripe-like domains arrange into a long-range order with a periodicity of several tens 
of nanometers. This is the well-known herringbone reconstruction, consisting of domains √ 
of the stripe-like Rec(22 × 3)-reconstruction rotated by 120° relative to each other. 

Simulating the Au(111) substrate is challenging because the local surface unit cell already 
contains 46 atoms. Simulations, therefore, often focused on isolated aspects, such as the 
local striped pattern [239, 247, 248] or the ”elbows” of the herringbone pattern [249]. 
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Figure 5.3: STM images of clean Au(111) recorded at 𝑈 = −1.3 V and 𝐼 = 23 pA. (a) 
Large-scale image showing the long-range herringbone reconstruction. (b) A monoatomic step. 
(c) Step profile used for height calibration. Subfigure (a) reproduced from [46]. 

Recently, the combination of modern computing power and machine learning enabled Li 
and Ding to provide a unified theoretical treatment of both the local reconstruction and 
the long-range ordering [250]. Their approach, which closely reproduces experimental 
results, identified that the herringbone reconstruction involves atomic displacements 
extending as deep as the 10th to 30th atomic layer. 

Generally, (111)-oriented metal surfaces are considered very stable. It was long believed 
that Au(111) was the unique exception in exhibiting a surface reconstruction, until it 
was discovered that Pt(111) also shows a similar high-temperature local striped phase 
with a long-range order when kept at 1330 K [251, 252]. Li and Ding calculated that the√ 
long-range herringbone order generates an energy gain of only ≈ 0.6 eV per Rec(22× 3) 
supercell compared to a simple striped reconstruction without the domain zig-zagging. 
They observed that the herringbone reconstruction results in atomic displacements tens 
of layers deep in the bulk. They argue that, for a given displacement of atoms at the 
surface, a lower shear modulus reduces the energy penalty for displacements in deeper 
layers. Since gold is a relatively soft metal with a low shear modulus, the deep relaxations 
required to form the herringbone pattern are energetically possible. In contrast, platinum 
has a shear modulus more than twice that of gold [253]; thus, the reconstruction is less 
favorable and appears only at elevated temperatures where the material softens [254]. 

These theoretical insights and experimental observations likely explain the success of 
the preparation recipe presented in Table 5.1. Since the herringbone pattern requires 
well-ordered atomic displacements tens of layers deep, the near-surface region must be 
exceptionally pure. This is achieved through a two-step preparation process: starting 
with higher annealing temperatures and high sputtering intensities, then moving to 
more moderate parameters. Furthermore, the parabolic reduction of the annealing 
temperature during each preparation step ensures the sample temperature decreases 
slowly immediately after annealing, giving the sample system sufficient time to reach 
equilibrium and arrange into the complex, long-range order of the herringbone pattern. 
The success of this approach is confirmed by the observation of undistorted herringbone 
reconstruction over terraces up to 500 nm wide, as shown in Figure 5.3. 
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The successful preparation of a clean Au(111) substrate is further verified by chemical 
analysis of the surface using XPS. 

In Figure 5.4, an XPS survey spectrum of the clean Au(111) surface is shown. The 
spectrum was recorded at ℎ𝜈 = 700 eV under grazing emission at 𝛩 = 60° for enhanced 
surface sensitivity. As marked by the red boxes, the survey reveals carbon or oxygen 
contamination. All observed signals can be attributed to Au, confirming the preparation 
of a clean surface. 
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Figure 5.4: XPS survey spectrum of the clean Au(111) recorded at ℎ𝜈 = 700 eV under grazing 
emission at 𝛩 = 60°. Figure reprinted from [45]. 

In addition, HighRes angle-resolved Au 4𝑓 spectra were measured and are presented 
in Figure 5.5. The binding energy axis was calibrated by fitting the Fermi edge (see 
Section B.1). The high-resolution spectra are best described by a two-component Doniach-
Šunjić model. Comparing the spectra obtained under normal (𝛩 = 0°) and grazing 
emission (𝛩 = 60°) reveals distinct bulk and surface components. The surface component 
(yellow), shifted by ≈ 310 meV to lower binding energy, is notably enhanced at grazing 
angles relative to the bulk signal at 𝐸bin = 84.00 eV (dark green). The observed small 
peak asymmetry of 𝛽 = 0.03 is linked to the electronic structure of noble metals [148, 
255]. Fit parameters are summarized in Table 5.2 and agree well with the literature [138, 
256–259]. 

Table 5.2: Fit parameters of the XPS analysis corresponding to the Au 4𝑓 core-level signal in 
Figure 5.5. The statistical fit error for the reported binding energies is typically well below 
10 meV. Reprinted from [46]. 

Structural phase 𝛩 (°) Component 𝐸bin (eV) 𝐸SOC (eV) FWHM (eV) asymmetry 𝛽 rel. area (%) 

bulk 84.01 3.67 0.53 0.03 64.830clean Au surface 83.70 3.67 0.53 0.03 35.17 
Figure 5.5 bulk 84.00 3.67 0.53 0.03 53.9060 surface 83.69 3.67 0.53 0.03 46.10 

In Figure 5.6, the valence band of the clean Au(111) surface, measured using ℎ𝜈 = 52.5 eV, 
is presented. Subfigure (a) displays a single cut of the valence band measured at normal 
emission (𝛩 = 0°), which corresponds to a cut along the energy axis at the 𝛤-point. 
Several distinct band features are observed, labeled A-E. In addition, the Shockley surface 
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Figure 5.5: Angle-resolved Au 4𝑓 spectra of the clean Au(111) substrate at 𝛩 = 0° and 60°, 
recorded at ℎ𝜈 = 240 eV. Figure modified after [46]. 

state (labeled S) at 480 meV below the Fermi level is observed, which is in excellent 
agreement with the literature [226]. 

The occurrence of the surface state, which shows a parabolic dispersion as shown in 
Figure 5.6(c), confirms a well-prepared, clean Au(111) surface [261]. Figure 5.6(c) displays 
the valence band dispersion around the 𝛤 point measured along the 𝛤 − 𝐾 and 𝛤 − 𝑀 
directions as indicated in Subfigure (b). While the left panel of (c) shows the measured 
valence-band spectrum, the right panel plots the second derivative of the band structure 
using a blue-to-red color scale, which simplifies the identification of subtle features. 
Superimposed on the measured band structure are calculated band spectra of the two 
topmost surface layers by Requist et al. [260]. Considering the photoelectron kinetic 
energy of ≈ 40 eV to 50 eV, the contribution of the topmost two layers should dominate 
the measured spectrum. A comparison between the calculated band structure and the 
experimentally measured dispersion reveals good agreement. 

The features labeled A to E are identified as follows: Feature B (≈ 5.95 eV) and D 
(≈ 3.4 eV) are assigned to the Au 5𝑑3/2 and Au 5𝑑5/2 bands, respectively [262, 263]. 
Feature C, observed at ≈ 4.6 eV, is attributed to a hybridized 𝑝–𝑑 band [264, 265], 
while the shoulder E at ≈ 2.5 eV and feature A at ≈ 7.65 eV originate from hybridized 
𝑠/𝑑-orbitals [266–269]. In the second derivative of the valence band, it is evident that 
features C and D disperse as two branches or are two separate features even at the 𝛤 
point; a more detailed discussion of the valence band structure can be found in the 
literature cited above. 
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Figure 5.6: Valence band spectra of the clean Au(111). (a) An energy cut of the valence 
band at the 𝛤 point, recorded under normal emission. (b) The first Brillouin zone of Au(111) 
(red hexagon) with symmetry points marked. (c) Cuts of the valence band structure, recorded 
along the 𝛤 − 𝐾 and 𝛤 − 𝑀 axes. The left panel of (c) shows the measured spectra, while 
the right panel shows the second derivative. Calculated band structures of the two topmost 
Au(111) layers are overlaid in red in the left panel of (c) [260]. Spectra were recorded at 
ℎ𝜈 = 52.5 eV. Subfigure (a) adapted from [46]. Band structure calculations reprinted with 
permission from [260]. 
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5.2 Deposition Rates of Sn 

Submonolayer Sn films were prepared via PVD, as detailed in Section 4.2.1. To precisely 
control the submonolayer coverage, deposition rates were determined using a QCM. 

The deposited Sn film thickness, 𝛥𝑑, was measured via QCM as a function of the heating 
power 𝑃em = 𝑈HV ⋅ 𝐼em applied to the Sn pellets in the evaporator’s crucible. Figure 5.7 
illustrates the linear increase in deposited layer thickness for two representative heating 
powers, 𝑃em = 8.4 W and 10.2 W. Instead of the thickness 𝛥𝑑, the corresponding 
coverage 𝛬 (in ML) is shown in the figure, as this unit is more relevant for the analysis 
of submonolayer films. 

As evident in Figure 5.7(a), the Sn coverage increases linearly with deposition time. 
Deposition rates can therefore be obtained by applying linear fits. The fits yielded errors 
below 0.1%; thus, the statistical uncertainty is negligible, as is the uncertainty arising from 
the 10 µW precision of the heating power supply. The dominant source of uncertainty is 
likely due to adsorption of residuals, which scales inversely with the vacuum pressure (see 
Section 4.1) and directly affects the deposition rate. At pressures exceeding 10−9 mbar, 
a monolayer of N2 would be adsorbed in less than an hour, according to Equation (4.5). 
Consequently, to ensure reproducibility and to prepare clean Sn submonolayers, it 
was necessary to wait for a stable background pressure below 5 × 10−10 mbar before 
measuring deposition rates and before opening the evaporator’s shutter later during 
sample preparation. 
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Figure 5.7: (a) Quartz crystal microbalance measurements of Sn deposition rates over time 
for two different heating powers. (b) Exponential dependence of the measured Sn deposition 
rates on the applied heating power 𝑃em = 𝑈HV ⋅ 𝐼em. 

Figure 5.7(b) displays the exponential dependence of the determined deposition rates on 
the applied heating power 𝑃em. The exponential fit matches the data points well, enabling 
the selection of the specific heating power 𝑃em required to achieve a desired coverage 𝛬 
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5.2 Deposition Rates of Sn 

within a reasonable deposition time. In this thesis, a heating power of 𝑃em = 10.2 W was 
typically used, corresponding to a deposition rate of 1 ML per 65 min. Additionally, for 
investigations of structural transitions happening at small coverage differences, requiring 
precise control over the deposited amount of Sn, a lower power of 𝑃em = 8.4 W was 
used. This yields a rate of ≈ 0.36 ML/h. These two specific settings correspond to the 
thickness measurements presented in Figure 5.7(a). 

Figure 5.8: Overview of the structural evolution of submonolayer Sn films on Au(111). 

Figure 5.8 provides an overview of the structural Sn arrangements on Au(111) identified 
in the submonolayer regime. The discussion of these structural phases is divided into 
two parts: Chapter 6 covers the low-coverage phases, up to the formation of the Au2Sn 
surface alloy. Subsequently, Chapter 7 addresses the structural arrangements that emerge√ 
at higher coverages, specifically the 7, striped, and X-phase. 
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6 Low Sn Coverages 
In the following two chapters, the analysis of the different structural phases of Sn on 
Au(111) at submonolayer coverage is discussed in detail. As will be shown, the structural 
arrangement of Sn and the transitions between different structural phases are highly 
dependent on small changes in the Sn coverage. Two different coverage regimes of interest 
are identified: At a coverage of 0.33 ML and slightly below, two distinct structural 
arrangements and a transition between them are observed and are the topic of this 
chapter. In contrast, structural phases at higher coverages between 0.33 ML and 0.66 ML 
will be discussed in the next chapter. 

The main results presented in this chapter were previously published in: 

• J. A. Hochhaus et al., Structural analysis of Sn on Au(111) at low coverages: 
Towards the Au2Sn surface alloy with alternating fcc and hcp domains, Scientific 
Reports 15, 7953 (2025) 

6.1 Towards the Au2Sn Surface Alloy 

As will be discussed in detail in the next chapter, the Au2Sn surface alloy serves as the 
starting point for the structural phases observed at higher Sn coverages. In the following, 
a detailed analysis of the structural phases and transitions leading towards the formation 
of the Au2Sn surface alloy will be presented. 

6.1.1 LEED 

After verifying the successful preparation of a clean and well-reconstructed Au(111) 
surface, as presented in the previous chapter, submonolayer Sn films were deposited in 
small increments while keeping the sample at room temperature. After each deposition 
step of ≈ 0.02 ML, without any sample annealing, the surface reconstruction was checked 
using LEED. Up to a coverage of ≈ 0.25 ML, no indication of change was observed in 
the LEED pattern, except for an incrementally increasing background signal, which is 
expected for randomly arranged atoms on the surface. 

However, upon surpassing a coverage of ≈ 0.25 ML Sn, a faint diffraction pattern is 
observed at very low kinetic LEED energies. As shown in Figure 6.1(a), a faint (2 × 2)-
reconstruction appears, which intensifies at ≈ 0.28 ML before fading again at slightly 
higher coverages. Determining the periodicity of adlayers using LEED requires that both 
substrate and adsorbate diffraction spots are visible in the same pattern. However, the 
already faint spots of the (2 × 2)-reconstruction completely vanish when kinetic LEED 
energies above ≈ 28 eV are used, which is long before the substrate spots of the Au(111) 
appear at the border of the LEED screen at ≈ 45 eV. 
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Fortunately, at a coverage of ≈ 0.3 ML Sn, a mixed phase between the (2 × 2)-and a√ √
( 3 × 3)R30°-reconstruction is observed, with the diffraction pattern of the latter still 
visible at higher kinetic LEED energies. This enables the calibration of observed distances 
in the LEED pattern of both reconstructions with respect to the Au(111) substrate spots √ √ 
and allows us to identify them as (2×2) and ( 3× 3)R30°-reconstructions, respectively. 
The corresponding expected positions of LEED spots for the two reconstructions were 
calculated using LEEDPat [238] and are overlaid as white circles for the (2 × 2) and blue √ √ 
circles for the ( 3 × 3)R30°-reconstruction onto the LEED patterns. In Figure 6.1(a), 
the spot pattern of the (2 × 2) is marked by white ovals; its blurry appearance hints at 
some degree of disorder. Furthermore, as previously discussed, only the first-order spot 
pattern is observed, with no higher-order spots becoming visible at higher kinetic LEED 
energies, indicating a lack of long-range order in the reconstruction. Simultaneously, √ √ 
faint spots are already noticeable at the positions of the ( 3 × 3)R30°-reconstruction, 
which become more pronounced when slightly increasing the film thickness, as shown in 
Figure 6.1(b). Notably, the (2 × 2) spots are now significantly sharper and are identified 
as two separate spots, revealing the reconstruction to be a (2×2)R8°-reconstruction. This√ √ 
indicates that the emergence of the ( 3 × 3)R30°-reconstruction improves the ordering √ √ 
of the (2 × 2)-phase. As described before, the ( 3 × 3)R30°-phase exhibits second and 
third-order spots, indicating long-range order. Meanwhile, the spots corresponding to the 
(2 × 2)-reconstruction are still only observed at LEED kinetic energies below ≈ 28 eV. 

Figure 6.1: Structural evolution of Sn reconstructions up to a coverage of 0.33 ML. In yellow, 
the unit cell and diffraction spots of the Au substrate are marked, while in blue and white, spots 
corresponding to the different Sn reconstructions are marked. Figure reproduced after [45]. 

Upon further increasing the Sn coverage to ≈ 0.33 ML, the (2 × 2)-reconstruction√ √ 
completely vanishes, and only the sharp diffraction pattern of the ( 3 × 3)R30° 
remains. 

√ √ 
In the literature, ( 3× 3)R30°-reconstructions have been observed for various materials 
deposited on noble metal crystals with a (111)-orientation. These reconstructions were 
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identified as substitutional surface alloys, where one out of three atoms of the (111)-surface 
is substituted by an atom of the deposited material. Examples include Cu2Bi [270, 271], 
Cu2Sb [272], Ag2Ge [57, 273, 274], Ag2Sb [272], and Ag2Pb [275, 276]. Regarding Sn, 
the formation of Pd2Sn [277] and Ag2Sn [25, 278] substitutional surface alloys has been 
reported. These substitutional surface alloys may play an important role in the growth 
of strain-free single atomic 2D layers. They allow for the creation of modified adsorption 
sites at the surface compared to the clean monoelemental (111)-surface, enabling the 
formation of strain-free 2D layers on top. In addition, the substitutional alloy layer might 
help to decouple the 2D layer from the substrate. Such formation of strain-free 2D layer 
systems has been predicted for stanene on Au2Sn [279] and experimentally demonstrated 
for stanene on Pd2Sn [26]. 
Notably, the clean Au(111) surface differs from other noble metal substrates due to its√ 
complex Rec(22 × 3) herringbone reconstruction, as discussed in detail in Section 5.1. 

Nevertheless, several different (substitutional) alloy phases of Sn on Au(111) have been 
observed, though some involve more than one atomic layer. Examples are a Au2Sn in a√ √
( 3 × 7)-arrangement [41], a AuSn p(3 × 3)R15°-reconstruction [41, 44], and Au5.1Sn√ √ 
in a ( 3 × 3)R30°-reconstruction [54]. Additionally, the common substitutional surface √ √ 
alloy of Au2Sn has been reported in the ( 3 × 3)R30°-arrangement by Maniraj et 
al. [39] and Shah et al. [40]. 
However, the structural models proposed by these two groups differ. While Maniraj et al. 
suggested that the herringbone reconstruction remains unchanged during the formation 
of the Au2Sn-alloy, Shah et al. identified a stripe-like order in STM images, reminiscent√ 
of the herringbone pattern but with a larger unit cell of Rec(26 × 3). 

6.1.2 XPS 

As shown in Figure 6.2, XPS survey spectra were measured to analyze the film thickness 
and chemical composition of the observed structural phases. The spectra were recorded 
at a grazing emission angle of 𝛩 = 60° to enhance surface sensitivity. At the bottom of 
the plot, the survey spectrum of the clean Au(111) substrate is shown, with the observed 
structural phases stacked above with increasing Sn coverage. No residual contamination 
is observed following Sn deposition; the expected positions of the O 1𝑠 and C 1𝑠 signals 
are again marked by red boxes. The increasing Sn coverage is evident from the intensity 
increase of the Sn 4𝑑 signal at 𝐸bin ≈ 24 eV and the Sn 3𝑑 signal at 𝐸bin ≈ 490 eV. 
Using XPS and assuming a non-attenuating fractional Sn adlayer, the Sn coverage was 
determined. For the (2 × 2)-phase, XPS gave a film thickness of (0.24 ± 0.02) ML; for √ √ 
the mixed phase, (0.27 ± 0.03) ML; and for the Au2Sn ( 3 × 3)R30°-reconstruction,
(0.31 ± 0.02) ML. These values are slightly below the coverages determined by the QCM 
measurements, which resulted in (0.28±0.02) ML, (0.30±0.02) ML, and (0.33±0.02) ML, 
respectively. 

High-resolution spectra of the Au 4𝑓 and the Sn 4𝑑 signals were used to resolve the 
system’s interface and the internal chemical structure of the Sn layers atop. Focusing 
on the Sn 4𝑑 signal presented in Figure 6.3, spectra recorded under normal emission are 
displayed in the top row, while grazing emission spectra are plotted in the bottom row. 
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Figure 6.2: XPS survey spectra of the clean Au(111) in comparison to the different low-
coverage Sn phases. The spectra were measured at ℎ𝜈 = 700 eV and at 𝛩 = 60°. The binding 
energy of each spectrum was referenced to the Fermi edge. Figure adapted from [45]. 

This comparison enables angle-resolved analysis of the stacking order, as explained in 
Section 3.2. The fit parameters corresponding to the Sn 4𝑑 signal are summarized in 
Table 6.1. 

Figure 6.3(a) shows the spectra obtained for the (2 × 2)-reconstruction. They are best 
described using a single Doniach-Šunjić doublet component with a spin-orbit splitting 
of 𝐸SOC = 1.03 eV, which is in excellent agreement with the literature [280, 281]. The 
binding energy of 𝐸bin = 24.03 eV for the Sn 4𝑑5/2 peak approximately matches the 
binding energy of pure Sn metal, which is given as 23.9 eV to 24.1 eV [282–284]. The 
peak asymmetry was determined to be 𝛽 = 0.12, indicating the metallic character of the 
valence band in this phase [148, 255]. Since only a single component was identified in the 
high-resolution spectrum, it is directly assigned to the (2 × 2)-reconstruction. Forcing a 
second component into the fit would require reducing the FWHM of each component 
to unphysically small values and would decrease the overall fit quality, as confirmed by 
both the relatively constant residual 𝑅(𝐸) and the low 𝜒2 

red. value obtained for the single 
component fit. 

Turning to the mixed phase presented in Figure 6.3(b), the FWHM of the Sn 4𝑑 signal 
increases from 0.47 eV (obtained for the (2 × 2)-phase) to 0.58 eV. This increase in 
FWHM clearly indicates the presence of at least a second component. Additionally, the 
peak maxima of the Sn 4𝑑 signal shift by ≈ 100 meV toward higher binding energies. 
The best fit is achieved using a two-component model. Approximately 1/3 of the signal is 
attributed to the previously identified (2 × 2)-phase. A second component is identified, 
shifted by 160 meV to higher binding energies. Apart from the energy position, this second 
component (marked in dark blue in Figure 6.3(b)) is fitted using parameters identical to 
those of the (2 × 2) component. The high peak asymmetry of 𝛽 = 0.12 obtained for both 
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Figure 6.3: Analysis of the internal structure of the different structural phases using high-
resolution XPS spectra of the Sn 4𝑑 core level. The spectra were taken at ℎ𝜈 = 240 eV, using 
emission angles of 𝛩 = 0° and 𝛩 = 60°, respectively. The corresponding fit parameters are 
given in Table 6.1. Figure modified after [45]. 
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components again suggests the metallic character of both structural Sn arrangements [148, √ √ 
255]. This second component is readily identified as the ( 3× 3)R30°-reconstruction. 

Based on the high-resolution XPS analysis, no chemical distinction can be made between 
the (2 × 2)-and the (2 × 2)R8°-reconstructions identified at slightly different coverages in 
LEED. Consequently, the two phases are likely chemically identical. The faint and diffuse 
LEED pattern observed at a coverage of 0.28 ML likely corresponds to a (2 × 2)R8° 
structure with a lower degree of long-range order. Comparing the composition of the 
normal and grazing emission spectra of the mixed phase reveals almost no difference 
in the respective area contributions of the two components. This indicates that both 
structural arrangements coexist within the same atomic layer, rather than one being 
stacked atop the other.

√ √ 
Finally, regarding the ( 3 × 3)R30°-reconstruction observed for a coverage of 0.33 ML 
(Figure 6.3(c)), the best fit is again achieved with a single component. This is identified as √ √ 
the ( 3 × 3)R30°-reconstruction, and its fit parameters match those of the previously 
identified component in the mixed phase. 

Table 6.1: XPS analysis fit parameters to the chemical evolution of the Sn 4𝑑 signal shown in 
Figure 6.3. The statistical fit error for the reported binding energies is typically well below √ √
10 meV. To simplify the reading and the table layout, the ( 3 × 3)R30°-table entry was √ 
simplified to 3. Reprinted from [45]. 

Structural phase 𝛩 (°) Component 𝐸bin (eV) 𝐸SOC (eV) FWHM (eV) asymmetry 𝛽 rel. area (%) 
(2 × 2) phase 0 (2 × 2) 24.03 1.03 0.47 0.12 100.00 
figure 6.3(a) 60 (2 × 2) 24.04 1.03 0.47 0.12 100.00

√
3 24.19 1.03 0.48 0.12 68.03 

mixed phase 0 (2 × 2) 24.03 1.03 0.48 0.12 31.97 
figure 6.3(b) √

3 24.19 1.04 0.48 0.12 65.78 60 (2 × 2) 24.03 1.04 0.48 0.12 34.22
√

Au2 Sn-alloy 0 3 24.20 1.03 0.47 0.12 100.00√
figure 6.3(c) 60 3 24.19 1.03 0.47 0.12 100.00 

Turning to the analysis of the sample’s interfacial chemical structure, Figure 6.4 displays 
the fitted angle-resolved high-resolution spectra of the Au 4𝑓 core level for the different 
structural phases. The corresponding fit parameters are given in Table 6.2. 

Starting with the (2 × 2)-reconstruction shown in Subfigure (a), the spectrum is best 
described by two components, which are identical in their binding energy 𝐸bin, FWHM, 
and asymmetry 𝛽 to the fit obtained for the clean Au(111) substrate (compare with 
Section 5.1). Only the relative area contribution of the two components to the spec-
trum has changed, with the surface contribution being reduced compared to the clean 
Au(111). Otherwise, no evidence of alloying or influence of the formation of the (2 × 2)-
reconstruction at the surface is identified in the Au 4𝑓 core-level signal. The (2 × 2)-phase 
can therefore be considered chemically decoupled from the substrate. 

It could be assumed, however, that the (2 × 2)-reconstruction exhibits island growth, 
with the areas in between remaining a clean Au(111) surface, which could even explain 
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Figure 6.4: High-resolution XPS spectra of the Au 4𝑓 core-level signal used to analyze the 
interface structure of the low-coverage Sn phases. The spectra were taken at ℎ𝜈 = 240 eV and 
emission angles of 𝛩 = 0° and 𝛩 = 60°, respectively. The corresponding fit parameters are 
given in Table 6.2. Figure reproduced from [45]. 
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Table 6.2: Fit parameters of the XPS analysis corresponding to the Au 4𝑓 core-level signal in 
Figure 6.4. The statistical fit error for the reported binding energies is typically well below √ √
10 meV. To simplify the reading and the table layout, the ( 3 × 3)R30°-table entry was √ 
simplified to 3. Reprinted from [45]. 

Structural phase 𝛩 (°) Component 𝐸bin (eV) 𝐸SOC (eV) FWHM (eV) asymmetry 𝛽 rel. area (%) 

bulk 84.01 3.67 0.53 0.03 79.48 
(2 × 2) phase 0 surface 83.72 3.67 0.53 0.03 20.52 
figure 6.4(a) bulk 84.00 3.67 0.53 0.03 73.27 60 surface 83.71 3.67 0.53 0.03 26.73 

bulk 84.01 3.67 0.53 0.03 80.93 
0 surface 83.71 3.67 0.53 0.03 3.07√

mixed phase 3 84.21 3.67 0.53 0.03 16.00 
figure 6.4(b) bulk 84.01 3.67 0.52 0.03 74.64 

60 surface 83.71 3.67 0.52 0.03 3.74 √
3 84.21 3.67 0.52 0.03 21.63 

bulk 84.00 3.67 0.52 0.03 76.63 0 √Au2 Sn-alloy 3 84.19 3.67 0.53 0.03 23.37 
figure 6.4(c) bulk 84.01 3.67 0.52 0.03 68.8860 √

3 84.20 3.67 0.53 0.03 31.12 

the reduced area contribution of the surface component to the spectrum. While the 
observed faint LEED pattern of this structural phase might support this hypothesis, the 
STM measurements, showing atomically flat monolayer growth (compare Figure 6.5) 
and the deposited Sn coverage, contradict it. The coverage of (0.28 ± 0.02) ML (QCM 
measurement) or (0.24 ± 0.02) ML (XPS coverage estimation) closely matches the density 
required for a full atomic layer arranged in a (2 × 2) periodicity. Since a (2 × 2) unit 
cell contains one atom per four substrate atoms, a coverage of 0.25 ML is required to 
cover the entire surface. Furthermore, the binding energy of the (2 × 2) component in 
the Sn 4𝑑 signal aligns with that of metallic Sn, and the Au 4𝑓 signal remains unchanged 
relative to the clean surface. These observations strongly suggest a weak interaction with 
the substrate, indicating that the phase is effectively freestanding. 

Notably, the (2 × 2)-phase has not been reported in prior studies by Maniraj et al. [43] 
and Sadhukhan et al. [41, 54] of submonolayer Sn coverages on Au(111). Both described 
the first observed periodic Sn arrangements on Au(111) starting at a coverage of 1/3 ML,√ √ 
forming a ( 3 × 3)R30°-structure. 
As the (2 ×2)-phase creates only a very faint LEED pattern at low kinetic LEED energies 
and only appears in a small coverage window, its existence might have been overlooked 
so far. 

Turning to the mixed phase, with the corresponding Au 4𝑓 spectrum shown in Fig-
ure 6.4(b), a new component is observed at 𝐸bin = 84.21 eV (depicted in light green).√ √ 
This component is directly attributed to the ( 3 × 3)R30°-reconstruction. Meanwhile, 
the Au(111) surface component remains visible, despite becoming smaller. Since a new√ √ 
component associated with the ( 3 × 3)R30°-reconstruction is found in both the Sn 4𝑑 √ √ 
and Au 4𝑓 signals, this phase is identified as an alloy. Notably, both ( 3 × 3)R30° 
components (the one in the Au 4𝑓 spectrum as well as the one in the Sn 4𝑑 spectrum) 
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are shifted to higher binding energies. According to the standard rule of thumb based on 
electronegativity, it would be expected that one component would shift to lower binding 
energies while the other shifts to higher energies. As Sn with 1.96 has a smaller Pauling 
electronegativity compared to Au with 2.54 [285], charge transfer from Sn to Au would 
be expected. This should decrease the binding energy of the respective components in 
the Au 4𝑓 signal and increase their binding energy in the Sn 4𝑑 signal. However, such 
shifts of both components towards higher binding energies are characteristic of Aux Sn 
alloy formation [286] and have also been noted in AgSn alloying [287]. 
As discussed in Section 3.2.2, the Au-Sn system is a well-known example that does not 
follow the simple predictive rule of electronegativity regarding chemical shifts. 

√ √ 
Finally, regarding the fitted spectrum of the ( 3 × 3)R30°-reconstruction shown in 
Figure 6.4(c), only the alloy component remains. The alloy component shows a similar 
angular dependence to the Au(111) surface component identified in the fit of the clean 
Au(111) (see Table 5.2) as well as the surface component identified in the (2 × 2)-phase; 
in all cases the increase of the respective component is ≈ 30% when comparing the area 
contribution at 𝛩 = 60° to the area contribution at normal emission. This indicates that 
the stacking order is comparable and suggests the alloy component originates from the 
topmost layer. Furthermore, considering the determined Sn coverage of ≈ 0.33 ML, the 
alloy is identified as a Au2Sn substitutional surface alloy. Additionally, the determined √ √ 
binding energies for the ( 3 × 3)R30°-reconstruction are in excellent agreement with 
those reported by Sadhukhan et al. [41, 54]. 

6.1.3 STM 

Complementing the reciprocal-space analysis presented above in the LEED section 6.1.1, 
the structural evolution at low coverages was examined in real space using STM. The 
corresponding STM results are shown in Figure 6.5. 

As shown in Figure 6.5(a), at 0.28 ML, a well-ordered atomic arrangement is observed. 
This hexagonal arrangement of Sn with one atom per unit cell, follows the (2 × 2) 
periodicity observed in LEED. As indicated by the red lines in the top left of the STM 
image, occasional dislocation lines with a width of ≈ 𝑎Au = 2.88 Å are observed, where 
𝑎Au denotes the Au(111) surface lattice constant assuming no surface reconstruction. As 
shown in Figure 6.6(a), such dislocation lines are also observed with a width of ≈ 5𝑎Au, 
containing two densely packed Sn atomic rows. While for the smaller dislocation line in 
Figure 6.5(a), a shift of the observed structures bordering the dislocation line is observed 
(indicated by red guidelines), no such shift is observed for the wider dislocation line 
in Figure 6.6(a). Additionally, a coexistence of the (2 × 2)-reconstruction with areas 
of unordered Sn is occasionally observed; an STM image showing such coexistence is 
displayed in Figure 6.6(b), with the disordered region marked by the black border. 

The next-neighbour distance was determined from the STM image by averaging next-
neighbour distances from line profiles, such as the one shown in Figure 6.5(d). This 
yields a next-neighbour distance of (5.8 ± 0.2) Å. This closely matches the expected 
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lattice constant of a (2 × 2)-reconstruction with one atom per unit cell, as it matches 
2 ⋅ 𝑎Au = 5.764 Å. 

For the mixed phase, a striped-like STM image is measured, shown in Figure 6.5(b), √ √ 
showing alternating stripes of a well-ordered ( 3 × 3)R30°-phase and regions of often 
disordered (2 × 2)-reconstruction. The width of the stripes ranges from approximately 
5 nm to 10 nm for both types. Usually, no sharp boundary between the two regions is 
observed, and the stripe width varies along their length. 

Fast-Fourier Transforms (FFTs) of the squares marked in both regions in Figure 6.5(b)√ √ 
are shown in Subfigures (e) and (f), respectively. The FFT of the ( 3 × 3)R30°-region, 
marked by an orange box in the STM image and shown in (e), shows a sharp hexagonal √ √ 
diffraction pattern. The expected spot positions of the ( 3 × 3)R30° (marked by 
orange circles) match the obtained FFT pattern. In addition, spots of the second and 
third orders are visible in the FFT. In (f), the FFT is noisier; however, the spot pattern√ √ 
still appears as a hexagon, but rotated by 30° to the pattern of the ( 3 × 3)R30°. 
This matches the expected diffraction pattern of a (2 × 2)-reconstruction, with the spot 
positions indicated by white circles. 

In the mixed phase LEED pattern, a (2 × 2)R8°-reconstruction was observed. Due to 
the limited resolution of the FFT, such a small rotation would not clearly be identified 
in the FFT pattern. Furthermore, due to the relatively high degree of disorder, a noisy 
FFT pattern would be expected. The observed rotation by 30° of the two hexagonal 
FFT patterns perfectly matches the observation from the LEED pattern, consistent with√ √ 
a mixed pattern of an unrotated (2 × 2) (or (2 × 2)R8°) and the ( 3 × 3)R30°-phase, 
where the unit cell is rotated by 30° with respect to the substrate. 

In Figure 6.5(c), an STM image similar to the mixed phase is observed for the Au2Sn-alloy. 
Again, a striped STM image is measured; however, now stripes of alternating widths 
are observed. The observed STM image closely resembles typical STM images of the 
Au(111) herringbone reconstruction, except that the zig-zag pattern with the elbow-like 
structure is not observed; instead, the observed stripes run straight for up to 100 nm. 
Occasionally, single hexagons, still matching the (2 × 2) lattice periodicity, are observed 
in the regions appearing brighter in the STM image. A similar disorder in the striped 
STM pattern of the Au2Sn was observed by Shah et al. [40]. 

As will be explained in detail in the XPD analysis below, the Au2Sn-stripes are indeed 
similar to the herringbone reconstruction, as they show alternating fcc and hcp stacking 
as well. Specifically, there is a transition region that cannot be clearly assigned to either 
stacking order, but in which the atoms instead sit in energetically unfavorable positions 
(bridge-like or near-top). Therefore, they appear lifted in STM. This lifted domain wall 
is visible in Figure 6.5(g); in the line profile, the domain wall appears approximately 
20 pm higher than the regions in between. 

In the literature, the striped Au2Sn alloy was already investigated using LEED and 
STM. While Maniraj et al. [39] proposed that the striped STM pattern stems from the 
herringbone reconstruction and that the alloy formation does not alter the herringbone √ √ 
Rec(22× 3) unit cell, Shah et al. [40] proposed a slightly larger unit cell of Rec(26× 3). 
In the STM image in 6.5(c), both unit cells are plotted, with the periodicity of the 
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6.1 Towards the Au2Sn Surface Alloy 

√ 
alternating stripes being more closely matched by the Rec(26 × 3) unit cell. Indeed, 
the periodicity of the stripes was determined to be (7.6 ± 0.6) nm, which translates to a 
26 ± 2 periodicity with respect to the Au(111) lattice. 

Figure 6.5: Structural evolution at low Sn coverages observed using atomically resolved 
STM. Shown in (a) is the (2 × 2), recorded at 𝑈bias = 0.75 V and 𝐼tunnel = 176 pA. The mixed 
phase in (b) was recorded with the same bias voltage but at 𝐼tunnel = 22.3 pA. FFTs of the √ √ 
regions marked within the alternating ( 3 × 3)R30° and distorted stripes of the (2 × 2) are√ √ 
shown in (e) and (f), respectively. (c) The alternating stripes of the local ( 3 × 3)R30°-√ 
reconstruction, recorded with identical parameters to (b), form a Rec(26 × 3) unit cell as 
highlighted in red. The line profile shown in (d) corresponds to the line marked in (a) of the 
(2 × 2)-reconstruction. In the Fourier transforms in (e) and (f), spot positions corresponding √ √ 
to a ( 3 × 3)R30°-periodicity and a (2 × 2)-reconstruction are marked by orange and white 
circles, respectively. (g) The indicated widths of the hcp and fcc regions in the line profile of√ 
the striped Rec(26 × 3)-reconstruction are obtained from our XPD analysis. Figure modified 
after [45]. 
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Figure 6.6: (a) Separation line in the well-ordered (2 × 2)-reconstruction containing two 
dense-packed Sn-atom rows. (b) Coexistence of the well-ordered (2 × 2)-reconstruction with 
unordered Sn in the region marked in black. Figure reprinted from [45]. 

6.1.4 XPD 

Because the STM analysis did not yield a definitive conclusion on the structural model and 
periodicity of the Au2Sn alloy, diffraction methods were used to provide deeper insights. √ √ 
First, Figure 6.7 shows a LEED image of the Au2Sn ( 3 × 3)R30°-reconstruction√ 
recorded at a low electron kinetic energy of 𝐸kin = 24 eV. Notably, at the 3-spot 
position, not a single sharp 2D-Gaussian spot is observed; instead, a distinct triangular 
shape, stemming from an imposed superstructure, is visible. Importantly, the triangles 
at all corners of the hexagonal LEED pattern point outwards, as shown in the zoomed 
inset. It was noted that the superstructure becomes better reconstructed when the 
sample was slightly annealed after Sn-deposition. The best ordering was found for 
annealing at ≈ 550 K, the superstructure starts degrading if heated above ≈ 700 K, and √ √ 
the ( 3 × 3)R30°-reconstruction vanishes when annealed above ≈ 900 K, as the Sn is 
then desorbed. 

√ 
Subsequently, LEED patterns for unit cells of the type Rec(𝑚 × 3) were calculated 
using LEEDPat [238], where 𝑚 ranged from 𝑚 = 22 (herringbone reconstruction) to 
𝑚 = 29. This range covers the periodicity determined via STM (𝑚 = 26 ± 2). Zoomed √ 
insets of the 3-spot positions for selected calculated patterns are shown in Figure 6.7. 
It is observed that if the condition 𝑚 mod 3 = 2 is fulfilled (e.g., 𝑚 = 23 or 𝑚 = 26),√ 
the superstructure around the 3-spot resembles the experimental pattern, exhibiting 
an outward-pointing triangle. Conversely, for 𝑚 mod 3 = 1 (e.g., 𝑚 = 22 and 𝑚 = 25), 
the triangular superstructure points inwards, while for 𝑚 mod 3 = 0 (e.g., 𝑚 = 24 and 
𝑚 = 27), a hexagonal superstructure is observed. Consistent with the STM periodicity√ 
analysis (𝑚 = 26±2), these findings strongly suggest the Rec(26× 3) unit cell proposed √ 
by Shah et al. [40]. The unaltered Rec(22× 3) herringbone unit cell proposed by Maniraj 
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6.1 Towards the Au2Sn Surface Alloy 

Figure 6.7: Comparison of calculated LEED patterns with the long-range order substructure√ √ √ 
observed around the 3-spot positions. Only the Rec(23× 3) and Rec(26× 3) reproduce the √ 
observed superstructure as indicated by the red triangle. The Rec(23 × 3)-reconstruction can 
be ruled out by analyzing the spot distances of the superstructure in detail. Figure reproduced 
in parts from [45]. 

et al. [39] appears unlikely, as the observed LEED superstructure does not match the 
experimental data. 

To resolve the atomic arrangement within the unit cell and further confirm the Rec(26 × √
3) model, the structure was analyzed using XPD. 

XPD measurements and simulations of the Sn 4𝑑 and Au 4𝑓 core level signals were 
performed. The results are shown in Figure 6.8(a) and (b). Simulating a unit cell of √ 
size Rec(26 × 3) involves 54 atoms in the topmost layer per unit cell alone. Since the 
EDAC algorithm calculates the interference pattern of multi-diffracted photoelectron 
waves based on the local environment of the initial emitter atom and relies on absolute 
atomic positions, including only a single unit cell in the structural model is insufficient. 
Therefore, the structural model contained 6 atomic layers, each consisting of 4 unit cells, 
resulting in a total of approximately 1300 atoms (depending on the assumed periodicity 
and compression in the topmost layer, this number varied slightly between different √ 
assumed Rec(𝑚 × 3) starting structures). Such large structural models would result 
in calculation times of up to 40 h per diffraction pattern if all individual emitters in 
the unit cell of the topmost layer were used. Given that the genetic algorithm typically 
requires ≈ 100 generations to converge, a result could be expected after 6 months of 
calculation time. Therefore, tests were performed to determine the minimum number 
of emitters required to generate a representative XPD pattern. This approach is valid 
based on the following reasoning: If the photoelectron waves from two different emitter 
atoms propagate through and are diffracted by overlapping local clusters, the (multiply) 
diffraction of the photoelectron waves in the overlapping region will give an identical 
contribution to the diffraction pattern. Therefore, for simulating the Sn 4𝑑 XPD pattern, 
using only 8 emitter atoms in the unit cell yields almost the full diffraction pattern. For 
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the Au 4𝑓 diffraction pattern, 12 Au emitters are needed to achieve a sufficiently accurate 
approximation, as their respective local clusters surrounding the chosen emitters already 
cover all atoms of the unit cell. 

This reduction decreases the calculation time per diffraction pattern to 1 h to 2 h, allowing 
the structural simulation to converge within several days. 

As the genetic algorithm used for structural optimization varies individual atomic 
positions, all allowed variations must be carefully constrained to preserve the unit 
cell periodicity. To achieve this, custom scripts were developed to restrict the genetic 
algorithm, ensuring that variations do not break the system’s symmetry. This resulted 
in up to 1250 allowed translation variations for single atoms and groups of atoms. To 
maintain the system’s rotational symmetry during variation, up to 300 constraints were 
applied to enforce threefold rotational symmetry in the structural model. 

√ 
Figure 6.8: XPD analysis of the Rec(26 × 3)-phase. (a) and (b) Experimental (left) and 
simulated (right) XPD patterns for Sn 4𝑑 photoelectrons with a kinetic energy of 𝐸kin. = 211.7 eV 
and Au 4𝑓 signal with 𝐸kin. = 151.6 eV, respectively. (c) The resulting structural model of the 
phase, showing alternating hcp and fcc stripes, as evident from the plot in (d). Here, the lateral 
distances (𝛥𝑑) from the ideal fcc and hcp stacking sites for the atoms in the surface layer are 
shown. Figure reproduced from [45]. 

While all atoms in the two topmost layers were allowed to vary their position (provided 
symmetry was maintained), the deeper atomic layers of the structural model were only 
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allowed to vary their 𝑧-position as a whole layer, thereby enabling modification of the 
interlayer distance. The topmost layer was allowed to compress/stretch by ±10 % along 
the [110]-direction, effectively enabling the variation of the periodicity 𝑚 of the structural 
model. Using this structural model, the genetic algorithm was used to optimize the 
structure. The optimization procedure was performed independently for the Sn 4𝑑 and 
Au 4𝑓 core level signals. The results are plotted in Figure 6.8(a) and (b) next to the 
respective experimental data. Both simulated XPD patterns match the experimental 
patterns excellently, as indicated by the very small Pendry 𝑅-factor (termed 𝑅-factor 
in the following) for both of 𝑅 = 0.04, reflecting almost perfect agreement. Notably, 
both structural optimizations independently resulted in the same periodicity, 𝑚 = 26. 
The differences between the two optimized structures obtained for the two signals are 
negligible. All differences in atomic positions for the full structural model along the [110]-
and [112]-directions are ≤ 5 pm. In the 𝑧-direction ([111]), the maximum deviation in 
individual atomic positions is ≤ 30 pm. 

The resulting structural model obtained from the optimization of the Sn 4𝑑 signal is 
shown in Figure 6.8(c). Figure 6.8(d) plots the in-plane distance 𝛥𝑑 of each atom to 
the closest ideal fcc (blue) and hcp (orange) stacking site. Clearly, an oscillation of 
atoms between hcp and fcc stacking sites is observed, analogous to the herringbone 
reconstruction of the Au(111) surface. Furthermore, atomic displacement along the 
[112]-direction is observed, which allows more atoms to be positioned in energetically 
favorable hollow sites in the unit cell. 

Atoms are assigned to the hcp region if they are closer to an hcp site than to an fcc 
site, and vice versa. In transition regions where this assignment is ambiguous, atoms 
are assigned to neighboring regions using a similar approach to that used to describe 
the herringbone reconstruction; thus, the width of the domain walls is set to zero in this 
context [242, 288, 289]. The observed disorder in the transition region might be an artifact 
of the XPD simulations, stemming from the reduced number of representative emitters 
used; the contribution of atoms far away from the next emitter, so atoms close to the 
border of the atomic cluster around the atoms used as emitters, will be underestimated 
in the simulated diffraction pattern. Consequently, some regions of the unit cell may 
be less well-represented during optimization, and their absolute atomic position will 
remain ambiguous. While the hcp and fcc regions of the herringbone reconstruction have 
widths of ≈ 2.8 nm and ≈ 3.8 nm, respectively [288], the Au2Sn alloy exhibits a wider 
hcp region (≈ 4.5 nm) and a narrower fcc region (≈ 2.9 nm). These domain widths are 
in good agreement with the STM line profile shown in Figure 6.5(g). 

Analogous to the herringbone reconstruction, where 23 surface atoms are compressed√ 
onto 22 substrate lattice sites, the Rec(26 × 3) unit cell involves 27 atoms in the surface 
layer compressed onto 26 substrate lattice sites. This corresponds to a compression of 
the surface alloy layer of ≈ 3.7% along the [110]-direction relative to the layers below. 

Notably, a similar striped phase is observed for Ge on Ag(111). At a coverage of ≈ 1/3 ML 
Ge, a Ag2Ge substitutional alloy forms with alternating hcp and fcc stripes, resulting in √ 
a 𝑐(31 × 3) supercell [290]. 
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(b)(a) (c)

√ 
Figure 6.9: The R-factors for different periodicities 𝑚 of the Rec(𝑚× 3) rectangular unit cell 
were calculated for the Au 4𝑓 signal in (a) and the Sn 4𝑑 signal in (b), resulting independently 
in a minimum for 𝑚 = 26. In (c), the R-factor minimum is confirmed for variations of layer 
positions in the direction normal to the surface (𝑧-direction). Figure adapted from [45]. 

In addition, the stability of the obtained structural model was tested against modifications. 
As shown in Figure 6.9(a) and (b), simulating the Au 4𝑓 and Sn 4𝑑 diffraction patterns √ 
individually for a fixed periodicity 𝑚 of the Rec(𝑚× 3) unit cell results in a minimum 𝑅-
factor for 𝑚 = 26 after letting the genetic algorithm run for 150 (Au 4𝑓) or 50 generations 
(Sn 4𝑑), respectively. 

The limit on the number of generations was chosen such that the improvement to the 
𝑅-factor was smaller than 𝛥𝑅 ≤ 0.01 in the last ≈ 10 generations before termination. 
Importantly, the genetic algorithm was terminated after a generation with an even 
generation number (yielding an odd iteration index, as the index starts at 0). These 
generations correspond to steps in which gene combinations are used to create the next 
generation. In general, these generations yield greater average improvement and a more 
homogeneous 𝑅-factor than generations created from random modifications (mutation), 
which tend to be more heterogeneous and contain more outliers. 

The genetic algorithm was run 3 times, with 60 individuals per generation for each 𝑚, to 
minimize the influence of the process’s stochastic nature. This prevents a scenario where 
a lucky early guess allows one run of the genetic algorithm to converge significantly faster 
than others. To generate initial start structures and to randomize structural models 
during the mutation step of the genetic algorithm, a pseudo-random number generator 
(PRNG) was initialized using the computer clock as the seed. This approach ensures that 
each run of the genetic algorithm has a unique starting seed and generates a unique set of 
structural variations. Each small cross in Figures 6.9(a) and (b) represents the 𝑅-factor 
obtained for an individual within the created generation of the best set of obtained 
structures after the given number of generations. The lightly shaded area represents the 
range of 𝑅-factors obtained, while the connected dots represent the average 𝑅-factor. 

In Figure 6.9(c), the interlayer distance of the entire Au2Sn alloy layer, as well as the 
individual Sn and Au sublattices within it, was varied with respect to the layers below in 
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the 𝑧-direction ([111]-direction). For all three analyzed interlayer distance variations, the 
minimum of the 𝑅-factor is obtained for a variation of 𝑧 = 0, meaning that the 𝑅-factor 
of the obtained structural model cannot be further improved by modifying interlayer 
distances. 

Our combined analysis of the structural model, using STM, LEED, and XPD, therefore √ 
strongly favors the Rec(26 × 3) unit cell as proposed by Shah et al. [40], and rules√ 
out a substitution of Au atoms by Sn directly in the herringbone Rec(22 × 3) unit 
cell as proposed by Maniraj et al. [39]. While the results presented in the remainder 
of this chapter were obtained via deposition at room temperature, extensive parameter 
testing was conducted to ensure that the observed structure is not an artifact of a 
specific preparation procedure. This involved systematically screening a wide range of 
parameters, including post-deposition annealing of samples prepared at room temperature 
to temperatures ranging from 350 K up to the Sn desorption threshold of ≈ 800 K. 
Additionally, Sn deposition directly onto substrates held at elevated temperatures within 
the same range was tested. Remarkably, LEED measurements confirmed the formation of √ 
the identical Rec(26× 3) structural arrangement across the entire annealing temperature 
range tested. This structural invariance strongly suggests that although Maniraj et al. [39] 
used different preparation parameters (see Table 6.3), they likely observed the same 
structural phase but misassigned the reconstruction. It is worth noting that while the √ 
observed periodicity remained Rec(26 × 3), the degree of ordering varied; the sharpest 
diffraction spots and optimal ordering were achieved using a substrate or annealing 
temperature of ≈ 520 K. 

Table 6.3: Comparison of the preparation parameters used by Maniraj et al. [39], Shah et 
al. [40], and the tested parameter ranges in this work. Independent of the used preparation √ 
parameters, the LEED pattern always indicated a Rec(26 × 3)-periodicity as analysed in 
Figure 6.7. Reprinted from [47]. 

Parameter Maniraj et al. [39] Shah et al. [40] This work 

Evaporation rate not given, Sn in cru-
cible at 1100 K 

not given 1.5 Å/h to 9 Å/h 
(0.33 ML deposited) 

Substrate tempera-
ture 

650 K 503 K 300 K to 800 K 

Pressure 
(during evaporation) 

≤ 5 × 10−10 mbar not given ≤ 3.5 × 10−10 mbar 

Base pressure ≤ 2 × 10−10 mbar not given ≤ 1 × 10−10 mbar 
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6.2 Chapter Summary 

In this chapter, the structural evolution of Sn on Au(111) in the low coverage regime 
(𝛬 < 0.33 ML) was characterized. Two distinct structural phases were identified. First, a 
chemically freestanding (2 × 2)-phase appears at coverages around 0.28 ML; this phase 
exhibits a (2×2) periodicity with respect to the substrate and could be interpreted as half 
a layer of 𝛼-Sn, which corresponds to buckled stanene [291, 292]. Upon slightly increasing 
the coverage, a mixed transition phase is observed, until the Au2Sn substitutional surface 
alloy forms at 𝛬 ≈ 0.33 ML. 

The central result of this chapter is the determination of the specific long-range order √ 
of the Au2Sn alloy. While previous studies suggested an unaltered Rec(22 × 3) her-
ringbone reconstruction, our combined approach of LEED, STM, and XPD structural√ 
optimization conclusively identifies a larger Rec(26 × 3) unit cell. This reconstruction 
features alternating hcp and fcc stacking domains, similar to the Au(111) herringbone 
reconstruction but with modified domain widths. 

As discussed in the following chapter, the Au2Sn surface alloy serves as the interface 
layer for the coverage regime between 0.33 ML and 0.66 ML. It guides the formation of 
complex Sn phases, such as an exotic square-like Sn arrangement and honeycomb stanene 
structures. 
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7 Higher Sn Coverages 
In this chapter, the different structural arrangements of Sn observed at higher coverages 
between 0.33 ML and 0.66 ML are discussed. Three unique structural phases were 
identified and analyzed in detail: the X-phase with a local square-like Sn arrangement; the 
striped phase, featuring alternating stripes of square-like and honeycomb Sn arrangements √ 
that result in a nanoribbon structure; and the 7-phase, which is a stretched hexagonal 
structure. Before discussing the structural models for each of these phases in detail, this 
chapter begins with the structural and chemical evolution observed as a function of the 
Sn coverage. 

The main results of this chapter were previously published in: 

• J. A. Hochhaus et al., Ultraflat honeycomb stanene nanoribbons on au(111), Ad-
vanced Materials Interfaces 12, e00861 (2025) 

• J. A. Hochhaus et al., First evidence of a square-like Sn lattice on the Au2Sn surface 
alloy on Au(111), Applied Surface Science 714, 164470 (2025) 

7.1 Structural and Chemical Evolution at Higher 
Coverages 

Figure 7.1 displays the observed structural evolution after depositing 0.66 ML Sn on the 
clean Au(111) surface at room temperature and subsequently annealing the sample to 
the temperatures indicated. Before discussing the details of the different LEED patterns, 
it should be noted that the observed structural arrangement is not determined by the 
annealing temperature but rather by the Sn coverage. Annealing, however, is a precise 
method to reduce the Sn coverage by desorption until the desired structural phase is 
reached. The success of this controlled desorption approach likely stems from the specific 
activation energies required to break the bonds within stable structural arrangements. 
Furthermore, the thermal energy supplied during annealing promotes thermodynamic 
equilibrium, resulting in significantly better long-range order than can be achieved by 
direct Sn deposition at room temperature. 

When ≈ 0.66 ML Sn is deposited on the clean Au(111) kept at room temperature or 
at slightly elevated temperatures (310 K), the so-called X-phase forms. This complex, 
spot-rich reconstruction was first reported by Maniraj et al. [43], who described their 
observation using the reconstruction matrix ( 3.58 0 They coined the name ”X-phase”1.96 3.92 ). 
for the observed incommensurate LEED pattern, a term adopted in this thesis. Their 
description translates to a Rec(3.58 × 3.4) unit cell. Pang et al. [42] identified the X-√ 
phase as a compressed/stretched Rec(2 × 3)-reconstruction; precisely, they determined 
a square-like Rec(1.9 × 1.9) unit cell. As will be discussed in detail in Section 7.2, 
the X-phase was determined to be a Rec(7.7 × 3.85) unit cell, which consists of a 
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(4 × 2) arrangement of slightly distorted local square-like Rec(1.925 × 1.925) cells. The 
determined Rec(7.7 × 3.85) thereby closely matches twice the unit cell proposed by 
Maniraj et al., and is almost identical to the description by Pang et al. Besides, they 
never mention the long-range order observed and therefore can only explain the most 
pronounced LEED spots. 

Reducing the Sn coverage to ≈ 0.55 ML by annealing the X-phase to ≈ 450 K leads to 
a structural phase with triangular and hexagonal superstructures as well as stripe-like 
features observed in the LEED pattern. The transition to this structural arrangement is 
irreversible; cooling the sample back to room temperature does not restore the X-phase. 
The structural model of this so-called striped phase is discussed in detail in Section 7.3. 
Desorbing more Sn by annealing to slightly higher temperatures (≈ 455 K) results in √ 
the formation of the 7-phase, described by the reconstruction matrix ( 2 1

1 3 ), which is a√ √ 
stretched 7 × 3 hexagonal structure. This structural arrangement was analyzed in 
detail by Maniraj et al. [43]. They described it as a stretched hexagonal arrangement of 
Sn-dimers. In addition, they observed linear dispersing bands below the Fermi level at 
the 𝛤-point with alternating spin polarization and a Fermi velocity of 𝑣F = 1 × 106 m/s, 
closely matching that of graphene. As Maniraj et al. already conducted a detailed√ 
structural analysis of the 7-phase, a short comparison of the STM and LEED results 
obtained in this thesis with their results is provided in Section 7.4. 

When the sample is annealed above 480 K (coverage ≈ 0.35 ML), the characteristic √ √
( 3 × 3)R30° LEED pattern of the Au2Sn substitutional surface alloy, as described √ 
in Chapter 6, is formed. The long-range order of the Rec(26 × 3)-reconstruction 
of the Au2Sn alloy is observed until annealing temperatures of ≈ 750 K. Above this 
temperature, the superstructure and long-range order start to degrade, and at ≈ 900 K, 
the Sn fully desorbs from the surface. As mentioned, the observed structural phases and 
transitions are coverage-dependent, and the annealing temperature is only used to desorb 
Sn in a controlled manner. All observed structural phases could be prepared directly by 
depositing the necessary amount of Sn onto the clean Au(111) surface. However, this 
often results in a mixture of structural phases or worse long-range order. Step-by-step √ 
preparation is also possible. The 7-phase, for example, can be obtained by preparing 
the X-phase, annealing to 450 K (striped phase), and then annealing to ≈ 455 K. It was 
noted that the Au2Sn surface alloy serves as a universal starting point for preparing 
the other structural phases. For example, by depositing ≈ 0.3 ML on the preformed 
Au2Sn surface alloy, the X-phase is obtained. No difference in behavior was observed 
between the Au2Sn-alloy prepared by direct deposition of ≈ 0.33 ML or by annealing 
higher amounts of Sn. 

√ 
In general, the preparation of the striped phase and the 7-phase is very challenging, 
as the required parameter window is narrow. The preparation method via annealing 
provides one decisive advantage over direct deposition: The chamber geometry allows 
live monitoring of the sample during annealing via LEED, enabling precise observation 
of structural transitions. Live monitoring via LEED, however, is not possible during Sn 
deposition. 

XPS survey spectra of all structural phases described above were recorded and are shown 
in Figure 7.2. Besides analyzing the chemical composition, this allowed the determination 
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7.1 Structural and Chemical Evolution at Higher Coverages 

Figure 7.1: LEED patterns illustrating the structural evolution driven by post-deposition 
annealing to control Sn coverage. The Au(111) substrate unit cell and diffraction spots are 
marked in yellow. (a) The Rec(7.7 × 3.85)-reconstruction associated with the X-phase obtained 
after deposition of approximately 0.66 ML Sn on the surface kept at room temperature. (b) 
The LEED pattern of the striped phase. (c) The three unique subpatterns created by the√ 
rotational domains of the ( 2 1 7-reconstruction). (d) 1 3 )-reconstruction (also referred to as the√ √ 
The unit cell and ( 3 × 3)R30° pattern of the Au2Sn surface alloy indicated in blue. Adapted 
from [46]. 
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Figure 7.2: XPS survey spectra of the Sn phases in the coverage range of 0.33 ML to 0.66 ML, 
obtained via post-deposition annealing of 0.66 ML Sn. All spectra were recorded using a photon 
energy of ℎ𝜈 = 700 eV and an emission angle of 𝛩 = 60°. Binding energies are referenced to 
the Fermi level. The reduction of the Sn signals with increasing post-deposition annealing 
temperature confirms the Sn coverage reduction via desorption of Sn. Modified after [46]. 
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of the Sn coverage. Figure 7.2 shows survey spectra recorded with ℎ𝜈 = 700 eV at 
a grazing emission angle of 𝛩 = 60°. The spectra are stacked, starting with the X-
phase (highest coverage) at the bottom. As marked by red boxes, signals of common 
contaminants like oxygen and carbon are absent. As clearly evident, with increasing 
annealing temperature, Sn-related features, e.g. the Sn 4𝑑 and Sn 3𝑑 signals, decrease. 
This behavior is reflected in the estimated Sn coverages: For the X-phase, a coverage of 
(0.63 ± 0.05) ML was obtained, matching the QCM result ((0.66 ± 0.02) ML). For the 
Au2Sn-alloy, (0.33 ± 0.03) ML was obtained (QCM: (0.33 ± 0.02) ML). For the striped √ 
and 7-phases, which are best prepared by controlled desorption via sample annealing, 
the coverages were estimated via XPS to be (0.55 ± 0.02) ML and (0.46 ± 0.03) ML, 
respectively. 

Next, the chemical structure in the Sn layer and at the Au-Sn interface was analyzed 
using high-resolution XPS. Starting with the Sn 4𝑑 signal of the X-phase, shown in 
Figure 7.3(a), the best fit is achieved using a two-component Doniach-Šunjić doublet 
model. All fit parameters are given in Table 7.1. The dominating component (white) is 
observed at 𝐸bin = 23.92 eV, which is close to metallic Sn, while the second component 
(dark blue) is observed at ≈ 370 meV higher binding energy. Comparing the spectra 
recorded at normal and grazing emission, the higher binding energy component reduces 
by more than 33%, whereas the dominating component increases under grazing emission. 
Thus, the stacking order is determined as follows: The white component sits atop, while 
the dark blue component corresponds to the interface. It is identified as an Au2Sn-alloy 
at the interface. It shifts to slightly higher binding energies (≈ 90 meV) compared to the 
respective component observed in the Sn 4𝑑 signal of the surface Au2Sn-alloy, discussed 
in Chapter 6. 

The observed shifts can be explained by the presence of the X-phase layer stacked above 
the Au2Sn-alloy interface. As discussed, the simple electronegativity rule fails for Au-Sn 
alloys. The observed shifting to higher binding energies of the alloy component in the 
Au 4𝑓 signal is counterintuitive. However, as explained by Egelhoff [136], the expected 
shift to lower binding energies of the alloy component in the Au 4𝑓 signal, stemming 
from the Pauling electronegativity prediction of component shifting, is compensated and 
even inverted by intra-atomic charge transfer from the Au 5𝑑 to the 6𝑠 level. If the local 
atomic environment and bonding change, the alloy component in both the Au 4𝑓 and 
the Sn 4𝑑 signals may shift. This can be understood as follows: As will be discussed in 
Section 7.2, the Au2Sn interface layer is likely stretched by approximately 11 % in the 
[112]-direction compared to the substitutional alloy. This results in a decreased packing 
density of the Au2Sn-layer, effectively reducing the screening of the core by valence 
electrons (again for both, the Au 4𝑓 and the Sn 4𝑑 signal), leading to stronger binding 
of core electrons. A second argument considers the local environment: With increased 
Sn coverage, the local environment of each Au atom becomes Sn-richer. Considering 
that the 1:1 distribution of Au to Sn in the top two layers (of the X-phase) represents 
an increase in Sn contribution compared to the 2:1 distribution in the Au2Sn-alloy, it 
is plausible that the higher Sn concentration enhances the Au 5𝑑 to the 6𝑠 intra-atomic 
charge transfer. This could explain the observed shift to even higher binding energies of 
the alloy component in the Au 4𝑓 signal (compare Figure 7.4(a)) as well as the observed 
shift of the Au2Sn interface alloy component in the Sn 4𝑑 signal. 
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Figure 7.3: High-resolution XPS spectra of the Sn 4𝑑 core level, used to investigate the internal 
chemical composition of the topmost Sn layer(s) for coverages between 0.33 ML and 0.66 ML 
Sn. Recorded at a photon energy of ℎ𝜈 = 240 eV with emission angles of 𝛩 = 0° (top row) 
and 𝛩 = 60° (bottom row). The corresponding fit parameters are listed in Table 7.1. Adapted 
from [46]. 
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Table 7.1: Fit parameters from the XPS analysis of the chemical evolution of the Sn 4𝑑 signal 
shown in Figure 7.3. The statistical fit error for the reported binding energies is typically well 
below 10 meV. Reprinted from [46]. 

Structural phase 𝛩 (°) Component 𝐸bin (eV) 𝐸SOC (eV) FWHM (eV) asymmetry 𝛽 rel. area (%) 

X-Phase 23.92 1.04 0.48 0.12 73.88 
X-phase 0 Au2 Sn 24.29 1.04 0.48 0.12 26.12 

Figure 7.3(a) X-Phase 23.91 1.04 0.48 0.12 82.3960 Au2 Sn 24.28 1.04 0.48 0.12 17.61 
X-Phase 23.92 1.04 0.47 0.12 15.44 

0 Au2 Sn 24.25 1.04 0.47 0.12 36.10striped stanene 24.02 1.04 0.44 0.09 48.46phase 
X-Phase 23.91 1.03 0.47 0.12 20.16Figure 7.3(b) 

60 Au2 Sn 24.25 1.03 0.47 0.12 16.60 
stanene 24.02 1.03 0.44 0.09 63.25 

√ Au2 Sn 24.25 1.04 0.47 0.12 18.03
7 0 √

7-stanene 24.01 1.04 0.49 0.10 81.97phase 
Au2 Sn 24.25 1.03 0.47 0.11 9.67Figure 7.3(c) 60 √
7-stanene 24.01 1.03 0.48 0.09 90.33 

Au2 Sn-alloy 0 Au2 Sn 24.19 1.04 0.49 0.11 100.00 
Figure 7.3(d) 60 Au2 Sn 24.19 1.03 0.49 0.11 100.00 

Comparing the Sn 4𝑑 fits of the X-phase with literature, they agree well with the two-
component model reported by Sadhukhan et al. [41]. However, their fit of the Au 4𝑓 
signal uses only two components, which disagrees with the analysis presented below. 
Moreover, their assignment of the X-phase to an AuSn-alloy contradicts in some aspects 
the structural model presented in Section 7.2. In contrast, Pang et al. [42] applied a 
three-component model. While their approach yields a reasonable fit, the third component 
contributes only about 4% to the total peak area. Given this small contribution, the 
two-component model provides a more straightforward yet equally robust description, 
especially because it agrees well with the structural model derived from atomically 
resolved STM measurements. 

Turning to the striped phase, three components are identified. While components 
matching the X-phase and the Au2Sn interface are still present, the spectrum is now 
dominated by a new component, plotted in light blue at 𝐸bin = 24.02 eV, which is 
assigned to the honeycomb arrangement of Sn (detailed in Section 7.3). In the following, 
this component will therefore be referred to as the stanene component. The Au2Sn-
interface component is observed at a slightly lower binding energy compared to the 
X-phase. This can be explained by the reduced Sn coverage, which reverses some of the 
effects discussed above. 

The stanene component is shifted by about 230 meV towards lower binding energies 
relative to the Au2Sn interface component. A similar behavior was reported for atomically 
flat honeycomb stanene on Ag2Sn/Ag(111) [25]. While other components exhibit a 
FWHM of ≈ 480 meV and 𝛽 = 0.12, the stanene component exhibits a significantly 
reduced asymmetry of 𝛽 = 0.09 and narrower FWHM of ≈ 440 meV. The reduced 
asymmetry indicates a less metallic character [293, 294] and points to predominant 𝑠𝑝2 

bonding rather than the 𝑠𝑝2/𝑠𝑝3 hybridization of freestanding stanene [17]. As evident 
from STM, an atomically flat honeycomb structure is observed, which likely favors 𝑠𝑝2 

86 



7.1 Structural and Chemical Evolution at Higher Coverages 

bonding due to the lack of buckling. Similar to the (2×2) component, the binding energy 
of the stanene component (≈ 24.02 eV) closely matches bulk tin values [282–284]. 

While the Au2Sn-component decreases significantly under grazing emission, the X-phase 
and stanene components increase. In addition, the ratio of the stanene component area 
to that of the X-phase remains roughly constant at 3.1:1 for both emission angles. Due 
to their similar angular dependence, the X-phase and stanene components must originate 
from the same stacking layer (the topmost surface layer). As will be shown in Section 7.3, 
the surface unit cell contains 34 Sn atoms: 8 in a square-like configuration and 26 in 
a honeycomb structure. This yields an atomic ratio of 3.25:1, which is in excellent 
agreement with the measured XPS area ratio of 3.1:1. 

√ 
For the 7-phase (Figure 7.3(c)), the best fit is achieved using a two-component model. 
A small Au2Sn component is identified, but the spectrum is mainly dominated by the 
second component, fitted with parameters very similar to the stanene component of the 
striped phase. As this phase corresponds to a stretched dimer hexagonal structure with√ 
exotic electronic properties, it is referred to as 7-stanene [43]. Remarkably, the stanene √ 
component in the striped phase and the 7-stanene component are indistinguishable 
by XPS alone; only structural analysis reveals their distinct origins. Comparing the 
structural models, only a stretch of approximately 15 % along [112] is needed to transform √ 
the honeycomb arrangement into the 7-phase (which is a stretched hexagonal Sn-dimer 
arrangement, in Section 7.4, more details are found). While the Lorentzian contribution 
to the FWHM of the Au2Sn component is 𝛤L ≈ 260 meV, an increased Lorentzian √ 
contribution (𝛤L ≈ 310 meV) is observed for the 7-stanene, yielding core-hole lifetimes 
of 𝜏 ≈ 2.5 fs and 𝜏 ≈ 2.1 fs, respectively. However, both values match typical values given 
for Sn and Sn-alloy components given in the literature [295, 296]. The small Au2Sn-alloy 
component needed to fit the spectrum could be explained by either residual regions of the √ 
striped phase or the onset of 3-phase formation, as the parameter window for preparing √ 
the 7-phase is narrow. As discussed in Section 7.4 and shown in Figure 7.23, both 
types of mixed phases are observed in the experimental data. 

As shown in Figure 7.3(d), when the sample is annealed above 480 K (≈ 0.35 ML), the 
spectrum can be fitted with a single component, identified as Au2Sn-component, with fit 
parameters in perfect agreement with the substitutional alloy discussed in Chapter 6. 

Turning to the analysis of the Au-Sn interface, the evolution of the Au 4𝑓 signal is 
presented in Figure 7.4, with the fit parameter being presented in Table 7.2. Starting 
with the X-phase, the fit consists of three components: bulk (𝐸bin = 84.00 eV), interface 
(𝐸bin = 84.30 eV), and X-phase (𝐸bin ≈ 84.62 eV). The interface component is identified 
as similar to the Au2Sn substitutional alloy but shifted by ≈ 100 meV to higher binding 
energy likely due to the higher effective Sn concentration from the X-phase layer above, 
as already discussed in the analysis of the Sn 4𝑑 signal. Applying a two-component 
model (like Sadhukhan et al. did) required FWHMs larger by 25 % than clean Au(111) 
and shifted the bulk component by ≈ 60 meV. Additionally, their assignment of the 
X-phase to a two-layer AuSn system does not match either the STM data or the angular-
resolved XPS data presented here. Applying the four-component model of Pang et al. 
generates a reasonable fit, but their fourth component contributes only 2 %. Combining 
the results from Sadhukhan et al., regarding their reported AuXSn shifts [41, 54], with 
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Figure 7.4: High-resolution XPS spectra of the Au 4𝑓 core level used to analyze the interface 
structure of the different Sn phases observed for coverages between 0.33 ML and 0.66 ML Sn. 
Recorded at a photon energy of ℎ𝜈 = 240 eV with emission angles of 𝛩 = 0° (top row) and 
𝛩 = 60° (bottom row). Fit parameters corresponding to these spectra are provided in Table 7.2. 
Reproduced from [46]. 
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Table 7.2: XPS analysis fit parameters to the chemical evolution of the Au 4𝑓 signal shown in 
Figure 7.4. The statistical fit error for the reported binding energies is typically well below 
10 meV. Reprinted from [46]. 

Structural phase 𝛩 (°) Component 𝐸bin (eV) 𝐸SOC (eV) FWHM (eV) asymmetry 𝛽 rel. area (%) 

bulk 84.00 3.68 0.54 0.03 36.32 
0 interface 84.30 3.68 0.54 0.03 44.40 

X-phase X-phase 84.62 3.68 0.54 0.03 19.28 
figure 7.4(a) bulk 84.00 3.68 0.54 0.03 29.24 

60 interface 84.30 3.68 0.54 0.03 46.54 
X-phase 84.62 3.68 0.54 0.03 24.22 

bulk 84.00 3.67 0.53 0.03 51.49 
0 interface 84.27 3.67 0.53 0.03 43.26striped X-Phase 84.59 3.67 0.53 0.03 5.25phase 

bulk 84.00 3.67 0.53 0.04 41.05figure 7.4(b) 
60 interface 84.27 3.67 0.53 0.04 52.42 

X-Phase 84.59 3.67 0.53 0.04 6.53 
√ bulk 83.99 3.67 0.54 0.03 60.61

7 0 interface 84.27 3.67 0.54 0.03 39.39phase bulk 84.00 3.67 0.54 0.03 52.53figure 7.4(c) 60 interface 84.28 3.67 0.54 0.03 47.47 
bulk 84.00 3.68 0.54 0.03 58.66 

Au2 Sn-alloy 0 Au2 Sn 84.23 3.68 0.54 0.03 41.34 
figure 7.4(d) 60 bulk 84.00 3.68 0.53 0.03 51.31 

Au2 Sn 84.23 3.68 0.53 0.03 48.69 

the data presented here allows the following conclusion: The packing density in the two 
topmost layers corresponds to a 1:1 Au:Sn ratio, where Au atoms in the Au2Sn interface 
alloy experience a local environment similar to a AuSn alloy, as the Au2Sn interface 
is covered by the X-phase Sn layer. Therefore, the Au2Sn/interface component of the 
X-phase is actually measured closer to the expected binding energies observed for an 
AuSn alloy, which explains the proposed explanation of the X-phase being an AuSn alloy 
by Sadhukhan et al. [41]. 

For the striped phase, the same components are observed, but the X-phase component 
contribution is significantly reduced. Combined with the observed reduction of the 
Au2Sn interface component, this indicates dealloying during the structural transition 
from X-phase to striped phase. In the X-phase, the square-like layer grows atop a Au2Sn 
interface. During the structural transformation to the striped phase, stripes of honeycomb 
Sn (growing directly on Au(111)) alternate with remaining X-phase regions (still atop 
Au2Sn). Since the honeycomb arrangement requires a higher Sn packing density, the 
surplus Sn likely originates from the dealloying of the Au2Sn interface. Vice versa, the 
transition from striped to X-phase results from the Sn packing density becoming too 
large for a single layer, favoring two-layer growth. 

√ 
Heading to the 7-phase (Figure 7.4(c)), the fit is virtually identical to the striped 
phase, with the exception that the X-phase component has now entirely vanished. This 
indicates that the Au-Sn bonding at the interface is very similar between the stanene√ 
honeycomb-arrangement of the striped phase and the 7-stanene. For both arrangements, 
an atomically flat Sn arrangement is observed with the Sn sitting at identical adsorption 
sites (compare Section 7.3 and 7.4). 
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Finally, analyzing the Au2Sn-alloy phase, shown in Figure 7.4(d) obtained after annealing 
the sample above 480 K yields a similar fit to that of the substitutional alloy obtained 
after depositing 0.33 ML at room temperature (see Chapter 6). Comparing the details, 
the Au2Sn component is observed at a slightly higher binding energy of 𝐸bin = 84.23 eV 
compared to the room-temperature preparation. 

It was observed, that annealing the sample at 480 K initiates the structural transition √ √ √ 
from the 7-phase to the ( 3 × 3)R30°-reconstruction observed in LEED. However,√ 
only annealing at 480 K does not fully remove the 7-stanene component contribution 
from the Sn 4𝑑 core-level spectrum. The spectra presented here were measured after 
annealing to ≈ 650 K, which is precisely the annealing temperature needed to remove √ 
the 7-stanene component contribution completely from the Sn 4𝑑 signal. In the Au 4𝑓 
signal, the binding energy of the Au2Sn-alloy component appears at 𝐸bin = 84.23 eV√ 
(after annealing to ≈ 650 K). It gradually shifts toward this value as the 7-stanene 
contribution decreases with increasing annealing temperature. Annealing to ≈ 750 K 
finally yields the binding energy observed for the Au2Sn room-temperature preparation 
of 𝐸bin = 84.20 eV. Notably, in the annealing temperature range of 480 K to 750 K, the 
Sn coverage, determined using XPS, is only slightly reduced, going from (0.33 ± 0.03) ML 
to (0.31 ± 0.02) ML, which is, however, within the margin of error. 

√ 
The similarity of the interface component observed for the striped and 7-phases to the 
Au2Sn alloy phase can be understood as follows: Au atoms at the interface experience a√ 
similar local Sn environment when covered by the honeycomb or 7-stanene, as in both 
cases the atomic ratio of Au:Sn is ≈ 2 ∶ 1, matching the Au2Sn-alloy. Considering the 
complex electronic behavior of Au-Sn compounds [136], the interface Au atoms likely 
experience similar hybridization and inter-atomic charge transfer. 

Overall, the observed chemical evolution can be summarized as follows: Starting with 
the two-layer system of the X-phase (consisting of the Au2Sn alloy interface and the 
square-like Sn arrangement), annealing leads to partial dealloying and the formation 
of the striped phase. This phase features alternating regions similar to the X-phase 
and regions where a honeycomb stanene arrangement sits directly atop the Au(111) 
surface. Further annealing continues the dealloying, leading to the formation of the√ 
Sn-dimer hexagonal arrangement of the 7-phase, directly atop the Au(111) surface. 
Finally, further annealing leads to realloying and the formation of the substitutional 
Au2Sn surface alloy. 

Alternatively, the sequence can be viewed with Sn coverage as the driving factor: Start-
ing from the substitutional surface alloy, increasing the coverage to 0.45 ML leads to√ 
dealloying, as the 7 arrangement becomes energetically favorable. Further increasing 
the coverage to 0.55 ML starts the realloying, as the Sn packing density becomes too 
high for a single atomic layer. Increasing the coverage to 0.66 ML further drives the 
realloying process, resulting in two-layered growth with the formation of the square-like 
X-phase atop the Au2Sn interface alloy. Increasing the film thickness to 1.33 ML does not 
significantly alter the X-phase LEED pattern, likely indicating that multi-layer growth 
of the square-like arrangement begins, showing similarities to the bcc 𝛽-Sn allotrope. 
Notably, monolayers of the 𝛼-Sn allotrope would correspond to a honeycomb stanene 
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7.1 Structural and Chemical Evolution at Higher Coverages 

phase, but its thermal instability limits multilayer growth at room temperature [20, 21]. 
However, Sn coverages above 0.66 ML were not analyzed in detail in this thesis. 

7.1.1 Valence band analysis 

In addition to the core-level analysis, the valence band evolution across the different 
structural phases was observed as shown in Figure 7.5(a). Since Features A to E were 
already discussed for clean Au(111) in Chapter 5, the following discussion focuses on 
the changes observed during the structural evolution of the Sn phases. Upon formation 
of the Au2Sn surface alloy, all features (except C) shift by approximately 200 meV to 
higher binding energies with respect to clean Au(111), and the Shockley surface state S√ 
completely vanishes. Progressing to higher Sn coverages in the 7-phase and the striped 
phase, Feature E becomes less pronounced, while all other features shift slightly further 
to higher binding energies (except Feature C, which remains constant). Features A and √ 
B weaken in the Au2Sn and 7-phases. In the subsequent striped and X-phase, the 
intensity of Feature B recovers, while Feature A continues to vanish. 

Figure 7.5: (a) Comparison of the valence band spectra of clean Au(111) and the different 
structural phases observed at Sn coverages between 0.33 ML and 0.66 ML, recorded at ℎ𝜈 = 
52.5 eV under normal emission (at 𝛤). The dashed lines labeled A–E correspond to the band 
maxima identified for the clean Au(111), while the surface state is labeled S. (b) Symmetry 
points of the Brillouin zone marked in a LEED image. (c) Band structures along 𝛤 − 𝐾 of the 
clean Au(111) and the striped phase plotted for comparison. Subfigure (a) reprinted from [46]. 
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In the valence band region of 𝐸bin = 2 eV to 5 eV, a new feature appears to arise at 
𝐸bin ≈ 4 eV for the striped phase. Figure 7.5(c) presents a side-by-side comparison of 
the valence band structure of clean Au(111) and the striped phase along 𝛤 − 𝐾. The 
most evident change here is the shift of the two deep valence band features A and B 
(𝐸bin = 6 eV to 8 eV) to higher binding energies by ≈ 200 meV in the striped phase. 
Feature B appears to flatten out, and the splitting into two distinct bands observed for 
clean Au(111) around ∣𝑘||∣ ≈ 0.5/Å is not visible. Instead, a new, weak feature appears 
at 𝐸bin ≈ 5.3 eV, between the positions of Features B and C. 

The most significant differences occur in the region 𝐸bin = 2 eV to 5 eV. While both 
spectra show Feature C at ≈ 4.6 eV, the splitting into two distinct bands away from 𝛤 is 
only observed for clean Au(111). Additionally, Feature E (≈ 2.5 eV) is highly suppressed 
in the striped phase. Feature D (≈ 3.4 eV) shows complex behavior in the striped phase; 
it appears to split into two bands when going away from 𝛤. The new band feature 
observed shifts toward lower binding energies as ∣𝑘||∣ increases. 

Returning to Figure 7.5(a), for the X-phase no distinct features are observed between 
𝐸bin = 2 eV to 5 eV, besides one very broad feature indicating strong band hybridization. 
Feature A appears only as a shoulder on the high-binding-energy side (𝐸bin ≈ 7.9 eV), 
and the heavily shifted Feature B (𝐸bin ≈ 6.3 eV) is observed. 

Considering that the IMFP of photoelectrons with 𝐸kin ≈ 40 eV is ≈ 5 Å (which is 
approximately two atomic layers), the suppression of certain features likely indicates that 
they are originating from the bulk gold. Consequently, this allows assigning features 
dominating the spectrum at higher Sn coverages (specifically Features B and C/D) to 
the interface and surface regions. These observations, consistent with the XPS results, 
confirm the presence of chemical bonding between Au and Sn for all phases. In general, 
the strong modification of features between 𝐸bin = 2 eV to 5 eV matches the general 
behavior of Au-Sn alloying [54, 286]. 

Calculations from theory of crystalline Au-Sn-alloys predicts high densities of states 
(DOS) near 𝐸bin ≈ 4 eV, attributed to hybridization between Au 𝑑-orbitals and Sn 
𝑝/𝑠-orbitals [297]. The dominant presence of Feature B likely arises from hybridization 
between Au 𝑑 and Sn 𝑠 states [298, 299]. While freestanding stanene is assumed to be 
heavily buckled and 𝑠𝑝2/𝑠𝑝3 hybridized, the experimental observation of atomically flat √ 
arrangements, as in the 7 and the honeycomb region of the striped phase, suggests 
a different intra-and interlayer bonding and hybridization. The hybridization of Au 𝑑 
states with Sn 𝑠/𝑝 states likely favors the formation of flat, 𝑠𝑝2-like Sn arrangements, 
a hypothesis supported by the reduced asymmetry 𝛽 observed for the corresponding 
component in the XPS Sn 4𝑑 signal [293, 294]. 

Although the goal in 2D material preparation is often to reduce adsorbate-substrate 
interaction to create freestanding structures, a stronger interaction appears necessary 
in the case of Sn on Au(111) to stabilize the atomically flat honeycomb arrangement.√ 
Furthermore, linear dispersion features measured for the 7-phase confirm this significant 
substrate interaction [41, 43]. 
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Having established the chemical and structural evolution of Sn on Au(111) in the coverage 
range of 0.33 ML to 0.66 ML, the following sections will focus on discussing the structural 
models, starting here with the X-phase, which is formed if 0.66 ML is deposited on the 
Au(111) surface at room temperature. Combining LEED and STM, the structural model 
of the X-phase will be derived. The results from this section were previously published 
in [47]. 

The analysis of the LEED pattern of the X-phase (Figure 7.6(a)) starts with the assump-
tion of a square Rec(1.925 × 1.925) unit cell; this closely matches the one proposed by 
Pang et al. [42]. However, comparing the overlaid LEEDPat simulation (marked by black 
circles) reveals that while the assumed periodicity well explains some spots, it cannot 
account for all observed diffraction spots. Doubling the periodicity to a Rec(3.85 × 3.85) 
unit cell (Subfigure (b), blue circles) accounts for most of the dominant spots that were 
not matched by the Rec(1.925 × 1.925). 

Figure 7.6: Analysis of the LEED diffraction pattern of the X-phase. Black circles indicate the 
diffraction spots of a Rec(1.925 × 1.925) reconstruction. As shown in (a), the Rec(1.925 × 1.925) 
cannot explain all observed spots. Doubling the size of the unit cell to a Rec(3.85 × 3.85) 
(additional spots marked in blue in (b)) already matches most of the spots. As marked by red 
arrows, some faint spots are still not reproduced; they could be described by a Rec(7.7 × 3.85) 
unit cell, with the additional expected spot positions marked orange in (c). Reproduced 
after [47]. 

However, as indicated by the red arrows, some faint spots remain unexplained. Only 
a Rec(7.7 × 3.85) unit cell, with the additional spots marked in orange, can describe 
all observed spots in the experimental LEED pattern. To further confirm that the 
Rec(7.7 × 3.85) unit cell indeed captures the observed periodicity, Figure 7.7 shows a 
zoomed region of the details of the LEED pattern. In addition, the zoomed-in LEED 
pattern is shown with a LEEDPat simulation of the same region for comparison. 

As a next step, STM data was recorded to analyse the structure of the X-phase in real 
space. Figure 7.8(a) presents a large area scan of the clean Au(111) surface, showing the 
herringbone reconstruction. In (b), a large area scan of the X-phase, typically showing 
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Figure 7.7: Details of the LEED pattern of the X-phase. In the left panel, some of the most 
pronounced spots corresponding to the Rec(7.7 × 3.85) unit cell are marked by red arrows. 
In addition, the simulated LEED pattern [238] and the measured LEED pattern without the 
overlay are shown on the right. In the simulated pattern, white circles correspond to the 
Rec(1.925 × 1.925), while blue and orange circles represent the additional spots stemming from 
the Rec(3.85 × 3.85) and Rec(7.7 × 3.85), respectively. Reprinted from [47]. 
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7.2 X-Phase 

planar terrace growth with islands atop, is observed, which matches the growth behaviour 
of Sn on Au(111) observed in the literature [42, 43]. Line profiles were extracted from 
both STM images, which are shown in Figure 7.8(c). Both islands and step heights of 
the X-phase were measured at (2.6 ± 0.1) Å, which is higher than step heights measured 
on the clean Au(111). However, after Sn deposition, clean Au(111) steps are no longer 
observed; therefore, the STM cannot be height-calibrated using the gold step height. For 
Sn on Al(111), it has been reported that differing step heights are measured, depending 
on the tunneling voltage [36], however, to analyze such a behaviour, a clean Au(111) 
step is necessary for comparison to check the STM height-calibration. It was noted 
that the STM tip strongly influences the sample’s morphology, often displacing small 
islands and altering the structure at step edges. This indicates that the topmost Sn layer 
of the X-phase is only weakly bound to the substrate. In the Appendix in Section F, 
continuously scanned STM images of the same region are presented, showing the influence 
of the STM tip on the sample’s morphology. 

Figure 7.8: Comparison of large-scale STM images of the bare Au(111) surface in a well-
ordered herringbone reconstruction, shown in (a) and after the deposition of 0.66 ML of Sn, 
depicted in (b). The STM images were measured at 𝑈 = 1.15 V and 𝐼 = 102 pA (a) and 
𝑈 = 40 mV and 𝐼 = 1 nA (b). In (c), the profiles of the lines at step edges marked in (a) and 
(b) are plotted. Adapted from [47]. 

To analyze the local atomic arrangement of Sn in the X-phase, high-resolution STM 
images (Figure 7.9 and Figure 7.10) were used. A local, square-like Sn-arrangement 
is observed. Extracting line profiles of the STM image in Figure 7.9(a), shown in 
Figure 7.9(b), allowed the determination of an average next-neighbour distance of 
(5.5 ± 0.3) Å for the square-like structure. This matches a Rec(1.925 × 1.925) with 
respect to the Au(111) surface, as 1.925 ⋅ 𝑎Au ≈ 5.55 Å. The line profiles confirm the 
periodic atomic arrangement along both the [110] and the [112] direction. The FFTs 
of the STM image (Figure 7.9(c) and (d)) again show a higher periodicity, similar to 
the LEED pattern, beside the Rec(1.925 × 1.925) square-like unit cell marked by white 
circles. Some spots corresponding to the Rec(3.85 × 3.85), as well as two spots close to 
the center corresponding to the Rec(7.7 × 3.85), are observed, matching the periodicity 
obtained from LEED. The difference in the appearance of the FFT compared to the 
LEED pattern is explained by the LEED averaging over the three rotational domains of 
the X-phase. In contrast, in the Fourier-transformed STM frame, only one domain is 
present. 
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Figure 7.9: Shown in (a) is an atomically resolved STM image of the X-phase, showing a 
local square arrangement of Sn atoms, measured at 𝑈 = 3 mV and 𝐼 = 325 pA. Corresponding 
line profiles are plotted in (b). (c) and (d) depict identical FFTs of the STM image in (a). In 
(c), the reconstruction pattern of one domain of the Rec(7.7 × 3.85) is depicted as circles atop 
the FFT. White circles match a Rec(1.925 × 1.925)-reconstruction, orange circles correspond 
to the higher-order Rec(3.85 × 3.85) spots, and the red circles, near the center, only match the 
Rec(7.7 × 3.85)-reconstruction. Reproduced after [47]. 

Figure 7.10: Two domains of the X-phase measured on the same terrace. The STM image in 
(a) was recorded with 𝑈 = 3 mV and 𝐼 = 325 pA. In the bottom right corner, a second, rotated 
domain is marked. FFTs are shown in (b)/(c) and (d)/(e) for the two different domains. White 
circles in (b) and (d) mark the intensity maxima corresponding to the local Rec(1.925 × 1.925) 
square-like lattice. The FFTs confirm that the two domains are rotated by 120° to each other. 
Reprinted from [47]. 
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In Figure 7.10(a), an STM frame showing two of the three rotational domains of the 
X-phase is presented. As evident from the FFTs calculated for both domains separately, 
shown in Figure 7.10(b)-(e), the two domains are rotated by 120° to each other, which 
matches the rotational symmetry of the Au(111) substrate. Especially in the FFTs of 
the larger domain, shown in (b) and (c), the higher-order periodicities are evident, as the 
observed spot pattern could not be fully explained by the Rec(1.925 × 1.925) marked in 
white. 

As the higher-order periodicity is visible in the FFTs as well as in the LEED pattern, there 
has to be a periodic modulation in the topmost, square-like arranged Sn layer, which is 
not easily detectable by eye. Therefore, a total of 58 line profiles along the [110]-axis and 
45 line profiles along the [112]-axis were extracted and analyzed for variations in their 
next-neighbour distances, primarily focusing on periodic patterns which could match 
the (4 × 2) periodicity of the local Rec(1.925 × 1.925), resulting in the Rec(7.7 × 3.85) 
observed in LEED. In the extracted line profiles, maxima and minima were fitted within 
each line profile, and the next-neighbour distances were extracted. Then, a four-fold 
periodicity of the form 𝐴𝐵𝐶𝐷𝐴𝐵𝐶𝐷... was assumed; the resulting extracted next-
neighbour distances are given in Table 7.3. A distinct structural modulation is found. 

Table 7.3: Analysis of lattice variations of the square-like Sn lattice. Each obtained maximum in 
the line profile was fitted using a Gaussian profile to determine the atoms’ site and respective next-
neighbour distances. The given uncertainty results from averaging the determined respective 
next-neighbour distances. Reprinted from [47]. 

A 
B 
C 
D 

[112] [110] 

(5.2 ± 0.4) Å (5.4 ± 0.2) Å 
(5.8 ± 0.3) Å (5.9 ± 0.4) Å 
(5.1 ± 0.4) Å (5.1 ± 0.4) Å 
(5.8 ± 0.4) Å (5.7 ± 0.3) Å 

Along the [112]-axis, evidence for a two-fold periodicity with alternating lattice constants 
(compressed/stretched compared to the average) of 𝑎 ≈ 5.2 Å and 𝑏 ≈ 5.8 Å is observed. 
Along the [110]-axis, in contrast, a four-fold periodicity is observed. These periodicities 
agree well with the observed (4 × 2) periodicity of the Rec(1.925 × 1.925) local square 
cell, resulting in the Rec(7.7 × 3.85) periodicity observed in the FFTs and in LEED. 

Taking into account that the LEED pattern does not change when higher amounts of Sn 
are deposited, the square-like structure could be interpreted as the onset of 𝛽-Sn(001) 
layer growth. Bulk 𝛽-Sn, which crystallizes in a body-centered tetragonal structure, 
has a square (001) surface lattice with a constant of approximately 5.82 Å [35], closely 
matching the 5.55 Å average lattice constant observed for the square-like phase. However, 
a complete 𝛽-Sn(001) layer contains two atoms per unit cell due to its body-centered 
symmetry, resulting in a thickness twice that of the single atomic layer observed in the 
STM measurements. Likely, in the X-phase, therefore, only half a 𝛽-Sn(001) layer has 
formed, and depositing higher amounts of Sn then completes the 𝛽-Sn(001) structure, 
which would not alter the LEED pattern. Since higher coverages have not been studied 
extensively, the proposed growth mode is merely an assumption. 
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For the topmost, square-like arrangement observed in STM, the packing density can be 
determined to be ≈ 0.27 ML. Since the coverage estimate from the QCM measurements as 
well as from XPS are both ≈ 0.66 ML, two-layer growth is needed to explain the measured 
coverage. Based on the XPS analysis presented in Section 7.1, likely, two-layer growth with 
an Au2Sn-interface alloy layer with a Sn contribution of 0.35 ML explains the observed 
film thickness. The deviation of the Sn contribution from 0.33 ML in the substitutional√ 
alloy thereby stems from the ≈ 3.7 % compression of the Rec(26 × 3)Au2Sn-alloy along 
the [110]-direction. However, one crucial question remains: Why are neither distinct 
spots from the Au(111) substrate nor from the proposed Au2Sn-interface alloy observed 
in the LEED patterns of the X-phase?

√ 
Assuming the Rec(26 × 3)-reconstruction of the Au2Sn substitutional alloy layer, 
where 27 atoms in the alloy align with 26 atoms of the underlying Au(111) substrate, a 
compression of ≈ 3.7 % along the [110] direction is obtained, which gives a lattice constant 
of 0.963 ⋅ 𝑎Au. Given this compression, the 1.925× local periodicity of the square-like Sn 
layer, when referenced to the uncompressed Au(111) substrate, corresponds to a ≈ 2× 
periodicity relative to the compressed Au2Sn-alloy along the [110] direction. Effectively, 
the Sn overlayer and the Au2Sn-alloy are commensurate in this direction. Therefore, no 
additional LEED diffraction features, neither from the alloy nor from a superposition 
of both layers, are expected along [110], as long as only the two topmost layers are 
considered. 

The situation is different along the [112] direction, as a lattice mismatch is present here:√ 
the Au2Sn-alloy has a periodicity of 3⋅𝑎Au ≈ 1.73⋅𝑎Au, while the square-like Sn overlayer 
has an average periodicity of approximately 1.925 ⋅ 𝑎Au. Assuming no modification of the 
Au2Sn-interface alloy, additional spots in the LEED pattern would therefore be expected. 
As indicated by the XPS coverage analysis, the XPS high-resolution analysis, and the 
structural evolution observed, it is highly likely that an interface close to the Au2Sn-alloy 
is present below the square-like Sn arrangement. To match the observed LEED pattern, 
the Au2Sn-alloy at the interface is likely stretched by ≈ 11 % along the [112] direction. 
Thus, the observed Rec(7.7 × 3.85)-reconstruction corresponds to the periodicity of the 
combined two topmost layers: the square-like arrangement in the top layer and the 
stretched Au2Sn-layer below. In addition, stretching of the Au2Sn-layer could potentially 
explain the observed binding energy shift to higher binding energies of the respective 
component in the Au 4𝑓 XPS spectrum as discussed in Section 7.1. 

√ 
To prove that no additional LEED spots stemming from the Rec(26 × 3)-reconstruction 
of the Au2Sn alloy are observed, Figure 7.11 shows LEED patterns of the X-phase with √ √ 
expected spot positions of a ( 3 × 3)R30° marked in blue. As is evident, the Au(111) 
spots are not visible in the LEED pattern either. Analyzing LEED patterns at higher 
kinetic energies, as shown in Figure 7.12, reveals that LEED features from the substrate 
are not yet visible at 𝐸kin = 155 eV but are clearly visible at 𝐸kin = 170 eV. Assuming 
that the square-like Sn phase grows atop the Au2Sn surface alloy, diffracted electrons from 
the underlying Au(111) substrate must traverse both overlaying layers, corresponding 
to a combined thickness of approximately 5 Å. Using the TPP-2M formula [81], it is 
estimated that electrons with a kinetic energy of 𝐸kin = 155 eV have an inelastic mean 
free path (IMFP) of approximately 5.5 Å in Au2Sn, 7 Å in Sn, and only about 4 Å in Au. 

98 



Ekin=57 eV 0 70eV 
0 

,'Ii' ,;~ 
~ 

" 0 :I.-,% • • 
• ~ '!-

,. 0 
~· !, .. • 

• • . 
' . 0 • 0 ~~ • 

.. 
. . 

180eV 

7.2 X-Phase 

Figure 7.11: LEED patterns of the Rec(7.7 × 3.85) X-phase recorded at 𝐸min = 57 eV and 
70 eV. The diffraction pattern of the Au(111) substrate is marked in yellow. Expected spot √ √ 
positions for a ( 3 × 3)R30°-reconstruction are indicated by blue circles, showing that no 
corresponding spots are observed. Modified reprint from [47]. 

Figure 7.12: LEED diffraction pattern of the X-phase at higher kinetic energies. The complex 
Rec(7.7 × 3.85)-reconstruction pattern is marked by orange dots in (a). The diffraction pattern 
and unit cell of the Au(111) substrate are marked in yellow. Substrate spots only become 
visible at electron energies above ≈ 160 eV. Reproduced after [47]. 
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All obtained IMFPs are therefore within the range of the thickness of two atomic layers 
and would only exceed this value at higher kinetic energies. Thus, contributions from 
the third atomic layer (the first Au(111) substrate layer) would be expected to become 
visible in the LEED pattern recorded with 𝐸kin ≥ 160 eV, which matches the observed 
behaviour in LEED, indicating two-layered growth atop, in full accordance with all 
other methods used. Nevertheless, while the observed LEED patterns indicate that the 
Au2Sn interface alloy is stretched along the [112] axis (in addition to the stretch of the √ 
Rec(26 × 3) along the [110] axis), the detailed relative arrangement of the square-like 
Sn arrangement in the topmost layer relative to the Au2Sn-interface alloy layer below 
remains ambiguous to some degree based on the presented experimental data. A full 
structural simulation combining the Rec(7.7 × 3.85) periodicity of the top Sn layer with√ 
the Rec(26 × 3) periodicity of the alloy would involve giant unit cells, making such 
simulations highly computationally demanding. 

Based on the analysis presented, the structural model shown in Figure 7.13(a) is proposed.√ 
In the model, the interface alloy layer is assumed to maintain its Rec(26× 3) periodicity 
with a 3.7 % compression along [110], forming alternating hcp and fcc stacking regions 
similar to the Au herringbone reconstruction [40, 45], and experiencing an approximately 
11 % stretch along the [112] direction. Following the Rec(7.7 × 3.85), small variations 
of the ideal square-like positions, as extracted from the STM analysis, are assumed 
for the atoms in the square-like top layer. The Rec(7.7 × 3.85) unit cell, as well as 
associated lattice constant variations, are indicated in the figure. The red arrows in 
the top view mark the atoms’ displacements relative to an ideal square lattice. The 
displacements create a zigzag pattern, producing an alternating row arrangement along 
the [112] direction: For every second atomic row, the nearest-neighbour spacing pattern 
(𝐴𝐵𝐶𝐷) starts with identical displacement. In contrast, the periodicity observed for the 
rows in between is laterally shifted by one lattice constant along [110]. This periodicity 
pattern matches the observed 3.85× periodicity along [112] and is shown in the bottom 
right of Figure 7.13(b). It is noted that often small modulations in the measured electron 
density, visible as faint background intensity variations in the STM images, are observed, 
as marked by the red-white lines in Figure 7.13(b). These faint modulations display 
a 3× periodicity of the square-like lattice along the [110] direction. The modulations 
seem uncorrelated to the observed periodicity and lattice variations of the square-like 
Sn arrangement observed in STM. However, as evident from the structural model, it 
corresponds to differing relative stacking of Sn atoms in the topmost layer with respect 
to those in the underlying Au2Sn-alloy. Precisely, every fourth Sn atom along the [110] 
direction is located similarly to the atoms in the alloy layer. This stacking variation 
may account for the observed modulation in electron density. Moreover, this observation 
indicates that the structural arrangement of the square-like top layer is only weakly 
influenced by that of the Au2Sn-alloy layer below, suggesting some degree of decoupling. 

Indeed, from a geometrical point of view, the observation of a square-like arrangement 
atop a hexagonal (111) surface is very counterintuitive. The structural versatility of 
bulk tin with a well-known bulk phase transition at 285 K between semiconducting 𝛼-Sn 
(diamond structure) and metallic 𝛽-Sn (body-centered tetragonal structure) might help 
explain the observed behaviour. In addition, while monolayer 𝛼-Sn corresponds to the 
honeycomb stanene phase, its thermal instability limits multilayer growth at elevated 
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7.2 X-Phase 

Figure 7.13: (a) Proposed structural model of the X-phase with a Rec(7.7 × 3.85) surface 
reconstruction grown atop the Au2Sn surface alloy. The red arrows indicate the directions of 
small distortions in the local square lattice of the topmost layer, leading to the formation of the 
Rec(7.7 × 3.85) superstructure. (b) The structural model overlaid on an STM image measured 
at 𝑈 = 3 mV and 𝐼 = 325 pA of the X-phase. Alternating next-neighbor distances are shown in 
the bottom right. The red-white lines indicate a subtle modulation observed in the electron 
density showing a 3× periodicity of the square-like lattice along the [110] direction. Modified 
from [47]. 

temperatures [20, 21]. As already discussed, the observed square-like Sn arrangement 
could be interpreted as the onset of 𝛽-Sn(001) layer growth, as the square-like unit cell 
closely matches half a layer of 𝛽-Sn [35]. The Au2Sn interface alloy likely stabilizes 
the observed square-like Sn arrangement, especially considering that honeycomb and 
hexagonal Sn arrangements are observed when the Sn coverage is decreased, as in the √ 
striped and 7-phase discussed in the following two sections. Square-like Sn lattices 
have been reported on Al(111), which further highlights the structural diversity of 2D 
Sn phases [36] and shows similarities to the substrate-symmetry breaking behaviour 
of the square-like arrangement of the X-phase. The 𝛽-Sn bulk allotrope is known to 
be one of the earliest superconductors (𝑇𝑐 = 3.72 K) [300, 301], and full single-layer 
𝛽-Sn grown on Cu(111) has been shown to exhibit a nearly freestanding electronic 
structure [37], and theoretical studies are proposing ultrathin 𝛽-Sn(001) as a platform 
for realizing topological superconductivity [22]. These promising results and predictions 
make the square-like Sn arrangement of the X-phase a promising candidate for further 
investigations. 
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7.3 Striped Phase 

In the following, a structural model of the striped phase will be derived from LEED 
and STM measurements. The striped phase forms when depositing 0.55 ML on Au(111) 
at room temperature, or by annealing a 0.66 ML Sn coverage at 450 K. The results 
presented in this section were already published in [46]. 

Figure 7.14: LEED patterns of the striped phase, recorded at different kinetic energies show 
triangular and striped-like patterns. Analysis of the substructure in the LEED pattern recorded√ 
at 𝐸kin. = 18 eV reveals a Rec(16 × 2 3) supercell. Reproduced after [46]. 

First, the periodicity of the striped LEED pattern was determined. A clear triangular spot 
superstructure, in addition to stripe-like and triangular/hexagonal features, is observed. 
The local superstructure around the most intense spots was then analyzed using LEEDPat, 
as for the superstructure of the Au2Sn-alloy (compare Figure 6.7). Measuring the distance 
of the superstructure spots relative to the Au(111) substrate spots yields an average √ 
periodicity of 16.2 ± 0.8 along the [110] direction and 3.5 ± 0.2 ≈ 2 × 3 along [112]. To √ 
verify these periodicities, the superstructure surrounding the 3-spot in the LEED pattern 
recorded at 𝐸kin. = 18 eV was calculated using LEEDPat [238] and compared to the 
experimental LEED pattern. Specifically, the characteristic features of the experimental 
pattern, such as the inward-pointing triangular shape of the superstructure, match well √ √ 
with a Rec(16 × 2 3). In contrast, simulating a Rec(15 × 2 3) produces a triangle√ 
pointing outward, and Rec(17 × 2 3) results in a hexagonal configuration inconsistent√ 
with the measured LEED pattern. Thus, only the Rec(16 × 2 3) periodicity reproduces√ 
the observed spot arrangement. The next matching shapes are realized by Rec(13 × 2 3)√ 
and Rec(19 × 2 3) periodicities, which are considered unlikely as they do not agree with 
the determined periodicity. Consequently, the observed striped LEED pattern can be √ 
assigned to a Rec(16 × 2 3) supercell. 

As the next step, the real-space structure of the striped phase is analyzed using STM. 
In the large-scale STM image of the striped phase (Figure 7.15(a)), alternating bright 
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7.3 Striped Phase 

Figure 7.15: (a) Large-scale STM image measured at 𝑈 = 4 mV and 𝐼 = 310 pA, displaying 
alternating stripes of square-like and honeycomb arrangements of Sn atoms. The dashed red 
lines mark the borders of the three rotational domains. (b) Line profile corresponding to the 
path marked in (a). The average distance between neighboring stripes is approximately 4.6 nm. 
(c) Step edge of the striped phase measured at 𝑈 = 3 mV and 𝐼 = 400 pA, with the atomic 
structure being visible on both terraces. (d) Line profile corresponding to the step edge marked 
in (c). Modified from [46]. 
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and dark stripes with three rotational domains are observed. The domains are rotated 
by 120° with respect to one another, consistent with the threefold symmetry of the 
underlying Au(111) substrate. The longest region of stripes measured approximately 
≈ 120 nm in length. The periodicity of the stripes was quantified by extracting 27 line 
profiles across different STM images. In Figure 7.15(b), a representative line profile is 
shown. An average stripe distance of (4.6 ± 0.4) nm is determined, which corresponds 
to a 16.1 ± 1.5-fold multiple of the Au lattice constant 𝑎Au = 2.88 Å. Therefore, the 
periodicity of the dark/bright-striped structure observed in STM matches that observed 
in LEED well. 

An STM image of an atomic step edge of the striped phase is shown in Figure 7.15(c). The 
corresponding line profile (Figure 7.15(d)) gives a step height of (2.3 ± 0.2) Å, matching 
the clean Au(111) step height [302, 303]. Notably, the striped phase is observed on both 
terraces, with the reconstruction beginning directly at the step edge. To determine the 
precise local atomic arrangement in the unit cell, line profiles of atomically resolved STM 
images were extracted (Figure 7.16(a) and (b)). In the atomically resolved STM images, 
the darker stripes can be identified as a square-like atomic arrangement. In contrast, the 
brighter stripes are resolved as a honeycomb arrangement. 

Figure 7.16: High-resolution STM analysis of the striped phase. (a) Atomically resolved STM 
image showing an atomically flat honeycomb arrangement of Sn atoms, separated by Sn atoms√ 
in a square-like arrangement. A Rec(16 × 2 3) building block is overlaid in red. The image 
was acquired at 𝑈 = 3 mV and 𝐼 = 360 pA. (b) Line profiles corresponding to the marked lines 
in (a). Reproduced after [46]. 

Analyzing the detailed local arrangement, line profile P1 (blue), taken across both the 
square-like and honeycomb regions, shows that the striped phase is atomically flat. A 
small height difference of about 20 pm is observed between the square-like and honeycomb 
stripes. It has been observed (e.g., in Figure 7.15(a)) that the height difference can 
appear to vanish or even reverse. This small height variation is likely an artifact of the 
STM tip state and does not reflect an actual topographic height difference. 
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7.3 Striped Phase 

Line profile P2 (orange), taken within the honeycomb region, shows an atomically flat 
arrangement with a nearest-neighbor distance of ≈ 2.9 Å, which matches the Au(111) 
lattice constant. The distance between two minima in the profile is determined to 
be ≈ 8.6 Å, which equals 3𝑎Au. Therefore, the diagonal of the honeycomb hexagon 
matches 2𝑎Au, and Sn atoms occupy equivalent adsorption sites on the Au(111) substrate, √ 
consistent with previous reports on the 7-phase [43] and with DFT results [38]. Line 
profile P3 (green), within the square-like stripe, shows an atomically flat arrangement 
with minimal height variation. The nearest-neighbor distance of ≈ 5 Å corresponds to a√

3 periodicity relative to the Au(111) substrate, allowing all Sn atoms in the square-like 
region to occupy hcp hollow sites. In addition, this square-like arrangement closely 
matches the X-phase, with the lattice constant being approximately 10 % smaller than 
observed in the X-phase. As similar components were identified in the XPS analysis for 
both phases, these two square-like arrangements are likely closely related. 

Figure 7.17: (a) High-resolution image of the striped structure showing variation in the width 
of the honeycomb stripe. The image was measured using 𝑈 = 3 mV and 𝐼 = 360 pA. (b) The 
distribution of the periodicity length, which was measured as the distance between the centers 
of the square-like stripes in seven different STM images. Examples of building blocks and√ 
unit cells observed in the high-resolution STM images are shown in (c). The Rec(16 × 2 3) 
periodicity is thereby the most common motif. Modified after [46]. 

As evident from the atomically-resolved STM image in Figure 7.15(a), the honeycomb 
region appears to be of varying width, while the square-like region has a fixed width. 
The varying width of the honeycomb stripes is also evident from Figure 7.17(a). To 
analyze this variation, a total of 108 individual distances between neighbouring stripes 
were measured. Figure 7.17(b) shows the resulting distribution of stripe distances in 
units of the Au(111) lattice constant. Most frequently, a 16 ⋅ 𝑎Au distance is observed. 
However, distances ranging from 13 ⋅ 𝑎Au to 19 ⋅ 𝑎Au were also observed. This translates 
to honeycomb stripe widths ranging from ≈ 1.5 nm to ≈ 3.2 nm, with ≈ 2.4 nm being 
the most common, as the width of the square-like region remains fixed at ≈ 14.6 Å. 
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This results in numerous possible unit cells and building blocks, as shown in Figure 7.17(c), 
which can be combined to tile the observed structure. To clarify the terminology, the 
different cells are classified based on their symmetry: Unit cells (marked in blue) have a 
mirror symmetry plane, while building blocks (red) are defined as a small variation of the 
unit cell that lacks this mirror symmetry. The difference is shown in Figure 7.18. Unit 
cells are fully symmetric across the 𝜎1 plane, which is required to match the symmetry 
of the square-like region (symmetric across 𝜎2). In contrast, for building blocks, this 
symmetry is broken: the missing atom in the border hexagon is shifted by one atomic 
site upward or downward on one side, breaking the mirror symmetry. The structural 
difference is marked in green. This type of cell, therefore, lacks 𝜎1 symmetry and cannot 
tile the observed structure of the striped phase on its own. However, tiling the observed 
structure is perfectly possible using a mixed set of building blocks and unit cells, or 
obviously as well by only using unit cells. 

Figure 7.18: Comparison of the Rec(16 × 2
√

3) (a) unit cell (blue) and building block (red). 
Atoms in the border region between the honeycomb and square-like region are marked in green. 
The unit cell is fully symmetric when mirrored at the 𝜎1 plane, which matches the symmetry 
of the square-like region (which is symmetric when mirrored at the 𝜎2 plane). The atomic 
arrangement in the border region of the building block breaks this mirror symmetry at 𝜎2, 
required to tile the observed structure on its own. Reprinted from [46]. 

√ 
For reference, a Rec(16 × 2 3) building block is marked in red in Figure 7.16(a). Based 
on the LEED and STM analysis, no strong preference for one cell type is observed. In 
all atomically resolved STM images, unit cells and building blocks appear with roughly 
equal frequency, suggesting that the small structural difference does not lead to a strong√ 
energetic preference. However, the Rec(16 × 2 3) periodicity is clearly identified as the 
most common periodicity. The observed faint stripe-like features in the LEED pattern 
could likely be explained by the observation that ≈ 43 % of the observed cells show a 
different periodicity along the [110]-direction. This would create superstructure spots 
lying on the faint lines observed in Figure 7.14. 
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7.3 Striped Phase 

Figure 7.19(c) shows the Fast-Fourier Transform (FFT) of the STM image in Fig-
ure 7.19(a). The stripe-like, spot-rich pattern matches well with the features of a single 
domain of the LEED pattern. The zoomed-in STM image of the square-like region 
(Figure 7.19(b)) reveals a substructure beneath the square-like atoms. Assuming that 
the square-like region is similar to the X-phase, it likely grows atop an Au2Sn-region. 
Therefore, expected positions of Sn atoms in an Au2Sn-alloy are marked by orange circles, 
while atoms of the striped top layer are marked in white. The marked positions match 
the observed substructure, at least in part. 

Figure 7.19: High-resolution STM image of the striped phase, recorded with a different tip 
state compared to the other STM images. (a) Image measured at 𝑈 = 3 mV and 𝐼 = 290 pA. 
The zoom-in shown in (b) of the region marked in (a), reveals a substructure beneath the atoms 
in the square-like region of the striped phase. Expected positions of Sn atoms in a Au2Sn-alloy 
are marked by orange cycles while atoms of the striped top layer are marked in white. Shown 
in (c) is the FFT of (a), showing excellent agreement with a single domain of the LEED pattern 
of the striped phase. Reprinted from [46]. 

√ 
Based on these results, which identified a Rec(16 × 2 3) cell as the most likely, and 
combined with the XPS analysis (Section 7.1), the structural model shown in Figure 7.20 √ 
is proposed. The model assumes only a Rec(16 × 2 3) unit cell for simplicity. In the 
model, the honeycomb-like region forms directly on the Au(111) surface, with Sn atoms 
occupying equivalent hcp hollow sites, consistent with DFT predictions [38]. 

In analogy with the X-phase, it is proposed that the square-like stripe regions grow 
on top of stripes of an Au2Sn-alloy. This interpretation is supported by the following 
observations: (i) Counting Sn atoms visible in the topmost layer from STM images 
results in slightly smaller coverages compared to those determined by XPS. The difference 
corresponds approximately to the atomic density needed to form a stripe of Au2Sn-alloy 
beneath the square-like region. (ii) In the XPS analysis (compare Figure 7.4), the fit of 
the Au 4𝑓 signal gives very similar components for both the striped phase and the X-phase. 
Additionally, the measured intensity ratio of the two components in Sn 4𝑑 signal is 3.1:1 
(stanene:square-like). This is in excellent agreement with the atomic ratio obtained from 
STM, with 26 honeycomb atoms vs. 8 square-like atoms, yielding a ratio of 3.25:1. (iii) 
According to the structural and chemical evolution, a dealloying process occurs with 
decreasing Sn coverage. Starting with the X-phase and its square-like Sn growing atop the 
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√ 
Figure 7.20: Proposed structural model of the Rec(16 × 2 3) Sn honeycomb striped phase. 
Sn atoms in the topmost layer are shown in green, while Sn atoms in the Au2Sn-alloy beneath 
the regions of square-like ordered Sn atoms are shown in grey. Adapted from [46]. 

√ 
Au2Sn alloy, and ending with the 7-phase, which consists of Sn-dimers growing directly 
on the Au(111) surface, the striped phase represents a partially dealloyed configuration 
in between. (iv) As shown in the inset of Figure 7.19(b), depending on the STM tip 
state, the substructure in the square-like region is resolved. The assignment of Au2Sn 
atomic positions closely resembles parts of the observed substructure. In Figure 7.20, √ 
the Rec(16 × 2 3) unit cell is marked in blue. In addition, the next-neighbour distances 
in the honeycomb and the square-like region are given. 

To summarize, the striped phase was determined to be a complex superstructure composed√ 
of different unit cells and building blocks with periodicities ranging from Rec(13 × 2 3)√ √ 
to Rec(19 × 2 3), with Rec(16 × 2 3) being the most common. The phase consists of 
alternating honeycomb-like and square-like Sn regions, arranged in stripes with three 
rotational domains consistent with the Au(111) substrate symmetry. The honeycomb 
regions are atomically flat, and the determined Sn-Sn bond length matches well with 
predictions for freestanding stanene as well as reports of flat stanene on Pd2Sn(111) and 
Cu(111) [17, 24, 26]. Considering the distinct structural and chemical characteristics 
of the square-like and honeycomb-like stripes, the striped phase can be interpreted as 
zigzag-terminated stanene nanoribbons. In addition, the STM measurements presented 
here provide the first evidence of ultraflat regular honeycomb stanene on Au(111). 
Stanene nanoribbons are predicted to offer QSH-edge states [304], optical spin-filter 
properties [305], and edge magnetization [306] with the structural properties like width 
and length highly influencing its electrical properties [307]. These predictions make 
stanene nanoribbons and the striped phase a promising candidate for future topological 
device applications. 
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√ 
7.4 7-Phase 

√ 
A detailed structural and electronic analysis of the 7-phase was already published by √ 
Maniraj et al. [43]. Therefore, the 7-phase is not discussed in detail here; instead, the 
experimental LEED and STM measurements are compared with the results of Maniraj et 
al. Specifically, the time-consuming STM measurements were not optimized for maximum 
resolution but instead only to allow a reliable comparison with the literature. 

√ 
Figure 7.21: High-resolution STM and LEED data of the 7-phase. The STM image in (a) 
was recorded at 𝑈 = 5 mV and 𝐼 = 300 pA. A stretched hexagonal arrangement of Sn-dimers 
is observed; the corresponding marked line profiles are shown in (b). (c) and (d) are the FFT 
of the STM image in (a), which matches a single domain of the ( 2 1

1 3 )-reconstruction as marked 
by white circles in (c). All three rotational domains of the reconstruction are marked in the √ 
LEED pattern of the 7-phase displayed in (e). The colored circles correspond to spots of√ 
the 7-reconstruction, while the unit cell and diffraction spots corresponding to the Au(111) 
substrate are marked in yellow. Subfigures (a), (b), and (e) reprinted from [46]. 

√ 
In Figure 7.21(a), an atomically resolved region of the 7-phase is shown. In the 
extracted line profiles as shown in (b), a periodic atomic arrangement is observed 
along both directions. Along the [110]-direction (profile P1, plotted in blue), sharp 
peaks are observed, separated by (5.2 ± 0.3) Å, which corresponds approximately to√

3 ⋅ 𝑎Au ≈ 5 Å. Along [112] (profile P2, plotted in orange), broad peaks are visible, 
separated by (13.6 ± 0.5) Å, matching approximately 4.5 ⋅ 𝑎Au ≈ 13 Å. In addition, 
a substructure with two distinct maxima is sometimes observed in the broad peaks 
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(indicated by black arrows), separated by ≈ 2.8 Å, matching the Au(111) lattice constant. 
This indicates the formation of Sn-dimers, with a Sn-dimer bond length of approx. 2.9 Å 
matching that of gas phase Sn dimers [38]. Figure 7.21(c) and (d) show the FFT of √ √ 
the 7-phase, with one domain of the ( 2 1 7) reconstruction marked by 1 3 ) (named here 
white circles. This matches the reconstruction observed in LEED (shown in (e)) with 
three rotational domains. 

As demonstrated in Figure 7.22, the present STM measurements (a) match the results 
of Maniraj et al. (b). Their structural model, displayed in panel (c), consists of a√ 
stretched hexagonal arrangement of Sn-dimers corresponding to the 7-reconstruction.√ 
The inter-dimer distances of 3 ⋅ 𝑎Au along [110] and 4.5 ⋅ 𝑎Au along [112] align with 
the line profiles discussed earlier, confirming that the model matches both the STM 
and LEED measurements. In addition, their proposed structural model agrees well with 
the XPS analysis presented in Section 7.1, which identified the Sn 4𝑑-signal to consist 
mainly of a single dominating component (besides some Au2Sn-residuals as discussed 
in detail there). In the Au 4𝑓 XPS signal, one component of the fit was identified as 
corresponding to the Au atoms at the interface interacting with the Sn atoms of the √

7-stanene above. 

Using ARPES, Maniraj et al. observed a linearly dispersing band below the Fermi level 
with an exceptionally high Fermi velocity of 𝑣F ≈ 1 × 106 m/s, being at the upper end 
of reported Fermi velocities of graphene [15, 58]. In contrast to graphene, the linearly 
dispersing band was, however, observed at the 𝛤 point. They attributed their observation 
of the flat Sn arrangement to strong lateral chemical bonding between Sn atoms, hence, 
resulting in the inhomogeneous Sn distribution and the formation of the Sn-dimers, as 
well as to a bonding of the Sn 𝜋-orbitals to the Au substrate, which would match the 
observed component in the XPS analysis of the Au 4𝑓 signal. To conclude, the results 
reported by Maniraj et al. agree well with those obtained in this thesis and expand on 
them through XPS analysis and by discussing the structural and chemical evolution √ 
towards the 7-phase. Regarding the structural evolution, as already mentioned, the √ 
striped and the 7-phase are often challenging to prepare, as they appear in a very small 
parameter window. 

As shown in Figure 7.23(a), occasionally a mix of honeycomb Sn arrangement (as known√ 
from the striped phase) and the Sn dimer-arrangement of the 7-phase is observed in 
STM measurements. In the figure, the honeycomb regions are marked in red. As the √ 
honeycomb arrangement would be transformed into the 7-phase by stretching it along 
the [112] direction, and the parameter window separating the two phases is small, such 
coexistence is not surprising. The stretch of the structure, or the phase transition, is 
triggered by reducing the Sn coverage. Interestingly, in the honeycomb arrangement, 
the Sn bond length matches the Sn-dimer gas phase bond length as well. Following the 
argument of Maniraj et al. that strong lateral bonding between neighboring Sn atoms 
leads to the formation of the Sn-dimer structure, it looks pretty plausible that Sn favors 
dimer formation when the coverage becomes too sparse to form a complete atomic layer√ 
with neighbour-bonding lengths of ≈ 2.8 Å. In Figure 7.23(b), a mix of the 7 and the √

3-periodicity is observed at a coverage of ≈ 0.4 ML. Likely, some regions of the sample 
surface are too sparsely covered to trigger the formation of the Sn-dimer layer of the 
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Figure 7.22: Comparison of the measured STM data to the results of Maniraj et al. [43]. 
While (a) is the STM image already shown in Figure 7.21, in (b) the STM image measured by 
Maniraj et al. is shown. In both STM images, the same Sn-dimer arrangement is observed. In 
(c), the structural model as proposed by Maniraj et al., with a stretched hexagonal arrangement 
of Sn dimers, is shown. Subfigure (a) reprinted from [46]. Subfigures (b) and (c) reprinted with 
permission from Maniraj et al. [43]. 

111 



(a) Mix v7-/striped phase (b) Mix v7-/v'3-phase 

CHAPTER 7: HIGHER SN COVERAGES 

Figure 7.23: Mix of other structural phases with the 
√

7-phase. In (a), a high-resolution 
STM image showing both the honeycomb-like Sn arrangement, as in the striped phase, and the √ 
stretched hexagonal Sn-dimer structure of the 7-phase, is presented. The honeycomb regions 
are marked in red. Image recorded at 𝑈 = 5 mV and 𝐼 = 300 pA. (b) shows a LEED pattern √ √ 
of a mix of the 3/ 7-phases. Marked in yellow are the diffraction spots and unit cell of the √ √ 
Au(111) substrate. Blue circles mark spots corresponding to the ( 3 × 3)R30°-reconstruction,√ 
while white circles indicate spots of the 7-phase. Adapted from [46]. 

√ √
7-phase. This matches the XPS analysis in Section 7.1 of the 7-phase as well, where √ 

a small contribution of the Au2Sn-alloy, which reconstructs as Rec(26 × 3) as discussed 
in Chapter 6, was observed. To summarize, the results presented confirm the structural 
model of the stretched hexagonal Sn-dimer structure proposed by Maniraj et al. [43]. 
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7.5 Chapter Summary 

In this chapter, the structural evolution of Sn on Au(111) in the higher coverage regime 
(0.33 ML ≤ 𝛬 ≤ 0.66 ML) was characterized. Three distinct structural phases were 
identified, with the structural transitions driven by Sn coverage, which is most easily 
controlled by Sn desorption via sample annealing. 

Starting with the highest investigated coverage (0.66 ML), the X-phase forms. In contrast 
to previous reports in the literature [41, 42], this phase is identified as an uncommon 
local square-like Sn arrangement growing atop the Au2Sn substitutional alloy with a 
Rec(7.7 × 3.85) unit cell. 

At a coverage of ≈ 0.55 ML, the striped phase forms. It is identified as alternating√ 
square-like and honeycomb arranged Sn stripes with a Rec(16 × 2 3)-reconstruction. 
The striped phase is interpreted as zigzag stanene nanoribbons. Observations indicate 
that dealloying occurs upon thermal annealing, reducing the Sn coverage and triggering 
the transition from the X-phase to the striped phase. The square-like stripes of the 
striped phase resemble the structure observed for the X-phase, as they likely also grow 
on stripes of the Au2Sn substitutional interface alloy. The presented analysis provides 
the first successful preparation of atomically flat honeycomb stanene on Au(111). In 
addition, the striped arrangement potentially provides the first successful preparation of 
atomically flat honeycomb stanene nanoribbons.

√ 
At a coverage of ≈ 0.45 ML, the 7-phase forms, which was analyzed in detail in the 
literature by Maniraj et al. [43]. This phase is a fully dealloyed single atomic Sn layer 
growing atop the Au(111) substrate. The structure is identified as a stretched arrangement 
of Sn-dimers, which shows extraordinary electronic properties [43]. The results presented 
here fully support the analysis of Maniraj et al. and extend it with a XPS-based chemical 
analysis. If the Sn coverage is finally reduced to 0.33 ML, a realloying process occurs, 
leading to the reformation of the Au2Sn substitutional alloy discussed in detail in the 
previous chapter. 
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8 Conclusion and Outlook 
This thesis establishes a comprehensive framework for the structural and chemical 
evolution of Sn on Au(111) in the submonolayer regime. By combining LEED, XPS, 
STM, and XPD, the complex interplay between surface ordering and interface alloying has 
been resolved up to a coverage of 0.66 ML. This work clarifies longstanding discrepancies 
in the literature regarding the Au2Sn surface alloy and the X-phase, while identifying 
novel structural phases, including the freestanding (2×2)-reconstruction and the ultraflat 
stanene nanoribbons of the striped phase. 

The evolution of Sn on Au(111) can be categorized into two distinct regimes. At 
coverages below 0.33 ML, Sn adsorption is characterized by weak substrate interactions. 
A previously unreported, chemically freestanding (2 × 2)-phase was identified at 0.28 ML. 
This phase corresponds to half a layer of 𝛼-Sn and might act as a precursor for buckled 
stanene growth [291, 292]. Increasing the coverage triggers the formation of a mixed phase 
and, subsequently, a long-range-ordered Au2Sn substitutional surface alloy at 0.33 ML. 
Using XPD combined with genetic algorithm structural optimization, this structure was √ 
identified as a substitutional alloy described by a Rec(26 × 3) unit cell [45], resolving 
conflicting structural models proposed in the literature [39, 40]. 

Increasing the coverage beyond the alloy phase triggers transitions driven by the interplay 
between the Au2Sn interface alloy and the Sn adlayer. At ≈ 0.66 ML, the X-phase forms. 
Contrary to previous reports suggesting AuSn alloys [41] or honeycomb stanene [42], 
this work identifies the X-phase as a bilayer system: a local square-like Sn arrangement 
growing atop the Au2Sn alloy. Small distortions to the square-like arrangement result in 
the formation of a Rec(7.7×3.85) supercell. The X-phase breaks the hexagonal symmetry 
of the substrate and is interpreted as the onset of 𝛽-Sn(001)-like growth stabilized by 
the underlying alloy [47]. Upon thermal annealing, a dealloying process leads to the 
formation of the striped phase at 0.55 ML. Structurally, this phase consists of alternating 
stripes of the square-like arrangement, supported by the Au2Sn interface alloy, and stripes 
of honeycomb stanene formed directly on the Au(111) substrate. STM reveals that these 
honeycomb regions are atomically flat, representing the first experimental realization 
of ultraflat stanene nanoribbon-like structures and providing the first realization of 
honeycomb stanene on Au(111) [46]. Further dealloying results in the formation of the √

7-phase at 0.45 ML, consisting of a single layer of stretched Sn-dimers. The detailed 
structural and chemical analysis demonstrated that the structural transitions observed 
for Sn are driven by alloying and dealloying processes at the interface and identified Sn 
coverage as the decisive parameter triggering these transitions. 

The presented structural analysis of Sn/Au(111) provides several promising pathways 
for future research, particularly regarding the electronic and topological properties of 
these phases. The discovery of ultraflat honeycomb nanoribbon-like regions in the striped 
phase offers a unique platform for studying 1D topological physics. As theory predicts 
extraordinary edge states and transport properties in stanene nanoribbons [304–307], 
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a detailed analysis of their electronic structure using ARPES or scanning tunneling 
spectroscopy (STS) is the next logical step to investigate their topological character. 

Furthermore, the identification of the X-phase as a precursor to 𝛽-Sn(001) growth 
opens the way to realize exotic low-dimensional topological applications. Since ultrathin 
𝛽-Sn(001) films are predicted to host topological superconductivity [22], investigating the 
growth of thicker films is a promising direction; in this thesis, the X-phase was observed 
to remain intact up to at least 1.33 ML. Additionally, since the current study focused 
on room-temperature deposition, the formation energy and low-temperature stability 
of the X-phase remain open questions. Deposition onto cooled Au(111) substrates 
could determine the onset temperature of X-phase formation and potentially stabilize 
additional structural Sn phases, which are not stable at room temperature. Similarly, 
the freestanding (2 × 2)-phase observed at low coverage warrants low-temperature 
investigation. Given its potential as a precursor to buckled 𝛼-stanene [291, 292], cooling 
the sample might stabilize the long-range order of this phase, preventing alloying and 
enabling the controlled growth of freestanding stanene layers. 

In summary, this thesis frames the Sn/Au(111) system as a versatile playground for 
realizing diverse 1D/2D structures, ranging from surface alloys to substrate-symmetry-
breaking square-like Sn lattices and honeycomb nanoribbons. By resolving the complex 
structural landscape at submonolayer coverage, this work provides a solid framework 
for future studies investigating the exotic electronic properties of low-dimensional Sn 
phases. 

116 



Appendix 
A Quantum Numbers 

Since a full motivation of quantum numbers and their relation to the Schrödinger equation 
would be lengthy and is discussed in detail in the literature (e.g., see [126]), the primary 
focus of this chapter is to explain how the quantum numbers of an electron translate to 
its orbitals and how these quantum numbers are expressed in the X-ray and spectroscopic 
notations. 

A.1 Introduction to Quantum Numbers 

The one-dimensional Bohr model, which primarily describes the size of an electron’s 
orbit, can be characterized by a single quantum number, 𝑛. Schrödinger’s model, 
however, allows the electron to occupy a three-dimensional space, hence requiring three 
quantum numbers. These three quantum numbers, the principal quantum number 𝑛, the 
angular quantum number 𝑙, and the magnetic quantum number 𝑚𝑙, describe the shell 
(size/energy, 𝑛), the subshell (shape, 𝑙), and the specific orbital (orientation of the shape, 
𝑚𝑙), respectively [128]. 

l = 0
s-orbital

l = 1
p-orbital

l = 2
d-orbital

Figure A.1: Sketch of the characteristic shapes of electron orbitals within different subshells. 

The principal quantum number can take integer values 𝑛 = 1, 2, 3, ..., describing the 
size and therefore the primary energy level of an electronic shell. Orbitals with 𝑛 = 2 are 
larger than those with 𝑛 = 1. To excite an electron from the 𝑛 = 1 shell to the 𝑛 = 2 
shell, energy must be absorbed, as electrons closer to the nucleus (i.e., with 𝑛 = 1) are 
attracted more strongly by the nucleus. 

The angular quantum number 𝑙 can have integer values 𝑙 = 0, 1, ..., 𝑛 − 1 and defines the 
subshell. This quantum number determines the shape of the orbitals within that subshell. 
These shapes become more complex as 𝑙 becomes larger, as shown in Figure A.1. 
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While an s-orbital (𝑙 = 0) has a spherical shape with only one possible orientation in 
space, the dumbbell-shaped p-orbitals (𝑙 = 1) and more complex ”cloverleaf” shaped 
d-orbitals (𝑙 = 2) can be oriented in different directions. More precisely, the orbital 
angular momentum is a vector, 𝑳. The magnetic quantum number 𝑚𝑙 specifies the 
quantized projection of this vector onto an arbitrary axis (conventionally the z-axis), 
such that 𝐿𝑧 = 𝑚𝑙ℏ. The factor ℏ arises because angular momentum is quantized in 
quantum mechanics, and its eigenvalues are integer multiples of ℏ. The value of 𝑚𝑙 can 
be any integer from −𝑙 to +𝑙, including zero [128]. 

To fully describe an electron, the spin quantum number 𝑠 (or 𝑚𝑠) is also required. Each 
orbital (defined by 𝑛, 𝑙, 𝑚𝑙) can be occupied by a maximum of two electrons with opposing 
spins. This quantum number takes the values 𝑠↑ = + 1/2 and 𝑠↓ = − 1/2 to indicate 
the two possible spin orientations. 

A.2 Spin-Orbit Coupling (SOC) 

An electron with an orbital angular momentum (𝑙 > 0) moving through the electrostatic 
field of the nucleus experiences a relativistic effect. In the electron’s rest frame, the 
moving nucleus generates a magnetic field. The electron’s intrinsic magnetic moment (its 
spin) then interacts with this induced magnetic field. This interaction is called spin-orbit 
coupling (SOC) [130]. 

This interaction couples the electron’s spin angular momentum, 𝑠, with its orbital angular 
momentum, 𝑙. This coupling is described by the total angular momentum quantum 
number, 𝑗, defined as 𝑗 = 𝑙 + 𝑠, which can take values of 𝑗 = 𝑙 ± 1/2 . Similar to the 
magnetic quantum number 𝑚𝑙, the total angular momentum vector 𝑱 has a component 
along the z-axis described by 𝑚𝑗, which runs in integer steps from −𝑗 to +𝑗. The number 
of possible 𝑚𝑗 values for a given 𝑗 is called the degeneracy of that state, and it is equal 
to 2𝑗 + 1. This degeneracy determines the intensity ratio observed for each doublet in 
XPS spectra. 

For the Au 4𝑓 subshell (𝑙 = 3), the two possible states are 𝑗 = 3 + 1/2 = 7/2 and 
𝑗 = 3 − 1/2 = 5/2 . 

• For the Au 4𝑓7/2 state, the degeneracy is 2𝑗 + 1 = 2 ⋅ 7/2 + 1 = 8. The possible 
𝑚𝑗 values are − 7/2 , − 5/2 , ..., 7/2 . 

• For the Au 4𝑓5/2 state, the degeneracy is 2𝑗 + 1 = 2 ⋅ 5/2 + 1 = 6. The possible 
𝑚𝑗 values are − 5/2 , − 3/2 , ..., 5/2 . 

The ratio of the number of available states is 8 ∶ 6, which simplifies to 4 ∶ 3. This 
determines the expected area ratio of the photoemission peaks, 𝐴7/2 ∶ 𝐴5/2 = 4 ∶ 3. 
Table A.1 lists the theoretical area ratios for other common doublets. For the Sn 4𝑑 
subshell (𝑙 = 2), which is analyzed in detail in this thesis as well, possible 𝑗-values are 
𝑗 = 5/2 and 𝑗 = 3/2 , with an electron ratio of 6 ∶ 4 or, simplified, a resulting area 
ratio of 3 ∶ 2. It is important to note that according to the Pauli exclusion principle, no 
two electrons in the same atom can have an identical set of all four quantum numbers 
(𝑛, 𝑙, 𝑚𝑙, 𝑚𝑠) [129]. 
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Table A.1: Theoretical area ratios for spin-orbit doublets in XPS from different subshells 

Subshell doublet components area ratio 

𝑠 - -
𝑝 
𝑑 
𝑓 

𝑝3/2 , 𝑝1/2
𝑑5/2 , 𝑑3/2
𝑓7/2 , 𝑓5/2 

2:1 
3:2 
4:3 

A.3 Different Nomenclatures for Quantum Numbers 

The use of two different notations has historical reasons and is not meant to confuse 
the reader. Chemists primarily developed the spectroscopic notation, while physicists 
developed the X-ray notation. As the XPS technique was established with input from 
chemistry and physicists developed AES, both nomenclatures are often used together 
when discussing survey XPS spectra, which contain both XPS core-level signals (labeled 
using spectroscopic notation) and Auger signals (labeled using X-ray notation). The 
spectroscopic notation uses an integer (for 𝑛) followed by a letter that relates to the 
angular quantum number 𝑙. The following convention is used [127]: 

• The 𝑠-subshell (sharp) contains orbitals with 𝑙 = 0. 

• The 𝑝-subshell (principal) contains orbitals with 𝑙 = 1. 

• The 𝑑-subshell (diffuse) contains orbitals with 𝑙 = 2. 

• The 𝑓-subshell (fundamental) contains orbitals with 𝑙 = 3. 

To account for spin-orbit splitting, the total angular momentum quantum number 𝑗 is 
given as a subscript. For example, the 4𝑓 subshell (𝑛 = 4, 𝑙 = 3) splits into two distinct 
energy levels due to spin-orbit coupling, with 𝑗 = 7/2 and 𝑗 = 5/2 . These are denoted in 
spectroscopic notation as 4𝑓7/2 and 4𝑓5/2 , respectively. To note the number of electrons 
within a subshell, a superscript is used in the spectroscopic notation; for example, 4𝑓14 

denotes that 14 electrons are present in the 4𝑓 subshell. 

The X-ray notation uses capital letters 𝐾, 𝐿, 𝑀, 𝑁, ... to denote the principal quantum 
number 𝑛 (the shell), starting with 𝐾 for 𝑛 = 1 and proceeding alphabetically for 
higher 𝑛. The reason this convention starts in the middle of the alphabet is that when 
Charles Barkla first established the notation in 1911, he was unsure if the 𝐾 line he 
had discovered was the innermost (lowest-energy) one. He therefore left space in the 
alphabet for other, yet-undiscovered, lower-energy shells that might be found later [308]. 
It was later confirmed that his 𝐾-shell was, in fact, the 𝑛 = 1 shell. The sublevels, 
distinguished by their 𝑙 and 𝑗 quantum numbers, are designated by an integer subscript, 
starting from 1 for the lowest-energy sublevel within that shell. The sublevels are counted 
consecutively up to the highest-energy sublevel within the shell. For example, the 1𝑠 
level (𝑛 = 1, 𝑙 = 0) is denoted as 𝐾1. The 2𝑠 level (𝑛 = 2, 𝑙 = 0) is 𝐿1, while the 2𝑝1/2
(𝑛 = 2, 𝑙 = 1, 𝑗 = 1/2) and 2𝑝3/2 (𝑛 = 2, 𝑙 = 1, 𝑗 = 3/2) levels are denoted as 𝐿2 and 
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Table A.2: Conversion between spectroscopic and X-ray notation 

𝑛 𝑙 𝑠 𝑗 spectroscopic notation X-ray notation 

1 0 1/2 1/2 1𝑠 K 

0 1/2 1/2 2𝑠 L1 
2 

1 1/2 1/2
3/2 

2𝑝1/2
2𝑝3/2 

L2 
L3 

0 1/2 1/2 3𝑠 M1 

3 1 1/2 1/2
3/2 

3𝑝1/2
3𝑝3/2 

M2 
M3 

2 1/2 3/2
5/2 

3𝑑3/2
3𝑑5/2 

M4 
M5 

0 1/2 1/2 4𝑠 N1 

4 
1 

2 

1/2 

1/2 

1/2
3/2 

3/2
5/2 

4𝑝1/2
4𝑝3/2 

4𝑑3/2
4𝑑5/2 

N2 
N3 

N4 
N5 

3 1/2 5/2
7/2 

4𝑓5/2
4𝑓7/2 

N6 
N7 

𝐿3, respectively [127]. Further examples to convert between the two nomenclatures are 
given in Table A.2. 

To describe transitions between different stationary states, either notation can be used. 
For example, to describe the creation of a 1𝑠 core hole in a gold atom (Step I), followed by 
the transition of a 2𝑝3/2 electron to fill this core hole (Step II), the following description 
would be used in spectroscopic notation: 

Step I: 1𝑠22𝑠22𝑝63𝑠23𝑝63𝑑104𝑠24𝑝64𝑑104𝑓145𝑠25𝑝65𝑑106𝑠1 

→ 1𝑠12𝑠22𝑝63𝑠23𝑝63𝑑104𝑠24𝑝64𝑑104𝑓145𝑠25𝑝65𝑑106𝑠1 

Step II: 1𝑠12𝑠22𝑝63𝑠23𝑝63𝑑104𝑠24𝑝64𝑑104𝑓145𝑠25𝑝65𝑑106𝑠1 

→ 1𝑠22𝑠22𝑝53𝑠23𝑝63𝑑104𝑠24𝑝64𝑑104𝑓145𝑠25𝑝65𝑑106𝑠1 

Since it is confusing and redundant to write out the full configuration, the notation is 
usually reduced to only the subshells involved: 
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Step I: 1𝑠22𝑝6 → 1𝑠12𝑝6 

Step II: 1𝑠12𝑝6 → 1𝑠22𝑝5 

In X-ray notation, this would be noted as: 

Step I: 𝐾-shell ionization 
Step II: 𝐾𝐿3 transition 

Auger transitions are denoted by all subshells involved. Assuming a third step to the 
process explained above, where an Auger electron is emitted, with the energy from the 
2𝑝3/2 electron filling the 1𝑠 core hole being transferred to a 2𝑝1/2 electron, the emitted 
Auger electron would be denoted as 𝐾𝐿3𝐿2 [127]. 

There is a third system, the Siegbahn notation, which is used in conjunction with the 
X-ray (IUPAC) notation, particularly for labeling characteristic X-ray emission lines [309]. 
This notation uses Greek letters (𝛼, 𝛽, 𝛾, ...) to designate the specific transitions that fill 
a core hole in a given shell. 

For example, transitions from the 𝐿-shell (𝑛 = 2) to fill a 𝐾-shell (𝑛 = 1) hole are 
labeled as 𝐾𝛼 lines. Transitions from the 𝑀-shell (𝑛 = 3) to the K-shell are labeled as 
𝐾𝛽 lines. This Siegbahn notation is still the standard for naming X-ray sources used 
in lab-based XPS, such as the common Al𝐾𝛼 and Mg𝐾𝛼 anodes. These labels specify 
that the X-rays are generated by the 𝐾𝛼 emission line within aluminum or magnesium 
atoms, respectively. 

B XPS Measurement Resolution 

Observed XPS linewidths result from a convolution of extrinsic and intrinsic broadening 
mechanisms. Extrinsic contributions arise from the energy distribution of the excitation 
source and the instrumental resolution of the spectrometer. Intrinsic sources, in contrast, 
depend on the sample material and the photoemission process itself, such as the finite 
lifetime of the core hole and interactions with the sample’s electrons (particle-hole 
excitations) and lattice vibrations (phonons). 

For unmonochromatized Mg or Al 𝐾𝛼 X-ray sources, the photon flux has a FWHM of 
approximately 1 eV [310]. In contrast, synchrotron radiation is far more monochromatic, 
with a typical broadening of only 100 meV to 200 meV [311]. For BL11, as used in this 

1thesis, the theoretical resolution limit in high-flux mode at ℎ𝜈 = 240 eV is 𝛥𝐸 ≈ 2500 [235],𝐸 
which gives a photon energy broadening of FWHMh𝜈 ≈ 96 meV. Given that the beamline 
was optimized for high photon flux rather than maximum energy resolution in recent 
years, realistically, the photon energy broadening is larger. 
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The measured spectrum is also broadened by the contribution of the analyzer [145, 294]. 
As discussed in Section 3.2, the energy resolution limit of the analyzer is given by: 

(𝑤1 + 𝑤2 𝛼2
𝛥𝐸ana = 𝐸pass + 

2
) , (B.1)

4𝑟0 

with 𝑤1 and 𝑤2 being the widths of the entry and exit slits, respectively, 𝛼 half the 
acceptance angle of the electron cone at the entry slit, and 𝑟0 the radius of the central 
path through the hemispherical analyzer [113–115, 312]. 

For the CLAM IV hemispherical analyzer used in this work, this results in a lower limit 
of the FWHM of FWHMana ≈ 125 meV, using 𝑤1 = 𝑤2 = 5 mm to maximize the count 
rate. This calculation assumes that the Kuyatt-Simpson criterion 

𝛼2 

2 
≤ 0.5𝑤1 + 𝑤2 

4𝑟0 
, (B.2) 

is fulfilled [114]. 

Intrinsic broadening arises from several sources. The dominant contribution to the 
broadening of core-level spectra is the finite lifetime of the core-hole created during 
photoemission. This lifetime broadening does not affect the Fermi edge, however. Other 
effects, like Franck-Condon vibrational broadening or coupling to phonon modes, may 
contribute to the broadening of core levels as well as of the Fermi edge, typically accounting 
for a few tens of meV [145, 313]. Thermal broadening, however, is the dominant intrinsic 
contribution to the broadening of the Fermi edge [314, 315]. At 300 K, the thermal energy 
is 𝑘B𝑇 ≈ 26 meV, which gives a thermal broadening of FWHMthermal ≈ 90 meV [316]. 

Taking all estimated contributions into account, the lower limit of the FWHM of the 
Fermi edge can be calculated: 

FWHMtotal = √FWHM2 
h𝜈 + FWHMana 

2 + FWHMthermal 
2 

= √(96 meV)2 + (125 meV)2 + (90 meV)2 

≈ 182 meV 

The extrinsic (instrumental) broadening alone would be: 

FWHMinstr = √FWHM2 
h𝜈 + FWHMAna 

2 

= √(96 meV)2 + (125 meV)2 ≈ 158 meV 

It is evident that the instrumental broadening still dominates the thermal broadening at 
room temperature. As shown in Figure B.1(a), the measured Fermi edge is a convolution 
of a Fermi-Dirac distribution at 300 K with a Gaussian function representing the total 
extrinsic broadening. The resulting curve shows excellent agreement with the measured 
Fermi edge in Figure B.1(b). 
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(a) Convolution of a Fermi edge with a Gaussian. (b) Gaussian contribution to the Fermi edge. 

Figure B.1: (a) Illustration of the measured Fermi edge modeled as a convolution of the 
Fermi-Dirac distribution 𝐹 (𝑇 ) with a Gaussian instrument function 𝐺. (b) Determination 
of the Gaussian contribution to the broadening. The broadened Fermi edges (dark red) are 
identical in both plots. 

In both plots, the sum curve is a convolution of a Fermi-Dirac function at 𝑇 = 300 K 
with a Gaussian with 𝜎G = 123 meV, which gives the best fit result. This corresponds √ 
to a fitted Gaussian FWHM of FWHMfit = 2𝜎G 2 ln 2 ≈ 290 meV. This fitted value 
is well above the lower limit estimate for the instrumental broadening of 158 meV; the 
discrepancy can be attributed to the idealizations made in the estimate. Specifically, 
the theoretical analyzer resolution is a lower limit that neglects non-ideal effects such 
as space-charge broadening within the electron beam, mechanical imperfections of the 
spectrometer, and aberrations in the lens system [114, 317–319]. Moreover, the fitted 
resolution of the experimental setup at BL11 likely falls short of the theoretical limit in 
high-flux mode at ℎ𝜈 = 240 eV (𝛥𝐸/𝐸 ≈ 1/2500 [235]), as the beamline has not been 
optimized and calibrated for high resolution in recent years. It should be noted that in the 
discussion above, since the sample temperature is known to be 𝑇 ≈ 300 K, the thermal 
broadening was explicitly accounted for in the Fermi-Dirac distribution. Therefore, 
the fitted FWHMfit describes only the extrinsic Gaussian broadening contributions and 
should be compared directly with FWHMinstr. 

Experimentally, the contributions to signal broadening can have either a Gaussian 
or a Lorentzian character. The extrinsic contributions (photon source and analyzer) 
as well as the thermal broadening are Gaussian in nature [145]. The finite core-hole 
lifetime, however, causes a Lorentzian broadening. Other intrinsic contributions are 
typically negligibly small [313]. The total experimental lineshape is a convolution of 
these components. Since the convolution of multiple Gaussians is itself a Gaussian, 
the instrumental and thermal broadening can be treated as a single effective Gaussian 
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function. Consequently, core-level signals in XPS are best described by a Voigt profile, 
which is a convolution of a Gaussian and a Lorentzian [294], or as a convolution of the 
Doniach-Šunjić-lineshape with a Gaussian for asymmetric peak signals. 

In this thesis, the Gaussian contribution used in fitting core-level spectra was always 
constrained to the total Gaussian broadening determined from the Fermi edge fit. Only 
a minor adjustment of ±5% was allowed during the fitting procedure. 

However, for defining the measurement resolution, the FWHM is often not the metric 
of choice. Instead, 2𝜎 or the 16-84 rule is applied, which typically results in a smaller 
numerical value than the FWHM [320, 321]. 

B.1 The 2𝜎 Resolution Criterion 

As mentioned, 2𝜎 is often used to define the experimental energy resolution. This has a 
practical, intuitive basis and explains why the energy difference between the 16% and 
84% intensity points on the Fermi edge (the 16-84 rule) is often used as a resolution 
metric [322]. 

The measured Fermi edge at non-zero temperature is a Fermi-Dirac distribution con-
voluted with the instrumental Gaussian broadening. At 𝑇 = 0 K, the Fermi-Dirac 
distribution becomes a Heaviside step function. The convolution of a Heaviside step 
function with a Gaussian is equivalent to the integral of that Gaussian, which is the 
Gaussian error function. Since the thermal broadening of the Fermi edge itself is Gaussian, 
and the convolution of two Gaussians is a Gaussian itself, the measured Fermi edge has 
the shape of the corresponding Gaussian error function of the Gaussian of the convolution 
of instrumental and thermal broadening Gaussians. The integral of a Gaussian reaches 
approximately 16% and 84% of its total height at a distance of ±𝜎 from its center, 
as shown in Figure B.2(a). These positions correspond to the inflection points of the 
Gaussian function itself. The ability to resolve two adjacent peaks depends on their 
separation relative to their widths. If a distance greater than 2𝜎 separates two identical 
Gaussian peaks, a distinct minimum appears between them, as shown in Figure B.2(b). 
This is analogous to the Rayleigh criterion in optics [323]. Two ideal, delta-function-like 
spectral lines would be just resolvable as two distinct peaks after being broadened by 
the instrument if they are separated by more than 2𝜎. Therefore, using the 16-84 rule 
or extracting 2𝜎 by fitting the Fermi edge is a physically meaningful definition of the 
instrumental resolution. For our setup, this gives a resolution of 2𝜎 = 246 meV, as shown 
in Figure B.1(b). 

This resolution value defines the minimum separation required to distinguish two sharp 
features as separate peaks. It does not, however, prevent the fitting of components that 
are closer together, provided a robust fitting model with physically meaningful constraints 
is used. Once the total Gaussian broadening is determined from the Fermi edge, this 
value can be used as a primary constraint in subsequent core-level fitting. If the core-level 
spectra are measured with the same excitation energy, analyzer settings, and sample 
temperature as the Fermi edge, the Gaussian contribution to their broadening can be 
treated as a fixed parameter. 
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Figure B.2: (a) Plot of a Gaussian 𝐺 and its integral, which is equal to the convolution of 
a Gaussian and the Fermi edge for 𝑇 = 0 K (b) Plot of two Gaussians with different relative 
shifts of their centers. 

For the core-hole lifetime, databases provide reliable initial estimates for the Lorentzian 
broadening of many elements [324, 325]. By combining these constraints, a fixed Gaussian 
width from the Fermi edge and a literature-based Lorentzian width, it is possible to 
successfully deconvolve spectral components separated by energies as small as 50 meV, 
depending on their relative intensities and the signal-to-noise ratio. 

C XPS Coverage Determination 

In this work, the Sn coverage was determined by analyzing peak intensities in the X-ray 
photoelectron survey spectra. To determine the thickness of adsorbate layers consisting 
of several atomic monolayers, the attenuation of peak intensities originating from the 
substrate is typically used [124]. The intensity of the substrate peak scales according 
to: 

−𝑡 𝑁sub(𝛩) = 𝑁sub,0(𝛩) ⋅ exp ( (C.1)
𝛬overl(𝐸sub) cos (𝛩)

) , 
𝑒 

where 𝑁sub,0(𝛩) is the intensity measured for the substrate peak in the absence of an 
overlayer, 𝑡 is the thickness of the overlayer, 𝛬overl

𝑒 (𝐸sub) is the attenuation length for 
substrate photoelectrons in the adlayer, and 𝛩 is the photoelectron emission angle. 

However, when analyzing coverages of a small number of atomic monolayers or even 
less than a single atomic monolayer, the attenuation of the substrate photoelectron 
intensity by the adlayer becomes negligible. Therefore, the adlayer can be assumed to be 
non-attenuating. It has been demonstrated that this assumption yields high precision 
for submonolayer coverages ranging from 0.02 ML to 3 ML [125, 326, 327]. The coverage 
is defined here as the ratio between the number of Sn atoms forming the overlayer and 
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the number of Au atoms in a single atomic layer of the unreconstructed Au(111) surface. 
One monolayer is therefore defined by an atomic density of 1.391 × 1015 atoms/cm2 , 
which corresponds to the packing density of the unreconstructed Au(111) surface. 

Assuming a non-attenuating submonolayer adlayer, the coverage 𝐶(𝛩) can be expressed 
as [124]: 

d𝜎Au4f 

𝑁Au4f(𝛩) 
⋅ 𝛺0(𝐸Au4f) ⋅ 𝐴0(𝐸Au4f) ⋅ 𝛬Au 𝑁Sn3d(𝛩) d𝛺 𝑒 (𝐸Au4f) ⋅ cos(𝛩)𝐶(𝛩) = . (C.2)

𝛺0(𝐸Sn3d) ⋅ 𝐴0(𝐸Sn3d) d𝜎Sn3d 𝑑Au d𝛺 

Here, 𝑁Sn3d(𝛩) and 𝑁Au4f(𝛩) are the photoemission peak areas of the adlayer (Sn 3𝑑) 
and the substrate (Au 4𝑓) at a given photoemission angle, 𝛩, with respect to the surface 
normal. 

The factor 𝛺0(𝐸Au4f)⋅𝐴0(𝐸Au4f)
𝛺0(𝐸Sn3d)⋅𝐴0(𝐸Sn3d) represents the ratio of the acceptance solid angle 𝛺0 and the 

effective specimen area 𝐴0 for the different photoelectron signals emerging from Au 4𝑓 
and Sn 3𝑑. This term cancels out, as the spectrometer was set to uniform angular and 
spatial acceptance, and the area illuminated by the photon flux from the synchrotron 
beamline is smaller than the analyzer’s field of view. 

Since the spectrometer axis and the incident beam in the experimental setup at BL11 are 
in the ”magic angle” configuration (𝛼 ≈ 54.7∘), the angular and Reilmann asymmetry 
dependency of the differential cross-section becomes unity [124]. Consequently, the differ-
ential cross-section becomes independent of the asymmetry parameter 𝛽 and simplifies 
to d𝜎𝑘 𝜎(𝐸𝑘)= , where 𝜎(𝐸𝑘) is the tabulated Scofield cross-section [328]. d𝛺 4𝜋 

The EAL, 𝛬Au
𝑒 (𝐸Au4f), is the attenuation length for Au 4f photoelectrons in the Au 

substrate. As mentioned above, the Sn adlayer is assumed to be non-attenuating. The 
EAL was calculated using NIST SRD-82 [329]. 𝑑Au is the mean separation between 
Au(111) layers. All parameters used for the calculation of 𝐶(𝛩) are listed in Table C.1. 

To determine Sn coverages, peak intensities of the Sn 3𝑑 and Au 4𝑓 signals were obtained 
by fitting the respective signals in the survey spectra. As survey spectra were measured 
for multiple emission angles (at least 𝛩 = 0° and 𝛩 = 60°), the reported coverage value 
is the average of these measurements, and the reported error corresponds to the standard 
deviation of the determined coverages across the different emission angles. 

Table C.1: XPS quantification parameters for the coverage calculation. For the spectra, 
ℎ𝜈 = 700 eV was used and emission angles were in the range 𝛩 = 0° to 60°. 

Parameter Au Sn 

Analyzed photoelectron signal Au 4f Sn 3d 
Kinetic energy [eV] 
Scofield cross-section 𝜎 [Mb] 
EAL [Å] 
𝑑Au [Å] 

615.5 
1.993 
8.77 
2.36 

212.4 
2.4805 
– 
– 
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D Tight-Binding Hamiltonian for Honeycomb Structures 

D Tight-Binding Hamiltonian for Honeycomb 
Structures 

This section derives the Hamiltonian for graphene within the nearest-neighbor tight-
binding approximation. This model captures the low-energy electronic properties of 
honeycomb lattices, including the characteristic Dirac cones. 

D.1 Tight-Binding Hamiltonians 

The Schrödinger equation for an electron in the periodic potential of a lattice of ions is 

(− 
ℏ2 

(D.1)
2𝑚

∇2 + 𝑉ion(𝒓))𝜓(𝒓) = 𝐸𝜓(𝒓) , 

where 𝑉ion(𝒓) = ∑𝑹 𝑉i(𝒓 − 𝑹). Here, 𝑉i(𝒓 − 𝑹) is the potential from a single ion at 
position 𝑹 [330]. 

In the tight-binding limit, electrons are tightly localized at individual ions, and localized 
atomic orbitals well approximate their wavefunctions. All other ions are, from the 
electron’s perspective, negligible, so the single-particle states approximately solve 

(− 
ℏ2 

(D.2)
2𝑚

∇2 + 𝑉i(𝒓))𝜑𝑛(𝒓) = 𝐸𝑛𝜑𝑛(𝒓) . 

When 𝜑𝑛(𝒓) extends to neighboring ions, the electron is influenced by more than just its 
parent ion [330]. In the tight-binding approach, a correction term is introduced, which 
describes the coupling between different localized states by matrix elements: 

⟨𝜑𝑛(𝒓 − 𝑹)|𝐻|𝜑𝑛(𝒓)⟩ ≔ −𝑡𝑛(𝑹) , (D.3) 

where 𝑡𝑛(𝑹) is the hopping amplitude between sites separated by 𝑹 [330]. In 2D honey-
comb lattices, often, uniform nearest-neighbor hopping is assumed, so that −𝑡𝑛(𝑹) ≈ −𝑡 
can be approximated [68]. 

In second quantization, the Hamiltonian becomes: 

𝐻 = − ∑ 𝑡𝑛(𝑹 − 𝑹′) 𝑐𝑛
† (𝑹) 𝑐𝑛(𝑹′) , (D.4) 

𝑛, 𝑹, 𝑹′ 

where 𝑐𝑛
† (𝑹) creates an electron in state 𝜑𝑛(𝒓 − 𝑹), and 𝑐𝑛(𝑹′) annihilates one in 

𝜑𝑛(𝒓 − 𝑹′) [68]. 
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Figure D.1: (a) Graphene’s real-space unit cell showing the A and B sublattices. The lattice 
vectors 𝒂𝑖 and next-neighbour vectors 𝜼𝑖 are shown as well. (b) Hexagonal Brillouin zone in 
reciprocal space, highlighting high-symmetry points. (c) Band structure calculated using a 
tight-binding model, assuming next-neighbor hopping with 𝑡 = 2.8 eV [50], showing Dirac cones 
at 𝐾 and 𝐾′ points. A similar band structure, taking into account in addition next-nearest 
neighbour hopping, is shown in Figure 2.3. 

D.2 Graphene in the Tight-Binding Model 

Graphene consists of carbon atoms arranged in a single-layer honeycomb structure, as 
shown in Figure D.1(a). The lattice vectors [50] are: 

𝑑 𝑑 𝒂1 = 
2

(3, 
√

3) , 𝒂2 = 
2

(3, −
√

3) , (D.5) 

where 𝑑 = |𝜼1| = |𝜼2| = |𝜼3| is the nearest-neighbor C–C distance and the nearest-
neighbor vectors [50] are given by: 

𝑑 √ 𝑑 √
𝜼1 = 

2
(1, 3) , 𝜼2 = 

2
(1, − 3) , 𝜼3 = 𝑑(−1, 0) . (D.6) 

The reciprocal lattice vectors [50] are: 

2𝜋 √ 2𝜋 √
𝒃1 = 

3𝑑 
(1, 3) , 𝒃2 = 

3𝑑 
(1, − 3) . (D.7) 

The first Brillouin zone, as shown in Figure D.1(b), reflects the hexagonal symmetry. 
The Dirac points 𝐾, 𝐾′ are located at 

2𝜋 √1 2𝜋 𝐾 = 
3𝑑

(1, ) , 𝐾′ = 
3𝑑

(1, −√1 ) . (D.8)
3 3 

Due to the bipartite lattice, electrons only hop from an atom on sublattice 𝐴 to an atom 
on 𝐵 and vice versa as long as only nearest-neighbor hopping is taken into account [50, 
64]. The corresponding creation and annihilation operators are 𝐴†(𝑹), 𝐵†(𝑹) and 𝐴(𝑹),
𝐵(𝑹), respectively. 
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D Tight-Binding Hamiltonian for Honeycomb Structures 

The tight-binding Hamiltonian (D.4), considering only the relevant 𝑝𝑧 orbitals and a 
single nearest-neighbor hopping parameter 𝑡 (hopping between different sublattices), 
becomes: 

3 

𝐻nn = −𝑡 ∑ [𝐴†(𝑹) 𝐵(𝑹 + 𝜼𝑛) + 𝐵†(𝑹 + 𝜼𝑛) 𝐴(𝑹)] . (D.9) 
𝑹, 𝑛=1 

This can be written more compactly as: 

3 

𝐻nn = −𝑡 ∑ [𝐴†(𝑹) 𝐵(𝑹 + 𝜼𝑛)] + h.c. , (D.10) 
𝑹, 𝑛=1 

where h.c. denotes the Hermitian conjugate, reflecting that hopping from B to A is also 
included [50, 68]. 

To diagonalize the Hamiltonian, it is expressed in momentum space: 

𝐴(𝑹) = √1 ∑ 𝐴(𝒌) exp{𝑖𝒌 ⋅ 𝑹} , 𝐵(𝑹) = √1 ∑ 𝐵(𝒌) exp{𝑖𝒌 ⋅ 𝑹} , (D.11)
𝑁 𝑁 𝒌 𝒌 

where 𝑁 is the number of unit cells [49, 68]. Substituting these into the Hamiltonian 
yields: 

3 

𝐻nn = ∑⎡−𝑡 ∑ exp (𝑖𝒌 ⋅ 𝜼𝑛) 𝐴†(𝒌) 𝐵(𝒌) + h.c.⎤ . (D.12) 
𝒌 ⎣ 𝑛=1 ⎦ 

Because the Hamiltonian couples the A and B sublattices, it is convenient to define the 
spinor, containing the two operators 𝐴(𝒌) and 𝐵(𝒌): 

𝜓(𝒌) = (𝐴(𝒌) and 𝜓†(𝒌) = (𝐴†(𝒌), 𝐵†(𝒌)) . (D.13)𝐵(𝒌)) 

The spinor behaves similarly to an electron spin, as will be explained later in (D.25) [50]. 
Using this spinor notation, the Hamiltonian can be written compactly as: 

𝐻 = ∑ 𝜓†(𝒌) 𝐻B(𝒌) 𝜓(𝒌) , (D.14) 
𝒌 

where 𝐻B(𝒌) is the Bloch Hamiltonian: 

0𝐻B(𝒌) = (𝜉∗(𝒌) 
𝜉(𝒌)

0 ) , (D.15) 

and 
3 

𝜉(𝒌) = −𝑡 ∑ exp{𝑖𝒌 ⋅ 𝜼𝑗} , 
𝑗=1 

(D.16) 
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where 𝑡 is the hopping energy or hopping amplitude [50]. Diagonalizing 𝐻B(𝒌) [50, 64, 
66], yields the energy dispersion: 

√√ 
𝐸±(𝒌) = ±𝑡√3 + 2 cos (

√
3𝑘𝑦𝑑) + 4 cos ⎛ 

2
3𝑘𝑦𝑑⎞ cos (3

2
𝑘𝑥𝑑) . (D.17)

⎷ ⎝ ⎠ 

The resulting spectrum consists of two bands touching at the 𝐾 and 𝐾′ points, as shown 
in Figure D.1(c). 

If next-nearest-neighbor hopping (hopping within the same sublattice) is additionally 
taken into account, the energy bands are modified to: 

𝐸±(𝒌) = ±𝑡√3 + 𝑓(𝒌) − 𝑡′𝑓(𝒌) , (D.18) 

where √ 
𝑓(𝒌) = 2 cos (

√
3𝑘𝑦𝑑) + 4 cos ⎛ 

2
3𝑘𝑦𝑑⎞ cos (

2
3𝑘𝑥𝑑) , (D.19)

⎝ ⎠ 
and 𝑡′ is the next-nearest-neighbor hopping amplitude [50]. The value of 𝑡′ is not precisely 
known but is estimated [66] to lie in the range 0.02𝑡 ≤ 𝑡′ ≤ 0.2𝑡. The energy bands of 
graphene, taking into account the next-nearest-neighbor hopping with 𝑡′ = 0.2 eV, are 
plotted in the main manuscript in Figure 2.3. 

D.3 Dirac Physics 

The two bands in Equation (D.17) touch at the 𝐾 and 𝐾′ points and are otherwise well 
separated. To analyze the low-energy excitations of graphene, it is therefore appropriate 
to expand the Hamiltonian around, e.g., the 𝐾′ point (expanding around 𝐾 yields an 
identical result). For a small momentum deviation 𝒒 from 𝐾′ , the structure factor 
becomes: 

exp{−2𝜋𝑖 𝜉(𝑲′ + 𝒒) ≈ −3𝑡𝑑 
3 

}(𝑞𝑦 + 𝑖𝑞𝑥) , (D.20)
2 

where 𝒒 is small compared to the reciprocal lattice vectors [50, 64]. 

Substituting this expansion for 𝜉(𝑲′ + 𝒒) [67] back into the Bloch Hamiltonian ma-
trix (D.15) yields the Hamiltonian near the 𝐾′ point: 

exp{−2𝜋𝑖 
𝐻B(𝑲′ + 𝒒) ≈ −3𝑡𝑑

2 
(exp{2𝜋𝑖 

0 3 }(𝑞𝑦 + 𝑖𝑞𝑥)) . (D.21)
3 }(𝑞𝑦 − 𝑖𝑞𝑥) 0 

The complex phase factor can be removed by applying a suitable unitary transformation 
(gauge transformation) to the spinor basis. Using the Pauli matrices 

1 −𝑖 𝜎𝑥 = (0 𝜎𝑦 = (0 (D.22)1 0) , 𝑖 0 ) , 
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E Valence Band Spectra of Sn/Au(111) 

3𝑡𝑑 and defining the Fermi velocity 𝑣F = 2ℏ , which represents the group velocity of the 
electrons near the Dirac points, the effective Hamiltonian takes the form: 

𝐻D(𝑲′ + 𝒒) = 𝑣Fℏ(𝜎𝑥𝑞𝑥 + 𝜎𝑦𝑞𝑦) . (D.23) 

This is known as the Dirac Hamiltonian. The corresponding eigenvalues are linear in 
momentum: 

𝐸D = ±ℏ𝑣F|𝒒| , (D.24) 

and the eigenfunctions are given by: 

T 

(exp(
𝑖𝜗𝑞 √1 
2 

), ± exp(−
𝑖𝜗𝑞 𝜓± = 
2 

)) ,
2

(D.25) 

where 𝜗𝑞 = arctan (𝑞
𝑞 

𝑥

𝑦 ) is the angle of the momentum vector 𝒒 relative to the 𝑥-axis [49, 
64, 68]. 

Since 𝒒 originates from 𝐾′ , the eigenfunctions describe a circular winding around the 
Dirac point. Notably, a full 2𝜋 rotation of 𝒒 results in a phase shift of 𝜋 (a Berry phase 
of 𝜋) for the wavefunction. Only after two full rotations (4𝜋) does the wavefunction 
return to its initial value. This behavior is characteristic of a spinor. Here, the spinor 
𝜓(𝒌) = (𝐴(𝒌), 𝐵(𝒌))T represents the amplitudes on the A and B sublattices, and the 
sublattice degree of freedom behaves like a spin-1

2 particle, referred to as pseudospin. The 
sublattice symmetry protects this topological Berry phase 𝜋 and is responsible for many of 
graphene’s unique electronic properties, such as the suppression of backscattering [67]. 

A similar derivation around 𝐾 yields 𝐻(𝑲 + 𝒒) = 𝐻∗(𝑲′ + 𝒒), leading to an identical 
energy spectrum as in Equation (D.24). These two contributions are combined to form 
the low-energy Hamiltonian presented in Equation (2.2) of the main text. 

The behavior of the spinor 𝜓(𝒌) is directly tied to the bipartite sublattice symmetry. 
If a mass term is introduced (e.g., via spin-orbit coupling) that breaks this symmetry 
or couples the sublattices to open a gap, the honeycomb lattice can exhibit topological 
phases. For advanced discussions on topological insulators and edge states in this system, 
see Refs. [64, 67, 69, 331]. 

E Valence Band Spectra of Sn/Au(111) 

This section presents the complete set of recorded valence band spectra for the clean 
Au(111) substrate, the Au2Sn-alloy, the striped phase, and the X-phase. For these 
structural phases, valence band dispersion cuts were recorded along both the 𝛤 − 𝐾 and√
𝛤 − 𝑀 directions. However, for the 7-phase, only a cut along 𝛤 − 𝑀 was recorded due 
to limited beam time. 

Due to limited experimental resolution, particularly near the Fermi edge, which is 
especially crucial for characterizing 2D electronic properties, no detailed analysis of the 
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valence band region is done besides the comparison presented in Chapter 7 and the 
analysis of the clean Au(111) band structure, presented in Section 5.1. Consequently, 
the data are presented here primarily for reference and without further discussion. 

Figure E.1: Valence band measurements of the clean Au(111). Cuts along 𝛤 − 𝐾 and 𝛤 − 𝑀 
are shown on the left, with the second derivative being shown on the right. 
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E Valence Band Spectra of Sn/Au(111) 

Figure E.2: Valence band measurements of the Au2Sn substitutional surface alloy observed 
at 0.33 ML. Cuts along 𝛤 − 𝐾 and 𝛤 − 𝑀 are shown on the left, with the second derivative 
being shown on the right. 
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√ 
Figure E.3: Valence band measurements of the 7-phase observed at 0.45 ML. Only a cut 
along 𝛤 − 𝑀 is shown on the left, with the second derivative being shown on the right. 
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E Valence Band Spectra of Sn/Au(111) 

Figure E.4: Valence band measurements of the striped phase observed at 0.55 ML. Cuts along 
𝛤 − 𝐾 and 𝛤 − 𝑀 are shown on the left, with the second derivative being shown on the right. 

135 



0 ~ :r r 
I 
I 
I 
I 
I 
I 
I 
I 

-2 I 
I 

LL I 
I 

~ 
I -4 
C 
j2 

~ 
-6 

-8 

0 :r 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

-2 I 
I 

LL I 

~ 
I -4 
C 
j2 

~ 
-6 

-8 

-0.5 0.0 0.5 -0.5 0.0 0.5 

k11 (A-1) k11 (A-1) 

CHAPTER : APPENDIX 

Figure E.5: Valence band measurements of the X-phase observed at 0.66 ML. Cuts along 
𝛤 − 𝐾 and 𝛤 − 𝑀 are shown on the left, with the second derivative being shown on the right. 
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F Influence of the STM Tip on the X-phase 

F Influence of the STM Tip on the X-phase 

As shown in Figure F.1, the STM tip appears to significantly influence the structural 
arrangement of the topmost Sn layer in the X-phase. A sequence of STM images obtained 
during continuous scans is presented in Figure F.1(a)–(c), where all images correspond 
to downward scan directions. To determine whether the STM tip is the primary driver of 
the observed rearrangements or if spontaneous diffusion of atoms at room temperature 
causes the structural changes, the scanning was paused for 260 min before recording the 
frame shown in Figure F.1(d). 

Comparing Figure F.1(c) and (d), some structural modifications are still evident, suggest-
ing that limited spontaneous reorganization may occur over longer timescales. However, 
the extent of these changes is relatively small compared to the pronounced modifica-
tions observed during continuous scanning. Between Figure F.1(a) and (c), acquired 
over 140 min of continuous rastering, the morphology undergoes significant modification, 
supporting the conclusion that the STM tip actively induces rearrangement in the weakly 
bound topmost Sn layer. 

Notably, regions near the right edges of each frame, where the tip changes direction, 
show fewer modifications than the central scanning region. Additionally, near the scan 
reversal edge, a ”wall” of disordered Sn atoms appears with an increased number of 
scans, suggesting that the tip may be displacing and redepositing Sn adatoms during 
rastering. 

Strong tip-adsorbate interactions frequently destabilized tunneling conditions during 
measurements of the X-phase. Achieving atomic resolution for Sn overlayers on Au(111) 
has proven generally challenging in the literature: Sadhukhan et al. [41] and Maniraj et √ 
al. [43] reported comparable resolution for the 7-phase, whereas Pang et al. [42] did 
not achieve clear atomic resolution of the X-phase at all. 
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Figure F.1: Influence of the STM tip on the sample morphology. Frames (a)-(c) were recorded 
consecutively. The recording of each frame took 35 min. One additional frame (not shown) was 
scanned between (a) and (b), and another between (b) and (c). Thus, 140 min elapsed between 
the first frame shown in (a) and the last frame (c). Between frames (c) and (d), the sample 
area was not scanned, and the measurement was paused. Frame (d) was recorded 260 min 
after finishing frame (c). The red-marked areas indicate regions with no or only minor changes 
during data recording. All frames were measured at 𝑈 = 30 mV and 𝐼 = 200 pA. Reprinted 
from [47]. 
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