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/ZUSAMMENFASSUNG

Photoelektronenspektroskopie eignet sich auf vielerlei Weise verschiedenste
Aspekte der elektronischen Struktur stark korrelierter Elektronensysteme zu
untersuchen. Die vorliegende Arbeit zeigt, wie gezielt Einfluss auf die Aus-
pragung starker Korrelation in Cer-basierten Oberflaichenlegierungen genom-
men werden kann. Die Photoemission ermoglicht es dabei zum einen Zu-
gang zu den niedrigen Energieskalen starker Korrelation im Kondo-Regime
zu erhalten, zum anderen auch Verdnderungen auf dieser Energieskala zu er-
fassen. Diese Arbeit zeigt, dass die Ausbildung des Kondo-Grundzustandes
durch eine Vielzahl von Parametern beeinflusst werden kann. Diese sind
beispielsweise die Wahl des metallischen Bindungspartners in bindren Cer-
Verbindungen, die Schichtdicke der Oberflichenlegierung und die damit ein-
hergehenden Anderungen der Gitterstruktur sowie die Grenzschichten zu
Substrat oder Vakuum. Durch Kontrolle dieser Parameter erhélt man die
Moglichkeit, entscheidende Zustandsgroflen des Systems, wie die effektive
Besetzung des f-Niveaus ny oder die Kondo-Temperatur Tk, mafigeblich zu
beeinflussen.

Cer-basierte Oberflachenlegierungen stellen ein ideales Modellsystem fiir die
Untersuchung starker Korrelation im Kondo-Regime dar. Zum einen be-
sitzt Cer genau ein 4 f-Elektron, was die Beschreibung moglicher Grundzus-
tandskonfigurationen vereinfacht, zum anderen erhélt man tiber das epitak-
tische Wachstum der Diinnfilme Kontrolle iiber die oben aufgefiihrten Ein-
flussgroflen. Daher stehen diinne Filme der intermetallischen Verbindungen
CePt5/Pt(111) und CeAg,/Ag(111) im Zentrum der vorliegenden Arbeit.
Durch den Einsatz verschiedener Anregungsenergien bietet die Photoemis-
sion Zugang zu den Merkmalen des Kondo-Effekts im Valenzband, aber auch

in den Rumpfniveauspektren. Diese sind die Kondo-Resonanz und ihr Spin-
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Bahn-Partner nahe der Fermienergie sowie die Multiplettstruktur der Ce 3d-
Rumpfniveaus. Die Auswertung verschiedener Ce 3d-Rumpfniveauspektren
ergibt eine erhohte Delokalisation der f-Elektronen fiir diinne Filme von
CePts/Pt(111). Dies ist auf Anderungen der Gitterstruktur bei diinnen
Filmen sowie den erhohten Einfluss des Pt-Substrates zuriickzufiihren. Bei
hoheren Filmdicken ergibt sich eine Zunahme der Lokalisation der f-Elektronen
und das System zeigt seine charakteristischen Volumeneigenschaften. An
der Oberfldche der CePts-Legierung deuten die Ce 3d-Spektren auf eine Fr-
hohung der Hybridisierung zwischen Leitungsband- und f-Elektronen hin,
die auf die Pt-Terminierung der Oberfléche zuriickzufiihren ist. Die Auswer-
tung der Ce 3d-Spektren in Abhéngigkeit der Probentemperatur ermoglicht
die Bestimmung der Kondo-Temperatur des Systems. Fir diinne Schichten
CePt5/Pt(111) ergibt sich diese zu Tk ~200—-270K, fiir dickere Schichten
zu Tk > 280 K. Diese Ergebnisse wurden durch Simulation der Spektren auf
Basis des Gunnarsson-Schénhammer-Formalismus fiir Rumpfniveauspektren
sowie durch Analyse der Kondo-Resonanz im Valenzband bestétigt. Die An-
passung der Ce 3d-Spektren durch das Gunnarsson-Schénhammer-Modell
ermoglicht zudem die Bestimmung der Coulomb-Anziehung U, zwischen
Rumpfloch und f-Level und der f - f Coulomb-Abstofung Uy zu Us. =12eV
und Usp=8.5-9.5¢€V.

Durch Variation der Schichtdicke des CeAg,-Films, wurde auch im Materi-
alsystem CeAg,/Ag(111) Einfluss auf die elektronische Struktur genommen.
Zudem wird die Oberflichenlegierung mit dem schweren Element Bismut
versetzt, um das Zusammenspiel von Spin-Bahn-Kopplung und starker Ko-
rrelation zu untersuchen. Obwohl sich Anderungen sowohl bei verschiede-
nen Schichtdicken, als auch durch die Zugabe von Bismut ergeben, konnten
keine Anzeichen des Kondo-Grundzustandes, wie beispielsweise die Kondo-
Resonanz an der Fermienergie oder die Multiplettstruktur der Ce 3d-Rumpf-

niveaus, beobachtet werden.



III

ABSTRACT

Photoelectron spectroscopy proves as a versatile tool for investigating vari-
ous aspects of the electronic structure in strongly correlated electron systems.
Influencing the manifestation of strong correlation in cerium-based surface
alloys is the main task of this work. Photoemission is able to access the small
energy scales of electron correlation in the Kondo regime and even capture
variations upon that scale. It is shown, that the manifestation of the Kondo
ground state is influenced by a multitude of parameters such as the choice
of the metal binding partner in binary cerium compounds, the surface alloy
layer thickness and accompanying variations in the lattice structure as well
as the interfaces to substrate or vacuum. Gaining access to these parameters
allows to directly influence essential state variables of the system, such as
the f level occupancy ny or the Kondo temperature Tk.

Cerium-based surface alloys serve as a suitable model system for the pur-
pose of this work. On the one hand, cerium provides exactly one f electron,
rendering the possible ground state configurations of the f multiplet man-
ageable. On the other hand, the epitaxial growth of surface alloy thin films
allows for great control over the desired tuning parameters. Therefore the
intermetallic thin films of CePts;/Pt(111) and CeAg,/Ag(111) are the center
of this work.

By utilizing different excitation energies, photoemission spectroscopy pro-
vides access to characteristic features of Kondo physics in the valence band,
such as the Kondo resonance and its spin-orbit partner at the Fermi level, as
well as the multiplet structure of the Ce 3d core levels. In this work both ap-
proaches are applied to CePts;/Pt(111) to determine ny and Tk for a variety
of surface alloy layer thicknesses. The analysis of the Ce 3d core level mul-

tiplet reveals an enhancement of the f level delocalization for thinner layer
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thicknesses, caused by variations in the lattice structure and an increased
influence of the Pt(111) substrate. At larger layer thicknesses the f electron
delocalization decreases and the bulk characteristics of the material domi-
nate. However, at the intermetallic’s surface, the Ce 3d spectra suggest a
larger hybridization between conduction band and f electrons as compared
to the bulk, which is attributed to the Pt termination of the surface. A tem-
perature dependent study of the Ce 3d core levels allows to determine the
systems Kondo temperature for the different layer thicknesses. This leads to
Tk ~200-270K in the thin layer thickness regime and Tk > 280 K for larger
layer thicknesses. These results are confirmed by fitting the Ce 3d multiplet
based on the Gunnarsson-Schéonhammer formalism for core level spectroscopy
and additionally by valence band photoemission spectra of the respective
Kondo resonances. The Gunnarsson-Schonhammer models, furthermore, al-
low for the determination of the core hole— f level Coulomb attraction Uy,
and the f— f Coulomb repulsion Uy as Us.=12¢eV and Uy =8.5-9.5€V.

The influence of varying layer thickness on the manifestation of strong corre-
lation is subsequently studied for the surface alloy CeAg,/Ag(111). Further-
more, the heavy element bismuth is added, to investigate the effects of strong
spin-orbit coupling on the electronic structure of the surface alloy. Although
changes are observed both upon varying the layer thickness and adding bis-
muth, characteristic Kondo ground state features, like the Kondo resonance

at the Fermi level or the multiplet structure of the Ce 3d core levels, are not
observed for CeAg,/Ag(111).
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INTRODUCTION

The wide field of strongly correlated electron systems steped into focus again
very recently by the discovery of topologically non trivial materials. The in-
terplay of strong electron correlation and spin-orbit coupling brought forth a
new class of materials — topological Kondo insulators [1-3]. The discovery of
topological insulators lead to a new classification of insulators based on their
intrinsic band order [3]. One of the driving forces for non-trivial topology
is the strong spin-orbit coupling of heavy elements like bismuth [4-8]. The
inverted, topological band order cannot be adiabatically connected to a tivial
band order, without closing the insulating gap. This gives rise to metallic,
spin-polarized surface states, at the interface between topologically trivial
and non-trivial insulators.

In 2010, Dzero et al. showed, that this classification of insulators can be
transferred to the material class of heavy fermion systems and in particular
to Kondo insulators [1-3]. The energy gap in Kondo insulators emerges due
to the hybridization of itinerant conduction band electrons and a flat heavy
fermion band [1]. The heavy fermions constitute of a strongly localized f elec-
tron, surrounded by a screening cloud of conduction band electrons [9]. The
basic screening mechanism is known since the early 1960ies as the Kondo

effect [10-13]. The localized magnetic moment of the f electron polarizes
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the surrounding conduction band electrons, until the local moment is entir-
ley screened below a material specific temperature Tk, the Kondo tempera-
ture [13-15]. If the local moments are packed densly in a regular crystalline
lattice, the screening clouds might overlap, forming a heavy fermion band [9].
This band inherits the odd parity of the f electrons. Thus, a hybridization
between heavy fermion and conduction band leads to an energy gap between
bands of inverted parity. This energy gap is topologically non-trivial, giving
rise to the class of topological Kondo insulators hosting topological surface
states in the correlation energy gap [1,3].

Kondo insulators emerge both in intermediate valent systems, like SmBg,
where the f level occupation is strongly reduced and the valence assumes non
integer, intermediate values [16], as well as Kondo systems like Ce3BiyPts,
where the f electron count is reduced only little and the occupation is close
to one [17-19]. While theoretical works as well as transport measurement on
both compounds report a residual low temperature conductivity [1,16,20,21],
a direct observation of a topological surface state, causing this low tempera-
ture behaviour, is still controversial [22-25].

This work sets out on a different approach to study the interplay of strong
correlation and spin-orbit coupling. The focus lies on epitaxially grown thin
film surface alloys rather than bulk single crystalline topological insulator
candidates. The in situ growth of thin films of Ce-based surface alloys pro-
duces well and long range ordered films [26-30]. Furthermore one gains access
to a variety of tuning parameters like the surface alloy layer thickness and
lattice structure, the choice of substrate material and additional dopants.
The two suface alloys CePt;/Pt(111) and CeAg,/Ag(111) constitude the
heart of this work. Ce-based compounds often serve as model systems for the
investigation of strong correlation. As the second element of the Lanthanide
series, Ce features exactelly one 4 f electron, rendering the understanding and
thoeretical description of its spectral function manageable. Futhermore thin
films of CePt;/Pt(111) exhibit a variety of different surface reconstructions
depending on the CePts layer thickness, which creates the opportunity to
study the correlated ground state in relation to surface, bulk and interface

effects as well as changes in the lattice structure. X-ray and angle-resolved



photoemission provide access to the energy scale of strong correlation in the
core levels as well as in the valence band and even to variations upon that
scale caused by the parameters listed above [26,31-33].

The influence of spin-orbit coupling is investigated by changing the metal
substrate from Pt to Ag and thus reducing the spin-orbit coupling of the
involved conduction band electrons. Additionally the effects of adding Bi, a
heavy element featuring strong spin-orbit coupling, on the electronic struc-
ture of CeAg, are investigated by photoemission spectroscopy.

This work sets out to establish a variety of tuning parameters for the ele-
cetronic structure in strongly correlated electron systems. Especially epi-
taxially grown thin films of Ce-based surface alloys proof as an elaborate
playground to influence the manifestation of strong correlation and study
the effects of strong spin-orbit coupling. Furthermore it is shown that pho-
toemission spectroscopy is a powerful tool to address the spectral function of
strongly correlated electron systems and trace variations upon it throughout
a wide parameter range. The large parameter control in epitaxially grown
films of strongly correlated materials under the influence of strong spin-orbit
coupling, constitutes a promising approach to finally realize and proof topo-

logically protected surface states in Kondo insulating systems.

1 1 1
S

The basic principles of strong electron correlation in the Kondo and heavy
fermion limit as well as spin-orbit coupling are discussed in section 2. Section
3 outlines the main aspects of angle-resolved and X-ray photoelectron spec-
troscopy as well as of the spectral features representing strong correlation in
these respective energy regimes. Details of the experimental setup, sample
preparation as well as data processing and evaluation are described as well
in section 3. An overview over the known material properties of binary Ce—
Pt and Ce—Ag compounds is presented in section 4. Section 5 extensively
treats the manifestation of strong correlation in various layer thicknesses of
CePt5/Pt(111). Material properties like the ¢— f hybridization or the effec-

tive occupancy of the f level are determined via Ce 3d core level spectra
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and simulations of the latter with the Gunnarsson-Schonhammer model for
core level spectroscopy. Additionally the Kondo temperature of selected layer
thicknesses is determined via X-ray and angle-resolved photoelectron spec-
troscopy. Section 6, first discusses the influence of the surface alloy layer
thickness on the electronic structure of CeAg, and in particular on the mani-
festation of strong correlation and second the respective effects observed upon
Bi deposition. The main results of sections 5 and 6 are summarized in section
7 and discussed concerning future works in the area of strongly correlated

electron systems under the influence of strong spin-orbit coupling.



THEORETICAL CONCEPTS

2.1 Strongly correlated electron systems

Describing and predicting the physical properties of solids such as electric
conductivity, heat capacity and heat conductance as well as optical properties
for example the absorption and emission of light, is one of the major tasks
in modern solid state physics. All of these properties are determined by the
entirety of the electronic states in the solid and are therefore subject to a
complex many-body problem that cannot be solved analytically.

Nevertheless there are appropriate assumptions to simplify the necessary
calculations and still reach satisfactory agreement with experimental results.
Two of the most fundamental assumptions are incorporated in the nearly
free electron (NFE) and the tight binding (TB) model. The electronic states
are thereby either derived from itinerant, nearly free electrons subject only
to a small perturbative potential, or strongly localized electrons from atomic
states [34-37]. The NFE model, for example, is suitable for describing the
physical properties of electrons in metals like Ag, Cu or Au, where they are
able to travel almost freely within the crystalline lattice, only disturbed by

the weak periodic potential of the ionic cores.
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However, both models already loose their validity when elements with filled
d shells in the transition metal group are considered. Whereas d electrons in
principle can be understood as itinerant, local Coulomb repulsion can adopt
very high values on the order of several electron volts. This largely suppresses
any hopping of charge carriers between lattice sites and therefore strongly
limits electric conductance.

This mechanism is described in the Hubbard model that is essentially based
on a tight binding approach [38,39]. Every lattice site is hereby occupied by
one electron. This amounts to half filled bands and should therefore result in
metallic behaviour. The Hamilton operator of the Hubbard model is given

in equation 2.1 [40]

H=—t,; Z azaajﬂ +U Z (RN (2.1)

%,J,0 %

T

where a; , and a;, describe the creation of an electron at site ¢ while si-
multaneously annihiliating an electron at site j. The movement of electrons
through the lattice from site ¢ to j is described by a hopping matrix element
ti;. However, for the hopping to be possible, the system has to overcome the
local Coulomb repulsion U between two d electrons on the same lattice site
n;. At a sufficiently large Coulomb repulsion U > t;;, hopping and therefore
conductance in the system is suppressed.

Photoemission spectroscopy was substantially involved in understanding a
material system that is now known as a prototype Mott-Insulator [40]. In
Nickel(IT)-oxide (NiO) the Ni d shell is filled with eight out of ten potential d
electrons. This amounts to a partially filled band, rendering NiO to behave
like a normal metal. However, there is a strong local Coulomb repulsion be-
tween the d electrons that largely suppresses hopping between lattice sites.
This leads to the opening of a band gap of E,,, ~ 4 eV, whereby NiO becomes
an insulator [41].

Besides insulating behaviour, there are other possible consequences of strongly
localized electronic states. In rare earth metals for example, the 4f or 5f elec-
trons have a probability density very close to the atomic core as opposed to

the more extended 5s, 5p, 5d and 6s levels. This is schematically shown in
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Figure 2.1: Radial probability density for Ce valence and core
states. The 4f, 5d, and 6s valence state, as well as the 5p core level
probability densities are depicted in units of the Bohr radius aq for Ce
with an electronic configuration of [Xe]4f'5d'6s%. The 4f level is situ-
ated close to the atomic core and is screened by the more extended 5p,
5d and 6s levels. Graphic adapted from [42].

figure 2.1 for metallic Ce.

Thus, the f electrons are effectively screened by the valence electrons, which
renders direct exchange between neighbouring f electrons highly unlikely.
The system features strongly localized 4f or 5f electrons on the one hand,
whereas on the other hand, conduction is still provided by more delocalized
s and p states. The Coulomb repulsion between two f electrons on the same
lattice site exceeds typical values of the Hubbard U by far, which is why the
Hubbard model is no longer suitable for describing these material systems.
They are referred to as strongly correlated electron systems.

Due to the strongly localized 4f or 5f electrons, these compounds exhibit in-
teresting physical properties. If embedded in a metallic host the localized spin
of these electrons might polarize the magnetic moment of the surrounding
conduction band electrons. This particularly gains importance at low tem-
peratures where conductivity, specific heat as well as suszeptibility of rare
earth —metal compounds strongly deviates from that of other metals. These
characteristics are summarized by the term Kondo effect. The occurence and

tunability of electronic structure in the Kondo limit is the central question in

7
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the material systems investigated in this work. Therefore, the Kondo effect

will be considered in more detail in the following sections.

2.1.1 The Kondo effect

In 1934, de Haas et al. performed transport experiments on simple met-
als like Cu, Au or Pb and thus reported the first experimental observations
of what should later be known as the Kondo effect [10]. The resistance of a
metal usually decreases upon lowering the temperature, due to a reduction of
lattice vibrations that allow for a higher charge carrier mobility. At temper-
atures of about 7'=10-20K the resistance either saturates in consequence
of residual scattering of charge carriers on static defects, or drops to zero as
the material becomes superconducting [43].

This, however, was not observed in de Haas’ transport measurements on Au
wires [10]. Upon lowering the temperature further to T~ 1K an increase
of the electric resistance is observed, causing a minimum in its temperature
dependence. Deviations from the linear T2-dependence of the specific heat
C/T, as well as a Curie-Weiss term in the magnetic suszeptibility at low
temperatures, suggested localized magnetic moments to lie at the heart of
this novel behaviour [11,12]. In de Haas” experiments those magnetic mo-
ments were present due to a contamination of the Au wire with magnetic
impurities.

Nevertheless, it was not until 1964 until Jun Kondo could provide a theoret-
ical explanation of the observed effects [13]. On the basis of the s—d model,
he considered a spin scattering of conduction electrons with a local spin den-
sity s(0) at the site of the impurity, on a localized moment with spin S of
the form

HK = ZEknkg —2JS - S(O) (22)
ko

[44-47]. The sum describes the conduction band electrons with energy ey
and ny, = alTwakU as the creation and annihilation operator of a conduction
band electron [48].
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To determine the electrical resistivity he performed perturbation theory cal-
culations on the s—d model up to third order in J, where J is the exchange
constant. For J <0, representing antiferromagnetic coupling, he showed that
an interaction between the spin of the scatterer and the spin density of the
conduction electrons causes an increase of the second order resistance term
over the first, causing a logarithmic increase of the resistance at low temper-
atures.

Though correctly describing the upturn of the electric resistance at low tem-
peratures, Kondo’s appoach also predicts an unphysical divergence of the
resistance as T'— 0 K.

These shortcomings of the Kondo model are solved by treating the Kondo
problem in the framework of the Single Impurity Anderson Model (SIAM),
established in 1961 by P.W. Anderson [14]. The SIAM implies a “scaling” of
the Kondo problem, reducing the system’s degrees of freedom as the temper-
ature is lowered. This hypothesis was later confirmed by K. Wilson in 1974,
whose work shows, that the magnetic impurity gets completely screened by
conduction band electrons below a certain, material specific temperature Ty,
the Kondo temperature [15,43]. The SIAM is a powerful approach to the
Kondo problem as it provides the theoretical basis for calculating photoe-
mission spectra of rare earth systems in the framework of the Gunnarsson-
Schénhammer formalism [49].

The s—d model as well as the Hubbard model are derived for two extremums
of the STAM. If the local Coulomb interaction U between two electrons on
the same lattice site U — 0o, one obtains rigorously the spin interaction of
the s—d model at a single lattice site. This is extended to the whole lattice
by applying the same interaction at every lattice site. Thus the s—d model
is often referred to as the Kondo lattice model [50,51].

On the other hand if the hybridization matrix element V' between the impu-
rity site and the conduction band electrons V' — 0, one obtains the localized
electrons as featured in the Hubbard model. Hopping between sites is de-
scribed by ¢;; at the expense of the Coulomb repulsion U [51,52].

Within the STAM, the macroscopic properties of a material are governed by

a competition between localized and kinetic behaviour of the electrons. The
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SIAM therefore constitutes the framework for describing a variety of strongly

correlated electron systems.

2.1.2 The single-impurity Anderson model

The single-impurity Anderson model (STAM) describes the interaction of
a single magnetic moment with a sea of itinerant conduction band elec-
trons [14]. It expands the Kondo s—d model in a way, that it not only
considers the spin interaction between magnetic moments and conduction
band electrons but also takes into account the strong Coulomb correlation
Uss between electrons on the same impurity site as well as the hybridiza-
tion matrix element Vi, between local moments and conduction band elec-
trons [48]. This is summarized in the STAM-Hamiltonian in equation 2.3
for the case of a single f electron acting as the magnetic moment according
to [49,53]:

_ T ,
HS'IAM - Z €ko Oty Ako + 6f Z f:no-fma + Uff Z ningnm'o”
ko mo mo#m'o’
creation and annihilation creation and annihilation .
of a conduction band electron of an f electron Coulomb repulsion

between f electrons

+ Z (chrfgwaka + h-c-) + [Gcnc + UfC<1 - n0) Z f;fwfma] (2‘3>

kmo

hopping between core hole excitation
conduction and f level

The first and second term describe the conduction band electrons as well as
the localized f electron. Hereby €, is the energy of the conduction band
electrons with momentum k and spin ¢ whereas €; describes the energy of
the f electron. a)  and ag, are creation and annihilation operators for a con-
duction band electron with momentum k and spin o whereas fI and f,,,
are creation and annihilation operators for an f electron in the state mo.
The third term describes the Coulomb repulsion Uys between two f elec-
trons on the same impurity site. The fourth term allows for hybridization

between conduction band states and local moments via the hybridization

10
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matrix element V.. Note that in this representation Vj, is considered to be
k-dependent.

The last term in equation 2.3 is not initially included in the STAM-Hamiltonian
in the works of P. W. Anderson but has been added by O. Gunnarsson and
K. Schonhammer to allow for the calculation of core level photoemission
spectra [14,49]. Tt describes the creation of a core hole at energy €, with
ne = ala.. Due to their probability density close to the core the f elec-
trons experience an attractive potential Uy, of the core hole leading to a
drastic reordering of the energy levels in the photoemission final state. This
causes significant satellite peaks in the core level photoemission spectra of
strongly correlated materials. This core level multiplet structure enables di-
rect access to the low energy Kondo physics in the valence band. Therefore
the spectroscopy of core levels in correlated materials with for example X-
ray photoelectron spectroscopy, provides valuable access to the many-body
ground state in these systems. This mechanism will be exploited in great
detail by an extensive study of the Ce3d core levels in CePt;/Pt(111) and
will be discussed in more detail in section 3.1.3. n., in equation 2.3 denotes
the electron occupation of the core level, which is n.=1 in the initial state
prior to the photoemission process and n.=0 afterwards.

As a result the intensity of a photoemission experiment is determined by
the transition matrix element (®|Hgam|P®;) with ®; and ®; being final and
initial state of the system. Due to the hybridization of conduction band and
f electrons (c— f hybridization) the initial state |®;) of Ce, that features ex-
actly one f electron in its atomic configuration, is composed of a mixture of
zero (f°), single (f') and double (f?) occupancy of the f level. The respec-
tive spectroscopic weights are given by c¢g, ¢; and co. In summary the initial
state is given by |®;) = co|f°) + colf1) + colf?).

This partial delocalization of the f electrons leads to a reduction of the ef-
fective occupancy ny of the f level. For the case of Ce this means ny <1
and the valence v of the f level decreases to non integer values v = 4 — ny.
The new state formed by hybridized f and conduction band electrons is low-
ered in energy with respect to the non hybridized state by dx = kgTx where

kg is the Boltzmann constant and Tk is the Kondo temperature.
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The influence of ¢— f hybridization on photoemission spectra of different en-
ergy regimes is exemplarily shown in figure 2.2. Subfigure a) and b) each
show Ce 4f valence spectra calculated with the Gunnarsson-Schénhammer
formalism. Graph i) corresponds to a poorly hybridized case with ny close to
one (ny=0.96), whereas ii) shows a strongly hybridized case with n;=0.88.
Subfigure b) thereby depicts a smaller energy range as compared to a) to al-
low for a more detailed analysis of the apparent structures close to the Fermi
level. Note that both spectra in a) are broadened by a Gaussian—function
with a full width at half maximum (FWHM) of 500 meV whereas the spectra
in b) are broadened less [33].

The wide energy range of figure 2.2 a) shows two distinguishable fea-
tures. One is a peak close to the Fermi level at £ — Er =0¢€V that becomes
stronger as ny is lowered. This is the Kondo resonance (KR) with the spec-
troscopic notation f!. The second peak is located at higher binding energies
of F— Fr=—2——5¢eV and results from direct photoemission of an electron
from the f level, leaving the f level empty. It is called the ionization peak
(IP) and labeled with the spectroscopic notation f°. The ionisation peak
becomes less intense and shifts to higher binding energies as n; is lowered
between i) and ii) and weight is transferred to the Kondo resonance at the
Fermi level [33,54]. Hence, the intensity of the IP is a first indicator of the
manifestation of strong correlation in Ce-based systems, where large spec-
troscopic weight in the IP points towards little ¢— f hybridization.

Figure 2.2 b) presents a more detailed view of the energy range close to the
Fermi level. Here a second structure close to the Kondo resonance becomes
apparent: the spin-orbit partner (SOP) of the Kondo resonance. The 4f level
is 14-fold degenerate and has two spin-orbit branches with j :g and j= %
Those are seperated by A Eso &~ 280 meV. The j = g state is sixfold degenerate
and represents the ground state, whereas the j = % state is eightfold degener-
ate and constitutes the excited state. The Kondo resonance at £ — Ep ~0eV
is the spectroscopic representation of an excitation between the hybridized
Kondo singlet with reduced f occupancy ny<1 (f17, § 50.2) and a set of
low lying triplet states with f! character. Both Kondo singlet and triplet

lie within the j:g multiplet. This is schematically shown in figure 2.3 a),
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Figure 2.2: Calculated valence band and core level spectral func-
tions of atomic Ce. a) and b) show Ce 4f spectral functions,
whereas ¢) depicts a core level spectrum of one Ce 3d spin-orbit channel.
All spectra are calculated with the Gunnarsson-Schénhammer formal-
ism [33]. In each case, graph i) depicts a poorly hybridized case with
ng=0.96, whereas ii) corresponds to a strongly hybridized case with
ny=0.88. The Kondo resonance (KR) with predominantly f' charac-
ter and its spin orbit partner (SOP) are clearly visible in the strongly
hybridized case ii) in b) whereas the ionisation peak (IP) appears only
in the wider energy range in a). The Ce 3d core level in ¢) is split into
three components, representing the respective proportions of zero (f 0),
single (f!) and double (f?) occupation of the Ce 4f initial state.
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a) excited . ib) excited .o
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Figure 2.3: Kondo resonance with and without spin and orbital
degeneracy. Schematic illustrartion of the excitation processes in the
valence states in Ce compounds when spin-orbit coupling of the 4f
level is neglected in a) and when it is taken into account in b). The
lowering of the degeneracy of the 4f level due to spin-orbit coupling
results in an additional set of singlet and triplet levels lifted by AFso.
Additional excitations are enabeled between the j = g ground state and
the first j = % excited state, resulting in the SOP of the Kondo resonance
(33,48, 55]. Figure based on [48]

where SOC is neglected. The reduction of ny, however, is not limited to the

7
2

state to split into a hybridized singlet state with a reduced f occupancy and

j:g ground state. It also appears in the j =1 excited state, causing this
a set of low lying triplet states with f! character as well. This is schemati-
cally shown in figure 2.3 b), where SOC is taken into account. The spectral
feature, that is denoted as SOP corresponds to an excitation between the
hybridized excited state singlet (j= %, f179) and the Kondo ground state
singlet within the j =5 multiplet [48].

The calculated valence band spectra in figure 2.2 b) show, that the weight of
the SOP is less affected by the decreasing hybridization between ii) and i) as
is the Kondo resonance at Er. The appearance of the KR is determined by
the energetic separation between the j:g Kondo singlet and the low lying
j= % triplet states. It vanishes quickly as this splitting becomes less defined

due to a broadening of the involved states for example by increasing temper-
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atures. The excitation resulting in the SOP, however, is governed mainly by
the energy scale of the spin-orbit splitting A Fgo ~ 280 meV and is therefore
still distinct, when the singlet —triplet separation is small, or starts to vanish
with rising temperatures [54].

An even more detailed spectrum of the energy range close to Er would ex-
hibit another structure next to the Kondo resonance. Due to the crystal
electric field, the f level degeneracy is lifted further to Ny =2 for the j:g
ground state and the Kondo resonance exhibits a crystal-field partner at an
energy of AFEqr~30meV. This however is hardly ever resolved in photoe-
mission measurements [54].

The Full Width at Half Maximum (FWHM) of the Kondo resonance is
strongly temperature dependent. Therefore its width at a given sample tem-
perature Ty is used for determining Tx. The occupied part of the Kondo
resonance is fitted by a Lorentzian function, whose position is determined by
the Kondo energy dx = kgTkx and FWHM by equation 2.4 [56]. A detailed

explanation of the applied fitting procedure is given in subsection 3.4.

FWHM = 2\/(nkpT,)? + 2(kpTk)? (2.4)

Finally, figure 2.2 ¢) illustrates the effects of ¢— f hybridization on Ce 3d
core level spectra. The poorly hybridized case is again plotted in i) whereas
the strongly hybridized case can be seen in ii). Only one spin-orbit branch
of the Ce 3d core levels is shown. However, one clearly observes not one but
three distinct peaks, that can all be assigned to the Ce 3d core level. Due
to its probability density close to the core the occupancy of the Ce 4f level
influences the screening of the 3d core hole, that is produced in the process
of photoemission. Therefore, the multiplet splitting of the Ce 3d core level
reflects the differnt occupancies f°, f* and f? of the Ce 4f level.

The lower ny the more weight gets transfered to the f° and f? peaks in
the spectrum whereas the f! peak diminishes. It should be mentioned,
that in a measured core level spectrum one observes both spin-orbit part-
ners of the Ce 3d core level with j = % and j = g with a separation of about
AFEgso(Ce 3d)~18¢V. Therefore, the three peak structure in the calcula-
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tion in figure 2.2 ¢) gets doubled and one observes six peaks in total. A
thorough explanation of the underlying processes causing the complex Ce
3d core level spectra will be given in section 3.1.3, whereas the Gunnarsson-
Schonhammer formalism used in this work for calculating Ce 3d XPS spectra
of CePt5/Pt(111) will be introduced in more detail in section 3.1.4.

In summary, figure 2.2 shows that the SIA model within the Gunnarsson-
Schonhammer formalism is able to correctly describe the features expected
for a single impurity Kondo system. That is, in the valence band, the Kondo
resonance as a sharp peak at the Fermi level, its spin-orbit and crystal-field
partner, as well as the ionisation peak at higher binding energies. For the
Ce 3d core level it correctly predicts a splitting of each spin-orbit channel
into three components of f° f! and f? character. The material systems
presented in this work, however, do not solely belong to the single impurity
regime. In fact the deposited Ce atoms alloy with the metallic host and
form a regular impurity lattice. This might have severe consequences for the

observed valence band structure which will be discussed in the next section.

2.1.3 Heavy fermions in a Kondo lattice

When a single magnetic impurity is embedded in a metallic host the mag-
netic moment of the impurity polarizes the surrounding conduction band elec-
trons until, below a certain temperature, the magnetic moment gets screened
entirely. Similar to the Landau Fermi liquid picture, the screened magnetic
impurity can be described as a quasiparticle, consisting of a single magnetic
moment and its surrounding screening cloud. In the single magnetic impu-
rity regime, the quasiparticles are well separated, experiencing no influence
of other quasiparticles in the vicinity.

However, by increasing the impurity concentration up to a point where the
impurities form a regular lattice with the metallic host, this picture is no
longer valid. Whereas there is no direct interaction between the f magnetic
moments themselves due to their high degree of localization, there is a cou-

pling between the quasiparticles, mediated by the electrons in the screening
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cloud. Depending on the coupling strength J between impurity spin and
conduction band electrons the systems ground state is subject to two com-
peting coupling mechanisms.

In the exchange Hamiltonian H = —JS -s(0), J is the coupling strength be-
tween impurity spin S and conduction band electrons s(0), as described in
section 2.1.1. The Kondo temperature Tk, describing the formation of a
Kondo singlet ground state, is proportional to Tx o exp(-1/|Jp|) whereas
the Néel temperature Ty, favouring a magnetically ordered ground state,
scales with Ty o< |Jp|?. Here p ist the density of conduction band states at
the Fermi level.

Hence, for small J the magnetically ordered ground state is preferred. Since
there is no direct exchange between the strongly localized magnetic moments,
the magnetic order is established by the weaker Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction [45,46,57]. The magnetic moment of the impu-
rity polarizes the surrounding conduction band electrons leading to a long
range oscillation of magnetic moments. This oscialltion indirectly couples
different impurity spins establishing ferromagnetic or antiferromagnetic or-
der, depending on the inter-impurity distance.

In contrast, for large J the system tends to demagnetize and the ground state
properties are governed by non-interacting Kondo singlets with partially de-
localized f electrons. This competing behaviour between magnetic order and
Kondo screening was first described by S. Doniach and is summarized in the
Doniach-diagram [58,59].

However, there are materials, in particular Ce, Yb and U compounds, that
exhibit properties at temperatures far below Tk that cannot be described in a
single impurity picture. Below a certain coherence temperature 7" < Tk the
screening clouds of the magnetic impurities begin to overlap, forming coher-
ent Bloch waves in the periodic impurity lattice. This leads to the emergence
of a new electronic quasiparticle band, that inherits the impurities” f char-
acter.

The effective mass of the quasiparticles, consisting of magnetic impurity and
screening cloud, is very high, up to a thousand times the effective mass of

a free electron. Therefore, they are called heavy fermions and the quasi-
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particle band a heavy fermion band. Due to the high effective mass of the
quasiparticles this band is very flat. In case of Ce compounds it is located
slightly above the Fermi level since the effective occupancy of the Ce4 f level
is reduced to ny <1 [9].

The heavy fermion band might also interact with the conduction band lead-
ing to a renormalization of the overall band structre around the Fermi level.
In CePt5/Pt(111), for example, for temperatures Ty < 13K a hybridization
gap of AE,,, ~5meV has been observed as a result of an avoided crossing
between the flat f- and conduction band [60,61].

In summary, if the coupling J between impurity spin and conduction
band electrons is sufficiently large, establishing Kondo screening as the dom-
inating effect at low temperatures, an ordered lattice of magnetic impurities
in a metallic host exhibits several characteristic features in photoemission
spectroscopy.

First, below the material specific Kondo temperature Tk, the valence band
spectrum shows an increase of spectral weight slightly above the Fermi level:
the Kondo resonance. This resonance is of f!=9 character (6, 50.2) and
is furthermore accompanied by its crystal-field and spin-orbit partner at
AFEcr ~30meV and AFEsop ~280meV respectively. At even higher binding
energies one observes the ionisation peak with predominantly f° character,
resulting from direct photoemission of an f electron.

Second, when the temperature is considerably lowered below the Kondo tem-
perature T < Tk the isolated Kondo singlets might form a heavy fermion
band leading to a renormalized band structure with strong f character in the
vicinity of the Fermi level.

Third, the different f level occupations f°, f! and f? in the valence band
are reflected in the respective core level spectra by a charactersitic final state
multiplet splitting.

These spectral features are characteristic for Kondo systems and can be ob-
served by angle-resolved as well as X-ray photoelectron spectroscopy, which
renders these methods powerful tools for the investigation of strong correla-

tion in rare earth systems.
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2.2 Spin-orbit coupling

Next to strong electronic correlation, spin-orbit coupling (SOC) plays an
important role for the emergent phenomena in the material systems inves-
tigated in this work. SOC describes the interaction between the electron’s
spin and orbital momentum. In the framework of a non-relativistic approxi-
mation of the Dirac equation the Hamilton operator Hgoc incorporating the

spin-orbit coupling reads as follows [62]:

Hsoc = 47:3020' -(VV x p) (2.5)
with the Pauli matrix vector o being the spin operator and p the momentum
operator. h is the reduced Planck constant, m. the effective electron mass
and c the speed of light. VV ist the gradient of the electrostatic potential.
It is highest close to the nucleus of the atom and increases with increasing
atomic number Z. Therefore SOC is strongest in heavy elements for example
Bi or Pb and in electronic levels close to the atomic core.

This becomes apparent for example in photoemission spectroscopy of core
levels. These levels are spin-orbit split by means of a few electron volts up
to several hundred electron volts. The two spin-orbit partners reflect the two
possible configurations of the total momentum j=1[4s for [ >1 where the
magnetic moments of spin and orbital momentum are either aligned parallel
or antiparallel [63].

At surfaces of pristine metals where inversion symmetry is broken, spin-orbit
coupling lifts the spin degeneracy of electronic states. These states become
energetically separated as well as spin polarized for kj >0. This effect is
known as the Rashba-Bychkov effect and has been described theoretically in
1984 by E. I. Rashba and Y. A. Bychkov [64].

It is observed on surfaces of pristine metals like Au(111) or Bi [65-68] but also
on substitutional surface alloys like Bi/Ag(111), Bi/Cu(111), Pb/Ag(111)
[69-74].

Another major effect of spin-orbit coupling is the occurrence of topologi-
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cally non-trivial insulators (TIs). Here spin-orbit coupling inverts the order
of selected bands in the bulk electronic structure of a material, causing an
inverted band gap. At the transition to the vacuum or another trivial insula-
tor, characterized by normal band order, this gap needs to be closed, leading
to the formation of topological surface states (T'SSs) [4,75]. These bands of
almost linear dispersion are protected by their origin in the bulk band struc-
ture of the TT which makes them very robust against surface defects [76].
The first experimental proof of this class of materials was found in HgTe/CdTe
quantum wells in 2007 in Wiirzburg [77]. The first observation of T'SSs in a
three-dimensional material was made for a Bi;_,Sb, alloy [4, 6], whereupon
several other Bi-based compounds have been identified to be topologically
non-trivial i.e. BisSes and BisTes [7,8]. Bi hereby plays a crucial role for
the emergence of topologically non trivial behaviour, as its huge spin-orbit
splitting leads to the inverted band gap in the first place.

Since then the variety of topological phases has evolved immensely. Next
to the first 2D and 3D topological insulators, there are magnetically doped
topological insulators like V- or Cr-doped (Bi,Sb),Tes showing the quantum
anomalous Hall effect [78] as well as MnBiyTe, the first antiferromagnetic
TT [79,80].

Furthermore, there are topological crystalline insulators like Sn'Te or Pb;_,Sn,Se
where the topological nature of electronic states arises from crystal symme-
tries [81-83]. Recently the classification of topological materials has been
extended to the class of semimetals. For example topologically protected
band touching points emerge in Weyl semimetals like TaP or TaAs featuring
Fermi-arc surface states [4,84-87].

Finally the field of strongly correlated materials has not been left untouched
by the emergence of topologically non-trivial materials. Both, topological
surface states as well as Weyl nodes have been predicted to arise in strongly
correlated systems forming topological Kondo insulators (TKIs) [1, 3] and
Weyl Kondo semimetals (WKSMs) [88]. In the former the topological sur-
face states are predicted to close the hybridization gap between conduction
and heavy fermion band in a Kondo insulator.

The driving force for topologically non trivial states in Kondo insulators is
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on the one hand the strong spin-orbit coupling of the lanthanide 4f levels,
but has recently been shown to depend also on the spin-orbit coupling of the
conduction band electrons [1,89]. Here SOC constitutes the tuning parame-
ter between phases of topological Kondo insulators, Dirac-Kondo semimetals
and Weyl Kondo semimetals [88-90]. Transport measurements on the sub-
stitutional series Ce3Biy(Pt;_,Pd,)s suggest a phase transition from TKI to
WKSM by reducing the conduction electrons SOC when substituting heavy
Pt atoms by considerably lighter Pd atoms [91]. Despite massive theoretical
and experimental effort, however, direct observations of topologically pro-
tected surface states in Kondo insulators are still controversial [1,92].

The focus of this work, though, will not be the investigation of TKI or
WKSM candidates. In fact it will, in a very general way, investigate the
influence of strong spin-orbit coupling on the electronic structure of corre-
lated materials. This is achieved by adding Bi, a large Z material with a
huge intrinsic spin-orbit coupling, to the surface alloy CeAg,/Ag(111), in or-
der to increase the SOC in CeAg,. By that, one can on the one hand, build
upon the profound knowledge available for the substitutional surface alloy
BiAgs/Ag(111) [69,93] and on the other hand on basic principles applicable

for Ce-based surface alloys.
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METHODOLOGY

3.1 Photoelectron spectroscopy

Evaluating the electronic structure of strongly correlated material systems is
the main objective in the present work. In solid state physics, photoelectron
spectroscopy has gained considerable value as a powerful tool to determine
various aspects of a material’s electronic structure. The use of high photon
energies in the X-ray regime for example, allows for the revelation of the
chemical composition of a material and to some extend even the determina-
tion of specific binding partners [31]. By exciting the sample with light of
lower photon energies in the ultraviolet (UV) range, one obtains insight into
the valence band density of states or even the k-resolved band structure.

The effect of electron emission upon excitation with light was first observed
in 1887 by Heinrich Hertz [94] and explained in 1905 by Albert Einstein [95].
Accordingly, the binding energy Ej;, of an electron in a solid is related to

the photon energy hv of the incoming light as follows [31]:
Ebm =hv — El/fm - (I)S (31)
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Here Ej,, is the kinetic energy of the emitted electron after leaving the sam-
ple and ®g the work function of the sample. In the experimental setup,
sample and electron analyser are set to the same electrical ground whereby
their chemical potentials become equal. Thus it is not necessary to know the
material specific work function of each sample, but only the constant work
function of the analyser. The kinetic Energy FEj;, detected in the photoe-
mission experiment is therefore related to the binding energy of the electrons
via equation 3.2

Ebin = hV — Ekm — (I)A (32)

where ® 4 is the analyser work function.

The distance an excited photoelectron can travel without being scattered in-
elastically, is given by the inelastic mean free path \. In the desired photon
energy range of about 10-2000¢V, it is only of a few A [31]. Therefore the
sample has to be free of surface contaminations and the photoemission ex-
periment hast to be carried out under ultra high vacuum (UHV) conditions.
But still, PES is a very surface sensitive technique.

In general, depending on the excitation energy, one distinguishes between two
branches of photoemission. For ultraviolet photoelectron spectroscopy (UPS)
photon energies in the vacuum ultraviolet regime up to hv g 100 eV are used
to determine the valence band density of states. In addition, angle-resolved
photoelectron spectroscopy (ARPES) gives access to the k-dependent band
structure by simultaneously detecting the kinetic energy of the emitted elec-
trons and their emission angle. Higher photon energies in the keV-range are
used in X-ray photoelectron spectroscopy (XPS). This leads to the emission
of electrons from core levels, giving access to the stoichiometry of the sample

as well as the chemical environment of particular elements [31].

3.1.1 The photoemission process

The interaction of an electromagnetic field with matter is described by the

interaction Hamiltonian Hj,;, as a transition from a one-electron initial state
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it to a one-electron final state f. In the framework of second quantization,
this is described as the destruction of the initial state by the annihilation
operator a; while simultaneously creating the final state with the creation
operator a}. The electron —photon interaction is represented by the matrix
element My,;. Consequently, H;,; results from a summation over all possible

initial and final states as given by equation 3.3 [96].

Hine = Z Mfia;rf@i (3.3)

i,f
According to Fermi’s golden rule, this leads to a transition probability p(h€2)
of the photoemission experiment, between the ground state |N,0) and all s

possible excited final states |V, s) as shown in equation 3.4 [96]
2
p(AS) = =5 37 [N, 5| Hiwl N, 0) PO(EY — B — h2). (3.4)

The d-function contains the energy conservation between the final state en-
ergy EN the initial state energy FE) and the excitation energy A). For

photoemission in the valence band the interaction Hamiltonian Hj;,,; reads

Hipy = Z Mk,naLak (35)
k,x

with a Bloch-like initial state a; of wave vector k and a free-electron final
state a, with wave vector k. The final state |N,s) is decomposed into an
antisymmetric product of the emitted electron |®,) and the remaining excited
(N — 1)-electron system |(N — 1), s) with the antisymmetrization factor A as

shown in equation 3.6 [96]
IN,s) = A(|®x) @ [(N = 1),5)) = al|(N — 1), 5). (3.6)
The excited electron is of the energy ¢, and carries a crystal momentum Ak,
whereas the remaining excited states |(N — 1),s) have the energy ENV=1,

According to this, the transition probability of detecting an excited electron
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reads [96]
2
Pen, k) = % STUN =1, slag Hing | N, 025 (BN Y 4 ¢, — ESY) — hQ). (3.7)

Using equation 3.5 and developing the matrix element My, this is trans-

formed to

2m

7 2 M [P[(N=1, slax| N, 0)[?6(eN D te—u—Q) (ky — k) —Gy))

s,k

plen, k) =

(3.8)
where e(N 71 = p(V=1) _ EéN_l) is the excitation energy of the remaining (N — 1)-
electron system and p = EéN) - E(()N_l) is the chemical potential. The second
d0-function describes the conservation of the wave vector component k|, par-
allel to the surface, where Gj is the reciprocal lattice vector component
parallel to the surface and k|| the excited electron’s momentum parallel to
the surface.
The matrix element | My, .|? contains the perturbation operator Hpp, describ-
ing the interaction of the electron in the system with the electromagnetic field

A of the incoming light. It is defined according to equation 3.9

e
meC
where p= —ihV is the momentum operator of the unperturbed system. The

one-particle matrix element |Mj .|? in itself might cause strong variations
in the transition probability p(e, k) depending on the orbital character of
the excited state as well as the polarization and direction of incidence of the
incoming light. This, however, is not subject to the present work and will
not be discussed in more detail. Additional information regarding matrix
element effects in photoemission can be found in [97].

The excitations in the remaining system due to the sudden removal of one
electron, are described in equation 3.8 by the second matrix element as well

as the first 0-function. This is summarized in a fundamental quantity of the
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Hamiltonian system: the spectral function A~ (k, w) with
A~ (k,w) =Y (N — 1, s|ag| N, 0)[*6(w + N 71) (3.10)

where A(k, w=0) corresponds to the Fermi level. The spectral function can

be derived from the imaginary part of the one-electron Green’s function [98]

A~ (k) — jrjmg(k,w). (3.11)
Concluding, the intensity of a photoemission experiment is given by the spec-
tral function A~ (k, w) varied by the one-electron matrix element My .
In case of negligible electron—electron interaction the spectral function is
reduced to a J-function at the energy eglN ~1 of the Bloch state probed by
the photoemission experiment. In fact, the spectral function does include all
possible excited states of a system and therefore also describes the photoe-
mission process in case of strong electron —electron interaction, where many
of the excited states |(N — 1),s) are non zero. As a result the line shape
of the spectral function is significantly modified. The deviations from the
simple Dirac-peak are best described by a complex quantity, the so called
self energy Y(k,w), with X(k,w)=Y'(k,w) +1X"(k, w) [98].
Describing all interactions in a strongly correlated material is a complex
many body problem that has in general no analytical solution. Therefore
one is compelled to rely on approximations. In the framework of Landau’s
Fermi-liquid theory the interaction of electrons is described using the quasi-
particle picture [99,100]. The quasiparticle includes the bare particle, for
example an electron, dressed by an interaction cloud, representing its effect
on the surrounding system. The self energy solely describes these interac-
tion effects and is therefore given by the difference between the energy of the
quasiparticle egp and the energy of the bare particle without its interaction
cloud eg:

Y (k,w) = e — ¢ (3.12)
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The concept of self energy can be applied to the formulation of the spectral

function as shown in equation 3.13 [96]

Ay~ L (k)

™ [w — € — Z/(k;’w)P + [Z”(k7w)]2' (313)

Details of the underlying mathematics can be found in [9]. The effects of
electron correlation on the spectral function are thus included in the term of
the self energy.

Figure 3.1 illustrates the changes in the spectral function due to these in-
teraction effects. Whereas the dashed line at €, represents the d-peak for
the non-interacting system, the solid line represents the spectrum when elec-
tron—electron interactions cannot be neglected.

First, there appears a narrow structure close to the Fermi energy Fr. This
is the quasiparticle peak. Its energetic position is shifted with respect to the
0-peak to lower binding energies FEy,;,. This reflects the change in energy due
to the interaction and is included in the real part of the self energy [96].
Second, the quasiparticle peak is broadened with respect to the d-peak of
the non-interacting system. The broadening is defined by the lifetime of the
quasiparticle and is included in the imaginary part of the self energy.

Third, a considerable proportion of spectral weight is transferred to higher
binding energies. This is often referred to as the incoherent part of the spec-
tral function. Due to the strong electron—electron interaction, the sudden
removal of one electron leaves the remaining system in an excited state with

excitation energy N7V,

This is reflected in the weight of the incoherent
part of the spectral function [55,96]. The quasiparticle-peak and the inco-
herent part of the spectral function correspond to the Kondo resonance and
the ionisation peak in figure 2.2 in section 2.1.2 respectively.

Since photoemission spectroscopy directly probes the spectral function, which
again includes all possible excitations in the system, real and virtual alike,
PES is a well suited method to gain insight into the complex many body
phenomena emerging at low temperatures in the systems investigated in this

work.
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Figure 3.1: Illustration of the spectral function A(k, w) for a Fermi-
liquid for k < kp. In case of strong electon —electron interaction (solid
line), the quasiparticle-peak is shifted in energy as well as broadened
with respect to the d-peak at e of the non-interacting case (dashed
line). Furthermore, spectral weight is transferred to the incoherent
part of A(k w) at higher binding energies, representing the excitations

¢(N=1 in the remaining electron system. Figure according to [55].
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3.1.2 Angle-resolved photoelectron spectroscopy

Detecting the intensity distribution of the emitted photoelectrons depending
on their kinetic energy E};, as well as their emission angles ¢ and 6 allows
for the investigation of the dispersion relation Fjy;, (k) of the respective state
prior to the photoemission process. The relation of kinetic energy FEj;, and
binding energy F;, has already been discussed in section 3.1. The momen-
tum k=k,e, + kye, + k. e, relates to the polar and azimuthal angle ¢ and ¢

of the emitted electrons as follows:

2me
k, = h—n;Ekm sinf cos¢
(3.14)
2me
ky, = %Ekm sinf sing

Thereby m. is the free electron mass, h the reduced Planck constant and
Eyin the kinetic energy of the emitted electrons. Note that these equations
only hold true for low photon energies of h < 100 eV where the momentum
of the incoming photon can be neglected.

k. and k, with k, =k, e, and k, = k, e, are the components of the wave vector
k parallel to the sample surface k| =k,e, + kye,. They are conserved upon
transition to the vacuum. The wave vector component perpendicular to the
surface k; =k, e., however, is affected by the surface potential at the transi-
tion between sample and vacuum, where emitted electrons are refracted and
is therefore not conserved.

In the experiment the two emission angles # and ¢ are related to the wave
vector k of the emitted electron as illustrated in figure 3.2.

An ARPES measurement therefore consists of a data set with up to four
dimensions: The photoelectron intensity I(Ey;,, 0, ¢) as a function of ki-
netic energy FEj;, and the two emission angles 6 and ¢ which converts to
(Epin, ks, ky).

For the purpose of analysing and visualizing distinctive features in various
ARPES-data sets it is suitable to reduce the dimensionality of the respective

spectra, by keeping one parameter of either E,,, k, or k, constant.
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Ekin '
-

Figure 3.2: Schematic ARPES geometry. Illustration of the relation
between detected emission angles 6 and ¢ and the wave vector compo-
nent kj parallel to the sample surface. hv is the energy of the incoming
photon whereas e~ is the emitted photoelectron with kinetic energy

EL;,, and momentum k.

For constant Ej;,, 1(Ey, = const., k,, k,) is referred to as constant energy
cut. The dispersion relation I(Ey;,, k., k, =const.) in either k, or k, direc-
tion is shown, if either k, or k, are fixed.

Furthermore, the dispersion of a band can be tracked by one-dimensional
cuts through the spectra at either a fixed wave vector to obtain an energy
distribution curve (EDC) I(Ey;,) or at a constant energy to visualize the
momentum distribution curve (MDC) I(k, or k,). The maxima of the peaks
in these spectra correspond to the band position at the respective energy and

momentum.

3.1.3 X-ray photoelectron spectroscopy

In the X-ray regime with photon energies of hrv >1keV the impulse of the
incoming photon can not be neglected anymore which renders equations 3.14
invalid. Therefore, XPS is typically used to investigate strongly localized
core levels with negliable dispersion rather than weakly bound, dispersive
features.

The energy distribution of these core levels is unique for each element which

lead to the first application for XPS as electron spectroscopy for chemical
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analysis (ESCA) in the late 1950ies and early 1960ies [31].

The binding energy is determined from the kinetic energy of the emitted
electrons according to equation 3.2. For orbital angular momenta of [ >1
the detected core levels are split into two spin-orbit partners j =14 s with a
characteristic intensity ratio of I; =25 + 1.

Apart from the core level peaks a typical XPS-spectrum exhibits additional
structures referred to as Auger lines [31]. Those lines arise when a core hole,
produced by a photoemission process, is refilled by an electron of a weaker
bound state. The released energy is then transferred to another electron
which gets photoemitted. This process is therefore independent of the pri-
mary excitation energy, but determined by the energy difference between the
involved orbitals. Thus the kinetic energy of an Auger line does not shift
upon variation of the exciting photon energy [31,96,101].

Apart from the determination of the chemical composition of a given mate-
rial, XPS allows to distinguish between surface and bulk material properties.
The intensity of the photoemission signal is damped with increasing layer

thickness according to equation 3.15 [31]
d
I = Iy exeost@y, (3.15)

Thereby [ is the undamped intensity d the layer thickness, A the inelastic
mean free path and « the angle between surface normal and detection axis. A
is determined by the specific element and material composition as well as the
kinetic energy of the emitted electron [31]. According to equation 3.15 the
information depth of a PES experiment is dependent on the sample orienta-
tion. At a=0° (normal emission) the probing depth is equal to A\. At a=60°
off normal emission, the information depth is reduced to cos(60°) - A=0.5- A,
giving access to about half the layer thickness as compared to a=0°. XPS
measurements at large emission angles are therefore more sensitive to the
electronic structure at the sample surface. This mechanism is exploited in
section 5, where emission angle dependent Ce 3d spectra are analyzed in order
to gain insight into the bulk and surface dependent hybridization strength A

and f level occupancy ny.
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CePt/Pt(111) 3 u.c. XPS
|Ts=9K; 0° Ce3ds, AlKg

norm. Intensity

920 910 900 890 88
Eyin [eV]

Figure 3.3: Ce 3d core level final state multiplet structure. The
spectrum shows the Ce 3ds/, and 3ds,, core levels of CePt; on Pt(111)
recorded with an excitation energy of hv(AlK,)=1486.6¢eV at a tem-
perature of Ty =9 K under normal emission. Both spin-orbit partners
split into f°, f! and f? contributions, representing zero, single and

double occupancy of the Ce4f level in the initial state, respectively.

As already briefly discussed in subsection 2.1.2, the Ce3d core levels ex-
hibit a peculiar structure in strongly correlated systems. They split not only
into the two spin-orbit components with j = % and j = g, but each spin-orbit
partner is again split into three peaks representing the different occupan-
cies O, f' and f? of the Ce 4f level. The spectroscopic notations f°, f!
and f? thereby always refer to the photoemission final state, where an addi-
tional core hole is present. An exemplary spectrum of a Ce 3d core level of
CePt;/Pt(111) in figure 3.3 illustrates this peculiar final state multiplet struc-
ture. The f! component of both the Ce 3d3/, and Ce 3ds 2 peak at Ep;, (f*(Ce
3ds2)) ~905 eV and Ey;,(f'(Ce 3ds/2)) ~886€V constitute the main fea-
tures in the spectrum. Furthermore the f° share of the Ce 3ds/, peak at
Euyin(f°(Ce 3d3)2)) ~ 917 €V is clearly distinguishable. The f? shares of both
spin-orbit partners as well as the f° share of the Ce 3d5/, peak at Ey;, (f?(Ce
3ds/2)) ~ Epin (f°(Ce 3d5/2)) =900 eV and Ep;, (f*(Ce 3d5/2)) ~ 882 ¢V respec-
tively are only apparent as shoulders next to the f! features.

The origin of this structure lies in the nature of PES probing the final state
of the system under investigation rather than the initial state. The XPS final
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a) —— ib) a)
. A no core hole:
VAR c,f’ E(/)=0eV
f! 1leV E(f)=¢
. E(f7)=2¢+ Uy
. : g
./ |sev b)
—7 | additional core hole:
c.f -0
dditional E(c, /") =0eV
no additiona N .
core hole core hole E(e./ 2) _Y U
2 initial state 2 final state E(c, f7) = 2¢+ Uy+2Up

Figure 3.4: Influence of a Ce 3d core hole on the f level energy
scheme. The energy scheme of the Ce4f level in the initial state with
no core hole present is shown in a), whereas the situation for the final
state with an additional core hole in the Ce 3d shell is depicted in b).
The attractive core hole potential leads to a reordering of the 4 f energy
level scheme, causing the complex Ce 3d core level spectrum as seen in

figure 3.3. Figure according to [42,96].

state contains an additional core hole, in this case in the Ce 3d orbital. This
core hole acts as an additional positive charge. Due to their strong localiza-
tion near the core, the Ce 4 f electrons are affected by this additional positive
charge. This causes a drastic reordering of the Ce 4f energy level scheme
depending on the occupancy of the f level. This is schematically shown in
figure 3.4 where the energy level scheme of the f°, f! and f? components of
the Ce4f level is illustrated before (a) and after (b) photoemission from the
Ce3d core level. The energy differences between f°, f! and f? are shown
next to figure 3.4 for both cases respectively.

If one sets the energy of the fO level E(f°)=0¢eV, the initial state level
scheme orders as follows [96]: The f! configuration has the lowest energy of
E(f')=¢;~—1.5€V and therefore forms the initial ground state. The en-
ergy of the f? configuration is given by 2e; but is lifted to higher energies
by the f— f Coulomb repulsion Uy; & 6¢eV. Therefore the f! configuration is
the ground state whereas f° and f? are the first and second excited states
as can be seen in figure 3.4 a).

This order changes when a core hole is produced in the Ce3d level. The
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Coulomb potential Uy, is of the order of 10eV and acts on each f electron
as an attractive force. Therefore the new level scheme as shown in figure
3.4 b) features the ¢, f? configuration at the lowest binding energy, the c, f!
configuration at about 5—6¢eV higher binding energies, whereas the energy
of the ¢, f° configuration remains unchanged. In other words, the core hole
is screened more effectively by the localised f electrons of the ¢, f2 and ¢, f!
configuration in contrast to the delocalised electrons of the ¢, f° configura-
tion [96]. Note that the ¢ in the configuration notation ¢, f™ emphasizes the
presence of the core hole and is referring to the final state.
In summary the creation of a core hole in the Ce 3d state has two effects. It
reorders the energy level scheme of the different 4 f occupancies and increases
the energetic splitting between the individual configurations, making them
distinguishable in XPS. Therefore XPS serves as a high energy probe for the
low energy excitations in the valence band.
A careful evaluation of the respective spectral weights I(fY), I(f!) and I(f?)
of the f°, f! and f? peaks in the Ce 3d XPS spectra allows to determine the
effective occupancy ny of the f level as well as the ¢~ f hybridization A.
In case of A=0eV, I(f%) directly corresponds to ¢y which again relates to
ns as |co|*=1-ns. However, due to a finite admixture of the f? final state
the hybridization A needs to be taken into account. Figure 3.5 a) shows the
relation between the relative weight of the f° peak

I(f°)

vl = i ) 10

and its proportion to the ground state |cy|* for three different values of A.
Especially for small w,(f"), the discrepancy between w,¢(f°) and |cg|? can
be up to 50% for values of A between 60—120 meV [49, 102].

The magnitude of A is mainly related to the relative weight of the f2 peak

wrel(fQ) — I I(f)

7D 172 (3.17)

[102]. Larger A on the one hand increase the f* proportion in the initial
state and on the other hand the hybridization between f? and f! final states.
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Figure 3.5:

Correspondence of the relative spectral weights w,.(f°)

and w,,(f?) to the ground state proportions ¢, and c,. a)

shows the relation between the relative intensity of the f° peak
wre(f0) = I(fO)/[L(fO)+I(fH)+I(f?)] and its ground state proportion
|co|? for ¢— f hybridizations of A = 0 meV (solid line), A = 60 meV

(dotted

line), A = 90 meV (dashed line) and A = 120 meV (dashed-

dotted line). b) illustrates the relation between the relative intensity
of the f? peak w,¢(f?) = I(f?)/[I(f1)+1(f?)] and the c— f hybridiza-
tion A as well as the f? ground state proportion c,. Figure according

to [102].
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The f! final state then again strongly overlaps with the f! initial state, which
eventually enhances also the f? spectral weight [102]. The relation between
the intensity ratio of the f? peak w,¢(f?) and the hybridization A according
to [102] is shown in figure 3.5 b).

However the determination of I(f?), I(f!) and I(f?) by means of Ce 3d XPS
spectra is rather difficult. First several of the different f contributions over-
lap as discussed in relation to figure 3.3. Second the determination of the
inelastic background is crucial, in order to determine the various f" weights
correctly. A detailed explanation of the background treatment and peak

intensity determination will be given in subsection 3.4.

3.1.4 Gunnarsson-Schonhammer formalism for calculating core

level spectra

Another approach to determine material properties like ny or A, is to repro-
duce the measured Ce 3d XPS spectra using the Gunnarsson-Schénhammer
(GS) formalism for core level spectroscopy [49]. It is based on the SIAM,
where the key aspects taken into account are the conduction as well as im-
purity (f) states, the Coulomb repulsion Uy; between two f electrons on the
same impurity site, the c— f hybridisation V' and the Coulomb potential Uy,
resulting from core level photoemission [14,49].

In order to find an analytical solution for the SIAM at T=0K and for fi-
nite Uys, Gunnarsson and Schonhammer treated the degeneracy Ny of the
f level as infinite Ny — oo and specifically showed that this already holds
true for Ny Z 6 [42,49,53,102]. This results in a small number of basis states
classified by the order of 1/N;. Those basis states are shown in figure 3.6.
The three states 0, a and b in the upper row of figure 3.6 compose the first
order of (1/Ny)?. This includes the ground state |0), where all conduction
band (CB) states below the Fermi level er as well as the core level €, are
occupied, whereas the f level ef is empty. For states |e) (a), one CB elec-
tron transfers to the f level, whereas for states |e, €’) (b) two CB electrons

fill the f level, resulting in double occupancy [42]. States (b) are explicitly
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[0)

1st order calculation (1/N)°
including f-level
double occupancy ([e, €'))

|E.€)

2nd order calculation (1/N/)1

<

Figure 3.6: Gunnarsson-Schonhammer basis states. Schematical rep-
resentation of the GS-model ground states for first and second order of
1/Ny. The grey area depicts the filled conduction band. Empty circles
represent the absence of an electron, whereas filled circles symbolize
electrons. €p is the energy of the Fermi level, €; and €. represent the
impurity f level and the core level respectively. States in the same row
couple with V, states in different rows with V/ \/ﬁf Figure adapted
from [42,103].
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of importance when describing spectroscopies where a core hole is created,
since f2-like states are strongly influenced by the attractive potential Uy, of
the core hole [49].

The second row in figure 3.6 shows the basis states added for calculations of
the second order of (1/Ny)*. These are states of the form |E, €) (¢) where
one electron has been promoted to E>e€p and |E €,€;1) and |E, €, €;2) (d;
and dy) with two holes in the CB, one electron above ez and one electron in
the f level. The distinction between states d; and dy refers to CB holes of
the same (|F, €, €';1)) or different quantum numbers (|E, €, €';2)) [42].
Figure 3.6 furthermore shows, that states in the same row are coupled by the
strength V = \/Ffv whereas states in different rows couple by V / \/Ff
Following the scheme presented in figure 3.6 one can imagine an infinite num-
ber of basis states. Gunnarsson and Schonhammer, however, showed that
calculations including basis states up to second order in 1/N already result
in good agreement with experimental spectra [49].

A typical XPS spectrum calculated with the GS formalism is shown in figure

3.7 a). The essential input parameters for the simulation are:

€7 := binding energy of the impurity level
Ut := core hole Coulomb potential
Uty = f-f Coulomb repulsion
V' := hybridization matrix element
B~ /B* := lower and upper CB limit
Ny := f level degeneracy
Agpo := Ce 3d spin-orbit splitting

Lw/Gw := Lorentzian and Gaussian broadening

In figure 3.7 a) the Lorentzian and Gaussian widths are chosen deliberatelly
small as Lw= Gw=0.1¢V, to disentangle the differnt f" contributions to the
spectrum. The input parameters are e; =—1.3eV, Us.=12eV, Uy =9.5¢€V,
V' =245meV, B~ /BT =4¢eV, Ny =14 and Ago =18.7¢V. The light blue line
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Figure 3.7: GS-model calculations for Ce 3d core level spectra.
a) shows GS-model calculations of Ce 3d spectra for second (light blue
line) and third order (dashed red line) in 1/N;. Black bars represent the
respective energy eigenvalues of the different f" contributions, marked
with f° f! and f2 for both spin-orbit channels respectively. In a)
Lw= Gw=0.1€V has been chosen to reduce the overlap of different f"
contributions. The comparison with experimental data is shown in b)
with a broadening of Lw= Gw=1.0eV.

represents the second order calculation whereas the dashed red line shows the
third order calculation using the same parameters.

The different f™ final state contributions are clearly resolved for both Ce
3d spin-orbit partners. Furthermore there is no distinguishable difference
between the second and third order calculation.

The black bars in figure 3.7 a) represent the eigenstates of the different
f™ contributions. Whereas the f° final state is composed of exactly one
eigenstate the f! and f? lines show a multiplet structure. This results in a
stronger broadening of the f! and f? lines with respect to the f° line. The
quantized eigenstates result from the computational implementation of the
GS-formalism using a quantized conduction band.

The energy and intensity axes in figure 3.7 a) are chosen arbitrarily and have
to be scaled according to the experimental data to allow for a comparison of

GS-model fits with measured Ce 3d spectra. This is shown exemplarily in
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figure 3.7 b). Grey circles represent the XPS spectrum of the Ce 3d core levels
of 3u.c. CePt;/Pt(111). The data are background corrected as described in
subsection 3.4. The light blue line represents the GS-spectrum as shown in
figure 3.7 a), shifted and scaled to the respective energy range and normalized
to the f! peak intensities of the experimental data. Furthermore figure 3.7 b)
shows the GS-spectra of second (dark blue line) and third order (dashed red
line) with increased broadening of Lw= Gw=1¢V. The broadened spectra
have been normalized to the f! type peak maxima as well. Again there is
no significant difference between the calculations of second and third order,
which is in good agreement with literature [42,49,102,103].

Figure 3.7 b) illustrates that the correct set of input parameters allows for
an accurate modeling of experimental spectra with the GS-formalism. The

0

respective occupancies occ®, occ' and occ? of the different f™ contributions

are calculated as well in the GS-formalism, leading to a definition of n?s as
n?s = occ! + 2occ? (3.18)

accounting for the number of f electrons in the respective f" configurations
[49]. The determination of A is performed according to [42,49,103]. Here

A% is given by the maximum of 7|V (€)|? with

2V3/B2 — 2, 2V?

GS __ —

(3.19)

[rhae = Tmax|
with V' (e) being the energy dependent hybridization matrix element. In
section 5 the Ce 3d spectra of several layer thicknesses of CePts/Pt(111) will
be analysed using both methods, as described above. On the one hand, in
subsection 5.2, ny and A are determined on the basis of the relative spectral
weights w,.;(f°) and w,.¢(f?) of the f° and f? contributions to the spectrum.
On the other hand, in subsection 5.4 all spectra are modeled with the GS-

formalism, presenting a complementary approach to obtain n; and A.
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3.2 Low-energy electron diffraction

The main objective of the present work is to determine the influence of vary-
ing layer thicknesses and binding partners on the manifestation of electronic
correlation in Ce-based surface alloys. Therefore, different surface alloy thick-
nesses have to be clearly distinguished from one another. Earlier works on
CePt5/Pt(111) showed, that different initial Ce coverages result in a variety
of well ordered surface reconstructions that can be resolved by low-energy
electron diffraction (LEED) [27,30,104,105]. Hence LEED is also used in
this work to identify various CePt; and CeAg, surface alloy thicknesses as
well as to determine possible structures upon Bi deposition.

A typical LEED-setup is schematically shown in figure 3.8 b). Electrons
of a fixed energy Ej are emitted from an electron gun, hit the sample and
are elastically scattered by the Coulomb potential of the electrons at the
sample surface. In case of an ordered lattice the diffracted electrons interfere
constructively and destructively, forming a characteristic diffraction pattern
depending on the sample surface geometry. The backscattered electrons are
detected by a fluorescent screen. An image of these diffraction spots parallel
to the sample surface corresponds to the two-dimensional reciprocal lattice
and is exemplarily shown for the Ag(111) surface with an incident electron-
beam energy of Ey=>50¢V in figure 3.8 a). Note that the colours have been
artificially changed to a black and white scale.

According to de Broglie a wave length \;p is assigned to the electrons as [108]:

h h [ 1.5eV
B P Ey2m, Eyin eV I ( )

For typical LEED electron energies of Ey=10-200eV, Ay is of the order

of a few angstroms (A), which corresponds to length scales of intra atomic

distances in solids. In the low energy regime, the scattering cross section
of electrons is very high and they can only penetrate the very first atomic
layers at the sample surface [109]. LEED, therefore, is a very surface sensi-

tive technique that can only probe the lattice structure at the sample surface.
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a) LEED-image b) Real space ¢) Reciprocal Space

LEED screen
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Figure 3.8: Essential aspects of the LEED experiment. b) schemati-
cally shows a typical LEED-setup in real space, featuring the electron
gun (e"-gun), the grounded sample, the fluorescent LEED-screen as
well as some schematical diffraction spots (green ellipses). a) shows an
exemplary image of a LEED diffraction pattern for Ag(111) recorded
at Ey=>50¢eV. The green circles frame the diffraction spots. Note that
the colours have been artificially changed to a black and white scale.
Furthermore the screen radius Al, the diffraction spot distance As, the
opening angle of the screen  as well as the diffraction spot angle « are
marked. c¢) shows the Ewald-construction in the two-dimensional recip-
rocal space. Diffraction spots appear where the Ewald-circle intersects
the rods of the two-dimensional reciprocal lattice and the Laue-equation
is fulfilled. Those spots are marked with k’_3q, ..., k’3. Figure adapted
on the basis of [35,106,107]
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The condition for constructive interference is summarized in the Laue-equation
[107]. Spots of constructive interference appear, when the difference between
incoming wave vector k; and diffracted wave vector k’ matches the recipro-
cal lattice vector G with k’— k;= G [35,107,110]. This is visualised by the
Ewald-construction as shown in figure 3.8 ¢) [110,111]. Since the electrons
get diffracted only at the sample surface the reciprocal lattice reduces to in-

finite rods perpendicular to the surface. The incoming wave vector k; with

2T
AdB

Ewald-circle is drawn around the base of k; with radius |k;|. The lattice is

magnitude |k;| = has its origin at an arbitrary spot in the lattice. The
constructed in a way, that its origin (00) matches the intersection of k; and
the Ewald-circle.

In figure 3.8 ¢) the Ewald-construction is shown for a two-dimensional sur-
face lattice with a fixed electron energy Ej, and for normal incidence where
k; is perpendicular to the sample surface. This is also the case in the actual
experiment as can be seen in figure 3.8 b) but is in general no necessary
condition.

Interference spots are observed at each intercept of the Ewald-circle with
the rods of the reciprocal lattice, where the Laue-equation is fulfilled. These
spots are labeled with k’_ 39, ..., k’ in figure 3.8 ¢). By increasing the in-
cident beam energy FE, the Ewald-circle increases and diffraction spots of
higher order appear on the screen.

In case of elastic scattering the magnitude of incoming and scattered wave
vector is the same |k;|=|k’|. This leads to |G| =2|k;|sin(«), which trans-
forms to the Bragg-equation in 3.21 [107]

n)\dB = 2dhkl sin(a), (321)
using |G| = n% and |k;| = i—’; Here « is the angle of a diffraction spot

relative to the sample normal as shown in figure 3.8 b) and dpy; is the dis-
tance between two lattice planes in the crystal. For calculating dp; and
subsequently the lattice constant a as well as the nearest neighbour distance
ann, « is determined by the LEED —screen radius Al, the opening angle of

the screen v and the distance from a given diffraction spot to the diffraction
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pattern center As using relation 3.22

As Al
sin(a)  sin(y)’ (322)

This is visualized in figure 3.8 a) and b) where the respective quantities are

illustrated. The lattice plane distance dp,;; is calculated as follows:

n/\dBAl

dnrr = m (3.23)

The lattice plane distance dpx; then again relates to the lattice constant a as

3.24
a

dnir = W (3.24)
where h, k and [ are the Miller indices of the sample surface plane. In case of
an fcc-lattice in (111)-direction, this amounts to dpx = % with h=k=1[1=1.
Using equations 3.23 and 3.24 the lattice constant a of Ag in figure 3.8 a)
is estimated as a(Ag) =4.14 A. In literature ay(Ag) is given as ay, =4.08 A
[112,113]. Therefore the error of a lattice constant determined with LEED

in the present work is estimated to 1.7 %.

3.3 Experimental setup

All of the measurements shown in this work have been performed in one of
the UHV photoemission-setups at the chair of experimental physics VII in
Wiirzburg. The epitaxial growth of Ce-based surface alloys on metal sub-
strates requires great control over a wide range of preparation parameters
such as the Ce-deposition rate as well as substrate and annealing tempera-
tures. This gets even more crucial, when a third element is included in the
preparation process, as has been done with Bi on CeAg, on Ag(111), as dis-
cussed in section 6. Furthermore, ARPES and XPS measurements on Kondo

systems like CePts or CeAg, require very low temperautres in the range of
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T, <10K, since the spectral peculiarities of the Kondo effect are strongly
temperature dependent and the Kondo ground state is accessible only well
below the systems Tk.

Therefore, the existing setup of three adjoining UHV chambers has been
extended by another preparation chamber meeting the aforementioned re-
quirements and the photoemission experiment has been further optimized
for low temperatures. Although some of the presented measurements have
been performed using the former setup, more or less every preparation has
also been repeated in the new setup. Therefore, only the new layout will be
introduced in detail in the following.

An overview of the layout changes is schematically shown in figure 3.9. The
layout of the existing setup is shown in a) whereas b) illustrates the changes
and additions made throughout the course of this work. In summary the

changes that have been made are the following:

e A new preparation chamber has been attached at the back left side of

the existing one.

e The new preparation chamber has been equipped with a four-axes ma-

nipulator and a new sample heating stage.

e The sample loading chamber (load lock) has been remodeled and moved

to the front right side of the existing preparation chamber.

e The analysis chamber cryostat has been equipped with a new sample

stage and cooling shield.

e The sample holder and transfer system has been changed from a home

built one to a flag style sample holder and transfer system.

In the new setup, the samples are mounted ez-situ on a flag style sample
holder and are inserted into the vacuum via the load lock at the front of the
existing preparation chamber. The load lock is separated from the former
preparation chamber by a manually operated valve and reaches a base pres-

sure in the range of 107® mbar within an hour after venting.
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Figure 3.9: Overview of the UHV setup changes. a) and b) show the
experimental setup before and after remodeling. A new preparation
chamber has been attached at the back left side of the existing prepa-
ration chamber. It is equipped with a 4-axes manipulator for sample
preparation. The sample loading chamber (load lock) has been moved
to the front of the existing preparation chamber. New parts and setup

changes are highlighted in red in the new setup in b).
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The former preparation chamber now mainly serves two purposes. On the
left hand side it is equipped with a garage for sample storage whereas on
the right hand side it still features several evaporators as well as a SPEC-
TRALEED manufactured by OMICRON for the LEED experiment. In the
former preparation chamber a base pressure of 2-107° mbar is reached.
The new preparation chamber is attached to the back right side of the exist-
ing preparation chamber as can be seen in figure 3.9 b). A detailed technical
drawing of the new chamber is shown in appendix A.1 in figures A.1 and A.2.
It is separated from the former preparation chamber by a valve and typically
reaches base pressures of 3-1071%mbar. It has been aligned with the right
part of the former preparation chamber to give access to a maximum number
of possible effusion cells with the newly installed manipulator.

The new preparation chamber features a sputter-gun for cleaning the sam-
ple surface by Ar*-ion bombardment. Furthermore, it is equipped with a
4-axes manipulator with motion in x-, y- and z-direction as well as rotation
around the longitudinal axis. The sample stage mounted on the manipulator
is equipped with an electron-beam heating stage, incorporating a thoriated
tungsten filament. For heating, the sample is usually grounded whereas the
filament is set to negative voltages in the order of 300 V. A current of 3—4 A
is applied to the filament enabling emission currents up to 120 mA.

The sample temperature can be measured by a type-K thermocouple at-
tached to the back side of the heating stage, contacting the front end of the
sample holder, and by a pyrometer attached ex-situ to a window flange in
the field of view of the sample.

Due to its position on the manipulator the new heating stage is mobile
throughout the entirety of the new preparation chamber as well as the right
part of the former setup. This provides access to a variety of effusion cells,
including several possibilities of coevaporating more then one material onto
the substrate at the same time, as well as simultaneously heating the sub-
strate at any desired position along the stroke of the manipulator. The new
preparation chamber therefore allows for the exploration of a wider range of
preparation parameters and better control compared to the former setup. A

detailed description of the heating stage is given in appendix A.1.
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The photoemission measurements are carried out in the analysis chamber. It
is accessed via a transfer rod through the former preparation chamber and
is again separated by a valve. The base pressure in the analysis chamber
typically reaches 2- 107 mbar.

For core level spectroscopy the chamber is equipped with a monochromatized
X-ray source fabricated by Spellman high voltage electronics corporation. It
features an Al-anode with an excitation energy of hv(AlK,)=1486.6¢eV.
For exciting valence electrons a He-discharge lamp of the type Intense VUV
Photon Source by the company MBScientific AB is available. The He-
lamp is equipped with a monochromatizer to tune the excitation energies
to hv=21.22¢V (He 1,), hv=23.09¢V (He I3), hv =40.81¢V (He II,) or
hv=48.37eV (He 1l3) respectively [114]. During the operation of the He -
discharge lamp the pressure in the analysis chamber rises to 8-107!° mbar
due to He gas leaking from the plasma chamber into the anaylsis chamber.
The emitted photoelectrons are detected by a hemispherical analyser Scienta
R4000 manufactured by GAMMADATA Instrument AB. The entrance slit
of the analyser is aligned parallel to the longitudinal axis of the cryostat.
Varying the entrance slit width influences energy and angular resolution as
well as the transmission function of the spectrometer. After passing the ana-
lyser the photoelectrons are multiplied by a microchannel plate (MCP) and
detected by a phosphorous screen. This is again recorded by a Basler Scout
71GM CCD camera whose image is visible on the measurement computer.
The analyser is operated in either a transmission or an angular mode. The
transmission mode is optimized for maximum transmission of photoelectrons
but does not resolve their angular distribution. Therefore it is suitable for
the investigation of non-dispersive features as for example core levels. The
angular mode resolves the emission angle along the entrance slit and therefore
allows for the investigation of dispersive features. The maximal acceptance
angle hereby is 4+ 15°. It can be reduced to &£ 7° for better angular resolution.
The pass energy of the analyser spans from £, =1-200¢V. It determines the
minimum energy the photoelectrons need, to be able to pass inbetween the
two hemispheres of the analyser. Higher pass energies allow for the simulta-

neous detection of a wider energy range, but reduce the energy resolution.
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Therefore higher pass energies are usually applied in XPS measurements
whereas the lower pass energy range is used for ARPES. In general one has
to find a suitable compromise between measurement time and desired en-
ergy resolution. In the angular mode slits of 0.3mm and 0.5mm widths
have been combined with £, =5¢V and E, =10¢eV leading to energy resolu-
tions of AE(0.3;5) =5.18 meV, AE(0.3;10) =7.58 meV, AE(0.5;5) =6.97 meV
and AE(0.5;10) = 7.97 meV respectively [115]. In the transmission mode only
the largest settings for slit and pass energy are used, which is 1.5 mm and
E,=200eV. This results in an energy resolution of AE(1.5;200)=750meV
[116].

During the photoemission experiment the sample is positioned on a He-flow
cryostat incorporated in a 4-axes manipulator. The manipulator allows for
motion of the sample in all three directions of space as well as rotation around
the longitudinal axis of the cryostat. By gradually rotating the sample around
this axis a detection of the photocurrent depending on both emission angles
¢ and 6 is possible.

The open cycle cryogenic system utilizes liquid He from a He-dewar. By
pumping the He-exhaust and carefully aligning the He-transfer line inside the
cryostat the cold-head temperature reaches below 4.2 K. This corresponds to
sample temperatures of T, ~ 7 K during the photoemission experiment. The
design of the sample stage as well as the cooling shield around the sample
stage is essential for reaching these low temperatures and has been optimized
during the course of this work. Further details regarding the cryostat sample

stage and cooling shield can be found in appendix A.1, figure A.4.

3.4 Data processing

ARPES

The imaging properties of the spectrometer cause a curvature of the Fermi

edge in the measured spectra, when using a straight analyser entrance slit.
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This curvature is corrected by using a reference spectrum of a polycrystalline
sample without any dispersive features. During this work the reference spec-
tra have been taken on a scraped Ta-screw or -foil located next to the sample.
The curvature of the Fermi edge is estimated by fitting a Fermi Dirac distri-
bution (FDD) to every polar angle of the reference spectrum and determining
the position of the Fermi edge at each angle. Plotting the Fermi position
against the the polar angle results in a curve following a sixth degree poly-
nomial. This polynomial thereupon acts as a correction function for the
actual spectrum measured with the same experimental settings. Therefore
one needs a reference measurement for each set of parameters.

Furthermore the energy axis of the spectra are converted into £ — Ef re-
sulting in a negative binding energy axis. Polar and azimutal angles are

converted into k, and k, according to equations 3.14.

The ARPES spectra close to Er reveal the occupied part of the Kondo
resonance. The FWHM of the Kondo resonance heavily depends on the sys-
tems Kondo temperature Tk and the sample temperature T,. If T, is well
determined, it is possible to estimate Tk, by applying a Lorentzian fit to
the occupied part of the Kondo resonance, as expressed in equation 2.4 [56].
However, the quality of this fit is strongly influenced by the treatment of the
inelastic background as well as the precise position of the Fermi level. The
Fermi level position is determined by a reference measurement on a sputtered
Ta-screw or -foil next to the sample. This reference measurement is also used
for determining 7§ according to subsection 3.4. The inelastic background is
determined as illustrated in figure 3.10, by means of an EDC at the -point
of 4u.c. CePt;/Pt(111), recorded with hr(He II,) at Ty = 10K, shown in
dark blue. The spectrum is normalized to one at £ — Er=—150meV, to
allow for a comparison between different measurements, as described in sec-
tion 5. The inelastic background is composed of a Fermi Dirac distribution
(FDD), superimposed by a polynomial of 4th order to account for the in-
creasing slope towards lower £ — Ep, as shown in black. Additionally the
first band maximum a is modelled by a Gaussian, set at £ — Fr=—0.45¢€V,

shown in light blue. The resulting total fit to the background is shown in
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Figure 3.10: Inelastic background at the Kondo resonance. The
background at low |E — EFf| is estiamted by a Fermi Dirac distribution
superimposed by a polynomial of 4th order, as shown by the dashed-
dotted black line. At F — Er=—0.45eV, a Gaussian is added to the
background to model the first band maximum a, as depicted in light

blue. The resulting total fit is shown in red.

red. The background is manually customized to each spectrum and held
constant throughout the fit of the Kondo resonance, leaving the shape of the
Lorentzian as the only free parameter. To reduce the number of free parame-
ters in the Lorentzian, its position, which is determined by the Kondo energy
0k =kpTk and its FWHM, given by equation 2.4, are coupled, leaving Tk
as well as the height of the Lorentzian as the only fit parameters. The offset
in intensity is given by the normalization of the experimental data to one. In
summary, the total fit to the spectrum is given by a background, consisting
of a FDD superimposed with a 4th order polynomial, multiplied with the
Lorentzian function for the Kondo resonance, plus a Gaussian centered at
E — Er=-0.45¢eV.

How crucial it is to correctly determine the energetic position of the Fermi
level, when fitting the Kondo resonance, is illustrated in figure 3.11. a)
shows, in grey, the Kondo resonance of 4u.c. CePt;/Pt(111) at T, =10K.
The Fermi Dirac distribution is shown in black for three different positions
of Ep=1meV, Er=0meV and Er=—1meV. With the bare eye one can
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Figure 3.11: Influence of the Fermi level position Er on the Kondo
resonance fit. a) shows three different fits to the Kondo resonance
of 4u.c. CePt;/Pt(111), that differ due to varying Fermi level posi-
tions of Fr=1meV, Er =0meV and Er =—1meV. The experimental
data is shown in grey, the three different Fermi Dirac distributions in
black. The resulting total fit to the Kondo resonance, depicted in red,
barely differs for different Er. Minor differences become apparent in
a;. However, the Lorentzian fit to the Kondo resonance in dark blue,
differs largely for the three different Er, leading to a huge span in the

determined Tk.

barely distinguish between the three resulting total fits in red as one can
also not distinguish between the different Fermi level positions in black, as
shown in a). Small differences in the total fit only become apparent in the
magnification of the Kondo resonance in figure 3.11 a;). The Lorentzian fit to
the Kondo resonance, however, differs largely between the three Fr, leading
to a span of Kondo temperatures ranging from Tx =212K for EFr=1meV
to Tx =451 K for EFr = —1meV. This is taken into account in subsection 5.5
when Tk is estimated for different layer thicknesses of CePt;/Pt(111), leading

to large errors in the determined Tk.

23



3 METHODOLOGY

XPS

The XPS spectra are integrated over the whole transmission axis and con-
verted into binding energy using equation 3.2, resulting in a one dimensional
plot I(Ep,). The visible peaks of maximum intensity are assigned to their
respective elements according to literature [117] and labeled as described in
section 3.1.3.

For the investigation of the influence of strong correlation especially the de-
tailed spectra of the Ce 3d core levels are of importance. In order to correctly
estimate the different f™ contributions to the spectrum a careful correction
of the inelastic background has to be applied to the spectra. The consecu-
tive steps of the background treatment for Ce 3d spectra are shown in figure
3.12.

First a linear background is estimated in the low binding energy range of
Eyin <876€eV and subtracted from the spectrum. This is shown in figure
3.12 a). The raw data is shown in grey, the linear background in light blue
and the resulting spectrum in black. The linear rise in the low binding energy
range is caused by the Ce MNN Auger line, that is very close to the Ce 3d
core levels, as can be seen in the overview spectrum in figure 5.1 a).

In a second step a Shirley-type background [118] is estimated for each group
of peaks as shown in figure 3.12 b). Using a Shirley background one estimates
the proportion of inelastically scattered electrons to the spectrum by inte-
grating over the spectral weight of all the elastically scattered electrons at
higher kinetic energies. Therefore the background rises proportionally with
the peak intensity as can bee seen in figure 3.12 b). The spectrum resulting
form the linear correction is shown in black. The red crosses mark the areas
of the respective Shirley backgrounds, shown in light blue and the corrected
spectrum is shown in dark blue. To estimate the f° and f? spectral weights
the Ce 3ds» f© peak as well as the Ce 3ds;s f'/f* peak structure is taken
into account. The weight is determined by fitting a standard Voigt line shape
to the individual spectra as shown in figure 3.12 c¢). Due to the spin-orbit
multiplicity the weight of the Ce 3ds/, peaks is scaled by 3/5 when com-
pared to the Ce 3dz/s f° peak. The resulting intensities are used according

to equations 3.17 and 3.16 to determine A and |co|*.
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Figure 3.12: Background treatment of Ce 3d core level spectra.
First a linear background (dashed blue line) ist estimated at lower Ej,
as shown in a). Second a Shirley background divided into three parts
(light blue line) is subtracted from the linear corrected spectrum (black)
as shown in b). To determine I(f°), I(f') and I(f?) Voigt line shapes
are fitted to Ce 3ds/s f° peak (dark blue line) and Ce 3dss f'/f? peak
(light blue line) as illustrated in c).

Determination of the sample temperature

The Kondo effect is strongly temperature dependent. Therefore many
measurements in this thesis had to be carried out at low temperatures. To
determine the sample temperature T, a reference measurement on a metal-
lic sample without any dispersive features at the Fermi edge is made. This
was done on a Ta-screw or -foil on the sample holder, next to the sample.
Due to the close proximity of the Ta piece to the sample one assumes their
temperatures to be equal.

The ideal Fermi edge at T'=0K is a step function. In the experiment it is
broadened by two factors: the experimental resolution and the sample tem-
perature. Therefore, one assumes the fit of the Fermi edge to be a convolution
of a step function, a Gaussian g,.s broadened by experimental resolution and
a Gaussian g, broadened by temperature. The Gaussians are cumulated in
an effective Gaussian g.ss. The respective FWHM I relate as follows:
I2,=T% +172 (3.25)

Tes

with I'epp = 3.526kgT.ss and I'y, = 3.526kpTs. I')es is the experimental
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resolution as listed in section 3.3. Therefore the sample temperature T is

determined as

2 _ T2
\/(3526kpTeps)? — T2, (3.26)

T, =
3.526kp

A more detailed description of this method for determining the sample tem-

perature can be found in [119].

3.5 Sample preparation

Thin films of CePts on Pt(111) and CeAg, on Ag(111) were prepared us-
ing elemental Ce by MaTecK GmbH with a purity of 99.9 %. It is stored in oil
to slow down oxidation. Nevertheless before inserting Ce into the evaporator
a visible layer of black Ce-oxide has to be removed by manually grinding the
Ce chunk with a diamond file. As soon as all the black Ce-oxide is removed
and only shiny metallic Ce is visible the material is inserted into the evap-
orator and pumped to high vacuum conditions. Otherwise a new layer of
Ce-oxide is visibly formed within minutes.

The evaporator is a standard EFFM3/4 electron beam evaporator manufac-
tured by Scienta Omicron. The evaporant is stored in a Mo-crucible. A
W-filament is placed directly above the crucible for heating the evaporant
by electron beam bombardment. A water cooled Cu-shield surrounds the
crucible and a manually operated shutter is positioned at the exit of the
evaporator to precisely control the evaporation time.

After the UHV-setup is baked and UHV conditions are reached, the Ce inside
the crucible has to be cleaned further to ensure stable evaporation conditions.
Therefore Ce is heated repeatedly to temperatures slightly above the melting
point of pure Ce of T}, c. =789 °C. This ensures that all the remaining Ce-
oxide, which has a much higher melting point of 7T}, c.o > 2000°C, diffuses
to the surface of the Ce-chunk. During each evaporation process, this layer
of Ce-oxide breaks apart allowing pure Ce from the inside of the block to

be evaporated. The progression of the cleaning process is monitored by the
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flux-meter that is integrated in the evaporator. The flux-meter measures an
ion current right at the exit of the evaporator. This current is proportional to
the amount of evaporated Ce [120]. At the beginning of the cleaning process
the ion flux is heavily fluctuating. This is caused by the inhomogeneity of
the Ce block inside the evaporator. The more homogeneous the evaporant
gets, meaning the more the Ce-oxide moves to the surface leaving clean Ce
on the inside, the more stable the ion flux. The cleaning process is assumed
to be complete, when a stable flux in the low pA-range is reached.

At the beginning of each preparation the substrate is cleaned by Ar*-ion
sputtering at a beam energy between 1—-1.5kV and an Ar partial pressure of
5.0-107° mbar.

Subsequently the substrate is annealed by an electron beam emitted from a
thoriated W-filament in order to heal surface defects that occur during sput-
tering. The Pt substrate is heated to a temperature of Tp; =900 °C, whereas
the Ag substrate is heated to T4, =600°C. The temperature is monitored
via a pyrometer mounted ez-situ on a window port in the field of view of the
sample surface.

Afterwards the substrate quality is examined by LEED. The diffraction im-
ages of the clean Pt(111) and Ag(111) substrates are shown in figure 3.13
a) and b). The LEED image of a clean substrate features a low background
intensity while the diffraction spots appear sharp and bright. This is typi-
cally reached after two to three preparation cycles.When the substrate LEED
image confirms a clean surface, the thin film preparation is started.

For that the Ce evaporator is set to a voltage of 1kV and the filament
current is increased until an emission current is detected. Emission usually
starts at a filament current of I;; =0.8~1A. The current is increased until
an ion flux in the low pA range is reached. For preparing Ce thin films on
Pt and Ag a flux of I, =2.5 A is used in this work. The evaporator is
preheated to the desired flux for five minutes before sample preparation, to
ensure stable evaporation conditions.

The film thickness is controlled by the evaporation time t.. t. spans between
one and ten minutes depending on the desired film thickness.

After Ce is deposited, the sample is annealed immediately to prevent oxi-
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a) PY(11D)| [b) Ag(11D)

E,=62cV B E, =54 eV

Figure 3.13: Pt(111) and Ag(111) substrate diffraction patterns.
a) and b) show the diffraction patterns of clean Pt(111) and Ag(111) at
energies of Fy=62¢eV and Ey=>58¢eV respectively. Both images exhibit
a low background intensity while presenting sharp and bright diffraction
spots in the characteristic hexagonal order. Note that the colour code

has been artificially changed to a black and white scale.

dation of the Ce layer. For CePt; the sample is heated to Teep, =700 °C,
whereas CeAg, is only heated to Teay, =600°C. In case of CePts/Pt(111)
it is known, that annealing the sample produces a terminating Pt layer at
the surface. This prevents the CePt5 thin film from oxidation, enabling mea-
surement times of several hours in the first place [121,122].

For adding Bi to the thin film a standard Knudsen cell evaporator fabricated
by Dr.Eberl is available. Bi is evaporated at temperatures of Tg; =500°C.
The evaporation time is controlled by opening and closing the shutter in front
of the evaporator.

The amount of evaporated Bi is calibrated on the basis of the known sur-
face alloy BiAgs/Ag(111) [69]. A third of a monolayer Bi on Ag(111) very
reliably forms a (v/3x+/3) R30° reconstruction [69]. This is reached after an
evaporation time of t, =4 min 10s. For the sake of clarity the detailed steps
carried out for the preparation of the Bi:CeAg,/Ag(111) surface alloy will

be discussed in the respective part in section 6.
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Cerium is the second element in the lanthanide series. It was discovered in
1803 by Jons Jakob Berzelius and Wilhelm von Hisinger and independently
by Martin Heinrich Klaproth. Pure Ce, however was chemically isolated for
the first time only in 1843 by Carl Gustav Mosander [123,124]. It has the
electronic configuration [Xe]4f!'5d'6s%, whereby the single f electron is re-
sponsible for most of the intriguing phenomena the element Ce presents.
The single f electron causes a rather low ionisation energy leading to a high
reactivity of pure Ce. It easily binds oxygen forming various cerium oxides,
which is why it is used for example in catalyst technology [125]. As ferro-
cerium it is highly pyrophoric and produces hot sparks with temperatures
up to 3000°C when exposed to oxygen. This property is used for example in
conventional lighters but also in emergency combustion devices in survival
kits [125].

For the effects studied in this work mainly the single, unpaired spin associated
with the 4 f electron is of importance. It constitutes a magnetic moment lead-
ing to the intriguing low temperature phenomena like the Kondo effect and
heavy fermion behaviour already discussed in section 2. Providing exactly
one f electron, Ce often serves as a model system for the investigation of these

effects and has been widely discussed in theory and experiment [32,33,49].
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The low temperature behaviour of Ce-based compounds is thereby strongly
dependent on the chemical environment of the Ce ion. In metallic Ce, for
example, an isostructural v — « transition with a volume collapse of approx-
imately 15 % is observed when the temperature is lowered. Thereby the
~v-phase is stable at high temperatures or low pressures, whereas the a-phase
emerges at low temperatures or high pressures. This so called Kondo volume
collapse is related to the partial promotion of the 4f electron to the 5d 6s
conduction states in the a-phase as described by the SIAM [14, 126].

In La;_,Ce,Cug one observes the evolution from the single impurity regime to
coherent heavy fermion behaviour by gradually varying the concentration x of
La atoms [127]. Furthermore by replacing Cu atoms with Au in CeCug_,Au,,
at a critical concentration z. of Au atoms between 0.1 <z. <0.2, one ap-
proaches a quantum phase transition from a paramagnetic ground state in
CeCug to a long range antiferromagneticaly ordered state [61,128].

These two examples show that the local environment of the Ce ion in a com-
pound strongly influences the manifestations of Kondo physics at low tem-
peratures. The following parts give an overview over the known structural

and electronical properties of CePt; and CeAg,.

4.1 CePt; on Pt(111)

There are various bulk compounds of Ce and Pt. The bulk material CePt, for
example orders antiferromagneticaly at low temperatures as has been investi-
gated by magnetic suszeptibility and specific heat measurements [129]. Bulk
CePts5 has been reported to order antiferromagneticaly as well at low temper-
atures and no signs for heavy fermion behaviour have been reported [130,131].
Specific heat and suszeptibility measurements on the substitutional com-
pound CePt;5_,M, (M = Al, Ga) however show an initial reduction of mag-
netic interactions and indicate a weak Kondo coupling below T'=1K. An

overview over several bulk binary Ce—Pt compounds can be found in [132].
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The characteristics of binary Ce—Pt, however, change quite dramatically
when considering thin films grown on single crystalline substrates. An overview
over a series of Ce—Pt surface alloys is given in [133]. The stoichiometry
ranges from Ce rich alloys like Ce;Pts to Pt rich phases like CePts.

In [26] a surface alloy of a stoichiometry between CePts 93 and CePt3 has been
investigated by LEED and XPS. The surface alloy forms a compressed (2x2)
reconstruction with respect to the Pt(111) substrate. The XPS data show
the characteristic multiplet splitting of the Ce 3d core levels reflecting the f
occupancy in the valence band. This is a clear sign for ¢— f hybridization
in Ce—Pt surface alloys [26]. This work furthermore suggests a Pt termina-
tion of the alloyed surface by means of CO and O, adsorption studies that
amounted to very low sticking coefficients, explaining the inertness of binary

Ce— Pt surface alloys.

4.1.1 Crystal structure of CePt;/Pt(111)

Among the different Ce—Pt surface alloys reported in [133] CePtj is the Pt
richest. The bulk phase of CePts is of the Laves type, meaning that it is
composed of a layered structure of alternating Pt-Kagome and CePts-layers.
The crystal structure of CePt5 is shown in figure 4.1. It crystallizes in the
hexagonal CaCus structure with P6/mmm (Dgp) space group symmetry.
The alternating Pt-Kagome and CePty-layers are shown in figure 4.1 a). The
top view along the (001) direction in b) illustrates that the Ce ions (blue)
occupy the hexagonal gaps in the Pt-Kagome layer (dark grey) whereas the
Pt ions of the CePty-layer (light grey) sit in the triangular gaps. Figure 4.1
¢) shows the primitive unit cell of bulk CePts; with the lattice parameters
a1 =5.367 A and a3 =4.391 A as determined in [132].

Thin films of CePts grown on pristine Pt(111) have been reported to
form various surface reconstructions depending on the initial Ce coverage
and therefore the CePt; film thickness [27,30,133]. The different phases

have been investigated using a combination of scanning tunneling microscopy
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Figure 4.1: Lattice structure of bulk CePt;. CePts5 crystallizes in the

hexagonal CaCus-type crystal structure. It belongs to the laves phase,
featuring alternating Pt-Kagome and CePts-layers as depicted in a).
The top view perpendicular to the (001) direction is shown in b) with
the surface unit cell marked in red, whereas c) illustrates the primitive
hexagonal unit cell with lattice parameters according to [132]. Figure
adapted from [30].

(STM) and low energy electron diffraction (LEED), combining the respective
information gained in real and reciprocal space [27]. The CePts film thick-
ness nomenclature in this work follows the one reported in [27], where it is
given in multiples of CePts unit cells (u.c.). Hereby one unit cell amounts to
approximatelly 0.5 monolayers of initial Ce coverage [27].

All of the reported reconstructions have been reproduced in the present work
and are shown in figure 4.2 b) - i) in order of increasing layer thickness. In
short, at low coverages in the range of 1 -2 u.c. the CePt5 surface alloy forms
a (2x2) reconstruction with respect to the Pt substrate. At intermediate film
thicknesses of 3—4u.c. the (2x2) reconstruction is rotated by 30° with re-
spect to the Pt substrate. Additional satellite spots emerge around the main
(2x2)R30° spots at a film thickness of 3u.c. and vanish again at 4 u.c..

At higher coverages additional reflexes, aligned along the Pt(111) substrate,
emerge next to the rotated (2x2)R30° reconstruction, grow stronger, until

at film thicknesses > 10 u.c. only the non rotated (2x2) spots remain. In the
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following the different phases will be discussed in more detail.

The pristine Pt(111) substrate is shown in figure 4.2 a) for an electron
beam energy of Ey=062¢eV. The spots are ordered hexagonally reflecting the
hexagonal symmetry of the (111)-direction of an fec lattice. Every second
spot appears brighter than its neighbour, highlighted by red circles in figure
4.2 a). This is due to the threefold rotational symmetry, characteristic for
the fcc (111) orientation. The nearest neighbour distance of Pt(111) has
been estimated to axn[Pt(111)] = (2.81340.048) A which amounts to a lat-
tice parameter of a[Pt(111)] = (3.978 4 0.068) A. This is in good agreement
with literature, with ay; [Pt(111)] =3.92 A [134].

At very low Ce coverages, a CePts5 alloy of 1u.c. thickness is formed, ex-
hibiting a diffraction pattern as shown in figure 4.2 b). Its reconstruction
features weak diffraction spots with a (2x2) periodicity with respect to the
Pt(111) substrate. An accurate determination of the nearest neighbour dis-
tance yields axn[1u.c.]=(5.583+£0.095) A. The reconstruction determined
within the accuracy of the nearest neighbour distance is therefor a slightly
compressed (2x2). By taking a close look at the spots of the second order
one also clearly sees a threefold variation in the reflex intensity, highlighted
with red circles in figure 4.2 b). This is due to the Pt(111) substrate that is
still visible below the CePt5 film of 1 u.c. thickness.

By doubling the Ce evaporation time a CePts alloy of 2u.c. layer thickness
is formed. It shows a similar diffraction pattern as the 1u.c. phase, though
featuring more intense (2x2) reflexes. The nearest neighbour distance is
determined to axx[2u.c.] = (5.473£0.093) A. This results in a (1.95x1.95)
reconstruction with respect to the pristine Pt substrate, which is slightly
more compressed than the diffraction pattern resulting from a film thickness
of Tu.c.. Furthermore, the threefold symmetry of the Pt substrate is still
slightly visible amongst the diffraction spots of second order (red circles).
At the transition to a layer thickness of 3u.c. a drastic change in the diffrac-
tion pattern is observed. The main diffraction spots, highlighted by red
circles, are rotated by 30° with respect to the Pt substrate. Furthermore,
the main spots are surrounded by six satellite spots, marked in blue, with

an orientation along the Pt(111) substrate. The main reflexes amount to
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Figure 4.2: Surface reconstructions of CePt;/Pt(111). All diffrac-

tion patterns are recorded using Eq=62¢V. a) shows the hexagonal

(1x1) reconstruction of the pristine Pt substrate. b) lu.c.: faint,

slightly compressed (2x2) reconstruction superimpose the (1x1) sub-

strate spots. c¢) 2u.c.: stronger, compressed (2x2) reconstruction.

d) 3u.c.: (2x2)R30° reconstruction and unrotated satellite spots of
~(10x10) periodicity. e) 4u.c.: compressed (2x2)R30° reconstruc-
tion. f)-h): ~7u.c.—10u.c.: (2x2)R30° spots diminish in favor of

non rotated (2x2) spots. i) >10 u.c.: unrotated (2x2) reconstruction.
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a nearest neighbour distance of axx[3u.c.]=(5.8940.10) A. This results in
a (2x2)R30° reconstruction for the main spots. Furthermore, the three-
fold symmetric intensity variation of the reflexes caused by the Pt substrate
is no longer visible and the diffraction pattern is truly sixfold symmetric.
The satellite superstructure has a nearest neighbour distance of axn[3u.c.,
sat.] = (28.84+0.49) A. This approximately amounts to a (10x10) recon-
struction with respect to the Pt substrate. The superstructure results from
varying Ce adsorption sites on the Pt substrate. Ce atoms are alternatingly
situated on gaps between the Pt atoms or on top of Pt atoms. This results
in a periodic, long range surface corrugation of about 80 pm height [27]. The
huge periodicity in real space translates to a small diffraction pattern in re-
ciprocal space, resulting in the satellite spots in the LEED pattern as shown
in figure 4.2 d). This moiré pattern arises, with an even larger periodicity,
already at thinner CePts films of 1 and 2u.c. causing the blurring of the
diffraction spots visible in figures 4.2 b) and c¢) [27].

At a film thickness of 4 u.c., shown in figure 4.2 e), the satellite spots vanish,
whereas the main spots, marked in red, remain and are still rotated by 30°
with respect to the Pt substrate. The nearest neighbour distance is deter-
mined to anx[4 u.c.] = (5.406 £ 0.092) A resulting in a compressed (2x 2) R30°
reconstruction.

For higher Ce coverages additional spots with an orientation along the Pt(111)
substrate accompany the (2x2)R30° structure as highlighted by red cir-
cles in figures 4.2 f)—h). This sets in at film thicknesses of 5u.c. (not
shown) and increases in intensity between 7—10u.c.. At film thicknesses
>10u.c. the rotated (2x2)R30° reconstruction is completely vanished and
the diffraction spots, that are aligned with the Pt(111) substrate, remain.
Evaluating this diffraction pattern results in a nearest neighbour distance of
anx[>10u.c.] = (5.394 £0.092) A which is in good agreement with the bulk
CePt; lattice constant of ay(bulk) =5.367(5) A [132].

Since the formation of Kondo singlets and heavy fermions is largely deter-
mined by the local environment of the Ce ion, the different surface recon-
structions corresponding to different CePt5 film thicknesses are likely to have

an impact on the latter. This will be discussed in more detail in section 5.

65



4 HEAVY FERMION MATERIAL SYSTEMS

4.1.2 Electronic structure of CePt;/Pt(111)

Previous photoemission studies on CePts/Pt(111) focused on the investiga-
tion of a surface alloy with nominally 4u.c. layer thickness, that is char-
acterized by the (2x2)R30° diffraction pattern in LEED as shown in figure
4.2 e). This reconstruction shows a distinct Kondo resonance at the Fermi
edge at temperatures below T ~ 200 K. Furthermore at temperatures below
T, ~ 13 K the emergence of a coherent f band is observed that hybridizes with
the conduction band leading to a hybridization gap A~2-5meV [60,61].
Later X-ray absorption (XAS) and X-ray magnetic circular dichroism (XMCD)
studies address the different surface reconstructions emerging from varying
CePt5 surface alloy film thicknesses [30,135]. These works observe a depen-
dence of the f° spectral weight on the layer thickness and therefore estimate
a change of the Ce valence as the CePts film grows in thickness. A summary
of the results is shown in figure 4.3 a). The left hand axis shows the relative
1O weight w,«(f°) to the XA spectra whereas the right hand axis corresponds
to the respective Ce valence v. Both are shown in dependence of the surface
alloy film thickness in unit cells. One clearly observes a maximum of w,(f°)
and therefore a maximum in the Ce valence around 2—3u.c. film thickness.
However, when comparing XPS and XAS results for the determination of ny
or v the different final state nature of both methods has to be taken into
account [49]. Considering Usy — 00, prohibiting double occupancy of the f
level, the XPS ground state is given by equation 4.1

Do) = col f°) + cal f1). (4.1)

The f° peak in the XPS spectrum corresponds to a final state of the structure
4.2

%) = ol f%) +alfh). (4.2)

Therefore the total weight py of the f° peak in the spectrum is given as a

superposition of its initial state weights ¢y and ¢; and final state weights ¢
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Figure 4.3: Layer thickness dependent Ce valence as determined
by XAS. a) shows the relative f° weight w,(f°) (left axis) and
nominal Ce valence v (right axis) in dependence of the CePts surface
alloy film thickness. A maximum of the f° weight and the respec-
tive Ce valence is observed around 2—-3u.c. layer thickness. Graphic
adapted from [30,135]. b) illustrates the difference between the deter-
mination of the fY ground state proportion cy by the intensity ratios
Wrer (f0)=w"~1 /w2 for XAS and I(f)/[1(f°) + I(f') + I(f?)] for XPS.
Graphic adapted from [49].
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and ¢; as expressed in equation 4.3
po = |coco + c181 7. (4.3)

Due to the huge energy separation between the final state ¢, f° and ¢, f! peak
of ~ 11eV there is only a small admixture of ¢; and ¢, is close to one. Hence,
the weight of the ¢, f° peak in the spectrum is a proper measure of ¢y in the
initial state [49].

In XAS, however, the excited electron remains in the system and the final
state configuration ¢, f* and ¢, f! in XPS has to be replaced by ¢, f* and
¢, f? for XAS. The energy separation between the ¢, f! and ¢, f? final state,
however, is only of the order of ~5¢eV. Therefore, the ¢, f? final state admixes
stronger in XAS and the deviation between the relative ¢, f° weight in the
spectrum and ¢y are larger [49]. This is schematically shown in figure 4.3
b), where the course of the deviation between the relative fO weight in the
spectrum and the initial state ¢y coefficient is shown for XPS (solid line)
and XAS (dashed line) [49]. At low f° spectral weights the difference in ¢
between XPS and XAS is up to 50%. These differences depending on the
experimental method have to be taken into account when comparing results
for ny or v acquired by either XPS or XAS. An estimation of the resulting
Kondo temperatures Tk in [30, 135] results in Tk ~ 125K for a CePts film
thickness of 1u.c. and Tk ~ 200K for 4 u.c..

4.2 CeAg, on Ag(111)

The second system investigated in this work is a surface alloy consisting of
Ce and Ag. It is grown in situ as described in subsection 3.5 by evaporat-
ing Ce on a single crystalline Ag(111) substrate and subsequent annealing.
The stoichiometry of the resulting CeAg, /Ag(111) surface alloy is not known,
however it forms a regular hexagonal crystalline lattice as analysed by LEED

in section 6.1.
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The bulk intermetallic exhibits various stoichiometries as for example CeAg,
CeAgsy, CeAgs or CesAg as well as a variety of different lattice structures
[136-142]. CeAg for example exhibits a cubic structure with a lattice con-
stant of a=23.733 A, but undergoes a transition to a tetragonal symmetry at
T,=16K [136,137]. At T,~5.6K a ferromagnetic order with a saturation
magnetic moment of 0.7—1.25up is established [136,137,143]. At even lower
temperatures, however, this magnetic order seems to be disturbed as indi-
cated by anormalities in the electrical resistivity and the Curie temperature
under pressure [137,143]. Amongst an additional high pressure phase transi-
tion or enhanced scattering at domain boundaries, also an enhanced Kondo
screening at low temperatures and high pressures is discussed as a possible
reason for the behaviour of the low temperature resistivity [143].

Weibel et al. performed PES and BIS (Bremsstrahlung Isochromat Spec-
troscopy, also known as IPES (Inverse Photoelectron Spectroscopy)) mea-
surements on cubic CeAg at temperatures of Ty =20 K. The spectra clearly
show an fC-like ionization peak at £ — Er =—2.5¢V, the spin-orbit partner
of the Kondo resonance at £ — Ep=—0.28¢V, as well as the f2-like final
state in the BIS spectrum at E — Ep =5¢€V [136]. This is shown in figure 4.4
a). The actual Kondo resonance at or slightly above the Fermi level, however,
is developed only very weakly. Whereas band structure calculations estimate
an f level occupancy of ny=0.94, Weibel et al.’s photoemission experiments
result in a considerably higher n; of ny =0.995, resulting in a Kondo temper-
ature of Tx =3 K for bulk CeAg [136,137]. This again is in good agreement
with the pronounced ionization peak and the weak Kondo resonance as ob-

served in the spectra in figure 4.4 a).
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Figure 4.4: Electronic structure of bulk CeAg and surface re-
construction of CeAg,/Ag(111). a) shows combined PES and
BIS spectra of bulk CeAg with prominent features corresponding
to the Ag 5d band at E — EFp=—6¢€eV, the ionization peak at
E — FEr=-25¢eV, the spin-orbit partner of the Kondo resonance
at £ — Ep=-0.28¢V and the f? final state at £ — Ep=>5e¢V.
Graphic adapted from [136]. b)—d) show the (1x1) reconstruction of
Ag(111), the (1.1v/3x1.1v/3)R30° + (3v/3x3v/3) R30° reconstruction
of CeAg,/Ag(111) as reported in [144] and the (2x2)R30° reconstruc-
tion for CeAg,/Ag(111) as shown in [28].

The bulk intermetallic CeAg, therefore, suggests that Kondo behaviour
is at least possible in binary Ce—Ag compounds, however, only weak and
at very low temperatures. For thin films of CeAg,/Ag(111) the general un-
derstanding is similar [28,144]. Praetorius et al. report a CeAg,/Ag(111)
surface alloy forming a hexagonal (1.1v/3x1.1y/3)R30° structure with re-
spect to the Ag(111) substrate with additional satellite reflexes, forming
a (3\/§X 3\/§)R30O reconstruction with respect to the CeAg, main struc-
ture [144] as shown in figure 4.4 ¢). This thin film is subsequently inves-
tigated with XAS and XMCD exhibiting a vanishing f%-share to the XA
spectra. The suszeptibility extracted from XMCD measurements, however,
points towards a reduction of the magnetic moment with decreasing tem-
perature. The Kondo temperature necessary for enabling this reduction of
the magnetic moment through Kondo screening of the Ce ion is Tk > 20 K.

This, however, is contradictory to the reported XAS data as well as the band
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structure measurements performed in [28].

Schwab et al. performed on- and off-resonance ARPES measurements on
a (2x2)R30° reconstruction of CeAg,/Ag(111) as shown in figure 4.4 d).
The ionization peak as well as the spin-orbit partner of the Kondo resonance
are clearly visible at £ — Ep(IP)=-2.2eV and £ — Ep(SOP)=—-0.27¢V,
whereas the Kondo resonance itself is not observed [28]. Schwab et al. there-
fore assign a “vanishing” Kondo temperature to CeAg, /Ag(111) [28].
Section 6 of this work investigates the influence of different surface alloy
film thicknesses as well as of Bi addition on the manifestation of electronic
correlation in CeAg,/Ag(111) with photoemission spectroscopy. Section 6
therefore first presents the lattice structure of two CeAg, surface alloys of
different layer thicknesses as well as the lattice structure resulting from Bi
deposition. Subsequently the electronic structure is investigated by ARPES
and XPS.
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TUNABILITY OF THE ELECTRONIC
STRUCTURE IN CEPT;/PT(111)

The lattice structure of the surface alloy CePts/Pt(111) considerably varies
with increasing layer thickness. This is shown in subsection 4.1 as well as
previous works [27,30,105,122]. The following part focuses on whether these
thickness-dependent changes in the lattice structure also affect the electronic
structure of CePt;/Pt(111) and in particular the manifestation of strong cor-
relation. Previous XAS and XMCD measurements suggest a dependence of
the effective occupancy ny of the Ce 4f level on the film thickness of the sur-
face alloy [30,135]. However, due to the small energy scales of Kondo physics
and heavy fermion behaviour, the experimental investigation of these phe-
nomena is highly demanding.

A new setup for epitaxially growing Ce-based thin films was implemented
during this work and guarantees reproducability of pristine and highly or-
dered surface alloys of CePt;/Pt(111) and CeAg,/Ag(111) of various layer
thicknesses (see subsection 3.3).

Furthermore, the PES setup was optimized for low temperatures to enable
measurements below the Kondo temperature Tk or even the coherence tem-

perature 1™ of a system. In case of Ce compounds this typically requires
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temperatures below 7' < 15 K during measurement. The experimental setup
established during the course of this work, as described in section 3.3, meets
all of these requirements.

This section is dedicated to establishing XPS as a powerful method for in-
vestigating Kondo physics in Ce-based compounds. In particular ny and
A are estimated on the basis of the multiplet structure in Ce 3d core level
spectra. One expects the local environment of the Ce atom to influence the
c— f hybridization A and therefore ny [33]. The local environment of the Ce
atom changes in particular at the interface to the Pt(111) substrate, at the
sample surface and in dependence of the surface alloy lattice structure and
therefore the CePt5 layer thickness. Those three parameters are addressed in
subsection 5.2 by angle-dependent and therefore bulk- and surface-sensitive
XPS studies of Ce 3d core levels of varying layer thicknesses.

Furthermore, ny is expected to increase when raising the sample tempera-
ture T from well below Tk to above. This enables to access the system’s
Kondo temperature by XPS, as the temperature of maximum ns-change,
with T = T(?—Tf)max. In subsection 5.3 this is used to assign a Kondo tem-
perature to a selection of different layer thicknesses of CePts on the basis of
Ce 3d XPS spectra.

The analysis of a multitude of different Ce 3d core level spectra reveals that
the low temperature, ground state n; as well as the Kondo temperature T
are dependent on the CePty surface alloy layer thickness. Additionally it
is shown, that surface and bulk of the thin film exhibit different n;. These
findings are subsequently confirmed by modelling the various Ce 3d core level
spectra in the framework of the Gunnarsson-Schonhammer theory in subsec-
tion 5.4 and finally by ARPES measurements of the Kondo resonance in the

valence band of CePt;/Pt(111) of selected layer thicknesses in subsection 5.5.
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5.1 BULK AND SURFACE ELECTRONIC STRUCTURE

5.1 Bulk and surface electronic structure

The exceptional structure of the Ce 3d core levels in CePt; on Pt(111) pro-
vides valuable access to the low energy excitations in the valence states, as
discussed in subsections 2.1.2 and 3.1.3. Therefore the following part treats
the evaluation of layer thickness- and temperature-dependent Ce 3d core level
spectra acquired with XPS. All measurements have been recorded using an
excitation energy of hv(Al K,)=1486.6 eV with an experimental resolution
of approximately AE =750meV.

Figure 5.1 a) shows an overview spectrum of 4u.c. CePt;/Pt(111) at room
temperature (RT) and normal emission (0°). The spectrum is not back-
ground corrected.

All peaks in the spectrum can be assigned to the expected core levels of
Ce or Pt in the presented energy range [117]. Within the accuracy of the
measurement there are no signs for surface contamination with residual gas.
Nevertheless, the measurement times for one preparation of CePt;/Pt(111)
have been kept below ten hours since Ce compounds tend to oxydize rapidly.
The spin-orbit split Ce 3d core levels are visible in the energy range between
Epin =870-940 V. The multiplet structure with f°, f' and f? proportions
is already distinguishable in the overview spectrum despite the rather coarse
energy step of AFEg ., =1eV. However, to estimate ny for different layer
thicknesses, temperatures and emission angles, more detailed spectra of the
respective Ce 3d core levels are recorded.

Figure 5.1 b) shows the Ce 3d spectra for increasing layer thicknesses in
darkening shades of blue and grey both for normal emission (0°, solid lines)
and 60° off normal emission (60°, dashed lines). All spectra are recorded
with an energy step of Egep, =100meV at a sample temperature of T, ~ 9 K.
Higher layer thicknesses are artificially shifted to higher intensities for better
distinguishability. All spectra are normalized to the number of sweeps and
Shirley background corrected as described in subsection 3.4. Furthermore,
the spectra recorded at 60° off normal emission have always been recorded

immediately after the normal emission data on the same preparation, reduc-
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Figure 5.1: XPS overview and Ce 3d spectra of CePt;/Pt(111).
a) shows an overview spectrum of a CePts surface alloy of 4u.c. layer
thickness at room temperature (RT) and normal emission (0°). b)
depicts the detailed Ce 3d spectra at T; =9 K of increasing layer thick-
nesses indicated by darkening shades of blue and grey for normal emis-
sion (solid lines) and 60° off normal emission (dashed lines). The final
state multiplet is indicated for each spin orbit channel by f°, f! and f?
respectively. All spectra have been recorded with an excitation energy

of hv(Al K, ) =1486.6¢V and a resolution of AE =750meV.

ing possible errors due to varying sample quality.

First of all, the characteristic final state multiplet structure with f°, f!
and f? proportions is clearly visible for all recorded layer thicknesses and
both emission angles. For most layer thicknesses the total Ce 3d intensity
at an emission angle of 60° is lower than at normal emission. An exception
is observed at a layer thickness of 1u.c., where the Ce 3d spectra for both
emission angles have similar intensity. Furthermore, throughout the grow-
ing layer thicknesses the total intensity of the Ce 3d core levels continuously
increases up to a layer thickness of 6u.c.. For 6->10u.c. the intensity sat-
urates.

The growing total Ce 3d intensity, is understood in terms of the XPS in-
formation depth. The photoelectrons detected in XPS originate from the
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first few A beneath the sample surface. The intensity of the topmost layer
is thereby undamped whereas the intensity of deeper layers gets damped
exponentially, depending on their distance to the sample surface (see sub-
section 3.1.3) [31]. Therefore in the thin layer thickness regime, increasing
the CePty layer thickness, strongly contributes to the overall Ce 3d signal.
At larger layer thicknesses, due to the exponential damping, the subjacent
layers contribute less and less to the total Ce 3d signal, causing its intensity
to saturate.

The decrease of intensity between normal emission and 60° is visible through-
out all layer thicknesses >2u.c.. The information depth at an emission angle
of 60° is only 50 % of its value at normal emission, leading to an even larger
contribution of the surface region to the spectrum. Hence, the reduction of
Ce 3d intensity at 60° suggests a depletion of Ce at the sample surface. This
is in good agreement with the findings in [26,122] where a Pt termination of
the CePt5 surface is reported.

The influence of these structural changes on A and n; between CePts surface
and bulk as well as throughout the increasing layer thicknesses is investigated

in detail in the following part.

5.2 Manifestation of strong correlation in Ce 3d core

level spectra

In order to determine variations in the relative f™ proportions throughout
the increasing layer thicknesses, figure 5.2 shows the Ce 3d core level spec-
tra of the previous subsection arranged more suitably. Layer thicknesses of
1-3u.c. are compared in figure 5.2 a), 3 and 4u.c. in b) and 4—>10u.c.
in ¢). The upper part of each figure shows the Ce 3d spectra recorded at
normal emission (0°), whereas the lower part depicts the spectra recorded
at 60° off normal emission (60°). All spectra in figure 5.2 a), b) and c) are

normalized to the intensity of the f! peak of the Ce 3d3/s spin-orbit partner
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Figure 5.2: Ce 3d core level spectra of CePt;/Pt(111) for varying
layer thicknesses. a) shows layer thicknesses of 1-3u.c., b) 3 and
4u.c. and ¢) 4—>10u.c.. The upper spectra are acquired at normal
emission (0°), whereas the lower spectra are taken at 60° off normal
emission (60°). Increasing layer thicknesses are visualized by darkening
shades of blue and grey. The spectra are normalized to the intensity
of the Ce 3d3/, f! peak of the largest layer thickness respectively. The
10, 1 and f? shares of the Ce 3d spin-orbit partners are visible for all
layer thicknesses. The f° and f? proportions vary most between 3 and

4u.c. layer thickness in b), highlighted by the red area.
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of the highest layer thickness shown in the respective figure. This is 3u.c. in
a), 4u.c. in b) and >10u.c. in c).

A layer thickness dependent variation of the relative f° weight w,¢(f°) and
therefore a change of n; is most recognizable in figure 5.2 b), where layer
thicknesses of 3u.c. (blue line) and 4u.c. (grey line) are compared. 3u.c.
layer thickness, at normal emission, clearly shows a higher f° share in the
Ce 3ds3/, spin-orbit partner at Ep, ~917eV as compared to the respective
feature at 4u.c.. Furthermore the f2 shoulder on the low binding energy side
of the Ce 3ds/, spin-orbit partner at Ey,;, ~880eV is increased and slightly
shifted to higher binding energies for 3u.c.. This also affects the f2/f° peak
on the low binding energy side of the Ce 3d3/, f' peak at Ep;, =~ 900 eV, which
is again larger for 3 u.c. layer thickness as compared to 4 u.c.. The differences
in the spectra are emphasized by red areas in figure 5.2 b).

The magnitude of the f°, ' and f? shares change, when going from normal
emission to an emission angle of 60°, shown in the bottom part of figure 5.2
b). The fY share of the Ce 3ds/, spin-orbit partner of both layer thicknesses
now has similar weight. The f? shoulder at the Ce 3ds/2 peak, however,
is still slightly higher for 3u.c. layer thickness, leading to a slightly higher
f?/f° weight at the low binding energy side of the Ce 3ds/ f* peak. In sum-
mary the spectra in figure 5.2 b) suggests a substantial change of ny between
3 and 4u.c. layer thickness at normal emission, that is diminished at 60°.
In figure 5.2 a) thinner CePts films of 1 and 2u.c. are compared to the film
thickness of 3u.c. The normal emission data in the top part show similar £
f! and f? shares for all three layer thicknesses. Only the 1u.c. phase shows
a slight decline in the intensity of the f?/f° structure at the low binding
energy side of the Ce 3ds/s f' peak. In the bottom part of figure 5.2 a) the
Ce 3d spectra of the thin film thicknesses are shown for 60° off normal emis-
sion. Here the f° share at Ej;, ~917 eV has similar intensity for 2 and 3u.c.
whereas it is slightly reduced for a layer thickness of 1u.c.. The f2? share of
the Ce 3d5/2 peak at Ey;, ~880eV, however, is slightly higher for 1u.c. lead-
ing to a comparable intensity of the f2/f° structure at Ep;, ~ 900 eV between
lu.c. and 2 and 3u.c.. Therefore, ny is expected to be similar for 2 and 3 u.c.

CePt;/Pt(111) at both emission angles, whereas 1 u.c. layer thickness might
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exhibit larger A but smaller n; due to the different weights in the f? and f°
peaks in figure 5.2 a).

Furthermore, the spectra in the low layer thickness regime of 1 -3 u.c. exhibit
a lower signal to noise ratio than the larger layer thicknesses of 4 —->10u.c.
These are shown in figure 5.2 ¢) in darkening shades of grey for normal emis-
sion (0°, top part) and 60° off normal emission (60°, bottom part). For both
emission angles, all spectra show similar intensities for each f°, f! and f?2
final state. This suggests similar ny and A for the higher layer thickness
regime of CePts on Pt(111). Qualitatively, the biggest change in ny is there-

fore observed between 3 and 4 u.c. layer thickness.

The manifestation of Kondo physics in the valence band of any material
is heavily temperature dependent. Figure 5.3 illustrates whether the tem-
perature dependence of the valence band features is also reflected in the f™
proportions of the Ce 3d multiplet. Therefore the Ce 3d core level spectra of
all investigated layer thicknesses of CePts;/Pt(111) and both emission angles
are also recorded at T, =290 K. A comparison of the spectra with T, =9K
and Ty, =290 K is shown in figure 5.3 a)—g). Again the spectra recorded at
normal emission are always shown in the top part of each graph, whereas
the data for 60° off normal emission are shown in the bottom part. Spectra
acquired at Ty =290 K are shown in red, whereas spectra recorded at T, =9 K
are shown in blue.

The thin layer thickness regime of 1-3u.c. in figures 5.3 a)—c) exhibits a
lower signal to noise ratio than the larger layer thicknesses of 4—>10u.c. in
d)—g), as already observed in figure 5.2a). Furthermore, layer thicknesses of
1-3u.c. show a difference in the f° and f2/f° contribution at Fj;, ~917eV
and Ep;, =900 eV between Ty =9 K and T = 290 K. For both emission angles
the fO and f?/f° contributions decrease when raising the temperature from
T,=9K to T, =290 K.

For larger film thicknesses of 4—>10u.c. in figure 5.3 d) —g), the temperature
dependent changes in the f" weights are reduced, but still the data recorded
at T, =9K show slightly higher f° and f2/f° proportions as compared to
the spectra recorded at T, =290K .
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Figure 5.3: Ce 3d core level spectra for T, =9K and T, =290 K.
a) —g) show the Ce 3d core levels for layer thicknesses of 1 —>10u.c. for
normal emission (0°, top part) and 60° off normal emission (60°, bottom
part) depending on the sample temperature. Spectra for T, =9 K are
depicted in blue, whereas spectra obtained at T, =290 K are shown
in red. All spectra are normalized to the intensity of the respec-
tive Ce 3ds/» f' peak. Measurements were performed with hv(Al
Ka)=1486.6eV and AFE =T750meV.
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Despite these small changes, all layer thicknesses show the characteristic f°,
ftand f? final state multiplet also at T, = 290 K. The variations in the f° and
12/ 1° weights suggest an increase of ny for the thin layer thickness regime
of 1-3u.c. when increasing the temperature from T, =9K to T, =290 K,
whereas for larger layer thicknesses no significant change in n; is expected.
Though qualitatively illustrating the layer thickness, emission angle and tem-
perature dependent changes in the respective f™ weights, this comparative
analysis cannot give specific values for A and ny. Therefore the relative
weights of the f? and f° peaks to the spectrum have been estimated for all
recorded Ce 3d core levels and used according to subsection 3.4 and equations
3.17 and 3.16 to determine A and subsequently ny.

The layer thickness dependent hybridization strength A resulting from equa-
tion 3.17 is shown in figure 5.4 a). Dots represent normal emission, whereas
circles show A for 60° off normal emission. A estimated for T, =9K are
shown in blue, the ones obtained for Ty, =290 K in red. The errors are esti-
mated by the error margin of the Voigt fit and the accompanying variations
in the f! and f2 peak areas. The solid and dashed lines as well as the shaded
areas serve as guides to the eye for the respective set of parameters.

For T, =9 K and normal emission, A is more or less constant at a value of
AY = (88.1+1.8) meV over the whole layer thicknesses regime, emphasized
by the solid blue line as a guide to the eye. At 60° and T, =9K A is larger
for all layer thicknesses as compared to 0°. A estimated at 1u.c. and 60°
is exceptionally large with A$Y% (1u.c.)=(145.147.3) meV, whereas the av-
erage for 2->10u.c. is ASY (2~ >10u.c.)=(104.7+2.1)meV. The general
trend of A for Ty, =9 K and 60° is emphasized by the dashed blue line.

For T, =290 K, A shows a stronger variation with increasing layer thickness
but a weaker dependence on the emission angle. For both emission angles
A increases from ~40meV to ~80meV for 1-3u.c. and saturates for 4—
>10u.c. The average values amount to Ay (1-3u.c.) = (63.741.3) meV
and A8 (1-3u.c.)=(60.241.2) meV, whereas 4 >10u.c. layer thickness
show larger mean A with Ay (4~ >10u.c.) = (94.0 + 1.9) meV and A8y, (4 -
>10u.c.) =(100.1 £2.0) meV.
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Figure 5.4: c—f hybridization A and effective occupancy n; for
CePt;/Pt(111). a) shows the layer thickness and temperature de-
pendent hybridization strength A, whereas b) depicts the resulting n.
Blue and red symbols correspond to T, =9 K and T, =290 K respec-
tively. The values estimated for normal emission (0°) are depicted as
dots, whereas 60° off normal emission is represented by circles. Solid
and dashed blue and red lines as well as the shaded blue and red areas

serve as guides to the eye for the respective set of parameters.

Again, solid and dashed red lines in figure 5.4 a) resemble the general
evolution of Aggok throughout the increasing layer thicknesses for 0° and 60°
respectively. Figure 5.4 a) also shows, that A for layer thicknesses >4 u.c.
is similar at T, =9 K and T, =290 K. This is illustrated especially by the
shaded areas, that overlap in this region.

In order to take into account the influence of finite A when determining
ny, the mean A estimated above are categorized into three groups of low
(A=60meV), intermediate (A=90meV) and high (A=120meV) A, ac-
cording to figure 3.5 a). The mean A and the corresponding assumed A
for calculating ny are summarized in table 5.1 for all temperatures, emission
angles and layer thicknesses.

Subsequently n; is calculated as ny=1 — |co|?, using the corrected ¢, ac-
cording to subsection 3.1.3. The resulting layer thickness dependent effective
occupancy ny is shown in figure 5.4 b). Dots and circles represent 0° and 60°,

whereas blue and red again stands for T, =9 K and T =290 K, respectively.
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A A acc. fig. 3.5
9K 0° 1->10u.c. | 88.1+1.8 90 meV
9K  60° lu.c. 145.1+£2.9 120 meV
9K 60° 2->10u.c. | 104.7+2.1 90 meV

290K 0° 1-3u.c. 63.7£1.3 60 meV
200K 0° 4->10u.c. | 940£1.9 90 meV
290K 60° 1-3u.c. 60.2+£1.2 60 meV

290K 60° 4->10u.c. | 100.2£2.0 90 meV

Table 5.1: Summary of the mean hybridization strengths A. For
all layer thicknesses, temperatures and emission angles the determined
values of A are divided into groups of low (A =60meV), intermediate
(A=90meV) and high (A=120meV) A, according to figure 3.5.

Over the whole range ny determined for 7, =9 K and 0° shows a discernible
layer thickness dependence. For 1-3u.c. ny, on average, assumes rather
low values of ny(1-3u.c.)=(0.814 £0.016), whereas it is considerably larger
for 4->10u.c. with ny(4->10u.c.)=(0.884£0.018), leading to a step-like
increase of ny between 3 and 4 u.c. layer thickness.

The ny determined for T, =9 K and 60° follow this trend. However, they are
slightly higher for 1-3u.c. as compared to 0°, and lower for 4> 10u.c..
Yet, the step-like increase of ny between 3 and 4 u.c. is also observed at 60°
off normal emission. This evolution of ny with increasing layer thicknesss is
emphasised by the solid and dashed blue lines for 0° and 60° emission angles
as well as the shaded blue area.

The biggest change in ny occurs between 3 and 4 u.c. which is in good agree-
ment with the Ce 3d spectra in figure 5.2 b). The change in n; amounts to
on%* =0.0817, which is an increase of ~10 % with regard to ng(3u.c.).

At T, =290 K the step-like increase of ny between 3 and 4u.c. vanishes. ny
assumes constant values for both normal emission and 60° off normal emission
that are larger compared to Ts =9 K. The average value for layer thicknesses
of 1->10u.c. at T, =290K and 0° is n(290 K, 0°) = (0.913 £0.018), whereas
for 60° it is n;(290 K, 60°) = (0.897 £ 0.018). The general evolution of n for
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ny v
9K  0° 1-3u.c. | 0.814£0.016 | 3.186 £0.064
9K  0° 4->10u.c. | 0.884+0.018 | 3.116 +=0.062
9K  60° Lu.c. 0.889+£0.018 | 3.111£0.062
9K 60°  2,3u.c. | 0.820%£0.016 | 3.18040.064
9K 60° 4->10u.c. | 0.875+0.018 | 3.12540.063
290K 0° 1->10u.c. | 0.913x0.018 | 3.087 40.062
290K 60° 1->10u.c. | 0.897+0.018 | 3.103 4+0.062

Table 5.2: Mean effective occupancy ny and Ce valence v. All deter-
mined ny of figure 5.4 b) as well as v, divided into suitable subgroups

depending on layer thickness, temperature and emission angle.

T, =290 K is emphasised by solid and dashed red lines for 0° and 60° respec-
tively in figure 5.4 b) as well as by the shaded red area.

A summary of the mean values of ny and the resulting mean Ce valence
v =4 —n; calculated in suitable ranges depending on temperature, emission
angle and layer thickness as described above, is given in table 5.2.
The extensive analysis of ny throughout the whole parameter range reveals
three main aspects that determine its value. First, one observes a sudden
increase of ny between 3 and 4u.c. layer thickness. Second the n; deter-
mined for an emission angle of 60° are mostly smaller than their respective
0° values for 4—>10u.c., but larger for lower layer thicknesses of 1-3u.c..
Third, the thin and thick layer thickness regimes show different temperature
dependencies of ny.
The sudden increase of ny between 3 and 4u.c. layer thickness at 7, =9K
for both emission angles is supported by the bare background corrected Ce
3d spectra in figure 5.2 as well. There, a clear change in the f° and f2/f°
weight is observed between 3 and 4 u.c. in b), whereas the spectra for 1 and
2u.c. in a) show similar f™ weights as the spectrum for 3u.c. and 6—->10u.c.
in ¢) are very similar to 4 u.c..
The difference in ny between thinner and thicker CePts surface alloys has

also been reported in [26,30,135]. Tang et al. report a crossover from a
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more “a-like” phase, which is close to the mixed-valent regime with n;~0.75
(v~3.25) to a more “y-like” phase with higher ny~0.95 (v~ 3.05) between
low Ce coverages of ~ 1.5 monolayers and higher coverages of > 2.1 monolay-
ers [26]. The diffraction patterns of the respective thin films in [26] exhibit a
(1.96x1.96) R30° reconstruction with satellites for thinner and (1.96x1.96)
for thicker films. This is in agreement with the diffraction patterns of 3 and
> 10u.c. in this work, however, a stoichiometry of CePt3 to CePts 93 for lower
to higher initial Ce coverages is given in [26]. Tang et al. estimate a Ce va-
lence of v=3.12 for the low and v =3.07 for the high layer thickness regime.
However, the determination of v is solely based on the f° contribution to the
total weight of [I(f°)+TI(f')+1(f?)] [26]. The influence of A is not taken
into account in [26], leading to an over-/ underestimation of ny/v [102].
Praetorius et al. build upon this first investigation carrying out XAS and
XMCD measurements on various layer thicknesses of CePts on Pt(111) [30,
135]. The resulting Ce valences v are shown in figure 4.3 a). They observe a
maximum of the Ce valence of v~3.12 at 2—3u.c. layer thickness followed
by a continuous decline for 4—12u.c. to va3.06. Also in this work the in-
fluence of a finite hybridization A is not taken into account.

The enhancement of v in the lower layer thickness regime is attributed to
enhanced tensile strain at the interface between the Pt(111) substrate and
the CePt5 alloy [30,122,135]. This tensile strain reduces the in plane as well
as out of plane lattice constants a; and ag (see figure 4.1 ¢)) of the CePt;
unit cell. At layer thicknesses >4 u.c. a relaxation towards the bulk values
given in figure 4.1 c) sets in. A reduction of the unit cell volume leads to an
enhanced overlap of the Ce 4f orbitals with the conduction band, encourag-
ing the delocalization of the f electron, causing smaller ny. The relaxation of
a; and ag towards the bulk values sets in at 4u.c., reducing the c— f overlap
and consequently increasing ny [122,135].

A larger f electron delocalization in connection with a reduction of the unit
cell volume is a well known phenomenon in Kondo or heavy fermion mate-
rials. Most known is probably the Kondo volume collapse between - and
a-Ce, where the onset of ¢— f hybridization at low temperatures leads to a

volume collapse of &~ 15 % between the strongly hybridized a- and the almost
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unhybridized ~-phase of Ce [33,126]. This mechanism is exploited further by
inducing v- to a-like transitions in many Ce-based compounds like CeAu,Si,,
CeCuyGey, CePdsSis, CeRhySiy and CeCusSis, where a reduction of the unit
cell volume is induced by external pressure [145-148]. In the surface alloy
CePt5/Pt(111) this external pressure is exercised by the Pt substrate causing
a reduced unit cell size at lower layer thicknesses. This leads to the increased
Ce valence v in CePts for 1-3u.c..

What is striking is that the n; (v) determined in this work are considerably
lower (higher) over the whole layer thickness regime as in [26, 30, 135]. This
is due to the influence of the hybridization A, based on the f? weight to the
spectrum, which is neglected in [26,30, 135]. As depicted in figure 3.5 a) a
neglect of A underestimates the relative f° weight up to 50 %. In this work
the mean A for T, =9 K and normal emission is estimated to A =90 meV.
According to figure 3.5 a) this leads to an error of ~45 % in w,(f°). If one
includes this A-based error in the values for w,(f°) determined in [135],
these are increased to wye(f°)=0.203 for a layer thickness of ~3u.c. and
Wy (f°) =0.102 for layer thicknesses of ~8—12u.c.. According to equation
(6) in [135] this leads to ny=0.831 and v =3.169 for ~3u.c. and n;=0.907
and v=3.093 for 8 -12u.c.. These adjusted values are in good agreement
with ny and v determined in this work for the thin and thick layer thickness
regimes after all.

The second trend observed in figure 5.4 b) is that n; at an emission angle of
60° is lower as compared to normal emission for 4—>10u.c., but larger for
1-3u.c.. The dependency of ny on the emission angle is also discernible in
the bare background corrected Ce 3d spectra. Therefore all recorded Ce 3d
spectra are compared regarding the emission angle in appendix A.2. There,
they are normalized to the f* line of the Ce 3ds/s peak of the respective 0°-
spectrum. The resulting graphs are shown in figures A.5 and A.6 for T, =9 K
and T =290 K respectively.

As discussed in subsection 3.1.3 measurements performed at an emission
angle of 60° have half the probing depth as the respective normal emission
measurement. Therefore, they are a lot more sensitive to the electronic struc-

ture at the sample surface. The smaller values of ny at an emission angle of
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60° therefore suggest a larger delocalization of the f electron at the sample
surface.

In general the sample surface constitutes a different chemical environment
for the Ce atoms as compared to the bulk of the CePts alloy. This is on
the one hand simply due to the crossover from the crystalline film to the
vacuum, but on the other hand, and more interestingly in case of CePts,
due to the Pt termination of the sample surface. The Pt termination is es-
tablished by a Pt Kagome layer with additional Pt atoms in the Kagome
holes [122]. This provides the Ce atoms of the topmost layer with an in-
creased number of coordination partners, promoting a larger hybridization
between f and conduction band electrons [33]. Therefore the f level is more
easily depopulated resulting in lower n;. At lower layer thicknesses of 1
3u.c., however, ny is larger at an emission angle of 60°, indicating less f
electron delocalization at the surface of the thinner CePt5 films. Especially
large is ns(1u.c., 60°) = (0.889 £ 0.018). Considering the diffraction patterns
in subsection 4.1.1, the striking difference between thinner and thicker layers
of CePtj is the existence of a moiré-type surface corrugation for 2 and 3u.c..
Potentially this moiré structure, that is a result of the strain executed by the
Pt substrate, prevents a full Pt termination of the surface, an thus reduces
the f electron delocalization.

Third, the thin and thick layer thickness regimes of CePt; show a differ-
ent evolution of ny with increasing temperature. At T =290 K the step-like
change in ny between 3 and 4u.c. has completely vanished, leading to con-
stant values over the whole layer thickness regime within the range of the
error. In other words, for 1-3u.c. a temperature dependent change in ny
is observed when going from 7, =9K to T, =290 K, whereas for layer thick-
nesses >4u.c. ny stays constant over the whole temperature range within
the range of the error. This is supported by the background corrected Ce
3d spectra in figure 5.3. The spectra for 1-3u.c. in a)—c) show clear dif-
ferences between T, = 9K and T, =290 K with lower f° and f? contributions
at Ty =290 K, whereas the spectra for 4—>10u.c. show no strong tempera-
ture dependence. A temperature dependent change of ny is expected when

increasing the sample temperature from well below the systems Kondo tem-
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perature to well above [26,48]. This suggests a Tk between 9-290K for
1-3u.c., whereas it is in the range of 290 K for >4u.c.. Therefore in the
following subsection the temperature dependent evolution of n; is analysed

in more detail for layer thicknesses of 2—4u.c..

5.3 Layer thickness dependent Kondo temperature

The effective occupancy ny of the f level and particularly its change
with temperature allows for an estimation of Tk on the basis of core level
spectra. In general ny increases when raising the temperature from (well)
below to above Tk, and Tk is determined as the point of maximum dny/d7T-
change [26,48,135]. Therefore, the Ce 3d core level spectra have been recor-
ded again for an intermediate temperature of T, = 150K for 2—4u.c.. The
resulting spectra are shown in black in figure 5.5 a) —c) together with the re-
spective spectra at T; =9 K (blue) and Ty =290 K (red). The upper spectra
are recorded at normal emission (0°), whereas the lower spectra correspond
to 60° off normal.

At a layer thickness of 2u.c. in a) the spectrum taken at Ty =150 K and
normal emission shows similar f° and f?/f° weights at Ep;, =917eV and
FEpin, =900 €V as the data taken at T, =9 K. At 60°, however, the f° and f2/f°
shares in the spectrum are smaller for T, = 150 K as compared to Ty, =9 K but
still larger than the ones observed for T; =290 K. For 3u.c. and 0° in b) the
f%and f2/f° weights decrease continuously between T, =9 K290 K. At 60°
the f° share shows no difference between the three temperatures, whereas the
12/ f° peak is significantly diminished. This is most likely dominated by the
decrease of the f? share as visible at Ej;,, =880eV. At 4u.c. layer thickness
in c¢) the spectra recorded at T, =150 K show less f* and f?/f" weight than
the respective spectra at Ts =9 K at both emission angles but seemingly also
less than the spectra recorded at Ty =290 K. This is rather contraintuitive at

first and will be discussed later.
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Figure 5.5: Estimation of Tk on the basis of dns/dT. a)-c) show the
respective spectra at Ty =9K (blue), 75, = 150 K (black) and 75, =290 K
(red) for normal emission (0°, top) and 60° off normal emission (60°,
bottom) for 2, 3 and 4u.c. CePt;/Pt(111). d) shows the hybridization
A for all temperatures and emission angles, whereas e) and f) show the
resulting ny for 0° and 60°. The shaded red and blue areas as well as
the solid and dashed, red and blue lines in d—f) emphasize the trend
of A and ny for Ty =290K and T, =9K and 0° and 60° respectively.
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Figure 5.5 d) —f) show, in black, the resulting A and n; for T, =150K cal-
culated according to section 3.4, compared with the respective values for
T,=9K in blue and T,=290K in red. The hybridization for T, =150K
follows the course of Agggk in the relevant layer thickness regime. This is
emphasized by the overlap of the black data points with the shaded red area,
which illustrates the general trend of A for T, =290 K according to figure 5.4
a).

Particularly interesting are the results obtained for n; at 0° and 60° emis-
sion angle, shown in e) and f). For 2 and 3u.c. ny(150K) is on the order
of nf(9K) as emphasized by its overlap with the shaded blue area, whereas
n(290K) is considerably larger as is shown in red. At a layer thickness of
4u.c. however, the n; estimated for all three temperatures overlap within
the range of the error, showing no clear temperature dependence. Figure 5.5
f) shows the ns estimated for 60°. Whereas ns for 4 u.c. again overlaps for all
three temperatures within the range of the error, at 2 and 3u.c. ng(150K)

is in the range of n(290 K) and therefore significantly larger than n(9 K).

The increase of ny between T, =150-290K for 2 and 3u.c. layer thick-
ness and normal emission indicates, that T (2,3u.c.) is on the order of
150K < T% (2,3u.c.) <290 K. At 60°, the data suggest T (2,3 u.c.) < 150K,
since the major change in ny already happens between T, = 9 K and T, = 150 K.
For a layer thickness of 4u.c. and both emission angles an estimation of
Tk (4u.c.) on the basis of the Ce 3d spectra is difficult, since the changes in
ny for the three recorded temperatures are small. This could be caused either
by Tk(4u.c.) <9K or Tk(4u.c.) > 290 K, setting the estimated ny in the sat-
uration regime above or below Tx. Tk (4u.c.) <9K can be discarded in light
of the valence band photoemission spectra shown in subsection 5.5, where a
Kondo resonance is clearly visible up to T =64 K. Therefore, Tx(4u.c.) is
more likely to be in the range of 290 K, however a more detailed investigation
of the temperature dependent n; at additional 7T} is necessary to conclusively
settle this question.

Of course the estimation of 150K <TY (2,3 u.c.) <290K is rather coarse.

However, Praetorius et al. determine Tx for a layer thickness of 1u.c.
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as Tk(lu.c.)=125K and for 4u.c. as Tx(4u.c.)=200K, supporting the
impression of the presented analysis, that Tk is smaller in the thin layer
thickness regime as compared to layer thicknesses >4u.c. [135]. Whether
Tk (4u.c.) =200K can neither be supported nor denied on the basis of the
available data in this work, as discussed above. However, a Tk in the range
of 200K is also supported by other works, where a Kondo resonance as well
as its spin-orbit partner are observed up to T =120 K. [149].

The low weight of the f2/f° peak at Fj;, =900eV for 4u.c. and T, =150K
can be attributed to the low weight of the f2 shoulder at Ej;, =880¢V, as is
also reflected in the small A as shown in figure 5.5 d). The f° weigth itself

at Ep;, =917eV is comparable between all three temperatures.

The previous parts of section 5 explain in great detail how a careful
analysis of Ce 3d core level spectra allows for an estimation of the effective
occupancy ny of the f level as well as the hybridization strength A. While
some of the reported results, like for example the step-like increase of ny
between 3 and 4 u.c. are very much visible already in the raw experimental
data, some other changes only become apparent by the quantitative analysis
of the final state weights, like for example the differences between surface
and bulk n; in the 60° and 0° spectra. However, all of the presented analysis
so far, relies exclusively on the experimental spectra and can be performed
without any further knowledge of the system under investigation. In the
following subsection a different approach is taken to extract ny and A from
the Ce 3d core level spectra. That is simulating the spectra in the framework

of the Gunnarsson-Schénhammer model as described in subsection 3.1.4 [49].

5.4 Gunnarsson-Schonhammer model fits to Ce 3d core

level spectra

On the basis of the Gunnarsson-Schénhammer (GS) formalism for core
level spectroscopy it is possible to evaluate A and ny by reproducing the

measured Ce 3d core level spectra with model fits. The main assumptions
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and input parameters of the GS-model have been introduced in subsection
3.1.4. The following part describes how the order of magnitude of these input
parameters is first determined on the basis of the measured spectra, whereas
the subsequent parts show the GS-model fits to all Ce 3d core level spectra,

depending on layer thickness, emission angle and temperature.

5.4.1 Gunnarsson-Schonhammer model —input parameters

Before analysing the layer thickness dependent changes in the Ce 3d core

level spectra in subsection 5.4.2, the general order of magnitude for each
input parameter to the GS-model has to be identified.
The creation of a core hole by XPS leads to an amplification of the energetic
separation of the different " final states, as discussed in subsection 3.1.3. If
the energy of the f° contribution is set to zero the splitting between f° and
[t (670/p1) and f° and f? (d40/42) is given by

5f0/f1 :Gf—Ufc (51)

dfo/p2 = 2(ep — Upe) + Uyy (5.2)

Therefore, at a given €y, the energy differences between the f° and f! lines
as well as the fY and f? lines determine Uy, and Uy;.

The binding energy ey of the f level is estimated on the basis of the ionization
peak in the valence band spectrum. Figure 5.6 shows the band structure of
a CePts surface alloy of 4u.c. layer thickness along the IM-direction. The
ionisation peak is characterized by a broad structure without dispersion, that
is usually situated between —1eV >FE — Er > —2 ¢V [33,54]. The ARPES
data in figure 5.6 a) exhibit a complex highly dispersive bandstructure. At
E — Ep=—1eV however, the intensity of the dispersive bands suddenly
drops and is followed by a broad structure of increased intensity between
—1.1eV>FE — Er>—1.5¢eV, highlighted by the brackets in figure 5.6. This
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Figure 5.6: Determination of €; on the basis of the CePt; band-
structure recorded with He 1I,. The bandstructure recorded with
He 11, exhibits an increased intensity between —1.1eV > F — Ep >
—1.5eV (highlighted by the brackets) that is less pronounced with He
I,. This is supported by the EDCs on the right, integrated between
—06A1< k) <-0.5 A~ for He I, in blue and He I, in black. €f is
set to this intensity at e; = —1.3 eV.
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structure is emphasized in spectra recorded with an excitation energy of
Hell, in contrast to Hel,, as shown in the EDCs next to the bandstructure
in figure 5.6 b). The EDCs are integrated between —0.6 A< k) <-0.5 A1
as indicated by the blue arrows in the bandstructure in a). The black line
corresponds to an EDC determined by means of a similar spectrum recor-
ded with He I, (see also figure 5.13 a) and b)), whereas the blue line corre-
sponds to the EDC extracted from figure 5.6 a). In the energy range between
—1.1eV>FE — Er>—1.5€eV the He II,—EDC shows an enhanced intensity
as compared to the He I, —EDC. Structures with high f character are em-
phasized by excitation with He II, due to the enhanced cross section of the f
orbital [150]. Therefore it is likely that this structure corresponds to the ion-
ization peak described in subsection 2.1.2. Since it is not possible to clearly
identify a maximum of this intensity a mean value of £ — Ep=—1.3¢eV =¢;
is chosen for the GS-model fits.

With a fixed €; equation 5.1 is used for determining Up.. do/p1 is mainly
driven by Uy, which is shown in figure 5.7 a), where several Ce 3d core
level spectra calculated using the GS-formalism are shown. At a given
ef=—13eV, Upy=5¢eV and V =245meV, Uy, is varied from 10-15eV, in-
dicated by darkening shades of blue. Note that figure 5.7 shows only one
spin-orbit channel of the Ce 3d core levels. One clearly observes an increase
of ds0/p1 with increasing Uy.. No other parameter that is varied in figure
5.7, which is Uyy in b), €7 in ¢) and V' in d), changes the energy difference
between the fO and f' peak to that extend. Therefore at a given ey, 650,51
is a measure for Uy,.

In figure 5.7 b) Uy is varied from 1eV -9eV while the other parameters are
kept constant at €; =—1.3¢eV, Uz, =12¢eV and V =245 meV. With increasing
Uyy, indicated by darkening shades of red, the f? peak looses intensity and
shifts towards the f! and f° peak. If Uy, is already reasonably well estimated
according to figure 5.7 a), 00,2 determines Uyy.

Figure 5.7 ¢) and d) illustrate the influence of ¢; and V. Both parameters
have only minor influence on the energetic positions of the respective f™ con-
tributions. However, they strongly influence the respective f° weight. The

smaller |e;| or the larger V, the bigger is the f° contribution to the spectrum.
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Figure 5.7: Influence of selected Gunnarsson-Schonhammer input
parameters. a), b), ¢) and d) illustrate the influence of Uy, Uy, €
and V' on the line shape of one spin-orbit channel of the Ce 3d core
level. If not varied, as indicated in the respective figure, the default
settings are Us.=12¢V, Usp=5¢eV, E(ef) =-1.3eV and V =245meV.

Therefore, a variation in the f° weight can in principle be modelled both by
adjusting ey and V. However, a variation of €; is not resolvable in the mea-
sured valence band spectra as described in relation to figure 5.6. Therefore
only V' will be varied in the following sections to account for changes in
w1 (f°). Figure 5.8 shows a Ce 3d core level spectrum of a layer thickness of
3u.c. CePt; on Pt(111). The spin-orbit splitting between Ce 3d3/, and Ce
3ds )5 is determined by the energy difference between the respective f! shares
as Ago = 18.7eV. The energetic positions of the Ce 3ds- 1O peak as well as
the Ce 3ds/o f' and f? peaks are determined by Voigt fits as indicated in
figure 5.8 in red and blue. Accordingly, the splittings do,p1 and dgo, 2 are
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Figure 5.8: Exemplary estimation of Agg, Uf. and Uygs. On the basis
of dg0/p1 and dg0/p2, Uy and Uyy are determined for a Ce 3d spectrum
of 3u.c. CePts on Pt(111). The spin-orbit coupling is given as the
distance between the two f! components of the Ce 3ds/, and Ce 3d5/,
peaks to Ago = 18.7¢eV. The exact positions of the f°, f! and f? shares
are determined by red and blue Voigt fits respectively.
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estimated as

5f0/f1 = 125 eV
5f0/f2 =125eV+4eV =16.5¢V.

Using equation 5.1 and 5.2, with €y = —1.3eV one obtains

Use =112V
Uff = 8.5 eV.

These values are a first estimation of Uy, and Uys and are refined to ob-
tain the best fits to the Ce 3d spectra in subsection 5.4.2. The final values
of Uit =12eV and Up*(1-3u.c.) =9.5eV and U} (4-10u.c.) =8.5€V as
determined in subsection 5.4.2, however, are reasonably close to these start-
ing values. Therefore, this method of estimating Uy, and Uys is a valid

starting point if attempting a GS-model without other previous knowledge.

5.4.2 Gunnarsson-Schonhammer model —fits

Figure 5.9 shows the Ce 3d core levels for all investigated layer thicknesses
at normal emission and T, =9K (grey data points) as well as the respective
fits based on the GS-model (solid blue lines). In order to account for the
changes in the spectra observed for increasing layer thicknesses, two input
parameters of the GS-model are modified. These are the f—f Coulomb
repulsion Uyy and the hybridization matrix element V. The other param-
eters entering the GS-model are kept constant. These are e;=—1.3¢€V,
Use=12 €V, BT /B~ =3¢V, Ago=18.7¢V and N;y=14. A Lorentzian and
Gaussian width (Lw and Gw) of Lw= Gw=1¢V is assumed to account for
the broadening of the spectra. The values for Lw and Gw have been cho-
sen following literature [49, 151] as well as by matching the width of the
respective f! peaks of both Ce 3d spin-orbit partners. There is no inelastic
backgound added to the GS-models since the experimental data is already

background corrected. In general the input parameters of the GS-model are

98



5.4 GUNNARSSON-SCHONHAMMER MODEL FITS TO CE 3D CORE
LEVEL SPECTRA

varied as little as possible throughout the whole layer thicknesses regime, to
conclusively identify the decisive factors that describe the spectral changes
throughout the increasing layer thicknesses.

First of all figure 5.9 shows, that it is possible to determine an appropriate
GS-model fit for each layer thickness. For 1-3u.c. in figure 5.9 a)-c) the
best fit was obtained for Usy=9.5eV and V =245meV except for a layer
thickness of 1u.c. shown in a). Here the Ce 3dz/, f° peak is slightly lower
than the GS-model fit with V' =245meV shown in blue. This is supported
by the f2/f° peak at Ey;, =900eV. Therefore the GS-model fit is adapted
by reducing V' to V =235meV as indicated by the red GS-model fit.

In agreement with the measurements shown in subsection 5.2, these param-
eters change at a layer thickness of 4 u.c. In the larger CePts5 layer thickness
regime Uy as well as V' are lower with Uyy =8.5eV and V =225 meV, except
at a layer thickness of 6 u.c. shown in figure 5.9 e). The GS-model fit using
V' =225meV underestimates the Ce 3d3, O weight at Ej;, =917eV. A bet-
ter fit was obtained for V' =230meV as shown in red.

Figure 5.10 shows the Ce 3d spectra for the different layer thicknesses ac-
quired at 60° off normal emission and T, =9K as well as the GS-model fits
in blue and red. For layer thicknesses of 1 and 2u.c. the GS-model fits
of the respective normal emission data are in good agreement with the 60°
data and are therefore not changed as depicted in figure 5.10 a) and b). For
3 and 4u.c., however, the experimental data deviate from their respective
0°-GS-model fits in blue. At 3u.c., shown in figure 5.10 ¢), the f° weight
is overestimated by the 0°-GS-model fit. This becomes apparent in the f°
weight at Fj;,, =917eV and the f2/f° weight at Ej;, =900eV. Therefore V
is reduced to V' =240 meV to fit the 60° data. The opposite is true at 4 u.c.
layer thickness in d). The experimental data exhibit a larger f° contribution
at Ep;,, =917 €V and Ep;, =900eV as the 0° GS-model fit in blue accounts
for. Therefore in the red GS-model fit, shown in figure 5.10 d), V' is increased
to V =235meV.

For 6->10u.c. the hybridization matrix element V' =235meV is suitable
as well for reproducing the f° components of the spectra. Therefore V is

consequently larger at 60° as compared to 0°. This is indicated by the red
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fits to the Ce 3d spectra at T, =9 K and

a)—g) show the Ce 3d core level spectra for in-

creasing layer thicknesses at normal emission (grey data points) and
the respective best GS-model fits (blue and red lines). Uys and V are

varied to account for the changes in the experimental spectra. The

other input parameters are kept constant at e; =—1.3eV, Uy, =12¢€V,

B~ /BT =3¢V, Ago=18.7¢V and N;=14.

The GS-model fits are

broadened by Lw= Gw=1¢€V.
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Figure 5.10: GS-model fits to the Ce 3d spectra at T; =9 K and 60°
off normal emission. a)—g) show the Ce 3d core levels for increasing
layer thicknesses at 60° off normal emission (grey data points) and the
respective GS-model fits (blue and red lines). Blue GS-model fits rep-
resent the respective fits at normal emission, whereas red GS-model fits
indicate a change of Uy or A between 0° and 60°. The other parameters
are not varied: e;=—1.3eV, Us.=12eV, B~ /BT =3eV, Agpo =18.TeV
and Ny =14. The GS-model fits are broadened by Lw= Gw=1e¢V.
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Figure 5.11: Hybridization A% and n$® based on the GS-model
fits. a) shows A% determined from the hybridization matrix element V'
according to equation 3.19, whereas b) shows n?’s estimated according
to equation 3.18. Dots represent values for normal emission, circles
for 60° off normal emission. Blue and red correspond to T=9K and
T =290 K respectively. Blue and red, solid and dashed lines as well as
blue and red shaded areas serve as guides to the eye for the general
trend of values estimated at T=9K and T=290K and 0° and 60°

respectively.

lines in figure 5.10 e) —g). At >10u.c. however, also the Coulomb repulsion
Uy is increased again to Ups(>10u.c.)=9.5€eV to obtain a suitable fit to
the f? proportions in the spectrum. The larger V for the 60° data for layer
thicknesses of 4—>10u.c. is in good agreement with the trends observed for
ng in figure 5.4 b).

The Ce 3d core levels of the different layer thicknesses recorded at Ty =290 K
are equally modeled with the GS-formalism, although the GS-model is in
fact only developed for T=0K [49]. However, the analysis presented in the
previous subsections shows that ny is still considerably lower than one for all
layer thicknesses at T, =290 K. The respective spectra are shown and briefly
discussed in appendix A.3 in figures A.7 and A.8 for normal emission and

60° off normal emission respectively.
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For better comparability with the values for A and ny, estimated on the
basis of w.¢(f?) and w,¢(f°) in subsection 5.2, those quantities are deter-
mined again on the basis of the GS-model fits. The hybridization matrix
element V' of the GS-model is converted into A according to equation 3.19.
The resulting ASS for all layer thicknesses, emission angles and temperatures
are shown in figure 5.11 a). Blue markers represent the results for 7, =9K,
whereas red markers show A%S for T, =290 K. Dots correspond to normal
emission, whereas circles stand for 60° off normal emission. The error bars
are estimated on the basis of a variation of V' that still leads to a GS-model
fit that is in good agreement with the experimental data. Hence AV is esti-
mated to AV =4 4meV resulting in an error margin for A%S of 3 %.

The determined values range from 33.8 meV < A®S <40meV. The overall
trend for ASS for both temperatures and emission angles is the same. AGS
starts out at an intermediate value at 1 u.c., increases towards 2—3u.c., drops
down at 4u.c. and saturates for 4—>10u.c. at a constant value at or below
the one obtained for 1u.c. layer thickness. This general trend is emphasized
by the blue and red solid and dashed lines as well as the blue and red shaded
areas. Hereby dashed lines correspond to 60° off normal emission, whereas
solid lines follow the values of normal emission. Moreover in the thin layer
thickness regime of 1-3u.c. the estimated A“® are larger for T, =9 K than
T, =290K. For layer thicknesses of 4->10u.c. the A% for T, =9K and 0°
as well as for both emission angles at T, =290 K saturate at a constant value
of A®=33.8meV. The estimated A®S at T, =9K and 60° saturate as well,
but at a higher value of A%S =35.3meV. This is highlighted by the dashed
blue line and another branch of the shaded blue area. For a layer thickness
of 6u.c. a slightly larger A%S than 33.8meV had to be chosen to correctly
model the data acquired at T, =9 K and 0° as well as T, =290 K and 60°.

On the basis of the input parameters as defined in subsection 3.1.4 the GS-
formalism allows for an estimation of the relative occupation (occ) of each f™
contribution. According to equation 3.18 this relates to the total occupation

n?s of the f level as n?s

sults for n?s

=occ! +2o0cc?. The layer thickness dependent re-
are shown in figure 5.11 b) for both temperatures and emission

angels. Blue and red again stand for 7y =9K and T, =290 K, whereas dots
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mark normal emission and circles 60° off normal emission. The course of
n?s precisely reflects the course of ASS as described in relation to figure 5.11
a), however inverted, since larger A®S result in smaller n?s. The step-like
increase of n?’s between 3 and 4 u.c. layer thickness amounts to a change of
A(n$5(34u.c.)) =0.1157 which corresponds to a 14.7 % increase with respect
to n$S(3u.c.).

A difference between the course of A®S and n?s is observed at T, =9 K and
60° for the larger layer thickness regime of 4—>10u.c.. Though n?s also
saturates for the larger layer thicknesses, it is not completely constant as is
ASS in figure 5.11 a).

The similarity between the courses of A% and n?s is striking at first,
when compared to A and ny estimated purely on the basis of the relative f?
and f° weights in subsection 5.2. There, no obvious connection between the
two courses is observed. For that reason a closer look is taken at Uss and V/,
the parameters that predominantly influence the f? and f° weights in the
GS-model fits.

Figure 5.12 a) —c) clarifies the interplay between Uy; and V, on the basis of
the changes in the Ce 3d core level spectra between 3 and 4 u.c. layer thick-
ness. The grey data points in figure 5.12 a)—c) show the Ce 3d spectrum
of a CePt5 alloy with 4u.c. layer thickness taken at T, =9 K and 0°. The
black line constitutes the GS-model fit to a Ce 3d spectrum taken on a layer
thickness of 3u.c. under similar experimental conditions. Figures 5.12 a) —c)
successively illustrate the influence of varying solely V', Uy and eventually
both parameters, in order to adjust the GS-model fit to the experimental
data of 4u.c. layer thickness.

In a), first only V' is decreased from V(3 u.c.) =245 meV to V(4 u.c.) =225 meV,
illustrated by the red line. That ensures a correct estimation of the f°
contribution at E;, =917¢eV. However, the f? contribution at Ej;, = 830 eV
is overestimated and shifted to higher Ej;, in the red GS—model fit. In
b) V is kept constant at V(3u.c.)=245meV, but U; is decreased from
Usr(Bu.c.)=9.5eV to Uss(4du.c.)=8.5¢€V as illustrated by the purple line.
By doing so the f? contribution at Ep;, =880€V fits nicely, however the f°
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Figure 5.12: Detailed influence of Uyt and V on the GS-model fits
and ny. The grey data points correspond to the Ce 3d spectrum of
4u.c. layer thickness (0°; T, =9 K), the black line shows the GS-model
fit to a spectrum of 3u.c. layer thicknesses. In a) — c¢) V(red line),
Ufs(pink line) and finally both parameters (blue line) are varied to
account for the changes between the spectrum of 4u.c. layer thickness
and the GS-model of 3u.c.. d) and e) illustrate the influence of V'
and Usy on n?s. The remaining input parameters to the GS-model are
e;=—13eV, Us.=12¢eV, BY/B~ =3¢V, Ny=14, Ago=18.7¢V and

Lw/Gw=1¢eV.
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contributions at Fy;, =917eV and Ey;,, =900 €V are largely overestimated.
Eventually only the variation of both, V and Uy, in ¢) (blue line), results in
a proper fit to the f¥ as well as the f? contributions in the spectrum.
Figures 5.12 d) and e) illustrate how changes in Usy and V reflect on the
occupancy n?s of the f level calculated according to equation 3.18. In d)
Uyy is exemplarily varied from 5eV -9eV at constant V' =245 meV, whereas
in e) V is varied from 230meV to 240meV at a constant Us;r=9eV. The
other parameters are kept constant as described in the caption of figure 5.12.
Increasing Uyy from 5 to 9eV in d) leads to a decrease of n§® (dots). This is
caused predominantly by the reduction of the f? occupancy (squares). The
ftand f° occupancy (diamonds and circles) vary only little. Equally the in-
crease of V in e) leads to a reduction of n?s, however, here the reduction of
n?s is governed by an increase of f° on the expense of f1. The f? occupancy
is barely affected.

Therefore, the delicate variations of the f? weight in the Ce 3d spectra at
Ebi, =880 €V are reflected by Uys rather than V' or AGS. Hence A as de-
termined in figure 5.4 a) on the basis of w,¢(f?) rather corresponds to Uy
as opposed to V' in the parameter set of the GS-model. However, the huge
overlap of the f! and f? components in the Ce 3d5/, peak complicates a more
precise determination, or a meaningful small scale variation of Uys. In a dif-
ferent approach A% is estimated based on the relative spectral weight of the
Ce 3ds/2 f? peak in the GS-model fits, according to the procedure described
in subsection 3.1.3 and applied in subsection 5.2 to the experimental spectra.
The resulting values for A®S are shown in appendix A.4 in figure A.9. The
course of A®S still reflects the trend of n?s, however, the absolute values are
now in better agreement with A as given in figure 5.4 a). That is higher A%S
in the range of ~107meV in the low layer thickness regime and lower A%S
of ~83meV for layer thicknesses >4 u.c..

The hybridization matrix element V, that translates to A%S, therefore tracks
the variation of n; throughout the different layer thicknesses, explaining the
similarities in the courses of A%S and n?s in figure 5.11. Comparing figures
5.4 b) and 5.11 b) shows, that n?s roughly follows the same overall trend as

n¢. That is smaller ny at lower layer thicknesses of 1-3u.c., an increase of
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ny between 3 and 4 u.c., followed by a saturation of n; between 4—>10u.c..
The absolute values for n?s deviate to some extend from n; as determined in
figure 5.4 b). Especially in the low layer thickness regime the GS-model fits
result in even lower n§S of n$® = (0.785+0.016) for 2 and 3u.c.. However,
the error margins of both n?s and ny overlap, so that they coincide within

the limits of accuracy.

The previous subsection shows how Ce 3d core level spectra are calcu-
lated within the Gunnarsson-Schonhammer formalism. It is explained how
the various input parameters are determined on the basis of the experimen-
tal data and how small variations of the f- f Coulomb repulsion Us; and
the hybridization matrix element V' are necessary to account for the layer
thickness, emission angle and temperature dependent changes in the spectra.
The layer thickness dependence observed for the effective occupancy nJ(:’S, as
determined by the GS-model overall is in good agreement with the tendencies
observed for ny, estimated from the respective f" spectral weights. That is
lower ny at 1-3u.c. layer thickness with an increase at 4u.c. and a subse-
quent saturation. For 1-3u.c. the increase of n; at higher temperatures is
reproduced as well with the GS-model fits, however the weaker temperature
dependence for 4—>10u.c. is not distinguishable. Also the variations caused
by the change of emission angle are not traceable to full extend by the GS-
model fits.

It is shown that the hybridization matrix element V' is in principle suitable
for modelling these small scale variations of the f and f2/f° weights. For
example a reduction of V' by 5meV in figure 5.10 c) results in a distinctly
better fit to the experimental data. Therefore, on the one hand it is possi-
ble to track small variations in the spectra with the GS-model fits, on the
other hand the absolute values of V' are to be considered carefully. In figure
5.11 a) the matrix element V is converted into A“S according to equation
3.19. However this conversion is not unique. First, it is dependent on B,
the maximum of the conduction band, which turns out to be a rather ar-
bitrary parameter in the GS-model fit, as long as it is sufficiently large for

the given ef. Increasing B further has no influence on the spectrum, yet
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massively determines the transformation of V into A®S. Second, the trans-
formation of V' to A%S| as given in equation 3.19 is not unique [42,61]. In
other works, A% is given by an average value of ASS = 712, which results
in significantly larger values [42,61]. For example at a layer thickness of
3u.c. CePts/Pt(111) AYS =189 meV instead of A®® =40meV, as given by
equation 3.19. This uncertainty in transforming V' to A complicates a direct
comparison between A as determined from the experimental data and ASS.
Additionally V' and therefore A% mainly influences the f° weight to the
spectrum (see figure 5.7 d)), whereas A is determined by the f? contribution
to the Ce 3ds/» peak. Therefore AGS rather resembles a depletion of the f*
occupancy and therefore n s, by the combined effects of f* and f? as opposed
to the hybridization A, that is solely estimated on the basis of the f2 spectral
weight.

In summary the GS-model fits give detailed insight into the decisive pa-
rameters that determine the manifestation of strong correlation in Ce-based
compounds. However absolute values should be treated carefully and any
observed variations should always be scrutinized and critically compared to

the variations observable in the raw experimental data.

After an extensive treatment of the manifestation of strong correlation
in Ce 3d core levels, the following subsection presents to what extend these
findings can be confirmed by the low energy excitations in the valence band

spectra.

5.5 Valence band structure of CePt;/Pt(111)

The characteristic final state multiplet in the Ce 3d core level spectra,
as discussed in the previous subsections, serves as a high energy probe for
Kondo physics in the valence band, that happens on an energy scale orders
of magnitude smaller. Below the characteristic Kondo temperature T, the

distinguishing features of the Kondo effect in the valence band are the Kondo

108



5.5 VALENCE BAND STRUCTURE OF CEPT;/PT(111)

resonance at or slightly above the Fermi edge and its crystal-field and spin-
orbit partner. Additionally one expects an f° like ionization peak around
the binding energy of the f level. Furthermore, as discussed in subsection
2.1.3, below a characteristic coherence temperature 7™, a regular lattice of
Kondo singlets might lead to the formation of a flat, heavy fermion band at
Erx, that might hybridize with the intersecting conduction bands. This leads
to an energy gap opening at Eg of the order of a view meV [9].

The following subsection presents the valence band spectra of selected layer
thicknesses of CePt;/Pt(111), with emphasis on the layer thickness and tem-
perature dependent evolution of the Kondo resonance at Ep. According to
subsection 2.1.2 and equation 2.4, Tk is determined by the FWHM of the
Kondo resonance at a given sample temperature 7,. With that, Tk is es-
timated for a set of layer thickness on the basis of valence band data and
compared to Tk as obtained from Ce 3d core level spectra.

The band structure of thin films of CePt5/Pt(111) has already been discussed
in detail elsewhere and will not be subject of the following analysis [61,105].
However, figure 5.13 in general illustrates how ARPES is suitable for investi-
gating the spectral features of the Kondo effect in the valence band. Figure
5.13 a) and b) show the bandstructure of a CePt;/Pt(111) surface alloy of
4u.c. layer thickness along the I'M-direction, acquired with two different
excitation energies of hv =21.22¢V (He 1,) in a) hv =40.81¢V (He II,) in
b). At hv=40.81€eV the photoionization cross section of states with pre-
dominantly f character is more than three times higher as compared to an
excitation with hv =21.22eV [150]. Therefore, the Ce 4f states are empha-
sized in figure 5.13 b) as compared to a). Both spectra are normalized in
intensity at £ — Ep=-2.3¢eV and kj =0A-1. At first glance some major
differences between figure 5.13 a) and b) are apparent. The five main in-
tensities at Kk =0A~" labeled with letters a— e are all less intense in b) as
compared to a). This is confirmed by figure 5.13 ¢) where two EDCs at
|| <0.05 A=t of figures a) and b) are compared. The characteristic bands
are labeled with letters a—e as well. For both excitation energies the band
maxima lie at the same energy but are less intense for He II,, shown in blue,

as compared to He I,,, depicted in black.
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Figure 5.13: Valence band structure of CePt;/Pt(111). a) and b)
show the bandstructure of a thin film of CePt5/Pt(111) with 4 u.c. layer
thickness in dependence of the excitation energy with hv =21.22¢eV (He
I,) in a) and hv=40.81eV (He II,) in b). The spectra are recorded
at a temperature of T, =10 K and with a resolution of AE=5.18 meV.
Prominent features are marked with letters a—i. ¢) shows EDCs of the
bandstructures in a) and b) integrated over kj =+ 0.05 A~ as marked

by the blue arrows in a) and b).
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However in total, the bandstructure recorded with He II, displays a higher
level of detail. This is visible for the bands ¢ and d, that show dispersion
also at larger |k, as well as in the area of |kj|>0.2A~! and —0.5eV < E —
Er <0eV. In this area bands f —h are clearly distinguishable in figure 5.13 b)
whereas they vanish in the background in a). Furthermore, figure 5.13 b) ex-
hibits an intense structure ¢ at —1.5eV < F — Fp < —1.0€V, that is strongly
damped in a). This structure has been identified as the ionization peak of
the f level in subsection 5.4.1. This assumption is supported by figure 5.13,
where structure 7 is more prominent when excited with He I1,,.

Finally, the most interesting difference is the strong increase in intensity at
the Fermi level in figure 5.13 b). It is clearly visible around & =0A"" as
emphasized by the EDCs in figure 5.13 ¢). Additionally it is discernible as
well at larger |kyj|, especially where bands cross the Fermi level for example
at |ky| =0.37 A=!. This intensity constitutes the occupied part of the Kondo
resonance, with its actual maximum a few meV above the Fermi level. The
Kondo resonance and in particular its evolution with increasing sample tem-
perature T, allows for an estimation of the characteristic Kondo temperature
Tx of the system. For that, the tail of the Kondo resonance is extrapolated,
by a Lorentzian function situated at or slightly above the Fermi level, as
described in subsection 3.4.

Figure 5.14 shows the evolution of the Kondo resonance of a CePt; surface
alloy with 4u.c. layer thickness over a temperature range of T, =10K to
T;=64K in a)—e) and additionally the spectrum acquired at room temper-
ature (75 =300K) in f). The depicted EDCs, shown in grey, result from
angle-resolved valence band spectra similar to the one shown in figure 5.16
c) by integrating a kj —range of £0.08 A1, They are normalized to one at
E — Ep=—-0.15€V and the background is treated as described in subsection
3.4. The resulting inelastic background is depicted in dashed-dotted black
lines, whereas the Gaussian fit to the first band maximum a is shown in
light blue. Note that the maximum of the Gaussian is out of the depicted
energy rang for figures a)—e). The Lorentzian fit to the Kondo resonance
is shown in dark blue. In order to obtain a proper total fit, shown in red,

the Lorentzian is shifted to one as determined by the normalization of the
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experimental data. Figure 5.14 a)—e) show the tail of the Kondo resonance
significantly decreasing within the temperature range of T, =10—-64 K until
at T, =300 in f) it is completely vanished. The Lorentzian fits to the tail of
the Kondo resonance resemble this trend, as they broaden and shift to higher
E — FEp for Ty, =10-64 K until at T, =300K a Lorentzian peak at Er can
not be determined anymore.

Following equation 2.4 one can estimate Tk for each sample temperature
T, which is shown in figure 5.15 a). Taking into account the increasing 7,
the analysis of the Lorentzian FWHM should result in a constant Tk over
the whole temperature range. This is shown in figure 5.15 a). The errors
are estimated according to subsection 3.4. The estimated Tk range from
244 K - 312K, resulting in a mean value of Tx(4u.c.)= (284 +26) K for a
layer thickness of 4u.c. CePt;/Pt(111). The second data point (circle) at
T,=10K stems from a comparable measurement of another preparation of
a CePt5 film of 4u.c., indicating the reproducibility of the low temperature

spectra.

Considering the results based on the Ce 3d spectra in subsection 5.3, a
Kondo temperature of Tk (41u.c.) ~ 284 K seems plausible. The spectra of the
Ce 3d levels suggest no major change in ny between 7T; =9K and T, =290 K
as shown in figure 5.5 e). A significant increase in ny however, is only ex-
pected for temperatures well above the Kondo temperature. Therefore, if Tk
is in the range of Tk (4u.c.) ~ 284 K the data taken at T, =290 K are still too
close to the systems Kondo temperature to observe significant changes in ny.
Considering Tk (4 u.c.) ~284 K, it might be surprising, that no Kondo res-
onance is visible in the valence band spectrum at 7y =300K in figure 5.14
f). However, at these temperatures the Fermi Dirac distribution is heavily
broadened. This strongly suppresses any signal at or slightly above the Fermi
edge, making it impossible to distinguish any weak resonance that might sill
be present.

Praetorius et al. obtain a Kondo temperature of Tk ~200K for a CePts
surface alloy of 4u.c. layer thickness [135]. This is based on temperature
dependent changes of n; between <10K and 275K as determined by XAS.
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Figure 5.14: Temperature dependent Kondo resonance for 4 u.c.
CePt;/Pt(111). a)—f) show the evolution of the Kondo resonance
with increasing sample temperature from 7, =10K in a) to Ty =300 K
in f). The experimental data shown in solid grey lines result from
angle-resolved measurements similar to figure 5.16 ¢) by integrating
the intensity between kj=20.08 A-'. They are normalized to one at
E — Er=—0.15€eV. The inelastic background is shown in dashed-dotted
black lines, the Gaussian fit to band a in light blue, the Lorentzian fit

to the Kondo resonance in dark blue and the resulting total fit in red.
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Figure 5.15: Kondo temperature in CePt;/Pt(111). a) shows the
Kondo temperature estimated on basis of equation 2.4 for a layer thick-
ness of 4u.c. CePt;/Pt(111) for increasing sample temperatures. The
resulting mean Kondo temperature is Tk (4 u.c.) =284 K. b) shows the

Kondo temperatures estimated on the basis of equation 2.4 and figure
5.16 for 2, 3, 4 and >10u.c..

However the saturation of n; in the temperature range above T > 250K is
not very pronounced in the presented data in [135]. This at least allows for
the possibility of a higher Kondo temperature also in the measurements pre-
sented in [135].

Figure 5.16 a) —d) show the valence band structure of 2, 3, 4, and >10u.c.
CePt5/Pt(111) in a small kj-range around the I'-point of the surface Brillouin
zone and close to Er. The spectra are all acquired using an excitation energy
of hv=40.81€V. a) and b) are recorded with an experimental resolution of
AE = 5.18 meV, whereas ¢) and d) have a resolution of AE = 7.58 meV. The
sample temperature for all layer thicknesses is T < 16 K and the spectra are
normalized in intensity at k) = 0A~'and E — Ep=—150meV.

Although recorded with better energy resolution the bandstructure of 2 and
3u.c. in a) and b) is significantly less intense, compared to the higher layer
thicknesses of 4 and >10u.c. in ¢) and d). However, all spectra exhibit an in-
crease in intensity around k=0 A~ between the two conduction bands that
cross the Fermi level at kj=40.19 A-1. At 2 and 3u.c. one observes a lot

more intensity from the two conduction bands reaching towards kj =0 At
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Figure 5.16: Valence band structure of different film thicknesses
of CePt;/Pt(111). a) and b) show the valence band structure of
2 and 3u.c. CePts/Pt(111) recorded with hv=40.81€V, an energy
resolution of AE = 5.18 meV at temperatures of T5(2u.c.) =15.4K and
Ts(3u.c.)=9.8K respectively. c¢) and d) show the bandstructure of
4 and >10u.c. CePt;/Pt(111) recorded as well with hy =40.81¢V, an
energy resolution of AE = 7.58 meV at temperatures of Ts(4u.c.) =10K
and Ty(<10u.c.)=15.2K.
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Figure 5.17: Layer thickness dependent Kondo resonance of
CePt;/Pt(111). a)—d) show the integrated EDCs according to figure
5.16 for 2, 3, 4, and >10u.c.. The experimental data is shown in grey,
the inelastic background in black, the Gaussian fit to band a in light
blue, the Loretzian fit to the Kondo resonance in dark blue and the

resulting total fit in red.

at Fp. In order to investigate the layer thickness dependent Kondo reso-
nance, EDCs around the T-point are shown in figure 5.17 a)—d) for each
layer thickness. The intensity contribution from the respective conduction
bands is taken into account, by integrating over smaller kj-ranges for 2 and
3u.c. as compared to 4 and >10u.c. This is illustrated by the blue arrows
in figure 5.16 respectively.

The resulting EDCs in figure 5.17 a) —d) show an increase in intensity at Ep
for all layer thicknesses. This is the occupied part of the Kondo resonance.
However, the Kondo resonance is a lot sharper in 3—>10u.c. in b)—d) as
compared to 2u.c. in a). Furthermore, a strong variation in the inelastic
background as well as the intensity of the first band maximum « is observed
throughout the different layer thicknesses. At 2u.c. in a) neither a rising
inelastic background nor a structure similar to band a is observed. Therefore
the Gaussian function is removed from the background treatment and the
inelastic background, shown as a dashed-dotted black line, is modelled by a

Fermi-Dirac distribution without slope.
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For a layer thickness of 3u.c. in b) the band maximum a becomes apparent
and is modelled by a Gaussian as described in subsection 3.4, shown in light
blue. However, the inelastic background increases between —250meV < E' —
Er < —100meV when approaching Er. To account for this rise in the back-
ground towards Ep, the inelastic background is modelled by a Fermi Dirac
distribution with a positive slope superimposed by a polynomial of 4th order.
The background for layer thicknesses of 4 and >10u.c. in ¢) and d) is treated
as described in subsection 3.4, with a Gaussian reproducing the band maxi-
mum « and a constant Fermi-Dirac distribution superimposed by a polyno-
mial of 4th order.

On the basis of this background treatment, the tail of the Kondo resonance
is fitted by a Lorentzian function, shown in dark blue. Finally the total
fit of the respective EDC is shown in red. The resulting Lorentzian peaks
underline the observation, that 3—>10u.c. show a sharp Kondo resonance,
whereas it is strongly reduced at a layer thickness of 2u.c..

On the basis of the Lorentzian FWHM and the determined sample temper-
ature T, a Kondo temperature Tk is estimated for each layer thickness. The
results are shown in figure 5.15 b). The Kondo temperatures estimated for 2
and 3u.c. are Tx(2u.c.) =214 K and Tk (3 u.c.) =267 K. For 4 u.c. the mean
value of Tk mean(4u.c.) =284K, as estimated above is shown. At a layer
thickness of >10u.c., the Lorentzian FWHM results in a Kondo temperature
of Tx(>10u.c.) =371 K.

The Tk estimated for 2 and 3u.c. are in good agreement with the conclu-
sions made in subsection 5.3. On the basis of the final state structure of the
Ce 3d core levels one observes a significant change in n; between T =150 K
and T=290K. This change in n; occurs when going from well below the
systems Kondo temperature to well above [26,48,135]. The estimated Tk for
2 and 3u.c. match this temperature range of 150 K—-290 K very well.

At a layer thickness of >10u.c. a higher Kondo temperature is estimated as
compared to 4 u.c. This might be surprising at first, since the lattice parame-
ters of >10u.c. CePt;/Pt(111) indicate a relaxation towards the bulk lattice

structure of CePts, which is magnetically ordered at low temperatures [128].
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However, the valence band spectrum in figure 5.16 d) clearly shows a sharp
intensity at the Fermi edge for a CePts layer thickness >10u.c.. This can be
understood in terms of the strong surface sensitivity of measurements with
low excitation energies. The probing depth in ARPES is only of the order of
5 A. Therefore, only the electronic structure of the topmost layer at the sam-
ple surface is accessible. The sample surface, however, presents a different
chemical environment to the Ce atoms, as compared to the bulk structure.
In particular in CePts5, the sample surface is reported to be Pt terminated,
providing an increased number of coordination partners for the Ce atom at
the surface, leading to an increased hybridization, as discussed already in
subsection 5.2. This is in good agreement with the effective occupancy ny
determined for >10u.c. in subsection 5.2 as well. First, n; determined for
>10u.c. at T, =9K is still well below one with n% = (0.873+£0.013). Al-
though XPS is a lot more bulk sensitive than ARPES, the probing depth
of A=13.56 A still only amounts to ~1/3 of the whole alloy thickness at
>10u.c. of approximatly 43.91 A. Therefore, also XPS is rather surface sen-
sitive in this large layer thickness regime. Second, the ny determined for an
emission angle of 60° off normal, which is even more surface sensitive, are
lower than their equivalents determined for normal emission, especially in the
large layer thickness regime (see figure 5.4 b)). Both results from the XPS
spectra therefore support that the Kondo resonance observed at >10u.c., is
strongly driven by the enhanced hybridization at the sample surface. Hence
this observation is not necessarily a contradiction to the assumption that
bulk CePt5 is no Kondo system, but shows magnetic order at low tempera-
tures [128].

In summary this section provides a detailed overview over the manifes-
tation of strong correlation in the surface alloy CePts;/Pt(111). The first
part extensively covers, how the high energy probe XPS provides valuable
access to the low energy excitations governed by strong correlation in the
valence band. The combined analysis of the relative final state spectroscopic
weights in the Ce 3d core level spectra as well as simulations of the core lev-

els using the Gunnarsson-Schénhammer formalism allows for a quantitative
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determination of decisive parameters such as the ¢— f hybridization A and
the effective occupancy n; of the f level. A determination of the systems
Kondo temperature Tx is possible on the basis of a temperature dependent
study of the Ce 3d core levels.

The second part eventually focuses on the actual low energy excitations in
the valence band caused by strong correlation. Determining the FWHM of
the Kondo resonance and its temperature dependence allows for an estima-
tion of Tk as well.

Both methods paint the same picture for the manifestation of strong corre-
lation throughout the different layer thicknesses of CePt; on Pt(111). First
it is shown, that the layer thickness of the intermetallic thin film strongly
influences the low temperature properties causing the system to assume
two different ground states. That is a rather intermediate or mixed va-
lent state at thin layer thicknesses with “a-like” Ce characterized by low
nys, and a Kondo ground state with “y-like” Ce and ny £ 0.9 for layer thick-
nesses ~4u.c.. Furthermore the temperature dependence of these different
ground state regimes is analysed. In the low layer thickness regime ny signif-
icantly increases between Ty = 150 K- 290 K suggesting a Kondo temperature
somewhere inbetween. For layer thicknesses 24 u.c. no comparable increase
is observed suggesting larger Tx. Both results were obtained on the ba-
sis of the Ce 3d core level spectra in the first part of this section and are
supported by the valence band spectra in the second part. The respective
Tk are estimated as Tk(2u.c.) =214 K, Tx(3u.c.) =267 K, Tk(4u.c.) =284 K
and Tkx(>10u.c.) =371K

Furthermore it was possible to differentiate between surface and bulk contri-
butions to n; showing smaller n; at the surface for the larger layer thicknesses
but the opposite with lower n; at the surface for the lower layer thicknesses.
All of this is summarized schematically in figure 5.18. The increasing CePts
layer thickness is illustrated by more and more grey rectangles, set on the
Pt(111) substrate, shown in blue. Lower ns are symbolized by darker shades
of grey, whereas lighter shades of grey depict larger ny. The different regimes
of Tk are marked by a border line between 3 and 4 u.c. layer thickness.

Additionally the analysis of the final state weights in the Ce 3d core levels
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Figure 5.18: Schematic illustration of n; for increasing layer thick-
nesses. From left to right increasing layer thicknesses of CePt; are de-
picted as grey rectangles on the blue Pt(111) substrate. Darker shades
of grey correspond to lower ny whereas lighter shades of grey stand for

larger ny.

underline the importance of taking into account the hybridization A, which
is expressed by the f? contribution to the spectrum. By neglecting the in-
fluence of A, ny might be overestimated up to 50 % [26, 30, 135].

This section conclusively shows how the structural changes accompanying
the increasing surface alloy film thickness strongly affect the manifestation
of strong correlation in CePts/Pt(111). Therefore controlling the film thick-
nesses of correlated systems by growing them epitaxially, provides a versatile
way of influencing their electronic structure.

The following section is dedicated to a different system based on a CeAg,
surface alloy. CeAg, is known to be only weakly correlated. The insights
in manipulating strong correlation gained in this section are transferred to
CeAg,, in order to enhance correlation effects by varying the layer thickness

or by adding a different element to the surface alloy.

120



TUNABILITY OF THE ELECTRONIC
STRUCTURE IN CEAG,/AG(111)

A systems dimensionality, for example in form of a surface alloy’s layer thick-
ness, heavily influences the electronic structure in strongly correlated sys-
tems. As shown in the previous section for CePt;/Pt(111), the ground state
occupancy of the f level as well as the Kondo temperature vary with the
CePt5 film thickness. Especially at the interface between substrate and thin
film as well as at the alloys surface the ¢— f hybridization is considerably
changed with respect to its values in the bulk. In this section dimensionality,
as a tuning parameter for strong correlation is applied to CeAg,/Ag(111).
The surface alloy CeAg, is known to be only weakly correlated (see subsection
4.2). However, the influence of layer thickness is not studied with photoemis-
sion spectroscopy yet. On the basis of previous studies on CePt5/Pt(111),
as presented in this work, one expects a reduction of the low temperature
ground state ny in the thinner layer thickness regime. Especially at the tran-
sition between 3 and 4u.c. CePt5/Pt(111), where the moiré pattern, that
is characteristic for the thin layer thicknesses, relaxes, n; significantly in-
creases. Hence, for CeAg, two film thicknesses are investigated, that show

a similar succession of diffraction patterns upon increasing layer thickness.
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Additionally the influence of adding Bi to the surface alloy will be discussed,
in terms of affecting strong correlation through increased spin-orbit coupling.
The first part presents the surface lattice structure of CeAg,/Ag(111) of two
different layer thickness as well as of Bi:CeAg,/Ag(111). The second part
focuses on the electronic structure of all three surface alloys as accessible by
ARPES and XPS and in particular on the spectroscopic features that attest
strong correlation. These are the Kondo resonance and its spin-orbit partner
in the valence band as well as the characteristic f level final state multiplet

in the Ce 3d core levels.

6.1 Lattice structure of CeAg, and Bi:CeAg, on Ag(111)

CeAg, surface alloys of two different thicknesses are prepared according to
subsection 3.5. The tuning parameter for the film thickness is thereby the
evaporation time t, of Ce, determining the initial Ce coverage. The thin
CeAg, surface alloy is prepared with t,=60s whereas the thick film occurs
after an evaporation time of ¢, =120s. However, CeAg,/Ag(111) shows a
peculiarity during preparation. After removing an aged film of CeAg, from
the Ag(111) substrate by Ar*-ion sputtering and subsequent annealing, the
supposedly clean substrate shows a clear CeAg, diffraction pattern in LEED
as well as a considerable amount of Ce on the surface, as determined by
XPS. This is in strong contrast to CePt;/Pt(111), where Ar*-ion sputtering
and subsequent annealing always result in a clean Pt(111) substrate with the
characteristic threefold symmetric hexagonal diffraction pattern (see subsec-
tion 4.1.1). The resulting diffraction patterns of all CeAg,/Ag(111) surface
alloys are recorded with LEED and shown in figure 6.1 a)—~d). The clean
Ag(111) substrate is shown in a) whereas the self organized (so) CeAg, film
(CeAg) is shown in b), both at Ey=58¢V. The diffraction pattern of the
clean Ag(111) substrate consists of six hexagonally ordered diffraction spots,

that show a threefold symmetric intensity modulation upon varying the elec-
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a) pristine Ag(111) b) CeAg)
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Figure 6.1: Layer thickness dependent surface reconstruction of
CeAg,/Ag(111). a)-d) subsequently show the diffraction patterns
of pristine Ag(111), self organized CeAg,/Ag(111) (CeAg), a thin
CeAg, surface alloy with ¢, =60s (CeAg®®) and a thick CeAg, surface

alloy with t,=120s (CeAgl?®). All LEED patterns are recorded with
an incident electron beam energy of Fy=58¢eV. The main diffraction
spots for Ag(111) in a) are partly highlighted in black, the ones for
CeAg, in b)-d) in red. Additionally the satellite spots in b) and c)
for CeAgs® and CeAgS” are marked in yellow and blue. The primitive

surface unit cell is shown in dashed lines respectively.
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tron beam energy as highlighted by black circles. The primitive surface unit
cell is marked in black. The CeAg surface alloy in b) constitutes of a main
(1.91x1.91) R30° reconstruction (red circles) as well as additional satellite
spots with a reconstruction of (10.65x10.65) (yellow circles) with respect to
the Ag (1x1) pattern. The primitive unit cell of the main reconstruction is
marked in red. The intensity of the satellite spots is enhanced around the
main spots but they extend also inbetween, as indicated by the blue circled
spots in figure 6.1 b). The threefold symmetric intensity variation of the Ag
substrate spots is not visible anymore in the CeAg¥® diffraction pattern. The
lattice constant of the Ag substrate as estimated according to subsection 3.2
amounts to a(Ag) = (4.15340.071) A and thus a nearest neighbour distance
of axn(Ag) =(2.94+0.050) A. The nearest neighbour distance of the main
diffraction pattern (red) in CeAg® is estimated to afy = (5.605 4 0.095) A
with respect to the Ag(111) reconstruction, whereas the satellite spots (yel-
low, blue) exhibit a nearest neighbour distance of affy . = (31.25+0.53) A.
The lattice plane distance is d§5, = (4.580 4 0.054) A.

After depositing Ce for t,=60s either on the CeAg}® reconstruction or the
pristine Ag(111) substrate and subsequent annealing, a diffraction pattern
as shown in figure 6.1 c) is observed. The pattern is very similar to the
one of CeAgs. The main spots, highlighted by red circles, are hexagonally
ordered and exhibit a sixfold symmetric intensity distribution. The orienta-
tion of the hexagon is rotated by 30° with respect to the Ag(111) substrate.
The satellite spots surrounding the main spots exhibit a hexagonal, sixfold
symmetric diffraction pattern as well. However, their orientation is along
the Ag(111) substrate, indicated by yellow circles. The main spots result
in a (1.91x1.91)R30° reconstruction with a nearest neighbour distance of
a%%s = (5.605 £0.095) A with respect to the Ag(111) substrate and a lattice
plane distance of d%03 = (4.580+0.054) A. The primitive unit cell is again
marked in red. The satellite spots exhibit the same periodicity as seen in
CeAgs®, which is (10.65x 10.65) with a8 .. = (31.25+0.53) A with respect

to the Ag(111) substrate. However, only the satellite spots closest to the

60s

9% in figure 6.1 c¢). The second order as

main spots, are visible for CeAg

indicated by blue circles in figure 6.1 b) is not distinguishable.
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After an initial Ce deposition of t, =120 s either on the pristine Ag substrate
or the self organized CeAg’® film the diffraction pattern slightly changes as
shown in figure 6.1 d). The main pattern is still similar to the thinner layer
thicknesses forming a sixfold symmetric (1.91x 1.91) R30° reconstruction with
a nearest neighbour distance of al?y® = (5.605+0.095) A and a lattice plane
distance of d%%% = (4.580 £ 0.054) A, as compared to the Ag substrate. How-
ever the satellite spots vanish at this film thickness. The primitive unit cell
is marked in red.

In general all three CeAg, diffraction patterns in figure 6.1 b)—d) show a
slightly compresses (2x2) reconstruction that is rotated by 30° with respect
to the Ag(111) pattern as shown in a). However the thin layer thicknesses in
b) and c) exhibit additional satellite spots, mainly visible around the main
spots, that are again oriented along the Ag(111) substrate. This behaviour
is very similar to the thin layer thicknesses of CePts/Pt(111) as described in
subsection 4.1.1. At a layer thickness of 3u.c. this intermetallic forms a com-
pressed (2x2)R30° reconstruction with additional non-rotated satellite spots
that vanish at a layer thickness of 4 u.c., where only a compressed (2x2) R30°
reconstruction is observed (see subsection 4.1.1 and figure 4.2 d) and ¢)). In
CePt5 the satellite spots are the result of a long range moiré pattern, that
develops from periodic height modulations in the CePts surface alloy [27].
Since the nearest neighbour distance of Pt and Ag atoms in the respective

(111) direction differs only by 0.11 A, which is ~4 %, it is likely that the
60s

T )

same mechanism also leads to the formation of a moiré pattern in CeAg
resulting in the satellite spots observed in the diffraction patterns in figure
6.1 b) and d).

Both diffraction patterns of CeAgl® and CeAgl?® have been observed in
literature [28,144]. For CeAgf® a reconstruction of (1.1v/3x1.1v/3)R30° +
(3v/3x3v/3)R30° = (1.91x 1.91) R30° + (5.2x5.2) R30° satellites is estimated
in [144]. Note that the satellite reconstruction in [144] is given with respect
to the CeAg, main spots. Taking into account the factor of 1.91 of the CeAg,
reconstruction this amounts to a (9.92x9.92) periodicity with respect to the
Ag(111) substrate. Considering that the satellite spots are very weak and an

exact determination of their position is difficult this is in fairly good agree-
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ment with the (10.65x 10.65) reconstruction estimated in this work.

Schwab et al. determine a (2x2)R30° reconstruction without satellite spots
for 2 monolayers of CeAg,/Ag(111). This as well is in good agreement with
the slightly compressed (2x2)R30° reconstruction observed in this work for
CeAgl20s,

There are several binary Ce—Ag compounds listed in literature [142]. Of
the truly hexagonal ones CeAgs with lattice constants of a=b=6.56 A and
c=4.898A is a possible candidate for the observed surface reconstructions,
since c(CeAgs) and dp(CeAg,) = (4.58040.054) A are similar [142]. How-
ever, the Ag(111) substrate still has strong influence on the lattice parameters
of the CeAg, thin film. Therefore a comparison with relaxed bulk values for
CeAgs can only be a first estimation.

The self organized phase of figure 6.1 b) has not been reported in literature.
However, it is known that Ce atoms might diffuse up to 150 A deep into the
bulk of the substrate upon annealing [152]. Therefore, evaporated Ce might
diffuse into the bulk of the Ag crystal and resurface by the sputtering and
annealing cycle, employed to remove aged CeAg, films. Since the electronic
structure of CeAgs® and CeAgt® does not differ (not shown) it will not be

treated seperatly in the following sections, but only the electronic structure
of CeAg®% and CeAg!?® will be discussed.

X T

Another way to influence the electronic structure of CeAg, pursued dur-
ing the course of this work, was to add small amounts of Bi to the CeAg,
surface alloy. To produce the Bi:CeAg, surface alloy, first Ce is evaporated
for t,=120s onto the clean Ag(111) substrate. During the annealing pro-
cess of the CeAg, film at Teas, =600°C, Bi is evaporated on the sample for
te=4min 10s. This amount of Bi corresponds to 1/3 of a monolayer of Bi on
Ag(111), forming the characteristic BiAgy/Ag(111) surface alloy, with a re-
construction of (v/3x+/3)R30°, a well known Rashba —system [69]. After the
Bi deposition, the alloying process is continued for 5 min at Tceag, =600 °C.
This results in a reproducible surface reconstruction as shown in figure 6.2
c). For better comparability with the Ag(111) substrate as well as the bare

CeAg!?® film, their respective diffraction patterns are shown again in a) and
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b), all recorded at an electron beam energy of Ey=48¢eV. Figure 6.2 d) shows
the diffraction pattern of the Bi:CeAg!?® surface alloy recorded at a lower
energy of Fy=28¢eV for better distinguishability of the lower order diffrac-
tion spots. Characteristic reflexes are highlighted by coloured circles and the
primitive surface unit cells are marked by dashed lines respectively.

As discussed above, the CeAgl?% surface alloy is characterized by a hexag-
onal (1.91x1.91) R30° reconstruction with sixfold rotational symmetry. Part
of the characteristic diffraction spots are highlighted with red circles and the
respective primitive unit cell is marked by dashed red lines.

The Bi:CeAg!?® surface alloy exhibits additional diffraction spots empha-
sized by yellow circles in figure 6.2 ¢) and d). They amount to a (3.8x3.8)
reconstruction with respect to the Ag(111) substrate which corresponds to a

(1.99x 1.99) R30° reconstruction with respect to the CeAg, pattern. Accord-

120s

22 coincide

ingly the second and fourth order diffraction spots of Bi:CeAg
accuratly with the first and second order of CeAg,. This is marked by half
red and yellow circles in figure 6.2 ¢) and d). The nearest neighbour distance
estimated on the basis of the additional (3.8x3.8) reconstruction, observed
for Bi:CeAgl?®, is axn(Bi:CeAg!?®) = (11.1540.19) A with respect to the
Ag(111) substrate.

The XPS spectra of Ce and Bi core levels presented in subsection 6.2.2 sug-
gest a Ce and Bi rich surface. The low amount of Bi of about 1/3 of a
monolayer on Ag(111), however, allows no meaningful comparison of the es-
timated Bi:CeAgl?® lattice parameters with binary Ce—Bi bulk compounds.
Nevertheless, it should be mentioned that there are two Ce—Bi compounds
that exhibit a hexagonal or pseudo hexagonal lattice structure [142]. This is
the hexagonal Ces;Bis, which decomposes into CeyBi and Ce,Bis layers with
lattice constants of a=b=9.527 A and ¢=6,488 A and CeBi, that crystal-
izes in a NaCl-type fee structure with lattice constants a=b=c=4.612 A,

exhibiting hexagonal symmetry along the (111) direction [142].

Concludingly the lattice structure of the surface alloy CeAg, is influenced
both by its film thickness as well as by the adsorption of Bi, as shown by
the structural investigation presented above. Thin films of CeAg,/Ag(111)
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Figure 6.2: Surface reconstruction of Bi:CeAg,/Ag(111). a) and
b) show the diffraction pattern of pristine Ag(111) and CeAg!** at
Ey=48¢V. ¢) and d) depict the surface reconstruction of Bi:CeAg!?* at
Ey=48¢eV and Ey=28eV respectively. Characteristic diffraction spots
are marked with coloured circles and the respective primitive surface

unit cells are shown in dashed lines.
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exhibit a compressed (2x2)R30° diffraction pattern with respect to the Ag
(1x1) surface. At very low initial Ce coverages this main pattern is accom-
panied by satellite spots of a (10.68 x 10.68) periodicity. Similar to thin films
of CePt5/Pt(111) these might arise from a long range morié pattern resulting
from different Ce adsorption sites on the Ag(111) substrate.

Adding small amounts of Bi to the CeAgl?% surface alloy results in a (3.8 x 3.8)
reconstruction with respect to the Ag (1x 1) substrate. In the following sub-
sections it will be discussed to what extend these structural chances or the

adsorption of Bi influence the electronic structure of CeAg,/Ag(111).

6.2 Electronic structure of CeAg,/Ag(111)

6.2.1 Layer thickness dependence

An impression of the core level electronic structure of the CeAg, alloys
prepared by different Ce evaporation times of t,=60s and ¢, =120s is given
in figure 6.3. An exemplary overview spectrum recorded on CeAg!?® at
T,=11K and normal emission with a resolution of AE =750meV is shown
in a). All expected core levels are present and no contaminations with carbon
or oxygen are visible. Figure 6.3 b) shows a detailed spectrum of the Ce 3d
core levels of both layer thicknesses and for emission angels of 0° and 60°. As
discussed in section 2.1.2 the low energy Kondo physics in the valence band
is reflected in the core level structure leading to a splitting of each Ce 3d

spin-orbit channel into three final state components. This, however, is not

observed in figure 6.3 b). Neither CeAg!?® (black line) nor CeAgf® (blue

X T

line) show a multiplet structure as observed in section 5 for CePts/Pt(111).
The visible peaks at Ej;, =885eV and Ej;, =905 eV, therefore, point towards

an f! dominated initial configuration of the f level. At both emission angles

60s 120s
T T

one observes less total Ce 3d intensity for CeAg>” as compared to CeAg

However, both layer thicknesses show a depletion of Ce at the surface indi-
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Figure 6.3: Core level electronic structure of CeAg!?% and CeAg®%.
a) exemplarily shows and overview spectrum of CeAg!?% recorded at at
T, =11 K and normal emission with a resolution of AE =750 meV. The
Ce 3d core levels for normal emission (0°) and 60° off normal emission
are shown in more detail in b). The black spectrum corresponds to
CeAg!?™ and the blue spectrum to CeAgt%. No final state multiplet

structure is visible in either CeAg, layer thickness.

cated by the loss of total intensity in the 60° spectra.

Figures 6.4 and 6.5 depict the valence band structure of both layer thick-
nesses of CeAg,/Ag(111). The left column of figure 6.4 shows the Fermi
surface as well as selected constant energy cuts at increasing binding ener-
gies of CeAg!?™ in a)—d). The right column depicts the respective constant

T

energy cuts for CeAgl® in a;)—d;). Figure 6.5 shows the electronic struc-
ture along the high-symmetry directions 'K and T'M for CeAg!?% in a) and
a;) and CeAgl%® in b) and b;). All ARPES spectra have been recorded at
T;=20K with an excitation energy of hv(He I,)=21.22¢V and an energy
resolution of AE=7.97meV. The momentum distribution maps have been
recorded on differently mounted samples, therefore the constant energy cuts
of CeAg!?® in figure 6.4 a) —d) are rotated by 15° to allow for a better com-
parability of the band dispersion between the two surface alloys.

The Fermi surfaces of both film thicknesses, as shown in figures 6.4 a)
and a;), reflect the hexagonal symmetry of the lattice structure and show

a highly anisotropic bandstructure along the two high-symmetry directions.
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Figure 6.4: Constant Energy cuts of CeAg!??s and CeAgt%. a)-

T

d) and a;)—d;) show the Fermi surface as well as selected constant
energy cuts at increasing binding energies for CeAg!?% and CeAgb®.

All spectra have been recorded at Ty =20 K with hv(He I,) =21.22eV

and AE=7.97meV. The momentum maps of CeAg!®® in a)—d) are
rotated by &~ 15°. The high-symmetry points and directions are marked
in black, whereas interesting features in the bandstructure are labeled

by white letters and dashed lines.
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CeAgl?% is characterized by a flower-like structure a around the I-point with
flower petals aligned along the I'K-direction. The flower shape is the con-
stant energy contour of the weakly dispersing band a as marked in figure 6.5
a) and a;). It crosses the Fermi level at kj==+0.25A and ky=40.125A in
TK- and I'M-direction respectively. Additional stripe-like features b and ¢
are visible along the I'M-direction or parallel to it. Feature b results from
three electron-like parabolic bands that cross the Fermi level at increasing
Ky -values as visible in figure 6.5 a;).

Towards higher binding energies, band a assumes larger kj-values as indi-
cated by dashed lines in figure 6.4 b). The stripe like features b move to-
wards I, as the minimum of the three parabolas is approached. Next to the
T'M-direction two new features b’ appear, that form a wedge-like structure
at £ — Frp=—0.2eV and split up further towards higher binding energies.
At EF — FErp=-0.5€V two additional structures emerge in the center of the
surface Brillouine zone. With a radius of k, =k, =0.07 A1 the hole-like
parabolic band d forms a circular structure around the I'-point. At larger
kj-values a hexagonal contour is visible which is a result of band a in T'M-
direction but also of a hole-like band e in T'K-direction as visible in figure 6.5
a). The corners of the hexagon are oriented along I'M-direction whereas the
edges are visible along T'K.

At larger binding energies of E — Ep = —1.0€V in figure 6.4 d), the diameter
of structure d increases and an additional intensity f becomes apparent at
the T-point. The hexagonal structure e+ a persists at higher binding ener-
gies. However, at £ — Ep < —1.0eV band e crosses band a in I'K-direction,
leading to a change of the orientation of the hexagon, with corners now along
TK- and edges along ['M-direction.

The overall hexagonal symmetry is observed as well in the bandstructure
of CeAgt® in figure 6.4 a;)—d;). However the flower-like structure a seems
strongly hexagonally deformed as indicated by the dashed white lines in fig-
ure 6.4 a;). The reason is an additional band a” that crosses the Fermi level
at slightly smaller |kj|-values as compared to band a. This is visible in the
bandstructure along I'K-direction in figure 6.5 b) where both bands a and a’

are distinguishable. The flower-like character of band a is partly conserved
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Figure 6.5: Bandstructure of CeAg!2% and CeAg8%. a) and a;) show
the bandstructure of CeAg!?® along TK- and I'M-direction, whereas

T

b) and b;) show the same for CeAgf®. All spectra are recorded at

T

T, =20 K with with hyv(He I,) =21.22eV and AE=7.97meV. Charac-

teristic bands are marked with letters a—g.
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in T'K-direction where the intensity of structure a’ is enhanced by a super-

position with the curves of the flower petals.

60s

Furthermore, the stripe-like features b and c are present as well for CeAg)!

as visible in figure 6.4 a;). Yet, structure b crosses the Fermi level at larger

120s
T

| |-values as compared to CeAgl?® in a). The bandstructure along I'M-

direction in figure 6.5 b;) reveals, that structure b, consisting of three bands

in CeAgl?% now is the result of only one parabolic band. It crosses the Fermi

level at kj=40.5 A and has its minimum at E — Fr = —0.5¢6V. These values

120s
T

coincide with the middle parabola of band b in CeAg
6.5 84).

Towards higher binding energies both structures a and a’ split up leading

as depicted in figure

to an inner hexagon at smaller |kjj|-values labeled a” and an outer structure
a that is identical with @ in figure 6.4 b). Band b approaches the T-point

towards increasing binding energies, similar to b in CeAg!?®. A wedge-like

structure b’ appears as well at £ — Erp=—0.2eV that splits up further
towards higher binding energies, as is in good agreement with band b in

CeAg12OS'

xT

At F — Frp=—0.5¢€V the circular contour of band d emerges similarly as in

CeAg!?%. However, the hexagonal structure e+ a is not distinguishable for

T
60s

CeAg®%. In fact a hexagonal structure is visible for CeAgS

in figure 6.4 ¢;)
but this is the contour of band a’ as supported by the bandstructure shown
in figure 6.5 b) and b;): Whereas band d is clearly visible as the innermost

hole-like parabola, the next structure towards larger |k|-values is identified

as band a’. No additional structure similar to band e is visible in CeAg®®,
At F — Ep=—1.0€V in figure 6.4 d;) the constant energy contours of bands
d and o’ increase towards larger |kjj|-values and an additional structure f

emerges at the T-point similar to CeAgl?® in d).

120s

2% is the hexago-

Another feature of CeAg8% that has no equivalent in CeAg
nal structure g. It is best visible at higher binding energies of £ — Fr =—1.0eV
and ' — Erp=—0.5€V but looses intensity on approaching Er. It is distin-
guishable as well in the band structure of CeAg®® in figure 6.5 b) and b;) as

a weakly dispersing band crossing Er at k== 0.45A and k=% 0.35A in
TK- and T'M-direction respectively.
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60s
xX

To investigate the origin of structures o’ and ¢ in CeAg>”, figure 6.6 shows

60s
T

the Fermi surface of CeAgd” recorded in a larger |k,|-range including the
second Brillouin zone as indicated by white dashed lines. Additionally, the
Brillouin zone of the Ag(111) substrate as well as the Ag sp-bulk band is in-

dicated in solid and dashed black lines respectively [74]. The dashed-dotted

60s

black lines are constructed around the adjoining Brillouin zones of CeAg

and represent the backscattering of the Ag sp-band. The backscattered Ag
sp-bulk band as well as the actual band at k,~1 A" match very well with
band a’ of CeAgt%. Furthermore, the splitting of the wedge-like band b’
towards higher binding energies, as described above, is likely to be caused
by the backscattering as well. This is supported by the course of bands at
higher binding energies of £ — Er=—1.0€V in figure 6.4 d;) where band b’
merges with band a’ forming a warped hexagon, similar to the contour of
the backscattered Ag sp-band. Although similar at first glance, this course
of bands can not be transferred easily to the structure of CeAgl?®. As in-
dicated in figure 6.4 d;) there are three band crossings along I'K-direction,

highlighted by the three crossing points ¢,, ¢, and ¢, . In figure 6.4 d), how-

120s
X

ever, the bandstructure of CeAg " exhibits only one crossing point ¢, in
T'K-direction. This emphasizes again, that there are two distinct bands a
and a’ of which only band &’ can be attributed to a backscattering of the
Ag sp-bulk band.

Still unclear, however, is the origin of band ¢. Figure 6.6 shows, that it is
not caused by the Ag sp-band or its backscattering. Also the (10.65x 10.65)
periodicity of the moiré pattern is not suitable for explaining band ¢g. A
(10.65x 10.65) reconstruction would result in a ten times smaller Brillouin
zone causing a multitude of backscattered sp-bands. This is not observed in

figures 6.4 or 6.5.

In summary the bandstructure of both layer thicknesses is very complex
and highly anisotropic along the two high-symmetry directions. The lower
film thickness of CeAg®% shows some similarities to the larger layer thick-

ness as for example bands b, d and f, whereas other bands, like a, e, and

the side bands of band b, are heavily suppressed. In addition one observes a
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Figure 6.6: Large Fermi surface map of CeAg)

R "backscattered
1. S b L 1 .~~~ SAg sp-band

ke [A] ‘ /

60s  Fermi surface

map of CeAgS% recorded at T, =20K with hy(He I,)=21.22¢eV and
AE=7.97meV. The first and second Brillouin zones (BZ) of CeAgb%
are shown in white whereas the Brillouin zone of the Ag(111) substrate
is shown in black. The Ag sp-bulk band is schematically indicated by
dashed black lines, whereas the dashed-dotted black lines correspond

to the backscattered Ag sp-bulk band. The latter coincides with band
a’ of CeAgh®.
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60s

~>° Brillouin zones.

backscattering of the Ag sp-band at the adjoining CeAg

This backscattered band causes the warped hexagonal structure a’ at the

60s

>°. Whether these changes in the valence band struc-

Fermi surface of CeAg
ture affect the manifestation of Kondo physics in CeAg, will be discussed
in the following part. However, the Ce 3d core levels shown in figure 6.3 b)

point towards a predominantly f!-like initial state.

Figure 6.7 shows the bandstructure of both CeAg, film thicknesses, re-
corded in a larger binding energy range and with two different excitation
energies of hv(He I,) =21.22¢€V in a) and a;) and hr(He I1,) =40.81¢V in b)

and b;). The top row depicts the spectra of CeAgl?%

T
60s
T

, whereas the bottom

. Note that the spectra are recorded at

120s
T

row shows the spectra for CeAg
different temperatures. Whereas the bandstructure of CeAg,*™ is shown at
T,=TK the one of CeAgl® was measured at room temperature (RT). Fur-
thermore the spectra are recorded slightly off TK-direction, due to the fixed
azimuthal sample orientation. This, however, is tolerated for the sake of bet-
ter statistics. The intensity of the spectra is normalized at £ — Fp = —0.8 eV
and k=0 A~" where no band is visible in either layer thickness.

First of all the two bands a’ and g are again clearly visible in CeAgf® as
can be seen in figure 6.7 a;). However, they are not present in the spec-
trum recorded with hr(He II,) in b;). The increased signal to noise ratio
in these spectra as opposed to the momentum maps in figure 6.4 reveals,
that the hole-like band e is present as well in CeAgt®
E — Er=-025eV. At E — Ep=—0.7¢V it intersects with the backscat-
tered sp-band a’. It is still distinguishable when excited with hv(He II,) in
figure 6.7 b;), similar to CeAgl?® in b).

For both layer thicknesses the spectra shown in figure 6.7 reveal, that band

, with its maximum at

d splits up at higher binding energies in d and d’ and the contour of the
hole-like band f is now clearly visible.

In addition the bandstructure of CeAgl?® shows two intensities h at the

Fermi level at high |kj|-values for both excitation energies in figure 6.7 a)

60s
T

and b). These features are not visible for CeAg?”. When changing the exci-

tation energy from He I, to He II, most bands remain visible, except band
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Figure 6.7: Excitation energy dependent bandstructure of CeAg!2%

and CeAg8%. a) and b) show the electronic structure of CeAg!?% with

T

hv(He 1,)=21.22eV and hv(He 1I,) =40.81€eV recorded at Ty=5K
with AE=7.97meV. a;) and b;) show the respective data for CeAgt®
but recorded at room temperature (RT). All spectra are normalized in
intensity at £ — Frp=—0.8¢eV and kj =0A~'. The direction of the

bandstructre is slightly off 'K as predetermined by the fixed azimuthal

sample position.
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f, which vanishes completely when excited with He II,.

The spectra of CeAgl?® in figure 6.7 a) and b) exhibit two non-dispersive
structures at ¥ — Ep=—-0.275eV and F — Er=—-2.25eV. The energetic
position and the lack of dispersion suggest that these structures are the spin-
orbit partner (SOP) of the Kondo resonance and the f level ionization peak
(IP). Furthermore both structures are enhanced in intensity when increasing
the f electron cross section by switching from He I,, to He I1,. For CeAg®% in
figure 6.7 b;), only the IP is clearly visible. The SOP at £ — Ep =—0.275eV
is not discernible amongst the dispersive bands. However, this might be due
to the higher sample temperature. Whereas the IP resembles bare photoe-
mission from the f level, the SOP is a result from the low energetic Kondo
ground state. Whereas photoemission from the f level is possible at any
temperature, the formation of the Kondo ground state is highly temperature
dependent. Therefore, the SOP is only visible in the low temperature spectra
of CeAg!?% in figure 6.7 a) and b).

T

For a close investigation of the Kondo resonance in both CeAg, layer
thicknesses the bandstructure close to E is shown again in figure 6.8 a) and
b) for temperatures Ts ~9K and T~ 15K respectively. The spectrum of

CeAgS® in b) thereby exhibits a peculiar structure at small |k |-values that

120s

2% in a). However, none of the two layer thicknesses

is not visible for CeAg
shows an increase in intensity at Eg, that is characteristic for the Kondo
resonance. The weak, non dispersive feature at £ — Fp=—0.275¢€V is now
visible for both CeAg, films. This is emphasized by figure 6.8 ¢) where EDCs
for both layer thicknesses are shown around k=0 A-1 (in, bottom part) and

around kj =—0.75 A-1 (out, top part). The inner EDC of CeAg®, depicted

T
60s

>°, close to Bp

in blue, emphasizes again the complex bandstructure of CeAg

120s
T

Kondo resonance tail below Er. The outer EDCs in the upper part of figure

as opposed to CeAg " shown in black. However, none of the EDCs shows a
6.8 c) are taken in a kj-range with less bandstructure, except for band & of
CeAg!?%. They clearly show a peak at F — Ep=—0.275¢V for both layer

thicknesses, confirming the impression of a non dispersive feature that might

be the spin-orbit partner of the Kondo resonance.
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Figure 6.8: Kondo resonance of CeAg!?%® and CeAgf%. a) and

T

b) show the bandstructure close to Fr for CeAg!?® and CeAgt%

T xr

T

respectively, recorded with hr(He II,) and an energy resolution of
AE=6.97meV at T, = 9K and T; ~ 15 K. ¢) shows EDCs for CeAgl?*®

T

in black and CeAgS® in blue around kj=0A""! (in, bottom part) and

T

kj=—0.75 A1 (out, top part).
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In summary this part shows that it is possible to grow ordered films of

CeAg, on Ag(111) of two different layer thickness. For thin layer thicknesses,

60s

208 one observes a compressed (2x2)R30° reconstruc-

represented by CeAg
tion that is modulated by a long range moiré pattern with a periodicity
of (10.65x10.65) with respect to the Ag(111) substrate. At higher initial
Ce coverages in CeAgl?®  the moiré pattern vanishes, resulting in a sin-
gle diffraction pattern with a compressed (2x2)R30° reconstruction. The
electronic structure as investigated by ARPES and XPS to some extend ex-
hibits a dependency on the varying CeAg, layer thickness as shown in figures
6.4—6.6. In general, the electronic structure of CeAg, resembles the hexag-
onal symmetry of the lattice, regardless of the layer thickness, and is highly
anisotropic along the two high-symmetry directions K and TM. Whereas
the bandstructure of CeAg!?® has a very high signal to noise ratio and shows

no features of the Ag(111) substrate, the electronic structure of CeAgf® is

120s

2% for example the flower-like

less clear. The characteristic features of CeAg
structure a at the Fermi surface and the three parabolic bands b along the
T'M-direction, subside and are superimposed by the backscattered Ag(111)
sp-bulk band.

By increasing the f electron cross section it is possible to enhance the sig-
nal of the SOP of the Kondo resonance as well as the IP. As discussed in
subsection 2.1.2; the spectral feature of the SOP emerges as a result of a
Kondo screened state, forming in the j:% spin-orbit branch of the Ce 4f
level. Since the j :% state is the first excited state after the j:g Kondo
ground state, its binding energy is larger than that of the true, j = g Kondo
resonance. Thus, its spectral feature is located at higher binding energies of
E — Er=-0.275¢eV and more robust against increasing temperatures. It is
therefore possible, that the SOP is detected in the presented spectra taken at
T, ~9-15K, whereas the temperature is too high to resolve the j = % Kondo
resonance at the Fermi level [48, 54].

Another indication, that the Kondo ground state is not fully separated at
temperatures of T, ~9—-15K is the large spectroscopic weight in the IP at

E — Ep=—-2.25¢eV. The IP is the spectroscopic representation of a final state
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with predominantly f° character. It resembles pure photoemission from the
atomic like f level with an occupation change from f'— f°. Large spectro-
scopic weight in the IP, automatically implies little deviation from the f!
occupancy in the ground state i.e. weak Kondo coupling.

This impression of CeAg, being in the weak Kondo coupling regime, is sup-
ported by the high energetic spectroscopy of the Ce 3d core levels. A strong
Kondo coupling of the f level to the surrounding conduction band electrons
results in an f9, f! and f2 multiplet structure of the f level. As discussed
in subsection 3.1.3, this f multiplet in the valence band is reflected in the
Ce 3d core levels, leading to a multiplet splitting of both Ce 3d spin-orbit
partners as well. This characteristic splitting, as discussed in section 5 for
CePt5/Pt(111), is not observed for CeAg, regardless of the layer thickness.

These findings are in good agreement with literature [28,144]. Praetorius et
al. study a CeAg, layer thickness similar to CeAgS% with XAS and XMCD

and confirm a very small Kondo temperature [144]. Schwab et al. investigate

120s

-2 with on and off resonant photo-

a CeAg, surface alloy resembling CeAg
electron spectroscopy on the Ce 4d—4f resonance. There, also a strong IP
and SOP partner, but no Kondo resonance is observed.

Consequently the electronic structure itself can be influenced by the varia-
tion of the CeAg, layer thickness, however, an effect on the Kondo coupling

could not be detected on the basis of the presented data.

6.2.2 Bidoped CeAg,/Ag(111)

Another attempt to influence the manifestation of strong correlation in

CeAg, was made by adding Bi to the surface alloy. As described above it was

120s

0 film, resulting in a diffraction pat-

120s
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possible to grow an ordered Bi:CeAg
tern of a compressed (2x 2) R30° reconstruction as observed for pure CeAg
superimposed by additional compressed (4x4) diffraction spots as a result
of the Bi deposition. Figure 6.9 shows the Ce 3d and Bi 4f core levels for
CeAg!?™ in a) and Bi:CeAg!?™ in b) and c¢). All spectra are recorded at

T

T,=11K and with an energy resolution of AE=750meV. The black lines
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Figure 6.9: Ce 3d and Bi 4f core levels in CeAg!?* and
Bi:CeAg!?%. a) shows the Ce 3d core levels of pure CeAg!?® at nor-
mal emission (0°, black line) and 60° off normal emission (60°, blue
line). b) and c) show the Ce 3d and Bi 4f core levels for Bi:CeAg!?%
again for normal emission (0°, black lines) and 60° off normal emission
(60°, blue lines). All spectra are recorded at Ty =11K, with an exci-
tation energy of hv(Al K,)=1486.6 eV with an energy resolution of

AE =750meV.

correspond to the spectra recorded at normal emission (0°), whereas the blue
lines show the data recorded at 60° off normal emission. For pure CeAg!?%,
figure 6.9 a) shows a significant decrease in the Ce 3d intensity when going
from normal emission to 60° off normal emission. When Bi is added to the
CeAg!?% thin film, this decrease of Ce 3d intensity is clearly lessened as can
be seen in figure 6.9 b). The Bi 4f intensity in Bi:CeAgl?% shown in c),
even increases when going from 0° to 60°. This points towards a Ce and Bi
rich surface as discussed in subsection 6.1.
However, the addition of Bi to the CeAg, surface alloy does not lead to a
splitting of the Ce 3d core levels into the characteristic f°, f! and f? final
state multiplet as observed for CePt;/Pt(111) in section 5. The observed Ce
3d peaks of Bi:CeAgl?® in figure 6.9 b) represent a predominantly f!-like
initial state of the Ce 4f level.

The changes in the valence band structure upon Bi deposition are shown in
figure 6.10. Figure 6.10 b) and b;) show the electronic structure of Bi:CeAgl2%

in the high-symmetry directions TK and T'M compared to the respective
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Figure 6.10: Bandstructure of CeAg!?% and Bi:CeAg!?%. a) and &)
show the bandstructure of CeAgl?® in TK- and I'M-direction, whereas
b) and b;) show the respective spectra of Bi:CeAgl?®. Characteristic
features are labeled with letters a— f according to figures 6.4 and 6.5 as
well as z and y for Bi:CeAg!?%. All spectra are recorded with hv(He
I,) =21.22eV with an energy resolution of AE=7.97meV at T, =7K.
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120s

2% in a) and a;). The spectra have been recorded

bandstructure of CeAg
at T, =TK with an energy resolution of AE=7.97meV and an excitation
energy of hv(He I,)=21.22¢eV. Characteristic bands are labeled according
to figure 6.5 with letters a—f.

The bandstructure of Bi:CeAg!?® in b) and b;) exhibits two distinct differ-
ences when compared to CeAgl?® in a) and a;). First, Bi:CeAgl?® shows
a strong intensity z at the Fermi level around kj =0A~'. Tt is observed in
both high-symmetry directions at £ — Ep =0¢€V. For higher binding energies
it looses intensity in I'K-direction, but continues in ['M-direction towards a
structure y. At y the dispersion changes and the structure propagates to-
wards higher |kj|-values at a constant energy of E — Ep=—0.9¢€V. In I'K-
direction in figure 6.10 b) this intensity y is also observed at £ — Er = —0.9eV
and larger |k|, however, a connection between z and y is not obvious.
Furthermore, whereas bands a, b and d seem to be less pronounced in
Bi:CeAg!?% the intensity of structure f is enhanced.

Figure 6.11 emphasizes these differences by showing three constant energy

120s

1205 in a)—ay), Bi:CeAgl?® in b)—by;) as well as second deriva-
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rotated in the process of data evaluation so that the ITM-direction is oriented

cuts for CeAg

tives of the constant energy cuts of Bi:CeAg,*” in ¢)—¢;). All spectra are

vertically, to ensure better comparability of the visible features. The second
derivative is obtained by convoluting the spectrum with the second derivative
of a two dimensional Gaussian. This emphasizes areas with strong intensity
gradients and is therefore used for tracking the course of bands when the
signal to noise ratio is low. The high intensity at the edges of the spectra,
hence, is simply caused by the contrast between the data in purple and the

background in white. They have no physical meaning.

120s
x

The Fermi surfaces in figures 6.11 a), b) and c) clearly show, that Bi:CeAg

120s
X

has a feature z of high intensity at the I'-point. Band

120s
T

in contrast to CeAg
a, that causes the flower-like structure in CeAg is hardly discernible in
Bi:CeAg!?® in b) and c¢). However, especially the second derivative in c)

shows, that band a is still present. Also band b, that causes the stripe-like

120s 120s
T H

structures in the Fermi surface of CeAg, *” persists in Bi:CeAg

Towards lower binding energies in figures 6.11 a;), b;) and ¢;) the detailed
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Figure 6.11: Constant energy cuts of CeAg!?% and Bi:CeAg!?%. a)-

a;;) and b) —b;;) show constant energy cuts of CeAgl?® and Bi:CeAg!?%

T

at the Fermi level as well as higher binding energies. ¢)—c;) depict
second derivatives of the constant energy cuts of Bi:CeAgl?% shown in
b)—by;). Characteristic bands are labeled with letters a—y according

to figure 6.10.
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structure of band z becomes visible. Especially the second derivative in ¢;)
exposes a flower-like structure of band z with flower petals oriented in I'K-
direction. Despite the strong similarity this is not caused by band a. Band
a runs at larger |kj|-values at this binding energy. For example it crosses
the k, =0 A '-axes at k, =+0.3 A", In contrast the flower petals of band
z only at k,==+0.2A1.

At binding energies of £ — Ep =—0.55€V in a;), by) and ¢;) finally, the dif-
ference between structure e of CeAgl?® and z of Bi:CeAgl?™ is discernible.
Whereas the constant energy contour of band e is a hexagon with corners
along TM-direction, the contour of band z resembles a hexagon that is ro-
tated by 30° putting the corners along I'K-direction. This is illustrated by
white dots in the corners of the respective hexagons. The stripe like feature
b, however, seems to follow a similar course in Bi:CeAg!*® and CeAgl?®.
At the Fermi level its constant energy contours are stripes along the T'M-
direction, that close in towards I' at increasing binding energies.

In summary the addition of Bi causes two new features to appear in the elec-

120s
T

electron-like band z at the I'-point. Second, at E — Ep = —0.9 €V either band

x takes a turn towards a flatter dispersion or a new structure y emerges. In

tronic structure of CeAg . First, at the Fermi level, there is an intensive,

any case this intensity y at £ — Ep=—0.9eV and large |k|-values is not

120s
o -

observed for pure CeAg

Figure 6.12 illustrates the differences between CeAg!?® and Bi:CeAgl2%

T T

when excited with two different photon energies. a) and b) show the band-

120s
T

I,) and hv(He II,), respectively. The spectra are taken at T, =7K and
with AE=7.97meV. a;) and b;) show the equivalent spectra of Bi:CeAgls,

T

structure of CeAg!?%, roughly along I'K —direction, recorded with hy(He

Bands a, d, d’, e, f and h show the same tendency as described in connection
with figure 6.7. That is a decrease of intensity for bands a and f, whereas
bands d, d’, e and h are not affected by the excitation energy change. The
Bi:CeAg!?® bands z and ¥ in a;) and b;) loose intensity when excited with

He II,. Structure y even vanishes completely. However, at larger binding

energies of £ — Ep =—1.35€eV another band z is observed in figures 6.12 a;)
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Figure 6.12: Excitation energy dependent bandstructure of
CeAg!?% and Bi:CeAgl?%. a) and b) show the bandstructure of
CeAgl?% excited with hv(He 1,) =21.22¢V and hv(He I1,) =40.81 €V.
The spectra are recorded at T, =7K with an energy resolution of
AE=7.97meV. a;) and b;) show the respective spectra of Bi:CeAgl?%.

All spectra are normalized in intensity at £ — Erp=-—0.8eV and

k= 0 A-1. Characteristic bands are labeled with letters a— 2z
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and b;) that has no match in CeAg!?® in a) and b). Band z superimposes

band f and causes the observed increase in intensity of band f in figures 6.10
b) and by).

The change of excitation energy to He II, enhances the f electron cross sec-
tion and therefore enhances features with predominantly f character in the
valence band spectra. In case of CeAg!?® this affects in particular the SOP of
the Kondo resonance at £ — Fr = —0.275eV and the IP at £ — Fp = —2.25¢eV
that are clearly visible in a) and b). For Bi:CeAg!2% those features are hardly
discernible in figure 6.12 ¢) when excited with He I,, but are emphasized by
using hv(He I1,) in d). However, the Kondo resonance that is expected to
cause an increase in intensity at the Fermi level is observed for neither of the

two compounds.

The XPS data shown at the beginning of this part, suggest a Ce and Bi
rich surface of Bi:CeAgl2%. This is based on the observation, that the Ce 3d

€T
intensity decreases significantly less when going from normal emission to the

120s
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to CeAgl?® in figures 6.9 b) and a) respectively. Furthermore the Bi 4f

T

more surface sensitive 60° off normal emission in Bi:CeAg as compared
intensity is larger for the more surface sensitive 60° spectra as seen in figure
6.9 ¢). Therefore binary Ce—Bi compounds are examined for similarities in

the electronic structure.

120s

2% in connection with

The analysis of the surface lattice structure of Bi:CeAg
figure 6.2 suggests a hexagonal symmetry. The only binary Ce—Bi compound
with a hexagonal symmetry is Ce;Biz [153]. However, there is no electronic
structure reported for this compound, known to the author.

Another option would be to consider stoichiometric CeBi. It crystalizes in
the fec NaCl-structure and therefore exhibits a hexagonal symmetry along
the (111)-direction [154-156]. The bulk bandstructure of CeBi along I'X-
direction consists of three hole-like bands. The maxima of the two bands
at lower binding energies lie in the unoccupied part of the spectrum. Their
branches cross the Fermi level at |k|=40.2A7" and |k)|==+0.35A"" and
flatten towards larger |kj|-values at £ — Ep=—1.6eV and £ — Ep =—0.4eV

respectively [155]. The third band has its maximum in the occupied part, at
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E — Er=—1.6€V [155]. Furthermore at £ — Ey =—2.9¢eV one observes an
intense non-dispersive feature over the whole kj-range. This is not discussed
in [155] but has been identified as the f° ionization peak of the Ce 4f level
in other works [156,157]. Kuroda et al. investigate a substitutional series
of CeX, with X being As, Sb or Bi [155]. The electronic structure of all
three compounds consists of three hole-like bands ps/,, split into X1 and X2,
and py/2. p3/2 and pi/p are separated by spin orbit splitting, which increases
when going from As to Bi. This drives p3/, towards the Fermi level and py /o
down towards higher binding energies. The splitting between the two bands
ranges from SOC=0.4¢eV in CeAs to SOC=2¢V in CeBi. In this work a
splitting between band x and z of AE &/ 1.35¢€V is observed. However, a clear
assignment of bands z and y to p3/» and z to pye is of course far fetched,
since the data presented in [155] correspond to the (001) plane and the bulk
electronic structure of CeBi, whereas the data presented in this work show
the projected surface band structure. However, bands z, y and 2, identified
in this work as arising due to the Bi deposition, to some extend resemble the
courses of the three parabolas of CeBi as reported in [155]. Furthermore the
ionization peak is observed both in literature [155-157] and the presented
data in figure 6.12 d), however, with an energy difference of AE=0.65¢V.

In any way, neither the valence band electronic structure nor the Ce 3d core

levels show any sign of increased c— f hybridization in relation to the Bi de-

120s
z

position in Bi:CeAg
Concludingly this section presents a detailed investigation of the lattice
and electronic structure of CeAg,. It is possible to grow ordered surface
alloys of CeAg, with different layer thicknesses as well as a Bi doped CeAg,
surface alloy. Whereas changes in the electronic structure related to both
varying layer thickness and Bi adsorption are observed, the strength of elec-
tronic correlation could not be enhanced with either approach.
Nevertheless, at & — Fp=—0.275eV the spin-orbit partner of the Kondo
resonance is observed for all investigated CeAg, specimen. This suggests
that Kondo coupling in fact defines the low temperature ground state in
CeAg,/Ag(111). The pronounced ionization peak at F — Ep=—2.25¢V,
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6.2 ELECTRONIC STRUCTURE OF CEAGx /AG(111)

however, points towards a small deviation from the f!-like ground state, i.e.
only weak Kondo coupling. Due to the small energy scale of the Kondo
screening in CeAg, the sample temperatures reached in the presented va-
lence band measurements of Ty =7 K might not be low enough to probe the
spectroscopic manifestation of the actual Kondo ground state singlet.

XPS spectra of Ce 3d core levels are known to serve as a high energy probe
for the low energy excitations in the valence band caused by Kondo screen-
ing. However, also XPS could not reveal any signs for strong correlation in
CeAg, in the presented spectra.

The cause of the very low correlation energy scale might be the lattice struc-
ture of CeAg,. All known Ce— Ag compounds offer at most 12 nearest neigh-
bours to the Ce atoms. This is considerably lower than in CePts5, where there
are 18 nearest Pt neighbours to each Ce atom. This reduced number of neigh-
bouring Ag atoms might not exhibit enough orbital overlap to significantly
reduce the Ce f level occupation to ny < 1. However, to gain certainty in this
line of argument a determination of the exact CeAg, thin film stoichiometry
and bulk lattice structure is necessary.

The same holds true for Bi doped CeAg,. In order to fully understand the
changes in the electronic structure it is inevitable to gain more insight into
the exact lattice structure and the location of the Bi adsorption sites, by
for example scanning tunneling microscopy (STM). Furthermore the propo-
sition of a CeBi-rich surface could be investigated by transmission electron

microscopy (TEM).
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CONCLUDING DISCUSSION

The strength of electronic correlation in a given material system eventually
comes down to the local environment of the respective lanthanide or actinide.
Actively influencing the electronic structure of strongly correlated systems
was the main task in this work. On the one hand this was persued by varying
the binding partner of the lanthanide from Pt to Ag as well as by Bi doping.
On the other hand given a set material composition, the electron-electron
correlation was influenced by varying the layer thickness of the surface inter-
metallic. A change in layer thickness has multiple effects: It might lead to
variations in the surface alloy lattice structure that again influence the local
environment of the lanthanide. Furthermore by changing the intermetallic
film thickness one obtains different relative contributions of the substrate-
film interface, intermetallic bulk and surface. The larger the layer thickness,
the more dominant are the materials bulk properties, whereas the electronic
structure of lower layer thicknesses is dominated by interface and surface ef-
fects.

Ce-based materials often serve as prototype Kondo systems, since Ce features
exactly one 4f electron, rendering the theoretical description rather manage-
able compared to systems with larger f electron count. Therefore, in this
work, epitaxially grown thin films of CePt5/Pt(111) and CeAg,/Ag(111) are
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7 CONCLUDING DISCUSSION

chosen as a basis to unvail the influence of different tuning parameters.
X-ray and angle-resolved photoelectron spectroscopy are able to directly
probe the high and low binding energy electronic structure of a system. In
particular, PES measures the spectral function including all possible excita-
tions in the system, real and virtual alike. In the low binding energy regime
ARPES allows direct access to the low energy excitations in Kondo systems
like the Kondo resonance slightly above the Fermi level and its spin-orbit
partner at 200300 meV binding energy. XPS on the other hand serves as
a high energy probe for these low energy valence band excitations. Due to
the Coulomb coupling between the core hole, created in the photoemission
process, and the f level, the Ce 3d core level spectra exhibit a characteris-
tic final state multiplet, reflecting the different f level occupations f" (with
n=0,1,2) in the valence band.

Both energy regimes of PES are used in section 5 to unravel the manifesta-
tion of strong correlation in CePt5/Pt(111) and to trace the changes occuring
due to different layer thicknesses, interface, bulk and surface contributions
as well as temperature. A systematic study of Ce 3d core level spectra paints
the following picture: In the low layer thickness regime between 1-3u.c.
the Pt(111) substrate exercises strong influence on the CePt; surface alloy.
This manifests on the one hand in the CePt5 lattice structure that develops
a moiré pattern for 2 and 3u.c.. On the other hand the f" final states in
the Ce 3d spectra reveal a strong c¢— f hybridization with low f level occu-
pancies of ny~0.8. However, temperature dependent studies of the Ce 3d
core levels exhibit a change of ny between T = 150 K and room temperature,
leading to an estimated Kondo temperature 150 K < Tx <290 K for 1-3u.c.
of CePt5/Pt(111).

For the larger layer thickness regime >4 u.c. the evaluation of the f™ weights
in the Ce 3d core levels result in a slightly lower hybridization as well as higher
ny~0.9. Still, ny exhibits no change between T, < 10K and room tempera-
ture. The Kondo temperature in the larger layer thickness regime therefore
is higher compared to lower layer thicknesses, with Tk (>4 u.c.) £ 290 K.
This estimation was eventually confirmed by temperature and layer thickness
dependent ARPES studies of the valence band of CePts/Pt(111). The tem-
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perature dependent evolution of the FWHM of the Kondo resonance yields
200K < Tk < 270K for 1-3u.c. and Tk > 280K for >4 u.c..

The angle dependent core level studies furthermore point towards a higher
hybridization and therefore lower n; at the CePts; surface as compared to
its bulk value for layer thicknesses >4u.c.. At first this seems to be in con-
tradiction to literature, that proposes a lower hybridization at the sample
surface due to the lack of binding partners. In CePts, however, the sample
surface is known to be Pt terminated [122]. Next to the remarkable inertness
of the intermetallic, this excess of Pt atoms at the surface leads to a higher
hybridization, comparable to the effects seen at the substrate—thin film in-
terface in the thinner layer thickness regime.

Additionally the determination of ny by Ce 3d XPS core level spectra reveals
the importance of taking into account the hybridization A as determined by
the relative f? weight to the spectrum. Neglecting A, underestimates the f°
weight ¢y to the ground state up to 50 %, causing increased values of n;.
Moreover, it was possible to determine the layer thickness dependent f
level - core hole Coulomb attraction Uy, =12¢V and the f — f Coulomb repul-
sion Uyy=8.5-9.5eV by reproducing the Ce 3d core level spectra with the
Gunnars-son-Schonhammer model for core level spectroscopy. The trends for
ny throughout the increasing layer thicknesses could be confirmed with the
GS-model fits as well.

In section 6 the metallic host for the Ce based intermetallic is changed.
It was possible to grow ordered thin fims of CeAg,/Ag(111) with two dif-
ferent layer thicknesses and therefore lattice structures, as well as Bi doped
CeAg,/Ag(111). For all three compounds the ¢— f hybridization was found
to decrease comapred to CePt;/Pt(111). Neither a Kondo resonance at the
Fermi level nor a Ce 3d core level final state multiplet was observed for
any CeAg, based compound in the accessible temperature range of T, = 7K.
However, all systems show large spectral weight in the spin-orbit partner of
the Kondo resonance at £ — Er = —0.275¢eV as well as in the ionization peak
at B — EFp=—2.25¢€V.
Although the exact stoichiometry of the CeAg, thin film is still unknown it
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7 CONCLUDING DISCUSSION

is most likely that the coordination of the Ce ions in CeAg, is lower as com-
pared to CePts, leading to less f electron delocalization an therefore n;~1
and very small Tk.

To settle the debate around topological surface states in Kondo insulators it
is worth considering the epitaxial growth of Kondo insulating systems. This
provides access to the desired high-symmetry directions in which topological
surface states are proposed, as well as tuning parameters for influencing the

energy scales of electronic correlation and spin-orbit coupling.

In summary the manifestation of strong correlation in Ce-based surface
alloys is very sensitive to external parameters like lattice structure, layer
thickness and interface, bulk and surface contributions, as well as to the spe-
cific binding partner of the Ce ion. X-ray and angle-resolved photoelectron
spectroscopy proof as a reliable tool to identify even small changes in the f
electron distribution. However, the results obtained from Ce 3d core level
spectra by XPS and the Kondo resonance by ARPES are highly sensitive to
the evaluation procedure. Therefore, the most trustworthy results are shurely
obtained by a combination of both, high and low energetic spectroscopies.
For the first time XPS was used in a wide parameter range of layer thickness,
temperature and surface versus bulk sensitivity, to paint a complete picture
of the manifestation of strong correlation in the surface alloy CePts/Pt(111).
It is shown that XPS, by probing the systems final state, is highly sensitive
to the f electron count in the valence band. A careful evaluation of the
different ™ weights in the Ce 3d core level spectra allows for tracking the
f level occupation throughout the whole parameter range. Monitoring the
change of f" weight with temperature gives access to the systems Kondo
energy scale. This is even possible in a temperature range where the decisive
features in the valence band, like the Kondo resonance, already vanish in the
temperature broadening of the Fermi level.

These results show, that PES is a powerful technique for the investigation
of systems, where the spectral function significantly deviates from the one-
particle picture. Only PES can lastly settle the debate around the alleged
topological Kondo insulators SmBg or CesBiyPts or around the proposed

transition between the topological Kondo insulating state in Ce3BiyPts to
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the Weyl Kondo semimetal Ce3BiyPds. This thesis demonstrates how dif-
ferent energy regimes of photoemission spectroscopy allow access to the low
energy excitations in strongly correlated material systems, and how the cor-

relation energy scale is driven by a multitude of external parameters.
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APPENDIX

A.1 Experimental setup

Figure A.1 shows the main views of the preparation chamber designed dur-
ing the course of this work. It is connected to the exisiting chamber via a
DN100CF flange (Port 03) and features a DN150CF flange (Port 01) on the
opposite side for attaching the manipulator. Ports 02,05,07 and 10—-16 all
aim towards the same spot in the middle of the chamber, that serves as the
main preparation position. However, ports 02 and 07 are not used at the be-
ginning and serve as view ports. Ports 04 and 09 are reserved for pumping,
whereas port 17 is equipped with a needle valve conntected to the Ar gas line
for sputtering. Port 08 is equipped with a Bayard-Alpert ion gauge sensitive
to preassures between 10~*— 10~ mbar. Port 06 is not used at the moment
and serves as a view port.

Figure A.2 depicts all port positions and angles in detail, to the aid of fu-
ture users.

Figure A.3 shows the detailed design of the heating stage attached to the
manipulator in the new preparation chamber. It is equipped with a thoriated

W-filament of 0.2 mm diameter. The filament is situated inside a Wehnelt-
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cylinder that focuses the electron beam, which is again set in a ceramics
pod, isolating the filament from the remaining sample stage. The sample
stage itself is made by Mo and is electronically isolated from the gold coated
stage body via a saphire plate (blue). The heating stage is equipped with
two Type-K thermocouples, enabeling temperature measurement on the Cu
block (pos. 1) and on the head of the sample holder (pos. 2). Additionally,
the sample stage features a contact for a quartz micro balance (pos. 3), that
is used for determining evaporation rates.

Figure A.4 illustrates the technical drawings of the new main chamber
cryostat head and cooling shield developed in this work. The head is manu-
factured from oxygen free copper (OFHC). It is fixed onto the cryostat ending
by an M6 screw. The sample holder is held by two spring bronze plates as
well as two M4 screws, that can be tightened for higher cooling efficiency
and lower temperatures. The cooling shield is made from a copper tube and
is fixed onto the cryostat end by a copper clamp. It is designed to tightly
fit the cryostat head, but must not contact it in any place, to enshure the

shielding effect.
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A.2 ANGLE-DEPENDENT CE 3D MULTIPLET STRUCTURE
IN CEPT;/PT(111)

o
~
1

CePts/Pt(111); T, =9 K XPS| b) 3CePts/Pt(111); T, =9 K XPS
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Figure A.5: Emission angle dependence of the Ce 3d multiplet
structure at T, =9 K.

A.2 Angle-dependent Ce 3d multiplet structure
in CePt;/Pt(111)

The ny estimated for different layer thicknesses of CePts; on Pt(111) as dis-
cussed in subsection 5.2 show a characteristic dependence on the emission
angle. According to subsection 5.2 at T, =9 K ny is higher (lower) for layer
thicknesses of 1-3u.c. (4—>10u.c.) for emission angles of 60° as compared
to normal emission. At T, =290K the n; for 60° are lower than for 0° for
layer thicknesses of 2—10u.c.. At lu.c. ny is estimated slightly larger for
60° compared to 0°.

This observation is supported when considering the bare background cor-
rected Ce 3d spectra as shown in figures A.5 and A.6 for T,=9K and
Ts =290 K respectively. Figure A.5 a) shows layer thicknesses of 1-3u.c.,
whereas figure A.5 b) shows 4—>10u.c.. The spectra are normalized to the
intensity of the Ce 3ds/ f* peak respectively and larger layer thicknesses are
artificially shifted to higher intensities for better comparability.

For 2—>10u.c. the calculated ny match very well with the weights of the f°
peaks of both spin-orbit partners. For 2u.c. the f° weights for 0° and 60°
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a) JCePty/Pt(111); T, = 290 K XPS| b)  JCePty/Pt(111); T, = 290 K XPS
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Figure A.6: Emission angle dependence of the Ce 3d multiplet
structure at T, =290 K.

are similar as is ny. For 3u.c. the f° weight is smaller for 60° as for 0°. This
is also reflected in the calculated n;. For layer thicknesses of 4 - >10u.c. the
f° weight at 60° is always higher than at 0°, which is again reflected in the
calculated ny. At a layer thickness of 1u.c. the large difference in n; as
shown in figure 5.4 b) is hard to observe in the bare spectra. At close look
the f° shares at 60° seem indeed to be slightly lower than for 0°. Since the
overall intensity at a layer thickness of 1u.c. is very low compared to larger
layer thicknesses, this small reduction already leads to a large difference in
the calculated ny.

In figure A.6 all Ce 3d spectra recorded at Ty =290 K are compared regarding
the emission angle. Figure A.6 a) again shows the spectra for layer thick-
nesses of 1-3u.c., b) the ones for 4—>10u.c.. In the higher layer thickness
regime (>4u.c.) the fY shares of the data recorded at 60° off normal emis-
sion (grey lines) are always higher than their counterparts in the 0° spectra.
This is also visible for a layer thickness of 3u.c. in figure A.6 a). At a layer
thickness of 2u.c. the f weights for 0° (dark blue lines) and 60° (light blue
lines) are comparable, whereas they are lower as their 0° counterparts for
lu.c. layer thickness. This is in agreement with the course of ny shown in
figure 5.4 b).
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A.3 GS-MODEL FITS OF CE 3D SPECTRA IN CEPT;/PT(111) AT
Ts =290 K

A.3 GS-model fits of Ce 3d spectra in CePt;/Pt(111)
at T, =290 K

Figure A.7 and figure A.8 show the Ce 3d spectra (grey data points) of in-
creasing layer thicknesses of CePt5/Pt(111) recorded at T =290 K for normal
emission and 60° off normal emission respectively. The spectra were acquired
with hv(Al K,,) = 1486.6 ¢V and with an energy resolution of AE =750meV.
All spectra are modeled with calculations based on the Gunnarsson-Schénham-
mer model for core level spectroscopy according to sections 3.1.4 and 5.4.
The blue GS-model fits correspond to the respective fits to the data acquired
at Ty, =9 K and normal emission, whereas the red fits emphasize when pa-
rameters of the Ty =9 K-fit were changed to achieve the best replica of the
T, =290 K data. The modified parameters are listed in the respective graphs.

A.4 A% determined from the relative > weight

Figure A.9 shows the hybridization strength A®S determined from the rel-
ative weights of the Ce 3ds/2 f? peaks according to subsection 3.1.3 and
equation 3.17. The spectral weight of the f! and f? peak is determined
by the area of a Voigt fit. The observed trend is still similar to A%S as
determined with equation 3.19, however, the absolute values are in better
agreement with A estimated purely on the basis of the experimental spectra

in subsection 5.2.
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