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Abstract

During the last decades magnetic circular dichroism (MCD) has attracted much interest and
evolved into various experimental methods for the investigation of magnetic thin films. For
example, synchrotron-based X-ray magnetic circular dichroism (XMCD) displays the abso-
lute values of spin and orbital magnetic moments. It therebybenefits from large asymmetry
values of more than 30% due to the excitation of atomic core-levels. Similarly large values
are also expected for threshold photoemission magnetic circular dichroism (TPMCD). Using
lasers with photon energies in the range of the sample work function this method gives access
to the occupied electronic structure close to the Fermi level. However, except for the case
of Ni(001) there exist only few studies on TPMCD moreover revealing much smaller asym-
metries than XMCD-measurements. Also the basic physical mechanisms of TPMCD are not
satisfactorily understood.
In this work we therefore investigate TPMCD in one- and two-photon photoemission (1PPE
and 2PPE) for ferromagnetic Heusler alloys and ultrathin Co films using ultrashort pulsed
laser light. The observed dichroism is explained by a non-conventional photoemission model
using spin-resolved band-structure calculations and linear response theory.
For the two Heusler alloys Ni2MnGa and Co2FeSi we give first evidence of TPMCD in the
regime of two-photon photoemission. Systematic investigations concerning general properties
of TPMCD in 1PPE and 2PPE are carried out at ultrathin Co films grown on Pt(111). Here,
photon-energy dependent measurements reveal asymmetriesof 1.9% in 1PPE and 11.7% in
2PPE. TPMCD measurements at decreased work function even yield larger asymmetries of
6.2% (1PPE) and 17% (2PPE), respectively. This demonstrates that enlarged asymmetries
are also attainable for the TPMCD effect on Co(111). Furthermore, we find that the TPMCD
asymmetry is bulk-sensitive for 1PPE and 2PPE. This means that the basic mechanism leading
to the observed dichroism must be connected to Co bulk properties; surface effects do not play
a crucial role. Finally, the enhanced TPMCD asymmetries in 2PPE compared to the 1PPE
case are traced back to the dominant influence of the first excitation step and the existence of
a real intermediate state.
The observed TPMCD asymmetries cannot be interpreted by conventional photoemission the-
ory which only considers direct interband transitions in the direction of observation (Γ-L).
For Co(111), these transitions lead to evanescent final states. The excitation to such states,
however, is incompatible with the measured bulk-sensitivity of the asymmetry. Therefore, we
generalize this model by proposing the TPMCD signal to arise mostly from direct interband
transitions in crystallographic directions other than (Γ-L). The necessary additional momen-
tum transfer to the excited electrons is most probably provided by electron-phonon or -magnon
scattering processes. Corresponding calculations on the basis of this model are in reasonable
agreement with the experimental results so that this approach represents a promising tool for
a quantitative description of the TPMCD effect.
The present findings encourage an implementation of our experimental technique to time- and
spatially-resolved photoemission electron microscopy, thereby enabling a real time imaging of
magnetization dynamics of single excited states in a ferromagnetic material on a femtosecond
timescale.



Kurzfassung
Während der letzten Jahrzehnte hat sich der Magnetische Zirkulardichroismus (MCD) zu einer
vielseitigen und unverzichtbaren Methode zur Untersuchung magnetischer dünner Schichten
entwickelt. So liefert beispielsweise der Röntgenzirkulardichroismus (XMCD) durch die An-
regung kernnaher Elektronenniveaus absolute Werte für dasmagnetische Spin- und Bahnmo-
ment und profitiert dabei von hohen Asymmetriewerten von mehr als 30%. Ähnlich hohe
Werte verspricht auch der Magnetische Zirkulardichroismus in der Schwellen-Photoemission
(TPMCD), bei dem Laser mit Photonenenergien im Bereich der Proben-Austrittsarbeit ver-
wendet werden, um Informationen über die besetzte elektronische Struktur in der Nähe der
Fermi-Kante zu erhalten. Abgesehen von Messungen an Ni(001) existierten bisher jedoch nur
wenige Untersuchungen zum TPMCD-Effekt. Diese wiesen zudemweitaus kleinere Asym-
metriewerte auf als XMCD-Messungen und der zugrunde liegende physikalische Mechanis-
mus ist noch nicht hinreichend verstanden.
In dieser Arbeit wird der TPMCD-Effekt in Ein-Photon-Photoemission und Zwei-Photonen-
Photoemission (1PPE und 2PPE) an ferromagnetischen Heusler-Schichten und Co-Dünnfilmen
mit Hilfe von Ultrakurzpulslasern untersucht. Die beobachteten Asymmetrien werden durch
ein neues Photoemissionsmodell erklärt, das auf Spin-aufgelösten Bandstrukturrechnungen
und einem linearen Response-Formalismus basiert.
Für die beiden Heusler-Legierungen Ni2MnGa und Co2FeSi weisen wir den TPMCD-Effekt
erstmals im 2PPE-Regime nach. Systematische Untersuchungen zu generellen Eigenschaften
des Dichroismus werden an ultradünnen Co-Filmen auf Pt(111)durchgeführt. Hierbei ergeben
Messungen in Abhängigkeit der Photonenenergie Asymmetrien von 1.9% für 1PPE und 11.7%
für 2PPE. TPMCD-Messungen bei gesenkter Austrittsarbeit liefern sogar noch höhere Asym-
metrien von 6.2% (1PPE) bzw. 17% (2PPE). Dies macht deutlich, dass auch für den TPMCD-
Effekt an Co(111) hohe Asymmetriewerte erreicht werden können. Die Messungen zeigen
weiterhin, dass die TPMCD-Asymmetrie eine volumen-sensitive Größe ist: Die Entstehung
des Dichroismus wird offenbar wesentlich durch die Volumeneigenschaften des Co beein-
flusst, Oberflächeneffekte spielen hingegen eine untergeordnete Rolle. Darüber hinaus kann
die in allen Messungen gegenüber 1PPE erhöhte 2PPE-Asymmetrie auf einen dominanten
Einfluss des ersten Anregungsschrittes und die Existenz eines realen Zwischen-Niveaus zurück-
geführt werden.
Die beobachteten TPMCD-Effekte lassen sich nicht mit der herkömmlichen Photoemissions-
Theorie erklären, die nur direkte Interband-Übergänge in Beobachtungsrichtung (Γ-L) berück-
sichtigt. Für Co(111) führen diese in evaneszente Endzustände. Die Anregung in solche ist
jedoch unvereinbar mit der gemessenen Volumensensitivität der TPMCD-Asymmetrien. Da-
her erweitern wir dieses Modell, indem wir den Dichroismus auf direkte Interband-Übergänge
in anderen kristallographischen Richtungen als (Γ-L) zurückführen. Der dabei zur Elektronen-
emission benötigte zusätzliche Impulsübertrag wird vermutlich durch Elektron-Phonon/
Magnon-Streuprozesse bereitgestellt. Entsprechende Rechnungen auf Grundlage dieses Mo-
dells liefern Asymmetrien, die für 1PPE und 2PPE in guter Übereinstimmung mit den gemes-
senen Werten sind, so dass dieser Zugang die Möglichkeit einer quantitativen Beschreibung
des TPMCD-Effektes eröffnet.
Die gegenwärtigen Ergebnisse stellen zeit- und ortsaufgelöste Photoemissionselektronenmi-
kroskopie-Untersuchungen in Aussicht, mit deren Hilfe dieMagnetisierungsdynamik
angeregter Einzelzustände in ferromagnetischen Materialien mit einer Zeitauflösung im Fem-
tosekundenbereich beobachtet werden kann.
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1 Introduction

The phenomenon of circular dichroism caused by different absorption probabilities for cir-
cularly left and circularly right polarized light in suitable materials appears in living nature
in surprisingly diverse forms and beautiful coloring. Suchinteractions with light can be ob-
served for beetles, many birds as well as butterflies. Thus, especially the dazzling beetles have
been traditionally used in many Asian countries for the decoration of textiles before they also
attracted strong scientific interest [1]. During the last centuries dichroic effects have been in-
vestigated for many more objects such as special crystals and chiral molecules. In this context,
it was also shown that they do not only appear in non-magneticstructures but are also present
in ferromagnetic materials for which they are systematically investigated since the discovery
of the photoelectric effect.
In photoemission excited by linearly or circularly polarized light the detected spin-averaged
photocurrent of a magnetized material reveals an asymmetryupon reversal of the photon he-
licity. This phenomenon is called magnetic linear/circular dichroism (MLD/MCD) and orig-
inates from the simultaneous presence of spin-orbit coupling (SOC) and exchange splitting
in ferromagnets. Since both effects strongly influence the electronic structure of a material
MCD measurements deliver plenty of information on the electronic properties of magnetic
thin films and surfaces. During the last decades magnetic dichroic effects have thus attracted
much interest and have therefore been investigated mainly in two photon energy regimes.
X-ray magnetic circular dichroism (XMCD) uses synchrotron radiation with photon energies
between 400-1000 eV to excite electrons from the core levelsof a magnetic material. The
corresponding measurements provide element specific information, i. a. by displaying the
absolute values of spin and orbital magnetic moments [2, 3].Since XMCD is based on the
excitation of discrete atomic core levels with a large spin-orbit coupling it benefits from large
asymmetry values of more than 30% [4] and can therefore also be used as a contrast mecha-
nism for magnetic domain imaging by means of photoemission electron microscopy [5].
In contrast, magnetic circular dichroism in valence band photoemission (MCD) excites elec-
trons from the valence band region of a material using photonenergies in the range of 5 to
40 eV. It therefore gives immediate access to the relativistic band structure of a ferromagnet.
Especially augmented to energy- and angle-resolved photoemission spectroscopy, MCD in
valence band photoemission is able to map the dispersion of single initial-state valence bands
and to derive their relativistic symmetry character from the dichroic spectra [6]. Furthermore,
it allows for direct insights into spin-orbit induced hybridization effects in the band-structure
scheme and measures the strength of spin-orbit coupling as well as exchange splitting [7].
In contrast to the development of MCD in valence band photoemission to a powerful exper-
imental technique, it is only scarcely investigated in the regime of threshold photoemission
where the photon energy is only slightly larger than the sample work function (hν∼ 2.5 -
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1 Introduction

6 eV). The electrons are therefore excited from occupied initial states close to the Fermi en-
ergy to final states slightly above the vacuum level. This means that only a small region of
initial states contributes to the signal. Accordingly, MCD in near-threshold photoemission
would deliver insight into the electronic structure in the direct vicinity of the Fermi level. In
this sense, it might also favor enlarged asymmetries due to astrong selection of participating
bands. However, until a few years ago only little work was performed on magnetic dichroism
in near-threshold photoemission.
Using a mercury arc lamp (hν < 5 eV) Marx et al. demonstrated magnetic linear dichroism in
one-photon photoemission electron microscopy (PEEM) for a100 nm thick polycrystalline Fe
film revealing a much smaller asymmetry of 0.37% compared to XMCD measurements [8].
A more auspicious access to near-threshold magnetic dichroism is provided by the use of tun-
able ultrashort pulse lasers instead of conventional laboratory light sources. The former do
not only possess the required photon energies, but they alsopioneer experiments in the regime
of multi-photon photoemission enabling completely new excitation mechanisms beyond con-
ventional photoemission. In this context, recent measurements by Nakagawa and Yokoyama
have shown that near-threshold MCD asymmetries of the order of 10% in one-photon photoe-
mission can be obtained for perpendicularly magnetized Ni films on Cu(001) using ultrashort
pulsed laser light [9]. These experiments point out that enlarged MCD asymmetries are also
attainable in near-threshold photoemission and strongly encourage systematic investigations
of other magnetic materials. The findings moreover motivatethe inspection of MCD in the
multi-photon photoemission regime. The detection of enhanced asymmetries for one- as well
as for two-photon photoemission might pave the way for the imaging of magnetization dy-
namics in threshold photoemission with maximum spatial andtime resolution using ultrashort
pulsed lasers in combination with microscopy techniques such as PEEM. This would also
display the potential of near-threshold MCD for magnetic storage technology. Experiments
following the investigations of Ni(001) would not only aim at searching for large magnetic
asymmetries in one- and multi-photon photoemission processes, but the investigations should
also yield information about the underlying physical mechanisms of MCD in near-threshold
photoemission which are not yet satisfactorily understood.
In the framework of this thesis we investigate near-threshold MCD in one- and two-photon
photoemission (1PPE and 2PPE) for ferromagnetic Heusler alloys and ultrathin Co films us-
ing ultrashort pulsed laser light. For the two Heusler alloys we will give first evidence of
near-threshold MCD in the regime of 2PPE. The ultrathin Co filmsgrown on Pt(111) are
used for systematic investigations concerning the dependence of the 1PPE- and 2PPE-MCD
on the photon energy and the angle of light incidence. Moreover, the dependence on the
thickness of the magnetic film and the magnetic anisotropy aswell as on the sample work
function is investigated for 1PPE and 2PPE. The use of Co/Pt samples is advantageous since
they constitute well-studied systems revealing a high perpendicular magnetic anisotropy and
large magneto-optical Kerr effects. For the investigationof MCD they are of special interest
since Co exhibits a large exchange-splitting, and Pt revealsan enhanced spin-orbit coupling.
The results for Co/Pt(111) will demonstrate that large MCD effects in near-threshold photoe-
mission are also possible for other materials than Ni(001).Furthermore, we will comment on
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the sensitivity of the measured asymmetries with respect tothe bulk and the surface of the Co
sample. Additionally, the influence of the two excitation steps in a 2PPE process is explicitly
analyzed. Based on the experimental findings we will furthermore give an interpretation of
the MCD asymmetries in terms of direct interband transitionsin the band-structure scheme of
Co(111). In particular, we will show that the conventional model of photoemission that only
considers transitions in the direction of normal electron emission cannot be applied to the case
of Co(111). Instead, we will generalize this approach to a model which includes transitions
in all other crystallographic directions of the band-structure scheme. Calculations on basis of
this theory will be directly compared to our experimental findings.

This work is organized as follows:

In Chapter 2 we describe the relevant theoretical concepts. Thereby, wemainly focus on
the two physical phenomena of photoemission and magnetic circular dichroism which are
discussed in Ch. 2.1 and Ch. 2.2, respectively. Ch. 2.3 additionally illustrates the theoretical
approach used for the calculation of the MCD asymmetries. Please note that in contrast to ex-
isting publications we will not use the termthreshold photoemission magnetic circular dichro-
ism (TPMCD) in this work. Strictly speaking TPMCD means magnetic circular dichroism
measured directly at the photoemission threshold which applies only to some of our investiga-
tions. In literature this term is used to easily distinguishthese excitation processes from those
of XMCD on the one hand and from MCD in conventional valence bandphotoemission on the
other hand. To be as precise as possible, we therefore use thetermsMCD in near-threshold
photoemissionandnear-threshold MCDfor dichroic signals measured in the vicinity of the
threshold (hν − Φ ≤ 1 eV).

In Chapter 3 we describe the experimental techniques. Since the measurements for this the-
sis have been carried out at the University of Mainz as well asat the Institute for Molecular
Science in Okazaki (Japan), both setups for the detection ofmagnetic circular dichroism in
near-threshold photoemission and for the magneto-opticalKerr effect are described.

In Chapter 4 we present and discuss the experimental results. The chapter is divided into four
sections, each dealing with a different issue in the framework of near-threshold MCD. In order
to present each section as self-contained as possible from the previous ones each starts with
its own motivation and ends with a summary and conclusions.

In Chapter 5 we summarize the results of this work and illuminate the scientific findings
which can be drawn from their interpretation.

5
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2 Theoretical foundations

In this chapter we describe the physical mechanisms that underly the experimental results.
Since magnetic circular dichroism is investigated using photoemission we present the basic
theoretical concepts behind both phenomena.
In the field of photoemission we mainly turn our attention to the most important theoretical
approaches, namely the three-step and the one-step model. The characteristics and differ-
ences of the two approaches are presented and the meaning of both concepts with respect
to this work is illuminated. Also multi-photon photoemission processes, in particular two-
photon photoemission (2PPE), and the regime of threshold photoemission are qualitatively
discussed in this section.
To understand the origin of MCD we firstly introduce the irreducible representations of the
electronic states as well as the dipole selection rules. TheMCD is then derived from direct
interband transitions between initial and final electronicstates in the band-structure scheme.
This is explicitly carried out for the case of the (111) surface, at the same time demonstrat-
ing that MCD is caused by the simultaneous presence of spin-orbit coupling and exchange-
splitting.
The last section is devoted toab initio calculations of the MCD asymmetry which are carried
out in strong analogy to a model also used for the magneto-optical Kerr effect, additionally
considering the energy conservation for the photoemitted electrons. Thereby, we mainly focus
on the bandstructure calculations and the evaluation of theoptical conductivity tensor which
are both essential for the derivation of the MCD signals. The MCD asymmetry is then directly
expressed in terms of the optical conductivity.

2.1 The Theory of Photoemission

2.1.1 Einstein equation

The first description of photoemission was given by Einsteinin 1905 [10]. In the photoelectric
effect a material emits electrons, when it is illuminated with light of particular energy. Due
to the disagreement with Maxwell’s wave theory of light Einstein proposed that only by the
absorption of discrete light quanta (photons) of appropriate energy the electrons can escape
from the material. Thereby, the number of these photoelectrons increases with increasing light
intensity, while their kinetic energy is proportional to the frequency of the incident radiation.
These findings lead to the Einstein equation describing the energy balance of a photoemission
process,

Ekin = hν − Φ− EB, (2.1)
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2 Theoretical foundations

where hν is the energy of a photon;Φ is the work function of the material resembling a
potential barrier which has to be overcome by the electron. The binding energy of an electron
is denoted byEB(> 0), andEkin describes the electron’s kinetic energy in vacuum. In the days
of Einstein knowledge was restricted to Eq. (2.1) and its implications. Other photoelectric
regimes such as multi-photon photoemission (e. g. two-photon photoemission) have not been
possible until the advent of ultrashort pulse lasers. Sincethis issue is very important for the
experiments that will be discussed in this thesis we briefly recall its basic characteristics.

One-and two-photon photoemission processes

The process of one-photon photoemission is directly captured by the Einstein equation. The
left side of Fig. 2.1 depicts a sketch of a 1PPE process: An electron is excited from an initial
state of energyEi to a final stateEf by absorbing one photon of energy hν. To escape into
vacuum the electrons have to overcome the vacuum levelEV. Thereby, the energetic difference
betweenEV and the Fermi levelEF is the sample work function,Φ = EV − EF, whileEB =
|Ei−EF| marks the electron’s binding energy. Fig. 2.1 and Eq. (2.1) also show that for a 1PPE
process the photon energy must be larger than the sample workfunction implyingEkin ≥ 0;
otherwise the process cannot take place. With the present-day availability of high photon
fluences and excellent focusing conditions multi-photon processes also enable photoemission
with hν < Φ. For this work especially two-photon photoemission is of great importance.
In a 2PPE process the electron absorbs a first photon and is excited to a real|r〉 or virtual |v〉
intermediate state. By absorbing a second photon of the same laser pulse the electron is excited
to a final stateEf above the vacuum level (see the right side of Fig. 2.1). The lifetime of a real
intermediate state depends on the excitation energy and canbe determined in experiments.
One finds for the lifetimeτ [11, 12]

τ ∼ 1

(E∗ − EF)2
, (2.2)

whereE∗ is the energy of the real intermediate state. Typical valueslie between 1-30 fs [11].
Emission is triggered effectively, if the lifetime of the real intermediate state is large, i. e.
if the energetic difference (E∗ − EF) is small. Therefore, excitation into unoccupied real
states close to the Fermi edge is advantageous. The lifetimeof virtual intermediate states
is expected to be much smaller which might be shown by future experiments. The general
difference between excitations into a real and a virtual intermediate state is often expressed as
the sum of two terms in the electron distribution per time andvolume interval which is formed
after the optical excitation [13]:

P 2p(E, ω) = P c(E, ω) + P s(E, ω). (2.3)

While the first term marks a sequential process (c stands for cascade), the second one de-
scribes simultaneous excitations (s for simultaneous). These are characterized by electronic
excitations into virtual intermediate states upon absorption of the first photon. The simulta-
neous absorption of a second photon triggers the transitionto a final stateEf . In contrast to

8



2.1 The Theory of Photoemission

Figure 2.1: (left side) Sketch of a one-photon photoemission process.Ei marks
the initial state from which an electron is excited to a final stateEf by absorbing a
photon of energy hν. Thereby, it has to overcome the vacuum levelEV. (right side)
Schematic view of a two-photon photoemission process. An electron is excited
into vacuum by absorbing two photons of the same laser pulse (2hν > Φ). The
intermediate state carries the energyE∗ and can be real|r〉 or virtual |v〉; |Ei−EF|
reflects the binding energyEB, EV−EF is the sample work functionΦ. Ef −EV

is the photoelectron’s kinetic energy.
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2 Theoretical foundations

the coherent simultaneous excitations, sequential excitations proceed in an incoherent man-
ner. This means that the electrons are firstly excited to a real intermediate state where they
can form a so-called hot-electron distribution. This distribution temporally changes by differ-
ent relaxation processes before the second photon is absorbed. The most common relaxation
process on a femtosecond time scale is electron-electron scattering. Generally, the relaxation
produces secondary electrons which populate states between |r〉 and|EF〉 and can contribute
to the 2PPE spectrum.

Threshold photoemission

In the regime of threshold photoemission the photon energy is just slightly higher than the
sample work function, meaning hν ≥ Φ for a single photon process. The electrons still escape
from the material, but following Eq. (2.1) they only exhibita narrow distribution of kinetic
energies. With respect to the universal curve [14] this alsomeans that their inelastic mean
free path is enhanced, and the electrons mostly stem from thebulk of the material. For some
materials such as Ni(001) it was demonstrated that magneticcircular dichroism is especially
enlarged at the photoemission threshold and rapidly decreases in the vicinity of the thresh-
old [9] which is attributed to band-structure effects. The enhancement of MCD asymmetry
directly at threshold also explains the interest in investigating MCD in near-threshold photoe-
mission.

2.1.2 The three-step model

After the first description of the photoelectric effect different theoretical models have been
developed to analyze the process in detail. An extensive summary of the different concepts
and related phenomena is given in Ref. [15] to which the following sections mainly refer.
In all concepts one generally distinguishes betweencore level photoemisssionwhich means
the excitation of photoelectrons out of atomic core levels using soft or hard X-rays andva-
lence band photoemissioncommonly carried out at much lower photon energies, e. g. in the
UV-range. Since this work is not related to the previous one we will refer only to the case of
valence band photoemission. All theories of photoemissionhave to describe the excitation of
many electrons from initial states and their escape into vacuum leaving the remaining system
in a modified final state. Thus they are dealing with a complicatedmany-body process. In the
regime of valence band photoemission an electron is excitedfrom a valence state and creates a
hole in the sea of valence electrons. The creation of a photohole is analog to adding a positive
potential to which the remaining system might react. This response, also known asscreening,
is assumed to be instantaneous, and a possible interaction between the photoelectron and the
rest of the system is neglected. This assumption arising in all photoemission theories is called
thesudden approximation.
After this preliminary remarks we introduce the so-calledthree-step modelwhich is the most
frequently used concept for a photoemission process. This phenomenological approach was
introduced by Berglund and Spicer [16] and - although not completely correct - successfully
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2.1 The Theory of Photoemission

Figure 2.2: (left side) Schematic drawing of the three-step model dividing the
photoemission process into three independent steps (taken from Ref. [15]): 1. op-
tical excitation of the electron in the bulk; 2. travel of the photoelectron to the
surface; 3. transition from the solid into vacuum thereby overcoming the surface
barrier. (right side) Sketch of a one-step process. Within one single step the elec-
tron is excited into a damped final state which couples to a free electron wave in
vacuum. In this model, all information referring to step two and three in the three-
step model is included in the final wave function which couples to a free electron
wave in vacuum.

describes photoemission in many cases by separating the effect into three independent steps:
In a first step the electron is optically excited in the solid.Then it passes the material towards
the surface and finally penetrates it to escape into vacuum. The left side of Fig. 2.2 gives an
illustration of the three-step model; the particular stepswill be discussed in the following.

Optical excitation of bulk interband transitions

In contrast to atomic systems the valence electronic statesin a solid are described by energy
bands. In the valence bands the electrons are delocalized, and the electronic states therefore
depend on the wave vector~k resulting in an energy dispersionE(~k) which is also called the
band structureof a material. Furthermore, the common photon energies in ultraviolet photo-
electron spectroscopy (UPS) and angle-resolved photoelectron spectroscopy (ARUPS) are <
100 eV, and the momentum of the photon can thus be neglected. This means that all optical
transitions from an initial state|i〉 to a final state|f〉 in a band-structure scheme are momen-
tum conservingdirect transitions (∆~k = 0). In a reduced scheme of the Brillouin zone these
transitions proceed in a vertical manner, while in an extended scheme a reciprocal lattice vec-

11



2 Theoretical foundations

tor has to be added1:

~kf =

{

~ki reduced zone scheme
~ki + ~G extended zone scheme

(2.4)

with ~kf and~ki being the wave vectors of the final and initial electronic band states and~G an
adequate reciprocal lattice vector. Now the main goal consists in finding an expression for the
photocurrent which is generated by direct transitions frominitial states

∣

∣i,~ki
〉

to final states
∣

∣f,~kf
〉

inside the solid considering momentum as well as energy conservation. The description
of transitions between initial and final states is thereby closely related to the indication of
transition probabilities using Fermi’s Golden Rule. Based onthese ideas, the photocurrent can
be written as

I ∝
∣

∣

∣M̃1
if

∣

∣

∣

2

δ(~ki − ~kf + ~G) δ(Ef − Ei − h̄ω) (2.5)

with the transition matrix element

M̃1
if = 〈Ψf |Hint|Ψi〉 . (2.6)

The tilde ’˜ ’ indicates that the momentum conservation is not implicitly contained in the
matrix element, but is implemented explicitly by the firstδ-function in (2.5). The initial and
final states are described by the wave functionsΨi andΨf which are eigenstates of the single
electron Hamiltonian in the solid,H0 = p2

2m
+ V (~r). This operator defines the unperturbed

system. In the three-step modelΨi andΨf are Bloch states and connected by a direct interband
transition (indicated by the superscript 1 in (2.6)). The perturbation operatorHint describes
the interaction of an electron with the incident photon field. In the most general form we have

Hint =
e

2mc
( ~A · ~p+ ~p · ~A)− eφ+

e2

2mc2
~A · ~A ; (2.7)

~A andφ are the vector and scalar potential of the photon field, respectively, and~p = −ih̄~∇
is the electron momentum operator. For a monochromatic electromagnetic wave in vacuum
we can use the gaugeφ = 0. Moreover, the fact that the two polarization vectors of the
electromagnetic wave are perpendicular to its wave vector,~k, implies ~∇ · ~A = i~k · ~A = 0.
Neglecting non-linear processes in the expression forHint Eq. (2.7) is simplified to2

Hint =
e

mc
( ~A · ~p ). (2.8)

1A reduced zone scheme only shows the first Brillouin zone and is formed by folding back the bands of the
higher order Brillouin zones (extended scheme) into the first one. This is done by adding an adequate recip-
rocal lattice vector~G. Because of the periodicity of the lattice both descriptions are equivalent. In this work
we will always refer to the reduced zone scheme.

2Assuming moderate fields where~A · ~p >> e
c
~A2 we can neglect the term~A · ~A. Furthermore, we have used

~A · ~p+ ~p · ~A = 2 ~A · ~p− ih̄(~∇ · ~A) = 2 ~A · ~p.

12



2.1 The Theory of Photoemission

Since for the energy range discussed here the wavelength of the incident photons is much
larger than the interatomic distances~A can be assumed as constant~A = ~A0. Furthermore, one
derives the equivalence

〈

Ψf

∣

∣ ~A ·~p
∣

∣Ψi

〉

∝ ~A
〈

Ψf

∣

∣[H0, ~r ]
∣

∣Ψi

〉

∝
〈

Ψf

∣

∣ ~A ·~r
∣

∣Ψi

〉

, where we have

again neglected second order contributions of~A. As mentioned, the momentum conservation
(2.4) is taken into account by the firstδ-function in Eq. (2.5). The secondδ-function refers to
the energy conservation in the solid. Note that the wave vector-dependence of the energies is
not explicitly written out in (2.5).
In the energy range commonly used in valence band photoemission (5 - 40 eV) the inelastic
mean free path of the excited electrons is comparatively short and damped inside the mate-
rial [14]. This is considered by a complex wave vector normalto the sample surface,

k⊥ = k1
⊥ + ik2

⊥, (2.9)

and leads to a ’smearing’ of the momentum conservation law [15]. Eq. (2.5) is therewith
changed to

I ∝
∣

∣M̃1
if

∣

∣

2

(k1
i⊥ − k1

f⊥)
2 + (k2

f⊥)
2
δ
(

~ki − ~kf + ~G
)

δ
(

Ef − Ei − h̄ω
)

. (2.10)

While the interaction of the excited photoelectron with the remaining system can be neglected
(sudden approximation), we necessarily have to take into account the interaction between the
remaining electrons of the system: Whenever a photohole is created in the excitation process,
it does not belong to one special final state - as it was the casewithout electron -electron
interaction - but can be found in any one of the possibles final states in a many electron
system. In the following we indicate the initial as well as the final state wave functions in an
appropriate manner, so that electron-electron interaction can be taken into account. Assuming
a system ofN electrons the initial state can be written as a product of thewave function of
the photoelectron’s initial stateφi(~ki) (replacingΨi in Eq. (2.6)) and the wave function of the
other(N − 1) electronsΨi(N − 1),

Ψi(N) = φi(~ki)Ψi(N − 1). (2.11)

Analogously, the final state can be expressed as

Ψf (N) = φf,Ekin
(~kf ) ·

∑

s

Ψf,s(N − 1), (2.12)

whereφf,Ekin
(~kf ) is the final state wave function of the photoexcited electron(replacingΨf

in Eq. (2.6)), andΨf,s(N − 1) marks the wave functions of thes possible final states of the
remaining electrons. Accordingly, the energy of the final states isEs(N−1), while the energy
of the initial stateΨi(N) is E0(N). With this (2.10) changes to

I ∝
∑

s,i

∣

∣

〈

φ̃f, Ekin

∣

∣~r
∣

∣φ̃i

〉∣

∣

2∣
∣

〈

Ψ̃f,s(N − 1)
∣

∣Ψ̃i(N − 1)
〉∣

∣

2 1
(

k1
i⊥ − k1

f⊥
)2

+
(

k2
f⊥

)2

× δ
(

~ki − ~kf + ~G
)

δ
(

Ekin + Es(N − 1)− E0(N)− h̄ω
)

. (2.13)
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2 Theoretical foundations

The tilde ’̃ ’ has the same meaning as above. The function

A(~k, E) =
∑

s

∣

∣

〈

Ψ̃f,s(N − 1)
∣

∣Ψ̃i(N − 1)
〉∣

∣

2
(2.14)

is called thespectral functionand describes the overlap between the final statesΨ̃f,s(N − 1)
and the ground statẽΨi(N − 1). It thus gives the probability for removing an electron from
an electronic system in the ground state. Note that for non-interacting electrons Eq. (2.14)
results in unity, since final and groundstate are the same. Electron-electron interaction can
now explicitly be regarded by adding a so-calledself energy

Σ(~k, E) = ReΣ + i ImΣ (2.15)

to the one-electron energyE0(~k). Via the one-particleGreen’s functionof the N-electron
system3

G(~k, E) =
1

E − E0(~k)− Σ(~k, E)
(2.16)

A(~k, E) results in

A(~k, E) =
1

π

ImΣ
(

E − E0(~k)− ReΣ
)2

+
(

ImΣ
)2 . (2.17)

Note that the poles of (2.16),E1(~k)−E0(~k)−Σ
(

~k, E1(~k)
)

= 0, yield the energetic spectrum
of the interacting system (with the assumptionReΣ ≫ ImΣ). E1 is the (renormalized)
electron energy in the interacting system. It differs fromE0, since the electrons are surrounded
by clouds of virtual excitations, both moving coherently with each other. These combined
particles are calledquasiparticles.
Now we can formulate the complete expression for the photocurrent in a crystalline solid
which is evoked by an optical excitation:

I(E, h̄ω) ∝
∑

i,f

ImΣ(~ki)
(

E − E0(~ki)− ReΣ(~ki)
)2

+
(

ImΣ(~ki)
)2 ·

∣

∣M̃1
i,f

∣

∣

2

(

k1
i⊥ − k1

f⊥
)2

+
(

k2
f⊥

)2

× δ
(

~ki − ~kf + ~G
)

δ
(

E1(~kf )− E1(~ki)− h̄ω
)

· f(E, T ), (2.18)

wheref(E, T ) is the Fermi distribution, and we have explicitly indicatedthe dependence of
the energies on the wave vectors. The Fermi distribution assures that in the sum over all initial
states only the occupied ones contribute. Furthermore,M̃1

i,f represents the matrix element
introduced in Eq. (2.6) for the single photoelectron.

3The spectral function is directly connected to the one-particle Green’s functionG(~r1, ~r2, t) of a N -electron
system which gives the probability for a propagation of an electron from(~r1, t = 0) to (~r2, t > 0). Fourier-
transformed to the reciprocal space,G(~k1,~k2, E) describes the probability for an electron scattering from a
state~k1 to a state~k2 under an energy transfer E. If we consider only the diagonal elements of the Green’s
function we finally obtainG(~k,E) which yields the spectral function byA(~k,E) = 1

π

∣

∣ImG(~k,E)
∣

∣. Deter-

miningG(~k,E) under consideration of the self-energy therefore directlydeliversA(~k,E).
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2.1 The Theory of Photoemission

Transport to the surface

In a second step the excited photoelectrons travel to the solid surface. During transport they un-
dergo inelastic scattering processes that reduce the number of electrons escaping into vacuum.
The most dominant scattering mechanism is electron-electron interaction. In the three-step
model scattering processes are captured by the electron’s inelastic mean free path

λ(E, k) = τvg =
τ

h̄

dE

dk
, (2.19)

wherevg is the group velocity in the final state and1
τ

is the scattering frequency which is
assumed to be isotropic and only dependent onE. Moreover, the transport is characterized
by the fraction of all photoelectrons which are created within one mean free path from the
surface. This is described by a coefficient

d(E, k) ≈ αλ

1 + αλ
, (2.20)

whereα marks the absorption coefficient for light. For (2.20) two extrema are possible:αλ ≫
1 ⇒ d(E, k) →1. This means that all photoexcited electrons reach the surface without being
involved in an inelastic scattering process. Forαλ ≪ 1 ⇒ d(E, k) → αλ, the electron’s
mean free path is much smaller than the penetration depth of the light α−1, and only the
fractionαλ reaches the surface without inelastic scattering.

Transmission through the surface and escape into vacuum

The third step describes the transition of the photoelectrons from the solid to vacuum, for
which they have to overcome the surface potential barrier: Inside the material the electrons
are expected to behave like free electrons moving in a potential of depthEV − E0, where
EV is the vacuum energy andE0(< 0) is the minimum energy of the lowest valence band.
For escape into vacuum the component of the electrons’ kinetic energy perpendicular to the
surface must therefore be larger thanEV − E0; otherwise the electron is reflected back into
the material,

h̄2

2m
~k2
f⊥ ≥ EV − E0. (2.21)

This implies that a minimum value of the normal component|~kf⊥| of the electron wave vector
in the final state is needed for transmission,|~kf⊥|min =

√
2m
h̄

(EV − E0)
1/2. Eq. (2.21) only

refers to the perpendicular component of the electron momentum. Due to the two-dimensional
translation invariance of the surface the parallel momentum is conserved at the transition:

~kf‖(int) = ~kf‖(ext) = ~p‖/h̄. (2.22)

The situation at the solid vacuum interface is sketched in Fig. 2.3 which illustrates that a tran-
sition of electrons from solid to vacuum is equivalent to thediffraction of light at the interface
between an optically dense and an optically light material.
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2 Theoretical foundations

Figure 2.3: Relation between wave vector and momentum components of the
electron at the transition between solid and vacuum. While the parallel compo-
nent~kf‖ is conserved during the transition, the perpendicular component~kf⊥ is
changed. The situation reflects Snell’s diffraction law for the case of electron tra-
jectories (according to Ref. [15]).

With the help of Fig. 2.3 one can therefore derive a diffraction law for electron trajectories in
strong analogy to Snell’s diffraction law in optics. Using the conservation law for the parallel
component of the momentum

(

~p‖(int) = ~p‖(ext)
)

one finds:

∣

∣~p‖(int)
∣

∣ =
∣

∣~kf‖(int)h̄
∣

∣ =
∣

∣ sin θ′~kf (int)h̄
∣

∣ = sin θ′
(

2mEkin(int)
) 1

2

= sin θ′
(

2m(Ef − E0)
) 1

2

=
∣

∣~p‖(ext)
∣

∣ =
∣

∣ sin θ ~p
∣

∣ = sin θ
(

2mEkin(ext)
) 1

2

,

(2.23)

whereθ′ andθ are the diffraction angles inside and outside the material with respect to the
surface normal. Eq. (2.23) shows thatθ is always larger thanθ′ and ranges from0◦ to 90◦. At
the limiting angle ofθ = 90◦ the electrons would be emitted parallel to the sample surface, for
larger angles they are totally reflected into the material. Apparently,θ = 90◦ also marks the
limit for the angle distribution inside the material. Forsin θ = 1 the maximum angle inside
the solid is given by

sin θ′max =

√

Ekin(ext)

Ekin(int)
=

√

Ekin

Ef − E0

=

√

hν − Φ

hν − Φ + eV0

, (2.24)

whereEV − E0 = eV0 is the crystal potential andEf − EV = hν − Φ assumingEB = 0.
Reachingθ′max is equivalent to receiving the minimum value ofkf⊥ given by (2.21). The
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2.1 The Theory of Photoemission

anglesθ′min ≤ θ′ ≤ θ′max span the so-calledinner escape conewhich is especially important in
the regime of threshold photoemission: For a photon energy of hν = 4.65 eV and an assumed
work-function value ofΦ = 4.5 eV the maximum kinetic energy of the electrons in vacuum
reachesEkin = 0.15 eV. With a typical inner potential ofeV0 = 15 eV, θ′max yields5.7◦. This
example points out that for excitations in the vicinity of the threshold the escape cone effect
limits possible transitions close to the normal emission direction. The opening of the cone
with increasingEkin, however, admits small values ofk‖.
Considering the upper energy and momentum conditions (2.21)and (2.22) respectively, the
transmission of electrons from the solid to vacuum is finallyencoded in a transmission factor:
In the three-step model the wave function of the final state isdescribed by a Bloch wave,
consisting of a superposition of plane waves with the reciprocal lattice vectors~G,

Ψf (~k) =
∑

~G

uf (~k, ~G)ei(
~k+ ~G)·~r. (2.25)

The escape of a photoelectron is given by a coupling of a planewave component to a free
propagating wave in vacuum. Components of energyEf (~k) with the same value of (~k‖ + ~G‖)
escape in the same direction from the material and must be treated as a coherent superposition.
The total transmission factor

∣

∣T (Ef , ~kf‖)
∣

∣

2
for such a superposition can be expressed by the

sum of the transmission factor for each plane wave resultingin
∣

∣T (Ef , ~kf‖)
∣

∣

2
=

∣

∣t(Ef , ~kf‖)
∣

∣

2
∣

∣

∣

∑

(k+G)⊥>0

uf ( ~G,~k)
∣

∣

∣

2

. (2.26)

The sum is only performed over components traveling towardsthe surface. For a detailed
expression of

∣

∣t(Ef , ~kf‖)
∣

∣

2
we refer to Ref. [15]. Note that in the case of significant spin-orbit

interaction the transmission step gives rise to an electronspin polarization and to ’dichroism-
like’ intensity effects if the electrons inside the solid are spin-polarized. In the case of total
yield measurements which are exclusively performed for this work these effects are absent
due to an averaging over all emission angles [17, 18].
Having analyzed all three steps we can state a final expression for the photocurrent. To sim-
plify matter we neglect electron-electron interaction in the first step as well as the damped
mean free path of the excited electrons. The summation is carried out only over occupied ini-
tial states. For the second step the transport coefficientd(E, k) and for the third step the total
transmission factor

∣

∣T (Ef , ~kf‖)
∣

∣

2
additionally have to be taken into account. Furthermore,

we have to care about the conservation of the parallel component of the electron momentum
as well as for energy conservation during transition from the solid into vacuum. Following
Ref. [15] this finally yields

I(E,~kf‖, h̄ω) ∝
∑

f,i

∣

∣M̃1
fi(

~ki, ~kf )
∣

∣

2
d(Ef , ~kf )

∣

∣T (Ef , ~kf‖)
∣

∣

2

× δ
(

Ef (~kf )− Ei(~ki)− h̄ω
)

δ
(

E − Ef (~kf ) + Φ
)

× δ
(

~ki + ~G− ~kf
)

δ
(

~kf‖ −
~p‖(θ, φ)

h̄

)

. (2.27)
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The secondδ-function thereby describes the energy condition for the transition from material
into vacuum, meaning that only photoelectrons with kineticenergies ofEf − EV outside the
material can be detected. The last one regards the conservation of the parallel component
of the electron momentum. The indication of the electron’s emission direction(θ, φ) should
reveal the nature of the experiment as an angle-resolved technique.
Although the three-step model delivers a comprehensive description of photoemission and
often serves as a useful approximation for the analysis of photoemission spectra, it is not
completely correct. Particularly the effect of the surfaceon the photoemission process is not
sufficiently taken into account: In the three-step model thefinal state is always assumed to be
Bloch-like. However, final states which are located close to the surface cannot be described
by propagating Bloch waves and are thus ruled out. Furthermore, the surface generally reveals
an electronic structure which is different from that of the bulk (due to reduced coordinations)
and therefore has a different effect on the photocurrent. This is also not taken into account.
Another problem arises with respect to Eq. (2.8):~∇ · ~A = 0 is valid for the bulk but does
not hold for the surface. At the surface~∇ · ~A is expected to change and cannot be neglected
as recent experiments have shown [19, 20, 21, 22]. Also the description of the escape of
photoelectrons into vacuum by a simple transmission factormight be too naive. From an
experimental point of view, it is often argued that the three-step model cannot explain the
appearance of the Fermi edge in UPS-investigations for mostof the metals. In these systems
the Fermi edge is observed, although direct interband transitions between two Bloch states are
not possible in the band-structure scheme around the Fermi level. In order to handle these
problems and to give a more correct description, i. e. by properly taking into account the
influence of the sample surface, the one-step model has been developed.

2.1.3 The one-step model

The one-step model strongly alludes to the theory of low energy electron diffraction (LEED).
In LEED a monochromatic beam of low-energy electrons (E ≈ 50 − 150 eV, velocity−~v)
impinges a surface and splits into a beam penetrating the material and another beam which is
specularly reflected with velocity~v. If we neglect the reflected beam and invert the directions
of the two remaining beams, we arrive at the situation of a photoemission experiment keeping
in mind that a photon is needed for initialization of the process. Due to the apparent closeness
to the LEED theory this concept is calledinverse LEED theory of photoemission. In analogy
to the three-step model one can derive an expression for the photocurrent

I
(

E, h̄ω,~v/
∣

∣~v
∣

∣

)

∝ ~v ·
∑

occupied,i

∣

∣

〈

ΨL(~r, E,~kf )
∣

∣A0 ~p
∣

∣Ψi(~r,~k)
〉∣

∣

2
δ(Ef − Ei − h̄ω). (2.28)

where~v/
∣

∣~v
∣

∣ is the unit-vector along the direction of the electron beam and~k = xêx + yêy +
zêz

4. We have again neglected electron-electron interaction and the sum is explicitly carried

4Here, we have usedHint = ~A0 ·~p = A0 ê·~p ∝ A0 ~v ·~p. In the first step we have used the dipole approximation;
ê is the unit-vector along the direction of the electric field and points in the same direction as~v.
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2.1 The Theory of Photoemission

Figure 2.4: Final and initial wave functions in the one-step model (taken from
Ref. [15]). Final states (left side) (a) weakly damped Bloch wave; (b)evanescent
state in a band gap; (c) evanescent state in a band. All final states coupleto a free
electron wave in vacuum. Initial states (right side) (d) bulk Bloch state; (e)surface
state in a gap.

out over occupied initial states. The final stateΨL is a time-reversed LEED-state. It always
contains a wave which freely propagates outside the material and therefore provides the cou-
pling to vacuum. This already indicates that the third step (and also the second) arising in the
three-step model do not have to be added artificially, but thewhole information is incorporated
in ΨL making the process a real one step mechanism. The right side of Fig. 2.2 shows a sketch
of the one-step process. Generally, one distinguishes three different forms ofΨL which are
depicted on the left side of Fig. 2.4. For the initial state there are two possibilities shown on
the right side of Fig. 2.4.
As final state a Bloch wave with only small damping can occur in the solid (a). Also an
evanescent state in a band gap (b) or in a band (c) of the material are possible. Evanescent
states are exponentially damped final states which can appear in bands as well as in band gaps.
The large damping is equivalent to an enlarged imaginary part of the wave vector and is mainly
attributed to inelastic scattering processes. Evanescentstates have their maximum amplitude
right at the surface and drop exponentially towards the bulk[23]. With respect to band states
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2 Theoretical foundations

the term ’evanescent state’ can synonymously be used for a ’strongly damped Bloch state’.
Since the propagating as well as the highly damped final states are treated on an equal footing
ΨL consists of a sum of both,

ΨL ∝ exp
(

i~kf‖ · ~ρ
)

∑

m

tm exp
(

ik⊥mz
)

um(~r,~kf‖, E), (2.29)

where~ρ = xêx + yêy is a vector in the(x − y)-surface plane andtm is the transmission
coefficient. The waves are described by two-dimensional Bloch functions. In analogy to
Eq. (2.9) we decompose

k⊥m = k1
⊥m + i k2

⊥m. (2.30)

In the case ofk2
⊥m = 0 the final state is a propagating wave. Damping is switched on by finite

values ofk2
⊥m. The magnitude of these values separates Bloch waves with small damping

from evanescent waves with enlarged damping. For the initial state a Bloch wave as well as a
surface state in a band gap is possible, and one can write

Ψi = exp
(

i~ki‖ · ~ρ
)

∑

n

Cn exp
(

ik⊥nz
)

vn(~r,~ki‖, Ei), (2.31)

with k⊥n = k1
⊥n + i k2

⊥n.
Note that by settingk2

⊥n = 0 and by considering only small values ofk2
⊥m one refers to a

propagating initial and a weakly damped final Bloch function which reflects the situation in
the three-step model. Furthermore, one can separate the matrix elementMf,i into a bulk and a
surface part. Ignoring the surface term leads to an expression for the photocurrent representing
the result of the three-step model. This means that the three-step model can be recovered from
the one-step formalism. For details see Ref. [23, 24].
Finally, we want to comment on the usefulness of both models for the photoemission ex-
periments presented in this work. We have mentioned that theone-step formalism delivers
a correct description of the photoemission process by explicitly taking into account the sur-
face of the material. Thereby, emission into evanescent states often taking place due to the
lack of a real final or intermediate state, is fully described. For reasons we will discuss be-
low our measurements can only be interpreted by direct interband transitions between initial
Bloch states and final weakly damped Bloch states. Excitationsto evanescent final states are
excluded. Moreover, the use of photon energies in the range of the sample work function
(threshold photoemission) reveals an enhanced mean free path of the excited electrons. This
means that in contrast to conventional valence band photoemission, where photon energies
ranging from∼ 20-40 eV trigger very surface sensitive excitations (c. f. UPS), the electrons
in our experiment can be excited from the bulk of the materialand excitations to evanescent
states which are located close to the surface will only play aminor role. For these reasons
it is more convenient to think of the present photoemission experiments in the light of the
three-step model.
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2.2 Magnetic circular dichroism in valence band photoemission

2.2 Magnetic circular dichroism in valence band photoemission

Having illustrated the basic theoretical concepts of valence band photoemission the following
paragraph introduces the physical phenomenon ofmagnetic circular dichroism(MCD) in va-
lence band photoemission, to which this work is primarily devoted. As already suggested by
the term itself MCD reveals a difference for the absorption ofleft-circularly (σ+) and right-
circularly (σ−) polarized light in magnetic materials. This means that dueto the different
nature of the two circular polarizations the absorption ofσ+ andσ−- radiation differs from
each other in a material magnetized along a certain direction. This difference is sometimes
expressed ’macroscopically’ using the frequency-dependent absorption coefficients of the ma-
terial for the two circular polarizations [25],

∆µ(ω) = µ+(ω)− µ−(ω). (2.32)

The ’microscopic’ reason for MCD is traced back to an interplay between the spin-orbit cou-
pling (SOC), which leads to a lifting of degeneracies in the electronic states and the ex-
change interaction in ferromagnetic materials, which results in a spin-polarization of elec-
tronic states [26]. Thereby, only the simultaneous appearance of both effects allows for the
detection of MCD. This will be discussed in detail in Ch. 2.2.2.Since the electronic structure
is strongly influenced by SOC and exchange-splitting electrons excited by a photoemission
process also carry information about SOC- and exchange-splitting-induced effects. Especially
photoelectrons of a magnetized material excited by left- and right-circularly polarized light
should yield complete information on MCD. In analogy to Eq. (2.32) one can therefore mea-
sure an intensity differenceIσ

+ − Iσ
−

of the photoelectrons for the two circular polarizations
at fixed magnetization. Normalizing leads to the so-calledMCD asymmetrywhich is often
used for the interpretation of MCD measurements,

A =
Iσ

+ − Iσ
−

Iσ+ + Iσ− . (2.33)

A detailed derivation of the MCD asymmetry for the case of a (111) surface will be given in
Ch. 2.2.2. The circumstance that MCD originates from a simultaneous appearance of spin-
orbit coupling and exchange-splitting can only be explained by knowing which initial and
final states in a band-structure scheme might participate inthe photoemission process. Which
transitions finally take place depends on the symmetry of theelectronic states and the dipole
operator [27]. Both decide about the existence of the transition matrix elements viadipole
selection rules[28, 29] to which we will refer in Ch. 2.2.1.

Moreover the geometry of the photoemission experiment is ofgreat importance, since it deter-
mines the symmetry characters of electronic states involved in the photoexcitation and there-
fore implicitly decides about the occurrence of MCD and the information contained in the
measured spectra. Experimental geometries are classified by the arrangement of the photon
wave vector~k, the photon helicity~Λσ, the magnetization direction~M and the direction of elec-
tron emission. In this context, MCD only exists, if the two geometries defined by (~k, ~Λσ, ~M )
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M

Ie
n

Λ  kσ

Figure 2.5:Totally symmetric experimental setup using circularly polarized light
(according to Ref. [26]). The magnetization~M , the helicity~Λσ and the wave vec-
tor ~k of the incident light as well as the direction of electron emission are all
aligned parallel (antiparallel) to the surface normal~n.

and (~k, ~Λσ,− ~M ) at the same direction of electron emission are inequivalent with respect to the
point group of the material5. This means that no symmetry operation of the point group can
transfer one geometry into the other which is especially true for totally symmetric setups [26].
Furthermore, only for totally symmetric arrangements a maximum number of different rela-
tivistic symmetry characters is attributed to the electronic bands. With the help of relativistic
dipole selection rules this enables a direct relation between electronic excitations in the band
structure and the observed dichroism. Single features in the dichroic spectra can therefore be
directly attributed to the symmetry character of the relativistic band structure [6]. In setups
of extreme symmetry~k, ~Λσ and ~M are aligned parallel (antiparallel) to each other and per-
pendicular to the sample plane. The magnetization easy axispoints out of the sample plane.
Also electron emission takes place in the direction of the surface normal. Fig. 2.5 shows an
experimental setup of ’total’ symmetry using circularly polarized light. A consequence of the
totally symmetric setup is the fact that the dichroism obtained by changing the light helicity at
fixed magnetization is equivalent to the one obtained by changing the magnetization direction
and keeping instead the light helicity fixed; both cases deliver the same result. Simultaneously
switching~Λσ and ~M would therefore yield zero dichroism. The reason for this so-calledex-
change dichroismis due to the axial nature of both vectors~M and~Λσ. For experimental setups
with lower geometry this equivalence is no longer fulfilled [26].
Finally, we want to point out that MCD is often numbered among the magneto-optical phe-
nomena [25, 9] as those also result from an interplay betweenspin-orbit coupling and ex-

5The point groupG contains all symmetry operations which leave a point in the unit cell of the crystal lattice
invariant.
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2.2 Magnetic circular dichroism in valence band photoemission

change interaction. We will come back to that in Ch. 2.2.3.

2.2.1 Irreducible representations of electronic states an d dipole selection
rules

All electronic states can be classified by so-calledirreducible representationsof the crystal’s
symmetry group: The symmetry group is the point groupG of the material which is described
by a set of irreducible single-group representations whichon their part also classify the elec-
tronic states. This classification is important because it enables a distinction of electronic
bands along the high symmetry directions. The single-grouprepresentations only refer to the
spatial symmetries in a system and can only be used in the non-relativistic limit. They are
shown in the left column of Table 2.1 for the [111] direction of a cubic crystal (since in this
work the [111] direction is mostly investigated we refer only to this high symmetry direction).

[111]

Λ1 Λ1
6

Λ2 Λ2
6

Λ3
4, 5 Λ3

4, 5

|↑〉→ Λ1
6

Λ3
⋄

Λ3
6 Λ3

6

|↓〉→ Λ1
6

Table 2.1:(left column) Non-relativistic single-group representations. (center
column) Relativistic double-group representations for the [111] directionof a
cubic crystal (according to Ref. [26]). (right column) Corresponding relativistic
dipole selection rules for a totally symmetric setup and right circularly polarized
light. For left circularly polarized light|↑〉 and|↓〉 have to be interchanged. Super-
scripts denote the spatial symmetry, subscripts the double-group symmetry.

The superscript indicates the spatial symmetry. Also note thatΛ3 is specially marked to in-
dicate its twofold degeneracy in the energy eigenvalues. Single-group representations are
thus used to distinguish electronic states in the band structure of non-magnetic materials in
the non-relativistic limit, i. e. relativistic effects like spin-orbit coupling are neglected. In a
non-magnetic material (with spatial inversion symmetry) all states are doubly-degenerate with
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respect to the spin. This is calledKramers degeneracymeaningE(~k, ↑) = E(~k, ↓) [26]. In
contrast, for ferromagnets the exchange splitting leads toa net magnetization in the mate-
rial. Since the system is no longer invariant under time reversal the total symmetry is lowered
which is directly reflected by a lifting of the Kramers degeneracy,E(~k, ↑) 6= E(~k, ↓). Each
band is then still classified by the non-relativistic single-group representation of Table 2.1 (left
column), but it is now also classified according to its spin character. Consequently a band with
Λ1-symmetry in the non-magnetic case is split into two independent bands described asΛ1↓

andΛ1↑ in ferromagnets, and an excitation channel exists for each spin character [26]. Often
the representations are also indicated byΛ1+ andΛ1−. The plus/minus signs thereby mark
the respective behavior under time reversal.
Additional inclusion of spin-orbit coupling requires a relativistic treatment of the electronic
system resulting in a description by relativistic irreducible double-group representations which
are shown in the middle column of Table 2.1. Thereby the double group is created by the
product of the single group with the rotational group in spinspace,DG = G ⊗ SU2 [26].
In Table 2.1 the double-group symmetry is indicated as a subscript. We notice that under the
influence of spin-orbit coupling the doubly-degenerate single-group representationΛ3 splits
into Λ3

4,5 andΛ3
6; its degeneracy is lifted. SOC therefore also reduces the symmetry of the

system. Λ4,5 marks the two single-valued representationsΛ4 andΛ5, degenerated by time
reversal-symmetry, whileΛ6 is again two-dimensional [26]. Note that after taking into ac-
count spin-orbit coupling the spatial symmetry as well as the spin are no longer good quantum
numbers. In a relativistic treatment a band does therefore no longer carry one spin char-
acter and one spatial symmetry. In contrast, it might consist of a combination of different
single group representations and both spin characters. That is also the reason why in many
fully-relativistic band-structure calculations (c. f. Ch.4.3) the bands are merely indicated by
numbers beginning with the bottommost valence band. Despite the occurrence of different
spatial symmetry characters for one band the spatial symmetry of the non-relativistic case is
retained as a superscript, since even in a relativistic treatment it mostly remains predominant
within the associated band.
Another peculiarity of the relativistic treatment arises,when bands of the same double-group
symmetry (but different single-group symmetry) cross eachother. Since these crossings are
forbidden, so calledhybridization gapsare formed at the corresponding points of the band
structure. As a consequence, in these regions the spatial symmetry of the bands gets con-
tinuously changed. Recent studies have been devoted to the investigation of such avoided
crossings (e. g. [30]); for the present work they are of minorimportance.
Beside the relativistic double-group representations the polarization of the incident photon
beam (i. e. the orientation of the vector field~A) is important since the orientation of~A also
determines which initial states are excited [27]. In turn, the excitation of particular transitions
demands the use of the corresponding polarization orientation. For the application of relativis-
tic dipole selection rules the use of circularly polarized light in a totally symmetric setup is
required [26]. The right column of Table 2.1 finally gives therelativistic dipole selection rules
for the mentioned conditions. We notice that all photoelectrons are excited toΛ1- final states,
because the final state in the case of normal electron emission along a high-symmetry direction
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2.2 Magnetic circular dichroism in valence band photoemission

is required to be totally symmetric with respect to all symmetry operations along the surface
normal. This is only fulfilled for final states withΛ1-spatial symmetry character [15, 31].
Finally, Borstel et al. [29, 32] showed that the use of relativistic selection rules is necessary
even for bands which are not split by spin-orbit coupling, since SOC affects the whole system.
In an exact treatment the application of non-relativistic selection rules therefore fails even
if SOC is small. Note that the relativistic dipole selectionrules of Table 2.1 in fact decide,
whether a transition from an initial state into a final state takes place. The quantitative contri-
bution of a transition to the photoemission spectrum is, however, determined by the magnitude
of the momentum matrix element〈f |~p | i〉 to which we refer below. Finally, also note that all
considerations presented above are based on the assumptionof inversion symmetry which
holds for the bulk. For the surface inversion symmetry is broken which must additionally be
taken into account.

2.2.2 Magnetic circular dichroism in valence band photoemi ssion for the case
of a (111) surface

Having introduced the double-group representations of electronic states and the relativistic
dipole selection rules the dipole transition matrix elements in valence band photoemission
can now be evaluated. From these, expressions for the spin-averaged intensity and the MCD
asymmetry can be derived which hold for all crystal surfacesin a totally symmetric setup.
Due to the complexity of the matter we can give here only a crude description. More detailed
derivations can be found in [33], to which we mainly refer in the following. The results,
however, will show how MCD is explicitly calculated via dipole transition matrix elements
and how it is associated with the contributions of both- spin-orbit coupling and exchange
interaction- in the intensity spectra and the derived asymmetry.
Assuming a Pauli-like Hamiltonian6 which retains spin-orbit coupling leads to a Golden Rule
(-like) expression for the spin density matrix of the photocurrent [34]. Its elements are given
by:

ρss′(Ef ) =
∑

i,s′′

〈

fs
∣

∣ ~E · ~r
∣

∣is′′
〉〈

is′′
∣

∣ ~E · ~r
∣

∣fs′
〉

δ(Ef − h̄ω − Eis′′
). (2.34)

The initial and final states|is〉 and |fs〉 are two-component eigenfunctions of the Pauli-like
Hamiltonian, withs = ±. While the final states|f+〉 and|f−〉 both have the energyEf , the
energy of the initial state must be equal toEf − h̄ω in order to contribute to the spectrum
(which is implemented by theδ-function). ~E · ~r is the dipole operator, whereby we assume
the electric field~E to be spatially constant due to dipole approximation7. In this sense the

6The Dirac equation describes the motion of an electron in an electromagnetic field, thereby adequately treat-
ing the spin of the electron. In the non-relativistic limit the Dirac equation can be approximated by the
more tractable formalism of the Pauli equation. Therein only two-component spinors (instead of the four-
component spinors in the Dirac equation) are the eigenfunctions of the Pauli Hamiltonian.

7Note that~E · ~r can be written instead of~A · ~r, since~E = iω ~A for monochromatic electromagnetic waves in
vacuum.
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spin-density matrix of the photocurrent is constructed from the known dipole transition matrix
elements

Wss′(Ef ) =
〈

fs
∣

∣ ~E · ~r
∣

∣is′
〉

, s, s′ = ±, (2.35)

where the initial and final states take the form

|Ψs〉 =
∑

n

αs
n |Rs

n〉 |gsn〉 , s = ±. (2.36)

The functions|gsn〉 are basis functions consisting of an angular term and a Paulispinor, and
|Rs

n〉 are normalized radial functions [33]. If the final states aretime-reversed LEED states
(one-step formalism), the coefficientsαs

n are complex. For the dipole operator one can further
write

~E · ~r =

√

4π

3
r
[

E‖

(

− sinϑY 0
1 + cosϑ

1√
2

(

exp(iϕ)Y −1
1 − exp(−iϕ)Y 1

1

)

)

+ E⊥
i√
2

(

exp(iϕ)Y −1
1 + exp(−iϕ

)

Y 1
1

)]

, (2.37)

whereY m
l are spherical harmonics andϕ andϑ are the polar and azimuthal angles describing

the direction of light incidence [33]. Note that for left/right-circularly polarized light one has
(E‖, E⊥) = E(±i, 1)/

√
2. With Eq. (2.36) and (2.37) the dipole matrix elementsWss′ can

finally be evaluated. Expressing the spin-density matrix for the photocurrent in terms of the
Wss′ yields

ρ(Ef ) =

(

|W++|2 + |W+−|2 W++W
∗
−+ +W+−W

∗
−−

W ∗
++W−+ +W ∗

+−W−− |W−+|2 + |W−−|2
)

. (2.38)

From this expression one now obtains the photoelectron intensity I(ϕ, ϑ) measured in a non-
spin-resolved photoemission experiment by

I(ϕ, ϑ) = Tr
(

ρ
)

. (2.39)

The (non-normalized) MCD asymmetry then follows to

A = I(ϕ, ϑ, ~M)− I(ϕ, ϑ,− ~M) (2.40)

using circularly polarized light. Eq. (2.39) and (2.40) arethe major results of this section.
They demonstrate how the intensity and the MCD asymmetry of a valence band photoemis-
sion experiment are related to dipole transition matrix elements which are on their part directly
dependent on the double-group representations of electronic states and the dipole operator.
How the intensity and the asymmetry actually depend on the transition matrix elements can
best be shown by evaluating the general equations (2.39) and(2.40) for a particular crystal
direction. Here we show the results for the (111)-surface inthe case of circular polarization
and a totally symmetric setup. Furthermore, we neglect SOC in the final states. For reasons of
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2.2 Magnetic circular dichroism in valence band photoemission

clarity hybridization due to forbidden degeneracies is also not taken into account. A mixing
of spatial symmetries and spin characters within one band istherefore avoided, and bands can
explicitly be separated by the exchange splitting. In the following we thus use the nomencla-
ture of the nonmagnetic double-group representation with Kramers-degeneracy lifted.
According to the relativistic dipole selection rules transitions take place betweenΛ3

4,5- and
Λ3

6 initial andΛ1
6 final states (c. f. Table 2.1, right column). The corresponding partial matrix

elements are denoted asM ss′

i . As an example,M+−
4,5 indicates the transition fromΛ3

4,5− initial
states to final states withΛ1

6+ symmetry.
For initial states withΛ3

6-symmetry we obtain

I(σ+) = 2
∣

∣M+−
6

∣

∣

2
, I(σ−) = 2

∣

∣M−+
6

∣

∣

2
. (2.41)

Apparently, for fixed light helicity onlyΛ3
6+ or Λ3

6− initial states can be excited which leads
to an enhanced dichroic signal [6].
For theΛ3

4,5 initial states one has

I(σ+) =
∣

∣M−+
4,5

∣

∣

2
+
∣

∣M−−
4,5

∣

∣

2
, I(σ−) =

∣

∣M+−
4,5

∣

∣

2
+
∣

∣M++
4,5

∣

∣

2
. (2.42)

Here, initial states withΛ3
4,5+ and Λ3

4,5−-symmetry are excited for both helicities. The
dichroic contributions from these bands are thus expected to be much smaller than for the
Λ3

6 initial states. For the MCD asymmetry it follows

A = I(↑↑)− I(↑↓) (2.43)

with

I(↑↑) = 2
∣

∣M+−
6

∣

∣

2
+
∣

∣M−+
4,5

∣

∣

2
+
∣

∣M−−
4,5

∣

∣

2

I(↑↓) = 2
∣

∣M−+
6

∣

∣

2
+
∣

∣M+−
4,5

∣

∣

2
+
∣

∣M++
4,5

∣

∣

2
(2.44)

for parallel and antiparallel alignment of the helicity- and the magnetization vector [6].
Eq. (2.43) and (2.44) give the MCD asymmetry for photoemission from a (111) surface in a
totally symmetric setup. They furthermore show that the origin of magnetic circular dichroism
is attributed to the two physical phenomena of spin-orbit coupling and exchange interaction:
In the non-magnetic case (no exchange-splitting) we cannotdistinguish between majority and
minority spin states. This meansM+−

i = M−+
i andM++

i = M−−
i which leads to a vanishing

asymmetry in (2.43). On the other hand the partial matrix elementsM4,5 andM6 in Eq. (2.44)
only arise from the simultaneous presence of both symmetry typesΛ3

4,5 andΛ3
6 in the initial

states [33] which is explicitly caused by spin-orbit coupling. For these reasonsbothphenom-
ena are essential for the occurrence of magnetic circular dichroism in valence band photoe-
mission. With respect to the magnitude of single contributions we have already stated that the
dichroic signal arising from theΛ3

4,5-symmetry bands is much smaller than the one attributed
to theΛ3

6 states. The main reason for this behavior is due to the small exchange splitting in
the final states: Changing the helicity at fixed magnetizationin (2.42) triggers transitions from
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Figure 2.6: Schematic drawing for an MCD experiment on a (111) surface in a
totally symmetric setup (taken from Ref. [6]). (Bottom) Contributing initial states
separated by spin-orbit coupling and exchange splitting (see arrows).(Center) In-
tensity spectra for parallel (full curve) and antiparallel (dotted curve)alignment of
the helicity- and the magnetization vector. (Top) Non-normalized MCD asymme-
try deduced from the two intensity spectra of the center panel.

the same initial states into different final states. The difference in the final states is, however,
marked by a vanishingly small exchange-splitting. If we completely neglect this splitting, the
dichroic contribution from theΛ3

4,5 states vanishes; otherwise it only contributes little. The
comparably small exchange splitting in the final states is also responsible for the fact that the
main features in an intensity spectrum are brought by the selection of different initial states
for the two light helicities. Fig. 2.6 depicts the contributing bands and the resulting dichroic
signal in an energy-resolved diagram. On the bottom side thecontributing initial statesΛ3

6+,
Λ3

6−, Λ3
4,5+ andΛ3

4,5− which are separated by spin-orbit coupling and exchange-splitting (see
arrows) are depicted by vertical lines. The center shows intensity curves for parallel (full
line) and antiparallel (dotted line) orientation of the photon helicity with respect to the mag-
netization direction. Note that only for reasons of illustration the intensity peaks appear with
approximately equal height. However, since each transition contributes heavily dependent on
the magnitude of its transition matrix element this does notreproduce the real experimental
situation. The top panel finally reflects the non-normalizedMCD asymmetry deduced from
the two intensity spectra of the center panel. The asymmetrypeaks are located at the energetic
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positions of theΛ3
6 initial states. This reflects the fact that the main dichroism is delivered by

transitions involving these initial states. The analytical expressions presented above have been
tested in an extensive study on the threefold-symmetry surface of fcc Co/Cu(111) with per-
pendicular magnetization [6]. Comparable work has also beendone for the fourfold-symmetry
surface of fcc Ni/Cu(001) [7]. In both cases the experiments showed that the description of
MCD in the framework of the presented formalism is a valid approach.

2.3 Computational aspects

The last section has given a microscopic insight into the physical mechanisms involved in
magnetic circular dichroism in valence band photoemission. Thereby it became clear that the
magnetic asymmetry is, of course, not only an experimental quantity determined by measur-
ing intensity spectra for light of different circular polarization at fixed magnetization direc-
tion. Rather, by knowing the band structure of a material as well as the dipole selection rules
the dichroic intensities can explicitly be calculated. This enables a theoretical prediction of
magnetic asymmetries and a direct relation to experimentalresults. Since the comparison of
theoretical calculations and MCD measurements is a major issue of this work, the following
section points out how the asymmetries are explicitly calculated in our case.

2.3.1 Band-structure calculations

All MCD calculations are established on the basis of band structure simulations for which
many approaches have been developed during the last decades. A breakthrough was marked
by the development ofdensity-functional theory(DFT) with which an accurate band-structure
calculation became possible for many cases. The method in its further elaborated form of local
spin-density approximation (LSDA) is also used in this workfor the simulation of a Co(111)
band structure. In the following we only present the main ideas of DFT. For detailed informa-
tion we refer to [35, 36].
Density functional theory determines the quantum mechanical ground state8 of a N-electron
system using the electron density of the system. The approach is based on the idea that
a ground state of a many-electron system is uniquely determined by a distinct, spatially-
dependent electron densityn(~r ). Furthermore, it can be shown that for an arbitrary electron
densityn∗(~r ) the ground state energy isEG ≤ E[n∗(~r )], while for n∗(~r ) = n(~r ) the energy
of the ground state is obtained. This means that the electrondensity of the ground state min-
imizes the energy functional of the system. These theorems are called theHohenberg-Kohn
theoremsand represent the starting point for all following considerations. In fact, the deter-
mination ofn(~r ) can deliver all other properties of the ground state. To obtain the electron
density the Schrödinger equation for the N-electron systemhas to be solved. This proce-
dure likewise reveals the major advantage of DFT upon other theories: Instead of solving

8Note that in DFT the nuclei are assumed to be fixed; only the electrons are treated quantum mechanically. This
approach is called Born-Oppenheimer approximation.
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the Schrödinger equation forN electrons simultaneously, one can generateN independent
one-electron solutionsφi. The corresponding one-electron Schrödinger equations are called
Kohn-Sham equationsand are given by

(

− h̄2

2m
~∇2 + veff(~r )− ǫi

)

φi(~r ) = 0, (2.45)

whereφi are the one-electron wave-functions. They are directly connected to the electron
density via the relation

n(~r ) =
N
∑

i=1

∣

∣φi(~r )
∣

∣

2
. (2.46)

The termveff in (2.45) is the effective potential that also depends on theelectron density:

veff = v(~r ) +

∫

n(~r ′)
∣

∣~r − ~r ′
∣

∣

d3r′ + vxc(~r ). (2.47)

Here, v(~r ) denotes the attractive potential generated by the nuclei, while the second term
describes the electrostatic interaction among the electrons. The last termvxc is the so-called
exchange correlation potential which accounts for the correct treatment of the many-electron
system and plays a decisive role in the determination of the ground state. We notice that the
effective potential depends on the one-electron wave functions (via (2.46)) and therefore turns
(2.45) into an implicit equation. Solutions can thus only begenerated by an iterative proce-
dure, finally yielding a self-consistent result. Additionally, we have to consider the exchange
correlation potential which also depends on the electron density and which can be explicitly
calculated only for a few trivial cases. Therefore, an approximation forvxc has to be imple-
mented.
Depending on the particular characteristics of these approximations one classifies different
methods. The most widely-used procedure islocal density approximation(LDA), which is
also applied in our simulations. LDA assumes thatvxc(~r ) is a function of the electron density
n(~r ) only at the position of~r (i. e only at the position, where it is evaluated). It can be applied
in many cases and especially delivers good results, if the electron density is approximately
the same anywhere. This is, for example, true for the conduction electrons in a metal. For
this work the LDA-approach is enlarged to local spin densityapproximation (LSDA), where
separate calculations are carried out for the two differentspin directions.
Furthermore, one distinguishes between the set of basis functions used to evaluate the Kohn-
Sham equations. While atomic wave functions (muffin-tin orbitals) are used to describe elec-
trons in the vicinity of the nucleus, plane waves deliver a good description of valence and
conduction electrons. A combination of both (e. g. augmented spherical waves) provides a de-
scription of the regions very close as well as far away from the nucleus. Augmented spherical
waves are also used in our calculations.
Note that despite the multiple good agreement between DFT-calculated band structures and
experimental band mappings, DFT can only deliver energy values for a fictive non-interacting

30



2.3 Computational aspects

sytem. Thus, the derived electronic structure is not directly related to the quasiparticle elec-
tronic structure of a real system.
Finally, note that for our calculations fully-relativistic density functional theory has been used,
meaning that spin-orbit coupling and relativistic dipole selection rules have explicitly been
taken into account. The calculated Co(111) band structure thus reveals hybridization gaps due
to avoided crossings, where the spatial symmetry as well as the spin character changes contin-
ually within the corresponding bands. To simplify the nomenclature the bands are therefore
indicated only by numbers beginning with the bottommost valence band, as mentioned above.

2.3.2 Calculation of the MCD asymmetry

MCD asymmetries are calculated via different approaches. Onthe one hand, dichroic signals
can be simulated by evaluating the spin density matrix for the photocurrent (2.34) on the basis
of a three-step or a one-step formalism. On the other hand onecan use an approach which
especially refers to the magneto-optical nature of magnetic circular dichroism. This point of
view was briefly mentioned in Ch. 2.2 and will be discussed in detail below.
In Eq. (2.32) it was stated that MCD is often described by a difference in the absorption co-
efficients for left- and right-circularly polarized light.This connection will be verified in the
following. Furthermore, we show that the MCD asymmetry is directly related to the so-called
conductivity tensorσ. We start with Eq. (2.33) for the normalized MCD asymmetry,

A =
Iσ

+ − Iσ
−

Iσ+ + Iσ− . (2.48)

To estimate the intensity of the created photoelectronsIσ
±

for the two polarizations, we as-
sume that it is proportional to the intensity of light absorbed in the medium, i. e.

Iσ
± ∝ Iσ

±

abs = I0
(

1− exp(−µ±d)
)

, (2.49)

where we have used Beer’s lawI = I0 · exp(−µd) for the description of light absorption [37].
Therein,I0 is the incoming photon intensity andd corresponds to the penetration depth of
light or the escape depth of the electrons;µ± is the absorption coefficient for the two light
helicities. Inserting of (2.49) into (2.48) leads to

A =
(1− e−µ+d)− (1− e−µ−d)

(1− e−µ+d) + (1− e−µ−d)
=

e−µ−d − e−µ+d

2− e−µ+d − e−µ−d

≈ 1− µ−d− 1 + µ+d

2− (1− µ+d)− (1− µ−d)
=

µ+ − µ−

µ+ + µ− , (2.50)

where we have used a Taylor expansion of the exponential function. Eq. (2.50) demonstrates
that the MCD asymmetry is in fact directly related to the difference in the absorption coef-
ficients. Note that in this approximation thed-dependence vanishes, while this is avoided in
real simulations, where a small dependence ond still exists.
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Furthermore, the absorption coefficient for light is given by µ± = −2ωIm[n±]/c. Heren±

describes the refractive index for left-and right-circularly polarized light which according to
the Fresnel theory is given by(n±)2 = ǫxx ± iǫxy (if the magnetization is parallel to a local
z-axis);ǫxx andǫxy are components of the dielectric tensorǫ 9. Using the expression forµ the
asymmetry follows to

A ≈ Im[n+]− Im[n−]

Im[n+] + Im[n−]
=

Im[n+ − n−]

Im[n+ + n−]
. (2.51)

With n± =
√

ǫxx ± iǫxy ≈
√
ǫxx ± i ǫxy

2
√
ǫxx

for ǫxy being small, we can write

Im[n+ − n−] ≈ Im
[ iǫxy√

ǫxx

]

and Im[n+ + n−] ≈ Im
[

2
√
ǫxx

]

, (2.52)

which results in

A ≈
Im

[

iǫxy√
ǫxx

]

Im
[

2
√
ǫxx

] . (2.53)

Considering thatǫ is directly related toσ by ǫij = δij +
4iπ
ω
σij [38] the last equation can be

re-written in the form

A ≈ −4π

2ω

Im
[

σxy√
1+ 4iπ

ω
σxx

]

Im
[√

1 + 4iπ
ω
σxx

] (2.54)

which cannot be further simplified, since the square root cannot be easily expanded for metals
in the optical range [37]. Nevertheless, one realizes that the effect is approximately propor-
tional toσxy. The magnetic asymmetry can obviously be evaluated once having calculated the
optical conductivity. Furthermore,ǫ can be derived fromσ which enables the determination of
µ± subsequently and of the electron intensitiesI±e . In the following we will shortly describe
how the optical conductivity can be calculated.

Computation of the optical conductivity tensor σ

The conductivity tensor for magnetic materials depends on the crystal symmetry and the mag-
netization direction with respect to the crystal axis. Thereby, the magnetization leads to the
appearance of the off-diagonal elementσxy which is the decisive quantity for the occurrence

9The dielectric tensor relates the electric displacement~D with the electric field~E via ~D = ǫ · ~E. A similar
material equation is fulfilled for the conductivity which relates the current density~j to the electric field by
~j = σ · ~E. Note that these equations are only valid for a homogeneous material [38] which is assumed for
the present calculations. This is also the reason whyǫ andσ are considered to depend only on the photon
frequency.
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of MCD. For a cubic system with magnetization oriented along the surface normal the con-
ductivity tensor is given by [25]

σ(ω) =





σxx σxy 0
−σxy σxx 0
0 0 σzz



 . (2.55)

This structure is valid for sample systems which exhibit an at least three-fold rotational axis
coinciding with the magnetization direction. The most general access for the calculation of
Eq. (2.55) is given by Kubo’s linear-response formalism delivering a complete derivation of all
tensor elements [39, 40], which is also used in this work. In Kubo’s approach the conductivity
is evaluated as the response function of the current densityto the electric field (Ohm’s law).
For reasons of clarity we present here a more facile method which is also widely used and
equivalent to our formalism. It is provided by firstly calculating the absorptive parts ofσ only.
The dispersive elements are determined afterwards by use ofthe so-calledKramers-Kronig
relations(see below). In this framework calculations by Bennett and Stern [41] delivered the
following results for the absorptive parts of the conductivity tensor [25]:

σ1
xx(ω) =

πe2

2h̄ωm2V

∑

j′~k occupied

j~k unoccupied

[

∣

∣Π+
jj′

∣

∣

2
+
∣

∣Π−
jj′

∣

∣

2
]

δ
(

ω − ωjj′
)

, (2.56)

σ2
xy(ω) =

πe2

2h̄ωm2V

∑

j′~k occupied

j~k unoccupied

[

∣

∣Π+
jj′

∣

∣

2 −
∣

∣Π−
jj′

∣

∣

2
]

δ
(

ω − ωjj′
)

. (2.57)

The superscript1 indicates the real part, while2 denotes the imaginary part of the particular
tensor element. The major quantities in the upper equationsare the matrix elements

Πλ
jj′ =

〈

Ψj~k

∣

∣pλ
∣

∣Ψj′~k

〉

(2.58)

with p+ = px + ipy andp− = px − ipy which can be thought to come from~A · ~p terms10.
The wave functions

∣

∣Ψj~k

〉

are Bloch states described by the wave vector~k and a band indexj,
andEj,~k are the corresponding energy eigenvalues, determining theabsorption of a photon of
energȳhω by

ωjj′ =
Ej,~k − Ej′,~k

h̄
. (2.59)

The upper expression directly guarantees energy conservation via theδ-functions in (2.56) and
(2.57). Also note that with (2.59) only~k-conserving transitions (∆~k = 0) are considered. This
means that only direct interband transitions (j 6= j′) between initial and final Bloch states are
taken into account. It is clear that at this point our method is strongly based on the three-step

10Here, the non-relativistic form of the matrix elements is used to simplify matter. In a precise treatment the
momentum operator of the Dirac formalism is, of course, utilized.
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model whose application for our case was already pointed outin Ch. 2.1. A comparison of the
theoretical results with our experimental investigationsin Ch. 4 will also demonstrate that this
is an adequate approach for treating MCD in the near-threshold region of Co(111).
We finally point out that the~k-values in (2.56) and (2.57) are summed up over all Brillouin-
zones. Due to the periodicity of the lattice this can be limited to a summation over the first
zone only. Moreover, in actual calculations the summation is replaced by an integration over
~k-space in the first BZ. This is also done within our program code. The calculated asymmetry
is therefore not attributed to a single band-to-band transition but is a result of an averaging
over all possible interband transitions in all~k-directions of the whole BZ. In order to obtain
the complete conductivity tensor we use the connection between the absorptive and dispersive
parts by the Kramers-Kronig-relations [42, 43] which are

σ
(1)
αβ(ω) =

2

π
P

∫ ∞

0

dω′ ω′

ω′ 2 − ω2
σ
(2)
αβ(ω

′),

σ
(2)
αβ(ω) = − 2

π
P

∫ ∞

0

dω′ ω

ω′ 2 − ω2
σ
(1)
αβ(ω

′) (2.60)

whereP is the principal value of the integral.
Note thatσ is often used in an extended version to account for additional effects arising in the
process of absorption. One of the most important effects is the finite lifetime effect: If a state
is optically excited, it decays after a certain relaxation time which is also called the lifetime of
the state. Its occurrence is also the reason why a transitionis not infinitely sharp. The lifetime
is phenomenologically taken into account by substitutingω ⇒ ω + iδ = ω + i/τ , where
τ is the lifetime. Each transition is thereby convoluted witha Lorentz function, whose half
width at half maximum is given byτ−1. Although the interband relaxation time depends on
the energy of the excited states, the assumption of a constant lifetime yields satisfying results.
Especially the comparison between experimental and theoretical MOKE studies [44] showed
that the parameter rangēh δ = 0.03 − 0.05Ry is a good estimate for the lifetime values in
transition metal compounds. Values of this order of magnitude will also be used in this work.

Computation of the matrix elements

The optical conductivity can be calculated not until the matrix elements in Eq. (2.58) are
known. In fact they are one of the most important quantities for the calculation of the MCD
asymmetry due to their strong influence onσxy. As mentioned they are evaluated between ini-
tial and final Bloch states as done in an optical excitation, being consistent with the three step
model and following the relativistic dipole selection rules presented in Ch. 2.2.1. Thereby, the
most delicate step displays the selection of a preferably complete set of basis functions for
the construction of the Bloch wavesΨn(~r) =

∑

ν C
n
ν Φν(~r). A possible choice has already

been given in Ch. 2.2.2 (Eq. (2.36)). With an insufficient basis-set an accurate determination
of the Bloch functions is not possible which particularly affects the final state wave functions.
To avoid such problems in our calculation, the basis-set consisting of augmented spherical
waves, is increased by adding unaugmented, free electron waves (plane waves) [38]. In this
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way a better convergence is achieved.
Finally, we want to give some brief comments on the last sections. With respect to the cal-
culation of the optical conductivity we have shown that a straightforward method is given by
initially evaluating the absorptive elements (forδ → 0) from which the dispersive terms can
be derived in a second step by applying the Kramers-Kronig relations. Finite-lifetime effects
are then regarded by convolving both terms with a Lorentz function. In the approach actually
used for this work all elements of the conductivity tensor are derived simultaneously by a di-
rect integration in the complex plane forδ 6= 0. Thereby, the Kramers-Kronig equations are
not needed and the case ofδ → 0 is already included in the calculations.
Furthermore, it is worth mentioning that the program code used for this work was originally
developed for simulations of the magneto-optical Kerr effect (MOKE) which also arises from
an interplay between the spin-orbit coupling and the exchange interaction, and which is eval-
uated via the presented calculation of the optical conductivity tensor on the basis of a DFT-
simulated band structure. To finally apply the code to our experimental conditions we have to
consider that the photon-in photon-out situation of MOKE, has to be transfered to a setting,
where an incident photon excites a photoelectron into vacuum. Therefore, the conditions for
the occurrence of photoemission, e. g. hν ≥ Φ, have additionally to be taken into account.
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3 Experimental techniques

3.1 Sample preparation

After magnetic circular dichroism in two-photon photoemission was confirmed to appear in
two Heusler alloys (see Ch. 4.1) ultrathin Co films on Pt(111) have been prepared and in-
vestigated. A combination of Co and Pt does not only offer the necessary preconditions for
large MCD signals; it also promises an easier interpretationof the results due to a manageable
band-structure scheme. All samples are prepared at room temperature in ultrahigh vacuum
chambers (base pressure< 3 · 10−10 mbar) by electron-beam evaporation. Details of the par-
ticular preparation steps are given in the corresponding chapters (Ch. 4.2 - Ch. 4.4). Fig. 3.1
shows the substrate (W(110)) used for sample preparation in Mainz. It is placed in a molyb-
denum sample holder which allows an effective substrate diameter of 5 mm to be used for
evaporation. The picture depicts a test sample revealing the pure tungsten surface on the left
side of the substrate followed by three stripes of differentCo-monolayer thicknesses (10 ML,
20 ML and 30 ML, see arrows) which are visible to the naked eye.
As already mentioned in Ch. 2.2 an optimal geometry for the appearance of MCD effects is the

Figure 3.1: Picture of the sample system (substrate (5 mm diameter) and sample
holder) used for sample preparation in Mainz. Shown is a test sample with the pure
W(110) surface on the left end of the substrate followed by ultrathin Co stripes
of different thicknesses (10 ML, 20 ML and 30 ML; ML: monolayer) which are
indicated by arrows.
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totally symmetric setup for which the sample magnetizationhas to be oriented perpendicular
to the surface. This can be achieved for all samples using a sufficiently large external field. In
this context, films with an easy magnetization axis pointingout of the sample plane extremely
reduce the needed external field from values of the order of the saturation magnetization (2 T)
to the coercive field of the measured sample (< 0.2 T). This hasalso been taken into account
for the Co samples so that in each case (except for the thickness-dependent measurements in
Ch. 4.2) the Co films reveal a perpendicular anisotropy with a remanent magnetization vec-
tor pointing out of the film plane. The maximum number of monolayers for out-of-plane
anisotropy is marked by the so-calledspin reorientation transition(SRT). It separates thick-
ness regions for which the remanent magnetization is oriented out of the sample plane from
those with an in-plane orientation. Since the position of the SRT is determined by the differ-
ent contributions to the sample-specific magnetic anisotropy it strongly depends on the sample
composition. A variation of the SRT-position is in many cases possible by annealing the pre-
pared sample as well as by using additional capping layers. In our case a Co thickness close
to the SRT revealing an increased number of monolayers is chosen. This is advantageous as
it provides a bulk-like band structure and thereby assures an adequate comparison with calcu-
lated band-structure schemes, which are in our case simulated for the bulk of the material and
a magnetization oriented parallel to the surface normal.
The quality of the substrate surfaces and the epitaxial filmsis checked by low energy electron
diffraction (LEED). Selected LEED images are presented in Ch. 4.2 and 4.3 of this work. For
details concerning LEED and the used evaporation techniques we refer to Ref. [45].

3.2 Magneto-optical Kerr measurements

In order to determine the magnetic features of the sample, Kerr measurements are carried out
in the polar and longitudinal geometry. Magneto-optical Kerr measurements in these geome-
tries detect a change in the polarization direction of incident linearly polarized radiation after
its reflection from a magnetic sample [46]. As a magneto-optical effect it arises from the si-
multaneous appearance of spin-orbit coupling and exchangesplitting [47, 48]. The essential
quantities, theKerr rotation θK and theKerr ellipticity ǫK, are directly related to the optical
conductivity tensor via [25]

ΦK = θK + iǫK ∼= σxy

σxx

√

1− 4πi
ω
σxx

, (3.1)

whereΦK marks thecomplex Kerr angle. For a short overview concerning this effect we refer
to Ref. [45]; extensive reviews are given in Ref. [38, 49]. For this work, ex-situ as well as in-
situ experimental setups are used to detect the Kerr signalsθK and/orǫK. A schematic drawing
of the experiments in the polar setup where the sample magnetization is oriented out of the
sample plane is sketched in Fig. 3.2. Linearly polarized laser light (670 nm in the ex-situ setup,
636 nm in the in-situ setup) is focused onto the sample under an angle of 45◦ with respect to
the surface normal. After passing an analyzer the reflected light is finally detected by a photo
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Figure 3.2: Schematic drawing of the experimental setup for measurements of
the polar magneto-optical Kerr effect (PMOKE).

diode. In the longitudinal geometry an external magnetic field saturates the sample magne-
tization along the sample plane. By additionally using a Faraday modulator in combination
with lock-in technique especially small Kerr signals can bedetected [50]. This is necessary
for the investigation of capped sample systems revealing smaller Kerr effects, as presented in
Ch. 4.2.
As a result of the measurements the Kerr rotation angle and the Kerr ellipticity can be plotted
against the external magnetic field. Depending on the intrinsic direction of the sample mag-
netization, hard or easy axis magnetization curves are detected. The absolute values for the
Kerr signals as well as the behavior of the magnetization curves give important information
about the magnetic properties of the system and the quality of the deposited film. As an easy
technique, it serves as a first test whether the magnetization of the sample can be switched
parallel and antiparallel to the available field.

3.3 Magnetic circular dichroism measurements

For this work magnetic circular dichroism (MCD) measurements are carried out with two dif-
ferent experimental setups:

(a) Capped systems (cf. Ch. 4.1& Ch. 4.2)

The first setup (at the University of Mainz) allows solely forMCD measurements of ex-situ
prepared samples; in situ sample preparation is not possible. The samples are therefore pre-
pared in a UHV preparation chamber and afterwards transferred to the measurement chamber.
Thus all samples have to be capped by an additional layer to prevent them from oxidation.
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The magnetic properties can be checked by ex-situ Kerr measurements. Since Kerr as well
as MCD signals are reduced by an additional capping layer (seeCh. 4.2) a lock-in measure-
ment technique is necessary to detect the dichroic effects.Fig. 3.3 (a) schematically shows
the experimental setup: Frequency-doubled and frequency-tripled radiation from a titanium
sapphire femtosecond laser (hν = 4.64 eV (1PPE), hν = 3.10 eV (2PPE)) is used as excitation
source. The laser pulse length for the frequency-doubled radiation which is needed for 2PPE
processes isτ ∼ 200 fs. For the frequency-tripled laser light generating 1PPE processes it
amounts toτ ∼ 300 fs. The repetition rate of the pulses is 80 MHz.
For a proper definition of the linear polarization vector relative to the subsequent quarter-
wave plate the laser beam initially passes a polarizer. The quarter wave plate is built into a
rotatable motor mount which rotates at a frequency ofωref/2π = 10 Hz and periodically mod-
ulates the polarization with a frequency of 2ωref . Photoemission is excited by focusing the
polarization modulated laser beam onto the sample which is placed under high vacuum in
the gap of a commercial electromagnet generating a homogeneous magnetic field of up to
1.12 T at the sample position. The total photoelectron yieldIe is measured by a picoam-
peremeter recording the photocurrent upon laser irradiation via the sample current. A bias
voltage of +100 V is applied to a cylindrical counter electrode to extract the photoemission
current. For a polarization-sensitive detection of the photocurrent, the voltage output from the
picoamperemeter is used as input signal of a lock-in amplifier. This enables a phase-selective
measurement of the 2ωref-intensity modulation. The rotation frequency of the quarter wave
plate thereby serves as external reference frequency for the lock-in amplifier. By optimizing
the phase adjustment of the lock-in amplifier, the photocurrent modulation that is caused by
the polarization modulation of the light is recorded at a lowsignal-to-noise ratio. Fig. 3.3 (b)
gives a detailed view of the two basic experimental possibilities to measure the MCD effect
in a totally symmetric setup: On the one hand, MCD can be identified by a difference in the
photoemission currentI+e − I−e under change of the magnetization direction~M+ → ~M− at
fixed photon helicity. The sample magnetization~M is thereby switched between parallel and
antiparallel alignment with respect to the helicity vector~Λσ of the circularly polarized laser
light under normal incidence to the surface (left side of Fig. 3.3 (b)). On the other hand, for
the totally symmetric geometry MCD can equivalently be measured with fixed magnetization
orientation and a change in photon helicity~Λσ+ → ~Λσ− (right side of Fig. 3.3 (b)). In both
approaches the sample is magnetically saturated in the out-of-plane direction. Note that in the
setup of Fig. 3.3 (a) the polarization does not only switch between the two circular polariza-
tionsσ+ andσ− but is changed periodically with the frequency 2ωref for one magnetization
direction. In the ideal case, this yields a constant lock-involtage output and reflects the MCD
asymmetry for one magnetization orientation. Changing the magnetization direction inverts
the lock-in output signal and yields the corresponding MCD asymmetry. The difference be-
tween both output signals for the two magnetization directions at periodically changing light
polarization finally gives the total MCD asymmetry. For details concerning the laser system
and the lock-in technique we refer to Ref. [45].
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Figure 3.3:Schematic view of the MCD experiment. (a) TiSa femtosecond laser
light is used for a polarization-sensitive detection of the photoemission current
from perpendicularly magnetized samples via lock-in technique. (b) Detailed
view of the two experimental possibilities to measure the MCD effect based on
recording the photoemission currentIe upon irradiation with circularly polarized
femtosecond laser light. Magnetic circular dichroism can be identified from a
differenceI+e − I−e in the photoemission yield under change of either the mag-
netization ~M+ → ~M− at fixed photon helicity (left figure) or the photon helicity
~Λσ+ → ~Λσ− at fixed magnetization orientation (right figure). In both cases the
sample is magnetically saturated in the out-of-plane direction and the helicity vec-
tor is oriented normal to the sample surface (totally symmetric setup).
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Figure 3.4: Schematic drawing of the experimental setup for MCD measure-
ments in near-threshold photoemission.

(b) Uncapped systems (cf. Ch. 4.3& Ch. 4.4)

In the second setup (which was used during a two months stay atthe Institute for Molecular
Science in the group of Prof. Yokoyama in Okazaki, Japan) sample preparation, PMOKE-
and MCD-measurements are carried out in the same UHV-chamber. Therefore, an addi-
tional capping layer is not necessary. Fig. 3.4 shows the setup for the MCD measurements in
near-threshold photoemission. For the excitation of the photoelectrons a broadband ultrashort
pulse laser (τ < 100 fs for the fundamental, 80 MHz repetition rate) is used. 1PPE processes
are triggered by using frequency-quadrupled radiation in the energy range hν = 5.06 - 5.84 eV.
For 2PPE, frequency-doubled laser light (hν = 2.46 - 2.92 eV) is utilized. By means of aper-
tures and a lens, the laser beam is directed into the vacuum chamber where the sample is
placed between the pole shoes of an electromagnet, generating a maximum magnetic field of
µ0H = 0.3 T. Circular polarization is produced by a combination ofa linear polarizer and a
quarter wave plate for the corresponding wavelengths. The sample current is finally measured
by placing an anode plate (1478 V - 1970 V) in front of the sample collecting all photoemit-
ted electrons. Since the dichroic signals are large enough,the use of lock-in technique is not
necessary. During all measurements (except for the angle-dependent experiments) the mag-
netization vector is oriented along the surface normal and parallel to the helicity vector of the
incoming laser light. In this setup, MCD is identified by a difference in the photoemission
current under change of the magnetization direction at fixedphoton helicity.
Finally, note that in all measurements the total photoelectron yield has been detected. The
kinetic energy or the spin of the excited electrons are therefore not analyzed separately. All
PMOKE- and MCD-measurements are carried out at room temperature.
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4.1 Near-threshold MCD in Two Photon Photoemission

4.1.1 Motivation

Nowadays magnetic dichroic effects have attracted much interest and developed into various
experimental methods. In contrast to synchrotron-based X-ray magnetic circular and linear
dichroism (XMCD and XMLD) which benefits from large asymmetryvalues of more than
30% [2, 3, 4], only little work has been performed on magnetic dichroism in near-threshold
photoemission using laboratory light sources. In 2000 Marxet al. demonstrated magnetic
linear dichroism (MLD) in one-photon-photoemission electron microscopy by using a mer-
cury arc lamp (hν < 5 eV) [8]. In these measurements an asymmetry of 0.37% was detected
for a 100 nm polycrystalline Fe film. Remarkable MCD asymmetries of ≥ 10% directly at
the threshold were found for 1PPE by Nakagawa and Yokoyama in2006 by investigating a
perpendicularly magnetized Ni film on Cu(001) with visible and ultraviolet laser light (hν be-
tween 1.9 eV and 3.9 eV) [9]. These experiments adduced evidence that enlarged MCD signals
can be found in 1PPE and raised the question whether MCD asymmetries in near-threshold
photoemission could also be found in the multiphoton photoemission regime. The major issue
of this section is to demonstrate that MCD also arises in two-photon photoemission (2PPE).
The experimental findings are thereby compared to theoretical calculations of the magnetic
dichroic response.

4.1.2 Results

Investigated Samples - Heusler alloys

For the detection of MCD in 2PPE processes two Heusler alloys are investigated [51].
Heusler alloys are intermetallic compounds with the stoichiometric composition X2YZ or-
dered in an L21-type structure, many of which are ferromagnetic [52]. A Heusler alloy consists
of two different transition metals X and Y and a nonmagnetic metal or nonmetallic element Z.
The Y and Z atoms occupy two fcc sublattices with the origins(0, 0, 0) and(1/2, 1/2, 1/2),
respectively. The X atoms are located at(1/4, 1/4, 1/4). The investigation of these alloys is in-
teresting from different point of views. Since calculations predicted a 100% spin polarization
directly at the Fermi level for many compositions [53, 54] these species seem to be promising
candidates for applications in the field of spintronics [55,56]. Based on first-principle cal-
culations, it has recently been shown that some Heusler alloys also reveal characteristics of
topological insulators [57].
In this work the two full Heusler alloys Ni2MnGa and Co2FeSi are investigated. While
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Figure 4.1: (a), (b) Two-photon photoemission as recognized from a quadratic
increase of the photoemission currentIe with the laser power P for Ni2MnGa
and Co2FeSi upon irradiation of the samples with frequency-doubled laser light
(2hν = 6.2 eV).

Co2FeSi as a halfmetallic ferromagnet is interesting for spintronic applications, Ni2MnGa
is a non-halfmetallic shape memory alloy which is especially important for the development
of actuators. The Ni2MnGa and the Co2FeSi films with a thickness of 85 nm and 68 nm, re-
spectively, are epitaxially grown on a Al2O3(11-20) substrate by dc-sputtering (samples are
prepared in the group of Prof. Dr. G. Jakob, University of Mainz). Afterwards both samples
are capped by∼ 5 nm Al. For details concerning sample preparation and characterization we
refer to Ref. [58] and [59].

Measurements

To firstly ensure that 2PPE is the underlying photoemission process for all MCD measure-
ments the photoemission currentIe is recorded in dependence of the laser power P for both
samples at a photon energy of 2hν = 6.2 eV. Fig. 4.1 (a) and (b) depict the expected quadratic
behavior. For Co2FeSi the dependence is almost perfectly quadratic; for Ni2MnGa it is still
reasonably good.
Furthermore, for both samples the work function is determined by means of ultraviolet photo-
electron spectroscopy (UPS) toΦ = (3.7 ± 0.2) eV for Ni2MnGa and toΦ = (3.3 ± 0.2) eV
for Co2FeSi, respectively. Both arguments, hν < Φ andIe ∝ P 2, in conjunction lead to the
conclusion that 2PPE is indeed the underlying process for the measured MCD asymmetries.
Since the Heusler alloys are capped, lock-in technique is used for all MCD measurements; the
samples are therefore investigated with the experimental setup shown in Fig. 3.3. For a sharp
focusing of the incident laser beam which is indispensable for the generation of 2PPE pro-
cesses the sample is additionally placed in the focal point of a fused silica lens (f = 15 mm).
However, Eq. (2.33) cannot be directly used to calculate theMCD asymmetry since the pho-
toemission current is converted by the lock-in amplifier to adc voltage output. For this reason
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the photoemission currentI±e is translated to a voltage outputU±
e of the picoamperemeter

(i. e. I±e = 1 nA translates toU±
e = 1V) which serves as input signal for the lock-in amplifier

(c. f. Fig. 3.3). In order to avoid artifacts, e. g. due to sample current drifts, the lock-in output
voltageU±

li is finally referred to the input signal from the picoamperemeter yielding the ratios

R±
e =

U±
li

U±
e

for both magnetization directions~M+ and ~M−, respectively. These ratios already
reflect the MCD asymmetry for the respective magnetization direction. The averaged MCD
asymmetry for both magnetization directions is given by

A =
R̄+

e − R̄−
e

2
, (4.1)

whereR̄±
e are the averaged values for the corresponding magnetization segmentsM+ and

M−. Since the fluctuations in the sample current are small and noperiodic current signals are
measured (c. f. Fig. 4.2 (d)) it suffices to assumeŪe ≈ Ū+

e ≈ Ū−
e in Eq. (4.1) yielding

A ≈ Ū+
li − Ū−

li

2Ūe

. (4.2)

Fig. 4.2 (a) shows an ideal detection sequence ofRe. Plotted isRe in dependence of the data
points for alternating magnetization direction (i. e. after a certain amount of data is taken the
magnetization direction is changed). The photon helicity is, of course, changed periodically
with a frequency of 2ωref during the whole measurement. MCD is thereby confirmed by an
alternating inversion of the signal following an alternating change of the magnetization direc-
tion. The blue arrows indicate a simultaneous inversion of both the magnetization direction
and the sign of the lock-in output voltage (i. e. a 180◦ phase shift at the amplifier) which
should result in a steadiness of the signal. Fig. 4.2 (b) and (c) depict measurement sequences
for the two Heusler alloys at a photon energy of 2hν = 6.2 eV and a laser power of 25 mW. The
signals are not completely symmetric to the base line and do not stay entirely constant when
the magnetization and the lock-in output signal are inverted. This behavior might be attributed
to a slight false position of the quarter wave plate in the motor holding or to irregularities
in the wave plate itself which both cannot be completely avoided. A possibly false position
of the quarter wave plate in the motor mount could result in anintensity change of the laser
beam oscillating with the same frequency as the measurementsignal. Throughout the mea-
surement sequence, the magnetic field is set to a value ofµ0H =±1.05 T. Using Eq. (4.2) the
MCD asymmetry for the Ni2MnGa sample is determined toA = (3.5± 0.5) · 10−3 while for
Co2FeSi it is given byA = (2.1±1.0) ·10−3. Fig. 4.2 (d) depicts the photoemission currentI±e
averaged over each measurement sequence for both samples. Clearly, no regular alternation
is seen as observed in Fig. 4.2 (b) and (c). This demonstratesthat an MCD signal cannot be
measured without improving the signal-to-noise ratio withlock-in technique. By comparing
the photoemission yields shown in Fig. 4.2 (d) and Fig. 4.1 (a) and (b) it should be noted that
the size of the laser focus could slightly vary between different measurement series, result-
ing in a more significant change in the photoemission yield because of the quadratic power
dependence.
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Figure 4.2: (a) Schematic detection sequence of the ratioRe including alternat-
ing magnetization reversals and inversion of both the magnetization direction and
the lock-in output voltage (ϕ → ϕ ± 180◦, arrows). (b) and (c) MCD measure-
ment sequences for the two Heusler alloys Ni2MnGa and Co2FeSi at a photon
energy of 2hν = 6.2 eV and a laser power of 25 mW. (d) Corresponding averaged
photoemission currentIe measured for the magnetization reversal sequences of
both samples.
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4.1 Near-threshold MCD in Two Photon Photoemission

Figure 4.3: Hysteresis loop for Ni2MnGa with non-vanishing coercive field ob-
tained from the MCD asymmetry in two-photon photoemission.

For further demonstration of the magnetic dichroism, the magnetization curve of Ni2MnGa
obtained from the 2PPE magnetic circular dichroism is shownin Fig. 4.3. In order to improve
the signal-to-noise ratio, the data are averaged over 200 cycles for each given magnetic field
µ0H. The resulting magnetization loop is normalized to one. Therecord of the full magnetiza-
tion cycle starts at a maximum magnetic field ofµ0H = 1.25 T. Fig. 4.3 displays the hysteresis
loop from which a coercive field of +µ0Hc = 0.06 T (-µ0Hc = 0.08 T) is extracted. The satu-
ration field is determined toµ0Hs = 0.52 T. The non-vanishing magnetic remanence indicates
that the easy axis of the Ni2MnGa film lies not completely within the film plane.

4.1.3 Discussion

To investigate the origin of the observed 2PPE MCD asymmetryab initio calculations of the
magnetic dichroic response are performed. For photon-in photon-out magnetic dichroic ex-
periments such as the magneto-optical Kerr effect, the appropriate theoretical description is
provided by linear-response theory in single-particle formulation in combination with rela-
tivistic energy-band theory. Energy-band theory is neededto determine the allowed interband
transitions and to calculate their transition matrix elements which define the optical conduc-
tivity tensor. Linear response theory is used to finally calculate the optical conductivity from
which the dichroic response is obtained. In this approach, all allowed interband transitions
connecting initial and final band states in the whole Brillouin zone are considered and the
dichroic signal is obtained by averaging over all contributions in allk-directions. Ch. 2.3 ex-
plains the theoretical foundations of this method. Moreover, it demonstrates how the MCD
effect can be simulated by transferring the scenario to our photon-in/electron-out setup. In
this modified approach, we look for interband transitions inall crystallographic directions
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obeying the Einstein equation for photoemission (2hν >Φ) and the relativistic dipole selection
rules and calculate the asymmetry for all contributing interband transitions. Therefore, our
co-workers (Prof. Oppeneer and Dr. Tarafder, University ofUppsala, Sweden) use an appro-
priately modified version of the code for the calculation of the conductivity tensorσ and the
dielectric tensorǫ as reported in Ref. [44], respectively. As noab initio theory for 2PPE MCD
is available as yet, we now briefly discuss two models.
In the first one, the non-equilibrium electron population that is caused by the first laser pulse
(see Ref. [60]) isab initio calculated. Subsequently, the dielectric tensor for the second laser
pulse is computed, using the non-equilibrium band occupations created by the first pulse.
Proper transition selection rules are taken into account for the second excitation and to a good
approximation for the first one [60]. In this model, there is no "remembrance" of the initial
state for the second hν excitation.
In the second model, we assume instantaneous, coherent absorption of two photons, and con-
sider only those transitions which are possible within suchan instantaneous process, starting
with one hν excitation to a virtual state below the vacuum levelEV and with the immediate
second hν excitation to a state aboveEV. In this approach, initial and final states of the 2hν
excitation are coupled by appropriate transition matrix elements.
The calculations of the magnetic dichroic response reveal that the MCD attained from the first
model is more than 1 order of magnitude smaller than that of the second one. This motivates
to the assumption that the dominating contribution stems from excitations that occur through
the practically instantaneous absorption of two photons inaccordance with the second model.
Fig. 4.4 (a) depicts computed 2PPE MCD spectra of Ni2MnGa and Co2FeSi as a function of
the photon energy 2hν at fixed work functionΦ [61]. Thereby, the asymmetry values have
been calculated following Eq. (2.54). The experimental data points are also shown. For the
ab initio calculations of both Heusler alloys theL21 structure with lattice parameters of 5.83
and 5.65 nm, respectively, is used. The calculations of the 2PPE MCD spectra are performed
for two different escape depths, 5 and 20 nm, and two different lifetime parameters,τ−1 = 0.68
and 0.95 eV. The values for the escape depth span the experimentally determined probing
depth of threshold photoemission microscopy [62]. Gratifyingly, we find the dependence of
the 2PPE MCD asymmetry on the escape depthd to be very weak. We point out that for
Ni2MnGa a work function of 3.5 eV is used. The experimentally determined value of 3.7 eV
only shifts the spectrum slightly towards higher photon energies. The agreement between the-
ory and experiment can nonetheless be considered as reasonably good. This exemplifies that
the intrinsic origin of the observed 2PPE MCD is caused by the spin and orbitally polarized
electronic structure of the ferromagnetic material. The presence of both spin splitting and or-
bital magnetic splitting, due to exchange interaction and spin-orbit interaction, respectively is
required to provide a nonzero magnetic dichroic signal using photons as probe [38]. The same
obviously holds here for photoelectrons as probe. The finding that the experimental MCD
asymmetry is smaller than the theoretical prediction couldbe attributed to the Al-capping
layer, which is not considered in the calculations. It absorbs part of the photoelectrons and
contributes to the photoemission signal with Al-photoelectrons carrying no MCD informa-
tion. This will reduce the measured MCD asymmetry as discussed in Ch. 4.2. Finally, we note
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Figure 4.4: (a) Calculated 2PPE MCD asymmetry spectra for Ni2MnGa and
Co2FeSi in dependence of the photon energy [61]. The spectra are calculated for
two different escape depths and lifetime parameters; the experimental data points
are shown as squares. (b) Two-dimensional representation of theab initio pre-
dicted 2PPE MCD for Ni2MnGa and Co2FeSi as a function of 2hν and the work
functionΦ. The diagonal white lines indicate the boundary 2hν − Φ = 0 below
which the MCD signal vanishes; the vertical white lines indicate MCD spectra
shown with dotted lines in (a).
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that the calculations predict an interesting difference inthe MCD asymmetry of Ni2MnGa
and Co2FeSi for 2hν between 3 and 5 eV: in contrast to Ni2MnGa, the MCD asymmetry of
Co2FeSi exhibits a change of sign despite of their structural similarity. Fig. 4.4 (b) depicts a
two-dimensional representation of the 2PPE MCD asymmetry independence of 2hν andΦ
for both samples. Beneath the diagonal white lines photoemission is not possible. The vertical
white lines reflect the MCD spectra shown as dotted curves in Fig. 4.4 (a). In agreement with
(a), the 2PPE response differs for both samples. As an example, for Ni2MnGa asymmetries
around -8% are predicted at (2hν,Φ)≈ (6 eV,4 eV) while the MCD asymmetry for Co2FeSi is
expected to be much smaller (∼ -2%) at the same parameters. Another important result is that
the simulations for both samples predict the MCD signal to depend on 2hν andΦ separately.

4.1.4 Summary and conclusions

Magnetic circular dichroism in two-photon photoemission has been demonstrated for two fer-
romagnetic Heusler alloys (A2PPE = (3.5±0.5) ·10−3 for Ni2MnGa andA2PPE = (2.1±1.0) ·
10−3 for Co2FeSi). The used theoretical explanation on basis of relativistic energy-band theory
in combination with linear-response theory is in reasonable agreement with the measurement.
Transferring this photon-in/photon-out approach as commonly used for the magneto-optical
Kerr effect to our photon-in/electron-out setup thereforeseems to be an adequate method to
calculate MCD asymmetries. In this sense, it also demonstrates that the origin of the 2PPE
MCD is born out of modifications of the energy bands caused by exchange and spin-orbit
interactions. This means that the simultaneous occurrenceof both effects, exchange splitting
and spin-orbit coupling, give rise to magnetic circular dichroism.
Unlike the results shown in Ch. 4.3, here the 2PPE process is modeled as an instantaneous,
coherent two step process. In Ch. 4.3 we will see that for a Co/Ptsystem the picture of a se-
quence of two independent processes might be more adequate for the description of 2PPE.
Energy-dependent measurements could furthermore depict the behavior of MCD asymmetries
in dependence of the photon energy. This would enable a much stronger comparison between
experimental and theoretical results than given in Fig. 4.4(a). For energy-dependent mea-
surements it might be helpful to use sample systems with a more manageable band structure
compared to those of the Heusler alloys to possibly identifymeasured asymmetries with only
few band to band transitions. Since the MCD signal is predicted to depend independently on
the photon energy and the sample work function it would be worthwhile to compare energy-
dependent measurements with those at low work-function values.
Finally, with respect to applications, i.e. in photoemission electron microscopy, ferromag-
netic thin films exhibiting larger asymmetries exceeding the low-percentage range are needed.
Fig. 4.4 foreshadows that beside the choice of a suitable material also the parameters of photon
energy and sample work function strongly decide about the magnitude of MCD asymmetries.
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4.2 Near-threshold MCD at the spin-reorientation transition
of ultrathin epitaxial Pt/Co/Pt(111)/W(110) films

4.2.1 Motivation

First measurements in the regime of near-threshold photoemission revealed magnetic circu-
lar dichroism to exist in one as well as in two-photon photoemission processes. Thereby,
dichroic signals have been measured in the range of the detection limit, where asymmetry
values did not exceed the low-percentage range [8, 61, 62]. Only recently, much larger values
have been reported [9, 63, 64, 65, 66]: a study on a perpendicularly magnetized 12 ML Ni film
on Cu(001) revealed MCD asymmetries larger than 10% in threshold photoemission, where
the photon energy just exceeds the sample work function [9].This is remarkable since MCD
in the visible-light region suffers from the absence of discrete atomic levels with a high spin-
orbit coupling as it is the case in XMCD measurements. Besides Ni(001), there is still only
little knowledge about thin-film systems revealing large MCDasymmetries in near-threshold
photoemission. Also general properties of the asymmetry inone- or multi-photon photoemis-
sion processes have up to now scarcely been investigated. For example, there is only little
information about the behavior of asymmetries in dependence of the magnetic anisotropy, the
sample thickness or capping layers.
Concerning the sample thickness Nakagawa and Yokoyama observed a drastic change of the
MCD asymmetry as a function of the thickness of a wedged Ni film grown on Cu(001) [9]
in near-threshold photoemission.The in-plane magnetizedfilm thicknesses up to the spin-
reorientation transition (SRT) at 8 ML showed asymmetry values in a longitudinal setup that
are one order of magnitude smaller than the ones for the out-of-plane magnetized regions,
starting from 8 ML in a polar setup. As magnetic circular dichroism belongs to the magneto-
optical phenomena [9, 67] this behavior corresponds to similar differences between the longi-
tudinal and polar Kerr effect, crossing the SRT with increasing sample thickness. The mea-
surements on Ni, however, raise the question whether the MCD asymmetry of a completely
saturated sample increases continuously from the ultrathin end of the wedge up to higher
thicknesses, indicating that surface effects do not play a dominant role. Otherwise a satura-
tion of the MCD asymmetry at a few ML of the magnetic film should be observed. Another
question is whether the MCD asymmetry is influenced by the orientation of the magnetization
easy axis.
In this section we present magneto-optical Kerr (MOKE)- andnear-threshold MCD mea-
surements on a Pt-capped, wedged Co sample grown on Pt(111)/W(110) to investigate the
influence of magnetic anisotropy and sample thickness in one-photon and two-photon photoe-
mission. Since both the exchange splitting and the spin-orbit coupling are preconditions for
the appearance of magneto-optical effects the combinationof ferromagnetic Co and Pt with a
high nuclear chargeZ is promising for enhanced MCD asymmetries [68]. The measuredMCD
signals are compared with measured polar Kerr ellipticities in the framework of the Jones for-
malism. In addition, a comparison with calculated Kerr signals is provided by simulations of
medium boundary and medium propagation matrices. As MCD and MOKE are based on the
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same microscopic mechanisms the relation between both effects is thus investigated.

4.2.2 Sample preparation

At first a Pt buffer layer is prepared on a W(110) single crystal. Since the lattice mismatch
between both elements (aW = 0.316 nm,aPt = 0.392 nm) is only 1.1%, this is an adequate al-
ternative to a Pt single crystal1. The initial growth of Pt on W(110) has been studied by Bauer
et al. [69]. The given ratios of the lattice constants lead tothe Kurdjumov-Sachs growth mode
showing two slightly rotated domains (for details see Ref. [70]). For both domains the (111)-
axis is oriented perpendicular to the surface. For the following experiment the azimuthal angle
plays no role.
Before deposition of Co and Pt, the W(110) crystal is cleaned by repeated cycles of flashing
(Pheating = 200 W, 1-2 s) and annealing (Pheating ∼ 40 W, 30 min,∼ 1200◦C) in oxygen atmo-
sphere (p = 4·10−8 mbar). A 20 monolayers (ML) Pt(111) buffer is evaporated afterwards on
the substrate (UHV · Iemission = 44 W, evaporation rate 256 s/ML) at a pressure of 7·10−9 mbar.
After annealing (12 min, 800◦C) the Co wedge is deposited at a pressure of 4·10−10 mbar
(UHV · Iemission = 13 W, evaporation rate 32 s/ML) by withdrawing a shutter located between
the Co evaporator and the sample. The thickness along the wedge is regulated by a quartz
thickness monitor. A wedge of 0-16 ML with a monolayer width of 200µm is produced. Since
the formation of a Co/Pt alloy at the interface should result in increased magneto-optical sig-
nals [71, 72] the sample is subsequently annealed for 11 minutes at a temperature of 410◦C.
MCD measurements are performed with the experimental setup shown in Fig. 3.3. Therefore,
the structure is completed with a 15 ML thick Pt capping (the evaporation parameters are iden-
tical to the ones for the Pt buffer layer) deposited at room temperature to prevent the Co film
from oxidation. The quality of the substrate surface and theepitaxial films is controlled by low
energy electron diffraction (LEED). Fig. 4.5 (a) - (c) depicts a set of LEED images for different
preparation steps; a sketch of the prepared sample system isshown in Fig. 4.5 (d). Fig. 4.5 (a)
depicts the first Brillouin zone (BZ) of the bcc W(110)-crystal at an electron energy of 73.3 eV.
Small and bright spots reflect a clean, high-quality substrate surface. In Fig. 4.5 (b) the first
BZ of the annealed fcc Pt-buffer is shown at an electron energyof 74.1 eV. The typical sixfold
structure can be clearly seen. The layer is annealed directly after evaporation to improve the
film structure; due to local defects and surface roughness the Pt spots appear slightly broad-
ened and less sharp compared to the W(110)-substrate. Fig. 4.5 (c) shows the first BZ of the
non-annealed fcc Co-wedge at 76.5 eV. Since the lattice constant of Co (aCo=0.355 nm) is
smaller than the one of Pt and the LEED technique displays thereciprocal space the distance
between neighboring spots is slightly increased. The azimuthal orientation of Co and Pt is
obviously identical.

1The lattice mismatch is derived from the nearest neighbour distance between the atoms in the corresponding
lattice bylmis =

dNN,
(substrate)−dNN(film)
dNN(substrate) .
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Figure 4.5: Set of LEED patterns. (a) bcc W(110) (single crystal) at a scattering
energy of 73.3 eV. (b) 20 ML Pt(111)/W(110) at 74.1 eV (annealed after deposition
of Pt). (c) fcc Co(111) wedge/20 ML of fcc Pt(111)/W(110) at 76.5 eV. (d) sketch
of the prepared sample system.
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4.2.3 Results

Kerr measurements

In order to determine the magnetic features of the wedged sample, Kerr measurements are
carried out outside the vacuum in the polar and the longitudinal setup. Polar Kerr measure-
ments are performed almost under normal incidence (∼ 5◦), while in the longitudinal setup s-
polarized light with an incidence angle of∼ 45◦ is used. Thickness-dependent Kerr measure-
ments in the polar geometry are carried out with an external magnetic field ofµ0H = 255 mT;
in the longitudinal geometry a field of 178 mT is used. The focused 670 nm laser beam al-
lows for a lateral resolution corresponding to 1 ML thickness increase on the Co wedge. The
complex Kerr angle,

φK ≡ θK + iǫK (4.3)

consists of the Kerr rotation angleθK and the Kerr ellipticityǫK. Referring to Ref. [73, 74, 75],
an approximated formula for the thickness dependence ofφK for a capped magnetic film of
thickness t on a substrate S is given by:

φK ≈ iσxy

σS
xx

4πt

λ
. (4.4)

σS
xx is the diagonal element of the optical conductivity tensor of the substrate,σxy is the off-

diagonal element of the optical conductivity tensor of the investigated magnetic film andλ is
the vacuum wavelength. This expression holds in the case of the polar Kerr effect and is valid
for t << λ. Eq. (4.4) also applies to our sample system considering thenegligible influence of
the W(110) substrate due to the thick Pt buffer layer. Consequently, one would expect a linear
increase of both the Kerr rotation angle and the Kerr ellipticity with increasing thickness of the
Co wedge. The measured values of the polar (dots) and longitudinal Kerr rotation (squares)
are shown in Fig. 4.6 (a). The polar Kerr rotation angleθK shows a steady increase up to
6.5 ML. At 5.5 ML the easy magnetization direction starts to change from an out-of-plane to
an in-plane orientation due to the increasing shape anisotropy (c. f. also Fig. 4.7). At 6.5-7 ML
a maximum Kerr rotation of 16.05 m◦ is reached followed by a continuous decrease, since the
external field does not suffice to saturate the sample magnetization in the out-of-plane direc-
tion. At the ultrathin end of the wedge the polar Kerr rotation curve exhibits a steep slope
followed by a weaker increase for Co thicknesses exceeding 4 ML. Following Ref. [76] these
linear sections with different slopes might be attributed to a structural transition from fcc(111)
to hcp(0001) Co with increasing sample thickness. In Ref. [76]the crystalline transformation
was detected almost in the same thickness region, where fcc(111) Co was observed at thick-
nesses ofd< 5 ML and passed into hcp(0001) Co for thicknessesd> 6 ML. Concerning the
critical thickness of the spin-reorientation transition abroad range of values from 4.4 ML [77]
to 12 ML [78] is reported in the literature; a theoretical investigation predicts a transition at
4 ML [79]. To explain this discrepancy between the experimental and theoretical results it
was demonstrated [80] that the substrate roughness affectsthe critical thickness of the SRT
attributing an early reorientation transition to a rough substrate. In our case the Co wedge is
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(a)

(b)

Figure 4.6: (a) Polar (dots) and longitudinal Kerr rotation angle (squares) in de-
pendence of the Co thickness measured at external fields of 255 mT (polar setup)
or 178 mT (longitudinal setup). The onset of the assumed structural transition from
fcc(111) Co to hcp(0001) Co according to Ref. [76] is marked with a dashed-dotted
line, the spin-reorientation transition is marked with a dashed line. The error bars
are in the order of the symbol size. (b) SquarenessθK,rem

θK,sat
in dependence of the

Co thickness for the polar (dots) and longitudinal Kerr setup (squares). The open
circles correspond to data from Fig. 4.7 measured with higher accuracy.

evaporated on a 20 ML Pt buffer, which might be rougher than a Pt single crystal surface. This
could be a reason for the SRT occurring at a relatively low Co thickness of 5.5 ML.
In earlier reports a non-vanishing Kerr rotation extrapolated to zero ML Co thickness was
observed and related to a polarization of Pt by neighboring Coatoms [81]. Our results in
Fig. 4.6 (a), however, show that the polar Kerr rotation increases linearly with the thickness
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at the ultrathin end of the wedge. There is no positive offsetleading to a non-zero extrapo-
lated Kerr rotation in agreement with Ref. [78]. Considering that interface contributions may
depend sensitively on the interface morphology [82] the extrapolated offset cannot be taken
as a measure for the Pt polarization, which is certainly present. In accordance with the polar
Kerr measurement the longitudinal Kerr rotation (squares)is equal to zero up to 5.5 ML Co
thickness, where it starts to increase almost linearly withthe sample thickness. Apparently,
the longitudinal Kerr effect also reveals a linear thickness dependence as stated in Eq. (4.4)
for the polar case. While in the polar setup easy axis curves are observed until a thickness of
5.5 ML, the in-plane magnetization loops show a square behavior starting from 6.5 ML. This
means that the SRT takes place between 5.5 ML and 6.5 ML [83] (c. f. also Fig. 4.7).
To confirm the position of the SRT not only by the saturation values of the Kerr rotation, the
squarenessθK,rem

θK,sat
is plotted in dependence of the sample thickness (see Fig. 4.6 (b)). θK,rem is

the remanent value, whileθK,sat describes the saturation value of the Kerr rotationθK. Ac-
cording to the observation of an easy axis magnetization curve the squareness in the polar
case (dots) is∼ 1 until the beginning of the SRT is reached at 5.5 ML. Subsequently, it drops
rapidly, since the intrinsic magnetization direction changes to an in-plane configuration. For
the in-plane geometry the squareness (squares) is also∼ 1 in the region above 5.5 ML and 0
beyond it.
Fig. 4.7 depicts a set of hysteresis loops for selected Co layer thicknesses measured at a max-
imum applied field of± 51 mT clearly demonstrating the transition from an easy axismagne-
tization curve at 3.5 ML to an in-plane configuration of the magnetization vector at 7.5 ML in
the polar Kerr setup.

MCD measurements in near-threshold photoemission

MCD measurements in near-threshold photoemission are carried out in one-photon photoe-
mission (frequency-tripled laser light, hν = 4.64 eV) as well as in two-photon photoemission
(frequency-doubled laser light, hν = 3.10 eV). To enable 2PPE processes the sample is ad-
ditionally placed in the focal point of a lens (f = 15 mm). At the same time this allows a
monolayer-thickness sensitive detection of the MCD asymmetry. To ensure that in the case
of 4.64 eV the excitation process is governed by one-photon photoemission, the linear depen-
dence of the photoelectron current on the laser power is checked, simultaneously revealing
that the value for the sample work function is< 4.64 eV. In the case of 3.1 eV a quadratic
behavior is measured indicating 2PPE processes (c. f. also Ch. 4.1). By means of UPS the
sample work function is determined toΦ = (4.6± 0.2) eV.
MCD measurements are performed with the experimental setup shown in Fig. 3.3. Fig. 4.8
gives an example of a measurement sequence of the 2PPE MCD signal for the Co wedge.
MCD is confirmed by periodic changes of the MCD signal followingperiodic changes in the
orientation of the magnetization~M+ and ~M− parallel or antiparallel to the laser beam. In
this sense Fig. 4.8 verifies magnetic circular dichroism. The steadiness of the signal at a si-
multaneous change of the magnetization direction and the sign of the lock-in output voltage
(blue arrow) approves the good performance of the lock-in amplifier. MCD asymmetries are
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µ0H (mT) µ0H (mT)

Figure 4.7:Hysteresis loops for selected Co layer thicknesses measured at a max-
imum applied field of± 51 mT in the polar Kerr setup.θK,sat andθK,rem are indi-
cated exemplarily for one curve.
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Figure 4.8: Measurement sequence for verification of MCD in near-threshold
photoemission based on periodic changes of the MCD signal upon periodicrever-
sals of the magnetization direction~M±. The arrow marks a simultaneous inver-
sion of the magnetization direction and the phase setting at the lock-in amplifier
(ϕ → ϕ± 180◦) resulting in a constant MCD signal.

calculated according to Eq. (4.2) in Ch. 4.1.
During 2PPE measurements with 3.1 eV photon energy the average laser power is 44 mW. To
ensure that the thickness region with an out-of-plane magnetization is saturated on the one
hand and to guarantee that the 2PPE laser spot is stable in position during the reversal of the
external field on the other hand, the magnetic field is set to anintermediate value of 222 mT.
Fig. 4.9 (a) depicts a thickness-dependent 2PPE MCD measurement in near-threshold pho-
toemission, revealing a linear increase of the asymmetry with increasing Co thickness. At
6.5 ML a value of 0.14% is recorded. As demonstrated with the Kerr data, the magnetization
easy axis at 6.5 ML has changed from the out-of-plane to an in-plane direction. Obviously,
an influence of the magnetization easy axis on the magnitude of the asymmetry cannot be
detected as the signal increases continuously. The linear increase of the asymmetry indicates
that surface effects do not play a crucial role. Otherwise a saturation of the asymmetry within
the first monolayers of the wedge would have be expected. Therefore, the asymmetry must be
dominated by the Co bulk properties.
Results for the 1PPE MCD measurement in near-threshold photoemission are shown in Fig. 4.9
(b). The asymmetry is measured with an external magnetic field of 0.74 T. For the 1PPE mea-
surement we would use a larger field than in the case of 2PPE because the photoemission
intensity for 1PPE is much less sensitive to small sample displacements. At 4.64 eV the laser
power is set to 1.4 mW. The asymmetry also increases monotonously with increasing Co thick-
ness. However, the behavior of the asymmetry is not only influenced by the film thickness. In
contrast to the 2PPE measurements one-photon photoemission exhibits three distinct regions
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(a)

(b)

Figure 4.9: (a) 2PPE MCD asymmetry in near-threshold photoemission in de-
pendence of the Co thickness measured at an external field of 222 mT. (b) Same
for 1PPE at an external field of 0.74 T. The onset of the assumed structural transi-
tion between fcc(111) Co and hcp(0001) Co is marked with a dashed-dotted line,
the SRT is marked with a dashed line. The photon energies used for 2PPE and
1PPE are 3.1 eV and 4.64 eV, respectively. All MCD measurements are carried out
in the polar geometry. Error bars are derived for a chosen monolayer thickness.
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of near-threshold MCD: at low Co coverages up to∼1.5 ML an enhanced dichroic signal is
observed which is followed by a linear increase up to∼ 4 ML. Here, a discontinuity occurs be-
yond which a steeper linear increase of the MCD signal is measured. At 6 ML the asymmetry
reaches 0.1%. It is interesting to note that the strong signal increase atlowest Co coverages
is seen exclusively in 1PPE but not in 2PPE. At these low coverages nanomagnetism due to
Co island growth is prevailing and could influence the magneto-optical properties and lead to
a much stronger wavelength dependence. Furthermore, the 2Dband structure of a monolayer
Co on Pt could be favorable for a high MCD effect. The 2D band structure of a monolayer
shows no dispersion along the surface normal and at theΓ-point atomic-like behavior prevails.
Both could favor a high MCD. However, further measurements areneeded to validate these
assumptions.
The transition between the linear regions with different slopes occurs at∼ 4 ML and might
be attributed to the structural change from fcc(111) to hcp(0001) Co already discussed in the
context of the Kerr measurements (see Fig. 4.6(a)). Since this structural change does not show
up in the 2PPE measurements, 1PPE seems to be more sensitive to band structure changes
conditional upon changes in the crystal structure.

4.2.4 Discussion

As mentioned above, magnetic circular dichroism belongs tothe magneto-optical phenom-
ena. In Ch. 4.1 we have already used linear response theory in combination with energy band
calculations to theoretically describe MCD in strong analogy to the magneto-optical Kerr ef-
fect. Now the question might rise whether an easier and handytheoretical approach to MCD
asymmetries without the use of highly elaborated mathematical codes can be given by a di-
rect connection to the magneto-optical Kerr quantities. Using the Jones formalism2 a relation
between the MCD asymmetry AMCD and the Kerr ellipticityǫK can be found,

AMCD
∼= 2ǫK

(

R

1−R

)

, (4.5)

whereR is the reflectivity of the investigated sample at the given wavelength. In the following
we recapitulate the derivation of Eq. (4.5), which has originally been given in Ref. [67]. As-
suming circularly polarized, normally incident laser light the influence of a magnetic sample

2The Jones matrix formalism describes the influence of an optical component on a electromagnetic plane wave.
The electric field of the monochromatic wave is thereby expressed by the so-called Jones vector. The optical
components, e. g. polarizers, quarter wave plates, reflecting surfaces, are described by matrices. The influence
of an optical component on the incoming polarized radiationis finally obtained by matrix multiplication [84]
yielding

~E′ = T ~E or

(

E′

p

E′

s

)

=

(

Tpp Tps

Tsp Tss

)(

Ep

Es

)

,

where ~E and ~E′ are the Jones vectors of the electric field before and after passing the optical component,
respectively.T is the Jones matrix for the optical component. For further information concerning this for-
malism we refer to Ref. [84].
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4.2 Near-threshold MCD at the SRT of ultrathin Pt/Co/Pt(111)/W(110) films

causing a polarization change in the reflected beam due to themagneto-optical Kerr effect is
described by the corresponding reflection matrix. The reflection matrix for the polar magneto-
optical Kerr effect is derived within the Jones matrix formalism [84] and changes the electric
field vector~Eσ± = (Ex, Ey) = (1,±i) ê to

(

E ′
x

E ′
y

)

=

(

1 φK

φK −1

)(

Ex

Ey

)

, (4.6)

whereφK is the complex Kerr angle. Then the asymmetry for the reflected light is given by:

AK =
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∣
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2 −
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+
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2 ≈ −2ǫK (4.7)

for
∣

∣φK

∣

∣

2
<< 1. This expression for the asymmetry in reflection involving the reflected light

intensityIR can be directly related to the asymmetry in absorption involving the absorbed light
intensityIA = I0 − IR by writing AK in terms of the absorbed intensityIA:

AK
∼= IR,σ+ − IR,σ−

2IR
= −IA,σ+ − IA,σ−

2IR
, (4.8)

assumingIR,σ+ ≈ IR,σ− ≈ IR.
With the asymmetry in absorption defined as

AA :=
IA,σ+ − IA,σ−

2IA
. (4.9)

where we have also assumedIA,σ+ ≈ IA,σ− ≈ IA, we find

AA
∼= −AK

IR
IA

. (4.10)

To a first approximation, we assume that the absorbed intensity IA is proportional to the total
photoemission yieldIPE, IA ∝ IPE. In this case, the proportionality factor cancels in Eq. (4.9)
resulting inAPE = AA. Expressing the reflected and absorbed intensity in terms ofthe reflec-
tivity R, IR = RI0, andIA = (1−R)I0, the MCD asymmetry in photoemission is then given
by:

AMCD = APE
∼= −AK

(

R

1−R

)

= 2ǫK

(

R

1−R

)

. (4.11)

In order to check if this is a possible description the 2PPE near-threshold MCD asymmetry is
compared to the Kerr ellipticity measured at 3.1 eV. By means of an additional quarter wave
plate monolayer-thickness sensitive measurements of the Kerr ellipticity are performed at an
external field of 255 mT. Fig. 4.10 depicts the near-threshold MCD asymmetry (full squares)
and the Kerr ellipticity measurement (full dots). In order to allow for a direct comparison, all
ellipticity values are already converted according to Eq. (4.5). Considering that by varying the
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K

K

K

Figure 4.10: Comparison of the 2PPE near-threshold MCD asymmetry (full
squares) with the polar Kerr ellipticity measured with 3.1 eV photon energy at an
external field of 255 mT (full dots) and calculated polar Kerr ellipticities for dif-
ferent sample systems. (open squares) 15 ML Pt/(0-15) ML Co/20 ML Pt/1000 ML
Mo. (open circles) (0-15) ML Co/1000 ML Pt. The calculations are carried out for
3.1 eV. To compare the Kerr ellipticities to the near-threshold MCD asymmetry
the ellipticity values are converted according to Eq. (4.5). In the case of thePt
substrate the values are additionally multiplied by a factor of 10.
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4.2 Near-threshold MCD at the SRT of ultrathin Pt/Co/Pt(111)/W(110) films

Co thickness from (0-3.2) nm the reflectivityR is changed by less than 1% 3 and keeping in
mind that there is only a thickness-independent influence ofthe Pt capping layer, a value of
R = 0.75 is used for a 15 ML Pt/(0-16) ML Co wedge on Pt at hν = 3.1 eV [85].
The polar Kerr ellipticity does not show the same behavior asthe near-threshold MCD asym-
metry: Up to a thickness of∼ 2 ML the ellipticity steadily increases, for larger Co thicknesses,
however, it saturates while the asymmetry further increases. Moreover, the near-threshold
MCD signal is about one order of magnitude larger than deducedfrom Eq. (4.5). This can
be attributed to a selection in energy andk-values in near-threshold photoemission leading to
higher asymmetries. On the one hand for near-threshold MCD only states in the vicinity of
the Fermi level are involved, while all states fromEF to EF − hν can participate in the exci-
tation process in MOKE. This directly leads to an averaging over many transitions resulting
in reduced Kerr signals. On the other hand, in normal electron emission close to threshold
only a narrow cone ofk-vectors inside the material can contribute to the electronyield. The
majority of the electrons is excited outside this narrow cone and stays inside of the material
due to total reflection at the surface. All these electrons contribute to photoabsorption but
not to the electron yield. Moreover, we note that the observed discrepancy in the quantitative
values might also be partly related to the fact that a two-step process in photoemission is com-
pared to a one-step excitation within Kerr measurements. Inthe following chapters we will
see, however, that 2PPE generally delivers larger MCD signals than the corresponding 1PPE
excitation processes. Nevertheless, this cannot justify aquantitative disagreement of one order
of magnitude and an obviously different qualitative behavior. In Ch. 4.3 we will furthermore
demonstrate that other excitation processes existing beyond the conventional photoemission
theory of normal electron emission might also play a significant role for enlarged MCD ef-
fects.
In addition, due to the saturation effect of the measured Kerr ellipticity the latter does not seem
to satisfy Eq. (4.4), predicting a linear increase with thickness. However, thickness dependent
calculations for different sample systems and photon energies reveal thatǫK as well asθK gen-
erally show a continuous increase with increasing sample thickness [86]. Deviations from this
behavior only occur for those photon energies where the Kerrsignal is close to zero or even
exhibits a zero-crossing. The appropriate calculations are carried out by a program code [87]
based on calculations of so-called medium boundary and medium propagation matrices which
allow for a complete description of the magneto-optical coefficients for a multi-layered film
and which can also be applied to ultrathin film systems. For further information concerning
this approach we refer to Ref. [88].
Fig. 4.10 also depicts the thickness dependence of the calculated Kerr ellipticity for a 15 ML

3The variation of the Co thickness from 0-16 ML does not have a considerable influence on the reflection
coefficient. This can be shown by using Eq. (9) from Ref. [85].We use the equation describing a 4-layer
system to calculate the reflection coefficients for different thicknesses of a Co wedge evaporated on Pt and
capped by an additional Pt-layer (i. e. layer 1: vacuum; layer 2: Pt-capping; layer 3: Co wedge; layer 4: Pt-
buffer). Due to the large Pt buffer layer the W(110) substrateadditionally used in the measurements can be
neglected. For different Co thicknesses, namely 0.2 nm, 1.2nm, 2.2 nm and 3.2 nm, the reflection coefficients
vary by less than 1%; an average value ofR = 0.75 has therefore been assumed.

63



4 Results and Discussion

Pt/(0-15) ML Co/20 ML Pt/1000 ML Mo sample (open squares). Since the data for tungsten
cannot be incorporated in the program code, Mo is chosen to reasonably model the present
sample system. Similar to the near-threshold MCD asymmetry the calculated ellipticity steadily
increases with the sample thickness and does not show any deviations from a linear behavior. It
should be noted that the polar Kerr ellipticity of this sample system is not close to zero at pho-
ton energies around 3.1 eV. For comparison,ǫK of a (0-15) ML Co/1000 ML Pt sample is also
calculated, and the corresponding ellipticity values are multiplied by a factor of 10 (open cir-
cles). This curve does not show the same characteristics; onthe contrary it resembles the shape
of the measured ellipticity curve. The Co/Pt sample system exhibits a Kerr ellipticity close
to zero between about 2.8 and 3.4 eV, which might be the reasonfor the differing behavior.
Disregarding the different magnitudes of the quantities, the calculated behavior corresponds
to the measured Kerr ellipticity. We conclude that deviations of the Kerr ellipticity from the
linear thickness dependence are connected to photon energyranges where the polar Kerr el-
lipticity is close to zero or even exhibits a zero-crossing.For the present sample system the
measured Kerr ellipticity deviates from a linear behavior indicating thatǫK might be close to
zero in the vicinity of 3.1 eV. The measured values can be compared best to the calculated Kerr
ellipticities for a (0-15) ML Co/1000 ML Pt wedge. IfǫK is not close to zero around 3.1 eV it
is expected to depend linearly on the sample thickness. Thisis the case for the Mo substrate.
Since for the same sample system and photon energy the behavior as well as the magnitude
of ǫK in dependence of the sample thickness strongly deviate fromthe near-threshold MCD
asymmetry, we further conclude that Eq. (4.5) cannot adequately describe the relation between
the Kerr ellipticity and the near-threshold MCD asymmetry. Obviously, it does not suffice to
apply the Jones formalism to threshold photoemission underthe assumption that the absorbed
light intensity is proportional to the total photoemissionyield. On the contrary, the influence
of the Einstein equation of photoemission which determinesthe involved initial states by con-
sidering the photon energy as well as the sample work function might cause a strong selection
of particular interband transitions. Possiblek-selecting mechanisms are also not considered in
the present approach. An adequate treatment of MCD in near-threshold photoemission might
only be possible by a detailed analysis of the correspondingband-structure scheme under the
condition of energy and momentum conservation which directly leads us back to the theoreti-
cal approach already tested for the two Heusler alloys in Ch. 4.1.
Finally, we have to consider the influence of the Pt cap layer.Fig. 4.11 depicts the calcu-
lated Kerr rotation (open squares) and Kerr ellipticity (full circles) at 3.1 eV for a 5.5 ML
Co/20 ML Pt/1000 ML Mo sample in dependence of the Pt capping layer thickness. These
simulations are also carried out on the basis of the matrix calculations presented in Ref. [88].
With increasing thickness of the capping layer the Kerr rotation decreases rapidly due to the in-
creasing absorption of the incident light by the nonmagnetic overlayer until the ferromagnetic
signal fades out at a capping thickness of about 30 nm. Assuming an exponential decrease with
increasing thickness of the capping layer we determine an information depth (1/e-decrease)
of ∼ 9 nm. With a 4 nm Pt capping the Kerr rotation has already decreased to 70% of the
initial value, and it can be assumed that this leads to a reduction of the MCD asymmetry, as
well: measurements of Marx et al. [62] have demonstrated that a cap layer (in that case Ag)
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Figure 4.11:Calculated polar Kerr rotation (open squares) and polar Kerr ellip-
ticity (full circles) in dependence of the capping layer thickness for a 5.5 ML Co/
20 ML Pt/1000 ML Mo sample system. The calculation are carried out for 3.1 eV.

substantially reduces the MLD asymmetry measured for a Ag/Fe/W system. While for Kerr
measurements an information depth of 21.5 nm was found, a value of 16.2 nm was derived
for photoemission measurements. Due to the limited mean free path of the detected electrons
MCD experiments are more surface-sensitive than Kerr measurements. Therefore, the MCD
asymmetry will decrease more rapidly with increasing capping layer thickness, i. e. in our
case the information depth of the MCD will be smaller than 9 nm.On the other hand, our
experiments show no saturation of the near-threshold MCD with increasing Co thickness up
to 8 ML (1.6 nm). This means that the information depth of the near-threshold MCD effect is
larger than 1.6 nm. The reduction of the MCD asymmetry due to a cap layer arises for differ-
ent reasons: Photoemission from the Pt capping will lead to abackground signal that shows
no MCD (except for a possible small polarization of Pt at the interface). The Pt contribution
to the total signal will thus diminish the observed asymmetries. Furthermore, considerable
transport losses of the Co photoelectrons occur in the cap layer that may depend on the Pt
band structure. The losses do not depend on the photon helicity, so they will not diminish the
MCD asymmetry but the intensity which, in turn, impairs the detection of MCD asymmetries.
Overall, the transport losses of the Co photoelectrons and the additional intensity by the Pt
photoelectrons cause a decrease of the MCD asymmetry.
In contrast to the Kerr rotation, the absolute value of the Kerr ellipticity increases with the
capping thickness until a maximum around 8 nm, followed by a rapid decrease (Fig 4.11). At
30 nm Pt capping the Kerr ellipticity is also nearly zero. This is interesting, since the Kerr
ellipticity is also expected to decrease with increasing capping layer thickness. The reason for
this behavior might be found in the exact calculation of the medium boundary and medium
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propagation matrices based on the optical Fresnel equations.

4.2.5 Summary and conclusions

Near-threshold photoemission in 1PPE and 2PPE has been investigated for a Pt-capped Co
wedge on Pt(111)/W(110). At 5 ML (SRT at 5.5 ML) asymmetry values of 0.07% for 1PPE
and 0.11% for 2PPE are measured. These values are of the same order of magnitude as those
of the capped Heusler alloys (cf. Ch. 4.1) but a factor of 100 smaller than values detected for a
Ni(001) system [9]. On the one hand, such large magnetic asymmetries might be attributed to
unique features of Ni(001). On the other hand, the observations might also lead to the assump-
tion that a capping layer does not only diminish the magneto-optical quantities as calculated
above but might also reduce the MCD asymmetry. Further measurements at uncapped sample
systems should clearly judge the influence of an additional capping layer.
For 2PPE as well as for 1PPE the asymmetry increases continuously with the film thickness.
While in the case of 2PPE a linear dependence of the wedge thickness is found, the behavior
for 1PPE is more subtle. Two linear sections with different slopes are detected and attributed to
different prevailing Co crystal structures. These results allow some conclusions to be drawn:
the basic mechanism leading to near-threshold MCD must be connected to Co bulk properties,
surface effects do not play a crucial role. This also means that most electronic excitations
might be traced back to transitions in the Co bulk band structure. Especially for an uncapped
Co system it would be helpful to compare measured asymmetry values to theoretical results
for interband transitions. Due to the linear dependence of the asymmetry on the sample thick-
ness, the SRT does not visibly influence the asymmetries in both cases. An influence of the
magnetization easy axis on the asymmetry for a perpendicularly magnetized film has therefore
not been detected.
Furthermore, the comparison of the thickness dependence ofthe near-threshold MCD asym-
metry in 2PPE to measured and calculated Kerr ellipticitieson the basis of Eq. (4.5) shows that
a description of MCD on the basis of the Jones formalism is not adequate. Apparently, sim-
ulations on the basis of linear response theory in combination with relativististic energy band
calculations as presented in Ch. 4.1 seem to be a more promising approach to a theoretical de-
scription of near-threshold magnetic circular dichroism.Due to the measured bulk-sensitivity
it would in particular be of interest to look for transitionsinvolving Bloch-states as initial and
final band states.
Finally, the experiments reveal the information depth of the magnetic dichroic signals to lie
between 1.6 and 9 nm.
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4.3 Energy- and angle-dependent near-threshold MCD from an
ultrathin Co/Pt(111) film

4.3.1 Motivation

The investigations on the capped Heusler alloys (Ch. 4.1) andthe capped Co wedge (Ch. 4.2)
lead to the assumption that a capping layer reduces the MCD signals and that it might be ad-
vantageous to investigate ultrathin film systems without capping. Also the question remains
whether Ni/Cu(001) is the only sample system revealing enlarged magnetic asymmetries or
if other systems might deliver comparable asymmetry values. In order to gain insights into
these issues an uncapped ultrathin Co film evaporated on a Pt(111) single crystal has been
investigated and the obtained results are presented in the following.
For Ni/Cu(001) it was furthermore demonstrated that the MCD asymmetry is very threshold-
sensitive: It is enhanced directly at the photoemission threshold and drops to 65% (50%) of
the threshold value for 1PPE (2PPE) at a photon energy 0.2 eV larger than the sample work
function [9]. This behavior raises the question whether other systems also show a similar en-
ergy dependence of the MCD asymmetry. Otherwise, the magnitude and the behavior of the
observed asymmetries [9, 63, 65] might be connected to special band structure features for
the case of Ni/Cu(001), in particular the existence of a spin-orbit split band close to the Fermi
levelEF at the high symmetry point X [26].
Moreover, the dependence on the incidence angle of the photon beam has up to now been
investigated for the Ni case only. Here, the sample showed anenhanced 2PPE asymmetry at
grazing incidence, for 1PPE the asymmetry stays almost constant over a wide range of inci-
dence angles (0◦-60◦) [65]. To understand its origin, however, more systematicsis needed.
Especially for applications with PEEM it is of interest to examine under which conditions en-
larged MCD asymmetries in near-threshold photoemission arise for grazing incidence.
Finally, the asymmetry behavior for single- and multi-photon-photoemission processes is
a very interesting issue since it would give important information about the properties of
magnetic circular dichroism for different excitation mechanisms in threshold photoemission.
Studying 1PPE would deliver gainful insights into the outright excitation of electrons from ini-
tial to final states. From MCD measurements in 2PPE we can expect new information about
the two excitation steps and the intermediate state involved in the process.
In order to address the mentioned issues, energy- and angle-dependent 1PPE and 2PPE MCD-
measurements are performed at a Co/Pt(111) system in near-threshold photoemission. Since
simulations on the basis of spin-resolved band-structure calculations in combination with lin-
ear response theory seem to be promising for a quantitative analysis of the magnetic dichroic
signals (c. f. Ch. 4.1) we use this formalism to explain the MCD asymmetries for Co/Pt(111)
in near-threshold photoemission.
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4.3.2 Sample preparation

Before deposition the Pt(111) single crystal is cleaned by Ar-ion sputtering (120 min,
p∼ 4 · 10−6 mbar) and subsequent annealing (30 min, 670◦C) at a pressure of p∼ 4 · 10−9 mbar.
In order to prepare a sample simultaneously revealing bulk-like properties (i. e. t≥ 3 ML)
and an easy axis perpendicular to the sample surface a Co thickness of 4.5 ML is chosen.
Bulk-like properties are desirable to interpret the resultsin terms of a Co bulk band struc-
ture. A perpendicular easy axis reflects a dominating contribution of the magneto-crystalline
anisotropy which is promising for large MCD signals. The deposition is carried out with a rate
of 1 ML/4.5 min. The quality of the substrate surface and the epitaxial Co film is controlled
by LEED. Fig. 4.12 depicts LEED images of the clean Pt(111) single crystal at an electron
energy of 129.9 eV (a) and the 4.5 ML thick Co film at 129.7 eV (b).The sixfold symmetry
of the single crystal and the epitaxial Co film can be clearly seen. The reflections with highest
intensity in (b) correspond to the Co lattice (right arrow), while the neighboring inner reflec-
tions (left arrow) originate from the Pt substrate. Also visible is a modulation of the Co lattice
reflections induced by the underlying substrate. This superstructure represents a Moiré pattern
arising from regular dislocations [89, 90]. Fig. 4.12(c) depicts a sketch of the prepared sample
system.

4.3.3 Results

Since an uncapped sample system is investigated all measurements are performed with the
experimental setup shown in Fig. 3.4. The use of lock-in technique is not necessary and the
asymmetries can be directly calculated from the recorded photocurrent.
After preparation the sample is investigated by in-situ polar magneto-optical Kerr measure-
ments for which linearly polarized 636 nm laser light is used(c. f. also Fig. 3.2). Fig. 4.13 (a)
depicts a Kerr measurement. The observed easy axis curve in the polar geometry (remanence
equals saturation, coercive field 580 Oe) shows that the sample magnetization is oriented along
the surface normal. The Kerr rotation in saturation amountsto 22.6 m◦. Compared to the value
for the Pt-capped system (Ch. 4.2) the Kerr rotation angle is almost twice as large indicating
that the capping layer reduces the Kerr rotation.
MCD measurements in near-threshold photoemission are carried out by using a broadband
ultrashort TiSa pulse laser with photon energies in the range of hν = (5.06 - 5.84) eV for 1PPE
and hν = (2.46 - 2.92) eV for 2PPE (c. f. Ch. 3). To generate 2PPE processes an additional lens
(f = 15 mm) is used again and a possible admixture of one-photon photoemission processes
is cut off by using an optical filter. Fig. 4.13 (b) shows a typical 1PPE MCD measurement in
the vicinity of the threshold. It represents an average over30 hysteresis loops. Each hystere-
sis loop consists of 160 current readings. For 2PPE measurements 240 current readings per
hysteresis loop are taken. Since all hysteresis loops reveal easy axis magnetization curves, the
asymmetry for 1PPE as well as for 2PPE is evaluated as follows:

AMCD =
IS

M+

− IS
M−

IS
M+

+ IS
M− , (4.12)
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Figure 4.12: (a) LEED pattern of the Pt(111) single crystal after cleaning at
129.9 eV. (b) LEED pattern of the 4.5 ML Co/Pt(111) film at 129.7 eV. (c) sketch
of the prepared sample system.
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(b)

(a)

Figure 4.13: (a) Polar Kerr measurement. The error bars are of the order of the
symbol size. (b) Drift corrected 1PPE MCD measurement in the vicinity of the
threshold showing the sample current at a photon energy of 5.39 eV. Thefigure
represents an average over 30 hysteresis loops, each hysteresis loop consisting of
160 current readings. A typical error bar is shown on the bottom branch.

whereIS
M+

(IS
M−

) are the averaged values of the sample currents for positive(negative)
sample magnetization direction measured for a fixed photon helicity. This means that for the
uncapped sample systems all investigations are carried outcorresponding to the detailed ex-
perimental view shown in Fig. 3.3 (b) for fixed helicity. In each measurement we ensure that a
reversal of the photon helicity leads to a reversal of the asymmetry.
In order to determine the sample work function the dependence of the electron yield on the
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Figure 4.14:Dependence of the electron yield on the photon energy for the de-
termination of the sample work function.

photon energy is measured in the range of hν = (5.06 - 5.84) eV. This dependence is plotted in
Fig. 4.14. The electron yield is defined as:N = IS ·hν

P ·e , whereN is the number of electrons,
IS is the sample current, hν is the photon energy,P is the power of the laser beam and e
is the elementary charge. For an energy difference≤ 1 eV between the photon energy and
the sample work function a linear relation between the electron yield and the photon energy
is found. For photon energies smaller than the sample work function the electron yield ap-
proaches almost zero. A linear fit determines the work function toΦ = (5.23± 0.1) eV in the
case of 1PPE. The determination of the work function prior tothe 2PPE measurement leads
to Φ = (4.98 ± 0.1) eV. The reason for this slightly changed value might be a contamination
from residual gas adsorption.

Photon-energy dependent MCD measurements in near-threshol d
photoemission

Fig. 4.15 depicts the energy dependence of the MCD asymmetry for 1PPE (a) and 2PPE (b).
The dashed lines mark the positions of the photoemission thresholds determined from the
work function measurements. In 1PPE as well as in 2PPE the asymmetries are maximum at
threshold and drop slightly with increasing photon energy.The relative loss of asymmetry per
energy interval is nearly the same for both measurements. However, the absolute asymmetry
values differ strongly: in the case of 2PPE a threshold valueof 11.7% is detected while for
1PPE only a value of1.9% is reached. Furthermore, in both cases asymmetry values are
observable below the photoemission threshold. Partial band occupation above the Fermi level
at 300 K and the spectral width of the laser give reasons for this. The apparent weak oscillation
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(b)

(a)

Figure 4.15: (a) Photon energy-dependence of the 1PPE MCD asymmetry for
4.5 ML Co/Pt(111). (b) Same for the 2PPE MCD asymmetry. The dashed lines
mark the photoemission thresholds determined from work function measurements.
All measurements are carried out with the magnetization vector oriented perpen-
dicular to the sample surface and parallel/antiparallel to the helicity vector of the
incoming laser light. For 1PPE a characteristic error bar is derived that is mainly
due to statistical fluctuations of the measured data. For 2PPE the error barsare in
the order of the symbol size because of the larger absolute asymmetry values.
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in (a) might be attributed to instabilities in the generation of the laser light (fourth harmonic)
as well as slight differences in the efficiency of the broad band quarter wave plate for different
wavelengths. The energy dependence and the different absolute asymmetry values in 1PPE
and 2PPE will be discussed later.

MCD measurements in near-threshold photoemission in depen dence of the
sample rotation angle

For 1PPE at hν = 5.22 eV as well as for 2PPE at hν = 2.46 eV MCD measurements are carried
out for a varying rotation angle of the sample with respect tothe helicity vector~Λσ of the
incoming photon beam and the direction of the applied magnetic field ~H. Fig. 4.16 (a) depicts
the experimental situation outside of the sample: during the angle-dependent measurements
~Λσ and ~H stay parallel (~Λσ || ~H). At an angle of incidence ofϑ = 0◦ the vectors~Λσ, ~H and
~M are therefore aligned parallel to each other and perpendicular to the sample plane. By ro-

tating the sample by an angle ofϑ the external field~H causes the sample magnetization to
deviate from the perpendicular orientation. Applying a sufficiently large external field would
result in a parallel orientation of~M and ~H. This is not the case for finite external fields.~M is
thus oriented under an angle ofθ with respect to~H and underα concerning~nϑ, respectively.
Fig. 4.16 (b) depicts the experimental situation inside thematerial. Due to Snell’s law the in-
coming photon beam is refracted; the direction of the helicity vector is therefore changed and
forms the internal polar angle of incidenceϑ′ with the surface normal. The angle between the
magnetization direction and the helicity vector inside thematerial is consequently given by
(α− ϑ′).
Fig. 4.17 shows the dependence of the 1PPE and 2PPE asymmetryon the sample rotation an-
gle in near-threshold photoemission. While for 1PPE the asymmetry stays almost constant,A
decreases with increasing rotation angle (i. e. with increasing angle of light incidence) in the
case of 2PPE. Large angles of light incidence normally result in a polarization loss for incom-
ing circularly polarized photons in the sample material. This behavior is well reproduced by
the angle-dependent measurements in the case of 2PPE, but not for the case of 1PPE. Addi-
tionally, the polarization change also depends on the wavelength of the incoming photons and
is therefore different for different photon energies. At first glance, this could be an explanation
for the different 1PPE and 2PPE angle-dependence.
To investigate this issue we simulate the polarization lossinside the material in a MCD ex-
periment for the two wavelengths used for 1PPE and 2PPE. In doing so, we have to calculate
the modification of the electric field inside the solid due to the optical response of the mate-
rial. The internal electric field is approximated by a classical radiation field described by the
Fresnel equations (Fresnel-field approximation). Following Ref. [92] where the authors as-
sume normal electron emission from a cubic (001) surface with perpendicular magnetization
magnetic dichroism appears if the termIm

[

cosϑ′E ′
||E

′
⊥
∗] is non-zero.E ′

⊥ = 2 cosϑE⊥

cosϑ+
√

ǫ′−sin2 ϑ

andE ′
|| =

2n′ cosϑE||

ǫ′ cosϑ+
√

ǫ′−sin2 ϑ
are given by Fresnel’s formulas and denote the amplitudes ofthe

electric field components parallel and perpendicular to theplane of incidence inside the ma-
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Figure 4.16:Illustration of the experimental situation according to measurements
in dependence of the sample rotation angle. (a) Situation outside of the material:
Rotating the sample by an angleϑ results in a sample magnetization~M oriented
underα with respect to the surface normal~nϑ and underθ with respect to the
photon helicity~Λσ and the external magnetic field~H. The direction of~Λσ and ~H

is kept fixed during the measurements, only the sample is rotated. (b) Situation
inside the material: The refracted photon beam is oriented underϑ′ with respect to
the surface normal~n and underα− ϑ′ with respect to the magnetization vector.
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Figure 4.17: (a) Dependence of the 1PPE MCD asymmetry on the sample ro-
tation angle measured at a photon energy of 5.22 eV for 4.5 ML Co/Pt(111).
(b) Same for 2PPE MCD asymmetry measured at a photon energy of 2.46 eV.
The full curves denote the calculations for the relevant MCD-generatingterm
Im[cos(α − ϑ′)E′

||E
′
⊥
∗] in a Fresnel-field approximation for 250 nm (4.96 eV,

1PPE) and 505 nm (2.46 eV, 2PPE) in Co bulk material.
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terial; ϑ andϑ′ denote the external and internal polar angles of incidence,n′ is the refractive
index in the material

(

see also Ref. [92]
)

. To simplify matters the optical response is in this
case described by a dielectric constantǫ′ instead of a dielectric tensor; magneto-optical effects
are thus neglected4. This reflects the fact that the polarization change due to the complex re-
fraction index is much larger than magneto-optical effectswhich can be re-installed as a small
perturbation in a second step. The termcosϑ′ accounts for the fact that the MCD asymmetry
is proportional to the scalar product of the helicity vector~Λ′

σ of the photon beam in the mate-
rial and the magnetization vector~M as long as~M is oriented parallel to the surface normal.
The complete expressionIm

[

cosϑ′E ′
||E

′
⊥
∗] furthermore contains the modified electric fields

and thus carries the entire information about the loss of circular polarization of the incoming
radiation in the material. However, the above expressions only hold for ~M ||~n which is not
provided in our experimental setup for anglesϑ 6= 0. For an adequate analysis we therefore
have to account for the deviant orientation of the magnetization with respect to the surface nor-
mal. This is done by calculating the angleα in Fig. 4.16. Obviously, this also implies a deviant
orientation of ~M with respect to~Λ′

σ and thus demands the substitutioncos(ϑ′) → cos(α− ϑ′)
in Im

[

cosϑ′E ′
||E

′
⊥
∗].

The angleα can be computed by analyzing the free enthalpyg(α, ϑ) = f(α, ϑ)− ~JS · ~H of the
system which is formed by the system’s free energyf(α, ϑ) 5 and the Zeeman energy~JS · ~H
caused by the external magnetic field. In detail, the free enthalpy is given by [83]

g(α, ϑ) =
J2
S

2 · µ0

· cos2 α +K1 · sin2 α

+Kme · sin2 α +
KS

t
· cos2 α

−| ~JS|| ~H| · cos(ϑ− α). (4.13)

The first term reflects the shape anisotropy;K1 is the magneto-crystalline anisotropy con-
stant,Kme the anisotropy constant due to magneto-elastic strain andKS indicates the surface
anisotropy constant including both interfaces. The higherorder anisotropy termK2 is ne-
glected. | ~JS| = 1.8T is the magnetization in saturation,| ~H| = 0.1

µ0
T is the applied external

field, t = 0.9 nm is the Co layer thickness, andµ0 = 4π · 10−7 Vs/Am is the vacuum per-
meability. Minimizing g(α, ϑ) with respect toα yields the equilibrium orientation of the
magnetization vector in the external magnetic field, i. e. itdirectly yieldsα:

∂g(α, θ)

∂α
= −2

[

L+
KS

t

]

· cosα sinα

−| ~JS|| ~H| · sin(ϑ− α) = 0, (4.14)

with L =
J2
S

2·µ0
− K1 − Kme representing the volume energy anisotropy constant. ForL a

value of9.2 · 105 Jm−3 is taken from Ref. [91]. The surface anisotropy constant is calculated
4It is also assumed that the expressions will only slightly change for surfaces other than (001).
5The dependence of the system’s free energy on the direction of its intrinsic magnetization (without an external

magnetic field) is also called the magnetic anisotropy of thesystem.
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4.3 Energy- and angle-dependent near-threshold MCD from an ultrathin Co/Pt(111) film

by using a critical thickness for the spin-reorientation transition oftc = 1.1 nm, which has
previously been detected at a Co wedge on Pt(111). This givesKS = −1.01 · 10−3 Jm−2. The
MCD-related termIm

[

cos(α − ϑ′)E ′
||E

′
⊥
∗] is finally calculated for one circular polarization

(E||, E⊥) = (1, i
)

/
√
2 (the other one merely amounts to a change of sign) and by using

the refractive indices for both wavelengths (250 nm for 1PPE, 505 nm for 2PPE) for Co bulk
material taken from Ref. [93]. Note that for 1PPE a slightly different wavelength compared
to the experiment (237.5 nm) is used since refractive indices for lower wavelengths are not
available. To allow for comparison with the experiment the calculated values are additionally
normalized atϑ = 0◦. For 2PPE the theory confirms the measurement surprisingly well.
In contrast the calculation for 1PPE cannot describe the measured constant behavior. Since
the calculated polarization loss is, however, almost the same for 1PPE and 2PPE the measured
data cannot be explained by the influence of different refractive indices due to different photon
energies. A possible reason for this is the fact that the present theory only holds for bulk
materials. However, for 1PPE the existence of a second interface to the substrate might be of
greater importance compared to 2PPE because the real parts of the refractive indices of Co
and Pt are different in the case of 1PPE while they are almost equal for 2PPE. In this context
a theoretical model for ultrathin multi-layered structures as presented by Zak et al. [88] might
be more adequate to capture the modification of circularly polarized light for a multi-layered
film due to the optical response of the system. Furthermore, the electro-magnetic continuum
model does not consider the local orbital anisotropy of the contributing electron states. This
orbital anisotropy depends on the magnetization directiondefining the quantization axis and
on the helicity vector~Λσ. As the contributing states are different for 1PPE and 2PPE,it is no
surprise that the angular dependence is different.

4.3.4 Discussion

As outlined above 1PPE as well as 2PPE MCD measurements revealenlarged asymmetries
compared to measurements for the capped system. In the case of the Pt capped Co wedge
the sample exhibits asymmetry values of 0.06% (1PPE) and 0.10% (2PPE) at 4.5 ML Co
thickness and fixed photon energies of 4.64 eV (1PPE) and 3.1 eV (2PPE). Due to a sample
work function ofΦ= 4.6 eV 1PPE (2PPE) experiments have been carried out 0.04 eV(1.6 eV)
above threshold. In the case of the uncapped system asymmetries of 1.82% (1PPE) at the
same difference between photon energy and sample work function and 8.37% (2PPE) at a
maximum difference of 0.86 eV are measured. In both cases theasymmetry values are more
than one order of magnitude larger than for the capped system. This observation validates
the assumption that dichroic signals are reduced by a capping layer. Possible reasons for this
decrease have already been given in Ch. 4.2.
Furthermore, we find that for the capped as well as for the uncapped system the 2PPE asym-
metry is larger than the asymmetry in one-photon photoemission. However, the relative loss
of asymmetry per energy interval is nearly the same in both cases as shown in Fig. 4.15. In the
following we will use relativistic band-structure calculations to quantitatively analyze the ori-
gin and the behavior of the asymmetries for both excitation mechanisms. For 2PPE processes
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the analysis of band transitions is thereby more complicated, since the electrons are excited
via a two-step process. The intermediate state can be virtual or real and the selection rules
might only apply treating 2PPE as a series of two one-step excitation processes. Moreover,
the parity is changed in a one-step process while it does not change in the case of 2PPE.
The relativistic band-structure calculations are performed on the basis of the local spin-density
approximation (LSDA) (c. f. Ch. 2.3.1). Fig. 4.18 shows the calculated energy bands of fcc
Co using a lattice constant ofa = 0.35457 nm for the low-index crystallographic directions.
The dashed horizontal line indicates the vacuum level for 1PPE. The value for 2PPE lies
0.25 eV below. Vertical arrows denote possible transitionsfor 1PPE (dashed) and 2PPE (full
arrows). According to energy conservation only bands located in a narrow region up to 0.61 eV
(0.86 eV) belowEF can contribute to the 1PPE (2PPE) signal at the maximum available photon
energies. The region for 2PPE has been hatched in Fig. 4.18, right-hand side. The bands
are labeled only by numbers since spin and symmetry character of bands change along the
crystallographic directions in a fully relativistic calculation. This is due to the fact that the
spin as well as the spatial symmetry of the individual bands are no longer good quantum
numbers in the presence of spin-orbit coupling, and bandmixing due to hybridization has to be
taken into account. On the basis of Fig. 4.18 we now discuss two possible excitation scenarios
A and B.

Excitation scenario A

Due to the negligible momentum transfer from the incoming photon to the electron in the
considered photon energy range, in conventional photoemission theory the parallel electron
momentum is conserved (∆k|| = 0). The electron momentum before and after the photoex-
citation is therefore practically the same, and the electron can only undergo direct, vertical
transitions in the band-structure scheme. In the special case of threshold photoemission only
photoexcitations in the direction of normal electron emission are discussed since there is no
excess energy left to excite states with non-zero parallel momentum (hν -Φ= 0, k|| = 0). At
the threshold these direct transitions are connected to a prompt emission of the electron in the
direction of the surface normal. In our case the electron is excited perpendicular to the fcc
(111)-surface which means that transitions can only take place in the normal emission direc-
tion Γ-L of the reciprocal lattice. This is captured by model A. Note that normal emission is
strictly fulfilled only directly at the threshold, in the regime close to the threshold the escape
cone effect limits possible transitions to smallk|| values (e. g.k||max

= 0.23 Å−1 at 0.2 eV ex-
cess energy).
Within model A bands 11 and 12 are good candidates for initialstates. Although the calcu-
lated bands 11 and 12 in Fig. 4.18 are located slightly above the Fermi level, epitaxial strain
and/or a possible doping effect of the Pt substrate could shift the actual bands closer to the
Fermi level so that they might be occupied at finite temperatures. This assumption is sup-
ported by experimental data demonstrating photoemission directly from the Fermi edge in the
Γ-L direction of fcc Co [94]. Bandmapping measurements on Co/Cu(111) furthermore re-
veal one of these bands to be located even 150 meV belowEF [6]. In agreement with former
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Figure 4.18: Band structure of fcc Co with a lattice constant ofa =
0.35457nm [95]. The thin dashed (continuous) arrows denote possible 1PPE
(2PPE) transitions in theΓ-L direction (model A), while the bold dashed and con-
tinuous arrows show the possible 1PPE and 2PPE excitations in all other crystallo-
graphic directions (model B) neglecting lifetime-broadening effects. The hatched
region on the right-hand side denotes the energy range of initial bands contributing
to the 2PPE signal. The dashed horizontal line indicates the position of the vacuum
levelEV for the 1PPE measurements. Bands are labeled from bottom to top.
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band-structure calculations [6, 30] the bands 11 and 12 are minority-spin bands in theΓ-L di-
rection and carryd-character. Note that the band-character changes tosp-type along the L-W
and U-X directions, and due to a spin-orbit induced avoided band-crossing band 11 adopts
majority-spin character. Moreover, the bands 11 and 12 exhibit large densities of states in the
vicinity of theΓ-point. However, no final state band exists in the energy range closely above
the vacuum level (dashed horizontal line). Hence, 1PPE electrons are excited to evanescent
states, being quasi-free continuum states that are strongly damped inside the material (transi-
tion marked with thin dashed arrow). In the case of 2PPE the transition alongΓ-L can only
proceed through a virtual intermediate state to an evanescent final state (thin full arrow). Both
the virtual state and the final state carry minority character due to the prohibition of inter-
system crossing. The fact that the relative loss of asymmetry per energy interval is similarly
small for 1PPE and 2PPE points out that the possible intermediate states in 2PPE might be
very similar to each other, thus influencing the energy dependence of the asymmetry in the
same way. Therefore, one might be inclined to think of a ’broad band’ of virtual intermediate
states with similar properties.
In conclusion, model A relies on the assumption that only transitions in theΓ-L direction are
involved in near-threshold photoemission from the (111)-face. It thus represents the conven-
tional model of photoemission. However, in this approach electrons can only be excited to
evanescent final and virtual intermediate states in the investigated photon energy range. In
this context, 1PPE spectroscopy measurements on Co/Cu(111) [6] indeed reveal the loss of a
prominent direct band-to-band transition peak when reducing the photon energy below 6 eV,
but they do not unambiguously attribute the remaining photoemission intensity to direct tran-
sitions into evanescent states. Concerning 2PPE measurements, model A furthermore lacks
an explanation of the enhanced absolute asymmetries compared to 1PPE as there are no real
band-to-band transitions accounting for the difference of1PPE and 2PPE MCD. Since the ini-
tial band already carries minority character a spin filter effect of the intermediate state can also
be excluded. Here, the fact that 2PPE is a parity-conservingprocess could be of importance.
But apart from this, the enhanced 2PPE asymmetries must be traced back to particular char-
acteristics of the virtual intermediate state and the two-step excitation which cannot be further
determined up to now. Finally, the most relevant argument against model A is presented in
Ch. 4.2. There we show that the near-threshold MCD asymmetry for a Pt-capped Co sample is
bulk-sensitive, i. e. the asymmetry increases with the film thickness up to 8 monolayers. This
finding is highly incompatible with an evanescent final statethat is located close to the surface
and strongly damped inside the material. Due to these serious discrepancies we search for a
possible explanation of the experimental results beyond the conventional approach. The bulk
sensitivity of the MCD asymmetry indicates that for 1PPE as well as for 2PPE real states stem-
ming from the Co bulk band structure must be involved in the excitation process. Accordingly,
for 1PPE the final state is expected to be real, for 2PPE at least one of the participating states
- the intermediate or the final state - should be real. It is thus nearby to consider directions
different fromΓ-L where interband transitions into real final (intermediate) state bands occur.
This leads to scenario B.
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Excitation scenario B

Considering other directions thanΓ-L we follow a model which is normally used for photon-
in/photon-out experiments such as the magneto-optical Kerr effect and which has proven to
be a powerful approach for many different systems [38, 49]. Therein, all possible interband
transitions in the whole Brillouin zone are considered and the dichroic signal is obtained by
averaging over allk-directions. This means that not only the high-symmetry directions de-
picted in Fig. 4.18 are considered, but transitions in all crystallographic directions are taken
into account. The theoretical foundations of this model arepresented in Ch. 2.3. As already
successfully carried out for the two Heusler alloys (c. f. Ch.4.1) we transfer this photon-
in/photon-out scenario to our photon-in/electron-out setup with an important modification: In
a photoemission process the energy condition (Einstein equation) containing the work func-
tion of the material has to be considered, i. e. in near-threshold photoemission only a narrow
region of initial states belowEF contributes to the observed photoyield. Energy conservation
thus restricts the maximum available binding energy of the initial bands in our case toEBmax

=
0.61 eV (0.86 eV) at the maximum available photon energies for 1PPE (2PPE)6. In scenario
B we thus look for allowed interband transitions in all crystallographic directions with initial
bands in the hatched binding energy interval in Fig. 4.18 (for 1PPE the hatched interval is
slightly smaller). Such transitions are marked for 1PPE (thick dashed arrows) and for 2PPE
(thick full arrows). For the 1PPE case we find interband transitions alongΓ-K, U-X and along
X-W and L-W. Here, transitions from the initial bands 7 and 8 are possible in X-W and U-X,
while for transitions inΓ-K and L-W band 9 may serve as initial state. All excitations lead to
the final bands 11 and 12. As already mentioned, Fig. 4.18 onlydisplays the projections of the
band structure in low-index directions. In the full 3Dk-space there are many more such tran-
sitions in arbitraryk-directions. For 2PPE we look for transitions to real intermediate states,
for which bands 11 and 12 come into consideration. Notably, we find 2PPE transitions of this
kind close to the X-point and in theΓ-K and L-W directions. ForΓ-K band 9 can be the ap-
propriate initial state, for L-W electrons can be excited from bands 8 and 9. Most interesting
might be theΓ-X direction since the transition takes place in the vicinity of the high-symmetry
X-point. Bands 6 and 7 carrying high density of states close toX might serve as initial states.
Also the intermediate state bands 11 and 12 exhibit high density of states at X. In all cases
the final state for 2PPE is again an evanescent state7. The 1PPE and 2PPE processes are re-
stricted to the mentioned transitions as long as lifetime-broadening of the intermediate and
final states is neglected. By additionally considering this effect, excitations from other initial
bands not mentioned above also become possible depending onthe magnitude of the lifetime-
broadening.
In analogy to model A the electron in model B undergoes directvertical transitions in the band-
structure scheme, too, as almost no photon momentum is transferred to the electron. However,

6In contrast a much larger area of initial states given by the photon energy contributes to magneto-optical Kerr
measurements.

7Of course, transitions via a virtual intermediate state to areal final state might also be possible for the 2PPE
case. However, calculations of the dichroic response pointout that this is less probable (see page 82).
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in contrast to model A the photoexcitation does not take place in the direction of normal elec-
tron emission, and additional momentum is needed to enable emission into vacuum. Possible
assisting mechanisms will be discussed below.

MCD calculations in the framework of model B

To check the validity of model B we have performedab initio calculations of the MCD asym-
metry [95]. As discussed in Ch. 2.3 the appropriate theoretical formalism for deriving mag-
netic dichroic spectra is relativistic energy-band theorycombined with linear-response theory
to treat the magneto-optical response of the material. Here, we adopt this formalism to eval-
uate the electron intensitiesI±e from the computed optical conductivity tensor,σ, and from
these the MCD asymmetry using Eq. (4.12) for the case of reversed photon helicity. For a
detailed description of the calculation we refer to Ch. 2.3.
For 1PPE and 2PPE excitation processes, specific conditionsadditionally have to be consid-
ered and included in the calculations of theσ(ω) tensor as discussed below. Note as well that
in theab initio approach only transitions to real bands are accounted for; excitations to evanes-
cent or virtual states are not regarded. In the light of the above discussion, this implies that
the excitation process for 1PPE can be fully described, while for 2PPE only the first excitation
step into a real intermediate state can be treated.
The 1PPE process is comparably easy to model. The escape of created photoelectrons requires
their band-energy to be equal or larger than the work function. Hence, in the linear-response
expression forσij the sum over occupied initial states and unoccupied final states (see e. g.
Ref.[44]) consists of only those final states with energies above the work function (ǫfinal ≥ Φ).
Also, as mentioned before the maximum photon energy used in the experiment restricts the
possible initial states (ǫinit. ≥ −(hνmax − Φ)).
2PPE MCD is not yet well understood and its modeling requires further assumptions. Two
possibilities are discussed in Ch. 4.1. Thereby, the approach in which two photons are coher-
ently and simultaneously absorbed is preferred to a model, where the 2PPE process consists
of two unconnected 1PPE excitation steps. Here we also test the first way of computing 2PPE
MCD for fcc Co assuming a real final state. According to the band structure the intermediate
state is then virtual. This gives asymmetry values of the same order of magnitude as the 1PPE
MCD, but it does not reproduce the measured values of about 10%. This strongly suggests the
involvement of an evanescent instead of a real final state. Therefore, we have only focussed
on excitations into real intermediate states which are modeled by theab initio calculations
assuming similar conditions as above for 1PPE, but forΦ2PPE/2 and corresponding photon
energies.
We start our discussion of the calculated results with first considering the 1PPE process.
Fig. 4.19 shows a spin-resolved calculation of the imaginary and real parts of the conduc-
tivities σxy andσxx for the 1PPE excitation as a function of photon energy. The black dashed
curve gives the conductivity spectra due to majority-spin excitations, the red full curve those
due to minority-spin transitions. A work function of 4.9 eV is used while a typical lifetime-
broadening of 0.4 eV of the final state is assumed which is equivalent to a softening of the
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Figure 4.19:Calculated spin-resolved 1PPE optical conductivity spectra. Shown
are the imaginary (b,d) and real parts (a,c) ofσxx andσxy for 1PPE as functions of
the photon energy. A work function of 4.9 eV and a lifetime broadening of 0.4eV
are assumed.
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Figure 4.20:1PPE MCD spectra of fcc Co computed for different work functions
Φ and lifetime broadeningsδ. The points represent the measured data.

energy condition for the maximum accessible binding energy. As a result, the absorptive
parts of the spectra

(

Re[σxx] andIm[σxy]
)

increase steeply around the work-function value.
The tail at energies≤ Φ is due to lifetime broadening effects. The dispersive partsof the
spectra

(

Im[σxx] andRe[σxy]
)

can of course extend farther to lower energies. According
to Eq. (2.54) the calculations reveal a strong asymmetry in the majority-spin and minority-
spin contributions, particularly in the energy range of interest,5− 6 eV. In Fig. 4.20 we show
several computed 1PPE MCD spectra calculated by averaging over all possible interband tran-
sitions in the whole BZ. The calculated MCD varies around 1% which is about a factor of 2
smaller than the experimental values (dots). Towards the threshold the computed asymmetry
falls off, whereas the experimental counterpart shows a slight increase. The behavior near
the threshold in the calculations is related to how the conditions on the initial and final band
energies are enforced. This means that depending on the choice of the experimental param-
eters (work function, maximum binding energy, lifetime broadening), which are not exactly
known, the calculated energy dependence can change towardsa better agreement with the
measured trend of the MCD asymmetry. For Fig. 4.20 we have usedreasonable values for the
lifetime-broadening that showed good results for MOKE. Oneprobable reason for the drop of
the experimental values with increasing photon energy is that there is an increasing underlying
background signal of secondary electrons that does not showan MCD. The reasonable corre-
spondence in the magnitude of the calculated and measured (1PPE) MCD signal prompts that
the basic mechanism for the 1PPE is the influence of spin-exchange and spin-orbit interactions
on the single-particle energy bands. Both interactions are quite well captured by relativistic
band-structure theory.
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Figure 4.21:Simulation of the MCD for the first excitation step in a 2PPE pro-
cess. Shown are the calculated MCD spectra of fcc Co due to several pertinent
band transitions. A work function of 2.49 eV and a lifetime broadening of 0.4 eV
are assumed. The resulting MCD of all bands is reduced to 5% at hν = 2.5 eV. Val-
ues below 2.4 eV have been set to zero because of numerical errors due to small
emission intensities.

As mentioned above, for 2PPE excitations in the vicinity of the X-point are of special interest.
In the following we compute the first step of the 2PPE excitation process investigating the real
interband transitions in the photon energy range of hν = Φ2PPE/2 = 2.49 eV up to hνmax =
2.92 eV. High MCD asymmetries result from the transitions of bands6 and 7 to band 11 and
8 to 12 near X. In Fig. 4.21 we show the computed MCD of the corresponding excitation
channels calculated throughk-integration over the whole Brillouin zone. Thereby, most of
the computed MCD values for individual interband transitions are much larger than the total
1PPE MCD (lying triangles) calculated by summing over all bands. Especially the transitions
6→ 11, 7→ 11, and 8→ 12 give maximal MCD values of -33%, 10%, and 14%, respectively.
The onset of the 8→ 12 (and also 8→ 11) transition is, however, just at 2.9 eV, i. e., at the
end of the experimentally probed range. Therefore, these transitions contribute little to the
experimental signal. Furthermore, the MCD spectrum is dominated by the 7→ 11 transition
(diamonds): Although 6→ 11 gives also a remarkable MCD signal when computed for the
single band-to-band transition (squares), its contribution is heavily reduced when summed
up with other transitions [96]. Another argument for the dominant influence of the 7→ 11
transition is the fact that the calculated total MCD signal aswell as the experimental data
(open circles) exhibit the same energy dependence as computed for 7→ 11. The experimental
data even almost coincide in their energy dependence with the simulated ones for 7→ 11. Due
to contributions from all other allowed band-to-band transitions toσxx the total asymmetry is,
however, reduced to values (5% at hν = 2.5 eV) which are about a factor of 2 smaller than
the experimental 2PPE MCD values. This is not astonishing considering that only the first
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excitation step has been calculated.
The calculation validates that specific band-to-band transitions (in the vicinity of high-symmetry
points) are very likely the source of the large 2PPE MCD. Through the rather narrow accessi-
ble energy range of 2.49 to 2.92 eV, mainly the 7→ 11 transition channel dictates the first step
of the 2PPE excitation. Assuming that the MCD would not be reduced in the second excitation
step to an evanescent final state, the resulting 2PPE MCD wouldbe at least of the order of 5%
and, hence, larger than the 1PPE MCD. Since only the asymmetryfor the first excitation pro-
cess is derived the question whether the first step of a 2PPE excitation is the major asymmetry
creating process remains unanswered. Further measurements should thus investigate the role
of both excitation steps.
In summary, the model applied in scenario B yields agreementwithin a factor of 2 with the
measured MCD asymmetries in the case of 1PPE. Even the partialcalculation of 2PPE reveals
asymmetry values in the same order of magnitude with the sameenergy dependence as mea-
sured in the experiment. Also the factor of 6 between the 2PPEand 1PPE asymmetries is well
reproduced by theory. We thus propose the explanation that indeed interband transitions in
other directions thanΓ-L are responsible for the large MCD measured at Co films on Pt(111).
In view of the encouraging agreement, we continue this non-conventional model and search
for a mechanism that allows a (probably small) fraction of electrons withk|| 6= 0 to surmount
the surface barrier. When irradiating the Co film with near-threshold photons, we induce di-
rect interband transitions in differentk-directions. Near-threshold excitation therefore creates
manyhot electrons in band states in variousk-directions inside the material. The energy of
these excited electrons is sufficient to overcome the surface barrier (all arrows in Fig. 4.18
end at or aboveEV). However, theirk-vectors point in various directions away from the sur-
face normal. Therefore, additional momentum has to be transferred to the electron which
can be realized by scattering processes. In electron-electron scattering the total energy is
shared between the two interacting electrons. However, anyenergy loss of the photoexcited
electron ends up in a state belowEV so that the electron cannot escape from the surface.
Electron-phonon and electron-magnon scattering are thus left as the final possibilities. Since
phonons/magnons carry large momenta but small energies a quasi-elastic scattering with a
low-frequency phonon or magnon can transfer enough momentum to the electron to escape
into vacuum: After the direct (vertical) interband transition in crystallographic directions dif-
ferent fromΓ-L the excited electron travels towards the surface of the material. On its way it
interacts with a phonon or a magnon, which scatters the electron back into theΓ-L-direction
from where it is emitted into vacuum. Note that in electron-magnon scattering the spin of the
electron is reversed, whereas for electron-phonon scattering this is mostly not the case. Since
the present measurement technique is not sensitive to the spin of the escaping electron the two
processes cannot be distinguished. In normal photoemission experiments these weak contri-
butions are masked by the strong direct interband transitions. However, in our case no direct
interband transitions inΓ-L are possible so that the phonon-or magnon-assisted photoemission
processes become significant in the near-threshold photoyield and, hence, for the MCD. The
interpretation of MCD asymmetries in the light of direct interband transitions in other direc-
tions thanΓ-L in conjunction with phonon-or magnon-mediated emissionprocesses leads to
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further conclusions to which we will refer in the following.
The calculations in Fig. 4.21 indicate that the existence ofa real intermediate state in the 2PPE
transition is of great importance for enhanced MCD asymmetries to occur. In model A the
intermediate state can only be virtual, and we have no further information except that its mere
existence should somehow cause a strongly enhanced 2PPE asymmetry. The resonant inter-
band transition in model B, however, allows for qualitative conclusions: The excitation to
a real intermediate state is not only favorable since the dipole matrix element between two
real states is large, and the process will proceed very effectively. Also the enhanced lifetimes
of real states cause a large mean free path of the electrons. This explains the large probing
depth (bulk-sensitivity) and directly increases the possibility for an electron-phonon interac-
tion. The importance of a real intermediate state is quantitatively reflected by the same energy
dependence found in the calculations and the measurements and the absolute experimental and
theoretical asymmetry values which are in the same order of magnitude. Thereby, we have to
keep in mind that only the first excitation step has been calculated in the 2PPE case.
Besides, the difference between the measured asymmetries and the calculated values which
occurs for 1PPE as well as for 2PPE could be due to a selection mechanism in the phonon-
scattering process. In theory allk-directions are averaged equally. In the experiment scattering
with lower momentum transfer is more probable than phonon-scattering with higher momen-
tum transfer. This would be advantageous fork-vectors with higher projection onto the surface
normal compared to those with low projection.
Furthermore, the calculations have shed new light onto the question why for the fcc Co-film
the 2PPE asymmetries are six times larger than the 1PPE asymmetries, which is different from
the case of Ni (100) [65]. For 1PPE the electron-phonon interaction must take place after the
outright excitation of the electron into a real final state. For 2PPE the scattering process could
happen either after the excitation to the real intermediatestate or after the whole two step
process. The first possibility would cause an increase in theelectron-phonon scattering prob-
ability due to the enhanced lifetime of a real intermediate state. In this sense, time-resolved
measurements would be interesting and helpful to investigate whether scattering already ap-
pears after the first excitation or whether the electron is firstly excited via the two step process
to the final state before it interacts with a phonon. However,those experiments would require
pulse widths in the few-fs range [11]. Measurements on flat and rough sample surfaces might
answer the question whether phonon/magnon scattering processes mainly appear in the sur-
face region where scattering most likely happens at steppededges and point defects and is
suppressed at almost perfectly ordered surfaces. In this context, photoemission measurements
on Ag(111) related theextraemission intensity on the lower binding energy side of a direct
transition peak to indirect transitions induced by the surface [19]. This is an explicit hint for
phonon- or magnon-mediated photoemission. Phonon/magnonscattering in the bulk could be
investigated by temperature-dependent measurements.
We finish this section with two final remarks: The analysis of the band-structure scheme al-
lows some general conclusions considering the properties of the participating bands. For the
employed band structure of fcc Co and the given photon energy range, the most relevant 2PPE
transitions showing high MCD asymmetries can be found aroundthe X-point. Though not
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only the low index crystallographic directions contributeto the signal andk is integrated over
the whole Brillouin zone, this observation suggests that transitions in the vicinity of high sym-
metry points ink-space might be favorable for large dichroic signals. Furthermore, the slope
of the bands involved in the emission process might play a crucial role: Flat band regions
like those of the initial bands 6 and 7 and the real intermediate bands 11 and 12 exhibit large
densities of states and thus give rise to high partial intensities.
Finally, it is worth mentioning that the previous discussion has only been focused on fcc Co.
A study on thin Co films on Pt(111) revealed that evaporating Co at room temperature re-
sults in an fcc-growth mode with enhanced stacking faults; the hcp-phase is produced only by
evaporation at 120 K [97]. However, since Weller et al. detected a structural transition from
fcc to hcp Co beginning at a thickness of 5 ML [76] which is closeto our investigated film
thickness of 4.5 ML we cannot completely exclude the presence of an hcp Co phase in our
sample system. Therefore, we will also briefly discuss the band structure of hcp Co, which
has recently been calculated by Grechnev et al. [98] using local density approximation (LDA)
plus dynamical mean field theory (DMFT). In this approach hybridization effects have been
neglected and the band structure is separated due to minority and majority spin states. For hcp
Co the direction of normal electron emission isΓ-A.
In the minority channel electrons inΓ-A-direction are excited to evanescent final states for
1PPE and virtual intermediate/evanescent final states in the case of 2PPE; no direct band-
to-band transitions are possible in the normal emission direction which is comparable to the
situation with fcc Co. In contrast, for the majority channel direct transitions from real initial
to real final states passing a virtual intermediate state in the case of 2PPE might be possi-
ble depending on the character of the initial and final statesand the lifetime-broadening of
the excited states. Neglecting lifetime-broadening the band-structure scheme suggests that a
transition might only be open for the highest available photon energies of our experimentally
probed range. Furthermore, the electrons can be excited only directly from the Fermi level
EF at theΓ-point. In addition, no real intermediate state is available for the case of 2PPE.
These defined preconditions for the appearance of MCD in theΓ-A direction are incompatible
with our 1PPE and 2PPE measurements only revealing a slight dependence on the photon-
energy and yielding a much larger asymmetry for the 2PPE case. Of course, the influence of
lifetime-broadening might play a crucial role and future MCDcalculations on hcp Co should
investigate whether lifetime-broadening softens the conditions for a direct interband transi-
tion inΓ-A and enables excitations following the picture of conventional photoemission. This
would be an interesting alternative to the excitation mechanisms discussed above. However,
without a massive influence of lifetime-broadening effectsthere is generally no indication that
enlarged MCD asymmetries can be related to photoemission from theΓ-A direction of hcp
Co. In this sense, the rather improbable case of an hcp Co structure would also have to be
discussed in the framework of model B.
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4.3.5 Summary and conclusions

Energy- and angle-dependent magnetic circular dichroism measurements for one- and two-
photon photoemission have been carried out at a 4.5 ML Co film onPt(111). The fourth and
second harmonic of a fs-laser thereby served as photon source yielding hν = (5.06 - 5.84) eV
and hν = (2.49 - 2.92) eV for 1PPE and 2PPE, respectively.
Photon-energy dependent measurements reveal maximum asymmetries directly at the photoe-
mission threshold (1.9% for 1PPE and 11.7% for 2PPE) that weakly decrease with increasing
photon energy. This proves that enhanced asymmetry values are directly connected with the
absence of a capping layer and shows that enlarged dichroic signals are also possible for sys-
tems other than Ni/Cu(001).
A fully relativistic band structure calculation for fcc Co provides the basis for an interpretation
of the magnetic asymmetries. In the direction of normal electron emission (i. e.Γ-L) electrons
can only be excited to evanescent final states (passing a virtual intermediate state in the case
of 2PPE). This is incompatible with the measured bulk-sensitivity of the MCD asymmetry
(c. f. Ch.4.2). Therefore, the conventional model of direct interband transitions cannot be ap-
plied to near-threshold photoemission from fcc Co(111). Instead, we have treated the problem
analogously to MOKE theory with the additional restrictionin energy due to the existence of
the sample work function in the photoemission process leading to a narrow energy interval
of initial states. In this model all possible interband transitions in crystallographic directions
different fromΓ-L are considered, and the dichroic response is evaluated byaveraging over
all participating transitions in the whole BZ.
In the case of 1PPE the calculations are in reasonable agreement with the measured MCD
responses which emphasizes that the origin of the (1PPE)-magneto-dichroic effect is the com-
bined influence of the exchange splitting and spin-orbit interaction on single particle energy
bands. For 2PPE, only the first excitation step could be simulated due to the lack of a real final
state. Nevertheless, the simulations revealed agreement within a factor of two. The enlarged
2PPE asymmetry is attributed to the existence of real intermediate states, and its origin is
traced back to specific transitions between defined initial and real intermediate states carrying
enlarged single band-to-band asymmetries.
As the relevant transitions occur in crystallographic directions other thanΓ-L additional mo-
mentum has to be supplied by a secondary process. We propose electron-phonon and/or
electron-magnon scattering processes as assisting mechanisms. Future time-resolved mea-
surements might answer the question whether the factor of 6 between the 1PPE and 2PPE
asymmetries is possibly due to different electron-phonon-or magnon scattering probabilities
for the two processes or whether it must be attributed to properties of the real intermediate
state. Temperature-dependent experiments as well as measurements on flat and rough sur-
faces might yield information about the probabilities and the detailed mechanisms of phonon-
or magnon-mediated processes in the bulk and in the surface region.
Measurements in dependence of the light incidence angle reveal a constant asymmetry in the
case of 1PPE that might be explained by the presence of a second (Co/Pt) interface. For
2PPE the asymmetry decreases with increasing angle of incidence (53% betweenϑ = 0◦ and
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ϑ = 54◦). This behavior is attributed to a loss of circular polarization in bulk material with
increasing angle of incidence and can be quantitatively modeled using the Fresnel formalism.
In this case the second interface has no effect due to the equal refraction indices of Co and
Pt. The measurements also demonstrate that large angles of incidence as used in standard
photoemission electron microscopy setups are still sufficient to exploit huge dichroic effects
as magnetic contrast mechanism.
In conclusion the measurements on Co films on Pt(111) demonstrate that a sizeable MCD oc-
cur even in cases where no special band structure features (e. g. a spin-orbit split band close
to EF in the case of Ni(001)) are present and even band-to-band transitions in conventional
normal electron emission (Γ-L direction) are not possible. Unlike the case of Ni(001) [65],
the asymmetry is almost energy-independent (i. e. not threshold-sensitive) and still large for
photon energies 0.5 eV above the threshold with strongly enhanced electron intensities, so that
a fine-tuning of the photon energy is not needed. Although explicitly demonstrated at the ex-
ample of fcc Co(111), the present results give evidence that sizeable asymmetry values can be
expected for many more materials. Finally, note that the large intensities connected with the
absence of a rapid drop of asymmetry above threshold, are important for exploiting MCD as
contrast mechanism in time-resolved imaging experiments (e. g. stroboscopic PEEM)
For detecting large asymmetry values in future experimentsit would be advantageous to firstly
inspect the band structure of suitable materials considering the available photon energy range,
the work function and the crystallographic direction. Withthe knowledge of the present work,
resonant transitions to real intermediate bands (in the case of 2PPE) or real final bands (in the
case of 1PPE) would be promising candidates for large asymmetry signals. The transitions
need not necessarily occur along the direction of observation, since phonon-or magnon scat-
tering can provide the necessary momentum transfer in near-threshold yield experiments. The
transitions should preferably be located in the vicinity ofhigh symmetry points ink-space
with participating bands carrying high density of states and predominantly one spin character.
These criteria should allow for a direct tailoring of MCD asymmetries in near-threshold pho-
toemission in future experiments.
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4.4 Magnetic circular dichroism in near-threshold photoemission
from an ultrathin Co/Pt(111) film at low work functions

4.4.1 Motivation

The conventional interpretation of photoemission spectrain the framework of direct interband
transitions in the direction of normal electron emission cannot be applied in every case. This
was for example shown by photoemission experiments on Ag(111) where anextra intensity
occurs on the low binding energy shoulder of a direct band-to-band transition peak which was
attributed to indirect transitions induced by the surface [19]. Our MCD measurements demon-
strate that the conventional model of photoemission does not apply to the case of Co(111) in
near-threshold photoemission. Instead, the MCD asymmetry is traced back to direct interband
transitions ink-directions deviating from the direction of observation (Γ-L). The additional
momentum needed for the electron to surmount the surface barrier after the photoexcitation is
assumed to be provided by electron/phonon or electron/magnon scattering processes.
Calculations on the basis of this model predict asymmetries which are in reasonable agree-
ment with the experimental results. For 2PPE, however, onlythe first excitation step could
be simulated (assuming a sequential excitation scenario) so that the question remains whether
both excitation steps contribute equally to the asymmetry or whether one of the steps is the
major asymmetry-generating process. In order to gain further insight into this issue, we avoid
the second excitation step of the 2PPE process investigatedin Ch. 4.3 by lowering the work
function slightly below the energy hν of the single photon used for the 2PPE transition. In
this way we obtain a 1PPE process being equivalent to the firstexcitation step of the 2PPE
process. This enables the comparison between the MCD of a one-step process and the MCD
of the corresponding two-step process so that we gain immediate information about the influ-
ence of the first excitation step.
On the other hand the calculations as well as the experimentspresented in Ch. 4.3 point out
that the existence of a real intermediate state is importantfor obtaining large 2PPE-MCD
asymmetries. In order to prove this idea, the 2PPE photon energy is adjusted in a way that
excitations into real intermediate states are triggered atlow work-function values. This en-
ables measurements of the 2PPE MCD asymmetries which originate from different interband
transitions than discussed in Ch. 4.3 and therefore reveals the influence of a real intermediate
state independent of the energy range probed in the band-structure scheme.

4.4.2 Results

The preparation of the sample system is identical to the one presented in Ch. 4.3. Also
LEED and polar MOKE are carried out in analogy to the description given in the previ-
ous chapter. The experimental setups used for the polar Kerr- and MCD-measurements are
shown in Fig. 3.2 and Fig. 3.4, respectively. For 1PPE cw-laser light with a photon energy
of hν = 3.06 eV (1.5 mW) is used. For 2PPE we utilize the first harmonicof a broadband ul-
trashort pulse laser (τ < 100 fs, 80 MHz repetition rate) with photon energies in the range of
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Figure 4.22:Dependence of the sample current on the Cs adsorption time for a
4.5 ML Co film on Pt(111) measured at hν = 3.06 eV.

hν = (1.53-1.66) eV. For the 2PPE process we additionally use a lens (f = 15 mm) with its focal
point at the sample surface and an optical filter to cut off possible admixture of one-photon
photoemission.
In order to lower the work function from∼ 5.0 eV for clean Co/Pt(111), Cs is deposited onto
the sample surface. Fig. 4.22 shows the dependence of the sample current at hν = 3.06 eV on
the Cs exposure time. After 25 min the work function has decreased to the threshold value of
3.06 eV and emission sets in. The current signal increases and reaches a maximum value after
48 min of Cs dosage. This maximum corresponds to a work function minimum of 1.63 eV
at 0.65 ML cesium coverage. These values are taken from measurements on Cs/W(110) [99],
and in the following we assume that with respect to the samplework function both systems
Cs/W(110) and Cs/Co(111) behave very similar. Further dosage leads to a rise of the work
function visible in the drop of sample current. After 71 min of evaporation the Cs dosage
is stopped. Referring to Ref. [99] a fully cesiated W(110) sample yields a work function in
saturation of∼ 2.11 eV. Prior to the MCD measurements the approximate value of the work
function is checked by measuring the sample current with a photon energy of 1.95 eV. No cur-
rent signal is measured which means that the work function islarger than 1.95 eV in agreement
with Ref. [99].

1PPE measurements

To investigate the influence of the first excitation step in the 2PPE measurement presented in
Ch. 4.3 which yields an asymmetry value of 8.37% at a photon energy of 2hν = 2× 2.92 eV =
5.84 eV and a sample work functionΦ= 4.98 eV (c. f. Fig. 4.15 (b)), we try to map the first ex-
citation step as a real 1PPE process. Therefore, the sample work function is reduced to a value
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Figure 4.23: 1PPE MCD measurement (directly after Cs deposition) showing
the sample current versus the external magnetic field at a photon energy of
hν = 3.06 eV. The figure represents an average over 30 hysteresis loops; the error
bars are of the order of the symbol size.

of Φ ∼ Φ2PPE/2 = 2.49 eV by means of Cs adsorption, and an appropriate photon energy of
hν = 3.06 eV (which is close to the value of 2.92 eV) is used.
Fig. 4.23 depicts a 1PPE MCD measurement directly after cesium adsorption for which 30
hysteresis loops are averaged. Each loop consists of 160 current readings. Since the mag-
netization easy axis and the external field are oriented normal to the sample plane (easy axis
magnetization curves) the MCD asymmetry is evaluated using Eq. (4.12). This yields a value
of 5.89%.
With increasing time after Cs deposition the work function starts to increase from the sat-
uration value of 2.11 eV due to a contamination by residual gas adsorption. A time depen-
dent measurement thus enables detecting the 1PPE MCD asymmetry at a work function of
Φ ∼ 2.49 eV. Furthermore, the general dependence of the asymmetry on a varying sample
work function can be investigated. Within 320 min 626 asymmetry values are recorded. For
each value one hysteresis loop is acquired, and the asymmetry is computed by using the sam-
ple currents in remanence. In order to display the dependence of the asymmetry on the excess
energy hν -Φ, the measurement time is translated to work-function values. For this conversion
the dependence of the average sample current on the work function is derived from the ini-
tial Cs deposition experiment shown in Fig. 4.22 assuming a linear relation between coverage
and deposition time and using the relation between coverageand work function known from
Ref. [99]. Fig. 4.24 shows the dependence of the sample current and the asymmetry on the
excess energy hν -Φ. The sample current (a) increases continuously for both magnetization
directions with decreasing work function. The asymmetry curve (b) shows a shallow linear
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(a)

(b)

Figure 4.24: (a) Dependence of the sample current on the excess energy hν -Φ
at hν = 3.06 eV for both magnetization directions. (b) Corresponding asymmetry
curve. The dashed line denotes the photoemission threshold.
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increase at low work functions until a maximum of 6.21% is reached at hν -Φ= 0.61 eV. Here
the slope changes sign and the asymmetry decreases to a valueof 4.4% at threshold (dashed
line). The initial increase in asymmetry to the maximum is associated with particular elec-
tronic excitations most effectively triggered atΦ= 2.45 eV. This will be discussed in detail
below. At the only slightly different work function ofΦ= 2.49 eV an asymmetry of 6.17% is
reached. This enables a direct comparison to the mentioned 2PPE case and will be discussed
later as well. Asymmetries below threshold, where hν is smaller thanΦ (left hand side of
the dashed line), have already been observed in the measurements presented in Ch. 4.3 and
are attributed to finite temperature and photon energy broadening effects. Furthermore, an
excitation of electrons below the macroscopic work function threshold due to local inhomo-
geneities of the surface cannot be exluded since the work function of such defects is locally
reduced [100]. Finally, the increased statistical scatterin the asymmetry values below thresh-
old is attributed to small sample currents in the low nA rangein the sub-threshold region.

2PPE measurements

For the 2PPE experiments Cs is dosed on a freshly deposited Co film. After deposition no
current signal is detected for photon energies lower than hν = 1.95 eV. Using ultrashort pulsed
laser light and a focusing lens in close distance to the sample, the photon intensity is increased
allowing for 2PPE processes. Now a sample current appears for a 2PPE energy exceeding
2hν = 3.06 eV. The work-function value can therefore be localized atΦ≈ 3 eV.
To trigger excitations to real intermediate states different from those excited in the 2PPE mea-
surement of the previous chapter we choose a photon energy of2hν = 3.22 eV. This yields
A2PPE = 16.8%. Fig. 4.25 (a) shows the corresponding MCD measurement for which 30 hys-
teresis loops are averaged. Each hysteresis loop consists of 240 current readings. In Fig. 4.25 (b)
we depict the spectral variation of the 2PPE asymmetry in theenergy range of 2hν = (3.06 -
3.31) eV. Unlike the 1PPE case, we find an almost constant asymmetry independent of the
photon energy. An average value of about 17% persists in the full photon energy range inves-
tigated.

4.4.3 Discussion

1PPE measurements

Unlike almost all cases studied so far, the MCD asymmetry of Co(111) increases with in-
creasing excess energy in 1PPE. A prominent counterexampleis Ni(100) where the asym-
metry drops to zero within the first 600 meV above threshold. The 1PPE asymmetry curve
in Fig. 4.24 (b), however, still reveals an asymmetry value of 5.95% at an excess energy of
0.93 eV (implying a maximum binding energy of 0.93 eV). This is another proof that the MCD
asymmetry in the case of Co(111) is not threshold-sensitive.
The results shown in Fig. 4.24 enable a direct comparison with the 2PPE measurement of
Ch. 4.3. While for 2PPE an asymmetry of 8.37% (hν = 2.92 eV,Φ= 4.98 eV) has been de-
tected, the 1PPE measurement already yields a value of 6.17% (hν = 3.06 eV,Φ= 4.98/2 =
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(a)

(b)

2hν= 

Figure 4.25:(a) 2PPE MCD measurement at 2hν = 3.22 eV. The figure represents
an average over 30 hysteresis loops. A typical error bar that is mainly due to the de-
tection of small sample currents is shown on the bottom branch. (b) Photon-energy
dependence of the 2PPE MCD asymmetry. A characteristic error has beenderived
exemplary for 3.22 eV. The dashed line denotes the photoemission threshold(with
an error of± 0.1 eV).
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2.49 eV) for the first excitation step which amounts to 74% of the 2PPE asymmetry. This
leads to the conclusion that the first excitation step is the dominant asymmetry-generating
process. As expected, the value of 6.17% (in comparison to 8.37%) coincides better with the
calculation for the first excitation step. The curve with lying triangles in Fig. 4.21 shows the
MCD calculation for a 1PPE transition into a real final-state band. It predicts an asymmetry of
∼ 2.5% for hν = 3.06 eV. A possible reason for the remaining difference might be the fact that
Fig. 4.24 is accompanied by several approximations concerning the determination of work-
function values. Another reason might be attributed to a selection mechanism in the phonon-
scattering process. In theory allk-directions are averaged equally. In reality phonon-scattering
with lower momentum transfer is more probable than scattering with higher momentum trans-
fer. As already mentioned in Ch. 4.3 this would favork-vectors with larger projection onto the
surface normal against those with a smaller one. Furthermore, the fact that the experimental as
well as the calculated 1PPE asymmetries are smaller than those measured for 2PPE points out
that enlarged asymmetries are only reached with two excitation steps passing an intermediate
state. Gaining clearer insight into the characteristics ofthe intermediate states, their particular
influence with respect to both excitation steps and the physics of the second excitation step
would deliver fruitful information about the different mechanisms leading to the asymmetry
values we observe in the experiment.
To interpret the origin and the behavior of the 1PPE MCD asymmetry in dependence of the
excess energy it is worth analyzing possible excitation pathways within a spin-resolved band
structure calculation for Co(111) in analogy to Ch. 4.3. Fig. 4.26 depicts the same energy band
calculation as Fig. 4.18. Additionally the density of bars at each line marks the strength of the
d-character of the particular bands (’fat band representation’). Again, dashed vertical arrows
denote possible transitions for 1PPE and the full arrows indicate those for 2PPE. As usual, only
the low index directions are shown. For 1PPE the accessible regime of final-state energies is
marked as shaded area. For 2PPE the estimated work-functionvalue (∼ 3 eV) is marked by
a dashed line. Following the previously discussed model of photoemission for Co(111) in
the vicinity of the threshold we will look in particular for direct interband transitions to real
final states in 1PPE (for 2PPE, we look for transitions to realintermediate states, as discussed
below) in directions deviating from (Γ-L).
At Φ= 2.45 eV (maximum binding energy 0.61 eV) the 1PPE asymmetryshows a maximum
value of 6.2% indicating that particular transitions might be effectively triggered at that work-
function value. This can also be recognized by analyzing theincrease in asymmetry from
4.4% at threshold to 6.2% at hν -Φ= 0.61 eV. Increasing the binding energy from 0 to 0.61 eV
implies the onset of several band-to-band transitions in the crystallographic directionsΓ-X and
Γ-K. In all possible transitions bands 11 and 12 serve as final states. While inΓ-K only band
9 serves as initial state, bands 6 and 7 are the appropriate initial states in theΓ-X direction.
Here, all excitations take place in the vicinity of the high-symmetry X-point where the initial
as well as the final states carry a high density of states promising high transition probabilities.
Furthermore, the band-structure scheme indicates that thefinal bands 11 and 12 exhibit pure
p-character directly at X while the initial states are d-states. This means that an excitation
according to the dipole selection rules can most effectively be triggered in the vicinity of the
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Figure 4.26: Relativistic band structure calculation for fcc Co (lattice constant
a = 0.35457 nm) [101]. For each band the d-character is indicated over the whole
Brillouin zone by small rods (i. e. a high density of rods reflects a pure d-character
of the corresponding band). The dashed (continuous) arrows showpossible 1PPE
(2PPE) transitions in different crystallographic directions. The shadedarea de-
notes the range in which the work function has been varied (2.13 - 3.06 eV)during
the 1PPE measurement. The dashed line at 3 eV marks the estimated value of the
vacuum levelEV.

X-point. At work-function values< 2.45 eV, further contributions from the initial bands 5 in
Γ-X and 8 and 9 in L-W set in. These onsets might be the reason forthe slight reduction of
the 1PPE asymmetry to 5.95% at a maximum binding energy of 0.93 eV.
In analogy to Fig. 4.19, Fig. 4.27 shows a spin-resolved calculation of the imaginary and real
parts of the conductivitiesσxy andσxx for the 1PPE excitation as a function of photon en-
ergy [101]. The green curve gives the conductivity spectra due to majority-spin excitations,
the red curve those due to minority-spin transitions. A workfunction of 2.0 eV and a typical
lifetime-broadening of 0.4 eV of the final state are assumed.Fig. 4.27 approximately reflects
the situation at the end of the experimentally-probed rangewith a highest excess energy of
hν -Φ= 0.93 eV in Fig. 4.24 (b). At a photon energy of hν = 3.06 eV the MCD-related terms
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Figure 4.27:Calculated spin-resolved 1PPE optical conductivity spectra. Shown
are the imaginary (b,d) and real (a,c) parts ofσxx andσxy for 1PPE as a function of
the photon energy. A work function of 2.0 eV and a lifetime broadening of 0.4eV
are assumed.
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4 Results and Discussion

Im[σxy] andRe[σxx] already yield an asymmetry value ofA1PPE ≈1.5% using the crude
approximationA1PPE ≈ Im[σxy ]

Re[σxx]
. Furthermore, in both spectra the calculated curves for the

total signal reveal a point of inflection which might be identified with the asymmetry max-
imum observed in the 1PPE measurement. However, this could only be proven by further
calculations. Here, also a computed 1PPE MCD spectrum of single excitation channels would
deliver precious information about the influence of single band-to-band transitions and the
resulting averaged asymmetry signal. This could provide a microscopic explanation of the
non-monotonous behavior of the 1PPE asymmetry with respectto the excess energy as a re-
sult of the onset of particular bands and their individual contributions.
Finally, note that for the above discussion lifetime broadening is ignored to simplify mat-
ter. In fact all excited real electronic states are lifetime-broadened and cannot be regarded as
sharp lines. Therefore, also other interband transitions than the ones mentioned above might
be involved. The importance of lifetime broadening becomesevident checking the origin of
the 1PPE asymmetry directly at threshold: as shown in the band-structure scheme no band
crosses the Fermi level in regions where an excitation to a real final state is possible. Only by
including a typical lifetime-broadening of 0.4 eV excitations become feasible.

2PPE measurements

In order to gain more information about the role of the real intermediate state in a two step
process, 2PPE measurements are carried out for a different photon energy range (2hν = (3.06 -
3.31) eV) as compared to Ch. 4.3. The measurements yield an almost constant asymmetry
of 17%, which is larger than the 2PPE asymmetry (8 - 12%) for 2hν = (4.92 - 5.84) eV. As-
suming 3 eV as the lowest limit for the work-function value electrons can stem from initial
bands with a maximum binding energy of 0.31 eV. In analogy to the 1PPE measurement the
enlarged asymmetry values might be explained by direct transitions along crystallographic di-
rections other thanΓ-L. Here, photon energies in the range of (1.53 - 1.66) eV are expected
to connect initial states with real intermediate states. Referring to the band-structure scheme
the final states of these two step processes are evanescent. This is comparable to the 2PPE
measurement in Ch. 4.3. However, since the used photon energies are different, completely
other transitions are triggered resulting in different asymmetry values.
Directly at the Fermi level electrons can be excited in four low-index crystallographic direc-
tions, X-W,Γ-K, L-W, and W-U as shown in Fig. 4.26. Besides the transition 8→10 in X-W
direction, the transition 9→10 might be of particular interest since it takes place directly at
the W-point, and initial as well as intermediate states carry a high density of states associated
with large transition probabilities. However, one should keep in mind that in addition to the
energy conservation the dipole selection rules have to be respected. In this context, the excita-
tion from band 9 to band 10 might be suppressed or at least strongly reduced since both bands
carry strong d-character directly at the W-point (c. f. Fig.4.26). In theΓ-K direction bands 10
and 11 are the appropriate initial and band 12 is the adequatereal intermediate state. Addition-
ally, a transition from band 10 to 12 exists in L-W direction.Since it takes place in the vicinity
of L where band 10 exhibits p- and band 12 carries d-character, this transition could also be
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4.4 Near-threshold MCD from an ultrathin Co/Pt(111) film at lowwork functions

a candidate for enlarged MCD asymmetries. Furthermore, the vicinity to the high-symmetry
point L favors the excitation and could even enable a direct transition in the normal emission
directionΓ-L without the participation of scattering processes. All mentioned transitions di-
rectly set in at the threshold and still contribute at the maximum binding energy of 0.31 eV
due to lifetime-broadening. This is also reflected by the constant behavior of the 2PPE MCD
asymmetry. In summary, the present 2PPE measurement provesthat excitations into real inter-
mediate states lead to enhanced 2PPE asymmetries independent of the probed energy region in
the band-structure scheme. Further statements concerningthe influence of the second excita-
tion step are not possible as long as evanescent states are involved which cannot be described
by our theoretical approach. This inhibits a direct comparison between experiment and theory
in the case of 2PPE.
Finally, we add two general remarks: With respect to a possible hcp Co phase we will shortly
discuss the appropriate band-structure scheme for the present measurements. Based on the
band-structure calculations of Ref. [98], in the case of 1PPEelectrons can only be excited into
evanescent final states in the majority- as well as in the minority-spin channel in the direc-
tion of normal electron emissionΓ-A. This is comparable to the situation of fcc Co, and the
enlarged 1PPE asymmetries can also not be explained via the conventional model of photoe-
mission. The same holds for the energy-dependent 2PPE measurements where transitions in
the majority- and the minority band structure lead to virtual intermediate and evanescent final
states inΓ-A. Therefore, in the case of hcp Co the enhanced asymmetry values for 1PPE and
2PPE can also only be explained by direct interband transitions in directions deviating from
(Γ-A). Irrespective of the measured bulk-sensitivity of the asymmetry which demands partic-
ipating intermediate or final states to stem from the Co bulk band structure, the Cs coverage
on the Co sample additionally inhibits excitations to evanescent states. The application of the
conventional model of photoemission is therefore categorically ruled out for the fcc as well as
the hcp structure of cesiated ultrathin Co films. This is another strong argument for phonon-
or magnon-mediated photoexcitation from variousk-directions.
From a general point of view it is worth mentioning that MCD measurements under variation
of the photon energy do not directly correspond to experiments under variation of the sam-
ple work function. In both experimental setups a particularasymmetry is reached directly at
threshold. With each increase in photon energy the length ofthe arrows connecting initial
and final states in the transition scheme becomes larger while the vacuum level stays fixed.
Therefore, with each change of the photon energy the possible asymmetry generating transi-
tions differ from each other, so that the asymmetry values independence of the photon energy
arise fromenergy-selectiveelectronic excitations. Of course, these considerations only hold
if lifetime broadening is neglected. For experiments undervariation of the work function the
situation is different. Lowering the work function from thethreshold value (Φ = hν) at a fixed
photon energy leads to an opening of more and more electronicexcitation channels. This is
also the reason for the increase of the 1PPE asymmetry fromΦ= 3.06 eV to its maximum at
Φ= 2.45 eV. Note that the existence of lifetime broadening weakens the instantaneous onset
of new channels. In this context the theoretical calculations for the two Heusler systems in
Ch. 4.1 also demonstrate that a variation of photon energy compared to a variation of work
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function leads to different MCD values.

4.4.4 Summary and conclusions

Magnetic circular dichroism for one- and two-photon photoemission in the vicinity of the
Fermi level has been investigated for a 4.5 ML fcc Co/Pt(111) sample under wide-range vari-
ation of the sample work function in the case of 1PPE and variation of the photon energy at
low work function for 2PPE.
In the 1PPE case (hν = 3.06 eV) the asymmetry values reveal a non-monotonous behavior in
dependence of the excess energy hν-Φ. Unlike the Ni(100) case [9] the asymmetry increases
with increasing excess energy from its threshold value of 4.4% to a kink-like maximum of
6.2% at hν-Φ= 0.61 eV, followed by a shallow drop to 5.95%. The 1PPE result is traced back
to direct interband transitions ink-directions other than the direction of observation (Γ-L)
following a model introduced in Ch. 4.3. Ab initio calculations of the MCD are performed
adopting this model and yield a first approximation of the average asymmetry (A1PPE = 1.5%
at hν = 3.06 eV) which is of the same order of magnitude as the measured signal. The 1PPE
result furthermore enables a statement concerning the influence of the first excitation step
in a 2PPE process. Since it maps the first excitation process of a previous 2PPE measure-
ment, we can conclude that exciting an electron from a populated intermediate state to a final
evanescent state in a 2PPE transition (assuming sequentialexcitation) further increases the
asymmetry from 6.2% to 8.3% [95]. This observation suggests a major contribution from the
first excitation step to the asymmetry. Larger asymmetry values only seem to be reachable by
means of a real intermediate state and a second excitation step.
To sustain this assumption 2PPE measurements in a differentphoton energy range (2hν = 3.06-
3.31 eV) compared to the experiments in Ch. 4.3 are carried out. Energy-dependent measure-
ments at decreased work function yield a constant asymmetrywith a maximum value of about
17%. The enlarged asymmetry values can again be explained by direct interband transitions
in crystallographic directions other thanΓ-L. Since this measurement also yields an enhanced
2PPE asymmetry, one can conclude that at least for the case ofCo(111) the existence of a real
intermediate state and a second excitation causes an enhancement of the asymmetry indepen-
dent of the probed energy range in the band-structure scheme.
The origin of the enhancement of the 2PPE signal with respectto the 1PPE case can also be
related to different selection rules for 1PPE and 2PPE. Whilefor 1PPE the parity is changed in
the excitation process it does not change in the case of 2PPE.Principal differences between 1,2
and 3PPE processes also show up in spin-resolved measurements as discussed by Winkelmann
et al.[102, 103, 104]. Additionally we notice that the asymmetry increases by decreasing the
available binding energy range. This observation cannot begeneralized since only two mea-
surements have been carried out so far, and the enhanced asymmetry values could also be
associated with particular band structure features.
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In this work magnetic circular dichroism (MCD) is investigated in the regime of near-threshold
photoemission, where the photon energy is just slightly larger than the sample work function.
For Heusler alloys as well as ultrathin Co films MCD is analyzed for one-photon photoemis-
sion (1PPE) as well as for two-photon photoemission (2PPE) by using ultrashort pulsed laser
light.

After the first experimental proof of enhanced 1PPE MCD asymmetries (≥ 10%) for a per-
pendicularly magnetized Ni/Cu(001) film in near-threshold photoemission [9] the question
occured whether MCD is also observable in the multi-photon photoemission regime close
to threshold. In Ch. 4.1 of this work we present measurements on two ferromagnetic Heusler
alloys that provide first evidence of magnetic circular dichroism in two-photon photoemission.
For Ni2MnGa and Co2FeSi MCD asymmetries of A2PPE = (3.5±0.5)·10−3 and
A2PPE = (2.1±1.0)·10−3 are obtained at a photon energy of hν = 3.1 eV. Besides the experi-
mental results a first theoretical explanation based on relativistic energy-band theory in com-
bination with linear-response theory is given.

The experimental findings of 1PPE and 2PPE MCD in near-threshold photoemission provide a
basis for systematic investigations concerning general properties of MCD in single and multi-
photon photoemission and motivate the search for an adequate theoretical description of MCD
in the vicinity of the threshold.
Firstly, we investigate the dependence of the MCD asymmetry on the film thickness for a
Pt-capped wedged Co sample grown on Pt(111)/W(110) by means ofmagneto-optical Kerr
(MOKE) and near-threshold MCD measurements. This does not only yield information about
the influence of the Co thickness, but also about the effects ofthe magnetic anisotropy and a
capping layer on the MCD asymmetries. The corresponding results are presented in Ch. 4.2.
At a Co film thickness of 5 ML we find asymmetry values of 0.07% for 1PPE (hν = 4.64 eV)
and 0.11% for 2PPE (hν = 3.1 eV), which are of the same order of magnitude as those of
the capped Heusler alloys but∼ 100 times smaller than asymmetries measured for uncapped
Ni(001) films [9]. This points out that an additional cappinglayer reduces the MCD asymme-
tries.
The key result shining light on the nature of the dichroism isfound investigating the depen-
dence of the asymmetry on the thickness of the magnetic film. For 1PPE as well as for 2PPE
the MCD asymmetry increases continuously with the film thickness. This behavior reflects
a bulk-sensitivity of the MCD asymmetry for the case of Co. The basic mechanism leading
to near-threshold MCD must therefore be related to Co bulk properties; surface effects do
not play a crucial role. The steady increase in asymmetry furthermore shows that the spin-
reorientation transition (SRT) of the system does not visibly affect the MCD asymmetries.
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Apparently, the magnetic anisotropy defining the directionof the magnetization easy axis does
not influence the MCD asymmetry of the perpendicularly magnetized film. The experiments
moreover reveal the information depth of the magnetic dichroic signals to lie between 1.6 and
9 nm.
In view of a possible theoretical description of MCD in near-threshold photoemission its con-
nection to the related magneto-optical Kerr effect is finally investigated. As MCD and MOKE
are based on the same microscopic mechanisms a description of the MCD asymmetry by the
polar Kerr ellipticity in the framework of a Jones matrix formalism would be a straightfor-
ward and handy tool for the prediction of MCD asymmetries. However, a comparison of the
thickness-dependence of the near-threshold MCD asymmetry and measured as well as calcu-
lated Kerr ellipticities shows that such a description of MCDis not adequate.

In order to investigate enhanced MCD effects in dependence ofthe photon energy as well as
of the angle of light incidence we grow uncapped ultrathin Co films. Ch. 4.3 depicts the results
for a 4.5 ML Co film grown on Pt(111).
Photon-energy dependent measurements reveal maximum asymmetries at the threshold of
1.9% for 1PPE (hν =5.23 eV) and 11.7% for 2PPE (hν =2.49 eV). This proves that enhanced
asymmetries are related to the absence of a capping layer anddemonstrate that enlarged
dichroic signals are also possible for systems other than Ni/Cu(001). For both cases the MCD
asymmetry is almost energy-independent, i. e. it is not threshold-sensitive, so that a fine-tuning
of the photon energy is not needed.
Measurements in dependence of the light incidence angle reveal a decrease in asymmetry with
increasing angle of incidence in the case of 2PPE. This behavior is attributed to a loss of circu-
lar polarization in bulk material with increasing angle of incidence and is simulated by using
a Fresnel-field approximation. For 1PPE a constant asymmetry is detected which is explained
by the influence of the second (Co/Pt) interface. The angle-dependent measurements more-
over demonstrate that large angles of incidence as used in standard photoemission microscopy
setups are still sufficient to exploit huge dichroic effectsas magnetic contrast mechanism.
Since simulations on the basis of spin-resolved band-structure calculations in combination
with linear response theory seem to be promising for a quantitative analysis of the magnetic
dichroic signals (c. f. Ch. 4.1), we furthermore use this formalism to explain the MCD asym-
metries for Co/Pt(111) in near-threshold photoemission. The analysis of the fcc Co band-
structure scheme reveals that in the direction of normal electron emission (i. e.Γ-L) electrons
can only be excited to evanescent final states passing a virtual intermediate state in the case
of 2PPE. The excitation to evanescent states, however, is atvariance with the measured bulk-
sensitivity of the asymmetry (c. f. Ch. 4.2). Therefore, the conventional photoemission model
of direct interband transitions in the direction of normal electron emission cannot be applied
to the case of Co(111). As a consequence, we propose to consider band-to-band transitions
in crystallographic directions different fromΓ-L. Analogously to MOKE-theory the dichroic
response is then obtained by averaging over all participating transitions in the whole Brillouin
zone, and additionally considering that only a narrow energy interval of initial states contribute
to the MCD signal due to the existence of the sample work function in the photoemission pro-
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cess. As the electrons are excited in directions other thanΓ-L additional momentum has to be
supplied by a secondary process to enable the electrons to surmount the surface barrier after
photoexcitation. We propose electron-phonon and/or electron-magnon scattering as assisting
mechanisms. For 1PPE as well as for 2PPE the calculations on basis of this model are in
reasonable agreement with the experimental results (for 2PPE only the first excitation step can
be simulated), indicating that the chosen theoretical approach constitutes an adequate descrip-
tion of near-threshold MCD. Furthermore, the calculations demonstrate that the origin of the
magneto-dichroic effect is indeed given by the combined influence of the exchange splitting
and the spin-orbit coupling. Finally, with calculations ina band-resolved mode the enhanced
2PPE asymmetries are traced back to specific band-to-band transitions contributing with large
single-transition asymmetries and the existence of a real intermediate state.

1PPE and 2PPE measurements do not only deliver the corresponding MCD asymmetry val-
ues but also give insights into the excitation process from initial to final states in the case of
1PPE as well as the two excitation steps and the intermediatestate involved in a 2PPE process.
In this context, the question occurs whether both excitation steps of a 2PPE process equally
contribute to the asymmetry or whether one of the steps is themajor asymmetry generating
process.
To investigate this issue we experimentally avoid the second excitation step of the 2PPE pro-
cess by lowering the work function of the material. In this way, we obtain a 1PPE excitation
into a real final-state band whose MCD asymmetry can be directly compared to the MCD
signal of the corresponding two-step process. The appropriate measurement on a cesiated
4.5 ML Co film on Pt(111) is presented in Ch. 4.4 of this work. Since it reveals an asymme-
try of alreadyAfirst step = 6.2% for the first step which is 74% of the whole two-step process
(Aboth steps = 8.3%) it suggests a major contribution to the asymmetry from the first excitation
step. The result likewise supports the previous assumptionthat asymmetry values larger than
those obtained in a 1PPE process might only be available through the existence of a real inter-
mediate state and a second excitation step. This is confirmedby an energy-dependent 2PPE
measurement (hν =1.53 - 1.66 eV) at decreased work function (Φ∼ 3 eV) where excitations to
real intermediate states are triggered for a different photon energy compared to the 2PPE mea-
surements in Ch. 4.3. The observed MCD asymmetries reach 17%. Therefore, we conclude
that the existence of a real intermediate state and a second excitation step cause an enhance-
ment of asymmetry independent of the probed energy range in the band-structure scheme. For
1PPE as well as for 2PPE measurements the asymmetry values are again traced back to direct
interband transitions ink-directions other thanΓ-L following the model introduced in Ch. 4.3.

The above findings demonstrate that enlarged 1PPE and 2PPE-MCD effects in near-threshold
photoemission occur for Co/Pt(111) films. Furthermore, an explanation of the MCD signal in
terms of phonon- or magnon-mediated emission processes following photoexcitation in other
directions thanΓ-L is provided. This interpretation opens the way for different future per-
spectives: Up to now the assumed assisting mechanism of phonon/magnon-scattering is only
scarcely investigated [19]. A key experiment might be the measurement of the temperature
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dependence because phonon-scattering in the bulk is temperature-dependent. Measurements
on flat and rough surfaces could yield precious information about the occurrence and the in-
fluence of such scattering processes in the surface region. In addition, time-resolved measure-
ments could investigate whether scattering with a phonon ormagnon predominantly appears
after the first excitation of a 2PPE process or whether the electron is firstly excited to the final
state before it interacts with a phonon. This could provide an explanation for the remarkable
difference in 1PPE and 2PPE asymmetries. Furthermore, it would allow for a microscopic
insight into the time relation between the phonon-or magnon-mediated emission process and
the electronic excitations initiated by the incoming photons.

Moreover, our experiments point out that fundamental questions especially arise investigat-
ing MCD in the multi-photon photoemission regime. For 2PPE detailed characteristics of
the second excitation step are scarcely investigated. Above all, it is still unclear whether a
2PPE process is predominantly marked by an instantaneous, coherent two step process or by
a sequence of two independent processes. Our MCD calculations for Co(111) suggest that a
sequential process might be more probable. However, in other cases both mechanisms could
also contribute equally and could strongly depend on the investigated material. Additionally
the role of parity conservation during the two step process has not been investigated up to now.
All these questions are strongly related to the characteristics of the excited intermediate state
and can only be treated by a precise investigation of its properties. An elegant access to the
physics of the excited intermediate state is provided byall optical pump − probe experiments

using ultrashort laser pulses. In this approach, the electron is optically excited by a first pump
pulse to an intermediate state. A second laser pulse which isdelayed with respect to the first
one finally probes the excited state. In this way the magnetization dynamics after the op-
tical excitation can be investigated [105, 106]. Applying this technique to our experimental
setup would also provide insight into the magnetization dynamics of ferromagnetic films in
MCD measurements near the threshold. However, with the knowledge of the present work we
cannot only expect information about the dynamical behavior of the entity of triggered inter-
mediate states in threshold photoemission. Most strikingly, an observation of magnetization
dynamics on a microscopic level might be attainable by selecting single interband transitions
leading to single intermediate states. This is not only possible since a restricted range of ini-
tial states contribute to the signal in near-threshold photoemission. Also the fixed circular
polarization used in the MCD experiments serves as an additional selection mechanism. Ad-
ditionally implementing this technique in the context of photoemission electron microscopy
(PEEM) would enable a real time imaging of magnetization dynamics of single excited states
in a ferromagnetic material on a femtosecond timescale.
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H. A. Dürr, and J.-Y. Bigot, Nature465, 458 (2010).

[106] D. Steil, S. Alebrand, T. Roth, M. Krauß, T. Kubota, M. Oogane, Y. Ando,
H. C. Schneider, M. Aeschlimann, and M. Cinchetti, Phys. Rev. Lett. 105, 217202
(2010).

116



Publications

Part of this work has been published in:

• Magnetic Circular Dichroism in Two Photon Photoemission,
K. Hild, J. Maul, H. J. Elmers, and G. Schönhense, Phys. Rev. Lett. 102, 057207
(2009).

• Threshold photoemission magnetic circular dichroism at the spin-reorietation transition
of ultrathin epitaxial Pt/Co/Pt(111)/W(110) films,
K. Hild, J. Emmel, G. Schönhense, and H. J. Elmers, Phys. Rev. B80, 224426, (2009).

• Energy- and angle-dependent threshold photoemission magnetic circular dichroism from
an ultrathin Co/Pt(111) film,
K. Hild, G. Schönhense, H. J. Elmers, T. Nakagawa, T. Yokoyama, K. Tarafder, and
P. M. Oppeneer, Phys. Rev. B82, 195430 (2010).

• Magnetic circular dichroism in near-threshold photoemission from an ultrathin Co/Pt(111)
film at low work functions,
K. Hild, G. Schönhense, H. J. Elmers, T. Nakagawa, T. Yokoyama, K. Tarafder, and
P. M. Oppeneer, in preparation for submission to Phys. Rev. B.

Further publications:

• Optical magnetic circular dichroism in threshold photoemission from a magnetite thin
film,
K. Hild, J. Maul, T. Meng, M. Kallmayer, G. Schönhense, H. J. Elmers, R. Ramos,
S. K. Arora, and I. V. Shvets, J. Phys.: Condens. Matter20, 235218 (2008).

• Solid state reaction at the interface between Heusler alloysand Al cap accelerated by
elevated temperature and rough surface,
M. Kallmayer, K. Hild, T. Eichhorn, H. Schneider, G. Jakob, A. Conca, M. Jourdan, and
H. J. Elmers, Appl. Phys. Lett.91, 192501 (2007).

• Magnetic moment investigations of epitaxial magnetite thin films,
M. Kallmayer, K. Hild, H. J. Elmers, S. K. Arora, Han-Chun Wu, R.G. S. Sofin, and
I. V. Shvets, J. Appl. Phys.103, 07D715 (2008).

• Magnetic and Electronic Properties of Heusler Alloy Films Investigated by X-Ray Mag-
netic Circular Dichroism,
H. J. Elmers, A. Conca, T. Eichhorn, A. Gloskovskii, K. Hild, G. Jakob, M. Jourdan,
and M. Kallmayer, Advances in solid state physics48,171 (2009).

117


