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Abstract

During the last decades magnetic circular dichroism (MCD) &#racted much interest and
evolved into various experimental methods for the investogn of magnetic thin films. For
example, synchrotron-based X-ray magnetic circular disihnn (XMCD) displays the abso-
lute values of spin and orbital magnetic moments. It thelgdayefits from large asymmetry
values of more than 3@ due to the excitation of atomic core-levels. Similarly Engalues
are also expected for threshold photoemission magnetalairdichroism (TPMCD). Using
lasers with photon energies in the range of the sample wardtiion this method gives access
to the occupied electronic structure close to the Fermillek®wever, except for the case
of Ni(001) there exist only few studies on TPMCD moreover edveg much smaller asym-
metries than XMCD-measurements. Also the basic physicahamésms of TPMCD are not
satisfactorily understood.

In this work we therefore investigate TPMCD in one- and twatoh photoemission (1PPE
and 2PPE) for ferromagnetic Heusler alloys and ultrathin @osfiusing ultrashort pulsed
laser light. The observed dichroism is explained by a nam#entional photoemission model
using spin-resolved band-structure calculations anditinesponse theory.

For the two Heusler alloys BMVinGa and CeFeSi we give first evidence of TPMCD in the
regime of two-photon photoemission. Systematic inveiga concerning general properties
of TPMCD in 1PPE and 2PPE are carried out at ultrathin Co filmsvgron Pt(111). Here,
photon-energy dependent measurements reveal asymnwtiie®); in 1PPE and 11.% in
2PPE. TPMCD measurements at decreased work function eviehlgiger asymmetries of
6.2% (1PPE) and 1% (2PPE), respectively. This demonstrates that enlargechagyries
are also attainable for the TPMCD effect on Co(111). Furtheemwe find that the TPMCD
asymmetry is bulk-sensitive for 1PPE and 2PPE. This meansita basic mechanism leading
to the observed dichroism must be connected to Co bulk piepgsurface effects do not play
a crucial role. Finally, the enhanced TPMCD asymmetries iR2Bompared to the 1PPE
case are traced back to the dominant influence of the firstagixs step and the existence of
a real intermediate state.

The observed TPMCD asymmetries cannot be interpreted byeotional photoemission the-
ory which only considers direct interband transitions ia thirection of observationltL).
For Co(111), these transitions lead to evanescent finalsstdtiee excitation to such states,
however, is incompatible with the measured bulk-sengjtiof the asymmetry. Therefore, we
generalize this model by proposing the TPMCD signal to arisstiy from direct interband
transitions in crystallographic directions other th&nlL). The necessary additional momen-
tum transfer to the excited electrons is most probably plediby electron-phonon or -magnon
scattering processes. Corresponding calculations on #ig dithis model are in reasonable
agreement with the experimental results so that this approgpresents a promising tool for
a quantitative description of the TPMCD effect.

The present findings encourage an implementation of ourgmpetal technique to time- and
spatially-resolved photoemission electron microscdmteby enabling a real time imaging of
magnetization dynamics of single excited states in a feagimatic material on a femtosecond
timescale.



Kurzfassung

Wahrend der letzten Jahrzehnte hat sich der Magnetischel&idichroismus (MCD) zu einer
vielseitigen und unverzichtbaren Methode zur Untersughuwagnetischer diinner Schichten
entwickelt. So liefert beispielsweise der Rontgenzirkdilgiroismus (XMCD) durch die An-
regung kernnaher Elektronenniveaus absolute Werte fumaasetische Spin- und Bahnmo-
ment und profitiert dabei von hohen Asymmetriewerten von mad$ 30%. Ahnlich hohe
Werte verspricht auch der Magnetische Zirkulardichroisimuder Schwellen-Photoemission
(TPMCD), bei dem Laser mit Photonenenergien im Bereich debdtrdAustrittsarbeit ver-
wendet werden, um Informationen Uber die besetzte elektba Struktur in der Nahe der
Fermi-Kante zu erhalten. Abgesehen von Messungen an Ni@@dtierten bisher jedoch nur
wenige Untersuchungen zum TPMCD-Effekt. Diese wiesen zudeitaus kleinere Asym-
metriewerte auf als XMCD-Messungen und der zugrunde lieggnysikalische Mechanis-
mus ist noch nicht hinreichend verstanden.

In dieser Arbeit wird der TPMCD-Effekt in Ein-Photon-Photaiesion und Zwei-Photonen-
Photoemission (1PPE und 2PPE) an ferromagnetischen H&diechten und Co-Dinnfilmen
mit Hilfe von Ultrakurzpulslasern untersucht. Die beoliatdn Asymmetrien werden durch
ein neues Photoemissionsmodell erklart, das auf Spinefigtgn Bandstrukturrechnungen
und einem linearen Response-Formalismus basiert.

Fur die beiden Heusler-Legierungen,MinGa und CgFeSi weisen wir den TPMCD-Effekt
erstmals im 2PPE-Regime nach. Systematische Untersuahanggenerellen Eigenschaften
des Dichroismus werden an ultradiinnen Co-Filmen auf Pt@drthgefiihrt. Hierbei ergeben
Messungen in Abhangigkeit der Photonenenergie Asymnmmetde 1.9% fiir 1PPE und 11.%
fur 2PPE. TPMCD-Messungen bei gesenkter Austrittsarkeferin sogar noch héhere Asym-
metrien von 6.2% (1PPE) bzw. 17 (2PPE). Dies macht deutlich, dass auch fir den TPMCD-
Effekt an Co(111) hohe Asymmetriewerte erreicht werden kdnnDie Messungen zeigen
weiterhin, dass die TPMCD-Asymmetrie eine volumen-seresiGrofde ist: Die Entstehung
des Dichroismus wird offenbar wesentlich durch die Volugiganschaften des Co beein-
flusst, Oberflacheneffekte spielen hingegen eine untedgete Rolle. Dartber hinaus kann
die in allen Messungen gegeniiber 1PPE erhthte 2PPE-Asyraraat einen dominanten
Einfluss des ersten Anregungsschrittes und die Existerz eg@alen Zwischen-Niveaus zurick-
gefuhrt werden.

Die beobachteten TPMCD-Effekte lassen sich nicht mit dekdramlichen Photoemissions-
Theorie erklaren, die nur direkte Interband-Ubergange mbehtungsrichtung¢L) beriick-
sichtigt. Fur Co(111) fuhren diese in evaneszente Endzdstédbie Anregung in solche ist
jedoch unvereinbar mit der gemessenen VolumensenditiletdT PMCD-Asymmetrien. Da-
her erweitern wir dieses Modell, indem wir den Dichroismusdirekte Interband-Ubergange
in anderen kristallographischen Richtungen BK.J zurtickfihren. Der dabei zur Elektronen-
emission bendtigte zusatzliche Impulstibertrag wird velictudurch Elektron-Phonon/
Magnon-Streuprozesse bereitgestellt. EntsprechendenRegén auf Grundlage dieses Mo-
dells liefern Asymmetrien, die fiir LPPE und 2PPE in guterrgimstimmung mit den gemes-
senen Werten sind, so dass dieser Zugang die Mdglichkedt gumantitativen Beschreibung
des TPMCD-Effektes eroffnet.

Die gegenwartigen Ergebnisse stellen zeit- und ortsabdgePhotoemissionselektronenmi-
kroskopie-Untersuchungen in Aussicht, mit deren HilfeMegnetisierungsdynamik
angeregter Einzelzustande in ferromagnetischen Matrialit einer Zeitauflosung im Fem-
tosekundenbereich beobachtet werden kann.
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1 Introduction

The phenomenon of circular dichroism caused by differespgttion probabilities for cir-
cularly left and circularly right polarized light in suiteEomaterials appears in living nature
in surprisingly diverse forms and beautiful coloring. Suteractions with light can be ob-
served for beetles, many birds as well as butterflies. Thapgaally the dazzling beetles have
been traditionally used in many Asian countries for the datbon of textiles before they also
attracted strong scientific interest[1]. During the lasttoees dichroic effects have been in-
vestigated for many more objects such as special crystdlstaral molecules. In this context,
it was also shown that they do not only appear in non-mags#tictures but are also present
in ferromagnetic materials for which they are systemadiidaivestigated since the discovery
of the photoelectric effect.

In photoemission excited by linearly or circularly polatklight the detected spin-averaged
photocurrent of a magnetized material reveals an asymmetg reversal of the photon he-
licity. This phenomenon is called magnetic linear/circidechroism (MLD/MCD) and orig-
inates from the simultaneous presence of spin-orbit cogl8OC) and exchange splitting
in ferromagnets. Since both effects strongly influence teetenic structure of a material
MCD measurements deliver plenty of information on the etatt properties of magnetic
thin films and surfaces. During the last decades magnetivalceffects have thus attracted
much interest and have therefore been investigated mairtlya photon energy regimes.
X-ray magnetic circular dichroism (XMCD) uses synchrotradiation with photon energies
between 400-1000 eV to excite electrons from the core levels magnetic material. The
corresponding measurements provide element specificniafiion, i.a. by displaying the
absolute values of spin and orbital magnetic moments [2S8jce XMCD is based on the
excitation of discrete atomic core levels with a large smibit coupling it benefits from large
asymmetry values of more than 3J4] and can therefore also be used as a contrast mecha-
nism for magnetic domain imaging by means of photoemisdiectren microscopy [5].

In contrast, magnetic circular dichroism in valence banotpémission (MCD) excites elec-
trons from the valence band region of a material using phetwrgies in the range of 5 to
40 eV. It therefore gives immediate access to the relaivistind structure of a ferromagnet.
Especially augmented to energy- and angle-resolved phm$sen spectroscopy, MCD in
valence band photoemission is able to map the dispersianglesnitial-state valence bands
and to derive their relativistic symmetry character from ttichroic spectra [6]. Furthermore,
it allows for direct insights into spin-orbit induced hythzation effects in the band-structure
scheme and measures the strength of spin-orbit couplingghssvexchange splitting [7].

In contrast to the development of MCD in valence band photssion to a powerful exper-
imental technique, it is only scarcely investigated in tegime of threshold photoemission
where the photon energy is only slightly larger than the dammwrk function (v ~2.5-
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6 eV). The electrons are therefore excited from occupietiblrstates close to the Fermi en-
ergy to final states slightly above the vacuum level. Thismsdhat only a small region of
initial states contributes to the signal. Accordingly, MQDriear-threshold photoemission
would deliver insight into the electronic structure in theedt vicinity of the Fermi level. In
this sense, it might also favor enlarged asymmetries duestmag selection of participating
bands. However, until a few years ago only little work wad@ened on magnetic dichroism
in near-threshold photoemission.

Using a mercury arc lamp th< 5eV) Marx et al. demonstrated magnetic linear dichroism in
one-photon photoemission electron microscopy (PEEM) f@@nm thick polycrystalline Fe
film revealing a much smaller asymmetry of 03 7tompared to XMCD measurements [8].
A more auspicious access to near-threshold magnetic dschiie provided by the use of tun-
able ultrashort pulse lasers instead of conventional &tboy light sources. The former do
not only possess the required photon energies, but theyp®iseer experiments in the regime
of multi-photon photoemission enabling completely newitation mechanisms beyond con-
ventional photoemission. In this context, recent measargsnby Nakagawa and Yokoyama
have shown that near-threshold MCD asymmetries of the ofdé) @ in one-photon photoe-
mission can be obtained for perpendicularly magnetizediidsfon Cu(001) using ultrashort
pulsed laser light[9]. These experiments point out thaargeld MCD asymmetries are also
attainable in near-threshold photoemission and strongtperage systematic investigations
of other magnetic materials. The findings moreover motitageinspection of MCD in the
multi-photon photoemission regime. The detection of eskdrasymmetries for one- as well
as for two-photon photoemission might pave the way for thagimg of magnetization dy-
namics in threshold photoemission with maximum spatialtand resolution using ultrashort
pulsed lasers in combination with microscopy techniquehsas PEEM. This would also
display the potential of near-threshold MCD for magneticage technology. Experiments
following the investigations of Ni(001) would not only aint searching for large magnetic
asymmetries in one- and multi-photon photoemission psEsedut the investigations should
also yield information about the underlying physical megkas of MCD in near-threshold
photoemission which are not yet satisfactorily understood

In the framework of this thesis we investigate near-thresslCD in one- and two-photon
photoemission (1PPE and 2PPE) for ferromagnetic Heudt®rsadnd ultrathin Co films us-
ing ultrashort pulsed laser light. For the two Heusler alaye will give first evidence of
near-threshold MCD in the regime of 2PPE. The ultrathin Co figr@vn on Pt(111) are
used for systematic investigations concerning the deperedef the 1PPE- and 2PPE-MCD
on the photon energy and the angle of light incidence. Maeahe dependence on the
thickness of the magnetic film and the magnetic anisotropywelsas on the sample work
function is investigated for 1PPE and 2PPE. The use of CofRples is advantageous since
they constitute well-studied systems revealing a high gredular magnetic anisotropy and
large magneto-optical Kerr effects. For the investigabdbMCD they are of special interest
since Co exhibits a large exchange-splitting, and Pt re\aaaksnhanced spin-orbit coupling.
The results for Co/Pt(111) will demonstrate that large MC2@# in near-threshold photoe-
mission are also possible for other materials than Ni(OBijthermore, we will comment on



the sensitivity of the measured asymmetries with respetietdulk and the surface of the Co
sample. Additionally, the influence of the two excitatioas in a 2PPE process is explicitly
analyzed. Based on the experimental findings we will furtiegengive an interpretation of
the MCD asymmetries in terms of direct interband transitiartee band-structure scheme of
Co(111). In particular, we will show that the conventionaldebof photoemission that only
considers transitions in the direction of normal electromission cannot be applied to the case
of Co(111). Instead, we will generalize this approach to aehadich includes transitions
in all other crystallographic directions of the band-staue scheme. Calculations on basis of
this theory will be directly compared to our experimentatlfirgs.

This work is organized as follows:

In Chapter 2 we describe the relevant theoretical concepts. Therebynaialy focus on
the two physical phenomena of photoemission and magnetalar dichroism which are
discussed in Ch. 2.1 and Ch. 2.2, respectively. Ch. 2.3 addityoilustrates the theoretical
approach used for the calculation of the MCD asymmetrieagelaote that in contrast to ex-
isting publications we will not use the terttreshold photoemission magnetic circular dichro-
ism (TPMCD) in this work. Strictly speaking TPMCD means magnetrcudar dichroism
measured directly at the photoemission threshold whichegpnly to some of our investiga-
tions. In literature this term is used to easily distinguistse excitation processes from those
of XMCD on the one hand and from MCD in conventional valence haratoemission on the
other hand. To be as precise as possible, we therefore usertheMCD in near-threshold
photoemissiorand near-threshold MCDfor dichroic signals measured in the vicinity of the
threshold (v — & < 1eV).

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

In Chapter 4 we present and discuss the experimental results. The chagieided into four
sections, each dealing with a different issue in the frammkwbnear-threshold MCD. In order
to present each section as self-contained as possible fremprévious 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 therddie findings
which can be drawn from their interpretation.






2 Theoretical foundations

In this chapter we describe the physical mechanisms thagriynthe experimental results.
Since magnetic circular dichroism is investigated usingtpémission we present the basic
theoretical concepts behind both phenomena.

In the field of photoemission we mainly turn our attentionte tnost important theoretical
approaches, namely the three-step and the one-step mobel.chiaracteristics and differ-
ences of the two approaches are presented and the meanimghotdncepts with respect
to this work is illuminated. Also multi-photon photoemissiprocesses, in particular two-
photon photoemission (2PPE), and the regime of threshobdopimission are qualitatively
discussed in this section.

To understand the origin of MCD we firstly introduce the irretthle representations of the
electronic states as well as the dipole selection rules. M@G® is then derived from direct
interband transitions between initial and final electrastates in the band-structure scheme.
This is explicitly carried out for the case of the (111) sodgaat the same time demonstrat-
ing that MCD is caused by the simultaneous presence of spih-ayupling and exchange-
splitting.

The last section is devoted &b initio calculations of the MCD asymmetry which are carried
out in strong analogy to a model also used for the magnetoadpgferr effect, additionally
considering the energy conservation for the photoemitisctrens. Thereby, we mainly focus
on the bandstructure calculations and the evaluation obpiieal conductivity tensor which
are both essential for the derivation of the MCD signals. Ti@&IMasymmetry 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 Einsiteitf05 [10]. In the photoelectric
effect a material emits electrons, when it is illuminatedhwight of particular energy. Due
to the disagreement with Maxwell’'s wave theory of light E@is proposed that only by the
absorption of discrete light quanta (photons) of appraeremergy the electrons can escape
from the material. Thereby, the number of these photo@estincreases with increasing light
intensity, while their kinetic energy is proportional teetfrequency of the incident radiation.
These findings lead to the Einstein equation describingrieegy balance of a photoemission
process,

B = hv — ® — B, (2.1)
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where hv is the energy of a photond is the work function of the material resembling a
potential barrier which has to be overcome by the electréwe @inding energy of an electron

is denoted byei (> 0), andEy;, describes the electron’s kinetic energy in vacuum. In thysda
of Einstein knowledge was restricted to Eq. (2.1) and itslicagions. Other photoelectric

regimes such as multi-photon photoemission (e. g. twogrhphotoemission) have not been
possible until the advent of ultrashort pulse lasers. Sihieissue is very important for the

experiments that will be discussed in this thesis we briefbal its basic characteristics.

One-and two-photon photoemission processes

The process of one-photon photoemission is directly cagtby the Einstein equation. The
left side of Fig. 2.1 depicts a sketch of a 1PPE process: Actrele is excited from an initial
state of energy; to a final state/; by absorbing one photon of energy.hTo escape into
vacuum the electrons have to overcome the vacuum leyeThereby, the energetic difference
betweenFy, and the Fermi levekr. is the sample work functionh = Eyv — Er, while Eg =

| E; — Er| marks the electron’s binding energy. Fig. 2.1 and Eq. (4sb show that for a 1PPE
process the photon energy must be larger than the samplefww#on implying Fy;, > 0;
otherwise the process cannot take place. With the pressnadailability of high photon
fluences and excellent focusing conditions multi-photatpsses also enable photoemission
with hy < ®. For this work especially two-photon photoemission is @ajimportance.

In a 2PPE process the electron absorbs a first photon andiiscei@ a realr) or virtual |v)
intermediate state. By absorbing a second photon of the ss®epulse the electron is excited
to a final state'; above the vacuum level (see the right side of Fig. 2.1). Teérhe of a real
intermediate state depends on the excitation energy anthealetermined in experiments.
One finds for the lifetime-[11, 12]

1

T ~ —(E* yoarL (2.2)
whereE* is the energy of the real intermediate state. Typical valiedsetween 1-30fs [11].
Emission is triggered effectively, if the lifetime of theateintermediate state is large, i.e.
if the energetic difference{* — Er) is small. Therefore, excitation into unoccupied real
states close to the Fermi edge is advantageous. The lifetffmetual intermediate states
Is expected to be much smaller which might be shown by futdpeements. The general
difference between excitations into a real and a virtu@rimiediate state is often expressed as
the sum of two terms in the electron distribution per time @oldme interval which is formed
after the optical excitation [13]:

PP*(E,w) = P(E,w) + P*(B,w). (2.3)

While the first term marks a sequential process (c stands fwack), the second one de-
scribes simultaneous excitations (s for simultaneousgsélare characterized by electronic
excitations into virtual intermediate states upon absonpof the first photon. The simulta-
neous absorption of a second photon triggers the trandiiarfinal stateF;. In contrast to
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E A
= A
EV \
h | B — DV 0
Er ]
E; y Es
1PPE

Figure 2.1: (left side) Sketch of a one-photon photoemission proc&ssnarks

the initial state from which an electron is excited to a final statdy absorbing a
photon of energy . Thereby, it has to overcome the vacuum lelvel (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 £21®). The
intermediate state carries the enefgyand can be redl) or virtual |v); |E; — Er|
reflects the binding energyg, Ev — Er is the sample work functiof. £, — Ey

is the photoelectron’s kinetic energy.
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the coherent simultaneous excitations, sequential dxgigproceed in an incoherent man-
ner. This means that the electrons are firstly excited to laimeamediate state where they
can form a so-called hot-electron distribution. This dittion temporally changes by differ-
ent relaxation processes before the second photon is assofbe most common relaxation
process on a femtosecond time scale is electron-electadtesng. Generally, the relaxation
produces secondary electrons which populate states betweand|Er) and can contribute
to the 2PPE spectrum.

Threshold photoemission

In the regime of threshold photoemission the photon enesgyst slightly higher than the
sample work function, meaning/h> ® for a single photon process. The electrons still escape
from the material, but following Eq. (2.1) they only exhilgitnarrow distribution of kinetic
energies. With respect to the universal curve [14] this alg@ans that their inelastic mean
free path is enhanced, and the electrons mostly stem frotoulkeof the material. For some
materials such as Ni(001) it was demonstrated that magaieticlar dichroism is especially
enlarged at the photoemission threshold and rapidly dsesei the vicinity of the thresh-
old [9] which is attributed to band-structure effects. Th@&cement of MCD asymmetry
directly at threshold also explains the interest in ingzdtng MCD in near-threshold photoe-
mission.

2.1.2 The three-step model

After the first description of the photoelectric effect difént theoretical models have been
developed to analyze the process in detail. An extensiversmumnof the different concepts
and related phenomena is given in Ref.[15] to which the fdlhgwsections mainly refer.
In all concepts one generally distinguishes betweere level photoemisssiomhich means
the excitation of photoelectrons out of atomic core levalsg soft or hard X-rays anda-
lence band photoemissi@ommonly carried out at much lower photon energies, e. ghen t
UV-range. Since this work is not related to the previous orenil refer only to the case of
valence band photoemission. All theories of photoemiskare to describe the excitation of
many electrons from initial states and their escape intowacleaving the remaining system
in a modified final state. Thus they are dealing with a compideany-body procesdn the
regime of valence band photoemission an electron is exttiveala valence state and creates a
hole in the sea of valence electrons. The creation of a pbt#as analog to adding a positive
potential to which the remaining system might react. Thipomse, also known asreening

is assumed to be instantaneous, and a possible interaetiedn the photoelectron and the
rest of the system is neglected. This assumption arisint pihatoemission theories is called
thesudden approximation

After this preliminary remarks we introduce the so-calflecte-step modethich is the most
frequently used concept for a photoemission process. Tteagmenological approach was
introduced by Berglund and Spicer [16] and - although not detefy correct- successfully

10
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three-step model one-step model
E § optical travel iransmission £ excitation wave matching
excitation to tfhe \hro'ugh the inflo & ot the surface
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Figure 2.2: (left side) Schematic drawing of the three-step model dividing the
photoemission process into three independent steps (taken from Rgfl1lop-

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 tHacgu
barrier. (right side) Sketch of a one-step process. Within one singidlsteslec-

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 efectr
wave in vacuum.

describes photoemission in many cases by separating #a effo three independent steps:
In a first step the electron is optically excited in the soliien it passes the material towards
the surface and finally penetrates it to escape into vacuura.|dft side of Fig. 2.2 gives an
illustration of the three-step model; the particular stepkbe discussed in the following.

Optical excitation of bulk interband transitions

In contrast to atomic systems the valence electronic statesolid are described by energy
bands. In the valence bands the electrons are delocalimddhe electronic states therefore
depend on the wave vectérresulting in an energy dispersidﬁ(l?) which is also called the
band structureof a material. Furthermore, the common photon energiestiaviblet photo-
electron spectroscopy (UPS) and angle-resolved photoatespectroscopy (ARUPS) are <
100 eV, and the momentum of the photon can thus be neglectad.nieans that all optical
transitions from an initial statg) to a final state f) in a band-structure scheme are momen-
tum conservinglirect transitions (Sl%' = 0). In a reduced scheme of the Brillouin zone these
transitions proceed in a vertical manner, while in an exteinstheme a reciprocal lattice vec-

11
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tor has to be added

- { gl reduced zone scheme 2.4)

i+ G extended zone scheme

with Ef andl% being the wave vectors of the final and initial electronicdatates and; an
adequate reciprocal lattice vector. Now the main goal at&isn finding an expression for the
i, k;) to final states
|f, Ef> inside the solid considering momentum as well as energysrwason. The description
of transitions between initial and final states is therelmsely related to the indication of
transition probabilities using Fermi’s Golden Rule. Basethase ideas, the photocurrent can
be written as

~ 2 - - N
I ]M;f 5(ki — ks + G)6(Es — E; — hw) (2.5)

with the transition matrix element
M}y = (Ug | Hie| T5) . (2.6)

The tilde’ ™’ indicates that the momentum conservation is not impjicdbntained in the
matrix element, but is implemented explicitly by the fifstunction in (2.5). The initial and
final states are described by the wave functignsnd¥ ; which are eigenstates of the single
electron Hamiltonian in the solidd, = % + V(7). This operator defines the unperturbed
system. In the three-step modelandV ; are Bloch states and connected by a direct interband
transition (indicated by the superscript 1 in (2.6)). Thetymbation operatord;,; describes
the interaction of an electron with the incident photon fiétdthe most general form we have

Huw = o (A5t A) —edp +

2me

2mc2A CA; (2.7)
A and¢ are the vector and scalar potential of the photon field, ismdy, andy = —ihV

is the electron momentum operator. For a monochromatidreleagnetic wave in vacuum
we can use the gauge = 0. Moreover, the fact that the two polarization vectors of the
electromagnetic wave are perpendicular to its wave vektompllesv A=ik-A=0o.
Neglecting non-linear processes in the expressiodfigrEq. (2.7) is simplified t&

Hu = —(A- 7). (2.8)

1A reduced zone scheme only shows the first Brillouin zone arfdrimed by folding back the bands of the
higher order Brillouin zones (extended scheme) into théding. This is done by adding an adequate recip-
rocal lattice vectors. Because of the periodicity of the lattice both descrigiane equivalent. In this work
we will always refer to the reduced zone scheme.

2Assuming moderate fields where: 7 >> A2 we can neglect the termd - A. Furthermore, we have used

A-prp-A=24-p—in(V-A) =247

12



2.1 The Theory of Photoemission

Since for the energy range discussed here the wavelengtieahtident photons is much
larger than the interatomic distancéan be assumed as constdnt A,. Furthermore, one
derives the equivalendel ;| A5 |¥;) oc A(W|[H,,7]|W;) oc (W;|A-7|W;), where we have
again neglected second order contributionslofAs mentioned, the momentum conservation
(2.4) is taken into account by the firigfunction in Eqg. (2.5). The secondfunction refers to
the energy conservation in the solid. Note that the waveovet#pendence of the energies is
not explicitly written out in (2.5).

In the energy range commonly used in valence band photoemiés- 40 eV) the inelastic
mean free path of the excited electrons is comparativelyt emal damped inside the mate-
rial[14]. This is considered by a complex wave vector nortndhe sample surface,

ki =k} +ik?, (2.9)

and leads to a 'smearing’ of the momentum conservation |&\v[Eq. (2.5) is therewith
changed to

| M3
(ki — k) + (k7))
While the interaction of the excited photoelectron with temaining system can be neglected
(sudden approximation), we necessarily have to take intowat the interaction between the
remaining electrons of the system: Whenever a photohole#&ed in the excitation process,
it does not belong to one special final state -as it was the wébeut electron -electron
interaction - but can be found in any one of the possibknal states in a many electron
system. In the following we indicate the initial as well as final state wave functions in an
appropriate manner, so that electron-electron interactam be taken into account. Assuming
a system ofN electrons the initial state can be written as a product ofataee function of
the photoelectron’s initial stat@(k:) (replacingV¥; in EqQ. (2.6)) and the wave function of the
other(N — 1) electronsV,;(N — 1),

‘ 2

I > 6(k; — kr + G) 6(Ef — E; — hw). (2.10)

Ui(N) = ¢i(k:) Ti(N — 1). (2.11)

Analogously, the final state can be expressed as

\ij(N) = ¢f7Ekin(Ef) ’ Z qu,s(N - 1)7 (212)

Wheregzsf,Ekm(lZf) is the final state wave function of the photoexcited elec{replacingV ;

in Eq. (2.6)), andV; (N — 1) marks the wave functions of thepossible final states of the
remaining electrons. Accordingly, the energy of the finatest isE;(N — 1), while the energy
of the initial statel;(N) is Ey (V). With this (2.10) changes to

~ ~ 2 ~ ~ 2 1
I IO T 1o (N = 1) [0, (N — 1 5 5
B e R R SN R
< 6(ki — ks + G) 0(Bian + Ey(N — 1) — Eg(N) — hw). (2.13)

13



2 Theoretical foundations

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

B) =" (U (N = 1)|F(N - 1))[* (2.14)

is called thespectral functiorand describes the overlap between the final s‘vﬁ;@]\f -1)
and the ground staté;(N — 1). It thus gives the probability for removing an electron from
an electronic system in the ground state. Note that for nteracting electrons Eq. (2.14)
results in unity, since final and groundstate are the samecti®h-electron interaction can
now explicitly be regarded by adding a so-caltsdf energy

S(k,E) =ReX +ilm¥ (2.15)

to the one-electron energ&ZO(E). Via the one-particléGreen’s functionof the N-electron
systenm?

G(k,E) = S (2.16)
E — E%k) — X(k, E)
A(k, E) results in
AR B) =L tm > . (2.17)

T (E — EO(kK) —Rex)” + (Im %)’

Note that the poles of (2.16] (k) — E°(k) — E(E, El(E)) = 0, yield the energetic spectrum
of the interacting system (with the assumptiBnY > ImYX). E! is the (renormalized)
electron energy in the interacting system. It differs fr8f since the electrons are surrounded
by clouds of virtual excitations, both moving coherentlytiweach other. These combined
particles are callequasiparticles

Now we can formulate the complete expression for the pheotentiin a crystalline solid
which is evoked by an optical excitation:

I(E hw) Z ImZ@i)2 - ‘ | >
(E— E°(k;) = ReS(k:))” + (Im B(k:))" (kL — k]lu) (K7.)
x 8(k; — ky + Q) 6(E (ky) — BY (k) — hw) - f(B,T), (2.18)

where f(E,T) is the Fermi distribution, and we have explicitly indicatee dependence of

the energies on the wave vectors. The Fermi distributionrasghat in the sum over all initial

states only the occupied ones contribute. Furthermﬂigéﬁ represents the matrix element
introduced in Eqg. (2.6) for the single photoelectron.

3The spectral function is directly connected to the oneiglarGreen’s functiorG(7,, 7, t) of a N-electron
system which gives the probability for a propagation of atkbn from(7;,¢ = 0) to (7%, ¢ > 0). Fourier-
transformed to the reciprocal spa(ié(k:l, ko, E) describes the probability for an electron scattering from a
statek; to a statek, under an energy transfer E. If we consider only the dlagolmwents of the Green’s
function we finally obtairG (%, £) which yields the spectral function by(k, £) = 1|Im G(k, E)|. Deter-

mining G(k, E) under consideration of the self-energy therefore dwecdnalMersA(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 tietsaiface. During transport they un-
dergo inelastic scattering processes that reduce the mwhelkectrons escaping into vacuum.
The most dominant scattering mechanism is electron-eledtiteraction. In the three-step
model scattering processes are captured by the electrmi&stic mean free path

_TdE
 hdk’
whereu, is the group velocity in the final state ardis the scattering frequency which is
assumed to be isotropic and only dependenfonMoreover, the transport is characterized

by the fraction of all photoelectrons which are created witbne mean free path from the
surface. This is described by a coefficient

AE, k) = Tvg (2.19)

a\
14+a)

d(E k) ~ (2.20)
wherea marks the absorption coefficient for light. For (2.20) twérema are possibler \ >

1 = d(E, k) — 1. This means that all photoexcited electrons reach thaseirithout being
involved in an inelastic scattering process. kox < 1 = d(F,k) — «a ), the electron’s
mean free path is much smaller than the penetration deptheofight o=*, and only the
fractiona A reaches the surface without inelastic scattering.

Transmission through the surface and escape into vacuum

The third step describes the transition of the photoelastfoom the solid to vacuum, for
which they have to overcome the surface potential barrieside the material the electrons
are expected to behave like free electrons moving in a patesftdepth £y — E,, where
Ey is the vacuum energy ankly(< 0) is the minimum energy of the lowest valence band.
For escape into vacuum the component of the electrons’ikieeergy perpendicular to the
surface must therefore be larger th&ip — Ej; otherwise the electron is reflected back into

the material, ,
h_z;u > By — F,. (2.21)

2m

This implies that a minimum value of the normal compodéﬁ] of the electron wave vector
in the final state is needed for transmissiﬁ?yﬂmin = @(E\/ — Ey)Y2. Eq.(2.21) only
refers to the perpendicular component of the electron meumenDue to the two-dimensional

translation invariance of the surface the parallel mommngticonserved at the transition:
kpy(int) = kpy(ext) = pjj/h. (2.22)

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

z

Efll (int) = Rf"(ext) = [_5"/ h

- f<--=-2p/h
vacuum ke, (ext) @/:

solid

Figure 2.3: Relation between wave vector and momentum components of the
electron at the transition between solid and vacuum. While the parallel compo-
nentEf” is conserved during the transition, the perpendicular compdﬁgnts
changed. The situation reflects Snell’'s diffraction law for the case ofretetra-
jectories (according to Ref. [15]).

With the help of Fig. 2.3 one can therefore derive a diff@ctiaw for electron trajectories in
strong analogy to Snell’s diffraction law in optics. Usitnggtconservation law for the parallel
component of the momentufi (int) = 7 (ext)) one finds:

|]7H(int)| = ‘Ef||(int)h‘ = ‘sin@’gf(int)h{ :sin9’(2mEkm(int)>§

Jun

2

= sind’ (2m(Ef — Eo))E = |pj(ext)| = | sind p| = sinH(ZmEkm(ext)> ,
(2.23)

where#’ and@ are the diffraction angles inside and outside the materitdd vespect to the
surface normal. Eq. (2.23) shows tldat always larger thafi and ranges from° to 90°. At
the limiting angle of) = 90° the electrons would be emitted parallel to the sample seyfac
larger angles they are totally reflected into the materigdpaently,f) = 90° also marks the
limit for the angle distribution inside the material. Fon ¢ = 1 the maximum angle inside
the solid is given by

) Eyin(ext) Ein hy — ®
g [PanleXt) — ./ 2.24
S Vinax Fr (it E, — E, h —® + eV’ (2.:24)
f

whereEy — Ey = €V} is the crystal potential anfly — £y = hv — ® assumingb = 0.
Reachingd, .. is equivalent to receiving the minimum value bf, given by (2.21). The

max
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2.1 The Theory of Photoemission

angles! .. < ¢ <0 . span the so-calleithiner escape conehich is especially important in
the regime of threshold photoemission: For a photon energy e- 4.65 eV and an assumed
work-function value of® = 4.5 eV the maximum kinetic energy of the electrons in vacuum
reaches;, = 0.15eV. With a typical inner potential of\, = 15eV, 6. .. yields5.7°. This
example points out that for excitations in the vicinity oétthreshold the escape cone effect
limits possible transitions close to the normal emissiaedation. The opening of the cone
with increasingF,, however, admits small values &bf.

Considering the upper energy and momentum conditions (22d)2.22) respectively, the
transmission of electrons from the solid to vacuum is finafigoded in a transmission factor:
In the three-step model the wave function of the final stateescribed by a Bloch wave,

consisting of a superposition of plane waves with the reciatlattice vectors,

Us(k) = uy(k, G)e' O, (2.25)
G

The escape of a photoelectron is given by a coupling of a pleawe component to a free
propagating wave in vacuum. Components of eneEgyZ) with the same value OVZQ + é”)
escape in the same direction from the material and must &ett@as a coherent superposition.
The total transmission fact¢T(Ef, Ef||)]2 for such a superposition can be expressed by the
sum of the transmission factor for each plane wave resuling

T (Es, E)|” = 0By K| ‘ > u(Gk)
(k+G) 1 >0

The sum is only performed over components traveling towéndssurface. For a detailed
expression oft(E, ky)) |2 we refer to Ref. [15]. Note that in the case of significant smibit
interaction the transmission step gives rise to an eledpimpolarization and to 'dichroism-
like’ intensity effects if the electrons inside the solickapin-polarized. In the case of total
yield measurements which are exclusively performed fas 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 exprefsighe photocurrent. To sim-
plify matter we neglect electron-electron interaction lie first step as well as the damped
mean free path of the excited electrons. The summation iedasut only over occupied ini-
tial states. For the second step the transport coeffidighitk) and for the third step the total
transmission facto{T'(Ey, EfH)\Q additionally have to be taken into account. Furthermore,
we have to care about the conservation of the parallel coemarf the electron momentum
as well as for energy conservation during transition froea gblid into vacuum. Following
Ref. [15] this finally yields

I(E,Em,hw) X Z‘M}i(givgf)Pd(Ef’Ef) |T(Ef’]gf”)‘2

2

(2.26)

Iy
x  8(Eg(ks) — Bi(k;) — hw) 6 (E — Ey(kg) + @)
x 6(ki+G —ky) 5(/2f” —~ W) (2.27)
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2 Theoretical foundations

The second-function thereby describes the energy condition for thagition from material
into vacuum, meaning that only photoelectrons with kinetiergies oft/; — Ey; outside the
material can be detected. The last one regards the conseredtthe parallel component
of the electron momentum. The indication of the electromsssion directiond, ¢) should
reveal the nature of the experiment as an angle-resolveditpee.

Although the three-step model delivers a comprehensiverigi¢i®n of photoemission and
often serves as a useful approximation for the analysis otgamission spectra, it is not
completely correct. Particularly the effect of the surfacethe photoemission process is not
sufficiently taken into account: In the three-step modeffitha state is always assumed to be
Bloch-like. However, final states which are located closéhtdurface cannot be described
by propagating Bloch waves and are thus ruled out. Furtherntloe surface generally reveals
an electronic structure which is different from that of thekidue to reduced coordinations)
and therefore has a different effect on the photocurrents iBhalso not taken into account.
Another problem arises with respect to Eq. (2. 83 A = 0 is valid for the bulk but does
not hold for the surface. At the surfage- A is expected to change and cannot be neglected
as recent experiments have shown[19, 20, 21, 22]. Also tBerigi¢ion of the escape of
photoelectrons into vacuum by a simple transmission factight be too naive. From an
experimental point of view, it is often argued that the thséep model cannot explain the
appearance of the Fermi edge in UPS-investigations for ofdbe metals. In these systems
the Fermi edge is observed, although direct interbanditrans between two Bloch states are
not possible in the band-structure scheme around the Fewi. | In order to handle these
problems and to give a more correct description, i.e. by @ngpaking into account the
influence of the sample surface, the one-step model has lesetoged.

2.1.3 The one-step model

The one-step model strongly alludes to the theory of lowggnelectron diffraction (LEED).

In LEED a monochromatic beam of low-energy electroAs=£ 50 — 150 eV, velocity —v)
impinges a surface and splits into a beam penetrating therraband another beam which is
specularly reflected with velocity. If we neglect the reflected beam and invert the directions
of the two remaining beams, we arrive at the situation of a@gdrission experiment keeping
in mind that a photon is needed for initialization of the @es. Due to the apparent closeness
to the LEED theory this concept is called/erse LEED theory of photoemissioim analogy

to the three-step model one can derive an expression fohib®gurrent

[(Bhw, 0f|0]) o7 Y [(OH(F, B, k)| Ao | Wi(7, K))|* 6(Ef — Ei — Tw).  (2.28)

occupied,i

Wherev/] ] is the unit-vector along the direction of the electron beah/a= zé, + yeéy +
. We have again neglected electron-electron interactiortla® sum is explicitly carried

4Here, we have useH;,, = A -p=Apé-px Ag U-p. Inthe first step we have used the dipole approximation;
¢ is the unit-vector along the direction of the electric fieldigoints in the same direction &s
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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 waveg@anescent
state in a band gap; (c) evanescent state in a band. All final states toapiee
electron wave in vacuum. Initial states (right side) (d) bulk Bloch statesugace
state in a gap.

out over occupied initial states. The final stdte is a time-reversed LEED-state. It always
contains a wave which freely propagates outside the magerththerefore provides the cou-
pling to vacuum. This already indicates that the third steql(also the second) arising in the
three-step model do not have to be added artificially, buiingle information is incorporated
in ¥ making the process a real one step mechanism. The rightfsiig.@.2 shows a sketch
of the one-step process. Generally, one distinguishes thifferent forms ofU'™ which are
depicted on the left side of Fig. 2.4. For the initial stateréhare two possibilities shown on
the right side of Fig. 2.4.

As final state a Bloch wave with only small damping can occurhia $olid (a). Also an
evanescent state in a band gap (b) or in a band (c) of the mladee possible. Evanescent
states are exponentially damped final states which can appeands as well as in band gaps.
The large damping is equivalent to an enlarged imaginatygbéne wave vector and is mainly
attributed to inelastic scattering processes. Evanestat@s have their maximum amplitude
right at the surface and drop exponentially towards the a8k With respect to band states
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2 Theoretical foundations

the term ’evanescent state’ can synonymously be used fdranddy damped Bloch state’.
Since the propagating as well as the highly damped finalsstagetreated on an equal footing
Ul consists of a sum of both,

Ul o exp (z’l;f” . ﬁ) Ztm exp (zklmz) U (T, lgf”, E), (2.29)

wherep = zé, + yé, is a vector in thez — y)-surface plane and,, is the transmission
coefficient. The waves are described by two-dimensional IBlooctions. In analogy to
Eq. (2.9) we decompose

kim =k, +iki,,. (2.30)

In the case of:?, = 0 the final state is a propagating wave. Damping is switchedydintie
values ofk?, . The magnitude of these values separates Bloch waves with damaping
from evanescent waves with enlarged damping. For thelisiiée a Bloch wave as well as a
surface state in a band gap is possible, and one can write

U, = exp (il_ﬁ;n . ﬁ) Z C, exp (zkmz) U (7 Ez'u? E;), (2.312)

with &y, = kY +i k2.

Note that by setting:?, = 0 and by considering only small values &f, one refers to a
propagating initial and a weakly damped final Bloch functidmak reflects the situation in
the three-step model. Furthermore, one can separate thi& glatment)\/;; into a bulk and a
surface part. Ignoring the surface term leads to an exe$si the photocurrent representing
the result of the three-step model. This means that the-8tegemodel can be recovered from
the one-step formalism. For details see Ref. [23, 24].

Finally, we want to comment on the usefulness of both modmigHe photoemission ex-
periments presented in this work. We have mentioned thaomieestep formalism delivers
a correct description of the photoemission process by @fpltaking into account the sur-
face of the material. Thereby, emission into evanescetgsstaten taking place due to the
lack of a real final or intermediate state, is fully describ&dr reasons we will discuss be-
low our measurements can only be interpreted by directbated transitions between initial
Bloch states and final weakly damped Bloch states. Excitatmesanescent final states are
excluded. Moreover, the use of photon energies in the rahgleecsample work function
(threshold photoemission) reveals an enhanced mean fte@pthe excited electrons. This
means that in contrast to conventional valence band phagsan, where photon energies
ranging from~ 20-40 eV trigger very surface sensitive excitations (c. PS), the electrons
in our experiment can be excited from the bulk of the matenmal excitations to evanescent
states which are located close to the surface will only playiror role. For these reasons
it is more convenient to think of the present photoemissigmeements in the light of the
three-step model.
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2.2 Magnetic circular dichroism in valence band photoeioiss

2.2 Magnetic circular dichroism in valence band photoemission

Having illustrated the basic theoretical concepts of veddmand photoemission the following
paragraph introduces the physical phenomenamadnetic circular dichroisnfMCD) in va-
lence band photoemission, to which this work is primarilyated. As already suggested by
the term itself MCD reveals a difference for the absorptiotefttcircularly (") and right-
circularly (c) polarized light in magnetic materials. This means that tu¢he different
nature of the two circular polarizations the absorptiortfand o~ - radiation differs from
each other in a material magnetized along a certain direcfidis difference is sometimes
expressed 'macroscopically’ using the frequency-depetralgsorption coefficients of the ma-
terial for the two circular polarizations [25],

Ap(w) = pf(w) = p (w). (2.32)

The 'microscopic’ reason for MCD is traced back to an inteyfgdatween the spin-orbit cou-
pling (SOC), which leads to a lifting of degeneracies in thecgbnic states and the ex-
change interaction in ferromagnetic materials, which ltssa a spin-polarization of elec-
tronic states[26]. Thereby, only the simultaneous appearaf both effects allows for the
detection of MCD. This will be discussed in detail in Ch. 2.2Shce the electronic structure
is strongly influenced by SOC and exchange-splitting etexstrexcited by a photoemission
process also carry information about SOC- and exchangehsplinduced effects. Especially
photoelectrons of a magnetized material excited by leftt @ght-circularly polarized light
should yield complete information on MCD. In analogy to EqQ3@ one can therefore mea-
sure an intensity differencE” — I° of the photoelectrons for the two circular polarizations
at fixed magnetization. Normalizing leads to the so-caNMs@iD asymmetrywhich is often
used for the interpretation of MCD measurements,

B ]'O'+ _ 1'0'7

INGEY
A detailed derivation of the MCD asymmetry for the case of aljlsurface will be given in
Ch.2.2.2. The circumstance that MCD originates from a simelbas appearance of spin-
orbit coupling and exchange-splitting can only be expldibg knowing which initial and
final states in a band-structure scheme might participatesiphotoemission process. Which
transitions finally take place depends on the symmetry oetbetronic states and the dipole
operator [27]. Both decide about the existence of the transihatrix elements vialipole
selection rule$28, 29] to which we will refer in Ch. 2.2.1.

(2.33)

Moreover the geometry of the photoemission experiment gsedit importance, since it deter-
mines the symmetry characters of electronic states inddlvéhe photoexcitation and there-
fore implicitly decides about the occurrence of MCD and thenmation contained in the
measured spectra. Experimental geometries are classyfidtelarrangement of the photon
wave vectotk, the photon helicity\,,, the magnetization directiall and the direction of elec-
tron emission. In this context, MCD only exists, if the two gegiries defined byk% A, ]\Zf)
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=l
3l

Figure 2.5: Totally symmetric experimental setup using circularly polarized light
(according to Ref.[26]). The magnetizatid, the helicity A, 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 normial

and QZ, A,, — M) at the same direction of electron emission are inequitatith respect to the
point group of the materidl This means that no symmetry operation of the point group can
transfer one geometry into the other which is especially tan totally symmetric setups [26].
Furthermore, only for totally symmetric arrangements aimaxn number of different rela-
tivistic symmetry characters is attributed to the eledtrdrands. With the help of relativistic
dipole selection rules this enables a direct relation betwadectronic excitations in the band
structure and the observed dichroism. Single featuressinlithroic spectra can therefore be
directly attributed to the > symmetry character of the reistic band structure [6]. In setups
of extreme symmetr)k: A, and M are aligned parallel (antiparallel) to each other and per-
pendicular to the sample plane. The magnetization easypaxigs out of the sample plane.
Also electron emission takes place in the direction of thfase normal. Fig. 2.5 shows an
experimental setup of 'total’ symmetry using circularlyigrazed light. A consequence of the
totally symmetric setup is the fact that the dichroism aiediby changing the light helicity at
fixed magnetization is equivalent to the one obtained by gimgthe magnetization direction
and keeping instead the light helicity fixed; both casewdethe same result. Simultaneously
switchingﬂg and M would therefore yield zero dichroism. The reason for thicalbedex-
change dichroisnis due to the axial nature of both vectdrsandA, . For experimental setups
with lower geometry this equivalence is no longer fulfill@é].

Finally, we want to point out that MCD is often numbered amdmg magneto-optical phe-
nomena [25, 9] as those also result from an interplay betvgpamorbit coupling and ex-

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

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-calteglducible representationsf the crystal’s
symmetry group: The symmetry group is the point gr@upf the material which is described
by a set of irreducible single-group representations whbitltheir part also classify the elec-
tronic states. This classification is important becausend@bées a distinction of electronic
bands along the high symmetry directions. The single-greppesentations only refer to the
spatial symmetries in a system and can only be used in thealativistic limit. They are
shown in the left column of Table 2.1 for the [111] directioihaocubic crystal (since in this
work the [111] direction is mostly investigated we referotd this high symmetry direction).

[111]

AlAL

A2 A2

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

The superscript indicates the spatial symmetry. Also nodé&/? is specially marked to in-

dicate its twofold degeneracy in the energy eigenvaluesigl&igroup representations are
thus used to distinguish electronic states in the bandtstieiof non-magnetic materials in
the non-relativistic limit, i. e. relativistic effects kkspin-orbit coupling are neglected. In a
non-magnetic material (with spatial inversion symmetty3i@mtes are doubly-degenerate with
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2 Theoretical foundations

respect to the spin. This is callé&tamers degeneracmeaningE(lZ, 1) = E(E, 1)[26]. In
contrast, for ferromagnets the exchange splitting leads ne@t magnetization in the mate-
rial. Since the system is no longer invariant under timensalghe total symmetry is lowered
which is directly reflected by a lifting of the Kramers degerwy, £(k, 1) # E(k,|). Each
band is then still classified by the non-relativistic singleup representation of Table 2.1 (left
column), but it is now also classified according to its spiarelster. Consequently a band with
A'-symmetry in the non-magnetic case is split into two indelee bands described asd*
andA'" in ferromagnets, and an excitation channel exists for epithcharacter [26]. Often
the representations are also indicated\dy- and A*—. The plus/minus signs thereby mark
the respective behavior under time reversal.

Additional inclusion of spin-orbit coupling requires aa#Vistic treatment of the electronic
system resulting in a description by relativistic irrechleidouble-group representations which
are shown in the middle column of Table2.1. Thereby the dogpbup is created by the
product of the single group with the rotational group in sppace DG = G ® SU, [26].

In Table 2.1 the double-group symmetry is indicated as acsigts We notice that under the
influence of spin-orbit coupling the doubly-degenerat@lsigroup representatiah® splits
into A2’5 and A2; its degeneracy is lifted. SOC therefore also reduces thersstry of the
system. A, 5 marks the two single-valued representatidnsand A5, degenerated by time
reversal-symmetry, whilds is again two-dimensional [26]. Note that after taking inte a
count spin-orbit coupling the spatial symmetry as well &dpin are no longer good quantum
numbers. In a relativistic treatment a band does thereforéonger carry one spin char-
acter and one spatial symmetry. In contrast, it might coredi® combination of different
single group representations and both spin characterst iFléso the reason why in many
fully-relativistic band-structure calculations (c.f. @h3) the bands are merely indicated by
numbers beginning with the bottommost valence band. Despé occurrence of different
spatial symmetry characters for one band the spatial syrgroéthe non-relativistic case is
retained as a superscript, since even in a relativisti¢rireat it mostly remains predominant
within the associated band.

Another peculiarity of the relativistic treatment arisegien bands of the same double-group
symmetry (but different single-group symmetry) cross eaitier. Since these crossings are
forbidden, so calledhybridization gapsare formed at the corresponding points of the band
structure. As a consequence, in these regions the spatiaheiry of the bands gets con-
tinuously changed. Recent studies have been devoted towéstigation of such avoided
crossings (e. g. [30]); for the present work they are of mingrortance.

Beside the relativistic double-group representations tiarjzation of the incident photon
beam (i.e. the orientation of the vector fle«ﬂd is important since the orientation of also
determines which initial states are excited [27]. In tuh® &xcitation of particular transitions
demands the use of the corresponding polarization orientaor the application of relativis-
tic dipole selection rules the use of circularly polarizeght in a totally symmetric setup is
required [26]. The right column of Table 2.1 finally gives tiedativistic dipole selection rules
for the mentioned conditions. We notice that all photoetets are excited td.!- final states,
because the final state in the case of normal electron emigkiog a high-symmetry direction
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2.2 Magnetic circular dichroism in valence band photoeioiss

is required to be totally symmetric with respect to all synmypeperations along the surface
normal. This is only fulfilled for final states with!-spatial symmetry character [15, 31].
Finally, Borstel et al. [29, 32] showed that the use of relatig selection rules is necessary
even for bands which are not split by spin-orbit couplingesi SOC affects the whole system.
In an exact treatment the application of non-relativisetestion rules therefore fails even
if SOC is small. Note that the relativistic dipole selectimes of Table 2.1 in fact decide,
whether a transition from an initial state into a final statees place. The quantitative contri-
bution of a transition to the photoemission spectrum is,dw@x, determined by the magnitude
of the momentum matrix eleme(f |p| i) to which we refer below. Finally, also note that all
considerations presented above are based on the assuropiirersion symmetry which
holds for the bulk. For the surface inversion symmetry iskbrowhich 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 aftelric states and the relativistic
dipole selection rules the dipole transition matrix eletean valence band photoemission
can now be evaluated. From these, expressions for the gpraged intensity and the MCD
asymmetry can be derived which hold for all crystal surfacea totally symmetric setup.
Due to the complexity of the matter we can give here only aengkcription. More detailed
derivations can be found in[33], to which we mainly refer ve tfollowing. The results,
however, will show how MCD is explicitly calculated via digotransition matrix elements
and how it is associated with the contributions of both- gpipit coupling and exchange
interaction- in the intensity spectra and the derived asginyn

Assuming a Pauli-like Hamiltonigwhich retains spin-orbit coupling leads to a Golden Rule
(-like) expression for the spin density matrix of the phatwent [34]. Its elements are given

by:
pest(Ep) = (fs

i,s"

E -7 ig)(ig

E-7|fs)o(E — hw — Ej_,). (2.34)

The initial and final state§;) and|f,) are two-component eigenfunctions of the Pauli-like
Hamiltonian, withs = +. While the final state$f, ) and|f_) both have the energi, the
energy of the initial state must be equalfp — %w in order to contribute to the spectrum
(which is implemented by th&function). E - 7 is the dipole operator, whereby we assume
the electric fieldE to be spatially constant due to dipole approximafiomn this sense the

5The Dirac equation describes the motion of an electron inestremagnetic field, thereby adequately treat-
ing the spin of the electron. In the non-relativistic limiitet Dirac equation can be approximated by the
more tractable formalism of the Pauli equation. Thereiry dwlo-component spinors (instead of the four-
component spinors in the Dirac equation) are the eigenfumebf the Pauli Hamiltonian.

"Note thatE - 7 can be written instead of - 7, sinceEl = iwA for monochromatic electromagnetic waves in
vacuum.
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spin-density matrix of the photocurrent is constructedftbe known dipole transition matrix
elements

W (Ep) = (fo|E-Tlig), 5,8 ==, (2.35)
where the initial and final states take the form
T) =) ap|R)g), s==+ (2.36)

The functions|g;) are basis functions consisting of an angular term and a Bpiror, and
|R?) are normalized radial functions[33]. If the final states tmee-reversed LEED states
(one-step formalism), the coefficient$ are complex. For the dipole operator one can further
write

— 4 ) 1 . _ )
E-7 = \/Eﬂr [EH ( — sindY; + cos ﬁﬁ(exp(up)iﬂ T— eXp(—W)Y11)>

i v .
+ ELE (exp(up)Y1 T4 exp(—zgo)Yf)] , (2.37)
whereY,” are spherical harmonics agdand+) are the polar and azimuthal angles describing
the direction of light incidence [33]. Note that for lefght-circularly polarized light one has
(E),B1) = B(&i,1)/v/2. With Eq.(2.36) and (2.37) the dipole matrix elemeHts, can
finally be evaluated. Expressing the spin-density matrixiie photocurrent in terms of the
W yields

W P+ W2 W W+ W, W ) (2.38)

E p—
P(Ey) (W;+W_++W;_W_ W2+ W

From this expression one now obtains the photoelectronsitie/ (o, ©) measured in a non-
spin-resolved photoemission experiment by

I(p,9) =Tr(p). (2.39)
The (non-normalized) MCD asymmetry then follows to
A=1I(p, 0, M) = I(p,0,—M) (2.40)

using circularly polarized light. EqQ.(2.39) and (2.40) #ne major results of this section.
They demonstrate how the intensity and the MCD asymmetry @lenece band photoemis-
sion experiment are related to dipole transition matrixneets which are on their part directly
dependent on the double-group representations of eléecstates and the dipole operator.
How the intensity and the asymmetry actually depend on #gsition matrix elements can
best be shown by evaluating the general equations (2.39§2a4d) for a particular crystal
direction. Here we show the results for the (111)-surfacthéncase of circular polarization
and a totally symmetric setup. Furthermore, we neglect 3Ok final states. For reasons of
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2.2 Magnetic circular dichroism in valence band photoeioiss

clarity hybridization due to forbidden degeneracies i® alst taken into account. A mixing
of spatial symmetries and spin characters within one batieeiefore avoided, and bands can
explicitly be separated by the exchange splitting. In tHiefang we thus use the nomencla-
ture of the nonmagnetic double-group representation witinkiers-degeneracy lifted.
According to the relativistic dipole selection rules trigioss take place betweefy ;- and
A initial and A} final states (c. f. Table 2.1, right column). The correspogdiartial matrix
elements are denoted &&*'. As an example)/;" indicates the transition from3 ; — initial
states to final states with;+ symmetry.

For initial states withA2-symmetry we obtain

I(o")y=2|Mg | . I(o7)=2|M; | (2.41)

Apparently, for fixed light helicity onlyA2+ or A3— initial states can be excited which leads
to an enhanced dichroic signal [6].
For theAj ; initial states one has

Io") = | M|+ Mz |2, Io) = [ M5 [P+ | M) (2.42)

Here, initial states with\};+ and A} ,—-symmetry are excited for both helicities. The
dichroic contributions from these bands are thus expeadsetmuch smaller than for the
A} initial states. For the MCD asymmetry it follows

A= I(t) - I(1)) (2.43)
with
) = 2|Mg~ [+ M| + | Mg [
(1) = 2|MgH)" + | My |+ M| (2.44)

for parallel and antiparallel alignment of the helicity-caithe magnetization vector [6].

Eq. (2.43) and (2.44) give the MCD asymmetry for photoemis$éiom a (111) surface in a
totally symmetric setup. They furthermore show that thgiarof magnetic circular dichroism
is attributed to the two physical phenomena of spin-orbitptimg and exchange interaction:
In the non-magnetic case (no exchange-splitting) we cagisthguish between majority and
minority spin states. This meadd;"~ = M, " andM,;"" = M, ~ which leads to a vanishing
asymmetry in (2.43). On the other hand the partial matrirnelets)/, 5 and Mg in Eq. (2.44)
only arise from the simultaneous presence of both symmepigst\} ; and A in the initial
states [33] which is explicitly caused by spin-orbit congli For these reasoh®th phenom-
ena are essential for the occurrence of magnetic circutdnradism in valence band photoe-
mission. With respect to the magnitude of single contrimgiwe have already stated that the
dichroic signal arising from thais-symmetry bands is much smaller than the one attributed
to the A} states. The main reason for this behavior is due to the smettiamge splitting in
the final states: Changing the helicity at fixed magnetizatid@.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 arr@@eter) In-
tensity spectra for parallel (full curve) and antiparallel (dotted cualighment 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. Theedéhce in the final states is, however,
marked by a vanishingly small exchange-splitting. If we ptetely neglect this splitting, the
dichroic contribution from the\} ; states vanishes; otherwise it only contributes little. The
comparably small exchange splitting in the final statesse a¢sponsible for the fact that the
main features in an intensity spectrum are brought by thectieh of different initial states
for the two light helicities. Fig. 2.6 depicts the contriimgt bands and the resulting dichroic
signal in an energy-resolved diagram. On the bottom sidedh&ibuting initial states\}+,
A3—, A?175+ andA$ ;— which are separated by spin-orbit coupling and exchantittisp (see
arrows) are depicted by vertical lines. The center showansity curves for parallel (full
line) and antiparallel (dotted line) orientation of the phohelicity with respect to the mag-
netization direction. Note that only for reasons of illasion the intensity peaks appear with
approximately equal height. However, since each tramstentributes heavily dependent on
the magnitude of its transition matrix element this doesraptoduce the real experimental
situation. The top panel finally reflects the non-normalix@dD asymmetry deduced from
the two intensity spectra of the center panel. The asymnpetaks are located at the energetic
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2.3 Computational aspects

positions of theA? initial states. This reflects the fact that the main dichrois delivered by
transitions involving these initial states. The analyiteogressions presented above have been
tested in an extensive study on the threefold-symmetryasarbf fcc Co/Cu(111) with per-
pendicular magnetization [6]. Comparable work has also beee for the fourfold-symmetry
surface of fcc Ni/Cu(001)[7]. In both cases the experimehtsved that the description of
MCD in the framework of the presented formalism is a valid apgh.

2.3 Computational aspects

The last section has given a microscopic insight into thesjglay mechanisms involved in
magnetic circular dichroism in valence band photoemissidrereby it became clear that the
magnetic asymmetry is, of course, not only an experimentahtity determined by measur-
ing intensity spectra for light of different circular poization at fixed magnetization direc-
tion. Rather, by knowing the band structure of a material dbagethe dipole selection rules
the dichroic intensities can explicitly be calculated. STenables a theoretical prediction of
magnetic asymmetries and a direct relation to experimeesallts. Since the comparison of
theoretical calculations and MCD measurements is a majoeis&this work, the following
section points out how the asymmetries are explicitly datewl in our case.

2.3.1 Band-structure calculations

All MCD calculations are established on the basis of bandcgire simulations for which
many approaches have been developed during the last dedatesakthrough was marked
by the development afensity-functional theor¢DFT) with which an accurate band-structure
calculation became possible for many cases. The methalfurther elaborated form of local
spin-density approximation (LSDA) is also used in this wimkthe simulation of a Co(111)
band structure. In the following we only present the maimglef DFT. For detailed informa-
tion we refer to [35, 36].

Density functional theory determines the quantum mecladugiound staté of a N-electron
system using the electron density of the system. The aplprizsabased on the idea that
a ground state of a many-electron system is uniquely detexinby a distinct, spatially-
dependent electron densityr"). Furthermore, it can be shown that for an arbitrary electron
densityn* (') the ground state energy Is; < E[n*(7)], while for n*(7") = n(r") the energy
of the ground state is obtained. This means that the eled&nsity of the ground state min-
imizes the energy functional of the system. These theoremsalled theHohenberg-Kohn
theoremsand represent the starting point for all following consatems. In fact, the deter-
mination ofn(7") can deliver all other properties of the ground state. Toinlitse electron
density the Schrodinger equation for the N-electron systesto be solved. This proce-
dure likewise reveals the major advantage of DFT upon otteortes: Instead of solving

8Note that in DFT the nuclei are assumed to be fixed; only thetreles are treated quantum mechanically. This
approach is called Born-Oppenheimer approximation.
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the Schrédinger equation fa¥ electrons simultaneously, one can generstendependent
one-electron solutiong;. The corresponding one-electron Schrédinger equatiansalted
Kohn-Sham equatiorend are given by
-
(- SV () - &) 6i(7) =0, (2.45)
where ¢; are the one-electron wave-functions. They are directlyneoted to the electron
density via the relation

N
= |2
n(i) =Y || (2.46)
=1
The termu.g in (2.45) is the effective potential that also depends oretbetron density:
Vegg = V(7)) + / %d?’fr' + vy (7). (2.47)

Here,v(7") denotes the attractive potential generated by the nucleievthe second term
describes the electrostatic interaction among the elestrdhe last term,. is the so-called
exchange correlation potential which accounts for theemrireatment of the many-electron
system and plays a decisive role in the determination of thargl state. We notice that the
effective potential depends on the one-electron wave ifome{via (2.46)) and therefore turns
(2.45) into an implicit equation. Solutions can thus onlygemerated by an iterative proce-
dure, finally yielding a self-consistent result. Additidigawe have to consider the exchange
correlation potential which also depends on the electratsithieand which can be explicitly
calculated only for a few trivial cases. Therefore, an apipnation forv,. has to be imple-
mented.

Depending on the particular characteristics of these aqpadions one classifies different
methods. The most widely-used procedurdoisal density approximatioflLDA), which is
also applied in our simulations. LDA assumes thati”) is a function of the electron density
n(r") only at the position of (i. e only at the position, where it is evaluated). It can bplieol

in many cases and especially delivers good results, if tbetrein density is approximately
the same anywhere. This is, for example, true for the commluetiectrons in a metal. For
this work the LDA-approach is enlarged to local spin denapiproximation (LSDA), where
separate calculations are carried out for the two diffespit directions.

Furthermore, one distinguishes between the set of basi$idms used to evaluate the Kohn-
Sham equations. While atomic wave functions (muffin-tin tads) are used to describe elec-
trons in the vicinity of the nucleus, plane waves deliver adydescription of valence and
conduction electrons. A combination of both (e. g. augnesperical waves) provides a de-
scription of the regions very close as well as far away froenrthicleus. Augmented spherical
waves are also used in our calculations.

Note that despite the multiple good agreement between RIEHated band structures and
experimental band mappings, DFT can only deliver energyesgafor a fictive non-interacting
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sytem. Thus, the derived electronic structure is not diyeelated to the quasiparticle elec-
tronic structure of a real system.

Finally, note that for our calculations fully-relativistiensity functional theory has been used,
meaning that spin-orbit coupling and relativistic dipotdegtion rules have explicitly been
taken into account. The calculated Co(111) band structueréhveals hybridization gaps due
to avoided crossings, where the spatial symmetry as wetleasgin character changes contin-
ually within the corresponding bands. To simplify the nowilature the bands are therefore
indicated only by numbers beginning with the bottommostreé band, as mentioned above.

2.3.2 Calculation of the MCD asymmetry

MCD asymmetries are calculated via different approachesh®wone hand, dichroic signals
can be simulated by evaluating the spin density matrix feqpihotocurrent (2.34) on the basis
of a three-step or a one-step formalism. On the other hanccameise an approach which
especially refers to the magneto-optical nature of magreattular dichroism. This point of
view was briefly mentioned in Ch. 2.2 and will be discussed taitlbelow.

In Eqg. (2.32) it was stated that MCD is often described by adzffice in the absorption co-
efficients for left- and right-circularly polarized lighT.his connection will be verified in the
following. Furthermore, we show that the MCD asymmetry iedily related to the so-called
conductivity tensos. We start with Eq. (2.33) for the normalized MCD asymmetry,

17— 1

= = (2.48)

To estimate the intensity of the created photoelectﬂdﬁsfor the two polarizations, we as-
sume that it is proportional to the intensity of light absahn the medium, i. e.

+

177 o 1%, = Ip(1 — exp(—ptd)), (2.49)

where we have used Beer’s ldw= I, - exp(—ud) for the description of light absorption [37].
Therein, I, is the incoming photon intensity anticorresponds to the penetration depth of
light or the escape depth of the electrops; is the absorption coefficient for the two light
helicities. Inserting of (2.49) into (2.48) leads to

A - (1-— 6_“+d) —(1—e 9 B PR e
(- d) (1 —erd) 2 entd _e-nd
l—pd—14ptd =

Q

= : 2.50
2 (- d—(—pd)  pwrrp (2.50)
where we have used a Taylor expansion of the exponentiatitmdEg. (2.50) demonstrates
that the MCD asymmetry is in fact directly related to the d#fece in the absorption coef-
ficients. Note that in this approximation tdedependence vanishes, while this is avoided in
real simulations, where a small dependencd etill exists.
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Furthermore, the absorption coefficient for light is givenF = —2wlm[n*]/c. Heren*
describes the refractive index for left-and right-cirelyigolarized light which according to
the Fresnel theory is given Ky*)? = ¢,, + ie,, (if the magnetization is parallel to a local
z-axis); e, ande,, are components of the dielectric tens8r Using the expression for the
asymmetry follows to

 Im[p"] —Im[n"]  Im[n* —n~]
A~ Imnt] 4+ Im[n=]  Im[nt +n-] (2.51)

With n* = /e, + 1€py N \/€zz T 15

for ey Deing small, we can write

Im[n* —n~] ~ Im [Zeﬂ} and Im[n* +n7] ~Im|[2\/6,], (2.52)

61727

which results in
Im[ “;”w]
Im [Qw/em} '

Considering that is directly related tar by ¢;; = 6;; + %aij [38] the last equation can be
re-written in the form

(2.53)

A Im[ﬁ} (2.54)

2w Im[ 1+ ‘“—’Tam}

which cannot be further simplified, since the square roohotibe easily expanded for metals
in the optical range [37]. Nevertheless, one realizes thaffect is approximately propor-
tional too,,. The magnetic asymmetry can obviously be evaluated onagadnaslculated the
optical conductivity. Furthermore,can be derived fromr which enables the determination of
p* subsequently and of the electron intensitigs In the following we will shortly describe
how the optical conductivity can be calculated.

Computation of the optical conductivity tensor o

The conductivity tensor for magnetic materials depend$erctystal symmetry and the mag-
netization direction with respect to the crystal axis. Hiwr the magnetization leads to the
appearance of the off-diagonal elemenj which is the decisive quantity for the occurrence

9The dielectric tensor relates the electric displaceni@ntith the electric fieldE via D = ¢ - E. A similar
materlal equation is fulfilled for the conductivity whichlates the current densityto the electric field by
j = o - E. Note that these equations are only valid for a homogenea@uierial [38] which is assumed for
the present calculations. This is also the reason wagdo are considered to depend only on the photon
frequency.
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of MCD. For a cubic system with magnetization oriented aldmggurface normal the con-
ductivity tensor is given by [25]

Opz  Ozy O
ow)=| =0 0w 0 . (2.55)
0 0 o0,

This structure is valid for sample systems which exhibit aleast three-fold rotational axis
coinciding with the magnetization direction. The most gahaccess for the calculation of
Eq. (2.55) is given by Kubo's linear-response formalismvéeing a complete derivation of all
tensor elements [39, 40], which is also used in this work. iihé&s approach the conductivity
is evaluated as the response function of the current detusttye electric field (Ohm’s law).
For reasons of clarity we present here a more facile methadhwh also widely used and
equivalent to our formalism. It is provided by firstly calatihg the absorptive parts efonly.
The dispersive elements are determined afterwards by ute &fo-calledKramers-Kronig
relations(see below). In this framework calculations by Bennett aredr#1] delivered the
following results for the absorptive parts of the conduttitensor [25]:

2

@) =g 3 [l e e @56)
ey
me? r s
aiy(w) = m Z _’H;_j/ 2 — ’Hj]/ 2_ (5(&) —u}]]/) (257)

j’l;: occupied
jlg unoccupied

The superscript indicates the real part, white denotes the imaginary part of the particular
tensor element. The major quantities in the upper equaticmthe matrix elements

H;\]/ = <\I]jE‘pA‘\Ilj'l€> (2.58)

with p;y = p, + ip, andp_ = p, — ip, which can be thought to come from - 7 terms®.
The wave function$\If k} are Bloch states described by the wave vektand a band index,
andE ; are the correspondlng energy eigenvalues, determiningltberption of a photon of
energth by

Er—Eix

h

The upper expression directly guarantees energy conserwaa thes-functions in (2.56) and
(2.57). Also note that with (2.59) onl’y—conservmg transﬂmnsﬁ(k = () are considered. This
means that only direct interband transitionsA ;') between initial and final Bloch states are
taken into account. It is clear that at this point our metrsstiongly based on the three-step

(2.59)

Wijr =

10Here, the non-relativistic form of the matrix elements isdiso simplify matter. In a precise treatment the
momentum operator of the Dirac formalism is, of coursejagdl.
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model whose application for our case was already pointedthdCib. 2.1. A comparison of the
theoretical results with our experimental investigation€h. 4 will also demonstrate that this
Is an adequate approach for treating MCD in the near-thrdslegion of Co(111).

We finally point out that thé:-values in (2.56) and (2.57) are summed up over all Brillouin-
zones. Due to the periodicity of the lattice this can be kaito a summation over the first
zone only. Moreover, in actual calculations the summatsoreplaced by an integration over
E-space in the first BZ. This is also done within our program cddee calculated asymmetry
Is therefore not attributed to a single band-to-band ttemmsbut is a result of an averaging
over all possible interband transitions in aidirections of the whole BZ. In order to obtain
the complete conductivity tensor we use the connectiond&atvthe absorptive and dispersive
parts by the Kramers-Kronig-relations [42, 43] which are

0(1)(w) = EP/OOdw’—W/ (W)
af T /s W2 — 2 ek ’
2 > w
D) = —2P /0 A~ o)) (2.60)

whereP is the principal value of the integral.

Note thato is often used in an extended version to account for additieffeects arising in the
process of absorption. One of the most important effectsadinite lifetime effect: If a state
is optically excited, it decays after a certain relaxatiometwhich is also called the lifetime of
the state. Its occurrence is also the reason why a transstioot infinitely sharp. The lifetime
is phenomenologically taken into account by substituting= w + id = w + i/7, where

7 is the lifetime. Each transition is thereby convoluted wathorentz function, whose half
width at half maximum is given by~!. Although the interband relaxation time depends on
the energy of the excited states, the assumption of a cdrigétime yields satisfying results.
Especially the comparison between experimental and thiear®OKE studies [44] showed
that the parameter range = 0.03 — 0.05 Ry is a good estimate for the lifetime values in
transition metal compounds. Values of this order of magi@twill also be used in this work.

Computation of the matrix elements

The optical conductivity can be calculated not until the nmaglements in Eq. (2.58) are
known. In fact they are one of the most important quantiteegiie calculation of the MCD
asymmetry due to their strong influence®y). As mentioned they are evaluated between ini-
tial and final Bloch states as done in an optical excitatiomdeonsistent with the three step
model and following the relativistic dipole selection rsifgresented in Ch. 2.2.1. Thereby, the
most delicate step displays the selection of a preferabtyptete set of basis functions for
the construction of the Bloch wavds, (7) = Y~ C}' ®,(7). A possible choice has already
been given in Ch. 2.2.2 (Eqg. (2.36)). With an insufficient basat an accurate determination
of the Bloch functions is not possible which particularlyeaffs the final state wave functions.
To avoid such problems in our calculation, the basis-sesisting of augmented spherical
waves, is increased by adding unaugmented, free electreeswplane 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 easti With respect to the cal-
culation of the optical conductivity we have shown that aigtitforward method is given by
initially evaluating the absorptive elements (for— 0) from which the dispersive terms can
be derived in a second step by applying the Kramers-Kronaioms. Finite-lifetime effects
are then regarded by convolving both terms with a Lorentztion. In the approach actually
used for this work all elements of the conductivity tens@ derived simultaneously by a di-
rect integration in the complex plane for£ 0. Thereby, the Kramers-Kronig equations are
not needed and the casedof- 0 is already included in the calculations.

Furthermore, it is worth mentioning that the program codedusr this work was originally
developed for simulations of the magneto-optical Kerraff®OKE) which also arises from
an interplay between the spin-orbit coupling and the exgbanteraction, and which is eval-
uated via the presented calculation of the optical conditiensor on the basis of a DFT-
simulated band structure. To finally apply the code to oueexpental conditions we have to
consider that the photon-in photon-out situation of MOKEs o be transfered to a setting,
where an incident photon excites a photoelectron into vaculherefore, the conditions for
the occurrence of photoemission, e. g.-h ®, 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 photoesnis was confirmed to appear in
two Heusler alloys (see Ch. 4.1) ultrathin Co films on Pt(11Mehlaeen prepared and in-
vestigated. A combination of Co and Pt does not only offer theessary preconditions for
large MCD signals; it also promises an easier interpretatfdhe results due to a manageable
band-structure scheme. All samples are prepared at rooetature in ultrahigh vacuum
chambers (base pressute3 - 10~° mbar) by electron-beam evaporation. Details of the par-
ticular preparation steps are given in the correspondiragptens (Ch.4.2-Ch.4.4). Fig.3.1
shows the substrate (W(110)) used for sample preparatioraina It is placed in a molyb-
denum sample holder which allows an effective substratmeliear of 5mm to be used for
evaporation. The picture depicts a test sample reveallm@tine tungsten surface on the left
side of the substrate followed by three stripes of diffek@atmonolayer 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 theapmnce 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 withitae p
W(110) surface on the left end of the substrate followed by ultrathin Gpestr

of different thicknesses (10 ML, 20 ML and 30 ML; ML: monolayer) wiiare
indicated by arrows.
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3 Experimental techniques

totally symmetric setup for which the sample magnetizakias to be oriented perpendicular
to the surface. This can be achieved for all samples usin§iaiently large external field. In
this context, films with an easy magnetization axis poinbagof the sample plane extremely
reduce the needed external field from values of the orderecddituration magnetization (2 T)
to the coercive field of the measured sample (<0.2 T). Thisalasbeen taken into account
for the Co samples so that in each case (except for the thislidegsendent measurements in
Ch. 4.2) the Co films reveal a perpendicular anisotropy withnaareent magnetization vec-
tor pointing out of the film plane. The maximum number of mayelrs for out-of-plane
anisotropy is marked by the so-calledin reorientation transitior{SRT). It separates thick-
ness regions for which the remanent magnetization is @tieatt of the sample plane from
those with an in-plane orientation. Since the position ef8$RT is determined by the differ-
ent contributions to the sample-specific magnetic anipgtitcsstrongly depends on the sample
composition. A variation of the SRT-position is in many capessible by annealing the pre-
pared sample as well as by using additional capping layareuit case a Co thickness close
to the SRT revealing an increased number of monolayers isechorl his is advantageous as
it provides a bulk-like band structure and thereby assureslaquate comparison with calcu-
lated band-structure schemes, which are in our case sieduiat the bulk of the material and
a magnetization oriented parallel to the surface normal.

The quality of the substrate surfaces and the epitaxial isnebecked by low energy electron
diffraction (LEED). Selected LEED images are presented irdChand 4.3 of this work. For
details concerning LEED and the used evaporation techsigpgerefer to Ref. [45].

3.2 Magneto-optical Kerr measurements

In order to determine the magnetic features of the sample,ii{easurements are carried out
in the polar and longitudinal geometry. Magneto-opticafiieeasurements in these geome-
tries detect a change in the polarization direction of iantdinearly polarized radiation after
its reflection from a magnetic sample [46]. As a magnetoeapeffect it arises from the si-
multaneous appearance of spin-orbit coupling and exchgplgéng [47, 48]. The essential
guantities, thekerr rotation ¢ and theKerr ellipticity ek, are directly related to the optical
conductivity tensor via [25]

Dy = Ok + iex = Iy (3.1)
O‘il?CC O‘$Q?

1 — 4mi
wheredyk marks thecomplex Kerr angleFor a short overview concerning this effect we refer
to Ref. [45]; extensive reviews are given in Ref.[38, 49]. Fus tvork, ex-situ as well as in-
situ experimental setups are used to detect the Kerr sigpalad/orex. A schematic drawing
of the experiments in the polar setup where the sample mizgtien is oriented out of the
sample plane is sketched in Fig. 3.2. Linearly polarizedraght (670 nm in the ex-situ setup,
636 nm in the in-situ setup) is focused onto the sample undangle of 48 with respect to
the surface normal. After passing an analyzer the reflegbdit 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 magnetid fsaturates the sample magne-
tization along the sample plane. By additionally using a &ayamodulator in combination
with lock-in technique especially small Kerr signals cande¢ected [50]. This is necessary
for the investigation of capped sample systems revealiralenKerr effects, as presented in
Ch.4.2.

As a result of the measurements the Kerr rotation angle anfehr ellipticity can be plotted
against the external magnetic field. Depending on the sitridirection of the sample mag-
netization, hard or easy axis magnetization curves aretete The absolute values for the
Kerr signals as well as the behavior of the magnetizatiomesigive important information
about the magnetic properties of the system and the qudlityeadeposited film. As an easy
technique, it serves as a first test whether the magnetizafithe sample can be switched
parallel and antiparallel to the available field.

3.3 Magnetic circular dichroism measurements

For this work magnetic circular dichroism (MCD) measurersee 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 MCD measurements of ex-situ
prepared samples; in situ sample preparation is not pessiltie samples are therefore pre-

pared in a UHV preparation chamber and afterwards trarsféorthe measurement chamber.
Thus all samples have to be capped by an additional layeretleept them from oxidation.
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The magnetic properties can be checked by ex-situ Kerr mea&uints. Since Kerr as well
as MCD signals are reduced by an additional capping layerGbed.2) a lock-in measure-
ment technique is necessary to detect the dichroic effé¢ats.3.3 (a) schematically shows
the experimental setup: Frequency-doubled and frequiiptge radiation from a titanium
sapphire femtosecond lasew(h 4.64 eV (1PPE), h=3.10eV (2PPE)) is used as excitation
source. The laser pulse length for the frequency-doublgi@tian which is needed for 2PPE
processes is ~ 200 fs. For the frequency-tripled laser light generating?ERprocesses it
amounts tar ~ 300 fs. The repetition rate of the pulses is 80 MHz.

For a proper definition of the linear polarization vectoratele to the subsequent quarter-
wave plate the laser beam initially passes a polarizer. Tiaetgr wave plate is built into a
rotatable motor mount which rotates at a frequency,gf/ 27 = 10 Hz and periodically mod-
ulates the polarization with a frequency ab.Z. Photoemission is excited by focusing the
polarization modulated laser beam onto the sample whichaised under high vacuum in
the gap of a commercial electromagnet generating a homogenaagnetic field of up to
1.12T at the sample position. The total photoelectron yielts measured by a picoam-
peremeter recording the photocurrent upon laser irradiatia the sample current. A bias
voltage of +100V is applied to a cylindrical counter eledgado extract the photoemission
current. For a polarization-sensitive detection of thetpborrent, the voltage output from the
picoamperemeter is used as input signal of a lock-in amplifieis enables a phase-selective
measurement of theul-intensity modulation. The rotation frequency of the qaawave
plate thereby serves as external reference frequencyddothk-in amplifier. By optimizing
the phase adjustment of the lock-in amplifier, the phot@nirmodulation that is caused by
the polarization modulation of the light is recorded at a kignal-to-noise ratio. Fig. 3.3 (b)
gives a detailed view of the two basic experimental posséslto measure the MCD effect
in a totally symmetric setup: On the one hand, MCD can be ifledtby a difference in the
photoemission current™ — I under change of the magnetization directight — A~ at
fixed photon helicity. The sample magnetizatithis thereby switched between parallel and
antiparallel alignment with respect to the helicity vector of the circularly polarized laser
light under normal incidence to the surface (left side of. Bi§ (b)). On the other hand, for
the totally symmetric geometry MCD can equivalently be meagwith fixed magnetization
orientation and a change in photon helicﬁw — Ay (right side of Fig. 3.3 (b)). In both
approaches the sample is magnetically saturated in thefeulane direction. Note that in the
setup of Fig. 3.3 (a) the polarization does not only switctwieen the two circular polariza-
tionso™ ando~ but is changed periodically with the frequenay.2 for one magnetization
direction. In the ideal case, this yields a constant lockeilbage output and reflects the MCD
asymmetry for one magnetization orientation. Changing tagmatization direction inverts
the lock-in output signal and yields the corresponding MCihasetry. The difference be-
tween both output signals for the two magnetization dioeiat periodically changing light
polarization finally gives the total MCD asymmetry. For distaioncerning the laser system
and the lock-in technique we refer to Ref. [45].
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lock-in

// fslaser
\

lens N4 polarizer

Figure 3.3: Schematic view of the MCD experiment. (a) TiSa femtosecond laser
light is used for a polarization-sensitive detection of the photoemissiorrturr
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 currefytupon irradiation with circularly polarized
femtosecond laser light. Magnetic circular dichroism can be identified from a
differencelr — I in the photoemission yield under change of either the mag-
netlzatlonMJr — M~ at fixed photon helicity (left figure) or the photon helicity
AU+ — A - 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 stiéne distitute for Molecular
Science in the group of Prof. Yokoyama in Okazaki, Japan)psaupreparation, PMOKE-
and MCD-measurements are carried out in the same UHV-chambeerefore, an addi-
tional capping layer is not necessary. Fig. 3.4 shows thgdet the MCD measurements in
near-threshold photoemission. For the excitation of theigedectrons a broadband ultrashort
pulse laserf < 100fs for the fundamental, 80 MHz repetition rate) is usdelPE processes
are triggered by using frequency-quadrupled radiatiohénenergy rangeih=5.06-5.84 eV.
For 2PPE, frequency-doubled laser light ¢h2.46 - 2.92 eV) is utilized. By means of aper-
tures and a lens, the laser beam is directed into the vacuamlbsr where the sample is
placed between the pole shoes of an electromagnet, getmgeaathaximum magnetic field of
woH =0.3T. Circular polarization is produced by a combinatioradinear polarizer and a
guarter wave plate for the corresponding wavelengths. @hmpke current is finally measured
by placing an anode plate (1478V-1970V) in front of the savgallecting all photoemit-
ted electrons. Since the dichroic signals are large endbhghyse of lock-in technique is not
necessary. During all measurements (except for the arggleralent experiments) the mag-
netization vector is oriented along the surface normal ardlfel to the helicity vector of the
incoming laser light. In this setup, MCD is identified by a diffnce in the photoemission
current under change of the magnetization direction at fipteton helicity.

Finally, note that in all measurements the total photosbecyield has been detected. The
kinetic energy or the spin of the excited electrons are thezenot analyzed separately. All
PMOKE- and MCD-measurements are carried out at room temperat
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4 Results and Discussion

4.1 Near-threshold MCD in Two Photon Photoemission

4.1.1 Motivation

Nowadays magnetic dichroic effects have attracted muehest and developed into various
experimental methods. In contrast to synchrotron-basedyXmagnetic circular and linear
dichroism (XMCD and XMLD) which benefits from large asymmetgiues of more than
30%[2, 3, 4], only little work has been performed on magnetichdagsm in near-threshold
photoemission using laboratory light sources. In 2000 Mzral. demonstrated magnetic
linear dichroism (MLD) in one-photon-photoemission etentmicroscopy by using a mer-
cury arc lamp (k<5eV)[8]. In these measurements an asymmetry of @.3vVas detected
for a 100 nm polycrystalline Fe film. Remarkable MCD asymmstoé> 10% directly at
the threshold were found for 1PPE by Nakagawa and Yokoyan28®6 by investigating a
perpendicularly magnetized Ni film on Cu(001) with visibledaritraviolet laser light (h be-
tween 1.9 eV and 3.9 eV) [9]. These experiments adducedmrsedbat enlarged MCD signals
can be found in 1PPE and raised the question whether MCD asyami near-threshold
photoemission could also be found in the multiphoton phoission regime. The major issue
of this section is to demonstrate that MCD also arises in thotgn photoemission (2PPE).
The experimental findings are thereby compared to theatetalculations of the magnetic
dichroic response.

4.1.2 Results
Investigated Samples - Heusler alloys

For the detection of MCD in 2PPE processes two Heusler all|ysgestigated [51].

Heusler alloys are intermetallic compounds with the stioictetric composition XYZ or-
dered in an L2-type structure, many of which are ferromagnetic [52]. A Bleualloy consists
of two different transition metals X and Y and a nonmagnetstahor nonmetallic element Z.
The Y and Z atoms occupy two fcc sublattices with the oriding, 0) and(1/2,1/2,1/2),
respectively. The X atoms are locatedBt4, 1/4, 1/4). The investigation of these alloys is in-
teresting from different point of views. Since calculasgredicted a 10% spin polarization
directly at the Fermi level for many compositions [53, 5444k species seem to be promising
candidates for applications in the field of spintronics[56]. Based on first-principle cal-
culations, it has recently been shown that some Heusleysalitso reveal characteristics of
topological insulators [57].

In this work the two full Heusler alloys NMnGa and CgFeSi are investigated. While
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Figure 4.1: (a), (b) Two-photon photoemission as recognized from a quadratic
increase of the photoemission currdptwith the laser power P for NMnGa

and CeFeSi upon irradiation of the samples with frequency-doubled laser light
(2hv=6.2¢eV).

Co,FeSi as a halfmetallic ferromagnet is interesting for spmt applications, NMnGa

is a non-halfmetallic shape memory alloy which is espegiatiportant for the development
of actuators. The NMnGa and the Cg-eSi films with a thickness of 85 nm and 68 nm, re-
spectively, are epitaxially grown on a AD;(11-20) substrate by dc-sputtering (samples are
prepared in the group of Prof. Dr. G. Jakob, University of Mai Afterwards both samples
are capped by 5nm Al. For details concerning sample preparation and ceraation we
refer to Ref. [58] and [59].

Measurements

To firstly ensure that 2PPE is the underlying photoemissiatgss for all MCD measure-
ments the photoemission currefitis recorded in dependence of the laser power P for both
samples at a photon energy ofi2h6.2 eV. Fig. 4.1 (a) and (b) depict the expected quadratic
behavior. For CgFeSi the dependence is almost perfectly quadratic; foMNGa it is still
reasonably good.

Furthermore, for both samples the work function is deteetlipy means of ultraviolet photo-
electron spectroscopy (UPS)do= (3.7 + 0.2) eV for Ni;MnGa and tod = (3.3 £ 0.2) eV

for Co,FeSi, respectively. Both arguments; kt ® and/, « P?, in conjunction lead to the
conclusion that 2PPE is indeed the underlying process éombasured MCD asymmetries.
Since the Heusler alloys are capped, lock-in techniquedd t@ all MCD measurements; the
samples are therefore investigated with the experimeatapsshown in Fig. 3.3. For a sharp
focusing of the incident laser beam which is indispensattetfe generation of 2PPE pro-
cesses the sample is additionally placed in the focal pdiatfased silica lensf{=15 mm).
However, Eq. (2.33) cannot be directly used to calculateM@® asymmetry since the pho-
toemission current is converted by the lock-in amplifier ticavoltage output. For this reason
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4.1 Near-threshold MCD in Two Photon Photoemission

the photoemission currerdt: is translated to a voltage outpUt" of the picoamperemeter
(i.e. I = 1nA translates té/> = 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 sequrrent drifts, the lock-in output
voltageU; is finally referred to the input signal from the picoamperémgielding the ratios

R* = %f for both magnetization direction® + and M -, respectively. These ratios already
reflect the MCD asymmetry for the respective magnetizatioection. The averaged MCD
asymmetry for both magnetization directions is given by

5t B
A:Re Re’
2

where R+ are the averaged values for the corresponding magnetizatigments\/* and
M~. Since the fluctuations in the sample current are small amgeriodic current signals are
measured (c.f. Fig. 4.2 (d)) it suffices to assuie~ U}t ~ U in Eq. (4.1) yielding

(4.1)

Uf — Uy
2U,
Fig. 4.2 (a) shows an ideal detection sequencBofPlotted isR,. in dependence of the data
points for alternating magnetization direction (i. e. afiecertain amount of data is taken the
magnetization direction is changed). The photon heli@tyof course, changed periodically
with a frequency of 2,.; during the whole measurement. MCD is thereby confirmed by an
alternating inversion of the signal following an alterngtichange of the magnetization direc-
tion. The blue arrows indicate a simultaneous inversionath the magnetization direction
and the sign of the lock-in output voltage (i.e. a 1&Mase shift at the amplifier) which
should result in a steadiness of the signal. Fig. 4.2 (b) ahddpict measurement sequences
for the two Heusler alloys at a photon energy of216.2 eV and a laser power of 25 mW. The
signals are not completely symmetric to the base line andotistay entirely constant when
the magnetization and the lock-in output signal are ineerfdis behavior might be attributed
to a slight false position of the quarter wave plate in theandiolding or to irregularities
in the wave plate itself which both cannot be completely dedi A possibly false position
of the quarter wave plate in the motor mount could result innéensity change of the laser
beam oscillating with the same frequency as the measuresiggmdl. Throughout the mea-
surement sequence, the magnetic field is set to a valugidoE +1.05T. Using Eq. (4.2) the
MCD asymmetry for the NMnGa sample is determined tb= (3.5 + 0.5) - 10~ while for
Co,FeSiitis given byAd = (2.141.0)-1073. Fig. 4.2 (d) depicts the photoemission curréht
averaged over each measurement sequence for both sampesly,Gio regular alternation
is seen as observed in Fig. 4.2 (b) and (c). This demonstifzésn MCD signal cannot be
measured without improving the signal-to-noise ratio viattk-in technique. By comparing
the photoemission yields shown in Fig. 4.2 (d) and Fig. 4)&fal (b) it should be noted that
the size of the laser focus could slightly vary between diifé measurement series, result-
ing in a more significant change in the photoemission yielchbse of the quadratic power
dependence.

~
~

4.2)
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Figure 4.2: (a) Schematic detection sequence of the r&idncluding alternat-

ing magnetization reversals and inversion of both the magnetization direction an
the lock-in output voltage{ — ¢ + 180°, arrows). (b) and (c) MCD measure-
ment sequences for the two Heusler alloysMiiGa and CgFeSi at a photon
energy of 2ly=6.2 eV and a laser power of 25 mW. (d) Corresponding averaged
photoemission currenf, measured for the magnetization reversal sequences of
both samples.
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Figure 4.3: Hysteresis loop for NMnGa with non-vanishing coercive field ob-
tained from the MCD asymmetry in two-photon photoemission.

For further demonstration of the magnetic dichroism, thgmesization curve of NMnGa
obtained from the 2PPE magnetic circular dichroism is shiowkig. 4.3. In order to improve
the signal-to-noise ratio, the data are averaged over 2€lesyor each given magnetic field
1o H . The resulting magnetization loop is normalized to one. rBlgerd of the full magnetiza-
tion cycle starts at a maximum magnetic fieldg#/ =1.25T. Fig. 4.3 displays the hysteresis
loop from which a coercive field of 4y H.=0.06 T (1qH.=0.08T) is extracted. The satu-
ration field is determined tp, H, =0.52 T. The non-vanishing magnetic remanence indicates
that the easy axis of the lWInGa film lies not completely within the film plane.

4.1.3 Discussion

To investigate the origin of the observed 2PPE MCD asymmediriyitio calculations of the
magnetic dichroic response are performed. For photon-aigohhout magnetic dichroic ex-
periments such as the magneto-optical Kerr effect, theogpjate theoretical description is
provided by linear-response theory in single-particlerfolation in combination with rela-
tivistic energy-band theory. Energy-band theory is neddetttermine the allowed interband
transitions and to calculate their transition matrix elatsevhich define the optical conduc-
tivity tensor. Linear response theory is used to finally gkte the optical conductivity from
which the dichroic response is obtained. In this approaltiallawed interband transitions
connecting initial and final band states in the whole Brillfoabne are considered and the
dichroic signal is obtained by averaging over all contridns in all £-directions. Ch. 2.3 ex-
plains the theoretical foundations of this method. Moreoitelemonstrates how the MCD
effect can be simulated by transferring the scenario to dotgn-in/electron-out setup. In
this modified approach, we look for interband transitionglincrystallographic directions
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obeying the Einstein equation for photoemissionf2i®) and the relativistic dipole selection
rules and calculate the asymmetry for all contributingrioégéd transitions. Therefore, our
co-workers (Prof. Oppeneer and Dr. Tarafder, UniversitYppsala, Sweden) use an appro-
priately modified version of the code for the calculationfwé tonductivity tensos and the
dielectric tensot as reported in Ref. [44], respectively. As abinitio theory for 2PPE MCD

is available as yet, we now briefly discuss two models.

In the first one, the non-equilibrium electron populatioattis caused by the first laser pulse
(see Ref. [60]) isabinitio calculated. Subsequently, the dielectric tensor for tlverse laser
pulse is computed, using the non-equilibrium band occopatcreated by the first pulse.
Proper transition selection rules are taken into accourthi®osecond excitation and to a good
approximation for the first one [60]. In this model, there &"nemembrance" of the initial
state for the second/excitation.

In the second model, we assume instantaneous, coherempsof two photons, and con-
sider only those transitions which are possible within saiclinstantaneous process, starting
with one hs excitation to a virtual state below the vacuum leg&l and with the immediate
second b excitation to a state abouv@y. In this approach, initial and final states of the-2h
excitation are coupled by appropriate transition matrenents.

The calculations of the magnetic dichroic response reWrlthe MCD attained from the first
model is more than 1 order of magnitude smaller than thatet#dtond one. This motivates
to the assumption that the dominating contribution stemms fexcitations that occur through
the practically instantaneous absorption of two photorecoordance with the second model.
Fig. 4.4 (a) depicts computed 2PPE MCD spectra gMiGa and CgFeSi as a function of
the photon energy 2hat fixed work function® [61]. Thereby, the asymmetry values have
been calculated following Eq. (2.54). The experimentahdaiints are also shown. For the
ab initio calculations of both Heusler alloys tle, structure with lattice parameters of 5.83
and 5.65 nm, respectively, is used. The calculations of BlRE2MCD spectra are performed
for two different escape depths, 5 and 20 nm, and two diftdifetime parameters;~! =0.68
and 0.95eV. The values for the escape depth span the expeéalijedetermined probing
depth of threshold photoemission microscopy [62]. Graidly, we find the dependence of
the 2PPE MCD asymmetry on the escape depth be very weak. We point out that for
Ni;MnGa a work function of 3.5eV is used. The experimentallyed®ined value of 3.7 eV
only shifts the spectrum slightly towards higher photonrgies. The agreement between the-
ory and experiment can nonetheless be considered as réfsgoad. This exemplifies that
the intrinsic origin of the observed 2PPE MCD is caused by pue and orbitally polarized
electronic structure of the ferromagnetic material. Thespnce of both spin splitting and or-
bital magnetic splitting, due to exchange interaction gid-grbit interaction, respectively is
required to provide a nonzero magnetic dichroic signalgiptmotons as probe [38]. The same
obviously holds here for photoelectrons as probe. The fqtlat the experimental MCD
asymmetry is smaller than the theoretical prediction cdaddattributed to the Al-capping
layer, which is not considered in the calculations. It absgrart of the photoelectrons and
contributes to the photoemission signal with Al-photo#leas carrying no MCD informa-
tion. This will reduce the measured MCD asymmetry as discliss€h. 4.2. Finally, we note
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Figure 4.4: (a) Calculated 2PPE MCD asymmetry spectra fosNiGa and
CoyFeSi in dependence of the photon energy [61]. The spectra ardataltfior

two different escape depths and lifetime parameters; the experimentalaiats p
are shown as squares. (b) Two-dimensional representation @hthmtio pre-
dicted 2PPE MCD for NiMnGa and CeFeSi as a function of 2hand the work
function . The diagonal white lines indicate the boundary 2h® = 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 differenceéhim MCD asymmetry of NMnGa

and CgFeSi for 2hv between 3 and 5eV: in contrast too.NinGa, the MCD asymmetry of
Co,FeSi exhibits a change of sign despite of their structurallarity. Fig. 4.4 (b) depicts a
two-dimensional representation of the 2PPE MCD asymmetgejendence of Zhand

for both samples. Beneath the diagonal white lines photegomss not possible. The vertical
white lines reflect the MCD spectra shown as dotted curvesgrdi4 (a). In agreement with
(a), the 2PPE response differs for both samples. As an exarfglNLMnGa asymmetries
around -8% are predicted at (2h®) ~ (6 eV,4 eV) while the MCD asymmetry for GBeSi 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 tcedelpon 2by and® separately.

4.1.4 Summary and conclusions

Magnetic circular dichroism in two-photon photoemissi@s lheen demonstrated for two fer-
romagnetic Heusler alloysigppr = (3.5+0.5)-1072 for Ni;MnGa andAsppg, = (2.14:1.0)-
1073 for Co,FeSi). The used theoretical explanation on basis of rédtithenergy-band theory
in combination with linear-response theory is in reasoaalgireement with the measurement.
Transferring this photon-in/photon-out approach as comiynased for the magneto-optical
Kerr effect to our photon-in/electron-out setup therefeeems to be an adequate method to
calculate MCD asymmetries. In this sense, it also demoestthit the origin of the 2PPE
MCD is born out of modifications of the energy bands caused loy@axge and spin-orbit
interactions. This means that the simultaneous occurrehibeth effects, exchange splitting
and spin-orbit coupling, give rise to magnetic circulartaasm.

Unlike the results shown in Ch. 4.3, here the 2PPE process @led as an instantaneous,
coherent two step process. In Ch. 4.3 we will see that for a Gytem the picture of a se-
guence of two independent processes might be more adeguale fdescription of 2PPE.
Energy-dependent measurements could furthermore dépibethavior of MCD asymmetries
in dependence of the photon energy. This would enable a nitaiger comparison between
experimental and theoretical results than given in Fig(@.4 For energy-dependent mea-
surements it might be helpful to use sample systems with & manageable band structure
compared to those of the Heusler alloys to possibly idemi&asured asymmetries with only
few band to band transitions. Since the MCD signal is preditdedepend independently on
the photon energy and the sample work function it would bethvdnile to compare energy-
dependent measurements with those at low work-functiamegal

Finally, with respect to applications, i.e. in photoemusselectron microscopy, ferromag-
netic thin films exhibiting larger asymmetries exceedingltw-percentage range are needed.
Fig. 4.4 foreshadows that beside the choice of a suitablenabalso the parameters of photon
energy and sample work function strongly decide about thgnmade of MCD asymmetries.
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4.2 Near-threshold MCD at the SRT of ultrathin Pt/Co/Pt(1a4Y/10) films

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 phassén revealed magnetic circu-
lar dichroism to exist in one as well as in two-photon phot®sion processes. Thereby,
dichroic signals have been measured in the range of thetetditnit, where asymmetry
values did not exceed the low-percentage range [8, 61, 63}, ©cently, much larger values
have been reported [9, 63, 64, 65, 66]: a study on a perpdadicmagnetized 12 ML Ni film
on Cu(001) revealed MCD asymmetries larger thatf1i@ threshold photoemission, where
the photon energy just exceeds the sample work functionl[8ik is remarkable since MCD
in the visible-light region suffers from the absence of dise atomic levels with a high spin-
orbit coupling as it is the case in XMCD measurements. Besid@N), there is still only
little knowledge about thin-film systems revealing large M&&ymmetries in near-threshold
photoemission. Also general properties of the asymmetonaty or multi-photon photoemis-
sion processes have up to now scarcely been investigatadexBmple, there is only little
information about the behavior of asymmetries in depenelefthe magnetic anisotropy, the
sample thickness or capping layers.

Concerning the sample thickness Nakagawa and Yokoyamavellsardrastic change of the
MCD asymmetry as a function of the thickness of a wedged Ni filowg on Cu(001)[9]
in near-threshold photoemission.The in-plane magnetiiedthicknesses up to the spin-
reorientation transition (SRT) at 8 ML showed asymmetryealin a longitudinal setup that
are one order of magnitude smaller than the ones for the fepiaoe magnetized regions,
starting from 8 ML in a polar setup. As magnetic circular daibm belongs to the magneto-
optical phenomenal9, 67] this behavior corresponds tdairdifferences between the longi-
tudinal and polar Kerr effect, crossing the SRT with inchregsample thickness. The mea-
surements on Ni, however, raise the question whether the M&yhmaetry of a completely
saturated sample increases continuously from the ulirathd of the wedge up to higher
thicknesses, indicating that surface effects do not plagraidant role. Otherwise a satura-
tion of the MCD asymmetry at a few ML of the magnetic film shou&dbserved. Another
question is whether the MCD asymmetry is influenced by thentateon of the magnetization
easy axis.

In this section we present magneto-optical Kerr (MOKE)- axe@r-threshold MCD mea-
surements on a Pt-capped, wedged Co sample grown on Pt(1110)tp investigate the
influence of magnetic anisotropy and sample thickness irptimeon and two-photon photoe-
mission. Since both the exchange splitting and the spiit-odopling are preconditions for
the appearance of magneto-optical effects the combinafiGegrromagnetic Co and Pt with a
high nuclear charg& is promising for enhanced MCD asymmetries [68]. The measi€D
signals are compared with measured polar Kerr elliptigitnethe framework of the Jones for-
malism. In addition, a comparison with calculated Kerr sigris provided by simulations of
medium boundary and medium propagation matrices. As MCD a@& Kl are based on the
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same microscopic mechanisms the relation between bottiefethus investigated.

4.2.2 Sample preparation

At first a Pt buffer layer is prepared on a W(110) single crys&ihce the lattice mismatch
between both elements =0.316 nmap; =0.392 nm) is only 1.%, this is an adequate al-
ternative to a Pt single crystalThe initial growth of Pt on W(110) has been studied by Bauer
et al. [69]. The given ratios of the lattice constants leatthéoKurdjumov-Sachs growth mode
showing two slightly rotated domains (for details see Réf]).7For both domains the (111)-
axis is oriented perpendicular to the surface. For theviolig experiment the azimuthal angle
plays no role.

Before deposition of Co and Pt, the W(110) crystal is cleanedepgated cycles of flashing
(Pheating =200 W, 1-2 s) and annealin@(cating ~ 40 W, 30 min,~ 1200 C) in oxygen atmo-
sphere (p=40-%mbar). A 20 monolayers (ML) Pt(111) buffer is evaporate@miards on
the substratel(iy - Jemission = 44 W, evaporation rate 256 s/ML) at a pressure-067° mbar.
After annealing (12 min, 80C) the Co wedge is deposited at a pressure-vH4° mbar
(Unv - Lemission = 13 W, evaporation rate 32 s/ML) by withdrawing a shutterated between
the Co evaporator and the sample. The thickness along theewsdggulated by a quartz
thickness monitor. A wedge of 0-16 ML with a monolayer widft260.m is produced. Since
the formation of a Co/Pt alloy at the interface should resulhcreased magneto-optical sig-
nals[71, 72] the sample is subsequently annealed for 11tesrat a temperature of 42C.
MCD measurements are performed with the experimental sétyersin Fig. 3.3. Therefore,
the structure is completed with a 15 ML thick Pt capping (tveg®ration parameters are iden-
tical to the ones for the Pt buffer layer) deposited at roompierature to prevent the Co film
from oxidation. The quality of the substrate surface ancethitaxial films is controlled by low
energy electron diffraction (LEED). Fig. 4.5 (a) - (c) depia set of LEED images for different
preparation steps; a sketch of the prepared sample systms in Fig. 4.5 (d). Fig. 4.5 (a)
depicts the first Brillouin zone (BZ) of the bcc W(110)-crysteda electron energy of 73.3 eV.
Small and bright spots reflect a clean, high-quality substsarface. In Fig. 4.5 (b) the first
BZ of the annealed fcc Pt-buffer is shown at an electron eneir@y.1 eV. The typical sixfold
structure can be clearly seen. The layer is annealed direftdr evaporation to improve the
film structure; due to local defects and surface roughnaes®tlspots appear slightly broad-
ened and less sharp compared to the W(110)-substrate. ¥{g)4hows the first BZ of the
non-annealed fcc Co-wedge at 76.5eV. Since the lattice aonst Co (,=0.355nm) is
smaller than the one of Pt and the LEED technique displaysettiprocal space the distance
between neighboring spots is slightly increased. The ahnatwrientation of Co and Pt is
obviously identical.

1The lattice mismatch is derived from the nearest neighb@iagce between the atoms in the corresponding

; - __ dnn, (substrate) —dnn (film)
lattice byl,,is = T (Substratc) .
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. [001] [110]

bccW(110) 73.3 eV v

()

[101] [121]

fccCo(11)/Pt(111)/W(110)
76.5 eV

Figure 4.5: Set of LEED patterns. (a) bcc W(110) (single crystal) at a scattering
energy of 73.3eV. (b) 20 ML Pt(111)/W(110) at 74.1 eV (annealed dé&position
of Pt). (c) fcc Co(111) wedge/20 ML of fcc Pt(111)/W(110) at 76.5@N sketch

of the prepared sample system.

- [101] [121]
fccPt(111)/W(110) 74.1 eV

15 ML Pt(111)
(0-16 ML) Co(111)
20 ML Pi(111)
W(110)

53



4 Results and Discussion

4.2.3 Results
Kerr measurements

In order to determine the magnetic features of the wedgedglsar{err measurements are
carried out outside the vacuum in the polar and the longimidsetup. Polar Kerr measure-
ments are performed almost under normal incidereé?), while in the longitudinal setup s-
polarized light with an incidence angle ef45° is used. Thickness-dependent Kerr measure-
ments in the polar geometry are carried out with an extergmatic field ofuoH =255 mT,
in the longitudinal geometry a field of 178 mT is used. The &®ui670 nm laser beam al-
lows for a lateral resolution corresponding to 1 ML thickma@screase on the Co wedge. The
complex Kerr angle,

Pk = Ok + iex (4.3)

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

104y 47l
T
or. A

Pk ~

(4.4)

o2 is the diagonal element of the optical conductivity tensfathe substrateg,, is the off-
diagonal element of the optical conductivity tensor of theestigated magnetic film andis
the vacuum wavelength. This expression holds in the cadeegddlar Kerr effect and is valid
fort << \. EqQ. (4.4) also applies to our sample system consideringegkgible influence of
the W(110) substrate due to the thick Pt buffer layer. Consgtju®ne would expect a linear
increase of both the Kerr rotation angle and the Kerr edliptiwith increasing thickness of the
Co wedge. The measured values of the polar (dots) and lomggtiuiderr rotation (squares)
are shown in Fig.4.6 (a). The polar Kerr rotation an@leshows a steady increase up to
6.5 ML. At 5.5 ML the easy magnetization direction starts bamge from an out-of-plane to
an in-plane orientation due to the increasing shape anigp{c. f. also Fig. 4.7). At 6.5-7 ML
a maximum Kerr rotation of 16.05%is reached followed by a continuous decrease, since the
external field does not suffice to saturate the sample magietn in the out-of-plane direc-
tion. At the ultrathin end of the wedge the polar Kerr rotatmurve exhibits a steep slope
followed by a weaker increase for Co thicknesses exceeding.Agllowing Ref. [76] these
linear sections with different slopes might be attributed structural transition from fcc(111)
to hcp(0001) Co with increasing sample thickness. In Ref.{[ié]crystalline transformation
was detected almost in the same thickness region, wherglftpCo was observed at thick-
nesses ofl < 5ML and passed into hcp(0001) Co for thicknesges6 ML. Concerning the
critical thickness of the spin-reorientation transitionraad range of values from 4.4 ML [77]
to 12 ML [78] is reported in the literature; a theoretical éstigation predicts a transition at
4ML[79]. To explain this discrepancy between the experitaeand theoretical results it
was demonstrated [80] that the substrate roughness affectyitical thickness of the SRT
attributing an early reorientation transition to a rougbsttate. In our case the Co wedge is
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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 gptla)

or 178 mT (longitudinal setup). The onset of the assumed structuraitioarfsom
fcc(111) Co to hep(0001) Co according to Ref. [76] is marked with Aedslotted
line, the spin-reorientation transition is marked with a dashed line. The arsr b
are in the order of the symbol size. (b) Squareniégg in dependence of the
Co thickness for the polar (dots) and longitudinal Kerr setup (squafés) open
circles correspond to data from Fig. 4.7 measured with higher accuracy.

evaporated on a 20 ML Pt buffer, which might be rougher thansingle crystal surface. This
could be a reason for the SRT occurring at a relatively low Qzktltess of 5.5 ML.

In earlier reports a non-vanishing Kerr rotation extrapedato zero ML Co thickness was
observed and related to a polarization of Pt by neighboringatoms [81]. Our results in

Fig. 4.6 (a), however, show that the polar Kerr rotation éases linearly with the thickness
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at the ultrathin end of the wedge. There is no positive offsading to a non-zero extrapo-
lated Kerr rotation in agreement with Ref. [78]. Considerihgttinterface contributions may
depend sensitively on the interface morphology [82] theagdlated offset cannot be taken
as a measure for the Pt polarization, which is certainlygmesin accordance with the polar
Kerr measurement the longitudinal Kerr rotation (squaiggqual to zero up to 5.5ML Co
thickness, where it starts to increase almost linearly withsample thickness. Apparently,
the longitudinal Kerr effect also reveals a linear thicisxdependence as stated in Eq. (4.4)
for the polar case. While in the polar setup easy axis cuneslaserved until a thickness of
5.5 ML, the in-plane magnetization loops show a square behatarting from 6.5 ML. This
means that the SRT takes place between 5.5 ML and 6.5 ML [88]4tso Fig. 4.7).

To confirm the position of the SRT not only by the saturatioluea of the Kerr rotation, the
squarenes%‘ﬂ is plotted in dependence of the sample thickness (see Bi(¥. Ok rem IS
the remanent value, whilé sat describes the saturation value of the Kerr rotatign Ac-
cording to the observation of an easy axis magnetizatiomectire squareness in the polar
case (dots) is- 1 until the beginning of the SRT is reached at 5.5 ML. Subsetiyet drops
rapidly, since the intrinsic magnetization direction ches to an in-plane configuration. For
the in-plane geometry the squareness (squares) is~alsm the region above 5.5ML and 0
beyond it.

Fig. 4.7 depicts a set of hysteresis loops for selected Co thjcknesses measured at a max-
imum applied field of- 51 mT clearly demonstrating the transition from an easy apdagne-
tization curve at 3.5 ML to an in-plane configuration of thegmetization vector at 7.5 ML in
the polar Kerr setup.

MCD measurements in near-threshold photoemission

MCD measurements in near-threshold photoemission areedawtit in one-photon photoe-
mission (frequency-tripled laser lightyl 4.64 eV) as well as in two-photon photoemission
(frequency-doubled laser lightyl+3.10eV). To enable 2PPE processes the sample is ad-
ditionally placed in the focal point of a leng € 15mm). At the same time this allows a
monolayer-thickness sensitive detection of the MCD asymmdio ensure that in the case
of 4.64 eV the excitation process is governed by one-phobatiggmission, the linear depen-
dence of the photoelectron current on the laser power iskeldesimultaneously revealing
that the value for the sample work function<4s4.64 eV. In the case of 3.1eV a quadratic
behavior is measured indicating 2PPE processes (c.f. alsé.Oh By means of UPS the
sample work function is determined #o= (4.6 £ 0.2) eV.

MCD measurements are performed with the experimental sétopwrsin Fig. 3.3. Fig. 4.8
gives an example of a measurement sequence of the 2PPE MCal &grthe Co wedge.
MCD is confirmed by periodic changes of the MCD signal followpggiodic changes in the
orientation of the magnetlzatloj’n{+ and M~ parallel or antiparallel to the laser beam. In
this sense Fig. 4.8 verifies magnetic circular dichroisme $teadiness of the signal at a si-
multaneous change of the magnetization direction and tiredithe lock-in output voltage
(blue arrow) approves the good performance of the lock-ipldier. MCD asymmetries are
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Figure 4.7:Hysteresis loops for selected Co layer thicknesses measured at a max-

imum applied field ot 51 mT in the polar Kerr setupi s.c andok 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 pergveic

sals of the magnetization directiod®. The arrow marks a simultaneous inver-
sion of the magnetization direction and the phase setting at the lock-in amplifier
(¢ — ¢ £ 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 gavdgiaer power is 44 mW. To
ensure that the thickness region with an out-of-plane magi®n is saturated on the one
hand and to guarantee that the 2PPE laser spot is stableitiopakiring the reversal of the
external field on the other hand, the magnetic field is set iat@nmediate value of 222 mT.
Fig.4.9 (a) depicts a thickness-dependent 2PPE MCD measuateémnear-threshold pho-
toemission, revealing a linear increase of the asymmettly imcreasing Co thickness. At
6.5 ML a value of 0.14% is recorded. As demonstrated with the Kerr data, the mazatein
easy axis at 6.5ML has changed from the out-of-plane to giane direction. Obviously,
an influence of the magnetization easy axis on the magnitbdeecasymmetry cannot be
detected as the signal increases continuously. The lineegase of the asymmetry indicates
that surface effects do not play a crucial role. Otherwisataration of the asymmetry within
the first monolayers of the wedge would have be expected.eldrey, the asymmetry must be
dominated by the Co bulk properties.

Results for the 1PPE MCD measurement in near-threshold pinegsien are shown in Fig. 4.9
(b). The asymmetry is measured with an external magnetat éid.74 T. For the 1PPE mea-
surement we would use a larger field than in the case of 2PP&ubedhe photoemission
intensity for 1PPE is much less sensitive to small samplelatements. At 4.64 eV the laser
power is set to 1.4 mW. The asymmetry also increases monastynwith increasing Co thick-
ness. However, the behavior of the asymmetry is not onlyenited by the film thickness. In
contrast to the 2PPE measurements one-photon photoemesdidits three distinct regions
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0.204 :

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 hWHartie

for 1PPE at an external field of 0.74 T. The onset of the assumed salicansi-

tion between fcc(111) Co and hcp(0001) Co is marked with a dashedidiotte

the SRT is marked with a dashed line. The photon energies used for 2RIPE an
1PPE are 3.1 eV and 4.64 eV, respectively. All MCD measurements aieccaut

in the polar geometry. Error bars are derived for a chosen monolagknéss.
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of near-threshold MCD: at low Co coverages up~th.5 ML an enhanced dichroic signal is
observed which is followed by a linear increase up-td ML. Here, a discontinuity occurs be-
yond which a steeper linear increase of the MCD signal is nrteds\t 6 ML the asymmetry
reaches 0.%. It is interesting to note that the strong signal increadevaést Co coverages
is seen exclusively in 1PPE but not in 2PPE. At these low @mes nanomagnetism due to
Co island growth is prevailing and could influence the magogtiical properties and lead to
a much stronger wavelength dependence. Furthermore, th@2@®structure of a monolayer
Co on Pt could be favorable for a high MCD effect. The 2D bandcttine of a monolayer
shows no dispersion along the surface normal and di4b@int atomic-like behavior prevalils.
Both could favor a high MCD. However, further measurementsaezled to validate these
assumptions.

The transition between the linear regions with differeopsls occurs at-4 ML and might
be attributed to the structural change from fcc(111) to @66p(1) Co already discussed in the
context of the Kerr measurements (see Fig. 4.6(a)). Sinsstituctural change does not show
up in the 2PPE measurements, 1PPE seems to be more semsit@ed structure changes
conditional upon changes in the crystal structure.

4.2.4 Discussion

As mentioned above, magnetic circular dichroism belonghéomagneto-optical phenom-
ena. In Ch. 4.1 we have already used linear response theooyrhination with energy band
calculations to theoretically describe MCD in strong angltgthe magneto-optical Kerr ef-
fect. Now the question might rise whether an easier and h#retyretical approach to MCD
asymmetries without the use of highly elaborated mathemlatiodes can be given by a di-
rect connection to the magneto-optical Kerr quantitiesntythe Jones formalisfa relation
between the MCD asymmetryyfp and the Kerr ellipticityex can be found,

R
Anmep = 2ek <—> ; (4.5)

1-R
whereR is the reflectivity of the investigated sample at the givemelength. In the following
we recapitulate the derivation of Eq. (4.5), which has o@adly been given in Ref. [67]. As-
suming circularly polarized, normally incident laser lighe influence of a magnetic sample

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

yielding
= . — E;) _ Tpp Tps Ep
E'=TFE or ( e )=\1, . B, )

whereE and E’ are the Jones vectors of the electric field before and aftesipg the optical component,
respectively.T" is the Jones matrix for the optical component. For furthésrimation concerning this for-
malism we refer to Ref. [84].
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causing a polarization change in the reflected beam due tm#gmeto-optical Kerr effect is
described by the corresponding reflection matrix. The reflieenatrix for the polar magneto-
optical Kerr effect is derived within the Jones matrix fotima [84] and changes the electric
field vectorE,+ = (E,, E,) = (1,+i)é to

E,N_ (1 ¢ E,
(%) =(a 2)(5) @

wheregy is the complex Kerr angle. Then the asymmetry for the refteligdt is given by:

BB e
Ay = o ool _ ~ —9 4.7
ST T A Lt @0

for \¢K\2 << 1. This expression for the asymmetry in reflection involvihg teflected light
intensity/r can be directly related to the asymmetry in absorption winglthe absorbed light
intensity/, = Iy — Ir by writing Ak in terms of the absorbed intensity:

IRU+ - IRU_ IAO'"‘ - IAO'_
A = R o A ’ 4.8
K 2]R 2.[R ) ( )

assumingg ,+ ~ Ig .- ~ Ig.
With the asymmetry in absorption defined as

Ip ot — Ip o
Ay = ———— 2 4.9
A TR (4.9)

where we have also assuméd,+ ~ I, ,- ~ I, we find
Ay = AR (4.10)

To a first approximation, we assume that the absorbed inyehsis proportional to the total
photoemission yieldpg, /5 o Ipg. In this case, the proportionality factor cancels in ER)4.
resulting inApg = A,. Expressing the reflected and absorbed intensity in terriseakeflec-
tivity R, Ir = Rly, andly = (1 — R)Ily, the MCD asymmetry in photoemission is then given

by:
N R\ R

In order to check if this is a possible description the 2PPartiereshold MCD asymmetry is
compared to the Kerr ellipticity measured at 3.1 eV. By medremaadditional quarter wave
plate monolayer-thickness sensitive measurements of énedflipticity are performed at an
external field of 255 mT. Fig. 4.10 depicts the near-thresihdCD asymmetry (full squares)
and the Kerr ellipticity measurement (full dots). In orderallow for a direct comparison, all
ellipticity values are already converted according to Bdp). Considering that by varying the
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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 a
external field of 255 mT (full dots) and calculated polar Kerr ellipticities fib+ d
ferent sample systems. (open squares) 15 ML Pt/(0-15) ML Co/20 MLEaVL

Mo. (open circles) (0-15) ML Co/1000 ML Pt. The calculations are cdroigt for
3.1eV. To compare the Kerr ellipticities to the near-threshold MCD asymmetry
the ellipticity values are converted according to Eq. (4.5). In the case d?tthe
substrate the values are additionally multiplied by a factor of 10.
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Co thickness from (0-3.2) nm the reflectivify is changed by less tharf4® and keeping in
mind that there is only a thickness-independent influenad@Pt capping layer, a value of
R = 0.75is used for a 15 ML Pt/(0-16) ML Co wedge on Pt ath3.1 eV [85].

The polar Kerr ellipticity does not show the same behavidhasear-threshold MCD asym-
metry: Up to a thickness of 2 ML the ellipticity steadily increases, for larger Co thigsses,
however, it saturates while the asymmetry further increaddoreover, the near-threshold
MCD signal is about one order of magnitude larger than dedfroed Eq. (4.5). This can
be attributed to a selection in energy a@nsdalues in near-threshold photoemission leading to
higher asymmetries. On the one hand for near-threshold MG states in the vicinity of
the Fermi level are involved, while all states frdiip to Fr — hr can participate in the exci-
tation process in MOKE. This directly leads to an averagingranany transitions resulting
in reduced Kerr signals. On the other hand, in normal elactrission close to threshold
only a narrow cone ok-vectors inside the material can contribute to the elecyietd. The
majority of the electrons is excited outside this narrowecand stays inside of the material
due to total reflection at the surface. All these electrongtrdaute to photoabsorption but
not to the electron yield. Moreover, we note that the obskdiscrepancy in the quantitative
values might also be partly related to the fact that a twp-ptecess in photoemission is com-
pared to a one-step excitation within Kerr measurementshdrfollowing chapters we will
see, however, that 2PPE generally delivers larger MCD ssghain the corresponding 1PPE
excitation processes. Nevertheless, this cannot justifyeatitative disagreement of one order
of magnitude and an obviously different qualitative bebavin Ch. 4.3 we will furthermore
demonstrate that other excitation processes existingrigkilee conventional photoemission
theory of normal electron emission might also play a sigaiftarole for enlarged MCD ef-
fects.

In addition, due to the saturation effect of the measured &épticity the latter does not seem
to satisfy Eq. (4.4), predicting a linear increase with khiess. However, thickness dependent
calculations for different sample systems and photon éeergveal thati as well agi gen-
erally show a continuous increase with increasing samp&riess [86]. Deviations from this
behavior only occur for those photon energies where the &ignal is close to zero or even
exhibits a zero-crossing. The appropriate calculatioascarried out by a program code [87]
based on calculations of so-called medium boundary andumepiiopagation matrices which
allow for a complete description of the magneto-opticalftcients for a multi-layered film
and which can also be applied to ultrathin film systems. Fdhér information concerning
this approach we refer to Ref. [88].

Fig. 4.10 also depicts the thickness dependence of thelatddKerr ellipticity for a 15 ML

3The variation of the Co thickness from 0-16 ML does not haveomsitlerable influence on the reflection
coefficient. This can be shown by using Eq. (9) from Ref. [88]e use the equation describing a 4-layer
system to calculate the reflection coefficients for difféiticknesses of a Co wedge evaporated on Pt and
capped by an additional Pt-layer (i.e. layer 1: vacuum;dgyét-capping; layer 3: Co wedge; layer 4: Pt-
buffer). Due to the large Pt buffer layer the W(110) substeatéitionally used in the measurements can be
neglected. For different Co thicknesses, namely 0.2 nrmrh,2.2 nm and 3.2 nm, the reflection coefficients
vary by less than %; an average value @t = 0.75 has therefore been assumed.
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Pt/(0-15) ML Co/20 ML Pt/1000 ML Mo sample (open squares). cBithe data for tungsten
cannot be incorporated in the program code, Mo is chosenasorebly model the present
sample system. Similar to the near-threshold MCD asymmie¢rgalculated ellipticity steadily
increases with the sample thickness and does not show amagidag from a linear behavior. It
should be noted that the polar Kerr ellipticity of this samgystem is not close to zero at pho-
ton energies around 3.1 eV. For comparisgnof a (0-15) ML Co/1000 ML Pt sample is also
calculated, and the corresponding ellipticity values auttiplied by a factor of 10 (open cir-
cles). This curve does not show the same characteristithparontrary it resembles the shape
of the measured ellipticity curve. The Co/Pt sample systehibés a Kerr ellipticity close
to zero between about 2.8 and 3.4 eV, which might be the refasdhe differing behavior.
Disregarding the different magnitudes of the quantitibs, dalculated behavior corresponds
to the measured Kerr ellipticity. We conclude that deviagiof the Kerr ellipticity from the
linear thickness dependence are connected to photon ersrggs where the polar Kerr el-
lipticity is close to zero or even exhibits a zero-crossiigr the present sample system the
measured Kerr ellipticity deviates from a linear behaviaticating thatx might be close to
zero in the vicinity of 3.1 eV. The measured values can be esatpbest to the calculated Kerr
ellipticities for a (0-15) ML Co/1000 ML Pt wedge. #; is not close to zero around 3.1 eV it
Is expected to depend linearly on the sample thickness.ilie case for the Mo substrate.
Since for the same sample system and photon energy the belawvell as the magnitude
of ex in dependence of the sample thickness strongly deviate fin@nmear-threshold MCD
asymmetry, we further conclude that Eq. (4.5) cannot adetpudescribe the relation between
the Kerr ellipticity and the near-threshold MCD asymmetrjvidusly, it does not suffice to
apply the Jones formalism to threshold photoemission uth@eassumption that the absorbed
light intensity is proportional to the total photoemissigald. On the contrary, the influence
of the Einstein equation of photoemission which determthesnvolved initial states by con-
sidering the photon energy as well as the sample work fumatiight cause a strong selection
of particular interband transitions. Possibklselecting mechanisms are also not considered in
the present approach. An adequate treatment of MCD in neasktbld photoemission might
only be possible by a detailed analysis of the corresponilamgl-structure scheme under the
condition of energy and momentum conservation which diyéeads us back to the theoreti-
cal approach already tested for the two Heusler alloys in @h. 4

Finally, we have to consider the influence of the Pt cap layeg. 4.11 depicts the calcu-
lated Kerr rotation (open squares) and Kerr ellipticityll(ftircles) at 3.1 eV for a 5.5 ML
Co/20 ML Pt/1000 ML Mo sample in dependence of the Pt cappiggrlghickness. These
simulations are also carried out on the basis of the matioutations presented in Ref. [88].
With increasing thickness of the capping layer the Kerrtrotedecreases rapidly due to the in-
creasing absorption of the incident light by the nonmagrmterlayer until the ferromagnetic
signal fades out at a capping thickness of about 30 nm. Asspam exponential decrease with
increasing thickness of the capping layer we determine famnration depth {/e-decrease)
of ~ 9nm. With a 4nm Pt capping the Kerr rotation has already deee to 707 of the
initial value, and it can be assumed that this leads to a temuof the MCD asymmetry, as
well: measurements of Marx et al. [62] have demonstratedaltap 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 3. &k
20 ML Pt/2000 ML Mo sample system. The calculation are carried out for 3.1 eV

substantially reduces the MLD asymmetry measured for a &gyFsystem. While for Kerr
measurements an information depth of 21.5nm was found,we\afl 16.2 nm was derived
for photoemission measurements. Due to the limited meangia¢h of the detected electrons
MCD experiments are more surface-sensitive than Kerr measants. Therefore, the MCD
asymmetry will decrease more rapidly with increasing cagpayer thickness, i.e. in our
case the information depth of the MCD will be smaller than 9 r@om the other hand, our
experiments show no saturation of the near-threshold MCB initreasing Co thickness up
to 8 ML (1.6 nm). This means that the information depth of tearthreshold MCD effect is
larger than 1.6 nm. The reduction of the MCD asymmetry due tpdayer arises for differ-
ent reasons: Photoemission from the Pt capping will leaddackground signal that shows
no MCD (except for a possible small polarization of Pt at theriiace). The Pt contribution
to the total signal will thus diminish the observed asymiestr Furthermore, considerable
transport losses of the Co photoelectrons occur in the cag tinat may depend on the Pt
band structure. The losses do not depend on the photontizeticithey will not diminish the
MCD asymmetry but the intensity which, in turn, impairs thésgd#éion of MCD asymmetries.
Overall, the transport losses of the Co photoelectrons amddalitional intensity by the Pt
photoelectrons cause a decrease of the MCD asymmetry.

In contrast to the Kerr rotation, the absolute value of ther kedlipticity increases with the
capping thickness until a maximum around 8 nm, followed bg@d decrease (Fig4.11). At
30 nm Pt capping the Kerr ellipticity is also nearly zero. St interesting, since the Kerr
ellipticity is also expected to decrease with increasingpaag layer thickness. The reason for
this behavior might be found in the exact calculation of thediam boundary and medium
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propagation matrices based on the optical Fresnel eqsation

4.2.5 Summary and conclusions

Near-threshold photoemission in 1PPE and 2PPE has beestigated for a Pt-capped Co
wedge on Pt(111)/W(110). At 5ML (SRT at 5.5 ML) asymmetry eswf 0.07% for 1PPE
and 0.11% for 2PPE are measured. These values are of the same ordegoituae as those
of the capped Heusler alloys (cf. Ch. 4.1) but a factor of 108l&nthan values detected for a
Ni(001) system [9]. On the one hand, such large magnetic amtres might be attributed to
unique features of Ni(001). On the other hand, the obsemsitinight also lead to the assump-
tion that a capping layer does not only diminish the magmgtical quantities as calculated
above but might also reduce the MCD asymmetry. Further measants at uncapped sample
systems should clearly judge the influence of an additioappmg layer.

For 2PPE as well as for 1PPE the asymmetry increases coansitywith the film thickness.
While in the case of 2PPE a linear dependence of the wedgenthgskis found, the behavior
for 1PPE is more subtle. Two linear sections with differéopes are detected and attributed to
different prevailing Co crystal structures. These resultssesome conclusions to be drawn:
the basic mechanism leading to near-threshold MCD must bheected to Co bulk properties,
surface effects do not play a crucial role. This also meaasitiost electronic excitations
might be traced back to transitions in the Co bulk band strectiispecially for an uncapped
Co system it would be helpful to compare measured asymmelngsado theoretical results
for interband transitions. Due to the linear dependencheasymmetry on the sample thick-
ness, the SRT does not visibly influence the asymmetriestim dases. An influence of the
magnetization easy axis on the asymmetry for a perpendigumeagnetized film has therefore
not been detected.

Furthermore, the comparison of the thickness dependenite afear-threshold MCD asym-
metry in 2PPE to measured and calculated Kerr elliptictirethe basis of Eq. (4.5) shows that
a description of MCD on the basis of the Jones formalism is detjaate. Apparently, sim-
ulations on the basis of linear response theory in comlanatiith relativististic energy band
calculations as presented in Ch. 4.1 seem to be a more prgnaigproach to a theoretical de-
scription of near-threshold magnetic circular dichroighoe to the measured bulk-sensitivity
it would in particular be of interest to look for transitiomsolving Bloch-states as initial and
final band states.

Finally, the experiments reveal the information depth @f mhagnetic dichroic signals to lie
between 1.6 and 9 nm.
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4.3 Energy- and angle-dependent near-threshold MCD froniteathin Co/Pt(111) film

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)l@mdapped Co wedge (Ch. 4.2)
lead to the assumption that a capping layer reduces the MGialsignd that it might be ad-
vantageous to investigate ultrathin film systems withoipoag. Also the question remains
whether Ni/Cu(001) is the only sample system revealing gehimagnetic asymmetries or
if other systems might deliver comparable asymmetry valdesrder to gain insights into
these issues an uncapped ultrathin Co film evaporated on alPt§ingle crystal has been
investigated and the obtained results are presented imlbe/ing.

For Ni/Cu(001) it was furthermore demonstrated that the MCrasetry is very threshold-
sensitive: It is enhanced directly at the photoemissioedsiold and drops to 65 (50%) of
the threshold value for 1PPE (2PPE) at a photon energy 0.2mgél than the sample work
function [9]. This behavior raises the question whetheepgystems also show a similar en-
ergy dependence of the MCD asymmetry. Otherwise, the matmdnd the behavior of the
observed asymmetries [9, 63, 65] might be connected to @pleand structure features for
the case of Ni/Cu(001), in particular the existence of a gpmt split band close to the Fermi
level £ at the high symmetry point X [26].

Moreover, the dependence on the incidence angle of the pto#am has up to now been
investigated for the Ni case only. Here, the sample showeshhanced 2PPE asymmetry at
grazing incidence, for 1PPE the asymmetry stays almostt@onsver a wide range of inci-
dence angles (060°) [65]. To understand its origin, however, more systemasaseeded.
Especially for applications with PEEM it is of interest tcaeine under which conditions en-
larged MCD asymmetries in near-threshold photoemissi@e dor grazing incidence.

Finally, the asymmetry behavior for single- and multi-girepphotoemission processes is
a very interesting issue since it would give important imation about the properties of
magnetic circular dichroism for different excitation maaisms in threshold photoemission.
Studying 1PPE would deliver gainful insights into the ogtitiexcitation of electrons from ini-
tial to final states. From MCD measurements in 2PPE we can erpecinformation about
the two excitation steps and the intermediate state indalvéhe process.

In order to address the mentioned issues, energy- and degkndent 1PPE and 2PPE MCD-
measurements are performed at a Co/Pt(111) system in meahtidd photoemission. Since
simulations on the basis of spin-resolved band-structal®itations in combination with lin-
ear response theory seem to be promising for a quantitaiekysis of the magnetic dichroic
signals (c.f. Ch. 4.1) we use this formalism to explain the MGPnametries 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 bjoArsputtering (120 min,

p~ 4-10~% mbar) and subsequent annealing (30 min, 87)0at a pressure ofp 4- 10~° mbar.

In order to prepare a sample simultaneously revealing lkekproperties (i.e. * 3 ML)
and an easy axis perpendicular to the sample surface a Coéiselof 4.5 ML is chosen.
Bulk-like properties are desirable to interpret the resuitterms of a Co bulk band struc-
ture. A perpendicular easy axis reflects a dominating daution of the magneto-crystalline
anisotropy which is promising for large MCD signals. The dafion is carried out with a rate
of 1 ML/4.5min. The quality of the substrate surface and thigagial Co film is controlled
by LEED. Fig.4.12 depicts LEED images of the clean Pt(11aylsi crystal at an electron
energy of 129.9eV (a) and the 4.5 ML thick Co film at 129.7 eV (e sixfold symmetry
of the single crystal and the epitaxial Co film can be cleargnsd he reflections with highest
intensity in (b) correspond to the Co lattice (right arrowhile the neighboring inner reflec-
tions (left arrow) originate from the Pt substrate. Alsablisis a modulation of the Co lattice
reflections induced by the underlying substrate. This |iperture represents a Moiré pattern
arising from regular dislocations [89, 90]. Fig. 4.12(cpubts a sketch of the prepared sample
system.

4.3.3 Results

Since an uncapped sample system is investigated all measote are performed with the
experimental setup shown in Fig. 3.4. The use of lock-innegpie is not necessary and the
asymmetries can be directly calculated from the recordetoghirrent.
After preparation the sample is investigated by in-sittapohagneto-optical Kerr measure-
ments for which linearly polarized 636 nm laser light is uged. also Fig. 3.2). Fig.4.13(a)
depicts a Kerr measurement. The observed easy axis curive potar geometry (remanence
equals saturation, coercive field 580 Oe) shows that the lsamggnetization is oriented along
the surface normal. The Kerr rotation in saturation amotm®®.6 ni. Compared to the value
for the Pt-capped system (Ch. 4.2) the Kerr rotation anglémest twice as large indicating
that the capping layer reduces the Kerr rotation.
MCD measurements in near-threshold photoemission areedaotit by using a broadband
ultrashort TiSa pulse laser with photon energies in theearidy = (5.06 - 5.84) eV for 1PPE
and hy = (2.46 - 2.92) eV for 2PPE (c.f. Ch. 3). To generate 2PPE peasean additional lens
(f=15mm) is used again and a possible admixture of one-phdtotopmission processes
is cut off by using an optical filter. Fig.4.13 (b) shows a tglilPPE MCD measurement in
the vicinity of the threshold. It represents an average 8@enysteresis loops. Each hystere-
sis loop consists of 160 current readings. For 2PPE measumterd40 current readings per
hysteresis loop are taken. Since all hysteresis loopsIreasg axis magnetization curves, the
asymmetry for 1PPE as well as for 2PPE is evaluated as fallows

—MtT =M

Ancp = % ; (4.12)
Is + I
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Figure 4.12: (a) LEED pattern of the Pt(111) single crystal after cleaning at
129.9eV. (b) LEED pattern of the 4.5 ML Co/Pt(111) film at 129.7 eV. (&tck
of the prepared sample system.
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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 eMidure
represents an average over 30 hysteresis loops, each hysterpsistaisting of

160 current readings. A typical error bar is shown on the bottom hranc

Where[_sw (I_st) are the averaged values of the sample currents for pogiiegative)
sample magnetization direction measured for a fixed phogtinity. This means that for the
uncapped sample systems all investigations are carriedoorgsponding to the detailed ex-
perimental view shown in Fig. 3.3 (b) for fixed helicity. Incbameasurement we ensure that a
reversal of the photon helicity leads to a reversal of therasgtry.

In order to determine the sample work function the deperelefc¢he 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 rangeo£it5.06 - 5.84) eV. This dependence is plotted in
Fig.4.14. The electron yield is defined a§: = I;’:’, whereN is the number of electrons,
I5 is the sample current, his the photon energyP is the power of the laser beam and e
is the elementary charge. For an energy differedcéeV between the photon energy and
the sample work function a linear relation between the edecyield and the photon energy
is found. For photon energies smaller than the sample warktion the electron yield ap-
proaches almost zero. A linear fit determines the work fomdid = (5.23 £ 0.1) eV in the
case of 1PPE. The determination of the work function priathed2PPE measurement leads
to ® = (4.98 + 0.1) eV. The reason for this slightly changed value might be aaroitation

from residual gas adsorption.

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

Fig. 4.15 depicts the energy dependence of the MCD asymnmatd/APE (a) and 2PPE (b).
The dashed lines mark the positions of the photoemissiashimids determined from the
work function measurements. In 1PPE as well as in 2PPE tharasjries are maximum at
threshold and drop slightly with increasing photon enefidye relative loss of asymmetry per
energy interval is nearly the same for both measurementaeiAzr, the absolute asymmetry
values differ strongly: in the case of 2PPE a threshold vafuel.7 % is detected while for
1PPE only a value of.9% is reached. Furthermore, in both cases asymmetry values are
observable below the photoemission threshold. Partiad banupation above the Fermi level

at 300 K and the spectral width of the laser give reasons ier Tihe apparent weak oscillation
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Figure 4.15: (a) Photon energy-dependence of the 1PPE MCD asymmetry for
4.5ML Co/Pt(111). (b) Same for the 2PPE MCD asymmetry. The dashed lines
mark the photoemission thresholds determined from work function measusemen
All measurements are carried out with the magnetization vector orientednperpe
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 thatildyma
due to statistical fluctuations of the measured data. For 2PPE the err@rbans

the order of the symbol size because of the larger absolute asymmetrg.value
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in (a) might be attributed to instabilities in the generataj the laser light (fourth harmonic)
as well as slight differences in the efficiency of the broauidbguarter wave plate for different
wavelengths. The energy dependence and the differentiabssdymmetry 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 ath=5.22 eV as well as for 2PPE at i 2.46 eV MCD measurements are carried
out for a varying rotation angle of the sample with respedht helicity vectorA, of the
incoming photon beam and the direction of the applied magfietd H. Fig.4.16 (a) depicts
the experimental situation outside of the sample: durimgathgle-dependent measurements
A, and H stay parallel {, || H). At an angle of incidence af = 0° the vectors\,,, H and

M are therefore aligned parallel to each other and perpeladitnithe sample plane. By ro-
tating the sample by an angle dfthe external fieldd causes the sample magnetization to
deviate from the perpendicular orientation. Applying distgntly large external field would
result in a parallel orientation df/ and H. This is not the case for finite external fields. is
thus oriented under an angle ®fvith respect tod and under concerningy, respectively.
Fig. 4.16 (b) depicts the experimental situation insiderttagerial. Due to Snell’'s law the in-
coming photon beam is refracted; the direction of the hgliector is therefore changed and
forms the internal polar angle of incidengewith the surface normal. The angle between the
magnetization direction and the helicity vector inside mhaterial is consequently given by
(a—17).

Fig. 4.17 shows the dependence of the 1PPE and 2PPE asynune¢hg sample rotation an-
gle in near-threshold photoemission. While for 1PPE the asgtry stays almost constant,
decreases with increasing rotation angle (i. e. with ingirepangle of light incidence) in the
case of 2PPE. Large angles of light incidence normally tésa polarization loss for incom-
ing circularly polarized photons in the sample materialisTdhehavior is well reproduced by
the angle-dependent measurements in the case of 2PPE,tlat tiee case of 1PPE. Addi-
tionally, the polarization change also depends on the weagth of the incoming photons and
is therefore different for different photon energies. Astfiglance, this could be an explanation
for the different 1PPE and 2PPE angle-dependence.

To investigate this issue we simulate the polarization Insgle the material in a MCD ex-
periment for the two wavelengths used for 1PPE and 2PPE.ihgdo, we have to calculate
the modification of the electric field inside the solid duetie bptical response of the mate-
rial. The internal electric field is approximated by a claakradiation field described by the
Fresnel equations (Fresnel-field approximation). FolhmMRef. [92] where the authors as-
sume normal electron emission from a cubic (001) surfack perpendicular magnetization
magnetic dichroism appears if the tefm [ cos ' E/ E', "] is non-zero k', = —2«=2EL

cos 9+1/ €/ —sin? 9

andE/ 2n'cos VBl gre given by Fresnel's formulas and denote the amplitudéseof

H _ e cos19+\/e’fsin219 ) ) . ) )
electric field components parallel and perpendicular tgplaee of incidence inside the ma-
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(a) A,

<!

d sample‘

Figure 4.16:lllustration 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 angferesults in a sample magnetizatin oriented
undera with respect to the surface norma) and underd with respect to the
photon helicityA,, and the external magnetic field. The direction ofA,, and &

is kept fixed during the measurements, only the sample is rotated. (b) Situation
inside the material: The refracted photon beam is oriented utdeith respect to

the surface normat and undery — ¥’ with respect to the magnetization vector.
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Figure 4.17: (a) Dependence of the 1IPPE MCD asymmetry on the sample ro-
tation angle measured at a photon energy of 5.22eV for 4.5ML Co/Pt(111).
(b) Same for 2PPE MCD asymmetry measured at a photon energy of 2.46eV.
The full curves denote the calculations for the relevant MCD-generaéng
Im[cos(a — 19’)E|’|E’L*] 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; ¥ andv’ denote the external and internal polar angles of incidemces,the refractive
index in the materia(see also Ref. [93] To simplify matters the optical response is in this
case described by a dielectric constaimstead of a dielectric tensor; magneto-optical effects
are thus neglecteéd This reflects the fact that the polarization change duedatmplex re-
fraction index is much larger than magneto-optical effedigch can be re-installed as a small
perturbation in a second step. The tersn’ accounts for the fact that the MCD asymmetry
Is proportional to the scalar product of the helicity veofgrof the photon beam in the mate-
rial and the magnetization vector as long as\/ is oriented parallel to the surface normal.
The complete expressidmn[cos 19’E"‘ El*] furthermore contains the modified electric fields
and thus carries the entire information about the loss ctitar polarization of the incoming
radiation in the material. However, the above expressiomg loold for A || 77 which is not
provided in our experimental setup for anglest 0. For an adequate analysis we therefore
have to account for the deviant orientation of the magnetizavith respect to the surface nor-
mal. This is done by calculating the anglén Fig. 4.16. Obviously, this also implies a deviant
orientation ofM with respect to\’. and thus demands the substituti@s(¢) — cos(a — )

in Im | cos ' B/ E' "]

The anglex can be computed by analyzing the free enthaly, 9) = f(«,9) — Jg- H of the
system which is formed by the system’s free eneffy, 1) ®> and the Zeeman energ& -H
caused by the external magnetic field. In detail, the frebadpy is given by [83]

2
g(a,9) = 2.20 ccos’a + K, - sin®a
K,

+ K. -sin?a + TS - cos? a
—|Jg||H]| - cos(d — ). (4.13)

The first term reflects the shape anisotropy; is the magneto-crystalline anisotropy con-
stant, K. the anisotropy constant due to magneto-elastic strainFanithdicates the surface
anisotropy constant including both interfaces. The higireer anisotropy ternik’, is ne-
glected. | Js| = 1.8T is the magnetization in saturatioff/| = % T is the applied external
field, t = 0.9nm is the Co layer thickness, and = 47 - 10-7 Vs/Am is the vacuum per-
meability. Minimizing g(«, v) with respect toa yields the equilibrium orientation of the
magnetization vector in the external magnetic field, i. irgectly yieldsa:

Jg(a, 0)

K,
o~ -9 [L—FTS}-cosasina

—|Js||H| - sin(d — o) = 0, (4.14)

with L = % — K; — K, representing the volume energy anisotropy constant. /Far

value 0f9.2 - 10° IJn3 is taken from Ref. [91]. The surface anisotropy constant lisutated

“4Itis also assumed that the expressions will only slightlgrde for surfaces other than (001).
5The dependence of the system’s free energy on the diredtitsintrinsic magnetization (without an external
magnetic field) is also called the magnetic anisotropy oftstem.
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4.3 Energy- and angle-dependent near-threshold MCD froniteathin Co/Pt(111) film

by using a critical thickness for the spin-reorientaticensition oft. = 1.1 nm, which has
previously been detected at a Co wedge on Pt(111). This gives —1.01- 1072 Jm 2. The
MCD-related termi'm | cos(e — 9) | E', "] s finally calculated for one circular polarization

(B, E.) = (1,i)/\/§ (the other one merely amounts to a change of sign) and by using
the refractive indices for both wavelengths (250 nm for 1P%5 nm for 2PPE) for Co bulk
material taken from Ref.[93]. Note that for 1PPE a slightlffedent wavelength compared
to the experiment (237.5nm) is used since refractive iredfoe lower wavelengths are not
available. To allow for comparison with the experiment th&ualated values are additionally
normalized aty = 0°. For 2PPE the theory confirms the measurement surprisingly w
In contrast the calculation for 1PPE cannot describe thesored constant behavior. Since
the calculated polarization loss is, however, almost theesimr 1PPE and 2PPE the measured
data cannot be explained by the influence of different réfraindices due to different photon
energies. A possible reason for this is the fact that theepitetheory only holds for bulk
materials. However, for 1PPE the existence of a secondactto the substrate might be of
greater importance compared to 2PPE because the real pants @fractive indices of Co
and Pt are different in the case of 1PPE while they are alntpstldor 2PPE. In this context
a theoretical model for ultrathin multi-layered strucsiss presented by Zak et al. [88] might
be more adequate to capture the modification of circularlgnzed light for a multi-layered
film due to the optical response of the system. Furthermbeeelectro-magnetic continuum
model does not consider the local orbital anisotropy of tetributing electron states. This
orbital anisotropy depends on the magnetization diredigiining the quantization axis and
on the helicity vecton\,. As the contributing states are different for 1PPE and 2RR&no
surprise that the angular dependence is different.

4.3.4 Discussion

As outlined above 1PPE as well as 2PPE MCD measurements eveajjed asymmetries
compared to measurements for the capped system. In the tdse Bt capped Co wedge
the sample exhibits asymmetry values of /O§1PPE) and 0.1% (2PPE) at 4.5ML Co
thickness and fixed photon energies of 4.64 eV (1PPE) andV3(2RPE). Due to a sample
work function of® =4.6 eV 1PPE (2PPE) experiments have been carried out 0.Q4.8¥V)
above threshold. In the case of the uncapped system asyiresnetrl.82 (1PPE) at the
same difference between photon energy and sample workidunahd 8.37% (2PPE) at a
maximum difference of 0.86 eV are measured. In both caseasyiametry values are more
than one order of magnitude larger than for the capped sys®ns observation validates
the assumption that dichroic signals are reduced by a cgpgyer. 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 ppe@d system the 2PPE asym-
metry is larger than the asymmetry in one-photon photoeamssiowever, the relative loss
of asymmetry per energy interval is nearly the same in bate€as shown in Fig. 4.15. In the
following we will use relativistic band-structure calctitms to quantitatively analyze the ori-
gin and the behavior of the asymmetries for both excitati@esmanisms. For 2PPE processes
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the analysis of band transitions is thereby more compli;atmce the electrons are excited
via a two-step process. The intermediate state can be hotuaal and the selection rules
might only apply treating 2PPE as a series of two one-stefiagin processes. Moreover,
the parity is changed in a one-step process while it doeshaotge in the case of 2PPE.

The relativistic band-structure calculations are perfedran the basis of the local spin-density
approximation (LSDA) (c.f. Ch.2.3.1). Fig.4.18 shows thé&uakated energy bands of fcc
Co using a lattice constant af= 0.35457 nm for the low-index crystallographic directions.
The dashed horizontal line indicates the vacuum level fdPELPThe value for 2PPE lies
0.25eV below. Vertical arrows denote possible transitionslPPE (dashed) and 2PPE (full
arrows). According to energy conservation only bands kxtat a narrow region up to 0.61 eV
(0.86 eV) belowEr can contribute to the 1PPE (2PPE) signal at the maximumedotaiphoton
energies. The region for 2PPE has been hatched in Fig. 4dt8;hrand side. The bands
are labeled only by numbers since spin and symmetry charatteands change along the
crystallographic directions in a fully relativistic calation. This is due to the fact that the
spin as well as the spatial symmetry of the individual ban@sreo longer good quantum
numbers in the presence of spin-orbit coupling, and banitigpckue to hybridization has to be
taken into account. On the basis of Fig. 4.18 we now discugpbssible excitation scenarios
A and B.

Excitation scenario A

Due to the negligible momentum transfer from the incomingtph to the electron in the
considered photon energy range, in conventional photstonigheory the parallel electron
momentum is conserved\{; = 0). The electron momentum before and after the photoex-
citation is therefore practically the same, and the elect@n only undergo direct, vertical
transitions in the band-structure scheme. In the specsa oathreshold photoemission only
photoexcitations in the direction of normal electron emissare discussed since there is no
excess energy left to excite states with non-zero paralighentum (v - » =0, k;; = 0). At
the threshold these direct transitions are connected toragiremission of the electron in the
direction of the surface normal. In our case the electrorx@ted perpendicular to the fcc
(111)-surface which means that transitions can only ta&eepin the normal emission direc-
tion I'-L of the reciprocal lattice. This is captured by model A. Bltlhat normal emission is
strictly fulfilled only directly at the threshold, in the rege close to the threshold the escape
cone effect limits possible transitions to smiajlvalues (e. gk =0.23A"" at0.2eV ex-
cess energy).

Within model A bands 11 and 12 are good candidates for irstales. Although the calcu-
lated bands 11 and 12 in Fig. 4.18 are located slightly aboed-ermi level, epitaxial strain
and/or a possible doping effect of the Pt substrate coulidl i@ actual bands closer to the
Fermi level so that they might be occupied at finite tempeestu This assumption is sup-
ported by experimental data demonstrating photoemissrentty from the Fermi edge in the
I'-L direction of fcc Co[94]. Bandmapping measurements on Co/CL)furthermore re-
veal one of these bands to be located even 150 meV belol8]. In agreement with former
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Figure 4.18: Band structure of fcc Co with a lattice constant of =
0.35457nm[95]. The thin dashed (continuous) arrows denote possible 1PPE
(2PPE) transitions in thE-L direction (model A), while the bold dashed and con-
tinuous arrows show the possible 1PPE and 2PPE excitations in all otlstallkry
graphic directions (model B) neglecting lifetime-broadening effects. Hbiehied
region on the right-hand side denotes the energy range of initial banti#bcing

to the 2PPE signal. The dashed horizontal line indicates the position of thenac
level Ey 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 arverity-spin bands in thé&-L di-
rection and carryl-character. Note that the band-character changes-tgpe along the L-W
and U-X directions, and due to a spin-orbit induced avoidaddbcrossing band 11 adopts
majority-spin character. Moreover, the bands 11 and 12b@darge densities of states in the
vicinity of the I'-point. However, no final state band exists in the energyeagsely above
the vacuum level (dashed horizontal line). Hence, 1PPHreles are excited to evanescent
states, being quasi-free continuum states that are syroiaghped inside the material (transi-
tion marked with thin dashed arrow). In the case of 2PPE thesttion along’-L can only
proceed through a virtual intermediate state to an evanefoal state (thin full arrow). Both
the virtual state and the final state carry minority charadtes to the prohibition of inter-
system crossing. The fact that the relative loss of asynynpetr energy interval is similarly
small for 1PPE and 2PPE points out that the possible intaateedtates in 2PPE might be
very similar to each other, thus influencing the energy ddeece of the asymmetry in the
same way. Therefore, one might be inclined to think of a "Arband’ of virtual intermediate
states with similar properties.

In conclusion, model A relies on the assumption that onlgditzons in thel'-L direction are
involved in near-threshold photoemission from the (1EBef It thus represents the conven-
tional model of photoemission. However, in this approadtiebns can only be excited to
evanescent final and virtual intermediate states in thestigeted photon energy range. In
this context, 1PPE spectroscopy measurements on Co/Cu@lidgieed reveal the loss of a
prominent direct band-to-band transition peak when redutiie photon energy below 6 eV,
but they do not unambiguously attribute the remaining plmigsion intensity to direct tran-
sitions into evanescent states. Concerning 2PPE measuemedel A furthermore lacks
an explanation of the enhanced absolute asymmetries cechpad PPE as there are no real
band-to-band transitions accounting for the differenceR®PE and 2PPE MCD. Since the ini-
tial band already carries minority character a spin filtéstfof the intermediate state can also
be excluded. Here, the fact that 2PPE is a parity-consepfiogess could be of importance.
But apart from this, the enhanced 2PPE asymmetries mustdedtimck to particular char-
acteristics of the virtual intermediate state and the ttep-gexcitation which cannot be further
determined up to now. Finally, the most relevant argumeantresy model A is presented in
Ch. 4.2. There we show that the near-threshold MCD asymmateyRt-capped Co sample is
bulk-sensitive, i. e. the asymmetry increases with the filiokiness up to 8 monolayers. This
finding is highly incompatible with an evanescent final sthtg is located close to the surface
and strongly damped inside the material. Due to these sedgrepancies we search for a
possible explanation of the experimental results beyoadtmventional approach. The bulk
sensitivity of the MCD asymmetry indicates that for 1PPE al$ agfor 2PPE real states stem-
ming from the Co bulk band structure must be involved in thetation process. Accordingly,
for 1PPE the final state is expected to be real, for 2PPE dtdeasof the participating states
- the intermediate or the final state - should be real. It is thearby to consider directions
different fromI'-L where interband transitions into real final (intermed)adtate bands occur.
This leads to scenario B.
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Excitation scenario B

Considering other directions thahL we follow a model which is normally used for photon-
in/photon-out experiments such as the magneto-optical &&ct and which has proven to
be a powerful approach for many different systems [38, 4%jer&in, all possible interband
transitions in the whole Brillouin zone are considered amddithroic signal is obtained by
averaging over alk-directions. This means that not only the high-symmetreaions de-
picted in Fig.4.18 are considered, but transitions in alstallographic directions are taken
into account. The theoretical foundations of this model@mesented in Ch. 2.3. As already
successfully carried out for the two Heusler alloys (c.f. €h) we transfer this photon-
in/photon-out scenario to our photon-in/electron-outipatith an important modification: In
a photoemission process the energy condition (Einsteiatep) containing the work func-
tion of the material has to be considered, i. e. in near-bulkelsphotoemission only a narrow
region of initial states belowt: contributes to the observed photoyield. Energy consemati
thus restricts the maximum available binding energy of i bands in our case tby_, =
0.61eV (0.86eV) at the maximum available photon energied RIPE (2PPB). In scenario
B we thus look for allowed interband transitions in all caligraphic directions with initial
bands in the hatched binding energy interval in Fig. 4.18 (#8PE the hatched interval is
slightly smaller). Such transitions are marked for 1PPkcktklashed arrows) and for 2PPE
(thick full arrows). For the 1PPE case we find interband titeoms alongl'-K, U-X and along
X-W and L-W. Here, transitions from the initial bands 7 and'8 possible in X-W and U-X,
while for transitions in"-K and L-W band 9 may serve as initial state. All excitatioead to
the final bands 11 and 12. As already mentioned, Fig. 4.18daisplays the projections of the
band structure in low-index directions. In the full 3Bspace there are many more such tran-
sitions in arbitraryk-directions. For 2PPE we look for transitions to real intediate states,
for which bands 11 and 12 come into consideration. Notabdyfimd 2PPE transitions of this
kind close to the X-point and in the-K and L-W directions. Fof-K band 9 can be the ap-
propriate initial state, for L-W electrons can be excitezhirbands 8 and 9. Most interesting
might be thd™-X direction since the transition takes place in the vigimt the high-symmetry
X-point. Bands 6 and 7 carrying high density of states clos¢ taight serve as initial states.
Also the intermediate state bands 11 and 12 exhibit highigeosstates at X. In all cases
the final state for 2PPE is again an evanescent statke 1PPE and 2PPE processes are re-
stricted to the mentioned transitions as long as lifetimeabening of the intermediate and
final states is neglected. By additionally considering tiffisat, excitations from other initial
bands not mentioned above also become possible dependihg oragnitude of the lifetime-
broadening.

In analogy to model A the electron in model B undergoes diredical transitions in the band-
structure scheme, too, as almost no photon momentum iderag to the electron. However,

8In contrast a much larger area of initial states given by thatqgn energy contributes to magneto-optical Kerr
measurements.

’Of course, transitions via a virtual intermediate state tead final state might also be possible for the 2PPE
case. However, calculations of the dichroic response mrinthat this is less probable (see page 82).
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in contrast to model A the photoexcitation does not takeeplacthe direction of normal elec-
tron emission, and additional momentum is needed to enafiks®n 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 performagdalinitio calculations of the MCD asym-
metry [95]. As discussed in Ch. 2.3 the appropriate theaktarmalism for deriving mag-
netic dichroic spectra is relativistic energy-band themygnbined with linear-response theory
to treat the magneto-optical response of the material. ,hegeadopt this formalism to eval-
uate the electron intensitids” from the computed optical conductivity tenser, and from
these the MCD asymmetry using Eqg. (4.12) for the case of redgpboton helicity. For a
detailed description of the calculation we refer to Ch. 2.3.

For 1PPE and 2PPE excitation processes, specific conddmshtonally have to be consid-
ered and included in the calculations of #gv) tensor as discussed below. Note as well that
in theab initio approach only transitions to real bands are accountedXortagions to evanes-
cent or virtual states are not regarded. In the light of thevaldiscussion, this implies that
the excitation process for 1PPE can be fully described,exbil 2PPE only the first excitation
step into a real intermediate state can be treated.

The 1PPE process is comparably easy to model. The escamatédiphotoelectrons requires
their band-energy to be equal or larger than the work functiéence, in the linear-response
expression fow;; the sum over occupied initial states and unoccupied finté¢stgee e. g.
Ref.[44]) consists of only those final states with energiesalthe work functiondg,,., > ®).
Also, as mentioned before the maximum photon energy usetkeiexperiment restricts the
possible initial states{,i;. > —(hvmax — P)).

2PPE MCD is not yet well understood and its modeling requivethér assumptions. Two
possibilities are discussed in Ch. 4.1. Thereby, the appromawhich two photons are coher-
ently and simultaneously absorbed is preferred to a modetyevthe 2PPE process consists
of two unconnected 1PPE excitation steps. Here we alsdtesirst way of computing 2PPE
MCD for fcc Co assuming a real final state. According to the bandttire the intermediate
state is then virtual. This gives asymmetry values of theesarder of magnitude as the 1PPE
MCD, but it does not reproduce the measured values of abdiit This strongly suggests the
involvement of an evanescent instead of a real final staterefbre, we have only focussed
on excitations into real intermediate states which are neadby theab initio calculations
assuming similar conditions as above for 1PPE, butifgr-g /2 and corresponding photon
energies.

We start our discussion of the calculated results with ficsisedering the 1PPE process.
Fig.4.19 shows a spin-resolved calculation of the imagiraard real parts of the conduc-
tivities o, ando,,, for the 1PPE excitation as a function of photon energy. Thektlashed
curve gives the conductivity spectra due to majority-spicitations, the red full curve those
due to minority-spin transitions. A work function of 4.9 e¥ used while a typical lifetime-
broadening of 0.4 eV of the final state is assumed which isvetprt 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,cyof ando,,, for LPPE as functions of

the photon energy. A work function of 4.9 eV and a lifetime broadening oé¥.4
are assumed.
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Figure 4.20:1PPE MCD spectra of fcc Co computed for different work functions
® and lifetime broadening& The points represent the measured data.

energy condition for the maximum accessible binding eneryg a result, the absorptive
parts of the spectr(aRe[am] and/ m[amy]) increase steeply around the work-function value.
The tail at energies< @ is due to lifetime broadening effects. The dispersive paftthe
spectra(Im[am] and Re[axy]) can of course extend farther to lower energies. According
to Eq. (2.54) the calculations reveal a strong asymmetrhénnhajority-spin and minority-
spin contributions, particularly in the energy range oémest,5 — 6 eV. In Fig. 4.20 we show
several computed 1PPE MCD spectra calculated by averagargt\possible interband tran-
sitions in the whole BZ. The calculated MCD varies arouryd Which is about a factor of 2
smaller than the experimental values (dots). Towards tresktiold the computed asymmetry
falls off, whereas the experimental counterpart showsghsincrease. The behavior near
the threshold in the calculations is related to how the damth on the initial and final band
energies are enforced. This means that depending on theecbbihe experimental param-
eters (work function, maximum binding energy, lifetime &dening), which are not exactly
known, the calculated energy dependence can change toadrditer agreement with the
measured trend of the MCD asymmetry. For Fig. 4.20 we have esetnable values for the
lifetime-broadening that showed good results for MOKE. @rabable reason for the drop of
the experimental values with increasing photon energyaisttiere is an increasing underlying
background signal of secondary electrons that does not ahdMCD. The reasonable corre-
spondence in the magnitude of the calculated and measUP&EJIMCD signal prompts that
the basic mechanism for the 1PPE is the influence of spinaggshand spin-orbit interactions
on the single-particle energy bands. Both interactions aie gvell 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 sevetiakepé
band transitions. A work function of 2.49 eV and a lifetime broadening of\9.4 e
are assumed. The resulting MCD of all bands is reducedt@abh, = 2.5 eV. Val-
ues below 2.4 eV have been set to zero because of numerical erete dmall

emission intensities.

As mentioned above, for 2PPE excitations in the vicinityhaf K-point are of special interest.
In the following we compute the first step of the 2PPE exa@taprocess investigating the real
interband transitions in the photon energy range:0fh®sppr /2 = 2.49 eV up to hyy,, =
2.92 eV. High MCD asymmetries result from the transitions of ba@@sd 7 to band 11 and
8 to 12 near X. In Fig.4.21 we show the computed MCD of the cpording excitation
channels calculated throughintegration over the whole Brillouin zone. Thereby, most of
the computed MCD values for individual interband transgi@mne much larger than the total
1PPE MCD (lying triangles) calculated by summing over alldsarEspecially the transitions
6— 11, 7— 11, and 8- 12 give maximal MCD values of -33, 10%, and 14%, respectively.
The onset of the 812 (and also 8+ 11) transition is, however, just at 2.9eV, i.e., at the
end of the experimentally probed range. Therefore, thesesitions contribute little to the
experimental signal. Furthermore, the MCD spectrum is datethby 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 contrisuis heavily reduced when summed
up with other transitions [96]. Another argument for the dgoamt influence of the % 11
transition is the fact that the calculated total MCD signahedl as the experimental data
(open circles) exhibit the same energy dependence as cechfaut7— 11. The experimental
data even almost coincide in their energy dependence watkithulated ones for# 11. Due

to contributions from all other allowed band-to-band traoss too,, the total asymmetry is,
however, reduced to values {6at hv =2.5eV) which are about a factor of 2 smaller than
the experimental 2PPE MCD values. This is not astonishingidening that only the first
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excitation step has been calculated.

The calculation validates that specific band-to-band ttians (in the vicinity of high-symmetry
points) are very likely the source of the large 2PPE MCD. Thtothe rather narrow accessi-
ble energy range of 2.49 to 2.92 eV, mainly the>7L1 transition channel dictates the first step
of the 2PPE excitation. Assuming that the MCD would not be cedun the second excitation
step to an evanescent final state, the resulting 2PPE MCD vbewdd least of the order of%
and, hence, larger than the 1PPE MCD. Since only the asymifioetitye first excitation pro-
cess is derived the question whether the first step of a 2Pélagean is the major asymmetry
creating process remains unanswered. Further measuiestenild thus investigate the role
of both excitation steps.

In summary, the model applied in scenario B yields agreemihtn a factor of 2 with the
measured MCD asymmetries in the case of 1PPE. Even the mattalation of 2PPE reveals
asymmetry values in the same order of magnitude with the sar@rgyy dependence as mea-
sured in the experiment. Also the factor of 6 between the 2HRELPPE asymmetries is well
reproduced by theory. We thus propose the explanation niolgeid interband transitions in
other directions thah-L are responsible for the large MCD measured at Co films on B}(11
In view of the encouraging agreement, we continue this ramwentional model and search
for a mechanism that allows a (probably small) fraction et&lons withk # 0 to surmount
the surface barrier. When irradiating the Co film with neaesiold photons, we induce di-
rect interband transitions in differehtdirections. Near-threshold excitation therefore create
many hot electrons in band states in variokglirections inside the material. The energy of
these excited electrons is sufficient to overcome the seitiacrier (all arrows in Fig.4.18
end at or abové’y). However, theirk-vectors point in various directions away from the sur-
face normal. Therefore, additional momentum has to be feamsl to the electron which
can be realized by scattering processes. In electronrefestattering the total energy is
shared between the two interacting electrons. Howevergapygy loss of the photoexcited
electron ends up in a state beld; so that the electron cannot escape from the surface.
Electron-phonon and electron-magnon scattering are #ftiad the final possibilities. Since
phonons/magnons carry large momenta but small energieas-elastic scattering with a
low-frequency phonon or magnon can transfer enough mometduhe electron to escape
into vacuum: After the direct (vertical) interband traiwitin crystallographic directions dif-
ferent fromI'-L the excited electron travels towards the surface of theerie. On its way it
interacts with a phonon or a magnon, which scatters thereletlack into thd -L-direction
from where it is emitted into vacuum. Note that in electroagmon scattering the spin of the
electron is reversed, whereas for electron-phonon soajtthis is mostly not the case. Since
the present measurement technique is not sensitive toitnefdphe escaping electron the two
processes cannot be distinguished. In normal photoemissiperiments these weak contri-
butions are masked by the strong direct interband transitiblowever, in our case no direct
interband transitions ifi-L are possible so that the phonon-or magnon-assisted @mateion
processes become significant in the near-threshold pledtiognd, hence, for the MCD. The
interpretation of MCD asymmetries in the light of direct iftand transitions in other direc-
tions thanl'-L in conjunction with phonon-or magnon-mediated emisgoocesses 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 existencerefal intermediate state in the 2PPE
transition is of great importance for enhanced MCD asymm®ti® occur. In model A the
intermediate state can only be virtual, and we have no fuitfiermation except that its mere
existence should somehow cause a strongly enhanced 2PRimasy. The resonant inter-
band transition in model B, however, allows for qualitatienclusions: The excitation to
a real intermediate state is not only favorable since theldimatrix element between two
real states is large, and the process will proceed veryteféde Also the enhanced lifetimes
of real states cause a large mean free path of the electrdmns.eXplains the large probing
depth (bulk-sensitivity) and directly increases the pafisy for an electron-phonon interac-
tion. The importance of a real intermediate state is quativély reflected by the same energy
dependence found in the calculations and the measurenmehtiseaabsolute experimental and
theoretical asymmetry values which are in the same orderaginitude. Thereby, we have to
keep in mind that only the first excitation step has been &atied in the 2PPE case.

Besides, the difference between the measured asymmetdeth@malculated values which
occurs for 1PPE as well as for 2PPE could be due to a selecmmanism in the phonon-
scattering process. In theory &Hdirections are averaged equally. In the experiment soadgte
with lower momentum transfer is more probable than phoraattsring with higher momen-
tum transfer. This would be advantageousiferectors with higher projection onto the surface
normal compared to those with low projection.

Furthermore, the calculations have shed new light onto tiestipn why for the fcc Co-film
the 2PPE asymmetries are six times larger than the 1PPE astym@snwhich is different from
the case of Ni (100) [65]. For 1PPE the electron-phonon attéwn must take place after the
outright excitation of the electron into a real final stater EPPE the scattering process could
happen either after the excitation to the real intermeditdée or after the whole two step
process. The first possibility would cause an increase irldgtron-phonon scattering prob-
ability due to the enhanced lifetime of a real intermediaédes In this sense, time-resolved
measurements would be interesting and helpful to invastighiether scattering already ap-
pears after the first excitation or whether the electronsglyiexcited via the two step process
to the final state before it interacts with a phonon. Howeerse experiments would require
pulse widths in the few-fs range [11]. Measurements on fldtrangh sample surfaces might
answer the question whether phonon/magnon scatteringgses mainly appear in the sur-
face region where scattering most likely happens at steppggéds and point defects and is
suppressed at almost perfectly ordered surfaces. In thiex photoemission measurements
on Ag(111) related thextraemission intensity on the lower binding energy side of aalire
transition peak to indirect transitions induced by the atgf[19]. This is an explicit hint for
phonon- or magnon-mediated photoemission. Phonon/maggaitering in the bulk could be
investigated by temperature-dependent measurements.

We finish this section with two final remarks: The analysishe# band-structure scheme al-
lows some general conclusions considering the propertidge@articipating bands. For the
employed band structure of fcc Co and the given photon enargye;, the most relevant 2PPE
transitions showing high MCD asymmetries can be found ardbadX-point. Though not
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only the low index crystallographic directions contribtiehe signal and is integrated over
the whole Brillouin zone, this observation suggests thaisiteons in the vicinity of high sym-
metry points ink-space might be favorable for large dichroic signals. Farrtiore, the slope
of the bands involved in the emission process might play aiaruole: Flat band regions
like those of the initial bands 6 and 7 and the real intermtediands 11 and 12 exhibit large
densities of states and thus give rise to high partial intiess

Finally, it is worth mentioning that the previous discusslas only been focused on fcc Co.
A study on thin Co films on Pt(111) revealed that evaporating Cm@m temperature re-
sults in an fcc-growth mode with enhanced stacking fautisicp-phase is produced only by
evaporation at 120 K[97]. However, since Weller et al. diet@@ structural transition from
fcc to hep Co beginning at a thickness of 5 ML [76] which is cléseur investigated film
thickness of 4.5 ML we cannot completely exclude the preserican hcp Co phase in our
sample system. Therefore, we will also briefly discuss thedtsructure of hcp Co, which
has recently been calculated by Grechnev et al. [98] usice bensity approximation (LDA)
plus dynamical mean field theory (DMFT). In this approachridibation effects have been
neglected and the band structure is separated due to nginadtmajority spin states. For hcp
Co the direction of normal electron emissiolsA.

In the minority channel electrons in-A-direction are excited to evanescent final states for
1PPE and virtual intermediate/evanescent final stateseircéise of 2PPE; no direct band-
to-band transitions are possible in the normal emissioection which is comparable to the
situation with fcc Co. In contrast, for the majority channgkdt transitions from real initial
to real final states passing a virtual intermediate statdéencase of 2PPE might be possi-
ble depending on the character of the initial and final statesthe lifetime-broadening of
the excited states. Neglecting lifetime-broadening thedbstructure scheme suggests that a
transition might only be open for the highest available phatnergies of our experimentally
probed range. Furthermore, the electrons can be excitgddmelctly from the Fermi level
Er at thel'-point. In addition, no real intermediate state is avadaior the case of 2PPE.
These defined preconditions for the appearance of MCD ih'tAalirection are incompatible
with our 1PPE and 2PPE measurements only revealing a slej@rdience on the photon-
energy and yielding a much larger asymmetry for the 2PPE cakeourse, the influence of
lifetime-broadening might play a crucial role and future MC&lculations on hcp Co should
investigate whether lifetime-broadening softens the @@ for a direct interband transi-
tion in I'-A and enables excitations following the picture of coni@ml photoemission. This
would be an interesting alternative to the excitation madms discussed above. However,
without a massive influence of lifetime-broadening effeébese is generally no indication that
enlarged MCD asymmetries can be related to photoemissiom tihe I'-A direction of hcp
Co. In this sense, the rather improbable case of an hcp Cowteusbuld 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 dichroisasurements for one- and two-
photon photoemission have been carried out at a 4.5 ML Co filiat¢il1). The fourth and
second harmonic of a fs-laser thereby served as photonesgigiding hv = (5.06-5.84) eV
and hv = (2.49-2.92) eV for 1PPE and 2PPE, respectively.

Photon-energy dependent measurements reveal maximunmeetyies directly at the photoe-
mission threshold (1.9 for 1PPE and 11.% for 2PPE) that weakly decrease with increasing
photon energy. This proves that enhanced asymmetry vataadiractly connected with the
absence of a capping layer and shows that enlarged dichgoials are also possible for sys-
tems other than Ni/Cu(001).

A fully relativistic band structure calculation for fcc Coguides the basis for an interpretation
of the magnetic asymmetries. In the direction of normaltedecemission (i. eI'-L) electrons
can only be excited to evanescent final states (passinguaintermediate state in the case
of 2PPE). This is incompatible with the measured bulk-geuityi of the MCD asymmetry
(c.f. Ch.4.2). Therefore, the conventional model of diret¢iband transitions cannot be ap-
plied to near-threshold photoemission from fcc Co(111)tdad, we have treated the problem
analogously to MOKE theory with the additional restrictiorenergy due to the existence of
the sample work function in the photoemission process tepth a narrow energy interval
of initial states. In this model all possible interband siions in crystallographic directions
different fromI'-L are considered, and the dichroic response is evaluatewdraging over
all participating transitions in the whole BZ.

In the case of 1PPE the calculations are in reasonable agreemth the measured MCD
responses which emphasizes that the origin of the (1PPBheta-dichroic effect is the com-
bined influence of the exchange splitting and spin-orbgnattion on single particle energy
bands. For 2PPE, only the first excitation step could be sitedldue to the lack of a real final
state. Nevertheless, the simulations revealed agreemtin & factor of two. The enlarged
2PPE asymmetry is attributed to the existence of real iredrate states, and its origin is
traced back to specific transitions between defined initidlr@al intermediate states carrying
enlarged single band-to-band asymmetries.

As the relevant transitions occur in crystallographic clikns other tham’-L additional mo-
mentum has to be supplied by a secondary process. We profexteor-phonon and/or
electron-magnon scattering processes as assisting megcisanFuture time-resolved mea-
surements might answer the question whether the factor @twden the 1PPE and 2PPE
asymmetries is possibly due to different electron-phormmagnon scattering probabilities
for the two processes or whether it must be attributed to gut@s of the real intermediate
state. Temperature-dependent experiments as well as reessuts on flat and rough sur-
faces might yield information about the probabilities aine detailed mechanisms of phonon-
or magnon-mediated processes in the bulk and in the surdgaoar.

Measurements in dependence of the light incidence angéarevconstant asymmetry in the
case of 1PPE that might be explained by the presence of a ¢d€CamiPt) interface. For
2PPE the asymmetry decreases with increasing angle okincéd(53% betweeny = 0° and
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= 54°). This behavior is attributed to a loss of circular polati@a in bulk material with
increasing angle of incidence and can be quantitativelyeteatusing the Fresnel formalism.
In this case the second interface has no effect due to thd egftection indices of Co and
Pt. The measurements also demonstrate that large anglasidénce as used in standard
photoemission electron microscopy setups are still sefiicio exploit huge dichroic effects
as magnetic contrast mechanism.
In conclusion the measurements on Co films on Pt(111) denatestrat a sizeable MCD oc-
cur even in cases where no special band structure featurgsgespin-orbit split band close
to Er in the case of Ni(001)) are present and even band-to-banditi@s in conventional
normal electron emissiod’¢L direction) are not possible. Unlike the case of Ni(00B)][6
the asymmetry is almost energy-independent (i. e. nothiofdssensitive) and still large for
photon energies 0.5 eV above the threshold with stronglaecéd electron intensities, so that
a fine-tuning of the photon energy is not needed. Althoughi@kp demonstrated at the ex-
ample of fcc Co(111), the present results give evidence ibadlsle asymmetry values can be
expected for many more materials. Finally, note that thgelantensities connected with the
absence of a rapid drop of asymmetry above threshold, arerteng for exploiting MCD as
contrast mechanism in time-resolved imaging experiment. (stroboscopic PEEM)
For detecting large asymmetry values in future experimiémtsuld be advantageous to firstly
inspect the band structure of suitable materials considehie available photon energy range,
the work function and the crystallographic direction. Whie knowledge of the present work,
resonant transitions to real intermediate bands (in the cB2PPE) or real final bands (in the
case of 1PPE) would be promising candidates for large asymraignals. The transitions
need not necessarily occur along the direction of obs@mwasince phonon-or magnon scat-
tering can provide the necessary momentum transfer intheashold yield experiments. The
transitions should preferably be located in the vicinityhnadh symmetry points irk-space
with participating bands carrying high density of stated predominantly one spin character.
These criteria should allow for a direct tailoring of MCD asyetries in near-threshold pho-
toemission in future experiments.
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4.4 Near-threshold MCD from an ultrathin Co/Pt(111) film at kark functions

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 spentthe framework of direct interband
transitions in the direction of normal electron emissionreat be applied in every case. This
was for example shown by photoemission experiments on Ag(Where arextraintensity
occurs on the low binding energy shoulder of a direct barlatad transition peak which was
attributed to indirect transitions induced by the surfd@d.[ Our MCD measurements demon-
strate that the conventional model of photoemission doegpyly to the case of Co(111) in
near-threshold photoemission. Instead, the MCD asymmetrgd¢ed back to direct interband
transitions ink-directions deviating from the direction of observatidil(). The additional
momentum needed for the electron to surmount the surfacebatfter the photoexcitation is
assumed to be provided by electron/phonon or electron/orageattering processes.
Calculations on the basis of this model predict asymmetrigistware in reasonable agree-
ment with the experimental results. For 2PPE, however, tmyfirst excitation step could
be simulated (assuming a sequential excitation scenarithjes the question remains whether
both excitation steps contribute equally to the asymmetnyiwether one of the steps is the
major asymmetry-generating process. In order to gain éuitrsight into this issue, we avoid
the second excitation step of the 2PPE process investigatet. 4.3 by lowering the work
function slightly below the energy.hof the single photon used for the 2PPE transition. In
this way we obtain a 1PPE process being equivalent to theefigtation step of the 2PPE
process. This enables the comparison between the MCD of atepgrocess and the MCD
of the corresponding two-step process so that we gain imateediformation about the influ-
ence of the first excitation step.

On the other hand the calculations as well as the experinpeasented in Ch. 4.3 point out
that the existence of a real intermediate state is impoftanbbtaining large 2PPE-MCD
asymmetries. In order to prove this idea, the 2PPE photorggne adjusted in a way that
excitations into real intermediate states are triggerddvatwork-function values. This en-
ables measurements of the 2PPE MCD asymmetries which degnwen different interband
transitions than discussed in Ch. 4.3 and therefore reveal&iuence of a real intermediate
state independent of the energy range probed in the bamctiste scheme.

4.4.2 Results

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

hy = (1.53-1.66) eV. For the 2PPE process we additionally usas(f = 15 mm) with its focal
point at the sample surface and an optical filter to cut offsgme 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 th@esamrent at h=3.06 eV on
the Cs exposure time. After 25 min the work function has desgedo the threshold value of
3.06 eV and emission sets in. The current signal increaskgeaches a maximum value after
48 min of Cs dosage. This maximum corresponds to a work fumetimimum of 1.63 eV
at 0.65 ML cesium coverage. These values are taken from mezasuts on Cs/W(110)[99],
and in the following we assume that with respect to the sampld function both systems
Cs/W(110) and Cs/Co(111) behave very similar. Further dosagks I a rise of the work
function visible in the drop of sample current. After 71 mihevaporation the Cs dosage
is stopped. Referring to Ref.[99] a fully cesiated W(110) sayplds a work function in
saturation of~ 2.11 eV. Prior to the MCD measurements the approximate vdltigeonork
function is checked by measuring the sample current withodgrhenergy of 1.95 eV. No cur-
rent signal is measured which means that the work functitarger than 1.95 eV in agreement
with Ref.[99].

1PPE measurements

To investigate the influence of the first excitation step | 2PPE measurement presented in
Ch. 4.3 which yields an asymmetry value of 873at a photon energy of 2h=2x 2.92eV =
5.84 eV and a sample work functidn=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 sarogtdumction 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 o
hv =3.06 eV. The figure represents an average over 30 hysteresis thepsror

bars are of the order of the symbol size.

of & ~ ®yppp/2 =2.49 eV by means of Cs adsorption, and an appropriate photm\enf
hv = 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 oesidsorption for which 30
hysteresis loops are averaged. Each loop consists of 188ntueadings. Since the mag-
netization easy axis and the external field are oriented aloiorthe sample plane (easy axis
magnetization curves) the MCD asymmetry is evaluated using4=12). This yields a value
of 5.89%.

With increasing time after Cs deposition the work functioartst to increase from the sat-
uration value of 2.11 eV due to a contamination by residual a@sorption. A time depen-
dent measurement thus enables detecting the 1PPE MCD asgmahet work function of
d ~2.49eV. Furthermore, the general dependence of the asygnoeta varying sample
work function can be investigated. Within 320 min 626 asyrmnealues are recorded. For
each value one hysteresis loop is acquired, and the asysnisetvmputed by using the sam-
ple currents in remanence. In order to display the depemdeiittie asymmetry on the excess
energy v - ®, the measurement time is translated to work-function v&l&er this conversion
the dependence of the average sample current on the workidnns derived from the ini-
tial Cs deposition experiment shown in Fig. 4.22 assumingezli relation between coverage
and deposition time and using the relation between coveaadgeavork function known from
Ref.[99]. Fig.4.24 shows the dependence of the sample dusrehthe asymmetry on the
excess energy:h . The sample current (a) increases continuously for bothnet@gation
directions with decreasing work function. The asymmetrgveub) shows a shallow linear
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Figure 4.24: (a) Dependence of the sample current on the excess energly h
at hv =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 6221s reached ati- » =0.61 eV. Here
the slope changes sign and the asymmetry decreases to ao¥dl4é; at threshold (dashed
line). The initial increase in asymmetry to the maximum iscasated with particular elec-
tronic excitations most effectively triggered @t=2.45eV. This will be discussed in detall
below. At the only slightly different work function ab =2.49 eV an asymmetry of 6.27 is
reached. This enables a direct comparison to the mentidRAB& Zase and will be discussed
later as well. Asymmetries below threshold, wherei$ smaller than® (left hand side of
the dashed line), have already been observed in the measniepresented in Ch. 4.3 and
are attributed to finite temperature and photon energy lemag effects. Furthermore, an
excitation of electrons below the macroscopic work functioreshold due to local inhomo-
geneities of the surface cannot be exluded since the worktitmof such defects is locally
reduced [100]. Finally, the increased statistical scatt¢éne asymmetry values below thresh-
old is attributed to small sample currents in the low nA rammgéhe sub-threshold region.

2PPE measurements

For the 2PPE experiments Cs is dosed on a freshly depositedntoAilter deposition no
current signal is detected for photon energies lower thanh95 eV. Using ultrashort pulsed
laser light and a focusing lens in close distance to the sartip photon intensity is increased
allowing for 2PPE processes. Now a sample current appeais 28PE energy exceeding
2hv =3.06 eV. The work-function value can therefore be localiaed ~ 3 eV.

To trigger excitations to real intermediate states difiéfeom those excited in the 2PPE mea-
surement of the previous chapter we choose a photon energlcf3.22 eV. This yields
Asppr =16.8%. Fig. 4.25 (a) shows the corresponding MCD measurement faha80 hys-
teresis loops are averaged. Each hysteresis loop confsl8 ourrent readings. In Fig. 4.25 (b)
we depict the spectral variation of the 2PPE asymmetry iretiexgy range of 2h=(3.06 -
3.31)eV. Unlike the 1PPE case, we find an almost constant rasjyry independent of the
photon energy. An average value of about/d 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 ofLCb) increases with in-
creasing excess energy in 1PPE. A prominent counterexaNg100) where the asym-
metry drops to zero within the first 600 meV above thresholde TPPE asymmetry curve
in Fig. 4.24 (b), however, still reveals an asymmetry valti®.85% at an excess energy of
0.93 eV (implying a maximum binding energy of 0.93 eV). Tlsisnother 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 comparisoh thié¢ 2PPE measurement of
Ch.4.3. While for 2PPE an asymmetry of 8 87hv=2.92eV,»=4.98eV) has been de-
tected, the 1PPE measurement already yields a value of6(fhi7=3.06 eV, =4.98/2 =
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Figure 4.25:(a) 2PPE MCD measurement at2h3.22 eV. The figure represents
an average over 30 hysteresis loops. A typical error bar that is maialiodhe de-
tection of small sample currents is shown on the bottom branch. (b) Phoergye
dependence of the 2PPE MCD asymmetry. A characteristic error haslbeesad
exemplary for 3.22 eV. The dashed line denotes the photoemission thrésfitbld
an error of+ 0.1 eV).
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2.49 eV) for the first excitation step which amounts to%/4f the 2PPE asymmetry. This
leads to the conclusion that the first excitation step is thidant asymmetry-generating
process. As expected, the value of 671{in comparison to 8.3%) coincides better with the
calculation for the first excitation step. The curve withlyitriangles in Fig. 4.21 shows the
MCD calculation for a 1PPE transition into a real final-stegadh It predicts an asymmetry of
~2.5% for hv =3.06 eV. A possible reason for the remaining differencehtnog the fact that
Fig.4.24 is accompanied by several approximations conggiihe determination of work-
function values. Another reason might be attributed to acteln mechanism in the phonon-
scattering process. In theory aHdirections are averaged equally. In reality phonon-sciaity
with lower momentum transfer is more probable than scatgesith higher momentum trans-
fer. As already mentioned in Ch. 4.3 this would fa¥evectors with larger projection onto the
surface normal against those with a smaller one. Furtherntioe fact that the experimental as
well as the calculated 1PPE asymmetries are smaller thae theasured for 2PPE points out
that enlarged asymmetries are only reached with two elaitateps passing an intermediate
state. Gaining clearer insight into the characteristidghefintermediate states, their particular
influence with respect to both excitation steps and the physi the second excitation step
would deliver fruitful information about the different me&nisms leading to the asymmetry
values we observe in the experiment.

To interpret the origin and the behavior of the 1PPE MCD asytnme dependence of the
excess energy it is worth analyzing possible excitatiohyways within a spin-resolved band
structure calculation for Co(111) in analogy to Ch. 4.3. Fig64epicts the same energy band
calculation as Fig. 4.18. Additionally the density of batreach line marks the strength of the
d-character of the particular bands (‘'fat band represemtat Again, dashed vertical arrows
denote possible transitions for 1PPE and the full arrowsatd those for 2PPE. As usual, only
the low index directions are shown. For 1PPE the acces®fgiee of final-state energies is
marked as shaded area. For 2PPE the estimated work-furvetioa ¢~ 3 eV) is marked by

a dashed line. Following the previously discussed modelhoftgemission for Co(111) in
the vicinity of the threshold we will look in particular forréct interband transitions to real
final states in 1PPE (for 2PPE, we look for transitions to rg@kmediate states, as discussed
below) in directions deviating fromi’(L).

At ® =2.45eV (maximum binding energy 0.61 eV) the 1PPE asymnsftoyvs a maximum
value of 6.2% indicating that particular transitions might be effeclyveiggered at that work-
function value. This can also be recognized by analyzinginbheease in asymmetry from
4.4% at threshold to 6.2 at hv - & =0.61 eV. Increasing the binding energy from 0to 0.61 eV
implies the onset of several band-to-band transitionsarctiistallographic directioris-X and
I'-K. In all possible transitions bands 11 and 12 serve as ftaté¢s While in[-K only band

9 serves as initial state, bands 6 and 7 are the approprititd gtates in thd-X direction.
Here, all excitations take place in the vicinity of the higytnmetry X-point where the initial
as well as the final states carry a high density of states giogihigh transition probabilities.
Furthermore, the band-structure scheme indicates thdindlebands 11 and 12 exhibit pure
p-character directly at X while the initial states are desga This means that an excitation
according to the dipole selection rules can most effegtibel 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 avevritble
Brillouin zone by small rods (i. e. a high density of rods reflects a pureatdacter

of the corresponding band). The dashed (continuous) arrows gbssible 1PPE
(2PPE) transitions in different crystallographic directions. The shaded de-

notes the range in which the work function has been varied (2.13 - 3.06we\ig

the 1PPE measurement. The dashed line at 3 eV marks the estimated value of the
vacuum levelEy;.

X-point. At work-function values< 2.45 eV, further contributions from the initial bands 5 in
I'-X'and 8 and 9 in L-W set in. These onsets might be the reasatéoslight reduction of
the 1PPE asymmetry to 5.95at a maximum binding energy of 0.93 eV.

In analogy to Fig. 4.19, Fig. 4.27 shows a spin-resolvedutation of the imaginary and real
parts of the conductivities,, ando,, for the 1PPE excitation as a function of photon en-
ergy[101]. The green curve gives the conductivity spectra  majority-spin excitations,
the red curve those due to minority-spin transitions. A wioiction of 2.0 eV and a typical
lifetime-broadening of 0.4 eV of the final state are assunkeg.4.27 approximately reflects
the situation at the end of the experimentally-probed ramigie a highest excess energy of
hv-$®=0.93eV in Fig. 4.24 (b). At a photon energy af 13.06 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) partsof ando, for LPPE as a function of
the photon energy. A work function of 2.0 eV and a lifetime broadening o€9.4
are assumed.
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Im|o,,] and Relo,,] already yield an asymmetry value dfippr ~1.5% using the crude

approximationAppp ~ ;";[[j:i{]. Furthermore, in both spectra the calculated curves for the
total signal reveal a point of inflection which might be idéat with the asymmetry max-
imum observed in the 1PPE measurement. However, this cojdb@ proven by further
calculations. Here, also a computed 1PPE MCD spectrum ofesaxgitation channels would
deliver precious information about the influence of singdadb-to-band transitions and the
resulting averaged asymmetry signal. This could providei@ascopic explanation of the
non-monotonous behavior of the 1PPE asymmetry with regpdbe excess energy as a re-
sult of the onset of particular bands and their individuaitabutions.

Finally, note that for the above discussion lifetime broddg is ignored to simplify mat-
ter. In fact all excited real electronic states are lifetimeadened and cannot be regarded as
sharp lines. Therefore, also other interband transitibaa the ones mentioned above might
be involved. The importance of lifetime broadening becoeadent checking the origin of
the 1PPE asymmetry directly at threshold: as shown in theé-stmicture scheme no band
crosses the Fermi level in regions where an excitation takfireal state is possible. Only by
including a typical lifetime-broadening of 0.4 eV excitats become feasible.

2PPE measurements

In order to gain more information about the role of the re&imediate state in a two step
process, 2PPE measurements are carried out for a diffenetampenergy range (2= (3.06 -
3.31)eV) as compared to Ch.4.3. The measurements yield avsabonstant asymmetry
of 17%, which is larger than the 2PPE asymmetry (8 Yd)2for 2hv =(4.92-5.84) eV. As-
suming 3 eV as the lowest limit for the work-function valueatons can stem from initial
bands with a maximum binding energy of 0.31eV. In analogyneoXIPPE measurement the
enlarged asymmetry values might be explained by direcsttians along crystallographic di-
rections other tham'-L. Here, photon energies in the range of (1.53-1.66) eV apeced
to connect initial states with real intermediate states.eRglg to the band-structure scheme
the final states of these two step processes are evanesdestis Tomparable to the 2PPE
measurement in Ch. 4.3. However, since the used photon eseagg different, completely
other transitions are triggered resulting in differentraeyetry values.

Directly at the Fermi level electrons can be excited in faw-index crystallographic direc-
tions, X-W, I'-K, L-W, and W-U as shown in Fig. 4.26. Besides the transitienl® in X-W
direction, the transition-9:10 might be of particular interest since it takes place diyeat
the W-point, and initial as well as intermediate statesycarnigh density of states associated
with large transition probabilities. However, one shoudeg in mind that in addition to the
energy conservation the dipole selection rules have tosperted. In this context, the excita-
tion from band 9 to band 10 might be suppressed or at leasigdyreeduced since both bands
carry strong d-character directly at the W-point (c. f. Big6). In thel'-K direction bands 10
and 11 are the appropriate initial and band 12 is the adegeatsntermediate state. Addition-
ally, a transition from band 10 to 12 exists in L-W directi@ince it takes place in the vicinity
of L where band 10 exhibits p- and band 12 carries d-charatiertransition could also be
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4.4 Near-threshold MCD from an ultrathin Co/Pt(111) film at kark functions

a candidate for enlarged MCD asymmetries. Furthermore,itheity to the high-symmetry
point L favors the excitation and could even enable a dimactsition in the normal emission
directionI'-L without the participation of scattering processes. Admhoned transitions di-
rectly set in at the threshold and still contribute at the imaxn binding energy of 0.31eV
due to lifetime-broadening. This is also reflected by thestam behavior of the 2PPE MCD
asymmetry. In summary, the present 2PPE measurement ghatesxcitations into real inter-
mediate states lead to enhanced 2PPE asymmetries indepehtles probed energy region in
the band-structure scheme. Further statements conceh@ngfluence of the second excita-
tion step are not possible as long as evanescent statevaleethwhich cannot be described
by our theoretical approach. This inhibits a direct conguaribetween experiment and theory
in the case of 2PPE.

Finally, we add two general remarks: With respect to a ptess$ibp Co phase we will shortly
discuss the appropriate band-structure scheme for thermireseasurements. Based on the
band-structure calculations of Ref. [98], in the case of 1BIREtrons can only be excited into
evanescent final states in the majority- as well as in the ntjaspin channel in the direc-
tion of normal electron emissioii+-A. This is comparable to the situation of fcc Co, and the
enlarged 1PPE asymmetries can also not be explained viativertional model of photoe-
mission. The same holds for the energy-dependent 2PPE meezeuts where transitions in
the majority- and the minority band structure lead to virintermediate and evanescent final
states in-A. Therefore, in the case of hcp Co the enhanced asymmetngvébr 1PPE and
2PPE can also only be explained by direct interband tramstin directions deviating from
(I"-A). Irrespective of the measured bulk-sensitivity of tlsgrametry which demands partic-
ipating intermediate or final states to stem from the Co butdbstructure, the Cs coverage
on the Co sample additionally inhibits excitations to evarasstates. The application of the
conventional model of photoemission is therefore categtlyi ruled out for the fcc as well as
the hcp structure of cesiated ultrathin Co films. This is a@ogitrong argument for phonon-
or magnon-mediated photoexcitation from variéugirections.

From a general point of view it is worth mentioning that MCD mmg@ments under variation
of the photon energy do not directly correspond to expertmender variation of the sam-
ple work function. In both experimental setups a particalsymmetry is reached directly at
threshold. With each increase in photon energy the lengthefirrows connecting initial
and final states in the transition scheme becomes largee el vacuum level stays fixed.
Therefore, with each change of the photon energy the pesagymmetry generating transi-
tions differ from each other, so that the asymmetry valuetependence of the photon energy
arise fromenergy-selectivelectronic excitations. Of course, these consideratiomg fwold

if lifetime broadening is neglected. For experiments underation of the work function the
situation is different. Lowering the work function from tti@eshold value® =hv) at a fixed
photon energy leads to an opening of more and more electexgitation channels. This is
also the reason for the increase of the 1PPE asymmetry &rer8.06 eV to its maximum at
® =2.45eV. Note that the existence of lifetime broadeningkeea the instantaneous onset
of new channels. In this context the theoretical calcuteitor the two Heusler systems in
Ch. 4.1 also demonstrate that a variation of photon energypaosd to a variation of work

101



4 Results and Discussion

function leads to different MCD values.

4.4.4 Summary and conclusions

Magnetic circular dichroism for one- and two-photon phot@sion in the vicinity of the
Fermi level has been investigated for a 4.5 ML fcc Co/Pt(1ab@e under wide-range vari-
ation of the sample work function in the case of 1PPE and tiranaf the photon energy at
low work function for 2PPE.

In the 1PPE case ¢+ 3.06 eV) the asymmetry values reveal a non-monotonousvimehia
dependence of the excess energydh Unlike the Ni(100) case [9] the asymmetry increases
with increasing excess energy from its threshold value 4f4to a kink-like maximum of
6.2% at hv-® =0.61 eV, followed by a shallow drop to 5.95 The 1PPE result is traced back
to direct interband transitions ik-directions other than the direction of observatidnL()
following a model introduced in Ch.4.3. Ab initio calculat® of the MCD are performed
adopting this model and yield a first approximation of therage asymmetry4,ppr = 1.5%

at v =3.06 eV) which is of the same order of magnitude as the medsignal. The 1PPE
result furthermore enables a statement concerning theeidti of the first excitation step
in a 2PPE process. Since it maps the first excitation prodeaspeevious 2PPE measure-
ment, we can conclude that exciting an electron from a pépdlsatermediate state to a final
evanescent state in a 2PPE transition (assuming sequexdigtion) further increases the
asymmetry from 6.2 to 8.3% [95]. This observation suggests a major contribution from t
first excitation step to the asymmetry. Larger asymmetryesbnly seem to be reachable by
means of a real intermediate state and a second excitaéipn st

To sustain this assumption 2PPE measurements in a diffginetdn energy range (2t 3.06-
3.31eV) compared to the experiments in Ch. 4.3 are carriedEmérgy-dependent measure-
ments at decreased work function yield a constant asymmatinya maximum value of about
17%. The enlarged asymmetry values can again be explained &gt diterband transitions
in crystallographic directions other th&rL. Since this measurement also yields an enhanced
2PPE asymmetry, one can conclude that at least for the c&3®(b11) the existence of a real
intermediate state and a second excitation causes an @mhantof the asymmetry indepen-
dent of the probed energy range in the band-structure scheme

The origin of the enhancement of the 2PPE signal with redpettte 1PPE case can also be
related to different selection rules for 1PPE and 2PPE. Wil&PPE the parity is changed in
the excitation process it does not change in the case of ZRREipal differences between 1,2
and 3PPE processes also show up in spin-resolved measusaeliscussed by Winkelmann
et al.[102, 103, 104]. Additionally we notice that the asyetrm increases by decreasing the
available binding energy range. This observation canngdneralized since only two mea-
surements have been carried out so far, and the enhancednasynvalues could also be
associated with particular band structure features.
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In this work magnetic circular dichroism (MCD) is investigdtin the regime of near-threshold
photoemission, where the photon energy is just slightlydathan the sample work function.
For Heusler alloys as well as ultrathin Co films MCD is analyz&adoine-photon photoemis-
sion (1PPE) as well as for two-photon photoemission (2PRE)sing ultrashort pulsed laser
light.

After the first experimental proof of enhanced 1PPE MCD asymmawe(> 10%) for a per-
pendicularly magnetized Ni/Cu(001) film in near-thresholtbfmemission [9] the question
occured whether MCD is also observable in the multi-photoatgémission regime close
to threshold. In Ch. 4.1 of this work we present measuremeants/o ferromagnetic Heusler
alloys that provide first evidence of magnetic circular dagdm in two-photon photoemission.
For Ni;MnGa and CeFeSi MCD asymmetries of Apg = (3.5+0.5) 102 and

Asppr =(2.141.0)10°2 are obtained at a photon energy of+3.1 eV. Besides the experi-
mental results a first theoretical explanation based otivisiic energy-band theory in com-
bination with linear-response theory is given.

The experimental findings of 1PPE and 2PPE MCD in near-thtégihmtoemission provide a
basis for systematic investigations concerning geneogdeaties of MCD in single and multi-
photon photoemission and motivate the search for an adeth&dretical description of MCD
in the vicinity of the threshold.

Firstly, we investigate the dependence of the MCD asymmatryhe film thickness for a
Pt-capped wedged Co sample grown on Pt(111)/W(110) by meamagheto-optical Kerr
(MOKE) and near-threshold MCD measurements. This does ngptyaaid information about
the influence of the Co thickness, but also about the effediseofnagnetic anisotropy and a
capping layer on the MCD asymmetries. The correspondindtsemie presented in Ch. 4.2.
At a Co film thickness of 5 ML we find asymmetry values of 0%7Tor 1PPE (v =4.64 eV)
and 0.11% for 2PPE (lv=3.1eV), which are of the same order of magnitude as those of
the capped Heusler alloys bt#t100 times smaller than asymmetries measured for uncapped
Ni(001) films [9]. This points out that an additional cappiager reduces the MCD asymme-
tries.

The key result shining light on the nature of the dichroisrfoisnd investigating the depen-
dence of the asymmetry on the thickness of the magnetic fion1PPE as well as for 2PPE
the MCD asymmetry increases continuously with the film thessr This behavior reflects
a bulk-sensitivity of the MCD asymmetry for the case of Co. Thsib mechanism leading
to near-threshold MCD must therefore be related to Co bulk entegs; surface effects do
not play a crucial role. The steady increase in asymmetmhéumore shows that the spin-
reorientation transition (SRT) of the system does not ysdffect the MCD asymmetries.
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5 Summary and outlook

Apparently, the magnetic anisotropy defining the directbtine magnetization easy axis does
not influence the MCD asymmetry of the perpendicularly magadtfilm. The experiments
moreover reveal the information depth of the magnetic dichsignals to lie between 1.6 and
9 nm.

In view of a possible theoretical description of MCD in neélareshold photoemission its con-
nection to the related magneto-optical Kerr effect is finalestigated. As MCD and MOKE
are based on the same microscopic mechanisms a descriptioe CD asymmetry by the
polar Kerr ellipticity in the framework of a Jones matrix fioalism would be a straightfor-
ward and handy tool for the prediction of MCD asymmetries. Eesv, a comparison of the
thickness-dependence of the near-threshold MCD asymmedryn@asured as well as calcu-
lated Kerr ellipticities shows that such a description of MiSot adequate.

In order to investigate enhanced MCD effects in dependenteegbhoton energy as well as
of the angle of light incidence we grow uncapped ultrathin @odi Ch. 4.3 depicts the results
for a 4.5 ML Co film grown on Pt(111).

Photon-energy dependent measurements reveal maximunmmegyies at the threshold of
1.9% for 1PPE (v =5.23 eV) and 11.% for 2PPE (v =2.49 eV). This proves that enhanced
asymmetries are related to the absence of a capping layedemdnstrate that enlarged
dichroic signals are also possible for systems other th&BW001). For both cases the MCD
asymmetry is almost energy-independent, i. e. it is nosthokl-sensitive, so that a fine-tuning
of the photon energy is not needed.

Measurements in dependence of the light incidence angéarawdecrease in asymmetry with
increasing angle of incidence in the case of 2PPE. This hehiawattributed to a loss of circu-
lar polarization in bulk material with increasing angle n€idence and is simulated by using
a Fresnel-field approximation. For 1PPE a constant asymgnsatietected which is explained
by the influence of the second (Co/Pt) interface. The angbeident measurements more-
over demonstrate that large angles of incidence as useandatd photoemission microscopy
setups are still sufficient to exploit huge dichroic effemssamagnetic contrast mechanism.
Since simulations on the basis of spin-resolved band4streicalculations in combination
with linear response theory seem to be promising for a qiadnt analysis of the magnetic
dichroic signals (c.f. Ch. 4.1), we furthermore use this falism to explain the MCD asym-
metries for Co/Pt(111) in near-threshold photoemissione @&halysis of the fcc Co band-
structure scheme reveals that in the direction of normakela emission (i. el'-L) electrons
can only be excited to evanescent final states passing aMntiermediate state in the case
of 2PPE. The excitation to evanescent states, howeveryaiance with the measured bulk-
sensitivity of the asymmetry (c.f. Ch. 4.2). Therefore, thewentional photoemission model
of direct interband transitions in the direction of normkdotron emission cannot be applied
to the case of Co(111). As a consequence, we propose to cobsidd-to-band transitions
in crystallographic directions different froir+-L. Analogously to MOKE-theory the dichroic
response is then obtained by averaging over all particigatansitions in the whole Brillouin
zone, and additionally considering that only a narrow epertgrval of initial states contribute
to the MCD signal due to the existence of the sample work fongati the photoemission pro-
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cess. As the electrons are excited in directions otherfhamdditional momentum has to be
supplied by a secondary process to enable the electronsrtmgnt the surface barrier after
photoexcitation. We propose electron-phonon and/or mleahagnon scattering as assisting
mechanisms. For 1PPE as well as for 2PPE the calculationssis bf this model are in
reasonable agreement with the experimental results (lBE2ly the first excitation step can
be simulated), indicating that the chosen theoretical@gugr constitutes an adequate descrip-
tion of near-threshold MCD. Furthermore, the calculatioesidnstrate that the origin of the
magneto-dichroic effect is indeed given by the combinedierfte of the exchange splitting
and the spin-orbit coupling. Finally, with calculationsarband-resolved mode the enhanced
2PPE asymmetries are traced back to specific band-to-bamsltions contributing with large
single-transition asymmetries and the existence of a m@imediate state.

1PPE and 2PPE measurements do not only deliver the cordisgddCD asymmetry val-
ues but also give insights into the excitation process froital to final states in the case of
1PPE as well as the two excitation steps and the intermestatieinvolved in a 2PPE process.
In this context, the question occurs whether both excitasii@ps of a 2PPE process equally
contribute to the asymmetry or whether one of the steps isndier asymmetry generating
process.

To investigate this issue we experimentally avoid the sé@xtitation step of the 2PPE pro-
cess by lowering the work function of the material. In thisywae obtain a 1PPE excitation
into a real final-state band whose MCD asymmetry can be dyrectinpared to the MCD
signal of the corresponding two-step process. The ap@tgpmeasurement on a cesiated
4.5ML Co film on Pt(111) is presented in Ch. 4.4 of this work. $iitaeveals an asymme-
try of alreadyAs,«step = 6.2 % for the first step which is 7% of the whole two-step process
(Apotnsteps = 8.3 %) it suggests a major contribution to the asymmetry from tts¢ éixcitation
step. The result likewise supports the previous assumgtamasymmetry values larger than
those obtained in a 1PPE process might only be availableghrthe existence of a real inter-
mediate state and a second excitation step. This is confibyesh energy-dependent 2PPE
measurement (h=1.53 - 1.66 eV) at decreased work functidn+{ 3 eV) where excitations to
real intermediate states are triggered for a different@ienergy compared to the 2PPE mea-
surements in Ch. 4.3. The observed MCD asymmetries reath Therefore, we conclude
that the existence of a real intermediate state and a secaoitdt®n step cause an enhance-
ment of asymmetry independent of the probed energy randgpe iband-structure scheme. For
1PPE as well as for 2PPE measurements the asymmetry vaduagan traced back to direct
interband transitions ik-directions other thah-L following the model introduced in Ch. 4.3.

The above findings demonstrate that enlarged 1PPE and 2RHEédflects in near-threshold
photoemission occur for Co/Pt(111) films. Furthermore, giaation of the MCD signal in
terms of phonon- or magnon-mediated emission procesdewiiof) photoexcitation in other
directions tha'-L is provided. This interpretation opens the way for diéer future per-
spectives: Up to now the assumed assisting mechanism obphoagnon-scattering is only
scarcely investigated [19]. A key experiment might be thesueement of the temperature
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5 Summary and outlook

dependence because phonon-scattering in the bulk is tatopeidependent. Measurements
on flat and rough surfaces could yield precious informatiooud the occurrence and the in-
fluence of such scattering processes in the surface regi@udition, time-resolved measure-
ments could investigate whether scattering with a phonanagnon predominantly appears
after the first excitation of a 2PPE process or whether therele is firstly excited to the final
state before it interacts with a phonon. This could providegplanation for the remarkable
difference in 1PPE and 2PPE asymmetries. Furthermore,utdaallow for a microscopic
insight into the time relation between the phonon-or magmealiated emission process and
the electronic excitations initiated by the incoming pmsto

Moreover, our experiments point out that fundamental goestespecially arise investigat-
ing MCD in the multi-photon photoemission regime. For 2PPEaitled characteristics of
the second excitation step are scarcely investigated. ébdy it is still unclear whether a
2PPE process is predominantly marked by an instantaneolierent two step process or by
a sequence of two independent processes. Our MCD calcuddtorCo(111) suggest that a
sequential process might be more probable. However, inr gtses both mechanisms could
also contribute equally and could strongly depend on thestigated material. Additionally
the role of parity conservation during the two step processtot been investigated up to now.
All these questions are strongly related to the charatiesisf the excited intermediate state
and can only be treated by a precise investigation of itsgn@s. An elegant access to the
physics of the excited intermediate state is providedlbyptical pump — probe experiments
using ultrashort laser pulses. In this approach, the eeasroptically excited by a first pump
pulse to an intermediate state. A second laser pulse whidblased with respect to the first
one finally probes the excited state. In this way the magagbiz dynamics after the op-
tical excitation can be investigated [105, 106]. Applyimgsttechnique to our experimental
setup would also provide insight into the magnetizationashgits of ferromagnetic films in
MCD measurements near the threshold. However, with the ledyd of the present work we
cannot only expect information about the dynamical behavidhe entity of triggered inter-
mediate states in threshold photoemission. Most strilgjregh observation of magnetization
dynamics on a microscopic level might be attainable by selgsingle interband transitions
leading to single intermediate states. This is not only ipessince a restricted range of ini-
tial states contribute to the signal in near-threshold pamtission. Also the fixed circular
polarization used in the MCD experiments serves as an addltgelection mechanism. Ad-
ditionally implementing this technique in the context ofoptemission electron microscopy
(PEEM) would enable a real time imaging of magnetizationadyits of single excited states
in a ferromagnetic material on a femtosecond timescale.
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List of Used Abbreviations

ARUPS
BZ
DFT
DMFT
LDA
LEED
LSDA
MCD
MLD
MOKE
1PPE
PEEM
PMOKE
SOC
SRT
TiSa
2PPE
UHV
UPS
XMCD
XMLD

Angle-Resolved Ultraviolet Photoelectron Speciopgc
Brillouin Zone

Desity Functional Theory

Dynamical Mean Field Theory

Local Density Approximation

Low Energy Electron Diffraction
Local Spin Density Approximation
Magnetic Circular Dichroism
Magnetic Linear Dichroism
Magneto-Optical Kerr Effect
One-Photon Photoemission
Photoemission Electron Microscopy
Polar Magneto-optical Kerr Effect
Spin-Orbit Coupling
Spin-Reorientation Transition
Titan-Sapphire

Two-Photon Photoemission

Ultra High Vacuum

Ultraviolet Photoelectron Spectroscopy
X-ray Magnetic Circular Dichroism
X-ray Magnetic Linear Dichroism
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