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S UMMARY
Ultrafast magnetic phenomena can be measured by a variety of experimental methods. The choice of an appropriate technique, and correct interpretation of the consequent measurement results, is a well known issue from an experimental point of
view. This work intends to give insight into that matter by comparing the results
of ultrafast demagnetization measurements, recorded with spin-resolved photoemission spectroscopy on one hand, and magneto-optical Kerr effect on the other
hand. Thus, in a first experiment the spin dynamics on a Fe/(W110) sample is
probed with time- and spin-resolved photoemission spectroscopy. The spin dynamics at different locations within the band structure stand in striking difference
to each other. The time for depolarization at the Fermi energy is almost an order of magnitude faster than at deeper within the valence band. Therefore the
spin polarization cannot be seen as a rigid entity on ultrafast timescales. Based on
these findings, the magnetization dynamics, probed by the magneto-optical Kerr
effect, is measured on the same system. Comparison to the previous findings indicates MOKE’s strong similarity to the spin dynamic at low binding energy. While
certainly spin-related, the magneto-optical Kerr effect does not reflect the overall
magnetization dynamics on a sub 100 fs timescale.
A few years ago, the inclusion of super-diffusive spin currents as a relevant
mechanism during ultrafast demagnetization, marked another cornerstone on the
path towards future spin-based devices. Understanding magnetic manipulation
by means of transport in such a context is of high interest. Investigations on a
Ni/Ru/Fe system show a rather limited effect of spin-polarized currents during ultrafast demagnetization in Fe. In the past it has been demonstrated that unpolarized transport is able to effectively demagnetize a ferromagnet on a femtosecond
timescale. Excitation of hot electrons in the aluminum absorber layer of a Al/Ni
system triggers an ultrafast reduction of magnetization in the ferromagnet. The
dependence of characteristic features on the absorber thickness reveals the important role of diffusive transport as a demagnetization mechanism.

iii

Z USAMMENFASSUNG
Es existiert eine Vielzahl experimenteller Methoden zur Messung von ultraschnellen magnetischen Phänomenen. Die Wahl einer geeigneten Messmethode und die
korrekte Interpretation derer Resultate stellt eine häufige Schwierigkeit dar. In Zentrum der vorliegenden Arbeit steht der Vergleich von zeitaufgelösten magnetischen
Messresultaten, gemessen mit spin-aufgelöster Photoelektronenspektroskopie, sowie dem magnetooptischen Kerr Effekt. Messungen auf einer Fe/W(110) Probe zeigen einen deutlichen Unterschied der Spin-Dynamik an unterschiedlichen Orten
innerhalb der Bandstruktur. Insbesondere ist die Zeit für die Depolarisierung bei
der Fermi-Energie fast eine Grössenordnung kleiner als diejenige bei höheren Bindungsenergien. Die Spin-Polarization zerfällt auf ultraschnellen Zeitskalen also in
verschiedene Bereiche, jeder mit eigener Dynamik. Eine vergleichende Messung
wurde mit dem magneto-optischen Kerr Effekt als Messmethode durchgeführt. Es
zeigt sich, dass die so gemessene Dynamik ähnlich ist wie diejenige am Fermi Niveau. Auf dem betrachteten System liefert ein magneto-optisches Kerr Signal daher nicht ein repräsentatives Bild der relevanten Magnetodynamik unterhalb einer
100 fs Zeitskala.
Die weiteren Experimente befassen sich mit Transportphänomenen. Das Verständnis solcher ist wichtig für mögliche industrielle Anwendungen. Man kann
unterscheiden zwischen spin-polarisiertem, und nicht-polarisiertem Transport. Die
Messung der Magnetodynamik in Eisen auf einer Ni/Ru/Fe Probe zeigt jedoch den
eher bescheidenen Einfluss von spin-polarisiertem Transport auf die Entmagnetisierung. In der Vergangenheit wurde demonstriert, dass auch nicht-polarisierter
Transport eine ultraschnelle Entmagnetisierung bewirken kann. Auf einer Al/Ni
Probe werden heisse Elektronen im nicht magnetischen Al Film angeregt, und erzeugen eine Entmagnetisierung im Ferromagneten. Eine Analyse der Schichtdickenabhängigkeit verschiedener Parameter liefert starke Argumente für den wichtigen
Beitrag von diffusivem Transport zum Entmagnetisierungsprozess.
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1
I NTRODUCTION

D

URING the second half of the last century the scientific field of magnetism experienced a remarkable boost. It may be attributed to two main facts: (a) The
development and success of a suitable theory, the quantum mechanical framework, and (b) its immediate technological applications. Storage of a binary digit in
form of magnetic domains emerged as a natural idea. The dynamics and manipulation of magnetic domains, domain walls, or single spins have been studied by a
variety of methods, which led to immense scientific and economical success. Nevertheless time- and spacial scales can still be pushed to lower limits. The request
for speed in information processing fueled the field of ultrafast magnetism as well
as spintronics during the last two decades. Despite first hints and experiments
in the last decade of the 20 century, to this date there are still debates regarding
the fundamental mechanisms involved, that are able to explain the experimental
findings. This thesis will give a short historical, as well as a theoretical overview,
outline important experimental methods used in ultrafast magnetism and eventually present a selection of experiments that have been conducted during the last
years in the Vaterlaus research group. In chapter III, a selection of experiments will
be presented dedicated to the study of the ultrafast demagnetization process in 3d
transition metals. In the first experiment we study the relevant timescales during
demagnetization. Based on those observations the second experiment will investigate the suitability of MOKE as a measurement tool of ultrafast demagnetization
on a sub 100 fs timescale. The third experiment will address the interplay between
different sorts of polarized and unpolarized transport in the demagnetization process.
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1. I NTRODUCTION

1.1
U LTRAFAST DEMAGNETIZATION , TIMELINE & CONCEPTS

T

THE development of pulsed laser sources opened up an entirely new field of
research. From early on, the interaction of short optical pulses, driving systems far out of equilibrium, generated a lot of attention. On a theoretical basis
the exposure of metal surfaces to ultrashort optical pulses was already investigated in the 70s by Anisimov and coworkers [1]. Experimental work using (spinresolved) photoemission spectroscopy was carried out in the 1980s[2, 3] with the
help of pulsed laser sources in the nano- to picosecond range. It was soon realized that such strong excitations leads to a disparity of physical quantities that had
so far been thought of as uniform. In the early 1990s Vaterlaus et al. conducted
a series of measurements which displayed the discrepancy between the temperatures assigned to the lattice and spins [4, 5]. Astonishingly in the first publication
a complete demagnetization of the iron samples could not be observed, even for
lattice temperatures above the melting point. This constituted strong arguments
for the decoupling of the temperature assigned to different subsystems on a subpicosecond timescale1 . Also it became thinkable that experiments conducted on
even shorter timescales should reveal unexplored physics. The development of ultrafast laser sources with high peak intensities finally initiated the field of ultrafast
magnetism. In 1996 Beaurepaire et al. conducted an experiment in which they observed an ultrafast decrease of the magnetic remanence on polycrystalline nickel
films [9]. They extended the already existing two temperature model (2TM [1, 10])
by the spin system as a third (thermalized2 ) thermodynamic reservoir. In the following years the original findings obtained support in several publications [19–25]
that used similar methods. Quite early a debate started over concerns about optical methods reflecting the true spin dynamics3 . The vast majority of experimental
results, conducted on identical systems, showed similar dynamics, which seems to
have led to the silent understanding that magneto-optical methods are indeed capable of displaying true magnetic behavior, despite opposing theoretical findings.
In an out-of-equilibrium situation, a great number of parameters can be seen
as varying, unlike so in the static case. The large amount of potentially relevant
1 The definition of temperature poses difficulties on short timescales. Clearly one can think of different

ways to assign a temperature to the electron system for instance. A short laser pulse will generate a
number of highly excited electrons, that render the definition of temperature using the slope of the
Fermi-Dirac distribution invalid. The issue was already addressed by Fann [6] and Sun [7, 8] in the
early 90’s.
2 The assumption of thermalization within the different baths, long before the onset of coupling between them, is a key point concerning the validity of macroscopic models [6–8, 11–18].
3 This point will be looked at more closely in section 2.1.6.
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parameters might become confusing at times. The Lamor-frequency turns out to
be a good starting point for the identification of relevant time and energy scales
within spin physics. Such structuring is valuable in finding the right experimental
tool for a parameter under investigation. From the precession frequency of a single
magnetic moment
∆E
2µB
·B =
ωL =
ħ
ħ
it is possible to derive a simple relation between time and energy domain:
∆τ =

h
∆E

This relation is illustrated in figure 1.1, featuring important quantities from within
the field of magnetism. The graph displays the path that has been and tendentially

GHz (electronics)

THz

optics
ns

magnetic anisotropy

SO-coupling
phonon-phonon interaction
phonon-magnon interaction
exchange interaction
electron-phonon interaction
electron-electron interaction

ps

fs

F IGURE 1.1: Approximate time-energy relation in spin physics (Based on a slide presented at a summer
school held by Joachim Stöhr in September 2014). It illustrates a rule of thumb for finding the time
regime within which a certain parameter should be looked for, depending on its characteristic energy.

needs to be taken when moving towards shorter timescales. Todays state of the
art methods, used to access short timescales, are free-electron lasers and highharmonic sources.
Despite the large variety of experiments theoretical description, and therefore
a conceptional understanding of the key mechanisms involved, turned out to be
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immensely difficult. Since almost any observable parameters show some kind of
deviation after driving the system out of equilibrium it is hard to separate cause
from consequence. In the following paragraphs some cornerstones of theoretical
understanding will be outlined briefly45 .
The macroscopic description by a 3TM remained unchanged until 2010, when
Koopmans [35] and coauthors derived a set of three coupled differential equations
with the help of a more elaborate microscopical framework. The magnetization
was now directly coupled to the electron and the lattice temperature by a simple equation, replacing the one added by Beaurepaire ten years earlier. The basic assumption within this model is the presence of Elliot-Yafet type spin flips on
phonons. This work was the result of earlier theoretical efforts based on experimental clues [34, 40–43]. The models predictions turned out to be very accurate,
especially on longer timescales. However, at the time of publication there was
already experimental evidence for other mechanisms involved, next to spin-flip
scattering on phonons [44–48]. Coulomb exchange spin-flip scattering [37, 38, 49]
or electron scattering on magnons [15, 38, 50–54] were incorporated into theoretical frameworks as alternative mechanisms.
The mentioned microscopic processes generally treat the demagnetization process from a local perspective6 . Backed up by previous experimental observation
[58, 59], in 2010 Battiato and coworkers came up with a semi-classical theoretical
framework, in which they identified ballistic transport of spin-polarized carriers to
be a key component in the observed ultrafast loss of magnetic moment [36, 60–62].
Diffusive of superdiffusive spin currents were subject to various studies. Choi et al.
for instance were able to use diffusive spin currents to manipulate a soft magnetic
layer via spin-transfer torque [63]. In another notable publication by Kampfrath,
the detection of teraherz emission from a non magnetic layer could be attributed
to spin current pulses [64, 65]. Ultrafast Spin-polarized transport "solves" the important issue of angular momentum conservation [26, p. 281][28, 66]7 . One point
of view is, that magnetic moment may be translated to another local reservoir of
angular momentum, like the lattice or the electron’s angular momentum. Alternatively it can be moved away from the observer’s view by means of ballistic transport. Identification of pathways, responsible for the loss of angular momentum,
4 The vast amount of effort put into the finding of theoretical models forbids a conclusive listing. For

more detailed and profound information the reader is referred to a series of review articles [12, 26–30].
5 The following publications constitute good entry points into the theoretical understanding of ultrafast

demagnetization [31–39]
6 Simple heat transport has been incorporated in models working with different thermal reservoirs from

the very beginning of the field [7, 12, 19, 55–57].
7 Since spin-flips occur outside the observed area, the concrete mechanisms do not have to be treated

explicitly.
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still is the missing link to a satisfactory understanding of ultrafast demagnetization. So far the discussion only involved spin-polarized transport. In 2013 Eschenlohr et al. demonstrated however, that un-polarized superdiffusive currents can
also lead to an effective demagnetization of a ferromagnetic layer. They optically
excited a non-magnetic gold film, and attributed the following ultrafast magnetic
quenching in the underlying iron film to be caused by injection of hot non-thermal
electrons. Comparing the respective effect of spin-flip scattering and transport
phenomena on ultrafast demagnetization has been the ongoing subject of both
theoretical and experimental work [67–72].
In recent years the possibility of a transient band structure was incorporated
into theoretical models. This implies a time dependence of certain quantities, like
the exchange splitting E ex for instance [13, 39, 46, 73–77]. A contrasting proposition is the virtual change of band structure caused by thermal fluctuations [52, 76,
78, 79].
One should also mention the development of theories based on thermodynamical
concepts. Even though they do not provide a description of the entire demagnetization process, they inhibit great value when it comes to conceptual understanding and the finding of relevant timescales [80, 81].8

1.2
T HE BIGGER PICTURE

A

T this point an outlook and discussion concerning the vision generally seen
for ultrafast demagnetization might be of interest to parts of the readership.
Some keywords being used quite often in publications revolve around the terms:
"future technological applications, femtosecond timescale, spintronic devices, ..."
to name just a few. Often used in a vague sense, the underlying context is the ultimate control of magnetic structures on a femtosecond timescale.

I NDUSTRIAL DEMAND, P ROMISING FINDINGS
Generally speaking, among the main features of interest for a technology to become relevant on the industrial market are (down-) scalability, and efficiency (low
power consumption). For traditional digital devices (storage and logic), both parameters still experience noticeable improvement. The creation of smaller bit sizes
is an obvious task in order to store large amounts of data within a relatively small
8 Another prominent approach in the very early years involved direct interaction between photons and

the electron spin via spin-orbit coupling [31, 82–88].
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area 9 . The main challenge is given by overcoming the so called "superparamagnetic limit", named after the corresponding effect, which describes the spontaneous flipping of a magnetic domain after certain time. The average reversal time
is given by:
τr ev = τ0 exp

µ

Ku V
kb T

¶

It depends on the magnetic anisotropy K u and the volume. For reasonably stable
magnetic domains, it should not fall below a certain threshold. A large value of K u
on the other hand poses a problem when trying to alter the magnetic orientation
using an external H -field. The shrinkage of bit sizes obviously decreases the Volume V , which makes the storage of data prone to thermal fluctuations. This set of
problems is sometimes called the "trilemma of magnetic storage". It was possible
to circumvent the limitations partially, with the help of sophisticated geometries
[90, p. 8] and materials [91]. Furthermore, the use of high-K u materials is made
possible by changing the way of magnetic manipulation. Heat assisted magnetic
recording (HAMR [92])10 , microwave assisted magnetic recording (MAMR [93, 94]),
as well as bit patterned magnetic recording [95] are among the well known examples11 . Despite sometimes being linked to progress involving time limits, the
two mentioned techniques will mainly help to increase bit densities. Moving away
from a spacial point of view, where the increase of bit density is of importance,
it is worth looking at the physical time limits for magnetic manipulation. Using
the framework of Landau-Lifshitz-Gilbert (LLG) magnetization dynamics, one can
calculate the time needed to flip a single magnetic moment. For external fields
around one Tesla this can be achieved in picoseconds 12 . To overcome this barrier
new physical pathways need to be explored. The general vision is a combination
of aspects from within ultrafast demagnetization, and spintronics. In this light alloptical magnetic manipulation understandably experienced a lot of attention, offering the possibility to access time domains below the picosecond scale [102, 103].
9 The third dimension is not effectively used in technological applications yet. However design concepts

have been proposed [89].
10 The idea of HAMR is over 10 years old. It has been announced for industrial launch several times. The

current announcement by Seagate is for late 2018. According to Seagate capacities of 2 TBit/inch2 are
possible at the moment. They expect to ship hard disks with a 20 TByte capacity by 2019.
11 A nice review about the state of the digital industry around 2010 can be read in [96]
12 There exists a variety of literature about this very fundamental process in magnetodynamics [97, 98].
The well known form including a phenomenological damping parameter is for some applications
even further expanded to account for heating effects and the subsequent quenching of the magnitude
of M [99–101].
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T OWARDS FEMTOSECOND DEVICES ?
The above discussion was mainly related to information storage13 . Other important subjects that need revision are solid-state logic and memory devices. A potentially relevant contribution from spintronics to the technological industry comes
in the form of magnetoresistive random-access memory [111, 112]. The underlying physical concept is the resistivity dependence of a magnetic tunnel junction on the orientation of the respective magnetic layers. In some design versions
spin-transfer torque is used as a second spin dependent ingredient. At the present
time, devices have been built and are in principle competitive with DRAM and
SRAM technology, in terms of write time and durability, while featuring the valuable property of non-volatility. Since it appears that traditional field-effect transistors (FET) do not follow Moore’s scaling law anymore, there is a consequent need
for alternatives. The most prominent example from the field of spintronic, architectually based on the traditional FET, is the "Datta Das" spin field-effect transistor [113]14 . It works on the basis of spin transport within a Rashba field controlled
by the gate. The conductivity of the spin-FET depends on the electron’s spin polarization upon arrival at the source. To this date no functional device has been
presented yet, but significant advances were reported [116–118].
From the perspective of ultrafast magnetism one can not help but observe that
operation on a femtosecond timescale is impossible without inclusion of optics.
This is the underlying reason of the great potential associated with all-optical magnetic manipulation [102, 103, 119–121]. A research field for optical logic actually
exists. It is believed that its advances might play a role in future computing [122–
126]. However since such research fields seem to be in their early stages, it is safe
to say that electronic devices will remain the backbone of todays computing industry, probably for decades. The reason for this statement is not only the lack
of a solid foundation of fundamental research and working concepts, but also the
fact that whatever industry emerges, it will have to compete against a highly developed competitor. As stated in [124] todays processors, based on CMOS technology, are not limited in speed by fundamental physical processes, but rather due
to heat dissipation! Within the same article the author identifies parallelization
as the current way of overcoming speed limits. Using memristors for example enabled the realization of analog logic, performing matrix multiplications within a
single computational cycle [127–131]. In summary, the move below the picosecond scale might be infeasible, at least in the medium term. But until then, the
field of ultrafast magnetism will continuing to contribute to industrial advances.
13 More substantiated literature for the following discussion can be found in different review articles,

especially from within the spintronics society [104–110].
14 Among other designs for magnetic logic are [114, 115]
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Arguably the fields most valuable output is the generation and control of ultrashort spin-current pulses and their use for all-optical magnetic control. Based on
the gathered knowledge coming from the mentioned field, an exciting prospect for
future applications was presented recently[132, 133] by Yang and coworkers. The
authors used picosecond electric heating pulses to switch the magnetic state of a
GdFeCo thin film. The authors foresee immediate applications of their findings
for memory and logic devices. The improvement over todays time limitations is
around one order of magnitude, which is a remarkable progress.

2
S ETUP AND EXPERIMENTAL
METHODS

T

HIS chapter gives an overview on the experimental methods used in chapter
III. The magneto-optical Kerr effect, an important tool to probe the state of
magnetic systems, will be reviewed. A short introduction into the theory of photoemission spectroscopy will also be given; a necessity for understanding the observed features in the photoemission experiments presented later. X-ray magnetic
circular dichroism as an experimental probe will be adressed briefly, as it has been
used for the LCLS experiment. An interested reader can find more information
about the experimental setup used within our laboratory with special focus on the
spin polarimeter and the high-harmonic source.

2.1
T HE MAGNETO - OPTICAL K ERR EFFECT
Obervations of magnetization dynamics by optical means, using the magnetooptical Kerr effect (MOKE) or the Faraday effect, have been of great importance.
In both cases one might observe a small rotation of the polarization plane, as well
as different absorption for right and left circularly polarized light. In transmission
both effects are usually larger than in reflection. In the case of metals however the
Kerr effect is obviously of more practical use, wich made it the prominent method
for magnetic research in small scale laboratories.
9

10

2. S ETUP AND EXPERIMENTAL METHODS

The formulation of electrodynamics in the form of Maxwells equations marked a
major milestone in physics around the second half of the 19th century. At the same
time the interaction of light with matter in different states was the center of interest
for researchers like Michael Faraday and John Kerr. They both discovered effects of
immense importance that were subsequently named after them. In 1845, Michael
Faradays conviction that magnetism and electricity are interconnected finally revealed itself, when he investigated the polarization change of light after transmission through a dielectric medium under the influence of an external magnetic field
[134]. His work led physicist John Kerr to believe that a similar phenomena should
be observable when light is reflected from a magnetized metallic surface. In his
first paper he discovered what is today known as the magneto-optical Kerr effect in
polar geometry [135]. Just a year later he published another paper in which he described the same phenomena in longitudinal geometry [136]. His findings were extremely important in order to understand the interaction of light with matter, and
also incredibly impressive given his rather limited resources and the usually small
magnitude of the effect. By the end of the century his findings received support
from various experiments, different materials had been tested and early macroscopic theories had been developed (An overview can be found in [137]) 1 . Transmissive phenomena like the Faraday effect were already well understood. The case
of reflection from metals however lead to more fundamental problems. The reason
for that was mainly the difficulty involved in the description of interaction between
light and metals. The Drude model had been developed only a few years earlier,
and its optical implications were not yet completely clear. In the following years
the Kerr effect did not draw a lot of scientific attention. The formal description of
the Faraday effect led to the understanding that the normal modes for light propagation in matter were left and right circularly polarized light. The Kerr effect can
be seen in a similar light, as stated by R. Ladenburg in "Lehre von der strahlenden
Energie" [139, p. 1198ff]. He states that both Faraday and Kerr effect are based on
circular dichroism: "Diese Erscheinungen beruhen nämlich auf der sogenannten
zirkularen Doppelbrechung und dem zirkularen Dichroismus, d.h. darauf, dass
Brechungs-und Extinktionskoeffizient von rechts-und linkszirkular-polarisiertem
Licht verschieden gross sind, andererseits sind auch die bei der Magnetisierung
entstehenden Phasen-und Amplitudenänderungen der reflektierten Komponenten davon abhängig".
During the early 1960s experimental interest in the magneto-optical Kerr effect
increased enormously due to its obvious fit for future applications in digital data
storage [140–144]. Another reason was the upcoming technique of digital image
1 I would like to mention the work of Woldemar Voigt [138] that represents a sort of early review on Kerr’s

experiments as well on other experimental discoveries involving the Faraday and the Zeeman effect
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manipulation as well as electronic signal amplification by modulation of magnetically induced change, both leading to huge improvements from an experimental
point of view in the context of recording magnetic contrast in 2D and improvement
of signal to noise ratio.

E LECTROMAGNETIC WAVE PROPAGATION IN MATTER
A good starting point to arrive at an understanding of the magneto-optical Kerr
effect on a macroscopic level is given by Maxwell’s famous set of equations:
∇·D = ρf

(2.1a)

∇·B = 0

(2.1b)

∇ × E = −Ḃ

(2.1c)

∇ × H = j f + Ḋ

(2.1d)

In the case of dielectrica with no free charge carriers ρ f as well as j f vanish. For
metals with good electric conductivity one can use the approximation ρ f ≈ 0. Dielectric displacement and magnetic induction are related to their respective fields
by means of material equations:
D = ε0 E + P = εε0 E

ε = χ+1

B = µ0 (H + M) = µµ0 H

µ = χm + 1

In the absence of non-linear effects P,J, and M relate linearly to E, and H. This
relations, together with the usual ansatz of a plane wave,
E(x, t ) = E0 · e i (kx−ωt )

(2.3)

allow to rewrite 2.1c and 2.1d as
∇ × H = ε0 εĖ + σE = ε0 ε̃Ė

(2.4a)

∇ × E = −µ0 µḢ

(2.4b)

where
ε̃ = ε + i σ/ωε0
2

. With the help of the generalized complex dielectric tensor (permittivity) ε̃, we
now have a set of equations formally equal for both metals and dielectrics. Discussing the origin of electro-magneto optical phenomena on a macroscopical level,

2 It needs to be mentioned, that there exists a confusing variety of notations within literature, not only

with respect to sign conventions, but also due to different unit systems. Within this thesis I use the
sign convention according to [145], and SI units. An article written by Schoenes [146] represents a rare
case, where SI units were used in a work about magneto-optical phenomena.
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we can restrict ourselves to the consideration of the dielectric tensor. In simple
cases analytic calculation of ε̃i j is possible, however quite often this is neither necessary, because one is rarely interested in quantitative relations between the Kerr
quantities and the magnetization, nor is it clear how the tensor elements behave
on an ultrafast timescale. To adress such problems one has to look deeper into the
quantum mechanical origin of ε̃i j . This fact is very nicely illustrated in a review by
Weinberger [147, p. 902].
A macroscopic description is often complicated since realistic materials consist of
multiple layers. In the following subsection a short sketch containing the main
steps needed for a numerical treatment of multilayer systems will be given, according to the book "The physical principles of magneto-optical recording" by
Mansuripur [148]. The goal will be to understand how a relationship between the
quantities measured by MOKE and the elements of the dielectric tensor can be
found. For practical purposes it is useful to rewrite the Maxwell equations
by norp
malizing the eletric field vector by the vacuum impedance Z0 = µ0 /ε0 = 377Ω,
and insertion of the ansatz 2.3. This leads to two independent equations that fully
describe the propagation of a plane wave in a material with dielectric tensor ε̃, that
are displayed in an unusual matrix form, practical for numerical treatment.
£
¤
(K /k 0 )2 + ε̃ Ê0 = 0
¤
£
det (K /k 0 )2 + ε̃ = 0

(2.5b)

H0 = (K /k 0 ) Ê0

(2.6)

(2.5a)

with
£ 2¤
K i j = k i k j − δi j k 2
and
k0 =

2π p
= µ0 ε0 ω ,
λ0

,

[K ]i j = −²i j k k k

Ê0 = E0 /Z0

,

µ≈1

Equation 2.5a represents the Helmholz equation with its corresponding characteristic equation 2.5b, while 2.6 connects electric and magnetic field.

C ALCULATING THE REFLECTION MATRIX FOR MULTILAYER SYSTEMS
Magneto optical methods constitued the cornerstone for widely used industrial
applications until the millenium. For that reason technical literature treating numerical calculations involving reflection of monochromatic light from a magnetic
medium is very detailed. In practice one frequently deals with multilayer systems.
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13

E˜z
E˜x

kr

E˜y
ki

ε̃2
ε̃1
kt
F IGURE 2.1: Simplified situation in the case of a single reflection layer. The field components parallel
to the boundary plane have to be matched.

A detailed description to solve such a general situation is given in [148, p. 152163]3 . The key steps for solving such problems are:
Propagation in each layer: The characteristic equation 2.5b is solved in each layer.
This leads to biquadratic equations posing restricting conditions on k depending on ε̃.
Interlayer boundary conditions: At each interface boundary conditions have to
be dealt with, illustrated below for the simplified situation of a two layer system, as shown in figure 2.1.
ki ,y = kr,y = kt ,y

(2.7)

Êi ,x y + R Êi ,x y = Êt ,x y

(2.8)

Hi ,x y + RHi ,x y = Ht ,x y

(2.9)

The conditions to be met are the matching of electric and magnetic components parallel to the boundary layer, and the consequent law of Snell. The
last two equations are related through 2.6.
Iterative calculation of R: In the end one can calculate the reflection matrix R in
an iterative way for a n-layer system. A simple coordinate transformation
yields the reflected field components in the usual p and s coordinate system
perpendicular to the propagation direction.
3 Zak and coworkers wrote earlier articles about the topic [149, 150]. Matrix formulations are already

used within this publications.

14

2. S ETUP AND EXPERIMENTAL METHODS

S YMMETRY CONSIDERATIONS AND ITS IMPLICATIONS
The media’s lateral symmetry properties together with the ones of kinetic coefficients (a consequence of Onsagers relations) dictate the appearance of the dielectric tensor [151], [152, p. 348].
ε̃i j (m) = ε̃ j i (−m)

(2.10)

The crystal symmetry poses certain restrictions to 2.10 as shown in [153]. For the
sake of simplicity we will restrict ourselves to crystals with cubic symmetry in the
following. Note that in literature explanation of magneto-optical phenomena always bases on the treatise of either the dielectric tensor, the optical conductivity,
the optical susceptibility, or the current density. This can lead to confusion at first,
but one should bear in mind that all those quantities are related, and that they
are subject to the very same symmetry constraints. Equation 2.10 implies that at
least up to first order, m only appears in off diagonal elements of ε̃. Time reversal
symmetry of m in combination with equation 2.10, requires ε̃ to be symmetric in
second order of m. With the help of phenomenological parameters the dielectric
tensor must have the following form:




0
ε̃ = ε · 1 + iQ  m z
−m y

−m z
0
mx

 
my
B 1 m 12


−m x + B 2 m 1 m 2
0
B 2 m1 m3

B 2 m1 m2
B 1 m 22
B 2 m2 m3


B 2 m1 m3
B 2 m 2 m 3  (2.11)
B 1 m 32

The first tensor describes the action of the magneto-optical Kerr effect, its magnitude given by the phenomenological Voigt constant Q. The second order interaction of light with the magnetization is called the Voigt effect4 . The Voigt effect
will be neglected going forward. What can be seen from 2.11 is that ε̃ decomposes
into a symmetric and anti-symmetric part upon reversal of m. This property has
important practical consequences as we will see later. It is instructive to write 2.11
via Maxwell’s equation in combination with the electric field [157, p. 24]:
D = ε0 ε · (E + iQm × E)

(2.12)

In such form the gyrotropic character of magneto-optical phenomena is immediately visible. Its origin lies in the Lorentz force [155]. We now arrived at a practical
tool that allows prediction about the expectation of a Kerr signal in a specific geometry (The main ones are illustrated in figure 2.2). A linearly polarized incident
Field will generate field components perpendicular to m and E. The projection of
4 The form of this tensor has been used in different publications[154–156]. Higher orders in terms of M

are not known. Equation 2.10 has been adopted from [157]
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longitudinal

transversal

M

M

F IGURE 2.2: The three different Kerr geometries that are usually distinguished. The polar geometry
represents the configuration with is most used in industrial applications. The Kerr rotation exhibits a
maximum for perpendicular incidence. The longitudinal geometry is more practical for experimental
purposes. In this case the Kerr rotation decreases for perpendicular incidence and increases for oblique
incident angles. Due to the trade off with vanishing reflectivity however the signal vanishes in gracing
incidence. The transversal geometry does not lead to an additional polarization component, but to a
change in intensity of the reflected beam. This geometry is useful for the determination of certain off
diagonal components of ε̃

this component onto the plane perpendicular to krefl. represents a new field component. As an implication an observable Kerr rotation requires:
k · m 6= 0

(2.13)

Equation 2.13 implies that in transversal geometry it is impossible to measure a
change in polarization angle. Using p-polarized light one can seen a change in
reflectivity that depends on the magnetization. For s-polarized light there is no
visible effect. This circumstance makes the transversal Kerr effect very useful for
the determination of certain magneto-optical properties, using unpolarized light
[155, 158].
An illustrative situation is the case of polar geometry. The dielectric tensor for a
homogeneous cubic system with its magnetization pointing along the z direction
reads in "gyrotropic" form [153, 155, 156, 159, 160]:5 :
εxx
ε = −εx y
0


εx y
εxx
0


0
0 
εzz

(2.14)

In such a form the tensor describes propagation in a medium for linearly polarized
light. A circular basis
E0 = E0,x ± i · E0,y

(2.15)

5 For the remaining of this chapter ε will be used in place of ε̃, with the understanding that ε represents

the generarlized relative permittivity, including the (complex) conductivity.

16

2. S ETUP AND EXPERIMENTAL METHODS

requires an appropriate transformation of the dielectric tensor.
εxx + i εx y
0
εci r c. = 
0


0
εxx − i εx y
0


0
0 
εzz

(2.16)

Its diagonal form implies, that the light propagates through the medium with different indices of refraction for both helicities.
q
n ± = εxx ± i εx y
(2.17)
After a certain distance the plane of polarization will have turned by a certain angle
θF . Additionally the beam will be elliptic. The case of reflection is slightly more
difficult, as shown in 2.1.2. One can define a complex Kerr angle [139, p. 2206]:
¯ ¯
¯ r+ ¯
ΦK = θK + i ² = ¯¯ ¯¯ e i (φ+ −φ− )
(2.18)
r−
In an experimental setup one usually measures the two quantities θK and ². The
Kerr rotation can be measured with the help of a λ/2 plate after reflection. Measuring the ellipticity ² requires an additional λ/4 plate, with its optical axis set parallel
to the main polarization axis, which interchanges the role of the real and imaginary part in ΦK . In case of polar geometry and normal incidence, closed formulas
can be given for both Kerr rotation and ellipticity, [155, p. 157].
θK = − Im

n+ − n−
n+ n− − 1

,

² = − Re

n+ − n−
n+ n− − 1

(2.19)

Although quite specialized these formulas nevertheless give a good qualitative understanding of the Kerr effect. It is clear that for a purely real n ± no Kerr rotation
can be detected. This illustrate its intimate relation to circular dichroism. The
main learning point from this section is the symmetry of the dielectric tensor. This
concepts will be very important for experimental purposes, and discussed further in section 2.1.5. Another point that should be stressed is that Q and B are
phenomenological constants, and even after a microscopical treatment magnetic
measurements by means of MOKE will only yield qualitative information about
the magnetization.

M ICROSCOPIC ORIGIN
In order to understand the potential and shortcomings of the magneto-optical Kerr
effect for time-resolved experiments, one has to look a bit deeper into its microscopical roots. Those basically lie in the frequency dependent optical conductivity
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or susceptibility, both included in the aforementioned generalized dielectric tensor 6 . The relation between the generalized dielectric tensor and the conductivity
in SI units reads:
¶
µ
σ
(2.20)
ε̃ = ε 1 + i
ε0 εω
, where σ is also subject to the symmetry restrictions discussed in 2.1.1. The quantum mechanical treatment of frequency dependent conductivity or susceptibility
will thus shed light on the fundamental processes involved in the phenomenon.
A first problem was the fact that ferromagnets usually showed a much bigger
Faraday rotation than non-ferromagnetic materials. Voigt determined the magnitude of an effective field, to be responsible for such a huge rotation, and found it
being too big for an external field [138]. The effective magnetic field, generated
by the exchange interaction, the very origin of magnetism, was also unable to explain the effects, because it does not couple to the motion of the electrons. In 1932
for the first time Hulme undertook a treatise of the Faraday effect on a quantum
mechanical basis [161]. He included the action of spin-orbit coupling as an energy splitting in the excited states and found a difference in absorption for left and
right circularly polarized light. He did, however, only arrive at an order of magnitude estimation, neglecting the effect of spin-orbit coupling on the wave functions
(quenching of orbital angular momentum in solids) and not incorporating absorption, which is of vital importance for metals (see section 2.19). The next detailed
study was undertaken in 1955 by Argyres [154]. Argyres included the band structure of metals and derived appropriate wave functions to describe both dispersion
and absorption of n ± . He deduced a relation between the off-diagonal conductivity elements to the saturation magnetization and the spin-orbit coupling strength.
In addition, material-specific transitions between occupied 3d states to unoccupied 4s-p or 3d states were accounted for. Later on, the importance of spin-orbit
coupling in combination with the exchange-split energy bands close to the Fermi
surface was highlighted further [162, 163]. In conclusion it seems that the two main
ingredients of magneto-optical phenomena are spin-orbit coupling and, additionally in the ferromagnetic case, the exchange-split band structure near the fermi
level.7
The work of Bennet and Stern marks a cornerstone for a lot of subsequent work
on the optical conductivity tensor. Some years later Erskine and Stern published a
series of papers where they went more into detail for specific metals like Gadolin6 The definitions and derivations of the dielectric tensor differ in literature. Sometimes the action of the

external field on bound electrons is included into the dielectric displacement from the beginning, and
later on brought together with the current density of the conduction electrons. Another approach is
to separate the current density into a conduction current and a polarization current.
7 Other theoretical work on the conductivity tensor can be found in[164–166].
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ium and the 3d-transition ferromagnets [167, 168]. In both publications they compared the contribution of intra- and interband transitions upon optical excitation
on the off diagonal conductivity tensor. They found that for Fe, Ni, and Co interband transitions dominate for energies higher than 0.5 eV. One can conclude that
for the 3d-transition ferromagnets the main contribution to magneto-optical activity are vertical transitions from the spin split 3d bands to empty s-p states above
the Fermi level 8 9 10 . Going through literature of non-time-dependent calculations of magneto-optical properties shows that interpretation of magneto-optical
spectra is a delicate matter. The early controversy about the applicability as an experimental method for the study of ultrafast phenomena becomes tangibly clear.
The spin ordering and its corresponding magnetic moment is probed by collective
excitations within the band structure, which explains why the Kerr effect measures
the magnetization in a very indirect way.

M EASURING ULTRAFAST PHENOMENA
The vast majority of early experiments in ultrafast magnetism were conducted with
the help of magneto-optical methods. Despite controversial discussions in the beginning, those methods are still the workhorse to study ultrafast magnetic processes, because of its compact and relatively easy applicability. A review article
by Koopmans in 2003 lists possibilities of using MOKE pump-probe arrangements
[26]. Nowadays the most frequently used configuration for ultrafast measurement
including the magneto-optical Kerr effect is done with the help of two "balanced"
diodes and lock-in amplification to extract a previously modulated signal. Based
on a publication by Kampfrath et al. [177], the total Kerr angle ΦK = θK + i ε can be
divided into a symmetric and an anti-symmetric part with respect to time inversion.
ΦK = ΦS + Φ A
(2.21)
Due to the opposing symmetry properties of magnetic and electric quantities in
the context of time reversal, experiments are usually conducted with alternating
magnetization direction. In such a way an extraction of the "true" magnetic contribution is possible:
ΦK (M) − ΦK (−M) = 2Φ A
(2.22)
A transcient dielectric tensor will also lead to a varying Kerr angle. According to
[177] (and similarly in [26, p. 262]) with help of the ansatz ΦK (t ) = f [M(t ), t ] up to
8 Two reviews on the publications mentioned in the text were done by Buschow [159] and Bruno [169].
9 It should be noted here that the conductivity tensor in Bennet and Sterns work has been obtained by

thermodynamical means. Todays calculation are mostly conducted within the linear response formalism by R. Kubo [170, 171]. Some works including this framework include [165, 172–175]
10 A good overview on todays band structure calculation, and the following derivation of optical properties is given in [176].
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first order in M and a conveniently oriented coordinate system, the Kerr angle can
be written as:
ΦK (t ) = a(t ) · M (t ) + b(t )
(2.23)
The variables a and b are complex quantities and correspond to effective Fresnel
coefficients. The first and second term are odd and even in M respectively, and
thus correspond to the symmetric and antisymmetric part of the total Kerr angle
as defined above. For weak perturbations the change of Kerr angle reads:
∆ΦK = a 0 · ∆M + M 0 · ∆a + ∆b

(2.24)

Obviously taking the difference of a measured Kerr signal at opposite magnetization direction will result in a quantity that is ideally proportional to the fist term.
∆a can be non zero, if changes of optical character become relevant. If optic effects
are negligible it is possible to state the following relation [26, p. 263]:
∆θ A (t ) ∆² A (t ) ∆M (t )
=
=
θ A,0
² A,0
M0

(2.25)

Today it is generally accepted to check for a possible optical contribution by comparing the transient behavior of Kerr rotation and ellipticity. Also it should be confirmed that the change in reflectivity is insignificant. Usually its relative changes
are on the order of one in a thousand, very small compared to changes in rotation
and ellipticity that are two orders of magnitude larger in most cases.
A typical measurement scheme used for MOKE measurements is illustrated in
figure 2.3. The Analyzer can have different forms, but in combination with balanced diodes one often uses a set of quater- and half-wave plates together with a
Wollastone prism. Working in the balanced diode configuration leads to a useful
relationship between the measured signal and the magnetization [26, p. 266].
∆I (t ) = 2R 0 ∆θ(t ) + 2θ0 ∆R(t )

(2.26)

The same relation can be derived for the ellipticity. To switch to an ellipticity measurement the quarter wave plate has to be rotated by 45 degree.

T HE EARLY CONTROVERSY
As stated before, in the first years after the findings by Beaurepaire a controversy
arose whether the magneto-optical Kerr effect would be able to reliably probe magnetodynamics on a femtosecond timescale [21, 25, 32, 33, 177–180]. The main concern was that the excitation pulse brings the electronic system so far out of equilibrium that the response on short timescales had to be governed by optical artifacts.
The controversy started in the year 2000, when Koopmans and coworkers [178]
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t
Chopper

M

ref
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∆θ(M, t)
∆(M, t)

F IGURE 2.3: A typical setup for pump-probe experiments with the help of the magneto-optical Kerr
effect. A pump (red) and a probe (blue) pulse hit the sample. The reflected probe beam is analyzed in
most cases with a combination of quater- and half-wave plates, followed by a wollastone prism. The
difference signal is amplified by lock-in detection. From this one retrieves either the Kerr rotation or
ellipticity depending on the orientation of the quarter wave plate.

observed a difference in Kerr rotation and ellipticity. The authors attributed the
observation to state filling effects (dichroic bleaching). In addition the demagnetization at different initial temperatures was compared. They deduced from their
results that the magnetization should follow a slower dynamics, than the observed
ultrafast drop. Kampfrath et. al. brought the discussion to a somewhat more structured basis [177], and raised similar concerns. In 2004 Oppeneer published a work
in which they tried to calculate different kind of state blocking effects and found
significant changes for the conductivity tensor [32]. However, their treatment is
based on a non-varying band structure. Some years later Zhang et. al. found that
below 2 eV the optical and magnetic responses were correlated to their respective
susceptibility tensor elements [33]. Their study did not rely on a rigid band structure. After a debate between the two aforementioned parties, the issue seemed to
have lost its relevance, possibly due to the overwhelming number of experiments
solidifying the early findings with optical methods.

2.2
P HOTOEMISSION : D IRECT ACCESS TO SPIN INFOMATION

T

HE present section is dedicated to our setup using photoemission as a measurement method for ultrafast experiments. It is by no means intended as a review on the field of photoemission spectroscopy. I will outline basic principles that
will later be used in the experimental part, and refer to the vast literature where it
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could be of interest.

T HEORETICAL PRINCIPLES
Photoemission spectroscopy represents a very direct and obvious tool for investigating the electronic structure of solids. From the first observation (Hertz [181])
and theoretical interpretation (Einstein [182]), it took over 50 years until its application in fundamental science. Up until then research in the field was mainly
driven by the television industry [183, 184]. Finally, in 1964, a series of publications by Berglund and Spicer set the basis for most research in the field until today
[185, 186] 11 . The possibility to map the electronic band structure was exploited
soon after using angular resolved photoemission spectroscopy [188]. Another important aspect that emerged came in the form of polarization analysis, allowing insight into the magnetic state of the structure under investigation [189–191]. All of
those scientific achievements ultimately became feasible thanks to the possibility
to prepare and measure on atomically clean samples within an ultrahigh vacuum
environment. Photoemission spectroscopy with spin analysis, is one of the most
direct ways to probe the electronic, as well as the transient magnetic state directly
at a specific location within the band structure. It thus represents a powerful tool
of measuring ultrafast spin related phenomena.
The excitation or removal of an electron from a solid is quite clearly a many
body process, as the remaining N − 1 electrons are subject to an energy minimization. Nevertheless a single particle picture turns out to be a very good approximation, and is therefore used in most cases. The single electron approximation
cannot be applied for spectral features on a meV scale, and does not hold anymore
for highly correlated materials.
A good starting point in understanding the photoemission process is by looking at the energy landscape. An example for a 3d transition metal can be seen in
figure 2.4. Photons with sufficient energy ħω will cause the photoelectrons to overcome the work function of the sample, and bring them into vacuum, where they
have a maximum kinetic energy of E k,v = ħω−E B −φS . An energy analyzer records
an energy spectrum, that contains information about the electronic structure of
the sample, distorted by various effects. The most obvious one is the background
from secondary electrons, emerging from inelastic electron-electron collisions on
the way to the sample surface. Deeper analysis of photoelectron spectra requires a
careful treatment of those rather complex processes, as well as an exact knowledge
of the experimental conditions and instrumental calibrations.
As a starting point to the mathematical description of the photoemission pro11 Very detailed historical perspectives can be found in the compendiums by Cardona and Ley [187], or

Kevan [184].
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F IGURE 2.4: Energy relations within a photoemission experiment for a 3d transition metal. A single
electron within the valence band is excited by a photon with energy ħω. It gains sufficient energy to
overcome the work function and being emitted into vacuum where it has a maximum kinetic energy
E k,v = ħω−E B −φS . Information from within the band structure is then imprinted in direct and indirect
ways onto the measured spectra I (E k ). The sample and the analyzer are usually electrically connected
which sets their Fermi energy to the same absolute level. Thus calibrating the energy scale only requires
knowledge of φ A , the detectors work function. All energy differences, indicated by double arrows, are
seen as positive values.

cess one normally chooses to calculate the transition probabilities w i f by Fermis
golden rule 12 :
¯
¯
¯
®¯2 ¡
¢
w i f ∝ ¯ Ψ f (N ) ¯ Hi nt ¯ Ψi (N ) ¯ · δ E f (N ) − E i (N ) − ħω
(2.27)
, where
¯
¯

®
M i f = Ψ f (N ) ¯ Hi nt ¯ Ψi (N )

(2.28)

represents the transition matrix element in its general form. Ignoring two-photon
processes and choosing the Coulomb gauge for the vector potential, the perturbation term in the total Hamiltonian H = H0 + Hi nt becomes:
Hi nt =

e
e
A·p =
A 0 (r )e i (kr −ωt ) · p(r )
2mc
2mc

(2.29)

12 This section represents an overview over the principles of the photoelectric effect. Some general for-

mulations are based on the works of: Spicer and Berglund (1964)[185, 186], Cardona and Ley (1978)
[187], Hüfner (2003) [192], Osterwalder (2006) [193], and various others [194–196]
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By assuming a wavelength, which is large compared to typical atomic distances,
and using commutator relations between H0 and p one arrives at:
¯
¯
¯
¯
¯ ®¯
¯
¯
¯ ®¯
¯M i f ¯2 ∝ ¯ Ψ f ¯ A 0 · r ¯ Ψi ¯2 ∝ ¯ Ψ f ¯ ε A · r ¯ Ψi ¯2

(2.30)

where the last expression will prove useful for conceptual insight into experimental data interpretation later on. It relates the matrix element to the photon polarization ε A . It is normally assumed that Hi nt represents a small perturbation to the
N-electron system. There are two main models commonly used in photoemission.
One-step model The removal of an electron is described within a single step after
the absorption of a photon. This can be seen as the "correct" approach, but
inhibits rather high complexity.
Three-step model This model, developed by Berglund and Spicer [185, 186], breaks
up the photoemission process into three main parts: a.) Photon absorption
and excitation to a damped state near the surface, b.) Transport to the surface, c.) Escape into vacuum. Although this model relies on several approximations and phenomenological descriptions the majority of results in the
field are correctly interpreted on the basis of this model, which shows its relevance and value.
The next assumption is the so called "sudden approximation" where no interaction between the excited electron and the rest of the system takes place. For such a
case the Matrix elements can be decomposed into two parts: a one-electron matrix
element M i1f and an overlap integral of the remaining N-1 particle system where
an electron with wave vector k has been removed.
¯
E
¯
¯

® D
¯
M i f = φ f (k) ¯ Hi nt ¯ φi (k) · Ψks (N − 1) ¯ Ψki (N − 1) = M i1f (k) · c si
(2.31)
¯
¯

®
1
M i f (k) = φ f (k) ¯ Hi nt ¯ φi (k)
(2.32)
2
The overlap integral leads to the probability c si
to find the reduced N-1 electron
system in a state Ψs (N − 1) after excitation from its ground state. This quantity is a
measure of correlation within the system. Non vanishing overlap coefficients lead
to the appearance of satellite peaks in the vicinity of observed features in photoemission spectra. Now we can write down the total photoemission intensity as a
function of E ki n .

I (E ki n , k, ħω) =

¯2 X
X ¯¯ 1
¡
¢
¯
|c si |2 · δ E ki n, f + E s (N − 1) − E i (N ) − ħω
¯M i f (k)¯
i,f

s

(2.33)

24

2. S ETUP AND EXPERIMENTAL METHODS

The second summation over the probabilities |c si |2 together with the delta function, stipulating energy conservation, is called the spectral function A(E ki n −ħω, k).
Note that in angular resolved photoemission of the valence band it is custom to
write out momentum conservation explicitly. This has not been done here for reasons of readability. The angular dependence of the emitted electrons from the kvector within the solid will be discussed later. Under real experimental conditions
the photoemission intensity is disturbed by finite-resolution effects like thermal
broadening of the Fermi-Dirac distribution or the resolution limits of the experimental setup. As indicated by the second step in the three-step model, the spectra will obtain a background from secondary electrons. In the end the measured
energy distribution N (E ki n , k, ħω) corresponding to a specific initial state has the
form:
£
¤
N (E ki n , k, ħω) = I 0 (k, ħω, A)A(E ki n − ħω, k) f (E ki n − ħω, T ) ∗ R(∆E , ∆k)
(2.34)
+ B sec (E ki n − ħω) + B noi se
The instrumental resolution is included into the formalism via R. The background
of secondary electrons is given by B sec . For the background of secondary electrons
the convolution is taken care of implicitly in this formulation. It is thus illustrated
that angle resolved photoemission spectroscopy measures the one-electron removal function distorted by transition matrix elements. Depending on correlation
within the system under investigation, this quantity reflects the band structure of
the system. More specifically, one can state that for the case of direct transitions
(which will be the case for the presented experiments due to the low momentum
of the photons) the angular integrated photoemission intensity is proportional to
the energy distribution of the joint density of states. The quantity will be named
D(E ki n , ħω):
Z
(2.35)
(I 0 (k, ħω, A)A(E ki n − ħω, k)) d3 k ∝ D(E ki n , ħω)
For practical purposes it makes sense to look deeper into the effect of M i1f . For a
location under investigation within the band structure it is possible to exclude certain transitions based on symmetry arguments of I 0 (k, ħω, A) ∝ |M i1f (k)|2 alone.
The Matrix element M i1f (k) is, from now on, more conveniently written in the following form:
¯
¯

®
(2.36)
M i1f (k) = φ f (k) ¯ ε A · r ¯ φi (k)
It can be shown that the entire overlap integral has to be of even parity with respect
to the mirror plane, formed by the incoming photon beam and the analyzer. Also
the final state wave function has to be even with respect to the mirror plane, otherwise it would be zero everywhere on the latter. This imposes constraints on the
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symmetry of the initial state and the photon polarization direction ² A :
φi (k) even

⇒

ε even

φi (k) od d

⇒

ε od d

(2.37)

This relations will be used in section 3.1 in order to identify the measured states.
Until now only the first two steps in the three-step model have been discussed.
The last step covers the relation between the wave vectors of the electrons within
the solid and after its escape. The model assumes a free state for the electron after
excitation. Thus the electrons move in a potential well of depth V0 = E V − E 0 with
respect to the bottom of the valence band. After escape into vacuum the electron
loses that energy, therefore the total wave vector is reduced. The wave vector paral-

(a)

(b)
kk

k⊥,s
ks
kk,s
ϑs

k⊥,min

Γ
ϑs,max

ϑ

k⊥,max

k⊥

kk = kk,s
k

Solid

k⊥

Vacuum

F IGURE 2.5: (a) Escape situation for a "free"-electron from within the solid into vacuum. The parallel
component k ∥ needs to be conserved to assure phase matching at the surface. (b) A Brillouin zone
picture of the same situation. The wave vector perpendicular to the surface needs to have a certain
minimal magnitude in order for the electron to overcome the potential well. Thus only wave vectors
within an "escape cone" of certain width, for a fixed photon energy, are able to leave the sample.

lel to the surface needs to be conserved, because of wave matching conditions. In
case of no involvement of reciprocal lattice vectors other than G = 0, the situation
is the exact analogy to Snells law of refraction, as illustrated in 2.5. The condition of
equality for the parallel wave vector component leads to a relation between angle
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of emission and internal angle ϑs .
r
¯ ¯
¯k ∥ ¯ = sin(ϑ) ·

¯
2m
! ¯
E ki n,v = ¯k ∥,s ¯ = sin(ϑs ) ·
ħ2

r

¢
2m ¡
E ki n,v + V0
ħ2
(2.38)

s
⇒ sin(ϑs ) = sin(ϑ) ·

E ki n,v
E ki n,v + V0

In case ϑs exeeds a certain maximum, the wave will be totally reflected from the
surface.
Ãs
!
E ki n,v
ϑs,max = arcsin
(2.39)
E ki n,v + V0
A more useful formulation is written in terms of the wave vector components within
the sample.
r
¯
¯
¯ ¯
2m
¯k ∥,s ¯
¯
¯
E ki n,v
max = k ∥ max =
ħ2
(2.40)
r
¯
¯
¢
2m ¡
¯k ⊥,s ¯
=
E
+
V
0
ki n,v
max
ħ2
A qualitative treatment of measured spectra requires knowledge of the "inner potential" V0 .

T HE SPLEED POLARIMETER
In this section the experimental setup for the photoemission experiments will be
described. The main focus will lie on the polarimeter, which is based on spinpolarized low-energy electron diffraction (SPLEED). The entire setup used for photoemission experiments in combination with SPLEED has been described previously in publications by T.Michlmayr [197], A.Fognini [198–201], G.Salvatella [202],
and similarly by Kutnyakhov and coworkers [203]. Initially the setup was intended
as a compact mobile end station for experiments at large facilities such as FLASH.
Over the years it has been modified and now serves as a fixed installation embedded in a system including a Ti:Sa laser system in combination with a highharmonic source. The main part of the setup includes an energy analyzer in combination with a SPLEED detector for polarization analysis. Attached to the measurement chamber is a preparation chamber where the samples can be grown in
situ by e-beam evaporation. Several diagnostic tools are built-in or attached to
the measurement chamber such as phosphor screens, an electron gun, and a Helium lamp. A certain level of redundancy with the mentioned works will not be
avoided for the sake of completeness. Thus in figure 2.6 a schematic illustration is
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F IGURE 2.6: The main parts of the photoemission setup. VUV radiation causes the emission of photoelectrons that enter a hemispherical energy analyzer. They are dispersed in Energy and angle (k),
forming a two dimensional output at the end of the HEA. The electron beam hits an Ir(001) crystal and
its (00) reflection is measured by an arrangement of microchannel plate, phosphor screen and a CCD
camera. Altering the magnetization and thus the spin polarization of the electrons translates into different reflectivity on the scattering target. A careful calibration of the polarimeter allows quantitative
investigation of the electron polarization.

depicted as a reminder of the main ingredients in the photoemission setup. Details
about sample preparation will be presented later in the experimental chapter. The
samples are placed inside a custom built arrangement of coil and plates, that allow the emitted photoelectrons to reach the hemispherical energy analyzers (HEA)
lens system within a uniform electric field originating from a bias voltage applied
between the HEA and the sample stage [198]. The photo-emitted electrons are collected by the HEA (Phoibos 150 Specs Gmbh) and dispersed in energy. Before the
HEA the electrons need to pass an entrance slit, which sets a lower bar for the energy resolution. In the presented experiments the limitations in energy resolution,
caused by the large bandwidth of the probe beam, allowed larger slit openings in
favor of measured intensity. The angular dispersive axis lies perpendicular to the
energy axis. Its acceptance angle defines the accessible width along a certain direction within the band structure of the sample. The two-dimensional output of
the HEA is scattered on a Ir(001) crystal and its (00) reflection recorded by a CCD
detector. The reflected intensity can be used to obtain information about the electron’s spin-polarization13 . The measured quantity for spin polarized electrons is
13 SPLEED was observed unknowingly the first time by Davisson and Germer in 1927 [204]. Almost 50

years later Kuyatt reinterpreted their results [205]. In the same publication the author first mentions
low-energy electron diffraction from a tungsten crystal as possibility for the measurement of electron polarization. The same method has also been used as a source of polarized electrons. Around
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the asymmetry:
A=

I↑ − I↓
I↑ + I↓

= S ·P

(2.41)

Here P denotes the true spin polarization and S represents the Sherman factor that
incorporates the detectors spin-separation ability into the formalism. The arrows
indicate reversed states of polarization. In most cases this is achieved by simply
reversing the magnetization with help of a coil. The Sherman factor in combination with the electron yield after reflection leads to a figure of merit (FOM) used as
a comparison between different polarimeters. It relates to the measurement time
leading to a reasonable signal to noise ratio [214].
Fsi ng l e = S 2 ·

I
I0

(2.42)

The index states the fact that a "single channel" detector is used for determining
the quantity. Traditional spin polarimeters, based on Mott scattering, suffer from
a lack of efficiency, as their FOM on the order of 10−4 indicates. It was possible
to increase the FOM approximately an order of magnitude by changing the scatterer, and applying an elaborate film preparation method [218]. However the major breakthrough was achieved with the realization of a parallel detection scheme
as proposed by Tusche et al. [219] and used for proof-of-principle measurements
by Kolbe and coworkers [220]. The idea is based on parallel detection of all electrons from the main (00) reflection. Depending on the number of channels the
combined figure of merit is increased up to three orders of magnitude.
*µ
¶ +

®
2 I
F2D = N · Fsi ng l e = N · S ·
(2.43)
I0 i j
The main ingredient for spin dependent scattering is the term incorporating spinorbit coupling to the overall scattering potential [212, 214].
VSO ∝

1 dV
L ·S
r dr

(2.44)

the same time the first numerical efforts were made in order to quantify the polarizability of lowenergetic electron diffraction[206–210]. The experimental confirmation followed soon after [211–
213]. First SPLEED based devices for polarization analysis were used in laboratories in the early 90s
[214–216], and became commercially available a little later [217]. The principle of detection was the
very same as for the well known Mott detectors. Similarly in SPLEED, a primary electron beam of low
kinetic energy was scattered at a single crystal (mostly W(001)), before detection by four channeltrons. In this configuration the method thus inhibited the very same drawback as the Mott detector,
where an immense number of photoelectrons are lost before being detected, especially when involving energy analysis.
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The magnitude of this term depends on the strength of the spin-orbit coupling
(SOC) and thus scales with the atomic number Z . Using high-Z materials as scatterer lead to another improvement of the Sherman function, allowing even higher
figure of merit [203].

Valve
Ir(001)

HEA
LS1

LS2
LS3

to detector
F IGURE 2.7: A cut through the SPLEED detector. After the HEA the photoelectrons travel through a series of electrostatic lenses. Usually the crystal lies in a reciprocal image plane with respect to the output
of the HEA. The lens settings used for the measurements presented in 3.1, worked in a configuration,
where the HEA output plane was mapped onto the crystal.

A cut through the custom built SPLEED detector in our setup is shown in figure 2.7. It is based on an original design by Prof. Gerd Schönhense from the university of Mainz, and has been adapted and integrated into the existing setup by
Dr. Thomas Michlmayr. The apparatus consists of three separated lens systems,
a gold evaporation source, and the crystal, which is embedded within a field free
cage. Although it is in principle possible to use a pure iridium single-crystal they
tend to degrade within a couple of hours, even in ultra-high vacuum conditions.
Frequent cleaning is required and the deterioration has to be taken into account
for experimental data. This drawback can be overcome by growing a pseudomorphic monolayer of gold onto the crystal. This method has been suggested theoretically by [221] and was later applied by Vasilyev and coworkers on a identical

30

2. S ETUP AND EXPERIMENTAL METHODS

setup as described here [222]. In their publication they describe in great detail the
evaporation process that leads to the emergence of the desired monolayer of gold.
Experimentally this is a non-trivial task, as the process includes a lot of trial and
error.
In the first experimental publication involving two dimensional spin detection
the authors use a lens configuration that places a reciprocal image of the HEA output onto the crystal [219]. All electrons are thus scattered under the exact same
angle. Using an absolutely perfect crystal showing a uniform spin selectivity it
is possible to calculate the reflected polarization along the (00) direction exactly.
However in our setup we used a crystal which is significantly larger than in other
cases [203, 222]. While larger crystals offer the benefit of improved parallelization,
they are also more difficult to grow. In our case the crystal shows several clear
steps, among other defects. In such situations it makes much more sense to use
a "real space scheme". There the output plane of the HEA is mapped onto the
crystal and successively onto the detector. This method has the drawback, that it
is almost impossible to calculate the scattering properties correctly, however from
an experimental viewpoint it is easily possible to obtain a "Sherman image" (the
two dimensional version S i j of the Sherman factor S) for well known observable
features. It has become custom to use the Shockley surface state of gold in order to calibrate SPLEED detectors [222]. In the present case we used a theoretical
publication in which the spin polarization of secondary electrons originating from
primary electrons of 1.5 keV in energy was calculated for iron[223]. As a result we
can expect to observe a spin polarization of 45 % on the electron cascade 14 . For
each setting of the electrostatic lens system (lens mode), we therefore recorded a
"Sherman Image" that translates the measured asymmetry to the expected polarization according to:
P c al c.
Si j =
(2.45)
A i j (E ki n ≈ 1 eV)
In the works by Schaefer [226] and Kutnyakov one can find theoretical predictions
for the FOM as well as values for S at different scattering energies. It turns out that
the most efficient region of operation for such spin polarimeters seems to be at the
very low energy regime. This was indeed the case for our detector. Not only did we
find the highest asymmetry at those energies but also a very high reflectivity. We
used the same imaging lens mode operating at a scattering energy of 6.2 ± 1 eV for
the photoemission experiments presented in 3.1. The reason for the uncertainty
in scattering energy is the difference in work functions between the HEA and the
SPLEED detector, which is not known exactly.
14 Similar values have been found in older publications as well [216, 224, 225]
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As mentioned earlier the creation of a single monolayer of gold on the scattering crystal is a delicate matter. In figure 2.8 the process is illustrated for two
selected lens modes with different imaging properties. The process can vary depending on the evaporation rate of the Au oven, the calibration of the thermocouple on the crystal, or the settings for the temperature controller. The following
routine has proven to be of value as a principle guideline:
Flash: Flash the crystal a number of times to get rid of any gold and other impurities on its surface.
Crystal cleaning: Clean the crystal using a routine of several annealing cycles in
an oxygen atmosphere followed by a small number of short flashes. We repeated this process three times usually after a bake-out for a number of 20
times.
Gold evaporation: After the crystal temperature dropped below 250 ◦ C we evaporated several layers of gold onto the crystal.
Heating routine: As described in [222] a single monolayer of gold has a much
higher binding energy and therefore needs a significantly higher heating temperature in order to be removed. We chose to approach this temperature
quite closely, and stay there as long as it takes, to remove all but one single
monolayer of gold. In the present case the crystal was heated for 20 minutes
to a temperature of 925 ◦ C, as verified by a pyrometer. The process was then
repeated for N · 10 min until either the obvious islands of gold vanished, or
the asymmetry reached a maximal value (see figure 2.8). It is quite easy to
recognize an overshoot in Temperature, and thus the total evaporation of all
the gold on the crystal, as in such a case the imaging properties change quite
drastically, and the asymmetry can even change sign.
The images taken after the electrostatic lens system may be distorted in various
directions (see figure 2.8). This is inconvenient, because the intended goal for the
experiments was to obtain energy spectra for certain times after an optical excitation. Such spectra, or more generally "panoramas" if the angular direction is
included, can be generated by overlapping several single images. This process was
already described in the doctoral thesis by Andreas Fognini [201], and will not be
discussed deeper at this point.
To conclude this section I would like to mention the vast possibilities of SPLEED
for the entire field of research. In principle it is possible to use same setup as just
described for three dimensional polarization detection, by adding a magnetic lens
between the HEA and the spin polarimeters lens system [226]. Also the number
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Intensity

Asymmetry

F IGURE 2.8: The different stages during the gold removal process routine. The images on the left hand
side show situations relatively soon after the gold evaporation, while the three images on the right hand
side represent the crystal with the sought for pseudomorphic monolayer of gold. In the top row the
islands of (most probably multilayers) gold can be seen clearly. The two lower rows show the asymmetry
for two different lens modes, that lead to an asymmetry of opposite sign. As indicated in the mentioned
publications, the final situation proved to be stable over a timespan of several months in good vacuum
conditions. The asymmetry in fact increased during the first few weeks after preparation.

of collected electrons by the entry lens of the PHOIBOS detector is quite limited.
An additional "momentum microscope optics" at the entry of the HEA, collecting
all photoelectrons [227], offers a pathway out of the dilemma. The "disadvantage"
of such a design is the need for a second HEA to compensate for angular dispersion. An even more elegant design circumvents this problem by using a time of
flight spectrometer instead of a HEA [228]. Setups including momentum microscopes offer the unique possibility to map the entire Brillouine zone besides profiting from the very high efficiency of a SPLEED spin polarimeter. However multichannel spin detection approaches, restricted so far to be used in combination
with low energetic scattering, are challenged by recent advances using Mott detection [229]. For comparable FOM, multichannel Mott detectors offer advantages
with regard to robustness and stability.
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T HE VUV PHOTON SOURCE
The region that can be probed in photoemission experiments, depends strongly
on the selected photon energy. Using low excitation energies, one can only access energetic regions close to the Fermi level. The small escape cone for such low
energies, implies that a limited k-range can be probed. Going to higher photon
energies allows to probe a larger section of the Brillouin zone. Electronic states lying deeper below the Fermi level can be accessed. As mentioned earlier in section
2.2 the interpretation of photoemission spectra remains a challenging endeavor.
This is mainly due to inelastic scattering. The magnetic behavior of 3d ferromagnets is governed by their electronic structure and behavior in the valence band. To
access such an energy range, simple frequency-up conversion by standard fourthharmonic generation processes of a pulsed laser operating at 800 nm is not feasible
anymore. The resulting narrow spectra would be distorted by secondary electrons
over almost all its recorded range. High-harmonic sources deliver energies up to
the soft X-ray regime. Therefore they constitute a valuable alternative to the very
large and expensive free-electron lasers, and can be used in a laboratory environment.
The development of high-harmonic sources is tightly bound to advances in high
field physics being kicked off in the nominal work by Keldysh [230]. This publication delivers theoretical criteria that allow the distinction between different ways
of particle ionization by radiation of various intensity and energy. This is done with
the help of Keldysh’s parameter [231, p. 173]:
s
γ=

Ip
2U p

(2.46)

where I p is the ionization potential and U p the averaged kinetic energy within the
varying laser field. One can define three different ionization regimes which can be
understood phenomenologically by how much the ion potential well is bent due
to the strong laser field. In the first case the potential well around the atom core
is only slightly distorted and tunneling into vacuum is no option for the electron.
Ionization in such a case can happen due to multi-photon absorption. For higher
intensities the potential well is bent such that there is a reasonable probability for
the electron to tunnel into vacuum. This regime is called the tunneling regime
(γ < 1) and represents the relevant process for high-harmonic generation. Lastly,
in the above-barrier ionization case, the potential well of the ion is bent to the
point where an electron is effectively freed without the need for tunneling. Highharmonic generation is usually discussed within the framework of the three-step
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model 15 .
Tunnel ionization The electron can tunnel through the potential wall caused by
the radiation induced bending of the atomic Coulomb potential.
Propagation of the "free" electron In vacuum the electron gains kinetic energy
while propagating in the varying laser field.
Recombination Under certain conditions the energetic electron recombines with
its original atom and emits a photon in the process. The photon has an energy of [241, p. 330]:
E n = ħωn = E ki n + I p
(2.47)
where the kinetic energy is to be understood as the total kinetic energy within
the varying laser field. It separates into a directed (translational) kinetic energy and a ponderomotive potential.
Experimentally two important aspects can be observed. One is the appearance
of odd harmonics in the high-harmonic spectrum, the other is the existence of a
cutoff frequency above which no measurable radiation exists anymore. The cutoff
frequency has been observed and described in terms of the electron’s ponderomotive energy U p , and the ionization potential I p . Lewenstein et al. found this
relation to be:
E cut o f f = 3.17U p + I p
(2.48)
This energy relates to the maximum kinetic energy that can be gained by an electron during its excursion. The ionization potential I p incorporates information
about the ionized medium. Details about point in time of ionization and the resulting electron energy and trajectory are included in U p . The next very important
step, especially from an experimentalist point of view, is the question of how efficiently the high-harmonic radiation can be generated in terms of interference. In
other words: phase matching needs to be taken care of [242–245]. This means the
refractive index of the co-propagating fundamental beam and the high-harmonic
beam should be equal. The real index of refraction for the high-harmonic beam
is almost constant in gases. Thus altering the gas pressure represents an easy way
of tuning the efficiency of high-harmonic generation. The other aspect that needs
to be taken into account is the curvature of the phase front. Working with tight
15 Theoretical efforts in tunneling ionization were pushed further ([232] among others) and experimen-

tal approaches using picosecond laser sources have been conducted soon after [233–236]. The threestep model was developed in the early 90’ within works trying to give theoretical meaning to the
observed high-harmonic spectra [237–239]. A quantum mechanical description was given around
the same time by Lewenstein and coworkers [240].
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foci thus limits the propagation length through the gas to few tens of micrometers. This leads to the question of how exactly an experimental setup for efficient
high-harmonic generation should look like. To the present day three very obvious
schemes are frequently used.
Gas Jet This scheme was among the earliest experimental approaches [233, 246],
and is arguably the most frequent choice today. From a vacuum perspective
it offers the nice opportunity of direct pumping. After propagation through
the generation medium the high-harmonic beam is rarely affected by the
presence of gases anymore. Absorption effects are of minor importance. The
challenge of such a setup is the fact that a high pressure gas jet is brought
into an evacuated environment, that should not rise above a certain pressure
threshold. Normally the gas jet points directly into the opening of a turbo
molecular pump (TMP).
Gas cell In such a scheme the beam propagates through a gas filled cell [247–249].
The gas pressure can be controlled very effectively. However the openings
of the cell along the beam propagation have the non-desirable side effect
of gas flow along the beam direction after the high-harmonic generation.
This can lead to absorption effects and even lead to the supression of certain
harmonics.
Gas capillary This method, which was proposed slightly later [244, 245, 250], allows very precise control of phase matching conditions, due to the suitable
features of light propagation in wave guides. In such a setup the gas pressure
remains the only parameter that can be tuned in situ. Using this scheme,
high-harmonics up to the soft X-ray regime can be produced. However the
problem of absorption after the location of generation remains [251]. From
a technical point of view it is among the more challenging setups.
For more details about the specifics of high-harmonic generation and phase matching conditions I would like to refer at this point to various literature and references within [239, 252–256]. On a historical note, the obvious boost of interest
in high-harmonic generation that came with the ability of femtosecond laser systems should be mentioned [247, 257–263]. High-harmonic sources offer a powerful alternative to free-electron lasers for time resolved studies. Specifically in the
case of time-resolved photoemission studies high-harmonic sources were used as
a pulsed photon source in the early years of the new millenium [250, 264–267]16
In the experimental setup used for the experiments conducted within this thesis
16 In principle such studies can also be conducted at the mentioned facilities. But first free-electron

lasers were constructed around the same time as well (FLASH/soft X-ray, LCLS/hard X-ray).
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F IGURE 2.9: Schematic representation of the final high-harmonic setup. The fundamental 400 nm
beam enters the vacuum through a brewster window (BW). Its focus coincides with a jet of constant
Argon (Ar) flow. The Argon jet is directed towards a turbo molecular pump. A pressure differential section (PDS) induces a pressure gradient from 10−2 mbar to around 10−6 mbar within the mirror chamber. The mirror chamber is pumped by a turbo molecular pump as well (not shown). Depending on the
used power the beam hits a silicon wafer under grazing incident before being reflected by two curved
mirrors that selectively reflect the 7-harmonic of the fundamental beam. At last, an aluminum foil acts
as a vacuum barrier, and cuts off low frequency components.

we tried all three schemes of high-harmonic generation. As a first choice the gas
capillary setup posed extreme difficulties due to beam quality within the waveguide. The main problem involved the clean fabrication of the pinholes, intended as
a gas inlet, through the capillary, that severely distorted the modes of beam propagation. Additionally the setup was extremely sensitive to spacial beam fluctuations, causing frequent melting of the capillary. This led to a second attempt with
gas filled tubes instead of the capillary. This method was, apart from the frequent
fabrication of steel tubes, very reliable. In such a scheme the fundamental beam
simply burns two holes into the tube, at the entry and the exit. Beam fluctuations
in that case caused the wholes to increase in size, which lead to such severe vacuum conditions that the intensity of the selected harmonics dropped significantly
within hours 17 .
In figure 2.9 a schematic representation of the setup used for the presented experiments is shown. An uncoated BBO crystal of 200 µm thickness frequency doubles the 800 nm laser beam which is dumped afterwards. High-harmonic setups of
such kind are sometimes refered to as "blue-driven" in literature. The larger separation width of neighboring harmonics in the blue-driven mode simplifies wavelength selection. Also advantageous is the increased efficiency over the red-driven
mode. The lens has a focal distance of 20 cm and, working with a collimated beam
waist around ≈ 5 mm, leads to a focal width on the order of 10 µm, if the frequency
doubled 400 nm beam is used. The beam is focused into an Ar gas jet (see figure
17 Illustrations for all experimental variations can be found in the appendix B.1
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to pump
PDS
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Ar inlet
F IGURE 2.10: The figure shows a side cut through the high-harmonic generation chamber. The entire
construction can be moved with respect to the (fixed) laser beam. The intention behind the setup was
to reduce any gas flow along the beam propagation direction. The pressure differential section (PDS)
reduces the pressure from 10−2 mbar in the generation chamber to 10−6 mbar in the mirror chamber.
The class capillary attached to the nozzle is not shown.

2.10), with a backend pressure of several bar, very much in contrast to the vacuum conditions within the "harmonic generation chamber" that do not exceed
10−2 mbar 18 . The position of the nozzle can be moved to a certain point with respect to the incoming laser beam. Glued into the nozzle is a glass capillary with a
beam diameter of 75 µm 19 . A differential pumping stage reduces the pressure to
10−6 mbar within the following mirror chamber, pumped by a TMP. Afterwards the
beam hits a silicon wafer under Brewster’s angle. In such a way the co-propagating
fundamental beam can be reduced significantly. However, since working with the
jet scheme, it was unnecessary to use high beam power for the fundamental beam.
The total power of the 400 nm beam was around 1 W 20 . Two curved mirrors selectively reflect the 7-th harmonic at 21 eV and focus the beam onto the sample.
An aluminum foil acts as a vacuum barrier cutting off low frequency components,
still co-propagating in the beam. The pressure within the measurement chamber
18 If the high-harmonic source is operated using a steel tube, the gas flow can be controlled precisely

using a flow controller by Beckhoff Automation GmbH. Scanning the count rate depending on a gas
flow parameter, allows the determination of optimal pressure. We normally worked at chamber pressures of 20 mbar.
19 This diameter has proven to give the best results for our setup. Within literature one can find values
ranging from 25 µm to hundreds of micrometers.
20 The laser runs at a frequency of 10 kHz, and the pulses have a temporal length on the order of 20 fs
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did not exceed the 10−10 mbar range during the measurements. An aspect that
needs to be mentioned is the problem of carbon contamination, that is very common for X-ray optics inside synchrotron beamlines. Especially the setup using a
steel or aluminum tube, leading to the emission of carbon from the interaction of
the material with the beam, caused the mirrors to degrade within hours. A recent
publication by Watts and coworkers discussed optic contamination inside the PolLux beamline at the Swiss Light Source [268]. In accordance to that publication,
we initially cleaned the mirrors ex situ by UV/ozone cleaning. This turned out to
be unpractical and we switched to an in situ method by just inserting an UV lamp
into the vented mirror chamber together with a glass of water.

2.3
XMCD

X

- RAY magnetic circular dichroism (XMCD) is arguably among the most elegant
methods used for studying magnetic behavior of solids21 . Its name pictures the
method quite accurately. Magnetic circular dichroism describes the phenomenon
of non equal absorption between opposite helicity of circularly polarized light. It
E

EF
σ−

σ+

L3

L2

2p3/2
2p1/2
F IGURE 2.11: Schematic illustration of the excitation process using L-edge spectroscopy, frequently
used in XMCD studies. Dipole selection rules only allow certain transitions based on the symmetry
properties of the ground states. The exchange-split final d-band states lead to the differences in photon
absorption for both helicities.
21 Here I present a very short introduction into XMCD. For more detailed information I would like to

refer to some literary cornerstones [269–274].
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represents a special manifestation of what is historically known as the Faraday effect, when ellipticity is measured instead of the polarization rotation [155, p. 155].
On a macroscopic level its description follows the exact same principles as outlined in section 2.1.1. The normal modes of propagation through a medium with
non-vanishing off diagonal components of the dielectric tensor, are left and right
circularly polarized light. Furthermore the same rules regarding geometrical configurations apply. In order for dichroism to be observable, the direction of propagation and the magnetization need to have common vectorial components. The
differences among different types of magnetic dichroism lie in the observed optical excitations on a microscopic level. In 1975 Erskine and Stern delivered a theoretical foundation for magnetic circular dichroism measurement involving higher
photon energies by calculating the M 23 magneto-optical absorption spectrum of
ferromagnetic Nickel [275]. Predictions for X-ray magnetic circular dichroims on
the M 45 edge of rare earth metals followed and were experimentally confirmed
soon after [276, 277]22 . Naturally this sparked the interest at facilities delivering
high energetic radiation, such as synchrotrons, and experimental investigations on
different materials and various possible transition followed [278–280]. XMCD’s real
power was pushed forward in 1992 by Joachim Stöhr and coworkers, additionally
using the microscopic capabilities given by the wavelength of atomic scale [269].
The most importantly feature is the methods elemental sensitivity, due to the varying electronic structure of different elements. The use of quantum-mechanical angular sum rules, provides the possibility of quantitative orbital and spin momentum analysis [281–284]. A sketch of the absorption process is shown in figure 2.11.

22 Magnetic dichroism is not limited to circular polarized light, but can also be observed for the case of

linearly polarized light. The reason for the differences in absorption in such a case, is due to charge
anisotropies caused by spin orbit coupling. Magnetic linear dichroism (MLD, XMLD) is generally a
weaker effect [274, p. 433].
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I

N the present chapter three experiments will be presented that have been performed in the Vaterlaus laboratory and at LCLS.

Ultrafast timescales: The use of time- energy- and spin-resolved photoemission
as an experimental tool, reveals the early stages of ultrafast spin dynamics
on a Fe/W(110) system. Distinct timescales can be observed at different locations within the band structure. This experiment puts a question mark on
the notion of an uniform magnetization, as implied by other methods such
as the magneto-optical Kerr effect.
Photoemission vs. MOKE: As a direct demonstration of the aforementioned problem, this measurement uses the transversal magneto-optical Kerr effect as
tool for the investigation of the magnetization dynamics on the same sample. The results indicate that MOKE tends to underestimate the timescale of
the relevant spin dynamics on such a system.
Different manifestations of transport: Both spin-polarized and un-polarized transport have been demonstrated to play a role in the demagnetization process.
An experiment conducted at LCLS reveals a rather modest influence of polarized transport on a Ni/Ru/Fe system. Another experiment highlights the
diffusive character of hot electrons injected into a nickel layer coming from
a non-magnetic absorber.
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3.1
T HE TIMESCALES OF ULTRAFAST DEMAGNETIZATION
The development of ultrafast laser sources pushed the limits of physical observables
far into a "out of equilibrium" territory. This required the change away from a single temperature picture between different thermodynamical reservoirs in a solid, as
it was usually assumed. The reservoirs were assigned an electron Te , a lattice Tl , and
additionally a spin T s temperature, each reservoir exhibiting individual dynamics.
Based on our experimental observations an analogous principle is required for the
treatment of spin dynamics in ferromagnets upon irradiation by an ultrashort laser
pulse. They show, that the magnetization does not provide the full picture of the
spin dynamics in a solid on temporal scales. The spin polarization at different locations within the band structure of a solid experiences temporal changes that differ
in almost an order of magnitude. Likely different mechanisms play a dominant role
depending on the point in the Brillouin zone. The presented experiment is therefore
remarkable not only in terms of experimental feasibility, but also has great physical
importance, as it will influence the way similar experiments have to be interpreted.
1

1 Parts of this section have been published in [285].
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F IGURE 3.1: The figure shows a schematic illustration of the early stages of ultrafast demagnetization
in a 3d ferromagnet. All sub-figures show the spin split density of states multiplied by the Fermi-Dirac
distribution. The top row (A) displays the situation above the Fermi energy, while the middle row (B)
does the same at E F . The bottom row (C) looks at the situation deeper inside the valence band. In the
very first moments, 25 fs after an ultrashort excitation by a pump pulse, the emergence of hot electrons
can be seen in A, while at lower energy the situation remains unchanged. The relaxation of non-thermal
electrons into a Fermi-Dirac distribution of elevated temperature on a 100 fs timescale is visible in B.
Only much later a loss of spin polarization takes place on the valence band, indicating a modification
of the spin-split density of states. This change is illustrated in C. Dashed lines mark the unperturbed
state. (A similar version has been published in [285])

I NTRODUCTION

E

VER since the surprising discovery of ultrafast reduction of the magnetization
in a ferromagnet [9], interpretations of measurement results have been subject to debates. This was especially the case for the magneto-optical Kerr effect,
or magneto-optical methods in the visible light regime in general for that matter. Even though these methods are the workhorse for qualitative magnetic studies, primarily due to their easy implementation, their applicability in the ultrafast
regime has been doubted [32, 178, 286]. It has been shown theoretically and experimentally that magneto-optical methods are indeed able to reliably reflect an ultrafast magnetic response [33]. Traditional Kerr measurements are performed in the
visible spectral range, but the method has been pushed to the vacuum ultraviolet
range and the X-ray regime. The former became possible due to the development
of high-harmonic sources that facilitated the use of M-edge spectroscopy for ultrafast studies[68, 287–291] 2 . The latter was brought forward by studies involving
circular magnetic dichroism [292, 293], allowing for separation between spin- and

2 As mentioned in 2.3 M-edge spectroscopy was predicted in 1975 but mainly used at synchrotron light

sources in the years that followed.
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orbital angular momentum using sum rule analysis [294, 295]. Even tough elemental sensitivity is a property usually attributed to XMCD, MOKE is able to provide
such information as well with the help of elaborated detector calibration schemes
[296, 297]. A large part of time resolved photoemission studies were conducted in
the two-photon photoemission (2PPE) scheme. However due to the very low photon energy associated with such methods, a detailed mapping of the band structure is impossible. The development of high harmonic sources finally offered the
option of time resolved measurements involving traditional photoemission spectroscopy within a laboratory frame [250, 256, 298].
From a theoretical point of view, there exist two main classes of approaches3
treating the observed ultrafast loss of angular momentum fundamentally differently. Spins can flip locally due to inelastic collisions with impurities or phonons
[34, 35, 43, 44, 299] or the angular momentum is transported away from the probed
region, thereby effectively reducing the local magnetic moment [36, 60, 63, 67, 290,
292] 4 . Ultrafast transport of spin-polarized carriers offers exciting possibilities for
the field of spintronics [62–65, 300].
In the following an experiment will be presented using time- and spin-resolved
photoemission spectroscopy, which reveals the non-uniform nature of spin dynamics at different binding energies of Fe/W(110). The spin polarization in the
vicinity of the Fermi energy decreases almost an order of magnitude faster than at
deeper within the valence band. The magnetization as an energy integrated quantity does therefore not provide the full picture of the demagnetization process.

E XPERIMENTAL SETUP
In order to address the aforementioned problem, we perform a spin- and energyresolved photoemission experiment in an infrared-pump ultraviolett-probe setup
scheme5 . The sample under investigation is the well known Fe/W(110) system.
The pump pulse of 800 nm wavelength excites the sample, followed by a 21 eV UVprobe pulse at a time delay t , emitting photoelectrons into vacuum. The laser
source consists of an amplified Ti:Sapphire system (Coherent Inc. Legend Elite),
with two separate compressor stages, allowing pulse optimization of two indivitual beam branches. The system runs at 10 kHz, delivering pulses at a center wavelength of 800 nm. The pump pulse duration of the pump beam was measured to be
3 One should mention the existence of approaches outside the mentioned classes, for instance those

based on thermodynamical concepts [80, 81]
4 An obvious question arises: If both processes are relevant for ultrafast demagnetization, how does

their influence compare to each other? A number of publications were dedicated to such studies [67,
71, 72, 290]
5 More details about the hemispherical analyzer, the SPLEED spin detector, and the high-harmonic
source, can be found in the previous chapter 2.2.2, and 2.2.3.
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20 fs and the incident fluence on the sample 1.5 mJ/cm2 . The beam from the second branch is frequency doubled to 400 nm in a coated barium borate non-linear
crystal of 200 µm thickness. The pulse energies used for the generation of higher
harmonics is around 0.2 mJ. Working in a frequency doubled scheme is desirable
because it simplifies the separation of high-harmonic lines. Additionally the conversion efficiency is higher. For the presented experiment an "Ar-Jet" installation
was in use, as described in section 2.2.3. After a differential pumping section the
beam undergoes reflection on a silicon waver under Brewster’s angle for 400 nm
in order to dump most of its energy. Two curved Bragg mirrors selectively reflect
the 7-th harmonic and focus the beam onto the sample. An Aluminum foil acts
as a vacuum barrier between the HV mirror chamber and the UHV measurement
chamber and cuts off energies below the 7-th harmonic. The rather large bandwidth of high-harmonic pulses implies a limitation in energy resolution that is unavoidable in such measurements. If needed the time resolution can be lowered
such that certain spectral featured become visible6 .
The photoemitted electrons enter a hemispherical analyzer (Phoibos 150 Specs
GmbH), where they are dispersed in energy and angle. The resulting two dimensional output of the HEA is reflected on an Ir(001) crystal capped with a single
monolayer of gold. The reflected electrons are amplified by a multi channel plate,
detected on a phosphor screen and recorded by a CCD camera. For the present
experiment we chose a lens setting that encodes energy and angular information
to the x- and y-axis respectively. Due to the non perfect imaging properties of the
lens system, the distorted images require additional digital processing. This means
that each lens mode has to be calibrated with the help of well known features like
the Fermi-edge. After normalization by a "bright image", distortion correction,
as well as cropping and rotation, the images are overlapped to form energy versus angle "panoramas". Spin information results from the Ir-crystals reflectivity
dependence on the spin polarization. The polarization direction was altered by
changing the samples magnetization M ↑,↓ within the stray field of a specially designed coil [198] running in pulsed operation. The resulting asymmetry between
the two spin dependent intensity images I ↑,↓ needs to be normalized by an appropriate Sherman factor, or in such a case, a Sherman image, in order to arrive at the
spin polarization P . In the present case the calibration was achieved by recording
a Sherman image on the electron cascade emitted by a 1.5 keV primary electron
beam [223] hitting the Fe/W(110) sample. According to equation 2.42 P is defined

6 For more information about the experimental time resolution the reader is referred to the appendix

A.1.
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as
P=

n↑ − n↓
n↑ + n↓

=

1 I↑ − I↓
S I↑ + I↓

(3.1)

n ↑ + n ↓ = α · I t ot
, where n ↑,↓ indicate the "real" count rates assuming perfect spin separation, and α
is proportional to the inverse reflectivity of the spin-filter crystal. Solving this two
equations for n ↑,↓ leads to:
n ↑,↓ =

¢
α ¡
I ↑,↓ (S + 1) + I ↓,↑ (S − 1)
2S

(3.2)

Dividing both sides by the same constant factor (in the case of a 2D detector, the
factor is replaced by an image) K = 2S/α yields the expression used in the analysis.
S −1
S −1
(3.3)
· I ↓,↑ ⇒ n ↑,↓ ∝ I ↑,↓ +
· I ↓,↑
S +1
S +1
Assuming a polarization of 45% on the cascade as mentioned before, the measured
averaged asymmetry in the respective region of the Sherman images is 18%, which
leads to (S − 1)/(S + 1) = 0.43. This scalar version of calibration avoids numerical
problems, and is quite reliable as long as the asymmetry values in the Sherman
image are homogeneous. We therefore selected a lens mode that shows such features7 .
n ↑,↓ · K = I ↑,↓ +

S AMPLE AND G EOMETRICAL CONSIDERATIONS
The sample under investigation is a 20 ML thick iron film grown on a W(110) substrate by electron beam evaporation at a rate of 0.01 ML/s8 . The tungsten substrate
was annealed in an oxygen atmosphere of 4.5 · 10−8 mbar for 5 min, and flashed a
minimum of three times before iron deposition.
Knowing the sample structure allows a closer look into the experimental geometry, which is important for the following spectral analysis. Figure 3.2 shows
the bcc lattice of Fe/W(110). The sample surface is indicated by the gray plane and
7 If an entire Sherman image is taken for calibration, one can start from 3.2. This has proven to be chal-

lenging however. Normalization with the help of a Sherman image means that the imaging properties
of the crystal are non-uniform. In that case neglecting K in equation 3.2 will add "crystal structure
information" to the spectra. It can be shown that 1/K is proportional to the spin-integrated intensity
image from which the Sherman image was calculated. In such a way, artifacts coming from the Sherman image can be suppressed. We used the scalar version, because its end result did not contain the
same amount of artifacts as its counterpart.
8 As mentioned earlier, such systems are very well known and often used in photoemission experiments.
A detailed description and characterization of the sample under investigation can be found in [225].
For other experiments on the same system a reader might find the following references useful: [301–
306]

3.1. T HE TIMESCALES OF ULTRAFAST DEMAGNETIZATION

47
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[1̄10]
[110]
F IGURE 3.2: The bcc lattice of Fe/W(110). The sample surface is indicated by the gray intersecting
plane. The red plane stands perpendicular on the sample surface and illustrates the symmetry plane
formed by the incoming laser beam and the entrance of the energy analyzer.

its normal direction [110]. A lattice mismatch between the substrate and iron, induces a magnetic anisotropy with its axis along the [1̄10] direction. The red plane
illustrates the symmetry plane formed by the incoming laser beam and the entrance to the energy analyzer. This will be of importance later on, when interpreting the measurement results. Within the vacuum chamber the sample is rotated by
90 degrees with respect to the [110] axis, due to the geometry of the sample holder
and coil in use. This configuration is shown in figure 3.3, where the same color
scheme as before was used to mark the sample surface and the relevant symmetry plane. The green plane illustrates the entrance slit to the energy analyzer. As
already mentioned, for the present measurements we worked with a detector setting, that uses a dedicated angular axis, marked in the figure by the angular opening 2ϑmax . The opening in perpendicular direction collects electrons with |φ| > 0,
which reduces the possible energy resolution. A variable slit at the entrance of the
HEA allows control of energy resolution, at the cost of electron flux. We chose a slit
configuration, such that the energy resolution is limited by the bandwidth of the
probe pulse.
We now turn our attention towards the search for the part of the Brillouin zone,
being probed by the setup. The first Brillouin zone of a body centered cubic lattice
is a face centered cubic lattice in reciprocal space, as shown in figure 3.4. The in-
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M

[11̄0]

φ

[110]

[001]

ϑ
s-pol

2ϑmax

p-pol

F IGURE 3.3: The actual geometrical configuration used in the presented measurements. The figure
uses the same color coding as in figure 3.2. The sample surface marked in gray has a normal direction
along [110]. Again the red plane illustrates the relevant symmetry plane for the photoemission process.
Indicated in green is the detector opening, with its dedicated angular acceptance direction. Depending on the settings of the slit at the entrance to the HEA, the lens system also collects a small range
perpendicular to the principal angle axis.

terest in the present experimental work lied in the investigation of spin dynamic
around the Fermi energy. In the used lens configuration, electrons originating
from E F have a kinetic energy of exactly 18 eV. Applying the formula given in 2.40
for the maximal perpendicular wave vector, in combination with an inner potential V0 = 14.8 eV [307, p. 4], reveals the probed region within the band structure9 :
r
¯
¯
¯k ⊥,i nt ¯

max

=

¢
2m ¡
E ki n,v + V0 = 2.9 Å−1
2
ħ

(3.4)

An illustration of the situation is shown in figure 3.5. The maximum k ⊥,max that
also corresponds to the highest kinetic energy
p (around the Fermi-level), exceeds
the border of the first Brillouin zone ΓN = 2π/a = 1.59 Å−1 . In other words electrons with the highest kinetic energy origin from 0.16 Å−1 next to the Gamma point
of the neighboring Brillouin zone in direction ΓN. The combined lens setting of
both SPLEED and Phoibos, allowed detecting an angular range of ±4 ◦ , that according to 2.40 corresponds to k ∥ = ±0.15 Å−1 . A closer look into band structure calcu9 It should be mentioned, that this calculation lacks the knowledge of φ − φ . Most probably, this is a
A
S

value on the order of only 1 eV, and as such does not dramatically influence the result.
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F IGURE 3.4: Shown is a rather unusual representation of the fcc lattice. It was chosen to match the
experimental configuration according to figure 3.3. The relevant symmetry plane is again indicated in
red. Depending on the photon energy the probed region lies within a narrow cone along ΓN .

lations of iron [308, p. 2097] shows that three minority d-bands and two lower lying
majority d-bands can be observed at that location. More specifically, these are the
crystal-field-split minority d x y , d xz , d z y states and the majority d z 2 ,d x 2 −y 2 states.
An angular integrated measurement, as done here, should in principle collect all
electrons from the top of the photoemission cone, and thus make all mentioned
states visible. The experimental geometry however leads to more symmetry restrictions, causing complete vanishing of certain bands. This has been discussed
in detail in 2.2, and more specifically in the form of equation 2.36 and 2.37. The
entire matrix element M i f (k) has to be even with respect to the aforementioned
symmetry plane in order to be detectable. This statement can be written in terms
of parity with respect to the mirror plane10 :
¡
¢
!
P M i f (k) " = " 〈+ | ± | ±〉 = +

(3.5)

Both the pump and the probe beam are p-polarized, meaning that initial states
must be of even parity for them to be detectable. This does however not mean
that they are visible. They can also vanish due to other reasons. Table 3.1 lists the
symmetry properties of the mentioned inital 3d-states. It turns out that only the
10 Plus and minus sign indicate the parity of the respective matrix element with respect to the mirror

plane.
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Ekin,v = 18.0eV
V0 = 14.8eV
a = 2.87Å
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F IGURE 3.5: Illustrated in purple is the probed region within the Brillouin zone of the bcc lattice. Because the maximum perpendicular wave vector exceeds the first Brillouin zone, electrons with the highest kinetic energy originate from a region close to the Gamma point of the neighboring Brillouin zone.
For illustrative reasons, no minimum wave vector (total reflection) has been indicated. One should also
keep in mind that due to the finite slit size, a small number of states perpendicular to the plane, marked
in red, are also being probed. These states lie in the ΓHN plane (see figure 3.4).

even
odd
undefined

Majority states

Minority states

dz2
d x 2 −y 2
-

dx y
d xz , d z y

TABLE 3.1: Parity of the 3d states with respect to the symmetry plane as indicated in figure 3.2. Only
two of the states namely the majority d z 2 state and the minority d x y state can be seen. The d x 2 −y 2
state can be excluded from the discussion with certainty. The d xz and d z y minority states do not possess a defined symmetry, because of which it is impossible to make statements, based on symmetry
arguments alone.

majority d x 2 −y 2 band can be excluded from the discussion with certainty based on
symmetry arguments. There remain two allowed spin-split states with even symmetry. Two minority states do not have a defined symmetry, therefore no statement can be made about their appearance. As stated in various textbooks, only
elaborated numerical calculations, using a one-step photoemission picture, can
give definite answers about the bands quantitative contribution to the measured
spectra.
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R ESULT : T HE NEED OF A NEW PARADIGM IN ULTRAFAST MAGNETISM
For various time delays t angle-integrated spectra were recorded and calibrated according to equation 3.3. The Sherman-corrected spin-split spectra n ↑,↓ are shown
in figure 3.6. The figure displays data corresponding to time delays for which the
emergence of non-thermal electrons is observable. They are caused by elastic vertical transitions from below the Fermi level to empty states above E F . Relaxation of
these excited states results in a Fermi-Dirac distribution of elevated temperature
after around 100 fs, which can be seen in the minority channel. The same is not
observable in the majority channel, due to the lack of states around E F . Strictly
speaking this is also true for the minority channel when looking at band structure
calculations. However, due to the finite sample temperature, thermal broadening is indeed able to provide minority states at E F . The energy axis has been cali-

Majority electrons n ↑

Minority electrons n ↓

Detector counts [a.u.]

10 4
1.5eV

1.5eV

10 3
-0.17 ps
-0.03 ps
0.0 ps
0.03 ps
0.06 ps
0.09 ps
1.03 ps

10 2
2

1

0
E − E F [eV]

1

2

1

0
E − E F [eV]

1

F IGURE 3.6: After excitation by the 1.5 eV pump pulse electrons from within the valence band are excited to empty states above the Fermi energy via elastic vertical transitions, conserving the spin due to
dipole selction rules. The figure displays Sherman-corrected detector counts n ↑,↓ that still possess a
background, due to noise and the possible presence of the 9-th harmonic component within the probe
pulse. For better visibility a Savitzky-Golay filter has been applied to the data. (A previous version of
the figure has been published in [285].)

brated with respect to E F , determined by a fit to the spin-integrated spectra. Near
the Fermi energy secondary electrons only marginally disturb the photoemission
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spectra, which means they are directly related to D ↑,↓ (E ), the spin-split joint density of states11 :
£
¤
n ↑,↓ ∝ D ↑,↓ (E ) f (E , T, µ↑,↓ ) ∗ R(E , ∆E )
(3.6)
The experimental resolution ∆E was determined experimentally to have an approximate width of 250 meV FWHM, assuming the point-spread function R to be of
Gaussian form (R is sometimes used synonymously for "resolution"). One should
mention that non-thermal electron dynamics has been the subject of previous
work [8, 13, 41, 256]. The results would certainly allow for comparison to theoretical predictions due to the excellent data quality, but this was not the main focus
of the present work12 . Figure 3.7 (a) shows the measured spin polarization calculated according to equation 3.1. As it can be seen in figure 3.6 the recorded angleintegrated spectra inhibit a background. It is caused by the presence of higherharmonic orders, as well as dark counts on the detector. For the calculation of
spin polarization an energy independent background, obtained from above E F at
negative time delays was subtracted from n ↑,↓ . This is necessary because it would
distort the calculated polarization at energies with low count numbers, which is
the case above E F . The resulting spin polarization for small positive time delays
then reflects the carriers original spin polarization, as the pump pulse excites electrons from the energy range [E F − 1.5 eV, E F ] to the intervall [E F , E F + 1.5 eV] above
the Fermi energy. The polarization reversal at the Fermi energy is caused by the
presence of minority states in the vicinity of the Gamma point. Deeper within the
valence band P shows the usual majority character, as expected from a Stoner picture. Figure (b) marks a cornerstone of the experiment, showing the striking difference of depolarization at two selected locations within the band structure. The
subfigure shows the relative depolarization calculated by dividing the time dependent polarization deviation ∆P (t ) by its unperturbed value P (t ¿ 0). At the Fermi
energy the polarization is reduced within 50 fs as verified by a fit (not shown). The
situation looks fundamentally different deeper inside the valence band, where the
polarization decays within 450 fs. Looking at the two curves reveals, a "two-step"
behavior at the Fermi energy, while for lower binding energies the depolarization
follows a rather uniform trend. In subfigure (c) the situation above the Fermi energy is shown, shortly after excitation of spin-polarized carriers. The induced positive polarization is reduced by relaxation of minority states from higher energies.
The polarization eventually changes sign due to injection of minority carriers resulting from thermal broadening of the Fermi edge. The reference measurement
11 Equation 2.34 offers a more detailed explanation. Please note, that in the remainder of this chapter,

for reasons of simplicity, the term "density of states" D(E ) will be used in place of "joint density of
states".
12 Another notable work, in terms of outstanding time resolution, was presented by Rohde and coworkers [309].
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F IGURE 3.7: Subfigure (a) shows the energy dependent polarization P (E ) over the entire measured
energy range. The spin polarization of iron changes sign at the Fermi energy, due to the high number
of minority spin states near the Gamma point. For small positive time delays the pump pulse excites
electrons from [E F −1.5 eV, E F ] to the intervall [E F , E F +1.5 eV], preserving their initial polarization. The
data underwent slight filtering (Savitzky-Golay), for reasons of visibility. Due to the decreasing count
number with increasing energy, the data error increases. The polarization is shown up to the point,
where the signal to noise level is larger than 2. Subfigure (b) compares the depolarization in the valence
band to the one at E F , indicated by respective arrows in (a). The ultrafast drop of polarization at E F ,
is visibly faster, and might even be limited by the time resolution of our experiment. The situation
at higher energies is shown in (c). After excitation, the polarization is dominated by excited carriers of
majority character. A little later the broadening of the Fermi edge provides minority carriers, explaining
the polarization reversal. (The figure is adapted from [285])
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in this case is P max = P (t = −0.03 ps), since the polarization is undefined at earlier
time steps. Similar measurements have been conducted by Cinchetti and coworkers using spin-resolved two-photon photoemission spectroscopy [41]. They observed an oszillatory behavior that, if present, can not be seen in our experiment
due to the small amount of time steps, as well as the rather large uncertainty at
energies above E F . Another physical difference is the higher pump fluence in our
experiment, masking such effects, due to thermal broadening of f .
The fundamentally different time scales observed in our experiments indicate
that the spin polarization can not be treated as a rigid structure on a femtosecond
time scale. The striking differences in dynamics implies, that different processes
might play a role. In fact both classes of models; local spin flips and spin transport, occur close to the Fermi energy or above. The former process is in need of
empty states for scattering processes, and the latter involves delocalized carriers
also present at the same energy. Due to the lack of free states, the situation looks
fundamentally different on the valence band. A change in spin polarization requires the variation of D ↑,↓ (E ). Two possible explanations have been discussed
within the field relatively recently[79]:
The collapse of ∆Eex. : The exchange splitting is reduced on an ultrashort time scale,
after excitation by the pump pulse. In literature this is sometimes referred to
as the "Stoner picture" of demagnetization.
Band mirroring: Due to thermal fluctuations within the probed region, both spin
channels contain a certain amount of the opposite spin species (not related
to the spin selectivity of the polarimeter.). Accordingly this is named the
"Heisenberg picture" in literature.
This models will be discussed in more detail in the next two sections.

F URTHER ANALYSIS , AND ONGOING DISCUSSIONS
A transient exchange splitting caused by ultrafast optical excitation was proposed
some years ago [38, 46]13 . The exchange splitting on ultrafast timescales became
subject to various studies, mostly done in the Weinelt group [39, 76, 77]. The band
mirroring model was proposed very recently by Turgut et al., and supported experimentally soon after [79, 310]. These ideas will be discussed in the following based
on our experimental data.
Band Mirroring
The mentioned publication by Eich and coworkers provides a framework for calculating the "unmixed" photoemission spectra [310]. As the temperature in the
13 Experimental hints towards such a collapse were already found earlier [13, 73].
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material rises, magnetic disordering takes place, leading to a mixing in the measured spin channels.
0
0
n ↑,↓ = a · n ↑,↓
+ b · n ↓,↑
(3.7)
In the mentioned publication four different mixing parameters are used, but looking at their values it turns out that two of them are effectively the same, and furthermore a = 1 − b, as expected due to particle number conservation. If the band
mirroring picture is the relevant reason for the observed depolarization in the valence band, the measured quantities should relate to the demagnetization δ(t ):
"
δ(t ) = ∆P (t )/P (t ¿ 0) =

n ↑0 − n ↓0
n ↑0 + n ↓0

= 1−

−

n ↑ (t ) − n ↓ (t )
n ↑ (t ) + n ↓ (t )

#
:

n ↑0 − n ↓0
n ↑0 + n ↓0

(−2a − 1) n ↑0 − (1 − 2a) n ↓0
n ↑0 + n ↓0

(3.8)

= 1 − (2a − 1) = 2 − 2a,

and therefore
a(t ) = 1 − δ(t )/2.

(3.9)

Equation 3.7 can be rewritten using a single parameter only: the demagnetization
δ(t ).
·
¸
δ(t )
δ(t ) 0
0
n ↑,↓ (t ) = 1 −
· n ↑,↓
+
· n ↓,↑
(3.10)
2
2
0
Of course the more interesting quantity is n ↑,↓
, as it reflects the "true" D ↑,↓ (E ) 14 .
0
n ↑,↓

1
=
1 − δ(t )

µ·

¸
¶
δ(t )
δ(t )
1−
· n ↑,↓ (t ) −
· n ↓,↑ (t )
2
2

(3.11)

With this tools at hand we are now in the position to test the validity of the band
mirroring model using our dataset, and possibly deduce certain parameters like
the temperature or the chemical potential. Since the Fermi-Dirac distribution on
the valence band is effectively equal to 1, it is sufficient to compare the demixed
0
quantities n ↑,↓
for different time delays. The validity of the band mirroring model
on the valence band is illustrated in figure 3.8. Subfigure (a) shows the measured
0
spectra at different time delays. The "cold" spetra (n ↑,↓
= n ↑,↓ (t < 0)) for both spin
channels are specially indicated. They represent the target values to be met by the
demixed spectra according to 3.11, for t > 0. Indeed subfigure (b) indicates an almost perfect confirmation for that premise, at least at high binding energies. Moving closer to the Fermi-level reveals a breakdown of the band mirroring picture. A
14 In principle the discussion involves the measured spectra, but since we are interested in a region at

high binding energies, n ∝ D.

56

3. E XPERIMENTS

Original spectra

Counts [a.u.]

1.2

n 0↑
n 0↓

Reconstructed spectra
0.2 ps
0.4 ps
0.7 ps

n ↑ (t)
n ↓ (t)

1.0 ps
1.5 ps
2.0 ps

0.8

0.4

0.0 2.0

(a)
1.5
1.0
E − E F [eV]

0.5

(b)
2.0

1.5
1.0
E − E F [eV]

0.5

F IGURE 3.8: (a) shows the unperturbed spectra for selected pump delays. A clear deviation from the
0 = n (t < 0) can be seen. (b): Demixing the spectra according to the measured demagcold spectra n ↑,↓
↑,↓
netization according to 3.11, leads to an almost perfect overlap with the cold spectra, at high binding
energies.

simple demixing of the measured channels can only confirm the band mirroring
picture at energies where the Fermi-Dirac distribution is almost unity. However
a more elaborated analysis using a prior deconvolution, before determining the
"real" density of states, does not lead to a different conclusion, due to numerical
difficulties caused by the low count numbers around the Fermi energy. Also it is
quite clear, that around E F , the main processes known in ultrafast demagnetization play a dominant role: Spin-flip scattering and spin transport.
Collapse of exchange splitting?
A collapse of the exchange splitting would imply a shift of the peak positions in
the density of states. In case of the majority channel this is basically reflected by
a peak shift in the spectrum n ↑ (E ), because the Fermi-Dirac distribution does not
play a decisive role anymore at binding energies as low as 1 eV below E F . The situation for the minority band however is more delicate, since f (E ) is varying. Slight
shifts due to a change in the chemical potential for instance may be obscured by
simultaneous changes of f .
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An ultrafast collapse of E ex. is the consequence of discussions that were ignited
a few years ago. Schellekens and Koopmans found that a rigid band picture is unable to reproduce observed demagnetization rates [75]. Shortly after Illg et al. [46]
supported that claim. However the authors noted, that such models are unable to
reproduce observed demagnetization amplitudes. The exchange splitting for bulk
bcc Fe is on the order of 2 eV [274, p. 490],[311], and even higher for thin films. One
would therefore expect values on the order of electron volts to arrive at the observed demagnetization amplitudes. In the present experiment this would imply a
shift of the peak positions of either the majority peak, the minority peak, or both.
However, a shift of such magnitude is obviously not present in the presented data.
Note that it is possible to detect peak shifts smaller than the previously determined
resolution of 250 meV (FWHM). Analysis of peak shifts in our data, reveils an upper
limit of 100 meV for their magnitude 15 .
Extraction of T and µ↑,↓
An more intuitive understanding of the demagnetization process is given by theoretical models using thermodynamical approaches. Such theories were developed
independently by Mueller and Rethfeld [80] and Fognini et al. [81]. The model
by Mueller and Rethfeld uses the collapse of the exchange splitting as the driving force of the demagnetization process. The model by Fognini and Acremann is
based on the principle of particle number conservation and assuming an absence
of spin flips on ultrashort timescales. Within this framework the spin-split chemical potential is identified as the driving force for spin transport during the first few
femtoseconds. In this context it is of interest to have a closer look at the evolution
of f (E ) for both spin channels. Such an analysis requires the knowledge of D(E ). In
the case of gold it became custom in the 90s to assume a moderately varying density of states around the Fermi level [6, 313–317]. This allowed the determination
of a quantity, proportional to the DOS:
e )=
D(E

n(E )
f (E , T, µ) ∗ R(E , ∆E )

(3.12)

Such an approach helps to extract µ and T . However, strong variations of D(E )
is a characteristic feature of iron. Thus the just described analysis, while possibly
useful in certain cases, will be misleading due to the lack of a sound mathematical
and physical basis. The analysis of the present data requires a deconvolution of the
measured spectra, which reveals the true density of states multiplied by the FermiDirac distribution. The mathematical background involved in the deconvolution
15 An elaborated analysis of time-resolved photoemission spectra, with the goal of finding ∆E

sented in [312].

ex is pre-
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algorithm is described in the appendix A.2. The following approach was chosen to
arrive at expressions for T and µ, and at the same time include the band mirroring
model into the analysis:
Deconvolution: The spectra n ↑,↓ are deconvoluted according to A.2, leading to
d
n ↑,↓
Extracting the "cold" density of states: Dividing the deconvoluted spectra before
time zero by f (E , T 0 , µ↑,↓ = E F ) yields the "cold" density of states D 0 (E ). The
"initial" Fermi-Dirac distribution has been determined by fitting f (E , T f i t , µ0 =
E F ) ∗ R(E , ∆E = 0.23 eV (FWHM)) to the data. By doing so, in principle a
constant density of states around the Fermi energy is implicitly assumed.
However as a starting point this seems to be a good estimate. According to
[317, 318], when replacing f (E , T 0 ) by f (E , T f i t ) ∗ R(E , ∆E ), there exists a relation between T f i t and T 0 .
s
0

T =

T f2i t

∆E
−
4k B
µ

¶2
(3.13)

This leads to T 0 ≈ 400 K for the initial temperature.
0
Mixing: The cold density of states D ↑,↓
(E ) are mixed according to equation 3.10.

·
¸
δ(t )
δ(t )
0
0
D ↑,↓ (E , t ) = 1 −
· D ↑,↓
(E ) +
· D ↓,↑
(E )
2
2

(3.14)

Fitting: The product D ↑,↓ (E , t ) · f (T (t ), µ↑,↓ (t )) is then fitted to the deconvoluted
d
which yields the optimal values for T (t ) and µ↑,↓ (t ). The peak temperan ↑,↓
ture obtained in such a way is ≈ 1500 K.
There are several other approaches than the one just described. All of them inhibit
the same intrinsic numerical problems due to the low count numbers above E F .
This in addition with the fact of rather low experimental resolution lead to meaningless values for µ↑,↓ − µ0 . The expected shifts in µ↑,↓ (t ) due to the laser heating,
as calculated in [81] are below 50 meV for T < 1500 K. The electron temperature
Te (t ) on the other hand is a very reliable parameter in terms of fitting, shown in
figure 3.9. Except for changes in amplitude, depending on the initial temperature T 0 , the dynamics always follows a distinct pattern. The rise to the maximum
temperature happens within only 60 fs, followed by a fast exponential decay until thermalization with the lattice has been reached. A closer look at the temporal behavior of the temperature will be discussed later in section 3.2 The issue in
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F IGURE 3.9: The figure shows the electron gas temperature T (t ), as a result of the described fit routine.
The temperature rises within remarkably short time, on the same timescale as the magnetization drops
at the Fermi-level. After reaching its maximum value after approximately 150 fs the electron temperature drops due to thermalization with the lattice.

defining a proper temperature for the electron system should also be mentioned.
As stated by Koopmans in [26, p. 275], an alternative definition of the electrons gas
temperature is given by using the so called excess energy E E ∝ TE2 . It is defined
as the energy deviation from the situation at T = 0 K. The second definition is the
obvious relation between the slope of f (E ) and the Temperature T = TF (used implicitly in the calculations above). The difference between the two approaches lies
in their respective sensitivity of non-thermal electrons. Those have a relevant impact, when deriving the temperature over the excess energy. This means that TE
should rise even faster than T . One could argue that a definition not influenced by
non-thermal electrons is qualitatively better, since the notion of a temperature in
such a case is ill-defined anyway. It can be seen in the present dataset, as well as in
others [13], that the derivation of an electron temperature is easily possible even
when non-thermal electrons are present, because of their marginal influence on
an absolute scale.

O UTLOOK AND GENERAL REMARKS
As just mentioned, detection of shifts in µ↑,↓ , as well as peak shifts in D(E ), call
for experimental data with higher energy resolution. The limited energy resolu-

60

3. E XPERIMENTS

tion in the present experiment originates mainly from the large bandwidth of the
probe pulse. Using a photon source with reduced time resolution could potentially
resolve the problem. Because such shifts are expected to happen on a sub 50 fs
timescale, there is only a limited amount of room for change in the bandwidth.
Besides the extraction of such features, another challenge is given by the overcoming of other experimental limitations. In the present experiment only a tiny fraction of the Brillouin zone was probed. Of course there remains the valid question
whether the observed dynamics is also present at other locations within the band
structure. Such questions could potentially be answered using recent advances
with time of flight electron spectrometers in combination with novel momentum
microscopes, whose spectacular powers have been shown using synchrotron radiation [228]. These instruments have the ability to map the entire band structure
within very little time, and are for this reason especially interesting for future time
resolved experiments. In summary the experiment has confirmed the findings by
Eich and coworkers, and thereby shown that delocalized excitations are a relevant
contribution to the spin depolarization on the valence band. In addition it was
demonstrated, that the spin polarization can not be seen as a rigid structure, as it
is usually done when using the magnetization as principal parameter for discussions on ultrafast timescales.
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3.2
U NRAVELING THE ULTRAFAST RESPONSE OF MOKE
Since its beginnings, most experiments within the field of ultrafast magnetism have
been conducted with the magneto-optical Kerr effect as a measurement tool. On the
other hand, it is arguably the most complex one in terms of interpretation. It is therefore of outermost interest to compare results obtained by this method with complementary measurement schemes. In the following an experiment will be presented in
which the transient magnetization is measured using MOKE in addition to photoemission spectroscopy with spin analysis. The results show similar dynamics for the
depolarization at the Fermi level and the magnetic response measured by MOKE. In
contrast, the depolarization at deeper within the valence band proceeds almost an
order of magnitude slower. Therefore, focusing on results obtained by MOKE alone
does not provide the full picture of magneto dynamics on the investigated system. 16

16 This section contains datasets that were recorded by Kevin Bühlmann and Yannik Zemp (spin-

dynamics on the valence band and at the Fermi energy).
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I NTRODUCTION

I

NTERPRETATION of measurement results within the field of ultrafast demagnetization have been discussed controversially since early on [25, 178]17 . The magneto-optical Kerr effect has been of special relevance due to its easy use in a laboratory setup. Its understanding and theoretical description on a microscopic level
poses challenges however. It is not always entirely clear to which extent, certain
optical transitions contribute to the observed Kerr spectra. A further complication arises in 3d transition metals, where the orbital angular momentum is largely
quenched by the crystal field, making the electronic spin the main contributor to
the total magnetic moment. As stated in [26, p. 259] this effectively means that an
ultrafast "collapse of magnetization" probed by the Kerr effect is an indirect way
of accessing magnetic information. Optical methods solely probe orbital angular
momentum and therefore obtain spin information only if a defined correspondence between the spin and angular momentum exists. The controversy around
MOKE faded out in the last ten years, not because it has been solved, but rather
due to the overwhelming number of publications using MOKE as measurement
tool. On the other hand, only few experimental results are ever double checked by
alternative methods. A notable exception for instance is given in a famous measurement series conducted using transversal Kerr effect in combination with Medge spectroscopy [287, 290], that have been challenged recently by Eschenlohr et.
al., using XMCD [319] as experimental tool. In 2011 Weber et al. compared measurement results obtained with both spin-resolved photoemission spectroscopy
and MOKE [320]. They found the demagnetization time τd for the photoemission
experiment to be slower than the one measured by MOKE. However, the photon
energy in use laid within a range that only allowed the detection of secondary electrons. Two very recent publications also involved the comparison of ARPES and
MOKE, in order to study criticality during the magnetic phase transition in Nickel
[312, 321].

The following section will address the different characteristics using MOKE and
spin-resolved PES as experimental tools to probe the time dependent magnetic
state on the same Fe/W(110) sample. The results show that the time scale for depolarization at E F , observed with PES, matches the one probed by optical means
almost perfectly. At the same time the dynamics deeper within the band structure looks fundamentally different and is therefore not qualitatively represented
by MOKE measurements. The slower dynamic on the valence band indicates a
underestimation of demagnetization time when measured by MOKE.
17 For more information about difficulties, calculation and interpretation of MOKE the reader is referred

to the previous chapter 2.1.
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M ETHODS AND EXPERIMENTAL SETUP
The rigid nature of the setup dictates the geometry to be used for a magnetooptical measurement. The starting point for a macroscopic description of any
magneto-optical phenomena is given by a generalized form of the dielectric tensor
ε̃. The magnetization enters the formalism via the tensor’s non-diagonal elements
εx y 18 ,


εxx
εx y
0
0 
(3.15)
ε̃ = −εx y εxx
0
0
²zz
where z points along the magnetization direction. Because the magnetization and
the wave vector of the incoming laser beam do not have parallel components (see
2.13), it is impossible to detect a change in polarization. However, it is possible to
observe a change in reflectivity. According to [322] the reflected intensity is given
by
·
¸2
n cos(θi ) − cos(θt )
2 cos(θi ) sin(θt )
±
± ²x y
,
(3.16)
Rp = I0 ·
n cos(θi ) + cos(θt )
n [n cos(θi ) + cos(θt )]2
showing the reflectivity dependence on the magnetization direction within the
p
sample. The first part is the well known Fresnel coefficient with n = ²xx and the
angle sin(θt ) = sin(θi )/n. Magnetic properties are contained in the off-diagonal
elements ²x y . In principle it is possible to deduce its magnitude by calculating an
asymmetry value, as proposed in [288, 323]. However, the purpose of the present
study is to arrive at a qualitative statement about the transient magnetization. As
such it is easier to apply a detection scheme, where the pump beam is modulated,
which leads to experimental results with high signal to noise ratio 19 . A single photodiode was used for detecting the modulated signal, recorded with the help of
a digital lock-in amplifier. In accordance with the symmetry considerations presented in section 2.1.5, the transient magnetic signal is given by taking the difference of R p , for opposite magnetization directions. A schematic of the measurement setup is illustrated in figure 3.10. For the present measurement a two-color
MOKE scheme was used to avoid state blocking effects. The angle of incidence
θi = 45 ◦ is given by the chamber geometry. The incident pump fluence was chosen such that a depolarization on the order of 25 % was reached on the valence
band20 . In 3.1, we discovered the existence of different timescales involved in the
18 More information about macroscopic magneto-optical phenomena is given in section 2.1.1.
19 For more information the reader is referred to section 2.1.5.
20 An exact determination of fluence was complicated due to difficulties involved in the determination

of beam area in the vacuum chamber. Values for incident fluence causing a demagnetization comparable to the present case, can be found in literature and are reported to be 5.5 mJ/cm2[50]. In the
publication by Weber et al. one finds slightly higher values around 6.5 mJ/cm2 [320].
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F IGURE 3.10: Subfigure (a) depicts the measurement setup in frontal view. The 800 nm pump beam is
indicated in red, the 400 nm MOKE probe in blue, and the 21 eV high-harmonic photoemission probe in
purple. The angle of incidence for all beams is θi = 45 ◦ . The magnetization M points perpendicular to
the mirror plane formed by the incoming laser beams and the entry to the energy analyzer. The angular
sensitive axis lies perpendicular to the magnetization with a maximum acceptance angle of ±4 ◦ , for
the lens mode used within the SPLEED detector. Subfigure (b) shows a top view of the MOKE related
part of the setup. The probe beam has to pass through a vacuum window twice before being detected
by a photodiode. A digital lock-in amplifier records the modulated signal.

demagnetization process at certain locations within the band structure of iron.
The data show a fundamental difference in the nature of demagnetization on the
valence band and close to the E F , respectively. Those locations were chosen for the
present experiment to be compared to the ultrafast response measured by MOKE.
The transient asymmetry was recorded exactly at E = E F and E − E F = −1.5 eV, allowing to choose finer stepsizes for the time delay in comparison to those used in
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F IGURE 3.11: The demagnetization (used synonymously with "depolarization") at E F and at E − E F =
−1.5 eV (valence band) is shown. Additionally the figure displays the results from a MOKE measurement
conducted on the same sample under equal conditions. A Savitzky–Golay filter was applied to the data
obtained by photoemission for better visibility.

section 3.1.

R ESULT : T HE " FAST " CHARACTERISTICS OF MOKE
The transient behavior of the different demagnetization signals is illustrated in figure 3.11. It shows the ultrafast drop of spin polarization measured by photoemission at both points of interest within the band structure: At the Fermi energy and
on the valence band. Additionally it shows a MOKE measurement in transversal
geometry corresponding to a comparable demagnetization. Immediately observable is the slow rate of depolarization on the valence band, in comparison to the
other two cases. One can recognize the similar decay rates for the Fermi scan and
the magneto-optical measurement. An interesting feature is the apparent "twostep" process during the loss of spin polarization at the Fermi level. It shows an
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F IGURE 3.12: The spin dynamics on the valence band and the magneto-optical response are shown in
terms of a simple fit for illustrative reasons, and for demagnetization comparison as indicated in the
legend. The MOKE signal used for the fit is different to the one shown in 3.11, because of its poorer
data quality, but it had a verified demagnetization of 26 ± 2 %. The spin polarization on the Fermi-edge
is still shown as raw data, featuring a distinct "two-step" depolarization, separating it clearly from the
magneto-optical response. Displayed on the right hand scale, is the electron gas temperature, obtained
from a previous measurement with comparable demagnetization 3.1.4.

ultrafast drop within approximately 50 fs, possibly limited by the time resolution
of the experimental setup21 . After a fast drop the polarization decreases further
at a slower rate until it reaches the same minimal value as for the valence band
about a picosecond later. The response measured by transversal MOKE is characterized by an ultrafast drop followed by an exponential relaxation, typical for such
measurements. Figure 3.12 displays a more illustrative comparison between the
different cases. It shows the results of a simple fit routine applied to the magnetic responses on the valence band ∆P (t )/P (t < 0) and the MOKE trace ∆M (t )/M 0

21 Based on a previous analysis (see A.1) the time resolution of the experiment is around 20 fs, the same

as the pump pulse duration.
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22

. The fits reveal a demagnetization time on a sub-100 fs timescale for the MOKE
measurement in contrast to the 500 fs needed for a decrease in spin polarization on
the valence band. No fit was applied to the measurement at the Fermi-level, where
again raw data is shown. Also displayed within the same figure is the electron gas
temperature, obtained by analyzing the slope of the Fermi edge from the previous
measurement series on the same system that shows almost the same demagnetization amplitude. The dynamics on the valence band differs from the one at the
Fermi-level by almost an order of magnitude, as revealed by the fit. The similarity between the MOKE signal and the spin-dynamics at low binding energy, puts a
question mark on the notion of "magnetic" response in combination with MOKE
on such timescales. Around 100 fs for instance the spin dynamics on the valence
band is only marginally affected by the excitation, while the magneto-optical Kerr
signal on the other hand shows significant change already. The fact that most of
the magnetic moment origins from within the valence band (3d -bands) therefore
reveals the problematic nature of calling a MOKE signal a "magnetic" response on
a 100 fs timescale.
Shifting our attention towards the electron gas temperature one can recognize
the similar rate of change in comparison to the dynamics at the Fermi energy.
Note that the rise time for Te would be faster, if the temperature had been defined by means of the excess energy, making the formalism more sensitive to nonthermal electrons. This rise time is related to the timescale in which the mentioned
highly mobile spin-polarized electrons can effectively transport angular momentum away from the probed region. According to spin-transport models, the region
is strongly depleted from majority carriers [36, 81]. The reduced depolarization at
E F can therefore be attributed to spin-polarized transport, since the equilibrium
spin-polarization at that location is of minority character.

D ISCUSSION : J UST ANOTHER CONTROVERSY OVER MOKE?
The implications of the presented results are surely controversial. The Kerr effect
overestimates the "true" demagnetization rate. This might be caused by its sensitivity to the sudden rearrangement of spin-polarized carriers in the vicinity of the
Fermi level. Since most of the magnetic moment origins from within the valence
band, showing dynamics of different nature [285, 310], it is not meaningful to refer to the Kerr response as a "magnetic" response within this timeframe on such a
system. Please note that this discussion is different from the early controversy surrounding MOKE [178]. It seems that MOKE indeed shows spin related dynamic on
22 For the present study the following fit function was used:

³
´
Θ(t ) · a · e −t /τ − 1 · e −t /ρ
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a femtosecond timescale, the question is whether it represents the magnetization
(as the average magnetic moment). These issues are in principle a consequence of
the findings in 3.1, that indicate the problematic nature of using the magnetization
as the quantity for discussing spin-dynamics on a femtosecond timescale.
A few experimental weak points should to be addressed at this point. The optical, and VUV probing depth are different. In the optical case the probing depth
is on the order of nanometers. Photoelectrons corresponding to a primary photon
energy of 20 eV, stem from the uppermost monolayers in the sample [324]. Arguably this could lead to different dynamics. On the other hand, the fact that the
Kerr response is faster, but supposedly probing the "bulk" (the ferromagnetic layer
has a thickness of only 20 ML) is in disagreement with previous experimental results. As stated in [201, p. 63] and references therein, the demagnetization time
tends to increase with increasing film thickness in a linear fashion23 . An experiment investigating the magnetodynamics depending on the film thickness, using
spin-resolved PES and MOKE, could possibly relieve the presented results from
such doubts.
The second point to be adressed is the very small part of the BZ probed by the
photoemission setup. Future experiments might be able to probe larger regions
of the Brillouin zone that should make a comparison to the Kerr effect more complete, as the latter probes all optical transitions from occupied states in the vicinity
of the Fermi energy.
The third and last point involves concerns about the fluence influencing the
observed dynamics. It has been observed experimentally that the ultrafast part
of the MOKE response is almost unaffected by the pump fluence [327]. Similarly
there is little reason for the spin dynamic at E F to be affected by altering the fluence, because it is basically governed by the redistribution of spin polarized carriers, and as such on the same timescale as the pump pulse duration. Differences
occurs during remagnetization, where at some point one observes a switch from a
type I to a type II dynamics [35]. But those effects happen on timescales outside
the present observation.
Measurements adressing the ultrafast magnetic phase transition in nickel were
published recently [312, 321]. Within this publications the authors make use of the
different probing depths between photoemission spectroscopy and TMOKE to arrive at an expression describing the ultrafast quenching of magnetization, valid for
various fluences. To test the validity of the presented framework on iron would certainly be of great interest. An intriguing point within the mentioned publications
is that only fast "magnetization" dynamics is adressed. The spin-dynamics mea23 Various experiments investigating the different magnetization dynamic on the surface and the bulk

have been performed on Gadolinium [15, 325, 326].

3.2. U NRAVELING THE ULTRAFAST RESPONSE OF MOKE

69

sured by photoemission spectroscopy was determined at very low binding energy
by looking at transient features within the band structure, which were interpreted
as a change of exchange splitting. Comparing the "true" magnetization dynamics
deeper within the band structure, between different magnetic systems, would possibly lead to a more fundamental understanding of the ultrafast loss of magnetic
moment.
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3.3
T RANSPORT EFFECTS IN ULTRAFAST DEMAGNETIZATION
The attraction coming from the field of ultrafast spintronics is the possible inclusion of spin related manipulation in future industrial devices. In that light ultrafast
spin transport became a focus of research within ultrafast magnetism. Relatively
late super-diffusive spin currents were suggested as a possible contribution to ultrafast demagnetization. The presented experiment intends to quantify the influence of super-diffusive spin currents to the demagnetization observed on a Ni/Ru/Fe
system. While it is possible to show the influence of spin transport on the ultrafast demagnetization in the iron, its magnitude is rather modest in comparison to
other mechanisms involved. In addition the magnetization dynamics in iron on a
Ni/Cu/Fe system is probed, after excitation of the Ni layer by an ultrashort optical
pulse. The results are qualitatively in line with other experimental findings, that
indicate a significant contribution of unpolarized diffusive transport to the demagnetization process. 24

24 This section includes a collaborative experiment designed and planned by C.Stamm and Y.Acremann.

It has been carried out in March 2018 at the Linac Coherent Light Source (LCLS) Stanford. The samples were fabricated and characterized by Christoph Murer. Other persons involved are: Simon
Däster, Martin Wörnle, Pietro Gambardella, Andreas Vaterlaus, Alex Reid, Bill Schlotter. Yves Acremann initially developed the evaluation software. It was adapted by Rafael Gort who also added
parts from a similar evaluation conducted by Christian Stamm. Some parameters (fluence calculation) were taken from Christian Stamm’s evaluation.
The section contains experimental work, which has been published in [328]. A detailed description
is also found in the doctoral thesis of Gerard Salvatella [202].
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N the first 10 years after the initial observation of an ultrafast quenching of magnetization in nickel [9], existing theories based almost solely on approaches which
considered on site spin flip processes. These theories include scattering events
of different kind. Elliot-Yafet type electron-phonon scattering [34, 35, 40, 41, 43],
electron-electron [37, 49, 329], as well as electron-magnon scattering [50–52, 78],
were all incorporated into theoretical models. Alternative local approaches include the transient change of characteristic quantities in magnetism, such as spinorbit coupling [31, 330, 331] or the exchange-splitting [37, 38, 44]. An explicit nonlocal treatment was presented in 2010 by Battiato et al. [36, 60]. The authors suggested super-diffusive polarized spin currents as a possible reason for the ultrafast
loss of magnetic moment. It has been demonstrated experimentally that spin currents play a relevant role on a femtosecond timescale [59, 63, 64]. In todays theoretical works it has become common to take into account the probable coexistence
of different processes, in order to arrive at realistic interpretations of measurement
results. Separation and identification of different transport mechanisms, known to
play a role in ultrafast demagnetization, is therefore of high interest.

U LTRAFAST DEMAGNETIZATION BY DIFFUSIVE TRANSPORT
The transport mechanism, which is seen as a cause of ultrafast demagnetization,
was suggested to be spin-polarized and ballistic. Reversely transport can be used
to induce demagnetization, thereby adapting the role of an optical pump. This
is the very reason for the potential applications forseen for ultrafast transport in
future technological applications. In publications by Eschenlohr et al. [292], or
similar by Vodungbo and coworkers [332], it was shown that non-polarized transport is also able to efficiently demagnetize a ferromagnetic layer. Based on these
findings one could raise the question to which extent ballistic electrons contribute
to the demagnetization with respect to thermal heat diffusion. This question will
be addressed in form of a pump-probe experiment on a Al/Ni sample, in which the
ferromagnet is excited indirectly through the aluminum spacer layer. The variation
of the spacer thickness will reveal the relative influence of ballistic and diffusive
transport on the magnetization dynamics in nickel.
Sample and Setup
The experimental geometry and the sample under investigation is presented in
figure 3.13. It consists of a 10 nm thin nickel film, separated from the incident
pump beam by an aluminum spacer layer. It was grown by e-beam evaporation
on a glass substrate. An amplified Ti:Sapphire laser source delivers 800 nm pulses
at a rate of 10 kHz with a FWHM of 25 fs. We employ a pump-probe setup scheme.
The aluminum absorber layer is excited by the 800 nm pump, causing propagation
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pump (800 nm)

substrate

Al

Ni

probe (400 nm)

M

polarization
detection

dAl

F IGURE 3.13: The sample consists of an Al/Ni bilayer. The nickel layer is 10 nm thick. The aluminum
thickness d Al varies between 0-60 nm. The whole sample structure is grown on a glass substrate by
e-beam evaporation. An infrared pulse excites the sample from the back side. The 400 nm probe beam
measures the magnetization of Ni from the front side, using MOKE in longitudinal geometry. The angle
of incidence for pump and probe beam is 45 ◦ , with respect to the surface normal.

of hot electrons towards the ferromagnet. The magnetic response of the nickel
film is measured with MOKE using a 400 nm probe beam. The incident fluence is
adjusted such that the observed demagnetization amplitude in nickel is approximately 5 %. Therefore, according to Fognini et al., the magnetic dynamics takes
place within a regime of linear response [333].
Results and discussion
Figure 3.14 shows the recorded magnetic and non-magnetic MOKE signals. The
measurements were carried out on different samples, which requires an experimental definition of time zero (t 0 ). Since the rise time of the non-magnetic signal
is identical for all measurements we take ∆N = 0.5Nmax as a timing reference t 0 .
In both sub-figures the recorded signals are scaled to the same maximum value
for better visibility. The magnetic signal reveals a decreased demagnetization rate
with increasing spacer thickness, which is shown in the inset. Figure 3.15 presents
the measurement series’ main results. The amplitude of the non-magnetic contribution ∆Nmax is divided by the absorbed fluence E A in the nickel film, and plotted
against the spacer thickness d Al . The normalized amplitude decays exponentially
with increasing film thickness, indicated by a corresponding fit through the datapoints (blue line). As a comparison we show the calculated transmission of the
800 nm pump through the spacer. Both parameters show the same decay characteristics with respect to d Al . Within the same figure we plot ∆M max normalized by
the absorbed fluence. Only for the thinnest d Al the quantity follows a similar trend
with respect to the optical transmission. For spacer thicknesses d Al > 20 nm the
demagnetization amplitude ∆M /E A decays with a decreased rate (red line). The
identical thickness dependence of N and T indicates that ∆N (t ) is caused by direct optical excitation. Another mechanism that might play a role is the excitation
by highly non-thermal electrons [334, 335]. For the magnetization dynamics we
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F IGURE 3.14: Mangetic (M (t )) and non-magnetic (N (t )) contribution to the time resolved MOKE signal
are plotted for various d Al . The point in time where ∆N = 0.5Nmax is taken as a timing reference for
the onset of the demagnetization. In both sub-figures the individual traces were scaled to the same
maximum value. Within the inset the demagnetization time is shown. It is determined as the timespan
between 20% − 80% demagnetization.

make two important observations. (a) The demagnetization time τ depends on
the sample thickness. The increase of τ with d Al , while the rise time for the nonmagnetic MOKE signal is unaffected by the same, is a strong hint that transport
by hot electrons contributes to the observed demagnetization. (b) The decay of
∆M max happens with decreased rate for d Al > 30 nm. We use the aforementioned
assumption that heat diffusion plays a role for the magnetization dynamics as the
main ingredient for an analytical model. It uses the measured demagnetization
time τ as sole input parameter resulting in the demagnetization amplitude in the
nickel film 25 . The results ∆M max,sim are qualitatively in line with the experimentally observed behavior ∆M max .
In conclusion it has been shown that diffusive transport is able to cause ultrafast demagnetization, without the need of highly excited carriers. So far we only
discussed the existence and relevance of non-polarized transport as a cause of ultrafast demagnetization. With the help of a second ferromagnetic layer or the use
of a spin valve it is possible to generate strong spin current pulses.
25 More information about the analytical model can be found in Gerard Salvatella’s doctoral thesis [202,

p 99].
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F IGURE 3.15: After scaling both, the optic and magnetic, signal of the MOKE measurement by the
absorbed fluence, they are plotted against the al spacer thickness. Also shown are the optical transmission, as well as the calculated demagnetization amplitude, based on heat transport from the aluminum
into the nickel film. The different decay trends are revealed by line fits.

T HE INFLUENCE OF SPIN - POLARIZED TRANSPORT
An interesting question that can be raised is to which extent spin-polarized currents contribute to ultrafast demagnetization with respect to spin-flip scattering
by direct optical excitation. A notable experiment was conducted by Rudolf et al.
in 2012 [290] 26 . They investigated a Ni/Ru/Fe system, inhibiting a strong interlayer
exchange coupling. Their experimental results indicated an increased amount of
magnetic moment in the probed Fe layer, after laser excitation of the Ni layer in
parallel magnetic alignment. Because the anti-parallel alignment did not show the
same feature, the observed phenomenon was attributed to spin injection of majority character into the probed layer. Further weight to their claim was given by
the fact, that a non- or poorly-conducting spacer layer was able to suppress the observed effect. While certainly an outstandingly designed and well executed experiment, it could not be reproduced with the use of alternative experimental methods
such as CMOKE for instance [75]. In a recent work by Eschenlohr et al., the authors
used X-Ray magnetic circular dichroism (XMCD) as a measuring method [319]. Although the results indicated an influence of spin-polarized carriers on the Fe layer,
26 Related studies were carried out in [67, 68, 72].
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a long-lasting enhancement of magnetic moment was not observable. However,
the experiment suffered from rather low signal to noise, because it had been carried out at a slicing source. We conducted the same experiment at the free-electron
laser at LCLS, which offers the possibility to use circularly-polarized light in the
soft X-ray regime with a time resolution around 100 fs. We pump a Ni/Ru/Fe sample from the Ni side using 800 nm optical pulses, and measure the magnetization
dynamic in iron with the help of XMCD. Additionally the spin dynamic in iron is
measured on a Ni/Cu/Fe system.
Sample and Setup
The samples under investigation are Ni/Ru/Fe trilayer systems. The samples were
fabricated by sputter deposition and characterized using MOKE prior to the beam
time. The Ru layer thickness is chosen to be 1.9-2.0 nm tick, leading to strong antiparallel interlayer exchange coupling between the Ni and Fe sub-layers [336]. The
trilayer is grown onto a 188 nm thick SiN membrane, placed on a 100 nm Al film intended as a heat sink. More information about the sample structure is included in
figure 3.16. The magnetic orientation requires the sample to be put into the beam
A

B

AlO(3nm)

M
M
Ta(3nm)

AlO(3nm)

Ni(5nm)
Ru(1.9 & 2.0 nm)
Fe(4nm)

M

Ni(5nm)
Cu(30nm)

M

Fe(4nm)

Ta(3nm)

F IGURE 3.16: The figure shows the two samples under investigation. For sample A the Ru layer thickness was chosen in such a way, that the ferromagnetic layers couple anti-ferromagnetically. In sample B
a 30 nm thick copper film separates the two ferromagnets. Both samples are grown on a SiN membrane
of 188 nm thickness. The bottom layer is a 100 nm thick aluminum film intended as a heat sink.

at a non-vanishing angle, in order to measure an XMCD signal 27 . The angle of
incidence is chosen to be 45 ◦ . A fast CCD detector records the transmitted X-ray
intensity. To avoid irradiation of the CCD detector by the optical beam, an aluminum filter is inserted into the beam path 28 .
27 This has geometric reasons as demonstrated in 2.1.1. A magneto-optical signal only appears in the

case of a mutual component of wave vector and magnetization.
28 Due to the stochastic nature of the SASE process, during measurements at free-electron lasers as

many parameters as possible are recorded on a shot-to-shot basis, making data analysis a challenging
undertaking [337]. For more practical information about the work at free-electron lasers the reader
is referred to the PhD theses of A. Fognini, and G. Salvatella [201, 202].
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Al-filter
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M
Detector

X-ray
F IGURE 3.17: The experimental situation is shown schematically. The sample rotation of 45 ◦ is necessary in order to measure a magnetic dichroic signal. An Al-filter blocks the remaining 800 nm pump
beam. A CCD detector measures the transmitted X-ray intensity.
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F IGURE 3.18: For both samples the differential absorbed energy density is plotted with respect to the
distance inside the sample. While both samples show a relatively high reflectivity, Sample A has a interference minimum almost exactly at the location of the Ni/Ru/Fe trilayer under investigation. The
relative absorption between iron and nickel should be treated with care, since literature values of optical constants show a relatively large spread. In sample B the Fe layer undergoes almost no direct optical
absorption. Both samples are placed on a SiN membrane on top of a Al heat sink as described in figure
3.16.

Absorbed fluence
The maximum fluence used to excite sample A was measured to be 50 ± 5 mJ/cm2 .
Since the measured demagnetization for that fluence amounts to about 50 % only
a deeper analysis is required with respect to absorption of the optical beam. Figure 3.18 summarizes the results based on a transfer-matrix method2930 . The first
subfigure shows the situation for the Ni/Ru/Fe samples. It turns out that using an
aluminum heat sink not only results in a very high reflectivity, but due to the specific thickness of the SiN membrane the position of the trilayer almost exactly coincides with an interference minimum. The absorbed fluence for nickel and iron
29 The calculations are based on the tmm module in PyPI: https://pypi.org/project/tmm/, [338].
30 The optical constants used for the simulation are listed in table B.1
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is therefore on the order of only one percent. Together with the aforementioned
incident fluence this suggests the maximum absorbed fluence to lie around 0.4
and 1.0 mJ/cm2 for Fe and Ni respectively. For sample B the situation looks fundamentally different. Here, the maximum absorbed fluence in the iron layer is on
the order of 0.05 mJ/cm2 , quite in contrast to the 6 mJ/cm2 absorbed in the nickel
layer. The total reflectivity has been measured after the beamtime in the laboratory. For both samples the measured reflectivity was around 81 − 82 % within an
error margin of a few percent. The slight discrepancy from the calculated values
is most probably a consequence of the uncertainty in the optical parameters used
for the calculations.
Results
The resulting demagnetization of the iron sublayer is presented in two different
experimental variations; (a) At the peak of the iron L3-edge, time resolved XMCD
traces are recorded for various fluences (figure 3.19). (b) For a fixed pump-probe
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F IGURE 3.19: The figure shows the result of the first measurement series on sample A. Illustrated in the
inset is the transient XMCD signal on the Fe L3-edge, at a fluence leading to a demagnetization of approximately 20 %. The red shaded region marks the time frame within which the mean value for the demagnetization is calculated. The result is shown in the main frame, revealing small differences between
parallel and anti-parallel alignment. The error margin is given by the deviation from the mean value in
the aforementioned region. The actual sample used for this measurement was Ni/Ru(1.9nm)/Fe.
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F IGURE 3.20: The figure shows the results of the second measurement series on sample A. Within the
inset a typical XMCD spectrum on the iron L3-edge is shown, recorded at a pump-probe delay with
maximum demagnetization (t ≈1.0 ps). The four spectra are recorded with and without pump laser
excitation for both parallel and anti-parallel configuration. The values shown in the main plot represent
the mean ratio between pumped and un-pumped state (On,Off) calculated within the shaded energy
region. Their variance serve as error margins. This measurement was done with the Ni/Ru(2nm)/Fe
sample.

delay, showing maximum demagnetization, we record energy spectra around the
iron L3-edge for various fluences (figure 3.20). In all figures the x-axis is normalized to the maximum incident fluence , which is the same for all measurements31 .
The inset of figure 3.19 shows a typical measurement of the XMCD signal obtained
at the Fe L3-edge for different time delays t . Within the region of maximum demagnetization, marked in red, the mean value of ∆M /M 0 is determined for both
parallel and anti-parallel configuration and plotted against F . Apparently there
is only a small difference between the two configurations. In the parallel case,
leading to spin injection of majority character into the Fe sublayer, one observes
a reduced demagnetization with respect to the anti-parallel case. Spin injection
does not seem to have a sizable effect in comparison to direct optical demagneti31 The reason for the normalization was to avoid possible confusion caused by the unusually high val-

ues. The experimentally determined values were around a factor of 5 larger than expected according
to similar studies.
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zation or electronic heat diffusion. Figure 3.20 displays the results of experimental
proceeding (b). Herein we take advantage of the fact that the optical pump coincides with every second XMCD measurement, allowing the recording of both the
pumped and un-pumped XMCD spectrum. The pump-probe delay was kept fixed
at 1 ps, corresponding to a maximum demagnetization amplitude. Additionally,
we switch between parallel (P) and anti-parallel (AP) configuration. The mean ratio between pumped and un-pumped state for both magnetic configurations is determined inside the red-shaded energy region. This leads to a result qualitatively
identical to the one obtained before.
A similar measurement is performed on sample B, a Ni/Cu/Fe trilayer. A sum-

25.0

F = 0.17
50.0

75.0

0.0

XMCD [arb. units]

Demagnetization ∆M/M0 [%]

0.0

700

0.00
0.05

Off
On
702

0.10
704

Photon energy [eV]
0.2

0.4

706
0.6

Normalized incident fluence F

0.8

1.0

F IGURE 3.21: The main plot displays the demagnetization of the Fe sublayer for sample B, a Ni/Cu/Fe
structure. A typical XMCD spectrum recorded at t ≈ 1 ps can be seen in the inset. Calculating the mean
ratio between pumped and unpumped state within the red shaded region leads to the values shown in
the main plot. The deviation from the average value serves as an error margin.

mary of the results can be seen in figure 3.21. The high spin diffusion length in copper should facilitate spin current flow between the ferromagnetic layers. This may
lead to a sizable effect based on spin injection into the iron layer. This could manifest itself by an increase of magnetic moment for low fluences. However, the results
show no such feature. The demagnetization amplitude of the iron layer seems to
be affected by the intensity of excitation in a linear fashion. This system does not
allow the identification of spin-polarized transport. According to figure 3.18 the Fe
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TABLE 3.2: Comparison of absorbed fluences in the nickel and iron sublayers, leading to a demagnetization amplitude of ≈ 20 % in the iron sublayer. The values F A inhibit relative errors on the order of
10 % mainly due to the absence of clear consensus in the context of fluence determination, and also
because of largely spread literature values for optical constants.

2

FA,Ni [mJ/cm ]
FA,Fe [mJ/cm2 ]
FA,Ni /FA,Fe

Sample A

Rudolf et al. (2012)

Sample B

0.51
0.19
2.64

0.24
0.17
1.37

2.35
0.03
78.91

layer undergoes almost no direct optical excitation. Therefore, the results strongly
suggest a demagnetization caused by hot-electrons, similar to [292, 328, 332].
Discussion
In summary, we were unable to detect an increase of magnetic moment in the iron
sub-layer on sample A as previously reported in [290]. In principle, at a fluence
corresponding to ∆M F e /M 0,F e ≈ 20 % in the anti-parallel configuration, one would
expect a magnetization reversal in the iron film for the case of parallel alignment.
At the corresponding fluences we can not see a similar behavior. If there is such an
effect on our samples, it must be at much lower fluences, where we are unable to
make a statement due to noise. In fact, the results are rather similar to the study
by Schellekens and coworkers [297] using CMOKE for magnetization detection, or
Eschenlohr et al. who also used XMCD.
Because of the discrepancy between the two experiments a few points should
be discussed. As already stated, the samples, even though the exact same Ni/Ru/Fe
trilayer was used, were quite different from an optical point of view. Table 3.2 summarizes the absorbed fluences within the iron and nickel layers for the samples of
interest. It compares the situation leading to the same demagnetization amplitude
of ≈ 20 %. The calculated fluence F A,F e for sample A is consistent with the one in
the publication by Rudolf and coworkers. A useful feature of sample A in our case
is the fact that more energy is absorbed in the nickel layer. Increasing this value
should also increase the amount of spin injected into the iron layer.
Since the absorbed fluence in both experiments is almost identical, the reason
for the disagreeing results most certainly have their origin in other areas. A difficult
task in the mentioned publication might be a clean separation of magnetic signal
originating from the M-edge of Fe and Ni respectively. In contrast when using Ledge XMCD there remains no doubt about the microscopic origin of the measured
signals.

A
S UPPLEMENTARY INFORMATION
A.1
T IME RESOLUTION OF THE PHOTOEMISSION SETUP
The time resolution of the high-harmonic beam has not been measured directly.
It is however possible to use the emergence of "non-thermal electrons", to arrive at an upper limit for the duration of the high-harmonic pulse1 . As stated in
[339, p. 324], or similar in [11, 16], the lifetime of hot electrons is proportional
to (E − E F )−2 . Electrons with E − E F ≈ 1.5 eV have a lifetime on the same order
as the pump pulse duration, namely 25 fs. Modeling the temporal profile of the
excitation by a Gaussian, in combination with the following exponential decay
leads to a Gaussian-like function, distorted on the falling edge due to the decay
of excited states. Figure A.1 displays the summarized number of photoelectrons at
E − E F ≈ 1.5 eV, for time delays t . A fit of the following form is applied to the data
points:
¡
¢
G(∆t ) ∗ Θ(t ) · exp(−t /τ)
, which is a Gaussian convoluted by a product of a Heaviside function and an exponential decay. This reflects a physical process, where states above the Fermi edge
are filled and subsequently decay at a certain rate2 . The resulting full width at half
1 The dynamics of non-thermal electrons, or in other words, the filling and lifetime of excited states near

the Fermi-edge, have sparked the interest of researchers from the very beginning [6, 8, 13, 250, 339].
2 An accurate model should include a double convolution, reflecting the finite pulse duration of both,

pulses. The presented framework can only give an upper limit in terms of time resolution. Given the
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F IGURE A.1: Summarized photoelectron counts, originating from a small neighborhood around E −
E F ≈ 1.5 eV, at time delays t . The emergence and decay of non-thermal electrons can be seen very
nicely. The rise time, determined by a fit function, reveals a time resolution on the same order as the
pump pulse length.

maximum of the excitation pulse can be taken as a measure for time resolution. Its
duration is around 25 fs, the same as the pump pulse duration, implying an even
shorter FWHM for the VUV probe. It should be mentioned however, that limitations in the context of time resolution within the present setup do not origin from
probe or pump, but rather slow timing drifts, that have thermal reasons.

small amount of data points this shortcut suffices
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A.2
A N ITERATIVE DECONVOLUTION ALGORITHM
The development of a stable deconvolution routine is necessary to relate the DOS
of Fe to its measured photoemission spectra. It is well known, that the convolution
is a mathematical operation, which in a strict sense can not be inversed. In other
words, a certain amount of information is lost. As a reminder, the convolution of a
function f with a function R is usually defined as:
Z
¡
¢
m(x) = f ∗ R (x) = f (x − τ)R(τ) dτ
(A.1)
The main difficulty in finding f , is the lack of knowledge of the so called point
spread function (PSF) R. But even if known relatively well, there remains a competition between actual features to be detected and unphysical detector noise which
is amplified along. Such considerations make clear, why a good deconvolution
routine strongly depends on the problem at hand, and some standard implementations that can be found in certain software packages are often useless. In the following I would like to present a method that has proven to be of value for data such
as in 3.1. The need for stable deconvolution algorithms came hand in hand with
the possibility of digital image manipulation, and from a more practical point of
view; astronomical observations. Therefore in literature one can find two independent publications by Lucy [340] and Richardson [341], both describing the same
reconstruction algorithm. I would like to highlight the publication by Richardson,
because of its especially intuitive nature and elegance. The starting point is given
by the definition of the sought for function f 3 :
m = f ∗R

(A.2)

, with R as the known point spread function corresponding to the reduction of experimental resolution, leading to the resulting measured quantity (function) m.
In the following the term array will be used synonymously for function. The presented formalism can easily be extended to a multidimensional discussion. The
probability of a detected event in w i is given depending on the magnitude of m at
the corresponding location, based on Bayes formulation of conditional probability.
¡
¢
¡ ¢
¡
¢
Pr m k | f i · Pr f i
¡
¢
¡ ¢
Pr f i |m k = P
(A.3)
j Pr m k | f j · Pr f j
3 Most of the following is adapted from [341]. The final result has a different for than usually suggested

in literature.
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The intended direction given by this equation makes intuitive sense, because each
count in the measured array m origins from the surroundings of the respective
pixel in the original array, with decreasing probability, given through the PSF. A
small number of well known identities within Bayes probability theory then lead
to the desired result.
¡
¢ ¡ ¢
¡ ¢ X Pr m k | f i Pr f i Pr(m k )
¡
¢ ¡ ¢
Pr f i =
(A.4)
Σ j Pr f k |m j Pr m j
k
¡ ¢
Note that the quantity Pr f i cannot simply be divided on both sides due to the
dependence
¡ ¢of m k on f i . But this formulation can be used as an iterative way of
finding Pr f i . This is possible because of the almost perfect fit of Bayes probability
theory for such a treatment. The mentioned term on the right hand side can be
seen as a "prior knowledge" or assumption leading to better assumptions in the
following process.
¡
¢
¡ ¢(r +1)
¡ ¢(r ) X Pr m k | f i Pr(m k )
¡
¢ ¡ ¢
(A.5)
Pr f i
= Pr f i
· P
j Pr m k | f j Pr f j
k
Relating the count number within a pixel with the total array counts, shows that
the notion of probability can be dropped. The term involving the probability of
the measured m k on the real f i is nothin else than the point spread function R i k .
The final result then reads:
X
mk
f i(r +1) = f i(r ) · R i k P
(A.6)
j R j k f j ,r
k
X
mk
f i(1) = R i k P
(A.7)
j Rjk
k
The publication then goes more into detail about software implementation, which
is not of great importance anymore nowadays. For the present experiment, the
shape of the point spread function cannot be known with certainty. Therefore the
assumption is made, that it is of Gaussian form. Please note, that in equations
A.6,A.7 the PSF is actually a two dimensional array. Using the fact, that a Gaussian
is a symmetric function, it is possible to move away from a matrix notation.
¶
µ
m
(A.8)
f (r +1) = f (r ) · R ∗
R ∗ fr
³ m ´
f (1) = R ∗
(A.9)
R ∗1
This formulation can always be used given a symmetric PSF. As already shown in
the mentioned publication itself, the algorithm converges extremely fast, whithin
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F IGURE A.2: The graph illustrates the result of the iterative deconvolution algorithm by Richardson.
After only fife steps convergence is reached. An exaggerated number of steps is shown, shifted in y
direction for illustrative reasons, for which an oszillatory behavior can be observed. The point spread
function is shown as a reference in both sub-figures.

just a small number of steps. This fact is shown in figure A.2 taking our own data as
an example. The figure shows measured points and the result in blue after just five
iterative steps. The result does not visibly change for a larger number of steps. The
PSF, a Gaussian of 250 eV FWHM is shown for comparison in both sub-figures. After an exaggerated amount of steps an oszillatory behavior is visible, shown in both
sub-figures and shifted for better visibility. I close this section with a few practical
points:
Input Data: In principle the code can be applied to multidimensional data. The
sample code shown below is explicitly written for one dimensional data.
Noise Filter: Filtering of input data helps if the noise level suggests a behavior
not present in reality. This only happend however, if the artifacts have on a
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similar x-scale as the PSF. Artifacts of higher frequency become a problem
only if an unnecessarily high number of iteration is used.

Numerical instabilities: If the input array contains data points close to zero, an
oszillatory behavior can be seen. An easy fix is to set a background level.
More elaborate noise filtering, and appropriate weighting of data points, at
runtime could be implemented.

P YTHON C ODE
#### Convolution method ( v e c t o r i a l ) ###########################
#−t h i s function a p p l i e s only to PSF that are symmetric around
# t h e i r c e n t e r ! ! Otherwise in the second s t e p the " f l i p p e d "
# p s f should be used .
#−dim( PSF ) <= dim( Input )
###############################################################
import numpy as np
def get_w_0 ( Input , PSF ) :
Denom = np . convolve ( Input , PSF , ’same ’ )
Factors = np . convolve (np . divide ( Input , Denom) , PSF , ’same ’ )
return np . multiply ( Input , Factors )
def deconv_richardson_lucy ( Input , PSF , NRuns = 1 , Bg = 0 ) :
w = get_w_0 ( Input , PSF )
for n in range (NRuns ) :
Denom = np . convolve (w, PSF , ’same ’ )
Factors = np . convolve (np . divide ( Input , Denom) , PSF , ’same ’ )
w = np . multiply (w, Factors )
w[w<=Bg ] = Bg
return w

B
S ETUP, PARAMETERS
B.1
H IGH HARMONIC SOURCE

F IGURE B.1: Front and side view of the final version of the high-harmonic generation source, using an
Argon jet.
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F IGURE B.2: Illustrated is the former capillary chamber of the high-harmonic setup, used in combination with an aluminum tube. The focus of the fundamental beam lied in the middle of the aluminum
tube. The holes in beam propagation direction were drilled by the fundamental beam itself. The differential pumping stage is nicely visible on the lower right side, illuminated by blue straylight.

F IGURE B.3: In the first version high-harmonic generation took place inside a glass capillary.
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B.2
F LUENCE CALCULATIONS FOR LCLS EXPERIMENTS
TABLE B.1: Values of refractive indices n and extinction coefficients k used for the reflectivity measurements in 3.3. Labeled as IMD are values obtained from the IMD optical constant database at
http://www.rxollc.com/idl/old/imd/A.1.html. The other references can be found within the
collection at https://refractiveindex.info/.

Layer

n

k

Al2 O3
Ni
Ru
Fe
Ta
Si3 N4
Cu
Al
SiO2

1.76
2.2180
5.04
3.0030
1.1110
2.0242
0.10509
2.3737
1.538782

0.0
4.8925
3.94
3.6447
3.4796
0.0
5.1413
7.5226
0.0

source
IMD
Johnson Christy 1974
IMD
Ordal 1985
Ordal 1985
IMD
McPeak 2015
McPeak 2015
IMD
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