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Abstract
In the dissertation, time-resolved laser-induced magnetization phenomena on a fem-
tosecond time and nanometre spatial scale are investigated. Many exciting effects
in this research field, such as the generation of skyrmions, the optically induced
permanent reversal of the magnetization, laser-driven spin currents or ultrafast de-
magnetization, are linked to ultrafast processes taking place not only on a femtosec-
ond time but also on a nanoscopic length scale. For this reason, the work focuses
in particular on the temporal and spatial evolution of a laterally strongly localized
excitation of a ferromagnet. To achieve such a tailored excitation, we focus secondly
on how a spatially strongly confined optical excitation below the diffraction limit
can be experimentally realized.

In order to follow the photo-induced magnetization dynamics in time, an element-
specific access and a magnetic sensitivity to the Co-based thin-film samples must be
ensured. This was achieved by performing all measurements in the extreme ultra-
violet (XUV) spectral range, exploiting magnetic circular dichroism at the Co M2,3

resonance. The corresponding wavelengths are in the range of 20 nm and hence allow
a high spatial resolution. In addition, the temporal resolution plays a decisive role in
recording the femtosecond dynamics. Both requirements are met by the properties
of the free-electron laser FERMI, which delivers coherent, brilliant and ultrashort
pulses in the XUV spectral range. All time-resolved experiments described in this
thesis were performed at the large-scale facility FERMI in Italy.

In the first part of this thesis, we demonstrate for the first time an element-specific,
simultaneous multi-colour real space access to the magnetic domain network formed
by a Co/Pt heterostructure on a nanometre length scale. Tunable synchrotron
radiation was applied in advance to characterize the spectral sensitivity of resonant
magnetic small-angle x-ray scattering from the domains. This information was used
to design a static Fourier transform holography experiment conducted at FERMI.
The results revealed two separated images for the magnetization in the Co layer and
at the Pt atoms located at or close to the Co/Pt interface.

In a next step, single-colour holographic imaging is applied in a time-resolved
infrared pump – XUV probe experiment, again using Co/Pt multilayers as samples.
In these experiments, we present two possibilities to confine an optical excitation
to a sub-wavelength spatial dimension based on a standing wave approach and a
metallic proximity mask. We observe a spatially highly localized demagnetization on
an ultrafast time scale followed by a slower recovery. Based on the observed spatial
and temporal expansion of the demagnetized area and the subsequent recovery to
the saturation magnetization, the data suggest non-local ultrafast transport of spin-
polarized electrons to be a responsible mechanism.
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In the last part of this thesis, we employ resonant small-angle x-ray scattering
on photo-induced transient magnetic gratings to temporally track the magnetiza-
tion dynamics of a Co/Pd multilayer in reciprocal space. We combine the previ-
ous concepts of the electrical field enhancement and the metallic proximity mask
to lithographically define a plasmonic nanoscopic metallic grating directly on top
of the ferromagnetic film. Higher diffraction orders, resulting from the laser- and
grating-induced spatial and temporal modulation of the electro- and magneto-optical
constants, contain detailed information on the spatial changes of magnetization in
real space on a sub 100 fs time and 1 nm length scale.
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Zusammenfassung
In der Doktorarbeit werden zeitaufgelöste, laserinduzierte Magnetisierungsphäno-
mene auf einer Femtosekundenzeit- und Nanometerraumskala untersucht. Viele
interessante Effekte in diesem Forschungsfeld wie die Generierung von Skyrmio-
nen, die optisch induzierte permanente Umschaltung von Magnetisierung, laser-
getriebene Spinströme oder die laserinduzierte Entmagnetisierung sind mit ultra-
schnellen Prozessen verbunden, die nicht nur auf einer Femtosekundenzeit-, son-
dern auch auf einer Nanometerlängenskala stattfinden. Diese Arbeit fokussiert
sich im Besonderen auf die zeitliche und räumliche Entwicklung einer lateral stark
lokalisierten Anregung eines Ferromagneten. So wird untersucht wie eine räumlich
stark begrenzte optische Anregung unterhalb der Beugungsgrenze experimentell re-
alisiert werden kann.

Um der photoinduzierten Magnetisierungsdynamik zeitlich zu folgen, muss eine
elementspezifische und magnetische Sensitivität auf die Co-basierten Dünnschicht-
proben gewährleistet sein. Dies wurde erreicht, indem alle Messungen im extrem
ultravioletten (XUV) Spektralbereich unter Ausnutzung des magnetischen Zirku-
lardichroismus an der Co M2,3 Resonanz durchgeführt wurden. Die entsprechenden
Wellenlängen liegen im Bereich von 20 nm und ermöglichen somit eine hohe räum-
liche Auflösung. Darüber hinaus spielt die zeitliche Auflösung eine entscheidende
Rolle bei der Aufzeichnung der Femtosekundendynamik. Beide Anforderungen wer-
den durch die Eigenschaften des Freie-Elektronen-Lasers FERMI erfüllt, der ko-
härente, brillante und ultrakurze zeitliche Pulse im XUV Spektralbereich liefert.
Folglich wurden alle in dieser Arbeit beschriebenen zeitaufgelösten Experimente in
der Großforschungsanlage FERMI in Italien durchgeführt.

Im ersten Teil der Arbeit demonstrieren wir zum ersten Mal eine elementspezi-
fische, simultane, Multifarbenabbildung eines magnetischen Domänennetzwerkes
in Co/Pt Multilagen auf einer nanometrischen Längenskala. Energetisch durch-
stimmbare Synchrotronstrahlung wurde im Vorfeld angewendet, um die spektrale
Empfindlichkeit der magnetischen Kleinwinkelröntgenstreuung, die durch Domänen
hervorgerufen wird, zu charakterisieren. Diese Informationen wurden verwendet, um
ein statisches Fourier-Transformationsholographieexperiment an FERMI zu entwer-
fen. Die Ergebnisse zeigen zwei räumlich getrennte Abbildungen der Magnetisierung
in der Co-Schicht und an den Pt-Atomen an oder nah der Co/Pt-Grenzfläche.

In einem nächsten Schritt wird die holographische Abbildung in einem zeitaufge-
lösten Infrarotanregungs- und XUV-Abfrageexperiment wieder auf die Domänen in
einer Co/Pt-Multilage angewandt. In diesen Experimenten stellen wir zwei Mög-
lichkeiten vor, die Ausdehnung einer optischen Anregung räumlich auf einen Bereich
kleiner als die verwendete Wellenlänge einzuschränken. Die Ansätze beruhen einer-
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Zusammenfassung

seits auf der Nutzung einer stehenden Welle und andererseits dem Gebrauch einer
metallischen Nahfeldmaske. Wir beobachten eine räumlich stark lokalisierte Ent-
magnetisierung auf einer ultraschnellen Zeitskala, gefolgt von einer langsameren
Relaxation. Die beobachtete räumliche und zeitliche Ausdehnung der Entmag-
netisierung und die anschließende Rückkehr zur Sättigungsmagnetisierung deuten
darauf hin, dass hier der nicht lokale ultraschnelle Transport von spinpolarisierten
Elektronen ein relevanter Mechanismus ist.

Im letzten Teil dieser Arbeit haben wir resonante Kleinwinkelröntgenstreuung
an photoinduzierten, transienten, magnetischen Gittern eingesetzt, um die Mag-
netisierungsdynamik einer Co/Pd-Multilage im reziproken Raum zeitlich zu ver-
folgen. Wir kombinieren die bisherigen Konzepte der elektrischen Felderhöhung
und der metallischen Nahfeldmaske, um ein plasmonisches, nanoskopisches, metal-
lisches Gitter direkt auf dem ferromagnetischen Film lithographisch aufzubauen.
Höheren Beugungsordnungen, die sich aus der laser- und gitterinduzierten räum-
lichen und zeitlichen Modulation der elektro- und magnetooptischen Konstanten
ergeben, enthalten detaillierte Informationen über die räumlichen Veränderungen
der Magnetisierung im Realraum auf einer sub-100 fs Zeit- und 1 nm Längenskala.
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MOKE characterization on the samples used for the single- and two-colour imaging
experiments at BESSY II and FERMI, respectively. MS and CMG fabricated the
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The experiment was primarily conceived by CVKS, BP, DW and SE. DW and
FW characterized the magnetic film of all presented samples via MOKE. MS and
CMG fabricated the holographic masks. DW and all other authors contributed to
a successful conduction of the experiment. CVKS performed the analysis.

♮ C. Von Korff Schmising, B. Pfau, M. Schneider, C. M. Günther, M. Gio-
vannella, J. Perron, B. Vodungbo, L. Müller, F. Capotondi, E. Pedersoli, N.
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namics after a spatially localized optical excitation”. In: Physical Review
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The experiment was primarily conceived by CVKS, BP, DW and SE. DW character-
ized the magnetic film via MOKE. MS and CMG fabricated the holographic masks.
All other authors contributed to a successful conduction of the experiment. CVKS
and FW performed the analysis.
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is still in progress:

D. Weder, C. von Korff Schmising, C. M. Günther, M. Schneider, B. Pfau,
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DW is the principle author of the manuscript. DW, CVKS and SE conceived the
experiment. The magnetic film was deposited by EJ. The sample preparation in-
cluding the lithography process was done by DW. DW and all co-workers conducted
the experiment. MW and CVKS performed the STXM measurement. DE recorded
the MFM images. DW performed the data evaluation, developed the model and
performed the simulations.
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1 Introduction
Since millennia, humankind has harnessed the physical effect that we call mag-
netism. For example, compass needles consisting of magnetites, Fe3O4, have made
an important contribution to navigation and orientation in the early days of ship-
ping and aviation. Since then, applications based on magnetism have played an
increasingly important role. Our modern society is fed by electricity generated by
the conversion of mechanical energy with the help of magnets. In modern medical
diagnostic techniques such as magnetic resonance imaging, strong magnetic fields
are used to map the inner body structure. Currently, media report on magnetism in
the context of the accelerated drift of the earth magnetic poles, which may indicate
a reversal of the earth’s magnetic field [1]. The weakening of the protective magnetic
field would have a severe effect on our biosphere due to high-energy particles from
the solar wind reaching our planet.

Magnetism has probably shaped our modern information society the most. Ev-
ery day vast amounts of data is accumulated, e.g., in social-media, the public and
industrial sector or large scientific research facilities. Most of the data is still stored
on magnetic hard disk drives (HHDs) and magnetic tapes. To get an idea of the
magnitude of data storage and data production, here are a few numbers:

• 90% of the data stored worldwide was generated in the last two years (related
to 2017) [2].

• Every day 2.5 quintillion (1018) bytes are uploaded into the global data sphere
[2].

• The International Data Corporation (IDC) estimated the size of the global
data sphere of 33 ZB in 2018 and is predicting 175 ZB for 2025 [3].

• An autonomous car generates 4TB of data every day [4].

The exponential growth of “big data” is being driven forward above all by the “In-
ternet of Things” (IoT), which describes the progressive networking of our everyday
life (e.g. automotive). In order to keep up with these numbers and to ensure mobile
high-capacity storage media, a large technological effort is pursued to reach stor-
age area densities beyond 1TB in−2 corresponding to bit dimensions smaller than
15 nm× 38 nm [5]. To write and read the steadily increasing data in a finite time,
also the access times need to be speeded up. Therefore, one could summarize the on-
going challenge of modern memory technology with the slogan “smaller and faster”.
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Let us first come to the aspect “smaller” that actually refers to a higher storage
density. A big step towards miniaturization of the bit size was taken by the discovery
of the giant magnetoresistance (GMR) effect by Grünberg and Fert [6, 7], awarded
with the Nobel prize in 2007. The spin-dependent conductivity of electrons between
two ferromagnetic films has contributed to a significant increase of the sensitivity of
magnetic write heads in an HHD. This allowed to detect smaller stray fields leading
to a reduction in the bit size and thus enabled HHDs with higher storage densities
in the first place. The constant spatial reduction of the magnetic area density is
nowadays approaching its physical limits. This results from the following chain,
also referred to the magnetic recording trilemma: A constantly reduced bit size
leads to a reduced thermal stability and eventually to an accidental switching of a
magnetic bit. Consequently, the perpendicular magnetic anisotropy (PMA) has to
be increased, leading to the problem that the magnetic fields generated by the write
and read head are too weak to switch a magnetic bit.

One solution to this trilemma, is to thermally heat up the magnetic bit temporarily
and thus lowering the coercivity which can be achieved by heat assisted magnetic
recording (HAMR) [8, 9]. Typically, the heat is injected by a sub-nanosecond laser
pulse. A technologically similar but scientifically less understood alternative is all-
optical switching (AOS), which was first observed in 2007 [10]. Here, the magnetic
state is manipulated purely optically and without the need of an external magnetic
field. AOS is considered not only to be faster (we will come back to the switching
speed later) but also to be more energy efficient [11] which makes the technology
also promising under ecological aspects.

While AOS has been intensively studied on the macroscopic scale [12–16], there
are only a very few investigations of the optical induced magnetization reversal at
a nanometric level [17, 18]. However, for an application in laser-based data storage
devices, the optical stimulus, switching the magnetic bit, must be well below the
diffraction limit of the excitation laser reaching nanometrescale dimensions [19]. Pre-
vious research proposed to use lithographically manufactured nanostructures such
as nano-antennas [18, 20] or nano-gratings [21]. Alternatively, near-field optical
probes were employed to optically manipulate and control the magnetic response on
the nanoscale [22–24].

We now want to highlight the “faster” side. The typical write time of a magnetic
bit in a conventional HHD is about 1 ns [25]. In order to keep up with the predicted
increase of data volumes, the writing time of magnetic bits must decrease signifi-
cantly in order to increase the data transfer rates. One solution to overcome this
problem is the quintessence of the pioneering discovery by Beaurepaire and co-worker
in 1996. They observed for the first time a demagnetization of a ferromagnet (Ni) on
a time scale below 1 ps after it had been excited by an optical laser pulse [26]. This
breakthrough has an immense technological and scientific relevance, as it is theoret-
ically possible to manipulate the magnetic state about a factor of 1000 times faster
with a purely optical stimulus than with magnetic fields. This astonishing fact led
to a tremendous interest in this research field referred to “femtomagnetism”, driven
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by the question of the ultimate speed of laser-induced permanent manipulation of
the magnetic state and its physical origin.

In the last 23 years, scientific groups around the world have addressed this ques-
tion and proposed a variety of microscopic mechanisms to be responsible for the
process of ultrafast demagnetization upon laser excitation [27–31]. Until today, a
complete picture uniting all underlying physical processes is still missing. As the loss
of magnetization is linked to a change of angular momentum, the question debated
most controversially is: Where does the angular momentum go on such a short time
scale? During laser-driven demagnetization there are basically two alternatives: the
angular momentum can either dissipate locally [27, 29, 30, 32] or non-locally [31, 33–
35]. Local spin processes describing the angular momentum transfer from an elec-
tron spin to a quasi particle (electron, phonon, magnon) during a scattering event
mediated by a spin-flip. On the other hand, there are non-local, spin-conserving
processes where the majority spin electrons move out of the probed volume.

Bringing together the “smaller” and “faster”, we will face another challenging
problem originating from non-local contributions to ultrafast magnetization dy-
namics. Even if we were able to tailor an optical excitation nanoscopically, we
do not know whether this excitation will remain temporally and spatially confined
or whether it will expand laterally. In AOS, such an lateral expansion of the initially
optically excited magnetic bit could limit the ultimate minimum bit size/area den-
sity or affect laterally adjacent stored information. Since the range of these transport
processes depends on many factors such as the material system, the growth condi-
tions, the presence of interfaces or the photon energy used for excitation, the values
for the inelastic free mean path found in literature, range from a few nanometres
[36, 37] up to tens of nanometres [38].

In order to unravel the underlying microscopic mechanisms that could possibly
contribute to ultrafast demagnetization, it is important to understand the inter-
action between the elemental constituents involved. Throughout this thesis, we
want to focus exclusivity on the two-component systems Co/Pt and Co/Pd for the
time- and spatially dependent evolution of a localized optical excited magnetic film.
These material systems are of interest especially because optically induced magnetic
switching has been observed in these technologically important ferromagnetic multi-
layers [39–41]. An additional relevance emerges from the long-term stability of these
ultra-thin Co-based heterostructures resulting from a strong PMA. Since optically
induced permanent magnetization reversal was observed exclusively in multicom-
ponent materials, it can be assumed that the mutual relationship of the elements
involved plays a decisive role. Due to spin-orbit interaction found in Co/Pt and
Co/Pd [42] more effects arise from the resulting interface contribution to the PMA.
These are for example domain wall motion induced by an interplay between the
Dzyaloshinskii–Moriya interaction [43, 44] and spin currents [45] or the generation
of room-temperature skyrmions which are to be considered as promising candidate
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for future race-trace memories [46]. Another example are light-induced electric cur-
rents in ferromagnetic heterostructures representing the basis for spintronic devices
[47].

Considering the investigation of a localized manipulation of the magnetic state
and its controlled magnetic response on a femtosecond time and nanometre length
scale, three questions follow that we would like to address throughout this thesis:

1. How can we gain simultaneous and element-specific access to the magnetiza-
tion of all relevant constituent materials?

2. How do we confine an optical excitation below the diffraction limit on a nano-
metric scale in the context of studying ultrafast magnetization dynamics?

3. How do we track ultrafast non-local magnetization dynamics on a femtosecond
time and nanometre length scale?

The thesis is structured as follows: The first chapter focuses on the current state
of the established and most promising models for the description of laser-driven
ultrafast magnetization dynamics. In addition, we shed light on the theoretical
framework on which the experiments presented later are based.

In the second chapter, we treat the first question about the simultaneous and
element-specific access to the multi-component systems Co/Pt. For the first time we
will use the two-colour emission mode of the free-electron laser (FEL) free-electron
laser for multidisciplinary investigations (FERMI), which enables us to simulta-
neously image coherently the static magnetization of Co and Pt within a domain
pattern in the extreme ultra violet (XUV) spectral range.

We turn to the dynamic single-colour investigation of Co/Pt in chapter 3. Here,
we show first that stroboscopic pump and probe experiments are a suitable way to
visualize in real space the magnetic structure without inducing permanent changes.
Subsequently, we present different ways to generate an ultrafast sub-wavelength op-
tical stimulus in order to trigger a strongly localized excitation providing an answer
to question 2 above. Afterwards we show how the optically induced femtosecond
temporal and nanometre spatial magnetization evolution can be tracked.

In the last chapter we combine the concepts of electric field enhancement (EFE)
and nanometre-sized proximity masks to generate transient magnetic gratings on the
nanoscale to provide information about the lateral non-local ultrafast magnetization
dynamics in reciprocal space using small-angle x-ray scattering (SAXS).
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2 Fundamentals
Before we concentrate in this thesis on the experiments conducted and their results,
this chapter will cover the basics of ultrafast magnetization dynamics. For a better
understanding the underlying processes, an insight into the field of laser-induced
magnetization dynamics will be given and common models proposed. Subsequently,
we introduce the most important physical principles on which the experiments pre-
sented here are based.

2.1 Laser-Induced Ultrafast Demagnetization - A
Short Introduction

In general, the time scale where magnetization dynamics take place can span many
orders of magnitude: From freezing out the magnetic field direction by solidification-
driven convection in meteorites during several million of years [48] to field-driven
switching of magnetic bits in several picoseconds [49]. In this thesis, however, we
will focus on the very short time scales. During the course of this introduction we
will find that this time scale has extended down to the few femtosecond time range
in the last 25 years and has very recently even reached the attosecond regime [50].

It has been known since the end of the 19th century that the magnetic properties
of a ferromagnet disappear when heated to a material-specific temperature, called
Curie temperature. The time scale of this loss of magnetization was linked to the
duration of the heating process. With the advent of ever shorter laser pulses acting
as heating source, the observed demagnetization time also became shorter. In the
1980s for example Agranat et al. first excited a nickel sample with a pulsed laser
whose temporal width was 40 ns and induced a demagnetization process on the
same time scale [51]. In the 1990s, Vaterlaus et al. were able to use significantly
shorter pulse durations of 60 ps and applied them on time-resolved spin-induced
photoemission studies on Fe and Gd where they found a spin relaxation time of
(100± 80) ps [52]. These experimental results were hand in hand with the theory
elaborated by Hübner et al., which was widely accepted at that time. For Gd, it
predicted a spin-lattice relaxation time of 48 ps [53]. This supposed understanding
was overthrown by the pioneering work of Beaurepaire and co-workers in 1996 [26].
In their experiment they were able to demonstrate that the magnetization of a Ni
film is quenched on a sub-picosecond time scale upon excitation by a 60 fs short laser
pulse. This result caused a sensation because it was in stark contrast to the previous
understanding. However, it could be confirmed in many follow-up experiments [54–
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Figure 2.1: Time-resolved longitudinal magneto-optical Kerr effect (MOKE) trace of an
optical excited 20 nm thick Ni film [26]. The remanence is normalized to the
unexcited state. The blue solid line represents an guide to the eye. Adaption
of reprinted figure with permission from: E. Beaurepaire et al., Physical Re-
view Letters, 76, 4250-4253, 1996. Copyright 2019 by the American Physical
Society.

56]. Thus, the groundbreaking publication of Beaurepaire and collaborators paved
the way for a new branch in magnetism, which is commonly addressed as ultrafast
magnetization dynamics. The hope in this field is to control and manipulate the
nanoscopic magnetic state below 1 ps, since this time scale correspond to the intrinsic
magnetic energies (spin-orbit coupling, exchange energy) [57].

Key to this goal is to unravel the underlying microscopic processes. A multitude
of different models have been proposed in this respect. The aim of this section
is to provide the reader with an overview of the most widely accepted models by
focusing intensively on non-local spin phenomena as they are the main part of the
investigation of this thesis.

2.2 Local vs. Non-Local Spin Phenomena

Before going into the individual models in more detail, it is worth noting that all
the different approaches are generally based on two different mechanisms. Local
processes in which the angular momentum is transferred from the spin system to
particles or quasi-particles mediated by scattering processes and non-local spin-
maintaining processes in which spins ballistically or diffusively move out of the
probe volume.
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2.2 Local vs. Non-Local Spin Phenomena

2.2.1 Local Spin Processes
All discussed local mechanisms that contribute to ultrafast demagnetization are
based on a spin reversal as a result of a scattering event at a particle or quasi
particle. This so-called spin-flip process is theoretically described by the Elliott-
Yafet mechanism [58, 59]. The spin non-conserving Elliott-Yafet spin-flip event
originates fundamentally from spin-orbit coupling. A spin eigenstate |Ψ↑⟩, |Ψ↓⟩ can
be pictured as a superposition of its majority and minority components:

|Ψ↑⟩ = a↑| ⇑⟩+ b↑| ⇓⟩,

|Ψ↓⟩ = a↓| ⇓⟩+ b↓| ⇑⟩,
(2.1)

with a, b ∈ [0; 1] ∧ a+ b = 1. In the presence of spin-orbit interaction the minor-
ity component b↓, b↑ becomes non-zero and the once pure spin eigenstate becomes
mixed. In the case of a scattering event, the spin of the electron can with a certain
probability flip over and transfer the angular momentum to the scattering part-
ner. The spin-flip probability αSF depends on the minority contribution to the spin
eigenstate [60]:

αSF = 4⟨b2⟩. (2.2)

Electron-Phonon Scattering Part I (Koopmans Model)

The key mechanism of the model introduced by Koopmans et al. in 2005 is based on
phonon-mediated Elliott-Yafet spin-flip scattering [27]. In Koopman’s model, the
three subsystems (electrons, phonons and spins) and their interactions are combined
in a simple Hamiltonian. The following assumptions are made. The electrons are
considered as a spin-less individual bath while they obey the Fermi statistic. The
phonons are introduced as an ensemble of harmonic oscillators and follow the Bose-
Einstein statistics. Spins on the other side as identical two-level systems are subject
to the Boltzmann statistic. Between these three subsystems three interactions are
allowed. To describe the thermalization process of the electrons, the Coulomb force-
induced electron-electron scattering is allowed. In order to ensure the energy transfer
to the lattice, the electron-phonon scattering acts as a second mechanism. With a
certain probability, a spin-flip event can occur, which is responsible for the angular
momentum exchange and thus represents the third interaction.

Since the electron-phonon scattering rate is approximately proportional to the
electron temperature, demagnetization takes place on the time scale while hot elec-
trons are present. A temperature gradient between the electronic and phononic
systems is therefore required as the driving force. It follows that the demagnetiza-
tion dynamics are longer than the excitation pulse. With this first simple model, the
experimentally observed ultrafast dynamics of nickel could be reproduced. However,
many arbitrary parameters were put into the model which led to several problems
which will be discussed later.
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In the same year a further publication from Koopmans and co-workers [61] fol-
lowed which linked the demagnetization time τM as a microscopic quantity with the
macroscopic Gilbert damping rate αG as follows:

τM ∼ 1/αG. (2.3)

This relation could not withstand experimental proof. In an attempt to test the
correlation between αG and τM on a Dy- and Pd-doped NiFe film, Walowski et al.
found that the αG increases significantly with increasing Pd and Dy doping, while
the τM remained almost unchanged [62]. A similar discrepancy from the theoretical
prediction was revealed by measurements on La-doped permalloy by Radu and co-
workers [63].

From 3TM to M3TM (Electron-Phonon Scattering Part II)

Before introducing the microscopic three-temperature model (M3TM) model, we
have to make a little detour back to the work of Beaurepaire et al.. The first model
ever presented was developed by Beaurepaire himself and is rather a phenomeno-
logical model as it does not require the implementation of concrete microscopic
mechanisms [26]. Therefore, we have omitted it so far, but will discuss it briefly
here because it is important for what follows. To explain their magnetization trace,
Beaurepaire and co-workers have assumed 3 baths each containing either the spin
(s), phonon (l) or electron (e) subsystem. All reservoirs are connected to each other
by coupling constants G to allow an energy flow between all baths. The three cou-
pled differential equations describing the time-dependent temperature T (t) of the
tree subsystems are formulated as follows:

Ce(Te)
dTe
dt

= Gel(Tl − Te) +Ges(Ts − Te) + P (t)

Cl(Tl)
dTl
dt

= Gel(Te − Tl) +Gls(Ts − Tl)

Cs(Ts)
dTs
dt

= Ges(Te − Ts) +Gls(Tl − Ts),

(2.4)

with C being the specific heat and P the source term. In general P (t) is experimen-
tally realized via an optical laser pulse which heats up the electron temperature Te
and triggers the dynamics due to a temperature gradient between the baths as the
driving force. Of course this model is insufficient because it requires internally ther-
malized electron and spin subsystems to define a temperature. This is apparently
not the case directly after excitation as the electrons are in a highly non-equilibrium
state. Although it does not provide any detailed information on intrinsic micro-
scopic processes, it has been very successful in describing the experimental observed
demagnetization dynamics.

In a new approach, introduced by Koopmans et al. in 2010 [28], Beaurepaire’s
established phenomenological (macroscopic) three-temperature model was merged

8
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with his microscopic phonon-induced spin-flip scattering mechanism. Starting from
a Hamiltonian similar to the one presented in [27], the spin-flip probability αSF is
taken into account by inserting a term describing phonon emission and absorption
after an electron-phonon scattering event. In further simplifications, first the spe-
cific heat capacity of the spin system Cs is neglected which leads to a decoupling
of the spin system from electron and phonon dynamics. Taking into account an
instantaneous thermalization of the electron gas and a temperature-independent Cl,
the three derived coupled equations of the M3TM look as follows:

Ce(Te)
dTe
dt

= ∇z(κ∇zTe) +Gel(Tl − Te)

Cl
dTl
dt

= Gel(Te − Tl)

dm

dt
= Rm

Tl
TC

[
1−m coth

(
mTC
Te

)]
,

(2.5)

where m = M(t)/MS is the magnetization relative to saturation magnetization at
T = 0K and TC the Curie temperature. The quantities Tl, Te and m are dependent
on the spatial coordinate z which is orientated perpendicular with respect to the
sample surface. R is a material specific constant regulating the demagnetization
rate dm/dt and showing the following dependency:

R ∼ αSF
T 2
C

µat

, (2.6)

with µat being the atomistic magnetic moment.
In their publication, the comparison of time-resolved fluence-dependent MOKE

measurements on both nickel and cobalt shows very good agreement with the predic-
tions of the M3TM model. Another strength of the semi-microscopic M3TM is, that
it is able to reproduce the two different time scales on which the temporal evolution
of the demagnetization process can occur. While the demagnetization process of 3d
transition metal alloys [64–66] and multilayers [34, 67, 68] can be described with a
single curve, 4f rare-earth metals [33, 69] and rare-earth/transition-metal alloys [70]
follow a trace requiring two components. A predicted transition from the type I to
type II behaviour has been experimentally confirmed [71, 72]. On the other hand,
Kimling et al. criticize the neglect of the magnetic heat capacity which itself has a
temperature dependence [73]. The heat capacity, which increases significantly with
increasing temperature, could itself cause a transition between type 1 and type 2.

Although the M3TM is able to reproduce the time evolution of the laser-induced
magnetization dynamics for different material systems and fluences (adjusting the
spin-flip rate), ab-initio calculations indicate a too small demagnetization rate to be
exclusively responsible for the loss of magnetization on a sub-fs time scale [74, 75].
This contradiction suggests that phonon-mediated spin-flip processes are not the
only angular momentum dissipation channel and gives room for further processes
which are explained in the following.
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Electron-Electron Scattering

According to Krauß et al., spin-flips can also occur after the scattering event of
two electrons by an EY-like mechanism in the presence of spin-orbit coupling [29].
Similar to the Koopmans model [27], the spin angular momentum is in the pres-
ence of spin-orbit interaction no longer a pure quantum number. Thus, it can lead
to a change in the spin mixture at any angular momentum-dependent scattering
mechanism. Krauß et al. proposed for ferromagnets an inelastic Coulomb-induced
electron-electron scattering event as a spin-non-conservative scattering process. The
electron-electron and electron-phonon interaction are treated as in the Koopmanns
model based on Bolzmannn scattering integrals. In contrast to the Koopmanns
model, the spin-conserving coupling to the phonon bath serves exclusively for ther-
malization. Krauß and co-worker were able to find a good agreement between their
model and the demagnetization time and magnetization loss of time-resolved MOKE
measurements on Co and Ni.

Müller et al. combine the Krauß-inspired electron-electron spin-flip process with
the phonon-mediated spin-flip mechanism introduced in the Koopmans model [32].
In their theoretical considerations on Ni, they came to the conclusion that electron-
induced spin-flips play a dominant role especially on the time scale of ultrafast de-
magnetization, while phonon-induced spin-flips rather influence the remagnetization
process and the amplitude of demagnetization.

Electron-Magnon Scattering

Like in the electron- and phonon-mediated spin-flip process, the influence of spin-
orbit interaction is essential for electron-magnon coupling. Carpene et al. have
interpreted the ultrafast demagnetization, as observed by time-resolved MOKE
and reflectivity measurements on Fe, by the excitation of magnons [30]. In their
framework, they assume that laser-driven non-equilibrium electrons excite magnons
through electronic scattering events. Spin-orbit interaction enables the angular mo-
mentum transfer between spin and orbital momentum. While the spin angular mo-
mentum decreases, the orbital angular momentum increases for conservation reasons
and a magnon is generated.

However, neither Boeglin et al. [76], Stamm et al. [77] nor the very recent
work of Hennecke et al. [78] could provide experimental evidence for the time-
dependent increase of the orbital angular momentum. As recent theory suggests a
spin-orbit mediated dissipation channel of angular momentum on the order of ≈ 10 fs
[79], Hennecke and co-authors claim that they cannot rule out a transfer of angular
momentum operating on a 100 fs experimental time scale. In an ab initio calculation
performed by Haag et al., the demagnetization rates resulting from electron-magnon
scattering plays a minor role, since it is not able to reproduce the experimentally
observed rates [80].
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2.2.2 Non-Local Spin Phenomena
In contrast to the numerous approaches presented in the last section, which were
based on local, spin non-conserving scattering mechanisms, this section now consid-
ers non-local, spin-conserving electron transport. In 2008, Malinowski et al. were
the first to provide indications of a laser-driven spin-polarized transport of electrons
on an ultrafast time scale [68]. They studied an antiferromagnetically coupled Co/Pt
multilayer separated by a metallic non-magnetic spacer. The time-resolved MOKE
measurement revealed large differences in the amplitude and time constant of the
demagnetization process depending on whether the two layers were magnetically
parallel or antiparallel coupled. To be more precise, the demagnetization process
in the antiparallel case was not only faster but also more effective. In the case of
parallel alignment of both layers, majority spins flow from one layer to the other
and vice versa, so that the spin currents cancel out each other. In the antiferro-
magnetically coupled case, a net current of spin-polarized electrons flows into the
oppositely magnetized layer and reduces there the magnetization. This process is a
channel for non-local spin-angular-momentum transfer.

A first theoretical description for this transport process, considering laser-driven
spin-polarized electron diffusion in the superdiffusive regime, was provided by Bat-
tiato et al. [31]. In their work, they further developed the approaches to electron
movement of the references [81, 82] by incorporating the entire sequence of multi-
ple spin-preserving scattering events including the electron cascades resulting from
inelastic scattering. Typically, the nanoscopic mean free path of electrons in metals
is orders of magnitude smaller than the lateral dimensions of the laser footprint.
As a consequence, the authors developed an uniaxial model that is solely depth-
dependent. The optical excitation promotes majority and minority spin electrons
from the d bands into unoccupied final states above the Fermi level. Due to spin-
orbit coupling and exchange interaction the densitiy of states (DOS) of the d bands
is asymmetric (see figure 2.2). Thus, the majority spin electrons are promoted to sp-
like states while the minority spins end up in mixed d and sp-like band, respectively.
As the electron scattering probability is proportional to the empty DOS available
for the electron in the final state, excited minority spin electrons experience a sig-
nificantly higher scattering probability than excited majority spin electrons. This
results in a higher mobility and lifetime of majority spin electrons in sp bands [83,
84], resulting in a spin-dependent electron transport contributing considerably to ul-
trafast demagnetization. The longer lifetimes of excited majority spins in typical 3d
ferromagnets lead to a larger mean free path and thus to a larger radius of motion.
On the other hand, the excited minority carriers are significantly less mobile, caus-
ing a net current of majority spins to move away from the sample surface, resulting
in a depletion of majority spins. The non-excited 3d electrons in the ground state
are treated as quasi-localized so that the transport processes are only calculated for
the excited electrons.

Applying the superdiffusive Ansatz on a theoretically modelled 15 nm thick Ni
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Film on a conducting Al substrate reveals very good agreement in describing the
ultrafast demagnetization evolution of magnetic metals and magnetic dielectrics.
The model is also able to describe the dynamics of metallic 3d (e.g. Ni [26]) and
4f (e.g. Gd [33]) ferromagnets taking place on different time scales. Although the
authors cannot exclude competing spin-flip processes, they assume that laser-driven
superdiffusive transport of spin-polarized electrons is the main mechanism at least
during demagnetization.

Both the interpretation of Melnikov’s experiment [68] and Battiato’s model [31]
are based on the transport of spin-dependent electron transport. This superdiffusive
model was confirmed for the first time by x-ray magnetic circular dichroism (XMCD)
measurements on Ni conducted by Eschenlohr et al. [85] even though their findings
suggest also unpolarized spin transport. Furthermore, the authors observed for the
first time that ultrafast demagnetization does not necessarily have to be light-driven.
Two identical 15 nm thick Ni films were covered once with 30 nm Au and once with a
2.5 nm thick protective layer. Due to the thick Au layer which attenuates the incident
pump light by orders of magnitude, one would expect no or a negligible reduction
of the magnetization according to the previous considerations on photon-induced
magnetization dynamics. While the absorbed fluence of both samples is equivalent,
the demagnetization process of the Au/Ni structure takes place as efficiently as the
Ni reference sample, although a very small number of photos reaches the buried Ni
film. The authors explained this astonishing result by the generation of ballistic
spin-unpolarized electrons in non-magnetic Au, which are subject to spin-selective
propagation when entering the ferromagnetic Ni film. Majority spins passes through
the Ni film with low interaction while minority spins remain in the film due to their
reduced mobility and reduces its magnetization.

Although the work of Eschenlor and co-workers was controversially discussed in
literature due to a significantly overestimated absorption of pump light in the Au
used [86], Vodungbo et al. were able to confirm the photon-less excitation on a
Co/Pd multilayer [35]. Similar to [85], they also observe a temporally delayed and
slightly slower dynamic caused by the propagation of ballistic electrons through the
respective capping layers.

Rudolf et al. observed not only a reduction but also an ultrafast magnetization
enhancement in the trilayer Ni/Ru/Fe [87]. The magnetic structure can be coupled
both anti- and ferromagnetically. Polychromatic high-harmonic generation (HHG)
light was used for simultaneously probing the element-specific dynamics of Ni and
Fe. In the case of parallel coupling of both layers, majority spins from the top Ni
layer get unhindered into the Fe layer and thus increase its magnetization while
the minority spins do not reach the buried Fe film due to their short lifetimes,
but remain in the Ni film and reduce its magnetization. In the opposite case of
antiferromagnetic coupling, majority spin electrons from Ni reaching the buried Fe
film become minority spin electrons and thus quenching the total magnetization of
Fe. It should be noted, however, that the ultrafast increase of magnetization beyond
the unexcited level could not be reproduced in another experiment [36].
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In a more sophisticated experiment, conducted by Bergerad et al., the photon-less
demagnetization of a buried Co/Pt multilayer for different thicknesses of the capping
layer is studied [88]. The sample is optically excited at the front and probed at the
back side. Also in their model, the authors state that ballistic electrons generated
in a non-magnetic metal layer initiate demagnetization. In contrast to all results
presented so far, the authors do not see spin-selective transport as the cause of the
demagnetization process. Rather, they see the spin-independent non-equilibrium
electrons as heat source, which transfer their energy through electron-electron scat-
tering events to the electrons in the Co/Pt multilayer. There the magnetization is
reduced by local spin-flip events (see section 2.2.1).

The experiments presented so far, which are based on the superdiffusive trans-
port of electrons, have exclusively investigated the unidirectional transport along the
surface normal away from the excitation. When the excitation gradient reaches the
dimension where the superdiffusive spin-current flow takes place, the lateral com-
ponent of laser-induced spin dynamics can also be expected to play a role. Another
example in which lateral spin currents seem to influence demagnetization dynamics
is the presence of lateral nanoscale magnetic inhomogeneities. This is indicated by
the experiments carried out by Boeglin et al. [76] and Vodungbo et al. [67] which ob-
serve different time constants on the identical material system of a CoPd alloy with
and without magnetic domains during the ultrafast magnetization drop. Apart from
the fact that the group around Boeglin uses XMCD and the group around Vodungbo
utilize SAXS as a sensor for magnetization, the former measure a saturated magnetic
layer (uniformly magnetized) and the latter a magnetic film decayed into domains.
In the second case the magnetic structure is build out of alternating domains with
opposite magnetization directions that were aligned in stripes. Vodungbo and co-
workers measure a magnetization drop that is almost three times faster. They also
find no fluence-dependent demagnetization time. The authors assume that the direct
transfer of spin angular momentum between neighbouring domains accelerates the
demagnetization process. They draw a parallel between interlayer spin transport in
layered antiferromagnetically coupled heterostructures and their domain structure.
Non-equilibrium majority spins propagate almost unhindered through their domain
until they encounter an oppositely magnetized domain, where they become minority
spins and reduce the local magnetization in the respective domain. The authors also
conclude that the spin-polarized flow of electrons could have an effect on the shape
of the domain walls.

Exactly this point is illuminated by the work of Pfau et al. [34]. Instead of using
a CoPd alloy, Pfau et al. studied a Co/Pt multilayer. Both systems investigated
in the experiments by means of SAXS are very similar in their magnetic properties
and form an alternating out-of-plane magnetization distribution. The interlayer spin
transport is therefore investigated again on the basis of lateral magnetic interfaces
and a lateral homogeneous elementary composition. Besides an ultrafast intensity
decrease in the scattering ring, caused by a contrast decrease between the oppo-
sitely orientated domains, they observe a shift of the scattering ring maximum on
an ultrafast time scale towards smaller scattering vectors. In their interpretation,
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they assume that excited majority spin electrons make a transition into a minority
band when entering an oppositely magnetized domain. This leads to an increased
accumulation of minority spin electrons at the domain boundaries which broadens
the domain wall profile. This softening of the magnetization profiles at the domain
walls reduces the scattering form factor for larger scattering vectors. Pfau et al. were
able to substantiate these assumptions by performing a micromagnetic simulation
acting on the theory of reference [31].

2.3 Local and Non-Local Spin Phenomena - A
Conclusion

The contents of the last two sections have shown that, despite the many experimen-
tal results and proposed models since Beaurepaire’s pioneering work 23 years ago,
there is still a lack of a unified microscopic theory describing all observations. Many
models have only taken one particular experiment into account, without consid-
eration of other data. The overwhelming number of observed phenomena, ranging
from the different demagnetization behaviour of magnetic 3d and 4f metals, photon-
less demagnetization by spin-polarized and spin-unpolarized electrons, the ultrafast
increase of magnetization to accelerated demagnetization in the presence of lat-
eral magnetic heterostructures, indicate that more than one underlying microscopic
mechanism is responsible.

As an example, we would like to refer once again to an experiment, which im-
pressively demonstrates the complementary nature of local spin-non-conserving and
non-local spin-conserving contributions to ultrafast demagnetization.

To investigate local and non-local contributions to magnetization dynamics si-
multaneously, Turgut et al. spatially separate a ferromagnetically coupled Ni and
Fe layer through materials with different electrical conduction properties [89]. In
the case of Ru, a good electrical conductor, majority spins of Ni are pumped into
the Fe layer as reported by Rudolf et al. [87] and increase the magnetization there.
In the case of Ta and W, good spin scatterers, and the Si3N4 layer (insulator), the
authors also find a drop in Fe. Since the interlayer spin flow is suppressed due to
strong scattering of the majority spins originating from Ni, the reduction of magne-
tization in the Fe film is explained with local spin-flips. In the case of Ru, a good
spin conductor, this effect is apparently overcompensated by the penetration of hot
majority spins. The results thus indicate that both, local and non-local processes
contribute to the optically-driven ultrafast demagnetization on a similar time scale
and depend sensitively on the magnetic geometry and properties.

2.4 XUV MCD as Sensor for Magnetization Dynamics
It has been known since Faraday [90], who first observed this effect in the middle of
the 19th century, that a material can affect the polarization properties of electro-
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magnetic radiation. In contrast to the magneto-optical Kerr [91] and Faraday effects
[90], a very similar behaviour was predicted in the 1970s in the x-ray spectral range
by Erskine and Stern [92] and experimentally demonstrated for the first time in the
80s by Schütz et al. in the hard x-ray region [93]. This process, referred as XMCD,
originates from helicity-dependent absorption of circularly polarized light during
transmission through a magnetic sample in the x-ray regime. For 3d metals, XMCD
spectroscopy is usually performed in the soft x-ray range at the L edges, yielding a
large dichroic absorption contrast. For a detailed description of the XMCD effect,
we refer to reference [57].

Dichroic signals can also occur at the M edges of ferromagnetic 3d metals. Us-
ing XUV magnetic circular dichroism (MCD) spectroscopy, the M edges of the
important 3d metals can be reached by laboratory-based HHG sources and FELs,
delivering sub-picosecond XUV pulses for time-resolved investigations of the mag-
netization in real space [94] and reciprocal space [34, 67].

In the following, we will only treat the origin of the MCD effect taking place at the
M2,3 edges. Since the magnetic material systems investigated in this thesis are based
on Co, we will explain the MCD effect using the calculated electronic structure of Co
in the following. The helicity-dependent absorption manifests itself for example in
x-ray absorption spectroscopy (XAS). In figure 2.2 (b), two exemplary XAS curves
are measured with left σ− and right σ+ circularly polarized light at the Berliner
Elektronen Speichering Synchrotron (BESSY)-II UE112-pgm beamline and show a
significant helicity-dependent absorption.

The basic mechanism responsible for that absorption difference can be explained
using the one-electron picture, shown in figure 2.2. The fundamental origin lies in
the different transition probability from the 3p core into the 3d valance band for
a promoted electron, when excited by photons of different helicity (σ− vs. σ+).
Due to an exchange split valence shell, ferromagnetic 3d metals (Co, Ni, Fe) have a
spin-polarized 3d band structure occupied with spin-down (red) and spin-up (blue)
electrons. The spin-dependent energy splitting is referred to as the Stoner splitting.
This results in a DOS asymmetry in the number of free states above the Fermi level
EF in favour of the energetically higher spin-up electrons.

A common way to illustrate the MCD effect is referred to the two-step model
discussed in the book of Stöhr and Siegmann [57]. In the first step, circular polarized
photons, resonant to the M2,3 edge, excite photoelectrons independently of their
helicity. In the presence of spin-orbit coupling, a part from the angular momentum
of the circular polarized photon is also transferred to the spin, resulting in spin-
polarized photoelectrons. The sign of the spin-polarization depends on the incident
photon helicity (σ+ or σ−). Since also the core levels 3p1/2 and 3p3/2 have an opposite
spin-orbit coupling of l+ s and l− s, respectively, the spin polarization is opposite.

In a second step, the exchange-split valance band acts as a spin-resolved detector.
Due to the imbalance of the unoccupied DOS, the absorption for electrons with
minority spin character is more likely.

The helicity-dependent and state-resolved transition probabilities are visually rep-
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resented by the thickness of the coloured arrows in figure 2.2 (a). As the DOS
belonging to the 3p1/2 and 3p3/2 core levels overlap each other, the numbers result
from an average transition probability obtained from an integration over the energy
range from 55 eV to 64 eV (grey area in panel (b)). Starting from these numbers,
it can be seen on the one hand that the minority spin electrons make the greatest
contribution to the absorption independent of the incident photon helicity. Second,
one can retrieve a 15% stronger total absorption for σ− than σ+ polarization. The
situation depicted in panel (a) and (b) corresponds to the experimental case I in
panel (c) where the magnetization is kept unchanged while the helicity of an incom-
ing photon is changed between σ− and σ+. The statement made so far remains also
valid if the magnetization is reversed and the polarization of the incident photons
is maintained (case II) [95].

Due to the existence of dichroic signals at the M absorption edges of the ferro-
magnets, we expect a magnetic contribution to the refractive index in the spectral
XUV range. In the following, we will therefore look at how this aspect is taken into
account.

The index of refraction n in the XUV and soft x-ray regime approaches unity and
is thus commonly put in the form of

n = 1− δ − iβ (2.7)
with dispersive part, δ, and absorptive part, β, [97]. In the presence of a magnetic

material resonantly penetrated by circular polarized photons with opposite helicity
(σ±), the index of refraction modifies to

n± = 1− (δ ± k · m∆δ) + i(β ± k · m∆β) (2.8)
with an additional magneto-optical contribution ∆δ and ∆β. The product k · m

accounts for the orientation of the sample’s magnetization m with respect to the
wave vector of the incident photons k. The strength of the MCD effect is maximum
with linear or collinear alignment. Based on the modified n±, the transmission
function [98] of a magnetic sample, simplified by a Taylor approximation, is given
by

t±(x, y, 0) ≃ 1− µ±(x, y)− iϕ±(x, y), (2.9)
with the helicity-dependent constants

µ±(x, y) = µ0(x, y)±∆µ(x, y)

=
2π

λ

∫ 0

−d

[β(x, y, z)± k · m(x, y, z)∆β(x, y, z)]dz, (2.10)

ϕ±(x, y) = ϕ0(x, y)±∆ϕ(x, y)

=
2π

λ

∫ 0

−d

[δ(x, y, z)± k · m(x, y, z)∆δ(x, y, z)]dz. (2.11)
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Figure 2.2: MCD effect in the XUV spectral range. (a) Calculated DOS as a function of
binding energy E for Co (unpublished by Sharma and co-workers). Due to
spin-orbit coupling, the electrons experience a helicity-dependent (σ− vs σ+)
transition from the energetically overlapped 3p core states into the spin-split
3d valance band. As there are more unoccupied minority (blue) than ma-
jority (red) states above the Fermi energy (EF) are available, the transition
for a minority spin electron is more likely than for an opposite spin electron.
Adapted with the permission of F. Willems from [96]. (b) XAS curves of
pure Co measured for two different incident circular polarizations σ− and
σ+ at the BESSY UE112-pgm beamline. The grey area represents the en-
ergy range where the transition probability are integrated. Adapted with
the permission of F. Willems from [96]. (c) The experimental realization of
keeping the magnetization constant and varying the helicity of the circular
polarized light (I) and reversing the direction of magnetization while keeping
the polarization unchanged (II) are analogous [95].
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The helicity-dependent constants µ± and ϕ± correspond to the absorptive β and
dispersive part δ of n±, integrated over the sample thickness d. Here, again µ0 and
ϕ0 represent the charge contribution while ∆µ and ∆ϕ contribute to the magnetic
structure of the sample.

2.5 Probing Magnetization Dynamics in Reciprocal
and Real Space

Magnetic SAXS and the Fourier transform holography (FTH) are two ways to tem-
porally and spatially follow laser-driven ultrafast dynamics of ultra-thin magnetic
samples in the XUV spectral regime. Fundamentally, both techniques are very
similar as they are diffraction-based and, applied to the M and L edges of the ferro-
magnets, rely on the same contrast mechanism XMCD in order to achieve sensitivity
to the magnetization. Basically, FTH differs from SAXS only by an additional op-
tical element and the presence of a coherent light source. As a result, SAXS probes
the structure to be investigated into reciprocal space, while FTH opens up the pos-
sibility of transferring the diffraction pattern measured by the detector back into
real space later via making it a hologram. In the next two sections, we will look
more closely at these two techniques which, when integrated into a stroboscopic
pump and probe arrangement, are a suitable method to follow the magnetization
dynamics with high temporal and spatial resolution on the order of sub-100 fs and
sub-100 nm, respectively.

The next two sections are based on the theoretical treatments of Pfau and Eisebitt
[99] and the thesis of Pfau [100], in which the reader gets a much deeper insight which
is beyond the scope of this short introduction.

2.5.1 Magnetic Small-Angle X-Ray Scattering
We speak of magnetic SAXS in this context when XUV radiation, resonant to the M
edges, illuminates a lateral inhomogeneous magnetization. Due to the polarization-
dependent absorption of the lateral magnetization distribution at the resonances
(see XUV MCD in section 2.4), a magnetic film exhibiting a multi-domain state
acts as a magnetic grating at which the XUV photons scatter. Provided that the
wave vector of the incident light ki and the magnetic moments of the sample are
aligned parallel or antiparallel to each other, the absorption asymmetry is strongest
when left σ− or right σ+ circular polarized light is used. However, a scattering
signal can also be detected applying linearly polarized photons, since the linear po-
larization can be represented as a superposition of two opposing circularly polarized
beams. Each circularly polarized component is then scattered independently by the
magnetic heterogeneities [101]. The relation between the scattering intensity I and
the samples magnetization M is given by [102]:

I ∝M2. (2.12)
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Figure 2.3: Magnetic SAXS Scheme. XUV photons in resonance with the Co M edge
illuminate a magnetic thin-film sample with PMA along z-direction. The
incoming beam ki experiences an absorption and phase shift due to the
dichroic index of refraction n± within the oppositely magnetized domains
(white arrows). The outgoing photons ks are scattered under an angle of
2θ. As the interaction process is restricted only to elastic scattering events
|ki| = |ks| = k, all diffraction peaks end up on the Ewald sphere with ra-
dius k. The small-angle approximation is fulfilled if the scattering vector
q ≃ qxy ≃ r. In this particular case the distance D of the detector is close
to k. A lateral domain periodicity a can be found as 2πa−1-spaced reflex in
Fourier space or on the Ewald sphere, respectively. Adapted from [100].

In figure 2.3, we sketch the scattering geometry and introduce the quantities used
in this thesis. XUV photons propagate in z-direction and hit an ultra-thin mag-
netic sample in a domain state. Since the thickness of the magnetic layer is only
a few nanometres compared to the lateral expansion of several micrometers, we
can describe the sample as a two-dimensional (2D) structure. This assumption im-
plies, that the interaction between photon and scattering centre is restricted to a
single-scattering event. Since the model sample considered here is topographical and
chemically homogeneous, the absorption and phase contrast is exclusively caused by
a modulation of the magneto-optical constants in the oppositely aligned domains
(see white arrows) due to the XUV MCD effect. The incident photons ki are elasti-
cally scattered at the domains so that their energy, respectively the wavelength λ, of
the scattered photons ks is preserved. It therefore follows |ki| = |ks| = k = 2πλ−1.
This means that the length of all scattered vectors is equal and they end on an
imaginary spherical surface with the radius k, which we know as the Ewald sphere
[103]. The intensity distribution of the scattered photons at the Ewald sphere in
the far-field is linked to the electron density distribution of the sample via a Fourier
transformation [103]. This transformation translates a lateral periodicity a in real
space into a 2πa−1-spaced intensity peaks in reciprocal space. The scattering vector
q is calculated from the momentum transfer between incident and scattered beams
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as q = ks − ki. For the magnitude we obtain

q =
4π

λ
sin θ, (2.13)

with 2θ being the scattering angle.

As already mentioned, the sample is approximated as a 2D object, which implies
that the transmitted wavefront is only changed by lateral inhomogeneities. The exit
wave behind the sample is thus proportional to the projection of the sample along
the z-axis. Its lateral structure is therefore encoded in the intensity profile given by
the scattering vector qxy that is parallel to the sample surface with magnitude

qxy =
2π

λ
sin 2θ. (2.14)

The problem with a planar 2D detector placed at a distance, D, behind the
sample, is that it spatially deviates from the curvature of the Ewald sphere [94]. For
a scattering vector ks, the position on the detector is given by

r = D tan 2θ. (2.15)

As one can see from the equations and the scattering geometry in figure 2.3, the
quantities q, qxy and r approach each other for the case of small scattering angles.
Only in this case the momentum transfer and the observed scattering reflex on the
detector behave linearly.

2.5.2 Resonant Fourier Transform Holography
A hologram is formed by interfering a known reference wave with the scattered
radiation originating from an object. The step from SAXS geometry to holographic
imaging can be achieved by adding a small circular shaped aperture, called reference
source, that is laterally shifted in the object plane and the use of a coherent light
source. In this so-called off-axis holography, a small angle between the reference
wave and the object wave is introduced, which later spatially separates the image
from its twin image in the reconstruction. The first experimental demonstration of
FTH in the soft x-ray regime to image nanoscale magnetic domains was realized by
Eisebitt et al. [104].

The basic principle is illustrated in figure 2.4. Incident, coherent XUV photons
illuminate the XUV-opaque holographic mask, consisting of two apertures, called
object and reference. The monolithic mask is attached right on top of the sample. In
order to illuminate the laterally separated object O (defining the field of view (FOV))
and reference hole R with constant phase relation, the incident plane wave ψi(x, y, 0)
must have a high transversal coherence. The transmitted object wave O(x, y, 0) =
t(x, y, 0)ψi(x, y, 0) interferes with the spherical reference wave R(x − x0, y − y0, 0)
whose origin is laterally shifted by r0 = (x0, y0, 0). The material properties of the
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sample are taken into account by the complex transmission function t(x, y, 0) (see
equation 2.9). For the exit wave follows

ψe(x, y, 0) = O(x, y, 0) + R(x− x0, y − y0, 0). (2.16)

As the scattering pattern is detected in far field, one can use the Frauenhofer
approximation linking the far field diffraction pattern ψ(x, y, z) with the exit wave
ψe(x, y, 0) by a Fourier transformation:

ψ(x, y, z) ∝ F [ψe(x, y, 0)]. (2.17)

Since the intensity at the location of the detector is proportional to the magnitude
square of the amplitude of the diffracted wave, we obtain for the measured diffraction
intensity:

I(qx, qy) = |F [O(x, y, 0)] + F [R(x− x0, y − y0, 0)]|2

= |F [O(x, y, 0)]|2 + F∗[O(x, y, 0)]F [R(x− x0, y − y0, 0)]

+ F [O(x, y, 0)]F∗[R(x− x0, y − y0, 0)] + |F [R(x− x0, y − y0, 0)]|2. (2.18)

As the name of the method suggests, an inverse Fourier transform translates the
measured intensity I(qx, qy) of the hologram into real space:

F−1[I(qx, qy)] = O∗(−x,−y, 0) ∗O(x, y, 0)
+O∗(−x,−y, 0) ∗R(x− x0, y − y0, 0)

+R∗(−x− x0,−y − y0, 0) ∗O(x, y, 0)
+R∗(−x,−y, 0) ∗R(x, y, 0). (2.19)

The terms O∗ ∗O and R∗ ∗R represent the autocorrelations reconstructed in the
centre of the reconstruction. The cross-correlations O∗ ∗ R and R∗ ∗ O yield the
reconstructed image. If one assumes the spatial extent of the reference as delta
function

R(x− x0, y − y0, 0) = δ(x− x0, y − y0, 0), (2.20)

the cross-correlation reduces to O(x′+x0, y′+y0, 0) and O∗(−x′+x0,−y′+y0, 0).
From these terms, we can immediately see that the reconstruction contains two
reconstructed images. The first object O(x′, y′, 0) is shifted by the vector −r0 and
the second object O(−x′,−y′, 0) is shifted by r0, point-mirrored to the first one.
Provided that x0 and y0 are chosen large enough, the twin images are laterally
separated unambiguously from the autocorrelation reconstructed at the centre.

In general, the shape of the reference hole deviates from a delta function, so that
we have to consider a spatially extended reference s0 leading to a wave R(x, y, 0) =
ψi(x, y, 0)t0s0(x−x0, y−y0, 0) exp(−iϕ0) with t0 and ϕ0 being a constant transmission
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Figure 2.4: Magnetic FTH. A resonant coherent plane wave ψi(x, y, z) propagates along
z-direction and homogeneously illuminates an object O (magnetic thin-film)
and a point-like reference (R) at z = 0. The object exit wave O(x, y, 0)
interferes with the spherical exit wave of the reference R(x, y, 0). In a dis-
tance D behind the sample a detector is placed and measures the total exit
wave ψe(x, y,D) containing next to the intensity also the phase information
showing up as strong intensity modulations.

and phase shift, respectively. The material specific parameters are included in the
object’s exit wave O(x, y, 0) = ψi exp(−µ(x, y, 0) − iϕ(x, y, 0)). The observables
µ(x, y) and ϕ(x, y) stand for the dispersive, δ, and abortive, β, part of the index of
refraction integrated over the sample thickness, see equations 2.10 and 2.11. After
applying the FTH algorithm, for the image reconstructed follows

A(x′, y′) = |ψ(x, y, 0)|2t0s0(−x,−y)
∗ exp[−µ(x+ x0, y + y0, 0)− i(−ϕ(x+ x0, y + y0, 0)− ϕ0)]. (2.21)

This equation provides three characteristics that significantly influence the recon-
struction.

(i) Since the object is convoluted with the reference, its spatial resolution is sig-
nificantly determined by the lateral extent of the reference hole s0(−x,−y).
Structures to be imaged that are smaller than the reference dimension are
washed out.

(ii) As A(x′, y′) ∝ t0, the magnitude of the reconstructed object is strongly depen-
dent on the transmission function of the reference.

(iii) The objects phase is reconstructed with respect to the phase shift of the ref-
erence (ϕ− ϕ0).

(iv) Precaution hast to be taken to prevent an overlapping between the autocorre-
lations and the cross-correlations as the autocorrelations extent are double the
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2.5 Probing Magnetization Dynamics in Reciprocal and Real Space

size of the object. A spatial superposition can be circumvented if the reference
distance |r0| = r0 is 1.5 times the object diameter.

In a realistic sample, the topography contrast is much stronger than the magnetic
contrast caused by the XMCD effect. In order to determine the magnetic contri-
bution to the scattering signal, it is therefore necessary to subtract the charge part
from the signal. This can be achieved by subtracting two holograms from each other
that were recorded with opposite helicity. From equation 2.19 follows

1

2
F−1[I−(kx, ky)− I+(kx, ky)] =

1

2
(O∗

− ∗O− −O∗
+ ∗O+ (2.22)

+R∗ ∗O− +O∗
− ∗R−R∗ ∗O+ −O∗

+ ∗R), (2.23)

with O− and O+ being the helicity-dependent object exit waves. The reference
exit wave is assumed to be polarization independent. If we now take a closer look at
the cross-correlation which is important for the image reconstruction and consider
again a delta-like shaped reference and applying the transmission function including
magneto-optical constants, we obtain for the image

A(x, y) = ∆µ(x, y) + i∆ϕ(x, y). (2.24)

From the reconstruction of the difference hologram, we clearly observe an unam-
bitiously magnetic contribution.

So far, we treated a single-reference approach to illustrate the working principle
of the FTH technique. In contrast, throughout this thesis we follow the approach
of multiple references [105, 106], mainly to improve the signal to noise ratio (SNR).
Since each further reference hole provides an additional set of twin-images, the first
possibility for image optimization is to sum up all reconstructions. Since no reference
is identical to the other due to the manufacturing process, the reconstructions can
also differ in their brightness or spatial resolution. Therefore, the second possibility
is to select the one with the best contrast and spatial resolution properties from
the large number of reconstructions [107]. Another possibility is to use reference
holes of different diameters. Among the reconstructed objects there would be both,
high-resolution reconstructions with poorer SNR and reconstructions with poorer
resolution but higher SNR.
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3 Multi-Colour Imaging of Magnetic
Co/Pt Multilayers

3.1 Introduction
Ultra-thin perpendicularly magnetized heterostructures, such as the two-compound
multilayer system Co/Pt, show fascinating physical properties due to strong spin-
orbit coupling [42]. Co/Pt multilayers have a significant interface contribution to
the PMA which can be used for the control of domain wall motion arising from
an interplay of spin currents [45] and Dzyaloshinskii–Moriya interaction [43, 44] at
the Co/Pt interfaces. Furthermore, based on these mechanisms, room-temperature
skyrmions can be created in thin Co/Pt films in racetrack memories [46]. Opti-
cally induced ultrafast spin currents in ferromagnetic thin-film structures may pave
the way for future ultrafast spintronic devices [47] and broadband terahertz emit-
ters [108]. Moreover, Co/Pt thin-film magnetism has a huge potential in magnetic
storage devices. Not only because of the ability to fulfil the requirements of long-
term stability due to the strong magnetic anisotropy, but also because of recently
discovered helicity-dependent all-optical control of ferromagnetic multilayers [39,
109]. However, many underlying microscopic mechanisms on the ultrafast time and
nanometre length scale are not fully understood and currently under debate. In
particular, the origin of all-optical helicity-dependent switching or the fundamental
microscopic processes leading to an optically induced ultrafast demagnetization of
ferromagnetic materials on a femtosecond time scale [26] raise many intriguing ques-
tions. To gain more insight into the interaction between non-local spin currents and
interacting multi-compound perpendicularly magnetized heterostructures requires
novel techniques that give a direct and simultaneous view of the element-specific
magnetization on a femtosecond time and nanometre length scale. †

Simultaneous probing with multiple wavelengths (“multi-colour experiment”) is a
powerful technique when it comes to measuring more than one observable (e.g. the
interplay of different elements in one sample) at a time. In a stroboscopic pump and
probe experiment, an identical initial state must be established before the sample
is excited again. This is sometimes challenging, because in some sample systems
the dynamics are not deterministically repeatable. Another important aspect is a
possible temporal jitter between pump and probe pulse limiting not only the re-
producibility of the dynamics but also their time resolution. Last but not least,
there are non-repetitive single-shot experiments in which the dynamics of a sam-
ple are probed before it gets destroyed. In all these measurements, the monitored

25
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observables can only be compared poorly or not at all, because they were taken at
different experimental conditions. In a multi-colour approach, the observables are
determined simultaneously so that they are comparable with each other and their
interplay can be studied.

To carry out a complex multi-colour imaging experiment, the magnetic Co/Pt
thin-film multilayer has to be studied in advance to find out the spectral response of
the scattering intensity, important for the optimization of the two probing colours.
We structure this chapter therefore as follows:

1. We perform dichroic SAXS to verify the functionality of the magnetic sam-
ple, to set up the scattering scheme for the following experiments and most
important to find the spectral dependence of the element-specific scattering
intensities.

2. A single-colour FTH experiment is conducted, to find an optimal design for the
holographic mask and to find the energy where we can expect a comparable
domain contrast stemming from Co and the Co-induced interface magnetism
in Pt.

3. We demonstrate the static two-colour imaging experiment conducted at FERMI.

3.2 Resonant Magnetic Small-Angle Scattering
Before conducting a rather complex multi-colour experiment at a large-scale FEL
facility and to specify the ideal two scattering energies, the static parameters describ-
ing the magnetic sample need to be on solid ground. Therefore, a resonant magnetic
SAXS experiment was performed (c.f. section 2.5.1) to obtain the energy-dependent
magnetic scattering cross-section as well as the average domain size dimension which
sets the detection scheme.
The investigated thin two-component magnetic multilayer shown in figure 3.1 (a)
has the following composition in nm:

Si3N4(30)/Al(10)/Pt(2)/[Co(0.6)/Pt(0.8)]16/Al(3).

The film was deposited by magnetron sputtering on a 30 nm thin Si3N4 membrane
window (50 µm× 50 µm) which is carried by a 200 µm thick Si frame. The thickness
and arrangement of each layer was chosen to let the magnetic system establish a
strong PMA. Thus, the magnetization vector is either parallel or antiparallel to the
surface normal outside of the domain walls. To obtain SAXS from the domain con-
figuration, a single domain state needs to be avoided. To let the multilayer decay
into a domain state with zero net magnetization the magnetic film was demagne-
tized after fabrication by applying an external out-of plane alternating magnetic
field. An oscillating and constantly decreasing in-plane magnetic field was applied
with the aim to transfer the initially rather maze like domains into stripe domains
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Figure 3.1: Cross-section of the Co/Pt-based multilayer systems measured at the syn-
chrotron facility by a SAXS scheme (a) and FTH scheme (b). The vertical
sample geometry is drawn using a fixed scale. The thickness of each layer is
displayed in nm.

[110]. Aligned magnetic domains provide the advantage of confined scattered in-
tensity spots on the camera chip, providing a higher SNR ratio. Furthermore, the
scattering free detection areas can be used to record simultaneously XUV photons
stemming from an additional grating to monitor the intensity stability [111].

The static SAXS experiment was carried out at the large-scale synchrotron fa-
cility BESSY-II in Berlin using the undulator beamline UE112-PGM [112]. The
monochromator placed between source and sample delivers a maximal energy res-
olution of E/∆E > 20.000. The photon energy step width used is 0.5 eV. After
monochromization of the synchrotron radiation the beamline flux is estimated to
be on the order of 1013 ph s−1 within the energy range from 35 eV to 80 eV. The
sample membrane, positioned at the focus, is homogeneously illuminated by XUV
light propagating with negative circular helicity. Since the oppositely magnetized
stripe domains have an opposite dichroic index of refraction, the domains themselves
act as a magnetic grating leading to a measurable scattering efficiency [34, 113]. As
the intense direct XUV beam and strong diffraction originating from the membrane
windows may cause damage to the camera, a beam block was inserted behind the
sample. It was also designed to prevent the camera from saturation and to detect
higher scattering vectors, relevant for the experiment, as the dynamic range of the
scattering signal is orders of magnitude higher than the dynamic range of the cam-
era. The diffraction pattern is recorded by a back-illuminated 2D charge-coupled
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Figure 3.2: (a) Illustration of the experimental setup at the synchrotron facility BESSY
II. Circularly polarized XUV photons generated by the synchrotron source
are tuned resonantly to the Co M edge. The fully illuminated sample acts
as a grating due to an alternating dichroic index of refraction and diffracts
XUV light perpendicular to the domain alignment. (b) The 1st order of the
scattered XUV light is captured by a CCD except the intense direct beam
which is blocked by a beam block. Panel (b) is adapted from [114].

device (CCD) chip placed 74mm behind the sample. Within this distance, the 1st
order domain scattering is well captured at the lowest energy of 35 eV. To achieve
a reasonable SNR over the entire 45 eV spectral range, four images in 0.5 eV steps
were accumulated at an integration time of 1 s each.

A final accumulated scattering image taken resonantly at a photon energy of
Eph = 60 eV is depicted in figure 3.2, showing the predicted two bright scattering
spots corresponding to a stripe like domain orientation. An azimuthal integration
along the momentum transfer q over such a diffraction pattern for the energies of
52 eV, 60 eV and 72 eV is depicted in figure 3.3 (a) (circles). The momentum transfer
q,

q =
4π

λ
· sin(θ) = 4πEph

hc
· sin

(
1

2
· arctan

(
dpixr

DSAXS

))
, (3.1)
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3.3 Single-Colour Fourier Transform Holography

is calculated from the wavelength, λ, the scattering angle, θ, the XUV photon en-
ergy, Eph, the speed of light, c, the Planck constant, h, the pixel size, dpix = 13.5 µm,
the sample-CCD distance, DSAXS and the radius, r, in pixels along the azimuthal
integration (c.f. equation 2.13 in section 2.5.1). Note that the recorded q-values
need to be corrected based on the lateral deviation between the planar CCD sur-
face and a surface of a sphere given by the absolute q in reciprocal space. The
two bright intensity spots on the CCD camera appear as peaks in the azimuthal
scan. Their shapes can be approximated by pseudo-Voigt profiles. Applying a
non-linear least squares fit, indicated by solid lines, an energy independent peak
centre at q±1 = (40.9± 0.1) µm−1 and a full width half maximum (FWHM) of
∆q±1 = (6.6± 0.1) µm−1 are found. From the peak centre we derive a domain pe-
riodicity of p = 2π/q±1 = (154± 1) nm. By integrating the area below the energy-
dependent pseudo-Voigt profiles we get the energy-dependent scattering intensity
that is plotted in figure 3.3 (b). Within the measured energy range, five distinct
intensity peaks can be found and are addressed in table 3.1. Note that the energy
resolution of the scan is limited to 0.5 eV, which is larger than the spectral width of
the Pt N6,7 transition and therefore its maximum amplitude may be underestimated
in panel (b). These results are in good agreement with XMCD spectra reported in
the literature [115–117].

The diffraction pattern measured is composed of resonantly scattered photons and
therefore proportional to the square of the magnetic structure factor [113, 118]. In
summary, we studied the material system by means of SAXS in reciprocal space be-
fore we are going to investigate the sample in real space in the next two sections. We
were therefore interested in the quantitative spectral dependence of the scattering
intensities around the resonances of the elements involved. We found the scattering
intensities stemming from Co and the Co-induced interface magnetism of Pt on the
same order of magnitude. We measured in the SAXS scheme the identical magnetic
contrast that we are going to utilize in the following imaging experiment.

The relevant Co and Pt transition energies are below the Al L edge which means
that Al filters can be applied to efficiently block a visible excitation source from
illuminating a XUV-sensitive detector [34, 67]. This makes Co/Pt-based magnetic
multilayers a convenient multi-component sample system which can be studied on
a stroboscopic optical pump – xuv probe manner, using HHG or FEL sources. As
Co locally induces a magnetization in Pt which is confined only to a few monolayers
of the Co/Pt interface [116, 119], tracing the magnetization dynamic of Pt will not
only reveal information on a lateral dynamic but will also open the possibility to
access ultrafast interface magnetism [115] for example interlayer spin transport [68,
85].

3.3 Single-Colour Fourier Transform Holography
In the last section, we presented a dichroic small-angle XUV scattering experiment
for characterization purposes. We found the spectral dependence of the scattering
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Table 3.1: Transition energies taken from the energy scan in figure 3.3 (b) for the sample
compounds Co and Pt.

element edge transition energy (eV)
Co M2,3 3p1/2, 3/2 −→ 3d 60
Pt O2,3 5p1/2, 3/2 −→ 5d 66 and 52
Pt N6,7 4f5/2, 7/2 −→ 5d 75 and 72

Figure 3.3: (a) An azimuthal integration applied on the SAXS pattern captured at the
transition energies of the Co M2,3 and Pt N7, O3 edges reveal a localized
diffraction in q-space (circles) corresponding to a narrow size distribution of
the magnetic domains in real space. The energy-independent intensity dis-
tribution can be fitted by pseudo-Voigt profiles (solid lines) which are cen-
tred around q±1 = (40.9± 0.1) µm−1. (b) Energy-dependent integral of the
pseudo-Voigt profiles measured at an energy step width of 0.5 eV. Reprinted
from [114]. ‡
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intensities stemming from Co and the Co-induced interface magnetism of Pt and
thus the element-specific contribution to the scattering signal. We also verified the
functionality of the magnetic film and its intrinsic domain network, which determines
our following scattering schemes in this and the next section 3.4.

In this section, we want to transfer the single-colour SAXS scheme providing
information in reciprocal space into a single-colour FTH scheme providing (see sec-
tion 2.5.2) information in real space as a preliminary stage for a multi-colour FTH
scheme. Here, we need to determine suitable parameters for the holographic mask
and to find the exact photon energies at which we can expect a comparable do-
main contrast stemming from Pt and Co, which is of immense use in the follow-up
two-colour XUV probe experiment. This additional characterization is essential be-
cause the total transmission through the sample is orders of magnitudes lower in
a FTH geometry than in a small-angle scattering geometry where the entire open
membrane can generate a transmission signal. As a result, the imaging technique
is much more time-consuming. Since the general scattering setup, apart from the
FTH sample itself, is similar to the previous one presented, we want to focus on the
FTH sample and only briefly explain the specific differences in the setup.

3.3.1 Single-Colour Holographic Mask
As mentioned above, we want to carry out the investigation of the two-element mul-
tilayer magnetic film in real space. For this we use the well-established method of
FTH in a transmission geometry. We benefit from an interference pattern originat-
ing from an unknown object wave with a known reference wave. Its superposition at
the detector position encodes both the intensity and the phase of the object wave.
Based on the interference pattern, the real space object can be reconstructed by
applying an inverse Fourier transformation. The object wave is nothing else than
the small-angle scattering that we talked about in the previous section, if the ex-
periment is carried out in such a way, that object and reference wave can interfere
suitably at the detector. As the scattering mechanism is identical in SAXS and
FTH, we conduct the imaging of the magnetic domain pattern based on the energy
scan in figure 3.3 (b) to obtain a maximal domain contrast.

To image the magnetic domains of a Co/Pt multilayer, a FTH technique in trans-
mission configuration [94, 99, 104] is used. This is a significant difference to the
scattering experiment presented in section 3.2 in terms of the amount of magnetic
film actively contributing to the transmission signal. While we used the whole mem-
brane in case of the small-angle scattering (2500 µm2), only the small sample area
(≈ 6.3 µm2) contained within the object hole contributes to the transmission in the
holography experiment. For an optimal spatial stability, the holographic sample is
manufactured in a monolithic mask design, meaning that all relevant components,
important for forming a hologram, are located on the same sample plane. This is
achieved in a three-step process. First, we thermally evaporate a 250 nm thick, XUV-
opaque Au layer that entirely covers the backside of the (50 µm× 50 µm) membrane.
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Figure 3.4: (a) Scanning electron microscopy (SEM) image showing the central part of
the single-colour holographic mask from the backside. It’s build by a Au film
in which 5 reference holes with two different diameters (3 × 60 nm wide (†)
and 2 × 80 nm wide (♯)) and one 2µm wide object hole were fibbed. The
references are lined up equidistantly along a circle with a radius of 5µm.
Scale bar is 2.5µm. (b) The inner part of the reconstruction presents nicely
the 10 cross-correlations originating from the 5 references and object in panel
(a). The scale bar is 2µm. (c) Reconstruction of the domain network at the
energy of the Co transition spatially restricted by the FOV defined by the
object hole in panel (a). The real space image is an exemplary reconstruction
stemming from the large references in panel (d). The contrast corresponds
to the magnetization of the domains pointing in or out with respect to the
surface normal. Scale bar is 500 nm. (d) Simulation of the holographic mask
attached to a membrane measuring 50µm× 50µm. The blue region refers to
a photon impermeable layer while we assume full transmission through the
yellow holes. (e) Calculated reconstruction in real space coordinates based
on the holographic mask in panel (d) illuminated by photons with an energy
of 61.4 eV.
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The object hole defines the FOV and is set up by defining a circular 2 µm diameter
hole via focused ion beam (FIB) through the Au layer. Note that the Au layer has
to be deposited prior to the magnetic film to prevent Ga+ ions, emitted during the
FIB process, from penetrating the magnetic film and causing possible changes to
the magnetic properties. In a second step, we fabricate the Co/Pt multilayer

Si3N4(30)/Al(10)/Pt(2)/[Co(0.6)/Pt(0.8)]20/Al(3),

with thickness in nm, using magnetron sputtering on the opposite side. The sample
is identical to the one characterized in section 3.2 with the exception that it consists
of 20 instead of 16 repeats, compare figure 3.1 (a) and (b). Unlike the last sample,
the magnetic film was not exposed to an external magnetic field to align the do-
mains along an axis. Therefore, the as-grown domain structure is a labyrinth-like
network. In the last step, we drill circular shaped reference holes through the en-
tire structure. In this way, we ensure that photons in the XUV spectral range can
only propagate through the object hole and the reference holes, generating a Fourier
transform holography geometry. To be more precise, the transmission of the XUV
opaque 250 nm thick Au film in the relevant energy range between 57 eV and 76 eV
is always < 10−8. To avoid a lateral overlap of the relevant object-reference cross
correlation with the reference–reference cross correlations or auto correlations, we
chose five references with different diameters (3 × 60 nm wide and 2 × 80 nm wide,
indicated by † and ♯, respectively) equidistantly arranged on a circle (|r⃗ | = 5 µm)
around the object hole. This can be understood from a SEM image in figure 3.4
(a). Object hole and references are indicated as black areas while the Au film causes
a high contrast and appears bright. Each reference will generate an image and a
twin-image of the object in the reconstruction leading to ten reference-object cross
correlations. This multi-reference approach [105] (see also section 2.5.2) offers the
possibility to maximize the relevant area of reference-object cross correlations in the
overall reconstruction (see figure 3.4 (b)). The different diameters of the reference
holes also offer the advantage of realizing different spatial resolutions of the real
space at the expense of the reconstructed intensity. Depending on the quality of
the different reconstructions, the SNR ratio can be improved in post-processing by
adding up the reconstructed objects originating from the same type of reference.

Prior to the experimental realization, a simulation of the holographic mask, its
resulting scattering pattern and a subsequent reconstruction were performed to en-
sure that the relevant reconstructions of the domain pattern do not spatially overlap
with other reconstructions. In figure 3.4 (d), we see the simulated holographic mask
in real size dimension. Blue indicates 0% and yellow 100% transmission in the XUV
regime. For a better visibility, all five references displayed in the simulation have a
slightly larger diameter of 200 nm. The corresponding reconstruction is depicted in
panel (e) showing 10 object-reference and 20 reference-reference correlations.
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3.3.2 Static Imaging Setup at Synchrotron Facility BESSY II
The experimental realization took place again at the undulator beamline UE112-
PGM [112] of the synchrotron facility BESSY II. Since the interference between the
beams through the object and reference apertures is crucial for holography, it must
be checked whether the transversal coherence is large enough to ensure a coherent
superposition of both waves. Therefore, a Young double-slit experiment is performed
before the actual imaging experiment to determine the degree of coherence. We use
a double-slit whose slits are 18 µm separated from each other. By moving the double-
slit along the beam path while simultaneously monitoring the interference pattern,
we find the best compromise between a high transversal coherence length and a high
fluence located 100mm behind the focus. At this position we obtain a transversal
coherence length of 19 µm which is more than enough to spatially cover the lateral
distance between the references and object measuring |r⃗ | = 5 µm.

To determine the photon energy range where the reconstruction of the domain
network stemming from Co and Pt show a similar contrast (in preparation for the
experiment presented in section 3.4), we need to scan over the XUV spectrum, guided
by the results from the small-angle scattering measurements conducted before. At
the peaks seen in figure 3.7, we cannot only expect strong dichroic signals but also
element specificity. We capture holograms from 57 eV to 65 eV and from 71 eV to
75.5 eV with a step size of 0.5 eV. At each energy step we record 5 holograms for
positive (σ+) and for negative (σ−) helicity, integrating each single image for 20 s
to 25 s. Subsequently, we add up each helicity sequence and calculate the difference
hologram, which only contains magnetic contributions. An exemplary difference
hologram recorded at Eph = 60.0 eV can be seen in figure 3.5 (b). In contrast to
the previous sample, the initial domain network is in an isotropic, maze-like domain
state. Illuminating these kinds of domains in a spatially confined FOV with highly
coherent light, we expect the difference hologram to show a ring-shaped, small-
angle scattering pattern containing magnetic speckles. In addition, there has to be
the interference pattern encoded between object and reference. This can also be
found in figure 3.5 (b) and is identified as strong intensity modulation on a smaller
length scale of 16 pixels. With a slightly shorter sample-CCD distance than before
we are able to catch higher recordable scattering vectors. Following equation 3.1,
we calculate the maximum recordable momentum transfer qmax and the associated
spatial frequencies νre given by the scattering geometry. The resulting qmax and νre
for the defined energy range can be found in table 3.2. One needs to keep in mind
that the derived spatial resolution is an upper theoretical limit.

3.3.3 Reconstruction of the Energy-Dependent Holograms at
the Co M and Pt N edges

As already mentioned, we took background-corrected difference holograms in the en-
ergy range from 57 eV to 65 eV and from 71 eV to 75.5 eV. During post-processing,
we smooth out the sharp edges in the centre of the hologram caused by the beam
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Table 3.2: Maximum recordable momentum transfer qmax and corresponding spatial fre-
quencies νre for the edges of the defined spectrum at sample-CCD distance of
53mm.

energy qmax νre
57.0 eV 74 µm−1 85 nm
75.5 eV 97 µm−1 65 nm

Figure 3.5: (a) Sketch of the single-colour FTH setup carried out in a transmission
scheme at the synchrotron facility BESSY II. Circularly polarized syn-
chrotron radiation in the XUV spectral range produced from an undulator
source illuminates the imaging sample. It is based on a Co/Pt multilayer
structured with a monolithic holographic Au mask containing multiple ref-
erence holes and an object hole. The photon energy is tuned from 57 eV to
76 eV to find a comparable domain contrast stemming from Co and from the
interface-induced domain contrast in Pt. The diffracted radiation originat-
ing from the reference wave and object wave interferes on a CCD detector
placed 53mm behind the sample. A beam stop cuts out the intense direct
beam. (b) The difference hologram captured at Eph = 60.0 eV between left
and right circular polarization contains only magnetic information. Panel
(b) is adapted from [114, 120].
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block by applying a Gaussian filter. Otherwise, the sharp edge is going to introduce
high spatial frequency artefacts in the reconstruction. Additionally, we correct for
cosmic rays causing very bright pixels or streaks leading to a strips pattern arte-
fact in the reconstruction. At the end, all difference holograms are centred with
a sub-pixel accuracy before the diffraction pattern is transferred into a reciprocal
space coordinate system [94]. Starting with that intensity pattern in q-space, we
can simply use a 2D Fourier transformation to reconstruct the real space image.
The outcome of this procedure is put in matrix form and displayed in figure 3.6.
We see the reconstruction of the Co/Pt-based multilayer, revealing nicely a typi-
cal, isotropic maze-like distributed domain network. The domain contrast depends
strongly on the incident photon energy. The opposite magnetization of the adja-
cent domains is perpendicular to the sample surface and is encoded by the colour
gradient from black to white. The colour map is set to include the maximum con-
trast values within the FOV. We observe a steady increase of the reconstruction
diameter with increasing photon energy. Since the lithographically defined size of
the FOV obviously remains constant when we go from the Co M edge to the Pt N
edge, the corresponding pixel size must change. The number of pixels along each
axis of the reconstruction are the same. Therefore, one pixel corresponds to 41.7 nm
in real space at 57 eV while we find one pixel corresponding to 31.9 nm at 75 eV.
On closer inspection of the domain contrast, we observe a contrast reversal taking
place at energies Eph ≥ 71 eV. This is in good agreement with literature and can be
assigned to an opposite sign of the MCD effect discovered between the Co M and Pt
N edge [115]. Inverted contrast between the images obtained at the photon energies
corresponding to the Co M and Pt N edges thus indicates a ferromagnetic coupling
between the magnetic moments in Co and Pt.

Following the trend of the domain contrast, we find it reflecting approximately the
energy scan from figure 3.3, which was obtained from the small-angle scattering data.
To put this on solid ground, we calculate the average peak-to-peak domain contrast
of the reconstructed domains within the FOV and normalize it to 1 s integration time.
The result is shown in figure 3.7. The trace of the photon energy-dependent peak-
to-peak contrast covers qualitatively the one extracted from the previous energy-
dependent small-angle scattering data. This similarity allows us to assign the first
peak to the Co M2,3 edge at 60.0 eV and the last two smaller peaks to the Pt N7 and
N6 edge, located at 71.5 eV and 74.0 eV, respectively. Due to the relatively large
step size and the resulting insufficient spectral resolution, the narrow transitions
of the Pt N6,7 edges are undersampled. The peak intensities are therefore very
likely underestimated. Another reason for the different peak intensities compared
to the energy scan in figure 3.3 may caused by the slightly different structure of
the Co/Pt multilayer. The holographic sample has four Co/Pt repeats more than
the one with open membrane. Given that the samples were grown in different runs,
we cannot rule out that disturbances during the magnetron sputtering process have
slightly changed the interface roughness and Co Pt intermixing. Given that the Pt
magnetic moment is induced via the Co atoms only in the immediate vicinity of the
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Figure 3.6: Reconstruction of the Co/Pt-based magnetic domain pattern in dependence
of the photon energy of the incident coherent synchrotron radiation. A closer
examination reveals a contrast reversal in the real space image taking place
between 64.0 eV (Co dominated) and 73.0 eV (Pt dominated). Note that
the dimension of the reconstruction scales with the photon energy or wave-
length of the synchrotron radiation respectively from 42 nmpixel−1 at 57.0 eV
to 32 nmpixel−1 at 75.0 eV. The white scale bar corresponds to 500 nm.
Adapted from [114]. ‡
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Figure 3.7: Peak to peak domain contrast as a function of the incident photon energy.
The domain contrast is taken from the real space image series of figure 3.6
and averaged for each energy step. We find a trace similar to the one recorded
in the small-angle scattering geometry (see figure 3.3 (b)) which helps us to
identify the peaks found at 60.0 eV, 71.5 eV and 74.0 eV with the Co M2,3

and the Pt N6,7 transitions. The dashed blue line represents the background
which we calculate from the peak-to-peak contrast outside the FOV. Adapted
from [114]. ‡

interface, samples grown in different runs may have somewhat different properties
in this respect.

The dashed blue line represents the background noise which we attribute to the
peak-to-peak contrast outside of the FOV reaching about 2× 103 counts s−1.

After we gained information about the spectral sensitivity of the object recon-
struction, we are now interested in the spatial distribution of the magnetic domain
network originating from Co and Pt. For this, we chose two identical sections from
real space, see figure 3.8, with dimension of 705 nm2 × 705 nm2, one sensitive to Co
at Eph = 60.0 eV (panel (b)) and the other sensitive to Pt Eph = 71.5 eV (panel (a)).
In order to compensate for the different real space pixel size, the reconstructions are
scaled to have both the same size in real space which leads to one pixel correspond-
ing to 10 nm (Pt) and 8.4 nm (Co), respectively. We take two identical line outs
providing the domain contrast distribution along the white lines. As the sign of the
contrast in panel (a) is reversed to panel (b), we need to invert it before both domain
contrast profiles are normalized. In figure 3.8 (c), we notice that both curves, which
are about 375 nm long, follow an identical path apart from small deviations. From
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Figure 3.8: In panel (a) and (b), we see two identical sections of the reconstructed do-
main network only differing in their captured energy at 71.5 eV and 60.0 eV,
respectively. At the Co transition at 60.0 eV, the domain contrast is almost
twice the contrast found at 71.5 eV. Scale bar length is 200 nm. (c) Nor-
malized magnetic contrast along the white line outs of (a) and (b). The line
outs reveal an identical but inverted spatial domain distribution. Adapted
from [114]. ‡

this magnetization contrast, we can conclude that the magnetic domains in Co and
the interface-induced domains in Pt share a spatially identical domain distribution.
The induced Pt magnetization pattern is congruent with the Co magnetization.

3.4 Simultaneous Two-Colour Coherent Imaging at
FERMI

The previous scattering and imaging experiments carried out at synchrotron sources
served, among other things, to determine the scattering scheme and the functional-
ity of the magnetic film. The decisive factor, however, was to gain knowledge of the
spectral response of the magnetic film, as this represents the major restriction of the
two-colour emission mode of the FEL facility FERMI, where the coherent imaging
experiment was performed at [121, 122]. However, before we come to a detailed de-
scription of the setup and the results of the two-colour imaging experiment, we have
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to treat first the two-colour mode of FERMI and secondly the two-colour holographic
mask to better understand the imaging process and it’s underlying restrictions.

3.4.1 Two-Colour Emission of FERMI
Our experimental realization relies on the ability of FERMI to operate in a multi-
wavelength emission mode. To understand its properties and the restrictions in-
volved, this operation mode is discussed. We concentrate exclusively on the actual
FEL lasing process, since the rest of the working principle is common to all FELs.

The FERMI FEL [123, 124] is based on a high-gain single-pass amplifier scheme
that spectrally covers the M and L edges of the transition metals. The high-gain
single-pass mode is necessary because there are no reflective optics in the desired
energy range below 100 nm, which makes an FEL operating in oscillatory mode im-
possible [125, 126]. In contrast to self-amplified spontaneous emission (SASE)-based
FELs [127–131] (FLASH, XFEL, LCLS and SACLA), FERMI follows an alternative
approach called harmonic upshifting [132–135]. In both cases a highly relativistic mi-
cro bunched electron package follows an alternating, periodic magnetic field caused
by an undulator. The interplay of the wiggling electron trajectory, the undulators
magnetic field and the transverse component of the emitted radiation leads to a
partial transfer of the electrons kinetic energy to coherent radiation [136]. While
the physics of coherent emission is identical at both FEL types, they differ in how
they initiate a coherent electron movement. In order to achieve sufficient amplifica-
tion during a single-pass, a seed source is required. Since our experiment depends
critically on the beam properties (coherence, pulse duration, spectral and temporal
stability), it is important to know that the properties of the emitted radiation de-
pend strongly on the properties of the seed. In a SASE FEL, spontaneously emitted
radiation serves as an intrinsic seed. As a result, the output radiation is character-
ized by strongly fluctuating pulse intensities, poor longitudinal coherence and low
temporal and spectral stability.

A significant improvement of the beam quality, achieved at FERMI, can be re-
alized by a high-gain harmonic generation (HGHG) scheme [137, 138] where the
output emission occurs at a harmonic of the external seed laser. The idea is to
transfer the spectral properties from an external highly coherent and stable seed
laser to an initial electron bunch. Unlike a long undulator as used in SASE FELs,
the HGHG FERMI consists of two short undulators separated by a magnetic chi-
cane, which corresponds essentially to the structure of an optical klystron [139], see
figure 3.9. After the electron bunch is generated and accelerated to its final energy
of 1.2GeV, the electron bunch is injected in the undulator beamline FEL-1. It con-
sists of a first undulator called a modulator, followed by a dispersive element and
is terminated by a second undulator called a radiator. In our case, the radiator is
divided into two sections to ensure two-colour operation.

Before the monoenergetic electron bunch enters the modulator whose gaps are
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tuned to match the seed wavelength, it has a constant energy with negligible en-
ergy distribution ∆E/E (panel (b)). Once in the modulator, the electron bunch
interacts with the seed pulse whose longitudinal extension is significantly shorter
than that of the electron bunch length. Consequently, only a part of the electron
bunch is modulated. The undulator arrangement and the seed wavelength have the
same period, λ0. The electron bunch emits higher harmonics besides the fundamen-
tal λ0, because all integer multiples of λ0 interfere constructively, while all other
wavelengths interfere destructively.

Within the laser wavelength, λ0, there are electrons gaining or losing energy
through the interaction of the seeds electric field strength and the undulators mag-
netic field [140]. In more detail, the undulator arrangement forces the electron pack-
age on a sinusoidal path which is basically a superposition of a longitudinal and a
transverse velocity component. The latter one interacts with the transverse electric
field component of the seed pulse. This force accelerates or decelerates the electrons
depending on their position with respect to the phase of the seed pulse. Depending
on the relative position of the co-propagating wave and the electron, some electrons
gain and others lose energy. The accelerated electrons are slightly faster than the
ones that lost energy. Due to a difference in energy/velocity, the electrons follow
a different trajectory leading to a larger amplitude for the oscillating path of the
higher energy electrons. The trajectory for the decelerated electrons behaves vise
versa such that a longitudinal velocity and energy modulation is initiated.

Doing so, the seed lasers sinusoidal field profile is imprinted in the electron bunch
energy distribution (panel (c)). However, this longitudinal energy and velocity mod-
ulation is weak and not sufficient enough to generate micro bunches on a finite undu-
lator length itself. Therefore, a magnetic dispersive element, the chicane, is placed
between the two undulator sections. It converts the sinusoidal energy modulation
into a spatial longitudinal density distribution. This is because the path length l of
each electron is energy-dependent and follows l ∼ 1/E2. After the electrons have
passed the three dipole chicane, higher energy electrons have caught up due to their
shorter trajectory while the electrons possessing less energy fall back. A ramping like
energy distribution is formed and translated along the undulator axis in an electron
density modulation, p (panel (d)).

The micro bunched electrons then enter the undulator radiators 1 and 2, whose
periods are matched to let the FEL output spectrally cover the relevant transitions of
Co and Pt. Due to this arrangement, the probe pulses are synchronized and reach
the sample simultaneously. However, we have learned that the output radiation
can only occur at integer multiples of the seed wavelength λ0. To find the right
λ0, we look at figure 3.10. Here, we have in the left section the output energy of
the higher harmonics of the FEL as a function of λ0. On the right side, we find
the spectral response of the domain contrast of the Co/Pt based multilayer we have
already measured at the synchrotron source, see figure 3.7. Since the measured FTH
contrast of Pt is smaller to that of Co, we look for a λ0 at which the contrast of
Pt is maximized and comparable to that of Co. We find this energy at 71.6 eV (red
line), which can be reached at the 14th harmonic of λ0 = 242.2 nm (black dashed
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line). At this wavelength a comparable contrast can be found at the 12th harmonic
with a related energy of 61.4 eV (red line).

3.4.2 Holographic Multi-Colour Mask
After we have discussed the functional principle and the peculiarities of the two-
colour operation of FERMI, we are now dealing with the monolithic holographic
mask. We will find that the original holographic mask from the single-colour imaging
experiment is no longer sufficient under two-colour illumination.

In order to get a picture of the expected reconstruction, we start with the single-
colour mask in figure 3.11 (a) that has been used so far and is designed for single-
colour illumination. The reconstruction in case of a single incident wavelength was
described in detail in section 3.3.1. Since the holographic mask is a dispersive optical
element, the position of the reconstruction is energy-dependent. However, since the
radiator energies for Co and Pt are close to each other, the reconstruction using
a standard mask leads to a spatial overlap of the reconstructed objects stemming
from Co and from Pt. The assumption is confirmed by figure 3.11 (b), showing the
simulated reconstruction of the scattering pattern caused by the mask in panel (a).
In addition to a position dependence, the dimension of the reconstructed object also
depends on the wavelength. To find out how to adapt the mask and to avoid or
bypass spatial overlapping, we look at the following equation [141]

x⃗(λ0/m) = −r⃗/r · ndpix
λ0/m ·DFTH

, (3.2)

giving the position of a reconstructed hologram measuring n×n pixels, with m ∈
[11, 14] being the harmonic number corresponding to Co and Pt, r⃗ being the vector
connecting reference and object hole and DFTH the sample-CCD distance. Since
the object to be imaged has a lateral expansion of dr = 2 µm, successful adaptation
can be achieved by either shrinking the FOV along the dispersion direction r⃗ or
increasing the distance between the reference and object hole. As seeded FERMI
has a sufficient transverse coherence, we decided to mill two additional reference
holes using a FIB and keep the FOV unchanged, see the layout reproduced in panel
(c) of figure 3.11. To avoid overlapping we need to satisfy the following inequality

|r⃗| > drλ

∆λ
=

drλPt
λCo − λPt

≈ 12 µm. (3.3)

Hence, we set the reference-object distance to 13 µm. Due to this multi-references
approach [105] and a resulting multitude of additional reference-reference cross-
correlations, as can be seen in panel (d), great care must be taken to avoid spatial
overlapping with the object reconstruction. From the simulation of the double-colour
holographic mask, we expect four clearly spatially separated object reconstructions
stemming from Co, positioned at smaller radii, and from Pt, located at larger radii.
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Figure 3.9: (a) Sketch of top view of FERMIs two-colour mode realization based on
an optical klystron with split undulator section. A short ultra violet (UV)
pulse centred at 242.2 nm is superposed with an electron bunch. In the first
undulator section called modulator, the interaction taking place between the
highly relativistic electrons and the electric field of the UV seed leads to
a longitudinal energy modulation. Within a dispersive section, composed
of a magnetic chicane, the energy modulation is converted into a spatial
longitudinal electron density modulation due to an energy-dependent path
length l ∼ 1/E2. The micro-bunched electron package enters the second
undulator that is split in two subsections that we call radiator 1 and 2.
While one radiators period is tuned to match the 12th harmonic of λ0, the
other one is tuned to the 14th harmonic. (b) Monoenergetic electron bunch
before reaching the modulator. (c) The modulator introduces a seed-induced
sinusoidal longitudinal energy distribution. (d) Due to energy-dependent
path lengths in the magnetic chicane, electrons with higher energy catch up
while electrons with lower energy fall back. This sawtooth wave like energy
distribution leads to microbunching.
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Figure 3.10: The right panel shows the domain contrast of the Co/Pt-based magnetic
film as a function of the photon energy based on figure 3.7 (points). Taking
into account a maximum contrast, we look for the energies where Co and
Pt contribute equally to the domain contrast (blue dashed line). The two
energies that meet these conditions are 61.4 eV and 71.6 eV (red lines).
These energies can only be emitted by the two-colour FEL when the seed
wavelength is set to 242.2 nm (black dashed line), while one part of the
radiator is tuned to the 12th harmonic and the other one is tuned to the
14th harmonic. Adapted from [114]. ‡
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Figure 3.11: Simulation of a holographic single- and double-colour mask (left panels)
and its corresponding reconstruction after two-colour illumination (right
panels). (a) Single-colour mask already introduced in figure 3.4. (b) Re-
construction of the single-colour mask under two-colour illumination. Using
the previous mask design leads to a superposition of the two cross corre-
lations stemming from the wavelengths λCo = 20.2 nm and λPt = 17.3 nm
sensitive to Co and Pt, respectively. (c) Extending the previous mask to
two additional reference holes measuring 50 nm in diameter which are lo-
cated 15.3µm and 14.6µm away from the centre, we design a holographic
two-colour mask. (d) Illuminating the new designed mask with two wave-
lengths centred again at λCo = 20.2 nm and λPt = 17.3 nm, we spatially
separate the two reconstructions originating from the two additional refer-
ences. Note that the reference dimensions (200 nm diameter) displayed in
this simulation are slightly overestimated to better emphasize their visibil-
ity.

45



Multi-Colour Imaging of Magnetic Co/Pt Multilayers

3.4.3 Scattering Scheme
The static coherent two-colour imaging experiment was performed at FERMIs beam-
line FEL-1 leading towards the diffraction and projection imaging (DiProI) [121,
122] end-station. The DiProI chamber is dedicated to coherent diffraction imaging
experiments, allowing flexible diffraction configurations with nanometre spatial res-
olution. Apart from the use of the two-colour holographic mask and the two-colour
illumination, the scattering geometry and the sample correspond exactly to the con-
ditions of the single-colour experiment conducted at the synchrotron source BESSY
II and can be read in chapter 3.3.

The achievable spatial resolution is limited by the size of the reference hole and
the maximum-recorded scattering vector qmax, which is determined by

qmax =
4π

λ
sin(θmax) (3.4)

with wavelength λ and the maximum scattering angle θmax that is given by the size
of the CCD chip and its distance from the sample, DFTH, as long as the scattering
intensity at high momentum transfer is not limiting. The experimental setup enables
a maximum recordable wave vector of qmax = 77 µm−1 at 20.8 nm (Co M edge) and
qmax = 92 µm−1 at 17.3 nm (Pt N edge), leading to resolvable spatial frequencies of
d = 2π/qmax = 82 nm and 68 nm, respectively. †

As a significant number of photons with large scattering angles are required, we
average several hundreds to thousands of FEL pulses to form the hologram. At the
same time, the XUV intensity of the FEL pulses in the imaging experiments has to
be reduced to prevent non-reversible changes and damage to the magnetic domain
network [113, 142]. †

3.4.4 Static Multi-Colour Imaging of Co/Pt
For simultaneous probing of the element-specific response of the magnetization of
the Co film and the Co/Pt interface, we performed a static two-colour imaging.

The energy of the two FEL pulses was set to (2.0± 0.3) µJ and (3.0± 0.3) µJ at
64.4 eV and 71.6 eV, respectively. With a spot size of 180 µm× 190 µm (FWHM)
this corresponds to 8× 106 and 107 ph µm−2 pulse−1 at the Co and Pt resonance,
respectively. By adding up five images in 10Hz mode with an integration time of
600 s for left and right helicity, we obtain a hologram containing charge and magnetic
contribution. A Fourier transformation of the difference hologram yields the direct
visualization of a real space, element-specific and simultaneously recorded image of
the magnetic domain network of Co and Pt with a high spatial resolution on the
order of 80 nm. †

The very first reconstruction of such a simultaneously probed two-compound sys-
tem is shown in figure 3.13. It shows the Fourier transformation of a single difference
hologram and reconstructs the magnetic domains from Co and from the Co/Pt in-
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Figure 3.12: (a) Sketch of the FTH setup carried out at the FEL at FERMI. FEL ra-
diation in the XUV-spectral range is created in the undulators 1 and 2,
illuminating the Co/Pt multilayer that is structured with a holographic Au
mask. The diffracted radiation centred at the Co M edge at 60 eV, originat-
ing from the reference wave and object wave, interferes on a CCD detector
placed 53mm behind the sample. A beam stop cuts out the intense direct
beam. (b) The difference hologram between left and right circular polariza-
tion contains only magnetic information. Panel (b) is adapted from [114,
120]. †
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terface. In the centre of the reconstruction, all auto correlations (object–object and
reference–reference) are located. They are surrounded by the cross correlations be-
tween object and reference holes. Note that we can also readily identify the cross
correlations of the different reference holes showing up as white/black spots in the
reconstruction. The fact that we can easily resolve them corroborates our conser-
vative estimate of our spatial resolution on the order of 80 nm. As the position
of the reconstructed object is energy-dependent, we observe two displaced fields of
view stemming from the two distinct XUV wavelengths. The well-separated cross
correlations at the four edges originate from the two additional reference holes and
the object. In the lower left corner, we show a magnification of the element-specific
reconstructions. Here, we have increased the SNR ratio by summing up the two
independent reconstructions from the two new reference holes. A careful compar-
ison of the reconstructions from Co and from Pt yields an identical but inverted
domain contrast. This is due to an opposite sign of the MCD effect of the Co M
edge (61.4 eV) and Pt N edge (71.6 eV), i.e., the magnetization of the Co film and in
the Pt layer where an induced moment is present point in the same direction [115]. †

For the two-component magnetic thin-film sample, we were thus able to achieve
a coherent simultaneous and element-specific real space access using the two-colour
emission mode of FERMI. As expected, the nanometre size magnetic domains pass
through the entire Co/Pt multilayer, such that the magnetization patterns in Co
and Pt have an identical lateral distribution.

One property of resonant transmission experiments in the XUV range is their
volume sensitivity. However, access to the physics of interfaces is challenging and
difficult to achieve. With the method presented here, interfacial magnetism re-
stricted to a few monolayers can be investigated on a nanometre length scale. The
jitter-free and simultaneous probing of magnetic thin-film multi-component samples
with spectral sensitivity is of great interest especially in non-repetitive [41] or de-
structive single shot experiment, where one is interested in the magnetic response
in the high fluence regime [143, 144]. Adding a pump-probe scheme to the two-
colour imaging approach would pave the way for the time-resolved element-specific
investigation of multi-component magnetic systems. Through clever sample design,
magnetic layers separated by buffer layers could serve as depth-dependent sensors.
By multi-colour probing, resonant to the respective magnetic films, the laser-induced
time- and depth-dependent ultrafast magnetization dynamics could be recorded in
real space with high spatial and temporal resolution. This would help to better
understand the contribution of local and non-local processes to demagnetization dy-
namics and the influence of Co/Pt interfaces on this process. The spatial resolution
could also be improved by carrying out the experiments on a FEL that covers the L
edges of the metals. The much higher photon energy would reduce the lateral res-
olution to below 20 nm, allowing direct imaging of small domains or spin textures,
such as e.g. magnetic skyrmions.
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Co M2,3 edge
at 61.4 eV

Pt N7 edge
at 71.6 eV

Figure 3.13: Reconstruction of the static multi-colour hologram of Co/Pt. All auto cor-
relations are overlapped in the middle of the image. They are surrounded
by a ring of 20 reconstructions of the object originating from the cross cor-
relations between object and the five references for the two distinct energies.
Two additionally references, 13µm away from the centre of the object, lead
to four clearly separated reconstructions of the magnetic domains stem-
ming from Co and Pt atoms at the Co/Pt interface. The small dots that
are distributed over the reconstruction (see dashed white line for example)
stem from the cross correlations between the references sized between 60 nm
and 80 nm. The white scale bars correspond to 2µm at a photon energy of
61.4 eV (short scale bar) and 71.6 eV (long scale bar) in the overview and
to 1µm in the magnified inset. Adapted from [120]. †
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Figure 3.14: Reconstruction of the multi-colour hologram of a Co/Pt heterostructure. It
shows the element-specific domain network of Co and the Co/Pt interface.
The real space images do not overlap due to a holography mask adapted to
the two different probe energies. Scale bars correspond to 1µm. Adapted
from [120].
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3.5 Conclusion
Via tunable synchrotron radiation, we have mapped out the MCD SAXS cross-
section at several Co and Pt resonances in the XUV regime. In the subsequent FTH
experiment, images were recorded as a function of incident photon energy. They
corroborate the findings regarding the scattering cross-section, now via the contrast
observed in the images. It is possible to obtain magnetization maps not only of the
magnetic moments in Co, but also within Pt, where the atoms in the vicinity to the
Co/Pt interface are known to carry induced magnetic moments. After the single-
colour SAXS and FTH experiments, we performed for the first time a two-colour
holography experiment at FEL FERMI. Here, we were able to simultaneously image
an element-specific domain network of a two-component magnetic thin-film sample
in a single image.
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4 Imaging Non-Local Magnetization
Dynamics

4.1 Introduction
The experiments and their interpretation presented in the following are based on
the already published publications by von Korff Schmising et al. [121][145].

In the last chapter, we demonstrated how an element-specific and simultaneous
real space access of a magnetic multi-component system can be realized. Both, the
single-colour imaging at the synchrotron radiation source BESSY II and the two-
colour probing at FERMI were performed statically for demonstration purposes.
In the following, we will take a closer look at the temporal evolution of a Co/Pd
multilayer that is, in terms of magnetic properties, very similar to the previously
discussed Co/Pt sample system.

As mentioned above, many intrinsic processes in the field of ultrafast magneti-
zation dynamics take place on a sub-picosecond time scale and nanometre length
scale. One example are laser-driven non-equilibrium spin-unpolarized electrons that,
due to their ballistic nature, are able to efficiently transfer energy from an initially
excited sample volume into adjacent areas, thus spatially spreading the initially lo-
calized excitation. In case of a confined optical stimulus, it will also cause a softening
of the sharp excitation gradient. This non-local process of ballistic to superdiffusive
electron transport can efficiently couple to electrons and phonons in the unexcited
vicinity by inelastic scattering events and thus also leading to a lateral increase of
the initially demagnetized area (see photon-less demagnetization [35, 85] in section
2.2.2). Another intrinsic process leading to an ultrafast change of the magnetization
are optically excited ultrafast spin currents in ferromagnets. Due to a different spin-
dependent inelastic mean free path of minority and majority spin electrons, in favour
for the majority spins, the excited sample volume will suffer a depletion of major-
ity spin electrons, resulting in a local loss of magnetic moments [31]. In addition,
this superdiffusive transport of spin-polarized electrons, discussed in more detail in
section 2.2.2, can trigger a transient magnetization enhancement [87]. As the trans-
port properties of electrons depend on the material, growth condition (crystalline vs.
amorphous) and excitation energy used, the reported values for the inelastic mean
free path in literature vary strongly from a few nm [36, 37] to about 10 nm [83, 146]
and up to tens of nm [38].
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In general, these non-local mechanisms are regarded as a key channel to optically
driven ultrafast magnetization dynamics and as such influences AOS of the mag-
netic state [10, 12, 14]. The Co/Pd multilayer investigated here, is regarded as a
promising candidate for AOS. Beyond investigation of the underlying microscopic
processes, further motivation lies in the anticipated technological relevance of AOS
techniques, whose success will in part depend on a detailed understanding of how
non-local spin currents can lead to a spatial change of the initially excited area, thus
potentially limiting the fundamental minimum bit size. Exceeding storage densities
of 1Tb in−2 requires an optical control and manipulation of the switching area on
a bit-size scale of about 15 nm× 38 nm [5] calling for new approaches for the sub-
wavelength optical confinement.

To study laser-driven non-local magnetization dynamics, we need to spatially
confine an optical stimulus in order to generate steep excitations gradients. This is an
immense precondition, as the nanometre-sized inelastic free mean path of electrons
in metals can reach up to a few tens of nm [38], is orders of magnitude smaller than
the diffraction limited optical footprint. To achieve such an inhomogeneous and
spatially localized excitation, some groups concentrate on the conception of specially
designed nanostructures, such as plasmonic nano-antennas for the generation of
local field enhancements [18]. Other groups use near-field optical probes for optical
confinement [22–24]. Our approaches to confine an optical stimulus and to follow its
triggered magnetization dynamics are based on a metallic nanometre-sized proximity
mask and on a structured EFE induced by an interference pattern. ♯

4.2 Imaging Time-Resolved Magnetization Dynamics
After Homogenous Excitation

Before moving from static to dynamic FTH, we first want to show that the Co-
based magnetic heterostructure can be investigated in a repetitive fashion. For
time-resolved measurements in an optical pump XUV probe scheme, it is essential
that the sample always returns to its initial state after laser-induced excitation.
This means that the domain network is not altered or damaged by optical- or FEL-
induced thermal energy.

4.2.1 Time-Resolved Single-Colour Imaging Configuration
The characterization measurement to detect radiation-induced changes of the mag-
netic multilayer was performed directly after the multi-colour imaging experiment
at the FERMI-1 beamline on the very same Co/Pt sample. The Co/Pt heterostruc-
ture (figure 3.1 (b)), the holographic mask (figure 3.4) and the scattering geometry
within the DiProI chamber remained unchanged. With the exception of a single-
colour emission mode, the configuration corresponds exactly to the one in figure
3.12.
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For the time-resolved single-colour imaging of Co/Pt, we optically excite with
laser radiation centred at 800 nm. The laser-triggered ultrafast dynamics are probed
by coherent XUV radiation at the M edge of Co at 60 eV photon energy. The laser
fluence was set to approximately 3mJ cm−2 and the pulse length of the optical pump
beam and the XUV probe beam is 100 fs. For each helicity, we integrated 10min
with a 10Hz repetition rate, i.e., 6000 pulses. †

4.2.2 Comparison Between Optical Excited and Initial Domain
State

In figure 4.1 (a), we show the spatially resolved reconstruction of the magnetic
domains in an unpumped state 1 ps before time zero. The clearly resolved magnetic
domains with a known periodicity of 160 nm allow a conservative estimate of the
spatial resolution being below 80 nm. Black and white areas represent out-of-plane
worm-like domains pointing in and out of the surface while the surrounding grey
area represents the border of the FOV. The cross-section of the domain contrast
(line) is displayed in more detail in figure 4.1 (d). In figure 4.1 (b), one can see the
reconstructed domains within the very same FOV but in an excited state 1 ps after
time zero. As the contrast settings of both images are scaled in the same way, a
direct comparison between the pumped and unpumped domain pattern is possible.
The excited Co/Pt film shows a strongly reduced magnetic domain contrast caused
by ultrafast demagnetization of the ferromagnetic domains. This is quantified by
the direct comparison of the cross-sections of the unpumped and pumped contrast,
shown as blue and red lines, respectively, in figure 4.1 (d). †

To investigate whether the magnetic domain pattern shows any non-reversible
changes either due to the FEL probe or the optical excitation pulses, we subtract a
scaled reconstruction of the optically pumped state from the reconstruction of the
unpumped sample. The scaling factor, proportional to the magnetization square, is
determined with a spatially resolved minimization algorithm and yields 2.4. This
corresponds to a global demagnetization amount of ∼ 24%. The result is depicted
in figure 4.1 (c) and shows an almost perfect difference image and no indication of
large magnetic domain reconfiguration or nonuniform demagnetization. Due to the
high spatial resolution and the high sensitivity for the magnetization, it is possible
to identify and localize small changes of the domain network. Careful inspection
of figure 4.1 (c) suggests that we can indeed identify small areas of non-reversible
changes, see black and white dots in figure 4.1 (c), while the overwhelming part of
the FOV (≥ 97.5%) remains unchanged for the applied fluence of 3mJ cm−2. These
minor changes of the initial domain network are probably connected to a varia-
tion in the material properties such as pinning centres that generate locally only a
metastable domain configuration. But based on the fact that a very high percentage
of the domain network within the FOV is spatially unchanged, we are confident that
this will remain valid for fluences on this order of magnitude. This kind of analysis
will be useful in nanostructured samples where multiple reflections and interfer-
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Figure 4.1: Reconstructed difference holograms of an unpumped (a) and pumped (b)
magnetic domain pattern. The two top panels show a worm-like domain net-
work within a FOV of 2µm diameter. The scaled difference of both recon-
structions in (c) yields spatially resolved information about optical induced
permanent changes of the domain structure. To compare the magnetic do-
main contrast of the Co/Pt multilayer between the excited (red lines) and not
excited (blue line) state, two line outs are plotted over the spatial coordinates
(d). They not only show a stable domain position but also indicate that the
amplitude of magnetization is quenched by approximately 24%. Scale bars
correspond to 500 nm. Adapted from [120]. †

ence of the incident pump light with the sub-wavelength dimension of the sample
may lead to an inhomogeneous intensity distribution. Controlling such complex
light-matter interaction in nanostructures (e.g nanometre-sized metallic proximity
gratings [121]) may allow to induce tailored absorption for nanoscale confinement of
optically induced magnetization dynamics. †

4.3 Imaging Co/Pd Magnetization Dynamics After
Tailored Excitation

In the last section, we have shown that an excitation fluence of 3mJ cm−2 leaves the
overwhelming part of the static domain pattern, located within the FOV, unchanged.
We expect therefore repetitive multi-shot excitations on the same order of magnitude
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to be a suitable technique for recording optically driven magnetization dynamics in
real space without a rearrangement of the static domain network. In the following
section, we therefore pursue an optical pump − XUV probe scheme.

4.3.1 Time-Resolved Experimental Configuration
The experiment was carried out at the DiProI end-station located at FERMI [122].
The basis of the time-resolved FTH setup [104] is an optically excited magnetic
texture whose dynamics are resonantly probed (c.f. figure 4.2). The sample is
first excited by 100 fs (FWHM) short infrared (IR) laser pulses whose wavelength is
centred around 780 nm. The plane of oscillation corresponds to p-polarization. In
order not to destroy the sample or to change the initial magnetic system over an
extended area, the excitation fluence is always kept below a critical value. Based
on the previous results in section 4.2.2, we are confident to increase the fluence up
to 10mJ cm−2 without changing the initial domain configuration within the FOV.
To ensure magnetic sensitivity, the 100 fs short circularly polarized probe pulses are
tuned to the Co M-edge resonance at 20.8 nm (59.6 eV). To avoid XUV-induced
changes of the domain network, the pulse energy was kept below 0.1 µJ using a gas
absorber and an Al filter [113]. This corresponds to about < 1× 1010 ph pulse−1

and an incident fluence of < 4mJ cm−2. The object and reference hole are com-
pletely and homogeneously illuminated by the coherent probing spot, measuring
50 µm× 50 µm (FWHM), under normal incidence. The CCD detector is located
50mm behind the sample. To find the temporal overlap between IR and XUV
beam, the strong response of the ultrafast reflectivity change of a Si3N4 surface
was measured. Since the IR pump beam originates from the FEL seed laser itself,
both are naturally synchronized in 10Hz mode. In figure 4.2 (b) there is a typical
hologram captured during the experiment by an in-vacuum back-illuminated CCD
measuring 27.6mm× 27.6mm (2048 pixels× 2048 pixels). Two of these holograms,
are recorded at opposite circular helicities one after the other and subtracted from
each other to produce a difference hologram. Each hologram is integrated over 6min
accumulating 3600 pulses.

4.3.2 Sample Fabrication by FIB and Lithography to Produce an
Optically Tailored Excitation

In order to laterally confine the optical excitation, two different approaches are
pursued. While in the first ansatz, sharp metal edges fabricated by means of
lithography cause plasmonic field enhancement [21], the second concept pursues
the establishment of a standing wave for sub-wavelength confinement. Regard-
less of the method used, in both cases the identical magnetic multilayer system
Pd(2)/[Co(0.4)/Pd(0.2)]20/Al(3) (nm) serves as study object (see figure 4.3). First,
the backside of the membrane is covered with a 200 nm thick Au film by thermal
evaporation with a transmission of 1.3× 10−9 which is practically impenetrable for
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Figure 4.2: (a) Time-resolved resonant FTH setup at the large-scale facility FERMI. The
circular polarized XUV light probes the IR induced magnetization dynamic.
The coherent probe light illuminates both the object hole and the reference
hole before it interferes behind the sample and hits a CCD detector. The
recorded hologram (b) contains not only information about the intensity
but also the phase information which both are necessary to reconstruct the
object by means of an inverse Fourier transformation. To protect the camera
from saturation/damage and to increase the dynamic range of the diffraction
pattern, a beam stop is used to block the intense direct beam. Panel (b)
is adapted from reference [145] with permission from Taylor and Francis.
Copyright 2019.
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Figure 4.3: Schematic cross-section through the lithographed FTH sample including the
holographic mask. The whole structure is supported by a 30 nm thin Si3N4
layer on whose backside a XUV opaque layer of Au is placed. On the front
side is the actual magnetic film. This illustration shows as an example the
lithographed structure of figure 4.4 (a). The holographic mask consists of
an object hole exclusively milled in Au and a reference hole penetrating the
entire sample. Depth values in nm.

XUV radiation at 60 eV [147]. Then the FIB process mills a 2 µm wide hole down to
the Si3N4 membrane which limits the FOV of the magnetic film at the same time.
Now the two-compound system with strong PMA (see white arrows in figure 4.3)
is placed on top of the Si3N4 membrane by magnetron sputtering and sealed by an
Al cap layer to prevent the magnetic film from oxidation. This sequence is essential
because otherwise high-energy Ga+ ions can damage the magnetic film through ion
implementation or alter its magnetic properties [148]. Finally, a 50 nm diameter
reference hole extends through the entire multilayer structure. This reference hole
is located next to the object hole, such that the FTH condition is fulfilled.

Optical Confinement by a Metallic Proximity Mask

As mentioned above, we follow two approaches to tailor an optical excitation down
to the nanometre length scale. The first option is to apply a lithographically pro-
duced metallic proximity mask directly onto the magnetic film. At its sharp edges,
a strong IR excitation gradient with small lateral dimensions is generated. Figure
4.4 (a) and (c) show the lithographic approach. In panel (a), a single quadrant of
the magnetic film above the object hole is simply covered by a 10 to 15 nm thick
Al layer which corresponds to the schematic cross-section in 4.3. In panel (c), we
chose a palm leaf-like Al structure to serve as confinement mask whose magnified
feature can be seen in panel (d). The white lines following the edges of the structure
in panel (c) resulting from the lift-off process in which Al may curl upwards at the
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edges and give therefore rise to higher electron emission in the SEM. The thickness
of Al was chosen in order to ensure on the one hand the highest possible optical
excitation contrast and on the other hand a low absorption contrast in the FEL
beam. In the applied geometry, Al reflects at 780 nm about 87.5% of the incoming
IR laser radiation under normal incident [149]. Together with a penetration depth
of about 7 nm, the photon-induced excitation through the Al is thus negligible. In
the XUV spectral range around 60 eV, however, Al has 98.6% transparency and
almost no reflectivity [147]. Although an optical excitation of the buried magnetic
film is unlikely, one needs to keep in mind that there is still the possibility of a
photon-less excitation induced by hot-electron transport [35, 68] as mentioned in
the fundamental section 2.2.2. The choice for the right thickness of the Al layer is
therefore always a trade-off between a thickness, large enough to block pump light
and suppress laser-driven hot-electron transport but thin enough to keep the ab-
sorption of XUV light on a low level.

Optical Confinement by Generating a Standing Wave

The second concept pursues the formation of a standing wave within the object hole
whose intensity maxima are smaller than the excitation wavelength. To achieve this,
the shape of the object hole differs from the standard geometry [104] used in the
first concept. The outline changes from round to elliptical with the dimensions of
1.2 µm× 2.4 µm (figure 4.4 (b)). To understand the spatial intensity distribution
a commercial-grade simulator based on the finite-difference time-domain method
(FDTD) method was used [150]. It is assumed that the IR pump beam centred at
wavelength λ = 780 nm is incident under 45° with respect to the surface normal and
the polarization is set parallel to the plane of incidence which is along the major axis
of the ellipse. After the IR beam hits the elliptically curved walls of the object hole
under 45° incidence, it is reflected and focused. A standing wave forms along the
major axis of the FOV, indicated by the simulated 2D intensity distribution shown
in figure 4.4 (b). Starting from the first reflection point, its local intensity maxima
gradually weaken. The main maximum is about 400 nm away from the object hole
wall with a spatial extension of about 500 nm (FWHM). The lateral distribution of
the field enhancement is normalized to the initial electric field of the incident wave.
Its maximum is about |E2| ≈ 7. The two bright Au nano islands showing up in
the centre of the object hole measure 300 × 300 × 100 nm3. The gap between the
two nanostructures is about 70 nm. They are remains from another approach to
create an EFE which was not focused on during this particular experiment. Note
that under the excitation geometry used in this experiment, the EFE caused by the
nano islands only play a minor role to the total enhancement.
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Figure 4.4: SEM images of the FTH sample. In (a), (c) and (d) one can see SEM images
from the front side of the membrane showing the lithographically fabricated
proximity masks. The 10 to 15 nm thick Al structures are located right above
the 2µm wide object holes. The object hole in panel (a) is partially covered
by Al corresponding to the scheme in figure 4.3 while on panel (c), we find a
palm-like structure whose features are depicted more closely in panel (d). In
(b), we see the membrane from the back side showing an elliptically shaped
object hole (1.2µm× 2.4µm). Under the right circumstances the IR pump is
capable of creating a standing wave indicated by the spatial red profile which
is put over the actual SEM image. The intensity distribution is normalized
to the incident IR intensity. The two bright nano Au islands in the middle of
the object hole are remains from another approach to induce an EFE which
was not focused on during this particular experiment. Scale bars correspond
to 500 nm. Panels (a) to (d) are adapted from [145] with permission from
Taylor and Francis. Copyright 2019.
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4.4 Results and Discussion

The two approaches to spatially structure the illumination are applied to three sam-
ples as displayed in figure 4.5. The figure consists of three rows, each containing
one FTH sample with the corresponding measurement series. This includes an SEM
image, the reconstructed charge distribution and the reconstruction of the magnetic
domain network in its initial and excited state for a representative time delay.
At first glance, one can see that the SEM contrast of (b.1) and (c.1) can be directly
reproduced in high resolution by reconstructing the charge contribution within the
FOV in (b.2) and (c.2). The edges of the nanometre-scaled lithography samples are
clearly traceable in the hologram reconstructions. This is because of the used beam
stop which filters out low spatial frequencies in reciprocal space in the reconstruc-
tion, hence generating some edge enhancement. While in the charge reconstruction
the lithographically patterned surfaces show the same contrast as the non-structured
area (remember that Al is almost transparent at the XUV photon energy used), the
nanometric Au islands in (a.2) can be recognized by two centric black dots induced
by their strong absorption of the XUV probe beam. On an adjacent membrane
which was structured identically, a higher excitation fluence was applied. This led
to another black, roughly circle-shaped area that is located between the Au islands
and the edge of the upper FOV. The laser-induced damage to the sample surface
started to show up after many pump and probe repetitions and is assumed to be
IR pump-related. The non-reversible change in the electronic structure originates
from the predicted EFE and coincides spatially with the intensity maximum of the
performed calculation. The analysis and real space images presented here are based
on an undamaged magnetic sample.
The last two columns 3 and 4 are extracted from the real part of the reconstructed
difference hologram and show the magnetic domain network in its initial and excited
state, respectively, at the time delay indicated in the figure. In its unpumped ground
state, the multilayer film with its strong PMA has magnetic domains pointing in
(white) or out (black) of the sample plane (i.e. except for the domain walls, the
magnetization is parallel or antiparallel to the incident probe beam) indicated by
the gradient of the saturation magnetization MS. Except for a residual charge con-
tribution, a homogeneous and undisturbed domain distribution can be seen in the
unpumped samples of column 3. After optical excitation, two different processes
occur. The non-lithographically processed sample forms a standing wave with a
maximum in the marked area (red dotted line). Here, the magnetic contrast is sig-
nificantly reduced. In the lithographically processed samples, the original domain
pattern is retained only below the Al mask. Everywhere else occurs a significant
quenching of the magnetic contrast similar to the sample with object hole excitation.
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Figure 4.5: In the first column, we see again the SEM images of the resonator sample
(a.1) as well as the edge-induced lithography samples (b.1) and (c.1). The
right three columns shows the reconstructions extracted from the scattering
data. In the second column, we see the reconstructed charge contribution
while we find the magnetic domains obtained from the reconstruction of the
difference hologram in the two right columns. The dark expanded circled-
shaped area in (a.2) indicates damage caused by the pronounced EFE that
was observed on an identical sample fabricated on another membrane. It was
exposed to a fluence significantly exceeding 10mJ cm−2. The third column
shows the initial state before and the fourth the excited state after time zero.
The red dashed circle in (a.3) shows the pump-induced localized quenching
of the domain contrast in very good agreement with the location of the
damaged area in (a.2) and the simulation in figure 4.4 (b). The saturation
magnetization MS of the domain network is represented by the gradual colour
gradient from black to white. All scale bars correspond to 500 nm. Columns
(2) to (4) are adapted from [145] with permission from Taylor and Francis.
Copyright 2019.

63



Imaging Non-Local Magnetization Dynamics

Figure 4.6: (a) Real space image of sample with elliptical object hole. A section, indi-
cated by two red lines, is used to extract the normalized XUV MCD contrast
which is plotted in panel (b). The spatial resolution is now defined by the
distance the contrast needs to rise from 10% to 90%. Scale bar corresponds
to 500 nm. Adapted from [145] with permission from Taylor and Francis.
Copyright 2019.

4.4.1 Spatial Resolution of Real Space Image
For the further analysis and the significance of our results, the spatial resolution of
the real space image is crucial. Therefore, we take exemplarily the reconstruction
of the object-hole-excitation sample with initial domain state. Here, we extract a
section indicated by red lines (see figure 4.6 (a)) which we normalize to MS and plot
into panel (b). To obtain a value for the spatial resolution, we measure the distance
between 10% and 90% of the XUV MCD contrast of the two oppositely orientated
domains and get (52± 9) nm. Although we claimed in the multi-colour chapter that
this criterion is not to be applied on the reconstructed domains, the situation here
is different. Not only we have more statistics with a better SNR but also domains
larger in size. Note that the domain wall dimension still affects the calculation of
the resolution criterion, leading to a conservative estimate of the spatial resolution.
Another way to get a theoretical value for the smallest reachable resolution is the
scattering geometry itself. The largest scattering vector captured is q =110 µm−1

corresponding to a spatial frequency of 2π/q =57 nm. Within our experimental
error, we thus expect to have a spatial resolution of about 55 nm.

4.4.2 Induced Magnetization Dynamics by Proximity Masks
Before we start with the specific analysis of the time-dependent magnetization dy-
namic of the sample displayed in figure 4.5 (c), we turn to the palm leaf-like prox-
imity mask, depicted on panel (b.1). We deliberately chose such a distorted grating
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structure with varying periodicities and relative orientations, to avoid strong con-
fined diffraction peaks leading to a saturation of the detector [111]. It also helps to
adapt the charge scattering intensity to the one originating from the domain net-
work. Additionally, the interface between the excited and non-excited magnetic film
is increased. On that sample, we only captured the domain state before time delay
zero and 200 fs after optical excitation. The unexcited magnetic film, shown in panel
(b.3), reveal an intact worm-like domain alignment spanning the entire FOV. The
probe pulses, arriving 200 fs after excitation, revealing a light-induced quenching of
the initial domain contrast at regions where the domain structure is not covered
by an IR-shielding Al mask. This result confirms the functionality of the chosen
Al mask to introduce a strong absorption contrast important for the next, more
detailed investigation.

We now turn to the second proximity mask structured sample where a quarter of
the FOV is shielded by an Al layer, shown in figure 4.5 (c). For a more quantita-
tive analysis, we evaluate the variance σ2 of the contrast distribution obtained from
a domain image. The histogram variance of an unexcited, initial domain network
with strong XUV MCD contrast is normalized to 1. Any reduction of the initial
XUV MCD contrast between two differently magnetized domains will result in a
reduction of the respective histogram variance. For the theoretical case of a fully
demagnetized magnetic film and a reconstructed perfect homogeneous contrast-free
FOV the variance is 0. As we are only interested in the temporal evolution of the
domain network within the FOV, we set up a mask which keeps out the edges of the
proximity mask and the surroundings outside of the FOV. In our case, we have a
2D arrangement of pixels where a moving variance (rolling variance) is applied on.
For the moving variance, we take a unit cell measuring 72 nm× 72 nm which is on
the order of a single domain dimension.

The outcome of the calculation is a colour map depicted in figure 4.7 (a) where we
see the time evolution of the domains XUV MCD contrast represented by the σ2 over
the FOV. The contrast map is scaled between 1% and 99% of the maximum value of
σ2. While σ2 remains on average approximately constant below the IR-shielding Al,
the uncovered areas experience a laser-induced reduction of σ2. For quantification,
we integrate σ2 over the uncovered region and normalize it to the integrated covered
region σ2

0 for each time step. In this way, we ensure that contrast fluctuations due
changed experimental parameters during the time scan do not affect the magneti-
zation contrast. An example is the contrast map at 0.7 ps, where we find a global
minimum even below the covered area which is not related to a magnetization loss.
The resulting time trace is plotted in figure 4.7 (b). As the relative change of σ2

is directly proportional to the change of the XUV MCD contrast which in turn is
proportional to the magnetization, we can make a direct statement about the ultra-
fast evolution of the magnetization. We observe an ultrafast drop to ∼ 70% of the
initial magnetization within the first 200 fs upon excitation. This observation is in
agreement to previous publications on optically excited magnetic multilayer based
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on Co [21]. The goal to observe a possible non-local contribution to the demagneti-
zation process that leads to a lateral expansion of the excited magnetic film to below
the covered region was not reached. The insufficient spatial resolution on the order
of 80 nm, limited by the reference hole diameter and the wavelength used, prevent
possible lateral magnetization changes taking place on the order of up to tens of nm
from being observed. An additional problem to visualize such subtle lateral changes
in real space is the low SNR. It results from a probe repetition rate of 10Hz which
was available at the time when the experiment was conducted. A compensation of
the low repetition rate is only possible to a limited extent since the pulse energy
itself will start to introduce non-reversible structural changes of the domain network
at some point.

4.4.3 Induced Magnetization Dynamics by an Interference
Pattern

If we look at the reconstructed magnetization time series of the elliptical hole sam-
ple (column 1 and 2 in figure 4.9), we find indeed a spatially confined reduction of
the XUV MCD contrast after optical excitation. While we see an intact domain
pattern rich in contrast in (a.1), the XUV MCD contrast of the domain structure is
locally quenched already after 100 fs in panel (b.2) while the affected domains can
be seen to recover after 350 fs. The maximum demagnetization is located where we
expected it from the previous simulation of the IR pump intensity. In the follow-
ing, the same evaluation procedure which was used on the proximity mask sample
is applied. The nano-metric Au islands are not masked in the evaluation. The
variance analysis reveals an even more distinct, localized laser-induced reduction of
the magnetization. Since we find a spatially confined demagnetization, we need to
change the integration mask in contrast to the homogeneous excitation profile of the
proximity mask sample. To be more precise, we sum up the variance within an area
of 200 nm× 200 nm centred at minimum variance, see red square. We now follow
the temporal evolution by dividing the sum variance of the red square by the sum
variance of the entire object hole for each time delay. This normalized variance trace
(points) is plotted in figure 4.9 (d), where we find a typical, non-linear magnetic re-
sponse. As expected, we can identify two regions, namely an ultrafast quenching of
the variance (proportional to the magnetization) during the first 300 fs (I) followed
by a slower recovery of the magnetization on a ps timescale (II). The variance data
can be nicely fitted by a two-exponential function using time constants extracted
from independent MOKE measurements (c.f. figure 4.8).

So far, we have only observed a demagnetization on a length scale on the order
of ∼ 500 nm. In order to better understand how the initially locally induced de-
magnetization develops in time and in space, we have to make statements about
the spatial demagnetization dynamics on much shorter length scales on the order
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Figure 4.7: (a) Temporal evolution of the variance σ2 of the reconstructed domain pat-
tern followed after laser excitation based on the sample introduced in figure
4.4 (a). For the variance calculation only the FOV without the edges of the
Al structure are considered and masked. The initial domain pattern with
high contrast corresponds to a high variance (red). Direct upon laser ex-
citation the magnetic variance starts to decrease (blue) while the covered
domain pattern remains in its initial state. The lower panel (b) shows the
time trace of the relative normalized σ2. An ultrafast drop of σ2 to ∼70%
can be observed within the first 200 fs after excitation. Adapted from [145]
with permission from Taylor and Francis. Copyright 2019.

67



Imaging Non-Local Magnetization Dynamics

Figure 4.8: (a) Time- and fluence-dependent MOKE measurement. The IR-induced
transient change of the Kerr angle for fluences ranging from 1.9mJ cm−2

to 5.6mJ cm−2 are probed by a frequency-doubled Ti:Sa laser at 400 nm.
The inset displays an enlarged frame around time zero where the fluence-
dependent shift of the demagnetization time constant can be seen. (b) From
the transient MOKE traces extracted remagnetization time constants τre in
dependency of the incident excitation fluence. A linear extrapolation for an
incident fluence of 9mJ cm−2 yields a time constant of τre = 2.6 ps (black
circle). Adapted from [121].
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Figure 4.9: Time evolution of the magnetic real space image (left side) and derived vari-
ance matrix (right side). The XUV MCD contrast as well the variance
matrix reveal a laterally confined laser-induced ultrafast reduction super-
imposed with the EFE simulation. The red square in panel (a.3) measuring
200 nm× 200 nm confines the area within the variance is summed up. The
spatially confined variance is divided by the sum variance of the entire object
hole, normalized, plotted for each time delay in panel (d) (points) and fitted
by a double-exponential function (solid line) using time constants taken from
the extrapolated MOKE measurements in figure 4.8. We identify two dif-
ferent time regimes predicted, corresponding to the de- and remagnetization
process (I) and (II), respectively. The white scale bar correspond to 500 nm.
Adapted from [121] of reprinted figure with permission from: C. von Ko-
rff Schmising et al., Physical Review Letters, 112, 217203, 2014. Copyright
(2019) by the American Physical Society. ♮
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of tens of nm [38, 83]. To obtain spatial information of the demagnetization, we
need to focus on the excitation gradients of the structured illumination. From our
previously gained results, we know that the magnetization dynamic takes place on
two different time scales for de- and remagnetization (I) and (II), respectively, that
are based on different micromagnetic mechanisms. The question is how are theses
underlying processes act on the area between a demagnetized and magnetized film
(which we call demagnetization front from now on) during the two observed time
frames (I) and (II).

A possible non-local contribution to the total demagnetization which is restricted
to the interface of two oppositely magnetized domains, is clearly below the spatial
resolution that we have imaged so far. We know from literature that the mean free
path and mobility of spin-polarized electrons depends on whether they are majority
or minority spins [31, 68]. Once a majority spin passes the domain wall and enters a
neighbouring domain with antiparallel spin orientation the spin becomes a minority
spin. Suddenly the lifetime and mobility drops significantly so that the minority
spins get “stuck” close to the interface where they accumulate, as observed by Pfau
et al. [34]. As the other spin state behaves vice versa, the initial steep nanometre-
scaled domain walls start to broaden on the order of 20 nm (FWHM) [34]. This
non-local mechanism is known to take place during the first 100 of femtoseconds
and is considered to be relevant during the first time window (I). In our further
analysis, we need therefore to check the influence of non-equilibrium ultrafast spin-
polarized electrons on the strongly localized nanometre-sized demagnetized area.

For the time frame (II), we propose a different mechanism to take place which
dominantly affects the demagnetization front. We postulate that the observed mag-
netization recovery relies on the fluence-dependent remagnetization time constant,
τre. That τre indeed depends on the excitation fluence has been predicted theoret-
ically and proven experimentally by approaches relying on the atomistic Landau-
Lifshitz-Bloch and Landau-Lifshitz-Gilbert Equation [151–153] as well as the M3TM
introduced by Koopmans et al [28]. The idea is based on an inhomogeneous optical
excitation leading, as a direct consequence, to a certain inhomogeneous remagneti-
zation time profile. The magnetization at the edges of the excitation will recover
more slowly while the area excited most by the pump laser needs significantly more
time to recover. In this way, we expect again a significant change of the lateral
profile of the demagnetization front.

In the following, we try to establish two basic phenomenological models to inves-
tigate and to understand the influence of non-local spin dynamics and the fluence-
dependent remagnetization time constants on the spatial shape of the demagnetiza-
tion front.

4.4.4 Time Evolution of Demagnetization Front
As mentioned earlier, we cannot just take the entire magnetic film into account
but need to define a region of interest (ROI) covering the relevant area, where
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local demagnetization takes place. This is demonstrated in the following example
using the real space image showing the domain network at a time delay of 1.2 ps
(figure 4.10). Panel (a) shows the unpumped domain network, panel (b) the pumped
domain pattern after 1.2 ps and panel (c) its normalized variance. Here, we take a
radial line out with length of r1 = 600 nm (white arrow) centred at the minimum
of the variance (white dot) corresponding to the highest energy deposition. We
now integrate over an angle of 160° (dashed line). In this way, we ensure that we
exclusively consider the EFE-induced magnetization dynamic and exclude contrast
changes arising from the object hole.

The normalized angle-integrated line out is conducted for all six time delays and
plotted in figure 4.11 (a) (points). We see six time traces from unpumped to 1.2 ps
after pumping showing different lateral variance distributions that mainly differ at
first glance on their slope and their FWHM. For quantification, each data set is
fitted with an error function (solid line) to extract concrete values for 1σ width wσ

(related to the FWHM and slope) and the inflection point r0 (related to lateral
shift). The values for wσ and r0 of the angle-integrated variance are now radially
plotted together for each time delay in panel (b) . From the graph, we learn that
both, r0 and wσ rapidly increase upon laser excitation. 100 fs after excitation, the
demagnetized area continues to spatially expand within 250 fs from about 290 nm
to 350 nm corresponding to a velocity of about 0.25 nm fs−1. Within the same time
frame, the width of the region between MS = 1 and MS = 0 broadens by about
∆wσ =50 nm. 350 fs after excitation the maximum values are reached which is in
good agreement with the minimum for the variance in figure 4.9 (b). From here on,
the spatial expansion of the demagnetization front and its width relax to their initial
values by ∆r0 =50 nm and ∆wσ =80 nm, albeit at a slower speed. The behaviour
of the ultrafast increase of r0 and wσ as well as the somewhat slower relaxation is
in very good agreement with the ultrafast dynamics as detected by σ2 (proportional
to the magnetization) in figure 4.8 (c). We also find two distinct time frames that
temporally coincide with the ones from figure 4.9. The error bars originating from
an uncertainty of the variance minimum and result from a shift of this minimum by
±50 nm in each direction.

4.4.5 Domain Wall Deformation by Non-Local Spin Diffusion (I)
To really identify the non-local spin transport as a candidate for explaining the
observation of an initially induced ∆r0 and ∆wσ on a femtosecond time scale, we
try to set up a simple phenomenological model in the next step. The starting
point is the initial domain pattern in figure 4.10 (a), which is digitized to MS = 1
and MS = −1. The next step is to model the spatially localized excitation profile
based on the simulated 1st order Gaussian-shaped EFE distribution (see figure 4.4
(b)) lowering locally the XUV MCD contrast and softening the domain wall edges.
Therefore, we weight the contrast profile following a Gaussian in a way that we
have zero contrast at the excitation maximum and full contrast at the edges. As
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r2 r1

r1

Figure 4.10: Comparison of the imaged real space demagnetization and its variance (up-
per row) with the introduced model (lower row). (a) Initial unpumped real
space image of the elliptical hole sample. (b) Real space image taken at a
delay of 1.2 ps. (c) Normalized variance σ2 of the domain state in panel (b).
(d) Digitized domain pattern based on panel (a). A confined excitation is
realized by a localized reduction of the XUV MCD contrast and a softening
of the domain walls weighted by a Gaussian excitation profile. The white
line r2 is a 600 nm long cross-section starting at the centre of the excitation
maximum. (f) Normalized σ2 of panel (e). An angle integration along r1
(white arrow) with |r1| = 600 nm over an angle of 160° is indicated by the
white dashed line. Panel (e) is adapted from reprinted figure [121] with
permission from: C. von Korff Schmising et al., Physical Review Letters,
112, 217203, 2014. Copyright (2019) by the American Physical Society. ♮
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Figure 4.11: (a) Radial integration of the normalized variance matrix over the area re-
stricted by the white dashed line indicated in figure 4.10 (c). The angle
integration is done for six different time delays. Points representing the
data and solid lines their fit by an error function. (b) From the error func-
tions in (a) extracted inflection points, r0, and 1σ widths, wσ. The error
bars resulting from an uncertainty of the demagnetization maximum rep-
resented by a shift of the starting point of r1 (white point) by ±50 nm. (c)
Modelled lateral variance/magnetization profile based on the start distri-
bution (purple) measured at the time delay of 0.35 ps (see panel (a)). The
relaxation time is linearly weighted between τre(r1 = 0nm) = 2.6 ps and
τre(r1 = 600 nm) = 0ps. (d) Extracted r0 and wσ for the four calculated
demagnetization fronts (circles) in comparison with the measured values
(faint points) from panel (b). Adapted from reprinted figure [121] with per-
mission from: C. von Korff Schmising et al., Physical Review Letters, 112,
217203, 2014. Copyright (2019) by the American Physical Society. ♮
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mentioned earlier, Pfau et al. could demonstrate a significant blurring of domain
walls by performing resonant x-ray scattering on a similar optically excited Co-based
multilayer sample with intrinsic PMA. Conducted Monte Carlo simulations revealed
a domain wall broadening up to 30 nm provoked by non-local superdiffusive spin-
polarized electrons consistent with the experiment. The domain wall softening is
therefore modelled by assuming 30 nm broadening at the centre and no softening
outside the excitation, again Gaussian weighted.

The result of the modelled demagnetized digital domain pattern is depicted in
figure 4.10 (e) with a cross-section through the demagnetization front indicated by
the white line out |r2| = 600 nm. The XUV MCD contrast profile is extracted for the
excitation case, once excluding domain wall broadening (local) and once including
domain wall broadening (non-local). Both magnetization cases are plotted in figure
4.12 (a). Around the excitation maximum at r2 = 0nm, we find a totally quenched
contrast no matter which curve we are looking at. No lateral contrast differences
can also be observed at the outer regions. Going from the inside out, the only
clear differences are around r2 = 200 nm, where we than expect the most lateral
changes to be occur. To visualize the ultrafast laser-induced softening of domain
walls not only along a cross-section but along a 2D path, we follow the same analysis
conducted at the experimental data illustrated in figure 4.10 (f). The outcome of
the angle integration over the variance matrix based on the local (green line) and
non-local (purple line) reduced contrast of figure 4.10 (e) is shown in figure 4.12
(b). As expected from the line out, the lateral variance difference is most significant
around r1 = 200 nm. To corroborate this statement, we determine the inflection
point r0 and the 1σ width wσ by fitting error functions (not shown) yielding a
possible shift or broadening of the demagnetization front, respectively. The two
fitted error functions yielding not only a spatial shift of ∆r0 ≈ 40 nm but also a
demagnetization front broadening of ∆wσ ≈ 30 nm considering the scenario taking
spin diffusion into account.

To connect to the experiment, we need to identify both traces with a temporal
evolution. We assume that the situation right after the optical excitation is char-
acterized by a non-diffusive reduction of the XUV MCD contrast (see green line in
panel (a) and (b) of figure 4.12). From a temporal point of view, we link this cal-
culated trace to the experimental variance at time delay of 0.1 ps (green dots). The
domain wall softened by non-local diffusive spin transport (purple) is attributed to
the data achieved at 0.35 ps (purple dots, see also figure 4.11) because of the maxi-
mum of demagnetization reached, see figure 4.9 (d). Comparing the linked data sets
with each other, we find the induced ∆wσ and ∆r0 to be in the same order as in
the experiment, (see also figure 4.11 (b)). In conclusion, we were able to reproduce
the experimentally observed induced rapid increase of ∆wσ and ∆r0 in the model
based on non-local ultrafast transport of spin-polarized electron.

The results show that the non-local ultrafast transport mechanism of spin-polarized
electrons can provide a consistent explanation with respect to the experimental ob-
servation. It should be noted, however, that this process is not exclusively held
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Figure 4.12: (a) Normalized XUV MCD contrast along the cross-section r2 indicated in
figure 4.10 represents the localized excitation. The profile is weighted by
a Gaussian based on the simulated EFE distribution of the first maximum
(green). In addition, a domain wall broadening up to 30 nm is implemented
(purple) and also weighted by the excitation profile. (b) Angle variance
integration along r1 over 160° (dashed area) based on the normalized vari-
ance matrix in figure 4.10 (f) including static domain walls (local/green)
and domain wall broadening (non-local/purple). Experimental determined
radial variance data (points) measured at 0.1 ps and 0.35 ps are plotted in
addition. Adapted from reprinted figure [121] with permission from: C.
von Korff Schmising et al., Physical Review Letters, 112, 217203, 2014.
Copyright (2019) by the American Physical Society. ♮

responsible as a dominant key process in the context of this study. Rather, it repre-
sents a possible channel that adequately explains the results and is consistent with
the work of others. It does not exclude, however, that hot ballistic non-equilibrium
electrons can also contribute locally to the reduction of contrast by spin-flip medi-
ated phonon scattering events [28].

4.4.6 Domain Wall Deformation by the Fluence-Dependent
Remagnetization Time Constant (II)

After understanding the dynamics in the first time frame characterized by an ultra-
fast loss of magnetization, we now turn to the second time frame. This is character-
ized by a return of the magnetization albeit on a slower time scale. We know from
figure 4.8 (b) that the remagnetization time depends for a given material system
on the excitation fluence. A spatially inhomogeneous excitation profile as it takes
place in our case would cause a spatially dependent relaxation. Magnetic domains
exposed to higher fluences would take more time to recover their initial XUV MCD
contrast than weaker demagnetised domains. We therefore postulate that the return
to magnetic equilibrium is a direct consequence of a fluence-dependent remagneti-
zation time constant τre.
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To substantiate this assertion, we go back to the extracted variance/magnetization
profiles including indirectly the inhomogeneous excitation profile. We start at the
first data point of the second time frame. Therefore, we chose the fit of the lateral
variance profile taken at a time delay of 0.35 ps (see purple curve in figure 4.11 (a))
ranging from 0 at the highest excitation in the centre to 1 at the edge of the excita-
tion profile. From that initial demagnetization state, we follow the remagnetization
process in time by attributing each variance σ2(r1) with a different remagnetization
time constant τre(r1).

In order to find out the fluence-dependent relaxation times of the magnetic film, we
perform fluence- and time-resolved MOKE measurements. In an optical two-colour
pump and probe fashion, the ultrafast magneto-optical response of a comparable
Co-based multilayer sample is investigated in a polar MOKE geometry (pMOKE).
Despite different seed and capping layer, both multilayer fundamentally consisting of
Co/Pd bilayer sharing the same Co thickness and exhibiting a similar MOKE trace.
The 125 fs (FWHM) short IR pump pulses centred at 800 nm excite the magnetic
film which is set up as followed:

Si3N4/Cr(2)/Pt(3)/[Co(0.4)/Pd(0.7)]8/Pt(13) (nm).

The frequency-doubled UV laser probes in reflection the transient Kerr angle which
is proportional to the magnetization. All measured transient MOKE curves (points)
excited at fluences ranging from 1.9mJ cm−2 to 5.6mJ cm−2 are plotted in figure 4.8
(a). The solid lines represent a two-exponential fit from which τre can be extracted.
The inset shows an enlarged frame around time zero. The relaxation time τre ob-
tained from the transient Kerr angles are plotted together with their corresponding
excitation fluences in frame (b). As the maximum simulated EFE is equivalent to
a localized fluence of 9.0mJ cm−2, we need to extrapolate to this fluence. Via linear
extrapolation, we find τre = 2.6 ps corresponding to 9.0mJ cm−2 (black circle). As-
suming a demagnetization time constant of τde = 0.1 ps and using the extrapolated
value τre = 2.6 ps, we are able to nicely reproduce the measured variance data points
in figure 4.9 (d) using a double-exponential fit function.

After we know the maximum τre corresponding to the maximum of the localized
rotationally symmetric excitation, we linearly weigh τre between τre(r1 = 0nm) =
2.6 ps at minimum variance and τre(r1 = 600 nm) = 0ps at maximum variance. We
now plot the “initial” variance profile for maximum demagnetization at 0.35 ps of
the second time frame (taken from figure 4.11 (a)) together with the calculated nor-
malized variance profiles based on the obtained τre in figure 4.11 (c). It immediately
becomes apparent that as time progresses, the once widened domain walls become
narrower while the demagnetized area spatially shrinks. To make that temporal and
spatial behaviour more clear, we now follow the same evaluation as we did for the
experimentally determined profiles to identify the inflection point r0 (blue) and the
domain wall width wσ (red). We put both parameters (circles) together with the
experimental values (faint points) in figure 4.11 (d). The calculated values for r0 and
wσ not only follow the declining experimental trend, but are also on the same order
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of magnitude. It seems that the fluence-dependent remagnetization fully describes
the temporal and spatial evolution of a demagnetization front induced by a spatially
confined optically excited Co-based magnetic multilayer.

4.5 Conclusion
In the current chapter, we have shown that resonant time-resolved FTH is a suit-
able method to investigate spatially localized ultrafast demagnetization on a sub
100 fs time and sub 100 nm length scale in real space. In the frame of this work
two approaches were presented to realize a sub-wavelength excitation. The first
approach involves applying a nanometre-sized proximity mask to the magnetic film
to produce a strong lateral absorption contrast. The lateral size and thickness of
the structured surface allows the excited region and its excitation difference to be
adjusted and controlled. In the second experiment, a tailored excitation geometry
is used to induce an EFE within an interference pattern whose intensity maximum
is also on a nanometric scale. In both cases an optical confined excitation trig-
gers a tailored magnetic response. We observe a well pronounced ultrafast loss of
magnetization within roughly 350 fs followed by a slower recovery of the magneti-
zation on a picosecond time scale. In the case of the excitation by an interference
pattern, a more detailed investigation of the demagnetization front was performed
and revealed a sudden rapid expansion of the demagnetized area by ≈ 60 nm corre-
sponding to 0.25 nm fs−1. Our findings are consistent with the notion that ultrafast
spin-polarized currents play an important role in magnetic inhomogeneous materials
when considering the spatial demagnetization behaviour. This is a crucial finding
because it implies that a change of the magnetization, originally spatially confined
to the dimension of its nanometric optical excitation, expands in time. This effect
represents a limiting factor when it comes to achieving ever smaller storage densities
based on optically excited homogeneous, non-granular magnetic films like in HAMR
devices. It is also relevant for future localized all-optical switching applications op-
erating on the nanoscale.

The fact that the two approaches to optical excitation localization are based on
two different manufacturing processes opens up the possibility of using temperature-
sensitive sample systems for optical confinement. While we need a tempering step
for all lithographically processed samples that may have an effect on the magneti-
zation properties of the sample, such a step is not required for the non-lithographed
sample. In the case of temperature-sensitive samples, for example with a low Curie
temperature, the approach of generating standing waves could be more appropriate.

Considering the experimental findings, it is possible to adjust the domain size by
clever sample design in order to have a selective influence on the propagation speed
and the area of the spatially confined magnetic manipulation.

For the resonant time-resolved investigation of Co-based thin magnetic films in
real space, we suggest performing the same experiment at L edge FELs. Here, one
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would not only benefit from a larger XMCD contrast but also from a higher intrin-
sic spatial resolution revealing possible subtle lateral manipulation of the magnetic
state below 20 nm. At the Co L edge the transmission of the x-ray probe beam
through the nanometric Al mask is even higher (T ≈ 98% [147]) that is why the
lithographed sample can easily be adapted. The non-lithographed sample can also
direct transferred to a FEL operating at the L edge. For the holographic imaging
mask of both samples only the thickness of the Au layer needs to be increased to
make it impenetrable to x-rays.

As the inelastic mean free paths of electrons in Co are on the order of 10 nm [146],
we need another possibility to gain information about the magnetization state on
such a short length scale. Therefore, we want to transfer the real space experiments
based on FTH into reciprocal space experiments based on SAXS. Although the
spatial resolution is also dependent on quantities such as the used wavelength, there
is no reference hole limiting the spatial resolution. In addition, the sample area
probed is limited in FTH by the object hole. The area contributing to a measurement
signal can be enlarged by orders of magnitude when performing a SAXS experiment,
significantly reducing measurement times. In SAXS, the best achievable resolution
depends on the largest scattering vector recorded.

In the next part of this work, we therefore present an experiment that takes up the
aspects of EFE and the proximity mask, brings them together and transfers them
into reciprocal space with the aim of manipulating and understanding the magnetic
state on an even smaller length scale.
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5 Transient Magnetic Gratings on
the Nanoscale

5.1 Introduction
In the previous chapter, we have introduced two possibilities to spatially confine
an optical stimulus and to follow its triggered dynamics with high spatial and tem-
poral resolution in real space. We found that experimental constraints limit the
optimization of critical quantities such as the spatial resolution and the confinement
of an optical excitation (including steep excitation gradients). On the one hand,
the spatial excitation is limited by the lateral dimension of the lithographed sur-
face and the EFE, while the real space spatial resolution is mainly limited by the
maximum recordable scattering vector and the reference hole diameter. This results
in some 100 nm for the lateral extension of the optical excitation and about 80 nm
for the spatial resolution as we have seen in the last chapter. Both parameters,
the resolution and the localized excitation, have to be reduced to manipulate the
magnetization on a nanometre length scale where hot-electron transport is taking
place [37, 83] and to locally study this lateral dynamic.

To circumvent the resolution limiting properties of the reference hole and to in-
crease the lateral area contributing to the diffraction signal, we transfer the experi-
ment from real to reciprocal space by removing the holographic Au mask. As we are
going from a FTH scheme to a SAXS scheme, the final spatial resolution is mainly
determined by the maximum recorded scattering vector q. The idea of the following
experiment is to combine the advantages of an EFE and a proximity mask. Both
aspects can be realized in a single experiment by introducing a metallic, lithograph-
ically fabricated proximity mask in the shape of a nanometre-sized grating. As a
result of the lithographic fabrication process, the individual grating bars feature very
sharp edges, which are capable of generating strong EFE including nanometric exci-
tation gradients in the presence of an electromagnetic wave. Also, the excited area
can be adjusted by the distance between the grating bars to reach a sub-wavelength
optical confinement. Under the influence of an optical excitation, such a plasmonic
metal grating reflects and absorbs light at the position of the grating bars, while
the optical excitation can penetrate into the gaps and lead there to a change of the
magnetic state. Such a plasmonic proximity mask approach solves the issue of the
insufficient lateral excitation confinement.

To significantly improve on the other side also the spatial resolution of the de-
tectable lateral dynamics, we design a special grating geometry where we utilize
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forbidden diffraction peaks. We fabricate the nanometre-scaled grating with nine
different periodicities while keeping the line width constant. Thereby we chose the
periodicities such that the lines-to-spaces ratio (LSR) cover a ratio of slightly below
to slightly above 1:1. As mentioned above, the excitation laser only reaches the mag-
netic film within the gaps of the grating structure where optical demagnetization can
then occur. Due to the light-induced modification of the magneto-optical constants,
an absorption and phase contrast with respect to the covered, unexcited magnetic
film is introduced. This laser-induced lateral modulation of the magnetization nat-
urally follows initially the arrangement of the metallic nano-grating. In this way, we
utilize again the XUV MCD contrast as sensor for the magnetic grating dynamics
if the magnetic grating is probed resonantly in the XUV spectral range. Any lat-
eral variation between the fully magnetized lines and the demagnetized spaces will
change the diffraction efficiency which is measured via the diffraction peaks in the
far field. As the diffraction efficiency into the 2nd diffraction order of a grating is
zero for a LSR of exactly 1:1, any small lateral changes of the excited magnetic area
will result in a significant relative change of the 2nd order diffraction efficiency.

In the course of this chapter, we will first look at the magnetic film carrying the
nanometric metal gratings and introduce the magnetic SAXS scheme. Before we
discuss the dynamic data, we will first study the formation of the static diffraction
pattern and find out that oxidation of Al in the proximity mask plays a decisive
role in understanding the higher order diffraction intensities. We assume that the
excitation of the magnetic film by an intense optical laser pulse leads to a temporal
and spatial modulation of the electro- and magneto-optical constants. The final
developed model is presented in three steps through which the reader is guided
by the author to understand the rich and complex transient diffraction intensities.
Only then, we can realize that the dynamics caused by a transient magneto-optical
grating differ from that of an electro-optical grating. Importantly, these steps clearly
demonstrate that the changes of the different diffraction orders can be linked to
specific changes of the lateral magnetization. Taking into account these points, we
structure this chapter as follows:

(i) Contribution of the laser-induced reduction of the magneto-optical constants
∆δ and ∆β to the observed magnetization dynamic (section 5.5.1).

(ii) Considering time- and space-dependent laser-driven modulation of the electro-
optical constants δ and β (section 5.5.2).

(iii) Calculation of strong localized EFE at the edges of the Al bars to explain the
recorded magnetization traces (section 5.5.3).

(iv) Testing the developed model on a different grating sample (section 5.5.4).
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Figure 5.1: (a) The top panel shows a cross-section through the membrane windows
which carries the nanostructured multilayer. The panel blow displays the
membrane window that measures 50µm× 50µm. (b) Sketch of the zoomed
in cross-section of (a). White arrows indicate the direction of magnetization.

5.2 Sample Preparation and Characterization
Similar to the two previous presented experiments, we investigated again a Co-based
thin-film sample with a slightly different composition:

Si3N4(30)/Al(5)/Pd(3)/[Co(0.4)/Pd(0.2)]30/Al(3)nm.

The magnetic multilayer is grown on a 30 nm thin Si3N4 membrane (figure 5.1) and
exhibits a strong out-of-plane anisotropy leading to a lateral maze-like domain net-
work in which the magnetization is parallel or antiparallel to the sample normal (see
white arrows). Prior to the SAXS measurement the magnetic film was demagnetized
and aligned into stripe domains in an alternating, external out-of-plane and in-plane
magnetic field, respectively.

5.2.1 Lithographically Produced Plasmonic Al Grating
To induce a spatially modulated excitation pattern, we manufactured Al proximity
masks via electron-beam lithography (EBL) directly on top of the ferromagnetic
multilayer (figure 5.2). A detailed description of the lithography process can be
found in appendix A. We use Al because of its strong reflection and absorption
for radiation in the optical spectral range while being almost transparent for XUV
light up to the Al L edge. The entire grating structure is composed out of 45
individual sub-gratings with a lateral size of 5 µm× 6 µm and 40 nm height, see
figure 5.2. We chose nine different periodicities to measure more than one grating
dynamics simultaneously, see table 5.1. The Al gratings are aligned perpendicular
with respect to the magnetic domain orientation (see figure 5.6) to avoid a spatial

81



Transient Magnetic Gratings on the Nanoscale

Table 5.1: Parameters of the all nine grating structures, including the measured average
line widths of membrane D4 and membrane E5. During the fabrication process
different dwell times were used for each membrane to increase the yield of
intact nanogratings. A higher dwell time means a longer exposure time to the
electron-beam resist and will result in larger developed spaces and therefore
increases the line width.

grating period (nm) lines per line width D4 (nm) line width E5 (nm)
block SEM model SEM model

A 221 28 - 88.8 98.0 96.0
B 225 28 - 87.9 97.6 95.7
C 229 28 - 88.1 97.9 95.6
D 234 26 - 86.4 96.0 94.1
E 238 26 - 85.9 95.5 93.6
F 243 26 - 86.3 95.8 94.0
G 247 25 - 85.4 94.9 93.0
H 252 25 - 85.1 94.6 92.7
I 256 26 - 85.0 94.4 92.5

dwell time (µs) 16 19

overlap of the scattered intensities in reciprocal space. The different periodicities
allow to simultaneously detect the response of transient magnetic gratings with
different LSR significantly increasing our sensitivity to small transient changes.

5.2.2 Sample Characterization
To exclude that the XUV or optical light pulses had led to any degradation of
the magnetic film for example an optically induced domain realignment [154] or
a degradation of the Al nanostructure, the sample was carefully characterized af-
ter the measurement, both by magnetic force microscopy (MFM) and by scanning
transmission x-ray microscopy (STXM) at the L3 edge of Co and compared to a
reference sample that was never exposed to radiation.

The STXM measurement was performed at the MAXYMUS beamline at the
synchrotron radiation facility BESSY II. Using left circular polarized x-rays, we
scanned parts of two membranes which have been exposed to optical and XUV
radiation (D4) and a membrane which was never exposed to radiation (C5). All rel-
evant experimental parameters are summarized and displayed in table 5.2. A visual
comparison between the two membranes of the generic scans 2 (unexposed) and 3
(exposed) are displayed in panels (a) and (b) in figure 5.4. Blue regions indicate a
low transmission stemming from the thick substrate at the edge of the membrane
while the yellowish area marks high transmission at the membrane window. The
displayed sections of C5 and D4, recorded with a scanning step size of 20 nm, are
measuring 27 µm× 16 µm and 40 µm× 25 µm respectively. Neither in the overview
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Figure 5.2: The FEI pattern generator Nanobuilder v.1.2.1.675 was used to set up the
grating structure. The pattern was later transferred and written by the FEI
Helios NanoLab 600 Dual Beam. The array includes 45 individual gratings
which group into nine different periodicities. Each periodicity is realized in
5 blocks containing 25 to 28 lines each. The entire pattern is rotated by 45◦

with respect to the membrane edge.
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Figure 5.3: Detailed SEM image of a part of the nanostructured ferromagnetic Co/Pd
film (bright contrast) showing the individual gratings (dark contrast). The
magnified section displays the nanoscale Al bars (bright contrast). Scale bar
corresponds to 5µm and to 1µm in the section.

scan nor in the 2.5 µm× 2.5 µm magnified section indicated by a black square an
obvious difference regarding contrast or texture is visible. To investigate possible
changes in more detail, an intensity histogram of the dashed lined rectangle is taken.
Having two different magnetization states present in the sample leading to two dif-
ferent transmissions, we expect a bimodal Gaussian distribution in both cases. This
is exactly what we observe in figure 5.4 (c) and (d). There are two distinct peaks
corresponding to magnetic domains with higher (D+) and domains with lower trans-
mission (D−). The intensity histogram can be fitted by a sum (solid) of two single
(dashed) Gaussian distributions revealing information about the magnetic contrast
(peak distance) and the ratio of the area covered by D+ and by D− domains that
are summarized in table 5.3. While we see about 9% more D+ than D− domains
in terms of surface coverage, the magnetic contrast seems to be slightly smaller.
As the spatial integration of the exposed membrane D4 is larger, more counts are
found for the histogram in panel (d). Furthermore, a shift to higher intensities can
be observed for the measurement on D4. Having the same dwell times, this only
can be understood taking into account fluence fluctuations of the x-rays during the
scans.

As the Al grating does almost not show any absorption contrast at 780 eV, the
structure of the Al lines together with the magnetic film is further investigated
by MFM measurements. In figure 5.6 (a) and (b), two MFM images scanning
5 µm× 5 µm and 2.5 µm× 2.5 µm, respectively are depicted. They confirm an un-
damaged Al grating as well as aligned magnetic domains. Both examinations reveal
an intact magnetic film and undamaged metallic gratings after exposure to both UV
pump radiation and XUV probing pulses from FERMI.
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Table 5.2: Experimental parameters of the STXM measurement. Five scans were per-
formed on the unexposed membrane C5 and the exposed membrane D4. As
the total lateral scan area also includes non-magnetic contrast (membrane
edge, dirt etc.) an integration area was chosen to match only the magnetic
film.

mem- scan step size integration area energy dwell time
brane (nm) (µm2) (eV) (µs)

C5 1 20 35.0× 23.4 778.21 0.357
2 20 25.0× 15.6 778.20 0.353

D4
3 20 38.6× 23.2 778.21 0.355
4 20 16.0× 22.7 778.23 0.354
5 10 5.0× 5.0 778.21 0.499

Table 5.3: Magnetic contrast and spatial ratio between up and down domains. The
magnetic contrast is, in this case, defined as the peak distance between the
single Gaussian fits of the D+ and D− domains. The ratio is defined by the
integrated area of the D− domains divided by the area of the D+ domains.

membrane scan contrast peaks ratio (%)

C5
1 95.7 696.9/792.6 88.3
2 95.3 670.9/766.2 93.6� 95.5 91.0

D4

3 102.6 720.1/822.7 93.4
4 84.5 720.5/805.0 92.2
5 89.7 568.9/658.6 87.6� 92.3 91.1
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Figure 5.4: STXM measurement of the lower left corner of the (a) unexposed membrane
C5 and the upper left corner of the (b) exposed membrane D4 measuring
27µm× 16µm. In both cases, the scanning step size perpendicular to the
beam propagation is 20 nm. Black squares indicating a magnified section
with the size of 2.5µm× 2.5µm. In case of membrane D4 the resolution of
the lateral step size was increased to 10 nm. Panel (c) and (d) are intensity
histograms of the integrated area defined by the large dashed rectangle in (a)
and (b). Scale bars correspond to 4µm in the overview scans and to 500 nm
in the zoomed-in sections.
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5.2 Sample Preparation and Characterization

Figure 5.5: Hysteresis loop of the Co-based [Co(0.4)/Pd(0.2)]30(nm) multilayer stack
measured by polar-MOKE.

Figure 5.6: MFM measurement of the exposed membrane D4. (a) The 5µm× 5µm
section shows a magnetic domain network aligned perpendicular with respect
to the Al lines. (b) A magnified section measuring 2.5µm× 2.5µm reveals
undamaged Al bars. Scale bars correspond to 1µm (left) and 500 nm (right).
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5.3 Scattering Configuration at DiProI
The optical pump − XUV probe experiment was carried out at the DiProI instru-
ment at the FEL facility FERMI [122] in a SAXS transmission geometry (figure
5.7). The sample was homogeneously illuminated by circularly polarized, 70 fs FEL
pulses (FWHM). A cross-shaped beam stop blocked the intense direct beam as well
as the strong scattering originating from the edges of the membrane window. The
diffraction patterns were recorded by a 27.6mm× 27.6mm (2048 pixel× 2048 pixel)
large in-vacuum, back-illuminated CCD placed 90mm behind the sample. Rotating
the detector by 10◦ around the sample position allowed us to simultaneously detect
up to the fifth diffraction order along qx of the vertically aligned gratings as well as
the 1st order along qy of the horizontally aligned magnetic domains (see figure 5.8).
Each diffraction pattern was averaged over 500 XUV pulses with an average inten-
sity of 2.3mJ cm−2 at a repetition rate of 10Hz. In the time-resolved measurements,
the magnetic sample was excited by frequency-doubled Ti:sapphire laser pulses cen-
tred at 390 nm with a pulse length and intensity of 80 fs and 13 µJ, respectively.
The optical laser was collimated to a spot size of 260 µm× 270 µm with an incident
fluence of 18mJ cm−2. The linear polarization state was set perpendicular to the
orientation of the gratings’ lines to enhance the deposited energy within the spaces
between the Al grating bars [21]. The spatially modulated excitation leads to a
transient spatially modulated magnetization pattern with alternating demagnetized
and fully magnetized areas. Via the XUV MCD effect, this modulation results in an
additional diffraction along qx for XUV radiation resonant to the 3p excitation of Co
at 20.8 nm wavelength. As the metallic gratings as well as the laser-induced tran-
sient magnetic gratings have the same periodicity, their diffraction maxima share
identical positions in reciprocal space. To disentangle charge and magnetic contri-
butions to the scattering signal, we carried out time-resolved measurements with an
off-resonantly tuned XUV probe at 17.83 nm wavelength. In addition, we simulta-
neously trace the average magnetization dynamics of the whole film - also including
regions covered by an Al grating - using the integrated scattering intensity, Imag, of
the magnetic domains which is not modulated by the presence of the grating mask,
as shown in figure 5.8.

5.4 Static Diffraction Pattern
In figure 5.8 one can see typical unpumped diffraction patterns recorded off-resonant
at 17.83 nm (a) and at the resonance of the Co M edge (b). Measuring off-resonant,
we do not have magnetic sensitivity, so only the Al grating contributes to the well
separated diffraction intensity I in order o of a grating g. We identify the single
diffraction peaks in each diffraction order with the Fourier coefficients of the trans-
mission grating. To ensure that we do not accidentality measure a weak magnetic
contribution in this diffraction signal, we performed an energy-dependent SAXS
experiment at BESSY II on a similar Co/Pd multilayer in advance. We spatially in-
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5.4 Static Diffraction Pattern

Figure 5.7: Sketch of the experimental setup within the scattering chamber DiProI. Af-
ter exciting the sample with optical light centred at 390 nm, the transient
changes of the scattering intensity are probed by delayed XUV radiation
tuned to the Co resonance at 20.8 nm. The diffraction pattern stemming
from the nanometre-sized grating as well as from the magnetic domains are
recorded by a CCD which is rotated by 10◦ from the beam axis. A beam
stop is placed in front of the CCD to block the direct beam as well as the
strong scattering stemming from the membrane window.
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I(g,o)

1st 2nd 3rd 4th1st 2nd 3rd 4th 5th

Imag

norm. scattering intensity
0 1

Figure 5.8: Typical unpumped diffraction pattern recorded (a) off-resonant at 17.83 nm
and (b) at the Co resonance at 20.8 nm. In panel (b) we see the 1st order
scattering stemming from horizontal aligned stripe domains Imag along qy
and the higher order scattering from vertical orientated gratings I(g, o) of
the order o and grating g along qx.

tegrate over the diffraction peak for each photon energy of the incident synchrotron
radiation and plot the spectral scattering data in figure 5.9. We observe a pro-
nounced magnetic scattering intensity at 60 eV, resonant with the M2,3 edge of Co
and negligible magnetic scattering at the off-resonant photon energy of ≈ 69.5 eV
(17.83 nm). The magnetic diffraction peak at 50 eV stems from the resonant Pd N3

edge, caused by an induced magnetization.

At the resonant photon energy at 60 eV, we capture in addition to the diffraction
from the gratings the 1st order diffraction peaks, Imag, of the horizontal aligned stripe
domains. As seen in figure 5.8, diffraction from the domain pattern and the grating-
induced patterns is well separated due to the fact that we aligned these patterns with
a perpendicular orientation with respect to each other. The spatial intensity profile
of the pure magnetic scattering encodes information about the size, orientation
and the periodicity of the domain network. Recording at the resonance, the lower
XUV energy leads to an increasing scattering angle compared to the off-resonant
case, resulting in the absence of the 5th order grating diffraction when keeping the
scattering geometry unchanged. Note that the 1st order domain scattering does
not modify the intensity pattern stemming from the Al grating as both scatter in
spatially separated q-areas.

For a more quantitative analysis, it is crucial to associate each diffraction peak
with the grating that caused it. Towards this end, we simulate the scattering inten-
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5.4 Static Diffraction Pattern

Figure 5.9: Photon energy dependence of the scattering intensity of a Co/Pd multilayer
obtained by a SAXS experiment performed at BESSY II.

sity based on the known grating design. Here, we only take gratings into consider-
ation that share the same periodicity (see figure 5.2). We then perform first a 2D
fast Fourier transformation (FFT) to calculate the amplitude of the electrical field
before applying the absolute square to get the intensity. The assignment between
each grating and its diffraction peak via comparison of experiment and simulation
can be seen from figure 5.10. Here, the first five diffraction orders I(g, o) captured
by the CCD (upper panels) are compared with the simulated spatial intensity distri-
bution (lower panels). Considering the spatial intensity distribution, we do have an
excellent agreement between experiment and theory. That means we have very good
knowledge about the origin of the different diffraction peaks which will be helpful
for further investigations. For I(g, 1) in panel (a) no clear assignment is possible
because more than one grating’s diffraction share the same point in reciprocal space.
A detailed depiction of gratings contributing to the 1st order diffraction peaks can
be found in appendix B.

A closer look reveals a disagreement regarding the absolute intensity distribution
for the gratings. In panel (b), for example, we see an intensity dip for all gratings
centred in the middle of the 2nd order while we have a homogeneous intensity dis-
tribution in the simulation. A similar behaviour can be seen in panel (d), where
the intensity is slowly decreasing for smaller periodicities. Here, again we find a
constant intensity distribution over all gratings in the simulation. These facts in-
dicate that our assumption of a pure rectangular shaped Al line is not sufficient.
After addressing all diffraction peaks to its origin, we set up regions of interests (see
white patterned frames in figure 5.10) where we spatially integrate the intensity to
retrieve comparable numbers. Doing so, we obtain intensity histograms displayed
in figure 5.12 containing the diffraction intensities which represent the Fourier co-
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Figure 5.10: Comparison of I(g, o) between the experimental recorded (upper panel) and
simulated (lower panel) diffraction pattern of a non-excited sample at the
Co resonance at 20.8 nm. From (a) to (e) the first five diffraction orders
I(g, 1) to I(g, 5) are depicted. For the sake of clarity, we do not address the
individual diffraction peaks in the 1st order, as they are partly composed of
a superposition of several gratings. See appendix B for a detailed addressing
of the 1st order.
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5.4 Static Diffraction Pattern

efficients of all gratings within the first four or five diffraction orders recorded on-
and off-resonant, respectively. By changing the XUV probing wavelength only by
3 nm, we see a striking change of the Fourier coefficients which is an evidence that
a simple rectangular line shape is an over simplification.

In fact this problem can only be understood when we assume that the sample was
exposed to air. In contact with air not only the Al cap layer but also the vertical Al
bars will undergo oxidization and will build up an approximately 3 nm thick layer of
Al2O3 (see figure 5.1 (b)) [155]. While Al is almost transparent for XUV light, the
Al2O3 at the edges of the Al lines strongly absorbs the XUV radiation. Due to a
non-zero line-edge sharpness of the employed polymethylmethacrylat (PMMA) and
a surface roughness of the thermally evaporated Al of about 5 nm each [156, 157],
the effective thickness of the oxide layer along the beam path of the FEL is assumed
to be 4 nm, and we use this value to model the structure.

In figure 5.11, we introduce all quantities important for setting up a model to
calculate the static and dynamic diffraction intensities originating from the Al and
the magnetic grating, respectively. While we find a topographical and elemental
homogeneous distribution along the y-axis, we see a magnetic heterogeneity caused
by the oppositely magnetized D+ and D− domains leading to the 1st order domain
diffraction in qy-direction. Along the x-axis, we find a homogeneous distribution of
the magnetization but a topographical and elemental heterogeneity giving rise to
a diffraction intensity along qx. As the D+ and D− domains differ in their sign of
the magneto-optical constants (±∆δ, ±∆β) and therefore in their transmission of
resonant XUV photons, they form two independent magnetic gratings T+

m (x) and
T−
m (x) along the D+ and D− domain, respectively. Each magnetic grating is multi-

plied with the static charge grating Tc(x) formed by the Al lines to set up the two
final sub-gratings T+

c,m(x) and T−
c,m(x).

For the magnetic domains, we neglect the domain walls and assume a rectangular
transmission grating with corresponding transmission T of [158]:

T±(x) ∝ exp

(
2πid(x)n±(x)

λ

)
. (5.1)

With the material-dependent complex index of refraction n± = 1− (δ±∆δ)+ i(β±
∆β), we obtain

T±(x) ∝ exp

(
−2πd(x)(β ±∆β)

λ

)
· exp

(
−2πid(x)(δ ±∆δ)

λ

)
, (5.2)

with wavelength λ, layer thickness d, spacial coordinate x, electro-optical con-
stants β, δ and the magneto-optical constants ∆β, ∆δ with absorptive β and dis-
persive δ part. All used electro- and magneto-optical constants can be found in
table 5.4 [147]. All other materials, present in the layer that do not show a spatial
material heterogeneity, will only introduce a homogeneous decay and phase shift of
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Figure 5.11: Introduction of the physical quantities used to model the diffraction inten-
sities originating from the Al and domain grating. The magnetic domain
D− (+∆β,+∆δ) and D+ (−∆β,−∆δ) experience a stronger or weaker ab-
sorption under resonant XUV illumination, respectively. They each form a
single independent magnetic transmission grating T−

m (x) and T+
m (x). The

charge transmission grating Tc(x) build by the Al line is multiplied with
the magnetic transmission gratings forming two independent sub-gratings
T±
c,m(x).

the amplitude of the incident electromagnetic wave and can therefore be neglected.

Equation (5.2) is now applied on the three material-dependent areas, gap (I), edge
(II) and line (III) as indicated in figure 5.13. Real parts are taken from the complex
equation (5.2) to get the amplitude and phase for the two different energies that
were measured. In figure 5.13 (a) and (b) the transmission and phase of a passing
wave centred off-resonantly at 17.83 nm is plotted. At this energy no magnetic
sensitivity is expected so that we only have a pure charge grating Tc(x) present,
consisting of Al and Al2O3 (blue line). Here, one can clearly see that the presence
of Al2O3 significantly reduce or introduce the transmission or phase shift at the
line edges, respectively. In addition to Tc(x), the amplitude and phase grating at
the resonance is modulated by the magneto-optical constants. Before excitation,
the magneto-optical constants and following the two magnetic gratings T+

m (x) and
T−
m (x) are not modulated and are just a constant line differing from the normalized

transmission by ±∆β and ±∆δ (thin red or yellow line). If we compare frame (a)
and (b), we do not see an apparent difference in the transmission while there is a
clear one visible in the phase between panel (c) and (d) if we compare the phase
values at the position of the Al bar. Going from off- to on-resonance, the phase
shift introduced by the Al at region III even changes the sign (compare panels (c)
and (d)). In the resonant case, the pure charge grating Tc(x) (Al+Al2O3) and the
two magnetic gratings T+

m (x) and T−
m (x) (Co/Pd) are multiplied and form the final

individual sub-gratings T+
c,m(x) and T−

c,m(x).
As the finite probing wavelength, on the order of 20 nm, is larger than the dimension
of the Al line edges, the amplitude and phase needs to be convoluted with a Gaussian
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5.4 Static Diffraction Pattern

to take the spatial resolution of the XUV light into account (thick lines). From
here on, we only have one free parameter sigma σ which determines the Gaussian
convolution width and is set to match the experiment (σoff = 8nm and σon =
(σoff ·20.8 nm)/17.83 nm = 9.3 nm). The Gaussian convoluted complex transmission
T̃ (x) = T (x) ∗ G(x) is now periodically repeated to simulate the periodic grating
structure. As the two gratings T̃±

c,m(x) that only differ in an offset (∼ 2∆β, 2∆δ)
can interfere, their amplitudes (1D FFT of T̃ ) need to be coherently added up. The
theoretical diffraction intensity I±c,m found at a scattering vector q is obtained from
the absolute square of the sum of amplitudes:

I±c,m(q) = |(F T̃+
c,m(x))(q) + (F T̃−

c,m(x))(q)|2. (5.3)

Analogously for the calculation of the intensity stemming from an individual sub-
grating follows:

I+c,m(q) = |(F T̃+
c,m(x))(q)|2,

I−c,m(q) = |(F T̃−
c,m(x))(q)|2.

(5.4)

We evaluate I±c,m at certain q belonging to the first five diffraction orders and plot
it together with the experimental recorded I(g, o) in figure 5.12. The histogram
contains the theoretically I±c,m (red bars) and experiential determined diffraction
intensities I(g, o) (blue bars) corresponding to the Fourier coefficients. At the off-
resonant measurement (λ = 17.83 nm), a very good agreement is found for all the
captured five Fourier coefficients depicted in panel (a). Particularly the trend of
the slowly increasing 2nd order and the decreasing 3rd order match very well. As
q depends on the photon energy, only four Fourier coefficients could be captured
on the CCD at the resonance (λ = 20.8 nm). A striking difference to the results in
panel (a) is a strong suppression of the higher order Fourier coefficients. The super-
position of phase and amplitude grating must therefore be more sinusoidal. This can
be understood from figure 5.13. Here, the peaks of the red and yellow phase curves
located at the edges of the Al bar are less dominant compared to the off-resonant
one. Again, we find an excellent agreement between simulation and experiment; see
therefore also the inset of figure 5.12 (b). Note that the minimum within the 2nd
order indicates an effective LSR close to one.

To conclude: Assuming the Al bar to have a rectangular shaped cross-section is
insufficient. From a 2D FFT of the nanometre-scaled grating, we know the spatial
positions of the diffraction peaks in reciprocal space which matches the data very
well. To get in addition the correct intensity distribution, we need to account for
Al2O3 and the spatial resolution of the XUV radiation to find an excellent match.
Hence, the preceding analysis has led us to a very detailed characterization of the
static grating, which will be important for the following discussion of the time-
resolved measurements.
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Table 5.4: Theoretical electro- and magneto-optical constants β, δ and ∆β,∆δ of Al,
Al2O3 and Co at wavelength λ of 17.83 nm and 20.8 nm with dispersive δ and
absorptive β component [147].

λ 17.83 nm (off-resonant) 20.8 nm (on-resonant)
material Al Al2O3 Co Al Al2O3 Co

β 0.0021 0.0357 0.1262 0.00234 0.054 0.1455
δ -0.0107 0.046 0.0889 0.0082 0.0749 -0.0037

∆β 0.01465
∆δ 0.008

Figure 5.12: Comparison between experimentally (blue bars) and theoretically (red bars)
obtained static Fourier coefficients of the first five diffraction orders of all
nine grating periodicities at an off-resonant wavelength of 17.83 nm (a) and
an on-resonant wavelength of 20.8 nm (b) of membrane E5. The 5th order
was only accessible at the off-resonant measurement. The black arrow in
panel (a) indicates an increasing grating periodicity from right to left in
each diffraction order.
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5.4 Static Diffraction Pattern

Figure 5.13: Theoretically determined cross-sections of the static amplitude and phase
grating at the energies of (a,c) 17.83 nm (off-resonance) and (b,d) 20.8 nm
(on-resonance) based on figure 5.11. Off-resonant, the grating profile seen
by the radiation originates from the pure charge distribution Tc(x). At
the resonance (b,d) the sensitivity is extended by two additional magnetic
gratings T+

m (x) and T−
m (x) along the D+ and D− domains, respectively.

As the Co/Pd and the oxide layer covering the entire sample surface are
topographically homogenous distributed, the charge grating is normalized
to the uncovered sample surface (I). This leads next to the Al bar to a
transmission and phase shift of 1 and 0, respectively. The charge Tc(x) and
the two magnetic gratings T+

m (x) and T−
m (x) are multiplied and form the

two final sub-gratings T±
c,m(x). To account for the spatial resolution, each

grating is Gaussian convoluted and denoted by T̃±
c,m(x) (thick line).
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5.5 Time-Resolved Magnetic Grating Diffraction

5.5.1 Laser-Induced Transient Changes of ∆β and ∆δ (i)
To distinguish the laser-induced transient magnetic response from an electronic re-
sponse, we will assume in this section only a light-driven modulation of the magneto-
optical constants.

In figure 5.14, we plot the normalized changes of I(g, o) for the first three diffrac-
tion orders along qx as a function of delay time between −1.5 ps to 3 ps. Remarkably,
a very different temporal behaviour for the different diffraction orders can be ob-
served. As the individual dynamics from all gratings in the 1st and 3rd diffraction
order do not differ significantly or show a periodicity dependence, we show for the
sake of clarity only the averaged intensity. While the transient I(g, 1) shows a
decrease and I(g, 3) an increase for all gratings, the 2nd order displays either an
increase or a decrease of I(g, o), depending on the grating periodicity. In order to
understand the opposite dynamics showing up in the 1st and 3rd order and to re-
trace the complex and rich dynamics found in the 2nd order, we want to extend our
model to implement also the time-dependent diffraction intensity in the following.

Because identical time-resolved measurements at the off-resonant probe wave-
length of 17.83 nm yielded negligible transient changes of I(g, o), the signals shown
in figure 5.14 are assumed to stem in a first approximation from a magnetic origin.
The simultaneously measured temporal evolution of Imag is shown for D4 and E5 in
figure 5.15. Because the scattering intensity Imag is proportional to the magnetiza-
tion M square [102]:

Imag ∝M2, (5.5)

this measurement allows us to determine the intrinsic time scale of the demagneti-
zation e.g. the reduction of the complex dichroic index of refraction. We observe a
pronounced ultrafast quenching of the overall magnetization by almost 19% with a
demagnetization time constant of 125 fs (c.f. figure 5.15).

In the following, we show how the simultaneously measured transient scattering
intensities of the first three diffraction orders, stemming from gratings with varying
periodicities, allow us to infer detailed quantitative statements about the nanoscale
evolution of the transient magnetic grating. The on-resonant effective charge grating
determined above (c.f. figure 5.13 (b) and (c)) serves as a starting point. The optical
pump pulse is reflected and absorbed by the Al lines and thus interacts with the
magnetic film only between the Al bars, leading to accordingly spatially modulated
demagnetized areas. This modulates the dichroic indices of refraction ∆β and ∆δ,
leading to an additional channel for magnetic scattering. The observed values of
I(g, o) then originate from a static charge grating Tc(x) and from two dynamic op-
tically induced gratings T+

m (x) and T−
m (x) as can be understood from the schematic

in figure 5.16.
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5.5 Time-Resolved Magnetic Grating Diffraction

Figure 5.14: Normalized transient diffraction intensities extracted for the first three
diffraction orders of membrane E5. As the SNR in the 1st and 3rd or-
der is weak and the individual grating dynamics follow a similar trace, we
averaged the nine single dynamics (blue line). In the 1st order we see an
ultrafast drop and relaxation within 1 ps. In the 2nd order an ultrafast
response can observed as well but with a somehow slower relaxation. In ad-
dition, we observe a much stronger and more complex 2nd order dynamic
with positive and negative amplitudes. The 3rd order with a periodicity-
independent scattering intensity is also weak. The solid lines represent
two-exponential fit functions.
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In the following model, we independently describe the two sub-gratings (T̃±
c,m(x))

by extracting first the amount of demagnetization and the time constant from the
domain dynamics in figure 5.15 and second by taking the LSR from SEM images.

Upon laser-induced excitation, the transmission of the D− domains starts to in-
crease while the D+ domain transmission is decreasing. The temporal evolution of
the induced dynamic transmission contrast is determined first by the de- and re-
magnetization time constants and second by the de- and remagnetization amplitude,
both extracted from figure 5.15. Therefore, we follow a fitting routine based on the
widely used model introduced by Longa et al. to fit the data as followed [159]:

∆M(t)

M0

=M0 +

[
Ade

(
1− exp

(
−t
τde

))
+Are

(
1− exp

(
−t
τre

))
+ A0F (τ0, t)

]
Θ(t),

(5.6)

with step function Θ(t). The first term is the normalized magnetization M0 =
M(t < 0) before time delay zero. The second and third term describe the time
evolution of the ultrafast drop and the slower recovery determined by de- and re-
magnetizaion amplitudes Ade, Are and the corresponding time constants τde and τre,
respectively. The last term A0F (τ0, t) usually accounts for a diffusive heat flow out
of the probe volume on much longer time scales τ0 ≫ τde, τre. It is typically fitted
by an inverse square root or another exponential function multiplied by a constant
A0 which is the value of ∆M(t)/M0 after the sub-lattices of electrons, spins and
phonons have equilibrated. As this work does not focus on longer time scales where
heat diffusion is significant, A0F (τ0, t) is neglected.

The temporal resolution which we used to probe the intrinsic magnetization dy-
namics M(t) is determined by the finite temporal width of the excitation and probe
beam. To consider this temporal blurring, M(t) needs to be convoluted with a
Gaussian G(t) to get the measured magnetization dynamic

M̃(t) = (M ∗G)(t). (5.7)

The temporal behaviour of Imag has provided the time dependence of ±∆β and
±∆δ, as summarized in the following chain:

∆I(t)

I0

√
...

−−→ ∆M(t)

M0

τde,τre−−−−→
Ade,Are

∆(±∆β(t))

±∆β0
,
∆(±∆δ(t))

±∆δ0
, (5.8)

the superposition of the static Tc(x) and time-dependent T±
m (x, t) is set up for the

three material-dependent compositions I to III see figure 5.13. We start with the
two time-dependent magnetic gratings T±

m (x, t), that are normalized to the charge
term. They are:
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T±
m (x, t) = exp

(
−2πdαMO(x, t)(±∆β)

λ

)
· exp

(
−2πidαMO(x, t)(±∆δ)

λ

)
·[

exp

(
−2πdβ

λ

)
· exp

(
−2πidδ

λ

)]−1

(5.9)

with αMO(x, t) being the scaling function of the magneto-optical constants ∆β
and ∆δ. The temporal evolution of αMO(I, t) corresponds to the time trace of My(t)
(see figure 5.15). As no optical light penetrates the sealed Al structure, the edge
(II) and Al line (III) are set to α(II, t) = α(III, t) = 1.

As demonstrated already in the static case, the time-dependent magnetic grating
T̃±
m (x, t) is now also multiplied with the static charge grating T̃c(x) to construct the

two sub-gratings

T̃±
c,m(x, t) = T̃c(x) · T̃±

m (x, t). (5.10)

To account for interference of the two independent dynamics of the oppositely
magnetized domains, the amplitudes are coherently added up before we take the
absolute square to obtain the measured average intensity

I±c,m(q, t) = |(F T̃+
c,m(x, t))(q) + (F T̃−

c,m(x, t))(q)|2. (5.11)

The time- and scattering-vector-dependent I±c,m(q, t) is evaluated at q-values cor-
responding to the 1st, 2nd and 3rd diffraction order of all grating periodicities. The
outcome of this time-dependent solution is plotted in figure 5.17 for the first three
diffraction orders in the time range from −0.5 ps to 3.25 ps. It shows the normalized
diffraction intensity of the two sub-gratings I+, I− (originating from the D+ and
D− domains, respectively) and there coherent superposition I±.

The dynamics of I+ and I− observed in the 1st and 3rd order behave similar in
terms of a highly symmetric time-dependent amplitude only differing in sign with a
maximum ∆I of roughly 10% and 6%, respectively. Although the relative change of
I− is slightly larger in both cases, I± decreases very little by less than 0.5%. This
is caused by the fact, that the absolute diffraction efficiency of the grating follows:
T̃−
c,m(x, t) > T̃+

c,m(x, t).
While we see no apparent qualitative differences in the individual traces within

the single domain dynamics of I+ and I− in the 1st and 3rd order, we observe strong
periodicity-dependent dynamics in the 2nd order. This rather complex response can
be decreasing (grating E to I) or increasing (grating A to D), depending on the grat-
ings periodicity and can easily reach a relative signal change of 200% to 300%. In
common with the other diffraction orders, we find also here a mirroring response in
the two diffraction channels just the other way around. While I+c,m of gratings A to
E show a decreasing time-dependent trend in the upper panel, their trend increases
in the lower panel of the 2nd order. Gratings F to I follow the opposite way. The
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Figure 5.15: Optical induced ultrafast quenching of the 1st order domain scattering I
(black) and the associated magnetization M (red) measured on membrane
E5 (diamond) and D4 (point). As My ∼ ∆β,∆δ the fit (solid line) is later
used to model the time dependence of the scaling function α(x, t). The
sample’s maximum magnetization loss at the fluence employed is about
19% and 28% on E5 and D4, respectively.

signal of the coherent sum I± varies about ± 6%.

We now discuss the physical origin of the periodicity-depended dynamics. More
insight regarding the relation between the grating profile and the diffraction it is
causing is given in figure 5.16. The final sub-gratings T̃−

c,m(x, t) and T̃+
c,m(x, t) are

a product of the static T̃c(x) and the dynamic T̃+
m (x, t) and T̃−

m (x, t), respectively.
By optically reducing the dichroic magneto-optical constants in the gap between
the Al lines, we create an additional scattering contrast. Assuming the magneto-
optical reduction to be equal in magnitude in up or down magnetized domains, (i.e.
assuming negligible dichroic excitation with linear polarized optical pump light), we
expect a symmetric time-dependent increase of the contrast and therefore in both
cases an increase of scattering efficiency. But as we never measure a pure magnetic
grating, we need to look at the final sub-gratings. After multiplying charge and
magnetic gratings with each other, it becomes clear that the contrast of T̃+

c,m(x, t)

is enhanced while T̃−
c,m(x, t) reduces by the same amount. This simulation suggests

two equally behaving dynamics that only differ in their sign. With T̃−
c,m(x, t) causing

a slightly stronger diffraction, the average dynamic of T̃±
c,m(x, t) is expected to be

slightly dominated by T̃−
c,m(x, t). This contrary behaviour of I+ and I− is exactly

what we see in the simulation of the 1st to the 3rd diffraction order.
In summary, one can say, by measuring the 1st order of Ĩ±c,m(q, t), we gain in-

formation about the time constants and amplitudes of the ultrafast magnetization
dynamics. As the coherent sum Ĩ±c,m(q, t) does also depend on the imbalance of the
two oppositely magnetized domains, we learn also details about their spatial distri-
bution.

To understand the underlying process that causes the complex dynamic found in
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Figure 5.16: Cross-section of the grating sample with transmission and phase profile
assuming time-dependent ∆δ(t) and ∆β(t). From the cartoons in the up-
per row, showing the cross-section of one period, it is clear that the time-
dependent final sub-gratings T+ and T− are each superpositions of the
static charge and the dynamic laser-induced magnetic grating. For the sake
of clarity a pump-induced reduction of the magneto-optical constants of
80% (αMO = 0.2) is assumed in this figure. The colour gradient represents
the temporal evolution of the transmission and phase grating.
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Figure 5.17: Simulation of the dynamic diffraction intensity of the two sub-gratings
I+c,m(t), I−c,m(t) (faint lines) and their coherent addition I±c,m(t) for the first
three diffraction orders. Due to the symmetric behaviour of the 1st and
3rd order, the resulting measurable change of I±c,m(t) is on the order of sub
0.5%.
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the 2nd order, we need to remember the static on-resonant Fourier coefficients in
figure 5.12. There, the 2nd order diffraction intensity is not only strongly suppressed
but also in a parabolic shape as a function of the grating periodicity with a minimum
around grating D to F, indicating an effective LSR close to one. In general, a periodic
grating with a LSR of one will not scatter light into it’s 2nd diffraction order. Thus,
a time-dependent change of I± has to directly reflect a change of the LSR between
demagnetized and fully magnetized areas. Note that we cannot take the line width
measured by the SEM (see figure 5.1) to get the LSR. Again, we need to account for
the wavelength used and the resulting limited spatial resolution. Considering the
wavelength, the resulting FWHM of the cross-section of the transmission profile of
all gratings, seen by the FEL, increases by roughly 20 nm (FWHMFEL > FWHMSEM,
see left panel in figure 5.16).

After excitation, the FWHM of the non-excited area expands during the demag-
netization process. This may be contra intuitive but it is a purely geometrical effect
originating from the spatial convolution of a Gaussian with Tc,m(x, t). At maximum
demagnetization of 19% the non-excited area changes by:

∆FWHM = ±(FWHM(t2)− FWHM(t1)) ≈ ±1.3 nm, (5.12)

depending on the direction of magnetization (c.f. right panel in figure 5.16). The
initial LSR of gratings A to D is larger than one while it’s smaller than one for
gratings E to I. Starting with T̃+

c,m(x, t) in figure 5.16, it can be understood that the
FWHM is constantly decreasing after the magneto-optical constants are reduced. A
shrinking line width will result in a shift of the LSR towards smaller values. Grat-
ings A to D with a former LSR larger than one will now approach the suppressed
diffraction LSR of one. We thus expect I+(t) to lose intensity. While on the other
side gratings E to I will shift away from one to smaller LSRs and gain diffraction
efficiency (see dashed line at 2nd order). The lower panel including I−(t) shows
the opposite dynamic stemming from an increasing FWHM of T̃+

c,m(x, t) originating
from a reduced contrast. Now grating A to D move from a LSR of one towards
larger LSRs and gain I−(t) while the other gratings do the opposite (solid line).
Note the complex dynamics of grating E in figure 5.17. I−(t)/I0 is only slightly
below one, such that due to the excitation it first approaches a LSR of one and loses
diffraction efficiency before it passes the LSR one and gains diffraction efficiency.
During the relaxation process it passes the suppressing 1:1 LSR again. As the ab-
solute Fourier coefficients are significant smaller than in the 1st and 3rd order, even
small variations result in strong relative amplitude changes which are proportional
to the inverse amplitude of the Fourier coefficient. This is why gratings A, B and
C on the one hand and grating G, H, and I on the other hand show the smallest
amplitudes despite an equally laser-induced excitation. The averaged Ĩ±c,m(t) is again
dominated by Ĩ−c,m(t). The fact, that lateral changes of the non-excited area by only
1.3 nm invokes relative changes within the sub-channels I−c,m and I+c,m of 200% to
300% clearly proves the spatial sensitivity of the experiment.
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The 3rd order with its higher q-values, samples spatially finer structures of T̃±
c,m(x).

Having considered the contrast and the line width, the only other structural feature
left, that undergoes spatial changes are the peaks below the Al edges (c.f. dashed
rectangle in figure 5.16). Similar to the 2nd order, the width of the peaks at the
edges does decrease in the case of T+

c,m and increases in the case of T−
c,m. As the

peaks, originating from the absorption at the Al2O3 covered side walls of the mask,
get sharper in the case of T+

c,m, higher Fourier coefficients are needed to describe the
edges, causing an increase of the scattering intensity I+c,m (c.f. 3rd order in figure
5.17). The same argument explains the drop of I−c,m during an increasing peak width
of the edges.

After we understand the time dependence of the magneto-optical constants upon
laser excitation, we need to compare their caused changes of diffraction efficiency
with the experimental determined changes. The sobering conclusion at this point
is, that the model taking into account a temporal and spatial varying ∆δ(x, t) and
∆β(x, t) fails in following the measured curves. Starting with the 1st order, apart
from the intensity drop, the maximum change of I± is one order of magnitude lower
than it should be. Also, the time constants significantly differ. While the measured
system relaxes roughly after 1 ps, the simulation, based on the domain magnetization
dynamic, does not even after 3 ps. The 2nd order does show the splitting but again
not in the expected order of magnitude. We see the same problem in the 3th order
but here not even the intensity increase can be observed.

One reason for the weak changes of the simulated I±, are the highly symmetrical
dynamics of I+ and I−. There needs to be an additional time-dependent element
which breaks that symmetry. The only other constants that might possibly change
are the electro-optical constants β and δ itself, which were assumed to be constant
during the excitation process as demonstrated by the off-resonant measurements.
The only explanation left to understand the rather strong dynamics seen in the
diffraction experiment, postulates not only laser-induced changes of the charge sys-
tem but also an energy dependency. In a recent work performed by Willems et al.
[160] time- and energy-dependent MCD studies on an optical excited Co film were
conducted. We would like to highlight that in the frame of that work, almost no
laser-driven changes of β were observed close to the off-resonant energy at 17.83 nm,
while at the resonance at 20.8 nm a laser-induced increase of β was observed using
left circularly polarized photons. Deriving a constant charge term at the resonance
based on off-resonantly conducted measurements, is therefore clearly an insufficient
ansatz.

The effect of having dynamic electro-optical constants are not only a breaking of
the symmetry but also introducing another time constants, accounting for the faster
relaxation observed. As the electronic system directly interacts with the laser field,
its dynamics is known to be faster than the spin system [161].

106



5.5 Time-Resolved Magnetic Grating Diffraction

5.5.2 Consideration of a Time-Dependence of β and δ (ii)
To account for the time-dependent electro-optical constants of Co, we modify equa-
tion 5.9 by adding β and δ with their specific spatial and temporal dependent scaling
function αeo(x, t) and obtain

T±
m (x, t) = exp

(
−2πd[αeo(x, t)β ± αmo(x, t)(∆β)]

λ

)
·

exp

(
−2πid[αeo(x, t)δ ± αmo(x, t)(∆δ)]

λ

)
·
[
exp

(
−2πdβ

λ

)
· exp

(
−2πidδ

λ

)]−1

.

(5.13)

Again, spatially undisturbed areas like the edges (II) and the Al line (III) are set
to α(II, t) = α(III, t) = 1. While αmo(I, t) still follows the time trace of My(t), the
question that needs to be answered is how does αeo(I, t) look like. We learned already
that the 1st order dynamic infers information about the laser-induced contrast. Due
to a symmetrical behaviour of T+

c,m(x) and T−
c,m(x), the simulated 1st order dynamic

changes less than 0.5% which means that the observed dynamics are mainly caused
by the electro-optical contrast. By fitting the average dynamics of the 1st order
again with equation 5.6, we obtain the time trace of αeo(I, t).

If we now apply αeo(I, t) on the two sub-gratings T+
m and T−

m , we obtain the situa-
tion plotted in figure 5.18. For illustration purposes the maximum reduction of the
magneto-optical constants is overestimated and set to αmo = 0.2. The maximum
increase of the electro-optical constants is set to αeo = 1.03. The middle panel makes
clear that the time-dependent increase of β introduces an asymmetry between the
dynamics of D+ and D− domains. An increase of β will enhance the absorption and
therefore lower the transmission of the sample. In the case of the T−

m grating the
changes of +β and −∆β follow the same direction and enhance the total contrast.
The sub-grating T+

m on the other hand experiences the opposing effect because +β
and +∆β behave antiparallel. Note that the three chosen transmission profiles were
extracted at the same time steps as the ones in figure 5.13.

Let us now come to the adapted model and its prediction for the dynamics de-
picted in figure 5.19. All orders have in common that the dynamics during the first
picosecond after excitation are mostly originating from a pure electronic excitation
and relaxation process. After that, the magnetic dynamics which are still efficiently
suppressed take over, to be seen at the kink around 1 ps. Due to the dominance of
T−
m and I−c,m, respectively, we observe at the 1st order a fast drop of about 8% and

a fast relaxation which of course is inherent. To reach the same intensity loss as
measured, β maximum or the scaling function needs to be set to αeo = 1.03, respec-
tively. Compared to the 2nd order dynamics with constant β and δ the adapted
simulation shows the right splitting behaviour and comparable amplitudes. Grating
A to G increase I±c,m while H and I follow an initial drop. Despite the very good
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Figure 5.18: Cross-section of the grating sample with transmission profile assuming time-
dependent δ(t), β(t),∆δ(t) and ∆β(t). Due to the introduction of δ(t), β(t)
the dynamic transmission profiles are, compared to figure 5.16, not sym-
metrical any more.

agreement between the experimental and simulated 1st and 2nd diffraction order
the 3rd order on the other hand seems still not well reproduced.

5.5.3 Introducing an Inhomogeneous Excitation Profile by EFE
(iii)

So far, we assumed a homogeneous excitation profile of the uncovered areas, ne-
glecting any inhomogeneities like plasmonic field enhancement at the edges. To
consider a potential excitation profile including inhomogeneities, a 2D simulation
of the electric field distribution is performed. Therefore, the software RF module
of the commercial grade simulator COMSOL MultiphysicsTM [162], based on the
finite element method was used. To model the excitation, we start with the peak
excitation fluence

F =
Ep

2πσaσa

, (5.14)

for a Gaussian beam profile with σa and σb describing the 2D beam profile on
the sample with σa,b = FWHMa,b/2

√
2 ln(2) and the pulse energy Ep. For solving

Maxwell’s equation, we need the electric field
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Figure 5.19: Simulation of the dynamic diffraction intensity (see also figure 5.17) with
an additional increase of the electro-optical constants by 3% to αeo = 1.03.
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Table 5.5: Real- and imaginary parts n and k of the index of refraction at λ = 400 nm
for all compounds of the sample. Note that the Co/Pd multilayer is treated
as homogenous film with effective n and k.

layer Si3N4 Co Pd CoPd Al Al2O3
n 2 [163] 1.578 [164] 1.306 [164] 1.472 [164] 0.375 [165] 1.76 [166]
k 0 [163] 2.953 [164] 2.95 [164] 2.952 [164] 4.23 [165] 0.02 [166]

E =

√
F√

2πcϵ0τ
(5.15)

with speed of light, c, vacuum permittivity, ϵ0 and the pulse length

τ = FWHM/2
√
2 ln(2). (5.16)

The linear polarization of the monochromatic wave, centred at λ = 400 nm, lies
within the x-z-plane and is perpendicular with respect to the alignment of the Al
grating lines. The direction of incidence is normal. The absorbed power

Pabs = −0.5ω |E|2 ℑ(ϵr), (5.17)
is obtained from the incident electric field strength, E, from equation 5.15, the

angular frequency, ω, and the relative permittivity, ϵr = (n− ik)2.

After modelling the excitation, we now need to model the samples properties.
In table 5.5 the real- and imaginary parts n and k of the index of refraction at
λ = 400 nm used for the simulation are listed. For reasons of simplification, the
multilayer structure is assumed to be a homogeneous CoPd alloy. This approach is
justified because the wavelength is many times greater than the individual mono-
layer thicknesses. In addition, some alloying does take place at the interfaces. To
determine the weighted refractive index, we start with the molar volume Vm of each
element and relate it to the proportional layer thickness dl both to be found in table
5.6. And so follows for the weighted real part of the refractive index:

n =
1

1 +
V Co
m

V Pd
m

dPdl
dCo
l

· nCo +
1

1 +
V Pd
m

V Co
m

dCo
l

dPdl

· nPd. (5.18)

For the absorbing part, the calculation follows analogously.

After modelling the excitation and sample, the boundary conditions need to be
specified. The calculation is done on a single unit cell with periodic boundary con-
dition and perfectly matched layers (absorbing layer) above and below the structure
along the z-axis. The Maxwell equation is solved on nodes of a triangle mesh. The
edge length ranges between 0.1 nm and 5 nm. The radius of the Al corners was set
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Table 5.6: For the determination of the weighted real- and imaginary part of the re-
fractive index, the molar volumes Vm and the individually summed up layer
thicknesses dl are required.

layer Co Pd
Vm (m3 mol−1) 6.67× 10−6 8.56× 10−6

dl (nm) 12 6

Figure 5.20: Cross-section displaying the calculated 2D absorbed power Pabs of the mul-
tilayer sample after penetration by a monochromatic pump beam centred
at λ = 400 nm under normal incidence. The electrical excitation field
E = 5.42V/m corresponds to a fluence of 6.5mJ/cm2. The linear polar-
ization axis lies in the x-z-plane perpendicular with respect to the Al line.
The Co/Pt multilayer is modelled as a homogenous alloy. A strong local-
ized absorption due to the plasmonic field enhancement can be observed
below the edges of the Al structure.
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to 2 nm. The calculation is carried out exemplarily for grating A with line width
and period taken from table 5.1, (see also figure 5.20).
In figure 5.20, we show the result of the 2D simulation of the absorbed power in
the cross-section of the samples unit cell. At first glance, the plasmonic field en-
hancement directly below the edges stands out clearly. The maximum absorption
at the edges is increased by a factor of about 5 compared to the homogeneous ab-
sorption far away from the edges. As assumed earlier, the absorption does not play
a significant role in the transparent oxide. The main fraction of the radiation is
absorbed in the CoPd film. This result clearly shows that the assumption of a ho-
mogeneous excitation profile used at the subsections 5.5.1 and 5.5.2 is not correct.
In order to better understand the complex shape of the absorption profile, we plot
a three-dimensional (3D) landscape of the energy deposition in the magnetic film in
figure 5.21 (a). Here, it is once again apparent, that a large part of the energy is
deposited near the surface underneath the edges. In addition, there is a constantly
increasing absorption directly underneath the Al bar, which is not direct accessible
for the optical excitation. The explanation could be based on surface plasmons.
Since our introduced model does not involve a depth-dependent change of electro-
and magneto-optical constants, we look at the integrated Pabs. To do this, we add
up Pabs along the z-axis and display it as a function of the lateral coordinate x in
figure 5.21 (b). We lay the cross-section of the grating structure, consisting of Al2O3
(dark blue shade) and Al (blue shade), over Pabs(x). The first thing we notice is
that the peak absorption is not below the line edge but 3 nm further inside of the
structure, i.e. at the Al2O3 and Al interface. An absorption above the gap excita-
tion is visible up to 12 nm further inside of the covered area. Even directly below
the Al, a 50 nm wide residual absorption is present.

To find out whether this result helps to better understand the 3rd order dynamics,
we will include the EFE in our model below. In order to model the EFE, we assume
that the enhanced absorption below the edges leads to an enhanced decrease or
increase of the magneto- or electro-optical constants, respectively. In contrast to
the tapered absorption peaks (see figure 5.21), we start with rectangular profiles
symmetrical around the edges, exemplarily shown for one time step (dashed line)
at the middle panel in figure 5.22. To account for the result of the simulation, the
rectangular profiles are shifted inwards by 3.5 nm with respect to the Al lines. The
resulting structure is then convoluted by a Gaussian to again consider the spatial
resolution associated with the XUV radiation. The fact that the simulation indicates
a finite absorption directly below the Al line is neglected.

The time-dependent diffraction intensities of the simulation that are closest to the
measured data are plotted in figure 5.23. The best agreement between the simulated
dynamics and the data, originating from the right panel of figure 5.22, is based on
a reduction of the magneto-optical constants to α(I)mo = 0.81 and α(II)mo = 0.2
and an increase of the electro-optical constants to α(I)eo = 1.035 and α(II)eo = 1.12
at the gapes (I) and at the edges (II), respectively. According to the outcome of
the simulation, the centre of the unconvoluted 8 nm wide EFE (red dashed line)
was set inwards by 3.5 nm compared to the edges. At first glance, the 1st and 2nd
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Figure 5.21: (a) 3D map of the power Pabs absorbed in the CoPd film. A significantly
stronger deposition near to the surface is visible below the edges. A fi-
nite excitation can also be measured directly below the Al grating. (b)
Depth-integrated Pabs(x). Due to the plasmonic influence, in addition to
the enhanced absorption at the edges, a considerable excitation can be seen
underneath the Al as well (blue shade). The peak absorption is located
3 nm within the edges of the structure, i.e. at the interface between Al2O3
and Al.
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Figure 5.22: Transmission profiles of the static charge grating (left), the dynamic charge
and magnetic grating (centre) and their coherent addition (right). Plas-
monic field enhancement at the edges was incorporated and is represented
for one curve by a rectangular profile (dashed line). The spatial resolution
of the XUV beam was again taken into account by a Gaussian convolution
(solid line). The centre panel shows a decrease of the magneto-optical con-
stants by 19% (α(I)mo = 0.81) and 80% (α(II)mo = 0.2), respectively and
an increase of the electro-optical constants by 3.5% (α(I)eo = 1.035) and
12% (α(II)eo = 1.12).
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order hardly differ from the respective traces in the previously presented models.
On the other hand, the dynamics of the 3rd order have changed considerably as the
dynamics of the sub-gratings I−c,m and I+c,m have reversed. In order to understand
this, we need to look at the right panel of figure 5.18. Here, it becomes clear that
the transmission changes at the edges caused by the EFE, amplify (T̃−

c,m(x, t)) or
attenuate (T̃+

c,m(x, t)) the existing peaks. By adding the EFE, the entire structure
is changed significantly, so that an influence on the first two orders is likely. In
order to achieve the same quenching of the 1st order, β and δ must be increased
from α(I)eo = 1.030 to α(I)eo = 1.035 and the LSR reduced from 101% to 100% of
the measured values. In view of the strong structural changes, these rather small
adjustments once again illustrate the decoupling of the individual diffraction orders
from its structural origin.

For a final comparison, we have once again presented the experimentally obtained
data together with the calculated diffraction intensities (c.f. figure 5.24). Since the
individual 1st and 3rd order grating dynamics in the experiment and in theory do
not show significant periodicity-dependent dynamics, they were averaged. In sum-
mary, we can say that the calculated dynamics of all three diffraction orders now
qualitatively agree to the measured ones. Furthermore, we were able to retrace
quantitatively the decrease of the 1st order dynamic to 93% and the increase to
105% of the 2nd order dynamic. Note that the Al line widths used in the experi-
ment are subject to a certain statistical distribution so that the LSR is also subject
to a certain uncertainty. The modelled diffraction intensity however is based on a
uniform line width and an exact LSR. Therefore, diverging dynamics occur in the
vicinity of a suppressed diffraction peak close or at a LSR of 1:1.

The good agreement between experiment and simulation indicates that the model
now captures the key aspects of the experiment. Nevertheless, some aspects are still
not fully understood. The modelled dynamics, for example, based on one time con-
stant describing the relaxation process of all three diffraction orders. The temporal
behaviour of the recovery process was extracted from the 1st order grating diffrac-
tion and is on the order of 1 ps (see figure 5.14, 1st order). In the experiment, on the
other hand, we observe in the 2nd and 3rd order a much slower return to equilibrium
exceeding 1 ps. This could be caused by the laterally different excitation distribu-
tion. We know from time-resolved MOKE measurements, that the relaxation time is
a function of the power deposited in the medium (c.f. figure 4.8). The area affected
by EFE absorbs more power and would therefore also have to relax much more
slowly and thus be described by a different remagnetization time constant. If the
areas below the edges remains hot longer than the environment facing away from the
Al, the 3rd order dynamics would also decrease with a time delay. This correlation
also applies to the ultrafast excitation on the first hundreds of femtoseconds, even
if it is less pronounced.

Another assumption which is made but under certain circumstances not justified
concerns the phase part of the electro-optical constant. We know from a recent
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Figure 5.23: Simulation of the dynamic diffraction intensity (compare to figures 5.17
and 5.19) based on the time-dependent transmission profile in figure 5.22.
Although the excitation profile has been changed significantly, the dynamics
in order 1 and 2 show only small changes. In contrast, the symmetrical
behaviour of I−c,m and I+c,m in order 3 has completely reversed.
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Figure 5.24: Comparison between the experimentally recorded data and the modelled
first three diffraction orders. In the 1st and 3rd diffraction order the average
of all nine grating dynamics is displayed.
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publication that β increases after optical excitation, but the dynamics of δ itself is
unknown. The fact that the resonant δ is about 40 times smaller than β makes us
confident, that the introduced error of this assumption is negligible.

5.5.4 Model Verification - Applying the Introduced Model to
Another Grating Geometry

At the end, we want to verify the model developed by applying it to another in-
dependent measurement. With the same experimental parameters that led to the
recording of the discussed data on membrane E5, another time-resolved scan on
membrane D4 was measured. This membrane differs from the previous one only
by the lithographic manufacturing process and the fact that both were recorded on
two consecutive beamtimes, separated by two years. Since both grating structures
are located on the same multi-membrane chip whose magnetic film was deposited
homogeneously to the chip in one run, it can be assumed that these are identical.
During the thermal Al evaporation to fabricate the grating structures, the entire
surface of the chip was also homogeneously coated so that differences in thickness
are negligible. The only discrepancy results from the different electron beam expo-
sure time between the two membranes during the lithography process (see table 5.1)
which leads to the fact that the average Al line widths on membrane D4 are about
10 nm (89% of E5) narrower than on E5. Resulting from this, we expect significant
changes, compared to the dynamics on membrane E5, in particular in the 2nd and
3rd diffraction order. Therefore, we focus only on the 2nd and 3rd order in the
following.

The left side of figure 5.25 shows the time-dependent scattering data from mem-
brane D4. Since the grating structures on membrane D4 and E5 differ only in their
Al line widths, we expect significant differences in the scattering dynamics in par-
ticular in the 2nd order. Exactly these can be found if one compares figure 5.25
(D4) to figure 5.14 (E5). While I(g, 2) of the initially investigated membrane E5
increases for gratings A to G and decreases for H and I, here on membrane D4 only
the response from gratings A to C increase while the rest decreases. In addition, we
observe in the measured 3rd order diffraction of D4, a stronger relative change of
I(g, 3) of E5. We now use the comparison with the model in order to check whether
this behaviour can be attributed exclusively to the LSR. Therefore, we only vary the
line width in our model. Since we expect narrower line widths from the manufac-
turing process, we take this fact into account in the model. The outcome is shown
in the figure 5.26. Although we set the line width to 89% (best agreement) of the
line width of membrane E5 as the only parameter, we immediately get a qualitative
reconstruction, depicted in figure 5.26, of the experimentally observed dynamics in
figure 5.25.
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Figure 5.25: Normalized transient diffraction intensities extracted for the 2nd and 3rd
diffraction order of membrane D4. Compared to the dynamics of mem-
brane E5 (c.f. figure 5.14) the situation has changed mainly in the 2nd
order where we see the majority of grating dynamics decreasing. The 3rd
scattering order show apart from a periodicity-independent scattering in-
tensity a stronger response to the excitation. The solid lines represent
two-exponential fit function.
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For a final comparison, we plot the experimentally captured data again together
with the simulated diffraction intensity, whereby we average the dynamics of the
3rd diffraction order for the reasons already mentioned. In summary, we are able to
qualitatively reproduce the increasing traces of gratings A to C and the decreasing
traces of gratings D to I in the 2nd order. We want to point out again, that a quan-
titative agreement in the 2nd order cannot realistically be achieved because the line
widths in the experiment are subject to a statistical distribution while they have a
uniform width in the model. In the 3rd order, the averaged recorded dynamics of
all gratings increases to approximately 115%, while the modelled I±c,m of gratings A
to I reach about 111%.

To exclude the possibility that the experimentally observed differences origi-
nate from a periodicity-dependent excitation and therefore not exclusively from
the change in the Al line width, we want to investigate how these differences affect
the absorption. We performed identical COMSOL simulations, which also led to
the outcome displayed in the figures 5.20 and 5.21. In addition, the simulation is
conducted for each periodicity of membrane E5 and D4, taking also into account the
narrower line width of D4. In figure 5.27 (a), we see the simulated lateral grating
period-dependent absorption Pabs of membrane D4 (blue) and E5 (red). The fainter
the colour, the higher the periodicity. We observe first a slightly weaker absorption
of the magnetic film on membrane D4, covered by narrower Al lines compared to E5.
Secondly, both structures show a periodicity-dependent EFE at the edges. Directly
at the edges, the EFE becomes slightly stronger with increasing periodicity, while
it decreases significantly towards the gaps. The black line marks the absorption of
a non-structured but otherwise identical sample. To better compare the two struc-
tures, we integrate each absorption profile along the x-direction and divide it by
the length of the unit cell. The absolute absorption in the film is shown in figure
5.27. Although the line width is smaller on D4, resulting in more area available for
absorption, the unit cell absorbs less compared to E5.

From this, we conclude that, apart from the LSR, the two samples differ only
insignificantly in their absorption. The assumption that the LSR is the exclusive
cause for the different dynamics observed between D4 and E5 is therefore justified.
The periodicity-dependent energy deposition in the gaps, however, could not be
included in the model so far. A fluence-dependent de- and remagnetization process
could lead to a further modulation of their amplitude and time constants, which we
cannot compare with the experiment due to an insufficient SNR.

In summary, we have verified the developed model by applying the procedure
to an almost identical nanometre-sized grating (D4) which only differs to the one
presented before (E5) by narrower Al line widths. We could qualitatively reproduce
the dynamics of the 2nd and 3rd diffraction order only by adapting the line width. A
quantitative agreement for the averaged diffraction intensity was found additionally
in the 3rd order showing a maximum increase to about 115% and 111% in the
experiment and simulation, respectively.
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5.5 Time-Resolved Magnetic Grating Diffraction

Figure 5.26: Simulation of the dynamic diffraction intensity of the two sub-gratings
I+c,m(t), I−c,m(t) (faint lines) and there coherent addition I±c,m(t) for the first
three diffraction orders of membrane D4. The simulation includes time-
dependent magneto- and electro-optical constants as well as EFE.
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Figure 5.27: (a) Simulation of the lateral grating periodicity-dependent absorption Pabs

of membrane D4 and E5. The calculation suggests a periodicity-dependent
increase of the EFE at the edges towards larger periods. On the other hand,
more energy is deposited in the uncovered areas as the grating periodicity
increases. The black line indicates the absorption of an identical sample
without nanostructuring. (b) In order to better compare both membranes
and their grating-dependent absorption, we integrate along the lateral com-
ponent x and obtain the total absorption normalized to the periodicity. The
structured areas of both membranes absorb much more strongly than un-
structured areas. The larger the periodicity, the fainter the colour.

122



5.6 Conclusion

5.6 Conclusion
We have demonstrated that a transient magnetic grating on the nanometre scale in
a Co/Pd multilayer can be induced by an optically illuminated metallic proximity
grating mask. Although off-resonant measurements have been performed to show
that an electro-optical contribution of Co/Pd to the measured scattering signal
can be neglected, it has been shown that there is a time-dependent non-magnetic
contribution at the Co resonance.

The temporal evolution of this magneto- and electro-optical grating was observed
with a sub 100 fs time resolution by resonant SAXS in reciprocal space. We found out
that the behaviour of the first three diffraction orders is almost decoupled as it re-
flects information on three different properties of the induced magnetic grating. The
1st order is sensitive to the temporal evolution of the magneto- and electro-optical
constants and thus to the amplitude and the time constant of the demagnetization.
The 2nd order measures with a sub-nanometre precision the LSR between excited
and non-excited lines and is therefore sensitive to lateral magnetization dynamics.
The 3rd order contains scattering vectors with a larger momentum transfer and
therefore samples smaller structural features in real space. It has been found that
this order is very sensitive to the EFE-induced strongly localized excitation of the
magnetization at the edges of the Al grating.

Subsequent STXM characterization measurements at the L edge and MFM mea-
surements have shown that there is no FEL- or UV pump-induced permanent change
of the magnetic state. Direct comparison between exposed and non-exposed mem-
branes showed no difference between domain structure and domain distribution.

To demonstrate that the applied model was developed on solid ground, the out-
come was compared to the dynamics stemming from another membrane only differ-
ing by its LSR. After accounting for a different LSR while keeping all other param-
eters constant, the calculated grating dynamics reproduced the measured ones very
well.
An ultrafast shift of magnetization induced by superdiffusive spin-polarized electron
transport could not be observed directly. Due to the limitations of the scattering
geometry, only the first four diffraction orders are experimentally accessible at the
resonance which makes an exact reconstruction of the transient transmission profile
impossible. The shape of the initially excited grating is therefore not known exactly.
With an expected velocity of the excited non-equilibrium electrons on the order of
1 nm fs−1, we assume that these temporal changes of the transmission profile are in-
stantaneous and cannot be distinguished from the initial shape. The time resolution
of the FEL and UV pulse durations used, are on the order of 100 fs, leading to the
fact, that most of the light pulses are scattered at the grating shape already affected
by superdiffusiv spin-polarized electrons. From that point on, the transmission pro-
file is well understood and most importantly it is highly sensitive to relative changes
of the lateral magnetization as proofed by the 2nd order dynamics. A FEL or HHG
source providing shorter pulse durations could temporally resolve the presence of
these ultrafast non-local spin dynamics.
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Table 5.7: Comparison of the transmission for a 30 nm thick Al, Al2O3, Au and a 10 nm
thick Au film at the transition energy of the Co M edge (≈ 60 eV) and the Co
L edge (≈ 780 eV) [147].

material thickness Co M edge Co L edge
Al 30 nm 95.8% 98.1%
Al2O3 30 nm 35.5% 93.8%
Au 30 nm 46.5% 63.3%
Au 10 nm 35.9% 85.7%

Learning from these results, we suggest conducting the SAXS experiment at a L
edge FEL. There one would not only benefit from a stronger XMCD signal but also
from a higher transmission through the Al grating and the Al2O3 layer, see table
5.7, increasing the relative change between the diffraction stemming from the static
Al grating and the dynamic magnetic grating.

Another improvement could be achieved when using a grating consisting out of
Au instead of Al because of an absence of an oxide layer. Due to a clear sharp
metal/vacuum interface the EFE is expected not only to be enhanced but also to be
more localized leading to a stronger excitation gradient [21]. Such a strong gradient
between hot non-equilibrium electrons and the unexcited magnetic film will result
in strong lateral non-local magnetization dynamics which might be easier to detect
than using an Al grating. On the other side, Au has a stronger absorption in the
entire soft x-ray range, see table 5.7. Even for a thin film of 10 nm thickness, we
find only a transmission of 85.7%. However, one needs to be aware of photon-less
excitation which is likely to occur as we learned already in the fundamental part
2.2.2 [35]. This could be strongly suppressed when an insulator is placed between
the Au layer and the magnetic film, putting even more effort in the developing of
the lithography process. Furthermore, the transmission properties of that particular
insulator need to be considered as well.

The transient grating approach could also be combined with the multi-colour
technique presented in chapter 3, to investigate the non-local element-specific lateral
evolution of a magnetic grating with a 1 nm spatial resolution. To avoid a spatial
overlap between a diffraction peak within a diffraction order caused by the first
colour and a diffraction peak within a different diffraction order caused by the second
colour, the detector area could be better filled by rotating gratings of different
periodicities by a certain angle to each other.

In order to prevent the diffraction peaks, stemming from the magnetic domains
and the metal grating, from overlapping, their orientation to each other was chosen
to be perpendicular. The laser-generated spin-polarized majority electrons have a
higher mobility than their counterparts, the minority spin electrons, and can thus
effectively move along a domain. Thus, they can propagate into the non-excited
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magnetic film that is covered by an Al bar and shift magnetization from the excited
magnetic film to the unexcited region, causing a possible magnetization increase. If
it’s possible to create an in situ in-plane magnetic field to align the domain orien-
tation parallel to the bars of the metal grating, majority spin electrons would have
to cross a domain wall on their way into the non-excited regions. Once entering
an opposite magnetized domain, they transform into a minority spin electron caus-
ing a drastic drop in their mean free path. The minority spin electron is therefore
trapped close to the domain wall of the neighbouring domain. In the presence of
superdiffusive spin-polarized currents, the different domain orientations should have
a significant influence on the shape of the transmission grating and thus on the dy-
namics of the diffraction orders.

We also propose to measure the transient grating dynamics for different magne-
tization states. In the experiment presented here, the magnetic film was previously
demagnetized, such that a domain state was present during the time-resolved mea-
surements. This gave us the possibility, to extract the magneto-optical time con-
stants from the domain scattering, important for modelling the dynamics. However,
this had the consequence that the oppositely dynamics originating from the uni-
formly distributed individual D+ and D− domains almost cancelled out each other.
Our developed model suggests significantly stronger relative changes of the scatter-
ing signal throughout all diffraction orders, if there is an imbalance between the
domains. That could be realized by implementing a strong electromagnet provid-
ing a sufficient out-of-plane magnetic field to saturate the sample (max. 500mT in
our case). In a first step, one could measure the magnetic film in a domain state,
recording the domain scattering, providing the time constants of ∆δ and ∆β. In a
second step one could apply an in situ magnetic field to transfer the magnetic state
into a single domain state while keeping the excitation fluence constant. Thus, the
dynamics stemming from the transient magnetic grating should clearly exceed those
of the electro-optical grating.

Finally, we suggest a possibility to trace the magnetization dynamics originating
from an alternating magnetic excitation pattern without measuring the static con-
tribution of the metal grating to the diffraction signal. The ansatz is based on a
frontal excitation of the sample while the resulting dynamics are probed in reflec-
tion from the backside. So far, we have studied the spatial change of a transmission
grating consisting of a static part and a laser-induced dynamic part. So we only
measure small spatial deviations of an already existing transmission grating. The
advantage of transferring the experiment from a transmission geometry to a reflec-
tion geometry, is that we are only sensitive to the optically induced grating. Since
we do not generate a static grating before time delay zero, we basically measure a
background-free diffraction signal, which should also make smaller lateral changes
of the magnetization visible. In order to justify our considerations, we will adapt
our model to this scattering geometry in the following.

We start with the situation described in section 5.5.2. Here, we allow a change
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of the electro- and magneto-optical constants. In addition, we neglect the EFE for
the sake of simplicity. Since we are no longer sensitive to the static Al grating, the
phase and amplitude are no longer modulated, and we set the transmission profile
belonging to the Al grating to one (T̃c = 1). We have learned in the course of
this chapter, that the dynamics, purely based on the modulation of the magneto-
optical constants, almost balance each other (I+c,m − I−c,m ≈ 1, c.f. figure 5.17). To
circumvent this issue, we consider a saturated magnetic film. We select the state of
a D− domain with the corresponding grating T−

m (c.f. figure 5.11). Here, we find
a pump-induced increase of the electro-optical constants and a transient decrease
of the magneto-optical constants. Both lead to a reduction of the transmission
such that the effect adds up and a grating of stronger contrast causing a higher
diffraction efficiency is generated. We adapt the Al line width such that the effective
excitation pattern results in a LSR of one. This leads to a corresponding parabolic-
like shaped minimum of the simulated diffraction intensity in figure 5.28 (c) that
mirrors the Fourier coefficients in figure 5.12 (b). We now plot the absolute values
of the time-dependent diffraction intensities I−c,m ranging from −0.25 ps to 1 ps for
the case of spin-unpolarized electron diffusion switched off (a) and switched on (b).
To demonstrate the sensitivity of the ansatz presented, we chose a conservative
estimate of a maximum hot-electron diffusion length of 3 nm [36]. With a Fermi
velocity on the order of 1 nm fs−1, we assume the lateral expansion by 3 nm to be
quasi instantaneous. This ultrafast dynamic is convoluted with the time resolution
of the experiment (FWHM of probe pulse ≈ 70 fs). If we do not consider non-local
electron transport, the amplitudes of I−c,m follow the traces shown in panel (a). If we
allow non-local electron diffusion, we get a completely different dynamic that shows
a complex periodicity-dependent behaviour. The periodicity-dependent amplitudes
(Fourier coefficients) are displayed in panel (c).

To understand the different amplitudes of the dynamics shown in panel (a) and
(b) at the time delay that is indicated by a dashed black line, we take a closer look
at the change of the corresponding Fourier coefficients in panel (c) introduced by
hot-electron diffusion. As the space between two Al bars starts to laterally increase
upon laser excitation the LSR will decrease for all gratings. This can be visualized by
a shift of the parabolic shaped distribution of the Fourier coefficients of all gratings
to the right. This will result in an increasing or decreasing diffraction efficiency for
gratings E to I or A to D, respectively.

Let us now come to the periodicity-dependent position of the amplitudes. Com-
pared to the dynamics displayed in panel (a), the in (b) presented ones are caused
by two processes with different time constants. While the first process describes
the formation of a grating which always leads to a diffraction efficiency, the second
process can, depending on the LSR, lead to an elimination or amplification of the
diffracted intensity. The interplay of both, a local reduction of the electro- and
magneto-optical constants and their lateral expansion results in a complex and dis-
tinct transient diffraction intensity reflecting the time constants of the underlying
processes.
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5.6 Conclusion

The outlook has shown, that the technique of frontal pumping and backside prob-
ing increases the sensitivity to the diffraction signal enormously since the measure-
ment is virtually background-free. Even the smallest laser-induced lateral changes
in excitation on the order of 3 nm can cause huge effects in the scattered intensity.
The comparison of a laterally constant excitation with a temporally and spatially
changing one has demonstrated, that the periodicity-dependent amplitudes are a fin-
gerprint for non-local laser-induced ultrafast electro- and magneto-optical dynamics.
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Figure 5.28: Simulated I−c,m originating from the 2nd order of a grating sample that is
optically excited from the frontside and probed by XUV radiation from
the backside. Panel (a) and (b) differ in the presence of a time-dependent
expansion of the excited space between two Al bars due to electron transport
processes. The dashed black line in both panels is located at the maximum
of the amplitudes from panel (a). The magnetic film is in a single domain
state (D−). For the sake of simplicity, EFE is neglected. We use the
same values for the increase and decrease of the electro- and magneto-
optical constants to αeo = 1.035 and to αmo = 0.81, respectively. (c)
Fourier coefficients corresponding to a transient grating with and without
consideration of hot-electron diffusion. The values for the coefficients are
extracted at the time indicated by the dashed black line in panel (a) and
(b).
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6 Conclusion and Outlook
In the dissertation, we have investigated the spatio-temporal evolution of laser-
driven ultrafast magnetization dynamics via magnetic circular dichroism using free-
electron laser radiation in the extreme ultraviolet spectral range in small-angle mag-
netic scattering and coherent imaging experiments.

In order to unravel the intrinsic processes governing ultrafast demagnetization dy-
namics and thus gaining a better understanding on how laser excitation can induce
novel magnetic functionalities, such as all-optical magnetic switching, we studied the
localized manipulation of the magnetic state and control its response on a femtosec-
ond time and a nanometre length scale. To reach this goal, three main questions
were addressed:

Firstly, how can we gain an element-specific and spatially resolved ac-
cess to the magnetization of the different elements in functional magnetic
systems?

For a multi-component Co/Pt heterostructure this thesis successfully demon-
strated that two-colour Fourier transform holography allows to simultaneously image
the magnetic domains stemming from Co and the Pt atoms at or close to the Co/Pt
interface in real space. For this purpose, we have in a first step established the
energy-dependent magnetic scattering intensities in the extreme ultraviolet spectral
range from 35 eV to 80 eV by the means of a static small-angle scattering exper-
iment, identifying strong magnetic circular dichroism at the Co M2,3, the Pt O2,3

and N6,7 edges. In the following, Fourier transform holography was used to map
the static magnetic domains with a high spatial resolution covering the relevant
spectral range from 57 eV to 65 eV and 71 eV to 75.5 eV. We found a comparable
domain contrast originating from Co and the induced magnetism of Pt at 61.4 eV
and 71.6 eV, respectively. Finally, using the novel two-colour emission mode of the
free-electron laser, FERMI, the femtosecond pulses were tuned to these two specific
energies to simultaneously image the nanometre-sized domain network via the Co
and Pt atoms in a single hologram. The resulting two independent real space recon-
structions of the magnetic domain network yielded a spatial resolution on the order
of 80 nm.

This new experimental technique opens up the possibility of using the Co-induced,
strongly confined interface magnetization of a paramagnet as a sensor to access
interface magnetism. It is well-known that such interfaces play an important role in
spin transport processes and in stabilizing chiral magnetic structures. Furthermore,
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interface effects can strongly accelerate the demagnetization, both via an increased
spin-orbit coupling or – as recently discovered – via optically induced spin transport
between two sub-lattices.

Here, multi-colour imaging can make an important contribution as it allows the
simultaneous element-specific access to the flow of magnetization between different
constituents, either between different (anti-)ferromagnetically coupled elements or
between a ferromagnetic element and atoms at a ferro-/paramagnetic interface. In
multi-component heterostructures or multilayers, it will be possible to follow the
lateral magnetization profile as it changes via ballistic or diffusive transport pro-
cesses along the depth of the sample. This entails a first step towards simultaneous
probing of magnetization dynamics in three dimensions.

Secondly, we wanted to know, how an optical excitation can be con-
fined to sub-wavelength dimensions and thirdly, how can the triggered
ultrafast non-local magnetization dynamics be followed on a femtosecond
time and nanometre length scale?

Following the static investigations in real space, we have shown that time-resolved
Fourier transform holography is a sensitive tool for imaging the optically induced
magnetization dynamics of a Co/Pt heterostructure with high spatial and temporal
resolution using extreme ultraviolet free-electron laser radiation. In the repetitive
optical pump and resonant probe scheme, no permanent damage and only negligible
optically/free-electron laser-induced redistributions of the magnetic domain state
were detected. We therefore conclude that the magnetic system always returns to
its initial state after demagnetization for the experimental parameters chosen. Con-
sequently, Fourier transform holography is an appropriate tool for time-dependent
imaging of laser-induced magnetization dynamics. In the future this will be relevant
to study, for example, the optical creation, annihilation and movement of skyrmions,
all-optical switching or laser-driven domain wall motion.

To achieve a sub-wavelength optical excitation, we have pursued different ways of
generating an external optical stimulus that leads to a lateral confined excitation.
On the one hand a metallic proximity mask was used to generate a strong absorption
contrast and on the other hand a micro-resonator induced a localized electrical field
enhancement. Both methods have allowed to observe an ultrafast magnetic response
on a spatially highly confined area and are thus capable of manipulating and control-
ling the nanoscopic excitation pattern. In the sample, excited by a local electrical
field enhancement, we were able to gain access to a lateral ultrafast change of the
magnetic contrast via time-resolved Fourier transform holography, demonstrating
a simultaneous sub 100 nm spatial and sub 100 fs temporal resolution. The exper-
imental results together with theoretical calculations support the hypothesis that
spin-dependent electron currents are an important channel to ultrafast demagneti-
zation. This is an important finding, since an initially laser-excited magnetic unit
will spatially expand in time and thus spatially limit the minimal manipulated mag-
netic state. This consequence has a crucial impact on homogeneous, non-granular
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magnetic films used for all-optical switching and heat-assisted magnetic recording
devices operating on the nanoscale.

With the start of new free-electron laser facilities operating in the soft x-ray
wavelength range accessing the 3d transition metal L edges, both experimental ap-
proaches, the static multi-colour and dynamic single-colour Fourier transform holog-
raphy will benefit from a higher spatial resolution down to 20 nm and from stronger
dichroic signals. To transfer the presented real space imaging techniques to the soft
x-ray spectral range, will only require adaptation of the sample design and is ex-
pected to yield a more detailed picture of how laser-driven magnetization dynamics
evolves on a nanometre length scale.

In the last chapter, we presented an experiment, which synergized the results of
both previous experiments taking place in real space for the investigation of ultra-
fast magnetization dynamics after a localized laser excitation. We combined the
nanoscopic lithographic proximity mask to achieve an electrical field enhancement
for strongly localized excitation gradients with a scattering experiment in reciprocal
space in order to significantly improve the spatial resolution. An array of nanoscale
Al gratings with varying periodicities was used to create corresponding transient
magnetic gratings via optical excitation. The transient grating was probed via the
time-resolved observation of several diffraction orders in reciprocal space. The re-
sulting spatially modulated changes of the magneto-optical constants scattered the
extreme ultraviolet photons into characteristic patterns of higher diffraction orders.
Detailed analysis allowed assigning which specific properties of the transient grat-
ing are probed by the different diffraction orders. While the 1st diffraction order
measures the magnitude of the transmission grating and thus the overall amplitude
of the demagnetization, the 2nd order encodes the LSR between demagnetized and
fully magnetized areas with sub-nanometre accuracy. The temporal evolution of this
signal thus provides information about the lateral magnetization dynamics. By de-
signing the grating geometry such that the 2nd order diffraction efficiency is strongly
suppressed, strong relative changes of the diffraction efficiency are obtained provid-
ing a scattering leading to sub-wavelength resolution. Measured relative changes
of the scattering intensity on the order of 200% are caused by very subtle width
changes of the non-excited areas by ≈ 1.3 nm. Finally, the 3rd diffraction order
collects photons with higher scattering vectors and thus samples finer spatial real
space features. The 3rd order is therefore mainly sensitive to the laterally strongly
confined magnetization quenching due to electrical field enhancement at the edges of
the mask structures. The temporal behaviour of the 3rd order indicates a more than
three times stronger decrease or increase of the magneto-optical or electro-optical
constants with respect to the excitation of the gap, respectively.

In order to further localize and enhance the electrical field, other materials such
as Au could be used in follow-up experiments. Since these do not oxidize, a clear
metallic edge is formed at the Au/vacuum interface. At this discontinuity, strong
electrical field enhancement can be induced. As the attenuation length for Au at
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the Co M edge is about 10 nm [147], these experiments would have to be performed
at the L edge of Co where the attenuation length increases to about 70 nm.

132



A Fabrication of Nano-Gratings
Here, we want to describe in detail the lithography process and the parameters
used that led to the fabrication of the nano-sized Al gratings. The aimed minimal
structure dimension of the Al grating is on the order of 80 nm. This is only feasible
with an optimally aligned electronic beam focus. After applying the electron beam
resist PMMA to the sample surface, focusing as well as beam alignment is hardly
possible because of missing structural features. To successfully fabricate these Al
gratings, a two-step process is necessary in which an auxiliary structure is established
first. This structure placed outside of the membrane helps to optimize the beam
focus at the membrane. The procedure is explained in the following and sketched
in table A.1.

The sample surface must first be cleaned to let the resist spread homogeneously.
During the spin coating step, 100 µl positive resist are applied. The resist, PMMA
with a molecular weight of 950K and diluted in 4% anisole, is together with the
sample rotated with 300 rpm for 8 s during the application. In order to achieve a
homogeneous spread with the desired coating thickness, the sample is subsequently
rotated with 4000 rpm for 60 s. The resist is now exposed to the electron beam in
order to write the auxiliary structure (see figure 5.2). To facilitate the solubility of
the exposed structure, the sample with the PMMA layer is put in a developer. A
Cr(5)Au(30) nm bilayer is now applied by thermal evaporation to the areas exposed
by the developer, corresponding to the lateral dimension of the auxiliary structure.
Cr is a good adhesive layer, while Au has a large electron back scattering rate and
thus a high contrast in the SEM. To prevent the resist from losing its shape due to
the thermal process, the Cu surface on which the sample is attached to is cooled
with ice. In the lift-off process, the remaining resist is removed by an acetone bath
so that only the auxiliary structure remains.

After creating the auxiliary structure, the actual nano-grating can be written.
The same resist is applied. Since the final structure height is thinner than the
auxiliary structure’s height, the rotation speed during spin coating is increased to
reduce the resist thickness. Since the auxiliary structure is also covered by the resist
during spin coating, it must be exposed and developed in an intermediate step. The
exposed auxiliary structure with its strong contrast is used to align and focus the
electron beam. Subsequently, the grating structure is written. In an additional
thermal evaporation process, 40 nm Al is evaporated into the previously developed
areas. To keep the nanometric resist structure in shape, the Cu backside is cooled
with liquid N2 this time. After removing the Al/PMMA layer in the lift-off process,
the final grating structure is achieved.
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Table A.1: Shown is the lithography process in whose course an auxiliary structure has
to be fabricated first. Only at this point the electron beam can be finely
aligned to write the actual grating structure with sufficient accuracy.

process 1st auxiliary structure 2nd grating structure

cleaning
• bath in acetone
• bath in isopropanol
• bath in distilled water
• dry in N2 gas jet
• 30 s heating plate at 120 °C

spin coating
• 100 µl PMMA 4% 950K • 100 µl PMMA 4% 950K
• 8 s pre spin at 300 rpm • 8 s pre spin at 300 rpm
• 60 s spin at 4000 rpm • 60 s spin at 7000 rpm

exposing
• aperture current 0.17 nA exposing the auxiliary structure
• voltage 15 kV • aperture current 0.17 nA
• dwell time 16 µs • voltage 15 kV

developing
• bath 30 s in developer • bath 30 s in developer
• bath 30 s in isopropanol • bath 30 s in isopropanol
• bath 30 s in distilled water • bath 30 s in distilled water
• dry in N2 gas jet • dry in N2 gas jet

exposing
exposing the grating structure
• aperture current 5.47 pA
• voltage 15 kV
• dwell time see table 5.1

developing
• bath 30 s in developer
• bath 30 s in isopropanol
• bath 30 s in distilled water
• dry in N2 gas jet

evaporating
• p =4.6× 10−5 mbar • p =4.6× 10−5 mbar
• Cr(5)Au(30) nm bilayer • 50 nm Al pre evaporation
• 10 nm Cr pre evaporation • 40 nm Al (rate: 2.5 Å s−1)
• ice cooling from back side • liquid N2 cooling

lift-off
• 5min acetone bath at 45 °C • 60min acetone bath at 45 °C
• isopropanol bath • isopropanol bath
• distilled water bath • distilled water bath
• dry in N2 gas jet • dry in N2 gas jet
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B 1st Order Grating Diffraction
In section 5.4, we used a 2D FFT to calculate the on-resonant diffraction intensities
resulting from the lithographed Al grating. The aim was to assign each grating to its
caused diffraction peak by comparing the calculated to the experimental recorded
diffraction pattern (see figure 5.10). Therefore, we simulate the diffraction pattern
of a grating structure in figure 5.2 composed of gratings sharing the same periodicity
and neglecting all others. The resulting individual diffraction peaks for gratings A
to I can be seen in figure B.1. As the calculated diffraction peaks in part spatially
overlap, a clear assignment is not possible.
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1st Order Grating Diffraction

Figure B.1: Addressing the experimental recorded 1st order diffraction intensity at the
resonance originating from the nanometre-sized Al grating. In order to trace
back a diffraction peak to the grating that caused it, we need to perform
a 2D FFT of all gratings in figure 5.2 sharing the same periodicity. From
these calculated single diffraction intensities, we see that an unambiguous
assignment between the individual gratings and their spatially overlapped
diffraction peaks is not possible.
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