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Abstract

This thesis summarizes experimental work performed on thin-film metallic and magnetic sys-
tems by time-resolved soft X-ray reflectivity and magneto-optical Kerr effect measurements.
The delay-time-dependent magnetization dynamics in Co, Mn, and Ni after laser excitation
are investigated in layered systems. The work aims to study the effects of antiferromagnetic
coupling on de- and remagnetization dynamics in an adjacent ferromagnetic film on the ul-
trafast timescale. The presented work bridges the timescale from the first femtoseconds to
macroscopic dynamics after several microseconds. The thesis is divided into a literature review
covering the treatment and scientific context of the investigated phenomena and experimental
reports where the findings of this work are presented and discussed. The presentation of the
experiments is divided into four chapters.

First, differences between the ultrafast demagnetization in a Cu/Co/NiMn/Cu(001) system
recorded at high and low sample base temperatures are investigated. The report shows that
the antiferromagnetic alignment in the NiMn system, present at low temperature, facilitates a
faster demagnetization of the adjacent Co layer compared to a magnetically disordered NiMn
layer at high temperatures.

The second investigation covers the timescale of laser excitation and presents experimental evi-
dence of the optically induced intersite spin transfer in a (Co/Mn),s/Cu(001) multilayer system.
An increase in the magnetic contrast in the antiferromagnetically ordered Mn layer is observed.
The magnetic contrast lives for the time of excitation and indicates a realignment of the mag-
netic moments of the interface layers of Mn in the direction of Co.

The third chapter treats simulations of the X-ray reflectivity after laser excitation. The mul-
tilayer system investigated in the aforementioned experiment is analyzed with respect to its
magneto-optical properties, and the observations recorded with the X-rays are directly corre-
lated with the transient optical response function of the elements. Furthermore, we compare
the results of the simulations of the X-ray reflectivity considering structural, electronic, and
magnetic effects.

The last presented study is concerned with time-dependent magnetization dynamics recorded
in Pt/Co multilayers. We investigate the delay-time-dependent Kerr effect and present experi-
mental evidence for different dynamics in a Pt/Co bilayer system compared to a Pt/MnPt/Pt/Co
system. Lastly, we investigate the effects of the spatial pump-probe overlap on the magnetiza-
tion dynamics and link the observation to thermal and lateral transport phenomena.
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Kurzfassung

Diese Arbeit fasst experimentelle Unterschungen an metallischen und magnetischen Diinn-
schichtsystemen zusammen, die mit zeitaufgelosten Messungen der Reflektivitit weicher Ront-
genstrahlung und dem magneto-optischen Kerr-Effekt untersucht wurden. Die verzogerungs-
zeitabhidngige Magnetisierungsdynamik in Co, Mn und Ni nach Laseranregung wird in ge-
schichteten Systemen untersucht. Ziel der Arbeit ist es, die Auswirkungen der antiferroma-
gnetischen Kopplung auf die De- und Remagnetisierungsdynamik in einem benachbarten fer-
romagnetischen Film auf der ultraschnellen Zeitskala zu untersuchen. Die vorliegende Arbeit
tiberbriickt die Zeitskala von den ersten Femtosekunden bis zur makroskopischen Dynamik
nach mehreren us. Die Arbeit ist unterteilt in eine Literaturiibersicht iiber die Beschreibung
und den wissenschaftlichen Kontext der untersuchten Phanome und in experimentelle Berich-
te, in denen die Ergebnisse dieser Arbeit vorgestellt und diskutiert werden. Die Darstellung der
Experimente ist in vier Kapitel unterteilt.

Zunichst werden die Unterschiede zwischen der ultraschnellen Entmagnetisierung in einem
Cu/Co/NiMn/Cu(001)-System untersucht, welche bei hoher und niedriger Probentemperatur
aufgezeichnet wurde. Die Untersuchung zeigt, dass die antiferromagnetische Ordnung im NiMn-
System, die bei niedriger Temperatur vorhanden ist, eine schnellere Entmagnetisierung der an-
grenzenden Co-Schicht im Vergleich zu einer magnetisch ungeordneten NiMn-Schicht bei ho-
hen Temperaturen ermdglicht. Die zweite Untersuchung deckt die Zeitskala der Laseranregung
ab und prisentiert experimentelle Daten fiir den optisch induzierten Intersite-Spintransfer in
einem (Co/Mn),/Cu(001)-Mehrschichtsystem. Es wird eine Zunahme des magnetischen Kon-
trasts in der antiferromagnetisch geordneten Mn-Schicht beobachtet. Der magnetische Kon-
trast bleibt fiir die Dauer der Anregung bestehen und deutet auf eine Neuausrichtung der Ma-
gnetisierungsrichtung der magnetischen Grenzflachenschichten von Mn in Richtung von Co
hin. Das dritte Kapitel befasst sich mit Simulationen der Rontgenreflexion nach der Laser-
anregung. Das im vorgenannten Experiment untersuchte Mehrschichtsystem wird hinsichtlich
seiner magneto-optischen Eigenschaften analysiert, und die mit der Rontgenstrahlung aufge-
nommenen Beobachtungen werden direkt mit der transienten optischen Antwortfunktion der
Elemente in Verbindung gebracht. Dariiber hinaus werden die Ergebnisse der Simulationen
der Rontgenreflexion, unter Beriicksichtigung struktureller, elektronischer und magnetischer
Effekte, verglichen. Die letzte vorgestellte Studie befasst sich mit der zeitabhingigen Magneti-
sierungsdynamik, die in Pt/Co-Multilayern aufgezeichnet wird. Wir messen den verzogerungs-
zeitabhingigen Kerr-Effekt und présentieren experimentelle Beweise fiir eine unterschiedli-
che Dynamik in einem Pt/Co-Zweilagensystem im Vergleich zu einem Pt/MnPt/Pt/Co-System.
SchlieBlich untersuchen wir die Auswirkungen des riumlichen Pump-Probe-Uberlapps auf die
Magnetisierungsdynamik und verkniipfen die Beobachtungen mit thermischen und lateralen
Transportphdnomenen.
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Chapter 1

Introduction

1.1 What is ultrafast magnetization dynamics?

The term "ultrafast" contains the Latin ultra which translates to extremely, thereby setting the
relevant timescale. However, what is the timescale of interest?

It is consensus to label events happening faster than 1 ns, or in other words, with durations
shorter than 10~ s, as ultrafast. Typically the unit of measurement for these time intervals is
femtoseconds, i.e., 10715s, on which observations are made. In other numbers, an ultrafast
process that takes less than 1ns could be theoretically observed more than one billion times
per second. Since this is the timescale for atomic and molecular processes, it seems natural
that a macroscopic feature like magnetization, inherently linked to the construction of matter
by atoms and charges, exhibits interesting behavior at ultrafast timescales. That this is not the
case and that coherent magnetization effects on this timescale are to some extend a surprise,
which makes them a pretty exciting research topic, is outlined in the following.

Magnetic phenomena are governed by the spin property of matter, most importantly the elec-
tron’s intrinsic spin and the magnetic moment arising from the electrons orbital "motion". The
nuclear contribution appearing for isotopes with an odd number of nuclei is not considered in
the following since the contribution to the magnetization is more than five orders of magnitude
smaller than the electronic one and furthermore, the techniques employed here are only sen-
sitive to the electronic magnetic moment. It is not in the scope of this thesis to derive basic
models of magnetism and explain their intrinsic quantum nature. However, it is enough to con-
sider intuitive arguments coming from established models to understand why manipulation of
magnetization at sub-ps timescales is not trivial.

Magnetization dynamics is typically governed by the precessional motion of spins and the re-
covery thereof into a steady state. Generally, the Larmor precession, which describes the spin
precession around an applied field axis, results in a time of about 2 ps for one spin revolution
at a field of 1T, setting the boundary for coherent magnetization reversal to 1 ps in reasonable
fields. This is roughly matched by experiments performed at the Stanford linear accelerator
with very high and short magnetic field pulses that found a limit of 2 ps for deterministic spin
reversal by precession [2]. The image of the rotating three-dimensional Heisenberg-like spin
can still be employed to a certain degree, but with shorter time intervals the reservoirs con-
tributing to the magnetization are not in an equilibrium anymore, and the exchange of energy
and angular momentum between electrons and lattice have to be treated separately to describe
observations. The field of ultrafast magnetism, which became accessible with the advent of
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Figure 1.1: Depiction of the involved processes in ultrafast magnetization experiments to-
gether with typical equilibration timescales. The discussion of magnetization dynamics re-
volves around the interplay of the spin and electron system with the surrounding. At ultrafast
timescales the relevant coupling parameters, like the spin-orbit and exchange interaction, are
becoming time-dependent parameters themselves and the fundamental interactions cannot be
described with equilibrium models anymore. After the electronic excitation by light, the inter-
action with the lattice, transport, and lastly spin precession become relevant. Time scales are
reproduced from [1].

ultrashort laser pulses, thus aims to explore a timescale where controlled precession is not ac-
cessible anymore. Therefore, control of the magnetic properties involves understanding and
tailoring more fundamental interactions such as the spin-orbit coupling and the exchange inter-
action itself. The relevant timescales, along with the mentioned processes in condensed matter,
are depicted schematically in Fig. 1.1.

Academically, this is a challenge pushing the boundaries of our understanding of the building
blocks of nature. As a scientist, the opportunity to unveil new effects and achieve a deeper
understanding of the interplay of magnetic moments, electronic population, and lattice dy-
namics is already rewarding. Nevertheless, the questions addressed go beyond a purely scien-
tific purpose since the possibility to flip magnetic states on timescales faster than 1 ps could
enable a whole new class of devices for information storage, transfer, and manipulation. A
modern magnetic memory requires about 1 ns to write/read one bit. Clocking speeds of con-
temporary processing units reached gigahertz frequencies leading to a billion operations per
second. One could say that modern information technology stands right at the frontier of ul-
trafast technology. Having access to low-energy picosecond read/write speeds integrated into
a non-volatile magnetic recording device does directly supply the demand for faster and more
energy-conserving data handling [3, 4].



1.2 Contribution by this study

This thesis connects to the ultrafast magnetism research by investigating light-induced mag-
netization effects that exist only for some picoseconds in coupled metallic thin-film systems.
This includes the quench of magnetization happening faster than 1 ps, the recovery taking hun-
dreds of ps, and almost instantaneous effects happening only in the presence of the light field.
Since others have already established models of ultrafast magnetization in ferromagnets - a
short review of the models is presented in chapter 3 - this work is concerned with the coupling
of ferromagnets and antiferromagnets and the influence of the latter on the dynamics. Some
important questions addressed in the presented work are:

* Does a coupling between two adjacent layers, one with a ferromagnetic and one with
an antiferromagnetic long-range order, influence the ultrafast quench of magnetization in
the ferromagnet?

* What are the channels of angular momentum and energy flow in coupled metallic het-
erostructures?

* What happens at the earliest timescale when the exciting laser pulse arrives at the sample?
* How does the recovery of magnetization evolve in coupled systems?

Not all questions can be answered with certainty, but some essential aspects of ultrafast dynam-
ics in layered systems are successfully identified, and the obtained results are summarized in
this thesis.

Additionally, this thesis contains information maybe not so relevant for the reader already fa-
miliar with the topics of ultrafast magnetism, namely chapter 2, where contemporary methods
to measure and observe sub-ps magnetization dynamics are briefly reviewed, and chapter 3, in
which the currently used models describing magnetization and the observations are discussed
in a somewhat chronological fashion. Following the review of the contemporary models of
ultrafast magnetism, the experimental results are presented.

An influence of the long-range antiferromagnetic order on the demagnetization time of an adja-
cent ferromagnetic layer is found and attributed to more efficient spin transport channels com-
pared to a paramagnet. The details of this study are presented in chapter 4. Furthermore, it is
predicted, and in the frame of this work experimentally verified, that direct electronic excitation
by a laser field can lead to transient ferromagnetic spin alignment in an antiferromagnetically
ordered system, this is presented in chapter 5. The primary experimental technique employed
in this work, namely resonant magnetic X-ray reflection, and the consequence of using the
related dichroism as an observable of the magnetism is analyzed with scrutiny to rule out mis-
interpretation of the observed intensities, this is presented in chapter 6. A study of ultrafast
demagnetization in a system where the antiferromagnetically ordered layer is separated by a
spacer layer from the ferromagnetic film is presented in chapter 7. Furthermore, we explore
the influence of the lateral energy distribution in the probed area on the observed dynamics in
experiments employing near-infrared light.

Lastly, chapter 8 presents a final statement on the observations made in the frame of this work
and grants an outlook on possible continuations of this work as well as a general outlook of the
field of ultrafast magnetism.






Chapter 2

Experimental means to follow sub-ps
dynamics

This chapter introduces the most commonly employed experimental techniques to measure ul-
trafast magnetization dynamics. To track events happening within hundreds of femtoseconds, a
scale that is of similar length or preferably shorter is required. Since electronic equipment only
provides rise times of nanoseconds or several hundred picoseconds for signal acquisition, ul-
trafast research is performed almost exclusively with ultrashort light pulses that can be as short
as 100 attoseconds, i.e., 107165 [5]. Ultrashort laser pulses provide an ideal tool to investigate
events happening at the relevant timescales. Therefore, a typical measurement of ultrafast mag-
netization involves a pump laser pulse, often provided in the infrared (IR) to visible wavelength
region, and a probe pulse to detect the induced dynamics. By varying the time delay between
pump and probe pulse, both having a width in time of around 100 fs, it is possible to trace the
dynamic response of a (magnetic) system after excitation. Although all presented techniques
employ a pump-probe scheme, there are important distinctions in how information about the
magnetic system is obtained, justifying a closer look at the different experiments. The differ-
ences mainly stem from the energy or wavelength of the probe pulse used for the investigations
serving in the following as the natural divider between the experiments. At first, schemes us-
ing near-IR to visible probes are outlined, and secondly, X-ray probes, which are the primary
source of information in this work, are discussed.

2.1 Optical probes

It is not the concern of this work to explain or derive ways of creating ultrashort laser pulses in
the visible or infrared range from scratch. Nevertheless, a brief overview of pulse generation
and manipulation is given at the beginning. The section establishes the language, shows limits,
and illustrates the framework under which experiments are performed.

First, the generation of laser pulses, then the amplification and temporal modulation, the reflec-
tion and transmission at surfaces, and lastly the application of laser pulses in the experiments
is introduced.



2.1.1 Light sources

Ultrashort pulse generation

Ultrashort laser pulses, i.e., for our purposes, pulses with durations shorter than 1 ps, can be
achieved routinely in tabletop lab systems. The lab standard and most popular ones are ti-
tanium:sapphire (Ti:Al,O3 or Ti:Sa) oscillators pumped by a frequency-doubled pump laser
using neodymium-doped yttrium aluminum garnet or Nd: YAG as the gain medium and laser
diodes for pumping it. Employing Ti:Sa as a gain medium has the great advantage that it
possesses a very broad absorption around 500 nm and an even wider emission profile of more
than 200 nm centered around 800 nm [6, 7]. This enables convenient pumping with efficient
Nd:YAG lasers that output stable radiation at ~1064 nm, which is frequency-doubled to 532 nm.
Furthermore, the Al,O3 crystals possess a heat conduction of ~ 30 WmK~! at 300K [8] close
to that of metals' enabling continuous wave (cw) pumping powers up to 20 W due to the ef-
ficient heat transport away from the crystal. This conversely results in high power, stable cw
operation at 800 nm of the Ti:Sa system.

It is surprisingly easy to convert the high-intensity cw radiation into ultrashort laser pulses by
self-mode-locking. The general idea is that all spectral modes propagating in the cavity are
phase-matched, i.e., mode-locked. They travel together in time and space, leading to a coher-
ent superposition and thus a narrow, high-intensity peak of the electric and magnetic field. The
temporal width becomes sharper the more modes are overlapped. Mathematically it is given by
the Fourier transform (FT) of the spectral function, which is typically Gaussian and is therefore
highly dependent on the spectral bandwidth of the laser. As mentioned before, the Ti:Sa system
provides a very large emission window of more than 200 nm, leading to a theoretical transform
limit or shortest pulse with a full-width half-maximum (FWHM) of around 5 fs. Many ways
to achieve pulsed operation have been identified, active mode-locking by external modulation
[10], passive mode-locking by using saturable absorbers [11], and most efficiently and ele-
gantly self-mode-locking by Kerr lensing [12].

Historically, this was apparently observed by accident as a misalignment of the cavity and an
additional "mechanical shock" resulted in a stable pulsed operation with a FWHM of 60 fs [12].
Initially, it was labeled "magic mode-locking" since the explanation was delivered later. The
high intensity in the Ti:Sa crystal leads to lensing (Kerr lensing) that focuses the high-intensity
wavefronts. By simply adding an aperture blocking the low energy cw light behind the Ti:Sa
and creating a random wavefront distortion that leads to a sudden high power "pulse", a stable
pulsed operation can be established since only the high-intensity pulse is amplified.

Typical times for a mode-locked Ti:Sa system are 10fs to 150 fs per pulse at 800 nm center
wavelength and a repetition rate of 75 MHz, resulting in peak powers of up to 150kW and
13 nJ per pulse. For experiments, the pulse is focused onto the sample with typical diameters
of some micrometers. Using a circular profile one can estimate the incident fluence f like

P, 4
Ryep md?

f= @.1)
With a spot diameter of d = 5 um, an average laser power of P,, = 1 W, and a repetition rate
of Ry = 75MHz, a fluence of f = 60mJ cm ™2 is expected. These parameters vary of course
with each system and repetition rates go from 100 Hz to 200 MHz, reasonable spot sizes range
from some pm to several 100 um, and the average power goes from 1 mW up to several W in

IFor example steel with S0 WmK~! [9] at 300 K



amplified systems.

The Ti:Sa system, being the lab standard and the one used in the frame of this work, is, of
course, not the only one capable of achieving the required pulses in the near-IR to the visible
range for ultrafast investigations. Similarly, mode-locking as a technique is not the only so-
lution to achieve ultrashort laser pulses. Other examples of gain media are chromium-doped
Forsterites (Cr**:Mg,SiOy4) capable of emitting 14 fs laser pulses at 1.3 um [13] or ytterbium-
doped glass (Yb>*:glass) where 60 fs pulses at 1.06 um have been reported [14]. Pulses of
<100 fs duration can also be achieved in diode-pumped (Er or Yb doped) fibers where self-
phase modulation in the fiber leads to spectra broadening and consequent pulse compression
[15].

Pulse manipulation

An essential aspect of dealing with ultrashort pulses is maintaining temporal and spatial coher-
ence. It has to be ensured that the pulse that arrives at the sample is sufficiently short and intense
to study ultrafast magnetism. For probing, low powers of some mW are usually sufficient for
detection, while the pump pulse needs to deliver enough power to excite the system noticeably.
Furthermore, control over both pulses’ phase, polarization, and frequency is necessary to fully
characterize an experiment. In the following, ways of controlling the relevant parameters for
visible and near-IR pulses are presented.

The most important aspect is to keep the pulses short at the point of the measurement. Since
an ultrashort laser pulse is comprised of a high number of spectral modes, traveling through a
medium leads to dephasing due to chromatic dispersion. The refractive index n is, in general,
dependent on the wavelength A and positive, for example in air. The phase velocity with which
a wave travels through a medium is given by v, = ©. Having a wavelength-dependent veloc-
ity thus induces a non-constant phase relation and consequently a temporal broadening of the
pulse. In air, the refractive index of visible and IR light is monotonically decreasing with the
wavelength [16], therefore longer wavelengths will lead the pulse, and shorter ones will trail
behind. This is usually termed "chirp" and in the example case, a positive chirp, since higher
wavelengths lead the pulse. To avoid, or at least reduce, the pulse broadening, a compression
by prism or grating pairs is employed. With the gratings or prisms a negative chirp is induced
matching the positive chirp acquired during the travel time to the sample. Due to the pulse’s
wavelength-dependent path in such an arrangement, a certain delay between the modes can be
created. By changing the grating (prism) distance and tuning the relative angle, control over
the chirp is achieved, and the shortest duration of the pulse is obtained.

Often magnetism is investigated on metal surfaces that posses a high reflectance? in the visible
to IR region. This is an issue when trying to excite the electronic system strongly. Therefore,
to achieve noticeable effects, the pump pulse needs to carry enough power to heat the elec-
tronic system at least close to the Curie temperature, the reasons are discussed in chapter 3.
An amplification stage can be added to the set-up to ensure that enough power is contained in
the pulse. Usually, it is sufficient to amplify the pump pulse and leave the probe unaltered, but
in some cases, it is beneficial to obtain the probe later from an amplified source. Generally, a
single laser system is used to generate both pump and probe. A beam splitter divides the power
into both branches, separating pump and probe, for example, by polarization. The field of pulse
amplification easily fills books, therefore only two ways of achieving sufficient pulse power are
discussed in the following.

For example 70 % for Cu at 45° angle of incidence and unpolarized 800 nm radiation [17].



The most straightforward way to amplify a pulse is to send it repeatedly through the same
gain medium while maintaining a high population inversion inside. This is commonly real-
ized in regenerative [18] or multipass [19] systems, where the seed pulse travels multiple times
through the gain medium. One challenge is to keep the gain medium excited by synchronous
pumping when the seed pulse is not present. This is realized by synchronizing an active ab-
sorber medium (Q-switch) in the pump laser cavity with the round-trip time of the seed laser.
By doing so, high-intensity pump pulses of ps duration close to the damage threshold of the
gain medium (usually Ti:Sa as stated before) supply the power, which is transferred to the seed
pulse. For amplification, it is crucial to consider the high peak power of ultrashort laser pulses,
therefore, pulses are stretched in time before being sent into the gain medium and compressed
again after amplification. This technique is labeled chirped pulse amplification (CPA) [20] and
was even awarded a shared Nobel prize in 2018. Using a combination of multipass amplifi-
cation and pulse stretching, peak powers for focused fs pulses can reach >10%° Wem™2 [21] -
enough to create a plasma on even the shiniest surface. Another challenge is the recompres-
sion to ultrashort pulses since all amplification suffers from band narrowing, which reduces the
spectral bandwidth and thus the temporal width.

To study magnetic systems, it is sufficient to use focused fs pulses carrying some nJ of energy.
From an experimental side it is helpful to have more energy, since focus size and therefore
spatial overlap of pump and probe become easier to maintain. Another reason for high intensi-
ties is the possibility to frequency-double the light by second harmonic generation either at the
sample surface or, for example, within a barium metaborate (BBO) crystal, in order to perform
experiments at different wavelengths. Furthermore, it is advantageous to have pump and probe
at distinct wavelengths or colors to avoid optical artifacts and to be able to easily remove the
pump signal from the detection of the probe pulse.

2.1.2 Polarization, magnetization and interfaces

Having established how ultrashort light pulses in the visible to near-IR wavelength can be gen-
erated and manipulated, this section is dedicated to the discussion of how this light can be used
to investigate a metallic and magnetized sample. Since magnetization is derived from the elec-
tronic system, the following is a discussion of the description of light propagation in metals or
in the presence of charged particles, i.e., ions or electrons. The description employs a macro-
scopic approach in the dielectric theory to discuss transmission, absorption, and reflection in
the visible to IR region following the derivation of [22-27]. At the end of the section, a brief
summary of the understanding in terms of a microscopical theory is presented.

The textbook description of light in metals comes directly from Maxwell’s equations using the
magnetic induction B and the dielectric displacement D

B = puuoH = po(H+M), D=¢egE =¢ekE+P (2.2)

with the electric polarization P, which is expressed in terms of the susceptibility x and dielectric
function ¢ like

1_5:8075[7?, x=€—1. (2.3)

& and o denote the dielectric function and magnetic permeability in vacuum, respectively.
Since the magnetic dipoles can not keep up with the rapidly oscillating fields, we set 4 = 1 for
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all purposes, magnetic properties are included as additional terms in €. The dielectric function
or susceptibility is the response function of the material to the external field. One can express
the polarization in terms of the field like

instantaneous ( 1) = eof (7,1)E(7, ) (2.4)
non-stationary = / q(t—tEF)dt (2.5)
non-local P(#,1) = 80/ FF—7, 1= EF@ ¢)dr’ (2.6)

where J is indicating that the susceptibility is generally a tensorial function that involves the
crystal field symmetries and also contains non-linear higher order off-diagonal terms. A treat-
ment in the Fourier space makes sense to avoid the complexity of the convolution that arises
when treating the time- and space-dependent response.

Pk, w) = g0 (k,0)E (k, ) 2.7)

For scattering angles with k « G, with G being the reciprocal lattice vector in a crystal, ¥ can
be treated as independent of k. For X rays this assumption is not valid anymore, though, as will
be shown later. Furthermore, one can include the non-locality into local field factors to get rid
of the k dependence in the above equation. Using eq. 2.7 for the expression of the dielectric
displacement one finds

=

D=gE+P=g(l+y(0)E(0)=ge(0)E(w) (2.8)

Finally, using Maxwells equation,s an expression of the response in terms of conductivity and
dielectric function can be obtained.

VxH—]Jr%—D (2.9)

where we use j = oE for the current density and D = gyeE for the displacement. The equation
is evaluated in the frequency spectrum and results in

VxH=0(0)E(0)—inge(0)E(0)=6(0)E (2.10)

with the generalized conductivity 6. Expressed in terms of the generalized dielectric function
one finds

5(0) = e(w) + 122
(1))

The complex-valued dielectric function can be obtained by having either € or &, since by the

Kramers-Kronig relation one can calculate one from the other. A prerequisite is that the real

part vanishes for larger @. This is the case since the electric dipoles can not keep up anymore

with the rapidly oscillating fields for high ®.

=& (0)+ig(w) (2.11)



Fresnel equations and reflection

At this point it is helpful to introduce the refractive index of a material which is commonly
written [22] as

2 =&l ~ (o) i=n+ik (2.12)
g =n>—k* & = 2nk (2.13)

where we use fi ~ 1. Phenomenologically, the wavelength dependence of the dielectric func-
tion and consequently the refractive index can be understood from different electronic excita-
tions. For large wavelengths, thus low energy, excitations happen quasi-continuously within
the conduction band, which may be modeled by a quasi-free electron gas. This behavior dom-
inates the optical response at low frequencies. Once a threshold for interband transitions, for
example h@ > 2 eV for s to d bands, is reached, new excitations are possible, and especially
in the visible range, this gives rise to the prominent color of copper, gold, and silver, for ex-
ample [28]. Furthermore, charge density waves (plasmons) or optical active phonon modes
(phonon-polaritons) can be excited and influence the optical properties at near-IR and visible
wavelengths. With higher excitation energy, core-level transitions become accessible, and sharp
absorption edges can be identified, for example around 60 eV for transition metal M edges and
higher 2p-to-3d transitions at around 700 eV. Since the latter is investigated experimentally in
the thesis, it will be discussed separately in its own section. As mentioned earlier, with even
higher energies, once the wavelength becomes comparable to the lattice distance, a description
in terms of scattering becomes more useful and is often employed for diffraction experiments
resolving the lattice or interfacial structure.

An expression, i.e., the Fresnel equations, for reflection and transmission at an interface can be
derived from the Maxwell equations using appropriate boundary conditions, i.e., continuity for
the electric and magnetic field. The plane of incidence is set to the xz-plane with the y-axis
perpendicular to it. Assuming a propagating electromagnetic field E ~ e itki—ar)
such that E = Eés + Eép, one finds

in an sp-basis

n;cos(6;) —n; cos(6;) n;cos(6;) —n; cos(6;)

ry = ) rp= (2.14)
n;cos(6;) + n; cos(6;) n;cos(6;) + n, cos(6;)

‘= 2n;cos(6;) , .= 2n;cos(6;) 2.15)
n;cos(6;) + n; cos(6;) n; cos(6;) +n;cos(6;)

with the incident angle 6;, angle of the transmitted beam 6;, and refractive indices of the first
and second medium #n; and n;, respectively. In the following one usually uses Snell’s law
which states n;sin 0; = n;sin 6;, to further simplify the equations by eliminating the angle of
the transmitted beam. Since the refractive index contains an imaginary part, this only holds for
ultrathin films or non-absorptive media [29]. For an interface one should instead write

n;sin 0; = n; sin 6; = (n; + ik;) sin (6; g +16; 1), (2.16)

which includes the absorptive processes but results in a more complex description. In the
derivation of expression 2.15 an isotropic dielectric function is assumed, meaning that there is
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no differentiation applied between &€ for different directions of the E-field vector. This results
in a short expression for the reflection E, = RE; with

rg O
R = [ 0 r } (2.17)

as the reflection matrix.

Magnetic contribution - breaking time reversal symmetry

In the presence of a magnetization m the dielectric function is not isotropic anymore, in terms
of a constant isotropic contribution & and the off-diagonal terms it might look like

0 g, —ig
E=¢g+ | —ig, 0 ig, |, where &, =0my,.;. (2.18)

Q (often referred to as Voigt constant), is a proportionality between the magnetization and the
dielectric function. The resulting reflectivity matrix R will then have non-zero off-diagonal
terms resulting in a change of polarization upon reflection and transmission.

R= { Tss Tsp ] (2.19)
Fps  Tpp

For a single interface the new coefficients can be expressed as

n;cos(6;) —n; cos(6;
- COSEQ;'; +ny cosEGt; (2:20)
—inin?Qcos(6;)(m,cos (6;) +mysin (6,))
fsp = n; cos (6;)(n; cos (6;) +nicos (6;))(n; cos (6;) + njcos (6;)) @21)
—inin?Qcos(6;)(m,cos (6;) —mysin (6;))
Tps = n; cos (6;)(n; cos (6;) +nicos (6))(n; cos (6;) + njcos (6;)) 2:22)
_ n;cos(6;) —n,cos(6;) 2inn?Q cos(6;) sin (6;)my (2.23)

rpp_n,-cos(et)+ntc0s(9,-) n;(n;cos(6;) +n; cos(6;))?

Similar expressions can be derived for the transmission. Again the expression can be reduced
to the incident angle by using Snell’s law. From the equations a rotation of the polarization
axis, known as the Kerr rotation Ox and an ellipticity €x due to the different refractive indices
for s- and p-polarization are derived for s- and p-polarized light.

,
Os = Os x +i€s x = % (2.24)
SS
.
Op = Opk +icpg = aLla (2.25)
Tpp

In case the incident light is along the surface normal, i.e., 6; = 0, from which 6, = 0 follows
(Snell’s law), the terms ry and 7, become similar and r), ,; can be expressed as gy, s = 0.
Therefore, light that is incident normal to the surface is a probe sensitive to magnetization
pointing out of the surface. Conversely, having a large angle of incidence results in a sensitivity
to the in-plane magnetization. An example of an air-cobalt interface is shown in Fig. 2.1. Here
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Q =1 was used for simplification resulting in quite large Kerr rotations, while in reality Q val-
ues are complex and of the order of 102 to 102, which leads to Kerr rotations of the order of
<1° (Fig. 2.3) to some mrad [23, 25]. By employing p-polarized light at large angles from the
surface normal, a sensitivity to magnetization perpendicular to the plane of incidence is found.
The effect can be separated into three cases: The first two describe the case where the magne-
tization is either parallel or perpendicular to the plane of incidence for grazing incidence. The
third case describes the case where the incidence is normal, and the magnetization is parallel
to the surface normal. The three different cases result in distinguished set-ups of the same ex-
periment, namely longitudinal (L-), transversal (T-), and polar (P-) magneto-optical Kerr effect
(MOKE) experiments, in the respective order. Measuring MOKE is one of the most prominent
tools magnetism research since it is comparably easy to set up and provides a very high ac-
curacy local probe. A more detailed description of the experimental realization of measuring
MOKE is given in the next section, where also its applicability to investigate magnetization on
an ultrafast timescale is discussed. Similar to the reflected light, the transmitted light changes
in terms of rotation and ellipticity, this is usually referred to as the Farady effect. Experiments
performed in transmission are not further discussed in this work, but it should be mentioned
that they also provide a very prominent and handy tool for the investigation of magnetic sam-
ples. Unfortunately, it requires either very thin or transparent samples, an obstacle that can
sometimes not be overcome. The change in ellipticity can be understood from differences in
attenuation and refraction for s- and p-polarization. The resulting wave is generally a super-
position of an s- and p-state. This is expressed as elliptical, or circular polarization, and the
eigenmodes of linear magneto-optical problems are left and right circular polarization. The
change in polarization due to the two distinct refractive indices due to magnetization is termed
magnetic birefringence, and changes in the intensity of the transmitted or reflected light due to
different damping (absorption) of circularly polarized light are called magnetic circular dichro-
ism or MCD.

Microscopically, this result can be understood intuitively since a driving circular electric field
will pull electrons onto a circular trajectory. From electrodynamics, it is evident that with a
circular electronic motion, a magnetic moment can be associated®. Without a magnetic field,
the direction of circular motion and, therefore, the direction of the magnetic moment is degen-
erate, left or right circular polarization can be treated equally. In case something breaks the
(time-reversal) symmetry, e.g., a magnetic field is present, the two helicities will be attenuated
differently, inducing a change of polarization and ellipticity.

So far, only linear terms in € are considered. When including higher-order terms, contributions
that scale with M? can be identified, leading to additional changes in ellipticity and rotation.
The effects that scale with the square of M are termed Voigt effect, Q- (quadratic) MOKE, and
linear dichroism. Since those contributions are typically much smaller, it is justified to focus
on the linear terms for MOKE, but in some instances, for example, in magnetic insulators, the
effects can be quite considerable, e.g., [30]. More importantly, the M? dependence allows a
measurement of antiferromagnetic structures where the moments are aligned oppositely, lead-
ing to (in)? = 0 but (in?) # 0, employed for example in [31]. This has great relevance in X-ray
studies, where the X-ray version of the linear dichroism is commonly used to investigate anti-
ferromagnetic structures. The topic will be touched on again in the respective section.

3 A more thorough treatment follows from spin-orbit coupling, this is meant only as a heuristic
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Figure 2.1: Calculation of the Kerr rotation and ellipticity for an air-cobalt interface over the
incident angle 6; with respect to the surface normal. Two of the three scenarios as described
in the text are depicted, namely with the Co magnetization pointing in X-, or in z-direction.
Dashed lines are used for p-polarized light and solid lines show the case of s-polarized light. A
180° reversal of the magnetization leads to a sign change of the respective signal.

Multilayer reflection

The description above is only valid for a single interface. The authors of [23-25, 32-34] present
solutions on how to expand this to multilayers and even thick films. A solution of the multilayer
reflection poses a quite important result for ultrathin multilayers similar to those investigated
in this study. A better understanding of the Kerr effect is obtained and furthermore insight
about layerwise absorbed power is gained. The penetration depth of light in metals is typically
calculated using the wave equation for light coming from Maxwell equations [22] where we
assume a propagation in z-direction
5z -
V2E = uoe%—f + .quaa—l: (2.26)

which is solved by a damped wave travelling in z-direction like

E = Eycos(o(t —ng2))e~@mizle (2.27)
C
with the complex index of refraction 71 = ng + in; and the speed of light c. Since the intensity
scales with E£2, an exponential decrease of the intensity with the typical decay constant & for a
decrease by 1/e is given by
c A

N 20n; N 47nng

(2.28)
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Figure 2.2: Differential absorption in case of a simple exponential without re-
flection (solid orange line), with 80% reflection at the surface (dashed green
line) and a multilayer calculation using the extended formalism of [25] for a
Cu(4.0 nm)/Co(2.6 nm)/Cu(2.0 nm)/Co(2.6 nm)/Cu(18 nm) stack and p-polarized light of
800nm. According to the multilayer calculation about 80 % of the light is reflected. The
dashed green line is the exponential decay rescaled 20 % of the orange line. All three curves
are calculated using udkm1Dsim [36].

with the wavelength A. Using A = 800 nm and n¢, = 2.488 +4.803i [17] one finds a decay
constant, also called the optical penetration depth, of only ~ 13.3 nm. This neglects reflection
at interfaces in multilayer structures. To actually calculate the depth-resolved absorbed laser
power, it is necessary to carry out the full field propagation as described in [22] or [23]. A
comparison of absorbed laser power in a Cu/Co-multilayer thin film sample using the Lambert-
Beer-like exponential decay and a multilayer reflection calculation is presented in Fig. 2.2.
The calculations are performed using a script called udkmlIDsim developed by D. Schick in
the group of Mathias Bargheer [35, 36], in which both calculations are implemented. Most
importantly, due to interface reflections the majority of the laser power per nm is absorbed in
the Co layers and significantly less in Cu. The calculations are carried out for 800 nm light
incident at 45° to the surface normal using n¢, as stated above and n¢,, = 0.254 +5.0131 [28].

2.1.3 Time-resolved MOKE

The previous section introduced a description of the magneto-optical effect for reflected light
from a magnetic surface. This section deals with the experimental realization of a MOKE set-
up and the extension thereof to the ultrafast regime. In the last couple of months of this thesis,
a time-resolved (TR-)MOKE was built from scratch and is used in the following to describe the
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technical details of the experiment. Further measurements recorded at an established set-up are
presented in section 8.

Experimental set-up

In Fig. 2.1 it is observed that the highest magnetic signal can be measured for the Kerr rotation
under a small angle of incidence with respect to the surface normal and the magnetic field
aligned parallel to it, 1.e., polar MOKE. Often the set-up is realized such that the light is incident
under almost 45° where still a high rotation for out-of-plane fields is measured but at the same
time, a sensitivity to in-plane fields is achieved. This has the advantage that the optics do
not need to change. Simply turning a magnetic coil to magnetize the sample in the desired
direction is sufficient. The Kerr rotation is then measured by (almost as in [23]) crossing two
polarizers, one in front of and the second one behind the sample. The change of polarization
of the reflected light is converted into a change of the detected signal intensity after the second
polarizer (analyzer). The change in intensity is then proportional to the magnetization of the
sample, and by ramping an external field, hysteresis loops are recorded. Generally, since €
depends on , the rotation is wavelength-dependent. An example is shown in Fig. 2.3 where
an FeGd sample is characterized for time-resolved experiments.
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Figure 2.3: Left: Energy dependence of the polar Kerr rotation measured in an FeGd alloy thin
film sample [37]. With higher energy the rotation and therefore the contrast between the two
magnetization directions decreases. Right: Hysteresis loop recorded in the same sample using
a photon energy of 2.1 eV as indicated in the plot. The magnetic field can be calculated from
the applied current denoted on the x-axis.

Static characterization is typically done with continuous-wave (cw) light sources. When inves-
tigating dynamic changes at ultrafast timescales, a pump-probe scheme is employed. A pulsed
light source like a Ti:Sa laser is necessary for that purpose. A single pulse is split into two that
travel in different directions while maintaining an ultrashort temporal width. The power each
pulse carries can either be fixed, e.g., 90 % to 10 %, or adjusted when employing a beamsplitter
that splits into s- and p-components of the light, for example. The pulse which carries little
power is used as a probe since the system is not noticeably disturbed by it, and the other should
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carry enough power to excite the system and is therefore called pump. Changing the time delay
between the arrival of pump and probe allows the system to be investigated at different mo-
ments in its excited state. For this to work, the repetition rate has to be low enough to ensure
that the system reaches the same static state after excitation before the next pulse arrives.

For the TR-MOKE built here, a Ti:Sa, Femtosource compact by Femtolasers, system is used
to create pulses at 76 MHz repetition rate, 350 mW average power, and pulse durations of 70 fs
FWHM with a center wavelength at 805 nm. When investigating a copper surface, for example,
at 70° incidence angle, around 90 % of the light will be reflected [38]. If a 90-10 beamsplit-
ter is used, and the light is focused into a spot of 100 um FWHM, only around 6 nJcm™? are
absorbed. Using a constant electronic heat capacity* of 21 kJm~3 [39] and around 20 nm pen-
etration depth, this results in an increase of the electronic temperature of less than 1 K. To
measure the full range of excitation, a multipass amplifier, ODIN-C by Quantronix, is used to
amplify the 76 MHz, 350 mW pulse train to around 200 mW at 1 kHz. Even though the average
power is now lower, it is contained in fewer pulses while maintaining a temporal width of about
130 fs of the amplified pulses. Using the same parameters as before, one finds an absorbed flu-
ence of 230 mJcm 2, which would result in an electronic temperature increase of ~ 7 X 10°K,
again using a constant heat capacity. This is, of course, not physical but highlights that in the
amplified light is enough power to measure demagnetization phenomena.

A schematic of the set-up is presented in Fig. 2.6. The multipass amplifier works by chirped
pulse amplification (CPA) fashion in combination with a Pockels cell pulse picker to let a seed
pulse through at the desired time. The gain medium is a Ti:Sa crystal pumped by a frequency-
doubled Q-switched Nd:YAG lamp. The seed pulse selected by the Pockels cell does eight
roundtrips before entering the compressor stage and leaving the cavity. Both spatial and tem-
poral chirps are compensated in the compressor, and a pin-hole mask is used to block unwanted
self-lasing modes propagating in the same beam path.

Pulse characterization by FROG

To ensure that the pulses are truly short at the sample position, a second-harmonic generation
frequency-resolved optical gating (SHG-FROG) set-up was assembled [40]. The SHG-FROG
consists of a beamsplitter here, an s-p splitter is used to separate a pulse into two branches, a
delay stage model M505.6PD by PI, to change the time delay between the pulses at the point
of arrival, a BBO crystal which facilitates second harmonic generation once the pulses are
overlapped in space and time, and a spectrometer to monitor the second harmonic spectrum.
FROG relies on using one of the pulses as the ’gate’ to measure the other. In our case, the
pulses are identical and only delayed by 7, which reduces the issue to an autocorrelation, and
the detected spectral intensity follows

Irroc(®,7) = ‘/_oo E(t—1)E(t)e'®dt|* = |E(o,7))? (2.29)

The spectral intensity (@) for a given 7, therefore, depends on the full field E(®) including
its spectral phase. This allows a mathematical retrieval of the spectral amplitudes and their
absolute phase, which is required to reconstruct the temporal pulse shape. For pulse retrieval, an
implementation called Python for pulse retrieval (pypret) written by N. C. Geib at the Friedrich

“This is not a good assumption and is only used to judge the temperature change roughly. Commonly a heat
capacity linear in T is used.
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Schiller University in Jena [41], originally designed for simulations, was changed to be used
for actual data and successfully employed. An example is shown in Fig. 2.4. By changing
the compressor grating distance and angle, we can shorten the amplified pulses to about 130 fs
FWHM with an almost flat phase function as shown in 2.5. The results are cross-checked with

a commercial autocorrelator system pulseCheck by APE yielding even shorter times of around
100 fs FWHM.
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Figure 2.4: Retrieval of a FROG trace. The y-axis shows the delay time between the two
pulses and the x-axis denotes the wavelength. The color-coded intensity is normalized to one.
Left: Measured SHG spectrum after overlapping pump and probe in a BBO crystal. Right: The
spectrogram (FROG trace) retrieved by pypret. For the retrieval an initial Gaussian distribution
is assumed and the final pulse is subsequently calculated by gradient-descend in order to match
the SHG trace.
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Figure 2.5: Time (left) and spectral (right) domain of the retrieved pulse shown in 2.4. The
initial time duration of the seed pulse of around 70 fs is not recovered, due to band-narrowing a
temporal width of around 130 fs FWHM is achieved. The flat temporal phase shown in orange
indicates that the pulse is close to the minimum in temporal width.

Since the autocorrelation is symmetric in time, the retrieved field E(z) is ambiguous. This
means that the direction in time is not clear, for our purpose this ambiguity is negligible since a
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small leading (or trailing) flank does not change the overall dynamics. In principle the direction
of time can be identified by adding a dispersive element in the beam path to induce a positive
chirp. Then by checking the altered pulse shape one can determine the sign of the time axis.
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Figure 2.6: Schematics of pulse generation and consecutive pump-probe measurement of the
Kerr rotation. The initial pulse is generated in a Ti:Sa oscillator by self mode-locking. The
frequency is monitored by a fast photodiode (PD) behind the first mirror and used to trigger the
pulse picker and the Q-switch (QS) inside the amplifier. Once the pulse enters the amplifier,
it 1s stretched to almost 1 ns before entering the pulse picker and then the multipass stage.
After eight round trips, the pulse is coupled out and compressed again. The beam is further
separated into pump and probe. The power ratio is adjusted by a A /2 plate (not shown) in front
of the beamsplitter (BS). The probe is frequency-doubled to 400 nm by a BBO pass. The probe
intensity is monitored by a reference diode (R) and passes a polarizer to ensure s-polarization.
After the sample, the reflection is guided through color filters (not shown) and the analyzer,
and the intensity is detected by a second photodiode (P). The pump path can be adjusted by a
delay stage which allows for a maximum time delay of A7 = 1 ns. Both R and P are detected in
an oscilloscope where the area under the curve is integrated. The change of area is considered
proportional to the change in magnetization.

Delay-time traces

The transition from a FROG measurement to the TR-MOKE measurement is considerably easy,
simply exchanging the BBO with a magnetic sample already provides knowledge of the tem-
poral and guarantees spatial overlap on the sample. In the experiment assembled here, the BBO
is further used for SHG of the probe pulse. Additionally, the pump focus is widened to avoid
burning the surface too easily and to facilitate a stable pump-probe overlap. Overall the probe,
now at 400 nm center wavelength, is focused to about 100 um diameter carrying only <10 mW
average power. The pump is focused to about 500 um diameter with the power adjusted be-
tween 20 mW and 100 mW. For detection, a photodiode, behind a red color filter to avoid stray
light from the pump, is used in combination with a reference diode before the sample to detect
both the incoming intensity /y and the intensity Ix after the analyzer. By normalizing Ix to
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Iy the noise is reduced due to intensity variations of the light. The magnetic field is supplied
by a coil with an iron core, and the current is ramped by a bipolar KEPCO power supply. A
maximum field of 80 mT is achieved at the sample position with the current settings, simply
turning the magnet will change from out-of-plane to in-plane fields. Usually, MOKE is mea-
sured in combination with a lock-in technique using either a photoelastic modulator (PEM) or
chopper or both at the same time to modulate the signal. This technique is extremely powerful
and enables typical sensitivity of some mdeg. down to 10~% mdeg. [42].
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Figure 2.7: Integrated photodiode intensity in blue for different delay steps and reversed mag-
netic field (current shown in red). The magnetic contrast is evaluated from the difference in
intensity when changing the magnetic field direction and thus turning the magnetization in the
sample. Not shown here is the position of the delay stage that was moved after recording each
magnetization direction twice.

In its current state, no modulation is employed. Instead of reading the photovoltage by a lock-in
amplifier, an oscilloscope is used in which the signal is integrated over a small gating window of
around 2 ns . This is averaged over a typical acquisition time of some seconds before the field is
changed. For time-dependent measurements, the sample is successively saturated magnetically
in each direction when recording before advancing the delay stage to the next position in time.
An example of such a measurement, recorded on a Co/Pt sample with an out-of-plane easy
axis of magnetization, is presented in Fig. 2.7. For each magnetization direction, the signal is
accumulated for several seconds and averaged. The contrast is calculated by the asymmetry as
A=25"L where I, and I denote the averaged intensity for each field direction, respectively.
An example of the contrast obtained in that fashion is shown in Fig. 2.8. A sharp drop can be
identified, which we attribute to the coincidence of pump and probe in time. The dynamic is
typically fitted with a double exponential function of the form

At) =g(t) = f(1)
7)) =0() (a(e*ffTe 1) —be e — 1)) + Ao (2.30)
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where g(7) x f(¢) describes a convolution of the fit function with the probe pulse since it has a
finite width in time. For g(¢) a Gaussian of 100 fs to 200 fs FWHM is used. The phenomeno-
logical function f(¢) is described by a double exponential, one describing the demagnetization
on the timescale 74, and one for the recovery of magnetization labeled 7,,. The arrival of the
pump pulse is modeled by a stepfunction O(z).
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Figure 2.8: Magnetic contrast recorded on Co/Pt over delay time. The contrast or asymmetry
is obtained as described in the text and shows a sub-ps decrease when pump and probe coincide.
The solid red line denotes a double exponential fit as described by eq. (2.30). A demagnetiza-
tion time 7,4, = (0.8 £0.1) ps is found by fitting. Time zero is set using the signal change. It
falls in the same range as measured in FROG traces. The error is estimated from the standard
deviation at each delay step.

What is really probed?

Intuitively the fast signal change is interpreted as an ultrafast quench of the magnetization
since the contrast of the signals vanishes or at least reduces. The first measurements of ultrafast
demagnetization in Ni were recorded and interpreted more or less in this fashion, the only dif-
ference being that both pump and probe were centered at 800 nm and complete hysteresis loops
were recorded and evaluated [43]. Although the measurement was subsequently confirmed em-
ploying a wide variety of different techniques [39, 44—48], the results sparked a discussion as to
what is really probed in such a time-resolved measurement of the Kerr rotation and ellipticity
[45, 49-51].

At the heart of the issue lies the fact that the observable measured is only proportional to
the magnetization. In other words, the signal change can not unambiguously be attributed to
a change in the magnetization. If one recalls that the change 65 p depends on &(w) which
describes all the optical properties of the system, it is evident that there can also be other mech-
anisms at work, influenced by the ultrashort heat- or laser pulse. This is discussed in terms of
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a thermal dependence of €(T, @) (or x(T,®)) in [49]. Microscopically the issue arises when
considering the excitations in a single particle picture where the transitions excited by the op-
tical probe are already blocked by the photoelectrons of the pump (called optical ’bleaching’)
investigated in [50] and [51]. And lastly, all models agree that around the presence of the light
field, i.e., up to 50 fs delay time, the electrons have not reached a thermal equilibrium required
for any thermomagnetic model, preventing statements about ensemble properties at the earliest
timescales.

It is agreed upon that the conclusions drawn from TR-MOKE are largely valid, e.g., [1, 51-54].
Mainly due to the coherent image transported by the multitude of different ways, the same or
at least similar results are achieved. Magnetization is also probed by second-harmonic gener-
ation (MSHG) at the surface or at an interface. Since the intensity /(2) « (x;;E(®):E(®);)*
depends on y, it also provides a measure of M [55] which can be utilized in pump-probe mea-
surements [47, 56-58] confirming the findings by MOKE and extending the research to anti-
ferromagnets. MSHG is still an optical probe and suffers from similar ambiguities as MOKE
and Faraday measurements. A more direct tool to investigate magnetic properties is obtained
by time- and angle-resolved photoemission (TR-ARPES) or two-photon photoemission (2PPE)
studies, where a near-IR pulse is applied to heat the system, and a probe at ~ 6eV to 30eV
is used to extract electrons from the surface. By detecting their energy, momentum, and spin
character, conclusions about spin polarization and thus magnetization is gained [58—61]. The
last two examples use probes already far beyond the visible range only accessible by elabo-
rate higher-harmonic generation sources. Measuring at even higher photon energies introduces
some of the most powerful techniques that directly probe the magnetic system by measuring
element-specific core-level transitions, further confirming the ultrafast magnetization quench.
All techniques can not be discussed in the scope of this thesis, which is why the middle ground
between visible light and X-rays is not reviewed, and the next chapter deals directly with soft
X-ray spectroscopy.

2.2 X-rays to investigate magnetism

Pump-probe techniques in the visible range access the electronic population close to the chem-
ical potential, whereas higher energy photons can directly excite transitions from a core level
into the valence band. The resonant excitation probability or photon absorption depends strongly
on the photon polarization, wave vector, energy, electron initial, and final state. Excitations
probed with a high energy resolution allow to resolve transition probabilities while changing
parameters such as sample magnetization, light helicity, or photon energy. This is successfully
employed in magnetic studies of the 3p-3d (M273-edge5 ) transitions of rare-earth and transition
metals. For these investigations photon energies in the extreme ultraviolet (XUV) region, e.g.,
50eV to 80eV, are sufficient and can be coherently generated in higher-harmonic generation
(HHG) processes, for example in gas jets. Since the XUV light is generated by ultrashort laser
pulses the, extension into an XUV-MOKE or -Faraday experiment is natural and can be assem-
bled on an optical table [62—65]. The contribution of time-resolved XUV studies to the research
of ultrafast magnetization is invaluable and the results allow for precise identification of mag-
netic contributions which helped rule out doubts about the nature of the observables described

3 Absorption edges are labeled according to the IUPAC notation describing the initial state. From inner to outer
shell, the letters K,L,M,N. are used, and numbers denote the spin-orbit split level.
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in the previous section and expand the understanding of femtomagnetism, e.g., [66—70].

Even higher photon energies allow to probe transition from the inner shell, e.g., 2p-3d (L, 3-
edge) transition at around 500 eV to 1 keV for transition metals. Before discussing the details
of how magnetization can be probed by X-rays, a short survey on (almost) coherent X-ray
generation is presented.

2.2.1 Pulsed X-rays

Light sources

Unlike radiation in the visible to XUV region, tabletop set-ups for (time-resolved) soft X-ray
experiments are not readily available. Even though coherent ultrashort pulses at energies up to
2keV [71] can be achieved in HHG sources, the number of photons is not sufficient for experi-
ments. There are some advances, for example, using dense-plasma radiation to do spectroscopy
[72], which has been successfully employed also in ultrafast time-resolved studies [73]. De-
spite these efforts to improve lab systems, synchrotron radiation still prevails in soft X-ray
spectroscopy due to the high photon flux of around 10'%~!# photons s~! (compared to just be-
low 10° photons s~! in [73]). The principles of synchrotron radiation are readily described in
textbooks, for example in [74—77] and are not repeated here. The summary presented here aims
to introduce the idea of how fs X-ray pulses are generated in a synchrotron light source using
the example of the slicing facility at BESSY II in Berlin.

Generally, synchrotron, a term coined by Ed McMillan [78], radiation is generated by accel-
erated electron bunches kept in a storage "ring". Electrons are bunched together by an RF-
field that synchronizes the kinetic energy of the electrons. The actual storage facility is not
ring-shaped but consists of linear acceleration stages and bending magnets, the latter are re-
sponsible for curving the electrons path and thereby generating light. Kinetic energies stored
in a synchrotron facility are in the order of 1.7 GeV (BESSY II, Germany) to 8 GeV (Spring8,
Japan) with a circumference of 240 m (BESSY II) to 1436 m (Spring8) and typical RF-fields of
500 MHz. The standard measure to compare synchrotron radiation is the brilliance, defining the
number of photons per unit bandwidth (BW) and areal emission, which is typically around 10'®
(BESSY II) to 10%! (Spring8) photons s~ mm—2 mrad_z(().l %BW)_]. Massive increases in
brilliance have been achieved over the last decades, mainly by introducing new insertion de-
vices, i.e., wigglers and undulators. The brilliance is still expected to increase some orders
of magnitude for high-energy regions with increasing the number of dipoles for the bending
magnets in so-called diffraction-limited storage rings.

The electrons are forced onto a circular orbit in a bending magnet and emit radiation in a
cone tangentially to the radius. This gives rise to a broad emission spectrum, typically from
0.001 keV to 20keV with a reasonable number of photons. By using monochromator gratings
or zone plates, the experimentalist can choose the energy required for the experiment. The
bending magnet radiation suffers from low brilliance due to the large emission cone. This issue
is targeted in a wiggler or undulator, which consists of dipoles arranged in a linearly alternating
fashion to force electrons onto an oscillating path. Again, due to the acceleration the electrons
experience in the dipole array, radiation is emitted, in this case in the direction of the origi-
nal path. By tuning the field, a specific energy is radiated. In a wiggler, the electrons deviate
strongly from their original path, and the radiation is a simple sum of the photons emitted at
each turn inside the wiggler. In an undulator, the magnetic field is adjusted to match the ki-
netic energy of the electrons in such a way that the phase between each turning of the electrons
matches a distinct wavelength. This leads to constructive interference of the light field of the
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desired wavelength and, therefore, to a much narrower emittance angle and thus higher bril-
liance. Together with control over wavelength, the undulator arrangement facilitates changes
in the polarization by shifting the dipole arrays relative to each other. Different polarizations
can also be accessed by spatially selecting parts of the light in the radiation cone of a bending
magnet, but since this involves mechanical motion of mirrors and gratings, changing the polar-
ization in an undulator is much faster and far more stable.

Typical electron bunch lengths are in the order of some mms, which corresponds to 20 ps to
100 ps in time while being separated by a few ns. This gives direct access to time-resolved
measurements by synchronizing an excitation and detection scheme to the frequency of the
synchrotron. If special measures are undertaken, the pulse duration can be further reduced
down to <10 ps and, in the future, perhaps even below one ps by exploiting different electron
orbits and shortening the bunch length [79]. While this provides sub-nanosecond time resolu-
tion, currently, it is not short enough to track magnetization at femtosecond timescales.

Femtoslicing

One way to achieve femtosecond soft X-ray pulses is realized in the FemtoSpeX facility at
BESSY 1I [80, 81]. Comparable facilities have been assembled at the Advanced Light Source
[82, 83] where the technique was pioneered, the Swiss Light Source [84], and SOLEIL [85].
The technique is termed slicing and was first proposed by Zholents and Zolotorev [86]. A
schematic of the working principle is presented in Fig. 2.9. It relies on superimposing an ul-
trashort laser field on an electron bunch inside a wiggler or undulator tuned to emit the central
laser wavelength. The electron bunch and the light pulse, typically a Ti:Sa source centered at
800 nm with <50 fs FWHM, are synchronized to create a leading (or trailing depending on the
phase) tail of electrons. The temporal width of the leading tail is as short as 100 fs in time due
to acceleration (or deceleration) in the presence of the light field. After this modulator stage,
the main bunch and the sliced electrons are spatially separated by a dipole bending magnet.
Since the tail has a different energy than the main bunch, the electrons will be deflected onto a
different trajectory. The energy difference is only about 1 %, and the separation is in the order
of ~ 1 mrad. Therefore, both the 100 fs electron bunch and the 50 ps main bunch are guided
downstream together into an undulator or radiator where the ultrashort X-ray pulse is gener-
ated. The light emitted by the main bunch is typically dumped by apertures, but since the 50 fs
and 100 fs pulses are close to each other, one can switch between the two by slightly changing
the electron orbit in the storage ring (femtobump at BESSY) to alter the initial kinetic energy.
Since the modulation is performed only on some electron bunches already flying a special orbit
and the main bunch is basically unaffected, the storage ring’s normal operation remains undis-
turbed.

A significant advantage of the slicing facilities is the inherent synchronization of the X-ray
pulse generation with the driving NIR pulse. At BESSY II, one Ti:Sa oscillator supplies two
amplifier stages, one operating at 6 kHz and one at 3kHz. The former is used to slice the
electron bunch, and the latter is used to pump the sample. Since both are seeded by the same
system, both pump and probe are inherently synchronized and a simple optical delay 