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Chapter 1

Introduction

Research into ultrafast magnetization dynamics is driven both by a desire to increase
our understanding of fundamental magnetic interactions, and by the technological
relevance of the materials under investigation. The ultimate aim is to design new,
complex magnetic materials for future storage media. But before one can move
from simple model systems to more complex materials which exhibit the properties
desired for technological applications, one has to understand how the interplay of
fundamental magnetic interactions and materials properties creates effects such as
ultrafast demagnetization [1] or all-optical magnetic switching [2].

A true understanding of the underlying origin of these phenomena requires access
to the microscopic properties of the investigated samples, and ideally it should be
possible to observe ultrafast magnetization dynamics on the length and time scales
they occur. Consequently, research into magnetization dynamics proceeds in step
with advances in instruments development and the advent of novel experimental
methods. Ultrafast demagnetization, i.e. the quenching of the magnetization of a
ferromagnetic sample on a sub-picosecond timescale, could only be discovered after
femtosecond (fs) pulsed lasers became available, and the timescale of the observed
effect was not given by the time resolution of the probe anymore. These first exper-
imental results by Beaurepaire et al. [1] showed a decrease of the magnetization of a
thin Ni film to almost half of its original value during the first picosecond (ps) after
excitation with a 60 fs laser pulse. The method chosen for measuring the magnetiza-
tion in this all-optical pump-probe experiment was the magneto-optical Kerr effect
(MOKE). However, MOKE in the visible wavelength range is not element-sensitive.
This is an obvious limitation when MOKE is applied to alloy or multilayer samples
consisting of more than one element, where it is desirable to follow the transient
behavior of the magnetization after laser excitation in different constituents or lay-
ers separately.

Natural candidates for element-selective magnetic measurements are spectroscopic
methods using x-rays like x-ray magnetic circular dichroism (XMCD) or x-ray mag-
netic linear dichroism (XMLD), which are well established methods for the magnetic
characterization of samples in the static case. Here, the difficulty lies in generating
x-ray pulses short enough to reach the sub-ps range, and to maintain femtosecond
time resolution in a laser pump — x-ray probe experiment, where temporal jitter or
drift between pump and probe might occur. The demand for ultrafast x-ray exper-
iments has spurred the development of femtosecond pulsed x-ray sources ranging
in size and complexity from laboratory sources based on high harmonic generation
(HHG) or laser plasma sources to large scale facilities like Femtoslicing sources at
electron storage rings or free electron lasers (FEL).

The experiments presented in this thesis were performed at the Femtoslicing facility
at the electron storage ring BESSY II, operated by Helmholtz Zentrum Berlin fiir



Materialien und Energie GmbH (HZB). Femtoslicing is a storage ring based method
for generating sub-ps x-ray pulses with the help of a femtosecond laser, which im-
prints its time structure on an electron bunch circulating in the storage ring. The
HZB Femtoslicing source, one of the few facilities of this type operating worldwide,
has unique properties which make it especially suitable for experiments on ultrafast
magnetization dynamics, chiefly among them circular polarization of the generated
soft x-ray pulses. The L-edges of transition metals such as Ni, Fe and Co, and the
M-edges of rare earths like Gd and Tb can be reached in this photon energy range,
and fs time-resolved XMCD measurements provide access to the transient behavior
of spin and orbital momenta.

In the following thesis I will present experimental work which takes full advantage
of the element selectivity of fs time-resolved x-ray spectroscopy. The investigated
samples are ferromagnetic binary alloys from transition metals or rare earths, and
multilayer structures which include a ferromagnetic layer. These materials are more
complex than the pure element samples used in previous experiments to demon-
strate the effect of ultrafast demagnetization and establish its characteristic time
constants in various pure materials, yet simple enough to contribute in solving one
specific part of the puzzle of the microscopic origin of ultrafast demagnetization.
Comparing the experimental results to theoretical models will further clarify certain
aspects of the ultrafast demagnetization process.

One particular question motivating me was how the time constants of demagnetiza-
tion are connected to the microscopic properties of a specific material. In ferromag-
netic alloys, the constituents are coupled by (indirect) exchange interaction. Does
this coupling persist after femtosecond laser excitation? The constituents can also
carry magnetic moments that are different from each other and from the respec-
tive pure materials. How does the initial configuration of the magnetic moments
influence the time constants of demagnetization? With time resolved x-ray spec-
troscopy, one can now resolve the contributions of the different constituents in an
alloy. In this thesis, I find a transient decoupling of the sublattices during ultrafast
demagnetization in NiFe alloys, leading to distinctly different time constants of de-
magnetization for Ni and Fe. And yet, (indirect) exchange interaction cannot be
neglected in a theoretical description of ultrafast demagnetization in ferromagnetic
alloys since only including it along with the magnetic moments of the constituents
leads to correct predictions for the observed time constants, as measurements on
both NiFe and GdTb alloys show.

Another issue that merits closer investigation is the role of hot electrons and trans-
port effects in ultrafast demagnetization. Despite a large body of experimental and
theoretical work on spin injection and spin transport in the field of magnetism,
their relevance to magnetization dynamics on femtosecond timescales has not been
investigated until very recently [3, 4]. Since it is difficult to separate magnetization
dynamics caused by direct excitation of the sample with a femtosecond laser pulse
from those induced by transport, or even to indentify the latter in the first place, the
investigated samples were designed to allow separating these effects by employing a
multilayer structure where the cap layer is made thick enough to absorb most of the
pump laser intensity. With element-specific XMCD measurements in transmission
geometry, one can then look at the unpumped ferromagnetic layer. In this thesis,
several proposed theories for the origin of ultrafast demagnetization are tested on
a model system, clearly indicating hot electron transport as a crucial factor for the
observed demagnetization.
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1.1 Scope of this Thesis

After this introduction, I will give an overview over experimental and theoretical
work done on the topic of ultrafast demagnetization in Chapter 2. I will first out-
line in Chapter 2.1 how the effect was discovered, characteristic time constants
established for various ferromagnetic metals and the dependence of these time con-
stants on experimental parameters, such as pump laser fluence and polarization,
derived with the use of different experimental methods like MOKE, photoemission
and XMCD. Chapter 2.2 will then introduce phenomenological models used for de-
scribing ultrafast magnetization dynamics, in particular the two temperature/three
temperature rate equation models and models based on the Landau-Lifshitz-Gilbert
and Landau-Lifshitz-Bloch equations. The search for the microscopic origin of ul-
trafast demagnetization is still ongoing; Chapter 2.3 will show three candidates for
a theoretical description of the process, namely direct interaction between photons
and spins, electron-phonon spin-flip scattering and superdiffusive spin transport.

In Chapter 3, I will introduce the ezperimental technique used for the measurements
presented in this thesis, beginning with a description of how sub-ps x-ray pulses are
created with Femtoslicing and how the Femtoslicing source operates at BESSY 11
in Chapter 3.1. Chapter 3.2 then continues with an overview of the laser pump —
x-ray probe setup at the UE56/1-ZPM and -PGM beamlines. A detailed account
of the analysis of static and dynamic XMCD measurements is given in Chapter 3.3.

Chapter 4 shows my results on ferromagnetic alloys. In Chapter 4.1, measurements
on NiFe alloys will give the element-resolved, distinctly different time constants for
the Ni and Fe sublattices, followed by a comparison of these time constants with
applicable theoretical models, regarding their relation to the magnetic moments
and the exchange interaction between the sublattices of these transition metal al-
loys. Then, the element-specific demagnetization measurements of GdTb alloy in
Chapter 4.2 will illuminate the relation between the observed time constants and
microscopic properties of rare earths.

The results achieved on multilayer samples will be presented in Chapter 5, showing
the demagnetization of a Ni layer buried under a thick Au cap layer, along with
theoretical modelling explaining the experimentally observed results through hot
electron transport.

Chapter 6 contains a conclusion recapitulating the experimental results presented in

this thesis and their interpretation, as well as an outlook to further experiments on
the topic of ultrafast demagnetization in multi-component ferromagnetic samples.

11



12



Chapter 2

What is Ultrafast
Demagnetization?

The field of magnetization dynamics covers a number of processes occurring on a
wide range of timescales. In the picosecond to nanosecond range, precessional and
magnetic vortex dynamics take place, as well as magnon generation and propa-
gation and domain wall motion. Research on these topics has a close relation to
technological application, in particular magnetic storage technology, since the dy-
namic processes studied are potentially useful for writing information in magnetic
media in a very fast way. Yet writing magnetic bits by precessional switching can-
not be infinitely fast: Using electron bunches accelerated to 28 GeV which generate
a short and strong magnetic field pulse, it has been shown by Tudosa et al. [5] that
the reversal of the magnetization in magnetic recording media does not occur in a
deterministic way any more for a pulse duration of 2.3 ps. In this context, ultrafast
demagnetization is interesting for potential applications since it gives rise to sub-
stantial magnetization changes on timescales of a few hundreds of femtoseconds. Yet
so far, studies of ultrafast demagnetization are still at the stage of basic research,
with no single phenomenological or microscopic model being able to describe the
full range of experimentally observed effects in various magnetic materials.

Sub-ps magnetization dynamics occurs in ferromagnetic [1] and ferrimagnetic [6]
metals and ferromagnetic [7] and antiferromagnetic [8] semiconductors. A phe-
nomenon related to ultrafast demagnetization is all-optical switching [2], which
refers to magnetization reversal induced by femtosecond laser excitation. This re-
versal occurs on a timescale of several picoseconds [9] to nanoseconds [10] after
an initial sub-ps demagnetization, so the same or similar microscopic mechanisms
might be at work here. However, all-optical switching has not been observed on
such a broad class of magnetic materials as demagnetization so far, only on ferri-
magnetic metals like GdFeCo [2, 9] and TbFeCo [10] alloys. The emphasis in this
thesis lies on the ultrafast demagnetization of ferromagnetic metals.

The following chapter describes the experimental and theoretical background of ul-
trafast demagnetization. I will outline what is known from experimental work so far
about the characteristic time constants of demagnetization in elementary transition
metal and rare earth ferromagnets, how these time constants were derived with the
help of different experimental techniques, and their dependence on experimental pa-
rameters such as the pump laser fluence. This is succeeded by an introduction to the
theoretical frameworks used to model ultrafast magnetization dynamics, going from
phenomenological to microscopic models. It will also be noted where and to what
degree these models have been successful in explaining experimental observations.

13



2.1 Discovery of the Effect and Review of Experi-
mental Work

The advent of pulsed, femtosecond lasers in the late 1980s and early 1990s made
pump-probe measurements of electron dynamics possible where the time constants
of the observed effects were not solely given by the length of the pump and probe
pulses any more. Pump-probe experiments were conducted on normal metals such
as Au, Ag and Cu, employing reflectivity [11] or photoemission spectroscopy [12]
as the probe. With laser excitation, a nonequilibrium state of the electron system
before thermalization [12], which then evolves to an electron system internally ther-
malized at very high temperatures before thermalization with the lattice, could be
accessed, which could not be achieved with slow, resistive heating. In particular,
the timescales of electron thermalization [13] and ballistic electron transport [14]
after laser irradiation were found in this type of experiment.

Experiments pioneering the laser excitation of ferromagnetic metals were conducted
by Vaterlaus et al. [15, 16] on Gd. However, Vaterlaus et al. still worked with pump
and probe pulses with a length of 10 ns and 60 ps, respectively [15]. The first ob-
servation of magnetization dynamics on the sub-picosecond timescale was made by
Beaurepaire et al. [1] in 1996. Beaurepaire et al. measured hysteresis loops of a
22 nm thick Ni film via magneto-optical Kerr effect (MOKE) after excitation with
a 60 fs laser pulse, for pump-probe delays up to 15 ps. They found a drop of the
remanent magnetization of almost 50 % of the value for the unexcited film already
within the first picosecond.

These first results were confirmed by second harmonic generation measurements
[17, 18], but the extremely short decay times of the magneto-optical signal of 50 fs
or even less raised questions about the interpretation of the measured signal. In-
deed, Regensburger et al. [19] and Koopmans et al. [20] found that second harmonic
and MOKE measurements, respectively, could be significantly influenced by optical
artifacts due to reflectivity changes in the first few hundreds of femtoseconds after
laser irradiation, and care has to be taken to separate the magnetic signal from these
artifacts. This, and the ongoing search for a microscopic explanation of ultrafast
demagnetization spurred the development of other, complementary measurement
techniques, which should grant more direct access to magnetic properties such as
spin moment and spin polarization of a particular sample.

Time- and spin-resolved two-photon photoemission (2PPE) measurements on 1.2 nm
and 0.6 nm thick Ni films [21] found a substantial, sub-ps decrease of the spin-
polarization of up to 50 % of the initial value; the demagnetization time constant
of 300 fs was still limited by the laser pulse duration, but the results of Beaurepaire
et al. [1] could be confirmed by a different experimental method. Later 2PPE ex-
periments on 8 monolayer thin Fe films [22] showed demagnetization time constants
ranging from 350 fs to 500 fs for a quenching of the spin polarization of 15 % to
45 %.

The development of the Femtoslicing facility at BESSY II, described in detail in
Chapter 3, made it possible to measure femtosecond time-resolved x-ray magnetic
circular dichroism. A decrease of the dichroic signal at the Ni Lg-edge with a char-
acteristic time constant of 120 £ 70 fs was found [23], representing a decrease of a
linear combination of spin and orbital angular momentum on the ultrafast timescale.
These results were later refined with time-resolved XMCD spectroscopy of the Ni
L3- and Lo-edges [24], showing the decrease of spin and orbital angular momentum
separately, with a time constant of 130 440 fs. So while an ultrafast reduction of
a supposedly magnetic signal could not always be unambiguously attributed to an
actual change of the magnetization in the past, it is now established that ultrafast
demagnetization exists.

14



Ref. [| element [ AM [%] | tp [fs] | method |

[25] Ni 2 T4+ 4 MOKE
[26] Ni 2 150 MOKE
27] Ni 45— 70 140 — 200 MOKE
27] Ni 95 180 MOKE
23] Ni 70 120 £ 70 XMCD
[24] Ni 80 130 £ 40 XMCD
28] Fe 10 - 30 50 — 75 MOKE
22 Fe 30 — 45 | 600 & 100 — 500 &= 100 | 2PPE
27 Co | 10-50 160 — 240 MOKE
29 Gd 30 760 & 250 XMCD
30 Gd 10 700 MOKE
29] Th 50 740 £ 250 XMCD

Table 2.1: Review of experimental work on ultrafast demagnetization.
Demagnetization time constants tp from recent work are listed for the respective
element, magnetization quenching AM and experimental method.

Ultrafast demagnetization has been observed in a number of elementary transition
metals and rare earths. Characteristic time constants are typically obtained by
fitting an exponential decay to the experimental data. However, one has to be care-
ful to compare results obtained under similar experimental conditions only; this is
particularly true with regard to the pump laser fluence, which is correlated to the
amount of demagnetization achieved. Incident pump fluence is often not a good
measure, since the actual fluence absorbed in a particular sample depends on the
sample structure, such as the type and thickness of a capping layer. Instead, de-
magnetization time constants from literature are listed in Table 2.1 along with the
corresponding magnitude of demagnetization.

Transition metals Ni, Fe and Co have been extensively investigated with various
experimental methods over the last years; the results are displayed in Table 2.1.
Sub-ps demagnetization in the rare earths Gd and Tb has only recently been found
in time-resolved XMCD measurements; the characteristic time constants are also
listed in Table 2.1.

Generally, it can be said that transition metals demagnetize faster than rare earths
after laser excitation. The time constants obtained for Ni, Fe and Co with various
experimental methods mostly lie in the same range, spanning 50-240 fs. The rare
earths Gd and Tb also show similar time constants on the order of 750 fs. How-
ever, these time constants are at times inconsistent with each other, for example in
the case of Dalla Longa et al. [25] and Koopmans et al. [26], who both measured
a similar amount of demagnetization of Ni, but with time constants different by a
factor of two. This merits a closer look at other experimental parameters that could
influence the observed dynamics.

Dalla Longa et al. [25] measured time-resolved MOKE with left and right circularly
polarized as well as linearly polarized pump pulses and found no dependence of the
resulting time constant of demagnetization on the pump polarization. This result is
also relevant in discussing direct photon-spin interaction as the microscopic origin
of ultrafast demagnetization (see Chapter 2.3.1).

Koopmans et al. [20] found no dependence of the sub-ps magnetization dynamics
of Ni on the strength of an external magnetic field.

The influence of the base temperature on ultrafast magnetization dynamics has been

15



investigated for Gd [31], showing a continuous increase in the characteristic time
constant from 700 fs to 1.4 ps for a base temperature ranging from 50 K to 270 K,
close to the Curie temperature of Gd.

Systematic studies of the dependence of demagnetization dynamics on the pump
fluence have been performed for Ni and Co [27] as well as for Gd [30] and Tb [32].
Both Ni and Co show the shortest demagnetization time constants for low fluence,
i.e. weak magnetization quenching. A further increase in the time constants with
fluence is however not strong and the values scatter around 160 fs for 45-95 % de-
magnetization in Ni and 230 fs for 25-50 % demagnetization in Co [27]. A similar
behavior is observed in Gd: The demagnetization time constant increases with flu-
ence but quickly saturates [30]. Little variation of the demagnetization constant
with pump fluence has been found in Tb for a magnetization quenching ranging
from 50 % to almost 100 %, with the demagnetization time ranging around 1 ps
[32].

Sample geomelry can also be expected to play a role in ultrafast magnetization
dynamics. This is particularly relevant when looking at the recovery of the mag-
netization back to its initial value after ultrafast demagnetization, as heat diffusion
out of the excited sample volume depends on the sample thickness and substrate
material [33].

It emerges that experimental parameters are indeed important, in particular pump
fluence, which determines how strongly the magnetization is quenched after laser
irradiation, and base temperature relative to the Curie temperature of the ferromag-
net under investigation. In the remaining part of this chapter, theoretical models
that aim to describe and explain these diverse experimental observations will be
introduced.

2.2 Phenomenological Descriptions

One key issue in the quest for a microscopic model that successfully describes ul-
trafast demagnetization has been the transfer of spin angular momentum that must
necessarily accompagny a reduction of the magnetization. In the phenomenological
models presented in this section, no mechanism for the transfer of angular momen-
tum is explicitly included. These phenomenological models aim to describe the
experimental observations of ultrafast demagnetization without assuming a partic-
ular microscopic mechanism leading to spin-flips through the exchange of energy
and angular momentum between electrons, spins and the lattice.

2.2.1 Rate Equation Models

In the rate equation type of phenomenological model, namely the two-temperature
(2T) and three-temperature (3T) models, electrons and lattice, and in the case of
the 3T model, spins, are pictured as heat baths. These heat baths are coupled,
with the strength of the coupling given through coupling constants, and can thus
exchange energy. The concept of the 3T model is shown in Figure 2.1.

The 2T model was developed for characterizing laser induced electron dynamics
in normal metals (see [11] and references therein). Vaterlaus et al. [15] first used
such a rate equation formulation to describe magnetization dynamics, namely the
spin-lattice relaxation in Gd. Beaurepaire et al. [1] combined these approaches into
the 3T model upon finding a delayed response of the spin temperature, i.e. the
magnetic response, compared to the electron temperature after femtosecond laser
excitation.

In the framework of the 2T and 3T models the pump laser pulse affects only the
electron system directly. The electron system is heated instantly to a thermalized

16
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Figure 2.1: 3T model. A schematic view of the three temperature model, which
pictures electrons, spins and the lattice as heat baths which exchange energy upon
the excitation of the electron system with a femtosecond laser pulse.

distribution with a corresponding temperature significantly above the initial tem-
perature. This neglects the non-equilibrium electron distribution which has been
found experimentally for the first tens of fs after laser excitation; in this state, the
electron system cannot be described by a Fermi-Dirac distribution and thus no elec-
tron temperature can be derived [34]. The energy equilibration processes between
the electron, spin and lattice heat baths are then described by the following rate
equations [1]:

dT,

Ce(Te) dt = _Gel(Te - Tl) - Ges(Te - Ts) + P(t)7 (21)
dT

Cs(Ts) dt = _Ges(Ts - Te) - Gsl(Ts - T’l)v (22)
dT)

C,(Tl)% = —Ga(Ti —Tc) — Ga(T) = Ts), (2.3)

where C refers to the specific heat and 7" to the temperature, with the subscripts e,
s and [ denoting the electron, spin and lattice systems, respectively. G¢;, Ges and
G are the coupling constants between electrons and lattice, electrons and spins,
and spins and lattice, respectively. The laser heating of the electron system is in-
troduced by the P(t) term. The 2T and 3T models can be extended to include heat
diffusion to the sample substrate [11].

The 3T model offers an intuitive description of the energy equilibration processes
during ultrafast demagnetization and the recovery of the magnetization back to
equilibrium conditions. An analytical solution of the rate equations can be used
to fit experimental demagnetization data [25, 35]. But while the model can satis-
factorily describe experimental observations, it has no predictive character. Input
from experimental data, for example the electron-lattice thermalization time from
reflectivity measurements, is needed to simulate the energy equilibration processes
between electrons, spins and the lattice.
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2.2.2 Models Based on the Landau-Lifshitz Equation

The Landau—Llfshltz equation describes the precessional motion of a magnetic mo-
ment 7 = VM where V' is the homogeneously magnetized sample volume and M
the magnetization vector, due to an effective magnetic field H, [36]:

dm I

E = ym X HE' (24)

Here « stands for the gyromagnetic ratio. H, is an effective magnetic field con-
taining the external magnetic field applied to the magnetic material, as well as
magneto-crystalline anisotropy, shape anisotropy, and other sample and material
dependent contributions. A damping term is added to equation 2.4 in order to
include relaxation of the precessional motion back to equilibrium, i.e. alignment
parallel to ﬁe, resulting in the Landau-Lifshitz-Gilbert (LLG) equation,

(2.5)

with « being a dimensionless damping parameter. The LLG equation is valid for
low temperatures and the length of the magnetization vector is conserved [37].

At higher temperatures, the length of the magnetization vector is not conserved any
more and longitudinal relaxation has to be taken into account. This can be done
using the Landau-Lifshitz-Bloch (LLB) equation, which is valid up to and beyond
the Curie temperature T¢ [37]. The LLB equation is written as

dnm . H)m m % (m x H,
—— =i x H, — 7)\|\7( 2) +’y>¢—(m2 ),

g (2.6)

where A and Ay are the dimensionless longitudinal and transversal damping pa-
rameters [36].

The LLG and LLB equations can be employed for a size of the simulated magnetic
material ranging from nanometers to micrometers. In the former case, the magne-
tization can be described by an atomic level spin Hamiltonian. For larger sample
sizes the macrospin approximation commonly used in micromagnetic simulations
must be employed, where the magnetic moment is an average over all atomic mag-
netic moments in a particular volume. For simulations of laser induced dynamics,
thermal fluctuations are included which affect H, ¢. The pump laser pulse is assumed
to directly heat the electron system, with the corresponding temperature calculated
within the 2T model [37].

The LLG and LLB models have successfully reproduced experimental observations
regarding the fluence dependence of ultrafast demagnetization in Ni [39], all-optical
switching in GdFeCo [9] and laser-induced magnetization reversal in CoPt [40].
No assumptions are made about the microscopic mechanism(s) behind the damping
parameters used in the LLG and LLB models. If one assumes that phonon-mediated
spin-flips are the microscopic damping mechanism, the LLB model was shown [38]
to be equivalent to the microscopic three-temperature model (M3TM) [27], which
will be discussed in more detail in Chapter 2.3.2.

2.2.3 Multisublattice Model

In addition to elementary ferromagnets as outlined in Chapter 2.1, ultrafast demag-
netization has been measured in several materials with more than one magnetic
constituent. Examples include NiggFeoq [35, 41, 42, 43], ThssFegs [6] as well as
various Heusler alloys [44] and half metals [45]. This motivates a model which ex-
plicitly includes the dynamics of multiple sublattices in a magnetic material, which
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was developed by Mentink et al. [46].

This model, called ”multisublattice model” in the following, includes longitudinal
relaxation, not only of relativistic origin, but also of exchange origin. Longitudinal
relaxation due to the exchange field can only occur in magnets with more than one
sublattice, since exchange relaxation conserves the total angular momentum and
relaxation can thus only proceed via angular momentum transfer between the sub-
lattices. The multisublattice model was designed to describe sub-ps magnetization
dynamics on the timescale of the exchange interaction and therefor neglects trans-
verse relaxation. The equations of motion for the magnetic moments m;, i = 1,2
of two sublattices can then be written as [46]:

dm1

W - )\e(Hl 7H2)+)\1H1, (27)
d
% = —N(Hy — Hy) + \oHs, (2.8)

where H; refers to the effective magnetic fields acting on the sublattices, A; is the rel-
ativistic damping parameter describing the transfer of angular momentum between
the respective sublattice and the environment, and ). is the exchange damping pa-
rameter describing the transfer of angular momentum between the sublattices.
Laser excitation in the multisublattice model is included by adding a heat bath with
a time-dependent temperature coupled to the magnetic system, similar to the LLG
and LLB models presented in the previous section. However, the multisublattice
model allows for the heat baths to be out of thermal equilibrium, internally and
between each other [46].

Time- and element-resolved measurements of the magnetic sublattices of ferrimag-
netic GdFeCo, which show transient ferromagnetic alignment during all-optical
switching due to different reversal times for the Gd and FeCo sublattices [9], have
been reproduced by the multisublattice model [46]. Chapter 4.1 will show that the
multisublattice model can also explain the distinctly different sublattice dynamics
of NiFe alloys during ultrafast demagnetization.

2.3 Microscopic Models for the Underlying Origin
of Ultrafast Demagnetization

In contrast to the phenomenological models described in the previous section, the
three microscopic models introduced in the following explicitly account for the
transfer of spin angular momentum during ultrafast demagnetization. The first
two models propose photons and phonons, respectively, as a reservoir for angular
momentum. In contrast, the third model dispenses with the need for a spin-flip
channel altogether by proposing sub-ps demagnetization due to an ultrafast spin
current out of the excited sample volume.

2.3.1 Direct Interaction Between Photons and Spins

Direct interaction between pump laser photons and spins was the earliest micro-
scopic explanation proposed for ultrafast demagnetization by Zhang and Hiibner
in 2000 [47]. According to the authors, ultrafast demagnetization occurs in the
presence of both an external laser field and spin-orbit coupling, when spin-orbit
coupling smears out singlet and triplet states and thus allows for optically induced
spin flips.

An ongoing controversy regarding this type of microscopic model is whether the
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number of photons absorbed in the magnetic material due to irradiation with real-
istic laser fluences is large enough to explain the experimentally observed magnitude
of demagnetization [48, 49]. Also, when the pump laser photons serve as the source
for the angular momentum needed to flip a spin, demagnetization should proceed
differently when the pump laser beam is linearly or circularly polarized. However,
Dalla Longa et al. [25] found that any polarization dependent changes in MOKE
measurements are purely due to optical artifacts and the magnetization dynamics
remain unchanged.

Furthermore, Zhang and Hiibner [47] predict a saturation of the demagnetization
at 50 % of the magnetic moment in Ni. In contrast to that, demagnetization magni-
tudes on the order of 70-80 % of the initial value of the magnetic moment have been
found experimentally [23, 24]. Additionally, according to Zhang and Hiibner [47]
ultrafast demagnetization proceeds quasi-instantaneously and the observed time
constant is given by the pump pulse length. But the measured demagnetization
time constants are typically longer than the pump pulses employed, in particular
for the rare earths Gd and Tb, which demagnetize on a timescale of 750 fs for 50 fs
long pump pulses [29]. Even if pulse length limited effects are found, their unam-
biguous attribution to magnetization changes, instead of optical artifacts induced
by reflectivity changes, remains controversial [50, 51].

Bigot et al. [52] proposed a similar microscopic mechanism, which additionally takes
a laser field induced, time-dependent modification of the spin-orbit interaction into
account. This leads to a coherent interaction between the pump photons and the
spins, during which angular momentum transfer necessary for spin flips takes place.
This model is, however, vulnerable to the same criticisms as the Zhang and Hiibner
[47] model.

In Chapter 5, the dependence of ultrafast demagnetization on the number of photons
absorbed in a ferromagnetic layer is tested explicitly in a multilayer model system,
with the result that direct interaction between photons and spins is unlikely to be
the dominant cause of ultrafast demagnetization.

2.3.2 Electron-Phonon Spin-flip Scattering

Koopmans et al. [53] proposed that during ultrafast demagnetization, spin angu-
lar momentum is transferred to the lattice by way of phonon mediated spin-flip
scattering. This spin-flip scattering is of the Elliot-Yafet type [54, 55] found in
paramagnetic metals, where each electron-phonon scattering event can lead to a
spin flip with a probability agy, which is material dependent.

The modification of Elliot-Yafet scattering for ferromagnetic metals [56] went through
several iterations, starting by identifying agy, responsible for sub-ps demagnetiza-
tion, with the macroscopic Gilbert damping parameter which governs precessional
dynamics on a timescale of hundreds of picoseconds [26, 57]. This was shown not to
be the case by time-resolved measurements on rare-earth doped NiggFeqq [35, 41] —
the modification of the Gilbert damping parameter due to doping with heavy rare
earths did not lead to changes in the demagnetization time constants as predicted
by Koopmans et al. [26].

Koopmans et al. [27] continued by merging the phenomenological 3T model (see
Chapter 2.2.1) with a Elliot-Yafet-like spin-flip channel, leading to the so-called
microscopic three-temperature model (M3TM). This time, the underlying spin-flip
probability was calculated from ab initio density functional theory [58]. The actual
demagnetization rate due to electron-phonon spin-flip scattering, and whether it is
large enough to explain experimental observations is however contested. Carva et
al. [59] found that the demagnetization rate in thermalized electron distributions
as assumed by the M3TM was too small, with only a marginal increase for non-
equilibrium distributions occurring in pump-probe experiments. Essert et al. [49]
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also concluded that electron-phonon spin-flip scattering is not the dominant process
behind ultrafast demagnetization and stressed the importance of dynamical changes
of the band structure, not included in the M3TM.

As already mentioned in Chapter 2.2.2, the M3TM is equivalent to the LLB model
when electron-phonon spin-flip scattering is assumed as the underlying relaxation
mechanism [38]. It will be seen in Chapter 4 that the M3TM can reproduce trends
observed in demagnetization dynamics such as the scaling of the demagnetization
time constant with the atomic magnetic moment, but it fails for certain ferromag-
netic alloys.

Other Spin-Flip Scattering Mechanisms

Carpene et al. [28] also suggested a spin-flip mechanism similar to the M3TM, but
with magnons acting as the reservoir for spin angular momentum.

Kraufl et al. [60] proposed a microscopic demagnetization mechanism based on
electron-electron Coulomb scattering. By modelling interband scattering processes
leading to a redistribution of electrons from majority to minority bands after the
optical excitation of spin-polarized electrons, ultrafast demagnetization measure-
ments of Ni and Co could be reproduced, although not without employing several
fit parameters.

2.3.3 Superdiffusive Spin Transport

The newest microscopic model for the origin of ultrafast demagnetization is su-
perdiffusive spin transport, proposed by Battiato et al. [4, 61]. This model does
not include a channel for the transfer of spin angular momentum, i.e. spin flips,
but explains the reduction of magnetization by spin-dependent transport of charge
carriers out of a ferromagnetic layer. ”Superdiffusive” refers to carrier transport
which has ballistic character at the beginning but goes towards diffusive transport
for longer times, and is thus not correctly described by either the ballistic or diffu-
sive approximation for all timescales.

In the model of Battiato et al. [4], superdiffusive spin transport leads to ultrafast
demagnetization in the following way: Due to pump laser irradiation of a ferro-
magnetic layer, electrons are excited from quasi-localized d-bands to more mobile
sp-bands. This excitation is assumed to be spin conserving. Subsequently, elec-
trons are transported superdiffusively out of the excited sample volume into the
substrate. Due to the fact the majority and minority electrons have different life-
times [62], resulting in a higher mean free path for majority electrons, magnetization
is transported away from the probed volume on a sub-ps timescale.

Since the modelling of superdiffusive spin transport involves treating the electron
scattering processes leading to their thermalization explicitly, the non-equilibrium
state after laser excitation is included by default and the usual assumption of instant
thermalization via the 2T model (see Chapter 2.2.1) avoided. Also, the real, mate-
rial specific band structure is included via the energy- and spin-dependent electron
lifetimes.

The amount and timescale of demagnetization resulting from superdiffusive spin
transport, calculated for a 15 nm thick Ni film on an Al substrate, were found to
coincide with time-resolved XMCD measurements by Stamm et al. [23]. Chapter
5 will show that ultrafast demagnetization can also be induced by superdiffusive
carrier transport into a ferromagnetic layer, providing further evidence for the in-
fluence of transport on ultrafast magnetization dynamics.
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Chapter 3

Ultrafast X-ray Methods for
Magnetic Measurements

While all-optical methods are well established for time-resolved magnetic measure-
ments (compare Chapter 2.1), x-ray methods offer some unique advantages despite
more demanding requirements for the generation of short x-ray pulses and their use
in pump-probe experiments. In particular, element selective measurements can be
performed through core level spectroscopy [9], x-ray magnetic circular dichroism
(XMCD) allows access to spin and orbital angular momenta via sum rule analysis
[23, 24, 63], and antiferromagnetic order can be probed with x-ray magnetic linear
dichroism (XMLD) or resonant magnetic scattering [8].

The availability of femtosecond x-ray sources for pump-probe experiments on mag-
netic materials has significantly increased in recent years. These sources range
in size and complexity from large scale facilities, i.e. free electron lasers (FEL)
[64, 65], to laboratory souces based on high harmonic generation (HHG) [66, 67] or
laser plasma sources [68].

Femtoslicing, the method used for generating the 100 fs long x-ray pulses employed
in this thesis, occupies an intermediate position between FEL and laboratory sources
— it does require a large scale facility, namely an electron storage ring, to operate,
but not one dedicated solely to it. Femtoslicing is only a local source at one inser-
tion device of the storage ring and runs without affecting the generation and use of
x-rays at other insertion devices.

In contrast to FEL and laboratory sources, the BESSY II Femtoslicing source rou-
tinely produces soft x-rays with circular polarization, thus allowing direct access
to the dynamics of the magnetic moment at the transition metal L-edges and rare
earth M-edges via XMCD [23, 24, 29, 63].

In the following chapter, the principles behind the generation of femtosecond x-ray
pulses with Femtoslicing will be explained and the characteristics of the BESSY II
source outlined. This is succeeded by a description of the laser pump — x-ray probe
setup at the UE56/1-PGM and -ZPM beamlines, including the properties of pump
and probe beams. Finally, the procedures used for analysing both static and time-
resolved XMCD data will be detailed.
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3.1 Generation of Sub-ps X-ray Pulses with the
BESSY II Femtoslicing Facility

The electron bunches circulating in a storage ring have a certain temporal structure
and length which is given by the settings and operation mode of this particular
storage ring. The pulse length of the x-rays then created at bend magnets and
insertion devices like undulators is basically given by the electron bunch length.
In the BESSY II normal operation mode [69], the pulse length is on the order of
50-70 ps.

Femtoslicing is a method for generating sub-ps x-ray pulses from a storage ring
source by using the interaction of an intense femtosecond laser pulse co-propagating
with an electron bunch circulating in the storage ring. The electric field generated
by the laser pulse modulates the energy of part of the electrons in the bunch, defin-
ing a fs ”slice” of them which then generates a correspondingly short x-ray pulse.
The idea behind Femtoslicing was first proposed by Zholents and Zolotorev [70] in
1996, and put into practice at the ALS in Berkeley, USA, using a bend magnet as a
radiator [71]. The first undulator source for the soft x-ray range was commissioned
at BESSY II in 2004 [72, 73, 74], followed in 2006 by a hard x-ray undulator source
at the SLS in Villigen, Switzerland [75].

Looking at the Femtoslicing source at BESSY II in detail, the generation of fem-
tosecond x-rays takes place in a section of the storage ring formed by a U139 planar
undulator, the modulator, followed by a dipole magnet and the UE56/1 elliptical
undulator, the radiator (see Figure 3.1). Energy modulation of a small part of an
electron bunch stored in the ring is achieved by an intense femtosecond laser co-
propagating with the electron beam through the modulator. In addition to spatial
and temporal overlap of the laser spot with the electron beam, a resonance condition
needs to be fulfilled for energy modulation to occur [74]:

v K?
A =29 (14 2 1
g 272<+2>’ (3.1)

where Ay, is the laser wavelength, Ay the modulator period length, v the electron
Lorentz factor and K the undulator deflection parameter. The ”sliced” electrons
take a different path though the subsequent dipole magnet than the main electron
bunch, due the difference in energies. Then, when traveling through the radiator,
they give off short x-ray pulses, which are spatially separated from the long, much
more intense pulses coming from the main bunch.

The resulting x-ray pulses are tunable in energy between 400 eV and 1400 eV and
their polarization can be varied between linear and circular. In Femtoslicing mode,
a circular polarization degree of 70 % is achieved, due to the necessity of an efficient
separation of the fs x-rays from the full ps x-ray pulse. The photon flux emitted
from the radiator is on the order of 108 to 107 photons per second per 0.1 % band-
width; the number of photons available at the experiment depends on the beamline
and monochromator settings, as will be discussed in Chapter 3.2.

The x-ray pulse length is given by the laser pulse length, 26 fs slippage of the elec-
trons with respect to the laser field, and electron path length differences between
modulator and radiator, resulting in 100 fs (full width at half maximum, FWHM)
in total [74]. This already includes temporal broadening due to the monochromator
grating, which is on the order of 30 fs (see Chapter 3.2 for details on the PGM and
ZPM monochromators).

In addition to short soft x-ray pulses, the Femtoslicing source also generates THz
radiation. The laser-induced energy modulation of the ”sliced” electrons creates a
corresponding dip in the profile of the main electron bunch, leading to the emission
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Figure 3.1: Femtoslicing source. Schematically shown are the energy modulation
of a small part of the ps electron bunch by the fs laser during their overlap in the
modulator, followed by the spatial separation of the energy modulated electrons from
the main bunch und subsequent radiation of fs x-rays in the radiator.

of coherent synchrotron radiation in the THz range at a bend magnet further down-
stream of the Femtoslicing source [73, 74]. This dip and the resulting THz emission
persist over several turns in the storage ring. The intensity of the THz radiation
from the first turn and the ratio between the first and second turn radiation are an
indication of the spatial and temporal overlap of the laser and the electron beam
and the magnitude of the energy modulation of the electrons. The THz radiation
thus serves as a diagnostics tool for the generation of fs x-rays, and is employed for
optimizing the output, either manually or in an automated feedback loop.

Since the 100 fs short x-ray pulses generated with Femtoslicing originate only from
a small part of an electron bunch, their short duration comes at the cost of substan-
tially decreased intensity compared to the standard ps x-ray pulses. Consequently,
the separation of the femtosecond x-rays from background radiation is particularly
important.

Background radiation has several origins: Part comes from residual ps radiation.
The bend magnets between modulator and radiator and after the radiator also gen-
erate radiation, but at the BESSY II Femtoslicing source they are positioned such
that they do not radiate into the UE56/1-PGM and -ZPM beamlines. Another part
of the background is the so-called halo, which is caused by the increased emittance
of the energy modulated electrons during their relaxation and lasts about 1 ms [74].
At the BESSY II Femtoslicing source, two unique methods have been developed for
dealing with the issue of background radiation.

The so-called femtobump is a local adjustment to the electron orbit in the storage
ring used for steering the ”sliced” electrons onto the radiator axis. When the fem-
tobump is switched on, the fs x-rays take the same path as the ps x-rays when the
femtobump is off. This way, femtobump allows for the angular separation of the x-
rays generated by the unaffected electron bunch and those from the sliced electrons
without any changes to the beamline and monochromator settings, by carefully
positioning the front end apertures such that the off-axis radiation is blocked. It
should also be noted that since the femtobump can be switched on and off by the
accelerator operator within minutes, a quick change from normal mode operation
to slicing operation and back is possible.

Also particular to the BESSY II Femtoslicing source is the sequenced mode, shown
schematically in Figure 3.2. Part of the background, the halo, increases with the
repetition rate of the laser. In order to counteract this, three addional electron
bunches, separated by 12 ns and carrying a bunch charge of 5 mA, are injected on
top of the multibunch train in the BESSY II normal operation mode [69]. The syn-
chronization of the laser with the storage ring master clock is then modulated such
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Figure 3.2: Sequenced Femtoslicing mode. A schematic view of the sequenced
Femtoslicing mode, where the synchronization of the amplifier laser is modulated
such that the fs z-rays are alternatingly generated from three electron bunches in-
jected on top of the multibunch train in the BESSY II storage ring.

that fs x-rays are generated alternately from these three electron bunches. This
effectively divides the repetition rate of the laser acting on one electron bunch by
three, thus giving the electrons more time to relax and keeping the halo background
at tolerable levels.

In the second half of 2010, the BESSY II Femtoslicing facility underwent a sub-
stantial upgrade with the installation of a new laser system. The old laser system,
an oscillator and multipass amplifier manufactured by KMLabs, running at 3 kHz
repetition rate with 2 mJ power per pulse, was replaced by combination of two
regenerative amplifiers seeded from a single oscillator (all manufactured by Coher-
ent). The two Coherent amplifiers run at a repetion rate of 6 kHz with a power per
pulse of 1.8 mJ; one of them drives the Femtoslicing process itself, while the other
is used as the pump laser in pump-probe experiments. The pump amplifier can
also drive an optical parametric amplifier (OPA) used for generating variable pump
wavelength. The OPA is under commissioning at the time of this writing. For a
comparison of the layout of the experimental setup before and after the upgrade,
see Figures 3.3 and 3.4, respectively.

The upgrade resulted in a substantially improved performance of the Femtoslicing
facility. With two separate amplifiers, an improved fs x-ray flux does not come at
the cost of decreased power available for pumping, i.e. exciting the sample, any
more, as was the case with the KMLabs single amplifier system, whose output was
split with 90 % used for driving the Femtoslicing process and 10 % for pumping.
With the new system the x-ray flux was roughly doubled due to the doubling of the
repetition rate while keeping the power per pulse similar to the old system. Thanks
to the sequenced Femtoslicing mode, the background increase due to the higher
repetition rate could be kept at a tolerable level, resulting generally in a better sig-
nal/background ratio at improved stability. Consequently, less measurements time
is needed to obtain data of comparable quality than before the upgrade.

Of course, the fs x-ray source is only one part of the whole laser pump — x-ray probe
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Figure 3.3: Laser pump — x-ray probe setup before upgrade. A schematic
view of the laser pump — z-ray probe setup before the upgrade performed in the
second half of 2010. 90 % of the amplifier beam is used for generating the fs x-rays
in the Femtoslicing source, while the remaining 10 % are guided to the experiment
in order to serve as the pump beam. SMU designates the switching mirror unit used
to switch the z-ray beam between the PGM and ZPM beamlines.

setup, although the most elaborate one. Monochromatization of the x-rays, syn-
chronization with the pump laser and the detection also influence the performance
the whole Femtoslicing facility significantly, as will be described in the next section.

3.2 Laser Pump — X-ray Probe Setup

In addition to the Femtoslicing source, the laser pump — x-ray probe setup is com-
prised of two different beamlines, UE56/1-PGM and -ZPM, two laser hutches for
housing the amplifier lasers for generating the fs x-rays and for pumping, respec-
tively, as well as the experimental endstation containing sample with cryostat, mag-
net and detector.

3.2.1 X-ray Monochromators

Due to the horizontal separation scheme with the femtobump as described in Chap-
ter 3.1, both fs and ps x-ray pulses can be used for probing at both the UE56/1-
PGM and -ZPM beamlines. If the femtobump is not switched on, the 50-70 ps long
pulses in normal mode are guided into the beamline. Another probing option are
the approximately 10 ps (FWHM) long x-ray pulses generated in low-alpha mode.
Low-alpha mode involves changing the storage ring’s optics, leading to shorter elec-
tron bunches at reduced bunch charge and therefore reduced x-ray intensity. For
pump-probe measurements in normal or low-alpha mode, the pump laser is synchro-
nized to the so-called hybrid bunch, an electron bunch situated in a 100 ns long gap
which separates it from the other electron bunches circulating in the storage ring
and carries a charge of 10 mA in normal mode [69]. The plane grating monochro-
mator (PGM) and zone plate monochromator (ZPM) are however not equally well
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Figure 3.4: Laser pump — x-ray probe setup after upgrade. A schematic view
of the laser pump — z-ray probe setup after the upgrade performed in the second half
of 2010. Compared to Figure 3.3, two separate amplifier lasers now generate the
fs z-rays and the pump pulses. Both amplifiers are seeded by the same oscillator
synchronized to the storage ring master clock.

suited for all time resolutions.

The PGM is a standard monochromator design optimized for high energy resolu-
tion. Since it is comprised of five optical elements, the already strongly reduced
x-ray flux in Femtoslicing mode is further reduced due to reflection losses at each
optical optical element. Furthermore, the standard 1200 lines/mm grating used for
static spectroscopy cannot be employed in Femtoslicing mode since it causes sub-
stantial pulse lengthening. Therefore, a grating with 150 lines/mm is used for fs
time-resolved measurements, with a corresponding decrease in energy resolution.
In contrast, the ZPM was specifically designed for time-resolved measurements with
low x-ray flux. Only one optical element, a reflection Fresnel zone plate, focusses
and monochromatizes the x-rays, resulting in a beamline with a transmission about
20 times higher than the PGM beamline. Since one reflection zone plate is opti-
mized for a particular photon energy, the whole monochromator consists of six such
zone plates on a Si substrate, for covering the energy range from the O K-edge at
540 eV to the Gd and Tb M-edges around 1200 eV. Pulse lengthening is on the
order of 30 fs for all photon energies covered by the ZPM, keeping the total x-ray
pulse length at 100 fs after monochromatization. Drawbacks of the ZPM design are
a reduced energy resolution and somewhat larger focus size compared to the PGM,
as can be seen in Table 3.1.

Comparing the two monochromators, it is obvious that the ZPM is better suited
for measurements in Femtoslicing mode if a moderate energy resolution is suffi-
cient, which is the case for XMCD measurements as will be explained in Chapter
3.3. Therefore, static measurements shown in this thesis were performed at the
PGM and time-resolved measurements at the ZPM.
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! [ PGM (150 lines/mm) | ZPM |

number of photons [1/s/0.1 % BW]| 10° 10°
focus size [pum?] 85 x 15 300 x 100
energy resolution [E/AE] 1000 500

Table 3.1: Comparison of Femtoslicing beamlines. Listed are the beamline
parameters for the UE56/1-PGM and -ZPM beamlines with 100 pm exit slit, in
the case of the PGM for the 150 lines/mm grating. The focus sizes are given in
horizontal x wvertical size. BW refers to bandwidth, E to the photon energy.

3.2.2 Pump Laser Parameters

Pump-probe experiments in Femtoslicing mode feature an intrinsic, jitter-free syn-
chronization between laser and x-ray pulses, since both are generated from the same
source. Maintaining a stable temporal and spatial overlap of pump and probe is
paramount for taking full advantage of this feature, since drifts and instabilities can
introduce temporal uncertainties, in particular over the long measurement times
(days and weeks) and the large distances between Femtoslicing source, laser oscil-
lator and amplifiers and sample position involved in the experiment.

The laser pulse length is 50 fs, as verified by autocorrelation measurements. In
all measurements shown in this thesis, the fundamental wavelength of 780 nm was
used for exciting the sample. In order to be particularly sensitive to pump-induced
changes of the magnetic signal, the pump-probe signal is acquired alternatingly
with just the probe signal. Consequently, in Femtoslicing mode the repetition rate
of the pump laser has to be half of the x-ray repetition rate of 6 kHz. Therefore, the
repetition rate of the pump amplifier is electronically set to 3 kHz. Before the laser
upgrade, when both beams for pumping and generating the fs x-rays came from the
same amplifier, this was achieved with a synchronized chopper in the pump path
blocking every other laser pulse, resulting in a pump repetition rate of 1.5 kHz at
a probe repetition rate of 3 kHz (compare Figure 3.3). The pump laser path setup
at the experiment is shown in Figure 3.5.

Typical pump laser spot sizes are on the order of 800 yum diameter (FWHM), large
enough to cover the x-ray probe spot, i.e. the focus size as listed in Table 3.1, and
thus ensuring homogeneous excitation of the sample over the whole probed area.
The spot size is adjusted by a telescope made of two pairs of cylindrical lenses,
which allow to change the horizontal and vertical dimensions of the spot separately.
The spot diameter is determined by a Gaussian fit to the spot profile acquired with
a CCD camera from a reference path with the same length as the distance between
telescope and sample position. A typical pump spot profile is displayed in Figure
3.6.

For adjusting the spatial overlap of the pump and probe beams, the x-ray probe
beam is threaded through a pinhole mounted on the sample holder, and the pump
spot position relative to the pinhole is checked and adjusted with the help of a CCD
camera monitoring the sample position. The pump spot position on the sample is
kept stable with a BeamLock 4D V.4.0 manufactured by TEM Messtechnik.

The pump power is checked with a power meter with a thermal detector head, which
can handle the typical pump powers in the range of 50 mW to 500 mW. Since the
cw output power of the pump amplifier at 3 kHz is on the order of 5.5 W, 90 %
of the pump beam is split off and dumped when the fundamental wavelength of
780 nm is used for pumping. The pump power is then regulated with a A/2 plate
followed by a polarizer.

No cross-correlation of the pump and probe pulses independent of the experiment
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Figure 3.5: Pump laser path setup. A simplified view of the pump laser path
setup at the experiment. The pump-probe delay is finely adjusted with a motorized
optical delay stage. Photodiodes PD1 and PD2 are part of the BeamLock keeping
the pump laser spot at the sample position stable. The spot size is adjusted with a
telescope made of two pairs of cylindrical lenses and measured with a CCD camera
in a reference path, which has the same length as the distance between telescope and
sample position. The pump power is adjusted with a A/2 plate and measured with a
power meter.

is available so far. Therefore, before starting an experiment in Femtoslicing mode,
pump-probe delay scans with the normal mode ps x-ray pulses are performed, nar-
rowing down the window of pump-probe overlap which can then be scanned further
in Femtoslicing mode. The pump-probe delay is finely adjusted with a motorized
optical delay stage covering a maximum range of 1.6 ns. Due to the jitter-free syn-
chronization of the 50 fs pump and 100 fs probe pules, the total time resolution of
the pump-probe experiment is 130 fs (FWHM). Drift of the pump-probe tempo-
ral overlap, i.e. time zero, can occur due to temperature and air pressure changes
since the oscillator beam for seeding the pump amplifier is guided over a 40 m long
transfer line under prevacuum. These drifts can be on the order of 200-400 fs over a
whole day if strong changes in temperature from daytime to night occur, but they
can also be corrected in the XMCD data, as will be described in Chapters 4.1 and 5.

3.2.3 Endstation and Detection Scheme

The static and time-resolved XMCD measurements presented in this thesis were
performed in transmission geometry. The UHV chamber used, shown in Figure
3.7, is made of two parts: the measurement chamber holding the sample, and the
detector chamber. Pump laser and probe x-rays arrive on the sample practically
colinearly (angle 1.5°), ensuring that the time resolution is not smeared out due to
different arrival times of the pump laser photons over the relatively large pump spot
sizes typically used here. At the sample position, an external magnetic field of max.
0.55 T can be applied along the x-ray propagation direction. A cryostat allows for
varying the sample temperature; depending on the type of cryostat employed, a
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Figure 3.6: Pump laser spot profile. Shown here is the pump laser spot profile
imaged by the CCD camera in the reference path. The spot size is determined from
the FWHM of Gaussian fits to horizontal and vertical cuts through the spot profile,
as indicated by the grey lines.

temperature range from 30 K to 450 K or from 120 K to 800 K can be covered.
For static measurements, the transmitted intensity of the x-rays is detected with a
GaAs photodiode and Keithley amperemeter.

For time-resolved measurements, the detector must be gated, with a gating window
smaller than 12 ns, in order to resolve the three hybrid bunches used in sequenced
Femtoslicing mode (see Chapter 3.1). Therefore, and because of the low x-ray in-
tensity, an avalanche photodiode (APD) is used, with a preamplifier and boxcar
integrator. The APD, which is also sensitive in the visible wavelength range, is
protected from stray pump laser light by an Al foil between the sample and the
detector chamber. For measurements at the UE56/1-ZPM beamline, which does
not have an exit slit, a 100 pgm slit in front of the APD is used.

3.3 Static and Time-resolved X-ray Magnetic Cir-
cular Dichroism

Put simply, X-ray magnetic circular dichroism (XMCD) is the difference of the
absorption of right and left circularly polarized x-rays in a ferromagnetic sample,
which is proportional to the sample’s magnetic moment. XMCD is the method
of choice for the investigation of ferromagnetic alloys and multilayers, since it is
element-selective. It thus allows to look at magnetization dynamics in different
constituents or layers separately, unraveling the coupling of the components of a
particular magnetic material in the process. Furthermore, spin and orbital angular
moments can be determined quantitatively from absorption spectroscopy.

In a microscopic picture, XMCD arises from the interplay of the spin-orbit splitting
of an initial core level state, angular momentum conservation during the photon
absorption process, and the spin and orbit polarization of the final valence band
states given by exchange interaction and spin-orbit coupling, respectively [76]. The
electronic transitions relevant for XMCD are schematically depicted in Figure 3.8
for a prototypical 3d ferromagnet.

For the actual measurement, switching the x-ray helicity from left to right circu-
lar polarization at a fixed external magnetic field is equivalent to switching the
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Figure 3.7: XMCD chamber. X-rays and laser enter the XMCD chamber almost
colinearly through the pole pieces of the electromagnet. The Al foil between the
measurement and detector chambers blocks stray laser light from the detector, an
avalanche photodiode (APD).

magnetic field direction from parallel to antiparallel alignment with the x-ray prop-
agation direction at fixed x-ray helicity [76]. The latter case is easier to realize at
the Femtoslicing source since switching the typically used moderate magnetic fields
of max. 0.55 T is done much faster than switching the x-ray helicity.

The XMCD signal is sensitive to the projection of the sample’s magnetization in
the x-ray propagation direction. The maximum dichroic effect is thus found for a
parallel alignment of the external magnetic field direction with the sample’s mag-
netization vector. Therefore, when the sample under investigation has in-plane
magnetic anisotropy, it is rotated from normal incidence by a certain angle. The
maximum angle in the experimental endstation shown in Figure 3.7 is 35°, given
by the spacing of the pole pieces of the electromagnet.

3.3.1 Analysis Procedure for Static Spectroscopy

Before going to time-resolved measurements of the laser induced magnetization dy-
namics, it is important to characterize the static properties of the ferromagnet under
investigation. In the following, the procedure for the analysis of static XMCD spec-
tra will be described step by step, on the example of Ni in NisgFesy measured at
the UE56-1/PGM beamline.

The intensity of circularly polarized x-rays transmitted through a ferromagnetic
sample, for an external magnetic field large enough to saturate the sample applied
parallel and antiparallel to the x-ray propagation direction, is recorded with a GaAs
photodiode and a Keithley amperemeter. This intensity is normalized to the in-
coming x-ray intensity, measured as the current at the last refocussing mirror of the
beamline. This removes the change in x-ray intensity due to the decaying electron
current in the storage ring from the spectrum. Background in the spectrum comes
from absorption in the sample substrate, buffer and cap layers. This background
can be removed with the help of a transmission spectrum of a reference substrate,
or if this is not available, as was the case here, with the help of a linear fit to the
first few datapoints below the Lz-edge, since the background is linear over the whole
energy range measured here. The absorption spectra A are then calculated from
the transmission spectra 7" with

A=—InT. (3.2)
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Figure 3.8: Electronic transitions in XMCD. A schematic view of the electronic
transitions involved in XMCD of a prototypical 3d-ferromagnet, pictured in an one
electron model after [76]. FElectrons are excited by circularly polarized z-rays from
the L core shell to empty conduction band states.

The resulting absorption spectra are shown in the upper panel of Figure 3.9. The
spectrum A;;,, corresponding to the absorption spectrum for linearly polarized light
is not measured directly, but calculated from the absorption spectra for cicularly
polarized light and parallel (A4 ) and antiparallel (A_) magnetic field, respectively:

Ay + A
o

The dichroic signal D is the difference between the absorption spectra for parallel
and antiparallel magnetic field,

Apin, = (3.3)

1/sinc
d )
multiplied with a correction factor accounting for the x-ray incident angle «, mea-
sured between x-ray propagation direction and sample normal, and circular polar-
ization degree d, here 35° and 90 %, respectively. The so-called edge jump in the
absorption spectra originating from excitation into continuum states is removed
with a two-step function, with the step height at the Ls-edge set to 2/3 of the aver-
age absorption signal for the last 15 eV of the spectrum, and to 1/3 at the Lo-edge,
as outlined in [77].
Sum rules then link the integrated spectral intensities to spin and orbital angular
momentum. The derivation of these sum rules can be found in [78], [79] and [80].

Here, only the resulting terms for spin moment S and orbital moment L shall be
listed [24]:

D=(A_—A,) (3.4)

2D3+ D,
L = ———=h 3.5
3A;+ Ay (3:5)

_ 1Ds;-2D,
S = B A3+A2 th, (3.6)
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where A3 and Ds o correspond to the integrated intensities over the absorption
and dichroism spectra at the Lj o-edges, as indicated in Figure 3.9, and ny, to the
number of holes in the valence band.

For Ni in NisgFesq this gives L = 0.13% and S = 0.52h with n, = 1.66 for pure Ni
[81], corresponding to of total magnetic moment

KB
H=—=

. (L+¢S)=1.18upg, (3.7)

assuming a Landé factor of g = 2. The resulting values for S and L are almost a
factor of two larger than those for pure Ni, showing the change of magnetic moment
due to alloying with Fe [82], as will be discussed in more detail in Chapter 4.1.1.
These measurements also show that the orbital contribution to the total magnetic
moment is much smaller than the spin part, which is generally the case for transition
metals like Ni, Fe and Co [76].

For evaluating XMCD spectroscopy on rare earth elements like Gd and Tb, the sum
rules for the My 4-edges have different coefficients and become [32]:

D5 + Dy
L = —2—2>2——= .
A5 n A4 fmh, (3 8)
_ 12D5-3D,4
S = 4 A5 n A4 T“th. (3.9)

Note that the magnetic dipole contribution is neglected in equations 3.6 and 3.9.
This approximation is justified for Ni, Co and Fe because of the small value of the
magnetic dipole term [80]. Furthermore, in polycristalline samples it averages out
[24]. The magnetic dipole term for pure Gd is exactly zero since L = 0 [83]. In Tb,
it cannot be neglected, however, leading to a correction factor for equation 3.9 [83].

3.3.2 Time-resolved XMCD Measurements

In the dynamic case, particular attention must be paid to which quantity is mea-
sured, and whether transient, non-magnetic artifacts can influence the result.

It has been shown that the sum rules introduced in the previous section remain
valid under laser excitation [84]. According to sum rules, the XMCD signal mea-
sured at the Lgs-edge of 3d metals represents a linear combination of spin angular
momentum S and orbital angular momentum L, namely S + 3/2 L, and was found
to decrease with a characteristic time constant of 120 + 70 fs after femtosecond
laser excitation in Ni [23]. By also measuring the ultrafast decrease of the XMCD
signal at the Ni Lo-edge, and thus separating the contributions of S and L via sum
rule analysis, Stamm et al. [24] found a concomitant decrease of S and L with a
characteristic time constant of 130 £ 40 fs. So the reduction of the XMCD signal
at the 3d metal Ls-edges can indeed be linked to a reduction of the total magnetic
moment. In fact, Boeglin et al. [63] derived from fs time-resolved spectroscopy
on CosgPdsg alloy that L even decreases slightly faster than S during ultrafast de-
magnetization; a time constant for the reduction of L of 220 £ 20 fs was found,
compared to 280 + 20 fs for S. Also, in 3d metals L makes up only a small part
of the total magnetic moment, as could be seen for the example of Ni in NisgFesq
in the previous section. Therefore, it is sufficient to look at the XMCD signal at
the Ls-edge of transition metals to determine the characteristic time constant of
demagnetization.

A transient non-magnetic effect found during ultrafast demagnetization is a small
shift of the Ls o-edges [23, 24]. This peakshift was linked to a transient increase of
the spin-orbit interaction [24]. Since the peakshift involves only a small change of
the peak position of about 130 meV and shows no dependence on the magnetization,
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Figure 3.9: Static absorption and XMCD spectra. Absorption spectra at the
Ni L3 o-edges of NisoFeso for circularly polarized light and opposite orientations of
the external magnetic field along the z-ray propagation direction (Ay and A_), as
well as the absorption spectrum for linearly polarized light Ay, are shown in the
upper panel. The shaded area corresponds to the two-step-function used for edge
Jjump removal as outlined in [T7]. The absorption spectra are normalized to the
continuum step. The resulting XMCD 1is plotted in the lower panel. The areas
indicated under the curves are those relevant for the determination of spin and
orbital angular momentum with sum rules.
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it cancels out in the observed magnetization dynamics. This is in particular true for
time-resolved XMCD measurements performed at the ZPM beamline, where an en-
ergy resolution of 5 eV assures that the measured magnetic signal is an integration
over the whole absorption edge. The moderate energy resolution also minimizes
any artifacts that might occur due to so-called bleaching or state-blocking effects in
highly nonequilibrium electron distributions after laser excitation [84].

Finally, it should be noted that the value for the time-resolved XMCD signal mea-
sured at the ZPM beamline cannot easily be converted into an absolute value for the
atomic magnetic moment, due to the lack of a suitable signal for the normalization
of the XMCD. Since the ZPM consists of only a single set of zone plates on a Si
substrate, no mirror current for the normalization of the signal can be taken like it
is done at the PGM beamline. Consequently, a quantitative determination of the
atomic magnetic moment has to be performed at the PGM beamline.
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Chapter 4

Relation between Ultrafast
Demagnetization and
Exchange Interaction in
Ferromagnetic Alloys

Ultrafast magnetization dynamics in ferromagnetic alloys has been studied previ-
ously with all-optical methods like magneto-optical Kerr effect (MOKE) [35, 41, 44].
However, due to the fact that MOKE in the visible wavelength range provides no
element specificity, the observed magnetic signal has to be treated as an average
over all constituents in the alloy. Alternatively, x-ray methods like x-ray magnetic
circular dichroism (XMCD) can access the contribution of each constituent indi-
vidually, but so far lacked the necessary time resolution to reach the femtosecond
timescale. This ultrafast timescale is interesting since it comes close to the intrinsic
timescale of exchange interaction [36]. Exchange interaction causes ferro-, antiferro-
or ferrimagnetic coupling (depending on the sign of the exchange constant) of the
elements that make up an alloy under static, equilibrium conditions. This is also
true on a timescale of several tens of picoseconds after excitation with a magnetic
field pulse; measurements of the magnetization precession on Nig;Fe;9 showed cou-
pled dynamics of the Ni and Fe magnetic moments within the experimental time
resolution of 90 ps [85]. But does this still hold on the fs timescale, especially in
a highly non-equilibrium state after laser excitation? With element-selective x-ray
sources with sub-ps time resolution, such as Femtoslicing described in Chapter 3, it
is now possible to study the transient behavior of the constituents of ferromagnetic
alloys after laser excitation separately.

In the following chapter, I will present time-resolved XMCD measurements on two
classes of alloys, transition metal alloys NisgoFesq and NiggFegg and rare earth alloy
GdgoThyg. Transition metals like Ni or Fe and rare earths like Gd or Tb differ
considerably in their magnetic configuration. In the transition metal case, the
magnetic moment is given by the 3d electrons, which have itinerant character. But
in rare earths, the magnetic moment is mainly carried by localized 4f electrons,
with a small contribution by an induced magnetic moment in the 5d electrons.
Already as pure materials, transition metals and rare earths show quite different
dynamic behavior, qualitatively as well as quantitatively. After laser excitation,
the magnetization of transition metal samples decreases with a characteristic time
constant on the order of 100-300 fs [36]. In contrast, demagnetization in rare earth
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samples happens in two steps. The first step occurs with a characteristic time
constant of about 750 fs, while the subsequent second decrease in magnetization
takes at least an order magnitude longer — values ranging from 8 ps for pure Tb to
40 ps for pure Gd have been observed experimentally [29].

Starting from such a varying behavior already for pure materials, it can be expected
that the type and speed of ultrafast demagnetization also varies considerably in their
alloys, depending on the type of magnetic moments of the constituents (itinerant
or localized) and the kind of coupling between them. For alloys consisting of the
two transition metals Ni and Fe investigated in Chapter 4.1 I will focus on the
first few hundreds of femtoseconds after laser irradiation, when the material is in a
non-equilibrium state. Resolving the transient behavior of the constituent elements
separately will give an indication of the relation between the demagnetization time
constant and materials properties like the magnetic moment and the strength of
exchange interaction. When it comes to alloys made up of two rare earths, in this
case Gd and Tb as shown in Chapter 4.2, also the quasi-equilibrium timescale up
to a few tens of picoseconds is of interest: Looking at how the time constant of
the second, slower step in the observed two-step demagnetization changes when
going from pure Gd and Tb to their alloy, I can estimate the influence of indirect
exchange coupling between the Gd and Tb 4f electrons in the alloy on the observed
magnetization dynamics.

So for each sample class, I will describe the structure and preparation of the samples
used as well as their magnetic properties as determined by static characterization.
Then, the experimental results will be shown and discussed with regard to how
materials properties and exchange interaction influence the time constants of the
observed demagnetization; here, theoretical models will be taken into account if
available.

4.1 Transition Metal Alloys Nijs Fes;) and NigyFey

NiFe alloys, especially NiggFeog or permalloy, are well-studied materials commonly
used in magnetic devices. Favorable magnetic properties, in particular very high
magnetic permeability and low coercivity, lead to frequent technological applica-
tion, for example in recording heads or magnetic shielding. NiFe alloys also serve
as model systems in basic research on magnetism; the observation of magnetic vor-
tex cores [86] or domain wall dynamics [87, 88] are only two fields of study that
have piqued the interest of the scientific community in recent years. Yet despite
the volume of research done on these materials, some surprising behavior remained
to be discovered on the sub-ps timescale: In this work, I will show that Ni and
Fe magnetic moments in both NisgFesg and NiggFeyy decrease with distinctly dif-
ferent time constants after laser excitation. These time constants also differ from
those observed in pure Ni and Fe, and vary with the composition of the alloy. The
composition dependence of the dynamical behavior already points to a relation be-
tween the demagnetization time constant and the magnetic moments of the Ni and
Fe sublattices in the alloys, which can be changed from their pure element values
due to alloying, and which differ depending on stoichiometry [82]. Accordingly, I
will first derive the element-resolved magnetic moments in NisgFesq and NigyFeoq
from static XMCD spectroscopy via sum rule analysis [77] before presenting the
element-specific transient demagnetization curves for these alloys. A comparison
with theoretical models for ultrafast demagnetization shows that the observed be-
havior can only be explained in a satisfactory way when both the magnetic moments
of the Ni and Fe sublattices as well as the exchange interaction between them is
taken into account.
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Figure 4.1: Static absorption and XMCD spectra of NisyFe;y, sample. Ab-
sorption spectra at the Fe and Ni L3 2-edges for opposite orientations of the external
magnetic field along the z-ray propagation direction (A4 and A_) are shown in the
upper panel. The gray dotted line corresponds to the two-step-function used for edge
Jump removal as outlined in [T77]. The absorption spectra are normalized to the
continuum step. The resulting XMCD is plotted in the lower panel. The gray boxes
mark the energy regions where time-resolved XMCD measurements were performed.

4.1.1 Sample Structure and Static Characterization

The NisgFeso and NiggFesg samples were prepared by magnetron co-sputtering from
Ni and Fe targets. 500 nm thick, freestanding Al foils were used as substrates. A Pt
buffer layer of 2.5 nm thickness served two purposes: first, preventing oxidation from
the substrate side through pinholes in the Al foil, and second, avoiding interdiffusion
of Al from the substrate into the magnetic layer, which can occur under continuous
exposure to the pump laser beam. The composition of the 20 nm thick NiFe layers
was controlled by adjusting the evaporation rates from the Ni and Fe targets. As
the samples were not prepared in situ, a Pt cap layer, also of 2.5 nm thickness,
was used to prevent oxidation. Pure Fe samples with the same thickness, substrate,
buffer and cap layers were also manufactured as references for determining the
demagnetization time constant of pure Fe.

The NisgFeso and NiggFeyy samples are ferromagnetic, as can be seen from the x-
ray absorption (XAS) and XMCD spectra measured at the Ni and Fe Lj 2-edges,
displayed in Figure 4.1 for NisgFes¢ and in Figure 4.2 for NiggFeoq. Since the samples
have in-plane anisotropy, all static and time-resolved XMCD measurements shown
in this section were performed under an angle of 35° between the sample normal and
the direction of the incident x-rays. XMCD was measured with circularly polarized
x-rays in transmission geometry, while the external magnetic field of 0.2 T applied
to the sample was reversed at each step in the photon energy scan. XAS and XMCD
measurements were done at room temperature. The static spectra were taken at the
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Figure 4.2: Static absorption and XMCD spectra of NigyFe, sample. Ab-
sorption spectra at the Fe and Ni L3 2-edges for opposite orientations of the external
magnetic field along the x-ray propagation direction (AL and A_) are shown in the
upper panel. The gray dotted line corresponds to the two-step-function used for edge
Jgump removal as outlined in [T7]. The absorption spectra are normalized to the
continuum step. The resulting XMCD is plotted in the lower panel. The gray boxes
mark the energy regions where time-resolved XMCD measurements were performed.
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[ sample [ pni [ps] | pre [pB] |
Ni 0.62 -
Fe - 2.2

Table 4.1: Magnetic moments vs. stoichiometry in NiFe alloys. The
element-specific magnetic moments for the NiFe alloys, derived from XMCD sum
rule analysis as described in the text, are shown here. The magnetic moments for
pure Ni and Fe are taken from [89].

UE56/1-PGM beamline, a standard plane grating monochromator beamline, where
proper normalization of the transmitted x-ray intensity can be assured. Background
in the spectra from the Al sample substrate (and the Pt buffer and cap layers) was
assumed to be linear over the measured photon energy range; hence, the background
was removed with the help of a linear fit of the first few points below the Ls-edges
in the absorption data. Then, XMCD sum rule analysis was performed according
to the procedure outlined in Chapter 3.3 and [77] in order to obtain the magnetic
moments of the Ni and Fe sublattices in the NiFe alloys. The number of holes in the
valence band used for calculating spin and orbital momenta was that of pure bulk
Ni, nn ni = 1.66 (or Fe, np pe = 3.34) taken from [81]. The resulting total magnetic
moments for the Ni and Fe sublattices of NisgFesg and NiggFeqq are listed in Table
4.1.

When comparing the results obtained for the element-specific magnetic moments in
both NiFe alloys to the literature values for pure Ni and Fe, 0.62 up and 2.2 ug [89],
respectively, it is immediately obvious that the Ni magnetic moments in the alloys
are significantly larger than the value for pure Ni. In particular, the Ni magnetic
moment in NisgFeso increases almost by a factor of two compared to pure Ni. The
Fe magnetic moments in the alloys vary to a much lesser degree and stay in the
same range as the pure Fe value. This trend was also observed by Glaubitz et al.
[82], who saw an increasing Ni magnetic moment with increasing Fe concentration
in Fe;_,Niy alloys, while the Fe magnetic moments remained almost constant.

4.1.2 Decoupling of Constituent Magnetic Moments on the
Ultrafast Timescale

Now that I have shown what the initial configuration of the magnetic moments
of the constituent elements of ferromagnetic NiFe alloys looks like, and how the
magnetic moments can be significantly different from those of pure materials, I will
illustrate how they evolve after excitation of the sample with a femtosecond laser
pulse. The focus of this section will lie on deriving the characteristic time constants
of demagnetization for each magnetic sublattice in NisgFesg and NiggFes, and com-
paring these values to the results obtained for pure Ni and Fe.

Ultrafast demagnetization of pure Ni thin films has already been studied extensively
with femtosecond XMCD measurements [23, 24]; the characteristic time constant of
pure Ni of 130 £40 fs [24] is well known. Pure Fe films have previously been studied
with all-optical methods [28, 90], resulting in time constants of demagnetization of
50-75 fs for pump fluences ranging from 1.5 mJ/cm? to 6 mJ/cm? [28]. However, no
measurement of the demagnetization of pure Fe with femtosecond XMCD had been
performed yet. For this reason, transient XMCD of a pure Fe sample was also mea-
sured under experimental conditions comparable to the NiFe alloy measurements.
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The time-resolved XMCD measurements were performed at the UE56/1-ZPM beam-
line, a beamline with a reflection zone plate as the single optical element used for
focussing and monochromatizing the x-rays. In this way, the photon flux is maxi-
mized at the cost of a somewhat decreased energy resolution. The photon energy is
tuned to the Ni Ls-edge at 853 eV or the Fe Lg-edge at 708 eV for measuring the Ni
or Fe constituent in the alloys, respectively. The energy resolution of the zone plate
monochromator of about 5 eV implies that the obtained XMCD signal corresponds
to an integration over practically the whole Lgz-edge, which assures that the XMCD
signal remains a valid measure of the spin momentum despite possible effects of a
laser-induced non-equilibrium distribution like state-blocking [84].

As previously mentioned in Section 4.1.1, XMCD was measured under an angle
of 35° between the sample normal and the x-ray propagation direction because of
the in-plane anisotropy of the samples. Furthermore, all samples were measured
at room temperature, with an external applied magnetic field of £0.2 T along the
x-ray propagation direction.

As for the pump laser parameters, they differed somewhat between the measure-
ments on NisgFeso and pure Fe on the one hand, and the NiggFesy measurements
on the other hand, due to the extensive upgrade of the Femtoslicing facility in the
second half of 2010 as detailed in Chapter 3.1. The NisgFeso and Fe pump-probe
delay scans were obtained with a pump laser repetition rate of 1.5 kHz and a pump
power of 150 mW, resulting in a power per pulse of 100 uJ. Together with a pump
spot diameter of 750 pm, this gives a pump fluence of 22.6 mJ/cm?, as calculated

with the formula A
Ep
= — 4.1
p md? (4.1)

where p stands for the fluence, Fp for the power per pulse and d for the pump
spot diameter!. In contrast, the NigoFeqo delay scans were acquired with a pump
repetition rate of 3 kHz and pump power of 250 mW. The resulting power per
pulse of 83 pJ and the spot diameter 750 pum then correspond to a pump fluence of
18.8 mJ/cm?. In both cases, the pump fluence was adjusted to reach a demagneti-
zation of the NiFe alloy samples to about 50 % of their initial XMCD values.

In Figure 4.3, the evolution of the XMCD signal measured at the Ni and Fe Ls-edges
of NisgFesq after laser excitation is plotted versus the time delay between pump and
probe pulses. The magnetic moments of both constituents of the alloy decrease by
slightly more than 40 % of their initial value within the first picosecond after laser
excitation. It is striking that, while the final XMCD value reached after 1 ps is
similar for both constituents, ultrafast demagnetization happens much faster for Ni
than for Fe in NisgFesy. The Ni magnetic moment reaches its final value already
after 300 fs, while the Fe magnetic moment is still decreasing. Such dissimilar dy-
namic behavior means that the Ni and Fe magnetic moments are decoupled on the
ultrafast timescale, despite their strong ferromagnetic coupling under equilibrium
conditions. No recovery of the XMCD signal is observed within the measured delay
range; recovery of the XMCD to its initial value happens on a timescale of several
hundreds of picoseconds, in time for the next pump laser shot, as can be seen in
time-resolved measurements that employ the full 70 ps long x-ray pulses as the
probe, the so-called normal mode (see Chapter 3).

Before I come to a more quantitative description of the observed dynamics, it should
be noted here that we cannot observe any shift in the onset of demagnetization of
the Ni and Fe magnetic moments in alloys in this experiment. There is no cross-
correlation independent of the actual measurement at the Femtosling beamlines.

1Formula 4.1 assumes a flat-top profile of the pump spot. The actual pump spot diameter d
was determined as the full width at half maximum of a Gaussian fit to the spot profile measured
with a CCD camera, as shown in Chapter 3.2.2.
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Figure 4.3: Time-resolved XMCD measurement of NisoFeso. The evolution
of the magnetic moment p depending on the temporal delay t between pump laser and
probe z-ray pulse is displayed for Ni (blue squares) and Fe (red circles) in NisoFeso.
The blue and red lines correspond to fits to the Ni and Fe data as described in the
text. p is normalized to the average value ug for the unexcited sample.

Due to the low flux of femtosecond x-ray photons generated by Femtoslicing, cross-
correlation schemes that employ changes in the optical reflectivity of GaAs sub-
strates induced by powerful free electron laser VUV /x-ray beams [92, 93] cannot
be used; so far, no other solution has been found for an independent determination
of time zero. For this reason, any long-term drifts in time zero due to changes in
ambient temperature or air pressure that occur over the days or weeks it takes to
acquire the transient XMCD data presented here, are determined directly from the
experimental data and corrected by shifting the time axis; time zero for the delay
scans for the constituent magnetic moments of the NiFe alloys is accordingly set to
the same delay value.

In order to derive the characteristic time constants of demagnetization for the Ni
and Fe sublattices of NisgFesq, the datasets are fitted with an exponential decay
convoluted with a Gaussian of 130 fs full width at half maximum (FWHM), which
conforms to the time resolution of the experiment given by 100 fs long x-ray probe
pulses and 50 fs laser pump pulses. The fit function can be written as

F(t) = S(t) - G(t) *[A— B(1—e ™)), (4.2)

where S(t) refers to a step function, G(t) to the Gaussian representing the experi-
mental time resolution, A to the XMCD value at negative delays, B to the amplitude
of the exponential decay and tp to the characteristic time constant of demagneti-
zation. A single exponential decay was chosen since there occurs no further decay
or recovery of the XMCD signal over the delay range investigated here. Thus, a
single exponential fit adequately describes the observed behavior while involving
the smallest number of free parameters.

Applying the fit function of equation 4.2 to the NisgFesq delay scans returns a time
constant tp; = 60 £ 20 fs for the demagnetization of Ni, whereas the characteristic
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Figure 4.4: Time-resolved XMCD measurement of NigyFesy. The evolution
of the magnetic moment p depending on the pump-probe delay t is plotted for Ni
(blue squares) and Fe (red circles) in NiggFeay. The blue and red lines correspond
to fits to the Ni and Fe data as described in the text. u is normalized to the average
value pg for the unexcited sample.

’ sample H tNi [f8] \ tre [fs] ‘
Ni 130 £ 40 -
NigoFego 170 + 30 310 £ 40
NisgFesq 60 £20 | 240+ 30
Fe - 230 + 40

Table 4.2: Demagnetization time constants vs. stoichiometry in NiFe
alloys. The characteristic time constants of demagnetization for the Ni and Fe
magnetic moments in the NiFe alloys, as well as for pure Fe, were derived from
exponential fits to the data as described in the text. The demagnetization time
constant for pure Ni is taken from [24].

time constant for Fe is tp, = 240 &= 30 fs. The error bars of the time constants
correspond to the standard deviation of the fit. The time constants are distinctly
different; Ni in NisgFesq demagnetizes faster than Fe by a factor of four.

Looking now at the time-resolved XMCD measurements for the Ni and Fe sublat-
tices in NiggFeyo shown in Figure 4.4, one immediately sees that the decoupling of
the Ni and Fe magnetic moments is not an anomaly only observed in the NisgFesq
sample. Even though the transient difference between the two delay scans is not as
large as for NisgFesq, it is certainly present. Again, of the constituent elements, Ni
shows a faster demagnetization than Fe. A fit to the data using equation 4.2 gives
a characteristic time constant of demagnetization for Ni in NiggFeyy of 170 + 30 fs,
while the corresponding time constant for Fe is 310 £ 40 fs.

Finally, the time-resolved XMCD data measured at the Ls-edge the pure Fe sample
(see Figure 4.5) is similarly fitted with the exponential decay from equation 4.2,
resulting in a characteristic time constant of 230 £ 40 fs. For convenience, a tabu-
lation of the demagnetization time constants for all samples investigated so far is
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Figure 4.5: Time-resolved XMCD measurement of Fe. The transient evolu-
tion of the magnetic moment p is shown for the pure Fe sample. The line corre-
sponds to a fit as described in the text. p is normalized to the average value pg for
the unexcited sample.

shown in Table 4.2.

Several trends can be observed in the different time constants of demagnetization
for the NisgFesq and NiggFegq alloy samples and the pure elements Ni and Fe. First
of all, ultrafast demagnetization always proceeds faster for Ni than for Fe, regardless
of whether one compares pure materials or alloys. Second, the characteristic time
constants of demagnetization at the Ni Lz-edge can differ from each other in the two
NiFe alloys, and the time constant of pure Ni is in turn different from those of the
alloys. The same is true at the Fe Ls-edge. Consequently, the dynamical magnetic
behavior is decidedly not determined by the properties of atomic Ni or Fe. Like
the strong variation of the equilibrium magnetic moments of Fe and especially Ni
upon alloying already leads us to expect, the observed dynamics also vary with the
alloy composition. In order to find the precise relationship between equilibrium
properties and ultrafast dynamics, the interaction of the constituent atoms with
their neighbours in the alloy has to be taken into account.

Furthermore, the most striking observation here is the apparent decoupling of the
magnetic moments of the Ni and Fe constituent elements in NisgFesq and NiggFeoq
under non-equilibrium conditions. Initially, in the unexcited material, the Ni and Fe
sublattices are strongly coupled as can be seen from static x-ray spectroscopy shown
in Chapter 4.1.1. Also, after thermal equilibration of the electron system with the
lattice on a timescale of several picoseconds, both Ni and Fe reach a common value
mainly given by the pump fluence, i.e. the amount of excitation energy brought into
the material. And yet, the strong coupling between Ni and Fe magnetic moments
seen in the static case or on longer timescales does not hold in the first few hundreds
of femtoseconds after laser excitation.
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Figure 4.6: Demagnetization time constants vs. magnetic moments in
NiFe alloy. Time constants of demagnetization tp for the different samples in-
vestigated here, derived from fits to XMCD pump-probe delay scans, are plotted
relative to the respective magnetic moments p obtained from static XMCD spec-
troscopy. Pure Ni and Fe magnetic moments are taken from [89]. tp for pure Ni
is taken from [24]. In the NisgFesy and NiggFeao alloys, blue squares refer to the
values for the Ni sublattice, red circles to the values for the Fe sublattice. The line
s a guide to the eye.

4.1.3 Composition Dependence of Demagnetization — Exper-
iment vs. Theory

The challenge now is to find out how the equilibrium magnetic properties of these
samples, primarily the magnetic moments, relate to the observed transient behavior.
An overview of the demagnetization time constants and magnetic moments deter-
mined in the preceding sections has been compiled in Figure 4.6. At first glance,
the generally larger demagnetization time constants of Fe magnetic moments com-
pared to Ni correlate with the larger values of Fe magnetic moments. When going
into detail however, such a simple proportionality between demagnetization time
constant and magnetic moment does not hold: While Ni in NisgFes9 has a much
larger magnetic moment than pure Ni, ultrafast demagnetization of Ni in NisgFesq
is clearly accelerated compared to the pure element. So in the following, I will look
at two recently proposed theoretical models for ultrafast demagnetization which
take other materials parameters like Curie temperature and exchange interaction
into account and check how well their predictions correspond to the experimental
results.
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Shortcomings of the Microscopic Three-Temperature Model

The first model is the so-called microscopic three-temperature model (M3TM) pro-
posed by Koopmans et al. [27]. This model, which posits electron-phonon mediated
spin-flip scattering as the main reason behind ultrafast demagnetization, was origi-
nally developed as an extension to the purely phenomenological three-temperature
model, as already mentioned in Chapter 2.3.2. The M3TM neither explicitly in-
cludes nor excludes alloys in its description; in principle, alloys can be treated like
pure materials, either by modeling the constituents separately or by using a com-
position dependent average over materials parameters like the magnetic moments
of the constituents as input. Actually, Koopmans et al. themselves applied the
M3TM to a ThFe alloy, finding that the experimentally observed demagnetization
corresponded to the theoretical description [27].
Koopmans et al. propose that the characteristic time constants of demagnetization
tp of ferromagnetic materials are proportional to a simple figure of merit

1 x E, (4.3)

tp Hat
where T is the Curie temperature and p,¢ the atomic magnetic moment, if several
preconditions are fulfilled: Ambient temperature and pump fluence of the mea-
surements done on the materials to be compared must be similar, in order to rule
out a strong dependence of the observed effect on these parameters. Furthermore,
the probability agg that an electron-phonon scattering event is accompanied by a
spin-flip, the underlying reason for the proposed mechanism for ultrafast demagne-
tization, must be similar for the investigated materials.
So in order to find out whether the M3TM correctly predicts the observed variation
of demagnetization time constants in the NiFe alloys investigated here, I will first
check if the aforementioned preconditions are met. All time-resolved XMCD mea-
surements were performed at room temperature and with similar pump fluences,
see Chapter 4.1.2. The spin-flip probability agr can be expressed as

asg = pb2, (44)

where b? is a spin-mixing parameter and 1 < p < 10 [27, 58]. b? can be calculated
by ab initio theory [58]; the values for pure Ni and Fe are identical within 10 % of
their respective values. No such calculations have been performed for NiFe alloys
so far; however, since the spin-mixing parameters for the pure materials are already
practically the same, it is justified to assume that b? for the alloys will lie in the
same range. Thus, with p = 4 as assumed by Koopmans et al. for all ferromagnetic
materials [27], agp is similar for Ni, Fe and their alloys. The trend in the demagne-
tization times for NisgFesq and NiggFesy as predicted by the M3TM figure of merit
from equation 4.3 is then calculated, using magnetic moments from Table 4.1 and
Curie temperatures of 631 K for pure Ni [89], 1043 K for pure Fe [89] and 800 K
for both NisgFeso and NiggFegg [91]. The result is displayed in Figure 4.7.

It should be noted that the proportion constant in the figure of merit from equa-
tion 4.3 is adjusted such that the predicted values of the demagnetization times for
pure Ni (x=0) and Fe (x=1) in Figure 4.7 coincide with the experimentally found
time constants. In fact, the quantitative agreement between the M3TM predictions
and the experimental values for pure Ni determined by Koopmans et al. is not
very good. They find a theoretical demagnetization time constant of pure Ni of
210 fs compared to their experimental value of 160 fs [27], even though the M3TM
contains several adjustable parameters to account for the cooling of the electron
gas, the magnitude of demagnetization and heat diffusion to the sample substrate,
among other things. Still, even with such optimistic scaling, the predicted trend
does not correspond to my experimental results, as demonstrated by the deviation
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Figure 4.7: Demagnetization time constants vs. Fe concentration x in
Ni;_Fe,. Time constants of demagnetization tp are plotted depending on the Fe
content in the samples. tp for pure Ni is taken from [24]. In the NisoFeso and
Nigy Feog alloys, blue squares refer to the values for the Ni sublattice, red circles to
the values for the Fe sublattice. Shown as green lines are the trends predicted by the
microscopic three-temperature model (M3TM) for the Ni and Fe sublattices.

of the time constants calculated with the M3TM from the experimental results in
Figure 4.7. A smaller figure of merit for Ni in NisgFesq compared to pure Ni would
lead us to expect a slower demagnetization of Ni in the alloy — actually, the opposite
is found experimentally. The M3TM does predict different time constants of de-
magnetization of the Ni and Fe sublattices in the alloys on account of their different
magnetic moments, agreeing with the experimentally observed decoupling of the
Ni and Fe magnetic moments. However, the M3TM misses part of the microscopic
origin of the observed dynamic behavior and captures broad trends at best. Also,
any predictions for absolute values of the demagnetization times is hampered by
uncertainties surrounding the determination of the spin-flip probability agg, which
is fundamental to the M3TM. Carva et al. [59] found smaller spin-flip probabili-
ties in Ni than the authors of [58], and the resulting demagnetization rates were
thus too small to make electron-phonon spin-flip scattering the dominant process
behind ultrafast demagnetization, especially in thermalized electron distributions
as assumed by the M3TM.

Multisublattice Model for Ultrafast Magnetization Dynamics

Since applying the M3TM to NiFe alloy samples leads to unsatisfactory results, I will
next have a look at a theoretical model for laser-induced magnetization dynamics
developed by Mentink et al. [46], which explicitely takes multiple sublattices in a
ferro- or antiferromagnetic material, and the exchange interaction between these
sublattices, into account. Since the figure of merit of the M3TM involves the Curie
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temperature T¢ (see equation 4.3), which is linked to the interatomic exchange
interaction via )
2(s)" jo

Tc = T (4.5)
with (s) being the expectation value for the atomic spin moment and jy the exchange
coupling constant [89], it can be said that the M3TM already includes exchange
interaction, however indirectly. But in contrast to the multisublattice model, this
exchange constant is an average over all sublattices in an alloy, because T is shared
by all constituents. Furthermore, the theoretical framework by Mentink et al. [46]
also allows for the investigated magnetic material to be out of thermal equilibrium,
just as it is the case after laser excitation. Mentink et al. derive that magnetic
sublattices with different magnetic moments show different transient behavior on the
sub-ps timescale, as observed in the time-resolved XMCD measurements presented
in Section 4.1.2. The authors propose that generally, laser-induced demagnetization
time constants are determined by the interplay of the sublattice magnetic moments
and the inter- and intrasublattice exchange interactions, and that the relative weight
of these contributions is determined by the type of magnetic coupling (ferro- or
antiferromagnetic) as well as by the temperature of the spin system.
Applying this model, in collaboration with J. Mentink, directly to the NizgFesq
and NiggFeog samples investigated here, allows us to describe the changes in the
characteristic time constants of demagnetization when going from the pure materials
to alloys [94]. In the multisublattice model, the change in the demagnetization time
constant in ferromagnetic materials upon alloying is given by a trade-off between the
change in magnetic moment and the contributions of the intra- and intersublattice
exchange interactions [94]. The ratio of the demagnetization time constant for pure
Ni, tni(0), and the time constant for Ni in a Ni;_,Fe, alloy, tni(z), can then be
written as

tni(0)  pni(0) 0 INi—Fe
tni(z) MNi(x)[ 1-a)+ jNifNi]’ (4.6)

with p being the magnetic moment and j the exchange interaction.

Both the magnetic moments and the exchange interactions vary with stoichiome-
try. As seen in Table 4.1, the Ni magnetic moment in the NiFe alloys increases
with increasing Fe content, while the Fe magnetic moment varies only slightly with
changing Fe content. The intra- and intersublattice exchange interactions in Ni, Fe
and their alloys are shown in Figure 4.8. It is known from ab initio calculations for
NiggFeqq that the intrasublattice exchange interaction in the Fe sublattice jpo_pe is
stronger than the exchange interaction between the Ni and Fe sublattices jni—Fpe,
which is in turn stronger than the intrasublattice exchange interaction in the Ni
sublattice jni—ni [95]. Following the multisublattice model approach, we then ar-
rive at a slightly slower demagnetization of the Ni sublattice in the alloy with less
Fe content, NiggFesg, compared to pure Ni, in agreement with the experimental
results.

No ab initio calculations for the exchange interactions in NisgFesy are available so
far. Therefore, the values for jni_ni and jge_re for NisgFesq plotted in Figure 4.8
have been extrapolated from the values for NiggFeyy and the pure element values, in
accordance with a small, weakly decreasing value for jni_n; when going from pure
Ni to NiggFeag [95], and a comparable or increased ratio of jpe—pe t0 jni—ni for a
higher Fe concentration predicted by the authors of [95]. According to equation 4.6,
the contribution of the Ni-Fe intrasublattice exchange will increase with increased
Fe content compared to NiggFegg, and the Ni sublattice in NiggFesq is expected
to demagnetize faster than observed for pure Ni. Using the experimentally found
magnetic moments and time constants of demagnetization for NisgFesq, compare
Tables 4.1 and 4.7, respectively, as input, the accelerated demagnetization can be
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Figure 4.8: Exchange interaction vs. Fe concentration x in Ni;_,Fe,. Inter-
and intrasublattice exchange energies j are plotted depending on the Fe content x in
the samples. j for pure Ni and NigoFeag are taken from ab initio calculations [95], j
for pure Fe is calculated from the Curie temperature of pure Fe [94]. The values for
Niso Feso are estimates based on trends predicted for increasing Fe concentration in
NiFe alloys by [95], with the ratio between jxi—re and jni—ni adjusted to reproduce
the experimentally observed demagnetization time constant of Ni in NigoFesg.

reproduced for a sensible ratio of jNi—re/jNi—Ni = 7:1.

Making the same considerations based on the multisublattice model for the Fe
magnetic moments in the alloys, only a slight increase in the demagnetization time
constant compared to pure Fe is expected [94]. This is indeed observed in the ex-
perimental data, with a larger change for Fe in NiggFeyy than for Fe in NiggFesq
(compare Table 4.2).

In conclusion, the experimentally observed trends in the variation of the ultrafast
magnetization dynamics in NiFe alloys can be explained much more accurately from
a theoretical standpoint if both the magnetic moments of the Ni and Fe sublattices
as well as the intersublattice exchange interaction are considered. The M3TM does
not include intersublattice interaction and therefore fails to describe the magneti-
zation dynamics in NizgFesg (compare Figure 4.7). Ouly in the framework of the
multisublattice model, by taking the Ni-Fe intersublattice exchange interaction into
account, can the experimentally observed faster demagnetization of Ni in NisgFesg
be reproduced. These findings reinforce that the dynamic behavior of the con-
stituents of ferromagnetic alloys is not determined by the atomic properties of the
respective pure materials, but that the ultrafast magnetization dynamics can be
tuned by varying the constituent magnetic moments and exchange interaction by
adjusting the alloy composition.

50



4.2 Rare Earth Alloy Gdg,Thy

Rare earths are among the very first materials where laser-induced magnetization
dynamics have been experimentally observed. Pioneering experiments by Vaterlaus
et al. in the early 1990s [15, 16] used spin-polarized photoemission to estimate the
time needed for thermal equilibration between the lattice and spin systems, the so-
called spin-lattice relaxation time, in Gd after laser heating as 10080 ps. The high
uncertainty of this time constant already shows that time-resolved measurements
were then severely constrained by the limits of the experimental apparatus, in this
case the pulse lenghts of the pump and probe lasers of 10 ns and 60 ps, respectively
[15]. Only recently it was found that both Gd and Tb also exhibit sub-ps magne-
tization dynamics: Time-resolved XMCD measurements by Wietstruk et al. [29]
showed an ultrafast decrease of the magnetic moment after laser excitation in pure
Gd and Tb, which happens with a characteristic time constant of about 750 fs for
both elements. Additionally, a subsequent further decrease of the magnetic moment,
taking place with time constants of 40 ps for pure Gd and 8 ps for pure Tb, was
observed and confirmed to be connected to energy equilibration processes between
the spin system and the lattice. The time constant of this second decrease of the
magnetization was found to be determined by the strength of spin-lattice coupling
— the faster demagnetization in Tb is linked to the non-spherical distribution of its
4f orbitals leading to a direct coupling between the atomic magnetic moment and
the lattice, which is absent in Gd due to a spherical 4f distribution. Gd only shows
a weaker valence electron mediated spin-lattice coupling (see [29] and references
therein).

What I will show in the following chapter is that the time constants of demagneti-
zation in rare earth metals can be manipulated by alloying. In a GdTb alloy, the
Gd 4f magnetic moments are coupled to the neighboring Th 4f magnetic moments
by indirect exchange (RKKY) interaction and thus have enhanced coupling to the
lattice via the neighboring Th moments. Consequently, it can be expected that the
Gd magnetic moments in GdTb alloy then decrease faster after laser excitation than
in the case of pure Gd — if the indirect exchange coupling persists on the picosec-
ond timescale. Finding changes in the time constants of demagnetization for Gd
and Tb in GdggThyy compared to the respective pure elements, I can estimate the
timescale of indirect exchange interaction between the Gd and Th moments in the
alloy. Thereafter, I will look in more detail at the element-specific time constants of
demagnetization corresponding to the sub-ps non-equilibrium demagnetization pro-
cess and the subsequent quasi-equilibrium demagnetization occurring on timescales
ranging from a few to several tens of picoseconds.

4.2.1 Sample Structure and Static Characterization

The 10 nm thick GdggThyg sample was prepared by co-evaporation from Gd and
Tb sources on a 500 nm thick Al foil for transmission geometry measurements?. Y
buffer and cap layers of 50 nm and 5 nm thickness, respectively, were used. Static
absorption and XMCD spectra of the GdgoThsg sample, measured at the UE56/1-
PGM beamline, are shown in Figure 4.9. The Gd and Tb atoms in the alloy show
ferromagnetic alignment, which can also be seen from hysteresis measurements at
the Gd and Tb Mjs-edges at 1186 eV and 1241 eV, respectively, displayed in Figure
4.10. The hysteresis measurements were performed at the UE56/1-ZPM beamline.
Since the Curie temperature of GdgoThyo alloy is only about 270 K [96], all static
and time-resolved measurements shown in this chapter were done at 82 K base

2The sample was prepared by A. Melnikov at FU Berlin.
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Figure 4.9: Static absorption and XMCD spectra of Gdg Tbyy sample.
Absorption spectra at the Gd and Tb M5 4-edges for opposite orientations of an
external magnetic field of 0.5 T along the z-ray propagation direction (A4 and
A_) are shown in the upper panel. The absorption spectra are normalized to the
continuum step. The resulting XMCD is plotted in the lower panel.

temperature. Because of the in-plane anisotropy of the sample, the angle between
the sample normal and the incident x-ray direction was set to 35°. The hysteresis
loops were measured with circularly polarized x-rays, while an external magnetic
field cycled between +0.5 T, enough to saturate the sample, was applied along the
x-ray propagation direction.

4.2.2 Accessing the Timescale of Indirect Exchange Interac-
tion

Previous measurements of the ultrafast demagnetization of pure Gd and Tb [29]
revealed important information regarding the relation between the observed two-
step demagnetization process and spin-lattice coupling, as already mentioned in
the introduction of this chapter. So, since the dynamic behavior in rare earths
depends sensitively on the configuration of the 4f orbital moment leading to a dif-
ference in the strength of spin-lattice coupling between Gd and Tb, the question
naturally follows whether spin-lattice coupling and thus dynamic behavior can be
tuned. In the sample investigated here, the enhanced coupling to the lattice of
the Gd 4f magnetic moments is realized by the admixture of Tbh. In the following,
I will present how the time-dependent behavior of the Gd magnetic moments in
GdgoThyo alloy changes qualitatively compared to the pure element, using time-
and element-resolved XMCD measurements.

The time-resolved XMCD data presented in this section was acquired at the UE56/1-
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Figure 4.10: Element-specific hystereses of GdgyThbyy. Hysteresis loops are
plotted for Gd (red squares) and Tb (blue circles) in Gdgo Tbso. The magnetization
at mazimum field is set to +1. Both constituents show identical behavior and thus
ferromagnetic alignment.

ZPM beamline. The x-ray energy was set to the Gd Ms-edge at 1186 eV for mea-
suring the Gd constituent in the GdgyThyg alloy, and to the Tb Ms-edge at 1241 eV
for measuring the Tb constituent, probing the localized rare earth 4f magnetic mo-
ments. The pump fluence was 5.1 mJ/cm?, as calculated with equation 4.1 from
the following parameters: repetition rate 1.5 kHz and pump power 60 mW, re-
sulting in a power per pulse of 40 pJ, and a pump spot diameter of 1 mm. Like
the static measurements shown in Section 4.2.1, the time-resolved measurements
were performed at 82 K base temperature. The sample was rotated to an angle
of 35° between the sample normal and the x-ray propagation direction, while an
external magnetic field of +0.5 T was applied along the x-ray propagation direction.

Figure 4.11 shows the temporal evolution of the Gd and Tb magnetic moments in
GdgoThyg. The magnetic moments of both constituents decay to a nearly constant
value within the first 4 ps after laser excitation. The final value reached for both
Gd and Tb in GdggThyg is similar; both curves overlap within the scatter of the
datapoints. The slightly different transient behavior of both constituents in the
first 4 ps after laser excitation, displayed in more detail in the inset of Figure 4.11,
suggests a somewhat faster demagnetization for Gd in GdgoThyg.

There occurs no second decay of the Gd magnetic moment as seen for pure Gd [29].
The fact that Gd in GdgoTbhy qualitatively behaves like Th shows that by alloying,
an additional channel for the transfer of angular momentum from the Gd 4f mag-
netic moment to the lattice has been opened via the neighboring Tb 4f magnetic
moments and their strong direct coupling to the lattice, leading to a faster demag-
netization of Gd in the alloy. For this channel to be active, the indirect exchange
coupling of the Gd 4f magnetic moments to the Tb 4f moments via the 5d valence
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Figure 4.11: Time-resolved XMCD measurement of GdgyTbyy. The evolu-
tion of the magnetic moment u depending on the pump-probe delay t is plotted for
Gd (red squares) and Tb (blue circles) in Gdgo Thao. The red and blue lines corre-
spond to single exponential fits to the Gd and Tb data as described in the text. p
is normalized to the average value ug for the unexcited sample. These delay scans
were taken with a pump fluence of 5.1 m.J/cm?.
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band electrons must be present. This way, the timescale of indirect exchange cou-
pling can be estimated to be shorter than the timescale of the dissipation of the
magnetic moment of the Tb constituent by spin-lattice coupling, i.e. the second
step in the ultrafast demagnetization.

In order to obtain a more quantitative picture about the observed dynamics, the
time-resolved XMCD curves of the constituents of GdgoThyg were fitted with a
single exponential decay,

f(t)=5(t)-[A-B(1—c ™)), (4.7)

where S(t) refers to a step function, A to the XMCD value at negative delays, B to
the amplitude of the exponential decay and tp to the characteristic time constant
of demagnetization. No convolution with the experimental time resolution of 130 fs
was performed since the demagnetization of GdgyThyg was expected and indeed
found to occur on the same timescale as for pure rare earths [29], much slower than
the demagnetization of transition metals and their alloys (see Chapter 4.1), and thus
not in the same range as the experimental resolution. Also, it was not necessary to
correct the data for possible drifts in the temporal pump-probe overlap (t=0). Any
temporal changes of the pump-probe overlap from day to day due to variations in
temperature and air pressure in the laser path were known to be smaller than or
on the order of the smallest pump-probe delay step of 200 fs employed here; this
was determined from pump-probe measurements on transition metals (see Chapters
4.1 and 5). In any case, delay scans at the Gd and Th Mj;-edges were measured
alternately, so that temporal drifts would affect both in the same way.

This dataset does not allow for a determination of the time constant of a possible
second, slower decay of the Gd and Th magnetic moments, as observed in the pure
elements [29]. A fit to the data with a double exponential decay instead of a single
exponential decay shows no dependence of the observed dynamics on a second time
constant. Indeed, the magnitude of demagnetization at t=5 ps is equal to that at
t=20 ps; no further decay is observed.

The single exponential fit then returns demagnetization time constants of 880 +
290 fs for Gd and 1.3£0.3 ps for Tb in GdggTh4g. These time constants seem to be
somewhat larger than the demagnetization time constants for pure Gd, 750+ 250 fs,
and pure Th, 7404250 fs, measured in the same fluence range but at a different base
temperature of 140 K [29]. However, the size of the error bars and the similar yet
not quite equal experimental conditions do not allow for determining a particular
trend in the time constants. It has been found that the time constants of the two
steps in the demagnetization in pure Tb and their relative magnitude sensitively
depend on the pump laser fluence [32]. Consequently, the fluence dependence of the
observed dynamics in GdgyThyg alloy will be addressed in the next section.

4.2.3 Non-equilibrium and Quasi-equilibrium Magnetization
Dynamics

In the preceding section, I could determine an upper limit for the timescale of the
indirect exchange interaction, namely the time constant of the second decay of the
Tb magnetic moment in GdggThyg. This second, slower demagnetization is con-
nected to the quasi-equilibrium magnetization dynamics assigned to the strength of
spin-lattice coupling. However, no value for this timeconstant could be derived from
the time-resolved XMCD measurements performed with 5.1 mJ/cm? pump fluence.
This is most likely due to a strong fluence dependence of both the time constant
and the relative magnitude of the two steps in the demagnetization process in rare
earths, as previously seen in pure Tbh [32]: With increasing fluence, the magnitude
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Figure 4.12: Time-resolved XMCD measurement of Gdg,Thyy at reduced
fluence. The evolution of the magnetic moment u depending on the pump-probe
delay t is plotted for Gd (red squares) and Tb (blue circles) in Gdgo Tbao. The
red and blue lines correspond to double exponential fits to the Gd and Tb data as
described in the text. p is mormalized to the average value pg for the unexcited
sample. These delay scans were taken with a pump fluence of 3.4 mJ/cm?.

of the first, non-equilibrium decay increases, making it difficult to determine the
time constant of the second, quasi-equilibrium decay, or to observe it at all. There-
fore, additional time-resolved XMCD measurements were made with reduced pump
fluence.

The measurements shown here were performed with the same x-ray parameters,
base temperature, magnetic field and angle as those shown in the previous section.
The pump fluence was reduced to 3.4 mJ/cm?, as derived from equation 4.1 with
3 kHz repetition rate and 160 mW pump power, resulting in 53 pJ power per pulse,
and 1.4 mm pump spot diameter.

The time-resolved XMCD measurements at lower pump fluence, displayed in Fig-
ure 4.12; in fact show a transient behavior different to those taken at higher fluence
(compare Figure 4.11). The final magnitude of demagnetization is reached in two
steps; the faster decay, which can be seen in more detail in the inset, comprises only
half of the total magnitude of demagnetization.

Now, for obtaining the time constants of demagnetization for the fast, non-equilibrium
decay, designated tg, and for the slow, quasi-equilibrium decay, tg, the Gd and Th
pump-probe delay scans were fitted with a double exponential decay,

FO) =S{t) - [A—Bl—e ) —C(1—e %)) (4.8)

where S(t) refers to a step function, A to the XMCD value at negative delays and
B and C to the amplitudes of the fast and slow exponential decay, respectively.
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| sample | pump fluence [mJ/ecm?] | tp [ps] [ ts [ps] |

Gd 3-5 0.76 £0.25 | 40+10
GdgoTbao | Gd 5.1 0.88 +0.29 -
Th 5.1 1.3£03 -
Gd 3.4 0.45+£0.24 | 5.0+£2.9
Th 3.4 0.81+0.36 | 5.0+£2.9
Th 3-5 0.74 £0.25 8§+3

Table 4.3: Demagnetization time constants vs. stoichiometry in rare
earths. The non-equilibrium and quasi-equilibrium time constants, tp and ts, de-
pending on the pump fluence, are listed for GdgyTbyy as well as for pure Gd and
Tb. Pure Gd and Tb time constants are taken from [29]; the exact pump fluence
could not be determined from [29] as only a range of 3-5 mJ/cm? is given by the
authors.

Employing the same arguments as for the single exponential fit in Chapter 4.2.2,
neither a correction of a possible drift in the temporal pump-probe overlap nor a
convolution with the experimental time resolution of 130 fs is necessary. For the
fast decay, the time constant for Gd is 450 £ 240 fs, while the time constant for Th
is slightly larger at 810 % 360 fs. When it comes to the slow decay, best fit results
are achieved for a common time constant for Gd and Th, 5.0 £ 2.9 ps.

An overview of all time constants for GdgoTbyg, depending on the pump fluence, is
given in Table 4.3. Regarding the non-equilibrium demagnetization, Gd uniformly
shows a faster time constant than Tb in GdggThyg. For the origin of the non-
equilibrium demagnetization in pure Gd and Th, hot electron enhanced spin-lattice
coupling was proposed by Wietstruk et al. [29]. It is not clear how this mechanism
would influence the non-equilibrium dynamics in GdTb alloy, if at all, since already
pure Gd and Tb exhibit practically identical time constants for the fast magne-
tization decay. Other proposed mechanism for ultrafast demagnetization, such as
the microscopic three-temperature model [27] and superdiffusive spin transport [4],
were found not to apply to the rare earth case, due to the large magnetic moments
and their localized nature [29].

A clearer picture emerges for the quasi-equilibrium demagnetization: The time con-
stant of the second decay tg of Gd in the alloy is definitely smaller than for pure
Gd. This confirms the enhancement of the coupling between the Gd 4f magnetic
moments and the lattice in GdggThyg. The value of tg in the alloy is slightly smaller
but in the same range as for pure Th, indicating that the quasi-equilibrium demag-
netization for both constituents is dominated by the strong spin-lattice coupling
of the Th 4f magnetic moments. Consequently, the indirect exchange interaction
binding the Gd 4f magnetic moments to the Tb 4f magnetic moments via the 5d
electrons must be active on a timescale of a few picoseconds.

One remaining question is the nature of the offset in the magnitude of demag-
netization between Gd and Tbh in GdgyThyo which appears in the measurements
performed with reduced fluence. Care was taken to exclude any systematic errors
that could be responsible for such an offset. The two curves do return to a common
value at about 120 ps after laser excitation, as shown in the pump-probe delay scans
in Figure 4.13, which were measured in low-alpha mode (see Chapter 3) with a time
resolution of about 10 ps. One possible origin for this offset would be that the spin
angular momentum of Gd in the alloy does not fully dissipate to the lattice via the
coupling to the neighboring Th atoms, but that the weak valence electron mediated
spin-lattice coupling known from pure Gd is still active. This process takes place
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Figure 4.13: Low-alpha mode measurement of GdgyThbyg. The evolution of
the magnetic moment p depending on the pump-probe delay t is plotted for Gd (red
squares) and Tb (blue circles) in Gdgo Thao, as measured in low-alpha mode. p is
normalized to the average value g for the unexcited sample.

with a time constant of about 40 ps in pure Gd, in the same timeframe in which
the offset between Gd and Tb is present in GdggThyg.

The example of GdggThy alloy shows that, like for the NiFe alloys presented
in Chapter 4.1, the time-dependent behavior of the magnetization can be tuned
through the sample’s microscopic properties. So far, uncertainties remain regarding
the behavior of the constituents of GdgyThyg on the fast, non-equilibrium part of the
magnetization decay due to the lack of a satisfying microscopic description. How-
ever, the finding of a faster quasi-equilibrium demagnetization of Gd in GdgoThyg
compared to the pure material due to enhanced spin-lattice coupling confirms that
ultrafast demagnetization is determined by both an interplay of the different de-
grees of freedom — electrons, spins and the lattice — and the exchange coupling of
the constituents in a ferromagnetic alloy.
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Chapter 5

Influence of Hot Electron
Transport on Ultrafast
Demagnetization in
Ferromagnetic Multilayers

Almost every description of the ultrafast demagnetization process, phenomenolog-
ical or microscopic, is based on different energy reservoirs or heat baths and the
exchange of energy and angular momentum between them. This exchange of energy
and angular momentum is thought to happen via scattering processes, between elec-
trons, phonons and magnons [27, 28, 60]. However, generally spin transport or spin
dependent transport effects also play an important role in magnetization dynamics.
Examples for this are numerous and include the switching of magnetic domains by
spin-polarized current [97], spin current induced propagation of domain walls [98],
spin torque induced gyration of magnetic vortices [99], the spin Hall effect [100, 101]
as well as the spin Seebeck effect [102]. This list shows the importance of transport
effects and evokes the question whether they are relevant in ultrafast magnetization
dynamics as well.

In normal metals, transport of electrons excited by pulsed laser irradiation in the
optical range is already well known and extensively described [103, 104]. Directly
after a femtosecond laser pulse excites the sample and before thermalization of the
excited electrons occurs, ballistic transport of nonequilibrium electrons out of the
excited sample volume with velocities on the order of 105 m/s takes place. Then,
when the excited electrons have thermalized, still at elevated temperature compared
to the lattice, diffusion of hot electrons occurs with velocities on the order of 10* m/s
[105]. All these processes take place in the first few hundreds of femtoseconds after
laser irradiation, in the same range of time where ultrafast demagnetization has
been observed. In fact, recently Battiato et al. [4] developed a model describing
spin-dependent electron transport from the ballistic to the diffusive range in ferro-
magnetic metals, the so-called superdiffusive spin transport, and the process was
proposed to significantly contribute to ultrafast demagnetization. The aim of this
chapter is to test this and other microscopic models for the underlying origin of
ultrafast demagnetization.

The following chapter shows time-resolved XMCD measurements of multilayer sam-
ples. Inducing ultrafast demagnetization in an indirect way, through the injection
of laser-excited hot electrons into a ferromagnetic layer, represents a novel way of
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studying magnetization dynamics. In the sample geometry conventionally used for
time-resolved magnetic measurements, be it MOKE or photoemission, the ferro-
magnetic sample is uncapped or capped only by a protective layer far thinner than
the pump laser penetration depth. Direct interaction between the pump laser pho-
tons and the electron spins in the excited material, which has been proposed for
the explanation of ultrafast demagnetization [47, 52], can thus never be excluded
as a possible mechanism causing ultrafast demagnetization. A longstanding point
of contention regarding this kind of microscopic model has been the number of
photons needed to induce a demagnetization as large as experimentally observed
[48, 49]. So, in an experiment testing the different microscopic models proposed for
ultrafast demagnetization, it would be desirable to exclude direct excitation of the
ferromagnetic layer by the pump pulse as much as possible, by lowering the number
of photons able to reach the ferromagnetic layer significantly. This is achieved by
capping a ferromagnetic layer with a thick nonmagnetic film. For looking at trans-
port induced effects in the buried ferromagnetic layer, a cap layer material known
for optimal transport properties of laser excited electrons is used, as detailed in
Chapter 5.1. Since this sample geometry involves making the top layer at least
as thick as the penetration depth of the optical pump laser, observing the mag-
netization dynamics in the buried ferromagnic layer is only possible with XMCD
spectroscopy in transmission geometry. Here, the probe x-rays can reach the buried
ferromagnetic layer, and, by tuning the x-ray energy to the element-specific absorp-
tion edges, the contribution from the unpumped layer can be discerned.

In this chapter, I will first outline the sample structure and the absorption profile of
the pump laser in this particular geometry. Then, time-resolved XMCD measure-
ments of the ferromagnetic layer in the samples under investigation will be shown,
and the characteristic time constants of demagnetization derived. After that, the
experimental results will be discussed with regards to whether the experimentally
observed effects are in accordance with microscopic models proposed for the under-
lying origin of ultrafast demagnetization.

I will show that, in a sample designed in such a way that 90 % of the incident pump
laser energy will be absorbed in a 30 nm thick gold cap layer, ultrafast demagne-
tization can indeed be induced in a buried ferromagnetic Ni layer. Comparing the
experimental results with theory will demonstrate that superdiffusive spin trans-
port [4] explains the effect. My finding that ultrafast demagnetization of the buried
layer can indeed be triggered by hot electrons excited in the top layer illustrates the
importance of taking transport effects into account in a microscopic description of
the ultrafast demagnetization process.

5.1 Sample Structure and Pumping Conditions

In order to have a direct comparison between the magnetization dynamics induced
by the injection of hot electrons into the ferromagnetic Ni layer by pumping the
Au layer on the one hand, and, on the other hand, those seen in the standard
pump-probe sample geometry, where the pump laser pulse is mainly absorbed in
the ferromagnetic layer, two samples were prepared by magnetron sputtering.

The reference sample consists of a 20 nm thick Ni film deposited on a 500 nm thick,
freestanding Al foil, whereby Pt buffer and cap layers of 2.5 nm thickness each were
used. This sample will be called ”Ni reference” in the following. As for the sample
intended for the demonstration of demagnetization through hot electron injection,
a 15 nm thick Ni layer was capped by a 30 nm thick Au layer. Like for the Ni
reference sample, a 500 nm thick Al substrate and 2.5 nm thick Pt buffer layer were
used. This sample will be referred to as ”Au/Ni” in the following.

Gold was chosen for the thick cap layer designed to absorb the pump pulse since its
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Figure 5.1: Pump laser absorption in Au/Ni sample. A calculation of the
absorbed intensity of the pump laser pulse with 780 nm wavelength is shown de-
pending on the distance from the sample surface. The different layers of the sample
are indicated by dotted lines.

transient behavior after optical laser irradiation has been studied extensively with
time-resolved reflectivity measurements [11, 14, 105, 106] as well as time-resolved
photoemission spectroscopy [12, 13]. A long mean free path for ballistic electrons
of about 100 nm has been found in Au [105]. Also, the inelastic mean free path of
electrons excited at energies of up to 1.5 eV was calculated to be on the order of
several tens of nm [62]. This means that at the pump wavelength of 780 nm used
here, electrons excited in the 30 nm thick Au cap layer can indeed transfer into
the Ni layer. A thickness of 30 nm for this Au layer was used since it represents a
thickness where the pump laser is almost completely absorbed in the cap layer, as
depicted in Figure 5.1, but the probe x-rays transmitted through the sample, which
already have a quite low flux in Femtoslicing mode, are not reduced much further
in intensity. As the calculated absorption profile for the Au/Ni sample in Figure
5.1 shows, 90 % of the pump laser energy is already absorbed in the Au cap layer,
with 5 % reaching the Ni layer. In contrast, the majority of the pump laser energy
(55 %) in the Ni reference sample is absorbed in the Ni layer; see Figure 5.2 for
the calculated absorption profile. In the calculation of the absorption profiles, the
following extinction coefficients, i.e. the imaginary parts of the complex index of
refraction at 780 nm wavelength, were used: 4.9123 for Au, 4.3240 for Ni, 4.8627
for Pt and 8.60 for Al, as taken from [107].

Finally, it should be noted that the ferromagnetic Ni layers in both samples show
in-plane anisotropy.

5.2 Ultrafast Demagnetization of the Buried Ni
Layer in Au/Ni

For the time-resolved XMCD measurements, the x-ray energy was set to the Ni Ls-

edge at 853 eV. All measurements shown in this chapter were performed at room

temperature. Because of the in-plane anisotropy of the Ni layers in both samples,
they were set to an angle of 35° between the sample normal and the incident x-ray
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Figure 5.2: Pump laser absorption in Ni reference sample. A calculation
of the absorbed intensity of the pump laser pulse with 780 nm wavelength is shown
depending on the distance from the sample surface. The different layers of the
sample are indicated by dotted lines.

direction. XMCD was measured with circularly polarized x-rays while an external
magnetic field of £0.2 T was applied along the x-ray propagation direction.

The pump laser repetition rate was 3 kHz, and the diameter of the pump laser spot
on the sample 0.8 mm for all measurements. The pump power was not the same for
the Au/Ni and Ni reference samples since the different reflectivities of the cap layers,
Au and Pt, respectively, have to be taken into account. For the p-polarized pump
pulses with 780 nm wavelength under an angle of incidence of 35° employed here,
the reflectivity of Au on the Au/Ni sample was measured to be 0.880, while that of
Pt on the Ni reference is much lower at 0.518. In order to compensate, the pump
power was adjusted so that the same degree of demagnetization was achieved in the
Au/Ni and the Ni reference sample. For Au/Ni, the pump laser power was set to
500 mW, resulting in a power per pulse of 167 uJ and thus a fluence of 33.2 mJ/cm?
as calculated with equation 4.1. The Ni reference was measured with a pump power
of 150 mW, giving a power per pulse of 50 xJ and fluence of 9.9 mJ/cm?. This
pump configuration will in the following be termed ”high fluence”. A second set of
measurements was also done at reduced fluence: Au/Ni was measured with 350 mW
pump power, resulting in a power per pulse of 117 uJ and fluence of 23.3 mJ/cm?,
while the Ni reference measurements were taken with 100 mW pump power and
thus 33 pJ power per pulse and 6.6 mJ/cm? fluence.

In order to counteract drifts in the measurement parameters for Au/Ni and the Ni
reference, the two samples were alternated every few hours. This was, however, not
sufficient to prevent drifts in the pump beam path due to changes in ambient tem-
perature and air pressure over the day from influencing the measured delay scans.
Consequently, the drift in temporal pump-probe overlap (time zero) was determined
by fitting the Ni reference data acquired during a measurement cycle lasting a few
hours, before the sample was switched to Au/Ni, and then shifting the time axis of
the Ni reference delay scans accordingly before averaging. Time zero for the Au/Ni
data was found by a linear interpolation of the values for time zero determined from
the Ni reference data recorded before and after the Au/Ni delay scans in question.
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Figure 5.3: Ultrafast demagnetization of Au/Ni at high pump fluence.
Shown is the evolution of the Ni magnetic moment p depending on the pump-probe
delay t in the Au/Ni sample (red circles) compared to the Ni reference sample (blue
squares). The red and blue lines correspond to fits to the Au/Ni and Ni reference
data as described in the text. u is normalized to the average value pg for the unex-
cited sample. The pump fluence was set to 33.2 mJ/cm? for Au/Ni and 9.9 m.J/cm?
for the Ni reference, leading to a demagnetization of about 75 % for both cases.

By following this procedure, similar to what was used in Chapter 4.1.2, the charac-
teristic demagnetization time constant for pure Ni could be reproduced, as will be
discussed below.

The evolution of the magnetic moment in the buried Ni layer in Au/Ni after laser
irradiation is displayed in Figure 5.3 in direct comparison to the ultrafast demagne-
tization of the Ni reference sample. Shown here is the high fluence scenario, where
pumping the Au/Ni sample with a fluence of 33.2 mJ/cm? and the Ni reference with
9.9 mJ/cm? leads to a demagnetization of about 75 % in both cases. It is immedi-
ately obvious that the resulting demagnetization in Au/Ni happens on the sub-ps
timescale, as in the Ni reference sample, where the ferromagnetic layer is excited
directly by the pump laser. In both cases, the Ni magnetic moment decreases to its
final value within the first picosecond. A recovery is not observed in the measured
delay range, and happens only on longer timescales of several tens to hundreds of
picoseconds.

Looking in more detail at the Au/Ni and Ni reference pump-probe delay scans in
Figure 5.3, it can be seen that the demagnetization in Au/Ni happens more slowly
than in the Ni reference sample. In order to derive the characteristic time constants
of demagnetization, both curves were fitted with a single exponential decay convo-
luted with the experimental time resolution of 130 fs, as described by equation 4.2.
The fit gives time constants of 330 + 40 fs for Au/Ni compared to 140 + 10 fs for
the Ni reference. The latter time constant reproduces the literature value for the
demagnetization of pure Ni of 130 & 40 fs [24] within the error bars, showing that
the correction of the drift in time zero outlined above can reliable remove temporal
broadening of the measured pump-probe delay scans due to changes in the pump
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Figure 5.4: Ultrafast demagnetization of Au/Ni at reduced pump fluence.
Ultrafast demagnetization of Au/Ni at high pump fluence. Shown is the evolution
of the Ni magnetic moment p depending on the pump-probe delay t in the Au/Ni
sample (red circles) compared to the Ni reference sample (blue squares). The red and
blue lines correspond to fits to the Au/Ni and Ni reference data as described in the
text. u is normalized to the average value o for the unexcited sample. The pump
fluence was set to 23.3 mJ/cm? for Au/Ni and 6.6 mJ/cm? for the Ni reference,
leading to a demagnetization of about 50 % for both cases.
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path length.

There is no measurable delay in the onset of demagnetization between the Au/Ni
and Ni reference samples. The single exponential fit of the Au/Ni does return a
time of 25430 fs for the onset of demagnetization, but since the error bars are large
enough to include time zero, no reliable statement can be made. This is, however,
concordant with the fact that hot electron transport directly after laser irradiation
takes place in the ballistic regime, with transport velocities close to the Fermi ve-
locity, on the order of 106 m/s [105, 108]. Purely ballistic transport would lead to a
travel time of about 30 fs for hot electrons that traverse the 30 nm thick Au layer;
this value is below both the experimental time resolution of 130 fs and the step size
of 50 fs used in the pump-probe delay scans shown here and thus difficult to resolve
under the present experimental conditions.

The same measurement comparing the ultrafast demagnetization of Au/Ni to the
Ni reference was also performed at reduced fluence and is shown in Figure 5.4.
Here, the pump fluence used for Au/Ni was 23.3 mJ/cm?, while the Ni reference
was pumped with a fluence of 6.6 mJ/cm?. This resulted in a demagnetization of
about 50 % for both samples. As in the high fluence scenario, the decay of the Ni
magnetic moments takes place on a sub-ps timescale, with Au/Ni being somewhat
slower than the Ni reference. In contrast to the high fluence measurements, a slight
recovery of the magnetic moments can already be observed within the measured
delay range of 2.5 ps. For this reason, a double exponential function convoluted
with the experimental time resolution of 130 fs, was used to fit the data. This fit
function is written as

f(t):S(t)~G(t)*[A—B(1—e_%)—C(l—e_ﬁ)], (5.1)

where S(t) refers to a step function, G(t) to the Gaussian representing the experi-
mental time resolution, A to the XMCD value at negative delays and B and C' to
the amplitudes of the ultrafast decay and the recovery, respectively, while ¢tp and
tgr stand for the time constants of decay and recovery. This gives time constants of
demagnetization tp of 400 £ 160 fs for Au/Ni and 185 £ 30 fs for the Ni reference.
The time constant of the recovery of the magnetic moment tg was fixed to 1 ps
for both samples. The time constant of the recovery was fixed to a certain value
because leaving it as a free parameter did not give suffient certainty for determining
this time constant at all. Instead, fits were performed on the Ni reference data with
fixed, reasonable values for tg ranging from 0.5 ps to 3 ps, giving smallest x? for a
value of 1 ps. Also, a delay in the onset of demagnetization in Au/Ni compared to
the Ni reference of 70 £ 40 fs was determined.

When one compares the time constants of demagnetization determined in the high
and reduced pump fluence scenarios, listed in Table 5.1 for convenience, the differ-
ence between the Ni reference and the buried Ni layer in Au/Ni is always there, with
Au/Ni showing a longer time constant. The respective time constants for Au/Ni
and the Ni reference are in the same range for both fluence scenarios; while they
seem to be a bit larger for reduced fluence, the statistics in the reduced fluence case
are not good enough to make a definitive statement. The same argument holds for
the delay in the onset of demagnetization. If there is a fluence dependence, it is not
strong. The very similar behavior for high and reduced pump fluences shows that
the underlying process behind the demagnetization of the buried Ni layer in Au/Ni
must be the same for both cases.
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’ sample H D, high fluence [fb] ‘ tD, reduced Aluence [fb] ‘

Ni reference 140 + 10 185 + 30
delay of onset 25 4+ 30 70 £ 40
Au/Ni 330 £40 400 £+ 160

Table 5.1: Demagnetization time constants vs. fluence in Au/Ni. The
characteristic time constants of demagnetization tp for the Ni layers in the Au/Ni
as well as the Ni reference sample were derived from exponential fits to the data as
described in the text. ”High fluence” refers to the pump conditions leading to about
75 % demagnetization in both samples, while the magnitude of demagnetization was
about 50 % in the "reduced fluence” case.

5.3 Theoretical Description of Ultrafast Demagne-
tization in Au/Ni

Having shown in the previous section that demagnetization of the buried Ni layer
in Au/Ni is possible, it is now desirable to compare the observed results to the pre-
dictions made by theoretical models for the microscopic origin of ultrafast demag-
netization, especially with regards to the observed magnitude of demagnetization
for the pump fluence used. Therefore, I will first calculate the effective absorbed
fluence in the Ni layer in both samples, Au/Ni and the Ni reference.

Starting with the high fluence scenario, the reflectivities of the respective cap lay-
ers, 0.880 for Au in Au/Ni and 0.518 for Pt in the Ni reference, are taken into
account for calculating the fluence absorbed in the sample from the values of the
incident fluence of 33.2 mJ/cm? for Au/Ni and 9.9 mJ/cm? for the Ni reference.
This results in an absorbed fluence of 4.0 mJ/cm? for the whole Au/Ni sample and
4.8 mJ/cm? for the Ni reference, showing that despite a lower incident fluence, the
total absorbed fluence in the Ni reference is actually slightly higher due to a lower
reflectivity of the Pt cap layer. From the calculated pump laser absorption profiles
in Chapter 5.1 it is known that, in Au/Ni, only 5 % of the absorbed fluence is
absorbed in the ferromagnetic Ni layer, leading to an effective pump fluence for the
Ni layer only of just 0.2 mJ/cm?. In comparison, in the Ni reference, 55 % of the
absorbed fluence is absorbed in the Ni layer, resulting in an effective pump fluence
of 2.6 mJ/cm?. And yet, the observed magnitude of demagnetization of about 75 %
of the initial magnetic moment is similar for both samples.

In the low fluence scenario, effective pump fluences for the Ni layers in Au/Ni and
in the Ni reference of 0.1 mJ/cm? and 1.7 mJ/cm?, respectively, are obtained. In
this case, too, a much lower fluence absorbed in the Ni layer in Au/Ni leads to a
demagnetization of about 50 %, as large as in the Ni reference.

In the following, I will discuss how through these findings, taken together with the
respective time constants of demagnetization for Au/Ni and the Ni reference derived
in Chapter 5.2, the relative contribution of two microscopic mechanisms proposed
for the underlying origin of ultrafast demagnetization can be estimated. These two
mechanisms are direct interaction between the pump laser photons and the electron
spins, as first introduced in Chapter 2.3.1, and superdiffusive spin transport (see
Chapter 2.3.3).

5.3.1 Direct Interaction Between Photons and Spins

One of the earliest microscopic explanations for ultrafast demagnetization was pro-
posed by Zhang et al. in 2000 [47]. According to the authors, pump laser field and
spin-orbit coupling act together to induce demagnetization in the sample material.
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A later iteration of this type of microscopic model by Bigot et al. [52] additionally
takes a dynamic modification of the spin-orbit interaction due to the laser field into
account, leading to a coherent interaction between the laser field and the electron
spins during the pulse duration. A more detailed description of these models was al-
ready given in Chapter 2.3.1, and various criticisms discussed. In particular, recent
theoretical calculations by Essert et al. [49] found that excitation with the electrical
field generated by an incident laser pulse with a fluence of 4 mJ/cm? only leads to
a decrease of the magnetization of below 1 % in Ni and Fe. Here, I would like to
emphasize that the magnitude and time constants of the experimentally observed
demagnetization in Au/Ni and the Ni reference, depending on the absorbed pump
laser energy, allows me to exclude such a direct interaction between photons and
spins as the dominant process behind ultrafast demagnetization.

Unfortunately, Zhang et al. [47] do not specify the pump laser intensities needed to
achieve significant demagnetization in their theoretical description. They do state,
however, that there is an exponential dependence of the magnitude of demagneti-
zation on the absorbed intensity; when the intensity is reduced by a factor of 10, no
demagnetization occurs any more. But this is contrary to the experimental obser-
vation of equal magnitudes of demagnetization despite an absorbed fluence in the
Ni layer of Au/Ni that is only a few percent of the fluence absorbed in the Ni layer
of the Ni reference. Also, Zhang et al. [47] predict a saturation of the magnitude
of demagnetization at 50 % — here, a magnitude of demagnetization of about 75 %
is experimentally observed in the high fluence scenario (compare Figure 5.3).
Furthermore, according to Zhang et al. [47], demagnetization happens only dur-
ing the presence of the pump laser pulse and the observed demagnetization time-
constant is basically given by the pump pulse length. However, even if demagneti-
zation in the buried Ni layer of Au/Ni is induced by the small number of photons
able to reach this layer, the length of the pump laser pulse is the same as for the Ni
reference, and the time constant should thus be the same. But as seen in Chapter
5.2, ultrafast demagnetization in Au/Ni proceeds with a time constant of 330440 fs,
significantly longer than for the Ni reference.

In the conceptually similar model by Bigot et al. [52], a signature of their proposed
coherent photon-spin interaction is observed at an absorbed fluence of 1 mJ/cm? in
a 7.5 nm thick Ni layer. Since, for the Ni reference in both the high and reduced
fluence scenario in the experiment presented here, the fluence absorbed in the Ni
layer exceeds 1 mJ/cm?, a coherent photon-spin interaction could in principle oc-
cur. Still, for the much lower absorbed fluence in the buried Ni layer in Au/Ni
a significant contribution from coherent photon-spin interaction can be ruled out:
Bigot et al. see no signature of the coherent process for absorbed fluences below
about 0.1 mJ/cm? [52], whereas here the buried Ni layer in Au/Ni is pumped with
no more than 0.1 mJ/cm? in the low fluence scenario but still shows a significant
demagnetization of 50 %.

So both theories, by Zhang et al. [47] and Bigot et al. [52], are not sufficient to
explain the observed magnitude of demagnetization in Au/Ni. While it cannot be
ruled out that a direct or coherent interaction of the laser field with the spins occurs
during the presence of the pump laser pulse, it does not result in the experimentally
observed demagnetization in Au/Ni.

5.3.2 Superdiffusive Spin Transport

Having excluded direct interaction between the pump laser photons and the elec-
tron spins as an explanation for the ultrafast demagnetization of the buried Ni layer
in Au/Ni in the previous section, it is highly likely that electron transport into the
ferromagnetic layer is the reason behind the effects observed in Chapter 5.2.

In order to get a more detailed picture for the sample geometries used here, model

67



calculations were performed by M. Battiato, P. Maldonado and P.M. Oppeneer
from Uppsala University [109], using a numerical solution of their superdiffusive
spin transport model [4, 61], already introduced in Chapter 2.3.3.

For the theoretical modeling, the spatial and temporal profile of the pump laser
was used as input, i.e. spot size, absorption profile and pulse length. The calcu-
lations take all layers in the structure of the Au/Ni and Ni reference samples as
described in Chapter 5.1 into account. The superdiffusive spin transport model as-
sumes transport to be uniaxial in the direction perpendicular to the sample surface
[4], since typical pump spot sizes are much larger than the electron mean free path.
This assumption is fully justified in our case since the pump spot size was 800 pum,
compared to electron mean free paths in the tens of nanometers. The absorbed
pump fluences used in the simulations are 4.0 mJ/cm? in the Au/Ni sample, and
6.3 mJ/cm? in the Ni reference sample. The spin and energy dependent electron
lifetimes are taken from refs. [62] and [110]. The results from the simulation can
be seen in Figure 5.5.

Comparing the theoretical results with the experimental results from Figure 5.4, the
qualitative agreement is immediately obvious. In the simulated curves, both the Ni
reference and Au/Ni show a sub-ps demagnetization, with Au/Ni being slower to
demagnetize. Looking closer, the simulated demagnetization also agrees quite well
quantitatively with the experiment: The maximum amount of demagnetization is
reached at a pump-probe delay of about 750 fs for the Ni reference, compared to
about 1.2 ps for Au/Ni. A slight delay in the onset of demagnetization also fits well
with the experimental results.

The ultrafast demagnetization of the Ni layers in the Ni reference and Au/Ni is
explained by the spin-dependent transport of hot carriers. The situation in the Ni
reference is similar to superdiffusive spin transport in a 15 nm Ni film on an Al sub-
strate calculated earlier by Battiato et al. [4]. Both majority and minority electrons
are excited mainly in the Ni layer. Majority electrons have a longer mean free path
than minority electrons and are thus transported out of the Ni layer, into the the Al
substrate and also the Pt cap and buffer layers. Minority electrons remain trapped
in the Ni layer. The ultrafast demagnetization observed is therefore a consequence
of the unequal transport properties of hot majority and minority electrons during
their thermalization. Magnetization is effectively shifted out of the ferromagnetic
layer probed with element-sensitive XMCD.

In Au/Ni, electrons are mainly excited in the Au layer. The subsequent electron
current going into the Ni layer is not spinpolarized. Only when the majority and
minority electrons reach the Ni layer, the spin dependency of the electron lifetime in
Ni leads, again, to a higher probability of majority electrons leaving the ferromag-
netic layer and traveling into buffer layer and substrate, whereas minority electrons
become trapped in the Ni layer. A backflow of cascade electrons — both majority
and minority — created by inelastic scatterings of minority electrons in Ni also con-
tributes to the demagnetization, because the majority cascade electrons escape to
the Au layer and the substrate side. This leads to further accumulation of minority
electrons in Ni, in particular at the interfaces.

The superdiffusive spin transport model somewhat underestimates the amount of
demagnetization in both samples. For the absorbed pump fluences used in the sim-
ulation seen in Figure 5.5, a reduction of the magnetization of about 50 % of the
initial value is reached. In the experiment, a demagnetization closer to 70 % was
observed for similar absorbed pump fluences (compare the high fluence scenario in
Figure 5.3). This discrepancy of likely due to the fact that the superdiffusive spin
transport model incorporates a linear dependence of the amount of demagnetization
on the pump fluence. Non-linear effects coming from changes in the occupation of
the electron density of states in Ni during the superdiffusive transport, that can
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Figure 5.5: Simulated ultrafast demagnetization of Au/Ni. The transient re-
duction of the Ni magnetic moment Ay in the Ni reference (blue line) and in Au/Ni
(red line), depending on the pump-probe delay t, as calculated with the superdiffusive
spin transport model. Figure courtesy of Marco Battiato.

further enhance the demagnetization, are not included so far.

The successful modeling of the timescales of demagnetization in the Ni reference
and Au/Ni shows that spin transport can contribute significantly to ultrafast de-
magnetization. In Au/Ni, the superdiffusive spin transport is actually the only
theoretical model developed so far that can explain the experimental observations.
Direct interaction between photons and spins could be excluded as the dominant
cause of ultrafast demagnetization in Au/Ni (see Chapter 5.3.1). Finally, it should
be noted that phonon-mediated spin flips [27] are also unlikely to cause ultrafast
demagnetization in Au/Ni of the magnitude observed here, since significant spin-flip
probabilites occur only in highly non-equilibrium electron distributions [59]. How-
ever, due to the fact that most of the laser intensity is absorbed in the Au layer
of Au/Ni, the electron system in the Ni layer is not strongly excited by the pump
laser pulse.
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Chapter 6

Conclusion and Outlook

With element-resolved XMCD measurements at the BESSY II Femtoslicing facility
I investigated the ultrafast demagnetization of ferromagnetic NiFe and GdTb alloys
as well as a Au/Ni multilayer structure with 130 fs time resolution. These mea-
surements contribute to the microscopic understanding of ultrafast magnetization
dynamics in two regards: The relation between the time constant of demagnetiza-
tion and materials properties is clarified, and the relative contribution of different
microscopic mechanisms for the underlying origin of ultrafast demagnetization pro-
posed by theory can be estimated.

6.1 Materials Dependence of Ultrafast Demagne-
tization

Measurements on the ultrafast demagnetization of NisgFesq and NiggFeoq revealed
that the characteristic time constant of demagnetization varies with the magnetic
moment of the respective sublattice — Ni or Fe — and the strength of exchange
interaction between the sublattices. Static XMCD spectroscopy shows that the
constituents’ magnetic moments in NisgFesqg and NiggFeso can be quite different from
the respective pure materials, up to a factor of two in the case of Ni in NisgFesq. The
characteristic time constants of demagnetization in the alloys also deviate from those
found for pure Ni and Fe. Broadly speaking, the time constant of demagnetization
is longer for larger magnetic moments. This also leads to distinctly different time
constants for the Ni and Fe sublattices in both NiFe alloys, so that they exhibit
decoupled dynamics after laser excitation. However, exchange coupling cannot be
neglected in a theoretical description of the observed behavior, as the example of
Ni in NiggFe5o shows, whose shorter demagnetization time constant compared to
pure Ni, despite a larger magnetic moment, could only be correctly predicted when
the intersublattice exchange interaction between Ni and Fe in NisgFesq was taken
into account.

GdgpThyo shows a two-step demagnetization which is also characteristic for the
pure rare earths Gd and Tbh. A sub-ps demagnetization is followed by a second,
slower decrease of the magnetic moment. The time constant for this second decrease
was previously linked to the strength of spin-lattice coupling [29], with the stronger
spin-lattice coupling in Tb causing a faster demagnetization. In GdgyThbyg, the
demagnetization of Gd follows Tb on all timescales, leading to a characteristic
time constant of 5.0 £ 2.9 ps for the second decay. This deviation from the slow
demagnetization with a time constant of 40 ps in pure Gd [29] can be explained
with the indirect exchange interaction linking the Gd 4f magnetic moments in the
alloy to the Tb 4f moments, which have a strong direct coupling to the lattice. An
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additional channel for the dissipation of Gd spin angular momentum to the lattice
is thus opened, resulting in a faster demagnetization compared to pure Gd.

These results show that magnetization dynamics can be tuned by changing the
properties of a ferromagnetic material through alloying. This might pave the way
for new materials for magnetic storage media, which could be tailored to exhibit a
certain dynamic behavior.

6.2 Applicability of Proposed Theoretical Models
for Ultrafast Demagnetization

The most prominent theoretical models proposed for the microscopic origin of ul-
trafast demagnetization are direct interaction between photons and spins [47, 52],
phonon mediated spin-flip scattering [27] and superdiffusive spin transport [4].
Time-resolved measurements of the ultrafast demagnetization of a Ni layer buried
under a Au cap layer, which was made thick enough to absorb nearly all of the in-
cident pump laser light, showed that direct interaction between photons and spins
could not explain the magnitude and time constant of the observed demagnetization.
Instead, simulations based on the superdiffusive spin transport model reproduced
the slower, delayed demagnetization of the buried Ni layer in Au/Ni compared to a
Ni reference sample. This gives a strong indication for a central role of superdiffu-
sive spin transport in ultrafast magnetization dynamics.

The M3TM [27], a model based on phonon mediated spin-flip scattering, could
describe broad trends in the demagnetization time constants of Ni, Fe and their
alloys. It does not take exchange interaction into account, however, and therefore
failed to describe the accelerated demagnetization of Ni in NisgFesq. Moreover, the
spin-flip probability assumed by the M3TM has been calculated to be large enough
only in strongly nonequilibrium electron distributions [59]. My finding of a signifi-
cant demagnetization in the buried Ni layer of Au/Ni, which is not strongly excited,
would suggest no more than a small contribution to the demagnetization by phonon
mediated spin flips.

6.3 Outlook

As a short outlook, I would like to mention two topics: A continuation of my work
on ultrafast demagnetization caused by hot electron injection into a ferromagnetic
layer, and future experiments with complementary and improved fs x-ray sources.

6.3.1 Demagnetization through Injection of Spin-polarized
Electrons in Co/Ru/Fe

Chapter 5 showed that an electron current which is not spinpolarized can induce
ultrafast demagnetization. But would a spinpolarized electron current work equally
well, or even induce different effects such as enhancement or generation of magne-
tization?

By exciting a ferromagnetic thin film with a fs laser pulse, a spinpolarized hot
carrier pulse can be generated [111]. Here, I used a sample consisting of two fer-
romagnetic layers separated by a thin Ru spacer layer. The thickness of the upper
ferromagnetic layer, a 20 nm thick Co layer, is matched to the penetration depth of
the pump laser, so that hot electrons are mainly excited in this layer. With XMCD
in transmission geometry, the transient behavior of the lower ferromagnetic layer,
a 20 nm thick Fe layer, is probed at the Fe Ls-edge, whereas the upper layer is
probed at the Co Lz-edge. The Ru spacer layer leads to an antiparallel orientation
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Figure 6.1: Time-resolved XMCD measurement of Co/Ru/Fe. The evolu-
tion of the magnetic moment u depending on the temporal delay t between pump
laser and probe z-ray pulse is displayed for the upper Co layer (blue squares) com-
pared to the lower Fe layer (red circles). The magnetic moments of the Fe and
Co layers are aligned parallel in an external magnetic field. p is normalized to the
average value g for the unexcited sample.

of the magnetic moments of the Co and Fe layers without an external magnetic
field, while the two ferromagnetic layers can also be oriented parallel in an external
magnetic field of 0.2 T. First time- and layer-resolved XMCD measurements for a
parallel alignment of the two ferromagnetic layers can be seen in Figure 6.1. Both
ferromagnetic layers show ultrafast demagnetization. Additional measurements are
planned in order to unveil the dependence of the observed demagnetization on pump
fluence and the relative orientation of the ferromagnetic layers.

6.3.2 Methodical Improvements and Complementary X-ray
Sources

The measurements shown in this thesis were only made possible by the reliable
performance of the Femtoslicing facility at BESSY II, in particular after the recent
upgrade. However, due to the still low flux of the fs x-rays, time-resolved measure-
ments take several days and weeks, and small pump induced effects are difficult
to resolve. Therefore, further upgrades of the Femtoslicing facility are desirable,
especially with regards to the unique properties of the BESSY II source: Circu-
larly polarized 100 fs pulses in the soft x-ray range. Laboratory sources based on
high harmonic generation (HHG) do not routinely reach the soft x-ray range yet,
although first proof-of-principle experiments have been performed [112], and they
do not deliver circular polarization. Therefore, ultrafast magnetic measurements at
HHG sources so far have to rely on the transverse magneto-optic Kerr effect, which
is element selective when probed resonantly, but can also contain optical artifacts
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like its counterpart in the visible wavelength range [113]. Circular polarization can
in principle be generated at free electron lasers (FELs) [114], but it is not imple-
mented at any of the currently operating FEL facilities.

For enhancing the x-ray flux, the Femtoslicing source itself as well as the monochro-
mators can be upgraded. In the long term, replacing the undulator currently used
as the radiator with an in-vacuum design is expected to increase the x-ray flux
by an order of magnitude. On a more short term basis, an upgrade of the ZPM
monochromator is currently in the planning stages, which will lead to a smaller
x-ray focus size and increased mechanical stability of the beamline.

Another planned upgrade involves the change of the BESSY II accelerator opera-
tion from decay mode to top-up mode. BESSY II currently operates in decay mode,
where new electrons are injected into the storage ring every eight hours, in order to
refill the decayed ring current. In top-up operation, expected to begin in the second
half of 2012, electrons will be constantly re-injected into the storage ring, keeping
the ring current at a constant level. This will lead to a higher fs x-ray flux at all
times and increased stability of the source, since lifetime effects from the decaying
electron bunch current that occur in decay mode are avoided.

Lastly, improvements can also be made in the detection of the transmitted x-rays.
The energy dispersed x-ray beam from the ZPM can be mapped on an 1D spatial
detector, allowing for the parallel detection of full absorption and XMCD spectra
at each step in the pump-probe delay.

As mentioned in the introduction of this thesis, in concert with investigating the
elementary time scales, measuring on elementary length scales would also contribute
to the microscopic understanding of ultrafast magnetization dynamics. This can
be achieved with pump-probe experiments at free electron lasers (FEls), by using
diffractive imaging of magnetic domains in real space with linearly polarized light
[115] or by resonant magnetic small-angle scattering, which maps the reciprocal
space. The high intensity of FEL pulses makes it possible to record domain patterns
with resonant magnetic small-angle scattering [116], even with single FEL shots
[117]. However, while FELs can generate very short x-ray pulses, down to 10 fs
or even less, the self-amplified spontaneous emission (SASE) process [118, 119]
employed for the generation of the ultrashort x-ray pulses leads to fluctuations in
the intensity and arrival time of individual pulses. Combined with the fact that
the pump laser pulses come from a different source than the x-ray probe pulses, the
time resolution achievable in pump-probe experiments suffers due to timing jitter
between pump and probe [120, 121, 122]. Providing that the time resolution can be
improved, for example through pump-probe cross-correlation schemes [92, 93], the
way is open for spatially resolved ultrafast magnetic measurements.
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