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1 Abbreviations and References 
 

UvA Universiteit van Amsterdam: The university in Amsterdam, Netherlands 

SLAC The former “Stanford Linear Accelerator Center”, which is today the “SLAC National 

Accelerator Laboratory”: The national laboratory in Menlo Park, USA 

SSRL  Stanford Synchrotron Radiation Lightsource: The synchrotron at SLAC 

LCLS Linac Coherent Light Source: The free electron laser at SLAC 

SXR Soft X-Ray instrument: Instrument for material science at LCLS 

LBNL Lawrence Berkeley National Laboratory: The national laboratory in Berkeley, USA 

ALS Advanced Light Source: The synchrotron at LBNL 

HGST Company name, which previously spelled Hitachi Global Storage Technologies: A hard drive 

technology company in San Jose, USA 

NIMS National Institute for Material Science: A national institute in Japan 

 

FEL Free Electron Laser 

HAMR Heat Assisted Magnetic Recording 

AOS All Optical Switching 

MOKE Magneto Optical Kerr Effect 

MCA Magneto-Crystalline Anisotropy 

XMCD X-ray Magnetic Circular Dichroism 

XAS X-ray Absorption Spectroscopy 

 

TEXTS IN THIS FORMAT are references within this thesis, with a link to the reference in the electronic 

version. 
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2 Introduction 
 

Magnetism is everywhere, it has fascinated people for millennia and has been used in many devices 

with high impact on society. The most important manifestations of magnetism are diamagnetism, 

paramagnetism and ferromagnetism. All solids, liquids and gases show diamagnetism. It arises from 

the motion of the electrons in a magnetic field, producing a magnetic field of its own, which 

counteracts the applied field and repels the diamagnet from the applied field, explained by the Lenz 

rule. All materials show this behavior; in some this is overlaid though with the much stronger para- or 

ferromagnetism. Paramagnetic materials have permanent microscopic magnetic moments with 

randomized orientation relative to each other, so that the macroscopic magnetization is zero. Exposed 

to a magnetic field, these microscopic moments align and strengthen the applied field, but lose their 

orientation again when taken out of the field. In ferromagnetic materials, there are microscopic 

magnetic moments that lock to each other due to the exchange interaction, creating clusters of 

magnetic moments with the same orientation. Those clusters are called ‘magnetic domains’, ‘weiss 
domains’, or just ‘domains’. Once those domains order in an applied field, they create a macroscopic 

magnetization. This magnetization remains until further manipulation even when the applied field is 

removed. Alloys of materials, which display ferromagnetism in the solid state in pure form, with 

certain other materials show ferrimagnetism (multiple ferromagnetic sublattices that counteract each 

other), antiferromagnetism (ferrimagnets where the magnetism of the sublattices cancel out each 

other perfectly) or strong magnetic anisotropy (being easily magnetized in a certain direction and hard 

in others).  

The oldest known magnetic material, magnetite (𝐹𝑒3𝑂4), was already used in ancient times for 

compass needles. In more modern times electric engines, using static and/or electromagnets, and 

dynamos changed the world. Most likely magnetism will soon change the transportation in the 

modern world again with electric cars, magnetic levitation trains and the hyperloop technology. Even 

more important for modern society, magnetic materials have enabled us to store information in very 

small spaces, starting with magnetic recording on tapes and floppy discs, later using materials more 

efficient in magnetic hard drives for computers. Our modern world has a steady growing demand for 

data storage and therefore also for better techniques using hard drive space more efficiently with 

higher data density. To make this possible, research is needed on how we can manipulate 

magnetization more precisely and quicker. 

Well known ways of manipulating ferromagnets are the following: If a ferromagnet is heated, it 

demagnetizes (heating over the Curie temperature destroys weiss domains), if it is mechanically hit 

with a certain strength, it demagnetizes (shockwaves randomize weiss domains), if a strong enough 

magnetic field is applied one can control the magnetization orientation (magnetic dipole orienting in 

field). All these processes take quite a long time in relation to modern demands, i.e. in the order of 10 

ps (1 ps = 10−12s) to multiple seconds. Heat and shockwaves from typical sources need time to travel 

through the material, starting only from the boundary with the speed of sound of the material, and 

magnetic dipoles undergo a precessional motion by reorienting in an applied field. In 1996, it was 

shown that short high-intensity optical laser pulses on the other hand can demagnetize materials on 

a whole different timescale [1]. They heat the electron system of thin layers of material at all depths 

nearly simultaneously and demagnetize it more than 1000 times faster than known techniques at that 

time, i.e. in the order of 100 fs (1 fs = 10−15s). However, until today this process is still not fully 

understood and magnetism is of high relevance in research, industry and society. This provides the 

motivation for the research presented in this thesis. 
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2.1 Data Storage Technology 
In our modern world, digital devices are everywhere and we are recording more text, music, images, 

videos and other data than ever before. This comes with an increasing demand of data storage space. 

While data storage capacity needs to increase, the demand for energy efficient storage is getting 

increasingly important as well. To meet the demands of modern society we need to improve both 

data storage capacity and energy efficiency. The use of lasers allows us to investigate the physical 

processes behind writing, exploring new processes with potential for faster and more energy efficient 

data storage. 

Although in recent history, solid state drives seem to dominate the personal computer market, an 

increasing demand for cheap massive data storage has arisen in data centers for big companies, super 

computers, cloud services, etc. For this demand the classical magnetic hard drives are still the best 

solution regarding the combination of data capacity, processing speed and price, with still a big 

potential for improvement. 

State of the art magnetic hard drives use perpendicular magnetic recording (PMR) media, providing 

stable magnetic domains down to a size of 7 nm [2-4]. Information is stored on a bigger cluster of 

those small domains forming a magnetic “bit” (smallest computational information unit), which is 

reliably readable and writable for the hard drive read/write heads. 

Granular FePt consists of many grains/nanoparticles of FePt material separated by a nonmagnetic 

material, typically carbon. This interruption of the magnetic film allows it to form stable magnetic 

domains, consisting of a cluster of grains magnetized in the same direction, having a sharp transition 

to the next domain as visualized in FIGURE 2.1.  

 

Figure 2.1: Top view TEM of FePt recording media adapted from [2] overlaid with schematics of bit 

formations (fully black and white grains). 

To increase data density, the bits and therefore also the individual stable magnetic grains need to 

shrink. To keep the magnetization stable, the energy barrier for the switching of the grains, arising 

from the magneto-crystalline anisotropy (MCA; for details see chapter 4 “FEPT SAMPLE GROWTH AND 

CHARACTERIZATION”), needs to be higher than all other influences combined. The two major other 

contributions are the energy from the dipole interaction from the surrounding magnetic grains, 

favoring antiparallel alignment, and thermal fluctuations. With the energy arising from the magneto-

crystalline anisotropy scaling linearly with the volume of the grain, and the dipole interaction, which 

favors antiferromagnetic alignment, scaling inversely with the distance, the grains become more 

unstable the smaller they become. At a certain size limit, depending on the MCA, the grains become 

unstable in a special way. Each grain, consisting of many atoms stays homogenously magnetic, but its 

whole magnetization changes, without in a magnetic field applied, due to thermal fluctuation like a 

paramagnet. This effect is called superparamagnetism. 
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The crystal structure of FePt in the L10 phase, consisting of alternating Fe and Pt planes, forces the 

magnetic moments to point perpendicular to the planes – yielding the origin of its MCA. FePt has one 

of the largest MCAs of materials considered as data storage media, providing the smallest 

magnetically stable grains for the highest data density [5]; FePt is a key material for future data storage 

technology [2]. The MCA reaches values of 1.6 ∙ 107  J m3 ⁄ [6]. This allows magnetically stable grains 

down to a diameter of 3 nm at room temperature, yielding a data density beyond 4 TB in2⁄  [3], much 

higher than state-of-the-art data storage densities of 600-700 GB in2⁄  [2]. 

 

2.2 Heat Assisted Magnetic Recording 
The need for materials with a large MCA brings a technological problem with it. The magnetic 

anisotropy determines also the strength of the magnetic force that is needed to alter the 

magnetization direction. FePt with an MCA of 1.6 ∙ 107  J m3 ⁄ shows perpendicular coercivity (HC) up 

to µ0HC = 5.2 T (for more details see chapter 4.2 MAGNETIC ANISOTROPY). With a size distribution of the 

grains and a coercive field strength distribution of the grains, an external field of µ0H ≈ 7 T is needed 

to overcome this energy barrier to fully reverse the magnetization. State of the art magnetic write 

heads provide up to µ0H = 1 T. Therefore, techniques like Heat Assisted Magnetic Recording (HAMR) 

and All Optical Switching (AOS) are under investigation for next generation data storage devices. 

 

Figure 2.2: Heat Assisted Magnetic Recording (HAMR) schematic. A laser heats transiently magnetic 

recording media above the Curie temperature, followed by cooling down in a magnetic field applied 

with the write head. Image courtesy of Seagate Technology. 

Heat Assisted Magnetic Recording is a technique using heat to manipulate magnetic domains with a 

magnetic field smaller than the required field to overcome the magneto-crystalline anisotropy [7] at 

a given temperature. As shown in FIGURE 2.2 the heat can be locally applied with a laser. There are two 

options of usage: In the first case, by heating the material close to the Curie temperature, the 

magnetic anisotropy is lowered so a magnetic field of less strength is needed to cause precessional 

switching. In the second case, by heating the material over the Curie temperature, the energy barrier 

of the magnetic anisotropy is overcome, so the magnetic state is lost by breaking up the 

ferromagnetism. The new magnetic state is selected by cooling down the material in an applied field. 
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One way to heat the material is to apply a laser pulse with the duration of nanoseconds [8]. This way 

the heating process provides enough time to keep the lattice, electron and spin subsystems nearly at 

the same temperature (see subchapter 2.4 “ULTRAFAST MAGNETIZATION DYNAMICS”). The low consumption 

of energy and fast process enables HAMR to be used in devices by applying a short, low intensity laser 

pulse to magnetic recording media. 

A process of high interest which uses laser light to manipulate magnetism, but goes one step further 

than HAMR, using no external magnetic fields at all is All Optical Switching (AOS). Under certain 

conditions, ultra-short laser pulses of different polarization alter the magnetic orientation of exposed 

domains [9, 10]. What exactly happens in this process is still a matter of hot debate [11-13]. For a long 

time, this effect had only been observed in ferrimagnetic materials, basing all theories on having this 

as a requirement, until Lambert et al. showed this effect also appearing in FePt [14], proving the 

developed theories to be incomplete. This topic is of high interest to the magnetism community [15, 

16].  

 

2.3 Plasmonics 
For fundamental research as well as industrial applications it is of high interest to manipulate magnetic 

materials on the nanometer length scale. Reducing the spatial extent of magnetic switching regions 

with HAMR requires the confinement of the laser energy used to heat the magnetic material. Laser 

beams can be confined with optics to areas with dimensions of the order of the wavelength of the 

laser light. With a typical wavelength of 800 nm for ultrashort pulsed laser systems and desired 

magnetic bit sizes of ~ 40 nm, the use of plasmonic effects are required to reach the needed energy 

confinement.  

Plamonics describes optics at the nanometer length scale, manipulating light at length scales shorter 

than its wavelength [17]. It uses the dielectric response of collective plasma oscillations to enhance 

the electromagnetic field just outside of the material. Surface plasmons were first predicted in 1957 

[18] followed by decades of intense investigations. The propagation along surfaces is used for many 

purposes [19-24], such as in Au nano antennae for HAMR to enhance localized electromagnetic fields 

and illuminate small bit lengths of 25 nm [25]. 

FIGURE 2.3 shows the near-field enhancement for one wavelength at three different types of nano 

antennae. Depending on the resonance frequencies of the electron system of the nano structures, 

different parts of the antennas show different field enhancements for the laser wavelength of 1030 

nm down to areas of 40 nm diameter.  
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Figure 2.3: Simulated near-field intensity enhancements for the three antenna types using a plane 

wave with a wavelength of 1030 nm for excitation. The length of the antenna structure is noted in the 

bottom left corner of each antenna simulation. Image from [20].  

It shows that nano structures in close proximity can influence each other through the laser field 

enhancement originating from their neighbors. It will be shown in chapter 6 that also in FePt granular 

media the dielectric response of the particles is sufficient to influence the laser field seen by their 

neighbors. In those materials, that were created with no plans for plasmonic enhancements, the 

impact of laser exposure adds an extra layer of complexity to the dynamics [26-29]. Both, HAMR with 

ultrafast heating and AOS rely on laser interactions with the material. Using granular FePt as a 

magnetic recording medium leads to plasmonic interactions between light and the FePt nanoparticles. 

Depending on size, shape, orientation and proximity to each other, the nanoparticles can enhance the 

energy density in the material upon laser exposure like nano antennae. This leads to heterogeneous 

heating of the electronic structure, which needs to be regarded when analyzing HAMR and AOS effects 

on granular media. 

To understand the heterogeneous magnetic response upon laser exposure of granular FePt in the L10 

phase, we performed investigations on their strong plasmonic interactions with lasers. They are 

described in chapter 6 “MAGNETIC SWITCHING IN GRANULAR FEPT LAYERS PROMOTED BY NEAR-FIELD LASER 

ENHANCEMENT“. 

 

2.4 Ultrafast Magnetization Dynamics 
The field of ultrafast magnetization dynamics mainly describes the magnetic phenomena and 

mechanisms behind them in the range of ~ 100 femtoseconds to a few picoseconds. It started with an 

experiment by E. Beaurepaire et al., where it was surprisingly shown that nickel can be demagnetized 

on a sub-picoseconds timescale upon exposing it to ultrashort intense laser pulses [1]. This discovery 

was revolutionary. Up to this time magnetic switching processes as well as laser-induced 

demagnetization were known to take 100 ps or more [30]. This  was consistent with the idea at this 

time, that the speed of demagnetization processes is dominantly determined by the spin-lattice 

relaxation time, which was calculated to be in the order of 50 ps [31]. Beaurepaire et al. described 

their new observation via a phenomenological three-temperature model where the heat flow 

between the spin, electron and lattice subsystems is described by their individual temperature 
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evolution. As visualized in FIGURE 2.4, the photons from the pump pulse get absorbed by the electron 

system, which quickly thermalizes to a temperature 𝑇𝑒. Interactions between the three subsystems 

lead to temporal heating of the lattice and spin system to their respective temperatures 𝑇𝑙 and 𝑇𝑠.  

The experimental results can be modeled by assigning energy capacities to the individual subsystems 

as well as fitted coupling constants (𝜏𝑒:𝑠 , 𝜏𝑒:𝑙 𝑎𝑛𝑑 𝜏𝑠:𝑙) between them. Being phenomenological in 

nature, this model does not describe the microscopic mechanisms behind the subsystem energy 

transfer. In particular it neglects to take the flow of angular momentum into account. With the 

electron spin being the smallest quantum of angular momentum, ultrafast demagnetization implies 

that spin angular momentum needs to be conserved by transferring it to other reservoirs. Efforts have 

concentrated on identifying the reservoirs involved in angular momentum transfer and the involved 

microscopic mechanisms [1, 29, 32-42].  

 

Koopmans et al. addressed the angular momentum transfer with a microscopic three-temperature 

model [35]. The energy transfer from laser heated electrons to other degrees of freedom is described 

via electron-electron, and electron-phonon scattering. It was suggested that these interactions 

enhanced Elliot-Yafet type electron-phonon spin-flip-scattering probabilities at hotspots of strong 

spin-orbit coupling in the electronic structure as the transfer channel of angular momentum from the 

spin system to the lattice. In addition, Koopmans et al. suggested that another important factor in 

ultrafast magnetization dynamics is the amount of absorbed pump energy. They showed that different 

amounts of absorbed pump fluences yield different demagnetization behavior with different 

demagnetization times [36]. Counterintuitively, larger amounts of pump energy lead to slower 

magnetization dynamics.  

 

Figure 2.4: schematic visualization of the three-temperature model, differentiating between 

electronic, spin and lattice reservoirs of energy 
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In contrast to the microscopic three-temperature model, Battiato et al. suggested superdiffusive 

transport (transport between diffusive and ballistic) of hot, spin polarized electrons as an essential 

component for non-local angular momentum transfer in ultrafast demagnetization dynamics [41]. 

This model explains ultrafast demagnetization without a direct angular momentum transfer channel 

between spin system and lattice. Upon laser excitation, hot electrons move nearly ballistically for 

short distances through the material, carrying spin to other regions of the sample, which can yield the 

transport of magnetization from a magnetic to a nonmagnetic material, yielding non-local 

demagnetization. Supporting the model of superdiffusive spin transport, Melnikov et al. have shown 

that the duration of spin polarized current pulses from a Fe to a non-magnetic Au layer is determined 

by the hot electron relaxation time of Au (~ 1 ps) [43]. Furthermore, the spin current changes its sign 

within the pulse duration due to different contributions of ballistic and diffusive movement [43]. 

Eschenlohr et al. stated that the dominant process in femtosecond magnetism is spin transport rather 

than spin-flips [44]. They show that a pulse of hot electrons generated in a non-magnetic material can 

efficiently yield ultrafast demagnetization in a ferromagnetic film, whereby direct optical excitation is 

not a requirement for ultrafast demagnetization as previously assumed, but that just hot electrons 

are required independent of laser exposure [44]. Graves et al. demonstrated nanoscale Gd spin 

reversal within 1 ps in heterogeneous GdFeCo promoted by angular momentum transport of adjacent 

Gd rich and Fe rich regions [45]. This highlighted the importance of structural heterogeneity for non-

local angular momentum transport as well as the speed of optically induced magnetic switching in 

such structures. Sant et al. showed that ultrafast magnetization-reversal at the interface area of a 

metallic and a ferromagnetic layer are driven by different transport properties of electrons with 

different spins, and that these transport properties vary with proximity to the interface [46]. As 

visualized in FIGURE 2.5, the distance of transport is dependent on the scattering probability, i.e. the 

density of the surrounding electrons that may interact with the hot electrons, depending on their spin. 

This determines the range of this non-local demagnetization process. 

 

Figure 2.5: Sketch of a super diffusive process caused by laser excitation. Different mean free paths for 

majority and minority spin carriers are shown and also the generation of a cascade of electrons after 

an inelastic scattering visualized with red lightning strikes (elastic scatterings are not shown for 

simplicity). This figure is adapted from [41]. 
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Currently the relative importance of non-local (superdiffusion) and local (Elliot-Yafet type) 

demagnetization is debated. This thesis will shed light on this topic by studying both phenomena on 

their natural time and length scales. One reason for the decades long controversial debate was the 

lack of experimental data providing insights into the ultrafast and ultrasmall aspects of magnetism 

simultaneously. The emergence of free electron lasers, providing time resolution on the ultrafast time 

scale, in combination with nanometer spatial resolution techniques like x-ray diffraction, enables 

investigations in both, femtosecond time and nanometer length scale simultaneously.  

Chapter 7 “DISTINGUISHING LOCAL AND NON-LOCAL ULTRAFAST MAGNETIZATION DYNAMICS IN FEPT NANOPARTICLES” 

describes our investigations on the ultrafast demagnetization in heterogeneous granular FePt L10 

media, using ultrafast x-ray diffraction.   
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3 Measurement Techniques and Methods 
 

Among the most common experimental approaches that reveal the magnetization properties of a 

material is X-ray Magnetic Circular Dichroism (XMCD). With XMCD the magnetic properties of a 

specific material in an alloy can be measured individually and time resolved on the ultrashort 

timescales fundamental to magnetization dynamics. In addition, XMCD can be combined with 

resonant x-ray diffraction, resolving the structure of materials in the nanometer range. This section 

describes this effect, the technique we applied to make use of this effect, the necessary photon 

sources, as well as the experimental facilities we used. 

 

3.1 X-ray Magnetic Circular Dichroism 
X-ray Absorption Spectroscopy (XAS) probes the absorption of x-rays of a material depending on the 

x-ray energy, following Beer’s law:  

3.1         ( ) 0

d
I d I e

−=   

Where 𝐼0 is the incoming and 𝐼(𝑑) the transmitted intensity of the x-rays, µ is the absorption 

coefficient specific to the material and photon energy, and d the thickness of the sample. For iron, 

typically the 𝐿2 and 𝐿3 absorption edges are used with photon energies of 706.8 eV and 719.9 eV as 

shown in FIGURE 3.1 (a). XAS typically excites electrons of the core shells of atoms with x-rays at the 

energy of the transitions of the electron ground state to the Fermi level. The strength of absorption is 

determined by the number of possible transitions in the material at the photon energy. In a magnetic 

material there exists an imbalance in the density of states (DOS) between electrons of opposite spin, 

as shown in FIGURE 3.1 (b). This imbalance in the DOS yields the magnetic moment of the material. 

 

Figure 3.1: (a) X-ray absorption spectrum of magnetized Fe at the 𝐿2/3 edges with opposite 

magnetization directions and fixed circular x-ray polarization, used with permission from [47]; (b) 

Schematic drawing of the electronic state transition of XAS. Used with permission from [47]. 

Using circular polarized x-rays in XAS, the strength of the absorption at the absorption edges of 

magnetic materials varies depending on the relative orientation of photon helicity and electron spin. 
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This effect is called X-ray Magnetic Circular Dichroism (XMCD). It is essential for the element specific 

investigation of magnetic properties of materials [48-53]. It can be understood as a two-step process 

[47]: First, circular polarized x-rays carry angular momentum, which needs to be transferred upon 

absorption. It can be transferred to the created photo electron when the photon is absorbed in a spin-

orbit split state, as for example 2𝑝3/2. The excited electrons are then spin polarized according to the 

circular polarization of the photon. Second, because spin flips are impossible in electric dipole 

transitions, the excited electrons can only occupy empty states of the same spin, as visualized in FIGURE 

3.1 (b). An asymmetric band structure at the Fermi level influences the number of possible transitions 

of these excited, spin polarized electrons, yielding the dichroism in absorption between x-rays of 

opposite circular polarizations. Absorption spectra of parallel and antiparallel alignment between 

electron spin and photon helicity are shown in FIGURE 3.1  (a) in blue and orange respectively. Due to 

the opposite spin orbit coupling of the 𝐿3 and 𝐿2 absorption edges, L+S and L-S respectively, there is 

a sign change in the absorption dichroism at these edges. Probing a magnetically disordered sample, 

or samples magnetized perpendicular to the photon motion, yields the average absorption of the 

different states, as visualized with the grey curve in FIGURE 3.1  (a).  

Due to the capabilities of modern femtosecond lasers and free electron lasers, XMCD can be measured 

in laser pump probe setups with time resolutions of down to 20 fs. The photon energy can be tuned 

to the absorption edges of specific elements to individually investigate the magnetic properties of 

specific elements in a sample composed of multiple elements, e.g. alloys or layer structures. With x-

rays one can measure the bulk properties of a material, being less focused on the interfaces; and in 

combination with techniques like diffraction and imaging, x-rays provide a spatial resolution in the 

nanometer range. Furthermore, with XMCD one can directly determine the total magnetic moment 

of a material. And in addition, with the XMCD sum rules and very precise x-ray transmission 

measurements over the range of the whole absorption edges, one can determine the spin and orbital 

moments individually. 
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3.2 Resonant X-ray Diffraction 
Resonant X-ray Diffraction is a technique to determine structural properties [45]. In this thesis it is 

used based on the transmission geometry given in FIGURE 3.2, where the x-ray absorption of the sample 

generates a spatial intensity variation in the transmitted x-rays. The interference of this pattern on 

the detector will be used to reconstruct chemical and magnetic spatial distribution in the sample. 

 

Figure 3.2: Schematic of an experimental setup of resonant x-ray diffraction at the example of 

statistically distributed nanoparticles; the wavelength of ~ 2 nm resolves the nanoparticles. k, k’ and q 
describe the wavevectors of direct transmission, diffraction and transfer respectively. The image on 

the CCD originates from a real measurement, visualizing the scattering pattern with blue as low and 

red as high intensity. The black cross in the middle shows the shadow of a cross shaped beam block, 

necessary to prevent the direct beam from damaging the center of the detector. 

FIGURE 3.2 describes a typical diffraction setup where the diffraction pattern is collected at a CCD 

detector, with the wavevectors k, k’ of the incoming and diffracted waves and the transfer wavevector 

q = k’ - k. The diffraction angle α between incoming and outgoing wave is given by: 
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Whereby center to pixd  is the distance at the detector from the center to the pixel of the impinging 

photon, and detector distd  is the distance from the center of the detector to the sample. This setup 

measures the intensity of the x-rays, however the phase information is lost. With a hole in the sample 

for directly transmitting x-rays and overlaying the transmission with the diffracted x-rays, it is possible 

to retrieve the phase information due to interference, as used in imaging techniques like holography. 
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However, to analyze the statistical properties of a sample, diffraction analysis yields all the 

information needed. Furthermore, less critical preparation work on the fragile samples is needed and 

it is much more time efficient. 

In a simple picture for resonant x-ray diffraction, a lateral extended beam of x-rays, covering the 

structures to investigate, gets transmitted at various parts of the sample differently depending on the 

materials refraction and thickness. This two-dimensional transmission function of electric field vectors 

can be seen in the Huygens diffraction model as a two-dimensional source of electromagnetic waves 

that interfere with each other. This yields a diffraction pattern which can be observed on a two-

dimensional detector. The stronger the contrast between the different areas of the transmission 

function is, the stronger will the diffraction signal be. Tuning the x-rays to a specific resonance of a 

material, maximizes the contrast and the diffraction signal for this material. 

In more detail, the wavefunctions of the photons exposed to the sample at position r, 𝑒𝑖𝑘𝑑(𝒓), have 

after the sample an amplitude, A(r), depending on the refraction of the material, n = β + i(1-δ), and 

the thickness, d(r), at its location, r.   
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At a certain point after the sample, r’, all waves from different points, r, traveled different distances, 

yielding, in addition to different amplitudes, different phases. Depending on those properties, the 

superposition of the waves results in different kinds of interference. The intensity can be calculated 

by integrating over all wavefunctions at this point and squaring the absolute value of the result: 
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with d as the vector distance between the sample and the point of field detection. The most useful 

application of diffraction comes into play when we look at the far field, satisfying the Fraunhofer 

condition,   
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with 𝑟𝑚𝑎𝑥  the lateral extent of the illuminated area of the sample, and λ the wavelength of the x-rays. 

When the Fraunhofer condition is valid, the diffraction pattern L(q) can be simply describe by a Fourier 

transform,  , of the spatial variation of the atomic scattering factor: 
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The wavevectors k and k’ describe the direction of the photons as well as the wavelength λ with: 
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The transfer wavevector q, describes the length of the structure L, in the specific orientation, 𝒆𝑞:  

3.9       2 /
q

= L q e   

When the x-rays are tuned to the resonance of a transition in a system with an imbalance in the 

density of states for different spins, these structures can be of electronic or spin nature. This enables 

the resolution of material structures as well as magnetic structures. Usually the atomic scattering 

factor is proportional to the electronic charge and is known as the Thomson scattering term. However, 

for a 3d transition metal such as Fe, with the x-ray energy tuned to the 2p−3d core−valence resonance 
(𝐿3 edge), the absorption also depends strongly on the magnetic state, that is, the size of the magnetic 

moment and its orientation relative to the x-ray helicity [54]. The atomic scattering factors at 

resonance can be summarized by writing the scattering intensity for opposite x-ray helicities or 

opposite magnetization directions as [45, 55]:  
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𝐶𝑞 and 𝑆𝑞 represent the Fourier transforms at wavevector q of the charge and spin distribution 

throughout the sample. For our analysis the 𝐶𝑞𝑆𝑞 cross term is the most interesting, because it allows 

us to assess the average magnetic moment, 𝑆𝑞, of all nanoparticles separated by a distance 2π/q from 
neighboring particles that contribute via charge scattering, 𝐶𝑞, to the cross term. A typical scattering 

pattern is shown in FIGURE 3.2. This rotationally symmetric diffraction pattern can be condensed to a 

1D data set using azimuthal integration, providing the intensity versus wavevector transfer, q, in the 

sample plane (e.g. FIGURE 3.3). 

As an example, FIGURE 3.3 shows resonant x-ray diffraction of as-grown and fully magnetized granular 

FePt films. The diffraction intensity is proportional to 𝐶2 + 𝑆2. 

 

Figure 3.3: Static diffraction of granular FePt media in the as-grown state and fully magnetized state. 

Clearly visible in FIGURE 3.3 at q < 0.6/nm, the different magnetic orders show different features in 

diffraction. The fully magnetized pattern shows one distanced feature at ~ 0.6/nm. The as-grown 

pattern shows an additional diffraction peak at half of this wavevector. This can be assigned to 

antiferromagnetic order as visualized in FIGURE 3.4. 



22 

 

In the fully magnetized (ideal) case, the magnetic order is the same as the structural (see FIGURE 3.4). 

There is magnetization of one orientation where there is magnetic material in the system, and no 

magnetization where there is no magnetic material.  

 

Figure 3.4: Schematic visualization of structural and magnetic structures in granular media. 

In the as-grown state, the magnetization of neighboring grains mainly alters due to dipole interaction 

- the energy is lower when neighboring grains close magnetic field loops. This magnetic structure, with 

twice the periodic length of the material structure, shows up in diffraction as expected at half q of the 

material structure.  
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3.3 Light Sources 
All techniques used in the research presented in this thesis utilize the interaction of light with 

magnetized matter to manipulate and probe magnetic order. For each technique different properties 

of the light are required. Tabletop lasers, providing ultrashort pulses in the visible range, were used 

to excite our sample systems on the ultrashort timescale. Synchrotron radiation was used to perform 

static measurements using x-rays for spatial resolving diffraction techniques. Free Electron Laser (FEL) 

radiation, providing x-rays on ultrashort timescale, was used to perform spatially and time resolved 

diffraction measurements. 

For the static x-ray characterization of our samples we used the x-ray radiation of the Stanford 

Synchrotron Radiation Lightsource (SSRL) beamline 13-3 at the SLAC National Accelerator Laboratory 

(SLAC) as well as the Advanced Light Source (ALS) beamline 4.0.2 at the Lawrence Berkeley National 

Laboratory (LBNL). MOKE characterizations were done using different lasers from the laser labs at the 

SLAC facilities. The time resolved x-ray experiments were done using the Free Electron Laser, Linac 

Coherent Light Source (LCLS), at SLAC. 

3.3.1 Laser Light Source 
The information in this section and further details can be found in a standard physics lexicon [56].  

Light Amplification by Stimulated Emission of Radiation (LASER) is a process developed in the 1960s, 

which radiates monochromatic, coherent and spatially strongly confined electromagnetic waves of 

the infrared, visible, ultraviolet or x-ray spectrum. Over time the devices enabling this process have 

been named laser as well.  As described in FIGURE 3.5, in principle most lasers (other than FEL) have 

three components. The first part is the active laser medium, that most dominantly determines the 

properties of the laser like pulse frequency and bandwidth. The active medium can be for example a 

gas or a crystal. The second part is a pump mechanism that transfers energy into the system, for 

example a flash light or a diode on a specific frequency. The third part is a resonator, which directs 

the light beam on a path repeatedly passing the active laser media to induce stimulated emission. The 

resonator typically consists of two mirrors surrounding the active media and other optical elements. 

Since the invention, the concept of the laser has become widespread with many different designs 

resulting in lasers in the micro to kilowatt range, continuous wave and ultrashort pulses and different 

wavelengths in many different fields and applications. 

 

Figure 3.5: Schematic setup of a simple, conventional laser. 

The principle of such a conventional laser is to get an inversion of states in a material via the pump 

mechanism (FIGURE 3.6 (a), (d) and (e)) to let spontaneous emission happen (FIGURE 3.6 (b)) until one 

of the emitted photons hits the path of the resonator, which lets the photon travel through the laser 
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medium repeatedly until it hits an excited atom, deexcites it and creates a copy of the photon in that 

process with all the properties of the incoming photon (FIGURE 3.6 (c)). Repeating this process leads to 

a cascade of copying the same photon. Upon making one of the mirrors of the resonator system 

partially transparent, a fraction of the increasing number of photons in the resonator gets emitted 

from the laser as the usable beam. The light intensity in the resonator keeps increasing until the 

outcoming intensity of the laser light and the losses through heat are equivalent to the energy 

pumped into the system.  

 

 

Figure 3.6: Laser principles: (a) absorption, (b) spontaneous emission, (c) stimulated emission; (d) 

thermally filled stated, (e) population inversion. Adapted from [56]. 

Possible laser modes are determined by the transition energies of the active media and the resonator 

length, which needs to be an integer multiple of the desired laser wavelength to get constructive 

superposition of all the different waves in the resonator. Single mode lasers are continuous wave 

lasers with the narrowest bandwidth. If there are multiple possible laser modes in the laser, typically 

the one with the strongest state transition possibility suppresses the other modes. With diverse 

techniques one can stabilize the ratio of the different modes and lock their phases to each other. With 

simple addition of sine waves of different frequency, it is easy to see that this results in a pulsed laser 

output. The more frequencies are used, the shorter pulses are possible. A very wide spread laser 

system is a titanium doped sapphire laser system providing pulses with duration of ~ 30 fs. 
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3.3.2 Synchrotron Light Source 
The information in this section and further information can be found in a standard physics lexicon [56] 

and the website from the European Synchrotron Radiation Facility (ESRF) [57]. 

Synchrotrons are ring shaped particle accelerators composed of straight sections and curved sections. 

A schematic of a synchrotron is shown in FIGURE 3.7. They consist of an electron injector gun, a pre-

accelerator, sometimes a smaller booster synchrotron for pre-acceleration before the real storage 

ring, the storage ring, and beamlines. Electrons get injected into the big vacuum tube of the ring, 

accelerated with specially designed electric fields, and are held on the curved path with strong 

magnetic fields (typically 1.5 – 5T [56]). While the energy ramps up to a certain point of operation, the 

magnetic field of the magnets has to be increased accordingly to keep the radius of the traveling 

electrons constant. Accelerating electrons lose energy in the form of synchrotron radiation. The 

smaller the radius of the curve the electrons are traveling on is, the stronger the acceleration 

(perpendicular to the electron motion) and the intensity of the synchrotron radiation. This is why very 

high energy storage rings need to be very large, with the largest being the Large Electron Positron Ring 

(LEP) at CERN with a length of ~ 27 km in operation from year 1989 to 2000 (after this time period, it 

was modified to accelerate protons in the now named Large Hadron Collider (LHC)).  

 

Figure 3.7: Schematic of a synchrotron, including the storage ring, booster ring, undulators, bending 

magnets and beamlines. Image used with permission from [57]. 

Although the loss of energy in the early days of synchrotrons was undesired, it was found that the 

synchrotron radiation, with its spectral bandwidth and high intensity, was a reliable source of x-rays 

for a diverse spectrum of experiments. As soon as the particles reach nearly the speed of light, the 

emission of electromagnetic waves appears focused into a small cone tangential to the particle beam 

motion (FIGURE 3.8), making the use of the radiated x-rays even easier. The opening angle 𝛼 is inversely 

proportional to the ratio of the total energy 𝐸(𝑒) to rest energy 𝐸0(𝑒) of the particle 𝑒 [56]:  
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The radiated power 𝑃𝑠 is [56]: 
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In which R: the curve radius of the particle path, E: the energy of the particle, 𝑚0: the mass of the 

particle, c: the speed of light, e: the charge of the particle and 𝜀0: the vacuum permittivity. 

 

Figure 3.8: Schematic of a bending magnet and radiated synchrotron light. Image used with 

permission from [57]. 

First generation synchrotron light sources used the radiation from the bending magnets themselves; 

more modern synchrotrons, specialized in the creation of radiation for experiments, use specially 

designed insertion devices that bend the path of the electron beam repeatedly and intentionally so 

as to create a coherent, intense beam of x-rays. 

A very commonly-used insertion device is the undulator. Undulators consist of alternating pairs of 

strong magnets, which wiggle the electrons on its path as shown in FIGURE 3.9. This strong acceleration 

creates intense x-ray radiation. Undulators with variable spacing between the upper and lower row 

of magnets, as shown in FIGURE 3.9, and variable phase of the different magnet rows, are able to control 

the energy range and the helicity of the photons respectively. These insertion devices and the 

relativistic nature of the electron beam generate synchrotron radiation that is strongly collimated in 

forward scattering direction. Typically, diffraction gratings with specifically designed line spacings are 

used afterwards to make the x-ray radiation monochromatic for the experiments. 
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Figure 3.9: Schematic of an undulator. The electron beam travels through pairs of magnets, with 

alternating polarity yielding a wiggling path. The strength of the magnetic fields determines the curve 

radius of the electron path and determines the energy of the radiated photons. Image used with 

permission from [57]. 

3.3.3 Free Electron Laser Light Source 
The information in this section and further information can be found in [58] and the websites from 

LCLS and SLAC [59, 60]. 

Free Electron Lasers (FELs) are a special kind of lasers, not consisting of the typical parts of 

conventional lasers. They base their concept on the same principles as synchrotrons, using an electron 

gun to inject electrons into a vacuum tube where they are accelerated close to the speed of light and 

then passed through an undulator. Instead of doing this in a ring, slowly ramping up the power, here 

it all happens in one straight line, dumping the electrons at the end into an electron beam stop. The 

advantage of this setup is that the electron bunch can be held much more spatially confined in the 

vacuum tube, without the dispersion over many storage-ring turns as it would have in a synchrotron. 

Sending those short electron bunches through an undulator yields very short, coherent, narrow 

banded x-ray pulses with a typical temporal length of 10-30 fs. Combining this with conventional short 

pulsed lasers yields a visible pump- x-ray probe system, allowing time resolved studies of spatially 

resolving techniques such as resonant x-ray diffraction. 

A major difference in the creation of photons from FELs to Synchrotrons originates in the different 

length of the undulators. Shorter undulators for synchrotron radiation can be about 1 m in length, e.g. 

the undulator at beam line 13-3 at the synchrotron at SLAC (SSRL). The FEL undulator at SLAC consists 

of 33 individual modules with a total length of more than 112 m. Over this length the electromagnetic 

waves which are created in the beginning of the undulator, modulate the electron pulse into micro 

bunches of electrons within the electron pulse, as visualized in FIGURE 3.10. Those bunches generate 

coherently further radiation of the same phase as the initial created electromagnetic waves. This 

results in a dramatically enhanced x-ray output whose intensity scales quadratically with the number 
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of electrons in the pulse, while for synchrotrons the output power scales linear with the number of 

electrons.  

For our time resolved studies at the ferromagnetic L-edges of Fe, we used the first FEL emitting 

ultrashort pulses in the x-ray spectrum, the Linac Coherent Light Source at the SLAC National 

Accelerator Laboratory, shown in FIGURE 3.11. 

 

Figure 3.11: Free Electron Laser at the SLAC National Accelerator Laboratory. Image used with 

permission from [61]. 

During the time of my PhD studies, LCLS implemented a helical undulator, named the Delta undulator 

(inspired by its shape). This undulator enabled the direct creation of circular polarized x-rays at a wide 

energy range at high intensities [62]. Due to the exponential growth of x-ray intensity in the undulator 

with traveled distance, the helical undulator part just replaced a relatively short part of the complete 

undulator at the end, creating nearly 100% polarized x-rays [63]. The advantages of this setup 

compared to the usage of polarizers are the much higher x-ray intensity and no need for different 

equipment at different photon energies, where polarizers need to be replaced with special design for 

different materials and different polarization degrees. Unfortunately, the Delta undulator was not yet 

available for the work presented in this thesis. All measurements shown in this thesis were performed 

using the original undulator that creates linearly polarized x-rays. 

Figure 3.10: Schematic drawing of microbunching of electrons in an FEL undulator and increasing 

creation of coherent x-ray radiation. 
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To create circular polarized x-rays at the Fe absorption edges, we used Fe films upstream of the 

experimental chamber to dominantly absorb circular polarized photons of one helicity. These 

polarizers transmit mostly circular polarized photons of the other helicity. A magnetic field applied to 

the polarizer kept them magnetized in one orientation. To change the helicity of the circular polarized 

photons we reversed the magnetic field, letting the Fe film majorly absorb the photons of the other 

circular polarization. The thickness of the polarizing film is a tradeoff between polarization degree and 

x-ray transmission. The determination of the Fe thickness is visualized in FIGURE 3.12. 

Since the magnetization of pure Fe is in plane, the polarizer needs to be placed at an angle to the 

beam to achieve different absorption with different x-ray helicities.  

 

Figure 3.12: Polarizer thickness determination. (a) x-ray transmission at the 𝐿3 absorption edge with 

fixed magnetization and left circular polarized (LCP) x-rays in green and right circular polarized (RCP) 

x-rays in red, depending on polarizer thickness; (b) x-ray polarization at the 𝐿3 absorption edge 

depending on the polarizer thickness. 

We used the polarizers at an incidence angle of 60°. At this incident angle, a polarizer interaction path 

of at least 68 nm is required for gaining circular polarization of at least 75%, which we aimed for. Due 

to the incidence angle this thickness along the beam is achieved with a polarizer thickness of 34 nm. 

The total x-ray intensity has dropped then to ~ 2% of the incident intensity. 
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4 FePt Sample Growth and Characterization 
 

FePt, grown at high temperatures on a substrate with specific atomic spacing such as MgO, can form 

FePt into the L10  phase, where Fe and Pt layers alternate as shown in FIGURE 4.1. Granular FePt in the 

L10 phase provides one of the smallest magnetically stable grains. The reason for the high magnetic 

stability is the large energy difference of magnetic moments being oriented along one direction in the 

material versus other orientations, naming them the magnetic easy and hard axis. This magnetic 

anisotropy is created by the lattice structure and is called the Magneto-Crystalline Anisotropy (MCA). 

In FePt the MCA originates from the large spin-orbit coupling in Pt in combination with the 

hybridization of the 5d orbitals of Pt and the 3d orbitals of Fe [64-66]. This transforms the lattice from 

a face centered cubic (fcc) into a body centered tetragonal (bct) phase, forcing the electron orbitals 

accordingly and determining the energetically favorable orientation of the dominant magnetic 

moments in the system, the 3d spins of Fe [64-66]. This results in a magnetic easy axis out of plane of 

the FePt layers and magnetic hard axes in plane (see subchapter 4.2 “MAGNETIC ANISOTROPY”). 

 

Figure 4.1: FePt in L10 phase with bct crystal structure. Fe (red balls) and Pt atoms (grey balls) are 

ordered in alternating layers.  

The lattice parameters ‘a’ and ‘c’, shown in FIGURE 4.1, strongly influence the magnetic properties in 

FePt. ‘a’ can be influenced by the substrates atomic structure it is grown on. ‘c’ changes with respect 
to ‘a’ depending on the temperature in the system. A change of the ratio of ‘a’ and ‘c’ leads to a change 

in the strength of the MCA and can lead to drastic differences in the magnetic structure such as 

ferromagnetic or antiferromagnetic alignment of the alternating Fe planes and the Fe to Pt planes [67-

75].  

The content of Fe and Pt, the substrate materials, the growing procedure and temperature determine 

the purity of the desired L10 phase, lattice orientation, grain size distribution and grain to grain 

distance and with that, further magnetic properties [73]. In collaboration with the hard drive company 

HGST and the Japanese National Institute for Material Science (NIMS), we created, tested and 

characterized different FePt samples for best magnetic properties and suitability for our experiments 
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in an iterative process. Samples were manufactured at HGST and NIMS, our group did MOKE and x-

ray diffraction experiments, and together we analyzed the results and desired improvements. This 

optimization loop between sample growth and TEM characterizations, coupled to MOKE and soft X-

ray investigations at the storage ring source, was a time consuming, though necessary process. This 

was done so as to ensure the very valuable X-ray FEL beamtime was used optimally. The soft X-ray 

and MOKE datasets used in this optimization are not presented here, but played an important part in 

the successful LCLS experiments related in chapter 6 and 7. For our investigations, the supporting 

layers around FePt had to be x-ray transparent, in contrast to real data storage media. The samples 

shown in the following section were used in our time resolved experiments discussed in this thesis. 

 

4.1 Sample Growth and Structure 
For our investigations, we used two different FePt samples, both in the L10 phase. One had the form 

of a freestanding FePt film, and one was supported with layers of different materials acting as a heat 

sink, which can play an essential role in ultrafast demagnetization [76]. The following description of 

the sample fabrication is mainly as described in [77] with the same author input as in this publication 

(see chapter 6 “MAGNETIC SWITCHING IN GRANULAR FEPT LAYERS PROMOTED BY NEAR-FIELD LASER ENHANCEMENT”). 

Table 4.1: Sample Layer structure 

supported freestanding 

3nm carbon 
 

7-8nm FePt-C 10nm FePt-C 

6nm MgO 
 

80nm NiTa 
 

10nm TiN 
 

100nm SiN 
 

 

The supported FePt granular layer was directly grown on a SiN membrane with a corresponding 

optimized structural seed layer underneath to support the high temperature FePt growth on these 

substrates. NiTa (80 nm) was used as heat sink layer, but had to be separated from the SiN (100 nm) 

membrane with a TiN (10 nm) barrier layer in order to avoid interdiffusion between the NiTa and SiN 

as observed in previous generations of FePt membrane samples, which led to significant surface 

roughness enhancement. On top of the NiTa heat sink an MgO (6 nm) seed layer was deposited such 

that it is out-of-plane textured in (001) direction with a mosaic crystallite spread of about 5−10 
degrees in the out-of-plane direction. The FePt-C media layer was sputter deposited at about 650 °C 

from a composite target with ∼ 35 vol % carbon content with a nominal thickness of 7.8 nm in order 

to avoid a second layer grain formation on top of the first layer of grains (FIGURE 4.2 (a)). For the 

supported sample all depositions were done at HGST, using a high-throughput multichamber 

industrial tool based on the Intevac Lean 200 platform. The layer structure was finally capped with a 
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3 nm carbon layer at room temperature to avoid any oxidation or corrosion. Average lateral grain size 

for this film was about 10 nm (FIGURE 4.2 (a)), which is slightly smaller than for the freestanding sample.  

In the freestanding sample, the FePt grains, separated by carbon, were grown epitaxially onto a single-

crystal MgO (001) substrate by the compositionally graded sputtering deposition method using Fe, Pt, 

and C targets. This process resulted in monocrystalline L10 FePt nanoparticles, most of approximately 

cylindrical shape with heights of 10 nm and diameters in the range of 2−24 nm with an average of 13 

nm (FIGURE 4.2 (b)). The FePt nanoparticles form with lattice parameters ‘a’ and ‘b’ crystallographic 

directions along the MgO surface. The space between the nanoparticles is filled with amorphous 

carbon, which makes up 30% of the film’s volume. After the sputtering, the MgO substrate was 
chemically removed and the FePt−C films were floated onto copper wire mesh grids with 100 μm wide 
openings. The individual nanoparticles remained aligned during this process as the particles are held 

in place by the carbon matrix. 

 

Figure 4.2: Top and side view TEM images of (a) SiN supported FePt film and (b) a freestanding FePt 

film. 

Before the time-resolved x-ray experiments, all samples were characterized by x-ray spectroscopy and 

scattering at beamline 4.0.2 of the Advanced Light Source at the Lawrence Berkeley National 

Laboratory.  

 

4.2 Magnetic Anisotropy 
FePt shows an extraordinarily strong magnetic anisotropy, differentiating the energy levels of 

magnetic moments pointing out of plane, at a relatively low energy level, and in plane, at a relatively 

high energy level. This is caused by the anisotropic crystal structure shown in FIGURE 4.1. The electron 

orbitals from Pt and Fe atoms hybridize yielding the orbital momentum pointing out of plane, and due 

to the spin-orbit coupling, the spins get aligned parallel to the orbital momentum. 
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Each grain of the sample is ferromagnetic with spins locked parallel to each other via the exchange 

interaction. The exchange interaction is too limited in range to influence the spins of the next grain 

through the carbon boundary, which is on the order of 1-2 nm in thickness. When the sample is 

created, the grain to grain correlation of the magnetization is determined by the long-range magnetic 

dipole interaction. The energetic most favorable magnetic orientation of neighboring grains is 

antiparallel, closing the magnetic flux loops on a short length scale. Before the time resolved 

measurements, the samples were magnetically saturated in a magnetic field of 𝜇0H = 7 T, aligning all 

the spins and so the magnetic orientation of all the grains/nanoparticles in one direction. Although 

the energetically favorable state has alternating magnetic orientation of the grains, without provision 

of external energy, the MCA prevents the grains from switching their magnetic orientation. Hysteresis 

measurements, shown in FIGURE 4.3, demonstrate the strong magnetic anisotropy separating the 

magnetically soft (in plane) and hard axis (out of plane) of the samples. 

 

 

Figure 4.3: Hysteresis of supported and the freestanding FePt membranes measured using a cryogenic 

cooled magnet at HGST. 

 

4.3 Magnetostriction 
One way to change the magnetic properties of FePt is to induce stress to change the length of the 

lattice periodicity. Especially magnetic materials are often exposed to lattice stress since each change 

in magnetization induces stress. This is called magnetostriction. Magnetostriction occurs in all 

magnetic materials. Investigating magnetostriction on granular FePt in L10 phase, we were able to 

separate the underlying source, the magnetoelastic stress [78]. I was involved in this research; 

however, it is described in detail in the PhD thesis of different group member and shall be just briefly 

described here for completeness. Ultrafast electron diffraction reveals that the demagnetization upon 

laser exposure is followed by a strongly anisotropic, three-dimensional lattice motion, starting with 

an expansion along the a- and b-axes (in plane) and a contraction along the c-axis (out of plane). The 

dynamics show magnetoelastic stress building up on the sub-ps timescale, taken over on the ps 

timescale by stress from transiently populated phonons resulting in a distortion of the ‘a’ and ‘c’ lattice 
parameter ratio. Even after 20 ps, the lattice is not in equilibrium, opening a mechanism to keep this 

state for a long time [79]. This may even provide a new way to transiently reduce the magnetic 

anisotropy barrier for switching, similar to the ground state where it has been shown that a reduction 

in tetragonality (ratio of ‘a’ and ‘c’ closer to 1) favors a reduced FePt magneto-crystalline anisotropy 

barrier [74].  
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4.4 Heat Assisted Magnetic Recording and All Optical Switching Intensity 

Threshold  
For accurate calibration of the laser intensity, needed for the LCLS experiments, we built a MOKE 

microscope at the resonant x-ray diffraction end station, such that the MOKE’s laser spot coincides 
with the synchrotron spot (FIGURE 4.4 (a)). Before each experiment we reconfirmed the 

demagnetization, switching and the pump parameters required to achieve these processes. 

Ferrimagnets require many pump pulses to undergo the AOS switching process. Therefore, the 

switching threshold characterization in the experimental setup shown in FIGURE 4.4 with a laser 

repetition rate of 2 kHz works. The AOS switching threshold is higher than the demagnetization 

threshold, yielding a fluence well above the required one for our experiments, which aim at different 

effects than AOS, using single pump pulses on the samples. It is however an accurate and quick 

method to recalibrate the laser specifications before each experiment, knowing the relative intensities 

of the AOS and demagnetization thresholds. A cooled magnet with a hole for laser exposure, mounted 

on a manipulator, was moved around the sample applying a field of µ0H = 0.4 T. The sample was then 

exposed with various pump laser fluences at different locations. A wider area of the sample was 

exposed to the pump laser beam at each fluence by moving the sample in the beam, so as to exclude 

any local sample structure effects on the pump fluence threshold. As was the case for supporting XAS 

measurements carried out at the synchrotron, these MOKE microscope measurements were primarily 

preparation work for the time resolved LCLS experiments. However, they showed repeatedly clear 

proof that HAMR and AOS does work in our samples.  

 

Figure 4.4: (a) Schematic of the MOKE microscope setup at the LCLS experimental chamber of their 

Soft X-Ray instrument (SXR), (b) MOKE microscope image of magnetization change in the supported 

FePt sample upon HAMR. The left half of the sample was magnetized, the right half side and the area 

marked with * was demagnetized with a linear polarized laser beam of 6.4 mJ/𝑐𝑚2 without an applied 

magnetic field. After this, parts of the sample were modified as follows: Area 1: exposed to linear 

polarized light with 6.4 mJ/𝑐𝑚2and magnetic field applied of µ0H = 0.4 𝑇; Area 2: same as area 1 with µ0H = -0.4 𝑇; Area 3: like area 1 but written 5 times; Area 4: like area 2 but written 5 times. 

As shown in FIGURE 4.4 (b), we used a magnetized sample and demagnetized half of it (right side in 

FIGURE 4.4 b)) with exposure to linear polarized laser light without a magnetic field applied. Exposure 

of demagnetized parts of the sample to linear polarized laser light, with an applied magnetic field of µ0H = 0.4 T, remagnetized them. Laser exposure with an applied magnetic field of µ0H = - 0.4 T 

magnetized the sample area antiparallel to the initial magnetization. Compared to single exposure, 

repeated exposure of the sample, with constant settings of the laser and the magnetic field, showed 

better defined edges of the magnetic domains, due to the fluctuation of the laser intensity. For the 

following measurements we always chose an intensity high enough that it yielded demagnetization 

and HAMR, and low enough that it did not damage the sample (no structural change and continuous 
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magnetic reversibility with HAMR). The rough order of the required pump fluence was determined 

with MOKE measurements, the fine determination at each experiment was done with x-ray 

measurements.  
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5 X-ray Diffraction Models of Granular Media 
 

This chapter describes our models of x-ray diffraction and their applications. Starting from a simple a 

model we show how to distinguish between single particle diffraction and inter particle diffraction. 

Furthermore, a more general model is described to model the magnetic distribution within the FePt 

nanoparticles. This work was done by me with inputs from group discussions. 

 

5.1 Analytical Diffraction Model 
The diffraction pattern of any sample structure can be simulated with a Fourier transformation in 2D. 

To trace back which feature of the diffraction pattern originates from which part of the sample, 

mathematical analysis is required. Similar to other simulation approaches for small angle scattering 

[80], for the diffraction patterns of the investigated granular FePt samples the following model is 

derived: 

The diffraction pattern intensity ( )I q  results from the 2D Fourier transform of the generic sample 

function ( ) f r . For simplification, the function ( ) f r  is the simplified transmission function, 

which is 0 where nanoparticles are and 1 where no nanoparticles are:  

5.1     ( ) ( ) ( ) ( ) ( )
2

, 0
,    

1

iq r x y r nanoparticle
I q f r e dxdy f r T r

r nanoparticle

 
− 

− −

  =  = = 
 

   

Removing the parts where ( ) 0f r =  yields: 

5.2   ( )( )
2

,

1
iq R r x y

R r

e dr
−  +

=    

With R, the center of each nanoparticle and r  integrating over all positions in each nanoparticle R. 

5.3  ( )

( )

2

,

R

iq r x yiq R

R r

Formfactor F q

e e d r
− − =  

  

The form factor 𝐹�⃗� (𝑞 ) gives the form of each of the nanoparticles. Solving the absolute square gives: 

5.4  ( ) ( )'

'

'

*iq R iq R

R R
R R

e F q e F q
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This separated into the parts where R’ = R and R’ ≠ R, gives:  

5.5  ( ) ( ) ( ) ( ) ( )'
'

* * ',    
iq R R

R R R R
R R R R

F q F q F q F q e d R R
−  −



=  +   = −    

We get in the first sum the diffraction of a single nanoparticle and in the second one the nanoparticle 

to nanoparticle diffraction, with 𝑑  the center to center distance of the different nanoparticles: 

  

5.6  ( ) ( ) ( )2
* iq d

R R R d
R R d

F q F q F q e
− 

−
= +      

By introducing the pair-correlation function, ρ (𝑟 ), of the nanoparticles and using the statistic isotropy 

of placement of the nanoparticles in the sample, the pair-correlation function is rotationally 

symmetric, so we get: 

5.7 ( ) ( ) ( ) ( )( ) ( )2
,* , ,    : . .

iq r x y

R R R d
N F q F q F q r x y e dxdy rot sym 

 
− 

−
− −

 
=  +    

 
    

Written in polar-coordinates: 

5.8 ( ) ( ) ( ) ( )
222
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The last integral, in its specific boundary condition, can be simplified as follows to describe the integral 

with a Bessel function of first kind and zeroth order, 𝐽0 (this side calculation is separated from the 

main derivation with gray background):  
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Equation 5.9 solves equation 5.8 to: 

5.10 ( ) ( ) ( ) ( )
22

0

0

2
R R

N F q F q r r J q r dr 
 

 +      
 

  

The pair-correlation function, ( )r , grows with growing r , making full integration difficult. To 

avoid this, we introduce the pair-correlation density function g (r):  

5.11

( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( )

22

0

0

2 ,   
R R

r
N F q F q r r J q r dr g r


   



 
=  +    −  +    =     

  

with ρ (∞) the average density of nanoparticles in the material. Additionally, since g(r) goes 

asymptotically to 1 and full integration is still difficult, we add -1+1 to separate the integral into two 

integrals, with one having a function going to zero and a second integral diverging ( x
term ). 
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Angular integration of the result in the 2D q-plane in polar coordinates, which is independent of the 

angle (also for the form factor 𝐹�⃗� (𝑞 ) by simplifying the form of the nanoparticles to cylinders), 

replaces |𝑞 | with the scalar q : 
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The integral in 𝑡𝑒𝑟𝑚𝑥 is indetermined; it is an oscillating function about 0 as x approaches infinity. 

Here we assume this can be physically interpreted as giving a zero contribution to the scattering. The 

form factor 𝐹�⃗� (q) for simplified perfect cylindric shaped nanoparticles gives: 

5.14  
( ) ( )( )

( ) ( )

( )

1

1

sin
2 ,   sin ,   :  

sin

2
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J k a q
F q a grain radius
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q a





 

= 
 






  

Solving the outer brackets of equation 5.13 and dismissing x
term , yields the following two terms, 

separated in single particle scattering and inter particle scattering: 

5.15   ( ) 2

2
R

q N F q                                                                               single particle 

scattering 

5.16   ( ) ( ) ( ) ( )
2

2

0

0

4 1
R

q N F q r g r J q r dr 


       −            inter particle scattering 

The single particle scattering is only dependent on the particle size and shape; the inter particle 

scattering is dependent on the relation of shape and size of neighboring nanoparticles as well as on 

their distance. 
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5.2 Distinguishing Single- and Inter-Particle Contributions of Granular 

Media 
To simulate the diffraction of our sample system with the model of chapter 5.1, we obtained the size 

distribution of the nanoparticles as well as the pair correlation function from a TEM image (FIGURE 5.1).  

 

Figure 5.1: TEM image of FePt granular media, the same sample as Figure 4.2 (a) with a larger field of 

view. The blue frame marks the area with 35 nm distance to the boundary of the TEM image. Each 

green circle shows the area of one nanoparticle with its centers within the blue area. The area within 

the green circle is used to determine the pair correlation of this nanoparticle up to 35 nm. This is shown 

for five sample nanoparticles. The pair correlation function was determined by measuring the pair 

correlation of each grain having its center within the blue box. 

The size distribution was created by extracting the number of pixels of each grain in the TEM image, 

converting them to nm² by scale and calculating the diameter for nominally round particles. The result 

is displayed as a histogram line in FIGURE 5.2 (a) in green. The smaller diameter particles can be 

neglected, as they do not contribute noticeably to the scattering due to their small thickness. A fit to 

the grain size distribution, regarding sizes relevant for diffraction and simulation, is shown in blue. To 

extract the pair correlation function, the center of each nanoparticle in the TEM image was 

determined. For each nanoparticle within an area of the TEM image 35 nm smaller to each side than 
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the TEM image, the center-to-center-distance to the surrounding nanoparticles in a circle of 35 nm 

radius were measured as shown in FIGURE 5.1. The result summed in a histogram line, resembling the 

pair correlation function, is shown in FIGURE 5.2 (b) in bright green and a smoothed fit, extrapolating 

to the statistic of an infinitely large sample, in red. 

 

Figure 5.2: (a) nanoparticle size distribution measured from a TEM in green and fit in blue, neglecting 

the very small nanoparticles due to their low thickness. (b) pair correlation function measured from a 

TEM in green and fit in red. 

The diffraction simulation with equation 5.13, as well as single- and inter particle scattering 

contributions are visualized in FIGURE 5.3, which shows in (a) that the simulation reflects the data quite 

nicely in the region q > 0.4/nm, demonstrating the accuracy of this model. As shown in panel (b) and 

(c), in the region q < 0.4/nm, two different contributions with opposite signs constitute the simulation. 

Each is of higher magnitude than the average intensity of the area where q > 0.4/nm, resulting in 

bigger errors in this low q region. 

For the analysis of magnetization via magnetic dichroism in diffraction experiments, this simulation 

shows in which q range the diffraction pattern originates mainly from magnetization of individual 

particles, and where the magnetization relation of neighboring particles needs to be taken into 

account. Below the peak of the diffraction (q < 0.6/nm), both scattering contributions have to be 

considered; above the peak, single particle scattering is dominant. This is important to know for the 

interpretation of the scattering patterns for the physical phenomenon, e.g. when the magnetization 

of neighboring grains is alternating, which is the energetically favorable state for our magnetic system 

(see chapter 4 “FEPT SAMPLE GROWTH AND CHARACTERIZATION”). 
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Figure 5.3: (a) diffraction data and simulation; (b) single particle and inter particle scattering 

contributions of the simulation in absolute values; (c) single particle scattering contribution relative to 

total intensity (single particle scattering / (single particle scattering + inter particle scattering)). 

5.3 Modeling the Magnetization Distribution within Nanoparticles 
The analysis using the analytical diffraction model yields important information, however it does not 

give information about how the magnetization is distributed within the nanoparticles. To determine 

the magnetic inhomogeneity of the FePt nanoparticles and its effects to the magnetic diffraction signal 

the following model was used.  

An x-ray transmission map of the sample was created with a TEM image (FIGURE 5.1) as reference for 

the shape, size and position of the nanoparticles. All areas between the nanoparticles are set to be 

100% transparent. The x-ray transparency of the nanoparticle areas can be arbitrarily defined. To 

model the magnetic component, two different transmission maps are created having different 

transmission functions depending on the relative orientation of x-ray helicity and magnetization. This 

enables the implementation of arbitrary magnetization profiles.  

FIGURE 5.4 visualizes two examples: (a) shows the absorption function for a homogeneously 

magnetized nanoparticle for the different circular x-ray polarizations; (b) shows the absorption 

function for a grain with a partially demagnetized shell region. The dotted line, marking the average 

absorption of the two different x-ray helicities, shows the transmission function for a complete 

demagnetized grain. Although all absorption originates from electrons absorbing photons, this 

average absorption is named the charge component. The component causing the variation around 

the average originates from the electron spin imbalance of the magnetic material and its interaction 

with circular polarized x-rays. This is named the spin component. A top view of the transmission map 

in the respective magnetic states is shown in FIGURE 5.4 (c) and (d). 
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A 2D Fourier transformation of the transmission functions simulates the respective diffraction 

patterns. Subtraction of both results yields the magnetic diffraction component. Like the diffraction 

data, due to its rotational symmetry, this simulated diffraction pattern can be condensed to a 1D array 

via azimuthal integration. Matching the transmission maps of this model to fit the simulation to the 

experimental data reveals information about the magnetization distribution within the nanoparticles. 

This model is of great importance for understanding the inhomogeneity in the system and its impact 

on the magnetization dynamics as it is discussed in chapter 8. 

 

Figure 5.4: Transmission maps of magnetic nanoparticles. (a) and (b) show the relative absorption of 

the grains. The higher the bar, the higher the absorption. Blue marks the absorption of full 

magnetization, magenta of partially demagnetized material. The dark and bright versions of blue and 

magenta mark the absorption of different x-ray helicities. (c) and (d) show the top view of the 2D 

masks, with blue and magenta marking the full and partially magnetized areas and black the 

nonmagnetic transparent segregation material.   
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6 Magnetic Switching in Granular FePt Layers Promoted by Near-

Field Laser Enhancement  
 

This chapter describes our research on plasmonic interactions of laser exposure on FePt granular 

media, which was published in 2017 in Nano Letters [77]. It mainly resembles the content of this 

publication, with modifications to merge into the structure of this thesis. The project was performed 

in a group effort from: Patrick W. Granitzka, Emmanuelle Jal, Loïc Le Guyader, Matteo Savoini, Daniel 

J. Higley, Tianmin Liu, Zhao Chen, Tyler Chase, Hendrik Ohldag, Georgi L. Dakovski, William F. Schlotter, 

Sebastian Carron, Matthias C. Hoffman, Alexander X. Gray, Padraic Shafer, Elke Arenholz, Olav Hellwig, 

Virat Mehta, Yukiko K. Takahashi, Jian Wang, Eric E. Fullerton, Joachim Stöhr, Alexander H. Reid and 

Hermann A. Dürr. The experiment was performed at the LCLS Free Electron Laser at the SLAC National 

Accelerator Laboratory. The publication was written through contributions of all authors. E.J., P.G., 

and H.A.D. coordinated work on the paper with contributions from M.S., L.L.G., O.H., and A.H.R. and 

discussion with all authors. P.G., E.J., D.J.H., T.L., Z.C., T.C., H.O., Y.K.T., H.A.D., and A.H.R. performed 

the X-ray diffraction measurements. G.L.D. and W.S. operated the SXR beamline, S.C. provided and 

operated the pn-CCD, and M.H. operated the pump laser and synchronization. P.S. and E.A. operated 

beamline 4.0.2 of the Advanced Light Source in Berkeley. E.J., P.G., L.LG., S.C., A.H.R., and H.A.D. 

performed the data analysis. O.H., V.M., Y.K.T., and E.F. grew the samples, M.S. made the optical 

simulation. A.H.R., E.F., J.S., and H.A.D. designed and coordinated the project. As listed, during the 

experiment a large group of people performed different tasks. My work includes the lead on analyzing 

the data, the sample characterization, experiment setup, data collection, data analysis and data 

interpretation. 

Funding Work at SIMES is supported by the Department of Energy, Office of Science, Basic Energy 

Sciences, Materials Sciences and Engineering Division, under Contract No. DE-AC02- 76SF00515. Work 

at UCSD is supported by the Office of Naval Research MURI program. Use of the Linac Coherent Light 

Source, SLAC National Accelerator Laboratory, is supported by the U.S. Department of Energy, Office 

of Science, Office of Basic Energy Sciences under Contract No. DE-AC02-76SF00515. Work at the 

Advanced Light Source is supported by the Director, Office of Science, Office of Basic Energy Sciences, 

of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. 

Light-matter interaction at the nanoscale 

in magnetic materials is a topic of intense 

research in view of potential applications 

in next-generation high-density magnetic 

recording. Laser-assisted switching 

provides a pathway for overcoming the 

material constraints of high-anisotropy 

and high-packing density media, though 

much about the dynamics of the switching 

process remains unexplored. We use 

ultrafast small-angle x-ray scattering at an 

x-ray free-electron laser to probe the 

magnetic switching dynamics of FePt 

nanoparticles embedded in a carbon 

matrix following excitation by an optical 

femtosecond laser pulse. We observe that the combination of laser excitation and applied static 

magnetic field, one order of magnitude smaller than the coercive field, can overcome the magnetic 

Figure 6.1: Schematic of the experiment, plasmonic 

interactions between the grains and distribution of 

switching and not-switching grains. 
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anisotropy barrier between “up” and “down” magnetization, enabling magnetization switching. This 
magnetic switching is found to be heterogeneous throughout the material, with some individual FePt 

nanoparticles neither switching nor demagnetizing. The origin of this behavior is identified as the 

near-field modification of the incident laser radiation around FePt nanoparticles. The fraction of not-

switching nanoparticles is influenced by the heat flow between FePt and a heat sink layer.  

6.1 Introduction 
Future magnetic data storage media will require magnetic nanoparticles with a stable ferromagnetic 

order at diameters of only 10 nm and smaller [81]. In this respect, granular thin films of the L10-

ordered phase of FePt displaying perpendicular magnetic anisotropy are one of the most suitable 

storage media. The FePt nanoparticles composing such granular materials remain ferromagnetic as a 

result of the strong magneto-crystalline anisotropy needed to overcome the superparamagnetic limit 

[73, 82-84]. However, a byproduct of strong magneto-crystalline anisotropy is the large magnetic field 

required to reverse the nanoparticle magnetization. Applications strive to reduce the magnetic 

switching field by locally heating the nanoparticles above their Curie temperature with a laser in order 

to thermally assist the switching, a technique known as heat-assisted magnetic recording (HAMR) [25].  

To date, the influence of the collective dielectric response of FePt nanoparticles on the magnetization 

switching has not been studied in detail. It is well-known that the optical laser field can be dramatically 

enhanced via plasmonic resonances in the vicinity of metallic nanostructures such as Au [20] and Ag 

[85] nanosystems. Laser pulse shaping has been used to control dielectric and plasmonic responses in 

order to achieve subwavelength control of optical laser near fields [86, 87]. Similar, albeit smaller, 

laser-field enhancements have been reported to occur near FePt nanoparticles [25, 88]. This leads us 

to the obvious and important question: do the dielectric properties of granular FePt layers affect the 

laser-assisted magnetic switching of these materials? To address this question, we study the well-

established ultrafast demagnetization of FePt nanoparticles after femtosecond (fs) optical excitation 

[89, 90] to disentangle the spatially varying response of individual nanoparticles. Contrary to the heat-

assisted magnetic recording process, any heating effects introduced by the fs excitation here do not 

heat up the FePt nanoparticles above their Curie temperature [89]. Time-domain measurements can 

then distinguish magnetic switching during or immediately after laser excitation as observed for all-

optical switching [91] and precessional switching in applied magnetic fields on much slower time 

scales [90]. We employ time-resolved magnetic small-angle x-ray scattering to show that there is a 

reproducible switching of a large fraction of the illuminated FePt nanoparticles due to the near-field 

modifications of the incident laser pulses due to the neighboring nanoparticles. We quantify the 

amount of non-switching FePt nanoparticles and demonstrate that the switching probability is 

enhanced by an increased occupancy time of the deposited laser-energy before being transported to 

a heat sink. We note that our results are of importance for a microscopic understanding of the recently 

observed so-called all-optical magnetic switching in FePt granular films [12, 14, 91-96].  

6.2 Experimental Procedure 
To follow the magnetization dynamics of granular thin FePt films in an out of-plane applied magnetic 

field, we performed time-resolved small-angle x-ray scattering experiments with the Soft X-ray 

Materials Science (SXR) instrument of the Linac Coherent Light Source (LCLS) x-ray free-electron laser 

at the SLAC National Accelerator Laboratory. We used 1.5 eV ultrashort laser pulses as a pump, and 

ultrashort soft x-rays pulses in resonance with the 2p−3d core−valence 𝐿3 absorption edge of Fe as a 

probe (see chapter 3 “MEASUREMENT TECHNIQUES AND METHODS”). Laser-pump and x-ray-probe pulses 

arrive collinearly at normal incidence to the sample with a variable time delay (FIGURE 6.2 (a)). The 

scattering pattern is recorded for each time delay for right circularly polarized as well as left circularly 

polarized x-rays and for magnetic fields of μ0H± = ±0.4T applied along the x-ray incidence direction. 

When x-rays pass through a thin film, their transmission becomes modulated by the spatially varying 
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chemical and magnetic distribution in the sample. This leads to a characteristic far-field diffraction 

pattern on a detector behind the sample [4]. The diffraction pattern is given by the Fourier transform 

of the spatial variation of the atomic scattering factor as described in chapter 3.2 ”RESONANT X-RAY 

DIFFRACTION”. The time-resolved scattering measurements were performed on two FePt granular thin 

films (see chapter 4 “FEPT SAMPLE GROWTH AND CHARACTERIZATION”). The first one is consisting of 

nanoparticles of 10 nm average size with a coercive field of 2.8 T (FIGURE 4.2 (a)), grown on a 𝑆𝑖3𝑁4 

membrane support. The second sample is consisting of nanoparticles of 13 nm average size and a 

coercive field of 3.5 T (FIGURE 4.3 (b)) in a freestanding geometry. Both, supported and freestanding 

samples show a strong out-of-plane easy magnetization axis and have FePt nanoparticle formation 

preferentially in one layer as shown in the cross sections presented in FIGURE 4.2 (a) and (b).  

 

Figure 6.2: (a) Schematic of the experimental set up described in the text. (b, c) Azimuthally integrated 

scattering intensities versus q for supported FePt samples ∼ 8 ms (relaxed state) after fs laser 

excitation measured with opposite x-ray helicities (blue and green curves) for positive and negative 

magnetic fields, respectively. Insets: schematic of macrospins of nanoparticles aligned to the 

respective applied H-fields (red, switching nanoparticles; black, non-switching nanoparticles). (d) 

Magnetic dichroic intensity versus q for positive (solid line) and negative (dashed line) magnetic fields, 

H, obtained as the difference between blue and green curves of panels b and c, respectively. 
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6.2.1 Experimental Setup 
For a general description of the techniques used, see chapter 3 “MEASUREMENT TECHNIQUES AND 

METHODS”. Specific information about the settings for this research is provided in this section. 

Time-resolved x-ray scattering measurements were performed in transmission mode in a collinear 

pump−probe geometry. Samples were photoexcited by circularly polarized 30 fs optical laser pulses 
with a central wavelength of 800 nm. The Fe charge and magnetic scattering were probed by 60 fs 

circularly polarized x-ray pulses at the Fe 𝐿3 absorption edge (706.8 eV photon energy). The temporal 

overlap was detected via cross-correlation using soft-x-ray induced transient reflectivity [97]. Linearly 

polarized x-ray pulses from the LCLS x-ray free electron laser were passed through a Fe magnetic film 

to generate the circular polarization required for our experiment [45]. Scattered x-rays were recorded 

by a pnCCD detector [98] at a repetition rate of 120 Hz. A constant magnetic field of ± 0.4 T was applied 

during data acquisition. Measurements for opposite applied magnetic field orientations and x-ray 

helicities allowed us to separate the different scattering contributions described in equation 3.10. The 

x-ray wavelength at the 𝐿3 edge of Fe is 1.7 nm and it is therefore possible to measure the intergrain 

correlation length, meaning that the diffraction pattern mainly reflects the nanoparticle to 

nanoparticle distance in the sample plane as well as the magnetic correlation between FePt 

nanoparticles.  

6.2.2 Optical Simulation 
The simulations are finite difference time domain (FDTD) simulations performed with the commercial 

software Lumerical FDTD [99]. The simulation consists of an area of 0.13 × 0.1 × 1 𝜇𝑚3 with a 

nonuniform meshing, the smallest mesh cell being 0.5 × 0.5 × 0.5 𝑛𝑚3 at the magnetic layer position. 

The boundary conditions are periodic in x and y to simulate an infinite sample. Along the z-axis a 

perfectly matched layer is chosen to reduce non-physical reflections and minimize simulation time. 

The simulated FePt size, shape, and distribution is obtained by importing scanning electron 

microscopy images acquired on the real sample (FIGURE 4.2). The shape and size is constant throughout 

the sample thickness. The FePt particles are embedded in a carbon matrix. The dielectric constants 

used for the different materials are    ε = 3.9731 + i 17.358 for FePt nanoparticles and ε = 3.2396 + i 
0.072 for the carbon matrix. [100] A set of two plane wave sources at a wavelength of 800 nm properly 

polarized and dephased is used to simulate the circularly polarized excitation. The light absorption, 4 πnk λ  |𝑬|2, [101] where E is the light electric field, is integrated throughout the entire film thickness. 

A good convergence of the simulations was obtained with variable time steps < 0.1 fs and a total 

simulation time of ∼50 fs, while the Fourier-transform-limited laser pulse was < 10 fs long. The 

simulations shown in the main text have been performed for the supported sample, taking into 

account the entire buffer and cover layer as shown in the inset of FIGURE 6.3 (a), below. The simulations 

for the freestanding sample show that the overall absorption is increased by a factor of 2.5 when 

compared to the supported sample. 

6.3 Results and Discussion 

6.3.1 Identifying Switching and Non-Switching Nanoparticles 
FIGURE 6.2 (b) and (c) show the scattering intensities before time zero (unpumped state in the condition 

of the experiment) as a function of the scattering vector, q, taken with opposite x-ray helicities for 

positive and negative applied magnetic fields, respectively. The supported FePt film (see chapter 4 

“FEPT SAMPLE GROWTH AND CHARACTERIZATION”) was excited by fs laser pulses with a fluence of 11 𝑚𝐽/𝑐𝑚2. 

The x-ray pulses probe the sample ∼ 8 ms after the fs optical laser excitation, well after the sample 

returned to equilibrium after laser excitation and shortly before the subsequent pump−probe cycle. 
The peak visible in all four curves mainly originates from diffraction of pairs of nanoparticles in the 
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FePt films (see chapter 5.1 “ANALYTICAL DIFFRACTION MODEL”) and represents the average separation of 2π0.65 nm−1  ≈ 10 nm, which is in agreement with the value obtained from electron microscopy images.  

The dichroism, that is, the difference in diffraction measured with opposite x-ray helicities, reflects 

the cross term, 𝐶𝑞𝑆𝑞, of charge and spin scattering [95] from nanoparticle assemblies. If the 

magnetization, M, of all nanoparticles (marked schematically by the dark red arrows in FIGURE 6.2) 

followed the applied magnetic field, the scattering dichroism in FIGURE 6.2 (b), (c) should be identical 

but of opposite sign. While the sign change is indeed observed, indicating that the majority of the 

nanoparticles reverse their magnetization, the observed dichroism magnitudes are different. With a 

positive field, H+ (FIGURE 6.2 (b)), the absolute size of the dichroism is clearly larger than that with 

negative field, H− (FIGURE 6.2 (c)). The smaller size of the dichroism for H− indicates that not all 
nanoparticles can reverse their magnetic moments and follow the applied magnetic field under the 

specific experimental conditions of fluence, pulse length and magnitude of the applied field. The 

situation is schematically depicted in the insets of FIGURE 6.2 (b), (c) where each arrow represents the 

total magnetic moment of a nanoparticle. We can determine the fraction of switching nanoparticles 

that follows the applied field (red arrows) and the fraction of non-switching nanoparticles (black 

arrows) as being proportional to the difference and sum of the dichroism measurements, respectively, 

as shown in FIGURE 6.2 (d). In our case, the magnetization that is switched represents ∼80% of the total 

magnetization with the remaining non-switched magnetization contributing to ∼20% (FIGURE 6.3 (a)).  

This behavior can be understood from the fact that in FIGURE 6.2 the applied magnetic field is only ±0.4 

T, which is far below the coercive field of 2.8 T that is required to magnetically switch half of the FePt 

nanoparticles at ambient temperature. We note that this is different from heat-assisted magnetic 

recording where the sample is heated in near-equilibrium conditions above the Curie temperature 

[28, 89] and then field-cooled, in which case very small fields are sufficient to reverse the 

magnetization. Our case is characterized by nonequilibrium heating of electronic, spin, and lattice 

degrees of freedom [89] as discussed in the following.  

6.3.2 Characterizing Switching and Non-Switching Nanoparticles 
FIGURE 6.3 (a), (b) show the azimuthally integrated scattering intensity versus scattering vector q from 

switching (red curves) and non-switching (black curves) nanoparticles for FePt nanoparticle 

assemblies that are supported by a membrane or freestanding (see chapter 4 “FEPT SAMPLE GROWTH AND 

CHARACTERIZATION”), respectively. These scattering contributions from switching and non-switching 

nanoparticles are obtained from the raw diffraction data of different x-ray helicities and magnetic 

fields, such as shown in FIGURE 6.2. In FIGURE 6.3 (a), (b), the line shapes of the scattering intensity 

versus wave vector, q, are largely identical for switching and non-switching nanoparticles. This 

indicates that the spatial distribution of both switching and non-switching nanoparticles is very similar 

and excludes any size or shape dependence. Only at very small wave vectors in FIGURE 6.3 (a) do we 

observe a deviation. We note that in this q-range antiferromagnetic order between nanoparticles can 

cause additional contributions to the scattering signal that are not discussed here.  

FIGURE 6.3 (c) & (d) display ultrafast demagnetization, a further characteristic of ferromagnetic 

materials exposed to intense fs laser pulses [89, 102]. Interestingly, only the switching nanoparticles 

demagnetize on sub-picosecond time scales. The extracted time constant of 146 ± 15 fs is in good 

agreement with literature values [89, 90]. We observe demagnetization amplitudes of the total 

system (red and black curves of FIGURE 6.3 combined) of 72.2 ± 0.4% and 61.3 ± 0.8% for nominal 

incident fs laser fluences of 11 and 8 𝑚𝐽/𝑐𝑚2, respectively. We note that the observed 

demagnetization is directly linked to the amount of absorbed fs laser radiation [89, 102]. This shows 
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that for both films similar laser irradiation conditions exist in the FePt layer regardless of possible 

modifications of the dielectric environment by the supporting layer. 

 

Figure 6.3: (a), (b) Display the radial diffraction intensity versus q. (c), (d) The time evolution of the 

peak maxima in panels a and b, respectively. Red curves show the switching nanoparticles whereas 

the black curves represent the non-switching nanoparticles obtained as described in the text. Data in 

(a), (c) were obtained for supported FePt granular films pumped with 11 mJ/𝑐𝑚2 whereas (b), (d) are 

for freestanding FePt granular films pumped with 8 mJ/𝑐𝑚2. Insets show a schematic of the 

composition of each sample. 

This demagnetization alone does not explain the magnetization reversal in an applied magnetic field 

significantly below the sample coercivity. Although it is not integral to the results of this chapter, we 

mention that this study points to a laser-induced reduction of the magneto-crystalline anisotropy 

barrier between opposite FePt magnetization directions.  

The non-switching nanoparticles show a negligible amount of demagnetization indicating that these 

nanoparticles are significantly less exposed to fs optical laser radiation compared to their switching 

counterparts. As this effect happens to appear in our experiments mainly independent of nanoparticle 

sizes, with different coercive fields, we ascribe this behavior dominantly to a near-field laser 

modification around individual nanoparticles, which is discussed further in the next section. In 

contrast to the demagnetization behavior, there is a pronounced difference in the fraction of 

switching and non-switching nanoparticles for the two different sample types shown in FIGURE 6.3. 

While for the supported FePt sample in FIGURE 6.3 (a) non-switching nanoparticles constitute about 

20% of all nanoparticles, the freestanding FePt sample used in FIGURE 6.2 (b) displays only 10% non-

switching spins. It appears that these differences are directly related to the cooling of the nanoparticle 

assemblies on much longer times than the ones shown in FIGURE 6.3.  
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Interestingly the supported film exposed to a higher fluence exhibits a larger percentage of non-

switching spins (as shown in FIGURE 6.3 (c)) than the freestanding film (shown in FIGURE 6.3 (d)). One 

significant difference between those two samples is the existence of a heat sink layer underneath the 

FePt for the supported film (see chapter 4 “FEPT SAMPLE GROWTH AND CHARACTERIZATION”). The presence 

of this heat sink leads to an efficient flow of deposited laser energy away from the FePt layer. In 

contrast, the heat dissipation in the freestanding FePt film occurs primarily laterally. The laser 

illuminated area is of the order of ∼ 100 𝜇𝑚2, which implies that such lateral heat diffusion is much 

slower than the vertical heat flow to a heat sink only several nanometers away, yielding a longer exited 

electron system of FePt in the freestanding membranes compared to its heat sink supported 

counterparts. This provides a clear indication that it is the latency of deposited laser energy within the 

FePt nanoparticles that facilitates magnetic switching at sub coercive magnetic field strengths in our 

experiments.  

Figure 6.4: (a) Calculated near-field modification of incident optical laser radiation surrounding pairs 

of circular FePt nanoparticles (6 nm diameter) for center-to-center distance of 1 and 20 nm. The color 

scale indicates reduction (dark blue) and increase (red) compared to the incident laser field (light blue). 

The linear electric field polarization of the incident radiation is indicated by the arrow. (b) Calculated 

optical absorption (see chapter 6.2.2 “OPTICAL SIMULATION”) in a FePt granular film with the FePt 
nanoparticles separated by amorphous carbon (black areas). Circularly polarized excitation was used 

in the simulation to match the experiment. The nanoparticle distribution was taken from electron 

microscopy images. (c) Distribution of the fraction of (non-)switching nanoparticles vs absorbed 

fluence. The separation between switching and non-switching nanoparticles was chosen to match the 

measured values in Figure 6.3 (b). (d) FePt granular film as in (b) but color coded according to switching 

and non-switching nanoparticles as shown in (c). 
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6.3.3 Modeling the Near-Field Nanoparticle Response of Granular FePt Films 
We modeled the spatial variation of the fs laser field in granular FePt films due to the dielectric 

properties of individual nanoparticles (see chapter 6.2.2 “OPTICAL SIMULATION”). This method has 

already proven to be an effective tool to calculate the spatial distribution of the deposited energy in 

relation to subsequent magnetization dynamics in various systems [19, 20, 103-105]. Individual 

nanoparticles are surrounded by a near-field modification of the incident laser radiation, as shown in 

FIGURE 6.4 (a). The laser field is enhanced along the electric polarization direction (red) and reduced 

along the perpendicular direction (dark blue) compared to the incident laser radiation (light blue). If 

nanoparticles are close enough to one another, each one also experiences the modified laser field of 

its neighbor. This leads to changes in the optical absorption within the particles themselves as shown 

in FIGURE 6.4 (b). It is clear from this figure that there is a pronounced spatial variation of the laser field 

leading to a spatially varying amount of absorbed laser energy. While increased absorption leads to 

ultrafast demagnetization in most nanoparticles, some also experience a reduced optical absorption. 

The latter would correspond to nanoparticles that are non-switching in FIGURE 6.3. We can assign their 

spatial positions in FIGURE 6.4 (b) by introducing a cutoff optical absorption (FIGURE 6.4 (c)). This was 

chosen in FIGURE 6.4 (c) so that the ratio of nanoparticles above/below the cutoff matches the 

observed ratio of switching/non-switching nanoparticles in FIGURE 6.3 (a). FIGURE 6.4 (d) summarizes 

the spatial distribution of non-switching (black) nanoparticles. It is evident that these correspond to 

more isolated nanoparticles. This isolation can manifest as a larger gap between the edges of 

neighboring FePt grains without necessarily increasing the center-to-center intergranular distance, 

which is consistent with the similar size distributions observed in either FIGURE 6.3 (a), (b). This is easy 

to understand as the near-field enhancement will decrease exponentially with distance [106] and 

therefore nanoparticles that are on average farther away from their neighbors experience less field 

enhancement than those that are statistically closer, and therefore accumulate less laser energy.  

6.4 Conclusion 
It is shown that granular FePt films exhibit an interesting complexity when optically excited. 

Illumination with fs laser pulses while applying a magnetic field leads to magnetic switching of the 

majority of the FePt nanoparticles. However, we observe that the magnetization of a significant 

fraction of nanoparticles (10−20%) cannot be reversed under these conditions as they experience a 
significantly reduced absorption of laser radiation. This is explained taking into account the spatially 

varying laser absorption in nanoparticles in the enhanced near-fields of adjacent nanoparticles. In 

addition, magnetization switching is found to depend sensitively on the retention time of deposited 

laser energy within the nanoparticles. The presence of a heat sink layer, as is common in heat-assisted 

magnetic recording media, improves the energy flow out of the nanoparticles, but results in larger 

ratios of non-switching to switching nanoparticles. 
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7 Distinguishing Local and Non-Local Ultrafast Magnetization 

Dynamics in FePt Nanoparticles 
 

This chapter describes our research on ultrafast demagnetization in heterogeneous FePt nanoparticles 

upon laser exposure. The project was performed in a group effort by: Patrick W. Granitzka, Alexander 

H. Reid, Jerome Hurst, Emmanuelle Jal, Loïc Le Guyader, Tian-Min Liu, Leandro Salemi, Daniel J. Higley, 

Tyler Chase, Zhao Chen, Marco Berritta, William F. Schlotter, Hendrik Ohldag, Georgi L. Dakovski, 

Sebastian Carron, Matthias C. Hoffmann, Jian Wang, Virat Mehta, Olav Hellwig, Eric E. Fullerton, 

Yukiko K. Takahashi, Joachim Stöhr, Peter M. Oppeneer and Hermann A. Dürr. The experiment was 

performed at the LCLS Free Electron Laser at the SLAC National Accelerator Laboratory. The samples 

were grown by V.M., O.H., J.W., Y.T. and E.F. The ab initio theory was performed by J.H., L.S., M.B. and 

P.O. During the experiment a large group of people performed different tasks. My work includes the 

lead on analyzing the data, the sample characterization, experiment setup, data collection, data 

analysis and data interpretation.  

This work was supported by U.S. Department of Energy, Office of Science under Award Number 

0000231415. Work at SIMES and the use of the Linac Coherent Light Source (LCLS), SLAC National 

Accelerator Laboratory, was supported by the U.S. Department of Energy, Office of Science, Office of 

Basic Energy Sciences under Contract No. DE-AC02-76SF00515. Work at UU was supported by the 

Swedish Research Council (VR), the K. and A. Wallenberg Foundation (grant No. 2015.0060), the 

European Union’s Horizon2020 Research and Innovation Programme under Grant Agreement No. 

737709, and the Swedish National Infrastructure for Computing (SNIC). Work at NIMS was supported 

by JSPS KAKENHI Grant No. 18H03787.  

Time-resolved coherent X-ray diffraction is used to measure the spatially resolved magnetization 

structure within FePt nanoparticles during laser-induced ultrafast demagnetization. The momentum-

dependent X-ray magnetic diffraction shows that demagnetization proceeds at different rates at 

different X-ray momentum transfer. We show that the observed momentum-dependent scattering 

has the signature of heterogeneous demagnetization within the nanoparticles, with the 

demagnetization proceeding more rapidly at the boundary of the nanoparticle. A shell region of 

reduced magnetization forms and moves inwards at a supermagnonic velocity. Spin-transport 

calculations show that the shell formation is driven by a superdiffusive spin flux mainly leaving the 

nanoparticle into the surrounding carbon. Quantifying this non-local contribution to the 

demagnetization allows us to separate it from the local demagnetization. 

 

7.1 Introduction 
Magnetization dynamics is an intriguing multi-scale problem in condensed matter physics. Near 

equilibrium, the Landau-Lifshitz-Gilbert (LLG) equation describes the dynamics of magnetization down 

to nanosecond timescales and sub-micrometer length scales. However, future magnetic data 

technologies are pushing the development of magnetic elements with nanoscale dimensions that can 

be manipulated on sub-nanosecond timescales. It is in this range that the LLG description of 

magnetization begins to break down and new magnetic phenomena emerge. In particular, the 

electronic nature of spin transport becomes apparent on these length and timescales [41, 43, 45, 89, 

107-111] as does highly efficient transfer of spin angular momentum to the lattice [1, 14, 102, 112, 

113] and the ultrafast generation of magnons [114, 115]. 
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Figure 7.1: Magnetic small angle scattering from an FePt array. (a) Cross-section view TEM image of 

FePt nanoparticles on MgO single crystal layer and surrounded by carbon. (b) Top (plan) view TEM 

image of FePt grains (gray) separated by carbon (white). (c) The experimental setup: an X-ray beam 

pulse (blue) passes through the FePt granular membrane sample. The diffraction pattern, caused by 

the different X-ray absorption of the FePt grains and the surrounding carbon, appears on the detector 

where it is digitized. (d) Shows simulated diffraction 𝐼𝑚𝑎𝑔(𝑞) for homogeneously magnetized FePt 

nanoparticles (black), and for nanoparticles with a 50% demagnetized core and 75% demagnetized 2 

nm thick shell (red). The ratio of the scattering intensities is shown in purple. The insets visualize the 

magnetic state of the different simulations.  

Magnetic spin transport at ballistic, superdiffusive or diffusive electronic velocities have all been 

shown to occur in nanomagnetic elements on sub picosecond timescales. Experimental realizations 

of these effects have focused on metallic heterostructures using non-magnetic metals either as a spin 

collector [43, 107, 111], or as a spin valve [108, 116]. In these studies, comparisons between metal–
metal and metal–insulator heterostructures are often used to quantify the effects of such hot-electron 

spin currents [109, 111, 117]. Spin current effects have also been observed in heterogenous alloy 

systems between nanometer scale regions [45]. Some recent experimental data also point to the 
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importance of spin transport in homogenous magnetic elements [118-120]. However, separating the 

relative contributions of spin transport from local demagnetization has been a major challenge [109, 

121, 122]. In addition, the role of boundary effects in ultrafast magnetic processes and the 

conservation of angular momentum has been recently highlighted [123]. How spin-current effects 

manifest in nanomagnetic elements with dimensions below the spin diffusion length remains unclear 

due to the difficultly in accessing this spatial resolution experimentally. 

In this chapter the ultrafast loss of magnetization within FePt nanoparticles with nanometer length 

scale resolution and femtosecond timescale resolution using ultrashort resonant x-ray pulses is 

studied. This new regime of magnetic transport includes the formation and propagation of a near 

ballistic demagnetization front from the edge of the nanoparticle inwards. The speed, at which this 

region of shell demagnetization forms, points to its origin: hot-electron spin transport. We quantify 

the size of the current flowing from the nanoparticle and discuss its transient behavior in terms of 

superdiffusive spin transport [41]. The results distinguish the homogenous bulk demagnetization 

effects from the heterogeneous transport induced demagnetization. 

 

7.2 Experimental Procedure 
For detailed sample fabrication see chapter 4 “FEPT SAMPLE GROWTH AND CHARACTERIZATION”. For a general 

description about the techniques used, see chapter 3 “MEASUREMENT TECHNIQUES AND METHODS”. Specific 
information about the settings for this research is provided in this section. 

The FePt-carbon film used in this study was grown epitaxially on an MgO single-crystal substrate, 

which in turn was grown on a NiTa/TiN seed layer on a 100 nm SiN membrane film. The film is 

composed of single-crystal FePt nanoparticles in the L10 phase separated by an amorphous carbon 

segregant as shown in FIGURE 7.1 (a) & (b) and described in [124]. The FePt nanoparticles form with 

their c-axis (the magnetic easy axis) normal to the film plane. The MgO substrate is chemically 

removed to leave a freestanding sheet of nanoparticles held together by a carbon matrix. The spatially 

resolved magnetism of the FePt nanoparticles was measured using circularly polarized resonant x-ray 

scattering at the Fe 𝐿3 absorption edge in a transmission geometry (FIGURE 7.1 (C)). Measurements of 

the magnetization dynamics were made using a pump–probe approach at the SXR hutch of the Linac 

Coherent Light Source. An 800 nm optical pulse of 50 fs duration and fluence 11 mJ/cm2 was used as 

pump. X-ray pulses of 60 fs durations and 0.6 eV bandwidths were used as probe. Data was collected 

with continuously varied time delays at 120 Hz for right- & left-circularly polarized X-rays while 

applying an out-of-plane magnetic field of 𝜇0𝐻 =  ± 0.4 T to restore the magnetic state between 

measurements, see [77]. The X-ray–laser time of arrival was jitter corrected using an upstream 

monitor [125]. The x-ray diffraction signal was collected on an in-vacuum pnCCD camera [98] 

positioned 100 mm behind the sample. The effects of heterogeneous optical excitation of the FePt 

due to near-field interference were removed by making measurements for both magnetic field 

directions and extracting the magnetic component switching with the magnetic field (FePt 

nanoparticles where sufficient optical energy was absorbed to allow reversal) [77].  

Resonant small-angle X-ray scattering allows the separation of the charge and magnetic 

characteristics in nanomagnetic materials [4, 126, 127]. At the Fe 𝐿3 absorption resonance the 

scattering signal has two contributions in first order. An absorption scattering contribution (𝐶𝑞) that 

is proportional to the contrast between the X-ray transmission through the FePt nanoparticles and 

the X-ray transmission through the surrounding carbon matrix, and a magnetic scattering contribution 

(𝑀𝑞), that is proportional to the magnetic absorption contrast in the FePt nanoparticles due to the 
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XMCD effect. At the Fe 𝐿3 edge, the XMCD sum rules give that the magnetic scattering is proportional 

to a sum of the Fourier components of spin, S, and orbital, L, moments: 𝑀𝑞 ∝ 𝑆𝑞 + 3/2𝐿𝑞. 

The intensity recorded on the detector is proportional to the square of the absorption (𝐶𝑞) and 

magnetic (𝑀𝑞) scattering contributions: 𝐼𝑠𝑐𝑎𝑡 (𝜎, 𝐵) = |𝐶𝑞|2 + |𝑀𝑞|2 ± 2𝑅𝑒[𝐶𝑞∗𝑀𝑞], 
where the sign ± depends on both the helicity of the light and the magnetic state of the sample [45, 

77]. We isolate the scattering intensity component of the switching nanoparticles, linear in Mq, by 

reversal of the external magnetic field upon excitation with the laser: 𝐼𝑚𝑎𝑔 ≡  4𝑅𝑒[𝐶𝑞∗𝑀𝑞] = (𝐼𝜎+,𝐵+ − 𝐼𝜎−,𝐵+) − (𝐼𝜎+,𝐵− − 𝐼𝜎−,𝐵−), 

where 𝜎± is the X-ray helicity and 𝐵± is applied field direction [77]. 

To understand the momentum resolved magnetic scattering data, we conducted simulations of the 

small-angle scattering from a model of the magnetic sample structure (see chapter 5.3 “MODELING THE 

MAGNETIZATION DISTRIBUTION WITHIN NANOPARTICLES”). The nanoparticle sample was modelled as an 

irregular array of FePt particles with fixed thickness; a TEM image, FIGURE 7.1 (a)&(b), is used as the 

basis of the structure. The X-ray optical and magnetic properties were defined over the model’s FePt-

C matrix with a grid size of 0.33 x 0.33 nm2 (approximately the FePt unit cell size). The experimental 

setup is visualized in FIGURE 7.1 (c). FIGURE 7.1 (d) shows the simulated magnetic scattering Imag(q) for 

the model structure. The fully magnetized scattering (FIGURE 7.1 (d) black curve) shows a broad peak 

as a function of the momentum transfer q, which is centered at the momentum associated with the 

average inter-grain separation. The magnetic properties of individual FePt nanoparticles can be 

defined in the simulation. In order to see how an intra-nanoparticle heterogeneous magnetization can 

change the magnetic scattering, we have performed simulations for a core-shell magnetic structure, 

where a region at the boundary of the FePt nanoparticles (shell) has a lower magnetization (0.25 Ms) 

than the center (core) of the nanoparticle (0.5 Ms), see FIGURE 7.1 (d) red curve. This ratio of a 

demagnetized shell scattering is compared to the saturated magnetic scattering in FIGURE 7.1 (d) 

(purple line). It is observed that the shell demagnetized state shows a large reduction of the magnetic 

scattering primarily above the scattering peak when compared to the saturated state. This is the 

signature q-dependent change found in the experimental scattering data. 

FIGURE 7.2 shows the cross-term scattering measured as a function of time delay, t, between the optical 

pump and x-ray probe pulses. Here, the data is corrected for q-correlated intensity fluctuations due 

to the SASE generation process. The magnetic scattering intensity is observed to decay exponentially 

following the laser pulse. However, careful analysis shows that the timescale of this decay is 

systematically varying as a function of q. The time-constants that best fit the data are shown in FIGURE 

7.2 as solid lines. The inset shows time constants over the whole q range of data, with color coded 

vertical lines marking the examples displayed in the main figure. At low q < 0.4𝑛𝑚−1 the data suggest 

a loss of magnetic scattering on a timescale of 162±4 fs, while at high q the magnetic scattering decays 

on a timescale of 135±5 fs.    
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7.3 Results and Discussion 

7.3.1 Identifying Magnetic Inhomogeneities within Nanoparticles  
As shown in FIGURE 7.2, the difference in decay timescales of four different magnetic correlation length 

components is clearly observed in the data. In principle, two separate physical mechanisms can 

contribute to the q-dependent magnetic scattering: First, the loss of magnetic order can be size 

dependent, varying through the range of grain sizes represented within our sample. Second, the 

demagnetization process can be heterogeneous within the nanoparticles themselves.  

 

 
 

Figure 7.2: Pump probe cross term data for FePt at different diffraction correlation lengths with fits. 

The black, purple, magenta and orange data curves are at q = 0.4, 0.6, 0.8 and 1.1 𝑛𝑚−1 respectively. 

Inset: Exponential fitted demagnetization time values from 0.25 to 1.25 𝑛𝑚−1, with color lines marking 

the selected curves for the central image.  

The experimental magnetic scattering for before time zero (fully magnetized FePt) and for a time delay 

of 205 fs is shown in FIGURE 7.3 (a) (black and red dots respectively). This shows the same 

characteristics as the simulation with 𝐼𝑚𝑎𝑔(𝑞) peaked at the q corresponding to the inter-grain 

separation. These data further show that at 205 fs the magnetization of the FePt particles is reduced 

to approximately 30% of the initial value. To visualize the momentum dependent changes in the 

magnetic scattering, we scale 𝐼𝑚𝑎𝑔(𝑡 = 205 fs) so that it matches 𝐼𝑚𝑎𝑔(𝑡 = 0) at 𝑞 = 0.5 nm−1. The 

experimental data shows that there is a q-dependent change in the magnetic scattering profile, with 

the magnetic scattering at q values above the peak reduced when compared to those below the peak. 

This is the signature q-dependence of 𝐼𝑚𝑎𝑔(𝑞) observed for shell demagnetized FePt simulation, 

albeit, to a lesser degree of shell demagnetization. Interpreted with the analytical diffraction model 
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(chapter 5.2), it is noticeable that the scattering contribution from single particles quenches stronger 

than the contribution from inter particle scattering. To understand the implications of this imbalanced 

quenching for the magnetic distribution of the nanoparticles, we conduced direct 2D Fourier 

transformation simulations. We note that investigations of the magnetic scattering showed that a 

boundary reduction in magnetization was the only magnetic change that could lead to the observed 

q-dependent change in magnetic scattering and that effects such as particle-size dependent 

demagnetization had distinctly different q-dependent signatures. 

 
Figure 7.3: Measured 𝐼𝑚𝑎𝑔(𝑞) for demagnetized FePt nanoparticles. (a) Shows azimuthal integrated 

X-ray scattering dichroism 𝐼𝑚𝑎𝑔(𝑞) for before the optical pump (black dots) and for 205 fs after optical 

pumping (red dots). The dashed red curve is the 205 fs data scaled by 3.38 times to match the before-

pump data at q = 0.5 𝑛𝑚−1. (b) Plots of 𝐼𝑚𝑎𝑔(𝑞, 𝑡) 𝐼𝑚𝑎𝑔(𝑞, 0)⁄  for the experimental data (purple dots) 

and the best fit to the data for a simulated shell demagnetization (purple line). 

7.3.2 Characterizing Magnetic Inhomogeneities within Nanoparticles 
To analyze the spatial changes in the magnetic scattering during the demagnetization process, we 

consider the normalized q dependent magnetic scattering data: 𝐼𝑚𝑎𝑔(𝑡, 𝑞)/𝐼𝑚𝑎𝑔(0, 𝑞), where 𝐼𝑚𝑎𝑔(0, 𝑞) is determined from an average of the data before time zero. The data is plotted for a time 

delay t = 205 fs in FIGURE 7.3. For our FePt model we calculate the same quantity: 𝐼𝑚𝑎𝑔(𝑡, 𝑞)/𝐼𝑚𝑎𝑔(0, 𝑞). 
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The core magnetization 𝑀𝑐𝑜𝑟𝑒, the shell magnetization 𝑀𝑠ℎ𝑒𝑙𝑙 and the width of the shell region 𝑑𝑠ℎ𝑒𝑙𝑙  
are adjusted to match the model data to the experimental data. Specifically, the model of 

magnetization is: 

7.1         ( ) ( ) ( )/

0 ,    2coret

core core shellM t M e d d d t
−= = −   

Where d is the average grain diameter, 𝑀𝑐𝑜𝑟𝑒 describes the grain-size dependent magnetization, 𝑑𝑠ℎ𝑒𝑙𝑙(t) is the width of the shell magnetic region and 𝑑𝑐𝑜𝑟𝑒(t) is the width of the core magnetization 

region. At a given point in time, the magnetic distribution of the FePt nanoparticle assembly is thus 

characterized by the three parameters 𝑀𝑐𝑜𝑟𝑒, 𝑀𝑠ℎ𝑒𝑙𝑙, 𝑑𝑠ℎ𝑒𝑙𝑙 .  

 
Figure 7.4: Fitting parameters from the shell demagnetization model of X-ray scattering, which provide 

best fits to these scattering data vs. time. (a) 𝑀𝑠ℎ𝑒𝑙𝑙  (open squares) and 𝑀𝑐𝑜𝑟𝑒(filled circles), showing 

demagnetization times of 135±5 and 162±4 fs, respectively. Inset: image of the FePt grain modeled 

with partial shell demagnetization (black refers to carbon, blue to the grain core, and red the grain 

shell. (b) The shell thickness vs. time. The black line is an exponential fit. Magnon and phonon velocities 

are shown as red dotted line and blue dashed lines, respectively. 

The three parameters of the model are used to fit the scattering data 𝐼𝑚𝑎𝑔(𝑡, 𝑞)/𝐼𝑚𝑎𝑔(0, 𝑞), at 

different points in time. One individual fit is shown in FIGURE 7.3 (b) as the solid line. The model 

produces good agreement between the experimental data and the fit. The model parameters 

extracted from fitting the experimental data are shown in FIGURE 7.4 (a)&(b). The extracted parameters 

that characterize the nanoparticle magnetization are now examined. 
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Both the core and shell magnetizations are observed to follow exponential decays (FIGURE 7.4 (a), blue 

and red, respectively). The core region magnetization shows an exponential decay constant of 𝜏𝑐𝑜𝑟𝑒 =162 ± 4 fs while the shell magnetization shows a faster delay rate of 𝜏𝑠ℎ𝑒𝑙𝑙 = 135 ± 5 fs. The results 

show that following laser excitation the shell region of the nanoparticle demagnetizes faster than the 

core. The difference in core and shell magnetizations (Δ𝑚𝑠ℎ𝑒𝑙𝑙) is maximal at approximately 200 fs, 

from which time on it begins to reduce (FIGURE 7.4 (a)). At time > 1ps a small, nearly constant difference 

between core and shell regions persists. 

The thickness of the shell region can be further investigated using the comparison of data and model. 

Physically, the thickness of the shell is encoded into the q value where 𝐼𝑚𝑎𝑔(𝑞) begins to reduce from 

the homogenously magnetized case. The values extracted for the shell width 𝑑𝑠ℎ𝑒𝑙𝑙  are plotted in 

FIGURE 7.4 (b). The shell width is observed to grow exponentially for the first 200 fs up to a width of 

2.6 nm, from where it is observed to stay nearly constant. The stable width is close to half the width 

predicted for domain walls in FePt [27]. Non-magnetic surface layers have been observed in FePt 

nanoparticles [128] and Pt segregation has been shown to occur within a few atomic layers of the FePt 

surface [129]. However, while these effects may contribute to the shell formation, they occur only in 

the first 0.5 nm from the surface. We note that any substructure within the shell region is not 

accessible due to the limited q range of the experiment. In the following sections we will discuss the 

formation of this demagnetization shell and the mechanisms driving its formation.  

7.3.3 Formation of Demagnetized Shell Regions and Underlying Mechanisms  
The formation and propagation of the shell-demagnetized region is highly reminiscent of a transport 

phenomenon. Laser heating of FePt has been shown to form strain waves that propagate from the 

surface into the material [78]. Such lattice shockwaves travel at the speed of sound, which is 2200 ms-

1 along the a,b lattice planes in FePt [130], as illustrated in FIGURE 7.4 (b) by the dashed blue line; this 

velocity is nearly an order of magnitude slower than the shell propagation. Therefore, we can exclude 

lattice dynamics from being the shell formation mechanism. Similarly, the maximum velocity of 

magnetic spin waves in FePt has been determined from neutron scattering data to be 8 nm/ps 

(illustrated on FIGURE 7.4 (b) by the dashed red line) [30]. This velocity is less than a third of the initial 

velocity observed in the formation of the shell region. The only mechanism capable of driving 

magnetic transport above the spin-wave velocity is electron transport of a magnetic spin current [41, 

107, 131, 132]. We conclude that the shell region propagates with the velocity of ballistic and 

superdiffusive spin-flipped electrons away from the nanoparticles’ boundary.  

To further understand the dynamics and development of the shell region, we quantify the total 

magnetic moment lost in the shell region per nanoparticle Δ𝑚𝑠ℎ𝑒𝑙𝑙. This is done by fitting the extracted 

shell parameters in FIGURE 7.4 (a) & (b) and calculating the change for the average nanoparticle. Here, 

we define the change as being the difference between the shell and core magnetizations: Δ𝑚𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑛𝑝𝑀𝑐𝑜𝑟𝑒 − (𝑀𝑐𝑜𝑟𝑒𝑉𝑐𝑜𝑟𝑒 + 𝑀𝑠ℎ𝑒𝑙𝑙𝑉𝑠ℎ𝑒𝑙𝑙) = 𝑉𝑠ℎ𝑒𝑙𝑙(𝑀𝑐𝑜𝑟𝑒 − 𝑀𝑠ℎ𝑒𝑙𝑙) 

where 𝑉𝑠ℎ𝑒𝑙𝑙 is the average volume of the shell of the nanoparticles. As pointed out earlier, the data 

shows that Δ𝑚𝑠ℎ𝑒𝑙𝑙 peaks at approximately 200 fs and then starts to decrease (FIGURE 7.5 (a)). The 

change in magnetization is associated with a spin current leaving the region, which can be quantified 

by taking the time derivative 
𝑑𝑑𝑡 Δ𝑚𝑠ℎ𝑒𝑙𝑙. This measurement of the change in magnetization in the 

volume shows that the spin current has a rapid onset (below the time resolution of the experiment) 

and reaches a maximum in under 40 fs. 



60 

 

 

Figure 7.5: Results of theoretical modelling of magnetic transport in an FePt nanoparticle following 

laser excitation. (a) Computed spin transport contribution to the magnetization change ∆𝑚 in the core 

and shell regions as a function of time, compared to the measured data (green dots).  (b) The energy 

absorbed per FePt unit cell for spin-majority (blue) and spin-minority (red curve) electrons is plotted as 

a function of radial distance from the center of a 10 nm diameter FePt particle. The inset shows 

schematically the partial density of states of FePt and of carbon. Arrows show the spin current 

magnitudes (width) and directions across the core–shell and shell–carbon interfaces for majority (blue) 

and minority spins (red).  

To understand the formation of the demagnetized shell, we conduct spin-transport calculations, using 

the superdiffusive spin current model [41] for a 10 nm FePt nanoparticle surrounded by carbon. The 

original model was developed to describe layered structures [41, 121], which however are not present 

here. Therefore, we have employed the Particle In Cell (PIC) method [133] to compute the 

superdiffusive motion of excited electrons in general nanoscale geometries such as nanoparticles. 

To start with, we use ab initio calculated spin-dependent refractive indices of FePt to compute the 

spin-dependent optical absorption, using the electromagnetic field solver Comsol 5.3; the computed 

spin-dependent absorptions, shown in FIGURE 7.5 (b) (red and blue curves), serve as an input for the 
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excited electron profiles in the spin-transport model. In addition, we performed ab initio calculations 

of the energy and spin dependent hot electron velocities in FePt and we found that these are roughly 

5 times less than those in Fe for both spin channels. The carbon interface is treated as an energy 

barrier, with 𝐸𝐵 = 0.250 eV [119]. We define further the core region as 0 ≤ 𝑟 < 2.5 nm and the shell 

region as 2.5 < 𝑟 < 5 nm.  

Our calculations of the superdiffusive contribution to the core and shell demagnetizations are shown 

in FIGURE 7.5 (a). The computed net demagnetization difference Δ𝑚𝑐𝑜𝑟𝑒(𝑡) −  Δ𝑚𝑠ℎ𝑒𝑙𝑙(𝑡) caused by 

superdiffusive transport for an average excitation of 0.63 electrons/atom (solid green line) is 

compared to the measured Δ𝑚𝑑𝑎𝑡𝑎 (green circles). The superdiffusive transport contribution 

qualitatively reproduces the experimental observations, in terms of onset time and contribution size. 

However, we note first, that the experimentally observed decay (t > 200 fs) is not shown in the 

calculations. This is attributed to the thermal diffusion of the holes and local spin flips, such as 

electron-magnon processes, that are not taken into account in our model. Second, to have the same 

maximum ∆𝑚 value as in the experiment, we assume a 1.4 times larger excitation density than that 

obtained from ab initio bulk FePt calculations. To understand the role of spin transport in the 

formation of the shell demagnetization region, we examine the net spin transport across the core-

shell and shell-carbon interfaces in the first 400 fs of the simulation (see FIGURE 7.5 (b)). The transport 

is computed to be dominated by a loss of spins from the shell region through the carbon barrier. A 

spin current of 0.094 majority spins/unit cell and 0.030 minority spins/unit cell leave the shell region 

into the carbon matrix, giving a net spin current of 0.064 spins/unit cell. A smaller spin current, of 

0.013 majority spins/unit cell and -0.003 minority spins/unit cell, is observed to flow from the shell 

region into the nanoparticle core. This gives a net spin current of 0.016 spins/unit cell leaving the shell 

region and acting to increase the difference in magnetizations between core and shell regions. 

Therefore, we find that the shell formation is primarily driven by spin transport into the surrounding 

carbon matrix. 

It has to be stressed that the transport contribution to the nanoparticle demagnetization is not 

dominant in FePt. While electronic transport of spin affects predominantly the magnetization at the 

boundary of the nanoparticles, this accounts for only ~6% of the loss of magnetization. The x-ray 

scattering data shows unambiguously that spin and orbital angular momentum are lost throughout 

the nanoparticle via a local transfer to an angular momentum reservoir. We attribute this tentatively 

to ultrafast spin–lattice transfer.   

 

7.4 Conclusion 
X-ray scattering data shows that during laser induced demagnetization of FePt nanoparticles a region 

of increased demagnetization develops at the edges of FePt nanoparticles, which proceeds inwards 

with high velocity. Superdiffusive spin-transport simulations show that the formation and propagation 

velocity of the shell region is caused by ultrafast spin transport from the nanoparticle into the 

surrounding carbon. Our results highlight a new possible mechanism of how magnetic boundaries can 

form and propagate in ferromagnetic nanosystems at supermagnonic velocities. Knowledge of such 

mechanism, and the ability to utilize it, will be of importance for achieving controllable spin dynamics 

in the nm-fs domain.  
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8 Summary  
Ultrafast Heterogeneous Magnetization Dynamics in Granular FePt Media 

This thesis presents research on the microscopic mechanisms behind ultrafast demagnetization 

dynamics. In particular it highlights the importance of the heterogeneity of magnetic materials and its 

influence on optical excitation and magnetization processes. 

We have used pump-probe MOKE laser systems, x-ray diffraction at synchrotrons and pump-probe x-

ray diffraction at a free-electron laser to study this topic. Measurement techniques and methods as 

well as the different light sources are described in chapter 3 “MEASUREMENT TECHNIQUES AND METHODS”. 
Granular FePt in the L10 phase is the magnetic material of choice for these studies. It is interesting for 

both fundamental research, as it has extraordinary magnetic properties, and for industrial 

applications, as it is the key material for future generations of magnetic storage devices. For our 

investigations, samples specifically designed for the purpose of this research were created. The 

growth process is described and the samples structural and magnetic properties are characterized in 

chapter 4 “FEPT SAMPLE GROWTH AND CHARACTERIZATION”. For data interpretation a diffraction model 

specifically designed for granular samples is derived, distinguishing between single- and interparticle 

diffraction contributions. Furthermore, a method to model the magnetization distribution within 

single nano particles is demonstrated. Both models are described in chapter 5 “X-RAY DIFFRACTION 

MODELS OF GRANULAR MEDIA”. 

In chapter 6 “MAGNETIC SWITCHING IN GRANULAR FEPT LAYERS PROMOTED BY NEAR-FIELD LASER ENHANCEMENT”, we 

showed that the energy absorbed per nanoparticle from the pump pulse strongly depends on the 

interaction with its surrounding nanoparticles. The closer the particles are, the stronger the 

absorption will be due to dielectric enhancement between the particles. With time resolved x-ray 

diffraction studies, we found that granular FePt films exhibit an interesting complexity when optically 

excited. Illumination with fs laser pulses leads to heat-assisted magnetic switching of the majority of 

the FePt nanoparticles but leaves a significant fraction of nanoparticles (10−20%) unreversed. We 
explain this by the varying laser absorption in nanoparticles in the vicinity of other nanoparticles. In 

addition, we found magnetization reversal to be sensitively dependent on the retention time of 

deposited laser energy in the nanoparticles. The presence of a heat sink layer, as is commonly used in 

heat-assisted magnetic recording media, enhances the energy drain out of the nanoparticles and 

consequently results in larger percentages of non-switching nanoparticles. 

Following heterogeneous excitation, we observed a heterogeneous demagnetization process. Our 

research on this heterogeneous demagnetization is described in chapter 7 “DISTINGUISHING LOCAL AND 

NON-LOCAL ULTRAFAST MAGNETIZATION DYNAMICS IN FEPT NANOPARTICLES”. With diffraction experiments, 

simulations and the self-developed analytical diffraction model, we find that the magnetization 

dynamics differ between the core region of the nanoparticle and shell region at and near the surface. 

The shell region demagnetizes quicker and its thickness grows over time at a rate faster than either 

phonon or magnon transport. We conclude, that while the whole particle demagnetizes via local 

effects, the stronger demagnetization and fast expansion of the shell is caused by ultrafast spin 

transport from the affected area outside the nanoparticle. 

Revealing these heterogeneous effects contributes to a better understanding of ultrafast 

magnetization dynamics. Furthermore, being able to utilize these effects will be of importance for 

achieving controllable spin dynamics in the nanometer-femtosecond domain.   
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9 Samenvatting 
Ultrasnelle Heterogene Magnetisatie Dynamica in Granulaire FePt Media 

Deze thesis presenteert onderzoek naar de microscopische mechanismes achter de ultrasnelle 

dynamica van demagnetisatie. Specifiek wordt het belang benadrukt van de heterogeniteit van 

magnetische materialen en de invloed hiervan op optische excitaties en magnetisatie processen. 

We hebben pump-probe MOKE laser systemen, x-ray diffractie aan synchrotrons en pump-probe x-

ray diffractie aan vrije-elektron lasers gebruikt om dit onderwerp te bestuderen. De gebruikte 

meettechnieken en lichtbronnen worden beschreven in hoofdstuk 3 “Measurement Techniques and 
Methods”. Granulair FePt in zijn L10 fase is het magnetische materiaal dat gebruikt is voor deze studie. 

Dit is zowel fundamenteel interessant onderzoek vanwege de bijzondere magnetische 

eigenschappen, als interessant voor industriële toepassingen omdat het gezien wordt als een 

belangrijk materiaal voor toekomstige magnetische opslagmedia. Voor onze experimenten zijn 

monsters gebruikt die specifiek zijn ontworpen voor dit onderzoek. Het groeiproces, en de structurele 

en magnetische eigenschappen zijn beschreven in hoofdstuk 4 “FePt Sample Growth and 
Characterization”. Voor de data-interpretatie is een diffractie model ontworpen voor granulaire 

monsters, waarin onderscheid wordt gemaakt tussen enkele deeltjes en de interacties tussen deeltjes. 

Hiernaast is ook een methode laten zien om de magnetisatie distributie te modeleren binnen een 

enkel nanodeeltje. Beide modellen zijn beschreven in hoofdstuk 5 “X-ray diffraction models of 

Granular Media”. 

In hoofdstuk 6 “Magnetic Switching in Granular FePt Layers Promoted by Near-Field Laser 

Enhancement”, laten we zien dat de geabsorbeerde energie per nanodeeltje door de pomp laser sterk 
afhangt van de interactie met zijn aangrenzende nanodeeltjes. Hoe dichter de deeltjes bij elkaar 

zitten, hoe groter de absorptie is door de dielektrische versterking tussen de deeltjes. Met tijds-

opgeloste x-ray diffractie hebben we laten zien dat granulaire FePt films een interessante complexiteit 

bezitten als ze optisch worden geëxciteerd. Het schijnen met femtoseconde laser pulsen leidt tot 

warmte-geassisteerde magnetische omzetting van het merendeel van de FePt nanodeeltjes, maar laat 

een significant deel van de nanodeeltjes (10-20%) in zijn originele toestand. Dit is te verklaren door 

de variërende laser absorptie in nanodeeltjes dicht bij andere nanodeeltjes. Daarnaast hebben we 

gevonden dat de magnetisatie omzetting zeer gevoelig is voor de retentie-tijd van de gedeponeerde 

laser energie in de nanodeeltjes. De aanwezigheid van een extra koellichaam, wat gebruikelijk is in 

warmte-geassisteerde magnetische opslagmedia, versterkt de energie afvoer uit de nanodeeltjes en 

heeft als consequentie een groter percentage niet-omgezette deeltjes. 

Na de heterogene excitatie, observeren we een heterogeen demagnetisatie proces.  Ons onderzoek 

aan deze heterogene demagnetisatie is beschreven in hoofdstuk 7 “Distinguishing Local and Non-local 

Ultrafast Magnetization Dynamics in FePt Nanoparticles”. Met diffractie experimenten, simulaties en 

het zelf ontwikkelde analytische diffractiemodel, hebben we gevonden dat het magnetisatie proces 

anders is in de kern van het nanodeeltje vergeleken met de schil regio op en dichtbij het oppervlak. 

De schil demagnetiseert eerder, en de dikte hiervan groeit sneller dan verklaard kan worden door 

phonon of magnon transport. De conclusie is, dat het hele deeltje gedemagnetiseerd wordt door 

lokale effecten, maar de sterke demagnetisatie en snelle uitbreiding van de schil wordt veroorzaakt 

door ultrasnel spin transport van de regio buiten het nanodeeltje. 

Het onthullen van deze heterogene effecten draagt bij aan een beter begrip van de ultrasnelle 

magnetisatie dynamica. Bovendien, in staat zijn deze effecten te gebruiken zal belangrijk zijn voor het 

bereiken van controleerbare spin dynamica in het nanometer-femtoseconde domein. 
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15(10): p. 6862-6868, 2015. 

 

• Probing the timescale of the exchange interaction in a ferromagnetic alloy, S. Mathias, L.-O. 

Chan, P. Grychtol, P. W. Granitzka, E. Turgut, J. M. Shaw, R. Adam, H. T. Nembach, M. E. 

Siemens, S. Eich, C. M. Schneider, T. J. Silva, M. Aeschlimann, M. M. Murnane, H. C. Kapteyn; 

Proceedings of the National Academy of Sciences, 109(13): p. 4792-4797, 2012. 

  



72 

 

12 Acknowledgements 
 

The years of my PhD studies were a great, very interesting and very eventful time of my life. It was full 

of learning, exciting experiments and personal experience. Much of this would not have been possible 

as it was without the help of great people. Here, I would like to express my gratitude to all the people 

that made this work possible or influenced it in a positive way.  

 

First, I would like to thank my supervisor Hermann Dürr who gave me the opportunity to join the great 

magnetism group at the SLAC National Accelerator Laboratory: Thank you for everything you helped 

me with, especially for all the questions during the presentations which strongly helped to prepare 

good talks, for the detailed lectorate of my thesis and in general for your direct and helpful criticism. 

You are one of the smartest persons and most outstanding scientists that I ever met. It was a great 

time to work with and learn from you. 

My second promoter, Mark Golden, who helped me a lot with everything regarding the University of 

Amsterdam: Thank you very much for your support around my PhD especially for the detailed 

lectorate of my thesis. I admire your positive attitude and your very memorable friendliness.  

I would like to thank Joachim Stöhr for all the interesting, fundamental discussions and the lecture 

series about x-ray diffraction. It was always great to experience your inspiring, outstanding passion 

for science. 

To the members of the committee of my thesis: Martin Aeschlimann, Bert Koopmans, Wybren Jan 

Buma, Eric van Heumen and Anne de Visser, thank you all for spending your valuable time on the 

evaluation of my thesis. 

Our group: Alexander Reid, Alexander Grey, Stefano Bonetti, Emmanuelle Jal, Loïc de Guyader, 

Catharine Graves, Roopali Kukreja, Tianhan Wang, Daniel Higley, Tyler Chase, Zhao Chen, TianMin Liu, 

Konstantin Hirsch, Matthias Hoffmann and Hendrik Ohldag: Thank you for all the good discussions and 

for making the time at SLAC such a great experience. I would like to thank especially Alexander Reid 

for his supervision and the many excellent discussions - I very much enjoyed those and experienced 

them very helpful throughout my whole time at SLAC. 

Thanks to our collaborators for the interesting projects, good collaboration and positive atmosphere, 

with special thanks to Matteo Savoini, Andreas Scherz, Olav Hellwig and Virat Metha for the fruitful 

discussions. 

Many thanks to the ALS and LCLS teams, especially Elke Arenholz, Padraic Shafer, William Schlotter, 

Georgi Dakovski, Ankus Mitra, Christopher O’Grady and David Schneider for all the great work, help 

and good discussions. 

To get fresh energy by taking my head off work sometimes I would like to thank my friends, especially 

the Rocky group for the continuous connection overseas. 

Last but not least I would like to thank my family, especially my father, my mother, my sister and my 

wife: Without your support in life, this all and much more would not have been possible, I love you!  

 

 





 


