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Kurzfassung

Die vorliegende Arbeit befasst sich mit Untersuchungen magnetischer Proben mittels
Fourier-Transformations-Holographie (FTH) und Kleinwinkel-Röntgenstreuung (SAXS).
Für magnetische Proben benötigt man hierzu eine resonante, dichroische Absorptions-
kante. Die 3d-Ferromagnete haben solche Kanten im weichen Röntgenbereich bei jeweils
ca. 60 eV und oberhalb von 700 eV. Bislang wurde nur die höherenergetische Resonanz für
Orts-aufgelöste Abbildungen genutzt. In dem vorgestellten Grundlagenexperiment konnte
erstmals gezeigt werden, dass die Bildgebung magnetischer Domänen mittels FTH auch in
dem niederenergetischen Regime funktioniert. Die Qualität ist dabei vergleichbar mit Ab-
bildungen an der höheren Absorptionskante. Damit eröffnen sich neue Anwendungsfelder
an modernen Röntgenstrahlungsquellen, die nur diesen Energiebereich erreichen können.
Das betrifft momentan die Hälfte der weltweit zur Verfügung stehenden Freie-Elektronen
Röntgenlaser und die meisten kohärenten Laborquellen. Die notwendigen Anpassungen
der Experimentierumgebung und Datenauswertung konnten identifiziert werden. Dies trug
dazu bei, dass FTH an den M-Kanten der 3d Ferromagnete mittlerweile standardmäßig
bei weiteren Untersuchungen eingesetzt wird.

FTH ist eine verfeinerte Methode der Röntgenstreuung, bei der durch Interferenz der
vom Objekt veränderten Welle mit einer Referenzwelle ein Hologramm erzeugt wird. Oh-
ne Referenzwelle erhält man nur das Streubild der Probe, welches trotzdem wertvolle
Informationen über die räumliche Anordnung der Streuobjekte enthält. In einem zeitauf-
gelösten Anrege-Abfrage-Experiment konnten anhand der Streubilder zu verschiedenen
Zeitpunkten, Strukturveränderungen von magnetischen Domänen im Femtosekundenbe-
reich studiert werden. Auf dieser Zeitskala erfahren magnetische Materialien als Antwort
auf die optische Anregung eine ultraschnelle Entmagnetisierung. Im Zuge dieser Entma-
gnetisierung zeigte sich eine Veränderung des Streubildes, die auf eine starke Modifikation
der Domänenwände zwischen entgegengesetzt magnetisierten Bereichen schließen lässt.
Mithilfe einer Theorie zum zweidimensionalen Spin-Transport in der Probe, konnte eine
schlüssige Erklärung sowohl für die räumliche als auch zeitliche Komponente der Verän-
derungen gefunden werden.
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Abstract

The topic of this thesis is the investigation of magnetic samples with Fourier transform
holography (FTH) and small-angle x-ray scattering (SAXS). For magnetic samples it is
necessary to exploit a resonant, dichroic absorption edge. For the 3d-ferromagnets such
edges exist in the soft x-ray regime around 60 eV and above 700 eV. So far, only the higher-
energetic resonance was used for spatially-resolved imaging. In the presented proof-of-
principle experiment it was shown for the first time, that imaging magnetic domains with
FTH is equally possible in the lower-energetic regime. The achieved quality is comparable
to imaging at the higher absorption edge. This allows the application of FTH also at those
modern x-ray sources, that can only reach this photon energy range. This includes half of
the currently world-wide available free-electron x-ray lasers and most of the coherent table-
top sources. The necessary adaptations of experimental environment and data evaluation
could be identified. With that, FTH at the 3d ferromagnet M-edges is nowadays used as
a standard technique for further investigations.

FTH is a refined application of x-ray diffraction insofar as, by interference of the object-
transmitted wave with a reference wave, a hologram is generated, that can be Fourier-
transformed into a spatially resolved image of the object. Without reference wave, how-
ever, the scattering pattern of the sample still contains valuable information on the spa-
tial arrangement of the scattering objects. In the scope of a time-resolved pump-probe
experiment and with the help of the scattering patterns at different probe times, struc-
tural changes of magnetic domains in the femtosecond regime could be studied. At that
timescale magnetic materials exhibit an ultrafast demagnetization as a response to optical
excitation. In the process of this demagnetization, an alteration of the scattering pattern
indicated a strong modification of the domain walls between oppositely magnetized re-
gions. With the implementation of a two-dimensional spin-transport theory a conclusive
explanation for the spatial processes including their temporal behaviour could be given.

iii





Contents

List of Figures vii

Acronyms ix

1 Introduction 1

2 Holographic magnetic domain imaging at 3d transition metal M-edge energies 5
2.1 Image formation in Holography . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Holographic imaging of magnetic domain samples . . . . . . . . . . . . . . 11
2.3 Magnetic circular dichroism at the 3d TM M-edge . . . . . . . . . . . . . 15
2.4 Refraction and beam attenuation at VUV wavelengths . . . . . . . . . . . 18

2.4.1 Refraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.2 Beam attenuation of inhomogeneous plane waves in absorptive media 20

2.5 Considerations on large scattering angles and thin samples . . . . . . . . . 23
2.5.1 Projection to in-plane Fourier components . . . . . . . . . . . . . . 23
2.5.2 Development of a projection algorithm . . . . . . . . . . . . . . . . 25

2.6 Experimental aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.6.1 Sample transmission and contrast . . . . . . . . . . . . . . . . . . 29
2.6.2 Holographic mask design . . . . . . . . . . . . . . . . . . . . . . . 31
2.6.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.7 Results of the synchrotron FTH experiment . . . . . . . . . . . . . . . . . 36
2.7.1 Raw data reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 36
2.7.2 Image processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.7.3 Optimized single helicity reconstruction . . . . . . . . . . . . . . . 43
2.7.4 Difference image reconstruction . . . . . . . . . . . . . . . . . . . . 44
2.7.5 Resolution evaluation and comparison . . . . . . . . . . . . . . . . 47

2.8 M-edge holography at free-electron lasers . . . . . . . . . . . . . . . . . . 50
2.8.1 Working principle of the free-electron laser FERMI . . . . . . . . . 50
2.8.2 Results of single-shot M-edge holography experiment . . . . . . . . 52
2.8.3 Results of multiple-shot M-edge FTH imaging at FELs . . . . . . . 56

3 Time-resolved x-ray scattering experiments on magnetic domains 59
3.1 Experimental and evaluation methods . . . . . . . . . . . . . . . . . . . . 60

3.1.1 Vacuum chamber and configuration of FLASH . . . . . . . . . . . 60
3.1.2 Sample properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

v



vi Contents

3.1.3 Data processing and analysis . . . . . . . . . . . . . . . . . . . . . 67
3.1.4 Thermal side effects . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.3 Discussion and simulation of the experimental results . . . . . . . . . . . . 82

3.3.1 Scattering factor of magnetic domains . . . . . . . . . . . . . . . . 82
3.3.2 Theory of superdiffusive spin transport . . . . . . . . . . . . . . . 86
3.3.3 2D model for ultrafast spin transport in a magnetic domain pattern 87
3.3.4 Monte-Carlo simulations . . . . . . . . . . . . . . . . . . . . . . . . 89
3.3.5 Comparison to the work of others . . . . . . . . . . . . . . . . . . . 93

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4 Summary and Outlook 97

Bibliography 101

A Appendix 111
A.1 Projection algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

List of Publications 115

Acknowledgements 117



List of Figures

2.1 Basic concept of Fourier transform holography . . . . . . . . . . . . . . . 7
2.2 Simulation of holography on a complex transmission function . . . . . . . 8
2.3 Refractive index for Cobalt at the M-edge . . . . . . . . . . . . . . . . . . 14
2.4 Comparison of L-edge and M-edge XMCD for 3d ferromagnets . . . . . . 16
2.5 Electronic levels and density of states for Iron M-edge . . . . . . . . . . . 17
2.6 Refraction and scattering at normal incidence . . . . . . . . . . . . . . . . 19
2.7 Refraction between lossy media . . . . . . . . . . . . . . . . . . . . . . . . 22
2.8 Gnomonic projection and elastic scattering geometry . . . . . . . . . . . . 25
2.9 Geometry for the in-plane Fourier component projection . . . . . . . . . . 26
2.10 Exact area resampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.11 Comparison of gnomonic and in-plane component projection . . . . . . . . 28
2.12 Transmission and contrast optimization for M-edge samples . . . . . . . . 31
2.13 Holographic mask for M-edge holography . . . . . . . . . . . . . . . . . . 32
2.14 Sketch of vacuum chamber used for M-edge holography . . . . . . . . . . 33
2.15 Experimental geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.16 Single helicity raw data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.17 Raw data reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.18 Line section through mask and flattening filter . . . . . . . . . . . . . . . 40
2.19 Processed scattering pattern . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.20 Processed single helicity reconstruction . . . . . . . . . . . . . . . . . . . . 44
2.21 Individual reconstructions for single helicity image . . . . . . . . . . . . . 45
2.22 Final difference image reconstruction . . . . . . . . . . . . . . . . . . . . . 46
2.23 Resolution determination with line profile on domains . . . . . . . . . . . 49
2.24 FTH data recorded at FERMI FEL . . . . . . . . . . . . . . . . . . . . . 53
2.25 Single-shot reconstruction from FERMI FEL data . . . . . . . . . . . . . 54
2.26 Multi-shot holography reconstruction from FERMI data . . . . . . . . . . 56

3.1 Schematic geometry of the scattering experiment . . . . . . . . . . . . . . 61
3.2 Experimental system at FLASH . . . . . . . . . . . . . . . . . . . . . . . . 62
3.3 Magnetic hysteresis and membrane layout of SAXS sample . . . . . . . . 63
3.4 MFM image, histogram and line profile of magnetic domain sample for

FLASH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5 Sample absorption and reflectivity . . . . . . . . . . . . . . . . . . . . . . 66
3.6 Characterization images for time-resolved series . . . . . . . . . . . . . . . 67

vii



viii List of Figures

3.7 Evaluation steps on the radial intensity distribution I(q) . . . . . . . . . . 69
3.8 Single-shot induced transformation of stripe into maze domains . . . . . . 71
3.9 I(q) distribution for single-FEL-shot transformed domains . . . . . . . . . 73
3.10 Long-term IR annealing influence on average domain size . . . . . . . . . 74
3.11 MFM image of single VUV-shot domains . . . . . . . . . . . . . . . . . . 75
3.12 Change of scattering ring radius after 1.3 ps . . . . . . . . . . . . . . . . . 79
3.13 Magnetization and qpeak as a function of ∆t . . . . . . . . . . . . . . . . . 80
3.14 Contributions to the scattering factor of magnetic domains . . . . . . . . 83
3.15 Influence of domain wall factor on scattering peak position for real lattice 85
3.16 Electron scattering and density of states . . . . . . . . . . . . . . . . . . . 88
3.17 Magnetic domain pattern as used for Monte-Carlo simulation . . . . . . . 90
3.18 Simulated domain wall broadening and shift of the scattering peak . . . . 92



Acronyms

ADU Analog-to-Digital Unit
BESSY Berliner ElektronenSpeicherring SYnchrotron
CAD Computer Assisted Design
CCD Charge-Coupled Device
CDI Coherent Diffraction Imaging
Ce:YAG Cerium doped Yttrium-Aluminium-Garnet
CGIP Combined Gnomonic / In-Plane (projection)
DESY Deutsches Elektronen-Synchrotron
DWF Domain Wall Factor
FEL Free-Electron Laser
FERMI Free-Electron laser for Multidisciplinary Investigations
FLASH Free-electron LASer in Hamburg
FOV Field Of View
FTH Fourier Transform Holography
FWHM Full Width at Half Maximum
FZP Fresnel Zone Plate
HGHG High-Gain Harmonic Generation
HIPW Harmonic Inhomogeneous Plane Wave
HWHM Half Width at Half Maximum
LASER Light Amplification by Stimulated Emission of Radiation
LCLS Linac (LINear ACcelerator) Coherent Light Source
LLG Landau-Lifshitz-Gilbert
M3TM Microscopic 3-Temperature Model
MAGSSY MAGnetron Sputtering SYstem
MFM Magnetic Force Microscopy
ML MultiLayer
MOKE Magneto-Optical Kerr Effect
PEEK PolyEther Ether Ketone
PEEM Photoemission Electron Microscopy
PGM Plane Grating Monochromator

ix



x Acronyms

PMA Perpendicular Magnetic Anisotropy
ROI Region Of Interest
SACLA Spring-8 Angstrom Compact free electron LAser
SASE Self Amplification of Spontaneous Emission
SAXS Small-Angle X-ray Scattering
SDST SuperDiffusive Spin Transport
SEM Scanning Electron Microscopy or Microscope
SFD Switching Field Distribution
SNR Signal-to-Noise Ratio
SQUID Superconducting QUantum Interference Device
TM Transition Metal
VUV Vacuum UltraViolet
XFEL X-ray Free-Electron Laser
XMCD X-ray Magnetic Circular Dichroism



1 Introduction

Magnetism offers a great variety of physical phenomena ranging from fundamental theory,
like the Earth’ magnetosphere or particle physics to every-days life applications, such as
electric engines and magnetic data storage. Magnetism is invisible to the human eye and
we need a special method to picture the presence of a magnetic field or magnetization.
For a macroscopic magnet it might suffice to spread some small iron particles on a sheet
of paper and bring that on top of the magnet to image the magnetic field. However,
objects of modern solid state physics research are often smaller than the resolution of
every optical microscope, limited by the light wavelength. A fundamental question is
therefore: How to image a nanoscopic magnetic structure?

A first approach is to use techniques that are not reliant on light at all, such as scanning
probe microscopy (SPM). Here a tiny tip, comprising only a few hundreds of atoms, is
scanning the sample surface at such a small distance, that atomic forces attract the tip and
thereby deliver the topography signal. Provided with a magnetic coating, the tip is also
attracted or repelled by the magnetic field generated by the magnetization of the sample,
allowing magnetic force microscopy (MFM). With a special procedure it is possible to
distinguish topography and magnetic signal and gain a magnetization map with a spatial
resolution of down to 30 nm. The visual evidence provided by a MFM image is of such
substantial value, that almost every research group in the field of magnetic thin films
possesses such a device.

However, imaging a sample with nanometre resolution is one thing, the other very
important aspect is following the temporal evolution of a system. SPM methods are
intrinsically not able to record changes that are faster than the scanning process, typi-
cally on the order of seconds or minutes. This is where optical methods can excel with
outstanding time resolution down to attoseconds and beyond. Concerning magnetism,
especially in the last decade, time-resolved methods have established a whole physics
community and revealed new phenomena. The most prominent technique exploits the
magneto-optical Kerr effect (MOKE) in a pump-probe application. MOKE describes the
changes of light polarization by the reflection upon a magnetized surface. With a pulsed
laser source, beam splitter and a delay stage it is possible to first excite and then probe
the sample after a certain time. The time resolution is mostly given by the pulse length
and the accuracy of the delay line. The spatial resolution is comparable to optical micro-
scopes. Since the weak MOKE signal requires the accumulation of many pulses for each
time step, one can only measure the temporal behaviour of reversible processes.

A technique that potentially overcomes the obstacle of cumulative pulse exposure is us-
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2 1 Introduction

ing x-rays as a probe for small-angle x-ray scattering (SAXS)1. Free-electron lasers (FEL),
as 4th generation x-ray sources, can deliver femtosecond long x-ray pulses of a particular
photon energy with gigantic photon fluences. Here, one does not need to accumulate
several pulses (as for MOKE or at conventional 3rd generation synchrotron x-ray sources)
but can detect enough signal in a single-shot. Eventually, with excessive, ultrashort ex-
citations, it is possible to outrun the physical destruction of the sample and investigate
unique, irreversible processes. Above that, x-rays can selectively probe an element-specific
optical transition and provide chemical contrast (even for buried interfaces through their
penetration ability). Furthermore, the spatial scattering intensity distribution yields in-
formation on the arrangement of objects in the beam path. This can be either detected
with a movable point-like detector (diode) or an area-detector like a camera.

As was discovered in 1996, a magnetized sample exhibits a rapid demagnetization with
a time constant of a few hundreds of femtoseconds after excitation with an ultrashort laser
pulse. Owing to the ongoing development of femtosecond light sources, ultrafast mag-
netization dynamics has attracted a lot of interest. Here, most experimental approaches
(have to) utilize a uniformly magnetized sample to be able to measure the demagnetization
and cannot resolve magnetic structures. On the other side, magnetic nanostructures are
widely used for non-scientific applications such as data storage. A technique offering time-
and spatial resolution simultaneously is therefore very tempting for future investigations
on ultrafast magnetization dynamics.

The only method so far, that has delivered a time-resolved real-space image of nanometre-
sized magnetic structures is Fourier transform holography (FTH) with x-rays. In FTH, a
reference wave, generated by a point-like object in the sample plane, interferes with the
transmitted wave of the specimen, be it a magnetic domain pattern or a nanostructured
biological object for example. The scattering intensity is then modulated with small in-
terference fringes, which holographically encode amplitude and phase information. This
allows to reconstruct a complex object transmission function, i.e. an image of the sam-
ple. FTH exploits the coherence properties of light and is therefore perfectly suited for
those high-coherent sources like FELs and high-harmonic generation (HHG) sources. Yet,
most of those sources are confined to low x-ray photon energies where FTH was so far
only demonstrated on test objects. In order to pave a way towards high-resolution time-
resolved imaging of magnetic nanostructures for those sources too, it seems timely to show
that FTH is feasible at the 3d transition metal (TM) M-edges.

This thesis is structured in two major parts as follows: In chapter 2 it is shown how
FTH on static magnetic structures can be realized with photon energies around 60 eV, i.e.
the Cobalt M-edge. FTH in general has become a routine method for nanoscale imaging,

1 The high-energy photon regime is nominally subdivided into vacuum ultraviolet (VUV) from 6 eV to
150 eV, soft x-rays 150 eV to 3000 eV and hard x-rays with Eph >3 keV. This arbitrary differentiation
is inconsistent for terms like SAXS or x-ray magnetic circular dichroism (XMCD), that also hold for
VUV light. In this thesis x-rays is used synonymously for soft x-rays and VUV radiation, as it is also
done in parts of scientific literature [Att07], unless the distinction is necessary for understanding.
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so the basics of FTH will only be discussed in brevity. Here, the focus is on the novelties
and differences in experimental practice and data treatment at this photon energy range.
The main results of this work comprise the development of an image projection algorithm
presented in section 2.5 and experimental results of a proof-of-principle holography exper-
iment at a synchrotron source in section 2.7. Achievements of a FEL-based experiment
are shown in section 2.8 with a first glimpse on single-shot imaging.

Chapter 3 treats a time-resolved scattering experiment conducted at a FEL source.
Here, for the first time, magnetic domains where investigated with nanometre spatial
and femtosecond temporal resolution. Using a infrared pump – x-ray probe approach a
novel physical behaviour of the magnetically nanostructured sample could be revealed.
The experimental findings are presented in section 3.2. The explanation of the observed
dynamics is based on the theory of super-diffusive spin transport. A theoretical model was
developed and applied to the experimental case in the scope of a Monte-Carlo simulation
as shown in section 3.3. The results of the simulation are in full consent to the experiment
regarding tendency, time-scale and magnitude of the effect.





2 Holographic magnetic domain imaging at 3d
transition metal M-edge energies

Fourier Transform Holography (FTH) has been established as a standard imaging tech-
nique for wavelengths that are inaccessible to refractive optics. As an interference-based
technique, FTH allows to circumvent the problem of the refractive index approaching
unity for wavelengths below the visible region. However, FTH requires coherent illumi-
nation so that the reference wave, generated off the optical axis, can interfere with the
object’s scattered wave. This hologram is typically detected with a charge-coupled device
(CCD) camera and reconstructed in a second step via a 2-dimensional Fourier transform,
thereby labelling the method. FTH allows nanometer spatial resolution with full com-
patibility to time-resolved experiments, even for high-intensity (destructive) single-shot
approaches.

A very prominent application for Fourier transform holography (FTH) is imaging of
magnetic samples at the dichroic electronic L3-transitions of the 3d-ferromagnets [Eis04].
The corresponding energies for Iron, Cobalt and Nickel are 706.8 eV, 778.1 eV and 852.7 eV
respectively. Today’s synchrotrons, equipped with brilliant undulator sources, deliver x-
rays in that energy range with full polarization control. The coherence properties of the
illumination can be tuned by the use of monochromators and apertures, such that FTH
can be easily realized. Various experiments using FTH combined with x-ray magnetic cir-
cular dichroism (XMCD) yielded new insight into the physics of magnetic nanostructures
[Gün08; Gün10; Str09; Pfa11; Sti11; Duc13].

New sources like free-electron lasers (FEL) and high-harmonic generation (HHG) sources
provide very short x-ray pulses (down to several femtoseconds) thereby opening up wide
fields of applications in the study of ultrafast processes, such as femtosecond magnetization
dynamics. X-ray FELs, typically large-scale research facilities, possess an extremely high
peak-brilliance that is up to 8 orders of magnitude higher as for synchrotrons. Currently
there are 4 operating x-ray FELs (LCLS (USA), SACLA (Japan), FLASH (Germany)
and FERMI (Italy)) with the last two, by design not being able to reach 3d transition
metal TM L-edge energies. Laser-driven HHG sources, at the present time, also do only
achieve modest photon fluencies for energies above 300 eV but, as table-top experiments,
offer much higher availability. In order to employ the sources mentioned for magnetism
experiments one can exploit the dichroic 3d TM M-edges at transition energies of Fe
(52.7 eV), Co (58.9 eV) and Ni (66.2 eV).

The following chapter is about holography on magnetic specimen in this wavelength
regime around 21 nm, therefore denominated M-edge holography throughout the text. The
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6 2 Holographic magnetic domain imaging at 3d transition metal M-edge energies

first section will briefly explain the basics of the holographic image formation. While a
thorough mathematical treatment can be found in the dissertation of B. Pfau [Pfa13]
the main results required to understand subsequent chapters, are presented here. The
peculiarities of holography on magnetic samples and the x-ray contrast mechanism will
be discussed thereafter. The refractive index is notably different for 3d TM M-edge
energies compared to the L-edge above 700 eV. Section 2.4 covers that topic. A major
novelty was the correction of the recorded diffraction pattern in terms of a projection
to in-plane Fourier components. An according projection algorithm is one major result
of this work and detailed in section 2.5. It is compared to what is usually treated as
curvature correction of the emanating wave front. Detailed experimental aspects of the
first successful realization of M-edge holography in the scope of a synchrotron experiment
are presented thereafter.

The experimental results of 3d TM M-edge holography using circularly polarized light
are shown in paragraph 2.7. Holography, as an imaging procedure, is in competition with
other x-ray imaging techniques. A major criterion, is the achievable resolution which will
be thoroughly discussed in the thesis of J. Geilhufe [Gei14b]. Here, the resolution will
be determined with the help of small magnetic features inside the sample. In section
2.8, first results on magnetic-domain holographic imaging with a free-electron laser using
single and multiple shots of circular polarization at the 3d TM M-edge are presented.
The outstanding reconstruction quality, equivalent to L-edge holography, paves the way
to employ M-edge FTH to resolve scientific and technological problems in the future.

2.1 Image formation in Holography

The basic concept of Fourier transform holography is to record a hologram of a sample,
rather than directly capturing an image. Such a hologram is generated with the coherent
superposition of the wave scattered at the object with a second, off-axis generated refer-
ence wave. The reference source is typically a point-like object, for example a pinhole, as
illustrated in figure 2.1. This thesis will only deal with FTH in transmission geometry
where object and reference apertures are drilled via focussed ion beam (FIB) in an other-
wise x-ray opaque film, which is the commonly used layout (for other concepts see [McN92;
Gue12; Roy11; GF08]). All necessary optics are therewith integrated in the sample, being
the biggest advantage and drawback of the method at once. The monolithic combination
of object and imaging optics (i.e. reference) allow nm-resolution [Gei14a; Büt14], but on
the other side restrict the field of view (FOV) to the open aperture. Nevertheless for
nanoscopic objects a field of view (FOV) of several micrometers is often sufficient. One
can use multiple object pinholes in one sample [Sch07c] or further extend the FOV by
sacrificing stability with a movable mask [Gue10].

In the Fraunhofer regime, if L2 ≪ Dλ, (L being the lateral size of the object, D
the detector-sample distance and λ the photon wavelength) the 2D scattering pattern,
I(qx, qy), is the intensity of a two-dimensional spatial Fourier transform F of the exit
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Figure 2.1: A hologram of the object is formed
in the far-field via the coherent superposition
of its emanating wave front with a reference
wave generated by a point-like source, e.g. a
small pinhole. The sample typically comprises a
µm-large object aperture and multiple nm-size
reference pinholes drilled into an opaque film.

wave ψ(x, y):

I(qx, qy) = |F{ψ(x, y)}|2 = F∗{ψ(x, y)}F{ψ(x, y)}. (2.1)

F∗ denotes the complex conjugate Fourier transform. An inverse Fourier transform F−1

of the recorded intensities gives the Patterson map P (r′) :

P (r′) = F−1{I(q)} = F−1{F∗{ψ(r)}F{ψ(r)}}. (2.2)

Since the diffraction pattern is an intensity map, usually the phase information is lost
and the Patterson map contains only the spatial auto-correlation of the exit wave. In
the case of an FTH sample, however, the reference holographically encodes the phase and
resultingly P (r) also features the spatial convolution of reference and object. I(q) is then
called hologram and the corresponding inverse Fourier transform is the reconstruction.
The unique solution of the imaging (phase) problem via interference is another particular
strength of FTH compared to other approaches like phase retrieval of the exit wave 1.
Equation 2.1 allows to compute a theoretical far-field diffraction pattern for a particular
sample. This is exemplified in figure 2.2 for a complex transmission function with the heart
being the absorptive (real) and the note being the phase shifting (imaginary) component.
The reference is purely transmittive hence only represented in the real part of the sample’s
transmission function as shown later in equation 2.12.

1 Under certain circumstances and using several constraint conditions in reciprocal and real space, one
may numerically retrieve the phase of the exit wave. Finding a unique solution is aggravated by the
fact that an object Ψ(x, y) and its twin image Ψ∗(−x, −y) (complex conjugate and rotated by 180◦)
have the same Fourier modulus [FW86]. For magnetic domain imaging this implies an ambiguous
magnetization direction and requires a priori knowledge about the sample [Fle12].
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Figure 2.2: Simulation of hologram and reconstruction using equations 2.1 and 2.2. The sample
transmission function shows a distinct real (absorptive) and imaginary (phase shifting) part
(heart and note respectively). The far-field diffraction pattern shows holographic fringes,
enlarged in the inset, caused by the reference located in distance r0 from the object. The
reconstruction via an inverse Fourier transform yields centered auto-correlations in real and
imaginary part plus the according cross-correlations of reference and object displaced by r0 and
the corresponding twin image at −r0.

The diffraction pattern features interference fringes (intensity stripes enlarged in the
inset), which are symptomatic for FTH. The fringe periodicity is coupled to the real-space
distance r0 of object and reference aperture while their orientation is perpendicular to
r0 = (x0, y0). For the description of interference in the scattering pattern the relative
coordinates between scatterers are defining, not the absolute coordinates. Mostly object
and reference are monolithically coupled so that drifts and vibrations of the sample will
not impair the reconstruction, which is a great advantage towards even higher resolution
[Gei14a].
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Beside the auto-correlation of every sample feature located at the center, the reconstruc-
tion also shows the cross-correlations of distinct features separated by the same relative
distance as in real space. It is straightforward to introduce further objects [Sch07c] or
references [Sch06] in the sample, as long as they don’t overlap each other or with their
respective auto-correlations in the reconstruction. For reliable predictions for a real ex-
periment, detector size, pixel number and size have to be regarded [Pfa10]. C. M. Günther
comprehensively treats a dedicated application of this spatial offset behaviour in his dis-
sertation [Gün12]. The intensity of the reconstruction is normalized to the reference
intensity. If a forward Fourier transform is used instead of an inverse, a contrast inversion
will enter the imaginary part of the reconstruction.

In general, since the diffraction pattern is a real entity, the complex Patterson map
possesses centrosymmetry (P (r) = P ∗(−r)). The consequence is the formation of a
complex conjugate twin image of the object-reference cross-correlation at the position
−r0 from the center. It represents only redundant information (contrast inverted for the
imaginary part), but with respect to the symmetry, helps to verify that the hologram is
properly reconstructed. Artefacts in the reconstruction of real data will be discussed in
section 2.7.

Figure 2.2 shows that the object reconstruction is slightly blurred. As the cross-
correlation is generated by the convolution of object and reference, the resolution of
the reconstructed object is limited by the reference size. For a real experiment other
resolution diminishing mechanisms like finite detector size and imperfect coherence occur
(confer [Pfa13] ch. 2.6-2.9). In this example with unitary object and reference transmit-
tance, the contrast is limited by the intensity of the reference hole, which is much smaller,
than the object. This summarizes a dilemma of FTH: the entanglement of resolution and
contrast. It can be overcome by using different reference designs [Mar08; Gui10; Gei14a].
As it is discussed in section 2.6, in a real experimental scenario at the 3d TM M-edge,
the open reference can be much brighter than the object which is covered with a strongly
absorbing film. The contrast can then be limited by the object transmission and a smaller
reference or a bigger object aperture might be compelling.

Dynamic range and beamstop

Working with a real detector, that has i) a limited number of pixels with finite size and
ii) a limited dynamic range poses constraints on the extension of object and reference and
on the detectable scattering intensity. As shown in [Pfa10] for a centered hologram, the
largest distance in the sample, the object-reference distance r0 (actually r0 + 1

2 · (∅Obj +
∅Ref )), and the smallest resolvable feature, i.e. the resolution ρ, are entangled by the
ratio r0/ρ = n/4. The number of pixels n in one direction of the square detector is 2048
throughout this thesis. Since the auto-correlation is twice as big as the object itself and in
comparison the reference is negligible, r0 has to be at least 1.5 times the object diameter,



10 2 Holographic magnetic domain imaging at 3d transition metal M-edge energies

called L in figure 2.1. In combination, r0 has to be chosen in the range

1.5 · L < r0 < 512 · ρ. (2.3)

Note that this condition is independent of the wavelength, so it applies for 3d TM M- and
L-edge FTH equally. A good set of values for magnetic domains with a domain width in
the range of 50–100 nm is an object diameter of 2.5 µm and 3 to 5 50 nm references placed
on a circle of r0 = 5 µm radius around the object.

The charge-coupled device (CCD) camera used for all experiments of this thesis, has a
dynamic range of about 50.000 ADU (nominally 16 bit). Every detected photon induces 4
to 5 ADU for Eph = 60 eV with a quantum efficiency of 42 %. Consequentially, at the 3d
TM M-edge, a single exposure can only exhibit a dynamic range of ca. 1 × 104 photons.
Often multiple exposures are accumulated and thereby increase the dynamic range of a
picture. Exposure time (mostly few seconds up to minutes) and detector readout (4 s
per exposure for the common detector configuration) restrict the practically acceptable
acquisition number to 10 to 100.

The direct transmission through the holographic mask is usually several orders of mag-
nitude brighter than the scattering signal and localized on a region much smaller than the
object’s Airy disc, which is typically the brightest feature otherwise. An effective remedy
is to block this most intense part of a hologram with a beamstop. The necessary size of
the beamstop is dependent on the overall intensity slope of the hologram and the strength
and approximate location of the scattering signal. Ideally, all intense features are covered
by a circular beamstop of the size of the Airy disk of the object aperture. In the first
Airy ring the intensity only reaches 1.75 % of the Airy disk so the dynamic range of the
Airy pattern can be diminished by a factor of 50.

There are 3 major consequences from the utilization of a beamstop:

• Due to missing data for q < qBS the reconstruction is high-pass filtered and an
edge-enhanced version of the image is obtained.

• Often the beamstop boundaries cross regions of high intensity in the hologram.
Strong and localized changes of the intensity cause modulations in the reconstruc-
tion, in analogy to the sinc-function being the Fourier transform of the rectangular
function.

• The accurate position of the center of the diffraction pattern is lost behind the
beamstop. The center is very important in general and in particular for magnetic
imaging to avoid cross-talk in the reconstruction between real and imaginary part.

There are several ways to deal with the mentioned obstacles that appear in holography
from using a beamstop. They will be discussed in section 2.7 with experimental data.
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2.2 Holographic imaging of magnetic domain samples
FTH, as considered in this thesis, recovers spatial information of a sample by a Fourier
transform of its scattering pattern, obtained in transmission geometry. This process can
be described by an incident wave field ψ0(x, y, z) that is altered by the sample which is
enclosed by vacuum. The modified wave field is given by ψ(x, y, z) and connected to the
incident field via

ψ(x, y, z) = T (x, y, z)ψ0(x, y, z). (2.4)

T (x, y, z) is the sample transmittance for 0 < z < d. The validity of this approach is
shown in [Thi08], requiring

ρ

d
≫ λ

L
, (2.5)

where ρ is the desired resolution, d the sample thickness, λ the wavelength and L the
lateral extent of the sample (confer figure 2.1). For 3d TM M-edge holography on magnetic
domains all values except L are in the same order of magnitude: λ ≈ 21 nm, d =10 nm to
30 nm and the resolution ρ should be in the range of several tens of nm. Thus the object
aperture diameter L must be in the micrometer range in order to obey condition 2.5. The
illuminating wave field is an electromagnetic wave in vacuum (ñ = 1) propagating along
the z-direction

ψ0 = E0 exp {i (k0z − ωt)} (2.6)

with k0 = 2π/λ = ω/c. Passing through the a medium with the refractive index 1

ñ = 1 − δ + iβ (2.7)

the wave is altered according to[Att07]

ψ =E0 exp {i (k0ñz − ωt)} (2.8)

=E0 exp


i

ω

c
(1 − δ + iβ)z − ωt


(2.9)

= E0 exp


iω

z

c
− t


  

ψ0

exp


−i2πδ
λ
z


  

phase shift

exp


−2πβ
λ
z


  

absorption

. (2.10)

Comparing equations 2.4 and 2.10 one identifies the last two terms, the phase-shift induced
by δ and the absorption caused by β, with the transmittance function of the sample. FTH,

1 This notation of the refractive index is commonly used for soft x-rays where ñ only marginally differs
from unity [Att07]. For the VUV energy range, discussed in this thesis, δ and β can be in the range
10−1 and precaution has to be taken before making approximations.
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as a transmission experiment can only recover the integrated optical properties of sample
projected along the beam path

T (x, y, d) = exp

−2π
λ

d
0

[iδ(x, y, z) + β(x, y, z)] dz

 . (2.11)

The exponential function is often simplified with the assumption d ≫ λ, that does not
hold for 3d TM M-edge experiments, where d ≈ λ. Yet in the VUV region δ and β are
still small (≈ 0.1) and the quadratic correction term in the Taylor series will be negligible.
The final result is

T (x, y, d) ≈ 1 − µ(x, y, d) − iφ(x, y, d) (2.12)

with the sample absorbance µ and phase shifting properties φ:

µ(x, y, d) =
d

0

2π
λ
β(x, y, z)dz φ(x, y, d) =

d
0

2π
λ
δ(x, y, z)dz. (2.13)

Note, that µ is not identical to the linear absorption coefficient known from the Lambert-
Beer absorption law (equation 2.35).

In the previous chapter it was illustrated, that the Patterson map P (r) = P (x′, y′) (the
reconstruction) includes the 2D spatial convolution of object and reference and its complex
conjugate as images of the sample. For a delta-like reference. i.e. ψ(r) = δ(r)+T (r −r0),
P (r) is directly connected to the object’s transmission function

P (x′, y′) =F−1{F{ψ(r)}∗F{ψ(r)}} (2.14)
=1 − µ(r′ − r0) − iφ(r − r0) + c.c.+AC. (2.15)

AC denotes the autocorrelations of every feature of the sample and c.c. is the complex
conjugate of the previous term. A potential phase variation between reference and object,
as discussed in [Zhu09], is neglected. The shown relations are discussed with more detail
in [Pfa13] (chapter 2.5).

For a dichroic magnetic medium the refractive index takes the form

ñ± = 1 − (δ ± (k̂0 · m̂)∆δ) + i(β ± (k̂0 · m̂)∆β). (2.16)

The notation ñ± corresponds to the incident photon polarization, (+) for right and (-) for
left circular. The degree of circular polarization is considered to be Pcirc = 1. k̂0 is the
vacuum wave vector, normalized as a unit vector, defining the direction of the incoming
light propagation. m̂ is a dimensionless unit vector for the sample magnetization. The
scalar product k̂0 ·m̂ indicates that the dichroic effect is maximum for parallel respectively
anti-parallel alignment of beam and magnetization axis.
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The transmittance of a dichroic sample of thickness t follows analogously to equation
2.12

T±(x, y, d) ≈ 1 − µ±(x, y, d) − iφ±(x, y, d) (2.17)

with

µ±(x, y, d) =
d

0

2π
λ
β(x, y, z) ± (k0 · m̂(x, y, z))∆δ(x, y, z)dz and (2.18)

φ±(x, y, d) =
d

0

2π
λ
δ(x, y, z) ± (k0 · m̂(x, y, z))∆β(x, y, z)dz. (2.19)

In order to eliminate non-magnetic contributions in the reconstruction it is helpful to
record two images with opposite circular photon polarization, σ+ and σ− respectively,
and generate a difference image before the Fourier transform:

Pdiff (x′, y′) = F−1

(F{δ + T+})∗F{δ + T+}  
σ+−image

− (F{δ + T−})∗F{δ + T−}  
σ−−image

 (2.20)

=

T ∗

+ ∗ T+ − T ∗
− ∗ T−


+

δ ∗ T ∗

+ − δ ∗ T ∗
−


+ (δ∗ ∗ T+ − δ∗ ∗ T−) (2.21)

= AC + (2∆µ+ 2i∆φ)

r0

+ (2∆µ− 2i∆φ)

−r0

(2.22)

As before, the reference is assumed to be a delta-like source displaced by r0 from the
object hole. ∗ denotes the spatial convolution. The spatial dependencies are omitted for
clarity except for the last line. The second term of equation 2.22 is the reconstruction
due to δ located at r0, the last term is the complex conjugate twin image at −r0. The
autocorrelation AC is located at the center of the reconstruction and the polarization
independent terms of the reference cancel out1.

Equation 2.22 shows, that by reconstructing the difference image one gains direct ac-
cess to the magneto-optical properties of the sample in transmission. The real part of
the reconstruction is connected to the dichroic absorption properties and the imaginary
part represent the dichroic phase-shifting fraction of the refractive index. The dispersion

1 It is possible, to cover the reference pinhole with a suitable magnetic film to generate circular po-
larization from linear incident light, as shown in [Sac12] for the L-edge. This is important for often
intrinsically linearly polarized sources as FEL or HHG. However, at the 3d TM M-edge, the to-
tal absorption of any layer is dramatically stronger compared to the L-edge and hence reduces the
throughput of the reference by several orders of magnitude. This is a big obstacle for polarizers in
general in this wavelength range and might foil an implementation of polarizing-reference FTH at the
3d TM M-edge.



14 2 Holographic magnetic domain imaging at 3d transition metal M-edge energies

Figure 2.3: Tabulated values for the phase-shifting part δ and the absorptive part β (top
graph) of the refractive index ñ = 1 − (δ ± ∆δ) + i(β ± ∆β) of Cobalt taken from [CXR13]. The
dichroic parameters (bottom graph) should vanish afar from the resonance energy and are
typically at least one order of magnitude smaller than the non-magnetic equivalents. Data taken
from [Val06].

(energy-dependence) of the components of the refractive index of Cobalt is presented in
figure 2.3. The nonmagnetic contributions δ and β reflect the situation for linearly or un-
polarized radiation and are typically at least one order of magnitude higher at the specific
resonance energy than the dichroic constants. The M-edge for Cobalt is composed of two
spin-orbit split resonances, the M2 (3p1/2) transition at 58.9 eV and the M3 level (3p3/2)
at 59.9 eV (black vertical lines in the graph). However, the natural linewidth is compara-
ble to the spin-orbit splitting and the two levels overlap (see section 2.3). The values for
δ and β are tabulated in the CXRO database [CXR13] while for the dichroic constants
∆δ and ∆β experimental data from [Val06] (solid lines) were redrawn. Stemming from
different sources can explain a mismatch in the peak positions for the top and bottom
graph.

The phase shifting part δ undergoes a zero-crossing at the edge, while the curvature of
β inverts. The non-magnetic absorption β peaks about 1.5 eV after the edge. The dichroic
part ∆β shows a zerocrossing before the edge. Finally, ∆β shows the maximum absolute
value at the edge, thereby optimizing the absorption difference for the two photon helici-
ties. For the graph, as well as it is often done in literature, full out-of-plane magnetization
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and perfect circular polarization are presumed. It is then k̂0 · m̂ = 1 and often omitted
in equation 2.16.

Concerning FTH and referring to figure 2.3, there are two immediate experimental
consequences: First, it is advisable to stay rather below the edge to minimize beam atten-
uation. Secondly, the magnetic contrast from ∆δ increases before the edge. This trades
absorption contrast with phase contrast and allows to perform spectroscopic holography
[Eis04] to determine dichroic contributions qualitatively. A demonstrating, spectroscopic
FTH experiment was performed at the L-edge of Cobalt [Sch07a; Sch07b] and shows the
potential for phase imaging of magnetic nanostructures. There, although the exact center
of the diffraction pattern was hidden by a beamstop, a clear energy-dependent represen-
tation of the magnetic domain pattern, either in the real (∆δ) or imaginary (∆β) part of
the reconstruction was observed (in neither parts, if the photon energy was tuned off the
resonance). However, in the case of a spectroscopic experiment that relies on a distinc-
tion of real and imaginary part, one should always record the center of the hologram for
optimum reliability.

2.3 Magnetic circular dichroism at the 3d TM M-edge

For the 3d transition-metal ferromagnets Iron, Cobalt and Nickel, the Fermi energy EF
lies in the d-bands, that have high possible electron occupancies. The exchange interaction
leads to a spin-split of the bands by approximately 1 eV. In an external "up" magnetic field,
the spin-down channel is energetically favored (spin and corresponding magnetic moment
have opposite sign) and shifted to lower energies. Hence, the population increases as
compared to the spin-up band thereby forming the majority spin. This is the essence
of the Stoner model. While now there are more electrons in the spin-down channel,
the number of holes above EF is higher for the spin-up channel (minority spin). These
available states can be probed by x-ray absorption spectroscopy [Stö95] and, in the case
of a ferromagnet, serve as a spin-selective detector for photoelectrons.

The effect of x-ray magnetic circular dichroism (XMCD) exploits this mechanism. First,
after absorption of an x-ray photon in resonance to an electronic transition of the ferro-
magnet, a core electron of a suitable niveau (only L- and M-Shell considered here) is
excited into the d-band holes band above EF . The spin-degeneracy of the core levels is
lifted by the spin-orbit interaction. Secondly, the transition probabilities (2p1/2,3/2 → 3d
respectively 3p1/2,3/2 → 3d) differ for up- and down-electrons. The incident x-rays must
be circularly polarized to exclusively address electrons of one spin. The maximum effect
occurs if magnetization and photon polarization vector are parallel or antiparallel, as in-
dicated in figure 2.4a top. Here, on the example of Nickel, it is shown, that for the L3
and L2 transitions, the resonantly amplified absorption differs for both situations. The
inversion of the effect can be achieved equivalently by a flipping of the sample magnetiza-
tion or switching of the photon helicity. After excitation, the energy is rapidly dissipated
by Auger processes and inverse photo effect. The XMCD effect is thoroughly discussed
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(a) (b)

Figure 2.4: (a) Absorption spectra (top) for Nickel at the L-edge with parallel (↑↑) and
antiparallel (↑↓) alignment of magnetization and photon polarization vector. The intensity
difference I↑↑ − I↑↓ (bottom) is defined to be negative for the L3 transition. from [Che90]. (b)
Magnetic circular dichroism measured at the 3p-edge of Iron, Cobalt and Nickel. Negative and
positive dichroism connected to M3 and M2 overlap each other and the individual magnitude is
compromised unlike for the L-edge. The largest total dichroic signal is recorded slightly above
the actual M3 level energies for Fe (52.7 eV), Co (58.9 eV) and Ni (66.2 eV) (red ticks).
Reproduced with minor modifications from [HZH96].

in the book of Stöhr and Siegmann [SS06] for the L-edge.
Under certain circumstances it is possible to derive spin and orbital momenta from

XMCD signals by applying special sum rules [Che95]. The intensity difference I↑↑ − I↑↓
1 (figure 2.4a bottom) is negative for the L3 edge and positive for the L2 edge. The

1 The usage of arrows is ambiguous because often the measured magnetization is indicated, not the
spin. This is also the case here. For the spins it must be I↑↓ − I↑↑.
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intensity of the L3 peak is double that of the L2 due to a two times higher population of
the initial electronic state. In order to be independent of photon fluence and total sample
absorption, the XMCD asymmetry ratio is used

XMCD = I↑↑ − I↑↓
I↑↑ + I↑↓

. (2.23)

The energy dependence of the XMCD for Fe, Co and Ni around the M-edge is presented
in figure 2.4b. For Iron, a negative dichroic signal sets in around 47 eV and inverts at the
actual M3 edge (red mark). A maximum effect of 12 % is measured at 54 eV, which is
1.3 eV above the edge. For Cobalt it reaches up to 10 % at 60 eV, almost perfectly at the
M3 edge. Nickel shows a weaker XMCD asymmetry of only up to 3 %.

In contrast to XMCD at the L-edge, at the 3d TM M-edge the theoretical description
is complicated by the similar magnitude of exchange and spin-orbit interaction. Figure
2.5a shows two possible approaches for the Iron case with either the exchange or the spin-
orbit interaction treated as perturbation, i.e. weaker compared to the other. The states
labelled 1,2,4,5 are strongly hybridized between j=1/2 and j=3/2 since their total angular
momentum is not a good quantum number. The energy difference between the states 3
and 6 is the exchange interaction splitting. Due to a linewidth of about 1.4 eV all M2/M3
transitions are merged in a broad resonance (figure 2.5b) and not clearly distinguishable,
unlike L3 and L2 for the 3d ferromagnetic elements. This is not to assess which description
is appropriate, but to illustrate, that M-edge XMCD for Fe, Co and Ni requires more care
in the selection of the photon energy. If set to an incorrect values the dichroic signal
might invert or even vanish in the worst case. At FEL and HHG sources a spectroscopic
determination of the optimum photon energy for XMCD is often impossible due to an

(a) (b)

Figure 2.5: (a) At the 3p levels spin-orbit and exchange interaction are about equally strong
and respective perturbative approaches can lead to different splitting of the sublevels. The red
numbered sublevels belong to the peaks in (b). Here the total electronic density of states (dotted
line) and contributing sublevels are shown for an underestimated lifetime broadening of 0.5 eV.
In reality the broadening is about two times larger and the absorption edge even broader. The
red arrows correspond to the |j,mj⟩ eigenstate binding energies (exchange interaction treated as
perturbation). (a) was reproduced from [Tob98], (b) from [Tam94].
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Fe, Co, Ni EB ∆ESO (eV) ∆EEx (eV) Γ (eV) ∆βCo/βCo lx,Co (nm)
L-edge 700–900 13–18 <0.5 ≈0.4 0.27 18
M-edge 50–70 0.9–1.8 ≈ 1 ≈1.4 0.08 12

Table 2.1: Comparison of selected electronic and optical properties of the 3d ferromagnets at
the L- and M-edge. Parameters are the binding energy EB , the core level spin-orbit splitting
∆ESO and exchange splitting ∆Eex. The linewidth (FWHM) Γ holds for an assumed Lorentzian
peak profile but is listed only for the respective L3 transitions. Data taken from [CXR13;
KVP94; Tam94]. Two key values for magnetic FTH in transmission geometry are the x-ray
attenuation length (normal incidence) lx = 1/µx and the ratio of dichroic and normal absorption
coefficient ∆β/β. Both values are listed only for Cobalt at the respective L3- and M-edge peaks
[Mer04; Val06].

elaborate process to change EPh. As a rule of thumb, working slightly above the nominal
M3 energy should give strong dichroic absorption signal.

Table 2.1 presents a comparison of some physical parameters important for XMCD
transmission experiments on the transition metal ferromagnets Fe, Co and Ni. The small
spin-orbit splitting compared to the linewidth for the M-edge transitions in opposition to
the L-edge case, leads to the discussed overlap of negative and positive XMCD signal at
the 3d TM M-edge. As an important value for transmission-based XMCD experiments like
FTH, the maximum ratio of dichroic and normal absorption coefficient can be considered.
The values are taken from Mertins et al. [Mer04] for the L-edge and Valencia et al. [Val06]
for the M-edge (confer figure 2.3). The ratio ∆β/β for Cobalt is about three times larger
at the L-edge in comparison to the M-edge. Hence, if one can freely choose the utilized
photon energy, the L-edge will be advantageous. However, FTH is not limited by the
dichroic properties only and instead of ∆β/β it is rather lx = λ/4πβ (λ is the photon
wavelength) that approves to be an obstacle. The smaller attenuation length at the M-
edge limits the acceptable sample thickness particularly in conjunction with the increased
absorption of other sample constituents around 60 eV compared to 800 eV. Nevertheless,
∆β, β and thus the attenuation length vary greatly over the resonance and the listed
values are only approximate.

2.4 Refraction and beam attenuation at VUV wavelengths
The refractive index in the VUV regime, i.e. at the 3d TM M-edge,

ñ(ω) ≡ 1 − δ(ω) + iβ(ω)  
x-ray regime

≡ n(ω) + iκ(ω)  
optical regime

(2.24)

does not necessarily obey the x-ray approximation β, δ ≪ 1. Consequentially, optical
phenomena like refraction and beam attenuation have to be considered, that are negligible
at the L-edge. For this section, the refractive index as defined in the optical regime (last
part of equation 2.24) will be used. The explicit energy dependencies are omitted.
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2.4.1 Refraction

A potential influence of refraction arises due to the fact, that the scattering angles Θ at
the 3d TM M-edge become substantial. From sin(Θ) ≈ λ/d it follows Θ = 12◦ for a
d = 100 nm object and 21 nm wavelength compared to 1◦ for 1.6 nm

Figure 2.6: Refraction at the interface vacuum-sample and graphical realization of the equality
of the in-plane components of the wave vector. It is k1 = nkin which is larger in vacuum. The
identification of the recorded scattering angle Θ with the refracted angle Θ2 is only valid for
normal incidence and spares a refraction correction.

A macroscopic vectorial illustration of scattering and refraction is shown at the top
of figure 2.6. A photon with wave vector kin impinges upon the sample surface under
normal incidence. Hence, at the front, refraction does not have to be considered. The
photon is scattered inside the specimen and detected at the scattering angle Θ belonging
to kout. Due to elastic scattering it holds kin = kout. The momentum transfer from the
scatterer to the photon is given by q = kin − kout. Inside the medium, as illustrated in
the enlarged region in the bottom part of the figure, the incident wave vector k1 is now
slightly shorter since nsample < nvac. It is scattered to k′

1 and deflected by an angle Θ1
which in turn is the angle of incidence on the interface sample-vacuum. Here, the wave is
refracted and its wave vector elongated again to the original value. The angle of refraction
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Θ2 is determined via Snell’s law

n1 sin(Θ1) = n2 sin(Θ2). (2.25)

Intuitively, one would argue that the scattering angle in- and outside the sample are
different so Θ2 requires a correction to the "true" Θ1. However, such a refraction correction
of the scattering angle is not necessary because of two peculiarities. First, as a consequence
of the normal incidence geometry, it is kin ∥ ŝ =⇒ Θ ≡ Θ2 and the dashed lines in
figure 2.6 are truly parallel. Secondly, as discussed in section 2.5, only thin samples are
considered here so the relevant entity is the in-plane component of the scattering vector
q∥. Those in-plane components of the wave vectors obey

q∥ = kout,∥ = k2 sin(Θ2) = k1 sin(Θ1). (2.26)

For the last identity the elastic scattering condition (k1 = k′
1) was used and represents

just another formulation of Snell’s law for ki = nik0 = ni
ω
c . Equation 2.26 identifies the

observable scattering vector’s in-plane component with the wave vector component inside
the sample. Conclusively, the in-plane momentum is conserved during refraction but the
whole scattering pattern now has to be transformed to in-plane Fourier components. With
such a transformation a refraction correction is solved simultaneously.

2.4.2 Beam attenuation of inhomogeneous plane waves in absorptive media
3d TM M-edge resonance energies are roughly a factor of ten higher than visible light
and a factor of 10 lower as L-edge transitions. In the optical regime metals exhibit sub-
stantial absorption which requires an interpretation of beam propagation with a complex
wave vector ñk. On the other hand, at the L-edge, this can be completely neglected as
absorption becomes minuscule. Photon energies as used throughout this work, represent
an intermediate regime for which both approaches might apply. The general theory of
wave propagation in absorptive media includes the x-ray approximation for κ → 0 and
is therefore discussed in the following. A comprehensive textbook description is given
in [Kni76] (ch. 4) with more discussion to be found in [DPA94; YL97] and especially
[CWH05].

Inside a lossy, non-magnetic1 medium (µ = µ0) the electromagnetic wave shall be
described with the electric field

E(r, t) = E exp [i (k · r − ωt)] (2.27)

(analogous for the magnetic field) that has to obey Maxwell’s equations for a linear,
isotropic, charge-free and homogeneous medium:

k × E = µ0ωH, k · E = 0, k × H = −ε̃ωE, k · H = 0 (2.28)

1 Although the sample is ferromagnetic, this is reasonable, because the relative permeability converges
to 1 for frequencies ω of visible light and x-rays in particular.
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and ε̃ = ε0ñ
2. Lets assume a complex wave vector k = ω

c (N ê + iKf̂) that can be split
up in two parts, with ê and f̂ being unit vectors normal to the planes of constant phase
and constant amplitude respectively. In vacuum it is k0 = ω/c and c2 = 1/ε0µ0 . With
the Maxwell equations follows

k × k × E =µ0ω k × H

k · (k · E) − E · (k · k) =µ0ω(−ε̃ωE)
ω2

c2 E · (N ê + iKf̂) · (N ê + iKf̂) =µ0ε0ω
2(n− iκ)2E

ω2

c2 E · (N2ê · ê −K2f̂ · f̂ + 2iNKê · f̂) =ω2

c2 E · (n2 − κ2 + 2inκ). (2.29)

Equation 2.29 gives a relation for the real and imaginary part respectively, as N, K, n
and κ are real parameters. The so-called Ketteler equations

N2 −K2 = n2 − κ2 and NK ê · f̂ = nκ. (2.30)

connect N and K to the common optical constants and finally allow to identify them as
apparent refractive indices. Furthermore, it is ê · f̂ = cos(ξ), with ξ called the inhomo-
geneity angle. From the term 2.30 one infers that for a dissipative medium, i.e. κ ̸= 0,
ê and f̂ do not coincide, turning the familiar plane wave into a harmonic inhomogeneous
plane wave (HIPW). That notation refers to the amplitude of the wave being inhomoge-
neous lateral to the beam propagation whereas only in dielectrics or for normal incidence
in metals the beam is attenuated along its propagation direction. In other words, the
HIPW inside the medium is exponentially attenuated along f̂ while the ray propagates
along ê. Instead of the normal refractive index, now N and K obey the generalized Snell’s
law for refraction at the interface between two lossy media 1 and 2:

N1 sin(Θ1) = N2 sin(Θ2) K1 sin(Ψ1) = K2 sin(Ψ2). (2.31)

The angles are illustrated in figure 2.7. At the interface of two lossy media, N2 and
K2 resolve from a lengthy quartic equation [CWH05]. A special case is the boundary
between a dielectric and a metal (absorbing medium). With K1 = 0 the generalized Snell
equations have to be fulfilled for every K2 such that Ψ2 = 0. The beam attenuation is
always normal to the interface which is the familiar behaviour! In other words, the planes
of constant amplitude are parallel to the interface f̂2 ∥ ŝ. But, as shown below, K2
depends on the angle of incidence and is not equal to the traditional extinction coefficient
κ2. It can be even K2 ̸= 0 for κ2 = 0 as thoroughly discussed in [CWH05].

The experimental situation of interest is a magnetic layer–vacuum boundary and indices
can be omitted as it is N1, K1 = 0, N2 = N, K2 = K, κ2 = κ, n2 = n from here.
The theory features only deviations to the lossless-media approach for oblique incidence
which, for this experiment, occurs only after scattering in the magnetic layer. Since it was
located downstream the Si3N4 membrane, the latter is disregarded. The inhomogeneity
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Figure 2.7: Sketch of the refraction process between two lossy media, i.e. media with complex
refractive indices ñ = n− iκ. The planes of constant phase represent the beam propagation
along ê. The angle of incidence θ1 is modified after refraction according to the generalized Snell’s
law. N and K are dependent on the angle of incidence, so they are no true optical constants.

angle inside the metal layer is always equal to the transmitted angle (ξ = θ) and one can
deduce N and K in the sample according to

N2(θ) = 1
2

n2 − κ2 +


(n2 − κ2)2 + 4


nκ

cos(Θ)

2
 (2.32)

in combination with the Ketteler equations. N2 is the effective refractive index in the
magnetic layer that depends on the conventional parts of ñ there and the scattering angle,
detected in vacuum. N2 merges into n2 for zero absorption or vanishing scattering angle,
approving the assumptions in the beginning.

The magnetic Co/Pt multilayer is incorporated using the atomic-content weighted av-
erage of the refractive indices of bulk Co and Pt. The value of δ for Cobalt is set to
zero at the absorption edge. The largest differences of N(θ) and K(θ) compared to n
and κ are obtained for the highest scattering angle. Referring to the experimental data
Θmax = 23.3◦ is used to derive the maximum achievable deviations from the lossy me-
dia approach. The values are collected in table 2.2. A notable difference is observed for
K(Θmax) and κ. However, this is only a virtual deviation that approves to be a subtle con-
sequence of the theoretical approach. The measurable transmission is only insignificantly
changed, as shown in the following.

The field intensity I(r) = |E(r)|2 decays exponentially inside the metal layer. For the
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n = 1 − δ κ ≡ β Tconv(Θmax) N(Θmax) K(Θmax) Tgen(Θmax)
Co 1 0.146
Pt 0.902 0.172

Co/Pt-ML 0.938 0.172 6.43 % 0.940 0.188 6.49 %
Si3N4 0.911 0.032

Table 2.2: Optical constants at λ = 20.8 nm for Co, Pt and Si3N4 [CXR13]. The Co/Pt
multilayer is derived as the weighted average of Co and Pt. The transmission is calculated for
the assumption, that the whole layer is passed under the maximum angle Θmax = 23.3◦ using
the conventional theory, Tconv, and the general approach, Tgen, on lossy media.

traditional theory absorption occurs along the optical path r = lê with l = d/ cos(Θ).

Iconv(r) = |E|2 e− 4πκ
λ

d
cos(Θ) (2.33)

For the inhomogeneous plane wave absorption is always normal to the interface metal-
vacuum but described with an apparent refractive index. For the inhomogeneity angle it
is ξ = Θ, so the explicit angular dependence cancels out in the more general calculation:

E(r) =Eeik0Nl e−k0K cos(ξ)l (2.34)

Igen(r) =|E|2 e− 4πK(Θ) cos(ξ)
λ

d
cos(Θ) = |E|2 e− 4πK(Θ)

λ
d . (2.35)

Remember, that K was derived using equation 2.32 which reveals a similar dependence on
1/ cos(Θ). Overall, the general approach with HIPW just shifted the angular dependence
of the transmission from the optical path to the apparent refractive index. Nevertheless,
this is only true for the boundary conditions that were chosen to achieve accordance with
the experiment. Finally, even for the largest possible effect, when the beam passes the
whole magnetic layer under the maximum scattering angle, the correction is only in the
order of 10−2 as the transmission of the magnetic layer exclusively changes from 6.49 %
to 6.43 %.

In conclusion, for the sample of interest and normal incidence, the corrections of the
transmission are negligible and the lossy media treatment is unnecessary. For oblique
incidence and/or specimen with optical constants differing stronger from unity, the cor-
rections might be larger and a potential importance should be checked for the particular
case again. In the following, the conventional theory will always be used (see section 2.6).

2.5 Considerations on large scattering angles and thin samples
2.5.1 Projection to in-plane Fourier components
A fundamental distinction of scattering experiments at the 3d TM L-edge and M-edge is
the much larger scattering angles for the latter. A flat area detector like the CCD camera
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used here, always causes a nonlinear mapping of scattering angles to pixels. i.e. wrong
q-scaling of the diffraction image representing reciprocal space. Such a projection of a
hemisphere to a plane is known from cartography as a polar gnomonic projection, with the
projection plane being normal to the optical axis. The latter reduces the dimensionality
due to rotational symmetry which simplifies the calculations.

Figure 2.8a illustrates the situation for a particular pixel of the CCD in the (y, z)-plane.
The detected pixel coordinate y is larger than the corresponding arc Θ ·D according to

Θ ·D = D tan( y
D

) ⇐⇒ y = D arctan(Θ). (2.36)

A simple coordinate transformation [San09] to polar coordinates (spherical in 3D) (y, z) −→
(Θ, r) and replacement of r with D will virtually move the pixel on the arc Θ · D. The
angular coordinates remain unchanged and only the distance is altered. However, a re-
location is not sufficient, because the finite size of the real pixel has to be respected too.
The intensity of a small angle segment is distributed over a bigger number of pixels the
larger Θ is. Hence, the position and shape of a pixel have to be projected, as will be
detailed later. It is obvious, that the higher the detected angles are, the larger becomes
y compared to Θ · D; the image is pincushion-like distorted. The back-projected image
with correct q-scaling will thus feature convex edges (barrel-like distortion) i.e. pixels cor-
responding to the highest angles (in the corners of the CCD) will experience the largest
relocation towards q=0.

The inverse gnomonic projection is only one of the two necessary transformations. As
it was already argued in section 2.4 to exclude a potential influence of refraction, for thin
samples it is the in-plane component of the scattering vector, q∥ that is the preserved entity
in the scattering process. For a magnetic domain sample, this is illustrated in figure 2.8b.
The magnetic in-plane periodicity a is typically 100 nm to 350 nm with a layer thickness
of several tens of nanometers1. In reciprocal space this generates reflexes, elongated
along the surface normal with a spacing 2π/a in reciprocal space. These Bragg reflexes
show analogy to crystal truncation rods in surface sensitive crystallography [SHB04]. The
elastically scattered wave vector kout, lies on the Ewald sphere of constant radius kout =
kin. A scattering reflex appears if the scattering condition q = kin − kout is fulfilled,
i.e. the Ewald sphere intersects with the reflexes of the magnetic domain lattice. The
perpendicular momentum transfer q⊥ however can be arbitrary. Originally, the detected
diffraction pattern (hologram) is scaled in q and must be rescaled to Q∥ before it is
interpreted in terms of the correlated real-space distances (translated to real-space via
Fourier transform, respectively).

In summary, the image transformation algorithm not only has to respect the nonlinear
q-scaling, but also project to the in-plane Fourier component of the detected scattering
vector. This explanation applies for all scattering images from thin samples and thus

1 Any out-of-plane periodicity in such thin samples is hence even smaller than the wavelength and
cannot be resolved at the 3d TM M-edge.
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(a) (b)

Figure 2.8: (a) The experimental geometry with a planar CCD camera in a distance D from
the scattering object. The high scattering angles Θ lead to noticeable distortion due to the
curvature of the wave front. The scattering angle is the connection between real-space and
reciprocal space. (b) Scattering of laterally extended, thin samples like magnetic domains. The
Bragg reflexes are elongated normal to the plane (longitudinal) with a lateral spacing of 2π/a in
reciprocal space. This correlates inversely to the magnetic domain periodicity a. The in-plane
Fourier component q∥ is the preserved and required for correct scaling.

also pertains holography as perceived in this thesis. The combined gnomonic / in-plane
Fourier component (CGIP) projection developed here, cannot be applied for the case
of scattering/holography on 3-dimensional objects like biological cells [Gue10] or if the
illumination function (beam waist) is comparably large as the sample thickness. A pure
inverse gnomonic projection must then be employed if the small-angle approximation
sin(Θ) ≈ Θ is violated. Higher photon energies might be advantageous to circumvent this
problem by reducing the scattering angles connected to periodic features of the sample.
On the other hand, the detection of higher scattering angles, as necessary for smaller
photon energies, come along with an increase of the numerical aperture and a smaller
depth of field, i.e. an improvement of the longitudinal resolution of 3-dimensional objects.
For magnetic imaging at the L-edge, typically neither of the two corrections is necessary
as the scattering angles are small and q ≈ q∥.

2.5.2 Development of a projection algorithm

To calculate the back-projected image (referring to the direction of the optical ray), a
forward-projection of the corners of a blank array’s pixels to the measured array is per-
formed, according to the 3-dimensional geometry shown in figure 2.9. The key point is,
that, due to the inverse gnomonic projection, all pixels (respectively their corners) of the



26 2 Holographic magnetic domain imaging at 3d transition metal M-edge energies

Figure 2.9: 3-dimensional geometry illustrating the algorithm for the projection to in-plane
Fourier components. A pixel of the desired projected array (’-system) is ray-traced to the
measured image. The small graph at the top left, is helps to recall, that all projected ’-pixels lie
on a great circle with radius d (a hemisphere in 3d, not shown).

projected image lie on a spherical surface with radius D, the measured CCD-sample dis-
tance. Hence, point F and E, representing the upper left edge of a pixel in back-projected
and original image array, have identical distance D to the origin in point A. The in-plane
component of the back-projected pixel coordinate is then given by the distance r′ to the
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optical axis, also visualized in the 2-dimensional inset.

D′ =D · cos(Θ) = D · cos


arcsin( r
′

D


)

(2.37)

The cartesian pixel coordinates in that desired image (x′, y′), r′ =

x′2 + y′2 connect

to the coordinates in the measured image via the intercept theorem if one considers
appropriate quadrangles, according to figure 2.9. x(x′, y′) resolves from ABCDE and y(x′, y′)
from ACEGI:

x(x′, y′) = x′

cos

arcsin(


x′2 + y′2/D)


y(x′, y′) = y′

cos

arcsin(


x′2 + y′2/D)


The coordinate systems r′(x′, y′) and r(x, y) are parallel for the individual corner. How-

ever, the whole pixel in the back-projected array is not parallel to the original CCD area
and the connection FG is not coincident with the upper pixel edge. The discrepancy is
very small and omitted in the figure. Furthermore, for simplicity, the pixel edges are
assumed to be straight. Hence, they do not lie on the virtual hemisphere spanned by D.
Straight pixel edges are a negligible simplification because the pixels are small compared
to the overall array size and so is their kurtosis.

The transformed corner coordinates pi = pi(x, y) = pi(x(x′, y′), y(x′, y′) result in a dis-
torted, straight edge quadrangle (figure 2.10).

Figure 2.10: The forward-projected
distorted pixel (blue) corresponds to
a scattering angle of 20◦. Exact area
resampling is necessary for photon
number (intensity) conservation of a
pixelated sensor. Rectangular subsam-
pling was used here, i.e. the division
of the detected image pixels into rect-
angular areas A1 etc. as fractions of
the original pixel size.

The covered area in the detected pixel array is in general incommensurate to the CCD
pixel areas. To allocate the new pixel’s intensity subsampling is necessary. For simplifi-
cation, the original pixel size of the later projected array is identical to the CCD camera
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pixel size. The intensity calculation exploits rectangular subsampling, i.e. a projected
corner lies in a (detected) pixel whose intensity will be distributed according to the frac-
tional area A of a rectangular subpixel, spanned by that corner and pav (confer figure
2.10). pav follows from the integer average of the 4 (x,y)-corner coordinates, which is now
commensurate with the CCD image pixel corners. The total new pixel intensity will be

I ′(x′, y′) =A1 · I(x1, y1) +A2 · I(x2, y1) +A3 · I(x2, y2) +A4 · I(x1, y2)
=(p1,x − pav,x) · (p1,y − pav,y) · I(x1, y1) + . . .

For simplification the coordinate system of the intensity (pointing to pixels) and the
pixel corners have been used synonymously in figure 2.9 and 2.10. For the computation the
designation of pixels of course has to be respected (this varies for different programming
languages). The algorithm was programmed in matlab and is listed in the appendix A.1.
The calculation via the corners of the pixels leads to a shift of the whole array by 0.5
pixel. This is significant for the Fourier transform which requires the knowledge of the
q = 0 pixel. A linear shift can nevertheless be corrected afterwards by measures explained
in section 2.7.

Figure 2.11: Comparison of the pixel distance from the optical axis after forward
transformation with a simple gnomonic projection (red curve) versus the combined gnomonic
and in-plane component projection (blue). The function graphs are r(r′) = D tan(r′/D) and
r(r′) = r′/ cos(arcsin(r′/D)) respectively. Pixel size (13.5 µm) and camera-sample distance
(0.049 m) are chosen in accordance to the experimental conditions (see section 2.7). The black
line represents r = r′ for improved visibility.
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However, the resampling method is restricted to scattering angles below 25◦ or the
projections of the pixels grow to big and more pixels need to be considered. The rotational
symmetry reduces the calculation effort for the whole array by roughly 75%. The quality
of the intensity conservation of the algorithm is dependent on the treated images. For
heavily speckled images the redistribution of intensity is expected to be less accurate. The
intensity discrepancy of original and projected images is about 0.3% for this experiment.

A comparison of the pixel displacement for a simple gnomonic (red line) and the CGIP
projection (blue line) explained above, is shown in figure 2.11. Both increase monotoni-
cally with a slope larger than unity (black line), but the gnomonic projection translates to
smaller corrections. With the same parameters the resulting image would be less distorted
in the gnomonic-projected case. In general, the radial corrections surpass 1 % magnitude,
if the captured angles become larger than 8◦. Depending on the experiment, a projection
might then become necessary. In principle the CGIP projection can be approximated by
a simple gnomonic projection using a virtually shorter CCD-sample distance, 43 mm in-
stead of 49 mm here. However, as shown later, the holographic reconstruction itself gives
a good indication for the correct projection (detector-sample) distance, which is only in
agreement with the measured values for the combined algorithm.

2.6 Experimental aspects
In the previous sections theoretical considerations have been treated: the holographic
image reconstruction with the capability to measure the object transmission function,
the origin of the magnetic contrast due to XMCD, peculiarities concerning the refractive
indices at M-edge photon energies and necessary adaptations to larger scattering angles as
compared to the L-edge. With focus on the first successful realization of Fourier transform
holography on magnetic samples, further aspects of the experiment and possible points
for future improvements are discussed in the following.

2.6.1 Sample transmission and contrast
As a first consideration, it is necessary to assess the suitability of a sample for M-edge ex-
periments. At this longer wavelengths the absorption is much higher requiring a thinning
of all sample constituents if possible. The minimum stable Si3N4 membrane thickness
ever tested is 30 nm and for good layer growth the seed layer should not be thinner as
2 nm tantalum. Oxidation and lattice mismatch were taken care by thin platinum layers
on top and underneath the magnetic layer. The magnetic thin films were deposited via
the magnetron sputtering system (MAGSSY) at BESSY. In order to be comparable to
previous experiments and knowing this composition shows magnetic domains of several
tens of nanometres width, the use of Co(8 Å)/Pt(14 Å) layers was maintained. The num-
ber of repeats N was still a matter of optimization. The transmission not only defines the
total signal strength but also the absorption contrast via the dichroism. FTH is capable
to employ phase contrast for which this discussion would not apply. However, absorption
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contrast (via ∆β)is maximized at the resonance which can be determined with a XMCD
spectrum of the sample unlike the energy of maximum ∆δ. Absorption contrast is thus
easier to verify and exploit in experiments.

The dichroic transmission T± and absorption contrast C for oppositely circularly po-
larized x-rays are given by:

T±
Co = exp


− 4π
λNdCo

(βCo ± ∆βCo)


(2.38)

C =
T+
Co − T−

Co

T+
Co + T−

Co

 =
tanh


− 4π
λNdCo

∆β
 (2.39)

Ttotal =(T+
Co + T−

Co)/2 · TSiN · TTa · TPt (2.40)

At the Cobalt 3p resonance the dichroic absorption is only determined by the pure Cobalt
layer. The other layers and constituents decrease the total transmission Ttotal and are
fixed according to the experimental case. Small differences can occur compared to the
calculation in section 2.4, since bulk values are used here to distinguish the elemental
contributions. The dichroic values ∆βCo = −0.011 is taken from [Val06]; βCo = 0.146
and the other values for the absorption indices from the online database of the Center of
x-ray Optics [CXR13].

The calculation supposes normal incidence of the circularly polarized light and full
magnetic saturation in the out-of-plane direction. For a magnetic domain sample this is
still a valid assumption, since inside a particular domain the magnetization is saturated
out-of-plane. This sample optimization also applies for linearly polarized x-rays because
they can be decomposed into two oppositely circularly polarized beams of equal amplitude.

Note, that equation 2.38is for the directly transmitted, q = 0-beam only while FTH
is based on the scattering pattern, i.e. the information for q ̸= 0. However, calculat-
ing the scattering strength or even the I(q)-distribution in advance is very complicated.
Amongst other parameters the atomic scattering strength, the accurate magnetic prop-
erties (anisotropy, magnetization, domain size and domain structure), the illumination
properties (wavelength, coherence, focussing) and further sample values (interlayer rough-
ness, off-resonant scattering strength) come into play. The discussed simple optimization
routine already gives suggests sample parameters that, together with experimental expe-
rience, lead to a suitable sample composition.

The behaviour of T±, C and Ttotal depending on the multilayer (ML) repetitions is
shown in figure 2.12. The hyperbolic tangent of the magnetic contrast increases linear
for small arguments1. A parameter to compromise transmission and contrast for the ex-
periment and to find an optimum can be found in the theory for polarization sensitive

1 Due to the linear y-scale the difference between T +
Co and T −

Co visually grows until N ≈ 25 and then
decreases again. The contrast however is normalized to the sum of both and monotonically increases!
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Figure 2.12: Normalized
transmission (green) for ele-
mental Cobalt as a function of
repeats for a given 8 Å layer
thickness and parallel or an-
tiparallel alignment of k and
m. The contrast C (red line)
increases linearly in the cov-
ered range. The total trans-
mission Ttotal includes absorp-
tion in the platinum, seed and
capping layers and the Si3N4
membrane. TtotalC

2 can serve
as a figure of merit (explana-
tions in the text) to find an
optimum sample composition
(blue line).

measurements [LJL73; LJL74]. There, a figure of merit IP 2 with I the incident illumina-
tion intensity and P the polarization is established based on necessary measurement time
to achieve a certain signal magnitude. In analogy to this case, one can define the figure
of merit with TtotalC2 (blue line in figure 2.12). For better visibility the figure of merit is
magnified by a factor of 5000.

Supposing that TtotalC2 is appropriate, the optimum number of repeats in terms of the
optical transmission would be 8. However, the number of repeats N is also connected
to the magnetic properties and influences the domain width [Hel07]. To obtain domains
with widths in the range of 60 nm to 80 nm the actually chosen value for the presented
FTH experiment was 11. The final layer stack is (in Å):

Si3N4(300) /Ta(20) /Pt(30) / [Co(8)/Pt(14)]11 /Pt(6)

The total transmission of this sample stack is Ttotal = 4.7 × 10−6 for 20.8 nm x-rays.
Note, that this optimization is done for the provided cobalt and platinum single layer

thickness. It is possible to further optimize the sample by altering the Cobalt con-
tent/thickness or other elemental compositions. The layer used in [Vod12] for example
(used for FTH at FERMI FEL, see section 2.8), features comparable magnetic contrast
but with less absorption due to a lower amount of nonmagnetic components.

2.6.2 Holographic mask design

To perform holography, an x-ray opaque mask with object and reference pinholes is nec-
essary. The mask is usually manufactured using focussed ion beam (FIB) milling of a
previously deposited Gold layer. In order to achieve a suitable mask opacity compared
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to the sample layer transmission at the 3d TM M-edge, the Gold layer can be thinner
as for the L-edge. While 250 nm of Gold suffice for 60 eV radiation, at the L-edge the
gold layer should be at least 1 µm thick for a good performance. A thinner mask gives
potential for finer structures and higher aspect ratios, since the FIB process typically
results in conical pinholes. Thicker Au layers also tend to form crystal grains of vary-
ing orientation that show different sputtering yield although this can be circumvented
by using a Gold/Chromium multilayer. The composition of the used opaque mask is
[Cr(5 nm)/Au(50 nm)]5 with a transmission of 7 × 10−12.

Figure 2.13: Scanning electron
micrograph of the FTH sample
used in the experiment. References
with diameters of 60 nm (orange
arrows) and 80 nm (red arrows)
are evenly distributed on a radius
of 4.2 µm around the 2 µm object
aperture. The references are num-
bered for later identification in the
holographic reconstruction. All
structures have been fabricated
with ion beam milling. The mask’s
multilayer structure is visible at
the edge of the object pinhole. The
darker rectangles are remnants of
previous SEM imaging processes.

The sample layout with a 2 µm abject aperture surrounded by 5 reference holes on a
circle with 4.2 µm radius is shown in figure 2.13. The object opening is milled through
the gold up to the Si3N4 membrane before the magnetic layer deposition. The chronology
assures that the FIB processing does not alter the magnetic properties.

The design exploits reference multiplexing as described in [Sch06] with two different
reference diameters. There are three 60 nm diameter references for potentially higher res-
olution opposed to the other two 80 nm diameter references featuring higher transmission.
All reference pinholes are milled after the sputtering so they don’t suffer from the low
transmission of the magnetic ML. Including beam attenuation by the sample the naive
transmission ratios TRef/TObj are 188 and 335, respectively. Nevertheless, the scattering
pattern is governed by the object’s Airy disc which is a factor of about 33 (25) smaller
compared to the reference’s Airy disc and hence naively the photons distribute over a 332

(252) times smaller area.
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2.6.3 Experimental setup
The presented FTH experiment at the Cobalt M-edge, was carried out at the undulator
beamline UE112-PGM1 at BESSY II providing variable polarization. The plane grating
monochromator (PGM) provides an energy resolution of 25 meV for the exit slit opening
of 180 µm used in that energy range1. This translates into a coherence length lcoh =
λ2

2∆λ = 1200λ = 24.8 µm for the Co M3 resonance at 20.8 nm. The maximum path length
difference is 11 µm for the sample (confer figure 2.13) so coherent scattering is possible
to all angles. No further spatial filtering was applied and to assure transversely coherent
illumination, the sample was placed 110 mm downstream of the beamline focus. The
smallest x-ray spot size, defined by a Kirkpatrick-Baez (KB) mirror unit, is ca. 80 µm
in the horizontal and vertical direction. It is located 1068 mm behind the last beamline
valve. The estimated x-ray spot at the sample distance is an ellipse with a semi-major
(semi-minor) axis of 408 µm (232 µm) respectively.

Figure 2.14: Side-view sketch (not to scale) of the setup used for M-edge holography. The
x-ray beam enters from the beamline (not shown) at the left. In total there are three
(x,y,z)-manipulators for sample, guard and beamstop indicated with small coordinate systems.
The CCD sensor (red) is placed 49 mm downstream the sample.

Attached to the beamline, the setup dedicated to M-edge scattering/imaging experi-
ments is drawn schematically in figure 2.14. The x-rays (blue dashed line) enter from the
left. In order to reduce the pumping time to accomplish the beamline vacuum specifica-
tions, a differential pumping unit is used. This comprises a separate vacuum pump and
a few mm diameter aperture providing a pressure differential of 10−8 mbar upstream to

1 G. Schiwietz, private communications
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10−6 mbar downstream. As a side benefit, the aperture blocks most of the residual stray
light from the beamline. To align the aperture a UHV bellow connects the chamber with
the rigid tube of the beamline.

An inclined mirror with a central bore allows on-axis view of the sample using a micro-
scope with a long focus length. That allows rapid optical sample alignment in combination
with the remote controlled sample manipulator (not shown) featuring several cm travel
in any direction with µm precision. In perspective of using this setup at FLASH, precise
sample alignment before x-ray exposure dramatically facilitates destructive single-shot
FEL experiments. Furthermore, a Ce:YAG (Cerium doped Yttrium-aluminum-garnet)
crystal is mounted on the sample holder to serve as luminescence screen for x-rays (and
potential IR) to help aligning the chamber (establish spatial overlap).

The FTH mask is prepared on one out of 48 Si3N4 membranes on a 10 mm × 10 mm
silicon chip. The membrane facets are oriented towards the x-ray beam (see figure 2.15)
for direct observation with the microscope. The small spacing between the individual
membranes results in simultaneous illumination of adjacent membranes or nearby chip
edges by the tails of the x-ray beam. This perturbing radiation is blocked by the "guard",
which is a 1 mm thick, 2 cm wide stripe of Aluminium with a 1.5 mm diameter aperture,
called guard pinhole respectively. The guard is mounted on a second (x,y,z)-manipulator
and positioned as close as possible behind the sample. The guard also protects the camera
from stray light passing beside the sample.

The guard pinhole is covered by a 200 nm thick aluminium filter for two reasons: First,
Aluminium is an effective suppressor of higher diffraction orders of the PGM, respectively
higher harmonics of the undulator at a photon energy of 60 eV(see [Fol01] and [Att07],
ch. 5). At this beamline the most intense, third undulator harmonic has about 1% inten-
sity compared to the requested photon energy. The absorption in the sample of 180 eV
radiation is off-resonant and therefore substantially lower as for 60 eV. That would yield
non-magnetic cross-correlations in the FTH reconstruction at the threefold distance to
the center. Second, 200 nm of Al are opaque for optical light. Light from the optical mi-
croscope leaking through the sample (e.g. broken membranes) is blocked therewith. For
IR pump – x-ray probe experiments a separate IR filter covering the whole active area of
the camera is mandatory. For FEL experiments, the higher order suppressor should be
placed upstream the sample before the laser incoupling, to reduce the x-ray induced heat
load.

The beamstop is a small piece of aluminium foil clamped on a 10 µm tungsten wire. The
wire is spanned over a u-shaped steel frame larger than camera opening. The beamstop
frame is mounted on a movable beamstop holder in order to allow proper beamstop
centering. Due to limited space between sample and camera, the beamstop holder has
to be compact and is placed very close upstream the CCD chip. At that position, the
beamstop wire obscures only a line of 2 to 3 pixels width in the hologram. In case of IR-
pumping, the camera IR filter can be mounted on the camera’s lid behind the beamstop
without further modifications. Since the IR filter for the camera is very fragile it was not
used for this holography experiment.
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FTH is based on the detection of a hologram, i.e. a diffraction pattern featuring inter-
ference fringes, with a digital camera. The constraints imposed on the arrangement of
optical elements on the mask by such a pixelated sensor have been discussed in section
2.1. For a given sample design, it is necessary to adjust the camera-sample distance D
properly, in order to (i) be able to achieve a desired resolution and (ii) assure that the
largest distance in the sample is imaged. As a consequence, D depends on the x-ray
wavelength.

Figure 2.15: Sketch (not to scale) of sample composition and detector arrangement for M-edge
FTH. For simplicity only one reference pinhole is drawn. The 1.5 mm diameter guard pinhole is
covered by a 200 nm Al filter and the beamstop covers roughly the object pinhole’s Airy disc
with a diameter of 1.2 mm on the detector.

The detector used is a CCD camera with a 27.6 mm2 × 27.6 mm2 chip of 2048 × 2048
pixels with a size of 13.5 µm. The desired diffraction-limited resolution sets an upper
boundary for the camera-sample distance D while the sampling of the object-reference
interference fringes (connected to the largest real-space distance in the sample) sets a
lower limit. A good compromise for M-edge holography on magnetic domains is to place
the camera 45 mm to 50 mm behind the sample. At the L-edge D is typically 300 mm to
350 mm for similar experiments [Gün08; Gün10; Pfa11].
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2.7 Results of the synchrotron FTH experiment

2.7.1 Raw data reconstruction

The beamline fluence is about 1013 photons/s for the used grating and photon energy.
The beam divergence here is 1.4 mrad in the horizontal and 0.6 mrad in the vertical. The
smallest beamline focus (100 µm × 100 µm) in conjunction with the sample-focus distance
leads to an estimated total x-ray dose of approximately 1.6 × 1011 photons/µm2 during
the exposure time of 20 min for each circular polarization. The raw data image for one
helicity is shown in figure 2.16 in a logarithmic color scale for the camera’s analog-to-

Figure 2.16: Single helicity exposure (20 min) prior to image processing steps. The colormap
and logarithmic scale emphasize low intensity image artefacts such as dust on the CCD sensor,
see text for explanations. The extracted line profile for figure 2.18 is indicated with the two
white markers beside the image center.
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digital unit (ADU)1. The readout noise of about 5 ADU here, can be reduced by using
a smaller readout frequency (100 kHz instead of 1 MHz) to the cost of longer readout
times. The latter is particularly important for single-shot FEL experiments (confer figure
2.24), where the SNR cannot be improved by simply increasing the exposure time or
accumulation number.

The CGIP projection has not been performed yet so the axis scaling is still in genuine
pixels. An irregular feature in this exposure is the lower left image quadrant being darker
than the rest. That is caused by the shadow of the sample chip as the illuminated
membrane was at the top of the wafer with only 1 mm spacing to the edges. The absence of
average intensity in this area shows the considerable strength of background illumination
in unshaded regions (≈ 2300 ADU). Bright regions at the left and right side of the image
stem from stray light, passing beside the insufficiently dimensioned guard. Some clipping
of the scattering signal by the guard aperture occurred at the bottom left corner, where
the modulations fade.

The dark spots of various size and shape in figure 2.16 are dust particles covering the
sensor. The single beamstop wire was spanned vertical and is recognizable in the bright
center. The beamstop is quite susceptible to vibrations, which possibly causes the leakage
at its left side. The bright spot directly beside the beamstop could be a reflection of the
primary beam at the Aluminium beamstop. The latter can rotate around the wire and was
possibly inclined to the incident beam. The Airy disk of the object aperture that has a di-
ameter of ∅Airy = 2D · tan


arcsin


1.22 · λ

∅Obj


≈ 2.44D · λ/∅Obj = 1.2 mm (92 pixels).

Due to the irregular shape of the beamstop, the Airy disc is imperfectly covered resulting
in the brightest feature overall right beside the beamstop. The 60(80) nm diameter ref-
erence pinholes generate Airy discs on the detector that are about 1700(1210) pixels in
diameter but cannot be identified.

Most of the artefacts mentioned, cannot be corrected by subtracting a dark image.
However, they will, to a good approximation, cancel out in the difference image as they
are polarization independent. Furthermore, even the single helicity data have decent
quality with respect to FTH: modulations can be detected up to up to the edges of the
active area of the camera. These modulations, caused by the interference of object and
reference apertures, have a wavelength of approximately 18 pixel on the detector. The
fivefold rotational symmetry of the holographic mask is also visible the hologram. This
indicates that all references were properly fabricated and illuminated.

A simple 2D Fourier transform of the hologram without further data processing is de-
picted in figure 2.17a while figure 2.17b shows the analogous result for the difference
image. For both reconstructions, the real part of the complex array is shown with iden-
tical, linear intensity scaling. A dark image subtraction is unnecessary for the difference

1 A droplet intensity analysis to determine the number of photons per pixel [Liv00] is generally difficult
for such low photon energies. It is further hampered by the strong stray light of unknown wavelength
in this image. A linear extrapolation from higher x-ray energy conversion factors yields approximately
4–5.2 ADU/photon at 60 eV for the detector configuration used.
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(a) (b)

Figure 2.17: (a) Real part of the single helicity and (b) raw difference image reconstruction in
the same linear intensity scale. No image processing steps have been performed so far. The
single helicity image suffers mainly from the beamstop edges. The difference procedure already
cleans up most image perturbations giving a first idea of the domain image. The ringing of all
features towards the image center indicates the centrosymmetric distortion to be corrected by
the in-plane Fourier component projection.

hologram reconstruction. All 5 references visibly reconstruct a pair of object-reference
cross-correlations located around the autocorrelation. In spite of their different diame-
ters one cannot distinguish the 60 nm-hole reconstruction from the 80 nm by intensity or
quality. The magnetic domain pattern of the sample is visible in the difference image
reconstruction but is heavily disturbed for the single helicity case. Here (figure 2.17a),
massive ringing around the autocorrelation and strong fringes at the top right and bottom
left deteriorate the reconstruction quality. Both are a consequence of the beamstop: The
central part of the Airy disc is cut off which causes the ringing. The right top edge of the
beamstop (see figure 2.16) intersects with the Airy disc and does not cover it completely.
A steep edge in the hologram leads to intensity side lobes in the reconstruction analogous
to the sinc-function being the Fourier transform of the rectangular function. The angle
of the skewed beamstop edge therefore correlates with the inclination of the wave fringes
in figure 2.17a.

The Airy disc is caused by the object aperture only and is independent of the illu-
minating photon polarization. In the difference image reconstruction (figure 2.17b) the
corresponding perturbations have disappeared for the most part. Magnetic domains ar-
ranged in a maze domain pattern can already be identified at this stage. Nonetheless, the
reconstruction suffers from a ringing directed towards the center. The cross-correlations
of two different references, located between the object-reference correlations and in the



2.7 Results of the synchrotron FTH experiment 39

bottom right (top left) corner give a good example for that. The non-linear q-scaling of
the flat detector due to the gnomonic projection of the scattered wavefront causes this
characteristic distortion. The projection to in-plane Fourier components, explained in
section 2.5 will correct for this effect and also provide the correct in-plane (qx, qy)-scaling
for the hologram.

2.7.2 Image processing
Further evaluation steps are necessary to improve the reconstruction quality, especially for
the single helicity case, which has a high relevance for FEL experiments. If a particular
operation is skipped for the difference image, it will be commented respectively. The
presented workflow to obtain optimum image quality is not suitable for every hologram
but comprises the most common steps of data treatment.

At first, a dark image, corrected for singular high-intensity pixels (cosmic rays) is
subtracted, to correct for background radiation and detector intensity offset (typically
150 ADU). For the difference image this is unnecessary. An ellipse fit to the 1st Airy ring
of the object aperture is used for coarse determination of the image center.

The beamstop and the bright spot beside it (confer figure 2.16) are well-isolated features,
that can be masked. In general, long linear features and sharp edges of a mask must be
avoided. For that, the mask is composed of a circle of 124 pixel diameter plus three smaller
ones for full coverage in the center. They are smoothed by a Gaussian function of 5 pixel
width to avoid spikes in the Fourier transform. The 2D beamstop mask is shown in figure
2.19b. The mask completely covers the Airy disc (diameter 92 pixels) and the irregular
beamstop. A line section through the image center and the mask is plotted in figure
2.18. The coincidence of first order Airy ring of the object’s aperture and mask FWHM
is accidental and not a general feature of the mask. The beamstop wire and the black
spots from dust on the CCD chip, visible on the logarithmically scaled recorded image,
are disregarded for masking since, in this case, they show no strong intensity gradients.
Their scattered occurrence imposes minuscule problems for a holographic encoding that
is spread over the whole image.

In order to decrease the strong ringing around the autocorrelation different methods
have been proposed. In [Sch07a] the area covered by the beamstop was replaced with
a modelled Airy function of the object aperture1. However, the modelled Airy disc is
not modulated by the interference with the reference beams and does not improve the
object-reference cross-correlations quality. The intensity scaling of the modelling function
has to be fitted to the diffraction pattern. The procedure applied here is a multiplication
of the masked image with a flattening filter function that also enhances the reconstruction
quality beside removing the ringing around the autocorrelation.

The flattening filter is an inverted, normalized two-dimensional Gaussian with a width

1 The Airy function plotted in figure 2.18 is not adjusted to the intensity of the scattering pattern.
This is necessary if to replace the missing intensity of the object’s Airy disc.
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of w = 140 pixels according to

F (x, y) = 1 − 1
w

√
2π

exp


−

(x− x0)2 + (y − y0)2

2w2


. (2.41)

The center coordinates (x0, y0) have to match the hologram center, which is not necessarily
exactly the beamstop center. The only free parameter of F is w and chosen to yield the
visually best reconstruction quality. The central profile of F is shown figure 2.18 together
with the corresponding section of the raw data image and the mask. The included sample
aperture’s Airy disc serves to illustrate the positions of diffraction maxima and minima
and its overall intensity distribution.

Flattening diminishes the low-q intensity data relative to the high-q data content.
Thereby, it enhances the interference fringes that are especially intense outside the vis-
ible object’s Airy pattern. The object-reference cross-correlations are thereby magnified
compared to the autocorrelation and reconstruction artefacts stemming from the center
of the diffraction pattern. For a circular and well-centered beamstop, masking and flat-
tening can be combined as described in [Str09] though it requires two fitting parameters
in contrast to only one here.

The intensity offset from stray light was improved with a constant value background
subtraction, namely the average of a cubic spline model surface of the background. This

Figure 2.18: Section through the central part of the hologram reconstruction, modelled Airy
pattern for the object aperture, mask and flattening filter array. All graphs are normalized to
the maximum intensity. The beamstop is not symmetric and the mask has to be as large as the
1st Airy ring of the object aperture for full coverage. By the flattening filter the intensity at low
q is diminished. The image area outside the 4th to 5th Airy ring is governed by object-reference
interference fringes which are thereby enhanced.
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diminishes intensity slopes at the edges of the image data, which, by the CGIP projection,
is subsequently embedded in a zero-valued array. Alternatively, 120 ADU were subtracted
from the difference image to match the different background levels in each circular polar-
ization image. Finally the projection to in-plane components was applied at this stage.
The resulting masked, flattened and projected image is shown in figure 2.19a.

The scaling of the array coordinates (x, y) is linear after the CGIP projection. Referring
to figure 2.8 the scaling derives from

q

2 = kin sin
Θ

2
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Here the identity sin(x) cos(x) = 1/2 sin(2x) was used. The trigonometric functions can be
neglected for the small-angle approximation. During the GCIP projection the scattering
angle is always kept fixed and Θ is calculated from r′ =


x′2 + y′2, the pixel distance to

the optical axis in the projected array. In the present case, angles up to Θmax = 23.3◦

have been measured which equals a maximum detected in-plane momentum transfer of
q∥,max = 119.44 µm−1.

To improve the sampling of the reconstruction, the projected matrix was zero-padded
in a 4096 pixel × 4096 pixel array. This is the final step before the Fourier transform to
reduce computation time for the other operations. As explained in section 2.5, the CGIP
projection algorithm causes a lateral shift of the diffraction pattern smaller than one pixel.
For subpixel-accuracy centering of the hologram, one can exploit the rules of the Fourier
transform: A translation of the hologram H (diffraction pattern) equals a multiplication
of the reconstruction (Patterson map) P (r) = F−1{I(q)} with an exponential that is
linear in phase [Hec02]:

F−1{I(q + ∆q)} = F−1{I(q)} exp {i∆qr} = P (r) · exp {i∆qr} (2.43)

For an array of pixels with in-plane coordinates (x, y), shifted by horizontal/vertical in-
crements (dx, dy), the translation operator T in real-space takes the form

T (x, y)

dx,dy

= exp


−2πi ·


x− Lx
2


· dx
Lx

+

y − Ly

2


· dy
Ly


(2.44)

with Lx and Ly the size of the shifted array in pixel in the respective directions. Expression
2.44 is a standing plane wave normal to the optical axis with unitary amplitude. An
analogous data treatment with a phase propagator in z-direction to correct a longitudinal
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(a)

(b) (c)

Figure 2.19: (a) CGIP-projected hologram after background subtraction, masking and
flattening for one helicity. The outline data is set to white in the figure to illustrate the radial
distortion after the projection. Note the different intensity scaling due to flattening compared to
figure 2.16 and the diffraction pattern being centered now. (b) The mask used to smooth the
beamstop and the bright spot next to it. (c) Normalized gaussian flattening function to improve
the ringing in the reconstruction caused by the Airy disks intensity behaviour. Note the different
axes for mask and flattening funtion.
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(on optical axis) offset between reference and object, is described in [Gue10]. Centering
the hologram is difficult if only images with a beamstop were recorded. As a condition, the
Fourier transform of a real input is hermitean, so the reconstruction must be symmetric
in the real part and antisymmetric in the imaginary part. Furthermore, if the object
does not show phase contrast and no other source breaks the symmetry of the scattering
pattern (e.g. objects used in [San09; Gün11; Mal13]), the imaginary part vanishes. An
imaginary contribution in the reconstruction would then easily give indication for a badly
centered hologram.

Magnetic samples, in particular at the M-edge1, usually show phase and absorption
contrast in one hologram. Here, the centering process is more sophisticated: First, the
hologram is translated in the x-direction by a large number of pixels. This displacement
generates modulations that will only be vertical, if the image center is coincident with
the center of the diffraction pattern, so the y-direction can be adjusted. This is repeated
for the other direction respectively. If now real and imaginary part fulfil their symmetry
conditions, the centering is finished. The values used for the final reconstruction shown
in figure 2.20 are dx = −0.04 and dy = 0.24.

2.7.3 Optimized single helicity reconstruction
Figure 2.20 shows the real and imaginary part of the single helicity reconstruction on a
linear lateral scale. All aforementioned processing steps have been applied. The assign-
ment of the object reconstructions to the reference apertures was done with the known
geometry from the SEM picture (figure 2.13). The references with a diameter of 60 nm
are called 1, 2 and 5 while the cross-correlations labelled 3 and 4 originate from 80 nm
reference apertures. The best object reconstruction is obtained from references 1 and
5. The contrast in the real part is stronger indicating primarily phase contrast. The
background is greatly reduced compared to the raw data reconstruction (figure 2.17a).
The reference-reference cross-correlations do not show the asymmetric ringing towards
the image center after the CGIP projection.

If the experimental goal is not to distinguish between phase and absorption contrast
but just to achieve the best possible reconstruction of the domain pattern, it is suitable
to use a signed magnitude representation ([Pfa13] section 2.5). A constant phase factor
exp (−i2πϕ′) with ϕ′ = ϕ/360◦ rotates the complex values by the angle ϕ = −90◦ . . . 90◦.
The rotation exchanges the information from the real part to the imaginary part or vice
versa. This can be used to optimize contrast for each individual object-reference cross-
correlation. This process requires that there is only little variance in the complex angles
inside one reconstruction. For magnetic, dichroic samples this is usually given, because
for a magnetization or polarization inversion only the sign but not the magnitude of the

1 To assure absorptive (phase) contrast exclusively, it is necessary to work at that particular photon
energy where ∆δ (∆β) is zero. Referring to figure 2.3, there are always both types of contrast at the
Cobalt M-edge and hence non-vanishing real and imaginary part.
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(a) (b)

Figure 2.20: (a) real part and (b) imaginary part of the reconstruction from a single helicity
image drawn in a linear intensity scale. All aforementioned measures to improve the image have
been applied. The modulations caused by the beamstop and the central ringing from the
cropped Airy pattern of the object aperture are erased.

XMCD effect changes. The centering procedure, also altering real and imaginary part,
may not be used for this signed magnitude calculation of a single reference, since there
can only be one center for all references (i.e. for one diffraction pattern). Figure 2.21
presents the single helicity reconstructions with their signed magnitude real parts.

It is surprising that the two larger references, 3 and 4, yield lower quality reconstruc-
tions although their throughput is almost twice as high. Probably, these two references
below the object aperture have not been illuminated to the same extent as the other three.
The x-ray beam profile downstream of the beamline focus at beamline UE112-PGM1 is
typically structured with regions of higher and lower intensity. The few micrometers sepa-
ration between the references could lead to substantial differences of the incident intensity.
References 1 and 2 (left 2 images in figure 2.21) are slightly deteriorated by modulations
but the magnetic domain pattern is clearly recognizable. The highest contrast is observed
in reference 5 which will be used for resolution comparison in the following.

2.7.4 Difference image reconstruction

The processed difference image reconstruction (cropped to the significant central part)
is shown in figure 2.22a with the real part and figure 2.22b with the imaginary part,
respectively. Although the Airy disc is a polarization-independent feature and cancels
out in the difference image, the hologram is flattened with the same gaussian filter as
used for the single helicity hologram. Thereby, object-reference cross-correlations are
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Figure 2.21: Single helicity object reconstructions belonging to references 1-5 (from left to
right) in signed magnitude representation. The lateral lengths scale is given by the object hole
diameter of 2 µm. The strongest contrast is obtained for reference 5 therefore used for resolution
comparison with a line profile along the blue line.

enhanced and the background of the reconstruction is further diminished. Compared to
the single helicity reconstruction (figure 2.20) the artefacts around the autocorrelation but
also the modulations disturbing the reconstructions from reference 1 and 2 are removed
as a consequence from the difference imaging procedure.

The contrast optimized (signed magnitude) object-reference cross-correlations, pre-
sented in figure 2.22c, exhibit different contrast and quality in general as compared to the
single helicity references (figure 2.21). The lowest degree of perturbations is obtained for
the references 3 and 4 with a well distinguishable domain pattern of non-varying contrast
up to the borders of the circular field of view (FOV). However the transitions between
dark and white domains are not as sharp as for the other three references. The reconstruc-
tion of reference 1 is slightly blurred over the entire area and suffers from a fuzzy border.
The latter is also observed for reference 2, however to a lower extent. The noticeable halo
at the boundaries of all references of the single helicity reconstruction (figure2.20b) has
vanished here except for reference 5. Here, the contrast in the central and outer regions
of the image is different due to this ringing.

In summary, one observes stronger ringing for smaller reference and for the single
helicity reconstruction. That can be explained by the limited size of the detector. The
Airy patterns of the reference apertures are truncated in the scattering image, i.e. in
reciprocal space by the CCD active area. In analogy to the beamstop problem, this
truncated Airy pattern leads to ringing artefacts in the real-space reconstruction, now for
the references. The Airy discs originating from 60 nm references (no. 1,2 and 5 in figure
2.22) are 1700 pixels in diameter on the CCD. The clippping hence occurs in a distance to
the optical axis, where the intensity has not yet dropped to zero. In contrast, the 80 nm
references cause Airy discs with a diameter of 1210 pixels. Here, the detector cuts out
a region that almost matches to the size of the Airy disc. The clipping occurs close to
the first minimum of the Airy pattern and the edges of the corresponding reconstructions
(labelled 3 and 4 in the figure) are less perturbed. Again, in the difference image, the
truncated Airy discs cancel out and the ringing effect is reduced.
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(a)

(b)

(c)

Figure 2.22: Best difference image reconstruction shown with the real part (a) and the
imaginary part (b) after data treatment. The difference procedure already deletes most of the
deteriorating image artefacts. The Gaussian flattening filter was applied and further diminishes
the background in the reconstruction. This manually centered image shows enhanced signal in
the imaginary part. (c) Signed magnitude representations of the reconstruction from reference
1-5 (from left to right). The intensity scale of the top pictures is maintained. The diameter of
the object is 2 µm, providing a length scale. The weakest perturbations, especially at the
reference borders, show references 3 and 4, in opposition to the single helicity reconstructions.
The highest contrast of up- and down-magnetized domains was achieved in reference 2 which
was therefore taken for resolution determination with the section along the red line.



2.7 Results of the synchrotron FTH experiment 47

Nevertheless, the center of the object-reference cross-correlations for the smaller refer-
ence is hardly affected by the ringing. The highest domain contrast of all cross-correlations
is observed in reference 2 for the difference image, which is thus selected for resolution
comparison. The position of the line section (red line) is identical to the one used in the
single helicity case. If it is necessary to increase the signal-to-noise ratio, one may accu-
mulate all individual object reconstructions of a suitable quality and exploit the profits
of reference multiplexing [Sch06]. However for the presented data this is not necessary as
the domain pattern is already resolved and the resolution is slightly lowered by summing
up various reconstructions.

The domain pattern does not look as regular as for a demagnetized sample (confer figure
3.11). In particular it features extended down (dark) areas and the width of the white
domains is very inhomogeneous. The explanation can be given by nucleation-dominated
domain formation: Each microscopic area in the film has an intrinsic switching field
where it flips magnetization when the external field is decreased/reversed from saturation
in one direction. The switching field distribution (SFD) is strongly influenced by defects
and surface inhomogeneities in this sample of only 11 magnetic layers. If an up (white)
domain has nucleated, this domain will grow to minimize the mean free energy which was
increased by thy exchange interaction. Domain growth by domain wall propagation is
impeded by defects that effectively pin such walls. The result are randomly arranged and
rather isolated domains as observed here.

Referring to equation 2.22 the object-reference cross-correlations reconstructed from the
difference hologram Pdiff (r), represent the magneto-optical properties integrated over the
whole sample thickness

Pdiff (r0) = 2∆µ+ 2i∆φ. (2.45)

∆µ is the signal generated by dichroic absorption and reconstructed in the real part
(respectively ∆φ for the phase shifting part building the reconstruction’s imaginary part).
It is proportional to ∆β, the absorption index. The contrast ratio of real and imaginary
part of one reference can in principal be compared to the reported values of [Val06], shown
in figure 2.3. However for the presented experiment this is not trustworthy because of
the missing low-q data behind the beamstop. The contrast ratio varies strongly during
the centering procedure and is very sensitive to subpixel shifts of the array. Without the
exact position of the image center, such a spectroscopic application of FTH cannot yield
reliable evidence. Future experiments have to take that into account.

2.7.5 Resolution evaluation and comparison

The resolution of an FTH experiment is influenced by many factors, which is thoroughly
discussed in [Pfa13]. For the present case, it is of interest in how far the resolution
of M-edge holography can compete with L-edge measurements. The major two factors
defining the resolution for synchrotron experiments using monochromized x-rays, are the
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maximum detected momentum transfer (refer to equation 2.42) and the diameter of the
reference. The first determines the diffraction-limited in-plane resolution (half period)

ρ∥,Diff = 1
2 · 2π
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−1
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ρ∥,Diff = 44 nm for the presented experiment. The square detector and the non-centered
hologram would yield different resolutions for various directions because higher q-values
were recorded in the diagonal of the CCD chip. This effect is neglected and instead the
smallest circle that does not intersect with the sensor edges defines the maximum momen-
tum transfer (72 µm−1) for the resolution. The resolution limit based on the reference is
set equal to its diameter1, i.e. ρRef = 60 nm. Both values are thus a rather pessimistic
estimate of the possible resolution.

In order to explore the resolution achieved in the experiment, line profiles are extracted
from two object reconstructions and presented in figure 2.23. Reference 5 was used for
the single helicity case and reference 2 from the difference image reconstruction. Both
reference apertures have a diameter of 60 nm. The line profile is averaged over a width of 4
pixels to level out sampling spikes. The perpendicular intersection of two white domains
in the center of the FOV, separated by a very thin, dark stripe (see figures 2.21 and
2.22c) was used here. The center of the object reconstructions is influenced at least by
ringing artefacts at the boundaries. The extended, down-magnetized domains at the end
of the line profile, provide a suitable plateau to determine the lower intensity threshold.
The unknown width of the domain wall is convolved with the experimental resolution.
Furthermore, the size of the domains is very inhomogeneous and the true width of the
intersected domains is unknown. Both factors lead to uncertainties of the resolution.

Analogous to [Eis04] the 90%-10% criterion is used to determine the resolution ρsingle =
57.5 nm for the single helicity reconstruction and ρdiff = 47.3 nm for the difference image
case. The transition from a black into a white domain seems to overshoot in the minimum
which is a consequence of the high-pass filtering by the beamstop. The thresholds have
been chosen manually and with consideration to this effect. Nevertheless the flank involves
only 3-4 pixels and the line profile is dominated by artefacts from insufficient sampling.
The zeropadded hologram features a sampling distance of 18.4 nm. Originally each peak,
for example the dark domain separating the two oppositely magnetized domains in figure
2.23, is only build-up by one or two true data pixels. The measured resolution values are
both better than the estimate for ρRef , and ρdiff almost reaches the diffraction limited
resolution of ρ∥,Diff = 44 nm. This values are unrealistically small and it appears, that
the utilized procedure might not be reliable concerning the low sampling rate. However,
the black domain used for the section consists of roughly 4 (zeropadded) data points

1 The resolution determination in FTH is elaborate due to the coherent illumination and the
interference-based information encoding. It is treated thoroughly in the forthcoming thesis of J.
Geilhufe [Gei14b]. A calculation, beyond the scope of the present work, yields ρRef = ∅Ref as a
reliable estimate for the reference resolution.
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Figure 2.23: Determination
of the resolution for the sin-
gle helicity (reference 5) and
difference image reconstruc-
tion (reference 2). Based on a
90%-10% criterion, ρsingle and
ρDiff express the experimen-
tally determined resolution.

(=72 nm) and is undoubtedly resolved. Hence the final experimentally achieved resolution
is conservatively claimed to be approximately 70 nm.

The visual quality of the presented difference image reconstruction (figure 2.22c) can
compete with reconstructions from 3d TM L-edge FTH on magnetic domains/nanostructures
[Duc13; Sti11; Pfa11]. Reported values for the experimental resolution using the 90%-10%
criterion in comparable 3d TM L-edge experiments are in the range of 40 nm to 80 nm
[Str09; Eis04; Wan12]. The resolution achieved in this work is hence competitive to the
value obtained at higher energies. The reason is, that in all cases the resolution is lim-
ited by the size of the pinholes produced via FIB milling. Other limiting factors (photon
fluence, sample absorption, high scattering angles etc.) have been taken into account in
the experimental preparation. Consequently, they do not influence the resolution to the
same extent as the reference size, that is limited by the fabrication process.

Employing conventional ion milling techniques but for different reference designs has
already yielded higher resolution: One promising approach is the concept of HERALDO
(holography with extended reference by autocorrelation linear differential operation),
where stripes instead of pinholes are used as references. Using HERALDO at the Cobalt
L-edge on a magnetic domain sample, a resolution of 30(10) nm was achieved [Duc11].
A lateral resolution of 16 nm has been demonstrated in another HERALDO experiment
[Zhu10] on a nonmagnetic sample and using a photon energy of 650 eV. The second al-
ready realized reference design, offering better resolution for established FIB processing,
is the application of a Fresnel zone plate (FZP) as a reference [Gei14a]. Although the re-
ported resolution (46 nm for Eph = 400 eV) is not significantly better, a future exploitation
of higher diffraction orders of the zone plate could show a substantial improvement.
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HERALDO or FTH with a Fresnel zone plate as reference are more difficult to realize
for magnetic imaging at the 3d TM M-edge as compared to L-edge energies. As dis-
cussed, the open 60 nm pinhole has a transmission that is approximately a factor of 188
higher compared to the whole object aperture covered with the magnetic layer. Stripe-
like references for HERALDO or zone plates that are typically some µm large, would
dramatically exacerbate this intensity disparity. The scattering signal strength is then
even more limited by the object transmission. An application of these two methods on
magnetic specimen at the M-edge of the 3d ferromagnets has not yet been demonstrated.

2.8 M-edge holography at free-electron lasers
For many purposes a resolution of several tens of nanometres is sufficient. Even more, at
free-electron lasers (FEL) the single-shot compatibility of FTH can offer such great ad-
vantages for the investigation of certain physical processes, that higher resolution would
only be a second concern. The intention of the presented work is to prove the applicability
of holography experiments for FELs that can only reach M-edge energies. The explicit
treatment of a single-helicity image reconstruction in the foregoing section is analogous
to a single-shot exposure at an FEL. The collected experience from the synchrotron ex-
periments culminated in a first FEL experiment. The experiment presented here was
performed at the free-electron laser FERMI in Trieste, Italy. FERMI is a high-gain har-
monic generation (HGHG) seeded FEL. This operating principle has some consequences
for the experiment that distinguish it from a synchrotron approach, why it is described
shortly in the following 1.

2.8.1 Working principle of the free-electron laser FERMI
A 10 Hz repetition rate photoinjector provides about 10 ps long electron pulses. These
bunches are accelerated by several linear radio-frequency (RF) modules to a fixed energy
of 1.2 GeV. In another two segments in the LINAC (linear accelerator) section the electron
bunch is forced on a chicane-like path and thereby compressed. At the exit of the LINAC
and entering the undulator section, the pulses are about 700 fs long with a bunch charge
of typical 500 pC.

In a first, linearly polarizing undulator, called "modulator" (3 m long, 0.16 m period), the
bunches are superimposed with the 100 fs long pulses of an UV laser (λ0 = 190 nmto280 nm)
[All10]. Magnetic field of the undulator and electromagnetic field of the laser cause a
strong, coherent energy modulation at the laser frequency f0 = c/λ0. This energy modula-
tion is much stronger than the uncorrelated energy spread of the accelerator. A chromatic
dispersive section converts the energy modulation into a coherent density modulation with

1 Unless otherwise stated, information are taken from the conceptual design report of FERMI FEL, to
be found at https://www.elettra.trieste.it/FERMI/ (accessed 10/2013)

https://www.elettra.trieste.it/FERMI/
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a wavelength of λ0 and large harmonic components. A second undulator, the "radiator"
(6 modules of 2.34 m, 0.065 m period) resonates at a fundamental wavelength

λR = λU


1 + K2

2 + γ2Θ2


2γ2 . (2.47)

Equation 2.47 is the undulator equation with λU is the undulator magnet wavelength, γ
the electron relativistic Lorentz factor and Θ the radiation angle with respect to the lon-
gitudinal axis of the undulator. K ∝ B0 is the undulator deflection parameter1 describing
the electron motion and proportional to the magnetic field strength inside the undula-
tor. The radiator is an APPLE-II (Advanced Planar Polarized Light Emitter) undulator
providing arbitrary polarization [Spe11] and tuning of K by a variable gap distance. Its
fundamental is set to match the desired harmonic of the seed signal (λR = λ0/m), where
m is the order of the harmonic and in the range of 2 to 12.

In the radiator the microbunching of the electrons at the desired wavelength is enhanced
and the emitted coherent radiation experiences a high-gain amplification. The undulator
is long enough that this FEL process comes to saturation (perfect microbunching). For
20 nm wavelength radiation a photon fluence at the sample of 5 × 1012 photons/pulse
is expected[All10]. This seeded harmonic cascade scheme brings some differences to a
SASE-FEL like FLASH:

• The longitudinal (temporal) coherence can in principal reach the physical limit of
a transform-limited pulse exceeding 100 fs, one order of magnitude larger compared
to a SASE FEL.

• Depending on the seeding parameters, the resulting energy bandwidth can become
so small that for certain experiments (like FTH) a monochromator is unnecessary. A
transform-limited pulse for Eph = 60eV (Cobalt M-edge) would give ∆E ≈ 18 meV,
better than the bandwidth of the synchrotron experiment (25 meV, see paragraph
2.6.3). The results presented here, were indeed obtained without a monochromator.

• The seed laser can also deliver the pumping for a time-resolved pump-probe exper-
iment. The pump-probe timing jitter can be decreased compared to an externally
synchronized laser at a SASE FEL.

• The accelerator is driven at a constant electron energy while the photon energy
is set by undulator gap and seed wavelength. A change of the wavelength can be
quicker as for a fixed gap SASE FEL, where retuning of the accelerator might be

1 K ≤ 1 is referred to as the undulator case: the electron excursions due to the Lorentz force lie within
the x-ray radiation cone and interference effects can occur that lead to smaller radiation bandwidths
and radiation cones. For K ≫ 1 the electron oscillations show such a large amplitude, that the
radiation emitted at various locations of the electron trajectory is incoherent. This is referred to as
the wiggler limit.
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inevitable. This allows a spectroscopic determination of the cobalt absorption edge
[Cap13] which is pivotal for resonant scattering experiments.

2.8.2 Results of single-shot M-edge holography experiment
The presented FTH experiment was carried out at the DiProI (diffraction and projection
imaging) beamline [Cap13]. A KB mirror unit was used to focus the x-ray beam to a
circular spot of about 100 µm diameter. Smaller foci destroyed the sample due to a small
hot spot inside the beam profile. As mentioned before, a monochromator was not utilized.
The polarization was set to right circular with a degree of about 90%. A 200 nm Al filter
in the beamline was used to block the remaining UV radiation from the seed laser and
higher harmonics of the undulator.

The experimental geometry is analogous to the one drawn in figure 2.15, except that
no guard was used and the magnetic layer is little different (in Å):

SiN(300) /Al(100) /Pt(20) / [Co(6)/Pt(8)]20 /Al(30) (2.48)

The Si3N4 membrane thickness and opaque gold layer are identical to the synchrotron
experiment. The Aluminium capping layer provides better x-ray transmission compared
to Platinum, even though it has to be slightly thicker for the same protective effect. The
holographic mask comprises again 5 reference pinholes (3 with 60 nm and 2 with 80 nm
diameter) that are strategically placed on a radius of 5 µm around the 2 µm diameter
object hole. The beamstop is a small metall droplet at the end of a rigid metal wire.
The employed CCD camera was the identical model as before but now protected with an
Aluminium IR filter. It was placed 50 mm behind the sample. The readout frequency of
the detector was reduced from 1 MHz to 0.1 MHz to improve the noise level for the low
intensity diffraction pattern.

The processed single-shot hologram is shown in figure 2.24 after background subtrac-
tion, coarse centering, beamstop masking, gaussian flattening and CGIP projection. The
FEL power was about 14 µJ which leads to an incident photon fluence of approximately
2 × 108 photons/µm2. This is about 3 orders of magnitude lower as compared to the accu-
mulated photon flux of the synchrotron experiment. Consequently, the brightest feature
of the hologram constitutes only 20 ADU on the detector. The beamstop completely cov-
ers the Airy disc of 94 pixel diameter and ranges up to the second minimum of the Airy
pattern.

The presence of hardly any perturbations in the image constitutes a very high quality
compared to the synchrotron experiment (figure 2.16). The only obvious image artefact is
the rectangular direct transmission of an adjacent, weakly illuminated broken membrane
at the top left of the center. The beamstop wire is not exactly straight so it does not cause
strong modulations in the reconstruction. The mask for the beamstop can be fitted to a
minimum of the object hole Airy function as the beamstop itself is approximately circular.
The left edge and bottom corners hologram are slightly brighter than the rest which is
due to the CCD readout direction and of the thermal noise of the detector amplifiers.
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Figure 2.24: Processed hologram for a single shot exposure at FERMI FEL for right circular
x-ray polarization. The outline of the projected data was set to white in the figure. The highest
count rate in the entire image was only 20 ADU. The bright rectangle is caused by direct
transmission through a adjacent membrane. The beamstop covers roughly 2 Airy zones which
leads to a strong high-pass filtering effect on the reconstruction.

Both features are very weak (1 ADU to 3 ADU) and are usually not visible if the signal
is somewhat stronger in the outer parts of the recorded image.

The diffraction limited resolution is 87 nm. However, the object-reference modulations
visible in the central part of figure 2.24, disappear for q∥ ≥ 50 µm −1. Thus the achievable
resolution is limited by the scattering signal strength to about 125 nm. Nevertheless, the
higher coherent photon flux at FELs compared to conventional synchrotron’s radiation
promote FTH and one could expect better reconstructions for the same total number
of photons. The best possible reconstruction for this single-shot hologram is shown in
figure 2.25 with the real part. Only one reference (1) yields a reconstruction that shows
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Figure 2.25: Real part of the single-shot hologram reconstruction after all processing steps
were performed. Reference 1 (60 nm diameter) exhibits a significantly stronger signal than all
other references which might be due to hot spots in the illuminating beam profile. In this best
object reconstruction, faint structures are visible in the outer part but overall the contrast is too
weak to observe a magnetic domain pattern.

some structuring which could be connected to the magnetic domain sample. This might
be explained with the previously observed hot spots in the illumintating beam profile
that might accidentally have illuminated this particular reference. The bigger beamstop
exacerbates the high-pass filtering compared to the reconstruction obtained from the
synchrotron experiment (confer figure 2.20). It also contributes to the circular halo at the
border of the object-reference cross-correlation.

The possible reasons for the low signal strength in the object reconstructions are dis-
cussed in the following: If the reference apertures were not milled through the whole
layer or covered by some adsorbate, only the cross-correlations would suffer from low
intensity. The object aperture’s auto-correlation would be unaffected and much more
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intense. Secondly, a potential wavelength discrepancy (no monochromator was used) and
resulting little resonant absorption can also be excluded: For off-resonant photon energies,
the object-reference cross-correlations in the reconstruction would be unabatedly strong.
Only magnetic features would be invisible. A possible misalignment of x-ray spot and
FTH mask is unlikely due to the spot size and reliable beam positioning throughout the
other experiments during that beamtime.

Another possible explanation is given by Müller et al. who reported a breakdown of
the resonant magnetic scattering cross-section for excessive illumination fluences at the
Cobalt M-edge [Mül13a]. There it is argued, that for a fluence of 5 J/cm2, about 60%
of all Cobalt atoms are ionized in the first 10 fs of the pulse-sample interaction. As a
consequence, the M-edge absorption resonance is shifted towards higher energy by 1 eV
for single-ionized Cobalt. The simulated bandwidth of the electronic transition is 0.6 eV
so the incident photons are out of resonance. An increased fraction of ionized Cobalt
and higher ionization states appear in the following during the pulse thereby increasing
the effect. The photons in the pulse that arrive at the sample after 10 fs experience a
substantially reduced absorption probability. Accounting for all ionization degrees and
the temporal evolutions of the electronic excitations, Müller et al. calculate a reduction
by a factor of 5 for the total magnetic scattering intensity for 100 fs long pulses.

The average x-ray intensity for this single shot is 178 mJ/cm2 with a pulse duration of
150 fs. The longer pulse provides more time for the ionization states to evolve but not
enough to see noticeable de-excitation and recovery of the absorption cross-section at the
original resonant energy. This single-shot fluence is more than one order of magnitude
lower as for the experiment reported in [Mül13a]. Nonetheless, recent experiments at
FERMI1 have shown that the reduction of resonant magnetic scattering intensity at the
Cobalt M-edge already sets in at x-ray fluences much lower than 5 J/cm2. For the present
case, however, this is not the primary effect causing low reconstruction intensity for the
same argument as a wrong incident photon energy.

The most likely factor for the weak hologram and reconstruction intensity (see figures
2.24 and 2.25) is the low total incident photon fluence considering the strong absorption at
the Co M-edge. For comparison, the accumulated photons of the synchrotron experiment
for the single helicity image correspond to a fluence of 154 J/cm2 (over 20 min exposure
time). This is a factor of 1000 higher. In principle, higher x-ray illumination intensities
can be easily realized by smaller foci and higher FEL power – a circular focus of 15 µm
diameter and a pulse energy in excess of 30 µJ would result in an x-ray intensity of about
4 J/cm2 and have already been achieved at this beamline – but then the x-ray induced
breakdown of the magnetic scattering cross-section will become substantial and diminish
again the obtainable magnetic signal.

A possible way out of this dilemma is the usage of coded apertures in a so-called
uniform redundant array (URA) [FC78]. URAs are known from astronomy applications
and concerning FTH they can be seen as a further development of reference-multiplexing.

1 Presently, data evaluation is still in progress. A publication is expected by the end of 2014.
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With an URA one could improve the signal-to-noise ratio (SNR) for a given x-ray fluence
by a factor of

√
N compared to a single reference layout, where N is the number of pinholes

in the URA. Assuming an improvement by factor of 10 in the SNR to be sufficient for
a reliable object reconstruction, an URA would have to comprise at least 100 individual
apertures. Such URAs can be produced with conventional milling techniques. However,
the problem of an increasing disparity of object and reference transmission will also limit
this approach. As a future development to allow single-shot FTH at the 3d transition
metal M-edges, the reduction of pulse duration to outrun the electronic modifications
is very promising. A pulse duration of only 15 fs was already successfully employed at
FLASH for single-shot imaging using an URA [Mar08] although with a nonmagnetic
sample and only linear polarized light.

Conclusively, single-shot imaging at the 3d ferromagnets M-edge faces some non-trivial
obstacles. At the L-edge of Cobalt, single-shot imaging using conventional FTH was
already demonstrated for x-ray fluences of 5 mJ/cm2 to 30 mJ/cm2 [Wan12] at LCLS. The
achieved reconstruction quality is notably better than any comparable M-edge experiment
[Cap13]. Considering the development of x-ray FEL sources towards shorter pulses and
circularly polarized light, further improvements of magnetic 3d TM M-edge FTH with
single-shots can be expected.

2.8.3 Results of multiple-shot M-edge FTH imaging at FELs

While the single-shot implementation of holography is difficult for radiation resonant to
the 3p levels of the 3d TM compared to the 2p resonances, accumulating multiple low-
intensity pulses mirrors the situation for synchrotron-based FTH where identical image
quality can be achieved for both energy ranges. Even in a multi-shot approach, the
ultrashort pulses of FELs are well-suited to realize time-resolved x-ray investigations and
offer unique capabilities for experiments on magnetic specimen.

Multiple shots cannot employ a "diffract-before-destroy" scheme and the x-ray-induced
damage has to be avoided for accumulative image aquisition. The higher absorption

Figure 2.26: Multi-shot difference image
reconstruction from FERMI FEL data.
The diameter of the circular object is 2 µm.
Each of the two images of opposite pho-
ton helicity comprises 15850 pulses of
6 mJ/cm2.
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at the 3d TM M-edge compared to the L-edge, leads to lower intensity thresholds for
sample damage or destruction. For suitable (thin) magnetic domain samples the typical
single-shot FEL destruction limit is around 25 mJ/cm2 at the according resonance energy.
Taking into account the observed shot-to-shot intensity deviations of FERMI of up to 50 %
and the repetition rate of 10 Hz, the x-ray intensity was reduced to 6 mJ/cm2 (inferred
from a longterm-averaging intensity monitor) for the accumulative exposure.

Figure 2.26 is the multi-shot difference image of another membrane of the same sample
as used for the single-shot image. A total 15850 pulses were accumulated in two opposite
helicity records. The reconstruction quality is good enough to safely accept less pulses. A
succeeding first time-resolved pump-probe experiment utilized 3500 pulses with a fluence
of 5 mJ/cm2 for every circular polarization image, to image ultrafast dynamics of magnetic
domains after femtosecond excitation [Kor14]. This demonstrates the applicability of
Fourier transform holography at the 3d transition metal M-edge resonances for imaging
with nanometre spatial and femtosecond temporal resolution.





3 Time-resolved x-ray scattering experiments on
magnetic domains

Magnetization dynamics, as a response to an external magnetic field, happen on a tens of
picosecond timescale according to the characteristic spin precession time 1/ωL = 2me

gLeB =
5.7 ps/rad at 1 Tesla. A significantly faster quenching of the magnetization in the fem-
tosecond timescale was discovered by Beaurepaire et al. [Bea96]. Since then, a variety
of different types of experiments were undertaken to unravel the processes behind such a
fast transfer of angular momentum. The methods of use reach from magneto-optical Kerr
effect (MOKE) reflectivity measurements [Wil05; Mal08; BVB09], spin- and time-resolved
two-photon photoemission [Gor11], electron diffraction [Wan10] to element-specific probes
at high-harmonic laser sources in the ultraviolet region [Mat12; Vod12; LaO12] and x-ray
scattering at synchrotron and FEL sources [Sta07; Boe10]. Nowadays, the consensus is
that 3d magnets (Fe, Co, Ni) exhibit demagnetization times of 100 fs to 300 fs, whereas
4f magnets like Gd show a slower behaviour with characteristic times of 50 ps to 100 ps.

Various theories have been developed to describe this ultrafast quenching of magneti-
zation. A prominent example employs Elliot-Yaffet spin-flip scattering [Koo10] based on
electron-phonon interaction of thermalized electrons. Another approach involves superdif-
fusive spin currents [BCO10] and different lifetimes of majority and minority electrons in
a magnetized specimen. Both descriptions are supported by experimental evidence and
simulations leading to a controversial debate [Esc13; Sch13; Tur13]. Nevertheless, as
stated in [Car13], all theories might find an appropriate scope of application concerning
experimental and sample details.

The experiment treated in the following sections of this thesis exploits a spatially re-
solved method combined with a non-uniformly magnetized sample to observe, for the
first time, ultrafast changes in the local magnetic configuration. X-ray pulses of the free-
electron laser FLASH are used to probe a dichroic sample configured in magnetic domains
with a width <100 nm. The recorded small-angle x-ray scattering pattern changes after
pumping with a femtosecond IR pulse. The characteristic scattering peak is shifted to
lower values of the scattering vector q. These modifications of the magnetic domains
that accompany the ultrafast demagnetization could be attributed to a broadening of the
domain walls caused by an accumulation of minority spins. The latter is a consequence
of superdiffusive electron transport after excitation and varying mean free path lengths
of the spin carriers in differently magnetized regions. Simulations to corroborate the
experimental findings can explain tendency, timescale and magnitude of the effect.

This chapter is structured as follows: After an introduction into the utilized apparatus
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and the sample, the evaluation methods applied to the scattering images are explained.
Thermal side effects that influenced the experimental procedure, are treated in the suc-
ceeding section. In section 3.2, the results of the femtosecond IR pump – x-ray probe
experiment are presented. The proposed mechanism responsible for the observed effect,
a theoretical model and according simulations based on experimental data are presented
in section 3.3. At last, the work is summarized and put into context with the work of
others.

Projects at large scale research facilities like FLASH are always a collaboration of many
people. Groups from Hamburg, Berlin and Paris have contributed to the success of this
experiment. Even more, to confirm the small effect observed in an earlier beamtime, a
second study with improved setup and more experience was necessary. The elaborate
data evaluation of this second beamtime was done by the author of this thesis, while the
simulations were performed by B. Pfau. The results were published under [Pfa12]. Recent
experiments at FERMI have yet again confirmed the existence of the effect reported and
interpreted here1.

3.1 Experimental and evaluation methods
3.1.1 Vacuum chamber and configuration of FLASH
The scattering experiment was carried out at the BL3 beamline at the free-electron laser
at Hamburg (FLASH). This beamline has no monochromator so the radiation properties
are defined by the SASE FEL. The spectral bandwidth was about 1% for the used pho-
ton wavelength λX = 20.8 nm. That is sufficient for this experiment as the Co M-edge
resonance is quite broad (see figure 2.3). Nonetheless, a spectroscopic optimization of the
probe wavelength to maximize the magnetic scattering signal strength, was not possible.
The superconducting linear accelerator was operated in a high-charge single-bunch mode
with a repetition rate of 10 Hz. Single pulses could be selected manually with a fast
shutter.

The geometry of the experiment is drawn schematically in figure 3.1. The x-rays pulses
with a duration of about 100 fs impinged upon the sample under normal incidence. The
x-ray spot at the sample was a circle of 650 µm diameter provided by a KB mirror unit.
The FEL x-ray power was set to 17 µJ using a 5 m long gas attenuator. The x-ray fluence
is reduced by the beamline transmission of roughly 60 %. The resulting total x-ray photon
fluence incident on the sample is thus Nph ≈ 1.8 × 1015 per pulse. In conjunction with the
x-ray spot size, that leads to an average incoming x-ray intensity on the 250 µm × 250 µm
membrane of about 2.1 mJ/cm2 and a peak value of 4.9 mJ/cm2 at the centre of the beam
profile. The x-ray induced destruction threshold for this particular sample and photon
energy is expected to be around 20 mJ/cm2. The stability of the SASE FEL intensity
was controlled with a long-term intensity monitor upstream of the beamline. The directly

1 Michael Schneider, private communications
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Figure 3.1: Schematic representation of the scattering experiment at FLASH. X-ray probe and
IR pump beam arrive at the sample with a tunable time delay ∆t. Direct transmission of the
x-rays and remaining IR intensity behind the sample are blocked by beamstop and IR filter
respectively. The camera is placed 55 mm behind the sample capturing the small-angle
scattering pattern.

transmitted super-intense beam was blocked to avoid detector damage by a metal droplet
beamstop soldered to the end of a 1 mm thick, rigid metal wire.

The pumping source was a Ti:sapphire laser delivering 70 fs long pulses of 800 nm
wavelength. The IR beam was moderately focussed to 1.2 mm × 0.94 mm FWHM and
elliptical shape. Diffuse IR radiation was blocked by a free-standing 250 nm aluminium
filter covering the whole active area of the detector. The large IR and X-ray spot sizes
assure full coverage of the whole 250 µm × 250 µm membrane and a homogeneous pump
fluence. The time delay ∆t between IR and x-rays could be varied with femtosecond
resolution up to several nanoseconds. The ultrafast demagnetization process itself was
used to establish the temporal crossing of IR and FEL at ∆t = 0. The accuracy of
time zero is thereby defined by the temporal resolution of the experiment. Given the
pulse lengths for x-ray and IR and a arrival time jitter between both beams of 200 fs
the resulting temporal resolution is 230 fs. Spatial overlap of IR and x-rays was verified
with a Ce:YAG (Cerium doped Yttrium-Aluminium-Garnet) powder fluorescence screen
mounted on the sample holder beside the sample. The angle between x-ray and IR beam
was 3◦. This tilt angle projected onto the 250 µm membrane leads to a broadening of the
captured time by 43 fs. A static tilt does not increase the time jitter of the experiment
and the tilt was never changed during the experiment.

The experimental system deployed at the beamline was a multi-purpose vacuum cham-
ber detailed in [Mül13b]. Figure 3.2 is an excerpt of the reference showing a isometric
cut perspective of the apparatus. The beam enters from the right and passes a holder for
different absorptive filters. Those filters were not used during the pump-probe experiment
but for the determination of the proper x-ray fluence before. The second chamber section
comprises the incoupling of the IR laser via a tilted mirror that is mounted on a linear
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Figure 3.2: Vacuum chamber used at FLASH for time resolved pump-probe SAXS experiments,
taken from [Mül13b]. For comparison: The last flange to the right (camera housing) and at
below the main chamber have an outer diameter of 152 mm. Explanations in the text.

translation feedthrough. The timing diode in the following section can be used for a rough
temporal overlap alignment.

A 1.5 mm pinhole in the guard shield in front of the sample (cyan plate in the figure)
serves to avoid illumination of adjacent membranes. The sample holder is mounted on
a manipulator allowing a few cm travel in the horizontal to cover the complete sample
wafer of 23.5 mm × 23.5 mm size. The larger vertical travel of 200 mm allows to mount
two sample wafers and the fluorescence screen in between. The samples were oriented
such that the flat side with the magnetic layer faces the beam first. A microscope (not
shown in figure 3.2) was mounted to observe sample and YAG screen through a window
at the side flange of the main chamber. Behind the sample, the beamstop was mounted
on a single-axis linear/rotational feedthrough. The beamstop wire was fixed off-center
with respect to the feedthrough axis such that the rotation allowed little variability in the
lateral positioning.

The CCD camera, 55 mm downstream the sample, was not synchronized to the FEL
and instead operated in a free-run mode. Ultrafast demagnetization is reflected by a
dramatic loss in the magnetic scattering intensity. In order to have enough scattering
signal in the images of a pumped sample, but no CCD saturation for the unpumped
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(a)

(b)

Figure 3.3: (a) Magnetic out-of-plane hysteresis for the small-angle x-ray scattering (SAXS)
sample used at FLASH. Vanishing remanence at zero field indicates the presence of magnetic
domains. The negative Kerr rotation at zero field results from miscalibration and is insignificant
for the magnetic properties. Courtesy of L. Müller. (b) Schematic layout of the sample wafer
(not to scale). The smaller Si3N4 windows are 20 µm × 20 µm while the larger membranes are
250 µm × 250 µm big. The crossed membranes were accidentally destroyed after the beamtime
including those, used in the experiment (yellow).

case1, the number of shots for one image had to be increased. Three shots with about
1 Hz manual repetition rate were accumulated within 6 s exposure time. To be able to
subtract an observed thermal annealing effect (see section 3.1.4) of the sample at higher
IR fluences, each 3-shot exposure for a particular time-delay, was followed by a triple-shot
exposure without IR-pumping.

3.1.2 Sample properties
In contrast to FERMI, FLASH can only provide linearly polarized x-ray pulses. Nev-
ertheless, the small-angle x-ray scattering (SAXS) signal exploits circular dichroism as
contrast mechanism. The reason is, that a linearly polarized wave can be represented
by a superposition of two oppositely, circularly polarized waves with equal amplitude.
Both experience dichroic absorption in the sample, i.e. a difference between parallel and
antiparallel alignment of propagation and magnetization vector, but with reversed magni-
tude at oppositely oriented magnetic domains. However, according to Babinet’s principle,
the scattering pattern (confer figure 3.6) is identical for both circular polarizations.

1 For the sake of efficiency, the number of pulses, filter settings or exposure time were not changed
between pumped and unpumped images.
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A photon energy resonant to the Cobalt M-edge was used for the experiment. Accord-
ingly, the requirements for the sample used here are identical to those discussed previously
in paragraph 2.6.1: The sample has to be thin to keep the total x-ray absorption low,
but thick enough to exhibit magnetic domains with out-of-plane anisotropy. The exact
composition of the current sample is (in Å):

Si3N4(500) /Pt(50) / [Co(8) /Pt(14)]16 /Pt(20). (3.1)

The according out-of-plane magnetic hysteresis loop, recorded in a polar MOKE magne-
tometer and out-of-plane field configuration, is shown in figure 3.3a. The Kerr rotation
angle is proportional to the magnetization of the sample. The noticeable horizontal offset
of the presented hysteresis is due to miscalibration of the instrument. The almost vanish-
ing net remanent magnetization corresponds to the spontaneous nucleation of oppositely
magnetized domains when decreasing the field magnitude from saturation. The decay
into domains is a consequence of the interplay of anisotropy, exchange and demagnetiza-
tion energy [HS98]. The domain nucleation starts around ±70 mT as the signal decreases
rapidly from the saturated level. At this point, the once nucleated domains can easily ex-
tend in the sample by shifting the domain wall when the field is further lowered [Gün08].
Here, the hysteresis is dominated by domain wall propagation. The slope of each branch
of the hysteresis loop declines when these extending domains govern an increasing part
of the sample and propagation is hardly possible any more. Reversing the field leads
to shrinking and finally annihilation of domains that are now antiparallel aligned with
respect to the external field, until the sample is saturated again along the field.

The sample layer was magnetron-sputtered on the flat side of a Silicon wafer with
an array of 10 × 10 250 µm × 250 µm Si3N4 membranes. A sketch of the sample chip is
shown in figure 3.3b. These membranes have a pitch of 2 mm in both lateral directions.
Additionally, there is array of 19 × 10 20 µm × 20 µm membranes with half that pitch in
the x-direction and a shift of 1 mm on the y-axis with respect to the larger membranes.
These smaller membranes are irrelevant for the experiment. In the figure, yellow marked
membranes (exclusively larger ones) have been illuminated with infrared and x-ray pulses.
Crossed out membranes were destroyed during a cleaving procedure, intended to fit them
into an x-ray microscope for a synchrotron post-characterization.

A magnetic force microscopy image of the sample with a field of view of 10 µm × 10 µm
is shown in figure 3.4a. To have equal parts of up and down domains the sample has
to be exposed to an alternating field of decreasing magnitude. The maximum applied
field must exceed the saturation field of the sample along this axis1. Here, after out-of-
plane demagnetization normal to the sample surface, the domains show no preferential
in-plane alignment [Hel03] and the net magnetization of the sample vanishes. For this

1 This process is called demagnetization. To distinguish the field induced erasure of a macroscopic net
magnetization from the ultrafast quenching of the microscopic magnetization, the first will always be
called with the direction of the field with respect to the sample surface in the following. There exist
in-plane and out-of-plane demagnetization.
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(a) (b)

Figure 3.4: (a) Magnetic domains used for the scattering experiment imaged via magnetic force
microscopy (MFM). The sample was demagnetized out-of-plane to show a equal up/down
domain proportioning. The in-plane orientation of the domains is random. 3.4b height
histogram (top) of the whole field of view and line profile (bottom) taken along the blue line in
(a). The two peaks in the histogram correspond to the preferential magnetization orientations
and their equal height mirrors concordant proportioning of bright and black domains. Due to a
limited lateral resolution the line profile is smoothed and does not show a distinct plateau for
every domain. The width of domain walls cannot be resolved and the height distribution value
at 0◦ does not yield their true relative share of the captured sample area.

particular multilayer, the demagnetized state shows domains of inhomogeneous size and
shape. Many domain junctions but also thicker and thinner domains are visible in the
MFM image.

The quality of the demagnetization can be deduced from the histogram, presented in
figure 3.4b top. This height distribution is normalized to its integral, to be independent of
number of data points and histogram buckets. The proportion of up and down domains,
i.e. peak height around −1◦ to 1◦, is almost equal. The average domain size, deduced
from the line profile in figure 3.4b bottom, is 75 nm to 90 nm. Micromagnetic simulations
with the corresponding magnetic sample parameters reveal a domain wall width of a few
nanometers. The lateral resolution of the MFM image is limited by the MFM tip to
be about 20 nm and does not allow a finer determination of the domain wall width. In
consequence, the line profile does not show a distinct plateau for every domain and a
sharp transition in between, as expected. Also because of that, the two peaks in the
histogram overlap strongly and the percentage of phase angles around 0◦ does not give a
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(a)

ñIR (800 nm)
Co 3.145 − 4.835i
Pt 2.84 − 4.955i
Si3N4 2.01

interface RIR (800 nm)
vac-Pt 0.71
Pt-Co 8 × 10−4

Pt-Si3N4 0.53
Si3N4-vac 0.11

(b)

Figure 3.5: (a) Exponential decrease of the intensity for pump (800 nm) and probe (20.8 nm)
beam due to absorption. Internal reflections of the multilayer are not taken into account. (b)
Refractive index for the IR pump laser (top) and reflectivities at the sample interfaces (bottom).
For the graphical illustration reflections inside the sample have been excluded.

reliable number for the proportion of domain walls in the captured area.
Calculated absorption profiles for the IR excitation and x-ray probe beam are shown in

figure 3.5a. The optical constants for the IR are linearly interpolated to 800 nm (1.55 eV)
from [Lid03] and listed in table 3.5b. The lossy media approach, treated in section 2.4,
does not apply for the IR due to the almost normal incidence. For the 20.8 nm radiation,
values are taken from [CXR13] plus the dichroic absorption for Cobalt (∆βCo) from
[Val06]. In both cases elemental bulk values of the optical constants were used. The
absorption length for the two wavelength regimes are very similar: labs,IR = λ/(4πκ) ≈
13 nm for Co and Pt in the IR and 9 nm to 11 nm for the x-rays respectively. The silicon
nitride is transparent for the pump beam but significantly absorbing (labs,X = 51 nm)
for the x-rays. That’s why the membrane thickness has to be considered for sample
optimization for 3d TM M-edge experiments.

71 % of the infrared light is reflected upon the first interface vacuum-Platinum. The
intensity normalization in figure 3.5a is done with respect to the intensity after this initial
interface. The second substantial reflectivity for the IR appears at the interface between
Si3N4 membrane and Platinum seed layer (at a layer depth of 41 nm). Since the IR
intensity has already dropped to 4% at this depth, it is not taken into account for the
graphical illustration. The reflection coefficients for the x-ray beam RX are smaller than
1 % for all interfaces and therefore neglected. The resulting total absorption of the sample
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is AIR = 28 % for the IR and AX = 99.5 % for the x-rays.

3.1.3 Data processing and analysis

Diffraction patterns were recorded for IR pump fluences of 7.9, 11, 12.6, 14.2 and 15.7 mJ/cm2,
each being a series of 74± 2 pumped (IR+x-ray) and corresponding unpumped (x-ray
only) triple-shot exposures. Each series was performed on a fresh, unaltered membrane.
A characteristic unpumped SAXS pattern for each membrane is presented in figure 3.6.
There are small differences especially around the beamstop covering the very low scat-
tering angles. For some membranes appears a faint direct transmission of a neighbouring
membrane which was not be covered by the guard in the bottom left corner of the im-
age. The unpredictable SASE FEL output power fluctuations lead to a large scattering
intensity jitter, visible in two left images. Each corresponding characterization image was
captured after the IR-pump – x-ray probe illumination. For the two highest IR fluences,
a thermal annealing side-effect, discussed in section 3.1.4, alters the sample already after
the first triple-shot exposure. An increase in the ring diameter and width is visible in
the consecutive characterization images (the two rightmost in figure 3.6). By capturing
three x-ray shots in every exposure the effect of the long-term, thermal annealing can be
deleted from the analysis of the time-resolved records.

Figure 3.6: Each first characterization images (without IR pumping) of the demagnetization
series. The discrepancy in the image intensity (identical scaling for all images) is due to
fluctuations of the SASE FEL output power up. The images were recorded after the
corresponding first IR pump–x-ray probe exposure. The increasing ring diameter and width in
the two right images (series for 14.2 and 15.7 mJ/cm2 IR pumping respectively) is a consequence
of a thermal annealing by the three IR pulses captured before.

The ring is created by resonant scattering at the magnetic domains. Adjacent domains
are oppositely out-of-plane magnetized so they represent high- and low-absorbing regions
due to the XMCD effect. The ensemble of all domains can be seen as a diffraction grating,
however with an isotropic in-plane orientation. The random domain alignment is directly
connected to the isotropic scattering pattern. The radius of the scattering ring qpeak (in
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units of µm−1) is anti-proportional to the average domain periodicity1 a via

qpeak = 2π
a
. (3.2)

A graphical illustration of elastic scattering at periodic magnetic domains is shown in
figure 2.8b. To retrieve reliable values for the ring diameter the scattering pattern is
azimuthally integrated around the image center. That means, the total intensity I for all
pixels of a given distance to the optical axis (i.e. certain q) is divided by the number of
pixels. This radial intensity distribution I(q) (figure 3.7) is the essential analysis figure
for this experiment. To delete the influence of varying x-ray intensity, I(q) is normalized
to the membrane charge scattering. In detail, a small region beside the beamstop that
exclusively shows a charge scattering streak is defined for every new membrane. Since the
charge scattering is much stronger than the magnetic scattering, the resulting normalized
I(q) is ≪ 1. All membrane specific perturbations including the charge scattering streaks
were masked and thereby ignored for the integration. Occasionally, the large beamstop
was vibrating between the shots of a single exposure and its shadow was blurred. The
central mask was hence chosen big enough to reliably cover the beamstop for all images
of one series but also keep the interference with the scattering ring as small as possible.
That is the reason for the missing data below ca. 11 µm−1. The highest q captured by
the detector was 108 µm−1 in the corners of the CCD sensor.

A remaining background signal at low q (not shown) from scattering at defects and
structural inhomogeneities was diminished by subtracting a polynomial of the form

h = const. · q−4 (3.3)

from I(q) (red curve in figure 3.7). This fourth power slope for the general scattering
intensity q-dependence is called Porod’s law (see chapter 2, equation 42 in [GK82]) and was
found to produce superior matching compared to other polynomials for the background.
Again, the free parameter was determined individually for every pump fluence series. The
increasing noise in I(q) for the lowest and highest detected q results from the small number
of pixels there, leading to bad statistics. The fitting procedure was hence limited to
12 µm−1 ≤ q ≤ 107 µm−1. Finally the data points were fitted to a Pearson-VII distribution
[Hal77] using a non-linear least-squares approximation routine. The analytical expression
of the applied Pearson-VII function reads

I(q) = Imax


1 + (q − qpeak)2

mp1,2

−m

+ I0 (3.4)

with independent widths p1 at the left and p2 at the right side of the mode to account for
its asymmetry. The half width at half maximum (HWHM) for each side is calculated via

1 The scattering ring radius also depends on the width of the domain walls which will be treated in
more detail in section 3.3. However for a coarse approximation for the domain width equation 3.2 is
useful.
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Figure 3.7: The azimuthally integrated intensity as a function of q normalized to the membrane
specific charge scattering for a unpumped (blue) and a IR-pump–x-ray-probe image (green). The
remaining background was modelled with a fourth-order polynomial (red curve) and subtracted
prior to fitting the I(q)-graphs. The fitting with a split-peak Pearson-VII distribution only
involves values between 12 µm−1 and 110 µm−1 to cope with increasing noise at low pixel counts.
The extracted parameters for the pumped and unpumped record are exemplified beneath the
legend.

HWHM1,2 = p1,2


m(21/m − 1). The parameter m controls the kurtosis of the distribu-

tion. For certain m the Pearson-VII function becomes identical to other distributions:

m = 1 Cauchy
m = 2 modified Lorentzian
m → ∞ Gaussian.

m is typically between 1.7 and 4 for the present data and always higher for the pumped
exposures. This supports, that the first order diffraction peak of magnetic domains in a
maze phase, cannot be described with a simple Gaussian nor a Lorentzian profile. Both
were tested without success before using the Pearson-VII distribution. A theoretical
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description for I(q) of magnetic domains in a maze configuration is still unavailable and
the appropriate distribution unknown.

The intensity offset in all images (still present after dark image subtraction) is presum-
ably from VUV straylight or IR filter leakage and corrected by the fitting parameter I0.
The latter should not be mistaken with the scattering background at low-q. Imax is the
distribution’s maximum intensity at qpeak. The square root of the magnetic scattering
intensity is proportional to the magnetization component parallel to the x-ray photon
propagation vector, here the out-of-plane component Imax ∝ M2

⊥ [Kor01]. Accordingly,
the time-resolved intensity of the pump-probe SAXS, normalized to the unpumped charac-
terization images scattering intensity, Imax, pumped(∆t)/Imax, unpumped (see equation 3.9),
gives a qualitative measure of the magnetization.

3.1.4 Thermal side effects
Before the ultrafast dynamics can be discussed, one has to consider the effects that are as-
sociated with the high IR and VUV intensities used. Changes of the magnetic properties
and domain morphology in thin magnetic films and in particular multilayered samples
have been reported for different systems and experimental approaches [Kis08; Leu09;
Kuc11]. The observed side effects for the present sample are i) the transformation of a
stripe domain pattern into a randomly oriented maze domain configuration by a single
high-fluence VUV pulse and ii) a change of the average domain size due to a thermal an-
nealing process after repetitive IR illumination. Both effects influenced the experimental
procedure (i.e. pump and probe fluence, combining multiple moderate intensity shots in
one exposure etc.) to unravel the ultrafast magnetization dynamics. Furthermore, the
samples showing stripe domains were found to be unsuitable for a repetitive high-fluence
pump-probe experiment.

Transformation of stripe into maze domains by single high-power x-ray pulse

During in-plane demagnetization the domain walls align along the external field axis,
since they represent the only remanent in-plane magnetization in the sample. In-plane
demagnetization is challenging for this perpendicular magnetic anisotropy (PMA) sam-
ples because the hard-axis saturation field must be overwhelmed by the external field.
Typically, fields ≥ 1.5 T are necessary for that. As a consequence, the domains in the
sample form a pattern of parallel stripes. These stripes possess a higher order of symmetry
than the isotropic maze domains. The Bragg peaks appear in the direction perpendicular
to the orientation of the stripes and the local intensity is substantially higher as for the
identical sample in a maze phase1 . Furthermore, the diffraction maxima possess a larger

1 The total integrated intensity is identical for stripe and worm domain configuration. The concentra-
tion into two distinct peaks however increases the detected count rate on the detector. This would
increase the signal magnitude for the pump-probe experiment that observes an ultrafast quenching
of the magnetization, i.e. the scattering signal.
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(a)

(b) (c)

Figure 3.8: (a) Scattering pattern (multi-shot characterization) of the sample configured in
stripe domains by in-plane demagnetization. The Bragg peaks lie perpendicular to the stripe
alignment and show a significantly increased intensity as compared to the scattering ring of the
randomly oriented maze domains. (b), (c) Single-shot exposures without IR with increased FEL
power compared to the multishot exposure. The intensity scale is identical to (a). For the first
shot, the diffraction pattern is identical to the characterization. For the succeeding, second
single-shot, the stripe phase is already destroyed by the thermal impact of the first pulse and
transformed into a isotropic domain phase, featuring a scattering ring.
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qpeak indicating a smaller average domain width [Hel03]. That additional information
from the symmetry and the more concentrated scattering intensity would make stripe
domains better suited to study potential ultrafast magnetization realignment processes
during the femtosecond demagnetization process.

Figure 3.8a shows the low-fluence multi-shot characterization of the [Co/Pt]16 multi-
layer sample prepared in stripe domains. The overall shape of the scattering pattern is an
ellipse with a strong concentration of scattered intensity in two Bragg peaks above and
below the optical axis at q = 0. The residual intensity outside the two spots originates
from misaligned domains, junctions and stripe domain endings. The domain alignment
direction was horizontal for the current sample. After the characterization the sample
was illuminated with two consecutive high-power single-shots of the FEL captured in two
separate exposures (figure 3.8b and 3.8b). The intensity scale is identical to the char-
acterization image. The overall scattering signal is weaker which might be due to an
ultrafast breakdown of the scattering cross-section as reported in [Mül13a]. Nonetheless,
the dramatic change of the scattering pattern caused by the first single shot is visible.
The anisotropic pattern has transformed into a completely isotropic ring. The preferential
alignment of the domains has vanished.

The most likely process responsible for the domain transformation is a heating of the
layers close to the Curie temperature by the intense x-ray pulse. As discussed before, the
absorption for the x-ray radiation is so high, that most of the energy is deposited in the
magnetic multilayer and dissipated as heat. Heat conduction leads to an effective spread of
the energy over the thin magnetic layer in some hundreds of picoseconds. For the average
single-shot FEL power of 85 µJ, beamline transmission of 0.6 and the circular 650 µm
diameter x-ray spot size, an x-ray illumination fluence of 15.4 mJ/cm2 is calculated. The
little total heat capacity however results in high temperature increases by up to 1200 K in
the first moments after the pulse. As a result, the magnetic domains are effectively deleted
by the heating. For the sample on a large, isolating membrane all efficient thermalization
channels are blocked and, to a good approximation, only black body radiation remains
as a cooling mechanism. This proceeds on a nano- and microsecond timescale after the
pulse, providing enough time for the magnetic moments to spontaneously re-establish in
a domain pattern. The absence of an external field, called "zero-field cooling", leads to an
isotropic configuration.

This self-organized maze domain state exhibits a scattering ring that is 2.5 % smaller in
radius in comparison to the stripe domains, as illustrated in the I(q)-profile in figure 3.9.
The vertical lines with according color represent qpeak for both I(q)-curves. Consequently,
the maze domains created are larger compared to the stripes. An increased maze domain
size opposed to stripe domains has been reported in [Hel03], although the maze phase
here was not created by external field demagnetization. The wider peak in I(q) after the
first VUV shot characterizes a broader correlation length distribution. It reflects a more
isolated, localized formation of domains during cooling, as expected.

Finally, the observed irreversible transformation of stripe domains into worm domains is
a knock-out criterion for repetitive high-fluence pump-probe experiments. A high-fluence
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Figure 3.9: Azimuthal integration of images
3.8b (red) and 3.8c (blue). The peak positions
of the I(q)-distributions is illustrated with the
two corresponding vertical lines. It is shifted
towards smaller q by 2.5 % for the second ex-
posure indicating an increased average domain
periodicity. The width of the scattering peak
increases which equals a decreased uniformity of
individual domain sizes / correlations lengths.

x-ray characterization would alter the sample by itself, so it becomes useless. Even for
intense IR pumping and low-fluence characterization, stripe domains are unsuitable in a
repetitive approach because the change into maze domains would compromise the com-
parison of different exposures. A pump-probe experiment on stripe domains using a HHG
source with weaker repetitive pump and probe illumination, showed no modification of
the magnetic structure [Vod12]. It is therefore evident that strong excitation is necessary
for the presented observations. After demagnetization, the domain ensemble has to re-
cover a configuration that exhibits a similar scattering pattern, i.e. with identical average
properties, to allow accumulating multiple x-ray shots in one exposure. To a good ap-
proximation, this is fulfilled for domains already prepared in a maze phase by out-of-plane
demagnetization.

Domain changes by repetitive IR pulses

Maze domains were used for the repetitive pump-probe experiment because after strong
excitation, be it x-ray or IR, they re-establish again in a randomly oriented phase. How-
ever, a long-term effect of the repetitive, intense infrared excitation on the average domain
size was observed. The effect manifests in an IR fluence dependent shift of the Bragg peak
position qpeak in the characterization images. In figure 3.10, the I(q) distribution’s peak
positions for all x-ray only, characterization images are shown. Before each data point,
the sample was exposed to a triple-shot of the according IR intensity (characterization
images were taken after the time-resolved IR pump – x-ray probe records). A first point
before IR illumination was not recorded for all series. Nevertheless, the initial value of
qpeak = 37.2 µm−1 corresponding to a mean domain size of 85 nm is certainly the as-
prepared condition for all membranes.

For all IR fluences except 7.9 mJ/cm2, qpeak increases with increasing number of IR
shots. The lowest fluence can thus serve as a reference for the original qpeak-position.
Additionally, this proves, that the x-ray radiation at the fluence used for all measurement
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Figure 3.10: Long-term effect of repetitive high-intensity IR illumination on the peak position
of the I(q)-distribution. This radius of the scattering ring is inversely connected to the average
domain size (right scale). For IR fluences above 7.9 mJ/cm2 there is an asymptotic increase of
the scattering ring radius, reaching the final value of ca. 43 µm−1 (73 nm average domain size)
only for the highest two fluences.

series, does not alter the sample. For the two intermediate IR fluences (violet respectively
green triangles), after an initial, very steep increase, the slope of the qpeak-evolution
decreases with the number of IR shots on the same membrane. The last recorded value
after about 210 pulses is qpeak = 41.5 µm−1 for 12.6 mJ/cm2 and 40.3 µm−1 for 11 mJ/cm2.
The graph suggests, that there would be a further asymptotic increase of qpeak if the
illumination would have been continued. For the two highest fluences (orange squares
respectively black circles) the respective second characterization data files, after a total
of 6 IR shots, were corrupted. The dramatic change with only a few shots is therefore
badly resolved1. Nevertheless, for both series, qpeak shows coincident behaviour and after
about 75 shots the domain modification process seems to finish at 43 µm−1, respectively
73 nm average domain size.

1 This did not perturb the evaluation for the time-resolved measurement because the first shots were
recorded for negative time delay and irrelevant for the observed dynamics.



3.1 Experimental and evaluation methods 75

Figure 3.11: Magnetic force mi-
croscopy imaging was performed ad-
jacent to the membrane that had re-
ceived 213 pulses of the second highest
IR fluence of 14.2 mJ/cm2. The image
is a composition of four 15 µm × 15 µm
images recorded with an overlap of
approximately 5 µm. Horizontal dis-
ruptions of the contrast are due to the
imperfect image attaching procedure.
The actual membrane and the center
of the IR beam are located below the
field of view. The imprinted intensity
profile of the IR laser hence decreases
from the bottom to the top.
In the high-intensity region at the bot-
tom part, the domains are grainy and
more isolated. They do no longer ex-
hibit a worm-like structure which is
attributed to a localized magnetization
recovery process during sample cooling.
Without strong correlation to the ad-
jacent domains, every magnetic region
will minimize its mean free-energy in-
dividually at the elevated temperature
after excitation. Eventually, at ambi-
ent temperature, this domain state is
"frozen" and remanent. The transition
to the as-prepared configuration at the
top part of the image happens within
several tens of µm. The energy barrier
for these IR-induced domain changes
cannot be determined due to the large
spot size and unknown exact position
on the sample.
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Magnetic force microscopy was performed close to the membrane which was illuminated
with in total 213 single-shots with an IR intensity of 14.2 mJ/cm2. A composition of four
15 µm × 15 µm images with an overlapping FOV is shown in figure 3.11. The center of
the beam profile is located below the captured area, so the IR intensity decreases from
the bottom to the top of the image. At the bottom part of the image, the domains
are more isolated and grainy, the actual maze-like structure has vanished. The area of
interconnected domains of the same magnetization direction is significantly lower here.
Much more domain walls are visible. That is synonymous with a smaller average domain
size. This suggests, that the domain configuration here is identical to that captured in
the SAXS experiment at the end of the pump-probe series (see figure 3.10).

At the top part of figure 3.11 the domain structure is identical to the prepared state
suggesting, that the local intensity here was too low to induce changes. From the weakest
illumination series (see figure 3.10) it is evident, that there exists a lower threshold. The
intensity values in the legend of the figure are averaged over the whole membrane, ie.
a 250 µm × 250 µm section from the lateral beam profile. The local IR intensity follows
the 2D Gaussian beam profile and can differ significantly. Due to the large spot size and
without knowing its exact position on the sample, a more accurate determination of the
local IR intensity in the MFM image is not possible. For consistency, these average values
will always be used.

An estimate of the maximum temperature increase of the sample is helpful to iden-
tify the mechanisms leading to that grainy domain state. Two assumptions are made
for this: First, it is assumed that after each individual IR pulse during the triple-shot
exposure, the sample is relaxing to ambient temperature. This is justified by a compari-
son of the microsecond timescale of the sample cooling in vacuum and the approximately
1 Hz repetition rate of the illumination. Secondly, full thermalization inside the metal
layer, typically achieved after some picoseconds by heat conduction, is assumed. Heat
conduction into the Si3N4 membrane or heat losses due to radiation are neglected. This
adiabatic, maximum possible temperature increase ∆T by a single IR pulse derives from

∆Tmax = IIR ·AIR
CCo · ϱCo · dCo + CPt · ϱPt · dPt

. (3.5)

IIR is the IR intensity as given in the legend of figure 3.10. AIR = 0.28 is the total
sample absorption. The accumulated thickness d, specific heat capacity C and density
ϱ are calculated for bulk Cobalt and Platinum individually. The Platinum capping and
seed layer are included for the calculation, thus dPt = 29.4 nm. ∆Tmax is 168 K for
the lowest and 335 K for the highest infrared fluence. The experiment was conducted at
ambient temperature so the temperature threshold for single-shot-induced domain changes
is between 460 K and 527 K. The Curie temperature of this Co/Pt multilayer stack
is expected to be about 700 K [HOA90]. With the intensity averaged over the whole
membrane, this is not reached by a single-shot of any of the applied IR fluences.

The domain restructuring was studied in a dedicated experiment using the identical
magnetic layer but on a Silicon substrate [Rie13]. There, the same state with reduced
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average domain size was observed after IR illumination. However this state was deleted
by application of an external field and exhibited larger domains after out-of-plane de-
magnetization. These two peculiarities, of smaller domains after illumination and larger
domains after subsequent out-of-plane demagnetization for a particular IR fluence, can
be explained as follows:

The direct consequence of the IR illumination, is a partial ultrafast demagnetization
(see following section) and a temperature increase of the magnetic multilayer. At elevated
temperatures, the magnetization is reduced leading to a reduction of dipolar interaction of
the magnetic domains. The sample cooling by heat radiation then leads to a more isolated
recovery of the magnetization since the coupling of adjacent regions is diminished. The
magnetization "tries" to achieve a local energetic optimum defined by the local energy
landscape. For sputtered multilayer samples the latter is primarily determined by defects
like grain boundaries, voids, impurities or interlayer roughness. The optimization of the
mean free energy of the magnetization is a statistical process. For a given excitation
energy, there is a finite probability that the magnetic regions acquire their individual
local energetic optimum. For repetitive excitation this probability reaches unity. However,
changes of the magentic domain configuration that require more energy, e.g. the movement
of a domain wall from one defect site to another, are not possible. This explains, why
the domain size decreases asymptotically with the number of shots for a given intensity
(figure 3.10). In this model, the two highest IR fluences are above the highest required
dislocation barrier and all magnetic regions can achieve their respective energy optimum
after a couple of shots. Upon cooling, some domains will unite and form larger domains,
but some domains "freeze out" and the average domain size has decreased due to the
localized kinetics 1.

Finally, the domains are immobile at room temperature but now being situated in a
metastable configuration, due to recovered magnetization and restored dipolar domain
coupling (via the domain stray field). During demagnetization in an external field (in-
volving magnetic saturation), this thermally-induced state is deleted and the magnetic
equilibrium condition at room temperature is imprinted. The enlargement of maze do-
mains after out-of-plane demagnetization, observed in [Rie13], is a consequence of irre-
versible morphological changes of the sample. Such polycrystalline, multilayered samples
are very susceptible to diffusion of atoms which can influence the magnetic properties
in various ways. Random diffusion or alloying can deteriorate the Cobalt and Platinum
layer quality. On the other side, segregation of Co and Pt and enhanced defect mobil-
ity can lead to a thermal annealing of the sample thereby improving the layer quality.
Both might also occur competitively. The characteristic zero-field domain size d0 in thin

1 This in perfect agreement with the single-shot x-ray induced modification, discussed in the previous
paragraph. Apart from the erasure of the stripe domain phase, the same final average domain size
of the isotropic state is observed (confer figure 3.9). Here, the Curie temperature has been surpassed
(∆TX ≈ 1000 K) allowing the entire magnetization to recover in the corresponding local energetic
optimum state at once!
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perpendicular magnetic anisotropy multilayers depends on the exchange constant J , the
uniaxial anisotropy constant Ku and the saturation magnetization MS via

D0 ∝
√
J ·Ku

Ms
(3.6)

Supposing that the atomic exchange is unchanged, the larger domains correspond to ei-
ther a smaller magnetization or higher anisotropy constant or both. Referring to the
aforementioned processes, changes of Ku and Ms are possible. A distinction of the pro-
cesses and their respective consequences requires a moire detailed investigation and further
measurement, going beyond the scope of this work.

3.2 Experimental results
As discussed in the previous two paragraphs, the experimental procedure was adopted to
cope with two side effects: i) Excessive x-ray fluences and ii) the use of stripe domains had
to be avoided. As a result, one exposure captured three shots of moderate x-ray fluence on
a worm domain state. Second, the long-term thermally induced changes were taken into
account by recording a characterization image after each IR pump – x-ray probe exposure.
This allows to study the femtosecond temporal evolution of the magnetic domain structure
after intense femtosecond IR excitation. By starting every IR fluence series at negative
time delays of ∆t ≈−1.5 ps, the very strong deviations of the average domain size for the
highest fluences (see figure 3.10) become insignificant after ∆t = 0.

Time zero was known to an accuracy of about 2 ps from a streak camera. A finer
determination is made via detecting the onset of ultrafast demagnetization itself with the
experimental resolution of 230 fs. The demagnetization time τdemag was known for similar
systems from experiments with superior time resolution such as x-ray slicing [Sta07], tr-
MOKE [Mal08] or HHG [Mat12]. A pump-probe data-point was taken every 200 fs around
∆t = 0. During the slower recovery process the data point spacing was increased to 500 fs
up to ∆t ≈ 15 ps and to 5 ps for later times. The covered delay time ranges from −1.8 ps
to 34 ps.

As an example for the recorded data, figure 3.12 compares the SAXS pattern at ∆t =
1.3 ps for 14.2 mJ/cm2 to its corresponding characterization image. The pumped exposure
is depicted in the bottom right half of the image and the characterization data in the top
left half. For both, the dark image subtracted raw data is shown with the original linear
ADU scaling of the detector. Despite the use of a beamstop, the charge scattering of the
membrane, i.e. the three streaks perpendicular to the membrane edges, is so intense, that
it almost leads to detector saturation. The magnetic scattering intensity in the pumped
image is reduced to 15 %. Referring to section 3.1.3, the normalized demagnetization
magnitude is calculated via

∆M̂ =

Imax, unpumped −


Imax, pumped(∆t)

Imax, unpumped
. (3.7)
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Figure 3.12: Scattering pattern for IR-pumped sample (bottom right) for ∆t = 1.3 ps and
14.2 mJ/cm2 IR intensity. The respective characterization image is included as an overlay in the
top left. The peak position, illustrated with a white and black line respectively, is reduced by
about 3 % in the pumped exposure.

∆M̂ hence equals approximately 60 % for the data presented in figure 3.12. The modal
values of the fitted radial intensity distributions I(q) for both scattering patterns are
illustrated with a white and black line, respectively. A shift of qpeak to lower q is observed
with a magnitude of 3 %.

This ultrafast decrease of the scattering ring radius is the key observation of this pump-
probe experiment. The relative change of the pumped peak position compared to the
unpumped characterization image is defined as

∆qpeak
qpeak

= qpeak, pumped − qpeak, unpumped
qpeak, unpumped

. (3.8)

qpeak could not be determined for the highest fluence of 15.7 mJ/cm2 because the magnetic
scattering intensity Imax(qpeak) drops to only 4 %. The remaining signal is too weak for
a reliable determination of the peak position so it was discarded for the time-resolved
evaluation. Figure 3.12 represents the best data obtained in this experiment, with enough
signal to recognize the peak shift in the scattering image.

For four different pump fluences the normalized magnetization M̂ and ∆qpeak/qpeak are
shown as a function of pump-probe time delay and excitation intensity in figure 3.13 at
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Figure 3.13: Out-of-plane magnetization plotted as a function of the pump-probe time delay
∆t and pump fluence (top). M(∆t) exhibits a sharp drop followed by a slower recovery. bottom:
The time evolution of the I(q) modal value qpeak(∆t) features a shift to smaller values in the
same time-domain. The lines represent fits to the experimental data, being the sum of three
exponentials convolved with the experimental time resolution. Reproduced from [Pfa12].

the top and bottom, respectively. An ultrafast quenching of the magnetization before 1 ps
is observed for all runs. The demagnetization increases with pump intensity from 20 %
to 70 %. After this intial ultrafast quenching of the magnetization a slower recovery is
observed. The data suggest a two step process for the re-establishment of the magnetic
domains generating the scattering ring. First, a fast, partial remagnetization occurs. Less
than 50 % of the quenched magnetization recovers during this first step and before 5 ps.
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The complete restoration of the magnetization happens on a much longer timescale several
picoseconds which is already outside the captured time frame. This may correspond to
heat dissipation in the sample after the pulse.

The time evolution of qpeak is basically identical to that of the magnetization: An
ultrafast decrease of qpeak followed by a fast, partial recovery and a much slower full
return to the initial values outside the captured time frame. For the lowest IR fluence
of 7.9 mJ/cm2 a change in qpeak is not detected. This corroborates again the necessity
of high excitation fluences. The lower threshold of pump intensity necessary to observe
spatial changes in the scattering pattern is between 7.9 mJ/cm2 and 11 mJ/cm2 for this
particular sample. The maximum shift of ∆qpeak/qpeak = −4 ± 1 % is observed for the
highest two fluences after ca. 500 fs. The magnetic domains exhibit a spatial response to
a ultrafast excitation on a length scale smaller than 100 nm and a timescale in the order
of a few hundreds of femtoseconds. This was observed here for the first time. The effect
was confirmed in a recent experiment at FERMI.

Although the effect of the peak shift is expected to increase analogously to the de-
magnetization magnitude for higher pump intensities, the sequence of the two curves
for 12.6 mJ/cm2 and 14.2 mJ/cm2 is inverted as compared to the demagnetization plot.
For the 12.6 mJ/cm2 series, the masking of the scattering pattern had to be adjusted to
stronger diffuse scattering. That additional stray light increased the variation of the data
points in the bottom graph of figure 3.13. In general, the stochastic scatter is indicated
with error bars at a single data point for each series (this is not the fit confidence, which
is much better).

The lines in figure 3.13 represent fits to the experimental data which allow to deduce
the corresponding time constants. The sum of three different exponential functions was
used as a modelling function1. It was convolved with a Gaussian corresponding to the
experimental time-resolution σt:

Imax, pumped(∆t)
Imax, unpumped

=


1 −H(t)

Ademag exp


− ∆t
τdemag


+Arecov1 exp


− ∆t
τrecov1



+Arecov2 exp


− ∆t
τrecov2


∗ 1√

2πσt
exp


−∆t2

2σ2
t


(3.9)

Three independent time constants for the demagnetization and recovery processes are
used. While τdemag describes the initial ultrafast drop of the scattering intensity, the
latter is split up into two separate processes with different characteristic times, τrecov1
and τrecov2, as motivated before. The magnitude of the three contributions is defined by
Ademag, Arecov1 and Arecov2 respectively. H(t) denotes the Heaviside step function with
H(t ≥ 0) = 1 and H(t < 0) = 0. The temporal crossing of IR pump and x-ray probe

1 A comprehensive discussion of various fitting functions used in different scientific publication can be
found in the Master thesis of M. Giovanella [Gio13].
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∆t = 0 is determined independently for each series, differing by only 60 fs in total. The
shift of the peak position ∆qpeak/qpeak = (qpeak, pumped − qpeak, unpumped)/qpeak, unpumped is
fitted in the exact same manner.

The domains of the 7 free parameters in equation 3.9 are restricted to assure conver-
gence of the least square fitting routine. The characteristic time for the demagnetization
τdemag is smaller than 300 fs for all series. This is in agreement with values reported for
other experiments [Vod12; Gor11; Boe10]. The rapid, partial recovery component features
characteristic times between 0.6(2) ps for 7.9 mJ/cm2 and 1.3(4) ps for 14.2 mJ/cm2. Con-
cerning the time jitter of the experiment, these values are conform with those measured
via MOKE on the same sample in another investigation [Gio13]. With a time constant of
several tens of picoseconds, the full remagnetization time constant τrecov2 is comparable
to the slow heat dissipation of the lattice.

3.3 Discussion and simulation of the experimental results

3.3.1 Scattering factor of magnetic domains

The observed spatial response of the magnetic system during ultrafast demagnetization
essentially follows the same femtosecond timescale as the quenching of the magnetization.
This rapid behaviour imposes questions on the possible mechanisms that are able to
induce such ultrafast spatial changes. Coherent magnetization changes described by the
Landau-Lifshitz-Gilbert equation are typically a factor of 103 slower as the dynamics
in the present experiment. Consequentially, rather localized modifications confined to
individual in the domain pattern need to be involved. A model based on the structure
factor of an ideal magnetic domain pattern with a definite periodicity is employed in the
following to discuss these issues.

The recorded scattering intensity I(q) is proportional to the square of the scattering
factor S(q) of the magnetic domains. The scattering factor is proportional to the Fourier
transform of the scattering density, i.e. the real space magnetization of the sample, ac-
cording to

I(q) ∝ |S(q)|2 ∝
 M(r) exp (iqr)dr

2 . (3.10)

The modelled magnetic domain pattern can be decomposed into two main components:
First, the unit cell of the magnetic lattice, which can again be split up into the magneti-
zation profile of a single domain and the influence of the domain walls, as described by a
convolution with a Gaussian peak. The second contribution is the arrangement of these
unit cells in a periodic lattice. For a more realistic pattern with varying domain size,
as discussed later, this decomposition cannot be done. One can exploit the azimuthal
symmetry of the SAXS pattern and restrict the discussion of the scattering factor to the
one-dimensional case.
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Figure 3.14 shows the magnetic domain unit cell (a), the smoothing Gaussian distri-
bution to account for the domain walls (b) and the lattice i.e. a comb of Delta peaks
(c) separated by the magnetic correlation length. The model uses the data of the ex-
periment with a domain size of 75 nm and a domain wall width of ca. 6 nm as obtained
from micromagnetic simulations. The entire magnetic domain pattern is the convolution
of the three real-space components. According to the convolution theorem, this equals a
multiplication of the according Fourier-transformed entities (scattering factors). In figure
3.14 (d), the graphs with the respective colors represent the individual scattering factors,
called domain form factor, domain wall factor (DWF) and structure factor. The black
line illustrates the corresponding modelled (one-dimensional) scattering pattern.

Figure 3.14: The scattering factor of magnetic domains is decomposed into three contributions:
(a) the unit cell of a magnetic domain with equally wide up and down domains, (b) the
contribution of the domain wall represented by a Gaussian smoothing of the domain and (c) the
equally spaced lattice of delta-like peaks. (d) The according Fourier-transformed entities yield
the domain form factor (blue), domain wall factor (green) and structure factor (red). The
modelled "scattering pattern" (black) shows delta-like peaks with decreased intensities for all odd
harmonics of the first diffraction peak at qpeak. The simulated scattering pattern accords to the
squared product of all scattering factors in reciprocal space.

The domain form factor dominates the scattering pattern insofar, as for this symmetric
up-down domain unit cell only odd diffraction orders appear and the magnetic scattering
intensity at q = 0 vanishes. The Fourier transformed domain wall smoothing kernel,
i.e. the domain wall factor, is also a Gaussian, with its width inversely connected to
the domain wall width. In this model, the DWF only diminishes the peak intensity,
particularly for higher diffraction orders. At last, the Dirac comb of the lattice is an
invariant under Fourier transform, thus the structure factor also shows distinct peaks at
according qx. The modelled first scattering peak position qpeak, is a sharp delta-peak



84 3 Time-resolved x-ray scattering experiments on magnetic domains

whose position is solely defined by the maxima locations of the Dirac comb.
Referring to the experimentally observed ∆qpeak of 4 % during 0.5 ps (when maximum

demagnetization has evolved) the developed model gives a first hypothetical mechanism
to achieve that. A lateral growth of a magnetic domain would involve either a shrinking or
a displacement of adjacent domains. A spreading of the dirac comb equals a homogeneous
growth of every domain in the 250 µm × 250 µm field of view (the Si3N4 membrane). This
would result in a domain displacement over 10 µm in 0.5 ps. The necessary domain wall
speed would be in the order of 107 m/s.

Reported values for magnetic field driven domain wall velocities are in the order of
20 m/s [Met07]. Using spin currents, the velocity has been shown to reach values at
about 100 m/s to 400 m/s [Mir11]. If magnons, i.e. spin waves, are taken into account,
the domain wall velocity will still not exceed several 10 m/s [JYL10]. The magnon phase
velocity vph = λ · f in Ni18Fe82 has been measured to reach values of about 4 × 104 m/s
[Vog09] but in magnetic soft NiFe and for applied fields of 50 mT. In Co/Pd multilayers
of various cobalt thickness the magnon velocity is orders of magnitude smaller [Pal11].

A second, inhomogeneous rearrangement, could show the formation of different widths
for up- and down-magnetized regions with invariant total extension, hence only the do-
main wall in between would be shifted. Consequently, the scattering pattern would also
show odd harmonics of the principal peak and nonzero intensity at q = 0 (see [Hel03]).
The first was never observed in any image, although the second harmonic of a quenched
magnetizations scattering peak would be very weak. The low-q region was not accessible
due to the beamstop1. Furthermore, the linearly polarized IR pumping yields no extra
photon momentum to influence one magnetization direction stronger than the other and
break the symmetry of the domain pattern. The strongest refutation for the inhomoge-
neous modification, however, is still the required domain wall velocity. Even in this case
the domain walls would be shifted by 3 nm (4 % of 75 nm) in less than 500 fs which requires
a domain wall velocity of 6000 m/s. This is again higher than the values observed so far.
Consequentially, the mentioned homogeneous and inhomogeneous domain modification
processes prove to be unrealistic in the ultrafast regime.

It is necessary to extend the domain model to find further potential explanations for
the empirical observations. The broad scattering peak in the experiment indicates that
the domain width is not homogeneous but rather a distribution of several widths. One
can therefore neither use a fixed domain width for a unit cell, nor a periodic dirac comb
to define the magnetic lattice as a whole. A comparable model for a more realistic
domain pattern is extremely demanding in a computational sense, although the number
of probed domains in the experiment is only in the order of 107 (estimated for 75 nm
domains on a 250 µm square membrane). To achieve a comparable resolution of the
modelled diffraction pattern the sampling of the domain pattern would have to be very

1 The transmitted beam at q = 0 is in general very useful. Information about the total absorption of the
sample is contained here, allowing a determination of XMCD strength and, for certain circumstances,
spin and orbital momenta as exploited in [Boe10].
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fine resulting in excessive computation effort.
Figure 3.15 (a) illustrates few domains of a more realistic pattern in a one-dimensional

model with a domain width distribution around the average domain width. The result
is a broadening of the corresponding structure peaks, shown in figure 3.15 (b). For this
graph, 3 Pearson-VII distributions have been combined using parameters obtained in the
experiment. The third and fifth diffraction order of the magnetic domain pattern are
further suppressed by the domain wall factor. Again the presumed uniform width of the
domain walls is 6 nm. In conformity to the experimental case, even diffraction orders are

Figure 3.15: (a) Section through a 1D domain pattern model with varying domain width. The
domain wall width is kept constant. (b) The radial intensity profile of the corresponding
scattering pattern comprises odd orders of the broadened diffraction peak. The modelled peaks
are Pearson-VII distributions using typical parameters obtained from an unpumped diffraction
pattern multiplied by the DWF. (c) A broadening of the domain wall from 6 nm to 15 nm width
leads to an enhanced suppression of scattering intensity at higher q. The corresponding domain
wall factor (dark green and light green respectively) asymmetrically affects the broadened
diffraction peak. As a result the position of qpeak is shifted by 4 % to smaller q.
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excluded in this model.
In this extended model, with a broadened first order diffraction peak, an alternative

explanation for the peak shift can be given. The DWF diminishes the scattering inten-
sity above and below qpeak in an asymmetric behaviour, as depicted in figure 3.15 (c):
A narrower DWF shifts the scattering peak to smaller q. The observed magnitude of
∆qpeak ≈ −4 % can be reconstructed for a change of the domain width from 6 nm to
15 nm and using a Pearson-VII scattering peak. The intensity profile (orange line in fig-
ure 3.15 (c)) for a 15 nm domain wall is hence not only suppressed in intensity but also
shifted to the left, as indicated by the arrow.

One should recapitulate here, that even without changing any periodicity in the sample,
the scattering peak position can be varied. This is a consequence of a small variation of
the domain width leading to a broadened scattering intensity profile. The direct trans-
lation of the scattering peak position to the average domain size d0 via d0 = π/qpeak, as
usually done in literature [Kor01; Hel07; Gut09], is only an approximation for negligible
domain wall widths. For magnetic domain patterns, there exists very few literature for the
analytical behaviour of I(q). The case of stripe domains was treated in [Hel03]1, yet for
randomly oriented magnetic domains and azimuthally integrated 2D scattering patterns,
an analytical description is not yet available.

3.3.2 Theory of superdiffusive spin transport
The model presented above of a softened domain wall can explain the observed relocation
of qpeak towards smaller q. The domain wall is the transition of two oppositely magne-
tized regions and spatially confined to the nanometre scale. Thus the question arises,
whether there exist a microscopic mechanism which would indeed explain this morpho-
logical change of the magnetic domain wall structure within 500 fs. The physical mech-
anism of interest must provide an ultrafast channel for two-dimensional magnetization
rearrangement.

As it is shown later, the mechanism of superdiffusive spin transport (SDST) after an
optical excitation of electrons can explain the proposed broadening of the domains leading
to the observed shift of the diffraction peak. The theory was developed by Battiato et al.
[BCO10] and since then has attracted a lot of attention to explain ultrafast demagnetiza-
tion. "Superdiffusive" denominates transport processes where the variance of the particle
displacement distribution σ2(t) is proportional to tγ with a coefficient 1 < γ < 2. In their
theory, γ is furthermore time-dependent and decreases from 2 for ballistic transport and
small times to γ = 1 at longer times characterizing Brownian motion.

The key mechanism of SDST is a spin-conserving movement of hot electrons after
femtosecond excitation in a magnetized material. There minority and majority electrons

1 Stripe domains, by nature, reduce the problem to one dimension and I(q) is obtained from a sim-
ple intersection of the scattering pattern instead of a azimuthal integration. This problem is then
analogous to a one-dimensional diffraction grating as described in standard optics textbooks.
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have different lifetimes and consequently varying mean free paths lengths. According to
[BCO10], the d-electrons are quasilocalized while the sp-like electrons exhibit velocities
around 1 nm/fs. Due to a smaller amount of unoccupied states above the Fermi level
for excited majority electrons, their scattering probability is reduced in comparison to
minority electrons. Thus they have a higher mobility and in total more majority spins
can potentially leave the magnetic film or probed area. Thus this mechanism provides
a channel for ultrafast demagnetization. A potentially generated electron cascade from
inelastic electron-electron collisions can further amplify the effect.

In their study, Battiato and co-workers apply their theory to the case of a thin Nickel
film deposited on an Aluminium substrate. Transport equations for the excited electrons
are solved for this one-dimensional scenario including a spin-conserving laser excitation.
At 90 fs after the maximum laser excitation, they observe a magnetization of the Alu-
minium layer due to a flow of majority electrons from the Nickel film. On the other side,
at 300 fs, electron scattering in the Al layer causes an accumulation of minority spins on
the Ni side of the interface. The reason is that, while both spins have equal mobility and
scattering probabilities in the Al, those minority electrons that cross the boundary to
Nickel are effectively trapped near the interface. The latter will also become important
for the explanation of the experiments presented here.

Further experimental evidence for the existence of this mechanism was brought in
[Rud12]. A HHG laser source was employed to simultaneously probe the dynamics of
Nickel and Iron in a trilayer sample with a Ruthenium spacer between the two ferromag-
nets. The experiment was carried out in a transverse MOKE geometry. The thin Nickel
layer was excited with a optical femtosecond laser. For weak excitation fluencies below
2 mJ/cm2 an initial excess of majority electrons, i.e. an enhancement of magnetization in
the Iron layer could be observed. As explained above, this is in good agreement with the
SDST theory.

3.3.3 2D model for ultrafast spin transport in a magnetic domain pattern

In [BCO10] the spin transport from a homogeneously magnetized Nickel layer through the
interface to the Aluminium substrate led to ultrafast demagnetization. For the present
case, the situation is different. The Si3N4 substrate is insulating and the electrons are, to
a good approximation, reflected at the metallic layer - Si3N4 interface. The magnetization
of the domains is assumed to be homogeneous in the longitudinal direction but due to
the domain network, laterally inverts at every domain wall. As a simplification, the
whole model is restricted to the 2-dimensional sample plane, which is an extension of the
one-dimensional model used in [BCO10] and [Rud12].

The superdiffusive lateral movement of excited electrons is confronted with a difference
in the scattering lengths of minority and majority electrons in the magnetic layer. By
passing a domain wall, the character of an electron changes from minority to majority
electron (or vice versa). In summary, the implementation of superdiffusive spin transport
on the present case can be described as a three step process (confer figure 3.16):
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Figure 3.16: Proposed model as a three step process based on superdiffusive spin transport,
leading to an accumulation of minority spins at either side of a domain wall. After excitation a
majority electron eventually crosses a domain wall and so it becomes a minority electron in the
new domain and is effectively immobilized during thermalization. Further explanations in the
text. The spin-dependent electron density of states D(E) is taken from studies on pure cobalt
[Peñ10] for explanatory purpose only and was not used for the simulation.

1 Excitation
First, a spin up electron is excited inside a magnetic domain, where it represents the
majority-spin, denoted as "up"-domain1. This excited state above EF is considered
to be an sp-like state with higher mobility as compared to the d-states [OL04]. The
movement direction probability of the electrons is completely isotropic in the sample
plane. The excitation process is considered to be spin conserving, hence does not
contribute to the demagnetization itself (linear IR polarization). Equal amounts
of spin-up and spin-down electrons are excited, irrespective of the local sample
magnetization. That is a rather counterintuitive assumption for a magnetic i.e.
spin-polarized material with obviously different numbers of electrons for each spin
around the Fermi-level EF [Peñ10]. However, trustworthy numbers for excitation
rates of minority and majority electrons for a given energy were not available for
Cobalt-based systems. The proposed model does not require further details on the
band structure or excitation probabilities to show the desired effect.

2 Movement across a domain boundary
The excited electron’s path is a straight line up to the first scattering event, where
deflection is again isotropic, independent of the incoming direction. The electron

1 The vector of spin magnetic moment is ms = −gsµBs, with µB = e~
2me

, and thus antiparallel to the
spin vector. In a spin-up majority region the magnetization M = N

V
m is pointing down.
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mean free path is primarily limited by spin-conserving elastic and inelastic scat-
tering events (see [SS06], ch. 12.6.3 and [Car13]) thus spin-flips are completely
neglected. The excited up-electron crosses a domain wall during its superdiffusive
motion (centre of figure 3.16) and enters a "down"-domain. Thereby, the formerly
highly mobile electron becomes a minority electron and experiences an increased
scattering probability due to a larger number of unoccupied states (right graph of
figure 3.16).

3 Thermalization
The energy dissipation by inelastic scattering events is more effective for minority
electrons. The probability to cross the domain wall a second time becomes very
low. The electron is effectively trapped in the new domain and thermalizes until its
energy is equal to EF . Since spin-flip events are excluded, minority spins accumulate
at either side of a magnetic domain wall. The enrichment of a magnetized region
with minority-spins equals a reduction of the local magnetization.

The direct consequence is an amplified demagnetization at the domain walls, i.e. a
broadening of the latter and a diminution of the DWF leading to the observed shift of
qpeak to lower q. In this model, the magnetization does not change if the excited electron
never leaves its original domain, since there is no spin drain in the direction normal to
the sample (as opposed to [BCO10]). For all times, the net sum of up and down spins
in the whole sample is conserved. This model cannot explain the high demagnetization
magnitude observed in the experiment because domain walls only cover a fraction of
the sample and many excited electrons never cross a domain wall. For a comprehensive
description other mechanisms have to be included.

3.3.4 Monte-Carlo simulations

The model of two-dimensional spin transport can explain the observed peak shift due a ac-
cumulation of minority spins at the domain walls. In order to corroborate if it also explains
the magnitude and timescale of the proposed mechanism, Monte-Carlo simulations were
performed by B. Pfau. As a base for the simulations, a binarized version of the MFM image
of the sample shown in figure (a) is used (figure 3.17a). The 10 µm2 × 10 µm2 MFM image
features 2048 × 2048 square pixels resulting in a lateral resolution of 4.88 nm × 4.88 nm of
the simulation. Again, any sample structure and spin diffusion in the z-direction normal
to the sample plane are ignored in the simulation.

Some further simplifications as compared to the experimental situation are made. The
exponentially decreasing field intensity of the IR pump (see figure 3.5a) along z is re-
placed by a homogeneous amount of energy per atom: 0.1 excited electrons per atom
correspond to a pump fluence of approximately 14 mJ/cm2, which is the highest pump
fluence used in the time-resolved experiment. The amount of up- and down-electrons is
equal, independent of the local sample magnetization, as explained previously. However,
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(a) (b)

Figure 3.17: (a) A binarized version of the MFM image of the sample (figure 3.4a) was used for
the Monte-Carlo simulations. The presented FOV is 10 µm × 10 µm. (b) Enlarged
0.5 µm × 0.5 µm cutout of (a). The left upper half shows the initial magnetization at ∆t ≤ 0 fs
and at the bottom right half at ∆t = 300 fs. Arrows in both halves, indicate electron trajectories
with either spin up (red) or spin down (green) for the whole time range of the simulation (1 ps).
They are interrupted by elastic and inelastic collisions. At 300 fs there is a remarkable smoothing
of the transition between dark and white domains, i.e. the domain walls. By courtesy of B. Pfau.

the excitation rates are spin dependent. The energy- and spin-dependent electron veloc-
ities v↑(E)/v↓(E) (taken from [ZCE06; NC09]) and lifetimes τ↑(E)/τ↓(E) (from [Aes97;
Gor11]), respectively, are discretized in divisions of 0.1 eV width up to the highest acces-
sible state at 1.55 eV above EF. The energy of the excited electrons is equally distributed
over those divisions. The different elemental values for τ and v are averaged by an in-
terpolation of the parameters for Co and Pt according to the layer composition. The
parameters for the simulation introduce the largest uncertainties for the simulation be-
cause all reported values were obtained using different sample systems and experimental
approaches while simulations [ZCE06; NC09] rely on uncertain parameters themselves.

The electron cascades from 1.7 × 107 1st generation hot electrons were simulated in each
run. A dependence of the secondary electron emission probability on the spin is neglected
as well. Elastic and inelastic electron-electron collisions are described with classical two-
particle processes and exhibit equal scattering probabilities Ωel = Ωinel. A different ratio
Ωel/Ωinel did not significantly alter the outcome of the simulation. The energy dissipation
of the electrons via inelastic electron-electron scattering events is followed until they reach
the lowest energy division, i.e. Ee < 0.1 eV.

The temporal resolution of the simulation is 1 fs while a new magnetization map, in-



3.3 Discussion and simulation of the experimental results 91

cluding new electron positions is saved every 50 fs. An initial magnetic moment of 1µB
per atom is assumed [Hel07]. The overall time covered is 1 ps but, due to the aforemen-
tioned simplifications, the simulation is expected to yield realistic results only for the first
few hundreds of femtoseconds after excitation. In figure 3.17b an enlarged region of a
magnetization maps at t = 0 fs (top left) and t = 300 fs (bottom right) is shown. The
arrows (spin up (red), spin down (green)) illustrate the simulated electron trajectories but
for the whole time of 1 ps for improved visibility of the electron motion. Spin-up electrons
represent the majority-spins in the dark shaded areas and are minority electrons in the
white areas. Kinks in the trajectories are caused by scattering events and which end if
the electron is thermalized.

In figure 3.18a snapshots of the domain pattern in the original configuration (blue
frame) and 300 fs after excitation (green frame) are presented. A section perpendicular
to a domain wall for both times visualizes the broadening from about 5 nm (blue line) to
about 20 nm (green line). A squared Fourier transform of the whole simulation’s FOV
yields the diffraction pattern which is then azimuthally integrated and fitted in analogy to
the experimental data. The obtained simulated I(q) graphs are shown in figure 3.18b. At
300 fs after the excitation the peak position has shifted to lower q by approximately 4 %1.
The fact, that the simulated FOV comprises only 10 µm × 10 µm and is only coarsely
sampled, leads to the occurrence of speckle in the simulated diffraction intensity. As the
overall domain pattern does not change apart from the wall width, the position of these
speckle is constant. The scatter of the simulated data points in figure 3.18b is due to
these speckle and thus appears correlated for both simulation times.

The simulated time evolution of the peak shift is depicted in figure 3.18c and compared
to the experimental data points (including error bars) of the two strongest IR fluences in
the same time range. The grey shaded area represents the valid range of the simulated
qpeak-shift with respect to the uncertainties in the input parameters. The maximum effect
is observed around 500 fs after the laser pulse, which is copincident to the experimental
observations (confer figure 3.13). The simulation yields a maximum shift of −3 % which -
considering the large experimental error bars and the mentioned simplifications of model
and simulation - is in accordance with the experimental value.

It should be noted, that in contrast to [BCO10], here a lateral spin diffusion in the sam-
ple generates the local demagnetization. The integral net magnetization is not changed
and was zero due to equal amounts of up and down magnetized domains. The total mag-
nitude of the demagnetization of the sample reaches up to 70 % in the experiment. This is
underestimated in the simulation because spin-flip events, for example via electron-phonon
scattering and spin diffusion normal to the sample plane are neglected. A confirmation

1 There is a discrepancy between qpeak = 37 µm−1 obtained from the SAXS image of an umpumped
membrane and qpeak = 34 µm−1 for the respective MFM image. The microscopy image is generated
by a convolution of the domain configuration with the magnetic MFM tip. The thin domain walls
are thus smoothed by few tens of nanometres. In combination with the low resolution of only about
20 nm this can lead to a smaller q.
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(a) (b)

(c)

Figure 3.18: (a) Enlarged regions of the simulation domain pattern at t = 0 fs (blue) and
t = 300 fs (green). The distinctively limited domains become smeared without losing the initial
periodicity. The scale bar is 200 nm. The graph below is a section of a domain wall for both time
steps accordingly. The domain wall width has increased from 5 nm (i.e. 1 pixel in the simulation)
to about 20 nm width (FWHM). (b) The azimuthally integrated Fourier transform of the
simulated yields the data points which are again fitted with a Pearson-VII function. At 300 fs
there is a small shift towards smaller q. (c) Comparison of experimental SAXS peak shift for the
two highest fluences (green triangles: 12.6 mJ/cm2, orange dots: 14.2 mJ/cm2) to the simulated
values (black lines). The grey shaded area represents the area of validity for the simulation, with
respect to uncertain input parameters. The simulated data were convolved with the experimental
time resolution, explaining a small shift even before ∆t = 0. Graphs by courtesy of B. Pfau.
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of demagnetization times and comparison to other experiments are foiled by the lack of
temporal resolution of the experiment. Secondly, without a spin drain reservoir in the
sample, the theory has to be extended to account for the whole demagnetization pro-
cess. Further improvements of the model may include spin-flip events or the multilayer
structure of the sample.

3.3.5 Comparison to the work of others

In a recent study, Moisan and co-workers investigate similar samples for the influence of
domain walls on a potential amplification of the femtosecond demagnetization. In [Moi14]
they employ time-resolved pump-probe Kerr magnetometry with external field control
to evaluate the ultrafast demagnetization of Co/Pt (Co/Pd) multilayered samples being
saturated or in a remanent domain state. A difference in magnitude or temporal behaviour
of the demagnetization is not observed, leading them to the conclusion that inter-domain
spin-currents are negligible in their sample system. However, whether the effect proposed
in this thesis, does at all lead to a significant acceleration of the demagnetization, requires
further investigations. Neverthelss, there are two major differences, that can explain why
Moisan et al. cannot observe an effect that is dependent on the existence of magnetic
domains.

First, the highest IR pump fluence in [Moi14] reached 4.9 mJ/cm2. This is only 45 %
of the weakest fluence of the presented experiment, for which a significant effect has been
observed (11 mJ/cm2). The anticipated weakness of the effect was explicitly adressed in
our SAXS experiment by working with high pump fluences, that are not accessible for
a MHz repetition rate MOKE setup due to sample damage. Secondly, the domain size
in [Moi14] is twice as large as for the samples treated in this work. With a comparable
thickness, the effect of lateral spin-diffusion into adjacent domains must be approximately
2 times weaker. Moisan et al. admit, that "Reducing the domain size down to a length
comparable to the spin accumulation length could potentially lead to a modification of
the demagnetization dynamics due to inter-domain hot electron spin transport.".

After all, the comparison of the presented results to other experimental approaches is
difficult. On one side, multilayered samples themselves are already a complicated spec-
imen, where many characteristics strongly depend on the growth conditions. Variations
in sample fabrication result in deviations of the (femtosecond) magnetization dynamics
[Liu11]. Furthermore, most studies are carried out using an external magnetic field to
saturate the sample magnetization. The formation of out-of-plane magnetized domains,
is unnecessary or even disturbing for such approaches, that require a net magnetization
like MOKE. MOKE is hence not able to detect local morphological changes of the domain
wall. In contrast, such domains are of key-importance to explain the experimental findings
of this work. There is also evidence, that non-magnetic constituents in the sample alter
the exchange and demagnetization timescale [Mat12]. This would particularly apply for
the current magnetic multilayer sample, that contains more than 60 % of non-magnetic
elements.
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On the other side, most results on ultrafast demagnetization are from magneto-optical
Kerr effect studies. MOKE in the visible wavelength regime probes electronic states near
EF , that are also strongly affected by the (optical) pumping. In contrast, the SAXS
experiment exploits XMCD of deeper electronic levels and the optical transition are less
disturbed by the probe. Different processes have to be taken into account for both types
of experiments. An empiric study showed that MOKE and XMCD experiments yield
identical results for ultrafast demagnetization [LaO12]. While the XMCD-signal at 3d
TM M- and L-edge can be perturbed at high fluences [Mül13a; Wan12] a recent discussion
of ultrafast pump-probe MOKE experiments [Tur13; Vod13], demonstrated the difficulty
of data interpretation for such optical experiments too. A one-to-one comparison to
visible-light magneto-optical experiments hence can only be done with reservation.

3.4 Conclusion

With the presented SAXS experiment, the first experimental realization of nanometre
spatial and femtosecond temporal resolution of magnetic domains in a single-shot-like
pump-probe approach, was demonstrated. It exploited the intrinsic advantages of a high-
brilliance FEL to allow for high excitation and probe intensities that are destructive for
faster repetition rates. As a result, it was possible to observe an ultrafast modification
of the magnetic domain wall structure leading to a shift of the characteristic magnetic
SAXS peak. The theory of superdiffusive spin carrier dynamics was adapted to the
actual situation of a quasi-two-dimensional sample geometry. The simulation, that mainly
involves different electron mean free path lengths and the domain structure of the sample,
could explain the timescale and magnitude of the observations.

For the comprehensive description of the whole demagnetization process in the current
case, other theories have to be involved too, because spin-transport within a uniformly
magnetized area does not lead to a reduction of magnetization in total. Phonon-mediated
Elliot-Yafet spin-flip scattering has been shown to explain experimental observations for a
variety of samples within the so-called microscopic 3-temperature model (M3TM) [Koo05;
Koo10]. Spin-flip scattering occurs mostly at defect sites inside the sample. Domain walls
also nucleate and may be pinned at such morphological inhomogeneities. Thus, an in-
creased demagnetization at the domain walls might as well be explained by an increased
scattering probability there. However, for other experiments, that Elliot-Yafet scattering
cannot explain the observed magnitude of demagnetization [Car13; Esc13]. Other ap-
proaches connect spin-flip scattering to Landau-Lifshitz-Gilbert dynamics [FSI10; Chi12]
to explain ultrafast demagnetization. The presented experiment might demonstrate an
elegant way to study both, superdiffusive spin-transport and demagnetization via spin-flip
scattering, as one rather manifests in a softening of the domain walls and the other in a
reduction of the total magnetization. Further experiments, featuring improved time and
intensity resolution, will help to dissolve the theoretical controversy.

As it was shown, the scattering ring radius can be changed (if only to a small extent),
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without modifying the periodicity in the sample itself. In the future, the detection of
higher orders of the diffraction peak (3rd/5th order) would be profitable. The intensity
ratio I(qpeak)/I(3 · qpeak) for example, shows a strong dependence on the domain wall
factor (see figure 3.14). On the theoretical side, an extension of the developed model to
incorporate depth information like multilayer structure and longitudinal spin transport or
spin-flip processes at morphological defects might allow further insight into the femtosec-
ond magnetization dynamics. Improvements on the experimental side certainly involve a
better time resolution for the pump-probe SAXS experiment and a sample system featur-
ing even smaller domains to increase the amount of domain walls and further emphasize
the lateral magnetic inhomogeneities.

Recent experiments exploit different elemental demagnetization times ("fast" 3d mag-
nets Fe, Co, Ni versus "slow" 4f magnets like Gd) to induce magnetic switching, exclusively
by thermal excitation [Rad11; Ost12]. This has brought the field of ultrafast demagneti-
zation dynamics into the range of technological applications, e.g. in future data storage
devices. Further exciting developments may be expected in this research area.





4 Summary and Outlook

This thesis illustrated the applicability of the 3d ferromagnet’s M-edge for imaging exper-
iments on magnetism, that so far have been carried out exclusively at the L-edge. In the
first chapter it was shown, how Fourier transform holography with high resolution can
be conducted at this photon energy. The achieved reconstruction quality is fully compa-
rable to L-edge experiments and allows unambiguous interpretation of magnetic domain
patterns. However, careful sample selection and choice of experimental parameters are
necessary to circumvent the experienced limitations of experiments at the 3d ferromagnet
M-edges.

After a brief introduction into the capabilities of FTH in section 2.1 to reconstruct
the depth-integrated complex transmission function of the sample (section 2.2), a general
discussion of circular dichroism at the magnetic M-edge of the 3d-ferromagnets was given
in section 2.3. Considerations on the refraction index and the substantial absorption for
VUV photon energies were clarified in section 2.4. The photon wavelength used in this
work is associated with larger scattering angles as compared to conventional magnetic
L-edge FTH. For imaging, it is necessary to perform a projection to in-plane Fourier com-
ponents with exact-area resampling of the detector. A suitable algorithm was developed
during this thesis and is presented in section 2.5.

Considerations on sample selection and experimental techniques are presented in section
2.6. The FTH image reconstruction and improvement to the best obtainable image quality
was presented in section 2.7. As a result, an image of the sample with a spatial resolution
of at least 70 nm was achieved. This can compete with reconstructions obtained in other
experiments at higher resonant photon energies.

With respect to the most probable application of M-edge FTH at FEL and HHG sources,
where a difference image is often not feasible, a single helicity reconstruction was explicitly
discussed and presented in the course of this chapter. A piloting FEL experiment on
holographic magnetic domain imaging was then presented in section 2.8. It was not
yet possible to achieve a single-shot reconstruction of magnetic domains but equivalent
multi-shot imaging showed outstanding performance.

In the second part of this thesis, a scattering experiment on a magnetic domain sample,
also exploiting the Cobalt M-edge dichroism, was presented. Although it does not allow
imaging of the sample, scattering nevertheless provides spatial resolution on the ensemble
average properties of the magnetic domains in the sample. The sample and setup for M-
edge SAXS, similar to the FTH experiment, are discussed in section 3.1. Here the focus
is on the pivotal magnetic and IR/x-ray absorption properties of the sample. Thereafter,
the data acquisition and evaluation procedure is detailed. Both were adjusted to cope
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with side effects (paragraph 3.1.4) observed during the experiment.
The time-resolved IR pump – x-ray probe experiment revealed an ultrafast modifica-

tion of the scattering pattern, shown in section 3.2. A modification of the domain wall
structure that manifests in a shift of the magnetic scattering peak to smaller q with a
magnitude of about 4 % within 1 ps after optical excitation was observed for the first time.
In section 3.3 it was discussed, that this rapid rearrangement of magnetization cannot be
explained with domain wall motion. Instead, it could be attributed to a decrease of the
width of the domain wall factor, that corresponds to a softening of the magnetic domain
walls. If the electrons in the magnetic layer are excited by the laser pulse, they start
to perform a superdiffusive motion, only being limited by elastic and inelastic scattering
events. If they eventually cross a domain wall, the formerly mobile majority electrons
are trapped and accumulated at the domain wall. As a consequence the magnetization
is reduced and the domain wall profile smoothed. A simulation based on this model in-
corporated this lateral spin-transport and showed good agreement with the experimental
findings, as was demonstrated in paragraph 3.3.2.

Based on the experience obtained in this work it is possible to think of improvements
for future, spatially-resolved experiments on ultrafast demagnetization. To corroborate
the effect observed here, an optimization of the sample in terms of smaller domains or
better transmission for the same contrast will be beneficial. An improvement of the
time-resolution would also be beneficial and can be achieved at seeded FEL sources like
FERMI. A vary appealing experimental advancement is time-resolved imaging of the
demagnetization dynamics in real-space. As a well-suited method for this task, Fourier
transform holography will certainly establish as a standard technique in this field of
research.

A first pump-probe FTH experiment at the Cobalt M-edge has been conducted at
FERMI FEL [Kor14]. The experimental findings on the demagnetization process are un-
ambiguously supported by real-space images of the magnetic domain pattern for different
pump-probe time delays. The model of 2D spin transport was applied to explain the
experimental observations.

In the future, high-resolution FTH might allow to directly image magnetic nanostruc-
tures during demagnetization. Samples like bit-patterned media [Pfa11] might help to
understand the microscopic processes occuring after femtosecond laser excitation. How-
ever, as discussed, an improvement of the resolution by using alternative methods such as
HERALDO or focussing reference imaging might not be as easy at the 3d TM M-edges in
comparison to the L-edge. However, with the increasing proliferation of light sources de-
livering femtosecond pulses in the vacuum ultraviolet, M-edge FTH will become a major
tool to investigate magnetization dynamics.
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A Appendix

A.1 Projection algorithm
% [Output] = ccd_projection(CCD_image, Distance, Center, CCD_size, NewPixelSize)
%
% Projects a CCD (PI-MTE) image to a curved wavefront (=inverse gnomonic
% projection) and calculates the inplane component of the scattering vector.
% This simplifies the calculation as pixelwise parallel sensors are used
% as approximation.
%
% The scattering image is a projection of a spherical intensity
% distribution on a planar sensor. This curvature must be corrected with an
% inverse gnomonic projection so every new pixel is on a sphere with
% radius d, the camera-sample distance.
% For thin, quasi-2dimensional scatterers the in-plane momentum transfer as
% is important because the out-of-plane momentum is arbitrary. The in-plane
% component of the projected intensity is again a projection of this hemisphere on
% a parallel to the CCD. Both steps are included in one transformation here.
%
% INPUT:
% CCD_image => CCD image
% Distance => distance sample <=> CCD in meters
% Center => [center_row, center_col] = [center_y, center_x]
% CCD_size => [CCD_size(1), CCD_size(2)] => dimension of sensitive
% area in meters, 0.0276 for full PI-MTE sensor
% NewPixelSize => [N] integer size of new square pixels, N <= 13.5e-6 or
% this will be used as default, projected area of
% outer pixels will of course be bigger!
% OUTPUT:
% Output => back-projected CCD image of size N x N with N defined
% in NewMatrixSize. Pixel area must be equal or smaller than
% the old pixel area
% REMARKS:
% * the planar chip intrinsically has a better pixel resolution
% for higher q-values, to preserve this choose a smaller pixel
% size value, however this upsampling is not tested yet!
% * Output now has a linear inplane-q scale!
% * Output has non-integer pixel intensities after resampling
% according to pixel area!
%
% EXAMPLE:
% [Output] = ccd_projection(CCD_image, 0.045, [1200,950]);
%
%
% S. Schaffert & J. Geilhufe, 03/2013
function [Output] = ccd_projection(CCD_image, Distance, Center, NewPixelSize)

error(nargchk(2, 5, nargin));
if nargin < 5, NewPixelSize = 13.5e-6; end
if nargin < 4 CCD_size = 0.0276; end %default for PI-MTE full Chip

111



112 A Appendix

if nargin < 3 Center = [size(CCD_image,2)/2 size(CCD_image,1)/2]; end

Dist = Distance/13.5e-6;
temp = max([Center(1), Center(2); size(CCD_image,1)-Center(1),size(CCD_image,2)-Center(2)]).*13.5e-6;
Theta_Max = abs(atand(sqrt(temp(1)^2+temp(2)^2)./Distance));
%the maximum scattering angle (scattering angles must always be preserved!)
Smallest_Pixel = 13.5e-6*cosd(Theta_Max);
%the outermost pixel will show the strongest shrinking to this size

%determine resampling accuracy
if NewPixelSize == 13.5e-6

Output = zeros(2.*max(abs([size(CCD_image,1)-Center(1),size(CCD_image,2)-Center(2),...
Center(1),Center(2)])));

elseif NewPixelSize > 13.5e-6
disp(’Incompatible output pixel size, default used’);
NewPixelSize = 13.5e-6;
Output = zeros(2.*max(abs([size(CCD_image,1)-Center(1),size(CCD_image,2)-Center(2),...
Center(1),Center(2)])));

elseif NewPixelSize < 13.5e-6 %t
error(’Upsampling is not yet implemented ... aborted!’)
Output = padarray(zeros(size(CCD)),[round((size(CCD_image,1).*13.5e-6/NewPixelSize...
-size(CCD_image,1))/2),round((size(CCD_image,2).*13.5e-6/NewPixelSize-size(CCD_image,2))/2)]);

end
k = NewPixelSize./13.5e-6;

CCD = zeropad(CCD_image,2,Center(1),Center(2)); %centering integrated in zeropad!
Center_new = size(CCD)/2; % Center coordinates in the new, padded array
Center(1) = round(size(Output,1)/2);
Center(2) = round(size(Output,2)/2);

h = waitbar(0,’Computing image! Please wait...’);
for y=0:Center(1)-1;

if mod(y,round(Center(1)/100)) == 0
waitbar(y / Center(1),h);

end

for x=0:Center(2)-1;

% coordinates = FindOldCoordinates(x,y,Dist,NewPixelSize);
x1 = x.*k./(cos(asin(sqrt(x^2+y^2).*k./Dist)));
%origin is assumed upper left corner of a pixel for even-size array this is the centre)
y1 = y.*k./(cos(asin(sqrt(x^2+y^2).*k./Dist)));

x2 = x.*k./(cos(asin(sqrt((x)^2+(y+1)^2).*k./Dist)));
%y+1 virtually means "go down" --> row+1; so this is lower left pixel
y2 = (y+1).*k./(cos(asin(sqrt((x)^2+(y+1)^2).*k./Dist)));

x3 = (x+1).*k./(cos(asin(sqrt((x+1)^2+(y+1)^2).*k./Dist)));
%right lower pixel corner
y3 = (y+1).*k./(cos(asin(sqrt((x+1)^2+(y+1)^2).*k./Dist)));

x4 = (x+1).*k./(cos(asin(sqrt((x+1)^2+y^2).*k./Dist)));
% right upper corner as we increase x = column by 1
y4 = y.*k./(cos(asin(sqrt((x+1)^2+y^2).*k./Dist)));

x_av=round((x1+x2+x3+x4)/4);
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y_av=round((y1+y2+y3+y4)/4);

temp = max([x1,y1;x2,y2;x3,y3;x4,y4]);
% if y_av > 0 && temp(1) < Center(2) && x_av > 0 && temp(2) < Center(1) %loop to

%prevent exceeding old matrix pixels
if y_av > 0 && x_av > 0 %loop to prevent exceeding old matrix pixels

%start with image quadrant at lower right from center (Quad IV)
a1=abs(x1-x_av);
b1=abs(y1-y_av); % edges to lower left pixel corner
Output(Center(1)+y,Center(2)+x)=a1*b1*CCD(floor(y1)+Center_new(1),...
floor(x1)+Center_new(2));

a2=abs(x2-x_av); b2=abs(y2-y_av); %
Output(Center(1)+y,Center(2)+x)=Output(Center(1)+y,...
Center(2)+x)+a2*b2*CCD(floor(y2)+ Center_new(1),floor(x2)+Center_new(2));

a3=abs(x3-x_av); b3=abs(y3-y_av); %
Output(Center(1)+y,Center(2)+x)=Output(Center(1)+y,...
Center(2)+x)+a3*b3*CCD(floor(y3)+Center_new(1),floor(x3)+Center_new(2));

a4=abs(x4-x_av); b4=abs(y4-y_av); %
Output(Center(1)+y,Center(2)+x)=Output(Center(1)+y,...
Center(2)+x)+a4*b4*CCD(floor(y4)+Center_new(1),floor(x4)+Center_new(2));

%now use the symmetry of the coordinate transformation to
%simplify the calculation
%now for lower left quadrant according to center (quad III)
Output(Center(1)+y,Center(2)-x) = a1*b1*CCD(Center_new(1)+floor(y1),...
Center_new(2)-floor(x1));
Output(Center(1)+y,Center(2)-x) = Output(Center(1)+y,...
Center(2)-x)+ a2*b2*CCD(Center_new(1)+floor(y2),Center_new(2)-floor(x2));
Output(Center(1)+y,Center(2)-x) = Output(Center(1)+y,...
Center(2)-x)+ a3*b3*CCD(Center_new(1)+floor(y3),Center_new(2)-floor(x3));
Output(Center(1)+y,Center(2)-x) = Output(Center(1)+y,...
Center(2)-x)+ a4*b4*CCD(Center_new(1)+floor(y4),Center_new(2)-floor(x4));

% quadrant II
Output(Center(1)-y,Center(2)-x) = a1*b1*CCD(Center_new(1)-floor(y1),...
Center_new(2)-floor(x1));
Output(Center(1)-y,Center(2)-x) = Output(Center(1)-y,...
Center(2)-x)+a2*b2*CCD(Center_new(1)-floor(y2),Center_new(2)-floor(x2));
Output(Center(1)-y,Center(2)-x) = Output(Center(1)-y,...
Center(2)-x)+a3*b3*CCD(Center_new(1)-floor(y3),Center_new(2)-floor(x3));
Output(Center(1)-y,Center(2)-x) = Output(Center(1)-y,...
Center(2)-x)+a4*b4*CCD(Center_new(1)-floor(y4),Center_new(2)-floor(x4));

% quadrant I
Output(Center(1)-y,Center(2)+x) = a1*b1*CCD(Center_new(1)-floor(y1),...
Center_new(2)+floor(x1));
Output(Center(1)-y,Center(2)+x) = Output(Center(1)-y,...
Center(2)+x)+a2*b2*CCD(Center_new(1)-floor(y2),Center_new(2)+floor(x2));
Output(Center(1)-y,Center(2)+x) = Output(Center(1)-y,...
Center(2)+x)+a3*b3*CCD(Center_new(1)-floor(y3),Center_new(2)+floor(x3));
Output(Center(1)-y,Center(2)+x) = Output(Center(1)-y,...
Center(2)+x)+a4*b4*CCD(Center_new(1)-floor(y4),Center_new(2)+floor(x4));

end
end

end
close(h)
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