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The most exciting phrase to hear in science, the one that heralds new discoveries, is not ’Eu-
reka!’ but rather ’hmmm...that’s funny ...’

Isaac Asimov

It is well to observe the force and virtue and consequence of discoveries, and these are to be
seen nowhere more conspicuously than in printing, gunpowder, and the magnet.

Francis Bacon
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SCOPE OF THIS THESIS

Magnetism has intrigued mankind since the very beginning of natural philosophy
and scientific endeavor. The first definite reference to magnetism dates back to the
sixth century before Christ when the Greek philosopher Thales of Miletus stated
that lodestone attracts iron because it has a soul. In another part of the world, in
ancient China, people attributed magical powers to the magnet and also employed
it in a more practical way i.e. by rubbing a needle over silk, placing it in a straw and
putting it in a bowl of water, they obtained a device that works exactly as a magnetic
compass. The compass itself obviously had an immense impact on modern history;
in particular when it reached Western Europe in the Middle Ages, the consequences
for the world as a whole were enormous.

In all those centuries the fascination for magnetism was probably never more
saliently described than by the great German writer Johann Wolfgang von Goethe
who spoke the words "The mystery of magnetism, explain that to me! No greater mystery,
except love and hate". In 1907, however, Pierre-Ernest Weiss took away some of this
mystery, when he came up with a very bright idea. In simple words, he suggested
that the magnet as a whole can be considered as to consist out of many small mag-
nets: the so-called magnetic domains.

Since the notion of magnetic domains, the understanding of magnetic materials
has evolved steadily. Whereas magnetism research used to be focused on under-
standing, at present a great part of the field has shifted more toward the manipu-
lation and prediction of the magnetic structure.

Particularly for highly ordered systems, the theoretical description of magnetism
by advanced analytical models can lead to detailed predictions. The magnetic do-
main structures obtained by micromagnetic calculations for instance, have shown to
be very accurate for almost any geometrical object, from storage media to magnetic
recording heads and from patterned nanostructures to transformers. Other promi-
nent examples are the magnetic phenomena that occur at magnetic phase transitions
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which are very well described by scaling theory e.g. the temperature dependence of
the magnetization and the critical slowing down of the magnetic fluctuations close
to the transition temperature.

Although theoretical modeling is highly appropriate for many well ordered sys-
tems, the presence of microscopic defects in the material can lead to substantial de-
viations from the predicted magnetic behavior. The influence that these defects have
on the magnetic domain structure and its dynamics is the topic of this thesis. We in-
vestigated the disorder-induced pinning and nucleation of magnetic domains, both
in an intrinsically rough film and in films where we engineered nanometer pinning
centers. In thin films these processes are particularly important as the interfaces nat-
urally lead to an increase in the number of imperfections. The effect of disorder on
the pinning and nucleation of magnetic domains is also a topic of relevance for tech-
nology. In magnetic data storage, for instance, these can lead to a loss of information,
above all now magnetic bits have reached a size in which their thermal stability is
becoming a delicate issue.

Except for the decrease in bit size, scale reduction is a more general trend in tech-
nology and calls for the development of methods able to measure ever smaller struc-
tures with ever higher resolution. In this work we choose to use three novel soft
x-ray techniques, resonant x-ray photon correlation spectroscopy, x-ray resonant mi-
croscopy and x-ray resonant magnetic scattering. These techniques enable us to shed
new light on the magnetic domain structure and its evolution with temperature or
magnetic field. Exploiting the intense x-ray beams that are nowadays widely avail-
able at third generation synchrotron sources, this field has steadily grown in the last
few years and is reaching the stage whereby its exploitation can start to be passed
on from pioneers to users, whose main concern is learning about their magnetic sys-
tem, rather than the development of the technique itself. Another huge leap in x-ray
science will be made in the very near future when a new generation of light sources
becomes available. Some of the results presented here already give a glimpse of the
possibilities the future holds in store.

This thesis consists of six chapters. Chapter 1 gives a general introduction to the
subject as a whole and offers the necessary background to understand better the
body of the thesis that is made up of a Part I (Chapter 2 and 3) and a Part II (Chap-
ter 4, 5 and 6). Both parts start with their own introduction and finish with conclu-
sions, sandwiching the results and discussion sections.

In Part I we investigate the antiferromagnetic domain structure of an ultrathin
holmium film. We particularly measured the slow fluctuations that arise in this do-
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main structure close to the magnetic phase transition using resonant x-ray photon
correlation spectroscopy. This new method is able to measure the magnetization dy-
namics directly in the time domain via a combination of the magnetic contrast at
soft x-ray absorption edges and the partial coherence available at third generation
synchrotron sources. We demonstrate that the temperature-evolution of the magne-
tization, that is generally very accurately described by theory for nearly defect-free
samples, is in the ultrathin Ho film drastically changed due to the roughness at the
interfaces. The low coherent flux of the present x-ray sources limited the experiment
to the measurement of ultraslow fluctuations 5-15 degrees below the phase transi-
tion. The flux limitation also reduced the temporal resolution to 4 seconds.

In Chapter 2, we introduce the Ho sample and give a description of coherent res-
onant x-ray scattering and the experimental setup. We then show how we can use
this technique to follow the transformation of the initially completely static antifer-
romagnetic domain structure into a structure that is partially fluctuating closer to the
magnetic phase transition. These fluctuations in the magnetic structure are directly
observed in the time domain by filming the time evolution of the coherent diffrac-
tion pattern of the magnetic domains. The temperature evolution of the transition is
further investigated in Chapter 3. This chapter presents the semi-quantitative results
of the correlation analysis of this resonant x-ray photon correlation spectroscopy ex-
periment. Although the analysis suffers from statistical problems arising from the
low intensity, we were nevertheless able to follow the temperature-dependent dy-
namic fraction of the magnetic domain structure i.e. the temperature evolution of the
de-pinning of the pinned magnetization.

However, with an increase of the coherent flux by a factor 1012 in the near future,
there is prospect of addressing slow fluctuations in a much larger time window from
10-6 to 103 seconds. As the dynamics in this time window are barely explored, the
possible merits are high. Interesting examples are the thermal magnetic fluctuations
close to magnetic phase transitions and, because resonance can also give electronic
contrast, stripes in high-Tc superconducters [1].

In Part II we investigate the influence of defects on the magnetic domain structure
and the magnetization reversal in amorphous rare earth-transition metal films. These
films exhibit a perpendicular magnetic anisotropy (PMA), a property that makes
them very suitable for perpendicular recording in magnetic data storage. In this ex-
plorative study, we created artificial defects by means of novel focused ion beams that
are able to locally engineer the PMA on length scales close to the size of fundamental
magnetization reversal processes, such as the formation of domains (nucleation) and
domain pinning.



4 SCOPE OF THIS THESIS

For the characterization of these patterned films, we combined essentially three
techniques that give access to the microscopic magnetic domain structure at high
resolution.

In Chapter 4 the magnetic domain structure is studied by field-dependent mag-
netic force microscopy. This yields a first impression of the possible domain struc-
tures and its correlation with the surface topology obtained by atomic force mi-
croscopy. As this technique can only be used at low magnetic fields, we studied the
full magnetization reversal of the films in Chapter 5 with x-ray resonant microscopy.
This is the x-ray analogue of visible light magneto-optical microscopy, with concomi-
tantly higher resolution. In Chapter 6 we use x-ray resonant magnetic scattering to
focus on the ensemble-averaged properties of the domain structure. The merits and
drawbacks of the techniques are reviewed in the conclusions section of Part II.

From this unique combination of real-space and reciprocal-space techniques, we
obtain a complete picture of the magnetization reversal in these kind of films and the
effect of the anisotropy engineering. We show that, although the anisotropy pattern-
ing does not appreciably change the macroscopic magnetization behavior of the film,
the microscopic domain structure during magnetization reversal is modified consid-
erably, depending on focused ion beam fluence and intrinsic sample properties. By
a controlled creation of the defects one can in this way determine the position of do-
main nucleation and pinning which can lead to an imposed ordering of the domain
structure.



1
GENERAL INTRODUCTION

The study of magnetism is not only very intriguing, it is also very useful. The applica-
tions of magnetism in daily life are numerous, i.e. sensors and actuators in machines
and cars, turbines that generate electricity, or access cards and credit cards that have
their information coded on a magnetic strip. But arguably the most important appli-
cation is the magnetic storage of information.

It has therefore been chosen as the topic of the opening section of this thesis as
it gives a nice illustration of the importance of the key player; the magnetic domain.
Whereas Section 1.1 can be considered an appetizer, the main course of this introduc-
tion starts in Section 1.2 where we discuss the origin of magnetism which lies at the
atomic magnetic moments. Due to long range interactions between these atomic mo-
ments, it is possible to observe magnetism on the macroscopic scale. The moments
feel each others presence and order into a magnetic domain structure which is ex-
tensively studied in this work. Section 1.3 introduces the rare earth transition metal
films that are studied in Part II of this thesis. These kinds of films have a perpen-
dicular magnetic anisotropy (PMA) that make them very suitable for perpendicular
magnetic recording which is the technology that is nowadays used in hard drives.
The magnetic interactions that determine to a great extent the magnetic structure
and stability in these films are discussed in Section 1.4. In Section 1.5 we take a close
look at the structure of holmium and its antiferromagnetic domains which play a
key role in Part I. Finally we introduce the techniques of x-ray resonant magnetic
scattering and x-ray magnetic circular dichroism, which is used in the x-ray resonant
microscope to observe magnetic domains (Section 1.6).
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1.1 Magnetic data storage

Magnetic data storage, for instance in the form of a hard drive in personal computers,
has been an unprecedented success for many decades, especially due to its reliability,
non-volatility and low cost. The latter is mainly an effect of the successful continuous
downsizing of the data-element, the magnetic bit. Such magnetic bits are coded as
magnetic domains in a continuous magnetic storage layer; i.e. small regions in which
the atomic magnetic moments are on average pointing in either one of two directions
(the so-called magnetization direction). In a hard drive, these domains are written by
a recording head that applies a local magnetic field generated by an electrical current
pulse through a tiny coil. A read-head very close to the magnetic layer can read
the data by measuring the electrical conductivity through a tiny sensing element
that consists of a layered structure of various materials. One of these layers is giant
magneto-resistant, which means that the conductivity through this layer is highly
dependent on the local magnetic field generated by the magnetization of the domain
under the read head. So a change in the magnetization direction of the storage layer
results in a change of conductivity of the read head sensor which is decoded as a
’1’ bit, whereas if the magnetization direction does not change over the defined bit
length, it is decoded as a ’0’ bit.

In magnetic storage, the magnetization direction is classically in the plane of the
storage layer (longitudinal recording). This allows a maximum bit density of up to
about 150 Gbit/inch2 with the size of the bit corresponding to about 170×25 nm (for
comparison: a DVD has a density of 2.2 Gbit/inch2). Above this density, the bit size
will become so small that the stability of the magnetization becomes a serious prob-
lem. This is due to the destabilizing interaction between the stray magnetic fields
of the bits which try to demagnetize each other. In such a case data can be sponta-
neously lost. For the smallest bit sizes, the energy required to change the magnetiza-
tion direction of the domains is becoming comparable to the thermal energy. This is
called the super-paramagnetic density limit problem.

To delay this problem to smaller bit sizes, Toshiba introduced in 2005 a hard drive
of 179 Gbit/inch2 using perpendicular recording in which the magnetization of the
bits points out of the layer plane. This makes higher bit densities possible as the
effect of the destabilizing stray field is reduced in such a case. At the time of writ-
ing, the storage density record lies with Seagate Technology that has demonstrated a
drive with perpendicular recording with a density of 421 Gbit/inch2. The upper den-
sity limit of perpendicular recording in a continuous layer is expected to lie around
1 Tbit/inch2.

In order to nevertheless decrease the size of bits without losing information by
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Figure 1.1: Sketch of magnetic storage layers showing a conventional continuous layer (left side) and a
patterned layer (right side) as might be introduced in the future to increase magnetic storage densities.
Figure courtesy of Hitachi global storage media.

thermal activation, one might change the nature of the magnetic bit in a way that is
illustrated in Fig. 1.1. Currently the storage layer is a continuous thin magnetic film
that consists of very small crystalline grains. The bit is made up by a few hundreds
of such grains, each with its own magnetization direction. The down-sizing of the
magnetic bits to bit lengths of 25 nm occurred so far mainly by reducing the size of
these grains down to 6.4 nm [2] i.e. 30-50 atoms wide. The magnetic bit would be
however more stable if it is more isolated and made up of a single domain. This can
be done by patterning the storage layer with some kind of lithographic technique as
depicted in Fig. 1.1 [3, 4].

The technological issues of an ongoing increase in data storage density give a
nice illustration of the importance of the magnetic domain. Although the magnetic
domain study presented in this thesis is more fundamental in nature, direct links
can be made to this example. In this thesis we underline the influence of interface
roughness on the thermal stability of domains in an ultrathin holmium film. Also we
created focused ion beam patterns in films with a perpendicular magnetic anisotropy
and studied their effect on the stability of the domains.
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1.2 The transition metal and rare earth elements

As was discussed in the previous section, the magnetic domains that make up the in-
formation on the hard drive arise from an ordering of the atomic magnetic moments.
The interactions that take place on this atomic scale will be explored here.

The most important magnetic elements appear in the 3d and 4f series of the pe-
riodic system. Their magnetic properties are however quite distinct, mainly due to
differences in the localized nature of their electronic states.

The 4f elements are also known as the lanthanides or the rare earth (RE) elements,
three of which we meet in this thesis namely gadolinium (Gd), terbium (Tb) and
holmium (Ho). Their magnetic properties arise mainly from the spin and orbital mo-
ments of the electrons in the partially filled 4f shell, although in some materials also
the 5d shell can make small contributions. An important feature of the 4f electrons
is that they hardly interact with their environment as they are almost completely
shielded by the partially occupied 5s and 5p shells. In many respects, therefore, the
4f electrons behave as in a free atom, with corresponding values for the orbital and
spin moments, quantified by Lz and Sz.

The other class of important magnetic elements are the 3d transition metals (TM)
of which iron (Fe) is the major player in this thesis. Here the magnetic moments arise
from 3d electrons that are considerably less localized compared to the rare earth 4f
shell. For this reason, the 3d orbital magnetic moment in the transition metals is
mostly quenched by the crystal field, which is the electric field produced by the elec-
tronic charge of neighboring atoms. The crystal field interaction couples the orbital
moment to the crystallographic lattice. The spin-orbit interaction couples the orbital
moment, however, to the direction of the electron spin moment, so that the two in-
teractions together lead to favored directions of the atomic spin with the lattice: the
single ion anisotropy directions. Whereas the crystal field interaction is normally
more pronounced in the transition metals, the spin-orbit coupling is often the domi-
nant interaction for the rare earths. An exception is Gd, that does not have an orbital
magnetic moment as the 4f band is half filled (4f 7). This leads to a spherical charge
arrangement and therefore a vanishing crystal field and spin orbit coupling. The or-
bital magnetic moment of Tb (4f 8) on the other hand is high, Lz=3 and the 4f shell
is somewhat deformed. Therefore Tb couples strongly to the crystal field and has a
high spin orbit coupling.

Also the mechanism of the exchange interaction is different for the transition
metals and the rare earths. Exchange is at the heart of magnetism as it is respon-
sible for the alignment of magnetic spin moments on adjacent atoms, either parallel
leading to ferromagnetism, or antiparallel leading to antiferromagnetism. The ex-
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change interaction is caused by the Coulomb repulsion, that tends to repel electrons
from each other, and the Pauli exclusion principle, that states that electrons, being
Fermions (particles with a half-integer spin), must have an anti-symmetric wave
function. For the transition metals, the exchange interaction stems from a direct in-
teraction between the 3d electrons of neighboring atoms (Heisenberg exchange). In
the rare earths, however, a direct exchange interaction is not present due to the lo-
calized nature of the 4f electrons. Instead, an indirect exchange mechanism takes
place that is mediated by the conduction electrons. The 4f electrons interact within
the atom with the conduction electrons that become in this way slightly polarized
(intra-atomic exchange). These itinerant conduction electrons can then transport this
polarization toward other 4f states, giving rise to long range magnetic order. This in-
direct interatomic exchange interaction is usually called the RKKY interaction and is,
in contrast to Heisenberg exchange, a long range interaction. Its size oscillates with
distance and can even change sign.

1.3 Magnetic domains in amorphous RE-TM thin films

Amorphous rare earth-transition metal (RE-TM) films display a perpendicular mag-
netic anisotropy (PMA) which means that the magnetic moments have a tendency to
align in the direction perpendicular to the film surface. The magnetic properties of
these films can be very easily adjusted by modifying their thickness or stoichiome-
try. In addition, although their structure is very disordered on the atomic level, these
materials are very homogeneous on length scales of several nanometers [5]. These
properties, together with a Curie temperature around the writing temperature of
200-400◦Celsius make amorphous RE-TM materials very suitable as a storage layer
for magneto-optical recording [5], a technology that is used for instance in the Sony
MiniDisc.

Although the exact origin of the perpendicular magnetic anisotropy in amor-
phous RE-TM films has never been completely resolved, it is generally accepted that
it is determined by small anisotropies in the structure on the atomic or microlevel.
Although there is no long-range periodicity in amorphous films there exists, how-
ever, a short range order that can lead to a subtle structural anisotropy on the atomic
scale [6]. This structural anisotropy on the atomic scale can be greatly enhanced by
the film growth process. The magnitude of the PMA is indeed found to be deter-
mined by the deposition method and its parameters such as substrate temperature
and in the case of sputter deposition, pressure [7]. Several mechanisms are proposed
to link the perpendicular anisotropy in the structure to the PMA. One of these is the
phenomenon of pair ordering [8] that assumes that the probability of like nearest-
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Figure 1.2: Simplified sketch of magnetic domains in a material with perpendicular anisotropy. The local
magnetization direction within the domains is indicated by arrows. At the interface of the domains, there
are domain walls in which the magnetization direction gradually changes. In addition, the stray field in-
teraction between two domains (right side) and the distribution of the magnetic moments in a sperimagnet
(left side) are illustrated.

neighbor atom pairs (RE-RE or TM-TM) is slightly higher than unlike atom pairs (RE-
TM). The ordering during the growth process will lead to a structural perpendicular
anisotropy in the direction between like atom pairs. The positive exchange coupling
will align the magnetic moments and the atomic dipolar interaction between the pair
will direct the moments in the perpendicular direction. Another mechanism under-
lines the growth-induced structural anisotropy that takes place in certain cases on
the microscale, namely the columnar growth of the films experimentally observed
in HoCo and GdFe films [9]. Finally there is a generic surface effect that contributes
to the PMA and that, in contrast to the previous mechanisms, does not require any
structural anisotropy [10]. It can be simply understood by the reduction of magnetic
dipolar energy caused by antiparallel dipoles at the surface that is smaller in the
arrangement ↑↓ than→← or←→.

In amorphous RE-TM films, the magnetic domain structure arises from the local
magnetization that is split into two phases, one where it is pointing upward and the
other where it is pointing downward as is illustrated in Fig. 1.2. At the interfaces
these magnetic domains are connected by domain walls, in which the magnetiza-
tion direction gradually changes from one domain direction to the other. The experi-
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Figure 1.3: Magnetic domains in amorphous sperimagnetic thin films as measured with magnetic force
microscopy (a) Gd16.7Fe83.3 and (b) Gd11.3Tb3.7Fe85.

mental magnetic domain structure of two amorphous RE-TM films, Gd16.7Fe83.3 and
Gd11.3Tb3.7Fe85, are shown in Fig. 1.3 as an example. These images were taken with
magnetic force microscopy, a technique extensively used in our study and discussed
in Chapter 4. These films are ferrimagnetic which means that both the transition
metal (Fe) and the rare earth metal (Gd and Tb) carry magnetic moments whose ori-
entations are opposite to each other. In fact in these amorphous materials the local
easy axis can deviate from the perpendicular direction which leads to a dispersion
of the moment direction that on average still lies along the perpendicular direction.
If such a moment dispersion occurs for at least one of the elements the ferrimagnet is
more accurately called a sperimagnet [6] (see Fig. 1.3). The dispersion is small for the
Gd and Fe sublattice as these elements have low orbital moments. It is however quite
high for the Tb sublattice that interacts more intensely with the crystal field giving
rise to a random axis anisotropy.

So the RE and the TM sublattices partially compensate each other and it depends
on the magnitude of the magnetic moments and the stoichiometric composition of
the material, which sublattice is dominant. For GdFe the sublattices exactly compen-
sate each other for a ratio of 1:3 (compensation composition), which means that for
Gd16.7Fe83.3 and Gd11.3Tb3.7Fe85, it is the Fe sublattice that is dominant.
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1.4 Domain formation in PMA films

The magnetic domain structure can adopt a plurality of morphologies. As was seen
in the previous section, a subtle change in the composition of a GdFe film can already
change a well-defined stripe domain structure into a disordered magnetic structure
with larger domains. Except for the composition, the microscopic morphology of the
domains are in fact determined by many other factors such as thickness, strain and
the applied field. On top of that, defect-related pinning of domains and the history
of the sample play an important role.

In PMA-films, domain formation can be understood by the complicated competi-
tion of various interactions. This can be seen in Eq. 1.1 that describes the magneto-
static energy Etot of an infinitely extended defect-free PMA-film with no magnetostric-
tion or external strains [11]

Etot =
∫
{A(∇m)2 + Ku(1−m2

z)− 1/2μ0Hd ·M− μ0Hext ·M} dV. (1.1)

In this equation, m is the magnetization unit vector that points in the direction of the
local magnetization M. The other factors will be explained later.

The four terms between the braces correspond to the exchange energy density,
the uniaxial anisotropy energy density, the shape anisotropy energy density and the
Zeeman energy density. In simple words the energetic competition between the in-
teractions can be described as follows: the exchange interaction tries to align the mag-
netic moments in one direction, the uniaxial anisotropy forces the magnetic moment
direction to point along the perpendicular direction, the stray field interaction on
the other hand favors in-plane magnetization and attempts to break up the uniform
magnetization into magnetic domains and the Zeeman energy aims at aligning the
magnetic moments along the applied field direction.

Micromagnetic computer calculations, that uses energy minimization via func-
tions similar to Eq. 1.1, have been shown to give very accurate results for the mag-
netic domain structure of small, defect-free samples. Unfortunately this is in many
cases not possible as we have to keep in mind that many domain patterns are not
in the ground state but are instead frozen-in in a non-equilibrium state, which is a
result of the chaotic nucleation process [12].

In the remainder of this section we will discuss the four competing energy contri-
butions separately and briefly discuss the effect of elastic contributions, which were
left out in Eq. 1.1.
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1.4.1 Exchange energy

The energy arising from the exchange interaction, either direct or indirect, is pro-
portional to the exchange stiffness constant A, a temperature dependent material
parameter with unit J/m. The exchange interaction is inversely proportional to the
nearest-neighbor distance of atoms that therefore slightly changes from site to site in
an amorphous sample.

(∇m)2 denotes the square of the gradient of the magnetization vector and can be
expanded into:

(∇m)2 =
3

∑
i=1

[(
∂mi

∂x

)2

+
(

∂mi

∂y

)2

+
(

∂mi

∂z

)2
]

(1.2)

The exchange energy can therefore be interpreted as the energy cost that arises from
the deviation of the zero exchange energy state, the state of uniform magnetization.
In most systems, the direction of this uniform magnetization does not influence the
exchange energy.

1.4.2 Uniaxial anisotropy energy

As mentioned earlier, atoms can have an anisotropic surrounding which leads to a
preferred magnetization direction and a deviation from this direction leads to an ani-
sotropy energy. So where the exchange energy prefers the magnetic moments to lie in
any uniform direction, the anisotropy tries to align them in one of the energetically fa-
vorable easy directions. For crystalline materials these easy directions normally arise
from the interaction of the magnetic moment with the periodic crystal field and it is
therefore called magnetocrystalline anisotropy or single ion anisotropy. Anisotropies
can also result from lattice defects or, as is the case for the RE-TM films, a partial
atomic ordering and the discontinuity at surfaces.

For a PMA film, an angle θ between the perpendicular easy direction and m can
lead to a uniaxial anisotropy density of Ku sin2 θ = Ku(1 −m2

z). Here Ku denotes
the uniaxial anisotropy constant, a sample dependent parameter that describes the
strength of the perpendicular magnetic anisotropy and mz is the component of the
local magnetic moment m in the direction perpendicular to the film surface. So if the
magnetic moment is perfectly aligned along the perpendicular direction, mz is unity
and the uniaxial anisotropy energy is zero.

For some materials higher order terms need to be included in the anisotropy en-
ergy density [11]. For example, we will meet the case of Ho in which a conical phase
appears below 20 K that results from the hexagonally close packed structure.
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1.4.3 Stray field energy

The stray field energy density also known as the shape anisotropy energy density
or magnetostatic dipolar energy density gives the energy cost of setting up the mag-
netic stray field Hd outside a magnetized object. It is equal to −1/2μ0Hd ·M with
μ0 the permeability of free space. The energy depends on the shape of the object
and is especially important in thin films due to the large area of magnetic free poles
at the surface. For an infinite thin film uniformly magnetized in the perpendicular
direction Hd=-M and the stray field energy density has a maximum value equal to
Kd = 1/2μ0M2, the stray field energy constant. To reduce this unfavorable situation,
the magnetization can break up in magnetic domains at the cost of domain wall for-
mation. This reduces M and therefore the stray field energy. For instance in the case
of a dense stripe lattice the stray field falls off exponentially. Another way of reduc-
ing the stray field energy, at the cost of uniaxial anisotropy energy, is by aligning M
in the plane of the film which happens for thick films [11]. It should be stressed that
the stray field is a non local term in contrast to the other terms in Eq 1.1, making a
minimization of Etot a non trivial problem.

1.4.4 Zeeman energy

The Zeeman energy stems from the long-range interaction of M with an external
field Hext. This energy is zero if M is aligned with the field direction but is maximum
if it is exactly opposed. On applying a perpendicular field, the effect of this energy
on the magnetic domain structure will be that the magnetic domains that are aligned
with the field, called up domains, will grow at the cost of the down domains, the
domains that have their magnetization aligned opposite to the field.

1.4.5 Energy due to magneto-elastic interactions

The total energy of the film can be further increased in the case of elastic interac-
tions. One of these is magnetostriction, which is the interaction of M with the atomic
structure which occurs via the spin orbit coupling. This effect is almost absent for Gd
and Fe but can be quite important for Tb [13]. The same is true for other stresses for
instance as a result of short or long-range strains that are often induced by defects.
Although the contribution of these elastic interactions are not considered in Eq. 1.1,
it can be introduced by anisotropic stress tensors [11].
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1.5 Magnetic structure of holmium and its domains

In ferromagnets, the formation of domains leads to a reduction of the free energy,
more specifically a decrease in the magnetostatic energy as was described in the pre-
vious section. This argument does not hold for antiferromagnets that, due to the
antiparallel arrangement of the magnetic spins, carry no significant net magnetiza-
tion and therefore the stray field or Zeeman energy contributions are close to zero.
In fact the introduction of domains raises the free energy due to the high exchange
energy arrangement of the magnetic moments at the domain walls which is only par-
tially compensated for by the gain in entropy [14]. Nevertheless non-equilibrium do-
main formation has been observed extensively in antiferromagnets, for instance via
imaging with photoelectron emission microscopy [15] or a mapping with x-ray mi-
crodiffraction [16]. Several studies have focused on the reasons for antiferromagnetic
domain formation [14, 17] and have underlined the influence of the defect structure
that gives rise to an elastic strain in the sample. This defect structure consists of dis-
locations, disclinations, impurities, etcetera. As will be presented in this thesis, in the
case of thin films interface roughness can be the dominating factor.

To understand the nature of the antiferromagnetic domain state in Ho, we should
first introduce its magnetic structure. For the rare earth metals, the magnetic struc-
ture is often more complex than the conventional ferromagnetic or antiferromag-
netic arrangements found in the transition metals. This is due to the interplay of
temperature-dependent magneto-elastic effects, the crystal field anisotropy and es-
pecially the indirect oscillatory nature of the exchange mechanism in the RKKY in-
teraction [18]. This RKKY interaction varies from site to site which often leads to a
periodic magnetic modulation. Just like most rare earth metals, Ho forms a hexag-
onally close-packed (HCP) lattice (see Fig. 1.4) which can be viewed of as stacks of
monolayers (ML). This structure leads to a crystal field with a six-fold anisotropy in
the basal ab-plane and a uniaxial anisotropy parallel to the crystallographic c-axis.

The magnetic moments form an antiferromagnetic helix along the c-axis as is il-
lustrated in Fig. 1.4(c). This helical structure, as was discovered by Koehler et al. [20],
is established between the Curie temperature TC at ∼20 K and the Néel tempera-
ture TN at ∼131.2 K [19]. Between TC and TN , the moments are confined to the basal
plane within which they order ferromagnetically. The magnetic moments of succes-
sive monolayers, however, are rotated by a so-called turn angle that maximizes the
RKKY interaction. The incommensurate period of the magnetic helix τp decreases
with temperature from about 12 to 7 ML [19]. The period is equal to c/ε with c the
lattice constant of Ho along the surface, which is equal to two monolayer spacings,
and ε the magnetic modulation wave vector. The overall magnetic moment is can-
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Figure 1.4: (a) Top view and (b) side view of the hexagonally close packed structure with lattice parameters
a=b=3.56 Å and c= 5.61 Å [19]. (c) Sketch of the helical antiferromagnetic structure as it appears in bulk
Ho between 20 and 131.2 K. For a turn angle of 52◦ in this case, the helix period τp is about 8 monolayers.
The helix can be left-handed (red) or right-handed (orange and yellow), which leads to antiphase domains.
The two right-handed domains have a phase difference of their moment directions with respect to each
other.
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celed out in this arrangement making Ho an antiferromagnet between TC and TN .
Below TC, Ho orders in a ferromagnetic conical phase where the magnetic moments
lock-in to the six-fold anisotropy and tilt out of the basal plane.

Now the magnetic structure of Ho is defined, we can better describe the micro-
scopic phenomena that give rise to the formation of domains. Antiferromagnetic
domains spontaneously appear below TN [17]. A domain is formed by a process
called nucleation, during which the atomic magnetic moments order within a small
region. This nucleation center can become disordered again or it can grow to form
a magnetic domain. Growth can take place until the domain boundary either meets
a defect which acts as an energy barrier (pinning) or until it encounters another do-
main in which order has already established (jamming). In the case of jamming, the
encountered domain is not necessarily ordered in the same way. For instance, this
domain can have a different orientation of the magnetic moment direction in the ab-
plane. Besides, the domain can have a different magnetic helicity along the c-axis
that can be either right- or left-handed (see Fig. 1.4). At the jammed interfaces there
exist domain walls in which the mismatch of the ordering of both domains is being
minimized. This can lead to a highly frustrated magnetic moment arrangement.

Except for domain formation, long-range magnetic order is also inhibited in Ho
by incidental spin-slips of the helix along the c-axis. These spin slips are the result of
a monolayer where the magnetic moments prefer the orientation along a crystallo-
graphic easy direction, instead of following the turn angle.

1.6 Resonant x-ray scattering and absorption

This section will discuss the x-ray resonant magnetic scattering process and the res-
onant contribution to the elastic scattering amplitude together with its polarization
dependence. Finally we briefly describe absorption, especially x-ray magnetic circu-
lar dichroism, which is used in the x-ray resonant microscope to observe the mag-
netic domain structure.

Neutron scattering was for a long time the most important method for the investi-
gation of magnetic materials. This is because neutrons carry a magnetic moment and
therefore interact directly with the magnetic moments in the materials [21]. This in
stark contrast to x-rays that interact generally very weakly with the electronic mag-
netic moments. However, it was found that the sensitivity of x-rays can be greatly
enhanced by resonances that are induced by x-rays with an energy close to an ab-
sorption edge [22–24]. Ever since, resonant x-rays have become a versatile tool to
study magnetism often complementary to neutrons.

Whereas neutrons penetrate deep into the sample and are therefore very bulk-
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sensitive, x-rays are more sensitive to the surface and have the possibility to investi-
gate very thin layers and the modulations in the magnetic structure that occur at in-
terfaces. Due to the bright and small (0.01-1 mm) beams of third generation synchro-
tron sources it is also possible to study very small samples. Except for brightness, the
synchrotron beams also have a small emittance. This offers a high momentum space
resolution and the possibility of obtaining a coherent x-ray beam, which, as we will
see has its own special applications. The x-ray energy dependence on the magnetic
scattering leads to an element sensitivity which is useful to distinguish scattering in
multilayers for instance. Finally, the control of the polarization of the incident beam
can be used, for instance, to discriminate charge from magnetic scattering.

The non-resonant magnetic contribution is only a relativistic correction to the over-
all cross section and it is therefore often ignored [25]. For a single electron, the mag-
netic scattering amplitude is reduced by a factor h̄ω/mc2 [26] (≤ 1/60 for typical x-ray
edges [27]) compared to the charge scattering amplitude. Moreover, whereas all elec-
trons contribute to charge scattering, only the unpaired electrons give rise to mag-
netic scattering. As a result, the magnetically scattered intensity, which is propor-
tional to the square of the scattering amplitude, is about four to six orders of mag-
nitude lower than to the intensity from charge scattering. For this reason, it was not
until 1972 that the first experimental evidence was found for x-ray magnetic scatter-
ing in the antiferromagnetic material NiO [28].

In 1988, however, Gibbs et al. [22] found an enhancement by a factor 50 of the
magnetically scattered intensity from the magnetic helix in Ho, when the x-ray en-
ergies were close to the L3 absorption edge. It turned out that even much greater
enhancements are present at the soft x-ray absorption edges. For instance at the M5-
edges of Ho and Gd, the magnetic scattering amplitude is comparable to the charge
scattering amplitude. Such an enhancement of the scattered intensity arises from the
resonance induced by x-rays between core electrons and unoccupied states above the
Fermi level. In such a virtual transition, the angular momentum of the incoming x-
ray q is transferred to the system analogous to the Zeeman effect in the visible light
regime. Here q=0 for x-rays linearly polarized parallel to the magnetic quantization
axis of the system, and q=1 and q=-1 for right and left circularly-polarized x-rays
that have their angular momentum vector pointing respectively along and opposite
to the systems quantization axis. Due to angular momentum conservation, a transi-
tion is only allowed if Δm = q with Δm the difference between the magnetic angular
momenta of the initial and final electronic states.

An example of such a virtual transition is given in the simplified one electron
energy diagram of Fig. 1.5 that shows the resonant scattering process in Gd3+ at
the M5 absorption edge. In this dipole transition, an x-ray photon with an energy



GENERAL INTRODUCTION 19

Figure 1.5: Simplified single particle description of an elastic resonant scattering process in Gd3+ at the
M5 absorption edge. An incoming x-ray triggers a virtual dipole transition of a 3d electron to an empty 4f
state above the Fermi level EF (3d104f 7→ 3d94f 8). The electron is instantly deexcited to the initial state and
an x-ray with the corresponding energy is scattered.

h̄ω=En − Ea sets up a resonance between a 3d core electron with binding energy
En to an empty 4f state with binding energy Ea. Although Fig. 1.5 suggests a two-
step process, in fact the electrons only resonate with the intermediate state with the
concomitant scattering of x-rays. Although also inelastic transitions are possible, in
most cases the transition is elastic and the electron falls back into the initial state. The
energy levels of the 3d and 4 f shells, in Fig. 1.5 displayed as lines, are actually split
in many discrete multiplet states, that are determined by the crystal field, the intra-
atomic exchange interaction, and the spin orbit coupling [29–32]. The complexity of
the energy level splittings are ignored in Fig. 1.5 for clarity reasons, except for the
3d band that is split by the intermediate state spin-orbit coupling into a 3d3/2 and a
3d5/2 level to discriminate the transition at the M4 and the M5 edge respectively.

The resonant enhancement and polarization dependence are explained in detail
by Hannon et al. [26], who derived a quantum mechanical expression of the total
coherent elastic scattering amplitude

f = f0 + fmag + f ′ + i f ′′. (1.3)

In this, f0 is the conventional charge scattering amplitude that scales with the atomic
number Z, fmag is the non-resonant magnetic x-ray scattering and f ′ + i f ′′ are the
contributions due to dispersive and absorptive processes, for instance the resonant
scattering processes as described before.
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The contribution from the resonant scattering to the total elastic scattering ampli-
tude fres can be expressed as a summation over the contributions from all the electric
multipole (2L) transitions (EL). For the resonances of Gd and Ho at the M5 edge and
Fe at the L3 edge, which are the important ones in this thesis, all but the dipole tran-
sitions (L=1) can be neglected. The resonant contribution f E1

res to the elastic-scattering
amplitude is [26]

f E1
res (ω) = (ê′∗ · ê)F(0) − i(ê′∗ × ê) ·mF(1) + (ê′∗ ·m)(ê ·m)F(2), (1.4)

where ê, ê′ are the polarization vectors of the incident and scattered beams, and
m is the direction of the local magnetic moment of the ion. The energy dependent
factors F(0,1,2)(ω) are linear combinations of the atomic oscillator strengths FL

M(ω)
for electric dipole transitions:

F(0)(ω) =
3
4k

[F1
1 + F1

-1] (1.5)

F(1)(ω) =
3
4k

[F1
1 − F1

-1] (1.6)

F(2)(ω) =
3
4k

[2F1
0 − F1

1 − F1
-1] (1.7)

where k is the wavenumber and

F1
M(ω) = ∑

α,η

(
pα pα(η)Γx(αMη)/Γ(η)

x(α, η)− i

)
. (1.8)

Here pα is the probability to find the ion in the initial state |α〉 and pα(η) is the
probability that the excited state |η〉 is vacant for a transition from |α〉. Γx gives
the partial line width for dipole radiative decay from |η〉 to |α〉 and Γ(η) is the to-
tal line width, determined by all decay processes. In the resonance denominator
x(α, η) = (Eη − Eα − �ω)/[Γ(η)/2] is the deviation from the resonance in units of
Γ(η)/2. At the resonant energy �ω = Eη− Eα this term diverges, resulting in a strong
enhancement of the scattering amplitude.

The polarization dependence of the scattering cross section for Ho has been dis-
cussed by Hill and McMorrow [27]. We use the scattering geometry as illustrated in
Fig. 1.6, that defines the polarization components sagittal (σ, σ’) or parallel (π, π’)
to the scattering plane, to which ê and ê′ can be decomposed. It can be shown that
the scattering cross section of the helical magnetic structure for σ and π polarization
are [27, 33–35]: (

dσ

dω

)
σ

= (1/4 cos2 θ)|F(1)(ω)|2 (1.9)(
dσ

dω

)
π

= (1/4 cos2 θ + 1/4 sin2 2θ)|F(1)(ω)|2. (1.10)
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Figure 1.6: Sketch of the scattering geometry (left), with the wavevectors k and k’ that are respectively
incident to and scattered from the film and their linear polarization vectors parallel, π and π’, and sagittal
(perpendicular), σ and σ’, to the scattering plane. θ is the Bragg angle. The absorption is measured in
transmission (right) here pictured with left circularly polarized light which angular momentum vector
q=-1 is opposite to k.

This means that for a Bragg angle θ of 13◦ as is used in our experiment, the scattered
intensity is increased by 20% in case of an incident beam with π polarization with
respect to σ polarization.

A polarization dependence of the scattering amplitude can only occur if there is
a difference in the transition probability between spin-up and spin-down electronic
states. The transition probability difference is often caused by a different occupancy
for the spin up and the spin down band. This is pictured in Fig. 1.5, for the extreme
case of Gd3+ where the minority band is completely empty and the majority band
is completely filled. Generally speaking the resonant enhancement in the magnetic
scattering intensity can be considerable for some 3d metals and can be quite large for
the rare earth metals that have a high spin polarization due to the narrow 4f band.

In Part II of this thesis we will also encounter a related phenomenon, namely x-ray
magnetic circular dichroism (XMCD) [23, 37] which describes the dependence of the
absorption spectrum of magnetized materials on the helicity of the incoming light.

According to the optical theorem, the scattering amplitude in the forward scatter-
ing limit is proportional to the absorption coefficient μ(ω). It is therefore possible to
derive the polarization dependence of μ(ω) from Eq. 1.4. It can be shown that it is
the F(1)(ω) term that is responsible for the XMCD effect. Although not important for
this thesis, we mention for completeness that there is also a linear dichroism (XMLD)
arising from the F(2)(ω) term.

An important application of x-ray dichroism is the quantitative and element-
specific determination of the magnetic moments in a material. However, the quality
that makes x-ray dichroism particular unique is its ability to quantitatively separate
the contributions from the orbital and spin magnetic moments. This information can
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Figure 1.7: Polarization-dependent x-ray absorption spectrum (a) and the corresponding x-ray magnetic
circular dichroism spectrum (b) of Fe over the L2,3 edge in an Fe film. Figure adapted from Ref. [36].

be obtained by employing the sum rules for XMCD and XMLD [24, 38–40].
As an example of x-ray dichroism, we show in Fig. 1.7(a) the soft x-ray absorption

spectra over the L2,3-edge of a fully magnetized Fe film measured with circularly
polarized x-rays. These spectra give the energy dependence of the absorption coeffi-
cients for right and left circularly polarized light respectively μ+(ω) and μ−(ω). One
observes clearly two high peaks in both spectra, which correspond to the resonant
transitions 2p3/2

→3d, the L3-edge; and 2p1/2
→3d, the L2-edge. The difference in the

absorption spectra, μ+(ω)−μ−(ω), gives the XMCD spectrum which is shown in
Fig. 1.7(b). The XMCD is only significant at the white lines because of the difference
in transition probability caused by the different occupancy of the minority and ma-
jority 3d band. The sign of the XMCD is different at both white lines because of the
opposite orientation of the orbital and spin moments in the 2p3/2

and 2p1/2
states.

Although the absorption spectra could have been obtained by changing the helic-
ity of the light, both spectra in Fig. 1.7(a) are in fact measured with the same helicity
but with a reversed uniform magnetization of the film which gives the same result.
This means that for a film with a perpendicular domain structure in a geometry as
illustrated in Fig. 1.6, the XMCD would result in a contrast between up and down
domains. Exactly this contrast mechanism is employed in x-ray microscopy, a tech-
nique used in this work at the Fe L3-edge to obtain the domain structures in GdFe
and GdTbFe thin films.



Part I

Antiferromagnetic domains in
an ultrathin holmium film
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Introduction to Part I

In this part of the thesis we present the direct time-domain observation of slow fluc-
tuations in the antiferromagnetic domain structure of an ultra-thin holmium film.
To obtain this result we combined the technique of coherent x-ray photon correlation
spectroscopy with the magnetic contrast of resonant x-rays. This allowed us to follow
the temperature-evolution of the magnetic domain structure below the magnetic or-
dering transition. We find that the huge temperature broadening of the normally
well-defined antiferromagnetic to paramagnetic phase transition is a result of the in-
terface roughness of the film that causes a pinning of the antiferromagnetic domains.

A limited coherent x-ray flux currently constrained the experiment to a tempo-
ral resolution of 4 seconds. With this only ultraslow movements -up to hundreds
of seconds- in the magnetic domain structure can be measured. This low intensity
problem should however be overcome when the new fourth generation x-ray sources
become available. When this is the case, we expect a huge expansion of both the fluc-
tuation time window accessible and the variety of systems that can be studied. Apart
from the low frequency dynamics in magnetic systems, such as the one exemplified
here, with resonant XPCS one should also be able to measure fluctuations in charge,
orbital and stripe-like order.

This part consists of two chapters and an appendix. Chapter 2 introduces the ul-
trathin Ho film and its anomalous magnetic phase transition. Here we focus on the
experimental part, in which the resonant and coherent properties of the x-ray beam
are determined and the measurement of the XPCS datasets is discussed. Chapter 3
presents the correlation analysis of the datasets from which we can extract the grad-
ual temperature evolution of the dynamics of the initially static magnetic domain
structure. The appendix that appears at the end of Part I discusses several technical
details.



2
ANTIFERROMAGNETIC DOMAINS

MEASURED WITH COHERENT

X-RAY SCATTERING

This chapter starts with a brief discussion about the dynamics in condensed matter
systems and the scattering methods available to measure these. Then we focus on the
fluctuations that occur in magnetic and charge domains and explore the feasibility of
measuring these with resonant coherent x-ray scattering. In the experimental section
we describe the ultrathin Ho sample, the experimental setup and the creation of
a coherent x-ray beam. In the results section we present the measurement of the
temperature evolution of the magnetic order and display the rich speckle pattern that
arises from the antiferromagnetic domain structure. Finally we examine the temporal
evolution of this speckle pattern, in order to establish the static or dynamic nature of
the magnetic domain structure.

2.1 Experimental access to dynamic processes

The importance of the possibility to measure magnetic, electronic and structural fluc-
tuations in disordered condensed matter systems is beyond dispute. Obviously the
time scales of these processes are widely distributed. In magnetism for instance, the
writing of a magnetic bit occurs in nanoseconds or faster, whereas the bit should be
stable at least over several years. The same is true for the length scales of these fluctu-
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Figure 2.1: Space-time phase space as accessible by various techniques, x-ray photon correlation spec-
troscopy (XPCS), photon correlation spectroscopy (PCS) with visible light, Raman and Brillouin scatter-
ing, inelastic neutron and x-ray scattering (INS and IXS), neutron spin-echo and nuclear forward scattering
(NFS). The grey box indicates the phase space region of the present work. Figure adapted from Ref. [41].

ations, that can take place on the nuclear or atomic scale, but also on the macroscopic
or even astronomic scale.

In order to be able to probe the complete scope of dynamic processes, one obvi-
ously requires a large variety of methods. As can be seen in the phase space diagram
shown in Fig. 2.1, a number of scattering techniques have proven to be very powerful
in the measurement of fluctuations with length scales from 10-10 to 10-3 m and time
scales from 10-18 to 102 s, covering almost all of the phase space.

In the domain of small length scale and fast time scale, we find nuclear forward
scattering, neutron spin echo and inelastic neutron and x-ray scattering. The concept
of the latter two is very similar to Raman scattering and Brillouin scattering that
use laser light. Because of the longer wavelength of the laser light, these techniques
are more sensitive to larger length scales. All these inelastic scattering techniques
measure the energy transfer to or from the system based on an energy analysis of
the incident and scattered beam. In this way it is possible to measure the dynamic
processes that give rise to this energy transfer. These are mainly fluctuations that take
place in the structural lattice for instance phonons or crystal field excitations, but also
fluctuations in the spin structure can be measured such as spin flips or magnons.
If these fluctuations are slower than micro seconds however, their corresponding
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energies become so small that they cannot be accurately resolved anymore.
A solution to nevertheless measure these slower fluctuations, is to leave the energy

domain and measure directly in the time domain. These time domain measurements
can be performed with dynamic light scattering (DLS) also known as photon correla-
tion spectroscopy (PCS), a technique that is mainly applied to soft condensed matter
systems. In this technique, alaser beam is used to illuminate a system with a fluc-
tuating disordered structure, often a colloid or clay suspension. The coherent light
scattered from the disordered structure interferes with itself and forms a speckle
pattern in the far field, which is directly related to the instantaneous structure in the
illuminated part of the sample. In this way one can access the dynamics of the fluc-
tuating disorder by analyzing the fluctuations of the speckle intensities. This is often
performed by a time correlation analysis of the speckle intensity as will be described
in more detail in Chapter 3.

The advantages of using x-rays over visible light in a PCS experiment were ac-
knowledged long before they were actually performed. Except that fluctuations can
be measured down to atomic length scales, one can also measure optically opaque
samples and the problem of multiple scattering is diminished. As lasers are not avail-
able in the x-ray regime, sufficiently intense and coherent x-ray beams were only
obtained after the technological development of insertion devices at synchrotron
sources. Here the technique was renamed to x-ray intensity fluctuation spectroscopy
(XIFS) or x-ray photon correlation spectroscopy (XPCS) and has ever since been used
to study the dynamics of fluctuations with time scales from hours [42–44] down to
microseconds and less [45].

XPCS measurements were initially mainly performed on soft condensed matter
systems similar to the ones studied with laser light, like colloid suspensions [46–50],
polymer micelle liquids [51, 52] and liquid crystals [53, 45, 54]. For hard condensed
matter systems, XPCS experiments mainly focused on order-disorder fluctuations at
structural phase transitions in binary metals. After the pioneering experiment on
Fe3Al by Brauer et al. [55], XPCS has been applied to AlLi [42], Cu3Au [56] and
CuPd [43] for instance.

Very recently, even magnetic fluctuations have been studied with XPCS, more spe-
cifically the ones in antiferromagnetic domains of a chromium single crystal [44].
These fluctuations were measured in an indirect way via the lattice modulations
which was possible because of the coupling between the charge and spin density
waves. As we will show here, it is actually possible to directly probe magnetic fluc-
tuations in hard condensed matter systems, using resonant x-rays which makes the
technique applicable to a much larger class of materials and problems.
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2.2 Resonant coherent x-ray scattering

The phase space region covered by XPCS is the homeland of many interesting dy-
namical processes in hard condensed matter. Prominent examples are the thermal
fluctuations very near to magnetic phase transitions, the magnetization dynamics
in nanocrystalline magnetic systems and stripes in superconducting cuprates [1]. By
exploiting the electronic and magnetic contrast of resonant x-rays, XPCS experiments
can in principle address the dynamic processes in all these kinds of systems.

The sensitivity of resonant coherent x-ray scattering to magnetic and electronic
order has been already demonstrated by several studies that use the technique of
speckle metrology, in which structural information is obtained from a statistical anal-
ysis of the speckle patterns [57–61]. This technique has been applied for instance in
manganites to study the static aspects of disordered orbital and charge domains [59]
and in the hysteresis of magnetic domains in FePt [57] and Co/Pt multilayer [61]
films. In antiferromagnetic UAs, the transition from an essentially static to a dy-
namic speckle pattern was found to occur in an extremely narrow temperature in-
terval [58]. The reduction in speckle contrast in the high-temperature phase betrayed
fluctuations in the magnetic structure that were too fast to be resolved with XPCS.

An XPCS experiment is in practice more difficult than a PCS experiment with a
CW laser source. The reasons for this are the pulsed nature of synchrotron sources,
mechanical instability of the large setup, the imperfect coherence of the x-ray beam
and especially intensity limitations [62]. The latter restricts XPCS to systems with
a high scattering cross section. Since resonant scattering is relatively weak, resonant
XPCS is extremely challenging. In addition, while for non resonant XPCS several op-
timized beamlines are available, the experiments described here had to be performed
on standard spectroscopy beamlines. Indeed typically one week of setting up and co-
herence characterization were spend for each of the two runs that produced the data
in this thesis.

With the advent of fourth generation x-ray sources, however, the incident flux and
coherence properties of the beam will dramatically improve. For the x-ray free elec-
tron laser (X-FEL) that is being constructed in Hamburg, the increase in flux will be
of the order of 109. In addition, the beam will be fully coherent. As a spatial filtering
of the beam is not required, this further increases the coherent flux to an overall fac-
tor of∼1012. The pulsed nature of the x-ray free electron lasers will, however, remain
a challenge. If an intensity increase of 103 is enough for the experiment, a promising
x-ray source is the energy recovering linac (ERL) the first of which is currently under
construction in Cornell (USA).

Here we will show that even at third generation synchrotrons it is possible to
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perform a resonant x-ray photon correlation spectroscopy experiment. In a proof-of-
principle experiment, we were able to measure slow fluctuations in the antiferromag-
netic domain structure of an ultra thin Ho film. Currently we measured fluctuations
in the order of a few to a few hundred seconds as is indicated in the phase space di-
agram with a grey box (Fig. 2.1). As will become clear later, this small time window
is determined by intensity (lower limit) and mechanical stability (upper limit). The
measured length scales of the magnetic domains were in the order of 10-1000 nm.
When the new x-ray sources become available, resonant XPCS is expected to expand
its reach in the phase space diagram thus narrowing the gap with the energy domain
techniques.

2.3 Magnetic phase transition in holmium

Magnetic phase transitions have been extensively studied in the past both theoret-
ically and experimentally (see for instance Ref. [21] and references there-in). Many
experimental studies focussed on the testing of power-laws close to the critical or-
dering temperature Tc that are predicted by scaling theory. The magnetization for
instance is predicted to follow M(T) ∝ (Tc-T)β in the critical regime below Tc, in
which β is a critical exponent that can be experimentally obtained. Also the length
scale over which magnetic order is established, the magnetic correlation length ξ(T),
is expected to follow ξ(T) ∝ |Tc-T|-ν in the critical regime, both below and above Tc.

This scaling behavior originates from spatial and temporal thermal fluctuations
in the magnetization that become important close to Tc. These so-called critical mag-
netic fluctuations can result in a local disruption of the long range magnetic order. Be-
low Tc, the critical fluctuations lead to regions in which magnetic order is lost within
an overall ordered magnetic structure. These disordered regions have a typical length
scale ξ(T) which grows with temperature and diverges at Tc. Although long-range
magnetic order is completely lost above Tc, there do exist some short-lived regions
in which the magnetic moment directions are correlated. In this temperature region,
ξ(T) is related to the ordered regions where it rapidly decreases with temperature
until the magnetic moment directions finally become completely uncorrelated.

Both the disordered regions below Tc and the ordered regions above Tc are fluctu-
ating with a time scale that is related to ξ(T). This results in longer fluctuation time
scales very close to Tc where ξ(T) is large; a phenomenon known as critical slowing
down [63].

The predictions from scaling theory can be very well experimentally examined
with x-ray resonant magnetic scattering. This is particularly the case for the antifer-
romagnetic to paramagnetic phase transition in Ho, where one can exploit the very
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Figure 2.2: (a) Square root of the scattered intensity of the (00ε) magnetic satellite peak (solid squares, left
axis) and its half width (open squares, right axis) as a function of temperature. The continuous lines are
power-law fits. (b) Néel temperature as a function of film thickness. Figures adapted from Ref. [67].

high magnetic cross section at the Ho M5 edge. The helical magnetic modulation,
discussed in Section 1.5, gives rise to magnetic satellite peaks from which one can
determine M(T) and ξ(T). For antiferromagnetic Ho, M(T) is the staggered magneti-
zation and proportional to the square root of the total scattered intensity of the peak,√

I. From the full-width at half-maximum of the satellite peak W, one can obtain the
magnetic correlation length in the ab-plane of the sample ξ(T) = 2/W(T).

In this way it was found that M(T) in bulk Ho indeed obeys the power law
(β=0.41) in a temperature interval from about 100 K until TN at 131.5 K [64]. Also
the critical fluctuations were observed above TN , both with XRMS and neutron scat-
tering experiments [65, 66]. In addition, within 1 K above TN , ξ(T) was found to
follow the power law with ν=0.54.

Instead of on bulk Ho, the coherent x-ray scattering experiments described in this
part of the thesis were performed on Ho in the form of an ultrathin film. In previ-
ously performed, non-coherent x-ray scattering experiments described in Refs. [34]
and [67], one found that the magnetic transition in this ultrathin Ho film deviates in
the following ways from that of the bulk:

i. TN is reduced to (76±2) K
ii. M(T) survives over a large temperature region above TN

iii. ξ(T) is reduced over an unusually broad temperature region below TN

The reduced TN is a well-known finite-size effect caused by a reduced total mag-
netic exchange energy with respect to the bulk (see also Fig. 2.2(b)) [67]. As can be
seen in Fig. 2.2(a), TN is not well established and was estimated from a simultaneous
power-law fit to

√
I(T) (∝ M(T)) and W(T)/2 (∝ 1/ξ(T)) [67].
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It is clear that M(T) does not follow this fit close to TN where it is expected to
drop sharply to zero, but where it instead gradually decays over a large temperature
region of about 10 K above TN . We can see from the curve with the open symbols that
far below TN , W/2 settles to a value of about 1.1·10-3 Å-1. This corresponds to ξ=90 nm
which, in this low temperature regime, should be associated to the typical length
scale of the antiferromagnetic domains in Ho. The correlation length decreases over
an anomalously wide temperature interval below TN until it is about 64 nm at TN .
From several degrees above TN , ξ(T) follows the power law over a remarkable large
temperature range of about 10 K (compared to 1 K in the bulk).

This very broad magnetic transition might be explained by the two-dimensional
character of the film. The 11-monolayer thickness lies in a three to two-dimensional
crossover regime where the magnetic phase transition is dominated by critical mag-
netic fluctuations and short-range magnetic correlations [68]. For this reason, one ar-
gued that the deviation of ξ(T) and M(T) from scaling theory predictions is caused
by this enhanced contribution from critical fluctuations, which leads to an anoma-
lous reduction in correlation length below TN and above TN gives rise to a significant
short range magnetic order resulting in a finite magnetization.

In order to investigate the origin of the broad magnetic transition we decided to
use resonant x-ray photon correlation spectroscopy, since the speckle patterns that
arise from the magnetic domains allows one to determine the degree of dynamics in
the magnetic structure.

2.4 Experimental

2.4.1 Ultrathin holmium film

The single-crystalline Ho film under study was grown with molecular-beam epi-
taxy in the group of Prof. H. Zabel at the Ruhr-Universität Bochum. The 30 Å thin
Ho film is sandwiched between two thick yttrium-layers (Y). This ensures an epi-
taxial growth and reduce the strain in the film as Y has a lattice constant that lies
within 2% of those of Ho. Reflectivity measurements have determined a root-mean-
square roughness of the Y-Ho interfaces of 2-3 ML [67]. These layers were deposited
on a sapphire substrate with a Nb layer as a buffer to prevent a chemical reaction
with Y. A Nb layer was also grown on top to protect the sample from oxidation and
contamination. The helix period τp of the film is about 7 ML (2.04 nm) and almost
temperature-independent in this film. This fixed period is most probably caused by
the Y layers, which are known to pin the Ho turning angle to about 50◦ [69].

The magnetic helix gives rise to n magnetic satellite peaks along the c∗ direction
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Figure 2.3: Sketch of some important length scales in the thin Ho film that has a measured rms-roughness
of less than 2 ML; The arrows give the projection of the atomic magnetic moments along the c-axis re-
sulting in a sinusoidal modulation with a period length τp (AB) which gives rise to a magnetic satellite
scattering peak at an angle θ for a wavelength λ (CBD, sinusoidal red line). Further indicated are the film
thickness d (AE), the penetration depth Lc (FG), the maximum path length difference ΛPLD (HGI) and the
absorption coefficient μ (2GJ). The absolute values of the length scales are summarized in Appendix C
which can be found at the end of Part I.

in reciprocal space (h, k, l±nε) with ε= c/τp. In this experiment we used the first-order
magnetic satellite of the zero-order Bragg peak (00ε) which for a photon wavelength
λ of 0.92 nm, has a scattering angle θ=arcsin(λ/2τp) � 13◦ (see Fig. 2.3). This satellite
peak has the additional advantage that it is well separated from any charge scattering
originating from the structure, which is normally different in ferromagnets where
the magnetic signal lies in the wings of the structural Bragg peak.

2.4.2 Resonant coherent x-ray scattering setup

The resonant coherent soft x-ray scattering experiments were carried out at the beam-
lines U49/2-PGM1 [70] and UE46-PGM [71] of the Berliner Elektronenspeicherring
Gesellschaft für Synchrotronstrahlung (BESSY), using the two-circle ultra-high vac-
uum diffractometer of the Freie Universität Berlin. The experimental setups of the
beamlines are very similar although they have slightly different specifications (see
also Appendix C).

Both beamlines use a plane grating to monochromatize the x-ray beam. The grat-
ing diffracts the beam to a mirror that focusses the collimated beam vertically onto
a exit slit. This vertical exit slit can be used to adjust the energy resolution of x-
rays and in addition removes possible contaminating light scattered from optical
elements. The x-ray beam is then horizontally and vertically focussed by a toroidal
mirror, passed through two pinholes that select the spatially coherent part of the
beam and subsequently scattered in reflection from the Ho-film (Fig. 2.4). The film
was placed in vertical position on a sample holder, which was cooled by a helium
flow cryostat that offers a measured temperature stability of <10 mK and an ab-
solute temperature accuracy of ±0.5 K. As in this geometry the magnetic helix lies
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Figure 2.4: Sketch of the scattering experiment in which a CCD detector records the speckle patterns from
the domain structure in the film. Two pinholes select the spatially coherent part of the undulator radiation.
The indicated magnetic correlation length ξ is in reality more than 100× smaller than the beam.

in the horizontal scattering plane, normally a horizontal polarization of the x-rays
was selected (π-polarization), which offers a 20% higher scattered intensity as was
explained in Section 1.6. Moreover, for this polarization the undulator generates a
more intense x-ray beam with respect to σ-polarization. The scattered photons were
detected by a photodiode or a channeltron detector that are rotatable in the horizon-
tal plane, or a charged coupled device (CCD) area detector that was mounted to the
diffractometer at a 2θ angle of 26◦ and 580 mm from the sample.

The XPCS measurements were performed using the 16-bit soft x-ray CCD detec-
tor manufactured by Roper Scientific (PI·SX:2048). This detector contains a Peltier-
cooled direct-exposure CCD chip consisting of a 2048×2048 13.5-μm pixels that have
a quantum efficiency of ∼75% at a photon energy of 1334 eV. The x-ray-to-electron
conversion factor was determined to be 133±2 analog-to-digital units (ADU). Dur-
ing data collection, the CCD chip was cooled to -40◦C to reduce the dark current to
0.1 electrons/s. The frames taken by the CCD detector require a reproducible sub-
traction of a background image. This image was obtained by taking the average of
ten CCD images recorded with the CCD shutter closed. The standard deviation of
5 electrons per pixel of these ten images is mainly caused by read-out noise. The
momentum transfer that can be reached with the CCD detector is discussed in Ap-
pendix A.
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2.4.3 Longitudinal and transversal coherence of the x-ray beam

In contrast to a laser that gives a fully coherent photon beam, a synchrotron source
offers only partially coherent radiation and in order to perform coherent experiments
a boost of the coherent fraction of the x-ray beam is required.

For a fully coherent experiment two conditions should be fulfilled. Firstly, the
maximum path-length difference in the sample ΛPLD should be smaller than the
longitudinal coherence length ζl . Secondly, the incident beam should be spatially co-
herent over its footprint, where the spatial coherence is determined by the horizontal
and vertical transverse coherence length, ζh and ζv.

The longitudinal coherence length ζl=λ2/Δλ is determined by the quotient of the
photon wavelength λ and the energy resolution Δλ/λ. The maximum energy reso-
lution of these beamlines is 1.4·10-4, as defined by the grating monochromator and
the exit slit. In our experiment, however, the second pinhole takes over the task of
the exit slit which was therefore opened to 80 μm during the XPCS experiment to
allow a high flux. Using λ=0.92 nm and Δλ/λ <1.4·10-4, we find ζl >6.4 μm in our
experiment.

As can be seen in Fig. 2.3, the maximum path-length difference ΛPLD=μ sin2 θ.
Using the scattering angle θ=13◦ and the absorption coefficient μ=24 nm at the Ho
M5 edge [34], we find ΛPLD=1.22 nm. This is more than three orders of magnitude
smaller than ζL and the first condition is therefore fulfilled with ease.

Note that due to the high absorption at the resonance, μ and therefore ΛPLD are
reduced (e.g. off-resonance at 1300 eV μ�700 nm [72]). In addition the longer wave-
length of soft x-rays compared to hard x-rays increases ζl . Thus, generally, both the
use of resonance and the use of soft x-rays are increasing the longitudinal coherence
with respect to the use of non-resonant hard x-rays.

The maximum horizontal and vertical transverse coherence lengths at the sam-
ple position ζh,v that can be obtained in the experiment are in essence fixed by the
distance from the source to the sample Lu,s and the effective source size σh,v i.e. the
horizontal and vertical dimensions of the electron beam in the center of the undu-
lator. Using ζh,v=λLu,s/2πσh,v, we find ζh=60 μm, ζv=228 μm for UE46 (Lu,s=31 m,
σh=76 μm, σv=20 μm) and ζh=21 μm, ζv=147 μm for U49/2 (Lu,s=35 m, σh=240 μm,
σv=35 μm).

The actual transverse coherence lengths are however reduced because of imper-
fections in optical elements. To nevertheless obtain a first-order transversely coherent
beam we created a "virtual" source by passing the x-ray beam through two pinholes
which together act as a spatial filter (Fig. 2.4). The first pinhole could be selected
from a set with a diameter P1 of 30, 50, 70, 100, 110 or 200 μm that were placed on
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Figure 2.5: The far field intensity profile of the coherent beam shows the diffraction pattern of the 10 μm
pinhole: an Airy pattern. Its intensity line cut over momentum transfer qy = 0 is shown in orange and its
least squares fit to the theoretical equation for an Airy pattern in blue.

a motorized xy-stage. The second pinhole was placed at a distance LP1,P2 =650 mm
downstream and had a diameter P2 of 10 μm. With the sample placed 10 mm fur-
ther in the near field of the second pinhole we can estimate to illuminate in the
order of 10000 domain sizes. Theoretically, the beam would be first-order coherent
if P1≤λLP1,P2 /2P2. So although for an optimum spatial coherence one should use
P1 ≤33 μm, we choose to use P1=70 μm during the XPCS measurements to allow a
reasonable incident photon flux. The second condition is therefore not fulfilled.

The degree of coherence in the experiment is described by the optical contrast
β=βl βt, where βl and βt are the longitudinal and transverse coherence. Both are
numbers between 0 (fully incoherent) and 1 (fully coherent) where βl=1 for ΛPLD<ζl

and βl=ΛPLD/ζl otherwise, and assuming a beam diameter Ah,v that is larger than
ζv and ζh, βt=ζvζh/Ah,v.

The experimental determination of β is very important for a quantitative analysis
of the XPCS measurement. Therefore we recorded the diffraction pattern of the sec-
ond pinhole with the CCD detector, which as can be seen in Fig. 2.3 forms an Airy
pattern in the far field. The dynamic range of the CCD detector did not allow the
measurement of the bright central ring of the Airy pattern. The interference fringes
of the Airy pattern, however, could be readily observed over the whole size of the
CCD chip. In addition some slight intensity streaks are visible away from the central
ring that stem from scattering from minor pinhole irregularities.

From the peak-to-valley intensities in the interference fringes we can obtain βt as

βt=(Imax − Imin)/(Imax + Imin). (2.1)

From this we estimate βt to be 0.40±0.05 for P1=70 μm. This means that there are
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Figure 2.6: The scattering cross section at the M4,5 edge of holmium. The inset shows the same plot on
a logarithmic scale together with the peak-normalized theoretical curve obtained from multiplet calcula-
tions (light grey).

1/βt=2.5 transverse coherent areas in the beam. The contrast in the Airy pattern
seems very similar in the horizontal and vertical direction, which means that ζv �
ζh. From βt=ζvζh/P2

2 , we can now estimate the experimental transverse coherence
lengths ζh,v to be ∼6 μm. Note that, since in our case ΛPLD � ζl , we expect the
optical contrast in our experiment to be βt=β=0.40±0.05.

2.5 Results

In this section we first compare the experimental Ho scattering cross section to the
one obtained from multiplet calculations. Then we discuss the temperature depen-
dence of the magnetic satellite peak that we have tracked in two perpendicular re-
ciprocal directions in order to detect a possible anisotropy in the domain structure.
Finally we establish a static to dynamic transition of the magnetic domain structure
by a careful monitoring of the temporal evolution of the speckle pattern.

2.5.1 Resonant cross section

In order to tune the photon energy to the resonance we measured the scattering cross
section of Ho over the M4,5 edge. For this we used a π-polarized x-ray beam and the
photodiode as detector. As can be seen in Fig. 2.6, the scattered intensity is increased
by at least a factor 103 at the maximum of the M5 edge. This maximum lies at a
photon energy of 1344 eV (λ=0.923 nm) which was used in the experiment.

In the inset, the experimental energy dependence of the scattered intensity is com-
pared to a theoretical curve, which is obtained from multiplet calculations using the
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Figure 2.7: (a) and (b) Normalized intensity curves of the (00ε) magnetic satellite peak measured at the
indicated temperature (blue lines). The sharp peak originates from the specular reflected beam. These
curves are fitted to a single Lorentzian line shape (orange lines) and offset for clarity. The intensity curves
are obtained by an integration of the CCD pixel-intensities over the horizontal (a, qTx) and vertical (b, qTy)
dimension of the CCD chip. (c) The ξ(T) corresponding to qTx and qTy (blue circles), and to the W/2 data
in Fig. 2.2(a) (black triangles; Ref. [67]). The yellow curve is an exponential decay fit to the ξ(T)-curve of
qTx .

atomic Hartree-Fock programme written by R. D. Cowan [29, 73]. The latter was con-
voluted with a Gaussian-shaped point-spread function using a FWHM of 0.9 eV to
match the experimental conditions. Although generally the experimental curve lies
at higher intensities than the theoretical curve, the overall qualitative agreement is
good.

2.5.2 Temperature dependence of the correlation length

In order to check for experimental consistency, we first repeated the measurement
of the in-plane magnetic correlation length performed by Weschke et al. [67], repro-
duced in Fig. 2.2(a). To this end we intercepted the scattered beam with the CCD
detector in the geometry as shown in Fig. A1. By integrating the intensity over all
rows or columns of the detector we obtained the profiles as shown in Figs. 2.7(a) and
2.7(b). In both sets of curves, the profile broadens with increasing temperature, in
accordance with the findings of Weschke et al. In addition, the intensity of the mag-
netic signal decreases and at higher temperatures a narrow feature becomes visible
that can be assigned to the primary incident beam that is weakly reflected by the
vacuum-surface interface. Note that the specular reflection does not lie at the maxi-
mum of the magnetic peak. Thus, apparently the c-direction of the Ho layers deviates
by a minute angle from the surface normal of the sample’s capping layer.

After leaving out the specular beam, the profiles can be fitted very well to a
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Lorentzian peak shape. By identifying the half-width of this Lorentz, we obtain ξ(T)
in the two orthogonal in-plane directions which are plotted in Fig. 2.7(c) together
with the ones from Weschke et al. Note that the overall agreement is quite good, al-
though we obtain ∼15% smaller values, probably due to calibration errors. As can
be seen by the yellow curve in Fig. 2.7(c), ξ(T) follows an exponential decay below
TN .

2.5.3 Magnetic speckle pattern of Ho

Now a coherent x-ray beam is used, a very rich speckle pattern appears in the nor-
mally smooth magnetic satellite peak as can be seen in Fig. 2.8. These speckles are
formed by the disordered magnetic domain structure that causes an interference in
the scattered beam.

The highly fluctuating spatial intensity variations of the speckles are best seen in
the intensity line cuts over the center of the speckle pattern. Although highly fluctu-
ating, the line cut can still be fitted to a Lorentzian peak shape as can be seen by the
blue curve. The optical contrast β obtained from the Airy pattern should be equal
to the contrast in the spatial intensity variations of the speckle. This is indeed the
case for the speckle pattern. In agreement to what is expected, for a larger pinhole
diameter the contrast in the intensity variations was observed to reduce.

From the transverse momentum transfer qT-scale shown below the speckle pat-
tern one can see that the minimum length scale is 23 nm. The maximum length scale
is determined by the size of the beam (10 μm). The intense central part of the mag-
netic satellite peak that is surrounded by a white ellipse indicates the region of pixels
that were used in the correlation analysis discussed later. In this case the length scales
are probed from 250 nm to 10 μm.

In an XPCS experiment, it is important that the region in which the intensity is
detected is close to the size of the speckle. For a too large detection region the contrast
of the fluctuations will be reduced. If the region is too small, however, the signal-to-
noise ratio will go down.

The average size of the speckle can be obtained from the normalized two-
dimensional autocorrelation function of the speckle pattern. As can be seen in Figs.
2.9(a) and 2.9(b), this procedure turns the speckle pattern shown Fig. 2.9(c) into a
centrosymmetrical image. We observe a large elliptic-shaped hill and a very sharp
peak in the center. The wide hill reflects the intensity distribution of the whole peak
whereas the sharp central peak contains the coherent scattering contribution (about
18%) and is caused by the speckle. As seen in the inset of Fig. 2.9(a), the speckle-
speckle correlation is lost within 3 to 4 pixels. This is in agreement with the theo-
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Figure 2.8: A typical speckle pattern of the magnetic 00ε satellite peak at 30 K with an exposure time
of 20 s. The black arrows indicate the positions of the two intensity line cuts plotted in red and their
Lorentzian fits plotted in blue. The corresponding color-coded scale of the correlation length ξ and mo-
mentum transfer qT is displayed below. The white ellipse indicates the region of pixels used for the corre-
lation analysis (qT < 0.004 nm-1).
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Figure 2.9: Normalized autocorrelation function (a) and (b) of the speckle pattern that is shown in (c).
The speckle size can be extracted from the sharp central peak which is plotted in the inset for both the
horizontal (x) and vertical (y) direction.

retical value of the speckle size that is given by λL/P2=53 μm. With a pixel size of
13.5 μm this means 4 pixels per speckle.

2.5.4 Static to dynamic transition

In order to examine the time evolution of the magnetic structure, we filmed the
speckle pattern over periods of 103 to 104 seconds.

In a first XPCS experiment we measured the speckle patterns using the full spa-
tial resolution of the CCD detector. Datasets were taken at various temperatures each
consisting of 350 frames with an exposure time of 10 s. In order to obtain a reasonable
intense speckle pattern, we measured in the temperature range of 52-70 K i.e. below
TN . In a second experiment, a hardware pixel binning of 3×3 pixels was performed
that is closer too but still smaller than the speckle size. The nine times larger area
of the binned pixel increases the count rate and therefore allowed a higher temporal
resolution of 4 seconds (2200 frames per dataset). After the temperature was stabi-
lized, the system was given an additional settling time of several minutes before the
acquisition of speckle patterns in order to reduce possible non-equilibrium effects.
During data acquisition the temperature was measured to be stable within 10 mK.

A representative part of the full spatial resolution datasets is available as a set of
movies online [74]. Snapshots from these movies for 52 K and 70 K are presented
in the small frames in the upper and lower part of Fig. 2.10. At 52 K we observe
the speckle pattern to be static on a time scale of about an hour while at 70 K the
movement of the speckles is very vivid. Note also that the contrast in the snapshots
for the lower temperature case seems higher with respect to the high temperature
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Figure 2.10: Time-averaged intensity distribution of the magnetic satellite peak (large panels) at 52 K (a)
and 70 K (b). A logarithmic color scale is used to better observe the speckle at higher qT . The snapshots
(small panels) are single frames with an exposure time of 10 s taken at the indicated time. For the snapshots
a linear color scale is used. The qT-scale corresponds to the ones in the large panels and is color coded as
in Fig. 2.8.
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case. This indicates the presence of fluctuations shorter than 4 s at 70 K.
In order to quantify how much of the speckle pattern is moving, we took the time-

average of all the speckle pattern images in the dataset, which are shown in the large
panels of Fig. 2.10. At 52 K the average pattern is equal to that of a single frame.
Closer to the phase transition, however, subsequent speckle patterns differ strongly,
and the time-averaged speckle pattern is much smoother than the individual frames.
But even this time-average shows some graininess on all length scales due to the
presence of static speckles, which is very obvious in the line cuts in Fig. 2.10(b). This
implies that while some regions of the sample are fluctuating, others remain frozen
over the measurement period [75, 76].

This non-ergodic behavior will be further inspected in the next chapter where the
correlation analysis of the higher temporal resolution datasets is presented.



3
NON-ERGODIC BEHAVIOR OF AN

ANTIFERROMAGNETIC DOMAIN

STRUCTURE

This chapter starts with an introduction to the technique of photon correlation spec-
troscopy. First we consider an ergodic system and show how one can obtain the dy-
namics of the system by performing a time correlation analysis of the scattered inten-
sity. Following Pusey and van Megen [75] and Kroon et al. [76] we then do the same
for a non-ergodic system and show how PCS can be used to quantitatively obtain
information regarding the proportion of the system that behaves dynamically.

Hereafter, we present an analysis of the resonant XPCS data. This analysis con-
firms the observation of a static to dynamic transition reported in Chapter 2 and
indicates an increase of the proportion of the system that is dynamic with tempera-
ture. Although experimental and statistical problems currently inhibit a quantitative
data analysis, a clear qualitative picture is obtained and the feasibility of resonant
XPCS is herewith demonstrated.

3.1 Introduction to photon correlation spectroscopy

In a classical PCS experiment [77], a disordered sample is illuminated with coherent
light and the time-evolution of the scattered intensity is measured in a region that
has the size of one speckle. In this way the dynamics of the scattering structure of the
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Figure 3.1: Normalized time-averaged intensity correlation function g2(τ, q)-1 of gold colloids dispersed
in glycerol. These curves are obtained by x-ray photon correlation spectroscopy using a scattering vector q
of (a) 5.5·103 Å

-1
and (b) 3.3·103 Å

-1
. The latter curve is offset by 0.2. Due to Brownian motion the g2(τ,q)-1

shows an exponential decay with a decay time τcor(q). The optical contrast β is about 0.8 in this experiment.
Adapted from Ref. [46].

sample can be obtained via the intensity fluctuations. These intensity fluctuations are
usually characterized by the normalized time-averaged intensity correlation function
(ICF):

g2(τ, q) =
〈I(t, q)I(t + τ, q)〉T

〈I(q)〉2T
. (3.1)

Here τ gives the delay time between the two measurements of the speckle intensity
and the brackets 〈 〉T indicate time averages over the measurement time.

In an ergodic system, i.e. a system in which all configurational phase space is
accessible, the dynamics of the system can now be obtained by the Siegert relation.
Assuming a detector size much smaller than the speckle size, the Siegert relation can
be written as:

g2(τ, q) = 1 + β f 2(τ, q) (3.2)

where β is the optical contrast and f (τ, q) is the intermediate scattering function. The
latter is in fact the parameter of interest as it gives the time decay of the fluctuations
of the scattering structure at a particular wavevector q.

As an example of an x-ray PCS experiment, we show in Fig. 3.1 g2(τ, q)-1 of a
suspension of gold colloid particles in glycerol, as was obtained in the pioneering
XPCS-experiment performed by Dierker et al. [46]. The colloids undergo Brownian
motion that causes fluctuations in the density of the suspension. On very short times,
f (τ → 0, q) → 1 and g2(τ → 0, q) → 1 + β. For very long times all correlations in
the structure are lost so that f (τ → ∞, q) → 0 and g2(τ → ∞, q)→1. The system is
ergodic, since the colloids are able to diffuse throughout the suspension. This means
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that via the Siegert relation one can obtain the diffusion coefficient D as for Brownian
motion f (τ, q) = e-Dq2τ . Indeed, the g2(τ, q)-1 curves in Fig. 3.1 show the character-
istic exponential decay. This example highlights the possibility to obtain q dependent
information offered by XPCS.

3.2 PCS in non-ergodic media

In many dense soft condensed matter systems - such as polymer and silica gels, gelat-
ing clays and colloidal glasses - correlations between the building blocks lead to a
slowing down of the dynamics.

In a colloidal glass for instance, the colloids are so densely packed that they can
become trapped in a cage of other colloids. The colloids can now only make short
excursions within their cage. Thus, only part of the configurational phase space is
available for the system, in other words, the system behaves non-ergodically.

The fixed average positions of the trapped colloids leads to a static speckle pattern
on top of the dynamic speckle pattern, just as was observed in the speckle pattern
displayed in Fig. 2.10(b). As a result, the measured scattered intensity from a non-
ergodic system is [75, 76]:

I(q, t) = I f (q, t) + Ic(q) + 2Ix(q, t) (3.3)

in which I f (q, t) is the intensity of the fluctuating part, Ic(q) is a constant intensity
and Ix is the interference of the waves scattered by the fluctuating and static parts of
the sample |Ef (q, t)∗Ec(q)|.

Note that in an ergodic system, the Siegert relation allows one to obtain the in-
termediate scattering function in a single PCS experiment. In other words, one will
obtain the exact same result if the experiment would be repeated on a different part
of the sample (a sub-ensemble). For a non-ergodic system, on the other hand, one
will obtain different results at different sub-ensembles of the sample.

Pusey and van Megen [75] and Kroon et al. [76] have investigated visible light PCS
of non-ergodic systems systematically. They have shown that by performing many
experiments at different sub-ensembles one can nevertheless obtain the intermediate
scattering function that is representative for the whole system fE(τ, q). For this one
needs to determine the normalized ensemble-averaged intensity correlation function
defined as:

gE
2 (τ, q) =

〈〈I(t, q)I(t + τ, q)〉T〉E
〈〈I(q)〉T〉2E

= 1 + β f 2
E(τ, q), (3.4)

in which the brackets 〈 〉E indicate ensemble averages.
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Figure 3.2: (a) The ensemble-average of the normalized time-averaged intensity correlation functions g2(τ,
qT < 0.004 nm-1)-1 at the indicated temperature with (b) the cumulant δ〈g2(τ → 0, q)〉/δ(τ) and (c) the
slope at τ=500 s of the curves.

Again, for very short times, fE(τ → 0, q) → 1 and g2(τ → 0, q) → 1 + β, just
as was the case for an ergodic system. For very long times on the other hand, the
intermediate scattering function does not decay to 0 anymore, but instead settles to
a value 1− X: fE(τ → ∞, q)→ 1− X and gE

2 (τ → ∞, q)→ 1 + β(1− X)2.
The parameter X is known as the ergodicity parameter and can be interpreted as a

measure of the dynamic fraction of the system. For instance, in the extreme case of a
completely static structure fE(τ → 0, q)= fE(τ → ∞, q)=1, so that X=0. For the other
extreme case of a completely ergodic structure, fE(τ → 0, q)=1 fE(τ → ∞, q)=0 and
X=1. Note that the most practical way to obtain X is directly from the amplitude of
the gE

2 curve:

gE
2 (0, q)− gE

2 (∞, q) = 1− β(1− X)2 = β(X2 − 2X) (3.5)

So apart from the characterization of the time scales of the dynamics, PCS can also
be used to obtain the available phase space of the system. This unique feature of
PCS has been employed, for instance, to study the sol-gel transition in a colloidal
suspension [76]. The static fraction of the colloid suspension − i.e. the fraction of
the frozen-in density fluctuations − could be followed at various stages of the sol-
gel transition by a determination of X. This feature will be used here to follow the
temperature evolution of the fraction of the de-pinned magnetic domain structure.

3.3 Temperature-evolution of the domain dynamics

The framework outlined in the previous section now allows us to analyze the speckle
datasets described in the previous section. The dataset consisted of a 3D matrix of
2200 images with 310 by 131 pixels.
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For each pixel in the region of interest, we calculated the normalized time-
averaged ICF as given in Eq. 3.1, obtaining a 3D matrix of same size. These curves
were ensemble-averaged over regions with equal in-plane momentum transfer qT .
As far as the data quality allowed, we were unable to detect a qT-dependence in the
normalized time-averaged ICF. Therefore we only averaged the g2(τ,q) of the pixels
with the high intensity i.e. those pixels at low qT surrounded by a white ellipse in
Fig. 2.8.

Note that this g2(τ,q) is not gE
2 (τ, q) as prescribed by Pusey and van Megen [75].

As the data quality is not good enough for a very refined analysis, we stick here
to the former definition of Eq. 3.1. The g2(τ,q)-1 curves are shown in Fig. 3.2(a). The
presence of a static contribution in the speckle patterns themselves indicated already
that the fluctuations in the domain structure are non-ergodic and leads one to expect
a reduced amplitude of g2(τ,q)-1. Indeed we see that the curves have amplitudes that
are highly reduced with respect to the expected value of β�0.4. This indicates that
for the measured temperatures the system is closer to the completely static state than
to the ergodic state.

Looking at the shape of the curves we see a short-time decay (τ < 200 s) and a
longer tail that decays very slowly. This stretching of the ICF and therefore also of the
intermediate scattering function reflects the large distribution of fluctuation times
which is typical for non-ergodic systems. It is well known that the intermediate scat-
tering function fits in many cases to a stretched exponential decay; exp[-(τ/τcor)γ] [78]
with the stretching exponent γ <1. Also the intermediate scattering functions ob-
tained from the curves in Fig. 3.2(a) can be fitted with such a stretched exponential
decay. This rules out that the fluctuations are caused by magnetic domains under-
going jamming which would lead to collective dynamics in the domain structure.
In this case the intermediate scattering function would display a compressed expo-
nential decay (γ >1) [44]. A quantitative fit is however not appropriate for these
datasets, since the longer time tail does not show a consistent trend with tempera-
ture. This can be seen for instance from the scattering of the data points in Fig. 3.2(c)
which shows the slope of the ICFs at τ=500 s. The longer time decays are probably
influenced by the finite mechanical stability of the setup or an unstable incident x-ray
beam, both of which effect the speckle pattern. These problems are very common in
XPCS experiments and are inherent to the large scale of the experimental setup and
the generation of the synchrotron beam.

The short time decay regime -which is much less influenced by stability issues-
displays however very clearly a gradual increase with temperature. This can be best
seen in Fig. 3.2(b) that shows the cumulant of the curves (δ〈g2(τ → 0, q)〉/δ(τ)).
These results are in good qualitative agreement with the correlation analysis ob-
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tained from the datasets measured with lower temporal resolution (data not shown).
To evaluate better the temperature dependence of g2(τ, q), we isolated the short

time decay by subtracting the long time tail as a linear background y = y0 + στ,
with σ the slope of the ICF at τ = 500 s and y0=−g2(500, q). This is a very crude
estimation and incorporates a significant systematic error in the data analysis. Yet,
this procedure clearly reveals the evolution of the short time decay with temperature
as can be seen in Fig. 3.3.

At low temperature, the background-subtracted ICF is very flat but at 60 K (blue
symbols), it starts to show a distinct change on short time scales due to the presence
of fluctuations in the magnetic domains structure. Note that the temperatures of
62.5 K and 66 K have been measured twice. A close inspection of the g2(τ)− 1 curves
of these temperatures show us that the reproducibility of the data is quite good.

We fitted the background-subtracted g2(τ) − 1 with a single exponential decay
Ae-(τ/τcor), obtaining a time constant τcor= 18± 3 s for all temperatures. We stress that
this time constant is of limited physical significance. However, from this procedure
we can estimate the amplitude A of the curves, which reflects the behavior of the
ergodicity parameter. The parameter A roughly scales with the factor with (X2− 2X)
as can be expected from Eq. 3.5.

As is shown in the inset of Fig. 3.3, A increases with temperature from 0 to about
0.02 at 66 K. Thus, we find that the correlation analysis confirms our observation
from the previous chapter that at low temperature, the magnetic domains are com-
pletely static but at higher temperatures some of the magnetization becomes de-
pinned. As can be seen by the dashed black line in the inset of Fig. 3.3, A follows an
exponential increase with temperature. Interestingly, such an exponential increase is
expected for a thermal de-pinning of domain walls.

One expects that at temperatures higher than 66 K, the magnetic domain structure
is able to fluctuate in more and more regions of the sample. Thus, the ergodicity pa-
rameter will increase with temperature to a value of unity, when finally all domain
structure is lost i.e. above the Néel point. This would be reflected in A by an increase
from 0 to β. Instead we see that the A value at 68 K and 70 K lies below the one for
66 K. A qT-resolved correlation analysis of the datasets displayed the same decrease
of A for the curves at higher qT (data not shown). We therefore ascribe this reduc-
tion in A to statistical problems that arise from the combination of a relatively small
number of images and the low count rate, at temperatures above 66 K, only about 4
photons per pixel per exposure for the brightest part of the peak. These issues are
further discussed in Appendix B.
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Figure 3.3: The evolution of the short-time dynamics with temperature as obtained from the normalized
time-averaged intensity correlation functions g2(τ)-1 as plotted in Fig. 3.2(a). The green lines are least-
squares fits to an exponential decay Ae-(τ/τcor). The inset shows the evolution of the amplitude fitted to an
exponential growth (dashed black line).

Figure 3.4: 〈CXY(t, q)〉 against delay time τ for various temperatures which gives the time evolution of the
central part of the speckle pattern (qT<0.004 nm-1). The inset shows the cumulant δ〈CXY(τ → 0, q)〉/δ(τ)
of the curves.
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3.4 Cross correlation analysis: a consistency check

As we have just discussed, the high-temperature curves of Fig. 3.3 deviate from the
expected behavior. Therefore, we decided to perform a cross correlation analysis of
the datasets in order to test the consistency of our findings.

The time evolution of the speckle pattern can also be obtained by calculating the τ-
dependence of the normalized cross correlation CXY between frames X and Y, where
τ is the time between the measurement of X and Y. The normalized cross correlation
CXY is a measure for the spatial correlation between frames X and Y and is defined
as:

CXY =

n−1

∑
i=0

(xi − x)(yi − y)
√

[
n−1

∑
i=0

(xi − x)2][
n−1

∑
i=0

(yi − y)2]

(3.6)

with i the pixel index, n the number of pixels and x and y the mean values of frame
X and Y.

For a specific τ one can average over N-τ/texp pair correlations, where N is the
number of frames in the dataset (2200) and texp is the exposure time (4 s). Using
t=τ/texp, one can write:

〈CXY(t, q)〉 =

1
N−t

N−t

∑
j=1

CXY(t)j

1
N−1

N−1

∑
j=1

CXY(t = 1)j

, (3.7)

Fig. 3.4 shows the results of the analysis for the central part of the speckle patterns.
Below 66 K, the short time fall off of the curves increases very clearly with temper-
ature. Note that the overlap of datasets measured at same temperatures is quite re-
markable (62.5 K and 66 K) and that the noise level in these datasets is reduced with
respect to the previous analysis. It is especially obvious from the cumulant of the
curves, however that the trend breaks down above 66 K which is completely consis-
tent with the previous analysis.
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Summary and conclusions of Part I

In this part we demonstrate the use of resonant x-ray photon correlation spectroscopy
as a way to address directly in the time domain the slow dynamics in the magnetic
domain structure.

By filming the time evolution of the speckle pattern at various temperatures we
were able to measure the temperature dependence of the movement in the antifer-
romagnetic domain structure of an 11-monolayer thin holmium film. In a previous
non-coherent x-ray scattering study, it was found that the antiferromagnetic to para-
magnetic phase transition in this film is spread over an anomalously large tempera-
ture interval. Particularly odd was the decrease in magnetic correlation length ξ(T)
tens of degrees below the phase transition. This behavior was explained in terms of
the enhanced contribution of critical magnetic fluctuations in this ultrathin film with
respect to the bulk.

In this resonant x-ray photon correlation spectroscopy study, we were now able to
directly measure the magnetic fluctuations in the time domain. This was only pos-
sible due to the huge resonant enhancement of the magnetically scattered intensity
at the Ho M5-edge i.e. one of the highest magnetic scattering cross sections avail-
able. Using a coherent x-ray beam, we could obtain a rich and high-contrast magnetic
speckle pattern that originates from the magnetic domain structure. At temperatures
below 72 K (about 4 K below the magnetic transition temperature TN), we filmed the
speckle patterns with exposure times of 4 s determined by the limited incident coher-
ent flux.

Although - for XPCS standards - this leads to a rather low temporal resolution of
4 s, we nevertheless obtained clear evidence for fluctuations in the magnetic structure
in this temperature regime. In addition, we demonstrated the non-ergodic nature of
these fluctuations i.e. the structure is not able to explore all of its configurations. This
suggests that there are two phases in the magnetic structure: one that is pinned and
another that is fluctuating.

Moreover, we were able to follow the temperature evolution of the fluctuating
part of the sample qualitatively. At 50 K, we find a completely pinned structure and
a completely static speckle pattern. For higher temperatures, more and more regions
become thermally de-pinned, and fluctuating speckle appears on top of the static
speckle pattern. Nevertheless, the data indicate that even at the highest measured
temperature, the greater part of the magnetization is still in the pinned state.

Based on our results, we argue that the broad magnetic transition is caused by
the pinning of the magnetization in this film, rather than the appearance of critical
fluctuations. The fact that the de-pinning of the magnetization occurs over a large
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temperature interval can be explained by the minor thickness variations in the ultra-
thin film. Considering that the interface roughness of the 11-monolayer thin Ho film
is measured to be 2-3 monolayers, this assumption is particularly plausible, since the
Ho transition temperature is very critically dependent on the thickness in the range
of 8 to 12 monolayers [67]. Instead of a sharp TN as occurs in the bulk, the thickness
variations will cause a distribution in transition temperatures in which the thinner
regions will start fluctuating at a significantly lower temperature than the nominal
TN , whereas the thicker than average regions are still pinned several degrees above
the global TN . The pinned magnetic structure of the thicker regions would also ex-
plain the relatively high degree of staggered magnetization above TN , rather than
this being the result of critical fluctuations.

The observation of a stretched exponential decay in the intermediate scattering
function indicates that the fluctuations are fluidlike in contrast to the more collective
dynamics characteristic for a jamming of magnetic domains. We therefore believe
that the isolated fluctuating regions appear first in the center of the thinnest parts of
the film, where the magnetic structure is weakest. With increasing temperature, these
fluctuating regions are able to grow and explore more and more configurations. An
analogy emerges with the melting of a large rough ice floe (static antiferromagnetic
state) that has broken loose from a polar ice cap and floats into the warmer waters
of the ocean. After a given time some holes will appear in the thinnest regions of
the ice. At a later stage these holes will have grown and possibly combined to form
larger voids in the thinnest regions, whereas some new holes will have been formed
in the thicker regions, etcetera, until finally the ice floe has completely melted and
has become one with the waves of the ocean (the fluctuating paramagnetic state).

In this proof-of-principle experiment, we were only able to measure the early
"melting" stages of the magnetization. In addition, the quality of the data only al-
lowed a qualitative interpretation of the results. However, since resonant XPCS fol-
lows exactly the same concepts as visible light PCS, the technique has an enormous
potential.

For instance, one can quantitatively obtain the fluctuating and static parts and
their evolution with temperature or with q. In addition, one can obtain the q-resolved
time scales in a time window of ns to hours and the exact decay of the fluctua-
tions, expressed in the form of the dynamic structure factor. Thus, resonant XPCS
holds great promise to measure the magnetic and electronic dynamics in a barely ex-
plored time-length phase space region. With this technique one should, for instance,
be able to measure the low frequency part of the dynamic structure factor of high-
temperature superconductors, which is currently considered as the most promising
key to the detection of fluctuating stripes [1]. However, in order to obtain the full
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merits of resonant XPCS, an increase in coherent x-ray flux is an absolute necessity.
This will be realized by the new fourth generation light sources that are presently
under construction. When the bright and fully coherent x-ray beams of these light
sources become available, resonant XPCS is ready to harvest its full potential.
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This appendix describes some technical details about the coherent scattering experi-
ment. It is divided in three sections. In Section A, we elucidate the momentum trans-
fer of the CCD detector, in Section B the issues of the low count rate are discussed
and in Section C some important experimental and sample parameters are listed. A
reading of this appendix is not required for an understanding of the rest of the the-
sis, but should form a useful reference for future young scientist engaged in similar
research.

A Momentum transfer space of the CCD detector

The momentum transfer vector q is defined as the difference between the incident
and scattered wavevector q=k′-k (Fig. A1). As can be seen in the bottom panels of
Fig. A2 q can be decomposed in two transverse components, qTx and qTy, and one
longitudinal component, qL:

qTx = k (cos θ − cos θ′ cos χ) (A1)

qTy = k (cos θ′ sin χ) (A2)

qL = k (sin θ + sin θ′) (A3)

with wavevector |k|=2π/λ and the angles as defined in Fig. A1. The absolute values of
qTx, qTy and qL are given in the lower half of Fig. A2 for the 2048×2048 pixels of the
CCD detector. Here the color denotes the value as given in the corresponding color
bar where the correlation length is given by ξ=1/q.

The pixel at the center of the magnetic satellite peak lies exactly at the location
satisfying the Bragg condition. As can be seen in Fig. A1, q=qL in this case and one
measures purely the magnetic structure perpendicular to the film plane i.e. the helix
period. The length of the helix period τp can be obtained from qL as τp=2π/qL.

Apart from the central pixel, all pixels are in addition sensitive to the in-plane
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Figure A1: Scattering geometry as was used in the coherent scattering experiment indicating the incident
and scattered wavevectors k and k′ (red arrows) and the momentum transfer vector q (yellow arrow). Here
it is illustrated in Bragg condition, with the incident angle θ equal to the scattering angle θ′ and the angle
out of the scattering plane χ equal to 0 (q=qL).

Figure A2: Momentum transfer q as imaged by the CCD detector in the geometry as is illustrated in
Fig. A1 for θ=13◦. Shown are the in-plane momentum transfer qT , an experimental speckle pattern of
the 00ε magnetic satellite peak (the green box indicates the pixel region of the XPCS datasets), and the
absolute values of the momentum transfer components qTx , qTy and qL encoded by the color.
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structure of the film. This in-plane structure is formed by the magnetic domains and
therefore is the most relevant for this work. The transverse momentum transfer vec-
tor qT gives the momentum transfer vector in the plane of the sample and is defined
as:

qT =
√

q2
Tx + q2

Ty (A4)

The absolute values of qT are given in the upper left panel of Fig. A2 for the whole
CCD image. Consequently, the longest correlation length accessible in the experi-
ment is the beam size of 10 μm and the shortest is 64 Å. As one can see in the upper
right panel of this figure, that displays an experimental speckle pattern of the mag-
netic satellite peak, there is a significant scattered intensity only in part of the whole
CCD chip. For this reason, we determined a region of interest on the CCD chip for
the XPCS datasets, in the upper right and upper left panels indicated with a green
box and also displayed in the upper central panels. This reduced the read out time
of the CCD from 4 to 0.4 s but increased the shortest length scale accessible to 230 Å.
We purposely determined a region of interest where qT=0 is positioned away from
the center in order to cover a greater high qT region.

The white ellipsoids in the qT-panels are iso-qT contours. These iso-qT contours
can be defined with an arbitrary qT resolution which allows the selection of pixels
with a similar qT . In this way we selected pixels in a qT-dependent correlation anal-
ysis. Note that the elliptical shape of an iso-qT contour is very similar to the shape of
the magnetic satellite peak. This reflects the isotropy of the magnetic domain size in
the plane of the film, as was also found by the results shown in Fig. 2.7(c).

B Statistical issues

Due to the low scattered intensity of the magnetic satellite peak, we had to film the
speckle patterns with an exposure time of 4 s per frame. This obviously set our tem-
poral resolution in the XPCS experiment to 4 s; one that is quite low compared to
what is usual with PCS. Related to the low temporal resolution is the relatively low
number of CCD frames in our dataset (2200 frames). It is well known that in a cor-
relation analysis of datasets with such a small number of samples, various statistical
issues play a role [79]. It is without doubt that these statistical problems have turned
up in our data analysis.

As was shown in Fig. 3.2(a), for a temporal resolution of 4 s, the correlation anal-
ysis gave only useful results for the datasets measured at a temperature below 66 K
i.e. about 10 K and more below TN . Moreover, only the high intensity region of the
datasets was used in this correlation analysis (qT < 0.004 nm-1). For temperatures
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above 66 K, the amplitudes of the ICFs were found to continuously fall off to zero,
although an increase of the amplitude would be expected. It is most probable that
this amplitude reduction is caused by the statistical issues that arise from the low
count rate.

In addition, we have to point out that the determination of A is influenced by the
small total time window we are constrained to using. In order to determine the er-
godicity parameter accurately, the long time tail of the ICF-curves should clearly level
off to a particular value, which is clearly not yet the case in the curves of Fig. 3.2(a).
The temporal resolution also influences the determination of A. The timescales of
the fluctuations in the domain structure are expected to increase at higher tempera-
tures. A comparison of the curves at 70 K with the other curves in Fig. 3.2(a) already
gives an indication for this behavior. The 70 K-curve is seen to level off to a value of 1
after about 200 s, i.e. much earlier than most other curves. Moreover, because of this
fast decay, the determination of A at this temperature is to a large degree defined
by the first data point in the curve. With a higher temporal resolution, possibly, the
amplitude would have been greater.

Another difficulty which is typical for very low count rates is the high sensitivity
of the correlation function to subtle systematic errors in the background subtraction.
As was discussed before, a dark exposure is subtracted from each frame. Although
for high count rates, small systematic errors are acceptable, for low count rates how-
ever, an insufficient background subtraction would affect the ICF substantially. More
specific, the denominator will increase in Eq. 3.1 which leads to a reduction in ampli-
tude. This might be a relevant effect in our data analysis. Indeed a small but signif-
icant fluctuating stray light contribution was found in the datasets which was very
difficult to correct for. It is advisable to measure background images regularly in a
future measurement in which the CCD shutter should be opened. In this experiment,
the background images were measured with the CCD-shutter closed.

In order to make this issue more specific, we show in Fig. B1 the raw photon count
rates for five of the datasets against qT . We see that the photon count rates lie in the
order of 0.1-100 photons per second per 4-s exposure. For the 1038 pixels with low qT

used in the correlation analysis, the average count rate decreases by about an order
of magnitude over the measured temperature range from about 32 to 3.3 photons
pixel−1 4 s-exposure−1 on going from 50 to 70 K, respectively. Note that the dataset
at 55 K was measured at a higher storage ring current with respect to the one at 50 K
explaining the higher count rate in the former case. The experiment was performed
in the normal user mode of the BESSY synchrotron in which the storage ring current
decays over 8 hours from 300 mA to 150 mA.

Fig. B1 also shows that the ultrathin Ho film is, in principle, well-suited for per-
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qT 

Figure B1: Raw photon count rate as a function of qT for various temperatures. In the higher temperature
curves one observes the contribution of the specular reflection.

forming a qT-dependent correlation analysis. In this case, obviously, an increase in
incident coherent flux of several orders is required. Such a qT-dependent analysis
was already performed in this study (data not shown). The same fall-off of the am-
plitude was found for the ICFs obtained at higher qT . This strengthens our view that
this is an effect of statistical problems rather than the nature of the sample.
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C Experimental and sample parameters

symbol value unit description
Synchrotron BESSY-II

σh elec 40-50 μm Hor. electron beam size
σv elec 50-60 μm Ver. electron beam size

εh 6.0 nm rad Hor. electron beam emittance
εv 0.31 nm rad Ver. electron beam emittance

Beamlines UE46 (U49/2)
βh 0.962 (13.790) m rad-1 Hor. beta function
βv 1.284 (4.043) m rad-1 Ver. beta function
σh 76 (240) μm Hor. effective source size : σh=

√
εhβh

σv 20 (35) μm Ver. effective source size : σv=
√

εvβv

Lφ 1000 (1200) mm Focus length of the toroidal mirror
Lu,s 31 (35) m Undulator-to-sample distance

Experiment
E 1344 eV Photon energy (Ho M5 edge)
λ 0.9225 nm Photon wavelength
β 0.4 Measured optical contrast

Δλ/λ <1.4·10-4 Energy resolution
Icoh 107 (107) s-1 Coherent photon flux
P1 70 μm First pinhole diameter
P2 10 μm Second pinhole diameter

LP1 ,P2 650 mm Distance between first and second pinhole
LP2 ,s 10 mm Second pinhole-to-sample distance
Ls,d 580 mm Sample-to-detector distance
ζh 6 μm Hor. coherence length
ζv 6 μm Ver. coherence length
ζl 6.4 μm Longitudinal coherence length: ζl=λ2/Δλ

Ah,v 79 μm2 Transverse area of the beam: Ah,v= 1
4 πP2

2

Sample
d 3.0 nm Film thickness
τp 2.04 nm Magnetic period length
θ 13.0 degrees Scattering angle
μ 24.0 nm Absorption coefficient
Lc 2.7 nm Penetration depth: Lc= 1

2 μsin θ

ΛPLD 1.22 nm Path Length Difference: ΛPLD= 2Lcsin θ
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Introduction to Part II

The ongoing down sizing of magnetic recording and magnetic device technology
calls for refined methods of domain size engineering. One such method is ion beam
patterning.

Already in the mid-seventies it was demonstrated that the perpendicular mag-
netic anisotropy (PMA) in amorphous RE-TM films can be destroyed by a uniform
irradiation of ions [80, 81]. Nowadays, ion beams can be combined with lithograph-
ically generated masks and stencils, which makes it possible to modify the PMA
locally on length scales smaller than 100 nm [82–86]. In most cases, the irradiation
reduces the atomic order, which leads to a reduction of the anisotropy. In FePt and
FePd films, however, an increased PMA was observed that originates from an in-
creased chemical ordering at the interfaces [85, 86].

A more flexible method is Focused Ion Beam (FIB) patterning [87–90], which of-
fers the possibility of engineering the anisotropy on even smaller length scales. Here
we will demonstrate that the technique is able to locally modify the PMA in amor-
phous rare earth-transition metal films with a resolution of 50 nm i.e. comparable
to elementary magnetic domain features such as nucleation volumes and domain-
walls. The use of narrower ion or possibly electron beams in combination with more
fine grained materials such as FePt multilayers should make a further scale reduction
of this technique feasible.

In this study we wrote structures of reduced anisotropy in RE-TM films with a
focused 30 keV Ga+ beam. The original motivation was to use these patterned films
in time-resolved x-ray resonant magnetic scattering, a pump-probe method that al-
lows one to follow nucleation phenomena on time scales of a few ns [91]. Although
these experiments did not succeed, the systems were interesting enough to form a
subject of their own. As we will show here, the anisotropy-engineered patterns can
act both as nucleation sites and as pinning centers, which can lead to a high degree
of imposed order in the magnetic domain structure.

The magnetic properties and domain structures of the pristine versions of these
amorphous RE-TM films can be very well controlled via the composition and the
thickness. This feature together with the perpendicular magnetic anisotropy attracted
a considerable amount of technological and scientific interest in these films. The tech-
nological research was especially huge in the beginning of the eighties when these
kind of films were used in bubble memories. The research diminished in the late
eighties when semiconductor technology took over and battery-backed CMOS was
able to offer a higher performance at a lower cost. Nowadays the technological inter-
est is rising again because of the use of these materials in thermally-assisted perpen-
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dicular recording.
All these years, however, amorphous RE-TM films have been embraced by aca-

demics studying magnetic domain structure. Except for their interesting magnetic
properties, we choose to use them here because of their amorphous structure which,
although disordered on the atomic scale, can be very homogeneous over length
scales that are associated with domain wall pinning [5]. Pinning normally occurs
on disordered regions in the sample that have a size that is comparable to the do-
main wall width i.e. typically several nanometers. The origin of this disorder can be
for instance interface roughness or defects such as dislocations, vacancies or clusters
of impurities.

Recently the effect of disorder on the magnetic domain structures has been stud-
ied theoretically by Jagla et al. [92, 93]. Based on an Ising-like Monte-Carlo model, he
is able to obtain microscopic domain patterns as a function of exchange-anisotropy
ratio (J/A0) and disorder (D) that is introduced as a randomness in the local aniso-
tropy. The use of a continuous magnetization variable makes it possible to describe
domain walls, which is not possible with standard Ising models. The evolution of
the magnetic domain patterns can be followed with an external control parameter
h that should be associated with a magnetic field. Due to the relatively large scale
in which these domain patterns can be obtained (512×512 pixels), it is possible to
extract the macroscopic magnetization loop from these simulations. By performing
a large number of simulations, Jagla constructed the D − J/A0 phase diagram dis-
played in Fig. 3.1(a). This phase diagram has three regions, I, II and III. In each of
these, a theoretical magnetization loop is displayed that exemplifies the features of
the region. In I and II, the reversal occurs by a sharp nucleation event, which in
I leads instantly to a complete magnetization reversal. In II only a partial reversal
occurs, which leads to a stable domain pattern that evolves with field until the mag-
netization saturates. In III, the high disorder causes a strong pinning of the magnetic
domains, with the result that the magnetization evolves more gradual and does not
show a cleat nucleation point.

Experimentally one can insert disorder in these films via the growth process or by
alloying. For instance in sputtering deposition it can be tuned via the pressure [93].
In this work the effect of intrinsic disorder is investigated by alloying the very homo-
geneous GdFe film with Tb which strongly increases the random anisotropy in the
sample. Although many more films were grown in this explorative domain study, we
choose to present essentially four films in this thesis. The relevant out-of plane mag-
netization loops and estimated values for D and J/A0 are displayed in Fig. 3.1(b).
The low disorder GdFe films, lie in the upper left region of the phase diagram. Mov-
ing the composition away from the compensation point increases the magnetization
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Figure II.1: (a) Disorder exchange-anisotropy ratio (D − J/A0) phase diagram. In phase regions I and
II, there is a sharp nucleation event, which in I leads to a complete and in II to a partial magnetization
reversal. In III the reversal occurs more gradual and no clear nucleation event is seen. The out-of-plane
magnetization curves in the phase diagram are theoretically obtained by Jagla’s model with the circles
indicating their exact position. Figure adapted from Ref. [92]. (b) Experimental out-of-plane magnetization
curves of the four thin films studied in this Part. The corresponding positions in the phase diagram are
indicated with small crosses in (a) and the coordinates are given in the bottom right corner of the hysteresis
loop.



64 INTRODUCTION TO PART II

and therefore J at roughly constant A0. The Tb content increases the disorder but
also the anisotropy, which means that these samples are positioned more toward the
center of the phase diagram.

This part consists of three chapters dealing with data for different characterization
techniques; atomic and magnetic force microscopy (AFM/MFM) in Chapter 4, x-
ray resonant microscopy (XRM) in Chapter 5 and x-ray resonant magnetic scattering
(XRMS) in Chapter 6. A complete discussion of these results will be given in the
conclusion section at the end of this Part II, which also includes a review of the three
techniques themselves.

After a discussion of the samples, we will present the anisotropy patterning with
the focused ion beam and its effect on the topology and magnetic domain structure
as characterized with AFM/MFM. Although MFM can in principle be performed in
in situ perpendicular magnetic fields, there is a major drawback which stems from
the huge interaction of the tip stray field with the domains. We will demonstrate how
the tip stray field leads to domain erasure which was especially severe in the softer
GdFe film. In chapter 4 we therefore focus on the domain patterns at remanence and
show how FIB patterning can lead to highly ordered domain structures.

The evolution of the domain structure of the films during a complete magnetiza-
tion reversal can, however, be accurately measured with resonant x-ray photon in -
photon out methods that are insensitive to the magnetic field. The novel technique
of x-ray resonant microscopy has therefore been used to study the effect of disorder
at high field. We find that the nucleation process that occurs on the FIB patterns is
the basis of the highly ordered domain structure at remanence.

Although the XRMS experiment was performed prior to the AFM/MFM and
XRM experiments, we choose to present it only in the final chapter, since in this
way the magnetic scattering patterns that arise from the microscopic domain struc-
ture can be more easily understood. As a reciprocal space technique, XRMS is able
to obtain quantitatively ensemble-averaged properties like domain periods and dis-
tributions. Due to its reciprocal nature and ability to measure relatively large sample
areas, XRMS is especially useful for the search for subtle anisotropies in the domain
structure. Therefore, we used it here to investigate the fluence and dot spacing de-
pendence on the magnetization reversal.
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ATOMIC AND MAGNETIC FORCE

MICROSCOPY

This chapter starts with a discussion of the growth process and the anisotropy en-
gineering of the thin films used in this part. In this chapter we concentrate on two
Gd16.7Fe83.3 and Gd11.3Tb3.7Fe85, whose magnetic properties could be extracted from
magnetization loop measurements. The heart of this chapter is formed by the atomic
and in-field magnetic force microscopy measurements. First we show the magnetic
domain structures of the pristine films and then study the effect of the focused ion
beam patterning on the topology of the films. We find that generally the focused ion
beam leaves the continuous film intact, although depending on ion-fluence it can
result to minor indentation or protrusions. Finally we show how the anisotropy pat-
terns efficiently localize the magnetic domains in GdFe which leads to a high degree
of imposed order. At zero field the localization of the domains occurs by a pinning
of the domain walls, whereas in perpendicular fields the down domains themselves
become trapped on the patterns. The more disordered domain pattern of GdTbFe is
much less perturbed by the patterning.

4.1 Film growth and focused ion beam patterning

Several amorphous GdFe and GdTbFe films were grown in our group, in a thick-
ness range of 40-50 nm. These were prepared with electron beam evaporation at
a pressure of 1·10-9 mbar using a rotating sample holder at room temperature. The
AFM/MFM measurements were performed on Gd16.7Fe83.3 and Gd11.3Tb3.7Fe85
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films that were deposited on a Si(111) substrate. For the films used in the x-ray res-
onant microscopy (XRM) (Gd16.7Fe83.3, Gd14.6Fe85.4 and Gd12.5Tb2.5Fe85) and x-ray
resonant magnetic scattering (XRMS) experiments (Gd11.3Tb3.7Fe85), SiNx-coated
Si(111) wafers were used as a substrate. These wafers have a 100-nm thin SiNx win-
dow at the center with a size of either 1000×1000 or 1500×1500 μm2 and a transmis-
sion of >90% in the soft x-ray regime. A 2-4 nm thick Al capping layer was deposited
on top of the films to prevent oxidation. The amorphous structure of the films was
confirmed by x-ray diffraction scans that showed no trace of structural order.

In order to find the required ion fluences needed to modify the PMA with a fo-
cused ion beam, we initially uniformly irradiated some of the Gd16.7Fe83.3 samples
with a 125 keV Ar+ beam at AMOLF Amsterdam [91]. Such unfocused beams have
the advantage of irradiating large areas with great ease compared to the time con-
suming patterning with focused ion beams. These large areas were required for the
magneto-optical Kerr effect (MOKE) measurements that were performed on these
samples from which we found that an extremely low ion fluence of∼4·1013 ions/cm2

suffices to disrupt the PMA in our GdFe films.
Based on these results, other films were patterned by ion-implantation with a fo-

cused ion beam (see inset of Fig. 4.1(c)). This patterning has been performed at the
MESA+ Institute for Nanotechnology of the University of Twente using a 30 keV Ga+

beam focused to a Gaussian-shaped spot of about 30 nm and a beam current of typi-
cally 1 pA. In a later stage, samples were patterned under the same conditions at the
Delft University of Technology (DUT) using a newer FIB system (FEI Strata 235 Dual
Beam). This FIB system is capable of focusing the ion beam to a spot of 10 nm and
includes a scanning electron microscope which can be used to inspect the patterns.

The anisotropy patterns created at MESA+ consisted of square lattices of reso-
lution-limited dots that varied in interdot spacing s (150-400 nm) and ion fluence f
(700-3500 Ga+-ions per dot). These fluences correspond to 0.05 to 2.5% of Ga im-
planted in the dot material (stoichiometric percentage) which in more usual units
corresponds to 1·1014 to 5·1015 ions/cm2 (1 to 50 ions/nm2) assuming a homoge-
neous distribution over a 30-nm diameter dot area. In reality the distribution of the
ions is highly inhomogeneous as it reflects the quasi-Gaussian shape of the beam
and the dots are broader than the focus size due to recoiling of ions. Each lattice had
a relatively large dimension of 200×200 μm2 (typically 30 minutes writing time). Al-
though this is too small to accurately perform magnetization loop measurements,
it is large enough to characterize the ion fluence dependence of the lattices with
XRMS. Such large patterns were created by stitching together nine sub-arrays with a
size close to the maximum writing range of the FIB system. This range is determined
by the electrostatic lenses that, in a similar way as in a scanning electron microscope,



ATOMIC AND MAGNETIC FORCE MICROSCOPY 67

Figure 4.1: Results of a TRIM-simulation in which 7000 Ga+ ions are implanted at 30 keV in a 50 nm
GdFe film with a 4-nm Al capping layer. (a) Top view and (b) side view of the final three-dimensional
distribution of the ions that have displaced due to the implantation of the Ga+ ions which paths are
displayed in red. The Al, Gd and Fe ions are displayed by the colors as given by the color table in which
the lighter colors (top) correspond to moving ions and the darker colors (bottom) to stopped ions. (c) Depth
distribution of the implanted Ga+ ions. (inset) Scanning electron micrograph of a square dot pattern as
created with a focused ion beam in an Al-capped GdFe thin film (by P. F. A. Alkemade, DUT).

steer and focus the beam. The focus is influenced by its movement which can oc-
casionally lead to an elongation of the dots in the writing direction of the FIB that
writes the dot patterns in a line by line manner. This results in a slight structural
anisotropy of the dot patterns. On top of that, the structural anisotropy is increased
by the very small amount of Ga+ that is implanted between the dots when the beam
is steered to the next dot position.

For the patterning at DUT, we decided to increase the ranges of s (100-1500 nm)
and f (1·1014 to 1·1017 ions/cm2) and to write also other patterns such as line pat-
terns with various spacings and patterns within which the dot or line densities are
gradually increased. The size of the lattices was reduced to ∼20 μm or less as these
samples were only characterized with imaging techniques (AFM/MFM and XRM).

The effect of the ion implantation can be simulated with the Monte-Carlo program
TRIM (Transport of Ions in Matter) [94] with which ion trajectories, atom displace-
ment and sputtering yields can be calculated. Fig. 4.1 shows the results of such a
simulation in which 7000 perfectly focused Ga+ ions are implanted in a Gd16.7Fe83.3

film. Fig. 4.1(a) and 4.1(b) show a cut through the final three-dimensional distribu-
tion of the ions that have been recoiled either by a direct collision with a Ga+ ion or
indirect by a collision with another recoiled ion of the film. We see that the film has
significantly altered its structure down to about 40 nm and that collision processes
lead to a 35 nm broadening of the dots with respect to the ion beam focus. From
the ion range distribution in Fig. 4.1(c) we see that the ions are quasi-Gaussian dis-
tributed over the film thickness with an average implantation depth of ∼14 nm and
a standard deviation of about 4 nm.
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Figure 4.2: Out-of-plane and in-plane hysteresis loops of pristine Gd16.7Fe83.3 (top panels) and
Gd11.3Tb3.7Fe85 (bottom panels). The hysteresis loops were measured with vibrating sample magnetometry
except for the in-plane loop of Gd11.3Tb3.7Fe85 that was measured with SQUID as the vibrating sample
magnetometer is not able to reach the in-plane saturation field.

Table 4.1: Properties of the pristine GdFe and GdTbFe film.

Gd16.7Fe83.3 Gd11.3Tb3.7Fe85

Film thickness d 40 50 nm
Saturation magnetization Ms 221 320 kA/m
In-plane saturation field Hcr 150 1000 kA/m
Out-of-plane coercivity Hc <1 18 kA/m
Uniaxial anisotropy constant Ku 2.1·104 1.4·105 J/m3

Stray field energy constant Kd 3.1·104 6.5·104 J/m3

Exchange stiffness constant A 1.4·10-12 1.2·10-12 J/m
Domain-wall width δ = π

√
A/Ku 26 9 nm

Specific wall energy γm = 4
√

AKu 5.9·10-4 1.6 · 10-3 J/m2

Characteristic length l = γm/(2 Kd) 10 12 nm
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4.2 Hysteresis measurements

As was already mentioned in the introduction, the alloying of GdFe with Tb results
in a high degree of disorder and an increase in the perpendicular anisotropy. Based
on the in-plane and out-of-plane magnetization loops (Fig. 4.2), one can extract var-
ious important magnetic properties (See Table 4.1) quantitatively which has been
done for the two samples studied with MFM (Gd16.7Fe83.3 and Gd11.3Tb3.7Fe85). In
the remainder of this chapter we will omit the subscripts for brevity, referring to the
samples as GdFe and GdTbFe.

The shape of the out-of-plane loop shows is to a high degree related to the evo-
lution of the microscopic domain structure in the films, which is the basis of the
success of Jagla’s model. Especially the one of GdFe shows the magnetization re-
versal for PMA-films with a stripe domain structure that can be explained with the
analytical description of Kooy and Enz [95–97].

For the in-plane loop, the Stoner-Wohlfahrt model of uniform rotation [5] was
used to deduce the uniaxial anisotropy constant Ku from the saturation magneti-
zation Ms and the in-plane saturation field Hcr as Ku = 1

2 μ0 Ms(Hcr −Ms). Using
the measured values for GdFe of Ms = 221 kA/m ∗ and Hcr=150 kA/m, we ob-
tain Ku = 2.1 · 104 J/m3 and a stray field energy constant Kd = 3.1 · 104 J/m3. The
out-of-plane coercivity Hc, which is the field necessary to push the magnetization
to zero after saturation, is very small for GdFe film (<1 kA/m). For films of a soft
magnetic material this normally indicates that it has a very low degree of disorder.

It is very clear that alloying GdFe with less than 4% of Tb introduces quite im-
portant changes in the magnetic properties. The higher thickness and Fe content
raises Ms to 320 kA/m and the strong crystal field coupling of Tb increases Hcr to
1000 kA/m. This results in a Ku-value of 1.4 · 105 J/m3 that is roughly 7 times higher
than for GdFe and very close to the one obtained by Hansen et al. (1.34 · 105 J/m3)
[98]. The Kd-value has only about doubled to 6.5 · 104 J/m3, showing that the energy
contribution from the stray field is reduced with respect to the anisotropy. There is
a significant coercivity Hc of 18 kA/m. This is caused by the Tb-induced disorder
in the anisotropy that leads to a pinning of the domain walls to incidental high an-
isotropy sites and the higher perpendicular anisotropy in the film which makes it a
hard magnetic material.

The exchange stiffness constant A of GdFe is 1.4·10-12 J/m and based on the
composition-dependent exchange stiffness constants of TbFe and GdFe we estimate
it to be 1.2·10-12 J/m for GdTbFe [99]. The values for A, which are obtained from a
∗A/m is the SI unit of the magnetization M and of the magnetic field strength H. In the CGS system,

M has the unit G (1 kA/m=4π G) and H has the unit Oe (1 kA/m=4π Oe).
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mean-field approximation, and Ku are estimations within ∼20% as they depend on
various parameters that are very difficult to obtain precisely. It allows however an
estimation of the specific domain wall energy γm=4

√
AKu, the domain wall width

δ = π
√

A/Ku and the characteristic length l = γ/(2 Kd) that determines the mini-
mal thickness of the film where equilibrium domain patterns can be formed. Due to
the higher uniaxial anisotropy of GdTbFe, γm is higher and δ is much smaller than
for GdFe, 1.6·10-3 compared to 5.9·10-4 J/m2, and 26 compared to 9 nm respectively.
The characteristic length is 10 nm for GdFe and 12 nm for GdTbFe so the films are
thick enough to obtain an equilibrium domain pattern.

4.3 AFM / MFM: topology and domain structure

The topology and magnetic structure of the films were investigated with atomic and
magnetic force microscopy using a Nanoscope III produced by Digital Instruments.
Here we briefly explain the principles behind this technique.

The main component of an AFM/MFM is the cantilever that is suspended on one
side and has a tip that is coated with a magnetic material on the other. In case the tip
is brought to a distance of several tens of nanometers above the magnetic film sur-
face, the tip will start to interact with the magnetic stray field of the magnetic film.
The interaction of the magnetic surface with the tip can be mapped by scanning the
sample under the tip. This is done by a piezo tube that allows sub-Å resolution in
three dimensions. The tip-sample interaction is measured by the effect of the sam-
ple on the cantilever. Our magnetic force microscope was used in tapping mode. In
this mode the cantilever is oscillating very close to its resonance frequency, typically
∼100 kHz. The tip-sample interaction is measured as a change of the cantilever fre-
quency which can be probed by a position-sensitive detection of a laser beam that is
deflected from the cantilever. More specifically, we use the phase shifts of the can-
tilever oscillation as a signal which is directly proportional to the second derivative
of the vertical component of the stray field.

The topology of the sample can be obtained via AFM in an analogous way. The
main difference with MFM is that the tip is brought closer to the surface −at a dis-
tance of only several nanometers− where the electron repulsion and capillary forces
dominate. In an MFM measurement the tip is lifted to several tens of nanometers
above the sample, where the magnetic and electrostatic forces are dominant. The
spatial resolution of the technique is for a great extent determined by this tip-sample
distance. Whereas AFM can reach atomic resolution, the maximum conceivable res-
olution for MFM lies around 10 nm. To reduce the influence of the topology in an
MFM measurement, one usually measures an AFM line scan prior to the MFM line
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Figure 4.3: Magnetic force microscopy images in high perpendicular field of GdTbFe. The images have
opposite contrast which arises from a sudden switch of the magnetization in the magnetic tip, due to the
applied field.

scan. In this way the piezo tube can keep the tip-sample height constant during the
MFM line scan by closely following the topology as measured with AFM.

Magnetic force microscopy is a relatively easy technique to measure the magnetic
domain structures at zero field. It is, however, not very suitable to image domain
structures in an in situ applied field due to the interaction of the field with the tip and
the huge tip-sample interaction effects that follow from it [100]. The magnetic field
can even flip the magnetization of the tip coating, resulting in a reversed contrast
as can be seen in Fig. 4.3. As we will show in this section, it is nevertheless feasible
to acquire qualitative results [101–103, 89, 90], by making use of a commercial low
moment tip to minimize the tip-sample interactions [103].

The in situ perpendicular magnetic fields were generated by large water-cooled
Helmholtz coils that were placed over the MFM head. The local field under the tip
was found to be roughly three times higher than the one generated by the Helmholtz
coils, as the low moment tip works as a powerful microscopic pole piece. The mag-
netic fields reported in this chapter are therefore estimations of this local field and
have to be considered with an error within∼25%. These fields were obtained via the
magnetization loops by an estimation of the magnetization in the MFM images.

4.3.1 Magnetic domain structure of pristine films

Fig. 4.4(a) shows an MFM image of the GdFe sample. In this case, the competition
between the stray field energy, which favors domain formation, and the domain wall
energy leads to a self organization of the magnetization in a well-defined stripe pat-
tern resembling a fingerprint. The domain width of about 100 nm at low fields can
be accurately predicted by the theory of Kooy and Enz [95]. In such a system pinning
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Figure 4.4: Magnetic domain structure at zero field (remanence) (a) and (d) and the corresponding square
of the absolute value of the complex Fast Fourier Transform (b) and (e) of pristine Gd16.7Fe83.3 (top panels)
and Gd11.3Tb3.7Fe85 (bottom panels). The azimuthal integrations of the images displayed in (b) and (e)
are plotted in (c) and (f) from which the average domain period and the distribution can be obtained. The
dotted line is a fit to a Lorentzian. The insets in (b) and (e) gives the q-scale, in which the color corresponds
to the value given in the color bar. The insets in (c) and (f) show the perpendicular domain patterns
obtained by Jagla’s random anisotropy model (taken from Ref. [93]) The disorder in the anisotropy is
increased for (f) with respect to (c) and the stray field is decreased.
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plays a small role and the hysteresis curve has a shape that is governed by the long
range interactions between domains (topological hysteresis). For details, the reader is
referred to the theses of Peters [104] and Miguel [91]. In contrast to the well-defined
stripe domains of GdFe, the magnetic domains of GdTbFe shown in Fig. 4.4(d) dis-
play a huge degree of disorder. This is due to the strong crystal field interaction and
the random anisotropy of Tb which leads to a random pinning of domain walls. In-
deed, our experimental magnetic domain structures show a striking resemblance to
the ones obtained by Jagla’s model for small and high anisotropy disorder (insets
Figs. 4.4(c) and 4.4(f)).

Although the domain size is very badly defined for GdTbFe, its average width
is clearly larger than the stripe width of GdFe. This average domain width together
with the domain width distribution can be conveniently extracted from the plots in
Figs. 4.4(c) and 4.4(f). These show the azimuthal integrations of Figs. 4.4(b) and 4.4(e)
against wave vector q, that display the square of the absolute value of the complex
Fast Fourier Transform of the MFM-images of GdFe and GdTbFe (Figs. 4.4(a) and
4.4(d)). In fact the images in Figs. 4.4(b) and 4.4(e) would tally with the diffrac-
tion pattern that would be obtained if this part of the film would be illuminated
in a coherent transmission magnetic scattering experiment. From the center of the
Lorentzian fit to the azimuthal integration at q=4.57 μm in Fig. 4.4(c) and at q=1.32 μm
in Fig. 4.4(f), the average domain period - i.e. the width of one up and one down do-
main - in the film can be obtained [105]. It has to be mentioned that this is based
on a simple model which gives only accurate results for well-defined structures like
GdFe and in more disordered films tend to overestimate the true domain size [106].
Assuming an equal width for the up and down domains in this zero field case, we
find an average domain size of 109 nm for GdFe and 379 nm for GdTbFe. The reason
for the broader domains in GdTbFe is the lower stray field energy contribution with
respect to the uniaxial anisotropy energy, which is expressed in the Ku/Kd ratio. The
larger size distribution in the domain width of GdTbFe can be immediately seen in
the broader Lorentzian peak shape.

4.3.2 Film topology effects induced by FIB

Focused ion beams can change the topology of a film by sputtering off ions and
via a swelling of the surface caused by the implantation of ions. The extent of these
effects depends on different technical parameters, such as the energy of the ion beam,
sample composition and ion fluence. We investigated the effect of the latter on a
GdFe film with AFM.

For films patterned with the lowest fluences (1·1014 and 3·1014 ions/cm2), no
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Figure 4.5: Topology of patterned GdFe (s=200 nm, f =3·1015 ions/cm2) as measured with atomic force
microscopy. The line section plotted on the right is over the line between the two arrows.

changes in the film surface could be observed. For slightly higher fluence, how-
ever, the anisotropy dots show up as small Gaussian shaped-indentations which for
f =3·1015 ions/cm2 have a depth of 3 nm and a full-width at half depth of ∼50 nm as
can be seen in Fig. 4.5. These values agree reasonably well with the predicted sputter-
ing yield of 5.3 atoms/ion as was obtained from TRIM calculations. From the height
profile in Fig. 4.5 we can conclude that for these fluences, the indentation depth is
still comparable to the 2-nm sample roughness and that the anisotropy-patterning is
almost non-destructive, leaving the film below the capping layer intact. The white
dots in the AFM image, that are also visible on pristine areas, are probably due to
Al2O3 grains in the Al capping layer that dominate the sample roughness.

Instead of indentations, up to 8 nm high protrusions appeared at even higher flu-
ences of 1·1016 and 3·1016 ions/cm2 (Fig. 4.6). These protrusions appear due to a
swelling of the surface which is a common phenomenon in focused ion beam pat-
terning [107, 108]. Initially, there is a accumulation of defects and damage which
leads to a decreased density at the dots. The higher density material surrounding the
dot exerts a pressure on the dot material which leads to a volume expansion toward
the surface. The ion fluence dependency of the swelling process has been studied
for MgO for instance, where a maximum swelling of 6 nm was found to appear at
5·1016 Ga+ ions/cm2 [108], i.e. in the same range as our results.

At the highest fluence of 1·1017 ions/cm2, ion milling becomes dominant over the
swelling process and there appear holes in the film with a depth of approximately
7 nm. The protrusions are seen to have aggregated to 200-500 nm sized blobs that
lie on top of the dot lattice (Fig. 4.7). Although this section deals with the topology
of the film, it is instructive to show here also the perpendicular domain structure
in this pattern. Although the PMA is highly reduced and the domains are only just
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Figure 4.6: Three-dimensional rendering of a 1.5× 1.5 μm2 wide AFM-scan of patterned GdFe (s=200 nm,
f =3·1016 ions/cm2). The protrusions are approximately 8 nm in height.

Figure 4.7: AFM and MFM image of GdFe in which the bottom left region is patterned with the highest
fluence of 1·1017 ions/cm2. The inset shows the area indicated with a white box. For this fluence the
topology change becomes significant and 7 nm deep holes appear. The magnetic contrast in the patterned
region is highly reduced compared to the pristine area.
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visible compared to the domains in the pristine area, it shows that the stripe system
is surprisingly stable and that for all ion fluences the dot lattice is unable to disrupt
the long-range stray field interactions that are responsible for stripe formation.

These AFM scans, in which the effect of the ion fluence on the surface is inves-
tigated, were performed on samples patterned at DUT. Having been created with a
newer machine capable of focusing the ion beam down to 10 nm, these patterns are
seen to be of better quality and resolution than the ones created at MESA+ where
the quality of the dot lattices is very position dependent. Here the dots have sizes
that range from 70 to 100 nm giving an estimated ion beam focus of 30-50 nm. Un-
less stated otherwise, the dot-patterned films that are shown in the remainder of this
chapter were created in MESA+. Although the characteristics of the dots patterned at
MESA+ and DUT were different, the overall effect of the patterning on the magnetic
domain structure was very similar for equivalent dot-spacing and ion fluence.

4.3.3 Domain structure of patterned GdFe

As can be seen in Fig. 4.8, the FIB patterning changes the intrinsic labyrinthine do-
main patterns of GdFe substantially. For this film the interdot spacings s=150, 200
and 250 nm were chosen to be close to the intrinsic domain period of 219 nm. As is
clearly visible in the patterned areas the stripe domains lock in to the dot lattice in
a way that depends on the interdot spacing s and the FIB writing direction. As we
will see later, this lock-in is caused by a pinning of the domain walls by the dots.
For s=150 nm, the domains lock in diagonally at an angle of 45◦ with respect to the
lattice, clearly because the diagonal spacing between the dots (

√
2× 150 nm) closely

matches the intrinsic domain period. An even better alignment occurs for s=200 nm,
obviously because this spacing is very close to the intrinsic domain period of aligned
stripes. A highly ordered quasi-one dimensional grating is observed, that only at im-
perfections of the dot pattern, especially where the spacing is larger than the nominal
200 nm, exhibits some wiggles and occasional domain branchings and truncations.
Also the slip in the dot pattern is followed perfectly by the domains, showing the
robustness of the lock in. The alignment of this lattice is along the writing direction
of the FIB and must be due to the structural anisotropy of the dot lattice as was dis-
cussed in Section 4.1. Finally, for s=250 nm, again the domains lock in along the writ-
ing direction albeit in a strongly wiggling fashion. The domains undergo a so-called
buckling instability [109, 110], that is triggered by the mismatch of the actual width
of the dot pattern and the equilibrium widths of the domains. This lock-in behavior
is identical for the three ion fluences used ( f =1·1015, 2·1015 and 5·1015 ions/cm2).
At the pristine areas, the magnetic domains exhibit the familiar labyrinthine pattern,
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Figure 4.8: The topology of patterned Gd16.7Fe83.3 (top panels) and the corresponding magnetic domain
structure in the remanent state after out-of-plane saturation (bottom panels) showing the dependence of
the indicated interdot spacing (s=150 nm, 200 nm and 250 nm) to the lock in. The films with s=150 and
200 nm are patterned at MESA+ with f =5·1015 ions/cm2 and the one with s=250 is patterned at DUT with
f =3·1016 ions/cm2. The right sides of the scans in (b), (c), (e), and (f) are pristine areas. The white arrows
indicate the writing direction of the FIB. The black arrow in (b) indicates the position of a slip in the dot
lattice, that is due to an imperfection in the FIB-writing.

although the stripe orientation in the pristine region next to the s=250 nm-pattern
is initially still heavily influenced by the orientation at the dot pattern before it be-
comes completely random (Fig. 4.8(f)). Note also the blob in the bottom left corner of
Fig. 4.8(c) that lies in the middle of a region of indentations, whereas the rest of the
pattern still exists of protrusions. This phenomenon has been frequently observed
and indicates that the aggregation of protrusions occurs in a one-step process.

Fig. 4.9 shows another MFM image of the lattice with s=250 nm, in which about
halfway through the scan a local perpendicular field of 25 kA/m was generated. The
sample exhibits the typical Kooy and Enz [95] behavior for stripe systems, where
under influence of the Zeeman energy, the width of the up stripe domains readily
increases, whereas that of the down domains slightly decreases which results in an
overall increase of the domain period. This behavior will be discussed in more detail
in the next chapter in which we present the complete reversal of pristine GdFe im-
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Figure 4.9: Magnetic domain structure of Gd16.7Fe83.3 at the edge of a patterned region (left part of the
image, s=250, f =5·1015 ions/cm2). An in situ perpendicular magnetic field of 25 kA/m is switched about
halfway through the scan (lower part of the image). The upper part of the image shows the remanent state.
Down domains are displayed in light grey.

               s                    s    

Figure 4.10: MFM images of patterned Gd16.7Fe83.3 with overlay of dots in white extracted from the corre-
sponding AFM image. At remanence (s=150 nm) the dots pin the domain walls (a) whereas in a 25-kA/m
perpendicular field (s=250 nm) the down domains are positioned at the dots (b).
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Figure 4.11: Atomic force microscopy (a) and corresponding magnetic force microscopy scan (b) of an ani-
sotropy dot lattice in Gd11.3Tb3.7Fe85 in the remanent state (9×9 μm2 scan, s=200 nm, f =1·1015 ions/cm2).
Insets show the areas indicated by a white box magnified by a factor 2.

aged with XRM. After switching on the field, the domain period in the pristine area
instantly increases to ∼250 nm, which allows the initially wiggling lock-in patterns
to align themselves to the lattice. By overlaying the AFM and MFM images (Fig. 4.10)
we find that at remanence the domain walls are pinned at the dots (Fig. 4.10(a)),
whereas in an applied fields the narrow down domains position themselves on the
dots (Fig. 4.10(b)). At remanence, the pinning of the domain walls is most probably
caused by the lower specific domain wall energy γm=4

√
AKu as Ku is reduced at

the dots. In a magnetic field, apparently the reduction in Zeeman energy becomes
dominant compared to the reduction in domain wall energy. As will be shown later,
the magnetic moments at the patterned regions can cant away easily from the per-
pendicular direction, especially if a moderate perpendicular field is applied in the
opposite direction. Thus, the reduced Ku at the dots also leads to a lower magnetiza-
tion M and hence to a smaller Zeeman energy contribution − ∫

Hext ·MdV for the
down domains.

For magnetic fields higher than 25 kA/m, the tip caused a severe domain wall
motion and even complete erasure of the stripe domains in GdFe.

4.3.4 Domain structure of patterned GdTbFe

In stark contrast to the much softer GdFe system, the native disordered domain struc-
ture in GdTbFe is hardly perturbed by the patterning (Fig. 4.11). This indicates that
the pinning at high-anisotropy sites prevails the domain wall energy reduction pos-
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Figure 4.12: Magnetic force microscopy images showing the magnetic domain structures of patterned
Gd11.3Tb3.7Fe85 in in situ perpendicular fields (20×20 μm2 scan, s=400 nm, f =5·1015 ions/cm2). The mag-
netic domain structure displays an irregular structure at remanence after out-of-plane saturation (a), a
wormlike structure at 50 kA/m (b) and bubble domains positioned on the dots at 100 kA/m (c) in which
the inset shows the area in the white box magnified by a factor 3. The considerable tip-induced field can be
seen from the 20×20 μm2 scan after measuring several 10×10 μm2 scans at 100 kA/m (d). Down domains
are imaged in light grey.
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Figure 4.13: AFM (a) and corresponding MFM scan (b) of an anisotropy dot lattice in Gd11.3Tb3.7Fe85 in
an in situ perpendicular field of 90 kA/m (5×5 μm2 scan, s=400 nm, f =5·1015 ions/cm2).

sible by domain alignment. The effectiveness of the dot pattern to align the domains
is further reduced because the average domain size is larger than the interdot spac-
ing. Yet, the dot pattern is visible on top of the original domain structure both in the
up and down domains as ∼70 nm diameter areas in which the perpendicular mag-
netization component is reduced compared to that of the surrounding domain. The
dots have smooth edges and there exists a gradual transition to the pristine areas in
between dots as a result of the Gaussian ion beam profile and the collision effects.

The higher domain wall energy of GdTbFe with respect to GdFe leads to a higher
domain wall stiffness which make the domains less sensitive to the stray field of the
tip. For this reason the MFM measurements could be performed in much larger fields
for GdTbFe up to 100 kA/m. As can be seen in Fig. 4.12(b), the complete randomness
of the domain structure disappears at 50 kA/m where the up domains have grown
by domain wall motion and the width of the down domains have shrunk to ∼300
nm [95, 12]. Just like was found for GdFe, the down domains have a preference to
be positioned on the dots which leads to a slight alignment to the dot lattice. When
the field is increased to 100 kA/m the wormlike down domains break up in bubble
domains that now are positioned on the dots (Fig. 4.12(c) and 4.12(c)). This result is
even more obvious in Fig. 4.13, where we compare the topology and magnetic struc-
ture of a patterned area at 90 kA/m. Though the tip-induced motion and erasure of
domains is quite strong at these high fields and clearly visible in these MFM images,
the qualitative result is well resolved.

Another interesting example of the interaction between the tip and the sample can
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be observed in Fig. 4.12(d). Prior to this image the tip was scanned over the sample at
a 10×10 μm2 area. When zoomed out to a scan size of 20×20 μm2, the different do-
main structure of the former area is easily visible. It takes one extra 20×20 μm2 scan
for the domain structure to become equivalent to the one observed in the 10×10 μm2

scan region.

The study presented in this chapter shows that MFM can be very well used to
obtain the remanent domain structures at high contrast. In addition, one obtains the
sample topology with AFM which allows one to investigate the relation between
sample roughness and domain disorder. For instance one can combine the AFM and
MFM scans in order to relate the structural features to magnetic domain pinning
events as was performed in this chapter.

Although MFM can also be performed in moderate external fields, in particular
the results in the last section demonstrate that due to substantial tip effects, we have
to be very careful in interpreting the obtained domain structures.

In order to overcome these limitations, we turn in the next chapter to resonant
x-ray microscopy that as a photon-in photon-out technique is insensitive to external
magnetic fields.
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X-RAY RESONANT MICROSCOPY

Magnetic domains with a size of 100-1000 nm cannot be efficiently studied with vis-
ible light microscopy since its resolution is limited to about half the wavelength of
the light (λ=∼400-700 nm). A logical solution to nevertheless image such small do-
mains is to use shorter wavelengths and employ x-ray resonant microscopy. This
synchrotron-based technique is starting to reach maturity and at present is able to
measure objects with a spatial resolution down to about 15 nm. Since this photon
in-photon out technique is particularly powerful in imaging magnetic domains in an
applied magnetic field, we used it here to study the magnetization reversal of films
where we focus on the domain nucleation process.

In the experimental section of this chapter we describe the focussing of the x-rays
using Fresnel zone plates, the setup of the x-ray microscope and the experimental
conditions during measurement. In the result section, we firstly present the evolu-
tions of the domain structure during a complete magnetization reversal for two pris-
tine GdFe films. Gd16.7Fe83.3 shows the typical magnetization reversal by domain
wall motion, whereas Gd14.6Fe85.4 exhibits a nucleation-dominated reversal mecha-
nism. For Gd16.7Fe83.3 we show how the nucleation at the anisotropy patterns lies at
the basis of the aligned stripe patterns observed in the previous chapter. In addition,
the nucleation process in this film is seen to be influenced by the x-ray beam. Finally
we investigate the reversal mechanism of patterned Gd12.5Tb2.5Fe85 and its magnetic
viscosity effects.
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5.1 Experimental

5.1.1 Focussing of X-rays

As the real part of the refractive index is slightly less than unity in the x-ray range,
focussing of the x-ray beam has traditionally been performed using mirrors under
grazing incidence in so called Kirkpatrick-Baez mirror systems [111, 112]. These,
however, cannot be made at sufficiently high quality to enable XRM. In the last
decade, compound refractive lenses have been developed [113] that consist of a stack
of concave or biconcave lenses that can focus the beam in one plane. Yet, also these
are not suitable for XRM, because absorption limits the use of these lenses to hard
x-rays with photon energies above 5 keV, whereas the important absorption edges of
the TM and RE used in XRM are located in the soft x-ray region (0.2-5 keV). For this
reason, Fresnel zone plates are used in XRM to focus the photon beam.

In its simplest form, a Fresnel zone plate consists of a circular diffraction grating of
alternating opaque and transparent rings; the zones. These zones all have the same
area which means that as the radii of the zones increase, their widths decrease. It
is in fact the width of the outermost zone Δr that determines the spatial resolution
ρ = 2k1Δr of the x-ray microscope with k1 being an experimental constant of order
unity. This width is at present limited by the resolution of lithographic techniques
used to fabricate the zone plates to about 15 nm.

Light impinging on the zone plate will interfere constructively at focal points with
order o, with the condition that o is odd. The first order diffraction focal length, as is
used in the x-ray microscope, is determined by Δr, the number of zones N and the
wavelength λ [114]:

f � 4N(Δr)2

λ
(5.1)

The theoretical diffraction efficiency of the zone plate at the odd order focal point is
given by 1/o2π2 which is about 10% for o=1 although for hard x-rays, the efficiency
can be boosted to 55% via the use of multilevel zone plates [115].

5.1.2 Setup

The experiment was performed on the soft x-ray transmission microscope XM-1 at
the Advanced Light Source (ALS) in Berkeley, California [116, 117] which, for mag-
netic domain structures, has currently the highest spatial resolution in the world. Its
experimental setup is sketched in Fig. 5.1.

The x-rays are first deflected from a nickel-coated plane mirror with a cut-off en-
ergy of about 800 eV that acts as a low-pass filter for contaminating bremsstrahlung.
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Figure 5.1: Sketch of the x-ray resonant microscope XM-1 at the Advanced Light Source (adapted from
Ref. [116]). The photo shows the environment of the sample which is positioned in a small air gap of about
1 mm. The pole pieces that surround the sample during measurement are dismounted here.

The x-ray beam is then focused with the so-called condenser zone plate through a
pinhole onto the sample. Due to the wavelength dependence of the focussing length,
the condenser zone plate and the pinhole act together as a linear monochromator
with a resolving power λ/Δλ � 500. As the zero-order light is not focused, it is not
monochromated and therefore it is blocked by a beam stop which results then in
a hollow cone of x-rays illuminating the film. By shifting the condenser zone plate
along the optical axis, a photon energy can be selected between 200 and 1800 eV.
In this energy region, all the TM L2,3 absorption edges and the RE M4,5 absorp-
tion edges are located that give the highest magnetic contrast. The sample is placed
just after the pinhole in an air gap of about 1 mm as can be seen in the photo in
Fig. 5.1. Except for this path at the sample position, the whole x-ray beam path is
in vacuum. During measurement, the sample is surrounded by two pole pieces that
together can generate a magnetic field perpendicular to the film surface of up to to
240 kA/m. The x-rays transmitted through the sample are then focused by a sec-
ond Fresnel zone plate, a 45 μm-sized micro zone plate that acts as an objective lens.
The outermost zone width Δr of the micro zone plate used in the experiment was
typically 25 nm [118], which with a k1 of 0.4 [117] leads to a theoretical spatial res-
olution of 20 nm. Some measurements have been performed with a state of the art
micro zone plate with Δr=15 nm which has been shown to resolve <15.1 nm spaced
lines in a grid [119]. The photons are detected by a liquid nitrogen-cooled soft x-ray
CCD detector with 1024×1024 pixels that has a quantum efficiency of about 65%.
This detector can be shifted upstream to increase the magnification or downstream
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Figure 5.2: Remanent domain structure of a 40-nm thin pristine Gd16.7Fe83.3 film as measured with the
x-ray microscope (Δr=25 nm). Full view (left) with red is high intensity and blue is low intensity and a
zoom of the area indicated with a box (center). The plot (right) shows the cut over the line between the
two blue arrows in the centered panel. Here the raw data of the CCD image are shown and no flattening
procedure has been performed.

to increase the field of view.
As mentioned in the previous chapter, the samples were grown on ultrathin SiN

windows with a transmission of about ∼90%. The overall transmission of the films
was about 40% at the Fe L3 resonance. The contrast between magnetic domains with
a different magnetization direction is obtained via the x-ray magnetic circular dichro-
ism (XMCD). The XMCD leads to a transmission that depends on the magnetization
direction T± = e−dμ± . As was described in Section 1.6, the XMCD signal is propor-
tional to the projection of the local magnetic moment direction on the polarization
direction of the light. This means that the magnetic contrast between up and down
domains is maximum for our PMA-films with the beam perpendicular to the surface.
In this study we focused on the out-of-plane magnetic domain structure although by
tilting the sample, one can in principle also obtain magnetic contrast between in-
plane domains or observe domain walls in perpendicular domain structures.

The required circularly polarized x-rays are on this beamline provided by a dipole
bending magnet. Although the x-ray beam emitted by this bending magnet is linearly
polarized in the plane of the electron beam orbit, above and below this plane the
beam is elliptical polarized (i.e. a mix of linearly and circularly polarized x-rays) with
a reversed helicity with respect to each other. The degree of circular polarization, that
can be as high as 60% in perfect conditions, can be selected by a 5 mm wide aperture
that blocks the upper or lower part of the x-ray beam.

5.1.3 Experimental conditions

It is very critical that the optical axis of the x-ray microscope is aligned with the
optical axis of the x-ray beam. Unfortunately this was not the case during our ex-
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periment. As our experiment was performed immediately after a shutdown of the
ALS, the misalignment was probably caused by a change of position of the electron
beam in the storage ring with respect to the last runs before the shut down. Because
the alignment optimization of the x-ray microscope is a very lengthy procedure, we
had to work under substandard experimental conditions. The result was that con-
taminating stray light reached our sample which reduces the contrast in the CCD
image. In addition, as we will present later in this chapter, it might have influenced
the magnetization reversal of our films.

After the photon energy was tuned to the Fe L3 edge, we imaged the magnetic
domain structure in the thin films at several magnetization reversal stages. One of
the better quality images showing the remanent domain structure of a pristine 40-nm
thin Gd16.7Fe83.3 film, is displayed in Fig. 5.2 as an example. This image was obtained
within 21 seconds, which is about 20-40 times faster than a typical high-resolution
MFM scan. The circular image arises from the 20 μm pinhole just before the sample
that determined the maximum field of view in the experiment. Although the XMCD-
contrast can be several tens of percent at the L3 edge for pure Fe, the contrast in
the image is unavoidably reduced. Depending on position, it varies between 0 and
10% as a result of the limited energy resolution, the fractional circular polarization,
the fractional Fe content and occasional imperfections in the micro zone plate. In
addition one can see a bright intensity spot in the center and much darker regions
closer to the side of the image. Although this inhomogeneous distribution of the
intensity could be reduced by a rapid rotation of the condenser zone plate, it could
never really be avoided. Although in this figure the raw CCD data is shown, we
applied for most other figures a simple intensity flattening to improve the visibility
of the domain structure. This flattening procedure involved the division of each pixel
value by the average pixel value of a 30-pixel wide surrounding box.

5.2 Results

5.2.1 Magnetization reversal in pristine GdFe films

In Fig. 5.3, we present the evolution of the magnetic domain pattern during a com-
plete magnetization reversal of the pristine Gd16.7Fe83.3 film, whose out-of-plane
hysteresis loop was discussed in Section 4.2.

The upper left image shows that the magnetization is completely saturated in the
field direction at the highest magnetic field, where the only contrast stems from a
small hole in the film. When the field is reduced to 68 kA/m, the first 50-100 nm-
sized bubble domains are nucleated which are probably pinned to defects as they
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Figure 5.3: The magnetic domain structure of pristine Gd16.7Fe83.3 measured with XRM (Δr=25 nm) at
different stages of magnetization reversal. The images were acquired at the indicated perpendicular mag-
netic field. The hysteresis curve of this film is shown in Fig. 4.2. The white circles indicate the position of
two bubble domains that are very stable during reversal and the arrow points toward a small hole in the
sample.
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tend to be very stable during reversal (see for instance the ones surrounded by a
white circle). Just below the macroscopic nucleation point at 64 kA/m, a few nucle-
ation centers appear at random positions which instantly elongate to stripe domains
in a process that is known as strip-out [120]. This random appearance of nucleation
centers and chaotic propagation of domains lead to a labyrinthine pattern around
remanence, where the domain width of reversed and unreversed domains are about
equal and the magnetization is close to zero. At small negative fields down to about
-65 kA/m, the reversed domains increase their width whereas the unreversed do-
mains slightly decrease theirs which results in a slow increase of the domain period
with field as described by Kooy and Enz [104, 91]. This domain period increases
rapidly at higher negative fields in which the unreversed domains do not reduce
their width to zero but instead start to contract until they finally end up in the bub-
ble domain state. At high field, bubbles are more stable than stripes because their
circular domain walls are more efficient in reducing the stray field energy close to
saturation [11]. At lower field, the high domain wall energy causes the stripe domain
to be the more stable one. In intermediate fields, between -75 kA/m and -103 kA/m
there is a coexistence of unreversed bubble domains and contracting stripe domains
in the generally reversed film. At -103 kA/m nearly all unreversed domains have be-
come bubbles that collapse at higher negative fields until a uniform magnetization
is established.

Such a magnetization reversal driven by domain wall motion in which stripe do-
mains nucleate, propagate and eventually annihilate is very well-known and qualita-
tively this behavior is well understood [11]. Fig. 5.3 exemplifies the power of XRM to
follow the evolution of the domain structure over the complete magnetization rever-
sals at high spatial resolution. The reversal mechanism of domain wall motion was
first systematically studied by Kooy and Enz [95], who followed the perpendicular
field evolution of the stripe domain structure in a barium ferrite film with MOKE mi-
croscopy. In the low field regime where the period evolves slowly, they were also able
to describe the evolution of the up and down stripe widths in a theoretical model.
It was found that the theoretical magnetization curves that were obtained by their
model agreed well with their experimental data. This model was later extended to
higher fields by Cape and Lehman [96] who also included the bubble domain state
in their model. Recently, the more versatile Monte-Carlo model by Jagla [12, 92, 93]
is able to predict the magnetization loops and domain structures in a much larger
phase space. This model can describe stripe, bubble and polygonal domains and is
also able to include disorder via a randomness in the anisotropy, bond, coercivity or
field [92, 93].

Many features of the out-of-plane hysteresis loop in Section 4.2 can be explained
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by the microscopic evolution of the magnetic domain structure presented here [104].
For instance, the very steep rise of magnetization after nucleation is due to the rapid
propagation of the magnetic domains by domain wall motion [96, 92]. This sharp
nucleation point is another signature that the pristine samples are of high quality and
have only a small degree of disorder. If a stronger disorder was present in the sample,
the film would have been shifted from region II to region III of Jagla’s phase diagram
shown in Fig. 3.1(a). In such a case, the domain walls would have been pinned by
defects and a further decrease of the field would be required for the domains to
propagate [92]. Except for a reversed contrast, the microscopic stripe patterns in the
low field Kooy and Enz regime are very similar for low positive and low negative
field. This is not the case for the higher positive and negative field, in which the
latter shows the presence of bubbles. In the hysteresis loop, one can see that at low
field the up and down curves overlap but, the dissimilar structures at the higher
field lead to an open region in the hysteresis loop just before saturation [96, 92]. This
behavior places this sample at the top left corner of Jagla’s phase diagram.

The magnetization reversal of another GdFe film tracked using XRM is shown in
Fig. 5.4(a). This Gd14.6Fe85.4 film has a higher saturation magnetization with respect
to the previous Gd16.7Fe83.3 film because of its higher Fe content. Therefore the stray
field contribution is higher in this film which explains the smaller width of the do-
mains (74 nm at remanence) and the higher stability of the bubble domains. From
an extrapolation of the phase diagram in Fig. 3.1(a) one can see that this film is po-
sitioned in phase region III. The phase diagram is given for J/A0 < 2.1 where the
magnetization curves show a hysteresis. The predicted absence of hysteresis and the
absence of a well-defined nucleation field agrees well with our experimental magne-
tization loop of this film that is given in Fig. 3.1(b).

Thus, in this Fe-richer film, instead of the typical magnetization reversal by do-
main wall motion, we observe nucleation events to dominate the magnetization re-
versal mechanism. Starting from a dense bubble structure at 123 kA/m, the bubbles
start to coalesce with neighboring bubbles at 99 kA/m and form a stripe domain
structure. At negative field the stripes separate into a chain of bubbles with their
magnetization opposite to the initially nucleated bubbles. This leads once again to
a very dense bubble structure which is very similar to the one observed just after
nucleation.

This nucleation-dominated reversal mechanism via a conversion from bubbles to
stripes was also found theoretically by Jagla [12]. The domain patterns obtained by
his model displayed in Fig. 5.4(b) have a striking similarity to our experimental do-
main patterns shown in Fig. 5.4(a). Important difference is that the experimental
domain patterns show a strong anisotropy in the orientation of the stripe domains
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Figure 5.4: The magnetic domain structure of pristine 40-nm thin Gd14.6Fe85.4 at different stages of the
nucleation-dominated magnetization reversal (a) and theoretical domain structure taken from [12] (b) in
which h is an external control parameter corresponding to the magnetic field.

which is an artefact caused by a small but significant in-plane component of the
perpendicular magnetic field. Although very pronounced in this specific case, such
anisotropy in the stripe orientation can also be observed in some of the other cases.

5.2.2 Beam-induced effects

After prolonged illumination at the same sample spot, we found that the x-ray beam
influences the reversal mechanism of the Gd16.7Fe83.3 film.

Fig. 5.3 showed a reversal from positive to negative saturation, that occurred via
domain wall motion, as is expected from the corresponding hysteresis loop. The do-
main structures just after nucleation and just before annihilation of this reversal are
also shown in Fig. 5.5(a) -labeled as NI and AI respectively- although now the region
of interest in the XRM image is slightly different. Immediately after this reversal, we
measured the magnetization reversal from negative to positive saturation. The do-
main structures at the same magnetization stages are also displayed and labeled as
NII and AII respectively.
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If the x-ray beam would have no effect on the magnetization reversal, then the
domain structures in the case of NI and AI would -except for a reversed contrast
and a different microscopic pattern- be identical to NII and AII. However, probably
as a result of a local heating by the x-ray beam this was not the case for this film,
as can be seen in Fig. 5.5(a). By a comparison of NII with the complete CCD image
displayed in Fig. 5.5(c), it is obvious that the domains nucleate at the brightest spot
in the illuminated sample area, and from there on propagate into the surrounding
regions via domain wall motion. Furthermore, the number of nucleation centers is
quite high compared to images NI. It is also clear that some of the nucleated domains
do not strip-out but instead remain in the bubble phase. In addition, in the high field
state before annihilation AII, the bubble phase is much denser compared to the one
in AI which indicates that the bubble domain state is stabilized in GdFe at higher
temperatures, a finding that agrees with a previous study [121].

Thus, these data illustrate that the heating of the film by the x-ray beam shifts the
reversal mechanism by domain wall motion in this film more toward the nucleation-
dominated reversal as was observed for Gd14.6Fe85.4. Not only do the microscopic
domain patterns look more similar to the Fe-richer film, also both the collapse field
of the bubbles and the nucleation field in the Gd16.7Fe83.3 film have shifted to higher
values as can be seen in Fig. 5.5(b) i.e. more toward the ones of Gd14.6Fe85.4.

These observations can be explained by Jagla’s phase diagram, in which the
Gd16.7Fe83.3 film is positioned in the upper part of phase region II. A softening of
the magnetic anisotropy, or a small increase in magnetization, however, would lift
the film into phase region III where also Gd14.6Fe85.4 is positioned. So the position
of the film in the phase diagram increases the film’s susceptibility for beam heating
effects, which are, in general, rare in these kinds of XRM studies.

Although it plays an especially important role in this particular film, beam-effects
can probably be significant in other soft magnetic materials too. At this stage, we
cannot exclude that stray light has contributed to the observed effects and might
even have caused a partial annealing and crystallization of the amorphous structure
of the films. Once we became aware of beam induced effects, we regularly changed
the sample position and lowered the number of CCD acquisitions during a complete
magnetization reversal in order to ameliorate the problem as far as possible.

Yet, the fact that we were, even under substandard conditions, able to obtain
highly valuable results on the high field magnetic domain structures at 25-nm res-
olution demonstrates the unique strength of XRM. Under normal conditions, stray
light would disappear and one would obtain images with a higher contrast which
allows a reduction in exposure times.
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Figure 5.5: (a) Nucleation and annihilation processes of the same film as in Fig. 5.3. Initially, the sample
shows the domain structure that is expected for the experimental magnetization loop as is shown in (b)
that is typical for a magnetization reversal of domain wall motion (I). The second magnetization reversal is
highly influenced by the x-ray beam (II). The nucleation process occurs in the upper right corner where the
flux density is highest as can be seen in (c) that shows the complete illuminated region of the sample (no
flattening) with the blue box indicating the region of the images in (a). In addition, the bubble structure
that is observed just before annihilation is now much denser.
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Figure 5.6: The magnetic structure of Gd16.7Fe83.3 at the edge of a dot lattice close to nucleation (s=250 nm,
f =3·1015 ions/cm2) as measured with XRM (Δr=15 nm). The blue and orange boxes correspond to the
images in the bottom panels, that show the transition from bubble domains (left) to aligned stripe domains
(right) that are present on the dots. The low intensities, reflecting the bubble and stripe domains, are
surrounded by contour lines for clarity.

Figure 5.7: Domain structures of dot-patterned Gd16.7Fe83.3 film (s=250 nm, f =3·1015 ions/cm2) just after
domain nucleation and just before annihilation as measured with XRM. Both show a regular bubble struc-
ture, with opposite magnetization with respect to eachother. No intensity flattening has been performed.
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5.2.3 Magnetization reversal in patterned GdFe

From the magnetization reversals of the two pristine GdFe films we found that sub-
tle changes in composition or temperature can modify the reversal mechanism sub-
stantially. We will now turn to the influence of FIB-patterning on the magnetization
reversal in these films. To obtain an especially high resolution on the FIB patterns,
we replaced the micro zone plate with Δr=25 nm in the x-ray microscope to a micro
zone plate with Δr=15 nm .

Fig. 5.6 displays the nucleation process of FIB-patterned Gd16.7Fe83.3. The left
parts of the small images are pristine areas and the right parts are nanostructured
with a dot lattice (s=250 nm, f =3·1015 ions/cm2).

At a field of 240 kA/m i.e. far above the saturation field of the pristine sample,
the film is completely saturated and no traces of a pattern can be seen. This means
that the minor density or thickness modulations due to the patterning itself have no
effect on the contrast of the film. Moreover, we can conclude that the magnetization
in the saturated state is not reduced at the dot position with respect to the pristine
area. When the magnetic field is reduced to 92 kA/m and lower, the dot pattern
becomes visible, initially vaguely but at lower fields in an increasingly pronounced
manner. This means that the magnetization at the dot positions slowly reverses as
the field grows and that the nucleation at the dots occurs gradually. Because of the
reduced anisotropy at the dots, the magnetic moments that are opposite to the field
can easily cant away from the overall perpendicular easy axis which lowers the stray
field of the film.

Thus, in contrast to the sharp nucleation process seen in Fig 5.3 in the pristine film,
where the nucleation centers instantly strip-out, the very gradual nucleation process
now seen at the dots leads to a regular bubble domain phase at a field of 68 kA/m. In
the patterned film, the strip-out of the bubbles into the pristine area appears only at a
lower field (59 kA/m). This occurs mainly from the edges of the dot pattern although
also one domain is seen to nucleate in the pristine area, from which we can conclude
that the strip-out field is about the same as the pristine nucleation field. The bubbles
elongate along the FIB-writing direction and coalesce with their neighbors which
leads to the aligned stripe patterns as were observed in the MFM measurement. This
transition from bubbles to aligned stripes can be nicely observed in the zooms of the
images at 68 and 40 kA/m shown in the orange and blue boxes in Fig. 5.6.

The complete magnetization reversal of this patterned film is available online as a
movie, although at a different position of the dot pattern [74]. In this movie, one can
see how the stripe domains undergo frustration due to the mismatch between the
stripe period and the dot lattice spacing and how the stripes separate into bubbles
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in a late stage of the magnetization reversal process. As is clearly visible in Fig. 5.7,
the regular bubble state that arises after this domain separation is, except for the
reversed magnetization, identical to the one after nucleation.

At first sight it is surprising that the soft magnetic dots do not reduce the macro-
scopic nucleation field of the pristine regions between dots. The important activa-
tion barrier for magnetization reversal has shifted, however, from nucleation in the
pristine sample to domain wall propagation in the patterned areas. So the intrinsic
magnetization reversal of domain wall motion is in the patterned areas changed to
a nucleation-dominated reversal, in which the positions of nucleation can be con-
trolled at will. In addition, as the magnetization of the soft patterned regions can be
tuned with a magnetic field, the FIB patterning makes it possible to create magnetic
field patterns with a lateral resolution of tens of nanometers.

5.2.4 Magnetization reversal in patterned GdTbFe

We now turn to a 50-nm thin Gd12.5Tb2.5Fe85 film, which has a higher anisotropy
with respect to the GdFe films and a domain structure that is intrinsically more dis-
ordered. Now we jump straight to the discussion of the magnetization reversal in the
patterned areas since the reversal of the pristine film is, except for some details, very
similar.

This film is patterned with lines rather than dots, as can be clearly seen in the top
panels of Fig. 5.8. In this case we observe a reversal that is dominated by domain
wall motion similar to the one of GdFe, although the domain widths are quite dis-
ordered in this case. At 40 kA/m, a single domain is nucleated, propagates along
the line and branches into the pristine area. This domain is probably nucleated from
the line where the anisotropy is reduced, which is also the case for the domain that
nucleates at 30 kA/m. The chaotic propagation and branching of the domains leads
to a generally disordered labyrinthine domain structures although occasionally the
domains do follow the patterned lines.

At low field, the stripe widths of the down domains are reduced until they finally
break up and contract at high field in agreement with Kooy and Enz theory. The
domains do not form bubbles at high field but instantly annihilate after contraction.
This behavior differs from what we observed in the MFM measurements performed
on the Tb-richer Gd11.3Tb3.7Fe85, where we found bubble domains on top of dots at
high field. This effect might be explained by tip erasures at high field that induces
a separation of the stripes into bubbles that are stabilized by the dot positions. A
heating effect might contribute to the absence of bubbles as it has been found by
Labrune et al. [121] that the bubble phase, although stabilized in GdFe, is destabilized
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Figure 5.8: The magnetic domain structure of Gd12.5Tb2.5Fe85 patterned with lines at different stages of
magnetization reversal ( f =1.5·1015 ions/cm2). Images were taken with XRM at the indicated perpendic-
ular magnetic field.
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in GdTbFe at higher temperature. The reason for this difference lies in the stray field
contribution that is important in GdFe, but can be neglected in GdTbFe where the
domain wall energy is the dominant factor.

Except for the absence of bubbles, the reversal of Gd12.5Tb2.5Fe85 shows two other
important differences with respect to the reversal via domain wall motion observed
for Gd16.7Fe83.3. Firstly, domain branching was not present in Gd16.7Fe83.3, yet is very
pronounced in this film. This branching is also present in the pristine Gd12.5Tb2.5Fe85

film, but occurs in the patterned area from the lines. This is probably because the
energy necessary to deform the domain walls is reduced at the patterned lines. Sec-
ondly, we observe that once the domains have reversed, they stay in position because
of the high domain wall energy, this in contrast to the Gd16.7Fe83.3 reversal in which
domains can undergo a reorientation, a prerequisite for true Kooy and Enz behavior.

5.2.5 Magnetic viscosity in patterned GdTbFe

If a magnetic field is suddenly changed, it takes a certain time before the magnetiza-
tion stabilizes at a new value. This time dependence of the magnetization M can be
expressed as

M(t) = M(0) + S ln(t) (5.2)

where M(0) is the magnetization at t=0 and S is the magnetic viscosity [122–124].
This magnetic viscosity is caused by the thermal activation of magnetic domain wall
motion over activation energy barriers [125] and is of importance, for instance in
magnetic storage media for long term stability of bits [126].

At a dot lattice on the Gd12.5Tb2.5Fe85 film, i.e. the same film as the one in the pre-
vious section, we directly visualized the microscopic origin of the magnetic viscosity.
Although this magnetic viscosity is also present in GdFe, the time scales in which the
magnetization settles to its new value is too short for us to measure with XRM. How-
ever due to the random anisotropy of Tb and its high coupling to the crystal field the
magnetic viscosity is much higher in GdTbFe [127].

Fig. 5.9 shows six frames in which the domain structure of dot-patterned GdTbFe
is displayed. These six images were acquired with an exposure time of 12 seconds
after the field was suddenly reduced from 240 kA/m to 30 kA/m. Only one new
branch occurs during the first exposure in the pristine region on the right, as is be-
trayed by the reduced contrast with respect to the almost instantly nucleated domain.
In the patterned region we observe several new branches that emerge up to tens of
seconds after the magnetic field is initially reduced. Just like was observed at the
line patterns, also in this case the branching of the domains tends to take place at the
patterned features, here the dots.
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Figure 5.9: Magnetic viscosity effects in Gd12.5Tb2.5Fe85 at the edge of a dot-pattern ( f =3·1015 ions/cm2,
s=200 nm along horizontal and increasing from 200 to 450 nm along vertical direction). The six images
(top panels) with each an exposure time of 12 seconds were subsequently taken after the field was reduced
from 240 kA/m to 30 kA/m. The arrows indicate new branches that appeared during acquisition. The
larger image (bottom panel) is an average of the six smaller images and clearly shows the dot lattice.
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There is a large distribution of the activation barriers in GdTbFe both in the pat-
terned region and in the pristine region due to the intrinsic anisotropy fluctuations.
As can be seen in the images, when an initially pinned domain wall overcomes one
such an energy barrier, the domain rapidly propagates instantly within the time win-
dow of Δt=12 s. The activation energy Ea of the higher energy barriers that have
initially pinned a magnetic domain wall can be estimated from [122]

Ea = kT ln(Cτv), (5.3)

in which C is an attempt frequency in the order of 1010 − 1012 Hz, kT the Boltzmann
energy and τv the typical time before the pinned domain wall overcomes the energy
barrier. For a τv of 1-40 s, one obtains a crude estimate of Ea of 0.6-0.9 eV. So the
patterning increases the activation energy to less than 10%, assuming a τv of the pat-
terned areas that is less than an order of magnitude larger than the one of the pristine
film.

In this chapter, we showed that XRM is able to overcome some of the shortcom-
ings of AFM/MFM. The domain structures at all stages of magnetization reversal -
i.e. during nucleation, strip out, propagation and saturation - can be obtained in a
relatively short time.

It has become clear from both the MFM measurements presented in Chapter 4 and
the XRM results presented in this chapter that in particular the magnetization rever-
sal of the low disorder and softer GdFe films is affected by the patterning. The effects
on the higher anisotropy and more disordered Tb-alloyed films are more subtle and
lead to only a partial alignment of the domains, predominantly at higher fields. Such
delicate anisotropies in the domain alignment can be much better studied in recip-
rocal space. For this reason we investigated the highly disordered Tb-rich film with
x-ray resonant magnetic scattering; the experiment and results are discussed in the
next chapter.



6
X-RAY RESONANT MAGNETIC

SCATTERING

In this chapter, we investigated the influence of the focused-ion beam patterns on the
magnetic domain structure in a thin Gd11.3Tb3.7Fe85 film [90]. We specifically deter-
mined the dependencies of the ion fluence and dot-spacing. For this we choose to
use x-ray resonant magnetic scattering since the technique is very sensitive to subtle
modulations in the magnetization, can measure relatively large sample areas and is
compatible with high applied fields. This reciprocal space technique complements
the real space MFM and XRM studies as discussed in Chapters 4 and 5 respectively,
since it gives a unique and quantitative insight into ensemble-averaged properties
such as domain sizes and distributions.

6.1 Experimental

The x-ray resonant magnetic scattering experiment was performed at the soft x-ray
undulator beamline ID08 of the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. Here we used a circularly polarized x-ray beam tuned to the Gd M5

resonance at 1181.5 eV [128] to collect scattering patterns of the magnetic domain
structure of a 50-nm thin Gd11.3Tb3.7Fe85 film measured in transmission. This film
was patterned at MESA+ with nine dot lattices that varied in fluence, f =1·1014, 5·1014

or 1·1015 ions/cm2 and dot-spacing s=225, 340 or 420 nm.
The evolution of the magnetic domain structure was investigated by taking scat-

tering profiles at different stages of the magnetization reversal. The magnetic field
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Figure 6.1: Simplified sketch of the proposed domain structure at different magnetization states (a). At
remanence (upper left), at intermediate magnetization (upper right), at high magnetization (lower left) and
just before saturation (lower right). (b) shows the measured x-ray resonant magnetic scattering pattern at
the Gd M5 edge of a patterned area at saturation (-24 kA/m, f =1·1015 ions/cm2, s=225 nm).

was generated by an electromagnet in the direction perpendicular to the film surface
and parallel to the incident beam. This was done for a pristine area and all nine ani-
sotropy lattices that could be aligned in the x-ray beam by a careful positioning using
the edges of the sample as a reference point. The scattering patterns were acquired
with a 12-bit charge coupled device camera that detected the light from a phosphor-
coated vacuum window. The phosphor P20 (5 μm thick, 1 μm grain size) converts the
soft x-rays to visible light photons. A knife edge was used to stop the very intense
direct beam.

6.2 Results and discussion

Based on the XRM and MFM results, we sketch in Fig. 6.1(a) the expected magnetiza-
tion reversal of dot-patterned Gd11.3Tb3.7Fe85. At remanence the film establishes an
irregular domain pattern whereas at low perpendicular field, the domains with the
magnetization opposite to the field shrink to form stripe domains that occasionally
follow the dot lattice. At higher fields the stripe domains split up in bubble domains
that are pinned on the dots. Close to saturation the bubble have annihilated and the
film is reversed. In this state, the only contrast in the film arises from the lower mag-
netization at the dot positions. At the saturation field (not shown), the film will have
become uniformly magnetized. Generally, one can say that the order in the magnetic
domain structure increases with field.

From the XRM-measurement on Gd16.7Fe83.3 (Fig. 5.6) we know that there is a
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gradual nucleation at the dot position before the intrinsic nucleation field. This gives
a highly-ordered magnetization reduction at the dot positions. As seen in Fig. 6.1(b),
in scattering this leads to a square diffraction pattern with Bragg peaks up to fifth or-
der. The scattering is relatively weak. For comparison, the color contrast in Fig. 6.1(b)
has been increased 24 times relative to that in Fig. 6.2(b). These square diffraction
patterns were observed in all nine patterned areas and in a comparison we found
that the intensities of the diffraction spots increases with ion fluence. As expected,
the reduction of PMA at the dots depends on ion fluence and is already observed for
fluences as low as 1·1014 ions/cm2.

The square diffraction pattern gradually disappeared when higher negative per-
pendicular fields are applied or when the photon energy is moved away from res-
onance. Firstly, this confirms that the intensity is indeed resonant magnetic scatter-
ing resulting from a modification in the perpendicular magnetization and not from
changes in the charge structure due to the implantation of gallium. Secondly, the
total integrated intensity of the diffraction pattern increases with decreasing field.
This means that the magnetization in the area between the dots remains saturated,
whereas the magnetization at the softer dots is lowered with field. Both of these ob-
servations agree with the XRM data from dot-patterned Gd16.7Fe83.3.

From the higher order diffraction spots it was possible to determine the interdot
spacing with greater accuracy than the nominal values programmed to the FIB sys-
tem (s=200, 300, 400). The accurate values for s are 225, 340 and 420±2 nm.

Fig. 6.2 shows the resonant scattering patterns at 43 kA/m of the pristine area
and the areas patterned at high fluence. We observe the right side of the first order
scattering ring whose intensity reveals clear speckle due to the partial transverse co-
herence of the 100 μm beam. Although the beam stop obscures the greater part of
the ring, we nevertheless can obtain valuable information about the magnetic do-
main structure. As was explained for the Fourier-transformed MFM images in 4.4,
the average domain period can be extracted from the diameter of the ring and the
distribution in the domain period can be obtained from its width. The integrated
intensity is maximal at zero magnetization and vanishes at magnetic saturation.
This behavior is an example of a general rule that relates the reduced magnetiza-
tion m(H) = M(H)/Ms to the scattered intensity as I(H) ∝ 1− |m(H)|2 [129]. The
azimuthally distribution in the scattering ring gives information about the orienta-
tions of the domains.

The homogeneous azimuthal distribution in the pristine area demonstrates the
totally random orientations of the domains. In the patterned regions, a significant
increase in scattering in the direction of the dot lattice is observed for all interdot
spacings and ion fluences. This reflects the preferential orientation of the irregular
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Figure 6.2: X-ray resonant magnetic scattering patterns at 43 kA/m of a pristine area (a) and the three
patterned areas at high ion fluence (f =1·1015 ions/cm2, and s=225 nm for (b), 340 nm for (c) and 420 nm
for (d)) . The origins qr=(0, 0) are indicated with squares.
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Figure 6.3: (a) The azimuthally-integrated scattered intensity I as a function of momentum transfer qr of
the pristine and nine patterned areas. In each image the intensities are normalized to the maximum inten-
sity of the broad peak. The color of the line corresponds to the magnetic field as indicated by the out-of-
plane hysteresis loop (upper right). The hysteresis loop in the top right corner was measured with XMCD
in which the relative magnetization m = M/Msat. (b) Contour plots of the normalized azimuthally-
integrated scattered intensity I as a function of magnetic field H and momentum transfer qr for the pris-
tine and nine patterned areas. The peak positions of the intensities scattered by the unpinned domains
are indicated with circles.
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domains to the dot lattice while retaining the intrinsic domain period.
In addition we observe a strong first-order diffraction spot at the position that cor-

responds to the interdot spacing. This diffraction spot can be interpreted as domains
that are pinned on the dots and have their domain period adjusted to the interdot
spacing. Although the first order diffraction peak can be very strong, second and
higher order diffraction peaks are weak which means there exists no long-range pe-
riodicity of the pinned domains. This is displayed in Fig. 6.1(a) as positional disorder
in the stripe domains and bubbles that are, although pinned, not perfectly aligned
on the dots.

The evolution of the azimuthally-integrated scattered intensity as a function of
momentum transfer qr is displayed in Fig. 6.3(a) for all the nine patterned regions and
the pristine area. Each plot corresponds to a magnetic field whose value is coded by
the color and can be extracted from the out-of-plane hysteresis loop shown at the top.
The azimuthal integration of the scattering pattern eliminates the information about
the orientational anisotropy of the domains. This anisotropy is however clearly seen
in an online movie [74] which shows the evolution of the scattering with magnetic
field for a patterned and a pristine area.

For the pristine area and at low field, the scattering pattern shows a circularly-
symmetric intensity disc with no signs of higher orders which stems from the disor-
dered domain structure. As the applied field increases, this disc evolves to a broad
ring as observed in Fig. 6.2(a) which fades out when approaching saturation. The
azimuthally-integrated intensity curves of Fig. 6.3(a) show a broad peak that reflects
the wide distribution of domain periods. The height of the peak quickly rises af-
ter nucleation, reaching a maximum at zero magnetization and then gradually de-
creases, eventually fading out completely at saturation. This quick rise and gradual
fall of the peak height is in agreement with the slope of the hysteresis loop. The
peak position gradually moves with field to higher momentum transfer q reaching a
maximum at 70 kA/m, reflecting the smaller average domain size.

The discussion above shows that the Kooy and Enz behavior of the stripe period
can be followed effectively with x-ray resonant magnetic scattering. This is espe-
cially the case for a very well-defined domain size, for instance the low field domain
structure of Gd16.7Fe83.3 [91], where the peak position corresponds accurately to the
inverse of the domain period. This is not the case for the very disordered structure
here, where the evolution of the domain size can only be resolved qualitatively.

For the patterned areas, the first-order scattering of the dot lattice stands out as a
narrow peak superimposed on the broad peak. The position of the former, we will
call qdot. The scattering at qdot is much more intense in Fig. 6.2(b) (disordered domain
state after strip out) than in 6.1(b) (before strip out). After strip out the dominant
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contribution comes from domains that are pinned on the dot lattice. These domains
have a higher contrast than the subtle but highly-ordered magnetization modulation
at the dot position.

We see that the intensity at qdot peaks at higher fields compared to the broad peak.
This means that most domains are unpinned in the beginning of the magnetization
loop but become increasingly pinned when going to higher fields as was observed
also in the MFM study. As the decreasing intrinsic domain period approaches the
interdot spacing, the pinning on the dot positions becomes more effective.

The scattered intensities are normalized to the maximum of the broad peak that
stems from the unpinned domains. As expected, there exists a wide distribution in
the period of the irregular unpinned domains but a much smaller one for the more
ordered pinned domains. We also observe a clear trend of growing intensity at qdot

with higher ion fluence. This demonstrates the higher degree of domain pinning as
a consequence of the greater reduction of PMA with higher ion fluence.

From Fig. 6.3(a) it is obvious that domain pinning becomes more prominent for
greater interdot spacings. The intensity at qdot rises from a slight contribution at
s=225 nm to the dominant contribution at s=420 nm. Obviously this is because the
intrinsic average domain size is too large to properly adjust to the smaller interdot
spacings. This leads to frustration and disorder as we have seen in the real space
studies.

Though the trend in the ion fluence dependence is quite clear, the presence of stray
light contributions in some of the datasets imposed a reduction of the azimuthal
integration range. This strongly influences the ratio of the intensities of domain and
dot scattering and makes a detailed comparison impossible. For instance, in the case
of s=420 nm, f =5·1014 ions/cm2, the dot scattering is overestimated for this reason.

Although the dependence on ion fluence and interdot spacing can be well ex-
tracted from Fig. 6.3(a), the evolution of the magnetization reversal can be followed
more clearly from the contour plots of Fig. 6.3(b). These plots show exactly the same
data as the plots in Fig. 6.3(a). In Fig. 6.3(b) the scattered intensity is color coded and
plotted as a function of field and momentum transfer qr. The position of the max-
ima of the broad peaks are indicated with yellow circles on top of the contour plots.
These give the evolution of the domain size. Although there exist some subtle dif-
ferences, overall the magnetization reversals of the patterned areas are remarkably
similar. The domain sizes evolve gradually and no lock-in to the lattice spacing is
observed.
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Summary and conclusions of Part II

In the study described in this part, we combined essentially three techniques namely
magnetic force microscopy (MFM), x-ray resonant microscopy (XRM) and x-ray reso-
nant magnetic scattering (XRMS). These three techniques have in common that they
are able to measure the magnetic domain structure at high spatial resolution on the
nanoscale. Here we will briefly review the merits and drawbacks of these techniques,
in which we assume normal experimental conditions. After this review we will dis-
cuss the results obtained with these techniques.

A great advantage of magnetic force microscopy is its relative ease and its compact
experimental setup. The technique has a maximum conceivable spatial resolution as
low as 10 nm i.e comparable to the one of XRM (15 nm). Since the magnetic contrast
is normally higher than XRM, this makes MFM the technique of choice for the inves-
tigation of the magnetic domain structure at remanence. Because MFM is normally
combined with atomic force microscopy (AFM), an additional advantage is that the
topology of the sample is obtained. This allows one to detect structural origins for
features observed in the magnetic domain pattern e.g. the pinning of magnetic do-
mains by defects or domain disorder caused by sample roughness.

The main drawback of MFM is the influence of the magnetic tip on the magnetic
domain structure. At remanence, mainly soft magnetic films suffer from these effects.
In moderate external magnetic fields however, these tip-effects become very strong
even for hard magnetic materials. In this case the external magnetic field couples
strongly to the sharp magnetic tip, which - while scanning over the sample - leads to
a local erasure of domains and reversible and irreversible domain wall motion.

The measurements of the magnetic domain structure in external fields can be
much better performed with XRM and XRMS that, as photon-in photon-out tech-
niques, are unperturbed by external fields. For this reason, these techniques can
measure the domain structure during a complete magnetization reversal; XRM by
real-space imaging and XRMS by the diffraction from the magnetic domain struc-
ture.

XRM can measure the magnetic domains structure at high spatial resolution at rel-
atively high speed. The measurement time of a 20×20 μm2 domain structure takes
about 5-20 seconds. For comparison, a high-resolution MFM-scan takes 5-15 min-
utes. Because of this unique combination of features, XRM is often employed for the
study of the influence of disorder or lithographic patterns on magnetic structure.
Using stroboscopic methods, XRM allows one to obtain dynamic information with
a temporal resolution of about 100 ps on the condition that the dynamic process is
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deterministic [130]. A possible minus is that, using intense focused x-ray beams with
an energy close to an absorption resonance, radiation heating or damage might come
into play in certain cases.

XRM and MFM are both real space imaging techniques and are very useful to ob-
tain insight into the local structure for instance the pinning and mobility of domain
walls. In scattering techniques such as XRMS, the structure is obtained in reciprocal
space which naturally leads to an ensemble-averaging.

Thus, although the local structure is lost, the scattering patterns contain valuable
information about the averaged properties of the domain structure e.g. domain sizes
and their distribution. Scattering techniques also excel in the search for "hidden"
order. As was shown in this thesis, the periodic anisotropy modulation in PMA films
can be very sensitively measured as all the dots in the x-ray beam contribute to the
scattering at one place in reciprocal space determined by their spacing. Also a subtle
anisotropy in the orientation of stripes will show up as an increase of scattering at the
corresponding direction in reciprocal space. In this sense, XRMS is complementary
to imaging.

Moreover, XRMS can measure a relatively large sample area without a loss of res-
olution. In the experiment described in Chapter 6 for instance we used a beam di-
ameter of 100 μm, which means that we measure a sample area that is 20-80× larger
compared to the typical field of views in the MFM and XRM experiments. Due to
this larger unfocused photon beam, the flux density is much lower with respect to
the XRM experiment and a radiation heating effect is expected to be absent. In addi-
tion, the scattering patterns can be obtained in a few seconds which makes XRMS a
faster technique than XRM and MFM.

A problem of using XRMS for domain studies originates from the very bright
primary beam. As the scattering patterns are obtained in transmission this primary
beam has to be blocked by a beam stop which also obscures valuable low-q informa-
tion. In the XRMS-study described in Chapter 6, for instance, the scattering at the
nucleation process -where the magnetization is still ordered over long length scales-
was not obtained for this reason.

As in all scattering techniques, the resolution of XRMS depends on essence on the
largest scattering angle and this gives in principle, λ/2, which is in the order of 1 nm
for soft x-rays (the diffraction limit). In practice however the resolution is determined
by the degree to which the measured intensity I(q) can be fitted to a model, which
is highly related to the degree of order in the magnetic structure. This modeling is
obviously very difficult in the case of disordered samples, such as GdTbFe, which is
immediately the major drawback of the technique. For instance in the case of mag-
netic structures with a relatively high order, it is possible to accurately determine the
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domain period, but the modeling of the relative width of the up and down domains,
readily obtained with imaging technique, becomes already very complicated. Gener-
ally one can say that the more ordered the magnetic structure, the more information
one can extract from an XRMS experiment.

If scattering patterns are obtained with a coherent beam, however, the microscopic
image can sometimes still be obtained. The scattering patterns, now have a pro-
nounced speckle, which -by use of Fourier techniques- can be reconstructed to the
real space image [131].

Related to this is the nascent coherent scattering technique of lensless imaging
[132, 133] also known as spectroholography. Here the speckle pattern is formed by
the scattering from the magnetic structure and a reference beam. The real space im-
ages can currently be resolved with a spatial resolution of 50 nm.

By exploiting the specific merits of the three techniques, we obtained a complete
picture of the magnetic domain structure of amorphous rare earth-transition metal
films and their evolution in perpendicular fields. In these films, various properties
-such as the PMA, the saturation magnetization and the degree of disorder- can be
well controlled via the thickness and the stoichiometric composition. We used this
feature for the study of high quality amorphous GdFe films that have an intrinsic low
degree of disorder. This disorder could however be added to these films via alloying
with Tb that introduces a random anisotropy in the films.

Generally, the magnetic domain structures obtained in this study agree well with
domain theory. Especially the agreement between our work and the results obtained
by the Ising-like Monte-Carlo model by Jagla, that appeared after most of our exper-
imental work, is striking. With this study we deliver an experimental confirmation
of the findings of this model both for the magnetization loops and for the micro-
scopic domain patterns. This demonstrates that Jagla’s new theoretical approach can
be considered a breakthrough in the modeling of magnetic domain patterns and
magnetization loops of PMA media.

In order to examine the influence of pinning lattices on the magnetic domain
structure, we investigated, apart from the pristine films, also films that were pat-
terned on the nanoscale. In particular, we explored the feasibility of using focused
ion beams (FIB) as a way to locally engineer the PMA.

A 30-keV focused Ga+ beam was used to create regular lattices of reduced aniso-
tropy in several GdFe(Tb) films. In this way, the magnetic properties could be locally
modified in a well-controlled fashion at a 50 nm resolution, i.e. about the length scale
of domain walls and nucleation volumes. This allowed us to investigate the influence
of defects on the nucleation and pinning of domains.
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We find a ion-fluence dependent reduction of the PMA, that is already observed
for a fluence as low as 1 ion/nm2. This anisotropy reduction is most likely caused
by a breakup of the grown-in pair interactions as a result of atomic displacements
induced by the ion implantation. Although the ion beam could be focussed down
10 nm, due to scattering of the implanted Ga+ ions by the atoms in the film, the
magnetic properties were observed to have changed in a minimum region of about
50 nm. For these amorphous films, this should be considered the spatial resolution
of the technique.

For the case of films patterned with a regular dot-lattice, the nucleation process
was found to occur on the dots where the magnetic moments are able to cant away
from the perpendicular direction. Thus the reduced PMA on the dots also leads to
a field-dependent decrease in the local magnetization. The saturation magnetization
of the irradiated material is, however, not reduced which shows that we can pattern
the magnetic properties of the film while leaving the continuous film intact.

Specifically for a low-disorder dot-patterned Gd16.7Fe83.3 film, we found the dots
to act both as nucleation centers and as pinning centers. In the pristine film, the nu-
cleation is immediately followed by a strip out and propagation of domains. For the
patterned films the strip out from the already nucleated dots to the pristine areas
occurs at the same field as the nucleation of the pristine samples. Thus, the reversal
of the patterned films is governed by the barrier for domain wall propagation at the
dots and not by domain nucleation as is usually the case. The pinning capability of
the patterns can also lead to a high degree of imposed order in the magnetic domain
structures as the domain walls have sufficient mobility to move to the energetically
advantages pinning center. At remanence the reduced anisotropy dots pin the do-
main walls, while in perpendicular applied magnetic fields they host the domains
with the magnetization opposite to the field. The Tb-alloyed films with a larger per-
pendicular anisotropy and intrinsic anisotropy fluctuations show a more disordered
domain patterns and tend to be much less influenced by the patterning.

We show in this study that FIB patterning can modify the magnetic material in
the film with sub 100-nm resolution. Under the right conditions, the irradiated areas
and the pristine areas can be considered as isolated phases, a finding that might find
purposes in technological applications.

Although ion beam patterning has been suggested as a possible pathway for
higher storage densities, the 50-nm resolution of FIB is not high enough to compete
with conventional storage methods. Currently we were able to localize domains in
areas of 150×150 nm2. This would correspond to a bit density of 29 Gbit/inch2 i.e.
much lower than modern commercially available hard drives that have bit densities
of around 200 Gbit/inch2. Even though the resolution might be slightly higher for
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more fine-grained materials such as FePt, we expect FIB not to play a role for high
density magnetic data storage.

However, a more likely application of FIB patterning might be found in possible
future spintronic devices. In one of these, the domain wall is exploited for the ex-
ecution of logic operations. For this one needs to lithographically create nanowires
on a chip, through which the domain walls can propagate. Although still in an early
development stage, the principles of executing logic operations with a domain wall
have been demonstrated [134, 135].

FIB patterning can also be of interest for the patterning of permanent magnetic
atom chips which are required for future quantum information processing. On these
atom chips, ultracold atoms are trapped in magnetic lattice potentials that are created
by lithographic techniques. Although also this is a field of promise in a pioneering
stage, the first step of trapping atoms on a patterned permanent magnetic atom chip
has recently been realized [136].

Nonetheless, the highest merits are most probably to be found in domain theory.
We showed that FIB patterning is a powerful method that enables the creation of
pinning and nucleation sites in a highly controlled way. Now the time has come that
we are able to model, measure and manipulate magnetic domains on the length scale
comparable to the exchange length, domain theory can be brought to a new level.
This leads one to say that the magnetic domain has never been more fascinating.
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Symbols
β optical contrast
βh , βv horizontal and vertical beta function
βl longitudinal coherence
βt transverse coherence
γm specific wall energy
δ domain-wall width
Δλ/λ energy resolution
Δr outermost zone width
εh , εv horizontal and vertical electron beam emittance
ε magnetic modulation vector
ζh , ζv horizontal and vertical coherence length
ζl longitudinal coherence length
θ scattering angle
λ photon wavelength
ΛPLD path length difference
μ absorption coefficient
μ0 permeability of free space
ξ(T) magnetic correlation length
σ, π linear polarization vectors
σh , σv horizontal and vertical effective source size
σh elec, σv elec horizontal and vertical electron beam size
τ delay time
τcor correlation time
τp magnetic period length
A exchange stiffness constant
A amplitude of g2(τ, q)
A0 perpendicular magnetic anisotropy
Ah,v transverse area of the beam
d film thickness
D disorder
ê, ê′ polarization vectors of the incident and scattered beam
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E photon energy
Etot total magnetostatic energy
f ion fluence
f (τ, q) intermediate scattering function
F(0,1,2)(ω) linear combinations of FL

M(ω)
FL

M(ω) atomic oscillator strengths
g2(τ, q) normalized time-averaged intensity correlation function
gE

2 (τ, q) normalized ensemble-averaged intensity correlation function
(h,k,l) Miller indices
H magnetic field strength
Hc out-of-plane coercivity
Hcr in-plane saturation field
Hd magnetic stray field
Hext external magnetic field
I scattered intensity
J exchange
Kd stray field energy constant
Ku uniaxial anisotropy constant
l characteristic length
Lc penetration depth
LP1 ,P2 distance between first and second pinhole
LP2 ,s second pinhole-to-sample distance
Ls,d sample-to-detector distance
Lu,s undulator-to-sample distance
Lz orbital moment
m magnetization unit vector
M local magnetization
M(T) macroscopic magnetization
Ms saturation magnetization
P1 first pinhole diameter
P2 second pinhole diameter
q photons angular momentum
q momentum transfer vector
qT , q|| transverse momentum transfer
s interdot spacing
Sz spin moment
Tc critical temperature
TC Curie temperature
TN Néel temperature
W(T) full-width at half-maximum of scattering peak
X ergodicity parameter
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Abbreviations
ADU analogue to digital unit
AFM atomic force microscopy
CCD continuous wave
CMOS complementary metal oxide semiconductor
CW charge coupled device
DUT Delft university of technology
FIB focused ion beam
FWHM full-width at half-maximum
HCP hexagonally close-packed
ICF intensity correlation function
MFM magnetic force microscopy
ML monolayer
MOKE magneto-optical Kerr effect
PCS photon correlation spectroscopy
PMA perpendicular magnetic anisotropy
RE rare earth
RKKY Ruderman-Kittel-Kasuya-Yosida
SQUID superconducting quantum interference device
TM transition metal
VSM vibrating sample magnetometry
X-FEL x-ray free electron laser
XMCD x-ray magnetic circular dichroism
XMLD x-ray magnetic linear dichroism
XPCS x-ray photon correlation spectroscopy
XRM x-ray resonant microscopy
XRMS x-ray resonant magnetic scattering
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[100] X. ZHU, P. GRÜTTER, V. METLUSHKO, and B. ILIC, Systematic study of magnetic tip induced magnetiza-
tion reversal of e-beam patterned permalloy particles, J. Appl. Phys. 91, 7340 (2002).

[101] R. PROKSCH, E. RUNGE, P. K. HANSMA, S. FOSS, and B. WALSH, High field magnetic force microscopy,
J. Appl. Phys. 78, 3303 (1995).

[102] R. D. GOMEZ, M. C. SHIH, R. M. H. NEW, R. F. W. PEASE, and R. L. WHITE, Switching characteristics
of submicron cobalt islands, J. Appl. Phys. 80, 342 (1996).
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SUMMARY

This thesis describes the experimental study of magnetic domains in thin films and
the role that disorder of either structural or magnetic nature has on their microscopic
structure. In this study we employed three novel resonant x-ray methods, namely
resonant x-ray photon correlation spectroscopy (XPCS), x-ray resonant microscopy
(XRM) and x-ray resonant magnetic scattering (XRMS). These resonant x-ray meth-
ods are sensitive to the magnetic and electronic structure of materials which is a
result of resonances of electronic dipole transitions that occur if the photon energy
is close to an absorption edge. The experiments presented in this thesis demonstrate
the great value that these x-ray methods have for the study of thin magnetic films
and nanomagnetic devices.

In the first part of the thesis we describe the direct time-domain measurement of
slow fluctuations in the antiferromagnetic domain structure of a 3-nm thin holmium
film. By illuminating this ultrathin film with a coherent resonant x-ray beam we
obtain below the antiferromagnetic transition temperature a high-contrast magnetic
speckle pattern, which originates from the exact magnetic domain structure. A tran-
sition from a static magnetic domain structure at very low temperature to a dynamic
structure at temperatures close to the transition temperature is observed by following
the time evolution of the speckle pattern. By performing a time-correlation analysis
of the intensities of the speckles we were able to reveal qualitatively the tempera-
ture evolution of the fluctuating part of the magnetic structure in the film. We find
that the antiferromagnetic to paramagnetic phase transition, which is spread over an
anomalously large temperature interval, is governed by a gradual de-pinning of the
magnetization. This is predominantly an effect of the interface roughness of the film,
which plays an important role for ultrathin film thickness.

With this pioneering resonant x-ray photon correlation spectroscopy experiment
we demonstrate the feasibility of directly measuring slow dynamics in a nanomag-
netic system. Currently the temporal resolution in the experiment is limited to sev-
eral seconds. There is, however prospect of increasing this resolution in the near fu-
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ture when a new generation of light sources becomes available that offers a tremen-
dous increase in both photon flux and degree of coherence.

In the second part of the thesis we present the explorative study of the magnetic
domain structure of amorphous rare-earth transition-metal thin films that exhibit a
perpendicular magnetic anisotropy. We studied in particular amorphous GdFe films
that have an intrinsic low degree of disorder. This degree of disorder could how-
ever be controlled in these films via an alloying with Tb which increases both the
degree and the randomness of the anisotropy. The influence of both these effects on
the microscopic domain structure was characterized with atomic and magnetic force
microscopy, x-ray resonant microscopy and x-ray resonant magnetic scattering. The
experimental hysteresis loops and the magnetic field evolution of the domain struc-
ture were found to agree remarkably well with recent theoretical results obtained by
Monte-Carlo simulations. Via a Tb-alloying of the GdFe films the magnetic domain
structure turned from stripes with a well-defined width into more randomly shaped
domains. In addition, the domain wall mobility is lowered which is an effect of the
high crystal field interaction of Tb.

Apart from the study of the domain structure in pristine films, we also explored
the use of focused ion beams as a way to engineer the magnetic structure of the films
on the nanoscale. We show that this novel technique can be effectively employed to
reduce the perpendicular magnetic anisotropy of amorphous films with a resolution
of 50 nm. This decrease in the anisotropy is an effect of the impact that accompanies
the implantation of ions in the film. In this way it was possible to create periodic
patterns in the films on which the probability of domain nucleation and pinning
is increased. Since these patterns can be produced in a highly controlled way, this
allowed us to impose an ordering of the magnetic domain structure.



SAMENVATTING

Dit proefschrift beschrijft de experimentele studie van magnetische domeinen in
dunne films en de rol die structurele en magnetische wanorde heeft op hun struc-
turen.

In dit onderzoek maakten we gebruik van drie nieuwe resonante röntgentech-
nieken, namelijk resonante röntgenfotoncorrelatie spectroscopie, resonante röntgen-
microscopie en resonante magnetische röntgenverstrooiing. Deze resonante röntgen-
technieken zijn gevoelig voor de magnetische en electronische structuur van ma-
terialen. Dit is een gevolg van resonanties van electronische dipoolovergangen die
plaats vinden wanneer de fotonenergie zich dichtbij een absorptielijn begeeft. De
experimenten die beschreven worden in dit proefschrift tonen de grote waarde die
deze röntgentechnieken hebben voor de studie van magnetische films en magneti-
sche nanotechnologische objecten.

In het eerste gedeelte van het proefschrift beschrijven we de directe tijdsdomein
meting van langzame fluctuaties in de antiferromagnetische domeinstructuur van
een 3-nm dunne holmium film. Door deze ultradunne film te belichten met een
coherente resonante röntgenbundel verkrijgen we beneden de antiferromagnetische
faseovergangstemperatuur een contrastvol magnetisch specklepatroon welke afkom-
stig is van de exacte magnetische domeinstructuur. Er wordt een overgang waar-
genomen van een statische magnetische domeinstructuur bij zeer lage temperatuur
naar een dynamische structuur bij temperaturen gelegen dichter bij de overgangs-
temperatuur. Door een tijdscorrelatieanalyse van de speckleintensiteiten uit te vo-
eren waren we in staat kwalitatief de temperatuurevolutie van het fluctuerende deel
van de magnetische structuur aan het licht te brengen. Op deze wijze laten we zien
dat de over een ongewoon breed temperatuurgebied verspreide magnetische fase-
overgang in de hand wordt gehouden door een geleidelijke ontpinning van de mag-
netisatie. Dit is met name een gevolg van de oppervlakteruwheid van de film, welke
een belangrijke rol speelt bij ultradunne filmdiktes.
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Met dit grensverleggende resonante röntgenfotoncorrelatiespectroscopie experi-
ment tonen we de mogelijkheid van het direct meten van langzame dynamica in een
nanomagnetisch systeem aan. Momenteel is de tijdsresolutie in het experiment ge-
limiteerd tot enkele seconden. Er bestaat echter een goede kans deze tijdsresolutie in
de nabije toekomst te verhogen, namelijk op het moment dat een nieuwe generatie
lichtbronnen beschikbaar komt. Deze lichtbronnen zijn vrijwel geheel coherent en
bieden een veel hogere fotonflux.

In het tweede gedeelte van het proefschrift presenteren we het explorerende on-
derzoek naar de magnetische domeinstructuur in dunne films van amorfe zeldzame-
aard overgangsmetaal legeringen. Deze films bezitten een magnetische anisotropie
welke is gericht langs de normaal van het filmoppervlak. Specifiek onderzochten we
amorfe GdFe films, welke van nature een geringe mate van wanorde hebben. Deze
mate van wanorde kan echter worden beheerst door de films te legeren met Tb. Dit
verhoogt zowel de anisotropie als de mate van wanorde in de anisotropierichting.
De invloed van deze beide effecten op de domeinstructuur werd gekarakteriseerd
met atomaire en magnetische krachtmicroscopie, resonante röntgenmicroscopie en
resonante magnetische röntgenverstrooiing. De experimentele hysteresiscurves en
de evolutie van de microscopische magnetische domeinstructuur met magnetisch
veld bleken een opzienbarende gelijkenis te vertonen met recente resultaten verkre-
gen met Monte Carlo simulaties. Het legeren van GdFe met Tb bleek de magnetische
structuur te veranderen van streepdomeinen met een goed gedefinieerde domein-
breedte in een meer willekeurig gevormde domeinstructuur. Als gevolg van de grote
kristalveldinteractie van Tb wordt ook de mobiliteit van de domeinwanden verlaagd.

Afgezien van het onderzoek naar de domeinstructuur in onbewerkte dunne films,
verkenden we ook het gebruik van gefocusseerde ionenbundels voor het bewerken
van de magnetische structuur van deze films op nanometer lengteschalen. We laten
zien dat deze nieuwe techniek effectief kan worden toegepast om de magnetische
anisotropie in amorfe films te verlagen met een 50-nm resolutie. Deze anisotropie-
verlaging is een gevolg van de impact die gepaard gaat met de implantatie van de
ionen. Op deze wijze was het mogelijk regelmatige patronen te creëren in de films
waarin de kans op domeinnucleatie en domeinpinning sterk is verhoogd. Omdat de
constructie van deze patronen in grote mate kan worden beheerst was het mogelijk
om op deze wijze de normaal chaotische gevormde domeinstructuur te ordenen.
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