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Abstract

This PhD thesis presents a study on magnetic domains and domain walls in
cobalt-based thin film systems, carried out via scanning electron microscopy with
polarization analysis (SEMPA). The first part addresses the process of taking a
spin detector that uses an electrostatic beam deflector—and thus is sensitive to
the perpendicular component of the magnetization—back into operation, and
optimizing the performance of the corresponding SEMPA setup. Minimizing
disturbances like mechanical vibrations and electrical noise resulted in a spatial
resolution of 2σ = (16.2± 0.6)nm at a primary beam current of 3 nA. In the fol-
lowing the design of a novel spin detector, customized for this setup, is presented.
It is based on low-energy electron diffraction at a monolayer (ML) of gold on an
iridium (001) surface and promises an increased sensitivity. Besides modeling
the detector via computer-aided-design (CAD) software, also the electron trajec-
tories of the electrons have been simulated and the corresponding potentials of
the electrodes have been derived.
The second part of this thesis starts with the experimental investigation of do-
mains and domain walls in an epitaxial cobalt film of varied thickness, grown
in-situ on a Pt(111) single crystal. The onset of ferromagnetism is observed
at a cobalt thickness of 1.5 ML. Up to a thickness of about 7ML, the magne-
tization points perpendicular to the film plane; at higher thicknesses the spin-
reorientation transition sets in and the magnetization changes into the film plane.
The investigation of the domain walls at 7ML Co/Pt(111) reveals an exclusive
Néel-character and that all walls show a fixed sense of rotation. This observa-
tion is ascribed to the strong influence of the Dzyaloshinskii-Moriya interaction
present in this system, which is further analyzed based on a domain-size model.
Finally, the influence of a non-magnetic cap layer on the magnetic contrast ob-
served in SEMPA is studied on polycrystalline (Pt/Co/Ir) double layers. The
samples are prepared ex situ via sputter deposition and are terminated with a
Pt-cap layer that is prepared as a wedge with thicknesses ranging from 0 to 2 nm.
An energy-dispersive X-ray (EDX) analysis revealed that Pt-cap layers with a
thickness above 1.1 nm protect the underlying Co film from oxidation. At this
cap-layer thickness a magnetic contrast that is equal to 25% of the one of a clean
uncapped Co film is found which allows the direct investigation of these systems
via SEMPA.





Zusammenfassung

Im Rahmen dieser Doktorarbeit werden magnetische Domänenstrukturen in ko-
baltbasierten Dünnschichtsystemen mittels Rasterelektronenmikroskopie mit Po-
larisationsanalyse (SEMPA) untersucht. Der erste Teil der Arbeit beschäftigt
sich mit der Wiederinbetriebnahme eines Spindetektors, der durch die Verwen-
dung eines Strahlumlenkers auf die senkrechte Magnetisierungskomponente em-
pfindlich gemacht wurde, sowie mit der Optimierung des zugehörigen SEMPA
Aufbaus. Durch die Minimierung von elektrischen Störeinflüssen sowie von mech-
anischen Schwingungen wurde bei einem Primärstrahlstrom von 3 nA eine Ort-
sauflösung von 2σ = (16, 2 ± 0, 6) nm erreicht. Zudem wird ein neuartiger, für
diesen Aufbau zugeschnittener Spindetektor vorgestellt, der auf der Beugung
niederenergetischer Elektronen an einer Gold-Monolage auf der (001) Oberfläche
eines Iridium-Einkristalls beruht. Neben der Erstellung der technischen Zeich-
nungen für den Detektorentwurf wurden die Flugbahnen der Elektronen simuliert
und daraus die optimalen Elektrodenpotentiale bestimmt.
Im zweiten Teil dieser Arbeit wird eine experimentelle Untersuchung der schicht-
dickenabhängigen Eigenschaften der Domänen und Domänenwände in einem
Kobaltfilm dargestellt, welcher in-situ epitaktisch auf einer Pt(111)-Oberfläche
aufgewachsen wurde. Bei einer Co-Schichtdicke von 1,5 Monolagen (ML) wurde
das Einsetzen der ferromagnetischen Ordnung beobachtet. Die Magnetisierung
weist bis zu einer Schichtdicke von etwa 7ML eine Orientierung senkrecht zur
Filmebene auf, oberhalb setzt der Spinreorientierungsübergang in die Ebene
ein. Eine genauere Untersuchung der Domänenwände des 7ML Co/Pt(111)
Systems weist flächendeckend Néel Wände auf, die alle denselben Drehsinn der
Magnetisierungskomponente in der Ebene zeigen. Diese Beobachtung wird auf
den starken Einfluss der Dzyaloshinskii-Moriya Wechselwirkung in diesem Sys-
tem zurückgeführt, welche anschließend mit Hilfe eines Domänengrößenmodells
analysiert wird. Abschließend wurde anhand von polykristallinen (Pt/Co/Ir)-
Doppellagen der Einfluss einer nicht magnetischen Deckschicht auf den in SEMPA
beobachtbaren magnetischen Kontrast untersucht. Zu diesem Zweck wurde die
oberste Pt-Schicht als Keil mit einer Dicke von 0 bis 2 nm präpariert. Mit-
tels energiedispersiver Röntgenanalyse konnte gezeigt werden, dass ab einer Pt-
Schichtdicke von 1,1 nm die darunter liegende Co Schicht effektiv vor Oxidation
geschützt ist. Diese Deckschichtdicke erlaubt es 25% des magnetischen Kon-
trastes eines sauberen, nichtabgedeckten Co Films zu erhalten, und ermöglicht
damit erstmals auch die direkte Untersuchung solcher Systeme mittels SEMPA.
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1
Motivation

"Data is the new oil"—this quote, which is accredited to the mathematician Clive
Humby, has been used in the last decade various times in articles or presenta-
tions on data mining, machine learning or data storage technologies. Within the
explanation of his analogy, Humby points out that, just like oil, data has to be
"refined", namely analyzed, to enfold its intrinsic value. His attention-getting
comparison between data and oil itself is actually misleading in some points, as
for example oil is a finite resource whose quantity reduces when used– data on
the other hand is inexhaustible and can even be reused infinite times. Thus, the
quote resonates well with nowadays technologically empowered society. It grasps
the spirit of a time in which transformative technologies like artificial intelli-
gence, automation or predictive analytics become a part of everyday life. The
huge variety of different data users, may they be industry, researchers or private
persons, have one issue in common: They need storage space for their data.

This universal demand for non-volatile memory (NVM), meaning the memory
device is not in need of constant power to retain the data, has triggered the
evolution of digital data storage technologies over the last hundred years. Start-
ing with punched cards in the 20th century1, higher areal densities and read-out
speeds were reached at the end of the century, e.g. by the invention of floppy
disks (storage capacity 1.44MB, IBM (1986) [2]). Back then, it was unimagin-
able for society that even higher areal densities will ever be needed. The quickly
advancing digital revolution proved them wrong. Nowadays, most large-scale

1The first documented usage of punched cards goes actually further back in time to the
18th century when a loom was partially operated by a paper tape with punched holes [1].
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Chapter 1. Motivation

secondary storage2 devices are magnetic hard disk drives (HDDs), which have
storage-densities up to about 1.3TB/in2 [3]. HDDs are magnetic storage devices
providing long retention times and high endurance, meaning a high number of
program/erase cycles that the device can sustain, at comparatively low costs.
The second class of widespread non-volatile memory devices currently in use are
solid-state drives (SSDs), which are based on flash technology3. While SSDs pro-
vide higher data-access and -transfer rates, and allow for higher areal densities,
they are accompanied by the disadvantage of a higher price (in the range of a
factor 10 per GB in comparison to HDDs) which makes their usage uneconomical
for extensive application in industry or data centers [4, 5]. Due to the high price,
even in private applications it is common to find only 128GB to 512GB SSD
units as primary hard drives [6]. While for now the cheaper HDDs are still dom-
inating the secondary storage market in comparison to SSDs, the era of HDDs
will at some point come to an end, as the superparamagnetic limit4 will start to
restrict further miniaturization in the near future.
Research is highly motivated to explore possibilities for new data storage tech-
nologies to fulfill the desire for devices with even higher densities, higher speed,
and lower power consumption. The ideas for future storage devices are mani-
fold and include, among many others, optical storage arrays that make use of
nanophotonics [7], heat-assisted magnetic recording [8], or spin-transfer-torque
magnetic random access memory [9]. A comparatively new approach that is still
in its infancy arises around the so-called interfacial Dzyaloshinskii-Moriya In-
teraction (DMI) which is an antisymmetric exchange interaction that arises due
to the absence of inversion symmetry at the interface between a ferromagnetic
and a non-magnetic layer [10]. This latter approach arouses great interest in
the research community that investigates thin magnetic films with perpendicu-
lar magnetic anisotropy. On the one hand, in such thin magnetic films the DMI
stabilizes Néel walls with a fixed sense of rotation that can be moved more effec-
tively than Bloch walls via the spin-transfer torque (STT) effect [11], and that
can be used, e.g., in a so-called racetrack memory [12]. On the other hand, the

2Secondary storage devices are often also referred to as secondary or external memory. In
contrast to primary storage which holds memory for the time a computer is running (volatile
memory) and is directly accessible by the central processing unit (CPU), secondary storage
devices store data until erased or overwritten.

3Flash memory is based on silicon chips that can be electrically programmed/erased.
4Decreasing the size of the magnetic region (bit) used to store the information leads to

an increased probability of uncontrolled thermally activated switching. For an appropriate
long term stability as required by industry standards, a ratio of 60 between the product of
anisotropy K and volume V of the bit, and the thermal energy kBT is required.
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DMI can lead to topologically protected states called skyrmions [13], which are
magnetic spin structures on the nanometer scale (in the order of 10 nm [14]) and
move like particles [13]. To empower scientists to engineer future data storage
devices (or other technologies), regardless weather they make use of magnetic,
electrical or optical mechanisms, a fundamental understanding of the underlying
interactions is indispensable, which requires extensive basic research.

In this thesis, special emphasis lies on scanning electron microscopy with polariza-
tion analysis (SEMPA), a surface-sensitive measurement technique that provides
the possibility to image two components of the magnetization simultaneously.
SEMPA is a powerful magnetic-imaging technique as it combines a spatial reso-
lution down to 3 nm [15] with a large magnification range that allows for image
sizes in the millimeter range, as well as down to the nanometer scale. Not only
bulk samples but also ultrathin films can be investigated; furthermore it provides
the possibility to study polycrystalline systems that have been prepared ex situ,
e.g. via sputter deposition, as well as epitaxial samples that were grown in situ
on single-crystal substrates. The combined investigation of both, polycrystalline
and epitaxial systems, is crucial to gain a fundamental understanding of the
magnetic interactions in a specific material system. The interfaces in epitaxial
films are as ideal as possible and thus allow for a direct comparison to theoreti-
cal calculations. Such comparisons empower researchers not only to improve the
theoretical description of magnetic systems, they also lead to an optimization of
preparation methods and an understanding of the influence of preparation pa-
rameters on the magnetic behavior. For industrial applications, epitaxially grown
magnetic films are uneconomical. The time-consuming preparation and the need
for single crystalline substrates results in high production costs. In contrast,
polycrystalline films prepared via sputter deposition allow for the fabrication of
large numbers of magnetic (multilayer) samples with identical parameters at low
costs. The interfaces between the sputter-deposited layers are, in contrast to
epitaxial systems, non-ideal and suffer from roughening and intermixing. Ob-
viously, the magnetic interactions present in such polycrystalline (multi)layers
must vary from the corresponding epitaxial system. By studying both, epitaxial
and polycrystalline films of the same materials, an overarching understanding of
the physics lying behind becomes accessible. It grants the opportunity to control
and manipulate specific growth parameters in a way that ensures to obtain the
desired, customized magnetic behavior for various applications, such as magnetic
sensors, actuators, or data storage devices.
As stated above, SEMPA is not restricted to study in-situ grown magnetic sur-
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Chapter 1. Motivation

faces, however, ex-situ prepared magnetic films are in the need of a non-magnetic
protection layer preventing oxidation at air. Closed films of these so-called cap
layers usually have a thickness of several nanometers and impede the detection
of the magnetic signal via SEMPA. To circumvent this issue, it is common to
either coat the cap layer with a magnetic thin film to reestablish the magnetic
contrast, or to remove the cap layer via ion sputtering before the measurement.
Both methods alter the original sample, either by adding another interface as
well as changing the magnetic volume, or by causing roughening and intermixing
of the topmost layers, respectively. A new approach that allows the investiga-
tion of samples prepared ex-situ via sputter deposition without modifying the
as-grown sample is thus highly desirable, as it allows for the direct comparison
between epitaxial and polycrystalline samples in SEMPA.

Within this thesis, a SEMPA setup that is sensitive to the out-of-plane compo-
nent of the magnetization has been brought back into operation and its working
conditions have been optimized. Due to its out-of-plane sensitivity, it is pre-
destined for the investigation of ultrathin film systems with a perpendicular
magnetic anisotropy.
The structure of the thesis is given in the following: The basics of the SEMPA
technique and the working principle of the used spin detector that is based on
low-energy electron diffraction (LEED) will be introduced in Chapter 2.
The basics of micromagnetism that are needed within this thesis are laid out
briefly in Chapter 3.
In Chapter 4, the experimental aspects of the two used SEMPA setups are
explained. The short introduction to the features of the "in-plane SEMPA",
which is designed for the simultaneous detection of both in-plane components of
the magnetization, is given. In contrast, the discussion of the optimization of
the working parameters and the setup itself are presented in more detail for the
"out-of-plane SEMPA", which allows to detect the perpendicular as well as one
in-plane component of the magnetization simultaneously.
In view of improving the future detection efficiency of the spin contrast, a new
design for a Au/Ir(001)-based LEED detector for SEMPA is presented in Chap-
ter 5. In contrast to the currently used W(001)-based detector, an up to four
times higher figure of merit is expected and the lifetime of the Au/Ir(001) tar-
get in ultra-high vacuum is expected to equal about 6 month, while the W(001)
crystal needs a heat treatment via flashing once per hour. Besides presenting
the preliminary considerations used to decide on a working point, the computer
aided design of the detector and the functionality of the components will be pre-
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sented. Simulations of the trajectories of the electrons within the detector were
used to correctly dimension the electrode potentials.
In Chapter 6, an investigation of the domain size and domain walls in epitaxi-
ally grown Co on Pt(111), a system known for its strong DMI, is presented. In
the presented thickness range between 0 and 7 monolayers (ML) of Co, a per-
pendicular magnetic anisotropy is present. It is shown that at Co thicknesses as
high as 7ML still Néel walls with a fixed anticlockwise sense of rotation exist.
Furthermore, a lower bound of the DMI strength present in the ideal Co/Pt(111)
system is derived.
Finally, in Chapter 7 the oxidation of ultrathin Co films in dependence of the
cap-layer thickness is investigated together with the according magnetic con-
trast in SEMPA. The ultrathin Co films are prepared via sputter deposition and
capped with a wedged, non-magnetic material—namely Pt—and the oxidation is
studied via quantitative energy-dispersive X-ray spectroscopy (EDX) as well as
atomic force microscopy (AFM) measurements. A cap-layer thickness that pre-
vents the oxidation of the Co film, but at the same time still ensures a sufficiently
strong magnetic contrast, will be derived.
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2
Scanning electron microscopy with

polarization analysis

In this chapter, the primarily used measurement technique, scanning electron
microscopy with polarization analysis (SEMPA), will be introduced by giving
a general overview of the basic setup and the functional principle. It includes
a short introduction to the interaction of the primary electron beam with the
sample and will then focus on secondary electrons (SE), their spin polarization
and how they are used in a low-energy electron diffraction (LEED) detector to
image the magnetization. Finally, the SEMPA technique will be classified in
comparison with other magnetic imaging methods.

2.1 Introduction to the SEMPA technique

SEMPA is a vectorial magnetic imaging technique with a surface sensitivity of
less than five monolayers [16] and thus requires an ultra-high-vacuum (UHV)
environment to circumvent surface contamination. The technique provides the
possibility to image two components of the magnetization simultaneously with a
spatial resolution down to 3 nm [15]. It allows to investigate thin films as well as
bulk samples.
A sketch of a SEMPA setup is given in Figure 2.1 and will be used to introduce
the operation principle. To perform SEMPA measurements, an electron beam,
shown in cyan in Figure 2.1, is generated in the column of a scanning electron
microscope (SEM), usually by a field-emission cathode of the Schottky type [17].
This unpolarized primary electron (PE) beam is focused and accelerated onto
a magnetic sample (purple), and scanned across its surface. Thus SE, shown
in red, are emitted point by point from the latter. The spin-polarized SE are
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Chapter 2. Scanning electron microscopy with polarization analysis

accelerated into a spin detector where they undergo spin-dependent low-energy
electron diffraction (LEED) at a W(001) crystal1. The spin-dependent intensities
of the (2,0) spots are detected via channel electron multipliers.

SEM
column

W(001)

spin
detector

sample

W(001)

Figure 2.1: Sketch of the general operation principle of SEMPA. An SEM column
generates an unpolarized primary electron beam (blue) that scans over the magnetic
sample (puple). This leads to the creation of spin-polarized secondary electrons (red)
which are accelerated onto a W(001) crystal to undergo LEED at normal incidence. The
circles filled with a cross

⊗
and a dot

⊙
represent the spin direction of the electrons

inwards and outwards of the image plane, respectively. Thus, the magnetization of the
sample lies in plane and points towards the reader. Graphic adapted from [18].

2.2 Interaction of the primary electron beam with
the sample

The first key requirement for establishing a SEMPA instrument is a UHV com-
patible SEM. The first SEM has been built in 1937 by Manfred von Ardenne [19],
though the foundations for electron microscopy have been laid six years before
by M. Knoll, who built the first transmission electron microscope (TEM) [20]. In
an SEM, an electron beam is focused onto the sample and scans over its surface.
Due to the interaction of this primary electron (PE) beam with the atoms in the
sample, various types of signals emerge, such as backscattered electrons (BSE),
secondary electrons (SE), Auger electrons, cathodoluminescence or X-rays. SE
result from inelastic scattering of the primary electrons with electrons of the

1Besides the LEED detector used in our SEMPA instruments, several other types of detec-
tors have been developed to determine the spin polarization. More information on these will
be given in Section 2.4.
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2.2. Interaction of the primary electron beam with the sample

atoms in the sample. They have energies below 50 eV and the secondary electron
energy distribution shows a peak at low energies around 2−3 eV [21, 22]. As the
SE originate directly from a sample area close to the sample surface, they carry
the spin information of the latter, meaning they are spin polarized. BSE are elec-
trons from the primary beam which have been reflected at the sample and may
have been involved in processes of energy loss. Thus, they are unpolarized and
do not provide any spin information. Though BSE are defined to have energies
above 50 eV, more specifically their energy corresponds to approximately 90%

of the initial energy of the PE [23]. As SE are used for SEMPA, the following
discussion will be limited to the latter.

a)

sample 
surface

b) c)

low Z
low EPE

low Z
high EPE

high Z
low EPE

escape
depth

Figure 2.2: Interaction volume for different atomic numbers Z of the sample and
energies EPE of the primary electron beam. In low-Z materials the interaction volume
takes the shape of a bulb whose depth increases with the electron energy, see a) and
b). Increasing Z at constant EPE leads to a less deep but laterally broader interaction
volume due to increased absorption and scattering as seen in c). The escape depth,
which gives the distance normal to the surface at which the probability that an electron
escapes reduces to e−1 of its original value, is indicated as red dashed line.

The interaction of the PE with the sample takes place within the so-called inter-
action volume, the size of which depends on the kinetic energy of the PE beam
as well as on the atomic number Z of the sample material. Figure 2.2 shows
the changes in size and shape of the interaction volume with the energy of the
primary electrons EPE and the atomic number Z. With increasing electron en-
ergy, the interaction volume grows as the PE penetrate deeper into the sample.
In contrast, at high-Z and low energies the interaction volume changes its shape
from a bulb to a flat hemispheric area below the surface. Due to the increased
atomic number Z more electrons are scattered or absorbed right after entering
the sample. It has to be kept in mind that although SE are created in the whole
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Chapter 2. Scanning electron microscopy with polarization analysis

interaction volume, only those which emerge close to the surface can leave the
sample. SE of the subjacent regions will be absorbed by the sample2 before
reaching the surface. To describe this "sampling" depth, the so-called escape
depth has been defined. It gives the distance normal to the surface at which
the probability, that an electron escapes, reduces to e−1 (36.8%) of its original
value [24]. For SE in metals the escape depth is in the order of 3− 5 nm [25, 26],
but it should be kept in mind that the spin information measured in SEMPA is
determined in the most upper monolayers.

2.3 Spin polarization of the secondary electrons

Walter Gerlach and Otto Stern performed in 1922 [27] a momentous experi-
ment as they demonstrated the quantization of the spatial orientation of the
angular momentum of electrons. Three years later, the quantum mechanical
property spin has been postulated as an intrinsic angular momentum by Samuel
Goudsmith and George Uhlenbeck [28], giving an explanation for the previous
observation. The spin of a free electron relates to the magnetic moment ~µS via

~µs = −geµB
~s

~
with µB :=

eh

2mc
, (2.1)

where ge ' −2.002 is the gyromagnetic factor, also called Landé factor, of an elec-
tron, µB the Bohr magneton, ~s the spin of the electron, h and ~ the Planck con-
stant and the reduced Planck constant, respectively, m the mass of the charged
particle (in this case the electron mass) and c the speed of light. As can be seen
from Equation 2.1, the magnetic moment of an electron is aligned antiparallel
to its spin ~s. The SE emitted from the sample surface thus carry the magnetic
information and provide the magnetic information directly.
The spin ~s is an intrinsic form of angular momentum and is described by a
quantum mechanical observable3 which relates to the Pauli spin matrices σ =

(σx, σy, σz) via ~s = (sx, sy, sz) = ~
2
σ. Assuming an electron beam along the

z-axis, the spin states pointing along the x-axis are given by the spin function χ:

χ = a |α〉+ b |β〉 = a

(
1

0

)
+ b

(
0

1

)
(2.2)

2The SE loose kinetic energy due to elastic scattering and are thus not able to overcome
the work function.

3The quantum mechanical observable ~s fulfills the commutation rules and is a self-adjoint
operator on a Hilbert space.
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2.4. Spin-polarized LEED detector

with the eigenstates |α〉 and |β〉 of σx. The spin function χ is a normalized vector
in Hilbert space and describes the state of the system in which the observable
~s is measured. Thus, the expectation value of the spin operator ~s is given by
〈χ|σx |χ〉. The spin polarization is defined by the degree of alignment that the
spin orientations of the particles show along a certain direction. This degree of
polarization is a scalar and is defined in respect to a certain axis, e.g. the x-axis,
via [29, 30]

Px =
〈χ|σx |χ〉
〈χ|χ〉

=
|a|2 − |b|2

|a|2 + |b|2
. (2.3)

Thus, the degree of polarization of an electron beam which is polarized along the
x-axis is obtained via

Px =
N← −N→
N← +N→

, (2.4)

with N→ and N← giving the number of electrons with a spin orientation parallel
and antiparallel to the x-axis, respectively.

2.4 Spin-polarized LEED detector

There are three different types of detectors used in SEMPA to measure the spin
polarization: Mott detectors [31], low-energy diffuse scattering (LEDS) detectors
[32] and LEED detectors [33]. The Mott detector accelerates the electrons to high
energies of 20− 100 keV before scattering them at thin film targets with high Z,
for example gold (Z=79) or thorium (Z=90) [34]. The usage of high energies is
accompanied with the demerit of requiring voltage standoffs leading to a large
detector size (∼1m3). As the Mott analysis chamber usually floats on the high
potential, special shielding arrangements have to be considered [35].
In a LEDS detector electrons of low energy (∼ 150 eV) undergo diffuse scattering
from a high Z evaporated polycrystalline film [36]. This technique allows a handy
design concerning the detector size, minimizing it to the order of magnitude of a
fist. Due to the diffuse scattering, the signal scattered into a particular direction
is weak. The detection issue resulting from this small signal is circumvented by
providing a detector with a large angular acceptance.
The LEED detector is based on the diffraction of low energetic electrons at a
single crystal. Until now, only a LEED detector based on diffraction at a W(001)
crystal has been reported. In our SEMPA instruments, such LEED detectors are
used to analyze the spin polarization of the SE emitted from the sample. Thus,
a more detailed introduction to the concept of a LEED detector will be given in
the following.
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Chapter 2. Scanning electron microscopy with polarization analysis

2.4.1 Spin-orbit coupling

All of the above-mentioned detector types exploit the spin-orbit interaction of
high-Z materials as a way to study spin polarization4. The spin-polarized elec-
tron moves towards the target, thus flying into the electric field of the atomic
nuclei. In the rest frame of the electron, the electric field is experienced by the
electron as a magnetic field ~B affecting the spin. Assuming that the electron
movement takes place in a central field, the potential energy of the electron may
be denoted as U(r) and the energy resulting from the spin magnetic moment and
the magnetic field is given by [29]

VSOC = −~µs · ~B =
1

2m2c2
1

r

dU(r)

dr
(~s ·~l) (2.5)

with m the electrons rest mass, c the speed of light, r the distance between the
incident electron with spin ~s and angular momentum ~l and the atomic nucleus.
To solve Equation 2.5, a hydrogen-like potential U(r) = Ze2/4πε0r is assumed
and following proportionality is found:

VSOC ∝ Z · 1

r3
· (~s ·~l). (2.6)

Evaluating the expectation value of 1/r3 under the assumptions made above,
the proportionality to Z3 is found, leading in total to VSOC ∝ Z4 [38]. This
dependence makes high-Z materials like W, Au or Pt appealing for the detection
of the spin polarization.

2.4.2 Detection scheme

Historically, the fundamental discovery that enabled the development of spin
detectors was made by Nevill F. Mott in 1929. He developed a theory on the
scattering of electrons at atomic nuclei and pointed out that the corresponding
scattering angles of the electrons depend on their spin [39]. Due to the spin-
orbit coupling (SOC) introduced above, high-Z materials like for instance W are
appealing for the application in spin detectors to investigate the spin polarization
of electrons. In the LEED detector presented in the following, electrons are
diffracted at 104.5 eV on a W(001) crystal and the intensities of the (2,0) beams
are analyzed [40, 41]. An exemplary LEED pattern of W(001) [42] is shown in
Figure 2.3a) and the four (2,0) beams are marked by red circles. Figure 2.3b)

4In contrast, also the exchange interaction gives rise to spin-dependent scattering ampli-
tudes. This mechanism was e.g. used by Escher et al. who developed the FERRUM [37]
detector in which SE are exchange scattered at a Fe(100)-p(1x1)O layer prepared on W(001).
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2.4. Spin-polarized LEED detector

shows a scheme of the diffraction of the polarized SE at the W(001) which takes
places at perpendicular incidence. The intensities of the four (2,0) beams of
the resulting LEED pattern are then measured by single-electron counters to
determine the spin polarization according to Equation 2.7.

a) b)

W(001)

single 
electron
counter

(0,2)

(2,0)

(0,2)

(2,0)

sum of all
 channels

Px

Py

LEED pattern
W(001) 

(0,2)

(2,0)

(0,2)

(2,0)

Figure 2.3: a) Exemplary LEED pattern of W(001) [42]. The four (2,0) beams
are highlighted with red circles. b) The incoming spin-polarized secondary electrons
undergo diffraction (red arrows) at the W(001) single crystal. Four single electron
counters are positioned to measure the intensities of the four (2,0)-beams. The spin
polarization P is obtained from the normalized intensity differences (asymmetries) of
opposite channels according to Equation 2.7. Adding up the detected signals of the four
channels results in a SE image without any magnetic information. The three exemplary
grayscale images have been taken by S. Rößler during his PhD [43].

Spin detectors which rely on spin-orbit coupling for the analysis are sensitive to
the electron polarization normal to the scattering plane5. Therefore, in a SEMPA
as sketched in Figure 2.1, where the sample surface is aligned parallel to the sur-
face of the W(001) crystal, the two in-plane components of the magnetization
are accessible. In the detection scheme in Figure 2.3b) the resulting magneti-
zation along the x- and y-direction for a small square patterned into Ni80Fe20
is shown exemplarily [43, 44]. A Landau state is observed which contains four
in-plane magnetic domains forming a flux-closed structure to minimize the total
energy. While the obtained gray-scale images for the two polarization directions

5To avoid a common misunderstanding it may be pointed out that the scattering plane is
not defined by the plane of the crystal surface. Instead, the scattering plane is formed by the
incoming beam and the scattered beam.
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Chapter 2. Scanning electron microscopy with polarization analysis

represent the magnetic information of the structure, the sum of all four detection
channels gives a SE image showing solely the surface topography.

2.4.3 Characteristic values describing the detector perfor-
mance

Prof. Jürgen Kirschner showed that for a W(001) based LEED detector an
convenient operation point exists at an electron energy of 104.5 eV [30] which
results in a high value for the so-called figure of merit (FOM). The FOM is equal
to 2RS2 and is a measure for the detector efficiency. It is given via the Sherman
function S(E) describing the energy-dependent spin sensitivity of a scattering
system and the ratio of elastically scattered electrons to incoming electrons of
the primary beam, called reflectivity R(E). A stable minimum of the Sherman
function of S = −0.27 around 104.5 eV and a rather high reflectivity of 1.1% at
the same value result in a FOM of 1.6 · 10−4. The asymmetry A = PS which is
measured by the spin detector is determined by both, the spin polarization from
the sample and the Sherman function of the detector. For a fully polarized beam
with P=1, the asymmetry is equal to the Sherman function:

Ax =
N(0, 2)−N(0, 2̄)

N(0, 2) +N(0, 2̄)
. (2.7)

The intensity detected in the electron counters during a fixed dwell time is gov-
erned by Poisson statistics. The resulting statistical error for the polarization
measurement is given by ∆P = 1/

√
N · S2, with N , the sum of the number of

detected electrons in both channels. The signal-to-noise ratio (SNR) can thus
easily be determined by dividing the polarization P by its error

SNR =
P

∆P
=

A/S√
1/(NS2)

= A ·
√
N. (2.8)

2.5 Classification among magnetic imaging tech-
niques

Several tools have been developed to explore magnetic properties and phenomena
and allow for imaging magnetic domains and microstructures. In the following
short overview, microscopy techniques comparable to SEMPA will be briefly in-
troduced and a classification based upon their specifications will be given. The
advantage of microscopy-based techniques in the field of studying magnetism
lies within the fact that not only thin layers can be studied but mostly also bulk

14



2.5. Classification among magnetic imaging techniques

materials. An overview of the different technical approaches is given in Table
2.1, grouped by microscopy type, ranging from optical microscopes, over electron
microscopes and scanning probe microscopes to soft x-ray microscopes.
Scanning Kerr microscopy (SKM) [45, 46] is chosen as representative for the op-
tical microscopes. The magneto-optic Kerr effect (MOKE) uses changes in the
polarization and the intensity of light reflected from a magnetized sample sur-
face. Its information depth is given by the penetration depth of the used light,
while the spatial resolution is limited by the wavelength of the latter. Time re-
solved studies allow investigations on the femtosecond timescale [47]. The size
of the observed areas is given by the objective lens used in the light microscope.
It may be noted that besides SKM also wide-field Kerr microscopy with a time
resolution of about 20 ps [48] is an established technique.
The second group lists electron microscopy techniques, such as SEMPA, Lorentz
microscopy [49], spin-polarized low-energy electron microscopy (SP-LEEM) [50]
and electron holography [51]. While SEMPA and SP-LEEM are highly surface
sensitive techniques, Lorentz microscopy and electron holography are transmis-
sion techniques and thus the obtained magnetic information is averaged over the
electron trajectory through the sample. The spatial resolution of the electron
based microscopes are in the same order of magnitude, the time resolution on
the other hand varies from 700 ps (SEMPA) [52] over 700 fs (Lorentz microscopy)
[53] up to 1 s for SP-LEEM6 [54]. An advantage of electron microscopes is their
broad magnification range resulting in image sizes of several mm down to a few
nm.
Exemplary scanning probe microscopy techniques are summarized in the third
group. While magnetic force microscopy (MFM) [55] and nitrogen-vacancy (NV)
magnetometry [56] detect the stray field of the sample, SP-STM (spin-polarized
scanning tunneling microscopy) [55] uses spin-dependent tunneling to image do-
mains. NV magnetometry is a rather new technique with a spatial resolution
of 20 nm [57]. In this respect, it is comparable to MFM, while SP-STM offers
atomic resolution.
Finally, techniques based on X-ray microscopy are listed, which all employ mag-
netic circular dichroisms (MCD) [58, 59]. The information depth of X-ray pho-
toemission electron microscopy (X-PEEM) is determined by the used energy of
the X-rays and ranges from a few ML to nm [60]. Scanning transmission X-ray
microscopy (STXM) as well as X-ray holographic microscopy (XHM) use the res-
onant X-ray absorption as contrast mechanism, and thus the detected magnetic

6For SP-LEEM no pump-probe based time resolved setup exists. The time resolution here
results from the measurement time needed to take one image.
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Chapter 2. Scanning electron microscopy with polarization analysis

information has been averaged over the sample thickness. A time resolution in
the lower picosecond range is currently feasible for these techniques. Nowadays,
the time resolution of X-ray techniques lies in the ns to fs time regime [61] and is
mostly limited by the length of the probe pulse provided by the used beamline.

Table 2.1: Comparison of microscopy techniques for magnetic imaging. Group 1:
optical microscopy, group 2: electron microscopy, group 3: scanning probe microscopy,
group 4: soft X-ray microscopy. From left to right the columns give details on the
name of the technique, the physical effect that the technique is based on, the type of
depth information (surface based SB or transmission T), the information depth itself,
and spatial and temporal resolution.
F The time resolution for the X-ray based microscopy techniques is mostly determined
by the length of the probe pulse at the beamline, not by the experiment itself.

technique employed ef- inf. informa- resolution
fect\quantity type tion depth spatial\temp.

op
ti
. scanning Kerr

MOKE SB 5-10 nm
125 nm [47] \

microscopy 100 fs [47]

el
ec
tr
on

SEMPA
spin-dependent

SB <5 ML [16]
3 nm [15] \

LEED 700 ps [52]
Lorentz

lorentz force T <100 nm [60]
< 10nm [62] \

microscopy 700 fs [53]
e− holo-

interference T <100 nm
5nm [63] \

graphy severalµs [64]

SP-LEEM
spin-dependent

SB <1 nm [60]
< 10 nm \

scattering 1 s [54]

sc
an

ni
ng

pr
ob

e MFM stray field SB <2µm [60]
10 - 100 nm [55] \

—

SP-STM
spin-dependent

SB <0.2 nm [60]
atomic \

tunneling 120 ps [65]
NV-magne-

stray field SB
<2µm 20nm [57] \

tometer 100 ps [66]

X
-r
ay

X-PEEM

MCD

SB <5 nm [60]
2 nm [67] \

ns-fs [61] F

STXM T <500 nm
12 nm [68] \

ns-fs [61] F

XHM T <500 nm
12 nm [69] \

ns-fs [61] F
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2.5. Classification among magnetic imaging techniques

As all techniques presented here are complementary concerning their character-
istics a broad spectrum of possible samples can be studied. Further details as the
acquisition time, sensitivity to applied magnetic fields, the possibility to obtain
depth selective information or the maximum field of view are not compared in
the table, but can be found in the respective literature mentioned above or in
further reading [54, 60, 70, 71].
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3
Basics of Micromagnetism

In the following, a short introduction to micromagnetism and its terminology
is given. Micromagnetism is a continuum theory that describes the magnetic
behavior at the length scale between 1-1000 nm [72]. It is the connecting theory
between quantum theory, which deals with the magnetism observed at the atomic
scale, and domain theory, which applies to magnetic systems on the length scales
between 1-1000 µm [72]. This overview is not intended to be all encompassing,
for greater detail further reading is recommended as, e.g., in references [72–77].
The magnetic state of a ferromagnet is defined by several energy contributions
which result in a specific local orientation of the magnetic moments. The total
energy Etot can be written as

Etot = Eex + Ed + Eani + EZ + EDMI + EIEC, (3.1)

where Eex describes the exchange energy, Ed the demagnetization energy, Eani

the anisotropy energy, EZ the Zeeman energy, EDMI the energy associated with
the Dzyaloshinskii-Moriya interaction and EIEC the interlayer exchange energy
(in multilayers). These energy contributions are discussed individually in the
following.

3.1 Exchange energy

The exchange energy is the origin of the macroscopically observed long-range
magnetic order in a ferromagnet, though the interaction itself is short ranged
[73, 74]. It is a quantum-mechanical effect resulting from the Coulomb inter-
action between electrons obeying the Pauli exclusion principle. The exchange
energy can be expressed as a Hamiltonian Hex in the Heisenberg model (atom-
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istic approximation) [73, 74]:

Hex = −
∑
i 6=j

Jij(
−→
S i ·
−→
S j) (3.2)

The parameter
−→
S i,j describes the spin of the atom i or j, while the exchange

integral Jij results from the wave function overlap of two electrons. A collective
spin arrangement is preferred in systems with Jij 6= 0, as it minimizes the total
energy. For ferromagnetic materials is Jij > 0 so that neighboring spins align
parallel, for antiferromagnetic systems is Jij < 0 which results in an antiparallel
spin orientation.
In the micromagnetic approximation a transition from discrete to continuous
variables is performed, replacing summations by integrals. For example the sat-
uration magnetization MS is introduced as the average density of magnetic mo-
ments replacing the spin. The exchange energy of a sample with volume V can
thus be written as [75]

Eex = Aex

∫
V

(
∇
−→
M

MS

)2

dV. (3.3)

Here,
−→
M is the magnetization and Aex represents the exchange stiffness. Exem-

plarily, the exchange stiffness for bulk hcp Co at room temperature is Aex, Co =

30 pJ
m [78, 79].

3.2 Magnetostatic energy

The interaction of the magnetization
−→
M with magnetic fields leads to two kinds

of energy contributions, which add up to the magnetostatic energy. On the one
hand, the Zeeman energy EZ is the potential energy resulting from the interaction
of the magnetization with an external magnetic field

−→
H ext [73]:

EZ = −µ0

∫
V

−→
M ·−→H ext dV (3.4)

The dipolar energy Ed on the other hand is connected with the internal magnetic
field

−→
H d. The latter field is generated by the magnetic body itself and called

demagnetizing field or magnetic dipolar field. Applying the second Maxwell
equation, the stray field is defined via

div(
−→
H d) = −µ0 div(

−→
M) (3.5)
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3.3. Magnetic anisotropy

and arises if div(
−→
M) 6= 0, meaning if sinks and sources of the magnetization exist.

Examples for the latter are sample edges as well as domain walls. The stray-field
energy is then given via [73]

Ed = −µ0

2

∫
V

−→
M ·−→H d dV. (3.6)

As the magnetization
−→
M is zero outside of the magnetic system, the integral in

Equation 3.6 is taken over the volume V of the magnetic body. The analytical
determination of

−→
E d is only possible for some limiting cases in which

−→
H d and

−→
M

are constant over the sample. One exceptional case is the homogeneously magne-
tized ellipsoid where the demagnetization field is defined by the demagnetization
factor

←→
N and the magnetization

←→
M via [77]
−→
H d = −

←→
N ·
−→
M. (3.7)

For thin films, where the half-axes a, b, c of the ellipsoid fulfill a = b → ∞ and
c� a, the second-rank tensor

←→
N equals [80]

←→
N =

0 0 0

0 0 0

0 0 1

 . (3.8)

Thus, the term for the demagnetizing field can be expressed as
−→
H d = −MS cos θ

and the stray-field-energy density (E/V )d equals(
E

V

)
d

=
µ0

2
M2

S cos2 θ (3.9)

with the angle θ between the film normal and the magnetization
−→
M . The de-

magnetizing field and the correlated energy vanish in systems where the mag-
netization lies in the film plane (θ = 90◦), and reaches its maximum value in
case of complete perpendicular magnetization (θ = 0◦). The difference of the
stray-field-energy densities between these hard and easy directions of magnetiz-
ability is given by the shape anisotropy Kd = −(µ0/2)M2

S , which originates from
the dipole-dipole interaction, as derived above. For Co films, which exhibit a
saturation magnetization of MS = 1.44MA/m at RT [81], the shape anisotropy
amounts to Kd = −1.30MJ/m3.

3.3 Magnetic anisotropy

Anisotropy energies result from spin-orbit interactions (SOI) and are the ori-
gin of the directional dependence of magnetic properties [72]. The magnetic
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anisotropies arise from the undisturbed crystal lattice itself as well as from in-
duced deviations to the crystal structure. The aforementioned shape anisotropy
differs from these anisotropy terms, as it is not caused by the SOI but solely
by the shape of the ferromagnet and the corresponding stray field. In the fol-
lowing, the discussion will be limited to the magnetocrystalline volume and sur-
face anisotropies, which are of relevance for this thesis. Information on further
anisotropy contributions due to roughening, interdiffusion or lattice strain can
be found, e.g., in references [82–86].

3.3.1 Magnetocrystalline volume anisotropy

The magnetocrystalline volume anisotropy is a consequence of the SOC between
the electron spin

−→
S and the orbital momentum

−→
L , which is linked to the crystal

lattice. For crystal lattices that exhibit a uniaxial anisotropy, meaning that
only one easy axis of magnetization exists, the energy density is a function of
the angle θ between the magnetization

−→
M and the c-axis of the crystal. This

uniaxial energy density can be expanded into a power series giving [74](
E

V

)
MC,V

= K1V sin2 θ +K2V sin4 θ +O(sin6 θ). (3.10)

This expansion is usually terminated after the second order, as for higher order
terms Ki � K(i+1) is found [74]. The coefficients K1V and K2V are the magne-
tocrystalline anisotropy constants of first and second order. These coefficient are
often not reported separately, but as sum KV = K1V + K2V. For bulk hcp Co,
literature reports a value of KV = 0.5MJ

m3 [81].
Including the shape anisotropy Kd, an effective volume anisotropy can be de-
fined. For thin films, in which the magnetization points along the c-axis of the
crystal, this effective volume anisotropy is given by KV,eff = KV − (µ0/2)M2

S .

3.3.2 Interface anisotropy

Interfaces as well as surfaces represent a strong distortion to the translational
symmetry of the crystal lattice and thus result in an interface anisotropy contri-
bution KS. The energy density (E/V )MC,S arising from this symmetry breaking
was already predicted by Néel [87] and has been first observed by Gradmann
and Müller [88]. In contrast to the volume anisotropy, the energy contribution
originating from the surface/interface scales inversely with the film thickness t
[89]: (

E

V

)
MC,S

=
2KS sin2 (θ)

t
(3.11)
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The angle θ represents the angle between the film normal and the magnetization.
A prefactor of two arises due to the fact that a film is bounded by interfaces on
both sides. In systems where the contribution from the interface anisotropy
is larger than the effective volume anisotropy, an out-of-plane easy axis of the
magnetization is observed. Such a perpendicular magnetic anisotropy (PMA)
occurs for ultrathin films as long as the film thickness is below a certain value
tSRT = −2KS/KV,eff. Exemplary Co-based systems with PMA are Co/Pt [90, 91],
Co/Ir [91] or Co/Au [91–93]. Values for KS in Co/Pt systems lie in the range of
KS = (0.59− 1.29) mJ

m2 [86, 94].

3.3.3 Effective magnetic anisotropy

Limited by the experimental possibilities of disentangling the contributions of
the volume, surface, and shape anisotropy, literature often reports values for
the effective magnetic anisotropy Keff. In thin films with a PMA, the following
expression is obtained:

Keff = KV −
µ0

2
M2

S︸ ︷︷ ︸
KV,eff

+
2KS

t
(3.12)

3.4 Dzyaloshinskii-Moriya Interaction

The Dzyaloshinskii-Moriya Interaction (DMI) [95, 96], which is a contribution
to the exchange interaction and prefers adjacent spins to be canted, was first
postulated by Igor Dzyaloshinskii in 1958 [97]. The theory has been refined by
Toru Moriya in 1960 by finding that the SOC is the microscopic mechanism
behind this interaction [96].
In recent years, the DMI has gained large attention in the field of thin mag-
netic films with perpendicular magnetic anisotropy. In these systems, the DMI
is caused by SOC in the presence of a broken inversion symmetry at the interface
between a ferromagnetic and a non-magnetic layer [10]. The DMI is an antisym-
metric exchange interaction that supports a noncollinear order and leads to new
magnetic states, such as magnetic skyrmions [13]. The Hamiltonian describing
this interaction in ultrathin films between two ferromagnetic atomic spins

−→
S 1

and
−→
S 2 and a neighboring non-magnetic atom with large SOC is given by

HDMI = −
−→
D 12 ·

(−→
S 1 ×

−→
S 2

)
(3.13)

with the DMI vector
−→
D 12. The DMI vector points perpendicular to the plane

that is defined by the triangle of the three atoms, as seen in Figure 3.1.
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S1 S2D12
ferromagnetic metal

non-magnetic metal 
with large SOC 

Figure 3.1: Schematic of the interfacial DMI. The ferromagnetic metal, shown in
gray, contains the two atoms with the spins

−→
S 1 and

−→
S 2, represented in red, which

interact with an atom from a non-magnetic metal with large SOC, shown in green.
The resulting DMI vector

−→
D12, shown in blue, is perpendicular to the plane defined by

the triangle of the two ferromagnetic atoms and the atom with large SOC.

3.5 Interlayer exchange coupling

In 1986 several experiments [98–100] showed that two ferromagnetic layers, which
are separated by a non-magnetic spacer layer, are coupled to each other by an
exchange interaction. The intensive study of this interlayer exchange coupling
(IEC) effect - experimentally as well as theoretically - was motivated by nu-
merous discoveries, like in 1990 the giant magnetoresistance effect [101]. It was
found that the IEC is able to stabilize a collinear alignment of the magnetization
(parallel or antiparallel) as well as a non-collinear one [102].
In its simplest form, the energy per area of the IEC is given for a system of two
magnetic layers by (

E

A

)
IEC

= −JIEC
−→
M1 ·

−→
M2, (3.14)

with the coupling constant JIEC and the direction of magnetization of the two
magnetic layers

−→
M1,2. Equation 3.14 neglects an additional biquadratic term,

which is said to be related to the roughness of the interfaces or interdiffusion [103].
Often, the greater interest lies in the study of the bilinear term, which accounts
for the collinear alignment, as given here. For coupling constants JIEC > 0 a
parallel alignment of the magnetizations between the layers exists, while for
JIEC < 0 an antiparallel alignment is favored. The value and sign of JIEC oscillates
with the thickness of the non-magnetic interlayer. Several theoretical approaches
have been proposed to describe the IEC, which are, e.g., based on the Ruderman-
Kittel-Kasuya-Yosida (RKKY) theory [104], quantum confinement [105] or a
free-electron model [106, 107]. In 1993, all these models have been unified into
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3.5. Interlayer exchange coupling

a theoretical description using quantum-well states [108, 109]. In brief, free
electrons reflect from the interface between the ferromagnetic and non-magnetic
layer, which acts as a spin-dependent step in the potential, and interfere with
each other. Constructive interference leads to resonances and bound states that
are referred to as quantum well states. The quantum well states experience a
shift in energy as soon as the thickness of the non-magnetic interlayer is varied.
The oscillations in the IEC take place whenever a quantum well resonance crosses
the Fermi energy of the non-magnetic interlayer material. For further reading
concerning the theory of quantum well states to describe the IEC reference [110]
is recommended.
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Figure 3.2: Theoretically expected magnetization curve for a system of two identical
antiferromagnetically-coupled ferromagnetic layers (bright blue) that exhibits a strong
PMA and fulfills Keff > −JIEC/tmag. The sample is subjected to a magnetic field which
points along the film normal −→n . For magnetic fields greater than a certain field strength
Hsf, the so-called switching field, the magnetization of both layers is aligned along the
direction given by the external magnetic field

−→
H . Decreasing the field strength leads to

a switching of one of the two layers at Hsf, which results in an antiparallel alignment of
the two layers. This antiparallel alignment exists also at zero field. A further reduction
of the magnetic field below −Hsf leads to the switching of the second magnetic layer
so that the magnetization of both layers again points into the direction of the applied
field.

Figure 3.2 shows the theoretically expected hysteresis curve for a system with
strong PMA and two identical ferromagnetic layers fulfilling Keff > −JIEC/tmag,
with JIEC the coupling constant and tmag the thickness of each of the magnetic
layers. The magnetic field is applied along the easy axis of the system, meaning
along the normal of the sample surface −→n . The magnetization curve shows,
besides the two plateaus where the magnetization of both magnetic layers points
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Chapter 3. Basics of Micromagnetism

into the same direction, a third plateau around zero field. In this range, one
of the two layers has switched due to the applied magnetic field at a certain
switching-field strength Hsf, which results in an antiparallel alignment of the
magnetization in the layers. By determining the switching field, the strength of
the coupling constant for the case of Keff > −JIEC/tmag can be derived via [111]

JIEC = −µ0MStmagHsf. (3.15)

It may be noted that in literature, sometimes an additional factor of 0.5 is found
for Equation 3.15. This deviation results from a different definition of Equation
3.14, which includes an additional factor of 2 [111]. Furthermore, Equation 3.15
assumes that the system shows no coercivity, which would result in a deviation of
the switching fields observed in the forward and backward sweep of the magneti-
zation curve. In such cases, it is common to average the values of both switching
fields, though it is known that this handling does not always give the correct
results [111].

3.6 Magnetic domains in thin films with PMA

In contrast to the so far considered homogeneous magnetization distribution in a
sample, in general only small regions of uniform magnetization exist in ferromag-
netic materials. These so-called magnetic domains result in a net inhomogeneous
magnetization distribution thereby reducing the demagnetizing field in order to
achieve lower total energy. Two domains are separated by a domain wall (DW)
in which the magnetization rotates gradually over several (hundreds of) atoms.
The following discussion will be restricted to thin-film systems where the easy
axis of magnetization points perpendicular to the sample surface. The origin
of these magnetic domains and the different types of domain walls in thin films
with PMA will be introduced.

3.6.1 Origin of domains and domain walls

In order to minimize their total energy, ferromagnetic systems will form domains.
In a homogeneously magnetized ferromagnet the demagnetization energy Ed is
maximized, see Equation 3.9. By creating domains with opposite magnetization
directions, meaning the magnetization direction changes by 180◦, the extension
of the stray field outside the sample is reduced as the magnetic flux closes its
loop within the domains in the sample which leads to a decrease of the demag-
netization energy. Inside a domain, the magnetization is homogeneous and the
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3.6. Magnetic domains in thin films with PMA

exchange energy Eex is minimized.
Splitting into two domains on the other hand also requires energy to build the
domain wall between the neighboring magnetization regimes as the rotation of
the magnetization within the wall is favored neither by the exchange nor by the
anisotropy. As long as the corresponding reduction of the stray-field energy sur-
passes the energy needed for the domain-wall creation, the implementation of
a domain wall is energetically favorable. A stable domain size is reached when
these two energy terms outweigh each other, meaning the minimum of the to-
tal energy has been reached. Between the domains, domain walls are formed
in which a gradual rotation of the magnetization takes place over several (hun-
dreds of) atomic spins. The explicit width of a domain wall is determined by the
interplay between the anisotropy and the exchange energy as both terms seek
for minimizing their energy contribution. The anisotropy energy reduces when
the spins are aligned along the easy axis and thus with decreasing width of the
domain wall. Contrarily, broader domain walls lower the energy contribution of
the exchange energy, as the exchange prefers an alignment in which the angle
between adjacent spins is as small as possible.

3.6.2 Bloch and Néel walls

In thin films with PMA, the magnetization direction in adjacent domains changes
by 180◦. The corresponding domain-wall types, namely the Bloch and the Néel
wall, will be introduced qualitatively1. Both domain-wall types are sketched in
Figure 3.3 for a system with PMA. In a Bloch wall, the magnetization rotates
around the axis given by the direction of the DW and thus within the plane
of the domain wall. Bloch walls are favored in bulk materials and thick films
where the magnetization lies in plane, as in this case only a negligible amount
of surface charges but no volume charges arise. In contrast, Néel walls generate
volume charges in in-plane systems while the film surface stays free of charges.
The magnetization rotates in a plane perpendicular to the domain wall, along
the domain wall direction. As can be seen from Figure 3.3, in systems with PMA
both wall types result in a local reduction of the surface charges. While in the
case of the Bloch wall also no volume charges arise, Néel walls insert volume
charges into the system. Nevertheless, Néel walls are observed in certain thin
film systems with PMA due to the influence of the DMI. The DMI adds to the
domain-wall energy in such a way that Néel walls of a given sense of rotation

1A quantitative description of the domain wall is not needed within this thesis, but can be
found in literature, for example in reference [72].
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become energetically favorable over the magnetostatically favored Bloch walls
[112–114]. When the DMI is not strong enough to enforce a pure Néel wall,
"tilted" Néel walls with a Bloch contribution arise. Furthermore, the existence
of pure Néel walls or Néel-like domain walls with a Bloch contribution can be
used to derive values for the DMI strength [115, 116].

Figure 3.3: Schematic for a Bloch and Néel domain wall in a perpendicular magnetized
sample. The plane of the domain wall and its direction are marked with a wave pattern
and a red arrow, respectively. In a Bloch wall, the magnetization rotates in a plane
parallel to the domain-wall plane, and thus around the domain-wall direction. In a
Néel wall, the magnetization rotates in a plane perpendicular to the domain-wall plane,
meaning along the domain-wall direction.
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4
Experimental aspects

In this chapter, the two SEMPA instruments used within this thesis will be intro-
duced and experimental details specific for the setups will be discussed. At first,
the key features of the in-plane SEMPA, which allows to detect both in-plane
components of the magnetization, will be presented briefly. The investigations
on Co/Pt(111), given in Chapter 6, have been performed with this setup. In the
second part, the characteristics of the out-of-plane SEMPA, which was brought
back into operation within this thesis, is discussed in detail. The Pt-cap-layer-
thickness-dependent study on Pt/Co/Ir presented in Chapter 7 has been per-
formed on this machine. Furthermore, the design of a new Au/Ir(001)-based
spin detector, presented in Chapter 5, is tailored for this specific instrument.

4.1 Basic introduction to the in-plane SEMPA
setup

The in-plane SEMPA instrument which allows the detection of both in-plane
components of the magnetization is the established SEMPA setup in the work
group ’Grenz- und Oberflächenphysik’. It has been in use for over a decade and
the setup has been constantly optimized ever since. In the following, only a
brief introduction to this setup and its specifics will be given. The interested
reader is referred to publications and theses providing detailed information on
this instrument, e.g. references [44, 52, 117, 118].
The current state of the UHV setup is shown in Figure 4.1. The schematic
drawing illustrates the equipment of the different chambers, which is discussed
separately in Section 4.1.1 as well as the detection of the in-plane components of
the magnetization, on which remarks are given in Section 4.1.2.
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Chapter 4. Experimental aspects

4.1.1 Facilities for sample preparation

The in-plane SEMPA setup consists of three chambers: the load lock, the SEMPA
chamber and a preparation chamber. Due to the latter, the setup allows for the
study of in-situ grown ultrathin films.
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Figure 4.1: Top view sketch of the in-plane SEMPA instrument. Via a load lock, on
which a Kaufman-ion source is attached, the samples are transferred into the SEMPA
chamber. The sample stage is equipped with a manipulator with five degrees of free-
dom which ensures to adjust the sample position in respect to all three components of
translation, to rotate about the z-axis, as well as to tilt it. Aligning the sample sur-
face parallel to the W(001) crystal allows the detection of both in-plane components
of the magnetization. Four micro-channel plate (MCP) based detectors are used for
single-electron counting of the (2,0) LEED beams scattered at the tungsten surface. In
the SEMPA chamber, the sample can be sputtered with Ar+ ions and decorated with
magnetic material (Co, Fe) to enhance the magnetic contrast. A UHV preparation
chamber, which is directly attached to the SEMPA chamber, allows the investigation
of in-situ prepared samples. The sample holder of the preparation chamber is equipped
with an electron-beam heater which allows for flash heating and annealing of the sam-
ples. Well-defined surfaces of single crystals can thus be prepared by cycles of flashing
and Ar+-ion sputtering. Several evaporators attached to the preparation chamber give
the possibility of depositing single layers or multilayers of various materials onto the
substrate. The quality of the surface of the cleaned crystal as well as the growth of
evaporated material can be checked via a rear-view LEED instrument.
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4.1. Basic introduction to the in-plane SEMPA setup

The preparation chamber with a base pressure of 10−10mbar, seen on the right
of Figure 4.1, allows for a heat treatment of samples via an electron-beam heater
integrated in the sample holder. By dosing pure oxygen into the UHV chamber, a
hot oxygen treatment of the samples is realized to remove carbon contaminants.
Alternating the heat treatment with Ar+-sputtering allows to obtain clean and
crystallographically ordered surfaces of single-crystalline samples.
The multitude of water-cooled e-beam evaporators attached to the preparation
chamber offers a variety of materials to be deposited on the sample. Besides
the ferromagnetic materials Co, Fe and Ni, which are favorable for SEMPA, it is
amongst others equipped with Au, Pt and Ir. A rear-view LEED instrument is
used to evaluate the quality of the cleaned single crystals as well as the growth
of the deposited layer.
An Ar+-sputter gun and two evaporators, equipped with Fe and Co, ensure a
basic sample treatment in the SEMPA chamber (p ' 5 · 10−11mbar). These
evaporators are used to enhance the magnetic contrast by dusting ferromagnetic
material on top of the sample, often after short sputtering [119–121]. Such a
decorating treatment is among others needed for the study of ex-situ prepared
samples. In those the magnetic film is usually protected by a cap layer which has
to be removed by sputtering. The sputter gun attached to the SEMPA chamber is
designed for a material removal with ions of medium kinetic energy (acceleration
voltage in the order of 1 − 2 kV). It results in an roughening of the surface as
well as in an intermixing of ultrathin layers, and is thus not the appropriate tool
to remove cap layers of several nm thickness. Instead, the Kaufman ion source
(Kaufman&Robinson, KDC10) mounted to the load lock (p = 10−8mbar) offers
the method of choice, as the low energy of the used ions (acceleration voltage
about 100− 200V) results in less intermixing.

4.1.2 Detection of the in-plane magnetization

The SE are accelerated towards the spin detector via a transfer optic whose first
lens generates a potential gradient and thus attracts the electrons emitted from
the sample. The spin detector used in the in-plane SEMPA contains, besides
the W(001) crystal biased at +102V, four micro-channel plate (MCP) based
detectors (MCPs in chevron stacking) which detect the spin-dependent scattered
SE. A single electron arriving at the MCP generates an electrical pulse of a
few nanoseconds length, which is then further processed via a counter card and
a measurement computer. Defocussing electrodes in front of the MCP stacks
broaden the electron beam and thus lead to a more uniform wear of the micro
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channels. The W(001) crystal is cleaned by flash heating from its rear via electron
bombardment from a hot filament.
The detection of both in-plane components of the magnetization is accomplished
by aligning the sample surface parallel to the surface of the W(001) crystal. As
pointed out in Section 2.4.2, the spin dependent diffraction is solely sensitive to
the spin component normal to the scattering plane. Thus, both in-plane compo-
nents are detected when the sample is aligned parallel to the W(001) crystal. In
contrast, slight tilting of the sample and thus misaligning the sample surface in
respect to the W(001) crystal leads to detecting a projection of the out-of-plane
component (if present) in one of the in-plane channels. This effect is exploited
in the study of Co/Pt(111) presented in Chapter 6.
The in-plane SEMPA setup allows not only to perform static studies of mag-
netic systems, but also offers the possibility for investigating the dynamics in
magnetic samples. Details concerning this time-resolved imaging of the in-plane
magnetization with the in-plane SEMPA can be found in references [52, 122].

4.2 Specifics and performance of the out-of-plane
SEMPA setup

The following section focuses on the experimental implementation at the out-of-
plane SEMPA instrument which detects, besides one in-plane component, the
out-of-plane component of the magnetization. Thus, the out-of-plane SEMPA is
ideally suited for the surface-sensitive investigation of magnetic thin films with
a perpendicular anisotropy. The basic assembly of the out-of-plane SEMPA was
implemented before the beginning of this PhD work and had reached a state in
which the basic operation was proven on a Fe whisker [123]. While the general
functionality of the transfer and the spin-dependent diffraction of the electrons
were demonstrated, the resulting magnetization images were unsatisfactory as
they lacked spatial resolution. This issue resulted from the used SEM gun Hitachi
S-800. F. Lofink reports in [123] of using this setup with a cold cathode1 for the
creation of the PE beam which provided at an acceleration voltage of 10 keV
only a very low electron current in the range of ≈ 0.6 nA. Removing of the
aperture behind the objective lens increased the PE current to 3 nA [123] but
was accompanied by diminishing spatial resolution to roughly 200 nm [123] at

1The cold cathode was prior to Lofinks work temporarily customized into a heated cathode
as the cold cathode provided an unstable electron current [124]. Lofink did not report on such
current instabilities in his thesis.
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4.2. Specifics and performance of the out-of-plane SEMPA setup

the used working parameters for SEMPA investigations which prohibited the
detailed investigation of recent scientific topics on the lower-nm length scale.
In the first part of this PhD work, the performance of the setup was optimized.
A crucial initial step was to exchange the Hitachi S-800 with an UHV Gemini
electron column (Scienta Omicron). The latter is equipped with a Schottky field
emitter ensuring a stable and sufficiently high PE current. Furthermore, the
emitted PE are formed into an electron beam with smaller diameter, and result
thus in an increase of the spatial resolution. After a general introduction to
the experimental implementation in Section 4.2.1, the preparation possibilities
within the in-plane SEMPA setup are covered in Section 4.2.2. The key feature
of this SEMPA, the deflection of the SE beam in order to access the out-of-plane
component of the magnetization, is presented in Section 4.2.3. The Sections
4.2.4−4.2.6 present details on the technical implementation of the used spin
detector, optimizing its performance by choosing a modified set of voltages and
determining the characteristics of the W(001) crystal itself. The obtained spatial
resolution and measures to ensure noise cancelling are discussed in Sections 4.2.7
and 4.2.8. Finally, the steps of the magnetic image formation are visualized in
Section 4.2.9.

4.2.1 Introduction to the out-of-plane setup

Before specific details of the out-of-plane SEMPA are discussed, a general in-
troduction to the setup is given in the following. The sample transfer into the
microscope chamber is performed via a load lock chamber, seen in the lower left
of the sketch in Figure 4.2. An ECR type Ar+-ion sputter gun for low-energy
operation, attached to the load lock chamber, allows for sample preparation be-
fore transferring the specimen into the sample stage of the microscope chamber.
The sample stage is equipped with a stack of three piezoelectric actuators2 for
x- and y-movement (5mm travel range) as well as for rotation about the z-axis
(=̂ normal of the sample surface), see Figure 4.3. On top of this stack of piezo-
electric actuators, the sample is positioned on a sample holder. The resulting
working distance used for investigations via SEMPA equals 10mm. The surface
normal of the sample points into the entrance optics of the spin-detector arm
and forms an angle of 64° with the primary beam of the SEM column. It is
further more possible to sputter clean the sample with Ar+ ions or to evaporate
iron. A residual gas analysis can be performed by using a mass spectrometer

2Piezoelectric actuators by AttoCube: ANP x 101-91 for the two linear stepper positioner
and ANR-200-D5 as the rotary stepper positioner.
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(Quadstar, Balzers). The microscope chamber as well as the spin-detection arm
are equipped with ion gauges for pressure reading, confirming a base pressure in
the range of 10−11mbar.
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Figure 4.2: Top view schematic of the out-of-plane SEMPA setup. The individual
components of the SEMPA chamber (round, left) and the spin-detection arm (L-shaped,
right) as well as the trajectory of a spin-polarized electron (red) is shown. While
the load lock includes an ECR Ar+-ion sputter gun for sputtering at low energies, a
scanning Ar+-ion sputter gun designed for high-energy sputtering is attached directly
to the SEMPA chamber. An Fe evaporator and a quadrupole mass spectrometer are
available for preparation and analysis purposes. The SEM column, indicated by a
semitransparent circle in this top view, accelerates the unpolarized PE beam (blue in
the zoom in on the left) onto the magnetic sample (purple), which induces the emission
of spin-polarized SE (red). The SE are attracted by the entrance optics and accelerated
into the CMA, which bends the trajectory of the SE beam by 90◦ without affecting
the orientation of the spin. This process is illustrated for electrons originating from
an out-of-plane magnetized sample region. The exit optics accelerates the SE onto the
W(001) crystal to undergo LEED.

To perform a SEMPA measurement, a Gemini SEM column (indicated by a
gray semitransparent circle with dashed outline, side-view geometry as in Fig-
ure 2.1 on page 8) is used to locally emit SE from the sample. Those are at-
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tracted by the first stage of electrodes, the so-called entrance optics, acceler-
ated into the detector chamber, and steered and focused by quadrupoles. Af-
ter passing the entrance optics, the electrons enter a cylindrical mirror ana-
lyzer (CMA) which is used in this instrument to bend the trajectory of the SE
by 90◦. At the chosen potentials, the energy dispersive features of the CMA
do not impair the transmission of the SE as will be shown in Section 4.2.3.

sample 

piezo 
actuators

SEM

entrance
optics

64°

x
y

rot

sample
holder block 

Figure 4.3: The sample is positioned
on a stack of three piezoelectric actuators
which allow for movement in the x- and y-
direction of the sample plane as well as
rotation around the normal of the sam-
ple surface. Its surface normal points di-
rectly into the entrance optics of the spin-
detector arm and forms an angle of 64°
with the primary beam of the SEM col-
umn.

In the second stage of electrodes, the so-
called exit optic, the SE are then accel-
erated onto the W(001) crystal where
they undergo LEED. The diffracted
electrons of the (2,0)-reflexes are then
detected by channeltrons. The red cir-
cles with black arrows in Figure 4.2
represent electrons with a spin orienta-
tion normal to the sample surface and
visualize the working principle of the
out-of-plane measurements: For elec-
trons with nonrelativistic velocities as
present here, the electrostatic field ro-
tates the velocity vectors of the elec-
trons but does not affect their spins,
so that a longitudinal polarization is
translated into a transverse one [29].
Thus, it becomes possible to measure
the out-of-plane component of the sam-
ple magnetization. Besides the out-of-
plane component, the y-component of
the in-plane magnetization is measured simultaneously. The corresponding x-
component is accessible by rotating the sample by 90◦ about the z-axis (normal
of the sample surface) via a piezoelectric actuator.

4.2.2 Facilities for sample preparation

In contrast to the in-plane SEMPA described in Section 4.1, no dedicated prepa-
ration chamber is attached to the out-of-plane setup. Nevertheless, to a lesser
extent sample treatment is possible by means of sputter cleaning or metal evap-
oration. Both processes have been characterized and will be introduced in the
following.
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The transfer chamber, which is pumped via a turbo-molecular pump down to a
pressure of 9·10−8mbar, is equipped with an Ar+-sputter gun (IonEtch, Tectra).
The latter is a filamentless ion source which is based on a microwave plasma
discharge, imploys the electron cyclotron resonance (ECR) effect and works on
an argon pressure of pAr = 6 ·10−5mbar. It is designed to work at energies as low
as 25 eV to ensure a smooth and even removal of material layers without causing
too much intermixing. The divergence of ion beams and the beam profile are
known to depend on the acceleration voltage, in general for increasing accelera-
tion the beam becomes more convergent [125, 126]. Thus, the homogeneity of the
profile of the resulting Ar+-beam is expected to be influenced by the used anode
voltage. For evaluating the homogeneity of the sputtering process, well defined
platinum films on Si3N4 have been sputtered with different settings. An optical
ellipsometer (SENpro, SENTECH Instruments) has been used to measure the
Pt-film thickness before sputtering and to detect the thickness profile across the
sample after the Ar treatment.
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Figure 4.4: ECR-sputtered profiles of two originally 6.2 nm thick platinum layers
(black dashed line) on Si3N4, both sputtered at a kinetic ion energy of 100 eV. The red
curve shows the obtained profile of the sample sputtered at an anode voltage of 100V
with the sample at ground. In contrast, the blue profile has been obtained by sputtering
at an anode voltage of 190V with the sample biased at +90V. These different modi can
be used either for homogeneous sputtering or for a specifically inhomogeneous material
removal to obtain a depth profile.

The sputtering profiles for two settings leading to a homogeneous and an inhomo-
geneous material removal are presented in Figure 4.4. In both cases, an effective
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ion energy of 100 eV has been used. While for the red curve the sample was at
ground potential and an anode voltage of 100V was applied, a sample potential
of +90V and an anode voltage of 190V was used for the blue curve. The black
dashed line in the graph indicates the original thickness of the platinum layer of
6.2 nm. Adhesive copper foil was used to fix the sample on the holder and to
cover a small part of the sample surface (see x-axis at 0mm) to check the consis-
tency of the thickness determination. Thus, at the sample position of 0mm, the
measured layer thickness is identical to the one of the unsputtered system. While
the blue curve describes a rather homogeneous removal of the platinum layer,
the red profile indicates an uneven material removal with the highest sputter
rate in the center of the sample. For an anode voltage of 190V, an Ar+-beam is
formed which yields a rather position-independent flux of Ar+-ions over the sam-
ple area (about 1 cm2). In contrast, for the case of an anode voltage of 100V, a
density gradient of the provided Ar+-ions exists across the surface of the sample.
These two operation modi in the low energy regime can thus either be used for
a homogeneous material removal such as a capping layer, or for the purposeful
inhomogeneous removal for depth profiling of multilayer samples.
Within the SEMPA chamber, an Ar+-sputter gun as well as an e-beam evapora-
tor are available. Enhancing the spin contrast in a SEMPA measurement can be
achieved by dusting the sample with Fe from the evaporator (EFM 3, Focus). A
deposition rate3 of 0.38 nm/min has been used for such purposes.
The scanning Ar+-sputter gun (IQE 12/38, Leybold) next to the evaporator
accelerates the used Ar+-ions to kinetic energies in the range of 1 − 5 keV and
leads to an increased surface roughness upon sputtering. This also results in
intermixing of layers making this sputter gun not applicable for the preparation
of delicate ultrathin magnetic multilayers. For sputtering with the maximum
scan area (10mm x 10mm) at 2 keV a removal rate4 of 3.12 nm gold/h (0.052 nm
gold/min) was determined. When reducing the sputtered area, the sputter rate
increases accordingly. The desired area can be chosen by adjusting the range
at the scanning unit and checking the sample-current-based imaging readout,
see Figure 4.5. The latter imaging mode is based on the fact that the sample
current depends on the position of the ion beam on the sample, as the SE emission
depends on the local material composition and surface topology.

3The settings for this deposition rate are U = 1 kV, Iemis = 12mA, Iflux = 1nA and
Ifil = 2.1nA

4Used parameters: Uenergy = 2000V, Uextractor = 1871V, Iemission = 3mA, Ufoc1 = 1594V
and Ufoc2 = 1536V
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a) b)

Figure 4.5: Sample-current images obtained with the scanning-sputter gun from two
different samples at 2 keV. a) The sketch shows an Fe whisker that is glued with
conductive silver onto an SEM sample stub. Below, the corresponding full-range
(10mmx10mm) sputter image and a zoom onto the whisker is shown. b) Sketch
and sample-current image of a cuboid sample holder block with a Au/Si3N4 sample
on top. The Si3N4 wafer is clearly recognizable in the current image, which allows to
adjust the beam deflection in such a way that only selected regions can be purposely
sputtered.

4.2.3 The transfer optics of the spin detector

For detecting the spin polarization of the SE emitted from the sample, they are
accelerated into the spin-detection arm. First, they fly through the entrance
optics, which collects the SE from the SEMPA chamber and focuses them into a
CMA to bend their trajectory by 90°. After exiting the CMA they pass the exit
optics to finally undergo LEED on a W(001) crystal. A sketch of these three
stages, which will be described in detail in the following, can be seen on the right-
hand side in Figure 4.2, depicting their mutual orientation. The spin-detection
arm is shielded with a µ-metal foil that is wrapped around it on the outside to
minimize detrimental magnetic stray fields.

Entrance optics

The entrance optics acts as the transition from the SEMPA chamber to the spin-
detection arm. This optics consists of six electrostatic lenses, among which two
are built as quadrupoles for beam steering. Figure 4.6 shows the CAD (computer-
aided design) sketch indicating the positions of the lenses. Quadrupole #1 ex-
tends into the SEMPA chamber as can be seen in Figure 4.2. It creates a gradient
of an electric potential to attract the SE. The following lenses parallelize the elec-
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tron beam before the latter is focused into the entrance of the CMA by a second
quadrupole (#4) and the final lenses.
An Everhart-Thornley detector has been mounted on the spin-detection arm
(after the CMA, see Figure 4.2) in a straight line along the axis of the entrance
optics. A small opening in the outer cylinder and shielding of the CMA is
matched with this line to let the electrons pass when inner and outer cylinder
are held at the same potential. This allows to optimize the potentials of the
lenses and quadrupoles, so that the path of the focused electron beam is aligned
with the entrance axis of the CMA. While the optimized lens potentials vary
slightly in dependence of the sample position, the following values can be used
as reference/starting point:

quad. #1 lens #2 lens #3 quad. #4 lens #5 lens #6
2.5 kV 1.0 kV 3.0 kV 2.5 kV 2.8 kV inner CMA potential

lens #6

lens #5 lens #3

lens #2

quadrupole #4 quadrupole #1

Figure 4.6: Sequence of electrostatic lenses and quadrupoles making up the entrance
optics. They are assigned to attract the SE emitted from the sample, allowing their
analysis in the LEED detector.

Cylindrical mirror analyzer

Electron analyzers are generally used in spectroscopy to sort electrons by their
kinetic energy. In this SEMPA instrument, a CMA is used exploiting the fact
that it bends the trajectory of the SE by 90°. Figure 4.7 shows a sketch of a CMA
with its two concentric cylindrical electrodes. The SE enter the CMA through
a slit of width ω, which is located at a radius ri with respect to the symmetry
axis.
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By choosing specific potentials for the electrodes, only electrons with energies
around a certain kinetic energy, the so-called pass energy, are able to reach the
exit slit. Due to its double-focusing property, the CMA is able to refocus electrons
of a large range of azimuthal entry angles at the exit slit. In the used CMA the
inner cylinder is positioned at ri = 3 cm and the outer cylinder at ro = 9 cm with
respect to the symmetry axis. The spectrometer constant

Csp =

(
K · ln

(
ro
ri

))−1
=

(
0.763 · ln

(
9 cm
3 cm

))−1
= 1.19, (4.1)

with the CMA coefficient K = 0.763 [124] for this CMA, reflects the geometrical
properties of the assembly.
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Figure 4.7: Schematic of the working principle of a CMA, adapted from [127]. a) The
schematic visualizes the axial focusing of a CMA, when the entrance and exit slit are
located on the symmetry axis. The width ω of the entrance/exit slits of the analyzer,
the particle beam entrance angle ϕ and the distance L between the entrance and exit
slit are indicated. b) Cross section through the CMA. The inner and outer radii ri and
ro of the electrodes of the CMA are denoted, as well as α, the acceptance half angle
of the analyzer in the dispersion plane, Ui and Uo, the inner and outer potentials and
∆U , the difference between them.

For dimensioning the CMA potentials, the following procedure has been used
[127]:

1. Chose the desired energy passband ∆E, in this case ∆E = 11.2 eV. The
energy resolution ∆E/E0 relates the analyzer’s energy passband ∆E with
the pass energy E0, and can be determined via the so-called base resolution
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∆EB/E0. The base resolution is given by ∆EB/E0 = A ·ω+B ·αn+C ·β2,
with the coefficients A = 2.2/L, B = 5.55, C = 0, n = 3, and the angles α
and β which describe the angular deviation of the electrons from the central
path from the entrance to the exit slit in the deflection plane and in the
plane perpendicular to it, respectively. Furthermore, the base resolution is
connected to the energy passband via ∆EB ≈ 2 · ∆E. For a CMA, β is
always zero [127], and so is α in a first order approximation. Thus, with the
length L between the entrance and exit slit of 188.2mm and a slit width of
ω = 3mm for the used CMA, it follows that ∆EB/E0 = 3.5%. The energy
resolution equals thus ∆E/E0 = 1.75 %.

2. Determine the pass energy E0 from the energy resolution of the CMA, in
this case E0 = ∆E/1.75 % = 640 eV.

3. Assuming that the SE have an average kinetic energy of 3 eV, the potential
of the inner electrode is Ui = 1/e · (E0 − 3 eV) = 637V.

4. The potential difference between the inner and the outer electrode (∆U =

Ui − Uo) can be calculated by using the spectrometer constant Csp (see
Equation 4.1) via [127] ∆U = E0/(e · Csp) = 640 eV/(e · 1.19) = 537.8V.

5. The potential of the outer electrode follows by Uo = Ui − ∆U = 637V −
537.8V = 99.2V.

Exit optics

 
CMA lens D lens C lens B

entrance
spin detector

Figure 4.8: Schematic of the exit optics assembly. Consisting of three lenses, the exit
optics transfers the SE beam towards the spin detector. The voltage applied to the first
lens after the CMA is equal to the inner potential of the CMA. The last lens before the
spin detector is on scattering potential, meaning on the same potential that is applied
to the W(001) crystal, to allow a field-free diffraction.
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After the SE leave the CMA through the exit slit, the electrons pass the exit
optics composed of three lenses, as shown in Figure 4.8. The first lens after the
CMA, for historical reasons labelled lens D, is in-situ connected to the potential
of the inner electrode of the CMA. The second lens C is set to 300V while the
final lens B is on 102.4V, which is the same as the scattering potential applied
to the W(001) crystal. Lens B works as a drift tube and allows a field-free
diffraction of the SE at the crystal.

4.2.4 Detection unit

After leaving the exit optics, the SE enter the spin detector shown in Figure 4.9.
In the latter, the spin-dependent electron diffraction at W(001) takes place as
described in Section 2.4.

a) b)

voltage

feedthrough

rotary

joint

base

flange

detection

unit

W(001) crystal

channeltron

 casing
cogwheel

Figure 4.9: Photographs of the W(001)-based spin detector. a) Side view of the
entire spin detector on its CF 160 flange. Below the base flange, a multipin voltage
feedthrough and the rotary feedthrough for moving the gear wheel are visible. Between
the flange and the detection unit, the cabling of the vacuum side can be seen. The cable
lengths allow for a 90◦ rotation of the detection unit via the rotary feedthrough. On
top of the gear wheel the W(001) crystal is surrounded by four channeltrons, housed
each in a copper casing. b) The top view of the detector shows the W(001) crystal in
the center of four channeltrons which are each surrounded by a copper casing. It also
allows a view into the gear wheel that forms the base of the detection unit.
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The voltage feedthrough for potentials at the channeltrons and the cable man-
agement at its UHV side can be seen in Figure 4.9a) showing a side view of the
detector. The MHV feedthroughs of the four detector channels are not visible
in this angle of the photograph, but are located behind the indicated voltage
feedthrough.
The detection unit was built onto a gear wheel that can be moved via a rotary
feedthrough from the outside5. At the UHV side, the length of the wires between
the CF-160 base flange and the detection unit allows for a 90◦ rotation of the
latter. This cogwheel can be seen in Figure 4.9b) which provides a top view on
the detector. Also the W(001) crystal which is surrounded by four copper-cased
channeltrons is visible.

collector

mouth

anode

non-conductive region

grid

Figure 4.10: Photograph and scheme of a channeltron as used in the spin detector.
Mouth and anode of the channeltron are separated by a non-conductive region, where
the external coating of the glass tube has been removed. An internal electrical resistance
in the order of 140-160MΩ is present between mouth and anode. A retarding grid is
mounted in front of the mouth to prevent low energetic SE which were created at the
W(001) from entering. A voltage gradient between mouth and collector accelerates the
incoming electrons towards the collector. The electron multiplication is indicated in
the sketch on the right by red lines, showing their trajectories from the mouth towards
the collector. The photograph on the left was adapted from [128].

In the following subsections, the optimization of the voltage-dependent detector
performance will be presented and the handling of the W(001) crystal as well as
its characteristics will be discussed. A scheme of one of the channeltrons used
can be seen in Figure 4.10. A channeltron consists of a glass tube coated on
the inside a semiconducting, high electron emissive material. Three electrical
contacts allow applying an voltage gradient along the tube. Namely there are
the mouth, which is the opening at the front, the anode in the middle of the
tube and the collector at its end. A retarding grid is mounted in front of the
mouth (see Section 4.2.5) to prevent SE which were created at the W(001) crystal

5This feature was implemented as a backup in order to be able to readjust the detector
orientation in case of a possible false positioning.
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from entering6. An electron entering the mouth will thus be accelerated towards
the collector. On its way, the electron hits the inner coating and is due to its
high kinetic energy able to induce the emission of about 1 to 3 electrons. The
curvature of the channeltron ensures that all incident electrons, independent
of their entry angle, collide with the inner channeltron coating. The resulting
electron avalanche allows to amplify a single input electron to ∼ 107 electrons
at the collector. This electron multiplication is indicated by the red lines in the
sketch in Figure 4.10.

4.2.5 Voltages at the channeltrons and signal processing

Before specifying the voltages used at the channeltrons, an overview on the signal
processing is given as shown in Figure 4.11. In the schematic, channeltron voltage
denotes the input high voltage (2− 3 kV) to the decoupling circuit. An RC-low-
pass filter blocks noise from the power supply from entering the pulse processing.

decoupling0
circuit

PreAmp NIECL00000TTL

channeltron
voltage anode

collector

computer

pulse

47M

4.4n 100p

1M

2.2k100k

~150M
mouth
voltage

Figure 4.11: Schematic of the signal processing electronics. The decoupling circuit,
into which the channeltron high voltage is inserted, generates the voltages for the
collector and the anode of the channeltron. It also separates the detected avalanche
pulses corresponding to a single electron hit at the channeltrons mouth from the high
voltage. The following electronic devices discriminate and count the pulses with the
help of an National Instruments (NI) TTL counting card. The mouth voltage is not
generated from the channeltron voltage, but inserted separately. A resistance of roughly
(150±10)MΩ exists between anode and mouth.

The decoupling circuit generates the collector and anode voltages from the chan-
neltron voltage with Ucollector > Uanode by forming a voltage divider versus the
mouth voltage via the internal channeltron resistance. A 100 pF capacitor sepa-
rates the current pulses, resulting from the amplified single-electron events, from

6The SE created at the W(001) crystal do not carry any spin information about the sample.
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the high voltages, before feeding them into separate electronic devices which am-
plify, discriminate and count the pulses. The pulse processing is done within a
pre-amplifier (MIT, F100-E) which contains a linear amplifier and a discrimina-
tor. For the further data processing, the obtained emitter coupled logic (ECL)
pulses from the pre-amplifiers are converted to transistor-transistor logic (TTL)
allowing a readout via a National Instruments [129] card and a data processing
in LabView [130].
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Figure 4.12: a) Grid scan: The upper panel shows the increasing count rates of the
four channels in dependence of the voltage applied to the grids. The lower panel shows
the differentiated count rate and visualizes that for grid voltages above 2V the increase
in the count rate does not originate anymore from the polarized SE of the sample. The
additionally detected electrons at these grid voltages can be either scattered SE which
lost energy during LEED or SE generated at the W(001) surface. While in the first
case, the spin information might be altered due to multiple scattering, the SE described
in the second case do definitely not carry any spin information of the sample. b) Mouth
scan: The maximum of the count rate is found when a voltage of 30V is applied to the
mouth.

For each of the individual channeltron detectors, the optimum operation voltage
needs to be determined to allow for the best possible measurement performance.
The optimal working point differs among the devices due to aging effects as
well as due to production tolerances. In the following, the potentials used for
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the grids positioned in front of the channeltrons, the mouths as well as the
channeltron voltages are derived. The voltages applied to the grids and the
mouths are determined by performing grid scans and mouth scans, respectively.
In these type of scans, the voltage is swept over a range that is meaningful for
the element under test and the correspondingly obtained count rate is measured.
The grids in front of the entrance of the channeltrons prevent that those polarized
SE which experienced several scattering processes at the W(001) as well as SE
generated at the W(001) surface enter the mouth. In the first case, the SE have an
increased probability to not carry the correct spin polarization any longer. They
loose energy with every collision and are thus observed as diffuse scattering in
LEED. Detecting SE which underwent a spin-flip process together with the spin-
polarized electrons from the sample leads to a decrease in the signal-to-noise
ratio of the measurement, which should be avoided. In the second mentioned
case of SE that were created at the W(001) crystal, no information on the sample
magnetization is related to the spin of these electrons, and thus their detection
is detrimental. The result of the grid scans, which were performed at a mouth
voltage of 100V and at a primary electron beam current of 3 nA, are shown in
Figure 4.12a). The expected increase in the count rate with increasing voltage
is observed, as seen in the upper graph. The lower plot shows the differentiated
count rate in dependence of the grid voltage, indicating that beyond Ugrid=2V
no signal increase due to the SE from the sample, but only due to SE from
the W(001) or diffuse scattered SE occurs. Thus, the grid voltage for all four
detection paths has been set to 2V.
A scan of the mouth voltage taken at an primary electron beam current of 3 nA
and with a grid potential of 2V is shown in Figure 4.12b). In contrast to the grid
scan, a clear maximum in the count rate is found at 30V for the mouth voltage.
The form of the signal pulse exiting the channeltrons collector is shown in Figure
4.13a). This exemplary pulse was detected in channel 4 at a channeltron voltage
of 2.2 kV. The pulse height of about −11mV has a full width at half maximum
of FWHM = 10 ns and shows only slight ringing. As mentioned above, aging of
the channeltrons creates the need to adjust the applied operating voltages after
prolonged use. This can be done by examining the pulse heights in dependence
of the channeltron voltage, as seen in Figure 4.13b). The channeltron-voltage-
dependent heights of channels 2, 3, and 4 show similar slopes and only a slight
offset in respect to one another. Channel 1, on the other hand, shows a signif-
icantly different characteristic. Far higher voltages are needed to create pulses
with comparable heights to the other channels and also a significant deviation
of the slope is notable. Obviously, the aging process of channeltron 1 is further
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progressed than in the other three counters.
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Figure 4.13: a) Unamplified typical channeltron pulse measured with an oscilloscope
in channel 4 using a channeltron voltage of 2.2 kV. Slight ringing after the pulse is
observed. The pulse height (minimum of the pulse) of ca −11mV is marked with
a dashed red line. b) Dependence of the pulse heights of the applied channeltron
voltage. While the channels 2−4 exhibit a similar voltage behavior, channel 1 requires
significantly higher voltages to obtain the same pulse heights. This deviation is ascribed
to a further progressed aging process in this particular channeltron.

To finally determine the set of voltages applied at the four channeltrons, the
count rate in dependence of the channeltron voltage is measured. Three regimes
are expected in these kind of plot. At low channeltron voltages, the count rate
increases with the voltage, as an increasing amount of pulses reach a pulse height
which lies above the threshold voltage of the discriminator. At a certain voltage,
a plateau in the count rate is reached as all electrons collected at the input of
the channeltron produce a pulse which is detected by the discriminator. Only
the pulse height/gain7 increases with the channeltron voltage in this regime.
Finally, the plateau ends when the channeltron voltage is high enough to induce
ion feedback8 due to the very high gain. Additionally, the increase in this regime
can be superimposed by double counting of the incoming pulses, as also the
amplitude of the ringing (see pulse in Fig. 4.13a)) is amplified.
These three regimes can be recognized in the plot in Figure 4.14 which shows
the count rate in dependence of the channeltron voltage for all four channels.

7The gain defines the ratio of the output current to the input current.
8Ion feedback describes the phenomenon that gasses adsorbed at the inner surface of the

channeltron are ionized and as a consequence produce SE. The gas ions are accelerated back to
the entrance of the channeltron and gain enough energy to create SE when striking the inner
coating.
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The working points are chosen from the second regime which shows a plateau of
the count rate in such a way so that the pulses from all channels have a pulse
height of about 5.4mV. These voltages are indicated in Figure 4.14 by dashed
lines. Higher voltages would only cause faster aging of the channeltrons without
giving more real counts.
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Figure 4.14: Count rate detected in all four channels in dependence of the applied
channeltron voltage. The working points are chosen from the characteristic plateau
region of the count rate at which all detectable SE are measured. For all channels, the
determined working points are indicated by dashed lines.

4.2.6 Preparation of the W(001) crystal

The spin-dependent diffraction process requires a clean W(001) crystal surface,
thus the crystal is cleaned regularly via flash heating. For flashing, a current
running through the crystal is ramped up to a defined maximum value within
10 s and afterwards held for 5 s. Once a day (before the first measurement), a
high-power flash up to ∼ 2200K is used to remove desorbed oxygen from the
W(001) surface [23]. The high-power flash also removes carbon-monoxide con-
taminations, which desorb at T ≥ 1200K [23], as well as chemisorbed hydrogen
at T ≥ 500K [131] from the crystal surface. A low-power flash up to ∼ 1300K,
removing hydrogen and carbon-monoxide, is performed every 1−2 hours to main-
tain a clean surface and thus to ensure stable working conditions for SEMPA
[132]. Furthermore, an automated oxygen cleaning cycle is used a few times
per year to maintain the depletion of bulk-carbon contamination at the surface
region. In this oxygen cleaning cycle, a partial pressure of pO2 =5·10−9mbar is
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used and the crystal is flashed to ∼ 1300K (ramp up time 10 s, holding time
5 s) every 15min for about 10 h. After this hot oxygen treatment, the remaining
oxide layer is removed from the crystal surface by flashing up to 2200K [23, 133].

4.2.7 Spatial resolution

In the light of future applications for this SEMPA instrument, it is desirable to
achieve the highest possible spatial resolution. To determine the spatial resolu-
tion, a commercial test sample (Plano, S168U) of gold nanocrystals with sizes
between 5 and 150 nm on a conductive carbon film of 2mm thickness was used.
An SE image of the gold nanocrystals taken at a primary electron current of 3 nA
is shown in Figure 4.15a). The image is the sum of the intensities detected in
the four channels of the spin detector. The Au crystals are clearly visible, show
sharp edges and high contrast in respect to the underlying carbon film. The
same Au crystals are shown in 4.15b), but the image has been taken with the
so-called crossover mode mode of the SEM Gemini column, where the beam is
focused in the aperture plane. This mode provides a primary-electron-beam cur-
rent of up to 15 nA. The high current of this mode is appealing for the SEMPA
technique as it allows to reduce the acquisition time9. As in this high-current
mode the beam is not shaped by the aperture, a wider, non-round electron probe
is created that unfortunately results in a decreased spatial resolution, see Figure
4.15b). The direct comparison of the images stresses the lower spatial resolution
of the crossover mode resulting in a limited applicability in SEMPA.
Figure 4.15c) shows horizontal line profiles taken at 6 kV in the images with a
primary current of 3 nA and in the crossover mode setting. The positions at which
the line scans to determine the lateral resolution10 were taken are highlighted by
a blue line in a) and by a green one in b). By fitting a Gaussian error function to
the edges of the nanoparticles, the spatial resolution was derived. The width d of
the error function, f(x) = A · erf((x− x0)/d) + c, relates to the resolution 2σ via
2σ = 2·d/

√
2. For the 3 nA mode a width of d3nA = (11.5±0.4) nm is determined

9The acquisition time can not be reduced to any desired time by increasing the PE beam
current, as the processing of high count rates is limited by the dead time of the used detector.

10As introduced in Section 4.2, the sample is tilted with respect to PE beam so that the
surface normal of the sample and the incoming PE beam form an angle of 64°. While during
SEMPA investigations a correction of this sample tilt is performed within the software of
the SEM, the two SE images shown here have been taken purposely without a sample tilt
correction. The lateral resolution is thus not identical to the longitudenal resolution of the
magnetization images taken in SEMPA.
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which correlates to a resolution of 2σ3nA = (16.2±0.6)nm. In case of the crossover
mode, dcrossover = (29.4± 1.2)nm and thus 2σcrossover = (41.6± 1.7) nm is found.
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Figure 4.15: SE image of Au nanocrystals, obtained from the sum of the intensities
of all four channels of the spin detector, taken at 6 kV and a) at an primary electron
beam current of 3 nA, and b) in the crossover mode of the PE beam. c) Horizontal
line profiles taken in a) and b) (positions highlighted in blue and green) are used to
determine the lateral resolution. By fitting an error function to the edge of a gold
particle, seen as red fits, a spatial resolution of 2σ3nA = (16.2±0.6) nm was determined
for the 3 nA mode and 2σcrossover = (41.6± 1.7) nm for the crossover mode.

4.2.8 Optimizing lateral image stability and minimizing
signal noise

Reaching high spatial resolution requires extensive work regarding suppression
of lateral image noise. The main effects contributing to this type of noise are
mechanical vibrations, thermal drifts, electromagnetic interferences (EMI) and
ground loops. Ground loops can lead to 50 Hz line-noise which couples into the
primary electron beam of the SEM. A well-conceived grounding concept avoids
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these issues. Further information on grounding concepts can be found among
others in references [134, 135]. A first measure to reduce electrical noise from
radio frequency (RF) sources is to ensure proper shielding of the cabling at the
setup, e.g. by using coaxial cables. Generally, all RF-sources can couple into the
signals measured in the spin detector. Electrical cables conduct these noise cur-
rents and furthermore can radiate energy to—but also pick up energy from—their
surroundings. In this way, cables serve as transmitter as well as receiver for EMI
and are a significant noise source. Proper shielding attenuates such influences
to an insignificant level. Nevertheless, a small amount of the noise might pass
through the shield. Within the out-of-plane SEMPA setup, mostly coaxial cables
are used providing already one inner shield. An additional metal wire sleeve is
pulled over several cables and connected to ground.
The spin-detection arm is wrapped with µ-metal foil, a soft ferromagnetic mate-
rial that is used for shielding against static or low-frequency magnetic fields. The
magnetic shielding via µ-metal is based on leading the magnetic flux of exter-
nal fields through the metal, and thus around the area that has to be shielded.
Furthermore, the influence of slowly alternating magnetic fields from close by
labs as well as DC fields is canceled via the usage of an active magnetic field
compensation (Stefan Mayer Instruments, MR-3). The magnetic field probe, a
fluxgate sensor, is attached to the setup detecting magnetic fields close to the
SEM column. Large Helmholtz coils, incorporated in the lab walls, create the
opposing field.
Mechanical disturbances originate from non-repetitive events like closing doors
or footsteps11, as well as from periodically induced vibrations from resonating
setup components. The coupling of external floor vibrations to the SEMPA in-
strument is reduced via a passive air damping system (IDE, TNC-100). By using
an acceleration sensor it was furthermore possible to identify other sources of me-
chanical vibration modes, which e.g. originated from the transfer rod. A support
immobilizing the vibration of the transfer rod was constructed and damped the
mechanical noise noticeably.
Repeatedly, image artefacts due to local charging of the sample interfered with
the measurements, even while scanning conductive samples that were fixed by
conductive adhesive tape to the metallic sample holder. An additional conduc-
tive graphite coat, which contacts the sample with the sample holder, as well as
the the sample holder with the sample stage, was needed to obtain the required
conductivity.

11Footsteps are also an example for microphonics, which describes the characteristic of elec-
trical components to transform acoustic noise into electrical noise.
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4.2.9 Formation of the magnetization images

After introducing the individual parts and features of the out-of-plane SEMPA
setup and explaining their functionality for the measurement process, the process
of image formation itself is presented in the following. The process of the image
formation in SEMPA is adapted from the one in a conventional SEM. For the
data acquisition, the number of counts that have been detected in each channel-
tron during the pixel dwell time is stored in a two dimensional array of cells. In
these arrays, each cell corresponds to one of the positions scanned with the PE
beam. While successively scanning over the sample surface from (xstart,ystart) to
(xend,yend), the detected signals from all positions within the scanning area are,
one-by-one, written into the corresponding cells of the array. This data storage
takes place simultaneously for all four spin channels, resulting in four individ-
ual two-dimensional arrays. The size of the array is set before the measurement.
Values for the x and y dimensions of the array are usually in the range of 100-500.
Furthermore, the dwell time per pixel, which describes the measurement time at
each (x,y)-position, is chosen between 5 and 50ms. Each of the four arrays, cor-
responding to one spin channel, can be used to create a grayscale image, as seen
in Figure 4.16 on the upper left. The magnetization images detected in the four
channels show a magnetic domain pattern, as well as contrast due to topography.
The upper row of the four images gives the two in-plane channels for the magneti-
zation along the y-direction (vertical in-plane direction) and the lower row shows
the two out-of-plane channels (perpendicular/ z-direction). Summing up all four
channels leads to the conventional SE image seen at the lower left of Figure 4.16.
No magnetic signal is visible, only the particles on the left part of the scanned
area contribute to a change in the SE contrast. The upper right of Figure 4.16
shows the magnetic contrast along the y- and z-direction, determined from the
raw data as described in Equation 2.3 (page 11). These two asymmetry images
solely include the magnetic information without any topographic information.
By color coding the magnetic information, the two asymmetry images can be
reduced to one colored image. The color wheel shown in the lower right depicts
the translation of color to magnetization direction. Yellow and blue represent
the magnetization pointing to the positive and negative y-direction, respectively.
In areas that are colored in red the magnetization points out of the paper plane
(positive z-direction), in green areas into the paper plane (negative z-direction).
With this color coding, spin-reorientation transitions as shown in Figure 4.16
can be visualized in one image, as well as the magnetization change at domain
walls in systems with perpendicular magnetic anisotropy, at vortex structures or
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within skyrmions.
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Figure 4.16: From the magnetization images detected in each spin channel, the con-
ventional SE image can be generated by adding all four channels up. The magnetization
information along the y- and z-direction is obtained by determining the asymmetry be-
tween the corresponding channels. Using the color wheel shown in the lower right allows
to condense the information of the two asymmetry images in one color-coded one, where
yellow and blue describe the direction of the y-component (vertical in-plane direction)
and red and green the direction of the out-of-plane component of the magnetization.
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5
New spin-detector design based on a

pseudomorphic Au monolayer on Ir(001)

The concept of the spin-polarized LEED (SPLEED) detector presented in Sec-
tion 2.4 has until now only been realized for a W(001) crystal. Possible oppor-
tunities of using other high-Z materials as spin analyzer in a SPLEED detector
have not been explored yet. Fruitful discussions with Prof. Jürgen Kirschner
about the studies of his group concerning low-energy electron diffraction from
Au-passivated Ir(001) crystals [136, 137] lead to the idea of replacing the W(001)
crystal of the LEED detector with an Ir(001) crystal that has a pseudomorphic
monolayer (ML) of Au on top. Both materials, Au and Ir, are high-Z ma-
terials and are thus for themselves suitable candidates to replace the W(001)
crystal. While Au provides the most inert metal surface for vacuum applications
[36, 137], Ir is known for its ease of preparation in form of comparatively simple
temperature treatments [137]. As Ir(001) as well as Au(001) have been found to
be reconstructed in their thermodynamic equilibrium—with a (5x1) [137] and a
(5xn), n = (26, 27, 28), pattern [138], respectively—they are less attractive for
the usage in a SPLEED detector as precautions to avoid detecting beams from
the reconstruction have to be taken.
In their search for a target for a spin-polarization detector that satisfies the de-
sire of a high polarization sensitivity and a long lifetime in vacuum, the group
of Prof. Kirschner considered epitaxial Au films on Ir(001). It was found that
creating a pseudomorphic monolayer of Au onto the Ir(001) crystal results in
an unreconstructed surface. This system indeed unites the advantages of both
materials stated above, resulting in a target that is easily and reproducibly pre-
pared [137]. Furthermore, it has been shown by Vasilyev et al. that in UHV
the surface of the 1ML Au/Ir(001) target has to be cleaned only every 6 months
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[136], while the W(001) crystal needs a cleaning several times a day via flash
heating (see Section 4.2.6).
In the first part of this chapter, the preliminary considerations concerning the
scattering angles of the electrons after diffraction at Au/Ir(001) and the corre-
sponding FOMs will be presented. The preparation procedure of the Au/Ir(001)
target is described in the following and LEED images of first preparation trials
are shown. The design of a new spin detector that is customized for the out-
of-plane SEMPA setup and allows for the in-situ preparation of the Au/Ir(001)
target, is introduced, before simulations on the needed electrode potentials as
well as their effects on the trajectories of the spin-polarized electrons are pre-
sented.
After deriving a suitable working point and dimensioning the detector, the further
steps were performed together with Maurice Pfeiffer who realized the implementa-
tion of the computer-aided design of the spin detector and performed simulations
of the electron trajectories as part of his bachelor thesis [139].

5.1 Preliminary considerations

Θdet

Au/Ir(001)

detector

spin-polarized
source 

Figure 5.1: Sketch of the setup used by
Kirschner et al. [140] to study the reflectiv-
ity R and the sensitivity S of a pseudomor-
phic Au ML on an Ir(001) crystal. The ki-
netic energy of the spin-polarized electrons
created by a strained-layer photo cathode
was varied at constant detector angle θdet,
and vice versa the detector was scanned
through θdet at fixed kinetic energies.

The first step of the design process for
the new SPLEED detector is to de-
rive the desired scattering potential, as
it defines the scattering angle of the
electron beam as well as the FOM.
An initial study to determine the
energy-dependent FOM of the (1,1)
beams scattered at 1ML Au/Ir(001)
has been performed by Kirschner et
al. [140] who forwarded the ob-
tained data to our group. Evaluating
this dataset revealed that two energy
regimes, around 80 eV and 140 eV, of
the (1,1) beams of the Au/Ir(001) tar-
get are highly appealing for the appli-
cation in a LEED-based spin detector,
as they provide a comparatively high
FOM. A schematic of the experimen-
tal setup used by Kirschner et al. is
given in Figure 5.1 showing the three
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Figure 5.2: a) Energy-dependent scattering angles of the LEED beams measured on 1
pseudomorphic ML Au on Ir(001). The red spheres show the experimentally obtained
scattering angles of the (1,1) beam, while the blue lines represent the theoretically
derived energy-dependent scattering angles of the (1,0), (1,1) and (2,0) beams of Ir(001).
Two scattering angles determined in the preparation chamber of the in-plane SEMPA
on a clean Ir(001) crystal at 142 eV are shown as purple stars. b) The reflectivity R in
dependence of the kinetic energy shows two broader maxima, one around 80 eV and the
other around 140 eV. Only infrequent data points have been taken between 90 eV and
130 eV as a small sensitivity arises. The corresponding data are not shown here but the
area is shaded in gray. c) The absolut value of the sensitivity |S| in dependence of the
kinetic energy shows a maximum at 80 eV that does not coincide with a maximum of the
reflectivity. In contrast, the maximum of the reflectivity around 140 eV is accompanied
with a maximum of |S| promising a high FOM.
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key features: a spin-polarized source (strained-layer photo cathode), a detector
and the Au/Ir(001) target. By scanning the kinetic energy of the spin-polarized
electrons through a certain range and keeping the detector at a fixed position as
well as by—vice versa—changing the detector angle at a fixed kinetic energy of
the electrons, the dataset connecting the information on the reflectivity R and the
sensitivity S at a certain angle and energy has been obtained. The experimentally
determined scattering angles ϑ of the (1,1)-LEED beam of 1ML Au/Ir(001) are
shown as red spheres over the energy range of 65 eV to 155 eV in Figure 5.2a).
The theoretical angular dependence of the (1,0), (1,1) and (2,0)-LEED beams of
Ir(001) is added as blue lines. These curves are easily derived via geometrical

ϑ

δ

a~

a)

b)

x

y

z

[110]

[010]
(001) a0

 2

a0

Figure 5.3: a) Sketch of the geometry
of electron diffraction at a two dimen-
sional lattice in real space. Explanation
see text. b) Sketch of a face-centered
cubic lattice as e.g. for Ir. The (001)
plane as well as the [110] and the [010]
directions are indicated, for the latter
two the corresponding distances ã to
the next atom are given, a0 being the
lattice constant.

considerations of electron diffraction at a
two dimensional lattice in real space1 us-
ing the path difference of diffracted beams
in case of constructive interference where
cos(ϑ) = δ/ã applies, see Figure 5.3a).
The parameter ã gives the distance to
the next atom in the diffraction plane to-
wards a certain lattice direction2, see Fig-
ure 5.3b), while δ represents path dif-
ference equaling n · λ, with n the order
of diffraction and λ the energy-dependent
wavelength of the electrons. The latter is
defined by λ = h/

√
2meEkin, with h the

Planck constant, me the mass of an elec-
tron and Ekin its kinetic energy. Thus, the
energy-dependent scattering angle is given
via ϑ(Ekin) = acos(nh/(ã

√
2meEkin)).

The experimentally determined scattering
angles for the pseudomorphic ML of Au on
Ir(001), shown in red, lie slightly below the
theoretically expected values for the (1,1)
beam of Ir(001). To assess the significance
of this deviation, the scattering angles of
the (1,0) and (1,1) beams of a cleaned

1This nonlinear energy dependence of the scattering angles can analogously be derived in
reciprocal space using the reciprocal lattice vectors and considering momentum transfer.

2For example, into [010] direction, ã is equal to the lattice constant a0 (for iridium aIr =

3.84Å at RT [141]). Into [110] direction, ã is equal to a0/
√

2.
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Ir(001) crystal were determined from a LEED image taken at Ekin = 142 eV
in the preparation chamber of the in-plane SEMPA setup. The obtained angle
positions are added to the plot as purple stars, revealing that they also deviate
slightly from the theoretical values, but in opposite direction. Thus, the slight
deviation can be treated as systematic reading error for each setup. Figure 5.2b)
shows the reflectivity R for the energy areas around 80 eV and 140 eV3. Though
the reflectivity reaches its global maximum around 80 eV, a broader maximum
is observed around 140 eV. In contrast, the absolute value of the sensitivity |S|,
shown in Figure 5.2c), shows two maxima with equivalent sensitivity of about
33%. Unfortunately, the sensitivity maximum at 80 eV does not coincide with
the maximum in the reflectivity. The maximum of the sensitivity around 140 eV
on the other hand is positioned at the same energy as the one of the reflectivity,
and has been highlighted in orange in Figure 5.2b) and c). At 142 eV, a FOM
of at least 6.3 · 10−4 can be expected (|S| ≈ 30% and R ≈ 0.35%), which is four
times higher4 than the one for W(001) of 1.6 · 10−4 [117].

5.2 Preparation of the Au/Ir(001) target

In parallel to implementing the new detector design in a CAD (computer-aided
design) software (see Section 5.3), an Ir(001) single crystal has been transferred
into the preparation chamber of the in-plane SEMPA setup (see Section 4.1) for
initial surface cleaning, and to test the procedure to create a single monolayer of
Au on its surface. The customized shape of the crystal is seen in Figure 5.4. A
3mm wide side nose on the elsewise circular crystal geometry allows clamping
to a sample holder plate. The crystal was mounted onto a commercial sample
holder (Omicron sample plate, Scienta Omicron) made of molybdenum that has
a hole with a diameter of about 5mm in its center. The circular area of the
crystal was positioned in front of the hole so that its back can be bombarded
with electrons from the electron-beam heater of the preparation chamber. Three
tantalum strips, seen in red in Figure 5.4, have been spot welded in place to fix
the crystal on the sample holder.
As the Ir(001) crystal was newly purchased, an initial profound surface cleaning
was performed. The applied cleaning procedure consists of three steps and is

3Only infrequent data points have been taken in the energy range between 90 eV and 130 eV
as in this regime the sensitivity is close to zero, making this regime unattractive for SPLEED.
The data are not shown here but the area is grayed out.

4 In the highlighted range in Figure 5.2 from 138 eV to 146 eV, the FOM increases from
3.3 · 10−4 up to 8.6 · 10−4 before it decreases down to 3.8 · 10−4.
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adapted from the instructions given in reference [136]. During this flash-heating
procedure, the temperature at the crystal was monitored with a pyrometer (Ircon
Ultimax UX-20P). First, the Ir(001) crystal is heated up to 1200°C to remove
adsorbates, like H or CO, from its surface. However, carbon impurities cannot
be removed with this step.

3 
m

m

7 mm

R 3.5 mm

centerline 
parallel to 

[110] direction

x

y

z

Figure 5.4: Dimensions of the circular Ir(001) crystal with a mounting nose. The
crystal was fixed onto an omicron holder with tantalum strips, shown in red. While the
right strip is simply spot-welded on each side of the crystal nose, the two on the left
are L-shaped (going in z-direction, indicated by a dark red) to immobilize the crystal.

In a second step, cyclic heating up to 1000°C in an oxygen atmosphere of
2·10−8mbar was performed. The heating duration equals 21 s at an emission cur-
rent of IE = 13mA and a voltage of U = 1.25 kV, while the cool-down time was
set to 5min. The oxygen reacts with carbon at the surface to CO that desorbs
from the surface at this heating temperature. Due to the increased temperature,
carbon impurites that are located underneath the surface move to the surface
and are removed during the current or the following heating cycle. This cyclic
heating leads to a carbon depletion and was performed for several days as the
crystal was newly purchased. In contrast, a crystal that has already undergone
the initial carbon depletion and solely shows surface contaminations requires only
a cyclic cleaning duration of 15− 20min [136].
In the final step, the crystal is flashed in the absence of oxygen up to 1200°C
to remove the remaining oxide layer from the crystal surface. By checking the
surface quality via LEED the need for a repetition of the cleaning steps can
be determined. When a (5x1) reconstruction with sharp spots is visible, the
surface of the Ir(001) crystal is clean and well-ordered as seen in Figure 5.5a).
After preparing a clean Ir(001) surface, about 1 nm Au is evaporated from a
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crucible at a rate5 of about 0.2 nm/min. According to literature [136], the sharp
LEED pattern fades away after depositing 1− 3 monolayers of Au, leaving only
a fuzzy (1x1) structure. Repeated flashing up to 860°C is supposed to remove
all but the first, pseudomorphic Au monolayer, which leads to the observation of
a (1x1) pattern in LEED that is indistinguishable from the (1x1) pattern of the
unreconstructed Ir(001) crystal. The pseudomorphic monolayer itself desorbs at
temperatures above 900°C [137].

80 eV

180 eV

clean Ir(001) after flash to 860°C after flash to 1200°C
A

u 
ev

ap
o

ra
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n

a) b) c)

Figure 5.5: LEED images at 80 eV and 180 eV after cleaning and applying the pro-
cessing steps to create the pseudomorphic monolayer of Au on Ir(001). The LEED
images of the clean Ir(001) crystal with its (5x1) pattern are shown in a). Directly af-
ter evaporation of about 1 nm Au, only a diffuse LEED pattern without distinct spots
is observed (not shown). After flash heating the crystal a few times up to 860°C, a
(1x1) pattern with a blurry background is observed as shown in b). Flashing afterwards
to 1200°C re-establishes the (5x1) pattern of the clean, reconstructed Ir(001) crystal as
seen in c).

First tests of applying this procedure to create the pseudomorphic monolayer
on the Ir(001) crystal have been performed in the preparation chamber right
after the initial cleaning. The LEED images taken after depositing about 1 nm
of Au onto Ir(001) and heating the Au/Ir(001) target several times up to about
860°C, seen in Figure 5.5b), indeed show the (1x1) pattern of the unreconstructed
Ir(001), but with a blurry background around these spots. The LEED image

5Used parameters: U = 900V, Ifilament = 1.7A, Iemission = 22mA, flux= 11mA
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suggests that the heating procedure did not result in a perfect pseudomorphic
monolayer. A few heating cycles up to about 1200°C were sufficient to make the
(5x1) reconstruction of the clean Ir(001) visible again, see Figure 5.5c).

5.3 Detector design

Designing the Au/Ir(001)-based spin detector requires to take spatial constraints
due to the dimensions of the detector chamber of the out-of-plane SEMPA, shown
in Figure 5.6, into account. The 160 CF flange, on which the W(001)-based
spin detector is mounted at present, provides a conveniently large base area for
construction. A 40 CF flange, seen in the lower part of the sketch, is used as
observation window providing a view onto the spin detector (not shown in the
sketch) and the W(001) crystal. The currently used position of the W(001)
crystal is indicated by a red bar.

100

100

15
0

125

188

exit 
optics

W(001)

CMA

Figure 5.6: Relevant dimensions (turquoise,
in mm) of the spin-detector arm at the position
of the spin detector. The 160CF base flange
is seen on the left while a 40 CF flange in the
lower part of the sketch provides an observa-
tion window with view onto the detector and
the W(001) crystal. The three lenses of the exit
optics and the end of the CMA are shown on
the right, highlighted in orange. The position
of the W(001) crystal in front of the exit optics
is represented by a red bar.

On the right, the exit optics and a small part of the CMA (see Section 4.2 for
setup details) are shown in orange, defining the space limitations opposite of the
base flange. As the chamber has to undergo a bake out procedure to obtain
UHV after venting the setup, e.g. for maintenance, the materials used for the
construction of the spin detector are chosen to withstand temperatures up to at
least 150°C without degassing or material fatigue. Namely, the flanges are made
of non-magnetic steel 1.4429 (AISI 316 LN) and all other components are built
of tantalum, Macor6, molybdenum, or titanium grade II.
The final spin-detector design is shown in Figure 5.7a). The 160 CF flange

6MACOR® is a machinable glass ceramic material. For ease of readability, "MACOR®"
will be written as "Macor" within this thesis.
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is seen in the center, separating the parts on the air side including a linear
feedthrough as well as rotary and electrical feedthroughs on the left from the
UHV setup for measuring and preparing the Au/Ir(001) crystal, which is seen
on the right. Figure 5.7b) shows a close up of the arrangement of the UHV
components. Due to deactivating the display of internal features like shutters,
the three key components of the detector are visible: the movable crystal-holder
tube, the Au evaporator and the detection unit. In the following, these individual
parts will be introduced in detail.

a) b)

 
top of
crystal
holder
tube

Au evaporator
detection

unit

Ir(001)
crystal

flange for
electrical feedthrough

linear 
feedthrough

rotary feedthrough

base flange

Figure 5.7: a) Overview of the final spin-detector design. On the left, the parts at
the air side like e.g. linear feedthrough, flanges for electrical feedthroughs and rotary
feedthrough can be seen. On the right of the base flange the components on the UHV
side of the detector are visible. b) Zoom in on the UHV part of the detector (with
deactivated display for several shutters) revealing the three key features: the movable
crystal-holder tube (here in its retracted position), the Au evaporator and the detection
unit.

5.3.1 Crystal-holder tube

The crystal-holder tube, shown in Figure 5.8a), is mounted on a linear feedthrough
which allows to move the Ir(001) crystal from the preparation position (tube re-
tracted) to the measurement position (tube inserted). To take in the preparation
position, the crystal-holder tube is retracted so that the Ir(001) levels with the
base flange, as seen in Figure 5.7b). In contrast, when moved into the measure-
ment position, the top of the crystal holder tube will get in contact with the base
plate of the detection unit.
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a)
hollow cylinder Macor ring

electron 
heating

Ir (001) 

Ir (001) 

fixing plate

guide hole

b) c)

shielding
cylinder

halogen
bulb

mounting plate

fixing plate

crystal- 
holder plate

spacer

Figure 5.8: a) The crystal-holder tube: Within the hollow cylinder, which ends in
a 40 CF base flange, run wires for the electrical connection of the crystal-holder plate
and the electron-beam heating. The electron-beam heating unit is mounted via a plate
onto a spacer that is electrically insulated from the hollow cylinder via a Macor ring.
The crystal holder plate is mounted on top of the spacer, so that the Ir(001) crystal
can be cleaned by flash heating via electron bombardment from its rear side. b) The
crystal-holder plate: The Ir(001) crystal is positioned in the center of the circular
crystal-holder plate. Three guide holes guide the crystal-holder tube to the precisely
defined measurement position in front of the detection unit by means of three matching
guide cones at its base plate. c) Electron heating: A halogen bulb with a bared axial
filament is fixed between two plates. The lower plate allows mounting the bulb at the
spacer. Adding ceramic washers between the mounting plate and the spacer results
in an electric insulation of the electron heater. A shielding cylinder is added around
the filament to focus the emitted electrons towards the Ir(001) crystal; respectively to
prevent them from being attracted to the spacer or the crystal-holder plate as they lie
at the same potential as the crystal.

The crystal-holder tube itself is composed of a hollow cylinder on an 40 CF base
flange, an isolation ring made of Macor, a spacer which holds an electron-beam
heating device, and the crystal holder plate to which the Ir(001) crystal is fixed.
The Macor ring isolates the ground potential of the hollow cylinder from the
potential of the crystal, which is also present at the crystal holder plate and the
spacer.
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The front plate of the crystal-holder is shown in Figure 5.8b), where the Ir(001)
crystal is clamped in position via a plate on its side nose. Three guide holes
are used to guide the crystal-holder tube into the correct measurement position
with the help of three cones mounted at the bottom side of the detection unit.
Figure 5.8c) shows the construction for the electron-beam heating device, which
is electrically insulated from the spacer by ceramic washers. A 50W halogen
bulb with a bared axial filament, which is surrounded by a shielding cylinder for
focusing the emitted electrons onto the Ir(001), is fixed by a mounting plate onto
the spacer behind the crystal-holder plate.
The shielding cylinder is needed, as not only the crystal but also the crystal-
holder tube and the spacer are on crystal potential. The emitted electrons would
thus not only be attracted to the crystal. A separate voltage can be applied to
the shielding cylinder via a 16CF feedthrough to control the repelling potential.
Alternatively, it is possible to connect a pin of the halogen bulb with the shielding
cylinder.

5.3.2 Detection unit

The detection unit, shown in Figure 5.9a), forms the heart of the spin-detection
process. A Macor ring is positioned on top of the base metal ring that is used
to connect the detection unit to the 160CF base flange via four standoffs (see
Figure 5.7). The Macor ring separates the electric potential of the holding plate
for the detection cones from the ground potential of the 160CF base flange. Four
detection cones, which contain MCPs in a chevron stacking for the detection of
the spin-polarized electrons, are fixed on the holding plate by retaining brackets.
Indentations for the cones in the holding plate allow their precise positioning as
well as a simplified dismount for maintenance by loosening the retaining brackets
and pulling the cones backwards. Small threaded holes in the holding plate have
been added for cable routing. These threaded holes are equipped with venting
holes to prevent the creation of virtual leaks in the UHV. The large holes visible
in the holding plate right in front of the spacer tubes fulfill the same purpose,
as the standoffs between the detection unit and the base flange are screwed into
the base metal ring7. The deflecting optics, seen in the center of the detection
unit, is used to bend the trajectory of the electrons, which undergo LEED on
the Au/Ir(001) target, into the cones. Such a deflection is not needed in the
W(001)-based LEED detector.

7Consistently, also the Macor ring provides holes at these positions.

65



Chapter 5. New spin-detector design based on a pseudomorphic Au
monolayer on Ir(001)

a)

b)

base metal ring

Macor ring

holding plate
for detection

cones 

detection cone

retaining bracket

deflecting optics

spacer for 
deflecting optics

threaded holes
for cable fixation

Macor ring

deflecting 
electrode

holding ring

shielding tube

Figure 5.9: a) Assembly of the detection unit. Its base consists of a base metal ring,
a Macor ring and a holding plate for the detection cones. Threaded holes in the base
metal and the holding plate provide possibilities for cable fixation. The detection cones
sit in indentations in which they are fixed via retaining brackets. The top part of the
deflecting optics can be seen above the detection cones. b) Assembly of the deflecting
optics. The four deflection electrodes are isolated from the holding ring by a Macor
ring as well as the shielding tube which closes the gaps between the cones and is on
the same potential as the outer shell of the cones.

Instead, the detection cones are positioned according to the scattering angle of
the (2,0)-electron beams. The diffracted electrons thus enter the entrances of
the cones directly without further deflection potentials. This scheme could not
be adopted for the Au/Ir(001)-based detector due to the scattering angle of 57°
at 142 eV (see Figure 5.2). Positioning the cones under this angle would make
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it necessary to mount them further away, near to the first lens of the exit optics
after the CMA (see Figure 5.6), as the cones would—if positioned closer to the
Ir(001) crystal—collide with the lenses of the exit optics.
Locating the cones next to the first lens of the exit optics results in a compara-
tively large distance between the Ir(001) crystal and the entrance of the detection
cones of about 45mm, and reduces thus the angular acceptance, leading to a de-
crease of the measurement signal. By mounting the detection cones with their
openings perpendicular to the normal of the Ir(001) crystal and applying an elec-
tric field for deflection, the length of the electron flight trajectory is reduced to
about 10mm.
Simulations of the trajectories of the electrons, presented in Section 5.4, allowed
to derive the potentials applied at the various components of the detector. For
each of the four cones, the potential of the corresponding deflection electrode,
seen in Figure 5.9b) in red, can be adjusted separately as they are not electri-
cally connected. Thus, the count rates of the four channels can be optimized
separately. Figure 5.9b) shows, besides the four electrodes seen in red, the Ma-
cor ring which insulates the potential of the electrodes from the potential of the
cone plate. The shielding tube closes the gaps between the cones, leading to a
homogeneous electric field seen by the diffracted electrons.

5.3.3 Au evaporator

In the first step of the preparation of the pseudomorphic monolayer of Au on top
of the already cleaned Ir(001) crystal, Au is evaporated from the crucible shown
in Figure 5.10. Two rods that are fixed via threaded holes on the CF 40 base
flange serve as standoffs for the evaporator construction. Threaded holes along
these rods provide the possibility for cable routing. A Macor plate separates the
ground potential of the standoffs from the potentials at the evaporator and serves
as the base for the construction of the evaporator. A crucible, whose inside is
covered with a Au film8, is fixed on a standoff rod under an angle so that the
opening of the crucible points onto the surface of the Ir(001) crystal (retracted
position of the crystal-holder tube).
Two tantalum rods on top of the Macor plate are used as filament holders. This
tungsten filament is bent around the front of the crucible. Electrons emitted

8The Au coating of the crucible has been achieved by using an electron-beam physical vapor
deposition setup. A few Au pellets were inserted into the crucible and then mounted in a high-
vacuum chamber. There, the pellets in the crucible were bombarded with an electron beam
until they melted and wetted the inner surface of the crucible.
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from the hot filament are accelerated towards the crucible, which is held at high
positive voltage, and thus heat the crucible resulting in Au evaporation. In case
the Au supply is exhausted, the evaporator can be removed for maintenance via
the CF 40 flange without removing the whole detector. A semicircular shutter
in front of the crucible prevents the unwanted deposition of Au on surrounding
components during evaporation. The shutter is moved via a rotary feedthrough,
and is provided with a hole which is aligned during evaporation with the opening
of the crucible that points onto the Ir(001) surface. The shutter positions can
be adjusted with two eccentric cam lobes that are mounted on the standoff rods
and are used as limit stops.

base flange

standoff
rods for shutter

 

plate

filament 
holder

filament

crucible 
with Au

fixation rod 
for crucible

shutter

evaporation 
hole
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Macor

Figure 5.10: The Au evaporator is constructed onto a CF 40 base flange. Two rods
are used as standoffs, on top of which a Macor plate is mounted. Two small rods on
top of the Macor plate hold the filament that is bent around the front of a crucible.
The crucible, whose inside is covered with a thin Au layer, is held by a third small
rod that is mounted onto the Macor plate. The shutter, which is operated via a rotary
feedthrough on the base flange is equipped with an evaporation hole. For preparation
of the Au monolayer, the hole in the shutter is aligned with the opening of the crucible,
which points onto the Ir(001) surface.

5.3.4 Assembly

After having introduced the three main components of the newly designed spin
detector, namely the crystal-holder tube, the detection unit and the Au evapo-
rator, some details concerning the assembly will be given in the following. The
detector is mounted on a CF 160 flange that is equipped with four CF 16 and
two CF 40 flanges. One of the CF 40 flanges is located in the center of the CF
160 base flange and holds the crystal-holder tube on a linear feedthrough. The
second CF 40 flange is used for the Au evaporator and is mounted slightly tilted
at the outer part of the CF 160 flange. This modularization allows a convenient
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maintenance, as only the desired part and not the whole spin detector has to be
removed. Furthermore, after removal, the flanges can be reclosed fast and the
chamber can be pumped to sufficient vacuum to protect the hydrophilic MCPs
inside the detection cones from atmospheric humidity.
Three of the four CF 16 flanges are used for electrical feedthroughs, while the
fourth one holds a rotary feedthrough to operate a shutter. This shutter protects
the opening in the center of the detection unit when the crystal-holder tube is
retracted. The shutter prevents Au that desorbs during the flash cleaning of
the Ir(001) crystal from flying into the detection unit and from metalizing the
insulating Macor components. To make sure that also the inside of the detector
is protected against unwanted Au coating originating from the evaporator, a thin
metal shield is fixed on the CF 160 base flange. It separates the inner part where
the crystal-holder tube is positioned from the outer part with the detection unit,
its holding rods and its cabling.

5.4 Field and electron-trajectory simulations

Simulations have been performed with SIMION [142] to determine the optimum
geometry and the required potentials inside the spin detector. SIMION is a
software designed to calculate electrostatic fields as well as trajectories of charged
particles within these fields. No magnetic fields have been considered within
the simulations, as due to the choice of materials used in the spin detector the
resulting magnetic fields are negligible. Figure 5.11 shows a comparison of the
CAD drawing and the geometry modeled in SIMION of the center of the spin
detector at measurement position (crystal-holder tube completely inserted). In
the CAD drawing in Figure 5.11a), the Au/Ir(001) target (green) on the left
is embedded in the crystal-holder plate (blue). The latter is snapped into the
measurement position by making contact to the cone-holding plate (purple) on
whose bottom three guide cones (yellow) are mounted. Those guide cones align,
by gliding into the guide holes of the crystal-holder plate (blue), the crystal
position with respect to the exit optics. The deflection plates, seen in red, are
aligned with the exit of the last lens of the exit optics (orange). The same parts
as shown in the CAD drawing are found in the modeled geometry of the SIMION
simulation, seen in Figure 5.11b). The red lines visualize the equipotential lines
of the derived potentials within the spin detector.
After diffraction at the Au/Ir(001) target, the LEED electrons are deflected into
the detection cones via the deflection plates whose potential is at -270V. Two
grids are positioned in the opening of the detection cones to prevent SE that
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have been created at the opening of the detection cone from entering. The first
grid is at the same potential as the crystal (+142V), while the second grid is at
a slightly lower potential (+121V).

detection2
cone

exit2
optics

cone-holding2plate

crystal-
holder2
plate

Au/Ir(001)

guide
cone

deflection
plate

MCP2chevron

2nd2grid

defocusing
optics

housing

1st2grid

deflection
plate

CAD SIMIONa) b)

Figure 5.11: Comparison of the CAD drawing and the geometry used in the SIMION
simulation. a) Cross section of the CAD drawing of the spin detector. It was used as
template for modeling the geometry of the SIMION simulation. For clarity and orien-
tation, several parts are highlighted or labelled: exit optics (orange), deflection plate
(red), Au/Ir(001) target, crystal-holder plate (blue), guide cones (yellow), cone-holding
plate (purple), detection cones (gray, without inner components). b) Analogous, the
cross section of the modeled geometry in the SIMION simulation with equipotential
lines of the determined potentials in the detector, shown in red. In front of the opening
of the detection cones two grids are mounted to prevent SE created at the entrance of
the detection cone from entering. A defocusing optics in front of the chevron stacked
MCPs inside the detection cone broadens the entering diffracted electron beam and
ensures a homogeneous wear of the micro channels.

In order to increase the transmission of the spin-polarized electrons that have un-
dergone LEED at the Au/Ir(001) target these two grids can be removed, though
one has to keep in mind that this change allows also some SE created at the
entrance of the cone to enter. Behind the grids, a conical defocusing electrode
at a potential of +1500V is used to widen the electron beam. The dual-MCP
stack at the rear of the detection cone is arranged in a chevron configuration,
and its front face is put to +900V to attract the electrons. Due to the defocus-
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ing optics, the MCPs are illuminated more homogeneously preventing a strongly
inhomogeneous wear of the micro channels. The detection cones themselves are
surrounded by a housing which is at crystal potential.

spin-polarized
electrons

secondary electrons
created at 

entrance/grids

LEED electrons

secondary
electrons
created at 
Au/Ir(001)

Figure 5.12: Simulation of the flight trajectory of the spin-polarized electrons. The
spin-polarized SE (brown trajectories) diffract at normal incidence at the Au/Ir(001)
target and fly under 57° towards the detection cone (red trajectories, labelled as LEED
electrons). At the Au/Ir(001) target, secondary electrons are generated during LEED
(shown in green). These SE will not leave the crystal towards the detection unit as they
are attracted back to the crystal-holder plate. The trajectory of the LEED electrons
moving towards the detection cone experience the negative potential of the deflection
plate and their trajectory bends into the detection cone. Secondary electrons can be
emitted at the entrance of the detection cones or their grids due to impinging LEED
electrons. These SE, which are shown in blue, only reach the MCPs when they are
created beyond the second grid. Elsewise, they are attracted to the entrance of the
detection cone.

Figure 5.12 shows the trajectories of the diffracted SE into the detection cones.
The trajectories of the spin-polarized secondary electrons that leave the exit
optics and fly perpendicularly onto the Au/Ir(001) target are shown as brown
lines. During LEED, secondary electrons are created at the Au/Ir(001) target,
shown in green in Figure 5.12, that are attracted back to the crystal-holder
plate. They do not leave the crystal towards the detection unit and thus will
not contribute to the noise level. After the low-energy electron diffraction at the
Au/Ir(001) target, the electrons of the (1,1)-LEED beams exit at an angle of
57° (between crystal plane and electron trajectory) towards the detection cones.
Their trajectories are shown as red lines. There, they experience the electric field
of the deflection electrode and their trajectories are bent into the entrance of the
detection cone before their beam is widened by the defocusing optics. The bright
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blue lines in Figure 5.12 show the trajectories of secondary electrons that have
been created at the grids. Only the SE that have been created beyond the second
grid reach the MCP, those emitted before are attracted toward the entrance of
the detection cone.
The electron trajectory seen in Figure 5.12 describes the optimum situation.
Within the angular acceptance of ±4° all diffracted electrons enter the entrance
of the detection cone. Thus, even small deviations of the trajectories due to
production/alignment tolerances or the energy width of the spin-polarized SE
will not impede the LEED electrons from entering the detection cone.

5.5 Summary and Outlook

The idea and design for a new spin detector whose dimensions are customized
for the out-of-plane SEMPA and that is based on LEED at a pseudomorphic
Au monolayer on Ir(001) has been presented in this chapter. A suitable working
point for the application in a spin-polarized LEED detector has been found for
a scattering potential of 142 eV promising a four times higher FOM compared
to the W(001)-based detector design. The cleaning procedure, as well as the
procedure for the creation of the pseudomorphic monolayer, have been tested
in the preparation chamber of the in-plane SEMPA setup which additionally
allowed to monitor the crystal surface via LEED between the process steps. For
the cleaned Ir(001) crystal the (5x1) pattern due to a surface reconstruction has
been observed. After evaporation of Au and heating to 860°C the (1x1) pattern
of unreconstructed Ir(001) was observed which is reported in literature as a sign
for the existence of the pseudomorphic monolayer.
The design of the spin detector that has been constructed in a CAD software
consists of three main components: the crystal-holder tube, which allows to
move the Ir(001) from the measurement position to the preparation position, the
detection unit with its deflection plates to bend the trajectories of the scattered
spin-polarized electrons into the MCP-equipped detection cones, and the Au
evaporator, which allows to evaporate Au onto the Ir(001) surface from a crucible.
The electric potentials within the spin detector as well as the trajectories of
the spin-polarized electrons have been simulated in SIMION. The simulations
revealed that within an angular acceptance of ±4° all diffracted electrons enter
the entrance of the detection cone. Furthermore, SE created at the Au/Ir(001)
target are attracted back to the sample holder plate instead of entering the
detection cones. Also, those SE created before the second grid of the detection
cone, namely at its entrance and at the first grid, do not reach the MCPs as they
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are accelerated to the entrance of the cone. Thus, they do not cause any noise
in the measurement. Only the SE created beyond the second grid are detected.
Recently, the last pieces for the detector have been manufactured. The next
project steps, including the assembly, putting the new detector into operation,
as well as comparing the performance of the new detector with the W(001)-based
one have been handed over to Ralph Buß, and will be part of his PhD thesis [143].
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6
Magnetic domains and domain walls in an

epitaxially grown Co/Pt(111) film

In 1989, Bogdanov and Yablonskii [144] first introduced the theoretical concept
of a thermodynamically stable system of magnetic "vortices", which were later
named magnetic skyrmions. Since then, these quasiparticles have been not only
predicted theoretically in several systems [145–147], but have also been observed
experimentally in magnetic bulk systems [148, 149] as well as in magnetic (ul-
tra)thin films [14, 150, 151]. The stability of skyrmions, which results from a
topological protection due to their spin alignment with respect to the spins of
the surrounding film, makes these magnetic structures interesting for the next
generation of data storage devices.
In thin film systems, where the magnetization is perpendicular to the film plane,
skyrmions are stabilized due to the (interfacial) Dzyaloshinskii-Moriya interac-
tion (DMI, see Section 3.4) which emerges at interfaces between a ferromagnetic
and a non-magnetic layer (broken inversion symmetry) in systems with large
SOC. The energy associated to the DMI is not always large enough to stabilize
skyrmions. Nevertheless, the DMI affects the magnetic structure, namely the
domain walls, and its strength can thus be quantified. The DMI adds to the
domain-wall energy in such a way that Néel-like walls of a given sense of rotation
become energetically favorable over Bloch walls, which leads to the existence of
either tilted Bloch-like or pure Néel-like walls [112, 152]. By earning a greater un-
derstanding of the DMI at interfaces, researchers empower themselves to design
sample systems with customized magnetic properties, e.g. for the stabilization
of skyrmions. A crucial step towards this goal lies within the task of bringing
theoretical calculations in accordance with experimental findings. With regard
to the determination of the DMI strength, experimental results are often not
comparable with theoretical predictions, mainly due to non-ideal interfaces re-
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sulting from the preparation process, as will be discussed in greater detail later
on. Experimental investigations of systems with interfaces that are as ideal as
possible are thus of great interest as they present a link between theory and
experimental studies of systems with non-ideal interfaces, adding greatly to the
fundamental understanding of the DMI.
In this chapter, the magnetic domains and domain walls in an epitaxially grown
Co/Pt(111) wedge are studied. At first, the current state of knowledge concern-
ing the DMI in Co/Pt(111) is summarized and open questions are pointed out.
Afterwards, the epitaxial preparation of Co wedges on a Pt(111) single crystal is
presented. The investigation of the system with the in-plane SEMPA instrument
is introduced before the Co-thickness dependent behavior is discussed and an
analysis of the system at 7ML Co is given. Furthermore, the domain-size model
as proposed by Kaplan and Gehring is introduced and used to discuss the effect
of the DMI in the Co/Pt(111) system as well as to estimate a lower bound of the
DMI strength. Finally, the chapter closes with a short summary and outlook.
The magnetization images presented in this chapter were measured jointly with
Dr. Edna C. Corredor, while the analysis of the 7ML Co on Pt(111) system
was performed together with Fabian Kloodt-Twesten, who will present a quanti-
tative analysis of the taken dataset in his future PhD thesis [153]. Parts of the
results presented in this chapter have been published as a Rapid Communication
in Physical Review B [115]1.

6.1 The need of determining the DMI of the sin-
gle Co/Pt interface

Co-based systems are of particular interest for studies on the DMI, as skyrmions
have been observed in these Co systems up to RT [154–157]. From ab ini-
tio calculations a strong anticlockwise (ACW) DMI is predicted for Co/Pt(111)
[147, 158, 159], which corresponds to a positive DMI strength. Absolute values
of the total DMI strength dtot, which gives the DMI strength in meV per bond
between Co atoms at the interface, were determined within these studies and lie
in the same order of magnitude2: Freimuth et al. find dtot = 2.7 meV

Co [160], Yang

1E.C. Corredor, S. Kuhrau, F. Kloodt-Twesten, R. Frömter and H.P. Oepen. SEMPA
investigation of the Dzyaloshinskii-Moriya interaction in the single, ideally grown Co/Pt(111)
interface. Phys. Rev. B 96, 060410(R) (2017).

2As the published theoretical values are derived using different units and definitions, the
results have been converted by F. Kloodt-Twesten into the here presented parameter dtot giving
the total DMI strength in meV per bond between Co atoms at the interface.
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et al. dtot = 3.1 meV
Co [158, 161], Dupe et al. dtot = 3.6 meV

Co [147] and Vida et al.
derive a value of dtot = 2.9 meV

Co [159].
Experimentally, the effect of the total DMI on domains and their walls has been
thoroughly studied for sputtered polycrystalline Co/Pt films as well as for sput-
tered multilayers of these two constituents [121, 150, 162–166]. Trilayer systems
provide the possibility to enhance the effective DMI by adding such constituents
on top of the magnetic layer that will create a DMI contribution of the same
sign as in the interface below, leading to an increase of the total DMI in the
stack. Unfortunately, this method of maximizing the effective DMI in a system
is accompanied by a disadvantage in regard to gaining a fundamental under-
standing of the interfacial DMI. When trilayers (e.g. Pt/Co/Ir) or multilayers
(e.g. [Co/Pt]n) are studied, it is not possible to separate the DMI contributions
of the interfaces on top and below the magnetic layer experimentally. Only the
effective DMI of the multilayer stack is measured.
Another issue arises in samples prepared via sputter deposition. The interfaces
between the layers are non-ideal and show disorder as they suffer from intermix-
ing or roughening due to the sputter deposition. Zimmermann et al. [167] as
well as Yang et al. [158] found a strong impact of such disorder to the DMI
strength in theoretical calculations. While the first study reports on a decrease
of the DMI strength by 20% (in contrast to the ideal, undisturbed interface) for
intermixing in the range of 20-80% 3, the second study reports that the DMI
strength decreases by 50% at 25% interfacial intermixing. Besides this inter-
mixing related issue, a second aspect of the sample preparation has to be kept
in mind. For most analysis techniques it is necessary to add a capping layer on
top of the sample stack to avoid oxidation of the magnetic layer. The capping
again might affect the total DMI as a cap introduces another interface, which in
turn necessitates a disentangling of the DMI contributions.
As opposed to this, no additional DMI contribution from a vacuum/Co interface
is expected to arise for an uncapped Co/Pt sample [168], which is prepared as
well as studied under UHV conditions. Very recently, an experimental study
concerning the DMI of the single interface in the epitaxial Co/Pt(111) system
was conducted [169] which confirmed the ACW sense of rotation of the domain
walls, but the DMI strength could not be derived experimentally. The in-plane
SEMPA instrument (see Section 4.1) with its attached preparation chamber pro-
vides the possibility to perform such an investigation on a Co/Pt(111) system,
as Co can be evaporated epitaxially onto a cleaned Pt(111) crystal. An interface

3Here, 100% intermixing means the top layer of the lower material has swapped with the
first layer of the upper material.
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comparable to the systems studied in ab initio calculations arises, allowing for a
direct comparison to theoretical results of the ideal interface.

6.2 Preparation of the Co wedge on Pt(111)

The preparation of the Co/Pt(111) sample was performed at a base pressure of
10−10 mbar in a preparation chamber that is directly attached to the in-plane
SEMPA instrument. First, the Pt(111) single crystal was cleaned. Cycles of Ar+

sputtering at 500 eV (1 µA) and annealing in an oxygen atmosphere of 2 · 10−8

mbar at 900K for 50 min were used to remove carbon impurities from the topmost
nanometers of the crystal. The temperature during the annealing was checked
with a disappearing-filament pyrometer.
After the carbon-depletion, the final annealing step comprises a flash of the
Pt(111) crystal without oxygen to about 1250K in order to desorb the remaining
oxide layer from the sample surface. The success of the cleaning process was
checked by evaluating the crystal surface via LEED as will be discussed later on
in detail. The Co was evaporated onto the cleaned Pt(111) crystal at RT as a
wedge, ranging from 0 to 10ML (0 to 2.0 nm) thickness, as well as in a stepped
way, similar to a staircase. The results of these two possible evaporation types
are shown schematically in Figure 6.1a). The wedge was created by a shutter
moving at constant velocity in front of the crystal. Implementing the velocity
profile of the shutter was realized by using a programmed piezoelectric stepper
actuator (Attocube) to which the shutter is fixed. As indicated in the sketch of
the stepped Co wedge, the step widths and heights can be prepared as needed,
and also subwedges between the steps can be created.
The (partially) stepped samples with plateaus of the Co thickness allow a position
and thickness cross check in the SE image. Figure 6.1b) shows an exemplary SE
image of a step in the Co/Pt(111) sample. The clean Pt(111) side is brighter
than the thin Co layer with an effective thickness of 1ML. Such a change in
the contrast was also observed at steps between thinner and thicker Co areas,
though it becomes less pronounced for higher Co thicknesses (e.g. between 5 and
6ML). The obvious explanatory approach that this contrast might result from
the different work functions needs to be considered with caution. Literature
reports for Pt(111) a work function of ΦPt(111) = 5.9 eV [170] while a values of
ΦCo,fcc(111) = 5.0 eV [170] and ΦCo,hcp(0001) = 4.9 eV [171, 172] are reported for Co.
The lower value for Co would result in a higher SE emission on the right-hand
side, which contradicts the observed contrast.
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a)

Pt(111)

Co 

Pt(111)

Co 

Conwedge

steppednConwedge

Pt(111)

Conevaporator LEED shutter

b)

c)

20µm

SEnimage

cleannPt 1nMLnCo

Figure 6.1: a) Two exemplary sample designs. To investigate the Co-thickness-
dependent magnetic behavior, straight wedges as well as stepped ones have been pre-
pared. b) Steps in the Co coverage result in a brightness contrast in the SE images.
Here, the step from clean Pt(111) to 1ML of Co is shown. The implementation of
steps in the sample design allows thus for a precise thickness cross check and localiza-
tion along within the wedge. c) Inside view of the preparation chamber. The Pt(111)
crystal is highlighted in red. The piezoelectrically driven shutter is seen to its right.
Co was evaporated from the evaporator visible on the left. The LEED in the back of
the image was used to check the cleanliness of the surface of the Pt crystal as well as
to cross check the thickness of the evaporated Co.

The growth of thin Co films on Pt(111) will be discussed in detail later on
(page 81)—in brief, a lattice mismatch between Co and Pt(111) of 9.4% exists
[173]. The Co at the interface thus experiences a tensile strain, which can be
suspected to affect the band structure and the work function. Thus, the literature
value of the work function for bulk Co is not necessarily applicable for the here
investigated ultrathin films. On second thought, the observed contrast might also
be attributed to a Z-contrast (ZPt = 78, ZCo = 27) of the backscattered electrons
which are detected beside the SE which in addition can lead to the emission of
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type II SE4. Though this approach seems on a first glance to be in accordance
with the darker Co side, a Monte Carlo simulation with the Casino software [174]
reveals that the BSE yield between pure Pt and a 0.2 nm thick Co on Pt system
varies by less than 3%�. It can be suspected that such a small difference might
not result in the observed contrast. The origin of the here observed change in
contrast at the positions of the Co steps can thus not be clarified for good in this
thesis.

a) b)

Figure 6.2: LEED images taken at 80 eV of a) the clean Pt(111) crystal and b) a
1.0 nm thick Co film (4ML) on Pt(111). The six-fold fine structure around the main
LEED spots is enlarged in the lower right. Graphic adapted from [115].

The Pt(111) crystal was fixed on top of a molybdenum sample holder (Scien-
taOmicron, Omicron sample plate) with tantalum strips that were spot welded
onto the plate. Figure 6.1c) shows a picture of the preparation chamber with
the crystal highlighted in red. On its right the piezoelectrically driven shutter
can be seen. After aligning the sample accordingly to the evaporator, Co was
deposited at normal incidence from a high-purity rod using an electron beam
evaporator which is visible to the left in Figure 6.1c). The deposition rate of
0.07 nm/min was calibrated ex situ via ellipsometry measurements. The rate
was kept stable during the evaporation process by monitoring and controlling
the Co flux and the emission current. The LEED instrument, visible behind the
sample holder, was used to check the quality of the surface of the cleaned Pt(111)
crystal as mentioned above. Figure 6.2a) shows the observed LEED pattern of
the clean Pt(111) surface with sharp p(1x1) spots and low background. Further
LEED patterns taken at several Co thicknesses are in agreement with previous
observations of samples prepared under similar conditions [175]. Exemplarily,

4Secondary electrons of type II are those SE that are created when back scattered electrons
leave the sample. In contrast, SE created due to the interaction between the PE beam and the
sample are labeled with type I.
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Figure 6.2b) shows the observed LEED image after the evaporation of 4ML of
Co. Satellites around the Pt(111) p(1x1) spots arise in a six-fold symmetry at
this Co coverage. The latter fine structure can be seen enlarged in the lower right
and has been reported in literature for Co thicknesses between 1.2 and 4.5ML on
Pt(111) [173, 176]. The origin of this fine structure is associated with the lattice
mismatch between Co and Pt of 9.4%5 which prohibits a perfect pseudomorphic
growth of the first Co layer on Pt(111). Instead, a dislocation network is formed
to release the strain arising from the lattice mismatch, as observed in STM mea-
surements [173]. Due to the partial dislocations, two types of regions exist in
which the stacking corresponds to either fcc or hcp Co, though the area covered
with fcc-stacked Co prevails. The growth mechanism of the following Co layers
has been described by Grütter et al. [176] as "quasi-layer-by-layer" growth, as
the growth of a succeeding layer starts shortly before the completion of the pre-
vious one6. Nevertheless, below 0.7 nm (3.5 ML) a flat two-dimensional growth
of Co is reported [173, 176]. Growing on top of the first Co layer, the second Co
layer develops a moiré structure, which is observed up to 4.5ML [173, 176], due
to varying in-plane lattice spacing of the Co overlayer. The six-fold fine structure
observed in LEED is attributed to the observed periodicity (about 13 Co atoms
[173]) of the above mentioned dislocation network, which results in additional
LEED spots. Contrary to this, Perini [177] noted just recently that the observed
structure might not be a moiré pattern but a misfit structure resulting from a
gradual change of the lattice constants from Pt to Co, which might be associated
with an intermixing between the first Co layer and the Pt, even for preparations
at RT. In the study presented here, defined LEED spots have been observed up
to a Co thickness of 7 ML (1.4 nm). For Co thicknesses above 7ML the LEED
pattern becomes blurry as the Co starts to grow in triangular-shaped islands
with predominantly fcc-twinned stacking [173].

6.3 Detecting the perpendicular magnetization in
an in-plane sensitive SEMPA

The investigation of the magnetic structure of Co/Pt(111) presented in the fol-
lowing was performed at the in-plane SEMPA instrument which allows to detect
the two in-plane magnetization components (see Chapter 4.1). As will be shown

5Nearest neighbor distance of 2.51Å for Co and 2.77Å for Pt.
6The formation of islands of the third Co monolayer have actually been observed to start

before the first layer has been closed completely.
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in the following, a pure out-of-plane magnetization is observed for Co thicknesses
below 8ML. The capability of the setup to detect the two in-plane components
of the magnetization is advantageous to image the magnetization of the domain
walls, as these naturally have to lie in plane. Then again, it was found beneficial
during the experiments to have a hint on the location and orientation of the
domains for a detailed analysis. Therefore, the sample was slightly tilted out of
its usual position, in which the surface of the sample is aligned parallel to the
surface of the W(001) crystal in the detector. Thus, a slight projection of the
perpendicular component of the magnetization becomes visible in the vertical (y
direction) in-plane channel.

6.4 Domain size in dependence of Co thickness

The magnetization images taken along the Co wedge reveals an onset of ferro-
magnetism at about 1.5ML Co coverage. The size of the observed perpendicular
domains decreases monotonously with increasing Co thickness until the SRT sets
in at a Co thickness of about 8ML.

4 ML 6 ML 6.5 ML 7 ML3 ML

2 µm

Figure 6.3: Magnetization images taken in the thickness range from 3 to 7ML Co
at the same magnification visualize the decrease in domain size with increasing Co
thickness. Within this thickness range a perpendicular magnetization is observed. Due
to the sample tilt of about 10°, the perpendicular component of the magnetization is
admixed into the vertical magnetization channel. Thus, the gray scale arrow on the
left does not only contain the usual information of the vertical magnetization, but also
information on the out-of-plane component (bright: magnetization towards

⊙
or ↑,

dark: magnetization towards
⊗

or ↓). While for film thicknesses below 6ML only
the domain contrast is visible, additional contrast due to the domain walls (in-plane
magnetization) is visible at higher Co coverages.

Figure 6.3 shows magnetization images for Co coverages in the range from 3
to 7ML, taken with the same magnification to emphasize the reduction of the

82



6.4. Domain size in dependence of Co thickness

average domain size. The observed domain structure in the as-grown state cor-
responds to a disordered maze pattern. The change of the average domain size
originates from the changing influence of the anisotropy contributions. With
increasing Co thickness the influence of the surface anisotropy reduces with the
magnetic film thickness t in a 1/t-behavior, see Equation 3.11 (page 22). There-
fore, the shape and volume anisotropy gain influence, which eventually will lead
to an SRT. In total, the effective anisotropyKeff decreases, which leads to a reduc-
tion of the domain-wall energy. The implementation of a domain wall to reduce
the magnetostatic energy is thus associated with a smaller energy cost. The mag-
netization images contain information concerning the perpendicular (sample tilt,
see Section 6.3) as well as the vertical component of the magnetization. While
for film thicknesses below 6ML only the domain contrast is visible, additional
contrast due to the domain walls (in-plane magnetization) is visible for higher
Co coverages. A closer look at the magnetization images above 6ML Co reveals
that dark domains are outlined by an additional, inhomogeneous contrast that
appears bright below and dark above these domains. For Co thicknesses below
6ML, the domain walls are too thin to be resolved in measurements with the
above-chosen imaging parameters.
For a quantitative description of the reduction of the domain size with Co thick-
ness, the average domain sizes can be determined by the stereological method as
proposed by Bodenberger and Hubert [178]. In this method, randomly oriented
line profiles are extracted from the domain image. Bodenberger and Hubert in-
troduce a formula to derive the average magnetic domain width by calculating
the ratio between the total length of the test lines and the number of intersec-
tions with domain walls, and weighting this ratio by a factor of 2/π. Based on
this approach, a more detailed access to the domain size is obtained by analyzing
the line lengths of the profile segments between domain walls, and generating a
histogram of the domain size distribution. The magnetization images used for
this analysis need to show a sufficiently large area to ensure appropriate statistics
of the resulting domain size distribution. The data set taken in this study was
aimed at resolving the domain walls in the system; thus, most images contain
only a comparably small number of domains.
On the basis of a few images that meet the above mentioned criteria histograms of
the domain size distributions have been generated, exemplarily shown in Figure
6.4a). According to Bodenberger and Hubert [178], the domain size of this
exemplary domain pattern equals dBodenberger = 1.13 µm.
The asymmetric behavior of the domain size distributions, as for example shown
in Figure 6.4a) for the domain pattern observed at 6ML Co/Pt(111), can be

83



Chapter 6. Magnetic domains and domain walls in an epitaxially
grown Co/Pt(111) film

described with a gamma distribution, as was introduced by Bagschik et al. [179].
The probability density function (PDF) of the gamma distribution is given by

g(x) =
xk−1 exp (−x/ϑ)

ϑkΓ(k)
,x > 0, (6.1)

with the shape parameter k > 0, the scale parameter ϑ > 0 and the gamma
function Γ(k) =

∫∞
0
tk−1 exp (−t)dt with t = log(k). The symmetry and the

width of the distribution function are determined by the shape parameter k,
the scale parameter ϑ on the other hand stretches the profile of the PDF. The
parameters characterizing the fit curve, which is shown in blue in Figure 6.4a),
take on the values of k = 2.4 and ϑ = 0.3. The shape parameter k provides a
quantity to classify the domain pattern. It takes on a rather constant but low
value of 2.2± 0.2 within the thickness range below 7ML, which is in agreement
with the observed highly-disordered maze domain patterns. In contrast, a value
of k = 4 is found for just slightly disordered maze patterns [179].
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Figure 6.4: a) Exemplary histogram of the domain-size distribution (black squares)
for 6ML Co on Pt(111). The blue graph gives the PDF of the gamma function with
k = 2.4 and ϑ = 0.3. The magnetization image used to obtain the histogram is shown
as inset. b) Average domain sizes dBodenberger according to the stereological approach
of Bodenberger and Hubert between 1.5ML Co (onset of ferromagnetism) and 7ML.

Via the above described stereologic method of Bodenberger and Hubert, the av-
erage domain sizes have been derived for the Co thickness range between 1.5ML
and 7ML, shown in Figure 6.4b). The average domain sizes obtained using this
method are in agreement with the qualitatively observed behavior of the do-
main size as shown in Figure 6.3. The domain size in the as-grown measured
Co/Pt(111) system is nearly constant in the range from 1.5 to 4ML of Co show-
ing a value of about 2.8 µm. Such a behavior is common for as-grown systems, as
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at thin film thicknesses the domains are influenced by the layer-by-layer growth
of the magnetic film on the substrate which is not covered completely at this Co
thickness, as has been observed by STM measurements [176, 177]. In colloquial
language, these domains are sometimes referred to as "growth domains" whose
size and shape is "frozen" into the film upon increase of the magnetic material.
Upon further increase of Co thickness beyond 4ML the domain size decreases
due to the changing anisotropy contributions, as discussed before in Section 6.3.

6.5 Néel-like walls with fixed anticlockwise sense
of rotation

As pointed out with respect to Figure 6.3, which shows magnetization images at
various Co thicknesses below the SRT, the domain walls are resolveable for film
thicknesses above 6ML. In the following, a closer inspection of the domain walls
at a Co thickness of 7ML (1.4 nm) is presented. This thickness is chosen as for
thinner Co films the domain walls become too small to be imaged satisfyingly,
while at slightly higher Co thicknesses the SRT sets in. For determining the
domain-wall type, a magnetization image with sufficient lateral resolution of the
7 ML Co on Pt(111) sample is analyzed. The raw data of the magnetization
components along the horizontal and vertical direction are shown in Figure 6.5a)
and b), respectively. The gray-scale arrows in the upper right corner indicate
the direction of the magnetization of bright or dark areas (e.g. for the horizontal
component, the magnetization of bright areas points to the left, dark areas to
the right). For this image, the sample has been slightly tilted by 3° around
the horizontal axis. While the domains visible in the horizontal magnetization
component (Figure 6.5a)) show the same gray level, domains which point out of
the substrate have a slightly brighter contrast in the vertical component (Figure
6.5b)) due to the tilt. The most noticeable contrast visible in both images is
given by the domain walls, where the magnetization lies in the film plane. The
information of all three magnetization directions, which have been extracted
from the shown raw data, is condensed in the full three-dimensional map of the
magnetization given in Figure 6.5c). In this compilation, the black and white
contrast indicates domains pointing up and down, respectively. The in-plane
orientation of the domain-wall magnetization is color coded with respect to the
color wheel in the lower left. Furthermore, the magnetization direction is also
given for a small area by arrows. This encircled area is depicted enlarged below,
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showing that the magnetization of all domain walls points outward of the down
domains (

⊗
) and inward of the up domains (

⊙
), revealing the Néel character

of the domain walls and the fixed anticlockwise rotational sense of the Néel-like
walls in the imaged area. The anticlockwise sense of rotation is equivalent with
a positive sign of the DMI strength and is in agreement with theoretical ab initio
calculations.

2 µm

a) b) c)

Figure 6.5: Analysis of the magnetic domain structure at 7ML (1.4 nm) Co. Panel
a) and b) show the magnetization components along the horizontal and vertical direc-
tion, respectively. A weak out-of-plane contrast is observed in the vertical component
due to a slight tilt, leading to a superimposition of the domains with perpendicular
magnetization into the vertical component. In c) a full three dimensional map of the
magnetization vector has been put together from the raw data. Black and white indi-
cate the down and up pointing out-of-plane domains. The in-plane domain walls are
color coded with respect to the color wheel on the lower left. The enlarged area with
additionally drawn arrows indicating the direction of the magnetization of the domain
walls visualizes the fixed sense of rotation of the observed Néel-like walls. Graphic
adapted from [115].

6.6 Discussion of the DMI strength based on a
domain-size model

Various complex models for the description of the domain size of magnetic (mul-
tilayer) films in dependence of the magnetic film thickness have been published
over the last decades. Such models describe the thickness-driven evolution of
the average domain size for a system in its equilibrium state, meaning when it
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has reached its energetic minimum. In contrast, the here-studied Co/Pt(111)
system is investigated in its as-grown state, which is a significant difference that
has to be taken into account in the later discussion. For a discussion of the
trends observed in Figure 6.4b) the analytical model as proposed by Kaplan and
Gehring [180], which gives an approximation for the domain size in a magnetic
single layer by evaluating the domain-wall energy, will be used in the following.
This model is straightforward and is thus comparatively intuitive to understand.
Two more well-known domain-size models that are slightly more complex, but
are as well based on the domain-wall energy, are the model by Draaisma and
de Jonge [181] which has been derived to model the stripe domain structure of
multilayer systems with PMA, or the model by Lemesh et al. [182] which addi-
tionally includes effects of the volume and surface charges of the domain walls.
Both models require solving numeric equations, while in the here used model of
Kaplan and Gehring all contributions will be quantified analytically. The domain
size dKG according to the model of Kaplan and Gehring is given by:

dKG = Bt exp(
π

2

γw
Emst

) (6.2)

B is a prefactor that reflects the geometry of the domains and takes on a value
of 0.955 for stripe domains or 2.620 for a checkerboard pattern, respectively
[180, 183]. In our case, a prefactor of B = 1.375 has been used to account for
the observed maze pattern7. Furthermore, t gives the thickness of the magnetic
film, γw the domain-wall energy density and Ems = µ0M

2
S/2 is the magnetostatic

energy (MS(Co) = 1.44MA/m at RT [81]). The domain-wall energy density per
unit area γw is given by

γw = 4
√
AexKeff + t

ln (2)

π
µ0M

2
s cos2 Φ + πDDMI cos Φ (6.3)

and sums up the contributions from the anisotropy and exchange stiffness (first
term), the stray-field energy of the volume charges of the domain wall as derived
by Tarasenko et al. [185] (second term) and the energy contribution due to
the DMI (third term). The angle Φ describes the angle between the in-plane
magnetization direction present in the center of the domain wall and the normal
of the domain wall. This angle takes on a value of 0 or π for pure Néel walls
(clockwise or anticlockwise sense of rotation, respectively) and ±π/2 for pure

7This exact value was chosen as an investigation of a Co/Pt multilayer found that the
domain size in the maze pattern is 1.44 times larger than the one in the stripe pattern [184].
Testing different values of B (between 0.995 and 2.620) for the domain-size evolution shown in
Figure 6.8 revealed that the influence of B is comparatively small and negligible, especially in
contrast to the later shown influence of slightly different DMI values.
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Bloch walls. A quantitative analysis of the domain walls that are shown in
Figure 6.5 is published in references [115, 153] and reveals that for the here-
observed anticlockwise Néel walls Φ = π applies, meaning they are of pure Néel
character. In the analysis of the latter references, furthermore, an anisotropy
constant of Keff = (0.38 ± 0.04)MJ/m3 for 7ML Co/Pt(111) has been derived,
which will be used in the following to model the thickness-dependent anisotropy
in the system.
As introduced in Equation 3.11, the effective anisotropy is determined by three
terms—the volume anisotropy KV, the shape anisotropy Kd = −µ0M

2
S/2 and

the surface anisotropy KS:

Keff = KV +Kd +
2KS

t

As the interfaces on top and below the Co film are not identical (Co/Pt(111)
versus UHV/Co), the corresponding interface anisotropies are expected to differ,
and the obtained KS value is an average surface anisotropy of both interfaces:
KS = (KS,Co/Pt +KS,UHV/Co)/2.
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Figure 6.6: Plot of Keff · t
against the Co thickness t for
the two derived cases for a
pure fcc and a pure hcp lattice
for the UHV/Co/Pt(111)
system, shown as red and
black line, respectively, and
of an epitaxially grown
Pt/Co/Pt(111) system as
studied by McGee et al. [186],
shown as blue line.

By using the literature value for the volume anisotropy of a specific lattice type,
a KS value can be derived that fulfills Equation 3.11 at 7ML Co. As the growth
of Co on Pt(111) is reported to start as fcc and changes to a mixture of fcc
and hcp (dislocation network to release strain, see page 81) with increasing Co
thickness, the limiting cases of a pure fcc and a pure hcp lattice are studied in
the following. Therefore, the values found in literature for the volume anisotropy

88



6.6. Discussion of the DMI strength based on a domain-size model

of Co for fcc KV,fcc = 0.04MJ/m3 [187]8 and hcp KV,hcp = 0.5MJ/m3 [188] are
used to find the interface anisotropies, which result in KS,fcc = 1.15mJ/m2 and
KS,hcp = 0.83mJ/m2. The anisotropy parameter have been used to plot Keff · t
against the Co thickness t in Figure 6.6 for both lattice types; the red line shows
the fcc case and the black line the hcp case. As the known value of Keff at
7ML was used to derive both interface anisotropies, the lines intersect at 7ML
(highlighted by red dotted line). Additionally to the two derived dependencies
for the UHV/Co/Pt(111) system, the Keff · t against t plot for an epitaxially
grown9 Pt/Co/Pt(111), investigated by McGee et al. [186], is added to the
graph. Adding the shape anisotropy for Co to the effective volume anisotropy of
Keff = −0.77MJ/m3 that was experimentally derived by McGee et al. gives the
value of the corresponding volume anisotropy which roughly coincides with the
one of the hcp lattice, thus both lines have a similar slope. On the other hand
the interface anisotropy that was experimentally determined by McGee et al.
equals the one derived for the pure fcc lattice—thus, both lines intersect at a Co
thickness of zero ML10. At the Co thickness tSRT at which Keff becomes negative,
the SRT takes place and the out-of-plane direction of the magnetization changes
into the film plane. According to the derived anisotropies, this thickness equals
9.1ML for the fcc and 10.3ML for the hcp case. In the simple model used here,
higher orders of the anisotropy, which would influence the SRT, are neglected.
Exemplarily, an investigation on sputtered Co/Pt multilayers revealed a second
order anisotropy value of K2 = +116 kJ/m3 [189] which leads to a canting of the
magnetization into the film above tSRT. In contrast, negative K2 values indicate
that the thickness-driven SRT takes place via a coexistence phase, which takes
place slightly below tSRT [190].
Besides the anisotropy, also the value of the exchange stiffness Aex is thickness
dependent in ultrathin films. When evaluating the domain sizes below 10ML
of Co, the exchange stiffness can be estimated from the bulk exchange stiffness
Aex,bulk by assuming that it scales linearly with the average coordination number
of the Co atoms. Several approaches to illustrate the derivation of this formula

8The volume anisotropy for fcc Co is, especially in comparison to the hcp value, negligible
small. To use a non-zero value for the following calculation, the value for the uniaxial anisotropy
for the case of a polycrystalline textured Co film is used which was derived from the value of
the cubic system reported in [187].

9Grown via molecular beam epitaxy.
10 Concerning this perfect agreement of the KS values one has to keep in mind that the Co

film in the study of McGee et al. is sandwiched between Pt layers but the here investigated
Co film has no cap layer but an UHV interface at its top, so this agreement is interpreted as
a coincidence.
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exist, one is exemplarily given in the following. Both lattices, fcc and hcp,
have a coordination number of C = 12 in the bulk; in a single monolayer the
coordination number of Co reduces to 6. Thus, for a double layer, an average
coordination number of 9 results. For a film of nCo monolayers of Co, the layers
can be separated in two cases by their coordination number. The top and bottom
layer have a coordination number of 9, while all other (nCo − 2) layers have the
full coordination number of 12. The exchange stiffness given in dependence of
the number of Co monolayers nCo is hence given via:

Aex(nCo) =
Aex,bulk

12
· 9 · 2 + 12 (nCo − 2)

nCo
= Aex,bulk · (1−

1

2nCo
) (6.4)

According to this formula, a value of 90% of the bulk value Aex,bulk is already
reached at 5ML. The formula will also be used as approximation of Aex(nCo) for
non-integer values of nCo, and furthermore is set to zero for film thicknesses below
0.5ML, as at these thicknesses the used linear assumption results in negative
values of Aex,bulk, which are an unphysical result.
To evaluate the influence of the three contributions to the domain-wall energy
density γw (see Equation 6.3), all three contributions are plotted separately in
Figure 6.7a). The contribution of the exchange stiffness and the anisotropy,
4
√
AexKeff, is shown in black. The solid black line represents the resulting energy

density for the fcc lattice, using Aex, fcc = 23.3 pJ/m [78] in Equation 6.4 and
KV,fcc = 0.04MJ/m3 [187] (and thus KS,fcc = 1.15mJ/m2). The dashed black
line shows the behavior of 4

√
AexKeff in the hcp system using Aex, hcp = 30pJ/m

[78, 79] andKV,hcp = 0.5MJ/m3 [188] (and thusKS,fcc = 0.83mJ/m2). While the
t-dependence of the (interface) anisotropy leads to a continuous reduction of the
energy density with increasing Co thickness (dominates for Co coverages greater
1ML), the t-dependence of the exchange stiffness derived in Equation 6.4 enforces
a decrease of the energy density with decreasing film thickness (dominates for
Co coverages smaller 1ML). For fcc as well as for hcp, the term 4

√
AexKeff is

non-zero for Co thicknesses greater 0.5ML, as at lower Co coverages Aex is set to
zero, as explained above. Comparing the Co-thickness dependence of the energy
density of the fcc and hcp lattices shows that below 5ML, the behavior is almost
identical, meaning the effect of the increased exchange stiffness for hcp which
leads to an increase of the energy density at low coverages, is counterweighted by
the decreased interface anisotropy constant, which reduces the energy density.
Above 5ML Co, significant deviations between fcc and hcp arise due to the
different values used for the interface anisotropy. As a consequence, also the
spin-reorientation transition (SRT) is found at different Co thicknesses for fcc
and hcp, as was already shown in Figure 6.6.
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The second term of the domain-wall energy density γw given in Equation 6.3 is
the stray-field energy of the volume charges of the domain wall. This term, shown
as red solid line in Figure 6.7a), is only a small correction to γw and increases
with the Co thickness for the here modeled case of pure Néel walls, as shown
enlarged in the inset on the upper right. In dependence of the DMI strength,
the transition from pure Néel walls to Néel walls with a Bloch contribution will
take place at a certain Co thickness tNB, above which the stray-field energy will
decrease towards zero (due to cosφπ→±π/2 → 0 in Equation 6.3). This effect
is not included in the here-presented simple model and is expected to have an
negligible influence on the modelled domain-wall energy density, as already the
contribution of the stray-field energy is comparatively small.
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Figure 6.7: a) The three contributions to the domain-wall energy density γw in de-
pendence of the Co thickness for Néel walls. The contribution of the exchange stiffness
and the anisotropy is shown in black, the solid line represents the energy density of
the fcc and the dashed line the one of the hcp Co system. The red solid line gives the
energy contribution due to the stray field of the volume charges of the domain wall
as derived by Tarasenko et al. [185]. It gives only a small contribution and is shown
individually in the inset on the upper right with an appropriate ordinate in the lower
mJ/m2 range. The evolution of the DMI contribution is seen in blue. While the solid
line gives the dependence for DS = 3.6 pJ/m, the dotted line shows the energy density
for DS = 0.8 pJ/m. b) Adding up the three contributions, the thickness dependent
domain-wall energy densities for fcc and hcp are derived and shown as solid and dashed
line, respectively. For both lattices, the influence of the DMI is visualized by plotting
the domain-wall energy density γw for a high DMI value of DS = 3.6 pJ/m (green) as
well as for a low DMI value of DS = 0.8 pJ/m (purple). The dotted black line gives
the zero line to highlight the transition from positive to negative values of γw.

The last term describes the contribution of the DMI to the domain-wall energy
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density. The t-dependence of the micromagnetic DMI constant DDMI is imple-
mented via DDMI = DS/t where DS is the interfacial DMI constant [165, 191].
The behavior is shown for two different values of DS. While the solid blue line
shows the dependence for a comparatively high DMI value of DS = 3.6 pJ/m,
the dotted blue line shows the dependence for a weaker DMI strength of DS =

0.8 pJ/m. As the DMI reduces the domain-wall energy, it arises as a negative
contribution to γw that becomes more negative with increasing DMI strength.
By adding up the three terms discussed above, the domain-wall energy density
γw is obtained and is plotted in Figure 6.7b) for fcc and hcp, shown as solid and
dashed line, respectively. For both lattices, the effect of the DMI is illustrated
by plotting γw for a small interfacial DMI constant of DS = 0.8 pJ/m, shown
in purple, and for a high value of DS = 3.6 pJ/m, shown in green. The two
purple curves, solid and dashed for fcc and hcp, represent the weak DMI case
and take on higher values of γw than the high-DMI case, shown in green. For
all four dependences regimes with a negative domain-wall energy density arise.
In these regimes, no stable domains will form in equilibrium, but spin spirals or
a skyrmion lattice [192, 193]. For the low-DMI case (purple, DS = 0.8 pJ/m),
negative values of γw are found at thicknesses below 0.5ML Co while for the
high-DMI case (green, DS = 3.6pJ/m) negative domain-wall energy densities
are observed below 1.4ML Co. Experimentally, the first weak ferromagnetic
contrast was observed at 1.5ML. For the case of high-DMI, a second regime with
negative values arises at Co thicknesses above 8.5ML for fcc and 9.8ML for hcp,
in which spin spirals or skyrmions are predicted for the equilibrium state.
As introduced in Section 6.1 on page 76, ab initio calculations of the total DMI
strength dtot in Co/Pt(111) range from 2.7 to 3.6meV per bond between Co
atoms at the interface. These values are converted to DS by making use of the
above introduced relation between the micromagnetic DMI and the interfacial
DMI constant DS = DDMIt, and the relation between the micromagnetic DMI
and the total DMI strength DDMI = dtot

√
6/(asub.t) [158] for a (111) interface

with asub. being the lattice constant of the substrate (aPt = 3.912Å [194]). Exem-
plarily, the total DMI strength of dtot = 3.6meV/Co converts to DS = 3.6 pJ/m.
The different values obtained from theory are inserted into the domain-size model
and the resulting domain sizes are plotted in Figure 6.8 on a logarithmic scale.
The model is shown for both, an fcc and an hcp lattice in Figure 6.8a) and b),
respectively. While the blue dashed line gives the domain-size evolution in ab-
sence of DMI (DS = 0.0 pJ/m), the four solid lines show the influence of the DMI
strengths, as determined by Dupé et al. [147] (pink, DS = 3.6 pJ/m), Freimuth
et al. [160] (orange, DS = 2.7 pJ/m), Vida et al. [159] (black, DS = 2.9 pJ/m),
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and Yang et al. [158, 161] (green, DS = 3.1 pJ/m). The average domain sizes
dBodenberger, which were determined for various Co thicknesses of the as-grown
Co/Pt(111) system, are added as black spheres in both plots. Furthermore, the
experimentally observed region of the SRT is shaded in blue.
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Figure 6.8: The domain-size evolution in dependence of the Co thickness according
to the analytical model of Kaplan and Gehring is shown as lines for five different DMI
values for both, the case of an fcc lattice in a), and an hcp lattice in b). The pink line
shows the dependence for 3.6 pJ/m as found by Dupé et al. [147], orange for 2.7 pJ/m
by Freimuth et al. [160], black for 2.9 pJ/m by Vida et al. [159], and green for 3.1
pJ/m by Yang et al. [158, 161]. In contrast, the blue dashed line gives the dependence
for the case for 0.0 pJ/m, meaning no DMI. The domain sizes that were determined
experimentally in the as-grown Co/Pt(111) system (see Figure 6.4b)) are added as
black spheres. The experimentally observed region of the SRT, starting around 8ML,
is shaded in blue.

The domain-size evolutions that result for the different DMI values show the
same characteristic features: At thin Co thicknesses the domain size increases
steeply and reaches its maximum around 2ML, before the domain size decreases
again. This characteristic behavior of the domain size with increasing thickness
of the magnetic film resembles the ones observed in thin films systems that are
in, or close to, their equilibrium state [69, 195]. The model breaks down at the
Co thicknesses of the SRT where the effective anisotropy Keff becomes negative,
as already discussed in context of the domain-wall energy density (see Figure
6.7). With decreasing DMI strength, the domain sizes increase. This behavior
originates from the influence of the DMI to lower the domain-wall energy density,
as visualized in Figure 6.7. While the peak domain size varies strongly with the
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DMI value (note the logarithmic ordinate), domain sizes of a similar order of
magnitude are predicted in the regimes between 1 and 1.5ML, and between
6ML and the SRT. As mentioned above, the domain-size model describes the
system in its equilibrium state, whereas the investigated system was in its as-
grown state. Thus, it cannot be expected that the experimentally obtained data
show the same behavior as the theoretical model. Instead, deviations between
theory (equilibrium) and experiment (as grown) are inevitable. Comparing the
experimentally found domain sizes (black spheres) with the theoretical model
(solid lines), following points are noticeable:

1. The first data point, showing the domain size at 1.5ML Co, where the onset
of ferromagnetism is found, coincides roughly with the modelled domain
sizes, especially with the one for DS = 3.6 pJ/m of Dupé et al.. This is
independent of the assumed lattice type, as the domain-wall energy density
is barely affected by the change in Aex and Keff for very thin films, as
it was shown in Figure 6.7. Nevertheless, one has to keep in mind that
the used t-dependent exchange stiffness Aex(nCo) is not very accurate for
extremely low coverages, suggesting that this agreement between theory
and experiment might be a coincidence and thus should not be used to
derive physical quantities of the system.

2. A strong deviation of the experimentally determined domain sizes from
the ones given by the model is found at 3 and 4ML for both lattice types.
As pointed out before (see page 85), the experimentally observed domain
size is nearly constant in the range between 1.5 and 4ML. This behav-
ior is ascribed to the strong influence of the three-dimensional growth of
the Co film on Pt(111), which is not covered completely within this thick-
ness range. Thus, the domain size and shape is "frozen" into the Co film
("growth domains").

3. For film thicknesses above 6ML, the experimentally determined decrease
of the domain size follows the trend of the theoretical model. The ob-
served significant change of the domain size above 6ML suggests that the
substrate is now completely covered with Co and thus, different energy con-
tributions start to effectively compete with each other resulting in a change
of the domain size, so that the latter approaches the equilibrium one. As
the domain size shows a decrease instead of an increase, it is reasonable
to conclude that the equilibrium domain size above 6ML is smaller than
the one experimentally observed at 4ML. The experimentally determined
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domain sizes above 6ML fit within the assumption of an fcc lattice best
to the models with a lower DMI between 2.7 and 3.1 pJ/m, and for an hcp
lattice for the highest plotted DMI value of 3.6 pJ/m. Nevertheless, as the
studied system is in the as-grown state, it is not likely to observe precisely
the equilibrium domain size, but a larger one.

The goal in applying domain-size models to DMI-driven systems is usually to
derive the DMI strength. As pointed out several times above, this ansatz needs
to be treated with care, as the observed domain size is often not identical to the
equilibrium domain size. Besides the beforehand-mentioned observation that at
thin film thicknesses the experimentally derived domain sizes are smaller than
the ones in equilibrium, at higher film thicknesses pinning of domains or domain
walls can result in domains larger than in the equilibrium case. For the here
investigated data set it can be assumed that the regime of "growth domains"
whose size lies below the equilibrium domains ends below 6ML Co, as above
this film thickness a change, namely the decrease of the domain size, is observed.
Thus, the three data points above 6ML can be treated as upper limit of the
equilibrium domain size—meaning the equilibrium domain size is smaller, or at
most equal, to the observed domain sizes, but it can by no means be larger.
From this line of thought and the above-derived domain-size model follows that
the DMI strength in Co/Pt(111) can be expected to be larger than 2.7 pJ/m, as
seen in Figure 6.8a). This lower bound is derived from the fcc case, while for a
pure hcp lattice a larger lower bound of the DMI strength of about 3.5 pJ/m is
found. Within the investigations performed here, no weighting of the hcp to fcc
ratio present at higher Co thicknesses around 7ML can be derived, which would
allow to raise the lower bound. Expressing the lower bound in terms of total
DMI results in dtot = 2.7meV/Co.

6.7 Summary

In this chapter, the magnetic domain structure of a DMI system has been studied
via SEMPA and the presence of Néel-like walls with a fixed rotational sense was
found. The epitaxial UHV/Co/Pt(111) sample has been prepared by e-beam
evaporation in a UHV chamber at RT. A LEED investigation of the surface of
the Pt(111) crystal was performed to confirm its cleanliness before the evapo-
ration. Satellites around the Pt (1x1) spots which arise in a sixfold symmetry
are observed for thin Co thicknesses around 2 − 4ML. The preparation con-
ditions ensure that the interface between Co and Pt is as ideal as possible at
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RT, making the prepared interface comparable to the ones studied in theoreti-
cal calculations. Tilting the sample during the SEMPA investigation allowed to
admix the perpendicular magnetization component into the vertical magnetiza-
tion channel, and thus the magnetization information from all three dimensions
were accessible simultaneously. With increasing Co thickness, the perpendicu-
larly magnetized domains, which start to appear at 1.5ML, decrease their size
until the SRT sets in around 8ML. An analysis of the domain walls at 7ML
revealed the existence of Néel-like walls with an anticlockwise sense of rotation.
This observation proves that the interfacial DMI plays an important role in the
energy balance of the domain-wall energy even at a Co thickness as high as 7ML
(1.4 nm). The domain-size evolution of the Co/Pt(111) system in its equilibrium
state was derived via the analytical model of Kaplan and Gehring. A careful
comparison to the experimentally observed domain sizes of the as-grown sample
allowed to derive a lower bound of the DMI strength of DS = 2.7 pJ/m, which is
equal to dtot = 2.7meV/Co.

6.8 Outlook

As pointed out in Section 6.6, additionally to the here-presented study of the
Co/Pt(111) system, a quantitative analysis of the domain walls at 7ML Co
on Pt(111) was performed on this data set, see references [115, 153]. In this
quantitative analysis, lower and upper bounds for the DMI strength of the 7ML
Co on Pt(111) system were derived. The found range of 0.8 < dtot < 4.3meV/Co
is in agreement with ab initio calculations predicting values between 2.7 and 3.6
meV/Co (see Section 6.1, page 76) as well as with the lower bound of 2.7meV/Co
found in this thesis.
The investigation of the DMI in the UHV/Co/Pt(111) system has been a crucial
step towards a detailed understanding of the DMI in this system, which is highly
valuable in regard to designing systems for future data storage devices. As
mentioned in the beginning of this chapter, maximizing the DMI in Co-based
systems is often achieved by sandwiching Co between Pt and Ir layers11. The
next step in extending the "toolkit"12 of designing high-DMI systems lies in
deepening the understanding of trilayer systems of these constituents, which
again can be approached by studying the DMI in an epitaxial UHV/Co/Ir(111)

11Due to the opposite sign of the DMI in Co/Pt and Co/Ir, the DMI strength of both
interfaces in [Ir/Co/Pt] samples adds up so that the effective DMI strength increases.

12meaning the knowledge on preparation parameters and mechanisms and the corresponding
effect on the resulting magnetic properties
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system. Kloodt-Twesten et al. [116]13 have just performed such an investigation.
In contrast to the pure Néel walls in Co/Pt(111) which have been observed up
to the onset of SRT [115, 116], a change in the domain-wall angle Φ with the
Co thickness has been observed in Co/Ir(111) for Co thicknesses below the SRT,
visualizing the transition from pure Néel walls towards walls with a partial Bloch
contribution. Analyzing this thickness-dependent wall angle allowed a precise
determination of the DMI strength, whose value is furthermore in agreement
with theoretical predictions for the ideal Co/Ir interface.

13F. Kloodt-Twesten, S. Kuhrau, H.P. Oepen and R. Frömter. Measuring the Dzyaloshinskii-
Moriya interaction of the epitaxial Co/Ir(111) interface. PRB 100, 100402(R), (2019).
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7
Cap-layer-dependent oxidation and

magnetic contrast in SEMPA of ultrathin

Co films

As discussed in the previous chapter, the DMI is not only a rising research field
for scientific reasons but it is also inspiring for new approaches concerning future
data storage devices. Though the previously introduced sample preparation via
thermal evaporation (used for the Co/Pt(111) study, see Chapter 6) leads to a
defined interface that is as ideal as possible, it is not the common method for the
preparation of thin films in an industrial context, as it is a complex procedure
that requires exceptionally clean working environments (UHV) as well as sample
surfaces. An often used method to prepare single or multilayer stacks of thin
films is sputter deposition. This technique offers the possibility of producing
large quantities of samples with reproducible properties and is thus interesting
for industrial applications.
Such magnetic data storage systems are in the need of a non-magnetic capping
layer to prevent oxidation of the magnetic material. The same applies for ex-situ
prepared samples that are intended to be investigated via SEMPA. Furthermore,
this kind of protection layer serves simultaneously as a constituent that deter-
mines the interface anisotropy, and DMI. To avoid the need for such a capping
layer, samples for a SEMPA investigation are often prepared in situ. In contrast,
when studying ex-situ prepared systems in SEMPA, the surfaces are cleaned via
ion milling and/or dusted with an ultrathin ferromagnetic layer before the in-
vestigation [16, 119, 121]. To gain an unrestricted applicability of SEMPA, it is
highly desirable to establish a procedure that allows for the direct investigation
of samples prepared ex-situ, meaning without any pre-treatment that might af-
fect the sample. Especially the magnetic properties of those thin-film systems
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that exhibit PMA are highly susceptible to any treatment by ions to remove the
capping, and even to dusting. The ion impact of removing the cap by sputtering
results in an intermixing that destroys the PMA in the system before even small
amounts of the cap layer are removed. The approach of dusting the system with
magnetic films affects the magnetic properties as well, as the active magnetic
volume increases. On the other hand, cap layers, which typically are as thick
as a few nm, result in a noteworthy reduction if not extinction of the magnetic
contrast in SEMPA.
In this chapter, a new approach for the investigation of ex-situ prepared samples
without any pre-treatment in SEMPA is presented. First, the ex-situ prepara-
tion of the [Pt/Co/Ir]2 samples via magnetron sputtering is reported in Section
7.1. Hereafter, the influence of the cap-layer thickness on the magnetic contrast
observed in SEMPA is discussed, as well as the related oxidation of the Co layer,
see Section 7.2. Finally, a short summary and an outlook are given in Section
7.3 and 7.4, respectively.
Parts of the results presented in this chapter have been published in Applied
Physics Letters 113, 172403 (2018) [196].

7.1 Ex-situ preparation via sputter deposition

For testing the new approach of imaging ex-situ prepared samples without any
pre-treatment in SEMPA, the samples were grown via sputter deposition in a
custom-build sputter chamber. The preparation of thin-film systems with the
tools available in this chamber has been optimized during previous PhD theses,
which included the investigation of the growth behavior as well as the resulting
magnetic properties, especially concerning the Pt/Co/Pt system [197, 198]. The
fundamentals of the two sputter techniques used are introduced in Section 7.1.1.
A calibration of the deposition rates has been performed via X-ray reflectometry
(XRR), see Section 7.1.3. Specifics on the preparation of the Pt/Co/Ir double
layers are found in Section 7.1.2.

7.1.1 Preparation techniques

The studied Pt/Co/Ir double layer films are prepared ex situ in a sputter cham-
ber. Two sputter techniques are used, namely the electron-cyclotron resonance
(ECR) as well as the direct current (DC) magnetron sputtering. Figure 7.1 illus-
trates the working principles of both techniques. The ECR sputtering process,
which is depicted in 7.1a), is based on the phenomenon that electrons in a static
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and homogeneous magnetic field ~B are able to absorb energy resonantly from
an electromagnetic microwave field. Due to the Lorentz force electrons in such a
constant magnetic field move on a helical path, cycling with an angular frequency
of ωC = eB

me
, the so-called cyclotron frequency, where e denotes the charge of an

electron and me its mass. As seen in Figure 7.1a), the plasma is generated in
a separate plasma chamber (top left). The latter is made of ceramics and sur-
rounded by a permanent magnet. Furthermore, it is directly connected to a gas
inlet. A magnetron source, which operates at 2.45GHz, generates microwaves,
which are transferred into the plasma chamber via an antenna. The microwaves
pump energy into the electrons, which ionize the Ar and create a plasma. The
main chamber, which contains the sputter target as well as the substrate, is
separated from the plasma chamber via a concave two-grid system. While the
grid in contact with the plasma is held at +1.2 kV, defining the potential of the
conductive plasma behind, the one facing the main chamber is grounded, just as
the target. The Ar+ ions are accelerated to the outer grid and fly towards the
target to bombard it, so that atoms of the target are ejected.

shutter

target
(cathode) Ar+

ions

substrate
(anode)

magnetic field

magnets

Ar 
plasma

magnetron

Ar gas inlet

Ar plasma

microwaves

substrate

target

Ar+

ions

shutter

grids

a) b)ECR sputtering DC magnetron sputtering 

magnets

Figure 7.1: a) Schematic of the ECR sputtering technique. The Ar+ ions are produced
separately in the plasma chamber and accelerated to the outer grid, before they fly
towards the target. b) Schematic of the DC magnetron sputtering technique. Due to
the arrangement of the permanent magnets, the electrons move on a helical path in
front of the target. This enhances the probability for the ionization of the Ar atoms.
Adapted from [197].
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The sputtered material is deposited on the substrate side facing the target. The
Ar+ ions from the plasma source hit the target at an angle of 45°. Reflected Ar+

ions mostly leave the target at 45° (specular reflection) so that these, besides a
few scattered ones, will not reach the substrate. The shutter between the target
and the substrate is used to manually control the duration of the deposition.
In Figure 7.1b) the working principle of DC magnetron sputtering is illustrated.
Contrary to ECR sputtering, the noble gas plasma is created directly in front
of the sputter target. Therefore, the target is mounted in front of an arrange-
ment of permanent magnets. These create a magnetic field in such a way that
electrons are forced onto a helical trajectory in front of the target. Thus, the
collision probability leading to an ionization of the used noble gas, in our case
Ar, is strongly increased. Any ionized Ar atom provides another electron which
again is able to create an Ar+ ion. Thus, one single electron is able to ignite
the plasma. The target is put on negative potential (≈ -300...-500V) so that
Ar+ ions are accelerated onto it. The sputtered target material is then deposited
onto a substrate, the desired deposition time is again controlled by the usage of
a mechanical shutter.
The important difference between these two sputter techniques lies in the differ-
ent kinetic energies of the sputtered atoms - both, leaving the target and arriving
at the substrate. The atoms leaving the target that have been sputtered via ECR
have an average kinetic energy of about 30 eV, those sputtered via the DC mag-
netron of about 20 eV [198]. While the Ar pressure of pAr = 3 · 10−4mbar during
ECR sputtering results in a mean free path of about 20 cm, the higher pressure
of pAr = 3 · 10−3 mbar during DC magnetron sputtering leads to a mean free
path of about 2 cm [199]. The ECR target is positioned with a distance of 5 cm
from the substrate, thus the mean free path is greater than the distance between
target and substrate. The sputtered atoms thus reach the substrate without col-
liding with gas atoms, and therefore do not lose kinetic energy. In contrast, the
target to substrate distance for the DC magnetron sputtering equaling 10 cm is
greater than the above derived mean free path. Due to one or several collisions,
the sputtered atoms lose kinetic energy on their way to the substrate and thus
arrive with low energies at the latter.

7.1.2 Sample preparation

The Pt/Co/Ir films have been grown onto a Si3N4 substrate (200 nm Si3N4 on
Si wafer, Si-Mat). The base pressure in the sputter chamber, which is shown in
Figure 7.2a), is < 2 · 10−9mbar. A 4 nm thick Pt-seed layer is created by means
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of ECR sputtering (pAr = 3 · 10−4mbar) on top of the Si3N4 substrate before
the Pt/Co/Ir layers are deposited via DC sputtering (pAr = 3 · 10−3 mbar). This
combination of ECR and DC sputtering has been found to enhance the PMA
in the sample system [200]. Due to the before mentioned high energy of the
Ar+ ions in ECR sputtering and the different working pressure, the mobility of
the sputtered Pt atoms is enhanced, which allows for an ordered, energetically
favorable arrangement of the atoms on the substrate [200]. Thus, the polycrys-
talline Pt-seed layer exhibits a (111) texture [201]. It serves as a template for the
growth of the (111)-textured fcc [202] ultrathin [Pt/Co/Ir]2 films that are grown
on top of the seed layer via DC magnetron sputtering. The usage of DC instead
of ECR sputtering in the latter case is crucial, as it reduces intermixing at the
interfaces [202].

flap Si3N4 

substrate

sample
holder

threaded hole
for transfer

a)
b)

Ar cylinder

ECR gun

Pt magnetron

Co magnetronIr magnetron

Figure 7.2: a) Photograph of the sputter deposition chamber. The positions of the Ir,
Pt and Co magnetrons are indicated, as well as the ECR gun which is used to prepare
the (111)-textured Pt-seed layer. The Ar cylinder is seen on the right. b) Sample holder
used for the creation of a wedge. The flap, which is attached to the sample holder, is
shown in its closed position, partially covering the substrate mounted below.

The Pt-seed layer created via ECR sputtering was deposited at a rate of 0.071
nm/s, the used acceleration voltage of the Ar+ ions was set to 1.2 kV. During the
DC sputtering, the Ar+ ion current at the target was monitored and kept fixed
(Ir: 20mA, Co: 50mA, Pt: 30mA). The applied high voltage varied slightly
for each preparation process due to abrasion at the sputter targets. For Ir, the
Ar+ ions were accelerated to an energy of 460-480 eV, for Co to 290-310 eV and
for Pt to 420-440 eV. The resulting deposition rates for these three materials are
0.021 nm/s for Ir, 0.025 nm/s for Co and 0.048 nm/s for Pt.
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In the investigations presented in the following, different sample types have been
prepared. Studying the Pt-cap-layer thickness dependent magnetic contrast and
the correlated oxidation process of the Co is achieved by preparing Pt/Co/Ir
double layer films whose final Pt layer is wedged. The wedge is created by using
the penumbra of a flap in front of the sample, see Figure 7.2b). To reassure that
the coupling between the two Co layers does not influence the magnetic signal
observed in SEMPA, the Ir/Pt-interlayer thickness is varied for different samples
as will be discussed in Section 7.2.4.

7.1.3 Calibration via X-ray reflectometry

The deposition rates are calibrated via XRR measurements, which offer a non-
destructive method to determine, among others, the film thickness of single and
multilayers. An X-ray beam reflects from a sample at grazing incidence and the
specular X-ray reflectivity R, which describes the ratio of the reflected to the
incident intensity, is detected. Detailed information on the technique and the
underlying physical fundamentals can be found in [203–205].
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Figure 7.3: XRR data (specular reflectivity R versus momentum transfer Q) of an Ir
film on Si3N4 is shown as black open circles. The least square fit using Abelès formalism
is shown as a red line and yields an Ir film thickness of 17.1 nm. The error, obtained
from the fit, of the film thickness for this single layer sample is < 0.4%�.

The XRR data used for the calibration of the sputter deposition rates were
taken at the XRD 3003 PTS (Seifert) instrument of the Helmholtz-Zentrum
Geestacht which uses radiation at a wavelength of λ = 1.54Å (Cu Kα). The
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reflectivity R was measured over a Q range from 0.01Å−1 to 0.7Å−1, where Q =

4π sin θ/λ describes the momentum transfer and θ the angle of incidence. Figure
7.3 shows the XRR data of an Ir film on Si3N4 which were analyzed with the
Motofit package [206] developed for IGOR Pro [207]. It uses the Abelès matrix
method [208] to fit the specular reflectivity R. The observed oscillations, known
as "Kiessig fringes" [209], result from interference between reflections of X-rays
from different interfaces. The thickness of a single-layer film can be calculated
from the momentum difference ∆Qtotal between two oscillation maxima via

ttotal =
2π

∆Qtotal
,

as indicated in Figure 7.3.

7.2 Cap-layer-thickness dependent Co oxidation
and its influence on the magnetic contrast

Pt
2.0 nm

Pt 1.0 nm
Ir 1.1 nm

Co 1.1 nm

Si3N4

Pt 4.0 nm

Ir 1.1 nm
Co 1.1 nm

Figure 7.4: Examplary
sketch of a [Pt/Co/Ir]2 sam-
ple composition with wedged
Pt cap. Taken from [196].

For the investigation of the magnetic contrast in
dependence of the Pt-cap-layer thickness, the fi-
nal Pt layer has been prepared as a wedge. Fur-
thermore, the correlation between the cap thick-
ness and the Co oxidation has been studied for
thin Pt-cap-layer thicknesses. A sketch of an ex-
emplary sample composition is given in Figure 7.4.
Two kinds of samples with varied Ir/Pt-interlayer
thickness have been prepared separately, as will be
discussed later on in this section. The transfer of
the samples from the sputter chamber to the out-
of-plane SEMPA is associated with an exposure to
ambient conditions for 5-10 min. After the SEMPA
investigation, the sample is transferred to a stan-
dard SEM to investigate the local surface composition along the wedge by means
of energy dispersive X-ray spectroscopy (EDX) line scans. Finally, an atomic
force microscope (AFM) is used to determine the surface morphology of the
oxidation process in dependence of the Pt-cap-layer thickness.

7.2.1 EDX analysis of the [Pt/Co/Ir]2 samples

The local surface composition of the [Pt/Co/Ir]2 films is determined by means
of EDX line scans. These scans were performed along the Pt wedge at normal
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incidence with a primary electron energy of 6 keV and a detection angle 65° off
normal. Later on, the results of the EDX analysis will be used to correlate
the magnetic contrast obtained by SEMPA measurements with the Pt-cap-layer
thickness (see Section 7.2.3). Figure 7.5 gives the integrated and background-
corrected count rates of the emission peaks of platinum M (blue), cobalt L (black)
and oxygen K (red) along the wedge, which give the amount of the three con-
stituents along the Pt wedge. Please note that the EDX analysis also found
Si, N, Ir and C, which are not shown in Figure 7.5 as they do not contain any
issue-related information for the investigation of the oxidation in dependence of
the Pt-cap-layer thickness.
The platinum trace (blue) shows a sigmoidal shape. This form is characteris-
tic for wedges that were grown by the penumbra technique from an extended
source, as used here. Fitting by an error function (fit in magenta) yields a 2σ-
width of wPt = (216 ± 7) µm. Knowing that the two plateaus on the left and
right correspond to the uncovered Co side and the side with the 2 nm Pt-cap
layer, respectively, a conversion into Pt-cap-layer thickness is given at the right
axis.
The oxygen profile, shown in red, also reveals a sigmoidal shape on top of some
background. The same oxygen background is measured at a Pt film that has been
directly sputtered onto a Si3N4 substrate, prompting that it originates from a
small amount of oxygen or oxygen compounds that are adsorbed onto the sur-
face. A decrease of the intensity of the oxygen signal is observed with increasing
Pt thickness, indicating an increasing protection against oxidation upon thick-
ness increase of the cap layer. A detailed inspection of the reduction of the
oxygen intensity shows that its decrease starts at about 0.15 nm Pt coverage,
thus shortly after the onset of the Pt wedge, and is already completed at about
1 nm Pt thickness. This area has been highlighted by a red shading in the plot.
It indicates that already at about half the prepared wedge thickness a closed Pt
film is obtained that protects the underlying Co film against oxidation. A further
increase of the Pt-cap layer does not reduce the oxygen content anymore. An
error function fit (green) yields a width of wO = (78 ± 18) µm for the observed
oxygen wedge, which is centered at about 0.5 nm Pt. The conversion into oxygen
atoms/nm2 seen on the right axis, which will allow a quantitative discussion, will
be derived later on.
Contrary to the previous two EDX traces, the trace of Co, which is shown in
black, is almost flat. A small reduction of the measured Co intensity by ∼ 4% on
the Pt-capped side compared to the uncapped site is found and can be ascribed
to X-ray absorption by the platinum on top. The detected Co Lα emission is
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associated with an X-ray energy of 776 eV and the attenuation length in plat-
inum at this energy equals 60 nm [210]. Thus, upon the 2 nm thick Pt-cap layer
a signal loss of 3.33% is indeed to be expected.
Above the plot of the EDX signals (Figure 7.5), the change of the SE contrast
along the same wedge is shown. The brightness evolution follows the sigmoidal
shape of the Pt and is observed in all studied samples. In case no EDX is avail-
able, the Pt thickness can thus be determined via the SE contrast.
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Figure 7.5: The EDX line scan along the Pt wedge shows the traces of platinum,
cobalt and oxygen. Platinum as well as oxygen show a sigmoidal shape, while the
cobalt trace is almost flat. The red shaded area highlights the area of the oxygen
wedge. A conversion into Pt-cap-layer thickness to nm as well as for the oxygen content
to atoms/nm2 is given at the right axis. The image stripe above the plot shows the SE
contrast change along the wedge. The brightness along the image, plotted in yellow,
correlates with the sigmoidal behavior of the Pt signal. Adapted from [196].

7.2.2 Quantitative analysis of the polarization contrast

For the cap-layer-thickness-dependent investigation of the magnetic contrast a
series of magnetization images has been taken with SEMPA along the Pt wedge.
Acquisition times of 90 min for the 300 x 300 pixel images were used as the
polarization values are expected to be small due to contamination and/or Pt
coverage. A typical domain image obtained in the out-of-plane component is
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shown in Figure 7.6a), taken at a cap-layer thickness of 1.1 nm. The image
shows a maze domain pattern and has a signal-to-noise ratio of 4.
Figure 7.6b) displays the corresponding histogram of measured asymmetry val-
ues in this image. The asymmetry measured in the black or white domains gives
the the separation of the two peaks which equals in this case about 3%. As
quantification for the magnetic contrast, half of the difference between the av-
erage asymmetry values in these domains pointing up and down will be used
(here ±1.5%) and denoted as ∆A. The quantity ∆A is referenced to zero spin
polarization and is thus equivalent to the asymmetry radius Ar as defined by
Frömter et al. in reference [117]. It is important to note that independent of the
Pt-cap thickness studied here, no in-plane component could be found within the
error margin.
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Figure 7.6: a) The image of the out-of-plane magnetization at a Pt-cap-layer thick-
ness of 1.1 nm shows a maze domain pattern. The corresponding histogram of the
asymmetry of this image is shown in b). The two visible maxima correspond to the
black and white domains. As a measure for the magnetic contrast we use half of the
difference between both maxima, denoted as ∆A. Adapted from [196].

7.2.3 The dependence of the magnetic contrast on the Pt
thickness

To draw conclusions for the thickness-dependent investigation of the magnetic
contrast, a correlation of the position of the SEMPA measurement and the Pt-
cap-layer thickness at this spot is essential. As mentioned in Section 7.2.1,
EDX line scans were performed to obtain the local surface composition along
the wedge. These line scans as well as the SEMPA measurements result in a
darkening of the scanned areas, probably due to the deposition of cracked resid-
ual gas molecules [211, 212]. This darkening is seen in the SEM micrograph in
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Figure 7.7. On top, the stripe of the EDX line scan is visible, while in the lower
part several square shaped areas due to SEMPAmeasurements can be recognized.
This contamination of the sample surface is often an undesired effect observed
in electron microscopy, but in the present case it can be used to correlate the
local surface composition from the EDX analysis with the positions of SEMPA
measurements. It thus allows to determine the magnetic contrast as function of
the Pt-cap-layer thickness.

100 µm
Figure 7.7: The SE micrograph shows sev-
eral darkened areas due to the EDX line scan
(stripe on the top) and the SEMPA investiga-
tion (squares in the lower part). Adapted from
[196].

Figure 7.8 shows the measured magnetic contrast values in dependence of the
Pt-cap-layer thickness as black squares. The upper x-axis gives the dependence
to the oxygen content, which is derived later on in Section 7.2.5. The magnetic
contrast increases in the range from 0 to 0.8 nm Pt-cap thickness and decreases
exponentially above 1 nm. At low Pt coverage, the increase of the magnetic
contrast obviously originates from the increasing protection against oxidation.
The latter results in a greater portion of unoxidized Co that contributes to the
asymmetry signal. The decrease of the magnetic contrast above 1 nm Pt on the
other hand is attributed to the increasing spin scattering at higher thicknesses
of the Pt-cap layer. The maximum of the measured magnetic contrast is thus
observed around a Pt-cap thickness of 1 nm, giving a sufficiently high magnetic
contrast that allows for high-quality imaging. No additional pre-treatment is
needed to obtain this contrast, meaning the ex-situ prepared sample is directly
imaged after transfer into UHV. A model to describe the magnetic contrast
as function of the cap-layer thickness is derived below. It accounts for both
effects introduced above and is fitted to the experimentally determined magnetic
contrast, which are shown as black squares in Figure 7.8, as red line.
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Figure 7.8: Magnetic contrast (black squares) in dependence of the thickness of
the Pt-cap layer (bottom abscissa) as well as the corresponding oxygen content (top
abscissa). The red solid line is a fit of a model (given in Equation 7.1) to describe
the thickness dependent contrast. This model takes both effects into account, the
exponential reduction of the magnetic contrast that originates from spin scattering
at Pt (green dashed line) and the increase of the contrast that stems from vanishing
oxidation (blue dashed line) due to a more effective protection of the Co by the Pt
capping. Three additional asymmetry values are shown after the break of the x-axis.
They were obtained by investigating samples with constant, but higher thicknesses of
the Pt-cap layer, and are in accordance with the model. Adapted from [196].

As concluded from the EDX line scans, above 1 nm of the Pt-cap layer the Co
is completely covered and no oxidation takes place. Thus, the decrease of the
magnetic contrast above 1 nm is ascribed to the increasing Pt thickness and the
resulting effect of spin scattering within Pt. This effect is modeled via a simple
exponential decay, which is fitted to the magnetic contrast above 1 nm and is
plotted as green dashed line. Correcting for the latter exponential decrease in
the data, the obtained data points fall on the blue dashed line. This sigmoidal
curve begins at a slight offset (about 0.3 %) and reaches a plateau of 6.5 % at
a Pt-cap-layer thickness of 1.1 nm. Furthermore, the blue dashed line can be
well described when a reduction of the polarization asymmetry is assumed that
is proportional to the oxygen intensity detected in the EDX measurement.
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To deduce a model for the observed behavior of the magnetic contrast, the
additional oxygen content detected in the EDX line scan (see Figure 7.5) is
parametrized as function of the Pt thickness coxy(tPt) on a scale from 0 to 1.
With this, the following fit function for the magnetic contrast can be formulated

∆A(tPt) = a · (1− b · coxy(tPt)) exp

(
−tPt
τ

)
, (7.1)

with a, the magnetic contrast of a pure unoxidized Co film, b the reduction of
the magnetic contrast at maximum oxidation (zero Pt coverage) ranging from 0
(full contrast) to 1 (no contrast), and τ the exponential spin-decay length of the
capping Pt film. Fitting to the data results in a = (6.5±1.3) %, b = 0.938±0.022

and τ = (0.72±0.07)nm. An asymmetry of 6.5 % appears reasonable for a clean,
thin film of Co. Deducing from the asymmetry of Fe measured in the in-plane
SEMPA [117] and the saturation magnetizations of Co and Fe [81] one could
expect a magnetic contrast for bulk Co of roughly

∆A(Cobulk) =

(
∆A(Fe)
MS(Fe)

)
·MS(Co) =

8.6 %

1717 kA/m
· 1447 kA/m = 7.2 %. (7.2)

Taking into consideration that at this position the Co film has only a thickness
of 1.1 nm and assuming a magnetic information depth of 0.8 nm for Co [213], one
finds

∆A(Co1.1 nm) = 7.2 % ·
(

1− exp

(
−1.1 nm
0.8 nm

))
= 5.4 %. (7.3)

The derived spin-decay length τ = 0.72 nm lies in the same order of magnitude
as values reported for the magnetic information depths of Fe, 0.63 nm [15], or Ni,
0.4− 1.1 nm [16, 213]. Please note that in contrast to the spin-diffusion length1

at the Fermi level, this spin-decay length applies to electrons with an energy
roughly 6 − 10 eV above the Fermi level, as only these electrons are detected in
SEMPA after passing over the work function barrier of the sample into vacuum.
The fact that the parameter b, which describes the reduction of the magnetic
contrast at maximum oxidation, is not equal to 1 (complete loss of magnetic
signal) but slightly smaller, results from the tiny magnetic contrast that is ob-
served at the uncovered Co side. Speculations, that this magnetic contrast is
not associated with the upper Co layer but originates from the second, buried
Co layer can easily be disproved. As will be shown in Section 7.2.4, and has al-
ready be mentioned in the introduction to this chapter, the coupling between the
two Co layers can be tuned from antiferro- to ferromagnetic via minor changes

1The spin-diffusion length equals the mean distance that electrons diffuse between spin-flip
collisions.
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of the Ir/Pt-interlayer thickness. In both cases, meaning for antiferro- as well
as ferromagnetic coupling, the dependence of the magnetic contrast from the
Pt-cap-layer thickness shows the same behavior which is seen in Figure 7.8. In
case the antiferromagnetic coupling had an influence on the detected contrast,
a reduction of the magnetic contrast towards zero at a compensation thickness
tcomp > 0 nm would be expected. As this is not observed, it follows that the
polarization signal originates from the topmost Co layer. The mere existence of
this small magnetic contrast at the uncovered Co side implies that the topmost
Co film (though uncovered) is not completely oxidized. The degree of oxidation
will be discussed in Section 7.2.5.

7.2.4 Tuning the interlayer coupling from ferro- to antifer-
romagnetic

Two kinds of [Pt/Co/Ir]2 samples have been prepared for the investigation of the
cap-layer-thickness dependent behavior of the magnetic contrast: Those with
a ferromagnetic coupling as well as some with antiferromagnetic coupling be-
tween the Co layers. As introduced in Section 3.5, the coupling between the two
Co layers can be modulated to be either antiferromagnetic or ferromagnetic by
changing the thickness of the non-magnetic interlayer. The influence of a non-
magnetic interlayer composed of Pt and/or Ir sandwiched between Co has been
extensively studied in the PhD thesis of J. Wagner [69], whose work inspired the
preparation of samples with different IEC in this study.
Two exemplary magnetization curves, obtained by employing the magneto-optic
Kerr effect (MOKE) [214, 215], of [Pt/Co/Ir]2 samples with varied Pt/Ir-interlayer
thickness are shown in Figure 7.9. The samples studied with MOKE did not have
a wedged cap layer, but a closed 2-nm thick Pt-cap layer. They were prepared
simultaneously with the wedged samples by attaching another Si3N4 substrate
at a position of the sample holder which is not shadowed by the flap (see Figure
7.2b), page 103). The magnetization curve seen in 7.9a) shows a clear ferromag-
netic coupling of the two Co layers. The total thickness of the non-magnetic
spacer is 1.8 nm. On the contrary, the magnetization curve presented in 7.9b)
belongs to a sample with 2.2 nm interlayer thickness, and exhibits a clearly an-
tiferromagnetic behavior. The coupling constant for the antiferromagnetic case
can be calculated via Equation 3.15. The switching field of Hsf ' 28mT, the
saturation magnetization of MS(Co) = 1.44MA/m and the thickness of the Co
layers of tCo = 1.1 nm lead to JIEC ' −0.044mJ/m2.
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Figure 7.9: Magnetization curves of two [Pt/Co/Ir]2 samples with different interlayer
thickness. a) The sample with a non-magnetic interlayer of 1.8 nm thickness shows
ferromagnetic coupling of the Co layers. b) Antiferromagnetic coupling is observed for
the sample with a 2.2 nm-thick interlayer. The switching field of Hsf ' 28.0mT results
in JIEC ' −0.044mJ/m2.

7.2.5 Investigation of the Co oxidation

In order to quantify the amount of oxidized Co that is present in the topmost Co
layer, a calibration of the EDX system has been performed by using a naturally
oxidized silicon wafer. The thickness of the SiO2 layer was determined via el-
lipsometry measurements to be as thick as tSiO2 =2.7 nm, which is equivalent to
125 oxygen atoms per nm2 surface area. This conversion is given via the formula

# atoms
area

=
ρ

M
·NA · t · n (7.4)

using the molar mass of SiO2 M(SiO2) = 60 g/mol and NA the Avogadro con-
stant. As density ρ for the naturally oxidized silicon a value of ∼ 2.3 g/cm3 [216]
can be expected2. The factor n accounts for the stoichiometry. As two oxygen
atoms are bound in one SiO2 molecule, n = 2 in the calculation above.
The count rate of the oxygen (K) peak, which was detected via EDX on the
naturally oxidized Si wafer, amounts to 5.2 Cts/s. In the [Pt/Co/Ir]2 samples
one Co layer is 1.1 nm thick and thus consists of 100 Co atoms/nm2 (Equation

2The density of SiO2 strongly varies among its different modifications. The highest value is
reported for the α-quartz SiO2 with a density of 2.65 g/cm3[170]. Naturally oxidized SiO2 on
the other hand is polycrystalline which results in a lower density.
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7.4 with ρ(Co)=8.90 g/cm3, M(Co)=59 g/mol, n = 1).
The oxygen K background obtained on the 2 nm Pt reference film is used to
correct the oxygen data (from EDX) along the wedge. After this step, the mea-
sured oxygen content is converted into quantitative units, namely oxygen atoms
per nm2, by utilizing the presented calibration via SiO2. Comparing the oxygen
content detected on the capped to the uncapped side, an increase in the oxygen
count rate of 6.2 Cts/s is found at the uncovered Co surface (see EDX plot in
Figure 7.5), which is equal to an oxygen coverage of 147.3 oxygen atoms per
nm2. Furthermore, the information depth obtained in EDX is much larger than
the thickness of the studied film of a several nm, and thus, it is straightforward
to assume that the measured oxygen count rates are proportional to the oxygen
content. This thesis was confirmed by performing Monte Carlo simulations [174]
of the EDX experiments. Tompkins et al. [217] found that a clean surface of
bulk Co forms an 8 − 10 Å thick surface layer of Co(OH)23 within less than 1 s
when exposed to ambient conditions. A discussion to what extent the assump-
tion (formation of Co(OH)2) fits to experimental results observed in literature
as well as in this thesis will be given further down.
Following the assumption that indeed Co(OH)2 with an O/Co ratio of n = 2 has
formed on top of the here investigated sample, the measured count rate of 6.2
Cts/s indicates that the equivalent of 4ML of Co (= 0.8 nm Co) are oxidized

tCo =
M(Co) · O atoms/area

n

ρ(Co) ·NA
. (7.5)

Considering the density of Co(OH)2, this results in an effective thickness of 3.2
nm Co(OH)24. Knowing that 4ML (0.8 nm) Co have been oxidized, it can be
directly concluded that in the upper 1.1 nm-thick Co layer a remaining equivalent
of only 1.5 ML Co (= 0.3 nm Co) stays unoxidized, and is therefore the origin
of the observed non-vanishing magnetic contrast at the uncovered side. In the
following, a more quantitative understanding of the magnetic contrast at the
uncapped side will be derived. The remaining contrast is equal to the factor a·(1−
b) as can be directly seen in Equation 7.1, with a the magnetic contrast of a pure,
unoxidized Co film, and b the reduction of the magnetic contrast at maximum
oxidation. Considering the remaining amount of unoxidized Co, two limiting
cases can be derived. On the one hand, a full spatial segregation of oxidized and
unoxidized Co patches can be assumed, or on the other hand a homogeneous
oxidation from top downwards can be expected. For both cases, a corresponding

3The samples were investigated in X-ray photoelectron spectroscopy (XPS).
4ρ(Co(OH)2)=3.6 g/cm3 [170], M(Co(OH)2)=93 g/mol
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value of b can be derived. For the first case of a full spatial segregation of
oxidized and unoxidized patches, in which also an identical secondary electron
yield is assumed for both surfaces, the magnetic contrast can be expected to
scale like the unoxidized Co ratio, and thus follows

bfull segregation = 1− (0.3 nm/1.1 nm) ' 0.73. (7.6)

The second limiting case that assumes a homogeneous oxidation from top down-
wards, gives

bhomo. oxidation = 1− (1− exp(−0.3 nm/0.8 nm)

(1− exp(−1.1 nm/0.8 nm)
' 0.58, (7.7)

assuming an information depth in Co of 0.8 nm [213]. The experimentally derived
value of b = 0.938 is significantly higher, meaning the observed magnetic con-
trast at the uncovered Co side is lower, than estimated from these limiting cases
that are solely based on the Co(OH)2 stoichiometry, . Further contributions to
the experimentally observed reduction of the magnetic contrast are expected to
origin from spin scattering in the hydroxide layer on top of the remaining Co, as
well as from a reduction of the Co magnetization due to finite-size effects. These
effects cannot be easily quantified, but assuredly lead to an additional reduction
of the measured spin polarization.
To investigate further whether the assumption of the formation of Co(OH)2 is
reliable, a sample that was stored for six months under ambient conditions is
studied via EDX. For such a sample, a complete oxidation of the upper Co layer
can be assumed. The EDX investigation revealed the presence of 206 oxygen
atoms/nm2 at the uncovered side (100 Co atoms/nm2 in a 1.1 nm thick layer),
which reflects the exact stoichiometric amount of oxygen atoms for the 2:1 ratio,
supporting the assumption that Co(OH)2 has formed. The exclusive formation
of other known states of oxidation, like CoO, Co2O3 or Co3O4 that have been
observed at elevated temperatures [217, 218], or using UHV-dosed O2 [219, 220]
can thus be ruled out. It may be noted that within the here-performed measure-
ments it can also not be deduced evidently, that Co(OH)2 is exclusively formed,
instead of a layer which is composed of a mixture of (hydr-)oxides. Co(OH)2 is
a hydroxide that is paramagnetic (χ=0.013) at RT [221], and thus will not con-
tribute to the experimentally derived magnetic contrast, which is in agreement
with the model proposed above. It may be noted that Smardz et al. [222] who
studied the oxidation kinetics of thin and ultrathin Co films at air claim that
a CoO layer forms on top of their Co samples. While Tompkins et al. [217]
proved the formation of Co(OH)2 via X-ray photoelectron spectroscopy (XPS),
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Smardz et al. solely refer to a study [223] in which the chemisorption of oxygen
on Co was investigated in an oxygen-dosed UHV setup via the electron energy
loss fine structure (EELFS) technique, meaning the samples were not exposed to
ambient conditions. Within their investigation at 4.5K, Smardz et al. conclude
that an antiferromagnetic surface layer forms on top of Co. This finding agrees
with their assumption of an CoO surface layer which has a Néel temperature of
TN=291K [76], but it does not contradict the existence of Co(OH)2 which is also
antiferromagnetic at this temperature [221].
For the investigation of the morphology of the (hydr-)oxide that have formed on
the partially covered Co (thin Pt-cap coverages below 1 nm), a series of images
of the topology have been taken with an AFM along the wedge. Figure 7.10a)
shows height maps that were obtained at four different thicknesses of the Pt-cap
layer. The bare oxidized Co surface with a 0.0 nm thick Pt-cap layer is seen in
the left panel and appears rough. This roughness is presumed to originate from
the inhomogeneous oxidation to Co(OH)2. The other three panels show the hight
maps with increasing Pt-cap thickness in which flat Pt islands appear. These
islands lead to a reduction of the area in which the oxidation of the underlying Co
can take place, as they leave only patches of uncovered Co at which the Co(OH)2
oozes out. With increasing Pt-cap layer thickness the coverage with Pt islands
increases and the islands start to coalesce. For Pt coverages above a nominal
film thickness of 0.9 nm, an entirely smooth surface is observed, indicating a
closed Pt film. The RMS roughness has been extracted from the 1x1 µm2 height
maps taken by AFM and is plotted versus the oxygen content as black dots in
Figure 7.10b). A comparably rough surface of 4.5Å is observed on the oxidized
Co side, while the Pt-covered side is rather smooth and yields a roughness of
1.2 Å. Plotting the roughness as function of position reveals the same sigmoidal
trend that was observed in the oxygen profile, thus a rather linear decrease of
the roughness with decreasing oxygen content is observed. A black dashed line
is added as guide to the eye in Figure 7.10b) to emphasize this linear trend. In
addition to the AFM measurements, high-resolution SEM images (InLens SE
detector, working distance 2.7 mm) were taken along the Pt wedge to assess the
surface morphology. The according micrographs are added as grayscale insets
in Figure 7.10a) and reveal a similar change in the morphology as observed via
AFM. While the AFM measurements allowed for an investigation which did
not affect the sample perceivably, the detected SE contrast was not stable under
electron bombardment. The visibility of the observed structures vanished quickly
and thus a detailed analysis by means of SEM was not possible.
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Figure 7.10: a) Height maps taken with AFM along the Pt wedge of the sample,
the respective Pt-cap thickness is given on top of the images. The insets show SEM
micrographs that were taken at the corresponding Pt thicknesses. b) The plot shows the
roughness (RMS) that was determined from the AFM measurements as black squares
in dependence of the oxygen content. The black dashed line is added as a guide to
the eye. Additionally, the above found correlation between the thickness of the Pt-cap
layer (right axis) and the oxygen content is given as blue line. Adapted from [196].

7.3 Summary

The dependence of the magnetic contrast of a Co thin film on the thickness of a
Pt-cap layer was studied. Therefore, the cap layer of the ex-situ prepared sample
was build as a wedge. An investigation via SEMPA was performed after exposure
to ambient conditions for several minutes. An EDX investigation reveals that
an effective protection of the Co against oxidation is obtained for Pt-cap-layer
thicknesses above 1 nm. A sufficiently high magnetic asymmetry of 1.5% is found
at a Pt-cap thickness of 1.1 nm which equals about 1/4 of magnetic contrast that is
expected from clean Co. Furthermore, a spin-decay length of 0.7 nm was derived
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for electrons in Pt whose energies lie roughly 6 − 10 eV above the Fermi level.
Thus, it was demonstrated that investigations on ex-situ prepared samples can
be performed via SEMPA without the need of any pre-treatments like ion milling
or dusting. The study presents a new approach on handling delicate thin film
multilayers in surface-sensitive magnetic imaging. Furthermore, the oxidation
process of bare Co has been investigated. Quantitative EDX measurements were
used to determine the stoichiometry between Co and oxygen, and suggest that the
uncapped Co oxidized to Co(OH)2. Co(OH)2 is a paramagnetic hydroxide whose
formation reduces the amount of ferromagnetic material which is in agreement
with the decrease of the magnetic contrast that is observed on the uncovered
Co side. Investigations via AFM as well as SEM reveal a change of morphology
due to the oxidation. Both methods show that the oxidized (uncovered) side
is rough, while the Pt-covered side maintains a flat surface. With increasing
thickness of the Pt-cap layer, Pt islands grow and coalescence until at an effective
Pt coverage of 0.9 nm a flat surface is observed. The growth of the Pt islands
is accompanied with an increasing protection of the Co against oxidation, which
leads to a continuous increase of the magnetic signal.

7.4 Outlook

The presented study opens a path for the surface-sensitive examination of the
magnetism via SEMPA of various types of ex-situ prepared sputtered sam-
ples, which will be especially relevant for industrial applications. Regarding
the [Pt/Co/Ir]2 system, two interesting leads for further investigations may be
pointed out. On the one hand, a study concerning the DMI in this system is
obvious and of great interest. In the here-studied samples, the domain walls of
the at most 5.5ML thick Co layer were too narrow to allow for a quantitative
analysis of the DMI as it was performed in references [115, 116]. Using a cap
layer of 1.1 nm and preparing the underlaying Co layer as a wedge might allow
for a rought estimation of the DMI strength via domain-size models, as discussed
in Chapter 6. Qualitatively, it was possible to observe domain walls of Néel type
with a fixed clockwise sense of rotation, see Figure 7.11a). The latter magnetiza-
tion image was taken at a Pt/Co/Ir single layer film at a Pt-cap-layer thickness
of about 0.85 nm. The color-coded image visualizes the fixed sense of rotation as
it reveals along the positive y-direction (vertical in-plane component) the con-
secutive sequence of green→ yellow→ red→ blue which is equal to a clockwise
rotation (see color wheel on the lower right). One approach to obtain a detailed
insight on the DMI in this specific system is the preparation of a sample with a
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Co wedge that is capped with 1.1-nm Pt to prevent oxidation. Furthermore, a
direct comparison of the Pt/Co/Ir system, which has been epitaxially grown on
a single crystal, with a sputtered one is evident.

500nm 20µm

increasing Pt-cap thickness

a) b)

Figure 7.11: a) Color-coded image of the magnetization in a Pt/Co/Ir single layer at
a Pt-cap-layer thickness of about 0.85 nm. The observed in-plane component along the
y-direction visualizes the existence of domain walls of Néel type with a fixed clockwise
sense of rotation: While moving along the positive y-direction, a consecutive sequence
of the colors green→ yellow→ red→ blue is observed. b) Magnetization image with per-
pendicular sensitivity obtained via Kerr microscopy at an antiferromagnetically coupled
Pt/Co/Ir double layer. The appearance of a third gray level appears to be correlated
with a partially antiparallel coupling of the Co layers. The arrows on the left indicate a
possible alignment of the magnetization in the two magnetic layers. Though the Pt-cap
thickness increases from left to right, the explicit thickness of the Pt layer is unknown
for the performed measurements. A magnetic field of Bext = 50mT was applied under
an angle of 78° to the normal of the sample, which results in a component along the
surface normal of about Bext,⊥ = 19mT.

The second lead worthwhile investigating includes a comprehensive study via
Kerr microscopy (see Section 2.5). In contrast to SEMPA, which is only sensitive
to the magnetization in the upper monolayers of the sample, the information
depth of 5 − 10 nm in Kerr microscopy allows to investigate the magnetization
of both Co layers. In a short test study, three gray levels were observed in Kerr
images, as can be seen in Figure 7.11b). It was noticeable that this three-level
behavior was exclusively present in the samples with antiferromagnetic coupling.
The conclusion that a correlation to the antiferromagnetic coupling exists is thus
plausible. A correlation of the position studied in the Kerr microscope with
the thickness of the Pt cap, and thus the degree of oxidation, is needed for
the interpretation. Furthermore it has to be noted that for the measurement
presented in Figure 7.11b), a magnetic field was applied that has been tilted
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by 78° in respect to the samples normal (details on Kerr microscopy in this
setting can be found in reference [224]). The discussion whether the in-plane
component of the external field contributes to the observed behavior can be
examined by the usage of a magnetic field which is aligned solely parallel to
the sample normal. Besides the above-mentioned difference in the information
depth between SEMPA and Kerr microscopy, it may be pointed out that while in
SEMPA the as-grown state was investigated, magnetic-field sweeps are applied
in Kerr microscopy.
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