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Kurzfassung

Der ferromagnetische Halbleiter Europiummonoxid (EuO) gilt als vielversprechender
Kandidat für neuartige spintronische Anwendungen, da er ein großes magnetisches
Moment und starke magneto-optische Effekte mit isolierenden Eigenschaften vereint.
Obwohl EuO mit 𝑇C = 69K die höchste Curie-Temperatur unter den Europium-
chalkogeniden aufweist, ist sie für kommerzielle Anwendungen zu niedrig. Viele
Ansätze zur Erhöhung von 𝑇C, wie zum Beispiel die Dotierung mit Gd-Ionen oder
epitaktische Verformung, wurden bereits erfolgreich untersucht. Jedoch basieren sie
alle auf einer Veränderung der Stöchiometrie und Leitfähigkeit des Seltenerdoxids.
Das Ausnutzen des Proximity-Effektes könnte eine alternative Herangehensweise für
das starke Erhöhen der magnetischen Ordnungstemperatur von EuO darstellen, die
gleichzeitig dessen intrinsischen Eigenschaften bewahrt. Dieser Effekt beruht auf
der Kopplung an einen Ferromagneten mit hoher Curie-Temperatur und ist in der
Literatur für ähnliche System bereits demonstriert worden.

In dieser Arbeit wird ein EuO/Co-Zweischichtsystem dünner Filme mittels des
statischen und zeitaufgelösten magneto-optischen Kerr-Effekts (MOKE) untersucht,
um einen Nachweis für eine erhöhte Curie-Temperatur von EuO aufgrund der Nähe
zum Übergangsmetall Co zu finden. Des Weiteren wird der Einfluss von Co auf
die Spindynamik von EuO untersucht. Statische Messungen der Hysterese der
EuO/Co-Probe zeigen eine antiferromagnetische Kopplung zwischen den beiden fer-
romagnetischen Schichten. Aufgrund der Überlagerung des Signals beider Schichten
übersteigt die Co-Hysterese einen möglichen Restbeitrag von EuO bei erhöhten Tem-
peraturen. Zeitaufgelöste MOKE-Messungen zeigen eine transiente Verstärkung der
EuO-Magnetisierung, die auch dann auftritt, wenn selektiv nur das Übergangsmet-
all angeregt wird. Dieses Verhalten wird auf die Erzeugung eines superdiffusven
Spinstroms von Majoritätselektronen bei der Entmagnetisierung der Co-Schicht
zurückgeführt. Der Spinstrom breitet sich in Richtung der EuO-Schicht aus, um
deren 5d-Zustände zu besetzen, was zu einer ähnlichen Magnetisierungsverstärkung
wie bei einer direkten Photoanregung des Seltenerdoxids führt. Die Beiträge beider
Schichten zur transienten Spindynamik zeigen entgegengesetze Vorzeichen. Daher
bietet die EuO/Co-Probe ein System, in dem die transiente Kerr-Rotation durch
Variation externer Parameter wie der Probentemperatur, des angelegten Magnetfelds
und der Pumpstrahlfluenz beeinflusst werden kann. Durch eine starke Anregung der
Co-Schicht wird ihre Magnetisierung signifikant verringert, wodurch die Hysterese
der EuO-Schicht bei transienten Hysteresemessungen zugänglich wird. Sie ist auch
noch bei einer Temperatur von 300K zu beobachten, was auf eine starke Erhöhung
der magnetischen Ordnungstemperatur von EuO, bedingt durch die Nähe zu Co,
hindeutet.
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Abstract

The ferromagnetic semiconductor europium monoxide (EuO) is a promising candidate
for new spintronic applications due to its large magnetic moment and strong magneto-
optical effects combined with its insulating properties. Although EuO has the
highest Curie temperature among the europium chalcogenides with 𝑇C = 69K, it
still requires excessive cooling in real applications. Many approaches to increase
its 𝑇C have been successfully studied, such as doping with Gd ions or epitaxial
straining, which inevitably change the stoichiometry and conductivity of the rare
earth oxide. An alternative pathway to greatly increase the Curie temperature of
EuO while preserving its conductivity and stoichiometry could be based on the
magnetic proximity effect. This effect relies on the coupling to a high 𝑇C ferromagnet,
and has been demonstrated in the literature for similar systems.

In this thesis, a EuO/Co bilayer of thin films is studied using the static and time-
resolved magneto-optical Kerr effect (MOKE) to find an evidence for an elevated
EuO 𝑇C due to the proximity to the transition metal Co. Furthermore, the influence
of Co on the spin dynamics of EuO is investigated. Static measurements of the
EuO/Co bilayer hysteresis reveal an antiferromagnetic coupling between the two
ferromagnetic layers. Due to the superposition of the measured signal of both
layers, the Co hysteresis exceeds any possible residual EuO contribution to the
magneto-optical signal above its bulk 𝑇C. Time-resolved MOKE measurements show
a transient enhancement of the EuO magnetization. It is still present when the Co
layer is selectively photoexcited by tuning the photon energy of the pump beam
below the EuO band gap energy. This behavior is attributed to the generation of a
superdiffusive spin current of majority electrons upon demagnetizing the Co layer.
It propagates towards the EuO layer to populate its 5d states, inducing a similar
magnetization enhancement compared to direct photoexcitation of the rare earth
oxide. The two layers of the investigated sample system exhibit a contribution to
the transient spin dynamics with opposite signs. Therefore, the EuO/Co bilayer
provides a system in which the transient magneto-optical Kerr rotation can be
tuned by varying external parameters such as the sample temperature, the applied
magnetic field and the pump beam fluence. By strongly exciting the Co layer and
thus quenching its magnetization, the EuO hysteresis becomes accessible in transient
hysteresis measurements. It persists up to a temperature of 300K, pointing to an
experimental evidence for room temperature magnetic order in EuO induced by
proximity to Co.
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1 Introduction

The development of the transistor in the first half of the 20th century earned its
inventors John Bardeen, William Shockley and Walter Brattain the Nobel Prize
in 1956 [1]. It caused a paradigm shift in electronics and marked the onset of the
information age, leading to rapid technological advances over the past 60 years [2].
Semiconductor-based transistors replaced vacuum tubes not only by performing all
of their functions, like signal amplification and rectification, but also by offering
many advantages, such as lower cost and power consumption combined with better
reliability and portability [3]. Crucially, the possibility to scale and miniaturize the
size of transistors and similar electronic components, and to combine large numbers
of elements in integrated circuits (ICs) and microprocessors is the backbone of all
information technology in use today, ranging from computers and smart phones to
cars and televisions [3, 4]. Since their invention, the number of transistors in ICs
has doubled approximately every 18 months, as predicted by the famous Moore’s
Law, hypothesized by Gordon Moore in 1965 [5]. This development has led to
significant performance improvements and thus major technological advances, while
simultaneously reducing the cost and power consumption of applications [2, 6].

In recent years, however, this trend has slowed down as the miniaturization of
electronic components reaches its physical limits and thus became more complex.
It also brings new challenges like increased fabrication costs and an amplified heat
generation due to the small size [7, 8]. A direct consequence of the increasing heat
accumulation in ICs is the limitation of the microprocessor clock speeds, which have
stagnated at values of up to about 5 GHz for nearly 20 years [7, 9]. To overcome
this limitation, multi-core processors have been developed that can handle multiple
tasks simultaneously. However, since most programs cannot take full advantage of
them, the technological progress in processor performance has slowed drastically [8,
10, 11]. Very specialized microchips, like graphics processing units (GPUs) used
in personal computers, are less affected by this limitation. The design of their
tasks allows them to effectively use up to several thousand cores, and because
they are usually stationary, they can be actively cooled [11, 12]. This has led to
continuous progress in the development of GPUs with impressive achievements in
short periods of time. An example of this development is the relative increase of
the processing power of the flagship GPUs of the company Nvidia from 2017 to
2022, which increased by several hundred percent at the expense of an 80% increase
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1 Introduction

in power consumption [13, 14]. With the ever-increasing demand for faster data
processing, ideally at lower power consumption, new technologies must be explored
to support or replace traditional semiconductor-based electronics that carry and
manipulate information by controlling the charge of electrons.

The implementation of spintronics (spin-based electronics), which considers electron
spin to carry, store, and read information in addition to or instead of the charge,
offers a promising alternative for the future of information technology. Utilizing this
degree of freedom offers several advantages for electronic devices, such as reduced
power consumption, non-volatile data storage, and faster data processing [15]. The
discovery of the giant magnetoresistance (GMR) in the late 1980s by Albert Fert [16]
and Peter Grünberg [17], for which they were awarded with the Nobel Prize in
2007 [18], marks the beginning of the development of spintronics. GMR describes
a significant reduction in the electrical resistance of ferromagnetic multilayers by
changing their coupling from antiparallel to parallel, for example by applying a
magnetic field. Less than a decade after its discovery, GMR was already utilized in
several applications like magnetic sensors and, more importantly, as read heads for
hard disk drives, providing a fast and sensitive technique for reading out data. It
thus paved the way for major increases in storage density of up to several hundred
gigabits per square inch [19, 20]. Another important effect contributing to this
development is the tunnel magnetoresistance (TMR), which is widely used in hard
disk drives and in magnetoresistive random-access memory (MRAM). TMR relies
on two ferromagnetic layers separated by a thin insulating layer that allows electrons
to tunnel from one layer to the other. The tunneling probability is greatly enhanced
for a parallel orientation of the two ferromagnetic layers, providing control of
the electrical resistance by manipulating the orientation of the magnetizations by
applying an external magnetic field [21, 22]. Further refinement of this technology
led to the spin-transfer torque (STT) technique, which uses spin current instead
of magnetic field pulses to switch the orientation of the magnetization. STT is a
promising technology for the future of non-volatile data storage due to a better
scalability and lower power consumption [23, 24].

Besides continued development to improve data storage capabilities, a lot of research
has been conducted on a variety of interesting materials for a new generation of
spintronic devices like spin filters [25–27], spin transistors [28–30], or spin diodes [31,
32]. This work is intended to pave the way towards more energy-efficient, smaller,
and faster electronics for information technology [33]. A particularly promising class
of materials in this regard are magnetic semiconductors. They offer the possibility
to combine the magnetic non-volatility of memory with the functionality of high-
speed logic, developed over decades for semiconductors. This exciting combination
of properties could provide promising new devices for emerging technologies like
artificial intelligence and neuromorphic computing [34, 35]. To date, many proposed
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spintronic devices, such as spin transistors or spin diodes, rely on the coupling
of a ferromagnetic metal to a non-magnetic semiconductor. Replacing the metal
with a ferromagnetic semiconductor could solve issues at the interface such as spin
scattering and a conductivity mismatch [35]. In addition, this class of materials
could ideally merge spintronics with optoelectronics, leading to new devices such as
spin lasers with advantages like faster modulation dynamics and better polarization
control [36]. Although much research has already been done on various ferromagnetic
semiconductors, they are not yet widely used due to major challenges like magnetic
ordering temperatures below room temperature and the successful integration with
other electronics [36–39].

A particularly promising candidate in this class of materials is the rare earth oxide
europium monoxide (EuO), a ferromagnetic semiconductor with a Curie temper-
ature of 69K and a band gap energy of about 1.2 eV [40]. It offers interesting
magnetic properties with a strong magnetic moment of 7𝜇B combined with large
magneto-optical effects: EuO exhibits a Kerr rotation at least an order of magnitude
larger than that of transition metals [41, 42] and one of the largest known Faraday
rotations [43]. In addition, it shows intriguing transient properties on the picosecond
timescale, with an enhancement of the magnetization upon photoexcitation. This
effect is induced by the transition of 4f electrons to 5d states, thus strengthening
the ferromagnetic order of the rare earth oxide [44]. This combination of interest-
ing magnetic, magneto-optical and insulating properties makes EuO a promising
candidate for a new generation of spintronic applications. It has already been
successfully employed as a spin filter, generating electron currents with up to 100%
spin-polarization [26, 45, 46].

The low magnetic ordering temperature of EuO provides a challenge that must be
overcome before it can be utilized in real applications. Different approaches, like
doping with Gd or inducing oxygen vacancies, have been successful in increasing 𝑇C
up to about 170K, at the expense of altering the stoichiometry and conductivity [47–
51]. An alternative approach to greatly increase the magnetic ordering temperature,
while preserving the intrinsic magnetic and insulating properties of EuO could rely
on the magnetic proximity effect, i.e., the magnetic coupling to a ferromagnet with
a high Curie temperature. This effect has been successfully demonstrated for thin
films of EuS coupled to the transition metal Co, effectively raising the magnetic
ordering temperature of the ferromagnetic semiconductor from 16K up to at least
300K [52, 53]. A similar sample system of thin film bilayers of Co grown on EuO
is studied in this thesis using the magneto-optical Kerr effect (MOKE) to find
evidence for an increased EuO 𝑇C due to proximity to Co. Furthermore, transient
MOKE measurements as a function of the time delay and the applied magnetic field
are employed to investigate the influence of the transition metal on the EuO spin
dynamics on the picosecond timescale. Some of the figures and data discussed in
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1 Introduction

this thesis are published by Mönkebüscher et al. [54]. The employed measurement
approaches are schematically shown in figure 1.1.

Figure 1.1: Schematic illustration of the different magneto-optical measurement
approaches used in this thesis to study the ferromagnetic thin film bilayer consisting
of Co grown on EuO.

The thesis is structured as follows: Chapter 2 discusses the most fundamental
concepts of magnetism, including magnetic anisotropy and domains as the origin
of the magnetic hysteresis curve of ferromagnets. It also provides an overview
of the magnetic properties of the europium chalcogenides and discusses different
approaches to increase the Curie temperature of EuO. Chapter 3 focuses on static
and time-resolved magneto-optical effects, especially the magneto-optical Kerr effect
(MOKE), the primary technique employed for this thesis. In addition, the ultrafast
demagnetization of transition metals like Co is discussed and the two setups used are
described. The sample system and a static characterization by means of MOKE are
presented in chapter 4. The spin dynamics of the sample are discussed in chapters 5
and 6 using transient MOKE measurements as a function of the time delay between
the pump and probe beam and the magnetic field, respectively. The results of
the thesis are summarized in chapter 7, together with an outlook on the future
studies.
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2 Basics of magnetism

The phenomenon of magnetism has been known since ancient times, and the first
reports of simple applications date back to more than 2000 years ago in China [55].
Only with the advances in quantum mechanics over the last hundred years it has
become possible to understand the origin and processes of magnetism [56], leading
to a plethora of applications ranging from medical uses [57] to data storage [58],
transistors and electric motors [59]. Within the scope of this thesis, only the most
general concepts of magnetism will be described. A more comprehensive introduction
into magnetism can be found in the cited textbooks [55, 59–61].

2.1 Magnetic materials

Materials are classified according to their interactions with external magnetic fields,
which differ mainly in the behavior of their magnetic moments. Materials such as
H2O, Cu, Au, or Bi have no permanent magnetic moments and therefore belong
to the class of diamagnets. By applying an external magnetic field, magnetic
moments and thus a magnetization, can be induced. As described by Lenz’s Law,
the orientation of these induced magnetic moments is antiparallel to the applied
magnetic field [62]. If magnetic moments are present in a material even without an
external magnetic field, it belong to the class of paramagnets. Since there is no
interaction between these magnetic moments, their orientation is random and the
net magnetization of paramagnets is zero. Contrary to diamagnetic materials, the
magnetic moments in paramagnets align in the direction of an applied magnetic field,
leading to a finite and positive magnetization. It is defined as the sum of magnetic
moments per volume [55]. Examples of paramagnetic materials include most rare
earth metals and alkali metals. Both para- and diamagnetism can be distinguished
by their respective behavior for insulators (Larmor diamagnetism and Langevin
paramagnetism) and metals (Landau diamagnetism and Pauli paramagnetism).
They are described in detail in the literature [59, 60], but an elaboration of these
topics is beyond the scope of this thesis.

In para- and diamagnetic materials, a finite magnetization can only be achieved by
applying an external magnetic field, since the magnetic moments do not interact
with each other. This changes in the so-called cooperative magnetism, where a
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2 Basics of magnetism

spontaneous magnetization can occur, even without an external magnetic field. The
magnetic moments of this material class interact with each other and arrange into
an ordered phase below a material-specific critical temperature. Above this ordering
temperature, the ordered phase of the magnetic moments is destroyed by thermal
fluctuations. Three types of magnetically ordered materials can be distinguished, as
schematically shown in figure 2.1: ferromagnets, antiferromagnets, and ferrimagnets.

Figure 2.1: Schematic illustration of the basic magnetic order in (a) ferromagnets,
(b) antiferromagnets and (c) ferrimagnets in the ordered state. Red arrows depict
the total magnetization of the magnetic lattices or sublattices.

In ferromagnets, the magnetic moments are ordered parallel to each other below
their magnetic ordering temperature, called the Curie temperature (𝑇C). Due to
the parallel ordering, a finite magnetization appears, which is strongly temperature-
dependent and disappears above 𝑇C. Well-known elemental ferromagnetic materials
are the 3d transition metals Ni, Fe, and Co, all of which have a magnetic ordering
temperature well above the room temperature. Other examples are the 4f rare
earths, like Gd, Dy, and Ho, which have much lower 𝑇C. Antiferromagnets are
characterized by two magnetic sublattices with magnetizations of equal amplitude
and antiparallel ordering, resulting in a vanishing net magnetization. The magnetic
ordering temperature of antiferromagnets is called Néel temperature (𝑇N). Several
oxide materials like NiO, CoO or FeO are examples of antiferromagnets.

Ferrimagnetic materials are similar to antiferromagnets with antiparallel aligned
magnetic moments of the magnetic sublattices, which have different magnetizations.
Therefore, ferrimagnets have a finite net magnetization below the magnetic ordering
temperature, also known as the Curie temperature. A famous example for such
a material is magnetite (Fe3O4), the first known magnetic material [55]. Other
examples for ferrimagnets are transition metal-rare earth (TM-RE) alloys and
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2.2 Exchange interaction

iron garnets [63]. There are also synthetic ferrimagnets, which consists of two
adjacent ferromagnetic layers with antiferromagnetic coupling, such as Gd/Co
multilayers [64, 65]. The varying intrinsic properties of the magnetic sublattices, i.e.,
the different dependence on the temperature, can give rise to a ferrimagnet-specific
phenomenon called compensation temperature 𝑇Comp [59]. At this temperature, the
antiferromagnetically coupled magnetizations are equal in amplitude, leading to a
vanishing net magnetization, as shown schematically for a TM-RE ferrimagnet in
figure 2.2. Passing this temperature results in a change of the dominant magnetic
contribution and thus, due to the antiferromagnetic coupling, in a change of the
sign of the net magnetization of the ferrimagnet [66].

Figure 2.2: Schematic illustration of the temperature dependence of the different
magnetizations present in a TM-RE ferrimagnet. The rare earth magnetization
𝑀RE is dominant at low temperatures and the transition metal magnetization
𝑀TM dominates at higher temperatures. At the compensation temperature 𝑇Comp,
the antiferromagnetically coupled magnetizations are equal in amplitude, leading
to a vanishing net magnetization 𝑀net. Passing 𝑇Comp changes the sign of 𝑀net,
as the dominant magnetic contribution in the ferrimagnetic system changes.

2.2 Exchange interaction

The spontaneous magnetization that occurs in ferro-, ferri and antiferromagnets
below their respective magnetic ordering temperature relies on the quantum me-
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2 Basics of magnetism

chanical exchange interaction between magnetic moments. It originates from the
Coulomb interaction between two electrons from neighboring atoms combined with
the Pauli principle, and is described in detail in the literature [59, 60]. Essentially,
the wave functions of the electrons overlap and the exchange interaction describes
the energy difference between the parallel and antiparallel spin configurations 𝐸p
and 𝐸a:

𝐽ex = 𝐸p − 𝐸a . (2.1)

The sign of the material-specific exchange constant 𝐽ex determines whether a parallel
or antiparallel alignment between the magnetic moments is preferred. A positive 𝐽ex
promotes a ferromagnetic order, while a negative 𝐽ex leads to an antiferromagnetic
order [60].

Exchange interaction can appear in different forms. It can be direct, i.e., with two
overlapping wave functions, but indirect interactions like the superexchange are also
possible. In the superexchange, the interaction between two magnetic moments is
mediated by a diamagnetic atom separating the two moments. For example, the
antiferromagnetic order of MnO between the Mn2+ ions is mediated by an overlap
of the wave functions of the Mn 3d and the O 2p orbitals [60]. Generally, this
indirect exchange interaction can lead to a ferromagnetic or predominantly to an
antiferromagnetic alignment between the magnetic moments [59, 67].

A good description of the cooperative magnetism is based on the Heisenberg model,
which considers only a pairwise interaction of magnetic moments. In this model,
the exchange interaction can be described by the spin-dependent Hamiltonian

𝐻ex = −2 ∑
𝑖>𝑗

𝐽𝑖𝑗𝑆𝑖 ⋅ 𝑆𝑗 (2.2)

with the dimensionless spin operators 𝑆𝑖,𝑗 and the exchange constant 𝐽𝑖𝑗 interacting
between two magnetic moments 𝑖 and 𝑗 [59]. The Heisenberg model successfully
describes systems with localized electrons like EuO, but it is insufficient for the
3d transition metals Co, Fe and Ni [60, 68]. For these materials, the collective
interaction of a single electron with the free electron gas has to be considered in
addition to the pairwise interaction of electrons [60]. A model to describe the band
magnetism in these materials has been proposed by Stoner, which considers an even
split into spin-up and spin-down electrons near the Fermi energy by an internal
molecular field [69]. A redistribution of spin-down electrons to spin-up states can
lead to a finite magnetization, but is only possible if this process is energetically
favorable. This transfer of electrons increases their kinetic energy, but can also lead
to a decrease of the potential energy of the system, effectively reducing the total
energy [60]. A simple formula that describes whether ferromagnetism is energetically
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2.3 Magnetic anisotropy

allowed in metals is the Stoner criterion
1
2

𝑈𝐷(𝐸F) > 1 (2.3)

with the energy 𝑈, which is proportional to the molecular field, and the density
of states at the Fermi energy 𝐷(𝐸F) [60]. It is only fulfilled by the 3d transition
metals Co, Ni and Fe [61].

2.3 Magnetic anisotropy

The magnetization in crystalline ferro-, ferri-, and antiferromagnetic materials tends
to have a preferred crystallographic direction, called the easy axis, caused by the
magnetic anisotropy. The total magnetic anisotropy of a system is defined as
the energy required to rotate the magnetization from the easy axis to the hard
axis, e.g. from an in-plane to an out-of-plane geometry [60]. It has three major
contributions: the magnetocrystalline anisotropy, the shape anisotropy and the
induced anisotropy [55]. The magnetocrystalline anisotropy is an intrinsic material
property resulting from the spin-orbit interaction. It couples the spin to the
orbital motion of the electrons, and thus also to the anisotropic crystal lattice,
inducing a preferential orientation of the spins [60]. The shape anisotropy depends
on the specific shape of a sample and the corresponding demagnetization field.
A contribution from the induced anisotropy can occur, for example, by uniaxial
strain or by annealing a sample with an applied magnetic field [59]. Additional
contributions to the magnetic anisotropy can originate for example from mechanical
pressure or an external magnetic field [60].

The magnetic anisotropy is an important property of materials. Hard magnetic
materials have strong anisotropy, which means that a lot of energy is required
to change the direction of magnetization. This makes them ideal candidates for
permanent magnets, for example, in electric motors or generators [59]. If the
magnetic anisotropy is neglectable, the direction of the magnetization can be
changed with hardly any energy required. These materials are called soft magnets,
and are often used in electromagnets and transformers [59].

2.4 Domains and hysteresis curves

The net magnetization of ferromagnets below their 𝑇C is often smaller than their
saturation magnetization, which occurs when all spins are aligned in parallel with an
applied magnetic field. In the absence of an applied field, the magnetization breaks
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2 Basics of magnetism

up into small regions called magnetic domains. Within each domain, the spontaneous
magnetization is equal to the value of the saturation magnetization. However, since
the magnetizations of different domains are not necessarily aligned parallelly, they
can compensate for each other, leading to a reduced macroscopic net magnetization.
The boundary between adjacent domains is defined by a domain wall, which marks
the transition of the orientation of the magnetic moments between the orientations
of the different domains. In general, they also appear in antiferromagnets and
ferrimagnets [59, 60]. The origin and formation of domains will be discussed only
briefly within the scope of thesis, but a comprehensive introduction can be found in
the literature [59, 70].

The process of domain formation is schematically shown in figure 2.3 (a). Magnetic
domains are formed to minimize the total energy of the system. In the case of a
single domain system, where all magnetic moments are aligned parallel, the stray
field is large and increases the energy of the system. By forming domains with an
antiparallel magnetization orientation, the stray field is reduced. This comes at the
cost of an increased exchange interaction. As long as it is energetically favorable,
i.e., the total energy of the system is reduced, large domains will split into smaller
domains. The formed domains do not necessarily have to be aligned antiparallel
to each other, but can also be formed, for example, at a 45° angle to eliminate the
stray field outside of the sample. This comes at additional cost of anisotropy energy
due to a deviation from the preferred parallel alignment at the domain walls [63].

The Zeeman interaction, which describes the interaction between the magnetic
moments and an externally applied field, acts as an additional contribution to the
total energy of the system. It depends on the angle between the magnetic moments
and the field and is minimized for a parallel alignment along the field direction [60].
Small magnetic fields can induce motion of the domain walls, leading to a growth of
domains with a favorable orientation of the magnetization at the expense of domains
with an unfavorable orientation. When the magnetic field is increased and exceeds
a threshold, the magnetization of the system begins to rotate towards the field
direction. If the applied field is sufficiently strong, the sample will reach a single
domain state, where all magnetic moments are oriented parallel to the field direction
and its magnetization will match the value of the saturation magnetization [60]. The
manipulation of domains by applying an externally magnetic field is schematically
illustrated in figure 2.3 (b).

The actual behavior of domains in the presence of magnetic fields can be explored
by recording magnetization curves, i.e., measurements of the magnetization as a
function of the applied field. It manifests itself in a distinct hysteresis, as shown
schematically in figure 2.4. This hysteresis arises from the ferromagnetic domain
structure, so that its shape depends on the exchange interaction and the magnetic
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2.4 Domains and hysteresis curves

Figure 2.3: Schematic illustration of the domain structure of a ferromagnet. a)
Domains are formed to reduce the total energy of the system. Forming domains
reduces the stray field, but increases the exchange and anisotropy energies. b) By
applying an external field favorably oriented domains will grow at the expense
of unfavorably oriented domains. If the external field is sufficiently strong, the
sample will reach a single domain state with the magnetization rotated towards
the magnetic field direction.

anisotropy [71]. Magnetization curves, often called hysteresis loops, provide insight
into various magnetic properties of a sample, such as the presence of a ferromagnetic
state, the saturation magnetization, the direction of the anisotropy, the magnetic
hardness and more.

The remanent magnetization 𝑀R is an indicator of the spontaneous magnetization
present in a ferromagnet in the absence of an external magnetic field. The remanence
can be as large as the saturation magnetization 𝑀S, but domain formation leads to a
reduction [71]. The remanent magnetization can be removed by applying a sufficiently
strong magnetic field in the opposite field direction, which leads to a demagnetization.
The magnetic field required to completely demagnetize a ferromagnet is called
coercive field, a quantity which can vary from a few microtesla in soft magnetic
materials up to several hundred millitesla in hard magnetic materials [71]. As
described in section 2.3, ferromagnets tend to have preferential orientations of the
magnetic moments, leading to the presence of an easy and a hard magnetization
axis. The shape of the hysteresis can differ greatly between these two orientations,
as illustrated exemplarily in figure 2.4 in blue and red for the easy and hard
axis, respectively. The hysteresis loop performed along the easy axis shows a
large coercivity and remanence. The magnetization curve recorded along the hard
axis, on the other hand, shows a linear dependence on the applied external field
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Figure 2.4: Schematic illustration of the hysteresis in the magnetization curve of
an arbitrary ferromagnet. The saturation magnetization 𝑀S, the remanence 𝑀R
and the coercive field 𝐻C are defined in the main text. The hysteresis loops in
blue and red show an example of magnetization curves measured along the easy
and hard magnetization axis of a ferromagnet.

between positive and negative saturation magnetization. This behavior can be
attributed to the orientation of the domains, which are mostly ordered along the
easy magnetization axis. Since they are not necessarily aligned parallel to each other,
the typical ferromagnetic hysteresis arises from the growth of favorably oriented
domains at the expense of unfavorably oriented domains when an external magnetic
field is applied along the easy magnetization axis. If instead the magnetic field is
applied along the hard axis, most of the domains are oriented perpendicular to the
field. As no domain is in a favorable position, the shape of the magnetization curve
arises only from the reversible rotation of the domain magnetizations, as opposed to
the irreversible growth of domains along the easy axis [71].

2.5 Magnetism of the europium chalcogenides

EuO, the material studied in this thesis, belongs to the family of the europium
chalcogenides EuX (X = O, S, Se, Te). They were among the first magnetic
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semiconductors to be discovered and have been extensively studied since the 1960s [48,
49, 72–82]. In this class of materials, an ionic bond is formed between the Eu atoms
and the chalcogens using two of the 6s electrons of the rare earth. They saturate the
p orbital of the chalcogen and thereby create divalent Eu2+ cations with an electronic
configuration of [Xe] 4f7 [49]. As 4f electrons tend to be very localized, their atomic
character is retained even when crystallized, and the effects of the crystal field are
negligible [49, 83]. The EuX compounds have a fully polarized ground state with a
magnetic moment of 7𝜇B due to their half-filled 4f shell. Following the Hund’s rules,
the angular momentum 𝐿 is vanishing and the total angular momentum 𝐽 = 8𝑆7/2
is equal to the spin angular momentum 𝑆 [83].

The europium chalcogenides are often described as a model system for the local-
ized Heisenberg exchange interaction, introduced in section 2.2. Their effective
Hamiltonian can be approximated via

𝐻𝑒𝑥 = − ∑
𝑖𝑗

𝐽𝑖𝑗 ( ⃗𝑆𝑖 ⋅ ⃗𝑆𝑗) ≈ − ∑
𝑛𝑛

𝐽1 ( ⃗𝑆0 ⋅ ⃗𝑆𝑛𝑛) − ∑
𝑛𝑛𝑛

𝐽2 ( ⃗𝑆0 ⋅ ⃗𝑆𝑛𝑛𝑛) (2.4)

with the nearest-neighbor 𝑆𝑛𝑛 and next-nearest-neighbor 𝑆𝑛𝑛𝑛 spins and their
corresponding exchange constants 𝐽1 and 𝐽2 [83]. The latter determine the type
of coupling between the spins via their magnitude and sign. 𝐽1 and 𝐽2 represent
competing exchange mechanisms, that have been described in detail by Kasuya [75].
The ferromagnetic nearest-neighbor exchange interaction 𝐽1, acting between the
Eu ions, consists of virtual excitations of 4f electrons to the 5d band. The excited
electrons experience a d-f exchange interaction to the nearest-neighbor Eu ion and
relax back to the ground state. 𝐽1 is strongly dependent on the lattice constant and
is reduced for the larger chalcogenides. The interaction between the next-nearest-
neighbor Eu ions is described by 𝐽2 and generally promotes antiferromagnetic
ordering. Several exchange mechanisms can play a role in these interactions, such as
the superexchange interaction, where an f electron from one Eu ion is transported
to the f orbital of a neighboring Eu ion via a chalcogenide cation. Another type of
superexchange is also possible, where an electron from the chalcogenide is transferred
to the d orbital of a neighboring Eu ion, where it interacts with the 4f electrons.
The two interactions can hybridize, which may lead to a ferromagnetic next-nearest-
neighbor interaction [75, 84].

The type of the magnetic ordering varies between the different chalcogenides in
dependence of the relative values of the two exchange constants, as shown in table 2.1.
EuTe is antiferromagnetic, as 𝐽2 is negative and its absolute value exceeds 𝐽1 [81]. In
contrast, EuS is ferromagnetic, because 𝐽1 exceeds the negative 𝐽2 [82]. In EuO, the
nearest-neighbor interactions are stronger than in EuS, leading to a larger 𝐽1 [81].
In addition, 𝐽2 is positive [81], resulting in a ferromagnetic order with a significantly
higher Curie temperature of 69.3K [78] compared to the 16.6K in EuS [80]. EuSe
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shows a more complicated behavior as 𝐽1 and 𝐽2 are almost equal, but with different
signs [81], leading to a metamagnetic behavior with several magnetically ordered
phases at different temperatures [74].

Table 2.1: Comparison of different parameters affecting the magnetic ordering of
the europium chalcogenides EuX. The values are taken from reference [85].

EuX Lattice Magnetic Critical 𝐽1/𝑘B 𝐽2/𝑘B
constant ordering temperature

EuO 5.141Å Ferromagnetic 69.33K 0.55K 0.15K
EuS 5.968Å Ferromagnetic 16.57K 0.22K -0.10K
EuSe 6.195Å Antiferromagnetic 4.60K 0.11K -0.09K

Ferrimagnetic 2.8K
Antiferromagnetic 1.8K

EuTe 6.598Å Antiferromagnetic 9.58K 0.06K -0.20K

2.6 Europium monoxide

Although ferromagnetism in the semiconductor EuO was discovered as early as
1961 [86], it is only in the last two decades that sample growth techniques became
sufficiently sophisticated to produce stoichiometric thin films of the high quality
required for spintronic applications and suitable for studying interface effects [87–90].
EuO combines the interesting magnetic properties of the europium chalcogenides
with a relatively high Curie temperature and the possibility of epitaxial integration
with common semiconducting materials such as Si, GaN and GaAs [90–92]. This
makes europium monoxide a promising material for a new generation of spintronic
materials. In fact, it has already been successfully employed as spin valve [93] and
magnetic tunnel barrier, generating almost 100% polarized electrons [26, 45, 46].

EuO has a lattice constant of 5.14Å and, like the other europium chalcogenides,
it crystallizes in a NaCl structure [72]. The rare earth oxide is known for its
large magneto-optical effects, like a Kerr rotation at least an order of magnitude
larger compared to transition metals [41, 42] and one of the largest known Faraday
rotations with 8.5 ⋅ 105 °/cm [43]. It shows a distinct quadratic Kerr effect [94],
strong non-linear effects like second- and third-harmonic generation [95–97] and in
addition, it exhibits colossal magnetoresistance effects [98].

The density of states of europium monoxide is schematically shown in figure 2.5.
EuO has an indirect band gap of about 𝐸g = 1.2 eV at room temperature, which
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separates the valence band formed by the localized 4f electrons from the 5d-6s
conduction band [40]. The crystal field strongly affects the 5d band, splitting it into
𝑒𝑔 and 𝑡2𝑔 states, while the 4f electrons are hardly affected due to their localized
nature [76]. Upon decreasing the temperature, EuO becomes ferromagnetic and the
band gap undergoes a red shift, i.e., the absorption edge shifts to lower energies [48,
99]. This effect has been attributed to the exchange interaction between the 4f
electrons and the 5d-6s states. It induces a spin-splitting of the conduction band of
up to 0.6 eV, moving the spin-up bands to lower energies and the spin-down bands
to higher energies. As a direct consequence, 5d states close to the band gap energy
are almost fully spin-polarized [100].

Figure 2.5: Schematic illustration of the density of states of EuO. The 4f valence
band and the 5d-6s conduction band are separated by a 1.2 eV band gap. The
figure is adapted from reference [54].

2.7 Approaches to increase the Curie temperature of EuO

Although EuO already has the highest Curie temperature of the europium chalco-
genides with 𝑇C = 69.3K, it is still too low for technological applications, as helium
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cooling is required to reach the magnetically ordered phase. Various approaches
such as doping or lattice distortion have been successfully explored in recent decades
to increase the EuO 𝑇C, as schematically shown in figure 2.6.

Figure 2.6: Illustration of different approaches to increase the magnetic ordering
temperature of EuO, ranging from a small increase of a few Kelvin by applying
epitaxial strain, to a large increase of up to 200K by applying hydrostatic pressure.

Doping with trivalent ions

A significant increase of the magnetic ordering temperature can be achieved by
substituting small amounts of the divalent Eu with trivalent rare earth ions. The
additional electrons introduced into the system in this way can occupy conduction
band states and become spin polarized due to the spin splitting of the conduction
band present at low temperatures [100]. They contribute to the indirect exchange
interaction, which can strengthen the magnetic order and thus increase 𝑇C [49,
101–103]. In particular, Gd has proven to be a promising dopant due to its similar
magnetic configuration with a half-filled 4f shell, which minimizes the impact on
the spin system. The effect of substituting a few percent of the Eu ions with Gd
has been extensively studied [48, 104–109], and magnetic ordering temperatures of
up to 170K have been achieved [50].
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Oxygen-deficiency

Another extensively researched approach is based on the creation of oxygen vacancies,
e.g. by excessive Eu deposition, which can lead to an increased Curie temperature
of up to 150K [49, 102–104, 106, 108, 110–113]. This approach is reported to induce
additional interesting properties such as an insulator-to-metal transition at low
temperatures, with an increase of the electrical conductivity by several orders of
magnitude [114–117]. To explain the increased Curie temperature, a model has been
proposed that considers the formation of magnetic polarons at the site of oxygen
vacancies [47]. Magnetic polarons are quasiparticles, formed by the interaction of a
carrier spin with localized spins of magnetic ions [118]. They induce a ferromagnetic
order in their vicinity, as schematically shown in figure 2.7. The two conducting
electrons introduced into the system are bound to the vacancies and are able to
polarize the 4f electrons of the neighboring Eu2+ ions, forming a bound magnetic
polaron [47, 49, 119]. They are reported to have a relatively large radius due to
the high dielectric constant of EuO, and can induce a ferromagnetically ordered
state when they overlap due to a sufficiently high doping rate [113]. The additional
magnetization induced by the magnetic polarons couples antiferromagnetically
to the localized 4f electrons of the Eu ions and becomes the dominant magnetic
contribution near the bulk Curie temperature of EuO [51, 113]. It is present up to
temperatures of about 150K, effectively raising the magnetic ordering temperature
of oxygen-deficient EuO [47, 51].

Stress and strain

The highest reported Curie temperature of EuO was achieved by means of apply-
ing hydrostatic pressure, resulting in a magnetic ordering temperature of about
200K [120–123]. The applied pressure reduces the lattice constant of the ferromag-
net and thereby modifies the exchange interactions and strengthens the magnetic
order [123]. A similar approach relies on applying epitaxial strain by growing thin
EuO films on substrates with a slightly smaller lattice constant, which can also lead
to an increase of the Curie temperature [124]. A magnetic ordering temperature of
strained EuO of about 71K is reported in literature [125].

Magnetic proximity effect

All of the approaches described have been successful in increasing 𝑇C at the cost
of altering the stoichiometry or conductivity, and thus changing the promising
intrinsic properties of EuO. An alternative way to increase the magnetic ordering
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Figure 2.7: Schematic illustration of magnetic polarons. They are formed by the
interaction between carriers spins (red arrows) and localized spins of magnetic
ions (black arrows). Carrier spins induce a polarization of the nearby magnetic
ions in their vicinity, thereby forming a magnetic polaron (green circle) If the
radius of several magnetic polarons overlap, they can induce a long-range magnetic
order (blue circles).

temperature while preserving the insulating nature of the semiconductor could rely
on the magnetic proximity effect. The magnetic properties of a material can be
modified when it is in contact with a ferromagnetic layer. The wave functions of
the magnetic moments from the ferromagnet do not stop at the interface, but can
leak into the adjacent layer [126]. This can lead to a variety of effects for different
materials, such as induced spin polarization in non-magnetic materials [127–131] or
an exchange bias when the ferromagnet is coupled to an antiferromagnet [132–134].
The latter describes a shift of the center of the ferromagnetic hysteresis loop to a
non-zero magnetic field value [135]. Another proximity-induced effect that has been
observed for various materials can be a significant increase of the Curie temperature
of 100% and more, when coupled to a high 𝑇C ferromagnetic layer [136–140].

Several studies have been performed on EuS coupled to Co, where the 𝑇C of the
ferromagnetic semiconductor was raised from 16K to room temperature [52, 53,
141–145]. The coupling between the two layers, and thus the origin of the magnetic
proximity effect in this sample system, has been attributed to a 3d-5d hybridization.
It allows an indirect exchange interaction between the 4f electrons of the rare
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earth oxide and the 3d states of the transition metal [144, 146]. Similar studies
have also been performed on different EuO bilayer samples. While coupling to the
rare earth metal gadolinium did not lead to a significant increase of 𝑇C [147], a
recent study on an EuO/Co bilayer system suggests a spin polarization of EuO
at room temperature [148]. This sample system will be further investigated by
magneto-optical means within the scope of this thesis.
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Magneto-optical effects describe the interactions between polarized light and matter
in the presence of an applied magnetic field. In 1845, Michael Faraday discovered
the rotation of the polarization plane of linearly polarized light upon propagation
through matter under the influence of an applied magnetic field [149]. The angle of
the rotation, later called the Faraday rotation 𝛩F, was found to be proportional
to the thickness of the medium 𝑙 and the applied magnetic field 𝐻, and can be
expressed as

𝛩F(𝜔) = 𝑉 (𝜔) ⋅ 𝐻 ⋅ 𝑙 (3.1)

with the light frequency-dependent Verdet constant 𝑉, which depends on the optical
properties of a material [150]. About 30 years later, John Kerr found a similar
effect with linearly polarized light being reflected from the surface of a magnetized
material, which not only induces a rotation of the polarization plane, but also
makes the light elliptical [151]. In contrast to the first described Faraday effect,
this interaction, which later on was named magneto-optical Kerr effect (MOKE),
is especially sensitive to the surface of materials, and hence is an important tool
to observe domain structures or to read out magnetically stored information. The
discovery of these possibilities led to significant developments in data storage, such
as the development of the compact disk. It even encouraged the emergence of laser
diodes, since a reduction in size was necessary to mass-produce devices to read out
data [83]. The development of pulsed lasers with ultra-short pulses opened up a
whole new field of research with new methods like second-harmonic generation or
time-resolved magneto-optical spectroscopy [83]. The latter will be the tool of choice
within this thesis to examine the spin dynamics of the EuO/Co bilayer.

3.1 Polarization of light

A plane electromagnetic wave can be described by its electric field vector ⃗𝐸 via

⃗𝐸( ⃗𝑟, 𝑡) = ⃗𝐸0 exp (i (𝑘⃗ ⋅ ⃗𝑟 − 𝜔𝑡)) (3.2)

with the wave vector 𝑘⃗ and the angular frequency 𝜔. The polarization vector ⃗𝐸0
determines the state of polarization of the wave. A wave is called linearly polarized
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when there is no phase difference between the components of ⃗𝐸0, i.e., the electric
field oscillates perpendicular to the propagation direction. For a propagation along
the 𝑧-axis and polarization in the 𝑥𝑦-plane, the polarization vector can be described
by

⃗𝐸0 = 𝐸0
⎛⎜
⎝

cos𝛼
sin𝛼

0
⎞⎟
⎠

(3.3)

with the amplitude of the electric field 𝐸0 [83]. For circularly polarized light, the
electric field rotates in a plane perpendicular to the direction of propagation. The
polarization vector can be expressed as

⃗𝐸± = 1√
2

𝐸0
⎛⎜
⎝

1
±𝑖
0

⎞⎟
⎠

, (3.4)

where ⃗𝐸+ and ⃗𝐸− describe a clockwise and counterclockwise rotation, respec-
tively [83]. In dependence on the direction of the rotation, circularly polarized waves
are commonly called right or left circularly polarized. If the amplitudes of the electric
field components are not equal, or if their phase shift is not 90°, the rotation of the
wave perpendicular to the direction of propagation is not circular, but elliptical.
This state of polarization is called elliptical polarization [152]. Linearly polarized
light can be described as a superposition of left and right circularly polarized light
with the same amplitude and phase [83]. Linearly and circularly polarized light are
schematically depicted in figure 3.1 in red and green, respectively.

Figure 3.1: Schematic illustration of the propagation of linearly and circularly
polarized light in red and green, respectively.

21



3 Magneto-optical effects

3.2 Magneto-optics

A comprehensive discussion of the theoretical background of the different magneto-
optical effects is given in literature by several books [83, 150, 153–156] and articles
[157–159]. Within the scope of this thesis, the magnetization-induced anisotropy
and its impact on the dielectric tensor are discussed as a macroscopic approach to
the Faraday and Kerr effect.

The propagation of light in matter can be described by Maxwell’s equations

∇ ⋅ 𝐷 = 𝜌 (3.5)
∇ ⋅ 𝐵 = 0 (3.6)

∇ × 𝐻 =∂𝐷
∂𝑡

+ 𝑗 (3.7)

∇ × 𝐸 = − ∂𝐵
∂𝑡

, (3.8)

with the electric field 𝐸, the electric displacement 𝐷, the electric charge density 𝜌,
the magnetic induction 𝐵, the magnetic field 𝐻 and the current density 𝑗, combined
with the material specific permittivity 𝜖 and permeability 𝜇 [160]. They latter can
be described as

𝐷 =𝜖𝐸 (3.9)
𝐵 =𝜇𝐻 . (3.10)

The permeability is approximated to be 𝜇 ≈ 1 in ferromagnetic materials in the
visible range [157, 161]. Therefore, the macroscopic optical behavior of a material
can be described by its permittivity [150]. In the case of a cubic structure, 𝜖 is given
by the tensor

𝜖 (𝑀, 𝜔) = ⎛⎜
⎝

𝜖xx 𝜖xy 𝜖xz
−𝜖xy 𝜖xx 𝜖yz
−𝜖xz −𝜖yz 𝜖xx

⎞⎟
⎠

, (3.11)

in which all elements are complex, and satisfy the Onsager relations

𝜖𝑖,𝑗(−𝑀, 𝜔) = 𝜖𝑗,𝑖(𝑀, 𝜔) . (3.12)

This means that the diagonal elements of the tensor are even functions of the
magnetization 𝑀 and the off-diagonal elements are uneven functions of 𝑀 [150, 162,
163]. If a magnetic field is applied along the z-direction, 𝜖 is simplified to [156]

𝜖 (𝑀, 𝜔) = ⎛⎜
⎝

𝜖xx 𝜖xy 0
−𝜖xy 𝜖xx 0

0 0 𝜖zz

⎞⎟
⎠

. (3.13)
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The propagation of a plane wave parallel to the magnetization along the z-direction
can be described by Maxwell’s equations:

∇ × ∇𝐸 + 𝜖 ∂
∂𝑡

𝐸 = 0 . (3.14)

This gives rise to the eigenvalue problem

⎛⎜
⎝

𝑁2 − 𝜖xx 𝜖xy 0
−𝜖xy 𝑁2 − 𝜖xx 0

0 0 𝑁2 − 𝜖zz

⎞⎟
⎠

= 0 , (3.15)

solved by
𝑁2

± = 𝜖xx ± 𝑖𝜖xy and ± 𝑖𝐸x = 𝐸y , (3.16)
leading to different refractive indices experienced by left and right circularly polarized
light [150, 164]. This circular birefringence is the origin of the Faraday and Kerr
effects. The two components of linearly polarized light, which can be seen as a
superposition of left and right circularly polarized light of equal amplitude, experience
different velocities of propagation and hence, a phase shift appears. Upon exiting
the medium and recombining into a linearly polarized wave, this phase shift results
in a rotation of the plane of polarization given by

𝜃F(𝜔) = 𝜔
2𝑐

⋅ Re(𝑁+ − 𝑁−) (3.17)

with the velocity of light 𝑐 [150]. In addition to different refractive indices, the
absorption coefficient for left and right circularly polarized light may also vary. This
can lead to different attenuation rates and an induced ellipticity of the linearly
polarized light, given by

𝜈F(𝜔) = − 𝜔
2𝑐

⋅ Im(𝑁+ − 𝑁−) . (3.18)

This effect is known as circular dichroism [150].

For the magneto-optical Kerr effect, it is necessary to consider the reflected light,
not the transmitted light. The different refractive indices for left and right circularly
polarized light lead to two complex reflective coefficients

𝑟± =
𝑁± − 1
𝑁± + 1

(3.19)

that can be estimated via the Fresnel relations [164]. Linearly polarized light will
generally become elliptical upon reflection, and the complex Kerr rotation is then
given by

𝛩K = 𝜃K + 𝑖𝜂K ≈ 𝑖
2
ln

𝑟+
𝑟−

(3.20)

with the Kerr rotation 𝜃K and the Kerr ellipticity 𝜂K. The latter describes the ratio
of the minor to the major axis [150, 164].
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3.3 Magneto-optical Kerr effect

Due to its sensitivity to surfaces and the ability to measure opaque samples, the
magneto-optical Kerr effect (MOKE) is a versatile and widely used tool for measuring
thin films [156]. MOKE can be divided into three different categories, depending
on the experimental geometry, as schematically shown in figure 3.2. In the polar
geometry (P-MOKE), the sample magnetization is perpendicular to the sample
surface and parallel to the plane of the incident light. In the longitudinal geometry
(L-MOKE), the sample magnetization is parallel to the surface and to the plane
of the incident light. The third geometry is transversal (T-MOKE), where the
magnetization is parallel to the sample surface and perpendicular to the plane of the
incident light. Unlike P- and L-MOKE, the T-MOKE is sensitive to the intensity of
the reflected beam [70].

Figure 3.2: Schematic illustration of the different MOKE geometries. In the
L-MOKE configuration, shown in cyan, the sample magnetization is parallel to
the surface and to the plane of the incident light beam. For P-MOKE, shown in
magenta, the sample magnetization is perpendicular to the surface and parallel
to the plane of incidence. In T-MOKE, shown in green, the magnetization is
parallel to the surface and perpendicular to the plane of incidence. For L- and
P-MOKE, an incident beam with linear polarization becomes elliptically polarized
upon reflection. The rotation of the polarization plane is called Kerr rotation 𝛩K.

All three MOKE geometries offer advantages in different experimental situations.
The measured Kerr rotation 𝜃K is proportional the magnetization 𝑀, as expressed
via

𝜃K = 𝐹𝑀 (3.21)
with the Fresnel coefficient 𝐹 describing the optical properties of a material. There-
fore, P- and L-MOKE can be employed as a probe for the magnetization, for
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example for measurements of the magnetic hysteresis in ferromagnets [156]. Due
to different magnetic anisotropies of samples, it is useful to not be restricted to a
single measurement geometry. Even though the measured rotation is usually the
strongest in P-MOKE, especially thin films often have their easy magnetization
axis parallel to the surface. In this case hysteresis loops in the P-MOKE geometry
might not yield a hysteresis, as it is only sensitive to the hard axis. Measurements
in the L-MOKE geometry, on the other hand, are sensitive to the easy axis and
hence, might allow access to the hysteresis, even though the measured Kerr rotation
is smaller [83]. The T-MOKE geometry can be employed to image domains at the
surface of magnetized materials [153] or to investigate element-selective magnetic
properties using x-rays [165].

3.4 Time-resolved magneto-optical spectroscopy

The development of femtosecond lasers has led to the new field of time-resolved
magneto-optical spectroscopy, allowing the investigation of magnetization dynamics
on ultrafast timescales [156]. The most commonly used experimental configuration
for such measurements is the pump-probe scheme using two laser beams, as shown
schematically in figure 3.3 (a). The more intense pump beam excites the sample
to a non-equilibrium state, inducing transient changes in the magnetization that
can be monitored by the probe beam. Typically, the intensity of the probe beam
is significantly lower than that of the pump beam to prevent a further excitation
of the sample. By varying the optical path length of one beam with a mechanical
delay line, the time delay Δ𝑡 between the two beams can be modified, allowing
measurements in a stroboscopic scheme.

An exemplary data trace for a pump-probe measurement performed on a Co sample
is shown in figure 3.3 (b), where black crosses exemplarily mark a time delay
at which the Kerr rotation is recorded. The measured transient rotation of the
polarization plane at different time delays provides insight into the induced spin
dynamics due to the pump beam excitation. This can include the relaxation time of
the magnetization, the coupling between the electron, phonon and spin subsystems,
or even photoinduced phase transitions [156]. The temporal resolution of the pump-
probe spectroscopy technique is typically limited by the pulse duration of the two
beams [166].

Based on equation 3.21, the induced changes in the measured rotation can be
expressed by

Δ𝜃(𝑡) = 𝐹0Δ𝑀(𝑡) + 𝑀0Δ𝐹(𝑡) (3.22)
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Figure 3.3: Schematic illustration of a) the pump-probe spectroscopy technique
and b) exemplary results of time-resolved MOKE measurements performed on a Co
single crystal. The black crosses illustrate the stroboscopic method of measurement
in the pump-probe technique..

with the ground state magnetization 𝑀0 and Fresnel coefficient 𝐹0, describing the
optical properties of the sample, and the induced changes to these two quantities
given by Δ𝑀 and Δ𝐹. Therefore, the measured transient rotation of the polarization
Δ𝜃(𝑡) is not only proportional to the pump-induced changes of the magnetization,
but also to the optical properties that can be modified by the pump beam. The
latter can cause optical artifacts that may lead to misinterpretation of the data [156].
Optical excitation of a magnetized material can induce different effects. If the
sample is absorbing in the photon energy range of the pump beam, its temperature
will increase due to laser-induced thermal heating. This can effectively reduce
its magnetization by approaching or even exceeding the Curie temperature. Non-
thermal effects like the absorption of photons by electronic states that directly affect
the magnetization are also possible [167]. This can be seen for example in the
antiferromagnetic dielectric NiO, where the excitation with a specific pump photon
energy leads to the non-thermal generation of a magnon by absorption of a photon
even below the band gap energy [168].

In 1996, Beaurepaire et al. discovered a reduction of the magnetic order of a thin
Ni film on a timescale of a few hundred femtoseconds after photoexcitation with an
ultrashort laser pulse, which was attributed to an ultrafast demagnetization [169].
Their pioneering work was followed by a plethora of subsequent experiments, which
confirmed the presence of an ultrafast demagnetization in several ferri- and fer-
romagnetic materials [170–174]. In addition, various new effects were discovered
such as optically induced phase transitions [175], the generation of coherent mag-
netic precession [176], all-optical switching, i.e., the reversal of the magnetization
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3.4 Time-resolved magneto-optical spectroscopy

direction with a single pulse [177, 178], and the generation of spin-currents in thin
ferromagnetic layers, which can affect the magnetization of adjacent layers [179,
180]. Thus, the discovery of Beaurepaire opened up a new field of research, in which
the manipulation and control of magnetic order by light on ultrafast timescales is
studied [156, 167].

3.4.1 Three-temperature model

A first phenomenological description of the ultrafast demagnetization, the three-
temperature model (3TM), was proposed by Beaurepaire and his coworkers in
1996 [169]. It considers the spins, electrons and lattice as separate thermalized
reservoirs that interact with each other, as schematically shown in figure 3.4 (a).
Each of the reservoirs 𝑖 = s, l, e for spins, lattice and electrons, respectively, is in
a thermal equilibrium and has an effective temperature 𝑇𝑖 and heat capacity 𝐶𝑖.
They can be used to describe the temporal evolution of the system via the coupled
differential equations

𝐶e
d𝑇e
d𝑡

= −𝐺el(𝑇e − 𝑇l) − 𝐺es(𝑇e − 𝑇s) + 𝑃(𝑡) (3.23)

𝐶s
d𝑇s
d𝑡

= −𝐺es(𝑇s − 𝑇e) − 𝐺sl(𝑇s − 𝑇l) (3.24)

𝐶l
d𝑇l
d𝑡

= −𝐺el(𝑇l − 𝑇e) − 𝐺sl(𝑇l − 𝑇s) . (3.25)

These differential equations are connected to each other by the coupling param-
eters 𝐺𝑖𝑗, which control the heat exchange between the three reservoirs, e.g. by
electron-phonon scattering processes. An incident laser pulse that interacts with
the electron system induces hot electrons, as indicated by the time-dependent term
𝑃(𝑡) in the equation describing the electron reservoir. They thermalize at an ele-
vated temperature via electron-electron scattering [167]. Due to electron-phonon
interactions, thermal energy is transferred from the electron system to the lattice,
leading to a thermal equilibrium between both systems after about 1 ps. The strong
coupling between the electron and the spin system leads to a rapid increase of the
spin temperature, which decreases the magnetization. The spin system thermalizes
on a similar time scale as the equilibration time of the electrons and the lattice due
to the coupling to these systems, resulting in a partial restoration of the magneti-
zation [156]. The temporal evolution of the temperature of the three reservoirs is
schematically shown in figure 3.4 (b).

The 3TM successfully describes the phenomenological processes involved during the
ultrafast demagnetization, without providing information about the microscopic
processes. The latter can be, for example, the conservation of angular momentum,

27



3 Magneto-optical effects

Figure 3.4: Schematic illustration of a) the three-temperature model and b) the
temporal evolution of the temperature of the spins, the electrons and the lattice in
the three-temperature model during the ultrafast demagnetization. The latter is
induced by the interaction of a laser pulse with the electrons system of a sample.
The figure is inspired by Kirilyuk et al. [167].

which must be partially removed from the spin system to realize a demagnetiza-
tion [156, 167]. Over the years, several mechanisms have been proposed to explain
the conservation of angular momentum in the ultrafast demagnetization, like spin-
lattice relaxation [181], or direct coupling between photons and spins [182]. In 2010,
Koopmans et al. proposed a refined version of the 3TM, named the microscopic
three-temperature model (M3TM). It considers Elliot-Yafet spin-flip scattering,
where electrons have a finite chance to flip their spin when scattering with impurities
or phonons [183, 184], as a way to transfer angular momentum from the spin system
to the lattice [185]. This process is possible in solids because of the mixed spin
character of electronic states in the presence of the spin-orbit coupling. The M3TM
provides a differential equation to describe the magnetization dynamics

d𝑚
d𝑡

= 𝑅𝑚 𝑇l
𝑇C

(1 − 𝑚 coth(𝑚𝑇C
𝑇e

)) (3.26)

with the Curie temperature 𝑇C, the magnetization 𝑚 = 𝑀/𝑀s relative to its value
at 𝑇 = 0K, and the proportionality factor 𝑅 ∝ 𝑎sf𝑇 2

C/𝜇at with the atomic magnetic
moment 𝜇at and the spin-flip probability 𝑎sf. It provides information about the
material-specific rate of demagnetization. The model developed by Koopmans and
coworkers successfully describes the ultrafast demagnetization in different materials
like Ni, Co and even Gd, which shows different dynamics than the two transition
metals due to its localized 4f electrons dominating the magnetic order [185].
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3.4.2 Superdiffusive spin current

Another model describing the microscopic mechanisms of the ultrafast demagnetiza-
tion relies on the generation of superdiffusive spin currents, that provide a pathway
for non-local angular momentum transfer, as proposed by Battiatio et al. [187–189].
Their theory considers the motion of hot electrons in ferromagnetic metals that
are photoexcited by an optical pulse, a process that is treated as spin-conserving.
Due to the high velocity of the electrons excited into the s and p bands, and the
different lifetimes of the minority and majority electrons [190], their mean free paths
differ greatly, making the minority electrons less mobile. The longer mean free
path of the majority electrons leads to a transfer of magnetization away from the
photoexcited surface and thus to a local demagnetization as the electrons diffuse into
the ferromagnetic film [187]. During their lifetime, the excited electrons experience
different scattering events, like elastic scattering with phonons or impurities and
inelastic electron-electron scattering, which can lead to the generation of electron
cascades that further contribute to the demagnetization [187, 188]. The motion
of such a spin current can be described neither as a diffusive, nor as a ballistic
process, but rather as a superdiffusive process, which changes over time from a
ballistic behavior at short times to a diffusive behavior at longer times [187]. In
heterostructures, the hot electrons generated during the ultrafast demagnetization
of a ferromagnetic metal can propagate to adjacent layers and thereby transfer
angular momentum [187, 188].

Since their theoretical description in 2010, a variety of observed effects in different
thin film sample systems have been attributed to superdiffusive spin currents. In
multilayers of ferromagnetic materials separated by a non-magnetic spacer, the
generation of a superdiffusive spin current in one layer is reported to affect the
magnetization dynamics in the adjacent layer [191–193]. For a parallel coupling
between two ferromagnetic layers, a spin current of majority electrons enhances
the magnetization of the second layer, and for an antiparallel coupling it induces
a demagnetization [192, 194]. If instead the magnetizations between the films are
aligned non-collinear, the propagation of superdiffusive spin currents can induce
precessional motions of the magnetization in the adjacent layer [179, 180, 195]. This
mechanism is called spin-transfer torque and is considered a promising candidate for
fast and efficient control of spintronic devices [194, 196]. Further effects like domain
wall manipulation [197] and spin injection in non-magnetic metals [198, 199] and
semiconductors [200, 201] by means of generating a superdiffusive spin current in
an adjacent ferromagnetic layer have also been reported in the literature.
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3.5 Experimental setup

Magneto-optical measurements were performed with two different setups, one in the
L-MOKE geometry and the other in the P-MOKE geometry. Varying the direction
of the magnetic field can provide additional information about the sample system,
for example regarding the magnetic anisotropy. The employed L-MOKE setup,
located at the Forschungszentrum Jülich, where the magnetic field is applied in
parallel to the sample surface to study the in-plane behavior, is shown schematically
in figure 3.5. The sample is placed in a helium-cooled cryostat with electrical heating,
which allows temperature-dependent measurements in a range from 5K up to room
temperature and above with a precision of ±1K. The cryostat is placed between
the coils of an electromagnet, which can generate a homogeneous magnetic field of
up to 100mT around the sample position. The second harmonic of a Ti:sapphire
regenerative amplifier with a repetition rate of 1 kHz, generated by a BBO crystal, is
used as a laser beam for the measurements. The pulsed laser with a photon energy
of 3.1 eV and an angle of incidence of about 45° is reflected from the sample surface
and detected by a balanced photodetector connected to a lock-in amplifier. The
detector of the L-MOKE setup has not been calibrated, so the measured rotation of
polarization appears in arbitrary units.

Figure 3.5: Schematic illustration of the L-MOKE setup. A magnetic field of
up to ±100mT can be applied parallelly to the sample surface and the reflection
of a beam with a photon energy of 3.1 eV is detected with a balanced detection
scheme connected to a lock-in amplifier. Temperature-dependent measurements
are possible in the range from 5K to 300K and above.

The majority of the measurements discussed in this thesis were performed with the
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time-resolved P-MOKE setup shown schematically in figure 3.6 and described in
detail in the literature [202, 203]. The employed laser system is provided by the
company Light Conversion. An Yb-based 20W Pharos laser amplifier generates
pulses with a photon energy of 1.2 eV and a duration of 300 fs at a repetition rate of
200 kHz. A beam splitter is used to separate the laser output into two components
to drive two Orpheus-F/HP optical parametric amplifiers (OPAs), permitting free
tuning of the photon energy in the range from 0.5 eV to 3.5 eV and the compression
of the pulse duration to less than 100 fs. The operation of two independent OPAs
allows the simultaneous generation of an analyzing probe beam and an exciting
pump beam with independent photon energies. Since only the latter is responsible
for photoexcitation of the sample, the pump OPA is supplied with an input power
of 13W and the probe OPA with the remaining 7W. An electro-optical modulator
(EOM), which allows the transmission of only a selectable percentage of pulses, is
placed in front of the pump OPA. This can be a helpful tool for aligning the pump
beam path, but mostly, it is important for time-resolved pump-probe measurements.
By allowing every second pulse to pass through the EOM without blocking any
probe beam pulses, both the ground state and the photoexcited state of the sample
can be probed in a single measurement. In the data analysis, a modulation can be
applied to extract the isolated transient response of the sample, and thereby greatly
improve the signal-to-noise ratio. This approach and its advantages are described in
detail in chapter 6.

The sample is placed in a liquid helium flow Konti cryostat provided by the company
CryoVac. It is equipped with heating elements that allow temperature-dependent
measurements in the range of 4K to 420K. Owing to the windows in the front
and in the back, measurements can be performed in transmission and reflection.
The position of the sample in the cryostat is adjustable over a distance of about
2 cm with a minimum step size of 1 nm using a computer-controlled three-axis piezo
stage. The cryostat can be placed in the bore of a solenoid-shaped superconducting
magnet, also provided by Cryovac. The magnet has a closed-loop helium cooling
and can apply magnetic fields of up to ±9T perpendicular to the sample surface.
As described in section 3.4, pump-probe measurements are usually performed by
varying the optical path difference between the pump and the probe beam. This is
achieved by using a mechanical delay line placed in the path of the probe beam,
which allows to extend the distance traveled and thereby change the delay between
the two beams by up to 4 ns. The delay line is provided by the company Newport
and can vary the optical path length of the probe beam with a minimum step size
of about 20 fs.

After interacting with the sample, the either reflected or transmitted beam is
measured with a balanced detection scheme. The combination of a half-wave
plate and a Wollaston prism allows to evenly split the probe beam into its s- and
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Figure 3.6: Schematic illustration of the time-resolved P-MOKE setup. An
Yb-based laser drives two OPAs, allowing the separate tuning of the photon energy
of the pump and the probe beam in the range from 0.5 eV to 3.5 eV. Temperature-
dependent measurements can be performed between 4K and 420K. Magnetic fields
of up to ±9T can be applied perpendicular to the sample surface.

p-polarized components, which get detected by a balanced photodetector. This
detector (PDB450A-AC, provided by Thorlabs) has three outputs and can transmit
the signal measured by the two single photodiodes, i.e., the s- and p-polarized
components, and their difference. As described in literature [202], this difference
is linearly proportional to the rotation of the polarization plane and is therefore
sensitive, for example, to changes of the magnetization of a sample. The balanced
photodetector is connected to a PC via a digitizer card that is synced to the
repetition rate of the laser and the frequency of the EOM. The latter connection
is required for the aforementioned modulation used to isolate the pump-induced
changes in the measured rotation of polarization. It can be calculated using

Δ𝜃 = 𝑎 ⋅
(𝑈A−B)ON − (𝑈A−B)OFF

(𝑈A)OFF + (𝑈B)OFF
(3.27)

with the signals 𝑈 detected by the photodiodes A and B with and without the
presence of the pump beam (ON and OFF), their respective difference 𝑈A−B and
a calibration factor 𝑎, which is specific to the setup [202]. Further details on the
setup can be found in the literature [202, 203].
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The ferromagnetic semiconductor EuO is a promising candidate for future spintronic
applications due to its combination of a strong magnetic moment, large magneto-
optical effects and insulating properties. Its usability in real applications is limited
by a low Curie temperature of 69K, since liquid nitrogen cooling is insufficient
to reach the magnetically ordered phase. Although several approaches have been
investigated to increase the 𝑇C of EuO (see section 2.7), they all rely on altering its
stoichiometry and conductivity [47–51]. A promising alternative approach relies on
the magnetic proximity effect, i.e., the coupling to a high 𝑇C ferromagnet, which
can change the magnetic properties of a thin film [127–131]. This effect has been
successfully demonstrated for EuS coupled to Co, where the Curie temperature of
the ferromagnetic semiconductor was raised from 16K up to room temperature [52,
53]. Recently, an XMCD study performed on EuO coupled to Co suggested a similar
increase of the magnetic ordering temperature induced by the proximity to the
transition metal [148]. In this work, a similar bilayer system is investigated by
magneto-optical means to find evidence for a modified Curie temperature of EuO
due to the proximity effect.

4.1 Sample system

The studied sample system consists of a bilayer of 5 nm stoichiometric EuO covered
with a 4 nm Co layer as well as a reference sample without Co. Both are shown
schematically in figure 4.1. Due to its high bulk Curie temperature of 1360K [60],
which is well above room temperature even for thin films [204], Co is a promising
material for increasing 𝑇C of EuO via the proximity effect. In principle, the
ferromagnetic transition metals Ni and Fe could also be employed instead of Co,
as was shown for granular Fe/EuO films [205] and multilayers consisting of EuS
and one of the two materials [143, 206, 207]. However, coupling to Co is reported
to induce a larger magnetic moment in EuS at room temperature [207], and it has
already been demonstrated for EuO [148].

The samples are prepared by Paul Rosenberger from Martina Müller’s group at
the University of Konstanz. Eu metal is deposited by thermal heating from a
Knudsen cell onto an yttria-stabilized zirconia (YSZ) 0.5mm thick substrate using
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Figure 4.1: Illustration of the two studied sample systems, a 5 nm EuO reference
sample and an EuO/Co bilayer with 4 nm Co deposited on a 5 nm EuO film. Yttria-
stabilized zirconia (YSZ) with a thickness of 0.5mm is utilized as the substrate
for EuO due to similar lattice constants. To prevent an oxidation of the two
ferromagnetic layers of EuO and Co to Eu2O3 and CoO, the samples are capped
with a 24 nm MgO layer.

the molecular-beam epitaxy (MBE) technique in the adsorption-limited growth mode
described in the literature [208, 209]. The lattice constant of YSZ (≈ 5.14Å) [210]
matches that of EuO, making it an ideal substrate for growing thin films without
inducing any strain due to a lattice mismatch [211]. As europium monoxide is highly
reactive and metastable, it can oxidize to the unwanted paramagnetic Eu2O3 phase
and thereby lose its interesting properties [209]. Therefore, the chemical composition
of the thin film is verified by in-situ X-ray photoelectron spectroscopy. A thin layer
of Co is deposited on the EuO film by e-beam evaporation at room temperature.
The bilayer system is capped with a 24 nm MgO film to prevent an oxidation of the
two ferromagnetic layers for ex-situ handling [212]. Further details on the sample
preparation and recent advances in EuO film growth in general can be found in the
literature [148, 208, 209, 212].

4.2 Magneto-optical characterization

Magnetic hysteresis measurements are performed on a EuO reference sample and on
a EuO/Co bilayer in dependence of the sample temperature to determine changes
of the Curie temperature of EuO induced by the proximity to Co. By utilizing
both, the L-MOKE and P-MOKE setups described in section 3.5, the in-plane and
out-of-plane components of the magnetization can be studied. This approach allows
to estimate the magnetic anisotropy of the sample, i.e., the easy and hard axes
of magnetization, and the coupling between the two layers. Photon energies of
3.1 eV and 1.55 eV are employed to probe the longitudinal and polar component,
respectively. The acquired data have a linear background due to the presence of
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para- and diamagnetic contributions in the measurements. They originate from
the glass window of the cryostat, the MgO capping layer and the YSZ substrate.
This background is removed from the data by placing a linear fit through the data
points at saturation magnetization and subtracting it from the data, as visualized
in figure 4.2. This approach is performed to improve the visibility of the presented
data.

Figure 4.2: Schematic illustration of the background removal procedure. A linear
fit (black) is placed through the data points at saturation magnetization (yellow)
and subtracted from the raw data (red). The corrected data are shown in blue. The
background originates from para- and diamagnetic contributions from the setup
and the substrate of the sample system. The figure is adapted from reference [54].

4.2.1 EuO reference sample

The hysteresis loops performed on the EuO reference sample in dependence of the
sample temperature are shown in figure 4.3 (a) and (b) in the L- and P-MOKE
configurations, respectively. At low temperatures, the EuO reference sample shows
a clear hysteresis with a remanence close to 100% in both geometries. The coercive
field recorded in L-MOKE at a temperature of 10K is as large as 25mT, which
is about 20 times smaller than in P-MOKE, where values of about 500mT are
recorded at 𝑇 = 5K. The larger field required to reach saturation magnetization in
the P-MOKE configuration suggests in-plane anisotropy and, due to the squared
hysteresis in both geometries, a single-domain structure.

With increasing temperature, the coercivity and saturation magnetization decrease
and disappear upon approaching the EuO bulk Curie temperature of 69K. Slightly
lower magnetic ordering temperatures of EuO have been reported in literature
for thin films [213]. There is a small offset of the measurable Curie temperature
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along the in-plane and out-of-plane geometry. This can be attributed to a different
sensitivity to the temperature in the two setups used for the measurements, e.g. due
to different positions of the temperature sensors with respect to the sample.

Figure 4.3: Temperature-dependent hysteresis measurements on the EuO reference
sample in the (a) L-MOKE configuration and (b) P-MOKE configuration. The
photon energy of the laser was 3.1 eV and 1.55 eV, respectively. The figure is
adapted from reference [54].

4.2.2 EuO/Co bilayer

The presence of Co drastically changes the shape of the recorded hysteresis loops,
as shown in figure 4.4 (a) and (b) for L- and P-MOKE, respectively. The coercive
field and saturation magnetization are significantly reduced at low temperatures
in the longitudinal MOKE geometry. When the temperature increases, the signal
disappears at around 50K, i.e., at a lower temperature compared to the pristine
EuO sample discussed in figure 4.3 (a). Interestingly, as the temperature is further
increased, the hysteresis reappears with an inverted orientation and persists up to
room temperature. This surprising behavior can be explained by considering the
literature values of the Kerr rotation of EuO and Co at saturation magnetization,
which are 𝜃EuO ≈ 2° and 𝜃Co ≈ −0.3°, respectively, at a photon energy of 3.1 eV [154].
Since the Kerr rotations of the two layers have opposite signs, the inversion of the
hysteresis upon passing 50K originates from a substitution of the dominant magnetic
contribution. For 𝑇 < 50K, EuO is the dominant magnetic contribution due to its
large magnetic moment and strong Kerr rotation [41, 42]. Co becomes dominant
at higher temperatures and the inverted hysteresis persists at least up to room
temperature owing to its large 𝑇C [60]. At 𝑇 = 50K, the measured Kerr rotation
from both layers is equal, leading to a vanishing signal since the two contributions
have opposite signs.
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This behavior is known from antiferromagnetically coupled ferrimagnets, where the
net magnetization can disappear, when the components compensate each other at
the magnetic compensation temperature 𝑇Comp, as described in section 2.1. Upon
passing 𝑇Comp, the magnetic hysteresis is usually inverted due to a substitution
in the dominant magnetic contribution in the ferrimagnet [66]. This comparable
behavior suggests a similar antiferromagnetic coupling between EuO and Co in
the examined bilayer. An antiferromagnetic coupling has been observed in the
literature for similar sample systems, consisting of thin films of transition metals and
EuO [148, 214] or EuS [52, 53, 144, 145, 215, 216]. It is described as arising from a
hybridization of the transition metal 3d states and the rare earth 5d states [144,
217].

Figure 4.4: Temperature-dependent hysteresis measurements on the EuO/Co
bilayer in the (a) L-MOKE configuration and (b) P-MOKE configuration. The
photon energy of the laser was 3.1 eV and 1.55 eV, respectively. The figure is
adapted from reference [54].

In the P-MOKE geometry, the behavior of the hysteresis loops is quite different.
Unlike pristine EuO, where the hysteresis exhibits a broad coercivity and a remanence
of about 100%, the hysteresis obtained from the EuO/Co bilayer is not open. Instead,
its shape is comparable to the hard magnetization axis of a bulk crystal magnet like
Co [202]. The large difference to the signal of the reference sample suggests that
the magnetic interaction with the transition metal changes the magnetic anisotropy
of the EuO/Co bilayer system. The shape of the hysteresis loops corresponds to the
rotation of the two magnetizations from the in-plane ground state with an antiparallel
orientation to a forced parallel alignment along the magnetic field direction. Since
the P-MOKE geometry is sensitive to the polar component of the magnetization,
the signal disappears when the magnetization of the two layers is parallel to the
surface. The magnetic field required to reach saturation magnetization, i.e., where
the magnetizations and the field direction are parallel, decreases with increasing
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temperature from 2.8T at 5K to 1.8T at 55K. Above this temperature, the required
field remains the same, indicating that the EuO contribution to the signal has largely
disappeared and the signal originates mostly from the Co layer.

4.3 Discussion

In agreement with the literature, the EuO reference sample exhibits a magnetic
ordering temperature of 65K to 70K. In addition, a remanent magnetization of
nearly 100% is observed along the in-plane and out-of-plane geometry. The magnetic
behavior of the rare earth oxide changes drastically when it is in contact with the
transition metal Co. This alteration is illustrated by the temperature-dependent
coercivity and remanence measured in the L-MOKE geometry shown in figure 4.5 (a)
and (b), respectively. The black dots correspond to the EuO reference sample and
the green dots to the EuO/Co bilayer. For better visualization, the temperature
axis is displayed in logarithmic scale.

Figure 4.5: Temperature-dependent a) coercivity and b) remanence recorded
on the EuO reference sample (black dots) and the EuO/Co bilayer (green dots)
in the L-MOKE geometry. For temperatures up to 50K, EuO is the dominant
magnetic contribution in the EuO/Co bilayer (𝑀EuO > 𝑀Co). The large increase
of the coercivity and sign change of the remanence due to the hysteresis inversion
is attributed to Co becoming dominant for 𝑇 > 50K (𝑀EuO < 𝑀Co). This
transition is illustrated by a change of the background color from blue to red upon
passing 50K, at which both magnetizations equalize (𝑀EuO = 𝑀Co). For better
visualization, the temperature axis is displayed in logarithmic scale.

The coercivity and remanence measured on the EuO/Co bilayer decrease with
increasing temperature and become zero at 50K. The hysteresis reappears at higher
temperatures with an inverted shape and thus, a negative remanence. A similar
behavior can be observed in ferrimagnets, where the sublattice magnetizations can
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equalize each other at a specific temperature due to their antiferromagnetic coupling,
resulting in a vanishing net magnetization [66]. The measured coercivity is not
fully consistent with the behavior of ferrimagnets, where it is expected to diverge at
the compensation temperature [218–220], but it still suggests an antiferromagnetic
coupling between EuO and Co in the bilayer. For 𝑇 < 50K, EuO is the dominant
magnetic contribution (𝑀EuO > 𝑀Co) due to its large magnetic moment and Kerr
rotation. Since the rare earth oxide has a significantly lower bulk Curie temperature
than Co, as shown in figure 4.3, Co becomes dominant for 𝑇 > 50K (𝑀EuO < 𝑀Co).
This transition is illustrated by the change from a blue to a red background. Due to
the large 𝑇C of Co [60], the hysteresis persists up to room temperature. At 𝑇 = 50K,
the two magnetic contributions are equal (𝑀EuO = 𝑀Co), leading to a vanishing
hysteresis. An antiferromagnetic coupling between EuO and transition metals like
Fe and Co has already been reported in literature [148, 214].

The presence of the Co layer changes the anisotropy of the sample as indicated by
the saturation fields along both experimental geometries, i.e., the field required to
reach saturation magnetization. They are shown in figure 4.6 (a) and (b) for the
temperature-dependent measurements performed in the L- and P-MOKE geometry,
respectively. The green dots correspond to the EuO reference sample and the black
dots to the EuO/Co bilayer. For a better comparability between the two geometries,
the field is normalized to the maximum value of the reference sample. While the
required saturation field is reduced by up to 15% for 𝑇 ≤ 30K in the in-plane
geometry, it is increased by up to 400% percent in the out-of-plane geometry. This
behavior suggests an increased in-plane anisotropy of EuO induced by the presence
of the transition metal.

The motivation for the performed measurements was to find evidence for an increased
Curie temperature of EuO due to the proximity to Co. However, since the transition
metal provides the dominant magnetic contribution in the EuO/Co bilayer for
𝑇 > 50K and the measured Kerr rotation is a superposition of the signals from both
layers, any potential residual signal from the rare earth oxide is greatly exceeded.
Thus, by static magneto-optical means, it is not possible to draw a conclusion about
a modification of the EuO magnetic ordering temperature, which was suggested by
Lömker [148]. A promising alternative approach to investigate the nature of the
coupling between the two layers and to find potential modifications of the EuO 𝑇C
is to study the spin dynamics of the EuO/Co bilayer. The two materials show a
distinctly different transient behavior, as described in the next chapter.
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Figure 4.6: Temperature dependence of the magnetic field required to reach
saturation magnetization in the a) L- and b) P-MOKE geometries. The black dots
correspond to the EuO reference sample and the green dots to the EuO/Co bilayer.
The saturation field is normalized to the maximum value of the respective EuO
measurement. There is a large increase in the saturation field in the out-of-plane
geometry, and a decrease in the in-plane geometry for 𝑇 ≤ 30K, suggesting an
increased in-plane anisotropy induced by the presence of the Co layer.
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EuO and Co, the two ferromagnetic materials in the bilayer sample studied in this
thesis, exhibit a distinctly different behavior on the picosecond timescale. This opens
up the possibility of disentangling the two coupled magnetizations in time-resolved
pump-probe experiments. As described in section 3.4.1, the transition metal Co
undergoes an ultrafast demagnetization upon photoexcitation with a femtosecond
laser pulse, followed by a subsequent remagnetization within a few picoseconds [202,
221–223]. EuO, on the other hand, does not experience an ultrafast demagnetization,
but its magnetization is reported to be enhanced upon photoexcitation above its
band gap energy [44, 224]. This remarkable effect of the rare earth oxide is explained
by the transition of 4f electrons to 5d states, forming magnetic polarons [44]. They
are similar to the bound magnetic polarons formed in oxygen-deficient EuO1−𝑥
that are introduced in section 2.7. The ferromagnetic exchange interaction of EuO
relies on virtual excitations of 4f electrons to the unoccupied 5d band in the ground
state, as described in section 2.5. By occupying a 5d state with an electron, the
f-d exchange interaction is enhanced, resulting in a measurable enhancement of the
magnetization [44].

The photoenhancement of EuO is followed by a slower thermal demagnetization,
which becomes the dominant transient contribution after several hundreds of picosec-
onds. Upon photoexcitation, the temperature of the 5d electrons increases rapidly.
However, since the magnetization in EuO is determined by the effective temperature
of the 4f electrons, demagnetization occurs only gradually as the temperature of the
4f and 5d electrons equilibrate [44]. The time-resolved behavior of the magnetiza-
tions of EuO and Co upon photoexcitation is schematically shown in figure 5.1. The
magnetization of the transition metal is shown in blue and the net magnetization
of the rare earth oxide in black. The magnetization enhancement and thermal
demagnetization components of EuO are shown in green and red, respectively.

A similar enhancement of magnetization has already been found in a variety of
materials, mostly ferromagnetic semiconductors, where it has been explained by
comparable mechanisms [225–230]. For example, photoexcitation of EuS induces
electron-hole pairs, which enhance the magnetization due to an additional contribu-
tion to the exchange interaction [228]. In GaMnAs, photoexcitation enhances the p-d
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Figure 5.1: Schematic illustration of the magnetization behavior of EuO (black)
and Co (blue) upon photoexcitation. The magnetization enhancement and thermal
demagnetization components of EuO are represented by dashed lines in green
and red, respectively. While Co undergoes an ultrafast demagnetization upon
photoexcitation and remagnetizes within several picoseconds, EuO experiences an
enhancement of the magnetization. Upon photoexcitation, the EuO 5d electrons
heat up and slowly increase the temperature of the 4f electrons in an equilibration
process, inducing a thermal demagnetization on a longer timescale. It will exceed
the magnetization enhancement after several hundred picoseconds, leading to a
negative net magnetization, i.e., a demagnetization. The figure is inspired by Liu
et al. [44].

exchange interaction between laser-induced holes and Mn spins [226]. Other mecha-
nisms leading to a photoinduced magnetization enhancement are also known, like a
laser-induced change in the anisotropy of layered organic-inorganic hybrids [229].

To confirm the presence of the EuO magnetization enhancement effect [44] and to
study the changes in the spin dynamics of EuO induced by the proximity to Co,
time-resolved MOKE measurements are performed in this work using the polar
MOKE pump-probe setup. The setup allows to vary the photon energy of the
pump beam, providing the possibility to excite either both layers in the EuO/Co
bilayer or only the Co layer. Thus, the spin dynamics of the transition metal
can be isolated by selectively exciting the sample above and below the EuO band
gap energy of 1.2 eV. Measurements are performed in dependence of the sample
temperature 𝑇, the pump beam fluence 𝐹 and the applied magnetic field 𝐵. By
studying the spin behavior on short and long timescales of up to 20 ps and 2000 ps,

42



5.1 Photoinduced magnetization enhancement

respectively, with different delay step sizes, further insight into the coupling of the
two ferromagnetic layers can be gained. For all measurements, the photon energy of
the probe beam is set to 1.55 eV with a negligible fluence of less than 10 µJ/cm². To
ensure that the sample is in magnetization saturation, a magnetic field of 3.5T is
applied perpendicular to the sample surface. As shown in section 4.2, with such a
magnetic field the magnetizations of the two layers are in a forced parallel alignment
along the field direction. For each measured data point, 16000 pulses are acquired
and the measurements are averaged over at least two consecutive scans. Details on
the photon energy and fluence of the pump beam are given separately for each set
of measurements.

5.1 Photoinduced magnetization enhancement

Time-resolved magneto-optical measurements in dependence of the pump photon
energy performed on the EuO reference sample and the EuO/Co bilayer are shown
in figure 5.2 (a) and (b), respectively. The pump fluence is set to 0.5mJ/cm² and its
photon energy is varied from above the EuO band gap energy with 1.65 eV (ℏ𝜔 > 𝐸g)
to below the EuO band gap energy with 0.73 eV (ℏ𝜔 < 𝐸g). The traces plotted
in blue and red correspond to a pump photon energy of ℏ𝜔 > 𝐸g and ℏ𝜔 < 𝐸g,
respectively. By tuning the pump photon energy between values above and below
the EuO band gap, it is possible to excite only the Co layer and thus isolate its
transient response.

Figure 5.2: Time-resolved MOKE measurements performed in the polar config-
uration on a) the EuO reference sample and b) the EuO/Co bilayer at 𝑇 = 5K.
A magnetic field of 3.5T is applied perpendicular to the sample surface and the
pump fluence is set to 0.5mJ/cm². The blue traces correspond to a pump photon
energy set to ℏ𝜔 > 𝐸g and the red trace to ℏ𝜔 < 𝐸g. The figure is adapted from
reference [54].
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5.1.1 EuO reference sample

For a pump photon energy of ℏ𝜔 > 𝐸g, the measured transient Kerr rotation of
the EuO reference sample increases rapidly on a short timescale of a few tens of
picoseconds, as shown by the blue trace in figure 5.2 (a). It decreases to about
50% of its maximum value within 350 ps, but remains well above the equilibrium
magnetization even after 1000 ps. Since the transient rotation Δ𝜃K is sensitive to
pump-induced changes of the magnetization, the observed strong positive and long-
lasting signal can be attributed to a photoinduced enhancement of the magnetization
of EuO, in agreement with the literature [44]. The positive values of Δ𝜃K even after
1000 ps indicate that the magnetization enhancement still suppresses the thermal
demagnetization. Note that the amplitude of the spin dynamics is expected to
decrease with an increasing delay, since the electrons photoexcited into the 5d states
will relax to the 4f ground state after some time.

In the first few picoseconds, Δ𝜃K becomes negative, before rising to large positive
values. This feature appears at the same time delay Δ𝑡 in the transient reflectivity,
which is not shown here. Since photoexcitation can not only induce changes to
the magnetization of a sample, but also alter its optical properties, as described in
section 3.4, this artifact is most likely of an optical origin. The employed modulation
approach (pump on - pump off) isolates the transient response of the sample, but it
cannot remove pump-induced features that have no magnetic origin.

The time-resolved behavior of the EuO reference sample changes drastically for an
excitation with the pump photon energy set to ℏ𝜔 < 𝐸g, as shown by the red trace in
figure 5.2 (a). Since the sample is mostly transparent at this photon energy [76], the
4f to 5d transition is suppressed and no photoinduced magnetization enhancement
can occur. Nevertheless, the measured transient Kerr rotation is not zero, but the
signal is rather slightly negative for a duration of at least 1000 ps. This derivation
from the equilibrium ground state could originate from an indirect excitation process
like impulsive-stimulated Raman scattering (ISRS), which can even be observed for
optical excitation below 𝐸g [231, 232].

5.1.2 EuO/Co bilayer

The measurements performed with the same parameters on the EuO/Co bilayer
are shown in figure 5.2 (b). For an excitation above the EuO band gap energy
(ℏ𝜔 > 𝐸g), the transient behavior of the bilayer is similar to that of the EuO
reference sample. The transient rotation Δ𝜃K increases strongly on a short timescale,
which again indicates the photoinduced magnetization enhancement described in
the literature [44]. The maximum value of Δ𝜃K is about 32% smaller than that
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observed in figure 5.2 (a), and it decays to 50% already after 180 ps, which is almost
twice as fast as for the EuO reference sample. This reduced EuO magnetization
enhancement in the bilayer is attributed to the partial absorption of the pump beam
in the Co layer. When propagating through 4 nm of Co, its intensity is expected
to decrease by 29% at the employed photon energy [233], which approximately
matches the observed behavior.

For Δ𝑡 ≥ 750 ps, the measured transient rotation becomes negative. As shown
schematically in figure 5.1, this indicates that the thermal demagnetization exceeds
the EuO magnetization enhancement. A sign change appears only in measurements
performed on the EuO/Co bilayer, suggesting a stronger demagnetization channel
due to the presence of the transition metal. The negative peak at zero delay does
not correspond to the ultrafast demagnetization of Co, since the step size of the
delay is 5 ps and thus too large to resolve it. It is rather the same optical artifact
that is also present in the measurement performed on the EuO reference sample for
a pump photon energy of ℏ𝜔 > 𝐸g.

By performing measurements with the pump photon energy set to ℏ𝜔 < 𝐸g, the
influence of Co on the spin dynamics of the EuO/Co bilayer can be isolated. EuO
is mostly transparent at this photon energy and no photoinduced magnetization
enhancement occurs, as shown by the red trace in figure 5.2 (a). The results of
this measurement are depicted by the red trace in figure 5.2 (b). Surprisingly, the
sample again shows an enhancement of the magnetization, indicated by a positive
transient rotation at short delays. Δ𝜃K reaches its maximum at about 50 ps, which
is slower than for a pump photon energy set to ℏ𝜔 > 𝐸g, where the magnetization
enhancement is established within about 10 ps. Similar to the excitation of both
layers, the transient rotation changes its sign after 350 ps, indicating that the thermal
demagnetization exceeds the magnetization enhancement.

The role of superdiffusive spin currents

Since Co is not known to exhibit a magnetization enhancement upon photoexcita-
tion, the positive signal has to originate in the EuO layer, even though it is not
photoexcited. This unexpected behavior suggests a magnetic interaction at the
EuO/Co interface that allows the manipulation of the neighboring spin system as a
consequence of incident pump pulses. It could either rely on an indirect excitation of
the rare earth oxide by the generation of a thermal current [234], or on the transfer
of majority spins from Co to EuO. Heating of EuO due to the generation of a
thermal current can be excluded as an interaction mechanism in our sample system,
since it would cause a demagnetization of the rare earth oxide. On the other hand,
a transfer of the majority electrons from the Co 3d states to the unoccupied EuO
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5d band via superdiffusive spin currents would induce the observed magnetization
enhancement and thus explain the behavior. A direct excitation of the EuO 4f
electrons to the 5d band is not possible with a photon energy of 0.73 eV (ℏ𝜔 < 𝐸g).
However, the photon energy is sufficiently large to promote transitions of Co 3d
electrons into excited states, that are on a similar energy level as the unoccupied
EuO 5d band. A number of electrons will migrate from the transition metal into the
EuO layer, populating its 5d band and thereby inducing the observed magnetization
enhancement. This process is shown schematically in figure 5.3.

Figure 5.3: Schematic illustration of the density of states of EuO and Co, together
with the electronic transitions induced by the employed pump photon energies used
during the measurements. By exciting EuO above its band gap energy (1.65 eV,
green arrow), transitions of 4f electrons to the 5d band will be promoted. This
process is not possible for an excitation below the band gap energy (0.73 eV, dark
red arrow). In the EuO/Co bilayer, this process becomes possible as an indirect
excitation due to photoexcitation of Co. First, 3d electrons of Co will populate
excited states (I), which then will propagate towards the EuO layer to populate
the 5d band of the rare earth (II). The figure is adapted from reference [54].

Since both minority and majority electrons are excited, the spin current generated
by the photoexcitation of Co can generally have a mixed character. Due to the
longer lifetime of majority electrons with respect to minority electrons [190] and
the spin-splitting of the EuO conduction band [100], the spin current is expected to
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consist mainly of majority electrons. As described in section 3.4.2, superdiffusive
spin currents provide a pathway for angular momentum transfer during the ultrafast
demagnetization of transition metals. They have been observed in literature to affect
the magnetization of layers adjacent to the one where they are generated [191–193].
For a parallel coupling, superdiffusive spin currents can induce a magnetization
enhancement, while for an antiparallel coupling they induce a demagnetization [192,
194]. We are able to observe the enhancement of magnetization in EuO as a
consequence of the generation of a superdiffusive spin current, because both magne-
tizations in the bilayer are forced into a parallel alignment by the external magnetic
field. This allows majority electrons originating from the Co 3d states to populate
the spin-split EuO 5d states.

5.2 Magnetization enhancement: Temperature dependence

The EuO magnetization enhancement and the influence of Co on the spin dynamics
of the rare earth oxide are further investigated by temperature-dependent measure-
ments. The results are depicted in figure 5.4 (a) and (b) for the EuO reference
sample and the EuO/Co bilayer, respectively. The pump photon energy is set to
ℏ𝜔 > 𝐸g so that the results of both samples can be compared. The pump fluence is
again set to 0.5mJ/cm².

Figure 5.4: Time-resolved MOKE measurements performed in the polar configu-
ration on a) the EuO reference sample and b) the EuO/Co bilayer in dependence
of the sample temperature. The pump photon energy is set to ℏ𝜔 > 𝐸g in both
sets of measurements with a fluence of 0.5mJ/cm². A magnetic field of 3.5T is
applied perpendicular to the sample surface.
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5.2.1 EuO reference sample

The photoinduced magnetization enhancement of EuO is strongly dependent on
the temperature, as indicated by the measurements performed on the reference
sample shown in figure 5.4 (a). The positive transient rotation Δ𝜃K attributed to
the enhanced magnetization is largest for 𝑇 = 5K and gradually decreases with
increasing temperature. For 𝑇 < 𝑇C, the measured signal is long-lasting and does not
decay to the ground state even after 1000 ps. Upon passing the Curie temperature of
69K, the magnitude and lifetime of the signal greatly decrease and the equilibrium
magnetization is recovered within a few hundred picoseconds. The signal disappears
completely for temperature above 𝑇 = 150K.

The diminishing trend of the (transient) magnetization enhancement for 𝑇 < 𝑇C
is expected, since the (static) magnetic order of EuO decreases upon increasing
the temperature. For a better comparability between these two quantities, the
temperature-dependent behavior of both is shown in figure 5.5. The green dots
correspond to the maximum value Δ𝜃K of the transient magnetization enhancement,
taken from figure 5.4 (a). The black dots show the Kerr rotation 𝜃K at the saturation
magnetization from the static measurements performed on the EuO reference sample
shown in figure 4.3 (b) as a probe of the EuO magnetic order. 𝜃K and Δ𝜃K are
normalized to their respective value at 𝑇 = 5K. For temperatures up to 35K, the
decrease of the Kerr rotation in both measurements is nearly identical. Only for
higher temperatures the offset between Δ𝜃K (green) and 𝜃K (black) increases, with
a vanishing signal in the static measurement at 65K. Although EuO is not expected
to be in a magnetically ordered phase above this temperature, the photoinduced
magnetization enhancement persists up to 𝑇 = 150K. This different behavior
in the time-resolved measurements is most likely caused by the photoinduced
magnetic polarons responsible for the magnetization enhancement. As reported in
the literature [44], optically generated magnetic polarons can polarize 4f electrons
even above the EuO bulk Curie temperature, leading to a photoinduced increase of
𝑇C.

5.2.2 EuO/Co bilayer

The results from the temperature-dependent measurements performed on the
EuO/Co bilayer are shown in figure 5.4 (b). The bilayer exhibits a similar be-
havior compared to the EuO reference sample with a decreasing magnitude of the
magnetization enhancement for increasing temperatures. This effect is accompanied
by a reduction of the delay, at which the transient rotation changes its sign and the
EuO magnetization enhancement is exceeded by the thermal demagnetization. While
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Figure 5.5: Comparison of the temperature-dependent behavior of the transient
EuO magnetization enhancement and the Kerr rotation at saturation magnetization
of hysteresis measurements as a probe of the magnetic order of EuO. The green data
points correspond to the maxima of the pump-probe measurement from figure 5.4.
The black data points are taken from figure 4.3. Both are normalized to their
respective maximum at 𝑇 = 5K. Up to 𝑇 = 35K, Δ𝜃K (green) and 𝜃K (black)
decay in a similar fashion. While the static magnetic order decays to zero near
65K, the transient signal persists up to 150K. This behavior is attributed to the
presence of photoinduced magnetic polarons that can polarize EuO 4f electrons
even above its bulk 𝑇C [44].

at 𝑇 = 5K, the sign change occurs at Δ𝑡 = 800 ps, at 𝑇 = 35K the demagnetization
becomes dominant after 170 ps. For even higher temperatures, the transient rotation
becomes negative regardless of the delay. The typical shape of the magnetization
enhancement with a peak at short delays vanishes above 𝑇 > 45K. As shown for
the time-resolved measurements performed on the EuO reference sample depicted in
figure 5.4 (a), the magnetization enhancement is still expected to be present at this
temperature, but it is greatly exceeded by the demagnetization component. The
thermal demagnetization continues to increase in magnitude even after 1000 ps, and
still appears at 105K, well above the EuO Curie temperature. Although a transient
signal of the EuO layer is possible at this temperature, it is expected to relax to the
equilibrium magnetization after about 300 ps, as shown in figure 5.4 (a). Therefore,
this long-lasting signal in the EuO/Co bilayer might originate from the transition
metal. A demagnetization for more than 1000 ps is highly atypical for Co, but can
be explained by the laser-induced heating of the thin film, which has no heat sinks
since it is deposited between two insulating materials (EuO and MgO).

A similar temperature-dependent behavior is observed for a pump photon energy
below the EuO band gap (ℏ𝜔 < 𝐸g), i.e., when only the Co layer is photoexcited, as
shown in figure 5.6. The pump fluence is set to 1mJ/cm² for these measurements.
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As the temperature increases, the positive component of Δ𝜃K continues to decrease
and it changes its sign at a shorter delay. Since increasing the temperature has only
a small effect on the Co spin dynamics [202], this behavior is attributed to a reduced
EuO magnetization enhancement. At 𝑇 = 100K, Δ𝜃K is negative independent of the
delay, and its value increases even after 2000 ps, suggesting that the magnetization
enhancement of the rare earth oxide has largely disappeared due to exceeding
its Curie temperature. The transient rotation is thus dominated by the thermal
demagnetization of the transition metal. Interestingly, at 𝑇 = 200K, the signal is
still present after 2000 ps, but its magnitude is significantly decreased (≪ 1mdeg).
Since this temperature is still far below the Curie temperature of Co, such a large
decrease of its spin dynamics is unlikely. Instead, the long-lasting signal that is
present for 𝑇 < 200K could be a combined thermal demagnetization effect of both
layers, indicating a residual magnetization of EuO above its bulk 𝑇C, most likely at
the EuO/Co interface.

Figure 5.6: Time-resolved MOKE measurements performed in the polar config-
uration on the EuO/Co bilayer in dependence of the sample temperature. The
pump photon energy is set to ℏ𝜔 < 𝐸g with a fluence of 1mJ/cm². A magnetic
field of 3.5T is applied perpendicular to the sample surface.

5.3 Magnetization enhancement: Pump fluence dependence

To further study the indirect excitation of EuO by demagnetizing Co, a set of
pump-probe measurements are performed on the EuO/Co bilayer in dependence of
the pump fluence for an excitation above and below the EuO band gap energy. To
achieve higher fluences with the employed setup, the pump photon energy below
the EuO band gap energy (ℏ𝜔 < 𝐸g) is changed from 0.73 eV to 0.82 eV. This
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is necessary due to experimental reasons, as the efficiency of the OPAs is highly
wavelength dependent. The measurements are performed at a temperature of 5K.
The results are shown in figure 5.7 (a) and (b) for a pump photon energy of ℏ𝜔 > 𝐸g
and ℏ𝜔 < 𝐸g, respectively. Figure 5.7 (c) and (d) show a zoomed-in version of the
data depicted in figure 5.7 (a) and (b). Note that a new sample was fabricated for
this set of measurements, which nominally has the same thickness of the EuO and
Co layers. However, small variations in the chemical composition are possible, which
could result in slight changes in the timescales of the transient behavior compared
to the previously discussed results.

Figure 5.7: Time-resolved MOKE measurements performed at 𝑇 = 5K in the
polar configuration on the EuO/Co bilayer in dependence of the pump fluence for
a pump photon energy of a) ℏ𝜔 > 𝐸g and b) ℏ𝜔 < 𝐸g. In both cases, a magnetic
field of 3.5T is applied perpendicular to the sample surface. The inset in a) shows
the fluence-dependent delay at which Δ𝜃K changes its sign. c) and d) show a
zoom-in of a) and b).

For ℏ𝜔 > 𝐸g, the EuO magnetization enhancement increases proportionally to the
fluence up to 10mJ/cm², as can be clearly seen from the transient rotation signal
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at short delays in figure 5.7 (a) and (c). For fluences above 10mJ/cm², the peak
value of the transient rotation decreases. Simultaneously, each increase in fluence
decreases the delay required to change the sign of the transient rotation, suggesting
that the demagnetization becomes the stronger transient contribution at shorter
delays. While for 𝐹 = 1mJ/cm2 this happens at Δ𝑡 = 1500 ps, for 𝐹 = 20mJ/cm2

the delay is reduced to 400 ps, as shown in the inset. The behavior up to a few
hundred picoseconds appears to result from a varying scaling of the different spin
dynamics with respect to the pump fluence. For fluences up to 10mJ/cm², the
magnetization enhancement, i.e., the positive contribution to Δ𝜃K, increases faster
than the thermal demagnetization, i.e., the negative contribution to Δ𝜃K, and vice
versa for higher fluences. This could be due to an increased laser-induced thermal
heat, and thus, a reduced magnetic order in EuO. Another explanation might be
that the effect of the photoinduced magnetization enhancement is limited and the
magnetization can only be increased up to a certain level, while the demagnetization
may continue to increase.

The results of the fluence-dependent measurements performed on the EuO/Co
bilayer for ℏ𝜔 < 𝐸g are depicted in figure 5.7 (b) and (d). Up to 𝐹 = 5mJ/cm2,
the behavior is similar to a photoexcitation above the EuO band gap energy. The
transient rotation shows a positive peak at a short delay, subsequently decreases
and changes its sign when the thermal demagnetization becomes the dominant
contribution to the transient signal. As discussed in section 5.1, for a photoexcitation
with ℏ𝜔 < 𝐸g, the magnetization enhancement of EuO cannot occur as a direct
process, since the rare earth oxide is mostly transparent at this photon energy.
Instead, a superdiffusive spin current of majority electrons generated in the Co layer
upon photoexcitation will propagate towards the rare earth oxide, populating its 5d
band and thereby induce the observed magnetization enhancement. By increasing
the fluence to 10mJ/cm², the shape of the magnetization enhancement peak changes
drastically and becomes sharper with a faster decay of the transient rotation. In
addition, the transient rotation changes its sign at shorter delays. This effect
becomes more pronounced as the fluence is further increased, and at 𝐹 = 20mJ/cm²
it becomes negative already after about 20 ps. The magnetization enhancement is
still present at this delay, as indicated by the positive peak at Δ𝑡 = 10 ps, but the
negative demagnetization component is dominating the spin dynamics.

A similar behavior was observed in the temperature-dependent measurements (see
figure 5.6), where for 𝑇 ≥ 100K the transient rotation also becomes negative, inde-
pendent of the delay. This suggests that the vanishing magnetization enhancement
with increasing fluence observed for a pump photon energy of ℏ𝜔 < 𝐸g, could
be of thermal nature. Increasing the temperature of the bilayer, either by direct
photoexcitation or by the transfer of majority electrons, induces fluctuations in the
magnetizations, which in turn reduce the parallel alignment of the two layers. Since
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the indirect excitation of EuO relies on such a parallel alignment between EuO and
Co, as described in section 5.1, increasing the fluence will reduce the efficiency of
the superdiffusive spin current and thus the magnetization enhancement. This effect
is not observed for a pump photon energy of ℏ𝜔 > 𝐸g, because the magnetization
enhancement of EuO is induced as a direct photoexcitation of the rare earth oxide.

5.4 Ultrafast behavior

So far, measurements have been performed on a long timescale of up to 2000 ps to
study the EuO magnetization enhancement and the changes to the spin dynamics
induced by the proximity to the Co layer. Time-resolved MOKE measurements on a
shorter timescale (Δ𝑡 ≤ 20 ps) with a much smaller step size in the time domain can
provide insight into the ultrafast spin dynamics of the sample and the interaction
between the two layers. By varying the pump photon energy, the influence of the
photoexcitation of the Co layer can be isolated, which may provide information
about the superdiffusive spin currents responsible for the indirect excitation of the
EuO layer. The results are shown in figure 5.8 (a) for a pump photon energy of
ℏ𝜔 > 𝐸g and ℏ𝜔 < 𝐸g in red and blue, respectively. The fluence of the pump beam
is set to 10mJ/cm² and the sample temperature is 𝑇 = 5K. A magnetic field of 3.5T
is applied perpendicularly to the sample surface. Figure 5.8 (b) shows a zoom-in
scan using the same parameters with a reduced step size of the delay.

The measured transient rotation shows an oscillatory behavior with several different
peaks, which are especially pronounced for an excitation below the EuO band gap
energy. We will first discuss the optical artifacts and peaks of technical origin.
Around zero delay, the transient rotation shows a structure with positive and
negative peaks, marked with black asterisks in figure 5.8 (a). These peaks arise
from a photoinduced change in the optical properties of the sample during the cross-
correlation of the pump and the probe beam. This behavior is commonly referred
to as “coherent artifact” in the literature [235]. The peaks can be neglected as they
do not provide any information about the magnetic behavior of the sample. Note
that this does not apply to the peak marked with an orange asterisk at a delay of
Δ𝑡 ≈ 0.8 ps, best visible in figure 5.8 (a). Another peak appears in both traces before
zero delay, leading to a small deviation from the equilibrium magnetization (Δ𝜃K = 0)
at negative delays. At about the same distance after zero delay, there is another
peak, which can be best seen in the red trace in figure 5.8 (a). These peaks, both
marked with a green asterisk, could be due to internal reflections inside the sample.
The time delay between them and zero delay is approximately the time it takes for
light to pass twice through the YSZ substrate of the sample (𝑑 = 0.5mm) [236].
This could, for example, lead to additional reflections of the probe beam arriving at
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Figure 5.8: Time-resolved MOKE measurements performed in the polar configu-
ration on the EuO/Co bilayer at a temperature of 5K. The blue traces correspond
to a pump photon energy set to ℏ𝜔 > 𝐸g and the red traces to ℏ𝜔 < 𝐸g. The
pump beam fluence is set to 10mJ/cm² and a magnetic field of 3.5T is applied
perpendicular to the sample surface. In b), the stepsize of the delay is reduced
compared to a) and the y-axis is zoomed-in to focus on the oscillations. The green
and black asterisks in a) mark peaks of the transient rotation that correspond to
optical and technical artifacts, respectively. The orange peak is of magneto-optical
origin. Further details are given in the main text.

the photodetector with a small temporal shift of a few picoseconds after interaction
with the sample. However, since a similar behavior with additional peaks before
and after zero delay has also been observed in measurements performed on another
sample system not discussed in this work, it most likely originates from a double
pulse in one or both of the beams. The transmission of a laser beam through optics
may induce reflections that are collinear with the beam, but offset in time by a short
duration. These double pulses can lead to a different transient behavior of a sample,
for example due to a second photoexcitation in the time frame of a measurement.
The additional peaks before and after zero delay appeared in all measurements,
even though the photon energies of both beams were varied and all optical elements
were checked to prevent the generation of double pulses. Since they induce only
minor variations in the transient rotation, the influence of these artifacts can be
neglected.

The remaining peaks in between Δ𝑡 = 0.5 ps and Δ𝑡 = 7 ps show a periodic behavior
with a frequency of about 0.9THz. These peaks are of greater interest because
they are most likely not of purely optical origin, but rather magneto-optical and
thus carry information about the sample magnetization. Their positions appear
independently of the pump photon energy, although they are only vaguely visible for
an excitation with a pump photon energy of ℏ𝜔 > 𝐸g, for example at Δ𝑡 = 1.6 ps
and Δ𝑡 = 5.6 ps. The blue trace shows maxima of the oscillation at the same delays,
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so the frequency is the same for both pump photon energies. The large minimum at
about Δ𝑡 ≈ 0.8 ps most likely corresponds to the ultrafast demagnetization of the
Co layer, as its delay roughly matches data reported in literature [223]. This peak
is only observable when the EuO magnetization is not directly excited (ℏ𝜔 < 𝐸g),
because the onset of the EuO magnetization enhancement exceeds the transient
contribution of the transition metal for a photoexcitation with ℏ𝜔 > 𝐸g. For
ℏ𝜔 < 𝐸g, the magnetization enhancement of the rare earth oxide is established
during the subsequent oscillations, indicated by the transient rotation becoming
positive. As described in section 5.1, this indirect excitation of EuO relies on
a superdiffusive spin current generated by the ultrafast demagnetization of Co.
From the different behavior and amplitude of the oscillations at different photon
energies, it can be concluded that they originate from the demagnetization of the
transition metal. Most likely, the generated spin current is responsible for the
observed behavior, but the exact mechanism is unclear.

Spin currents transfer angular momentum and can exert a torque on the mag-
netization. This can lead to a precessional motion of the magnetic moments of
neighboring layers, as described in section 3.4.2. Especially in synthetic ferrimagnets,
this precession is reported to exceed frequencies of several hundreds of GHz due
to the antiferromagnetic coupling between the layers [237, 238]. However, this is
an unlikely explanation for the observed behavior, since it only occurs when the
spin current is generated in a non-collinear magnetic multilayer [239], which is not
the case in the examined sample system. Due to the large magnetic field in the
performed measurements, the magnetizations of EuO and Co are aligned parallely
along the field direction. Instead, it is possible that the oscillation originates from a
magnon or phonon excited by the spin current, although a frequency of 0.9THz is
highly atypical for a ferromagnet.

5.4.1 Temperature, fluence and field dependence

To gain further insight into the origin of the observed oscillations, measurements
are performed in dependence of the sample temperature, the pump fluence and the
magnetic field. The measurements are conducted with the pump photon energy
set to ℏ𝜔 < 𝐸g. The results from the magnetic field dependence are shown in
figure 5.9 (a). The measurements are performed at 𝑇 = 5K with a pump fluence
of 0.5mJ/cm². Varying the magnetic field between 𝐵 = 0.5T and 𝐵 = 3.5T does
not induce changes in the frequency of the oscillations, as indicated by the vertical
lines placed at different peak positions at fixed delays. The only observable effect
of reducing the magnetic field is a reduction of the measured Δ𝜃K. This is due
to reduced polar magnetization components of EuO and Co when the field is not

55



5 Time-resolved characterization

sufficiently large to induce a parallel alignment along the hard anisotropy axis of
the bilayer. The independence of the frequency from the magnetic field suggests
that the oscillation does not originate from a magnon mode.

Figure 5.9: Time-resolved MOKE measurements performed in the polar configu-
ration on the EuO/Co bilayer in dependence of a) the applied magnetic field, b)
the pump fluence and c) the sample temperature. The pump photon energy is set
to ℏ𝜔 < 𝐸g. The used parameters for the pump fluence, the magnetic field and
the temperature are given in the respective figure. The inset in c) shows a zoom-in
for delays ranging from 0.5 ps to 3.5 ps to better visualize the varied behavior
for increasing temperatures. d) shows the variation of the oscillation frequency
in dependence of the sample temperature. The frequency is extracted from the
pump-probe traces shown in c) with the fit function described in equation 5.1

The results of the pump fluence dependence performed at 𝑇 = 5K are shown
in figure 5.9 (b). Increasing the fluence from 1mJ/cm² up to 20mJ/cm² gradually
decreases Δ𝜃K at the Co demagnetization peak at a delay of Δ𝑡 = 0.8ps, i.e.,
increasing the fluence leads to a stronger demagnetization of the transition metal.
Similar to the behavior observed in figure 5.7, the transient rotation at Δ𝑡 > 0.8 ps
increases up to 10mJ/cm² and decreases for higher values. This behavior, which is
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attributed to the demagnetization of the bilayer exceeding the EuO magnetization
enhancement, also occurs in the amplitude of the oscillations. It increases up to
4mJ/cm², but decreases for 𝐹 > 15mJ/cm2. This can bee seen for example at a
delay of Δ𝑡 = 1.8 ps. However, the frequency of the oscillations does not depend on
the pump fluence, as indicated by the vertical lines placed at different peak positions
at fixed delays.

A more drastic change in the ultrafast behavior occurs in the temperature de-
pendence shown in figure 5.9 (c). The measurements are performed with a pump
fluence of 20mJ/cm². Upon increasing the temperature, the Co demagnetization
peak shrinks significantly and appears already at Δ𝑡 = 0.5 ps for 𝑇 ≥ 40K, earlier
than for 𝑇 = 5K. In contrast to changing the pump fluence or the applied magnetic
field, varying the temperature also induces changes in the frequency of the observed
oscillations, as indicated by the inset and shown explicitly in figure 5.9 (d). The
frequency increases slightly to 1.1THz at 𝑇 = 40K and decreases again for higher
temperatures to about 0.9THz, similar to the value observed at 𝑇 = 5K. The value
of the frequency is extracted from the data with a fit using the function

𝑓(𝑡) = 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ e−𝑑⋅𝑡⏟⏟⏟⏟⏟⏟⏟
Background

+ 𝑒 ⋅ cos (2𝜋 ⋅ 𝑓 ⋅ 𝑡 + 𝑔)e−ℎ⋅𝑡⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Oscillations

. (5.1)

The parameters 𝑎 up to 𝑑 describe the linear and exponential background present
in the respective pump-probe trace. The remaining parameters describe different
properties of the oscillations, namely the amplitude 𝑒, the frequency 𝑓, the phase 𝑔
and the lifetime ℎ [168].

The oscillation persists at least up to 200K, although with greatly reduced amplitude.
The shift to positive values of the transient rotation occurring simultaneously with
the oscillation is most pronounced at 5K and decreases with increasing temperature,
but is present for all studied temperatures. Due to the reduced magnetic order of
EuO upon increasing the temperature, the magnetization enhancement decreases,
as observed in figure 5.4 and 5.6. It does not vanish above the bulk EuO Curie tem-
perature because the photoinduced magnetic polaron may induce a spin polarization
even above 𝑇C, as shown for the EuO reference sample in figure 5.4 (a). Since the
studied temperature range is well below the magnetic ordering temperature of Co,
the changed behavior observed for increasing the temperature up to 200K is most
likely related to the reduced magnetic order of EuO.

5.5 Discussion

Time-resolved MOKE measurements have been performed on the EuO reference
sample and on the EuO/Co bilayer to study the changes in the EuO spin dynamics
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induced by the proximity to Co. By tuning the pump photon energy from above
(ℏ𝜔 > 𝐸g) to below (ℏ𝜔 < 𝐸g) the EuO band gap, the influence of Co on the spin
dynamics can be isolated. The transition metal experiences an ultrafast demagne-
tization within hundreds of femtoseconds and relaxes to the ground state within
several picoseconds when photoexcited [202, 221–223]. EuO, on the other hand,
undergoes a magnetization enhancement within tens of picoseconds, as described
in literature [44] and confirmed by the presented measurements. Occupying the
5d conduction band with 4f electrons strengthens the ferromagnetic f-f exchange
interaction between neighboring ions, which relies on virtual excitations to the 5d
band in the ground state. The photoexcited 5d electrons form magnetic polarons
and can polarize nearby 4f electrons, further strengthening the ferromagnetic order
of EuO. On a longer timescale of several hundred picoseconds, EuO is expected to
demagnetize, due to a thermal equilibration of the 4f and the hot 5d electrons [44].
As shown in figure 5.4 (a), the magnetization enhancement is strongly dependent
on the temperature. However, it does not vanish at the EuO bulk 𝑇C, because
the photoinduced magnetic polarons can polarize nearby electrons even above the
magnetic ordering temperature.

Our experiments show that the EuO magnetization enhancement also occurs in
the EuO/Co bilayer, even when only the Co layer is photoexcited (ℏ𝜔 < 𝐸g).
This unexpected behavior is explained by the generation of a superdiffusive spin
current of majority electrons by the ultrafast demagnetization of Co. It propagates
toward the EuO layer and populates the unoccupied 5d band to form the magnetic
polarons responsible for the magnetization enhancement of the rare earth oxide.
This process is possible, because the magnetizations of EuO and Co are in a forced
parallel alignment along the magnetic field direction. Time-resolved measurements
examining the ultrafast behavior of the EuO/Co bilayer show the demagnetization
peak of Co, followed by oscillations with a frequency of about 1THz. During these
oscillations, the (indirect) magnetization enhancement of EuO is established for an
excitation below the EuO band gap (ℏ𝜔 < 𝐸g). The oscillations are also present
for a photoexcitation with ℏ𝜔 > 𝐸g, but they are greatly exceeded by the onset of
the EuO (direct) magnetization enhancement, since the rare earth oxide is directly
photoexcited. Due to the different oscillatory behavior of Δ𝜃K for different excitation
conditions, their origin can be ascribed to the superdiffusive spin current. However,
it is unclear why this spin current would induce oscillations in the measured transient
Kerr rotation. Magnetic field dependent measurements confirm that the oscillations
do not originate from an excited magnon mode, as the frequency is independent
of the applied field. Only by increasing the temperature, the frequency of the
oscillations can be modified, as shown in figure 5.9. This suggests that they are
related to the magnetic order of EuO, as the spin dynamics of Co should not be
affected in this temperature range since it is far from its 𝑇C. The oscillations could
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be related to a phonon or the magnetic coupling between the two layers, but this
remains unclear.

The transient behavior of EuO and Co is expected to appear on different timescales,
as the magnetization enhancement and subsequent demagnetization of EuO is
reported to exceed several hundred picoseconds [44]. By examining the spin dynamics
of the EuO/Co bilayer on long timescales, the transient contributions of both
layers can be disentangled. This opens up the possibility to find evidence for an
increased 𝑇C of EuO, since only the rare earth oxide is expected to have a transient
response for Δ𝑡 ≥ 100 ps. Temperature-dependent measurements show a long-lasting
demagnetization of the bilayer for at least up to 𝑇 = 200K, which is not present in
the EuO reference sample. This could be a hint of an increased Curie temperature
of EuO due to the proximity to Co, but it could also originate from a long-lasting
thermal demagnetization of the transition metal. The latter would be highly atypical,
but possible, since the Co layer is interfaced to two insulators without any heat
sinks. Furthermore, since EuO shows a transient signal even above its 𝑇C, it is
difficult to distinguish between a signal originating from magnetic polarons and
from the proximity to Co. An approach to differentiate these two possible origins of
a transient signal of EuO above its 𝑇C is to perform transient hysteresis loops, i.e.,
pump-probe measurements performed at a fixed delay in dependence of the applied
magnetic field. As only a long-range magnetic order is expected to give rise to a
magnetic hysteresis, it cannot originate from the photoinduced magnetic polarons.
Even though they can form such a magnetically ordered state in the EuO layer, it is
only transient and disappears as the sample relaxes to the ground state after each
pulse.
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The EuO/Co bilayer is further investigated by measuring transient hysteresis loops,
i.e., pump-probe measurements at a fixed delay as a function of the applied magnetic
field. This kind of measurement can provide an additional insight into the spin
dynamics of the two layers, as well as a possible increase of the magnetic ordering
temperature of EuO induced by the proximity to Co. As mentioned in section 3.5,
the employed P-MOKE pump-probe setup utilizes an electro-optical modulator that
can be set to block every second pulse of the pump beam. In combination with
the used digitizer card, this allows for the simultaneous acquisition of the Kerr
rotation of the equilibrium magnetization 𝜃K and the Kerr rotation of the excited
state 𝜃K + Δ𝜃K. The transient Kerr rotation Δ𝜃K can be isolated by taking the
difference of these two quantities. It is proportional to the pump-induced changes
of the magnetization component oriented perpendicularly to the sample surface
due to the polar measurement geometry of the setup. An example of the data
analysis is shown in figure 6.1 (a) and (b) for a pump-probe measurement as a
function of the delay and the magnetic field, respectively. The measured transient
response (𝜃K + Δ𝜃K) is plotted in red, the static signal (𝜃K) in blue and their
difference, the isolated transient Kerr rotation (Δ𝜃K) in black.

The isolation of Δ𝜃K offers different advantages for pump-probe measurements
performed in dependence of the delay and the applied magnetic field. Since the
former are generally performed with a static magnetic field, the signal acquired from
the equilibrium magnetization 𝜃K is small and, neglecting accumulated heat, static.
However, electronic noise may induce artifacts in 𝜃K, which are also observable in
the excited state 𝜃K + Δ𝜃K, as shown by the blue and red trace in figure 6.1 (a).
By applying the modulation to isolate Δ𝜃K, the signal-to-noise ratio can be greatly
improved, as demonstrated by the black trace. The advantage of the employed
modulation is even more important for the transient hysteresis measurements.
Since both the equilibrium magnetization 𝑀 and the pump-induced change of the
magnetization Δ𝑀 vary with the magnetic field, Δ𝜃K is small compared to the static
signal 𝜃K. As shown in figure 6.1 (b), the measured static and transient signals 𝜃K
and 𝜃K + Δ𝜃K are nearly identical. Only by taking their difference, i.e., by applying
the modulation, can the transient Kerr rotation Δ𝜃K be accessed and made visible.
Since the signal of this transient rotation is about 10 times weaker in amplitude in
this example, it is additionally plotted in gray with a separate scale to emphasize
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Figure 6.1: Schematic visualization of the employed modulation to isolate the
transient Kerr rotation Δ𝜃K for pump-probe measurements performed in depen-
dence of a) the delay and b) the applied magnetic field. The latter is called transient
hysteresis within this thesis. The static Kerr rotation 𝜃K is shown in blue, the
transient response of the sample Δ𝜃K + 𝜃K in red and the isolated transient Kerr
rotation Δ𝜃K in black. In b), Δ𝜃K is plotted additionally in gray with a separate
y-scale to emphasize its shape.

its different shape. For the estimation of transient hysteresis loops, the procedure
for removing the background from the static hysteresis data described in section 4.2
is not applied.

6.1 Behavior of transient hysteresis loops

Transient hysteresis loops are not as commonly presented as conventional time-
resolved measurements at a fixed magnetic field. The variation of the magnetic
field can give rise to complicated shapes of the transient rotation, so their possible
behavior and the information they can provide must first be discussed. In the
simplest case of a single ferromagnetic layer, a negative transient rotation Δ𝜃𝐾 at
the positive saturation magnetization indicates a reduced magnetic order and thus
a demagnetization. Positive values of Δ𝜃K can be attributed to an increase of the
magnetization. The magnetization enhancement and demagnetization observable
in transient hysteresis loops are schematically shown in figure 6.2 in green and
red, respectively. The full response of the system (𝜃K + Δ𝜃K) is depicted on the
left, and the transient hysteresis, i.e., the isolated transient response (Δ𝜃K), on the
right. Photoexcitation can strengthen or weaken the magnetic order, leading to
a larger (Δ𝜃K > 0) or smaller (Δ𝜃K < 0) Kerr rotation with respect to the static
hysteresis shown in blue (Δ𝜃K = 0). The transient hysteresis of a magnetization
enhancement is a hysteresis loop with the same orientation as the static hysteresis
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loop. A demagnetization, on the other hand, will show an inverted hysteresis,
since Δ𝜃K is negative. The magnitudes of the magnetization enhancement and the
demagnetization are arbitrary in this example. Typically, ferromagnets experience
a demagnetization upon photoexcitation (Δ𝜃K < 0) [169–174, 202], with a few
exceptions like the semiconductors EuO and EuS, which exhibit an enhancement of
the magnetization (Δ𝜃K > 0) [44, 224, 228], as discussed in chapter 5.

Figure 6.2: Schematic illustration of a magnetization enhancement (green) and
a demagnetization (red) observable in transient hysteresis loops. The complete
response of the system (𝜃K + Δ𝜃K) is shown on the left, the transient hysteresis
loop, i.e., the isolated transient response (Δ𝜃K), on the right. The static hystere-
sis (Δ𝜃K = 0) is shown in blue. For a magnetization enhancement, the transient
response is positive, leading to a larger hysteresis, and vice versa for a demagneti-
zation. The transient hysteresis for the former shows a hysteresis with the same
orientation as the static hysteresis, the one from the demagnetization is inverted.

6.1.1 EuO/Co bilayer

The behavior of the transient hysteresis loops becomes more complicated for the
EuO/Co bilayer, since the two materials are antiferromagnetically coupled in the
ground state and exhibit distinctly different spin dynamics. In addition, the ori-
entation of their separate magnetizations with respect to the applied magnetic
field can vary due to different intrinsic magnetic anisotropies of the two layers.
Performing transient hysteresis loops at different time delays provides the possibility
to disentangle the magnetic contributions to the transient rotation Δ𝜃K by utilizing
the different characteristic timescales of the spin dynamics. As discussed in the
previous chapter, photoexcitation of Co induces an ultrafast demagnetization with a
subsequent remagnetization within a few picoseconds [169]. EuO, on the other hand,
experiences an enhancement of its magnetization on a short timescale of a few tens
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of picoseconds [44]. On a longer timescale of several hundreds of picoseconds, the
EuO/Co bilayer undergoes a thermal demagnetization. It might originate from a
long-lasting thermal demagnetization of the Co layer due to being interfaced to two
insulators without heat sinks. An example of two transient hysteresis loops recorded
at 𝑇 = 5K at a short delay of Δ𝑡 = 6 ps and a long delay of Δ𝑡 = 2000 ps are shown
in figure 6.3 (a) and (b), respectively. The pump photon energy is varied between
0.83 eV (ℏ𝜔 < 𝐸g, red trace) and 1.65 eV (ℏ𝜔 > 𝐸g, blue trace) with a fluence of
2mJ/cm² to excite the sample below and above the EuO band gap, respectively.
The corresponding background-corrected static hysteresis loop is depicted in gray
with a separate y-scale. Due to the strong in-plane anisotropy of the EuO/Co
bilayer, both the static and the transient hysteresis show no coercivity, i.e., they
have no opening around zero field.

Figure 6.3: Examples for transient hysteresis loops recorded at 𝑇 = 5K for a
fixed time delay of a) Δ𝑡 = 6 ps and b) Δ𝑡 = 2000 ps. The blue and red trace
correspond to a pump photon energy of ℏ𝜔 > 𝐸g and ℏ𝜔 < 𝐸g, respectively, with
a fluence of 2mJ/cm². The corresponding static hysteresis loop is shown in gray.

Behavior at a short delay

At a short delay of Δ𝑡 = 6 ps (see figure 6.3 (a)), the transient rotation is positive for
positive magnetic fields for both pump photon energies and vice versa for negative
fields. This indicates the expected photoinduced EuO magnetization enhancement
that exceeds the demagnetization of the Co layer: |Δ𝑀EuO| > |Δ𝑀Co|. The
transient rotation gradually increases with the magnetic field up to 𝐵 = ± 2T,
where the measured signal reaches a plateau. This behavior is similar to that of
the static hysteresis loop, which shows a linear increase of the Kerr rotation 𝜃K
up to magnetic field values of about 𝐵 = 2.4T, where it also reaches a plateau,
namely the saturation magnetization. Note that the description of the transient
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hysteresis loops will be limited to the positive magnetic fields, because the behavior
is identical for negative fields. As discussed in section 4.2, the shape of the static
hysteresis loop corresponds to the rotation of the magnetization of EuO (𝑀EuO) and
Co (𝑀Co) from an antiparallel in-plane ground state to a forced parallel alignment
along the magnetic field direction at saturation magnetization. Since the transient
hysteresis loops follow the trend of the static hysteresis, it can be concluded that
the pump-induced changes of the magnetization have a longitudinal character, i.e.,
Δ𝑀EuO and Δ𝑀Co are parallel to 𝑀EuO and 𝑀Co, respectively.

The main difference between the two transient hysteresis loops in figure 6.3 (a) is
the slope of Δ𝜃K for 𝐵 < 1T. For a photoexcitation with ℏ𝜔 > 𝐸g the slope is
relatively large, even at the remanence, while for a photoexcitation with ℏ𝜔 < 𝐸g
it is significantly smaller and increases only gradually for larger magnetic fields.
The different behavior of the slopes of the transient rotation is attributed to the
different excitation processes of EuO. When the rare earth oxide is directly pho-
toexcited (ℏ𝜔 > 𝐸g), the magnetization enhancement process is independent of the
magnetic field, because it does not rely on the coupling to the Co layer. This results
in a large slope of Δ𝜃K even for small magnetic fields, reflecting the increase of
the polar component of the EuO magnetization with an increasing magnetic field.
For a photoexcitation of the EuO/Co bilayer below the EuO band gap (ℏ𝜔 < 𝐸g)
on the other hand, the magnetization enhancement can only occur as an indirect
process. It relies on the generation of a superdiffusive spin current of majority
electrons in the transition metal upon demagnetization. This process, described
in detail in section 5.1, is expected to appear independent of the pump photon
energy, but requires a parallel alignment of the two magnetizations 𝑀EuO and 𝑀Co.
It thus becomes more efficient for increasing magnetic fields, as can be seen from
the increasing slope of Δ𝜃K in both traces in figure 6.3 (a) for magnetic fields above
1.5T.

Interestingly, the slope for small magnetic fields is not zero for a photoexcitation with
ℏ𝜔 < 𝐸g, but finite, even though the magnetizations of the two layers are expeceted
to be aligned antiparallel to each other. In this configuration, hardly any majority
electrons should be able to populate the EuO 5d band, since it is spin-split by
0.6 eV [100]. As described in section 3.4.2, the superdiffusive spin current generated
when Co is demagnetized generally has a mixed character consisting of majority and
minority electrons. The still present finite slope of Δ𝜃K can therefore be attributed
to minority electrons populating majority states of the EuO 5d band, a process only
allowed for small magnetic fields due to the antiparallel coupling of the two layers.
Since minority electrons have a short lifetime compared to majority electrons [190],
only a small number of them propagate toward the EuO layer. The thereby induced
magnetization enhancement is rather weak, resulting in a small slope of Δ𝜃K. As
the magnetic field increases, the angle between 𝑀Co and 𝑀EuO becomes smaller,
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allowing majority electrons of Co to populate majority states of the EuO 5d band.
This leads to a stronger magnetization enhancement of the rare earth oxide and
thus to a larger slope of Δ𝜃K.

Behavior at a long delay

The transient hysteresis loops recorded at a delay of Δ𝑡 = 2000 ps are depicted
in figure 6.3 (b). They show a distinctly different behavior than those measured
at Δ𝑡 = 6 ps. As discussed in chapter 5, a long-lasting thermal demagnetization
attributed to the Co layer exceeds the EuO magnetization enhancement at long
delays, resulting in a negative transient rotation (|Δ𝑀Co| > |Δ𝑀EuO|). Surprisingly,
this is only the case for magnetic field values above a critical field threshold of
𝐵Crit ≈ 2.7T, nearly independent of the pump photon energy. For smaller fields, the
transient rotation is positive, and increases with the field up to a peak at 𝐵 = 1.9T,
before decreasing and changing sign as the critical field is passed. Above an applied
field of 3T, the transient rotation reaches a plateau, again due to the saturation
magnetization of the EuO/Co bilayer.

The positive transient rotation for 𝐵 < 𝐵Crit corresponds to the EuO magnetiza-
tion enhancement exceeding the thermal demagnetization (|Δ𝑀Co| < |Δ𝑀EuO|),
even after a long delay of 2000 ps. This can be understood as an effect of the
different magnitude of the magnetic anisotropies of the two layers. As shown by
the static hysteresis measurements in figures 4.3 (b) and 4.4 (b), EuO reaches its
saturation magnetization at smaller magnetic fields than Co. This means that
for 𝐵 < 𝐵Saturation, the angle between 𝑀EuO and the external field is smaller than
between 𝑀Co and the field. Due to the longitudinal nature of the pump-induced
variation of the magnetization, this behavior can also be ascribed to Δ𝑀EuO and
Δ𝑀Co, and their respective angle to the magnetic field. Consequently, even though
|Δ𝑀Co| > |Δ𝑀EuO| is true, independent of the magnetic field, the polar component
of the transient EuO magnetization can exceed that from the Co layer up to 𝐵Crit,
thus providing a positive transient rotation. This behavior is schematically explained
in figure 6.4. It does not appear for transient hysteresis loops recorded at a short
delay, because |Δ𝑀EuO| greatly exceeds |Δ𝑀Co|.

6.1.2 Structure of this chapter

To gain further insight into the behavior of the transient hysteresis loops, and thus
the spin dynamics of the sample system, measurements are performed in dependence
of the sample temperature, the pump fluence and the delay. First, the measurements
performed with a pump photon energy of ℏ𝜔 > 𝐸g are discussed in section 6.2,
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Figure 6.4: Schematic illustration of the rotation of the magnetizations and their
transient components of the EuO and Co layer in respect to the magnetic field 𝐵ext.
Δ𝑀EuO is an enhancement of the static EuO magnetization 𝑀EuO, and is therefore
parallel to it. Δ𝑀Co, on the other hand, originates from a demagnetization of
Co, resulting in an antiparallel alignment to 𝑀Co. Even though |Δ𝑀Co| exceeds
|Δ𝑀EuO|, the transient polar component from EuO might exceed the one from Co
up to a critical field due to the different magnetic anisotropies of the two layers.
Since the P-MOKE geometry is only sensitive to the polar component, this can
lead to a positive transient rotation even at long delays. The figure is adapted
from reference [54].

followed by the results for a pump photon energy of ℏ𝜔 > 𝐸g discussed in section 6.3.
The pump photon energy is varied to selectively excite both layers and only the Co
layer. An additional set of high fluence measurements is performed with a pump
photon energy of ℏ𝜔 > 𝐸g in dependence of the delay and sample temperature
to explore the origin of the oscillations observed in section 5.4. Besides providing
information on the spin dynamics of the EuO/Co bilayer, the conducted transient
hysteresis loops will reveal any increase of the Curie temperature of EuO due to its
proximity and magnetic coupling to Co.

6.2 Transient hysteresis loops for ℏ𝜔 > 𝐸g

The results of the transient hysteresis measurements performed in dependence of
the delay, the sample temperature and the pump fluence with the pump photon
energy set to 1.65 eV (ℏ𝜔 > 𝐸g) are discussed in this section. The probe photon
energy is set to 1.55 eV with a negligible fluence of 𝐹 < 10 µJ/cm² to avoid a further
excitation of the sample. A magnetic field of up to ± 3.5T is applied perpendicular
to the sample surface. The measurements are conducted with the pump-probe
P-MOKE setup described in section 3.5
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6.2.1 Delay dependence

Transient hysteresis loops recorded at 𝑇 = 5K in dependence of the delay are
depicted in figure 6.5 (a). The pump photon energy is set to ℏ𝜔 > 𝐸g with a
fluence of 10mJ/cm². The delay is gradually increased from -20 ps up to 2000 ps, as
visualized by the equally colored vertical bars in the time-resolved trace shown in
figure 6.5 (b). The measurements are conducted using the same parameters and a
static magnetic field of 3.5T applied along the hard axis.

Figure 6.5: a) Transient hysteresis loops recorded on the EuO/Co bilayer in the
P-MOKE geometry at 𝑇 = 5K in dependence of the delay. The pump photon
energy is set to ℏ𝜔 > 𝐸g with a fluence of 10mJ/cm². The delay is gradually
increased from -20 ps up to 2000 ps. It is visualized by the equally colored vertical
bars in b), where a corresponding time-resolved measurement is shown, captured
with the same parameters and a field of 3.5T applied perpendicular to the sample
surface.

The shape of the transient hysteresis loops recorded for positive delays of up to 300 ps
resembles the shape discussed for figure 6.3 (a) with a positive transient rotation up to
the saturation magnetization. This behavior is explained by the EuO magnetization
enhancement exceeding the thermal demagnetization of Co (|Δ𝑀Co| < |Δ𝑀EuO|).
By further increasing the delay, a local maximum of the transient rotation appears
at 𝐵 ≈ 2T. Above this magnetic field threshold, the measured Δ𝜃K decreases,
indicating that either the transient contribution of the thermal demagnetization
increases, or that of the magnetization enhancement decreases. A combination of
both processes is also possible. The position of this peak shifts to smaller field values,
down to 𝐵 = 1.6T at Δ𝑡 = 2000 ps, as the delay is increased. In addition, the
subsequent decrease of Δ𝜃K becomes gradually stronger, leading to negative values
at the saturation magnetization upon passing a delay of about 1100 ps. Starting
from this delay, the long-lasting demagnetization exceeds the EuO magnetization
enhancement (|Δ𝑀Co| > |Δ𝑀EuO|) when passing a critical field 𝐵Crit. Generally, the
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transient hysteresis loops recorded in dependence of the delay show the decreasing
EuO magnetization enhancement and increasing thermal demagnetization of the
Co layer for increasing delays. Thus, they illustrate the transition between the two
blue-colored transient hysteresis loops discussed in figure 6.3 (a) and (b).

An additional transient hysteresis loop recorded at a negative delay of Δ𝜃K = -20 ps,
i.e., before zero delay, unexpectedly also shows a non-zero signal. Its shape is similar
to that measured at long delays, but mirrored along the x-axis. The transient
rotation is negative at small magnetic fields and becomes positive only when a
critical field is passed. This shape is surprising, but might be related to a long
demagnetization time of the bilayer, which appears to exceed 5 µs due to the 200 kHz
repetition rate of the setup. In literature, even longer spin dynamics have been
reported for Co/Pt multilayers, where a signal was observed after up to 5ms [240].

6.2.2 Fluence dependence

Pump fluence-dependent transient hysteresis loops recorded at Δ𝑡 = 6 ps and
Δ𝑡 = 2000 ps are shown in figure 6.6 (a) and (b), respectively. The photon energy of
the pump beam is set to 1.65 eV (ℏ𝜔 > 𝐸g) and the fluence is varied from 2mJ/cm²
to 25mJ/cm². The measurements are performed at 𝑇 = 5K.

Figure 6.6: Transient hysteresis loops recorded at 𝑇 = 5K in dependence of the
pump fluence at a) a short delay of Δ𝑡 = 6 ps and b) a long delay of Δ𝑡 = 2000 ps.
The pump photon energy is set to ℏ𝜔 > 𝐸g. The inset in a) shows a zoom-in
around zero magnetic field for the measurements performed with 𝐹 = 10mJ/cm²
and 𝐹 = 25mJ/cm². Inset I in b) shows the reduction of the critical field 𝐵Crit for
increasing fluences 𝐹. Inset II in b) shows a zoom-in for small magnetic fields for
the 25mJ/cm² measurement.
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Fluence-dependent behavior at a short delay

The transient hysteresis loop recorded at a short delay of Δ𝑡 = 6 ps with a fluence
of 2mJ/cm² resembles the blue trace discussed in figure 6.3 (a). It shows a positive
transient rotation up to the saturation magnetization, i.e., the EuO magnetization
enhancement is the dominant transient contribution. Increasing the fluence to
10mJ/cm² increases the slope of Δ𝜃K and also the measured signal at the saturation
magnetization. This increase is due to a stronger photoexcitation of EuO, leading to
a greater magnetization enhancement. Similar to the time-resolved measurements
discussed in section 5.3, increasing the pump fluence above 10mJ/cm² does not
further increase the transient signal at the saturation magnetization, but rather
reduces it. The accumulated heat in the sample scales with the fluence, resulting in
stronger demagnetization that effectively reduces the measured transient rotation.

Interestingly, for fluences of 𝐹 ≥ 20mJ/cm2, the transient hysteresis loops show
an opening around zero magnetic field, i.e., the hysteresis has a small coercivity.
This can be seen in the inset of figure 6.6 (a), which shows a zoom-in of the
measurements conducted with a fluence of 10mJ/cm² and 25mJ/cm². For a better
visualization, the latter is slightly shifted along the y-axis. Considering that the
magnetic hysteresis of Co measured along the hard anisotropy axis is not reported
to show a coercivity [202], this signal is attributed to the EuO layer. By strongly
quenching the Co magnetization, i.e., by using a high fluence pump beam, the
in-plane anisotropy of the sample is reduced, as indicated by the reduced magnetic
field required to reach the saturation magnetization. While for 𝐹 ≤ 10mJ/cm2 a
magnetic field of 𝐵 ≈ 2.3T is necessary to achieve saturation magnetization, for
𝐹 ≥ 20mJ/cm2 the field is reduced to 𝐵 ≈ 1.6T. This decrease of the in-plane
anisotropy allows the detection of the magnetic hysteresis of the underlying rare
earth oxide in the EuO/Co bilayer, even in the out-of-plane geometry. Note that the
emerging hysteresis is unlikely to originate from the photoinduced magnetic polarons
responsible for the EuO magnetization enhancement. Even though they can form a
long-range magnetic order in the ferromagnetic semiconductor, it is transient and
disappears after each pulse as the sample relaxes to the ground state. Therefore,
the magnetic polarons cannot be the origin of the hysteresis. Instead, the observed
behavior is attributed to the static magnetization of EuO. Its contribution to the
Kerr rotation is only accessible in the transient signal due to the strong quenching
of the Co magnetization.
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Fluence-dependent behavior at a long delay

The transient hysteresis loops recorded at a long delay of Δ𝑡 = 2000 ps are shown in
figure 6.6 (b). The pump fluence is again varied between 2mJ/cm² and 25mJ/cm².
Similar to the blue trace discussed in figure 6.3 (b), for 𝐹 = 2mJ/cm2, Δ𝜃K is
positive and gradually increases with the field up to a peak at 𝐵 = 2T. For larger
fields, the transient rotation decreases and becomes negative above a critical field of
2.7T. This behavior is attributed to different rotation rates of the two magnetization
vectors in the EuO/Co bilayer with respect to the magnetic field as a result of different
magnetic anisotropies of the two layers, as schematically shown in figure 6.4.

Similar to increasing the delay (see figure 6.5), increasing the pump fluence at
Δ𝑡 = 2000 ps reduces the critical field at which the measured transient rotation
changes its sign. While for 𝐹 = 2mJ/cm2 the critical field is 𝐵Crit = 2.7T, for a
larger fluence of 𝐹 = 25mJ/cm2 it is significantly reduced to 𝐵Crit = 0.9T. This
is visualized by the inset in figure 6.6 (b), which is marked with I. In addition,
the negative transient rotation at the saturation magnetization increases with the
fluence. Both effects arise from an increasingly strong thermal demagnetization
of Co induced by the amplified heat accumulation in the Co layer. This negative
transient contribution can exceed the positive contribution to Δ𝜃K, the photoinduced
EuO magnetization enhancement, even at gradually decreasing magnetic fields for
an increasing fluence. Similar to the measurements performed at Δ𝑡 = 6 ps with
𝐹 ≥ 20mJ/cm2, the transient hysteresis recorded at Δ𝑡 = 2000 ps shows a small
coercivity around zero field in the same fluence range. A close-up of this hysteresis
opening from the measurement conducted with 𝐹 = 25mJ/cm2 is shown in the
inset in figure 6.6 (b), which is marked with II. As explained above, it arises from
the magnetization of the underlying EuO layer and is visible due to the strong
quenching of the Co magnetization.

6.2.3 Temperature dependence

Transient hysteresis loops recorded with high fluences show the promising possibility
of accessing the magnetic hysteresis of EuO in the EuO/Co bilayer by strongly
quenching the Co magnetization and thereby reducing the in-plane anisotropy. To
further investigate this interesting effect and to find evidence for an increased Curie
temperature of the rare earth oxide due to its proximity to the transition metal,
additional measurements are performed in dependence of the sample temperature.
The pump photon energy is again set to 1.65 eV (ℏ𝜔 > 𝐸g) with a fluence of
20mJ/cm². The results for measurements performed at a short delay of Δ𝑡 = 6 ps
and a long delay of Δ𝑡 = 2000ps are shown in figure 6.7 (a) and (b), respectively.
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The temperature is varied in the range from 𝑇 = 5K up to 𝑇 = 70K. As this
temperature range is far from the Curie temperature of Co [60], changes in the
behavior of the transient hysteresis loop most likely originate from the EuO layer.

Figure 6.7: Transient hysteresis loops recorded in dependence of the sample
temperature at a) a short delay of Δ𝑡 = 6ps and b) a long delay of Δ𝑡 = 2000 ps.
The pump photon energy is set to ℏ𝜔 > 𝐸g with a fluence of 20mJ/cm².

Temperature-dependent behavior at a short delay

At a delay of Δ𝑡 = 6 ps, the opening of the hysteresis is clearly visible at 𝑇 = 5K,
but it almost completely disappears at 𝑇 = 40K. Increasing the temperature to
this value also greatly changes the shape of the transient hysteresis loop. A critical
field appears at 𝐵Crit = 0.8T, and upon passing this threshold, the previously
positive transient rotation becomes negative, similar to measurements performed
at a longer delay. In addition, the magnitude of the measured transient rotation
is greatly reduced. For 𝑇 = 50K, below the bulk Curie temperature of EuO, no
trace of the residual magnetization of the rare earth oxide is visible anymore. There
is no opening of the hysteresis, nor positive values of Δ𝜃K for positive magnetic
fields, which would indicate a contribution to the signal from the photoinduced
magnetization enhancement of EuO. Instead, the transient rotation is negative for
all positive magnetic field values indicating that the Co demagnetization exceeds
any residual signal from EuO due to the increased temperature. It is surprising
that the signal of the rare earth oxide vanishes almost 20K below its bulk Curie
temperature, but it can be attributed to the direct photoexcitation with a high
fluence pump beam. The temperature of the 5d EuO electrons rises sharply, leading
to a rapid increase of the 4f electron temperature, which effectively suppresses the
EuO magnetization. Similar measurements performed with a pump photon energy
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set to ℏ𝜔 < 𝐸g might avoid this obstacle. The photoexcitation of EuO is not a
direct process in this case, but occurs on a longer timescale of a few picoseconds
after the demagnetization of the Co layer, as discussed in section 5.4.

Temperature-dependent behavior at a long delay

A similar behavior can be observed in the transient hysteresis loops recorded at a
delay of Δ𝑡 = 2000 ps, depicted in figure 6.7 (b). The transient contribution from
EuO is only visible at 𝑇 = 5K, indicated by the positive transient rotation for
𝐵 ≤ 1T and the presence of a critical field at 𝐵Crit = 1.6T. For 𝑇 ≥ 40K, Δ𝜃K is
negative for all positive magnetic field values, indicating that the transient signal
is dominated by the thermal demagnetization of Co. The shape of the transient
hysteresis changes slightly for increasing temperatures above 40K with a decreasing
slope of Δ𝜃K for 𝐵 < 1.5T. The origin of this effect is unknown, but it might be
related to a residual magnetization of EuO at 𝑇 = 40K, which gradually decreases
upon increasing the temperature.

6.3 Transient hysteresis loops for ℏ𝜔 < 𝐸g

This section discusses the results of the transient hysteresis measurements performed
in dependence of the delay, the pump fluence, and the sample temperature using a
pump photon energy of 0.83 eV (ℏ𝜔 < 𝐸g) to excite only the Co layer. As discussed in
section 5.1.2, the magnetization enhancement of the EuO layer is indirectly induced
by a superdiffusive spin current generated by the ultrafast demagnetization of Co.
The probe photon energy is set to 1.55 eV with a negligible fluence of 𝐹 < 10 µJ/cm².
A magnetic field of up to ±3.5T is applied perpendicular to the sample surface. The
measurements are again conducted with the pump-probe P-MOKE setup described
in section 3.5. Due to experimental limitations with the employed pump photon
energy, a maximum fluence of 5mJ/cm² could be achieved. Larger values of up
to 20mJ/cm² were only possible for the measurements discussed in section 6.3.4.
These high fluence measurements are performed to study the oscillations observed
in the ultrafast spin dynamics of the EuO/Co bilayer.

6.3.1 Delay dependence

Transient hysteresis loops recorded at 𝑇 = 5K for increasing delays ranging from
6ps to 2000 ps are depicted in figure 6.8 (a). The pump photon energy is set to
0.83 eV (ℏ𝜔 < 𝐸g) with a fluence of 5mJ/cm². Figure 6.8 (b) shows a time-resolved
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trace measured using the same parameters and a magnetic field of 3.5T applied
perpendicular to the surface.

Figure 6.8: a) Transient hysteresis loops recorded on the EuO/Co bilayer in the
P-MOKE geometry at 𝑇 = 5K in dependence of the delay. The pump photon
energy is set to ℏ𝜔 < 𝐸g with a fluence of 5mJ/cm². The delay is gradually
increased from 6ps up to 2000 ps. It is visualized by the equally colored vertical
bars in b), where a corresponding time-resolved trace is shown, captured with the
same parameters and a field of 3.5T applied perpendicular to the sample surface.
a) is adapted from reference [54].

The behavior of the delay-dependent transient hysteresis loops recorded with
ℏ𝜔 < 𝐸g is consistent with that for a pump photon energy set to ℏ𝜔 > 𝐸g, as
discussed in section 6.2.1. For Δ𝑡 = 6ps, the transient rotation is positive and
increases up to a plateau, which corresponds to the saturation magnetization. At
an increased delay of Δ𝑡 = 83 ps, a maximum of Δ𝜃K appears at 𝐵 = 2T, and
upon passing it, the transient rotation decreases. This magnetic field threshold
gradually decreases to lower values with an increasing delay, and simultaneously,
the subsequent decrease of Δ𝜃K strongly increases. For larger delays of at least
Δ𝑡 ≥ 800 ps, a critical field 𝐵Crit appears, at which the transient rotation changes
its sign. This change in sign of Δ𝜃K is due to the polar component of the thermal
demagnetization of Co exceeding that of the EuO magnetization enhancement,
as described in figure 6.4. The time-resolved trace shown in figure 6.8 (b) shows
a smaller value for crossing zero, which might arise from small variations in the
temperature or the pump fluence.

A minor deviation compared to the measurements performed with a photoexcitation
of both materials in the EuO/Co bilayer is the height of the transient rotation peak.
Unlike in figure 6.5 (a), for a pump photon energy set to ℏ𝜔 < 𝐸g the peak grows
with an increasing delay. This effect is most likely due to the indirect excitation
of the rare earth oxide with the superdiffusive spin current generated in the Co
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layer, but the exact mechanism remains unclear. As discussed above, the transition
metal thermally demagnetizes on a long timescale of hundreds of picoseconds. By
increasing the delay, more electrons might contribute to the spin current and thus
induce a stronger magnetization enhancement of EuO, leading to a more pronounced
peak at increasing delays.

6.3.2 Fluence dependence

Transient hysteresis measurements performed at 𝑇 = 5K in dependence of the
pump fluence are depicted in figure 6.9 (a) and (b) for a short delay of Δ𝑡 = 6 ps
and a long delay of Δ𝑡 = 2000 ps, respectively. The pump photon energy is set to
0.83 eV (ℏ𝜔 < 𝐸g) with a fluence ranging from 0.5mJ/cm² to 5mJ/cm².

Figure 6.9: Transient hysteresis loops recorded 𝑇 = 5K in dependence of the
pump fluence at a) a short delay of Δ𝑡 = 6 ps and b) a long delay of Δ𝑡 = 2000 ps.
The pump photon energy is set to ℏ𝜔 < 𝐸g. The inset in a) shows a close-up of
the measurement conducted with 𝐹 = 5mJ/cm2 for small magnetic field values.
The opening of the hysteresis is attributed to the static EuO magnetization. b) is
adapted from reference [54].

Fluence-dependent behavior at a short delay

Due to the smaller maximum fluence, the induced changes for increasing fluences
are less pronounced than those discussed in section 6.2.2 for a pump photon energy
of ℏ𝜔 > 𝐸g. Nevertheless, the behavior is similar in the examined fluence range.
The measured Δ𝜃K is positive for all positive magnetic fields, and its slope and
value at the saturation magnetization increase with the fluence. This behavior is
due to the indirect EuO magnetization enhancement becoming more pronounced for
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an increasing fluence. It exceeds the negative contribution to the transient signal
from the thermal Co demagnetization. At 𝐹 = 5mJ/cm2, the transient hysteresis
loop shows a small coercivity, as illustrated by the inset in figure 6.9 (a). This can
again be attributed to the EuO magnetization made visible by quenching the Co
magnetization.

Fluence-dependent behavior at a long delay

As shown in figure 6.9 (b), increasing the fluence at a long delay of Δ𝑡 = 2000 ps has
a similar effect on the shape of the transient hysteresis as increasing the delay. The
peak of Δ𝜃K shifts to lower magnetic fields and its subsequent decrease increases
with an increasing fluence. While for 𝐹 = 0.5mJ/cm2, the transient rotation reaches
its maximum at 𝐵 = 2T, for 𝐹 = 5mJ/cm2 it appears already at 𝐵 = 1.6T. The
critical field appears independently of the fluence, and its position shifts by the
same amount as the shift of the peak of Δ𝜃K. The transient rotation at the peak
increases with both, the fluence and the delay, as shown in figure 6.8. As explained
above, this effect most likely is due to the indirect excitation mechanism of EuO,
since it does not occur for a direct photoexcitation of both layers (ℏ𝜔 > 𝐸g). The
increased thermal demagnetization of Co, either by increasing the fluence or the
delay, appears to amplify the superdiffusive spin current for 𝐵 < 𝐵Crit.

6.3.3 Temperature dependence

Transient hysteresis loops recorded in dependence of the sample temperature are
shown in figure 6.10 (a) for a short delay of Δ𝑡 = 6 ps and in figure 6.10 (b) for a
long delay of Δ𝑡 = 2000 ps. The pump photon energy is set to 0.83 eV (ℏ𝜔 < 𝐸g)
with a fluence of 4mJ/cm². The temperature is gradually increased from 5K up to
70K. Similar to the temperature-dependent measurements discussed in section 6.2.3,
changes in the behavior of the transient hysteresis loops are most likely to originate
from the EuO layer. Since the examined temperature range is far from the 𝑇C of
Co [60], the magnetization of the transition metal is not expected to be affected.

Temperature-dependent behavior at a short delay

For a short delay of Δ𝑡 = 6 ps, increasing the temperature has the opposite effect
on the transient rotation than increasing the fluence (see figure 6.9 (a)). The slope
of Δ𝜃K, and thus its value at the saturation magnetization, decreases with the
temperature. This behavior is attributed to a reduction of the magnetic order of
EuO upon approaching its Curie temperature. Unlike the similar measurements
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Figure 6.10: Transient hysteresis loops recorded in dependence of the sample
temperature at a) a short delay of Δ𝑡 = 6ps and b) a long delay of Δ𝑡 = 2000 ps.
The pump photon energy is set to ℏ𝜔 < 𝐸g with a fluence of 4mJ/cm². b) is
adapted from reference [54].

performed for a pump photon energy of ℏ𝜔 > 𝐸g (see section 6.2.3), Δ𝜃K remains
positive even at 𝑇 = 70K. Since a positive transient signal from the EuO/Co bilayer
is generally attributed to the magnetization enhancement of the rare earth oxide,
this indicates a small signal from EuO even above its bulk Curie temperature, which
exceeds the thermal demagnetization of the Co layer. As discussed in section 5.4, the
photoinduced magnetic polarons responsible for the EuO magnetization enhancement
can induce a polarization of the 4f electrons even above its 𝑇C. Therefore, it cannot
be taken as evidence for an increased magnetic ordering temperature of the rare
earth oxide due to its proximity to Co.

Temperature-dependent behavior at a long delay

Similar to other measurements performed at a long delay of Δ𝑡 = 2000 ps at 𝑇 = 5K,
Δ𝜃K is positive and increases with the field up to a peak, then decreases and changes
its sign after passing a critical field 𝐵Crit. As discussed above, a sign change of the
transient rotation results from a switch in the dominant transient contribution in
the sample system, i.e., when the signal becomes negative, the Co demagnetization
exceeds the EuO magnetization enhancement. The critical field is strongly dependent
on the temperature, and decreases from 𝐵Crit = 2.2T at 𝑇 = 5K to 𝐵Crit = 1.2T
at 𝑇 = 40K. Above this temperature, the transient rotation is negative for all
positive magnetic fields. However, the transient contribution of EuO is still visible
at 𝑇 = 50K as a variation of the slope of Δ𝜃K for small magnetic fields of 𝐵 ≤ 0.5T.
This feature vanishes for 𝑇 > 50K, indicating that the residual signal arises solely
from the thermal demagnetization of the Co layer.
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6.3.4 High fluence measurements

The collective magnetization dynamics of the EuO/Co bilayer exhibit an oscillatory
behavior with a frequency of about 1THz, as demonstrated in section 5.4. It
is attributed to the superdiffusive spin current responsible for the indirect EuO
magnetization enhancement, which is generated by the ultrafast demagnetization
of Co. However, it is unclear why the spin current would induce high frequency
oscillations in the transient rotation. The performed time-resolved measurements in
dependence of the magnetic field, the fluence and the temperature (see figure 5.9)
could only partially explain the observed signal, since the oscillations only were
modified by increasing the temperature. They persist at least up to 𝑇 = 200K,
together with the simultaneously induced magnetization enhancement.

As described above, a positive transient rotation above the EuO Curie temperature
most likely originates from the photoinduced magnetic polarons responsible for the
magnetization enhancement, since they can polarize 4f electrons in their vicinity
even above 𝑇C = 69K [44]. However, the proximity coupling to Co in the EuO/Co
bilayer could also induce an increased magnetic ordering temperature of the rare
earth oxide. As demonstrated in section 6.2.2, the magnetic hysteresis of EuO can be
accessed by strongly quenching the Co magnetization. Since this feature presumably
originates from the static contribution of EuO, it can be used to distinguish between
the two possibilities of a transient signal from the rare earth oxide above its bulk
Curie temperature. Following this approach, transient hysteresis loops are recorded
with a high fluence pump beam for increasing delays up to Δ𝑡 = 5.8ps to study
the oscillations and gain insight into their origin. In addition, measurements are
conducted in temperature dependence to find evidence of an increased EuO Curie
temperature due to proximity to the transition metal cobalt.

Delay-dependent behavior

Transient hysteresis loops are recorded in dependence of the delay at 𝑇 = 5K with
a pump fluence of 20mJ/cm². The pump photon energy is set to 0.83 eV (ℏ𝜔 < 𝐸g)
to excite only the Co layer. The EuO magnetization will remain in equilibrium for
a short duration after photoexcitation. The measurements are performed with a
magnetic field of up to 3.5T applied perpendicular to the sample surface using the
P-MOKE setup described in section 3.5. The results are depicted in figure 6.11 (a).
The gradually increasing delay is chosen to match the delay of the maxima and
minima of the observed oscillations, as indicated by the equally colored vertical bars
in figure 6.11 (b). The latter figure shows a time-resolved trace, which is measured
using the same parameters and a static field of 3.5T. Note that the features near
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Δ𝑡 = 0 ps are due to a photoinduced change in the optical properties of the sample
and do not represent a delay at which a transient hysteresis was recorded.

Figure 6.11: a) Transient hysteresis loops recorded on the EuO/Co bilayer in
the P-MOKE geometry at 𝑇 = 5K in dependence of the delay. The pump photon
energy is set to ℏ𝜔 < 𝐸g with a fluence of 20mJ/cm². The delay is gradually
increased from Δ𝑡 = 0.9 ps up to Δ𝑡 = 5.8 ps to examine the maxima and minima
of the oscillation occuring in the time-resolved trace depicted in b). The colored
vertical bars in b) correspond to the delay of the equally colored transient hysteresis
loops. The trace depicted in b) was measured using the same parameters and a
static field of 𝐵 = 3.5T. The inset in a) shows a close-up of the opening of the
transient hysteresis for Δ𝑡 = 0.9 ps (blue) and Δ𝑡 = 5.8 ps (yellow). Note that for
the latter, the transient rotation is multiplied by 2 to emphasize the shape of the
hysteresis at small magnetic fields.

The first minimum of the oscillations at Δ𝑡 = 0.9 ps corresponds to the ultrafast
demagnetization of the Co layer. The transient signal should be dominated by the
transition metal at this delay, because EuO is mostly transparent at the employed
pump photon energy. The indirectly induced magnetization enhancement of the
rare earth oxide will only be established at a longer delay. The transient hysteresis
loop recorded at this delay shows a strong demagnetization signal, i.e., negative
values of Δ𝜃K for positive magnetic fields. As expected, it lacks a transient contri-
bution of EuO, similar to measurements performed at elevated temperatures (see
figure 6.10 (b)). However, around zero magnetic field, the transient hysteresis shows
a clear opening, which is attributed to the static magnetization of the rare earth
oxide. This feature remains visible for all examined delays, although its remanence
decreases with an increasing delay. The inset in figure 6.11 (a) shows a close-up
of the opening of the transient hysteresis loops recorded at Δ𝑡 = 0.9ps in blue
and Δ𝑡 = 5.8ps in yellow. Note that for the latter, Δ𝜃K is multiplied by two to
emphasize its shape.

The transient hysteresis loops recorded at the subsequent oscillations up to Δ𝑡 = 2.9 ps
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show a distinctly different behavior than the measurement conducted at the peak
of the ultrafast demagnetization. Δ𝜃K is negative up to a critical field 𝐵Crit and
becomes positive for 𝐵 > 𝐵Crit. This suggests that the magnetization enhancement
of EuO exceeds the Co demagnetization only for sufficiently large magnetic fields,
contrary to the behavior observed for long delays at Δ𝑡 = 2000 ps, where the signal
becomes negative for 𝐵 > 𝐵Crit. As described in section 6.1.1, the efficiency of the
indirect magnetization enhancement is greatly reduced for small magnetic fields.
The transfer of majority electrons is suppressed due to the antiparallel coupling
between EuO and Co in the in-plane ground state. By increasing the magnetic
field, the angle between the two magnetizations of the bilayer shrinks as they rotate
toward the field direction. This allows an increasing number of majority electrons
from Co to propagate to the EuO layer to form the magnetic polarons and thereby
induce the observed magnetization enhancement. Δ𝜃K becomes positive only upon
passing a critical field, when enough electrons contribute to the transient signal of
EuO to exceed that of Co. A similar behavior was observed at a negative delay in
figure 6.5. Since this effect also appears after a delay of Δ𝑡 ≈ 5 µs, the period of
the pulsed laser, the generation of the spin current responsible for the indirect EuO
magnetization enhancement may not be limited to the ultrafast demagnetization of
Co. Instead, the long-lasting demagnetization of the transition metal appears to
induce a continuous thermal generation of a spin current of reduced intensity. A
similar process, the thermal generation of a spin current by optical means, has been
reported in the literature [241].

The critical field shifts with the delay and is reduced from 𝐵Crit = 1.7T at
Δ𝑡 = 1.7 ps to 𝐵Crit = 1.3T at Δ𝑡 = 2.9 ps. This behavior is due to the superdif-
fusive nature of the spin current generated in Co. The photoexcited hot electrons
do not travel directly to the EuO layer, but rather experience many scattering
events that influence their direction of propagation [187]. By increasing the delay,
an increasing number of electrons is able to reach the rare earth oxide to contribute
to the magnetization enhancement. Therefore, the transient contribution of EuO
can exceed that of the Co layer even at small magnetic fields for an increased Δ𝑡.
This can be seen by the transient hysteresis loop recorded at Δ𝑡 = 5.8 ps, which
exhibits a positive Δ𝜃K up to the saturation magnetization.

Temperature-dependent behavior

Based on these interesting results, additional transient hysteresis loops have been
recorded in dependence of the temperature at a fixed delay of Δ𝑡 = 2.1ps. The
pump photon energy is again set to 0.83 eV (ℏ𝜔 < 𝐸g) with a fluence of 20mJ/cm².
The results for the measurements conducted at 𝑇 = 5K and 𝑇 = 40K are depicted

79



6 Transient hysteresis measurements

in figure 6.12 (a). The opening of the hysteresis near 𝐵 = 0T is present in
both measurements, although the remanence is significantly smaller at the higher
temperature. For a better visualization of this feature, a fit placed through the
linear part of the transient hysteresis loops between 𝐵 = ±1T is subtracted from the
data, as indicated by the green dashed line. The subtracted data for temperatures
up to 300K are shown in figure 6.12 (b). Note that the opening of the hysteresis at
saturation magnetization (𝐵 > 1.5T) is most likely due to an experimental artifact
related to the employed magnet. This feature usually appears in measurements
performed as a function of the magnetic field when the field direction begins to
reverse.

Figure 6.12: Transient hysteresis loops recorded on the EuO/Co bilayer in the
P-MOKE geometry at a fixed delay of Δ𝑡 = 2.1 ps in dependence of the sample
temperature. The pump photon energy is set to ℏ𝜔 < 𝐸g with a fluence of
20mJ/cm². The temperature is increased from 5K to 300K. a) shows the results
for the measurements conducted at 𝑇 = 5K (blue) and 𝑇 = 40 K (red). For a
better visualization of the opening of the hysteresis, a linear fit is placed through
the data points between ± 1T (green dashed line) and subtracted from the data.
The subtracted results up to 𝑇 = 300K are shown in b). The figure is adapted
from reference [54].

Strikingly, the opening of the hysteresis not only persists across the EuO bulk Curie
temperature of 𝑇C = 69K, but it is still present at 𝑇 = 300K, albeit with greatly
reduced remanence and coercivity. As discussed above, it is highly unlikely that
this signal originates from the transient magnetization enhancement of EuO or
from the photoinduced magnetic polarons. Instead, it has to be due to a residual
magnetization of EuO well above its bulk Curie temperature. It can be concluded,
that the recorded transient hysteresis loops provide experimental evidence for
a strongly elevated 𝑇C of EuO, induced by magnetic proximity coupling to the
transition metal Co. It is unclear whether this coupling effect affects the entire EuO
film or only the interface between the two layers.
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6.4 Discussion

Transient hysteresis measurements are performed on the EuO/Co bilayer to find
evidence for the increased Curie temperature of EuO due to its proximity to
Co. This approach offers the possibility to separate the transient contributions
of the two layers, which show distinctly different spin dynamics with an ultrafast
demagnetization of Co and a magnetization enhancement of EuO on a longer
timescale. The transient Kerr rotation Δ𝜃K is proportional to the laser-induced
change of the magnetization Δ𝑀. Therefore, the transient response of the two layers
has opposite signs in the presence of an external magnetic field, which induces a
parallel alignment between the magnetization vectors of EuO and Co. Using this
information, it is possible to determine which material dominates the transient signal
since it is a superposition of the signal from both layers. For positive values of Δ𝜃K
for 𝐵 > 0T, EuO is the dominant transient contribution, and for negative values, Co
is dominant, i.e., |Δ𝑀EuO| > |Δ𝑀Co| and |Δ𝑀EuO| < |Δ𝑀Co|, respectively. This
interplay between the two materials allows to determine which layer is dominant
by varying parameters like the delay, the temperature, the pump fluence, or the
magnetic field. Both the sign and the magnitude of the measurable transient rotation
of the EuO/Co bilayer can be tuned in this way. It is even possible to find parameters
where the transient contributions of the two layers compensate for each other and
the measured signal becomes zero.

6.4.1 Indirect excitation of EuO

The comparison of transient hysteresis loops recorded for ℏ𝜔 > 𝐸g and ℏ𝜔 < 𝐸g
provides further insight into the indirect excitation mechanism of the EuO layer.
As discussed in section 6.1.1, the photoinduced change of the magnetization Δ𝑀
has a longitudinal character, meaning it is parallel to the magnetization 𝑀 itself.
The setup is sensitive only to the polar component of 𝑀, and due to the strong
in-plane anisotropy of the bilayer, the measured static and transient signals both
exhibit zero remanence. Once a magnetic field is applied, the magnetizations of
the two layers, and thus also Δ𝑀, rotate toward the field direction and their polar
component increases. The slope of the measured transient rotation at a fixed delay
of Δ𝑡 = 6 ps is strongly dependent on the pump photon energy for small magnetic
fields. While it is large for a direct photoexcitation of both layers (ℏ𝜔 > 𝐸g) even
at 𝐵 = 0T, it is vanishingly small for a photoexcitation of Co only (ℏ𝜔 < 𝐸g), as
shown in figure 6.3 (a).

This offset of the slope arises from different excitation processes present for the
two different pump photon energies. For ℏ𝜔 > 𝐸g the magnetization enhancement
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of EuO occurs as a direct process without relying on the coupling to the adjacent
Co layer. The slope is therefore large even for small magnetic fields, but is not
expected to vary with increasing fields. On the other hand, for a pump photon
energy set to ℏ𝜔 < 𝐸g, the direct photoexcitation of EuO is suppressed because
the rare earth oxide is mostly transparent. The slope is small for small magnetic
fields, but increases as the magnetic field increases. This behavior is consistent with
the model of the superdiffusive spin current of majority electrons propagating from
Co to the EuO layer, as proposed in section 5.1.2. Due to the antiferromagnetic
coupling in the ground state, majority electrons of Co cannot populate the spin-split
5d conduction band of EuO, leading to the vanishing slope of Δ𝜃K observed for
small magnetic fields. However, the slope is finite at 𝐵 = 0T and not zero. This
unexpected feature arises from the mixed nature of the superdiffusive spin current,
which consists of both, majority and minority electrons. In the antiparallel ground
state, a transfer of minority electrons from Co to majority states of EuO is allowed
and can explain the observed signal. Since their lifetime is generally shorter than
that of the majority electrons [190], the induced magnetization enhancement of EuO
is limited for small magnetic fields. It only increases with increasing fields, as more
electrons can contribute to this indirect excitation process. This mechanism is also
present for ℏ𝜔 > 𝐸g, since the superdiffusive spin current is generated during the
Co demagnetization, independent of the pump photon energy.

6.4.2 Accessing the static EuO magnetization

Transient hysteresis loops performed at a high fluence of about 20mJ/cm² induce
a strong demagnetization of the Co layer and reduce the in-plane anisotropy of
the sample. Thereby, they provide access to the magnetic hysteresis of the buried
EuO layer in the EuO/Co bilayer in the P-MOKE geometry. As demonstrated in
section 4.2, this is not possible with static hysteresis measurements in the polar
geometry. The signal of EuO becomes visible as a small opening near zero magnetic
field, i.e., the transient hysteresis shows a small coercivity and remanence. Due to
the strong in-plane anisotropy in equilibrium, both are zero for smaller fluences,
as the setup is only sensitive to the polar component of the magnetizations of the
sample. The emerging hysteresis can be attributed to EuO, since Co, unlike the
rare earth oxide, is reported to exhibit no coercivity along its hard magnetization
axis [202]. The opening of the hysteresis is most evident at a short delay of up
to a few picoseconds, but it is also observed after a delay of Δ𝑡 = 2000 ps, as
shown in figure 6.6 (b). It appears independent of the employed pump photon
energy, since both induce a demagnetization of the Co layer. The efficiency of
the superdiffusive spin current, which is responsible for the indirect magnetization
enhancement, is strongly suppressed for small magnetic fields, as explained above.
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Therefore, it is unlikely that the observed signal is due to a transient change in the
EuO magnetization. This is confirmed by a transient hysteresis loop recorded at the
delay of the ultrafast demagnetization of Co for a pump photon energy of ℏ𝜔 < 𝐸g.
The EuO magnetization is expected to be in equilibrium, but the opening of the
hysteresis still occurs and it is even most pronounced at this delay.

Since the magnetic hysteresis of a sample system depends on ferromagnetic or-
dering, temperature-dependent measurements can be used to determine its Curie
temperature 𝑇C. This approach was not successful for the EuO/Co bilayer with
static measurements, because any possible residual signal from EuO at an elevated
temperature is exceeded by the signal from Co due to its significantly higher Curie
temperature. Transient hysteresis loops, on the other hand, are a promising tool
to investigate the 𝑇C of EuO, as they rely on a demagnetization of the Co layer
to reveal the isolated static signal of the rare earth oxide in a transient measure-
ment. The opening of the hysteresis is well visible at low temperatures, as shown
in figure 6.12 (b) with a pump photon energy of ℏ𝜔 < 𝐸g and a fluence set to
20mJ/cm². Its coercivity and remanence decrease upon increasing the temperature,
but strikingly, the signal persists up to at least 𝑇 = 300K. A transient magneti-
zation of EuO above its Curie temperature has already been demonstrated in a
pristine reference sample, as shown in figure 5.4 (a). However, as described above,
the photoinduced magnetic polarons responsible for this effect are not present at
the examined time delay. Furthermore, they are expected to decay after each pulse
and thus cannot form the long-range magnetic order necessary for the formation of
magnetic hysteresis. It can be concluded that the observed hysteresis at 𝑇 = 300K
originates from the static EuO magnetization. The performed transient hysteresis
measurements thereby provide evidence for a magnetic proximity coupling between
EuO and Co in the EuO/Co bilayer. This coupling mechanism induces a significant
increase of the magnetic ordering temperature of the rare earth oxide. However, it is
unclear whether this effect affects the entire EuO film or whether only the interface
has an elevated magnetic ordering temperature.
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Europium monoxide (EuO) is a promising material for a new generation of spintronic
applications due to its large magnetic moment and strong magneto-optical effects
combined with insulating properties. It has already been successfully employed as
a magnetic tunnel barrier, generating up to 100% spin-polarized electrons [26, 45,
46]. Its low Curie temperature of 𝑇C = 69K provides a challenge that needs to be
overcome before the rare earth oxide can be employed in a broader range of applica-
tions. The proximity effect, i.e., the magnetic coupling to a high 𝑇C ferromagnet,
is a promising tool to greatly increase the magnetic ordering temperature of EuO,
while preserving its stoichiometry and conductivity. This thesis focuses on a sample
system consisting of thin films of Co grown on stoichiometric EuO. Changes to the
EuO 𝑇C and its spin dynamics induced by the proximity to the transition metal
Co are examined by means of the static and time-resolved magneto-optical Kerr
effect (MOKE).

Static MOKE measurements on a EuO reference sample show a distinct hysteresis
with a broad coercivity and nearly 100% remanence along both the in-plane and
out-of-plane geometry. Both parameters decrease with an increasing temperature
and vanish upon approaching the bulk Curie temperature of EuO. The presence
of Co drastically changes the magnetic behavior in the EuO/Co bilayer. Along
the in-plane geometry, the hysteresis is smaller and vanishes already at 𝑇 = 50K.
For 𝑇 > 50K, it reappears with an inverted orientation. This ferrimagnetic-like
behavior suggests an antiferromagnetic coupling between EuO and Co, with the
rare earth oxide being the dominant magnetic contribution at low temperatures due
to its large magnetic moment. The transition metal becomes dominant at higher
temperatures due to its significantly higher 𝑇C [60]. In the out-of-plane geometry, the
hysteresis shows no coercivity, indicating an increased in-plane anisotropy induced
by the transition metal. Since the measured signal is averaged over both layers, no
information can be extracted about the EuO Curie temperature, as any potential
residual signal is vastly exceeded by the contribution of Co.

An alternative approach to study the changes induced to EuO by its proximity
to Co is to perform time-resolved MOKE measurements, and thereby exploit the
intrinsically different spin dynamics of the two materials. As a ferromagnetic tran-
sition metal, Co experiences an ultrafast demagnetization within a few hundred
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femtoseconds when photoexcited by an ultrashort laser pulse, and remagnetizes
within several picoseconds [169]. EuO, on the other hand, undergoes a long-lasting
magnetization enhancement, a behavior attributed to an enhanced ferromagnetic
exchange interaction by populating 5d states. 4f electrons excited to the 5d con-
duction band form magnetic polarons, which are reported to induce a transient
magnetization enhancement even above 𝑇C [44]. Time-resolved measurements are
conducted in the polar geometry with a sufficiently large magnetic field to force
a parallel alignment of the EuO and Co magnetizations along the field direction.
The spin dynamics of both layers can be observed in the performed measurements
and can be distinguished by the sign of the respective transient contribution to the
signal. The demagnetization of Co induces a negative contribution to the measured
transient Kerr rotation, while the EuO magnetization enhancement provides a
positive contribution.

The time-resolved measurements performed on the EuO/Co bilayer show an unex-
pected long-lasting demagnetization signal, which is still increasing after Δ𝑡 = 2000 ps.
Its origin remains unclear, but it is assumed to originate from the Co layer, since it is
interfaced between two insulating materials without heat sinks. However, this signal
strongly decreases with increasing temperatures up to at least 𝑇 = 200K, therefore
it could also arise from an interface effect between EuO and Co. Interestingly, pump
photon energy-dependent measurements show the presence of the EuO magnetiza-
tion enhancement even when the rare earth oxide is transparent. This behavior is
not observed in a pristine EuO reference sample. It is ascribed to a superdiffusive
spin current of majority electrons generated during the ultrafast demagnetization of
Co. The spin current propagates towards the EuO layer to populate the spin-split 5d
conduction band, forming the magnetic polarons responsible for the magnetization
enhancement. This process is allowed due to the field-induced parallel alignment
between the two magnetizations and greatly diminishes if the magnetic field is
reduced. Time-resolved measurements of the ultrafast spin dynamics of the EuO/Co
bilayer reveal that the superdiffusive spin current induces oscillations of the transient
rotation. They could be related to the coupling between the two ferromagnetic
layers, but the exact mechanism remains unclear. The indirectly induced EuO
magnetization enhancement occurs during these oscillations and is still present at
𝑇 = 200K. However, it is not possible to distinguish whether this signal is present
because EuO is still in a magnetically ordered phase due to the proximity to Co, or
whether it originates exclusively from the induced magnetic polarons.

Further insight into the coupling between the two layers and the signal appearing
above the EuO 𝑇C can be gained by performing transient hysteresis measurements,
i.e., pump-probe measurements at a fixed delay in dependence of the applied field.
The different spin dynamics of EuO and Co with positive and negative contributions
to the transient Kerr rotation Δ𝜃K, respectively, provide an interesting system,
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where the acquired signal can be modified by the sample temperature, the pump
fluence, the magnetic field and the delay. Both the sign and the magnitude of
Δ𝜃K are tunable in this way, and it is even possible to find parameters where
the transient contributions of the two layers compensate each other. Transient
hysteresis measurements performed with a pump fluence of 20mJ/cm² induce a
strong demagnetization of the Co layer and thereby reduce the in-plane anisotropy
of the EuO/Co bilayer. This approach provides access to the magnetic hysteresis
of the buried EuO. It appears as an opening near zero magnetic field, i.e., the
hysteresis shows a small coercivity and remanence. Remarkably, this feature persists
up to 𝑇 = 300K. This opening of the hysteresis is not expected to arise from the
photoinduced magnetic polaron, since it decays after each pulse and thus cannot
form the long-range magnetic order required for a magnetic hysteresis. Therefore,
the measured signal provides experimental evidence for a residual magnetization of
EuO at room temperature, induced by magnetic proximity coupling to the transition
metal Co.

It is unclear whether the observed increase of 𝑇C affects the entire EuO film,
or if only the interface between the two layers is affected. Due to its element
sensitivity, depth-resolved X-ray magnetic circular dichroism (XMCD) performed
on specially prepared samples with a wedge-shaped Co layer of increasing thickness
could answer this question. Furthermore, time-resolved XMCD measurements can
confirm the generation of the superdiffusive spin current responsible for the indirect
EuO magnetization enhancement and provide further insight into the oscillations
observed on an ultrafast timescale. Such measurements could also shed light on the
origin of the long-lasting negative transient rotation, i.e., whether it is really due to
an unusually long thermal demagnetization of Co or whether it is an effect of the
coupling between the two layers. In addition, further insight on the EuO/Co bilayer
can be gained by performing spin- and angle-resolved photoemission spectroscopy
(spin ARPES), which allows to study the electronic structure of the interface between
the two layers. This approach might provide information about the microscopic
origin of the proximity effect presumably responsible for the increase of the EuO
Curie temperature.
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