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Abstract 

In this thesis, the interaction between antiferromagnetic (AFM) and ferromagnetic 

(FM) thin films in various epitaxial multilayer systems is investigated. The first study 

examines a NiO(111)/Fe(110) bilayer, where the stabilization of two magnetic states 

with orthogonal spin orientations in the AFM NiO layer is documented. Field-free, 

reversible switching between these states is demonstrated, which was achieved by the 

precise tuning of interface magnetic anisotropy (MA), thermal hysteresis of spin 

reorientation transition, and interfacial FM/AFM exchange coupling. The potential for 

field-free switching of AFM magnetic moments is highlighted, potentially opening up new 

possibilities in heat-assisted magnetic recording technology. Furthermore, it is found that 

the magnetic moments in NiO can be rotated within the NiO(111) sample plane, with the 

MA and spin orientation in NiO being influenced by the underlying FM Fe layer. By 

varying the Fe thickness, temperature, or applying a small external magnetic field, 

modification of the magnetic state and anisotropy of the AFM NiO layer is achieved. 

Next, the investigation delves into exchange bias and interfacial AFM spin 

orientation in CoO(111)/Fe(110) bilayers. The results reveal that exchange bias occurs 

in the zero-field-cooled system and is determined by the in-plane magnetic state of the 

Fe sublayer above the Ne el temperature (TN) of CoO. The direction of interfacial frozen 

AFM CoO spins within the CoO(111)/Fe(110) sample plane is dictated by the uniaxial MA 

of the Fe layer. Selecting a specific magnetic state of the Fe sublayer when passing the TN 

of CoO allows for control over both the axis and direction of interfacial AFM spins within 

the sample plane. 

Lastly, the influence of a nonmagnetic Au spacer on the interaction between FM 

Fe(110) and AFM CoO(111) sublayers is explored. The findings demonstrate that the 

thickness of the Fe and Au layers can be adjusted to modify the effective anisotropy of the 

Fe layer and the strength of the exchange bias interaction between Fe and CoO sublayers. 

The MA of the FM above the TN of the AFM plays a crucial role in governing exchange bias 

and interfacial CoO spin orientation at low temperatures. Furthermore, it is shown that 

exchange bias can act as the dominant MA source for the FM, allowing for a 90-degree 

rotation of the easy axis compared to the initial, exchange bias-free orientation. 



5 
 

Overall, these studies provide insights into the intricate interaction between AFM 

and FM components of epitaxial multilayer systems. The understanding and control of 

these interactions can potentially find new applications in novel magnetic devices and 

technologies. 
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1. Chapter one: Introduction 

 

AFM materials possess immense potential, positioning them as exceptional 

candidates for the future of spintronic applications. They have the capacity to replace FMs 

as the active component in spintronic devices. The unique properties of AFM materials, 

such as their resilience against magnetic field disturbances, absence of undesired stray 

fields, ultrafast dynamics, and generation of substantial magnetotransport effects, make 

them highly intriguing and promising from application point of view1,2. 

Synthetic AFM, which consist of two or more antiparallelly coupled FMs typically 

interconnected through Ruderman-Kittel-Kasuya-Yoshida interactions3, are currently 

employed to address device malfunctions arising from FM stray fields in reduced lateral 

dimensions4. This is particularly relevant in scenarios like magnetic random-access 

memories, where neighbouring cells are meant to be isolated from one another but may 

experience crosstalk. However, synthetic AFMs only provide partial compensation, as 

small but non-zero stray fields persist. In contrast, AFM materials inherently offer 

complete compensation, except for a minute proportion at the interface. To develop a 

functional "magnet-free" device, it becomes imperative to explore how spin transport can 

be harnessed for writing the AFM order and detecting its subsequent changes. This 

necessitates the development of predictive models, disruptive materials, and novel 

experimental designs. Several research teams are currently investigating the theoretical 

and experimental aspects of this subject. Examples include reviews on the theory of 

current-induced torques in metals5, spin transition in AFM-based spin valves6, AFM 

dynamics 7, spin Hall effects in metallic AFMs8, and manipulation and detection of the 

magnetic state in an AFM9,10 . 

Indeed, one possible approach is to study the FM-free, purely AFM systems. In 

such a case one can potentially fully exploit intrinsic properties and the most 

advantageous features of AFM materials, namely ultra-fast dynamics, and robustness 

against external magnetic fields. However, in the absence of net magnetization, the read-

out of the staggered magnetization or Ne el vector is the key obstacle to employing AFM 
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systems in novel devices11. Another possible approach is to benefit from the well-

established read-out methods of FMs without serious diminishing the above mentioned 

AFM advantages, as it has been very recently demonstrated for exchange coupled 

Py/Mn2Au FM/AFM system11. 

The investigation of the interaction between AFM and FM thin films in epitaxial 

multilayer systems and nanostructures is of significant interest in the field of spintronics. 

The ability to tailor the MA of AFM thin films opens up new opportunities for controlling 

their magnetic properties and exploring emergent phenomena. This research has the 

potential to contribute to the development of advanced magnetic devices with enhanced 

functionality and performance in various technological domains such as data storage, 

spintronics and magnetic sensing. 
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2. Chapter two: Magnetism of Thin Films 

 

One of the active areas in modern physics focuses on the exploration of magnetic 

systems with reduced dimensions, such as surfaces, thin films, multilayers12, as well as 

magnetic particles and interacting magnetic nanostructures13. The motivation behind 

this interest stems from the emergence of unique magnetic structures and phenomena in 

these systems, absent in their bulk counterparts, and the potential for various 

technological applications14,15. Advancements in experimental techniques have enabled 

precise and controlled fabrication of these systems, allowing for high-sensitivity and 

spatially-resolved investigations of their magnetic properties, even at the atomic level. 

Concurrently, advanced theoretical methods and computational tools contribute to 

simulating and elucidating the underlying magnetic phenomena. Theoretical studies now 

have the capability to predict novel phenomena and propose experimental investigations 

of specific systems. The remarkable progress achieved thus far indicates the immense 

promise of studying low-dimensional magnetism in future research16. 

In this chapter, literature overview concerning thin films static properties will be 

provided, such as magnetization, magnetic arrangement, and magnetic ordering 

temperature, with consideration given to film thickness, atomic morphology, 

temperature, and other factors. A particular emphasis will be placed on investigating the 

magnetization direction and spontaneous magnetic reorientation observed in various 

thin film systems. The determination of magnetic arrangements near material interfaces 

plays a crucial role, whether between a magnetic and nonmagnetic material, two distinct 

FM layers, or in the vicinity of a FM - AFM interface. When a magnetically ordered system 

comes into atomic contact with another material, it is natural to expect the emergence of 

a novel magnetic arrangement near the interface, differing from the bulk configuration. 

This phenomenon is commonly known as the magnetic proximity effect. Initially studied 

in the context of a FM in contact with a paramagnet17, this effect has been extended to 

many other systems18,19 including AFM/FM bilayers relevant for this thesis.  

 

Before going to details, it is worth to provide some general observations. 

Examining the periodic table of elements reveals the intriguing fact that most individual 

atoms possess a magnetic ground state, whereas the corresponding bulk systems are 

typically nonmagnetic. As a general rule, the likelihood of a magnetic ground state 
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increases as the spatial dimensionality of an extended system decreases or as the local 

symmetry of a specific site in the atomic lattice diminishes. Consequently, magnetic 

properties are typically more pronounced at the surface of a bulk magnet compared to its 

interior. In essence, a magnetic ground state arises from electron correlations, such as 

Hund's rules. Increasing electron mobility or kinetic energy reduces the significance of 

these correlations, potentially leading to the disappearance of the magnetic ground state. 

Conversely, magnetic ordering in an extended system, arising from interactions between 

atomic magnetic moments, requires a certain degree of electrons mobility or overlapping 

electron wave functions of neighbouring ions. Thus, the presence and structure of 

magnetism in extended systems depend on the delicate balance between electronic 

correlations and kinetic energy. The determination of magnetic properties in bulk 

systems is constrained by a limited selection of pure materials and compounds. Factors 

such as crystallographic and thermal stability restrict the range of available combinations 

of constituents. In contrast, the investigation of low-dimensional systems, such as 

magnetic thin films and interacting magnetic nanostructures, provides a broader range 

of systems for examination. By experimentally measuring systems with controlled 

structures and employing theoretical simulations, it becomes possible to 

comprehensively explore the conditions and boundaries of a magnetic ground state. This 

analysis can be conducted as a function of numerous parameters, allowing for a detailed 

understanding of the underlying principles and constraints. 

 

2.1. Magnetic Anisotropy in ferromagnetic low dimensional systems 

MA refers to the directional dependence of the magnetization, and it plays a crucial 

role in determining the stability and switching behaviour of magnetic materials. 

Experimental observations demonstrate that the magnetization tends to align itself along 

specific axes within a magnetic material. Deviating from these preferred axes, known as 

the easy axes, incurs an energy cost.  

MA is defined as the energy required to rotate the direction of magnetization from 

the easy axis to the hard axis20. The origin of MAs can stem from various factors, such as 

the electric field of the solid or crystal, the shape of the magnetic sample, or mechanical 

strain or stress. These factors are characterized by polar vectors and cannot determine a 

single direction for the magnetization, which is an axial vector. As a result, there can exist 
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a unique axis for anisotropy, but not a unique anisotropy direction. Consequently, the 

energy density, denoted as 𝐸𝑎 associated with MA must remain constant when the 

magnetization is inverted. This requirement implies that 𝐸𝑎 is an even function of the 

angle 𝜃 formed by the magnetization vector M and the magnetic axes. 

The presence of strong easy-axis anisotropy is essential for materials with hard 

magnetism, while soft magnets require near-zero anisotropy. The energy density, that 

represents the inclination of magnetization along an easy axis, can be defined as: 

𝐸𝑎 = 𝐾1  sin2 𝜃 + 𝐾2  sin4 𝜃 +  𝐾3  sin6 𝜃 …       (2.1) 

where the coefficients 𝐾𝑖 (𝑖 = 1, 2, 3, . . ) are the anisotropy constants that typically vary 

from less than 1 𝑘𝐽 𝑚−3 to over 20 𝑘𝐽𝑚−3. It is worth noting that, in the absence of MA, 

the ability of 2D objects like thin films to exhibit magnetic ordering, as mentioned earlier, 

would be non-existent. Similarly, in bulk samples, the magnetization would become 

entangled in intertwined curls and would be scarcely detectable21. This phenomenon 

occurs because the exchange interaction has a limited range, enabling the magnetization 

to effortlessly rotate into new directions within a distance known as the magnetic 

coherence length, resulting in negligible energy costs. It is worth mentioning that the 

anisotropy is temperature-dependent and approaches zero at the Curie temperature (TC) 

in the absence of an applied external magnetic field.  

 

 

2.1.1. The origin of magnetic anisotropy 

 

The MA has two main sources: the magnetic dipolar interaction and the spin-orbit 

interaction. The dipolar interaction, with its long-range nature, contributes to the 

anisotropy and is influenced by the sample’s shape. It plays a significant role in thin films, 

often leading to in-plane magnetization. When the spin-orbit and dipolar interactions are 

absent, the electron-spin system's total energy becomes independent on the 

magnetization direction. In a localized perspective, the spins are coupled to the orbits 

through the spin-orbit interaction, which, in turn, is influenced by the crystal lattice. 

Itinerant materials experience a small orbital momentum induced by the spin-orbit 

interaction, resulting in the coupling of the total magnetic moment (spin plus orbital) to 
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the crystal axes. This dependence on the magnetization orientation relative to the 

crystalline axes gives rise to the magneto-crystalline contribution to the anisotropy, 

reflecting the crystal's symmetry. 

At interfaces, the lowered symmetry strongly modifies this contribution 

compared to the bulk, resulting in what is known as interface anisotropy, as recognized 

by Ne el in 195422. Additionally, the spin-orbit interaction, along with the overlap of 

wavefunctions between neighbouring atoms, is responsible for the magneto-elastic or 

magneto-strictive anisotropy observed in strained systems. This is particularly relevant 

in multilayers where adjacent layers exhibit lattice mismatch.  

It is worth noting that in thin films, both shape anisotropy and magnetocrystalline 

anisotropy (MCA) contribute to the general anisotropy of the system. The anisotropy 

constants 𝐾 in equation (2.1) can be expressed as the sum of these two contributions. The 

first term 𝐾𝐷 represents the shape anisotropy. The second term 𝐾𝑀 corresponds to MCA 

originating from the atomic structure and bonding within the film. Giving that the first 

order of the MA energy density in a thin film can be expressed as follows: 

𝐸𝑎 = (𝐾𝐷 +  𝐾𝑀) sin2 𝜃 + ⋯  (2.2) 

the balance between 𝐾𝑀 and 𝐾𝐷 plays a crucial role in thin films and multilayers, and it 

can be influenced by temperature for example. An interesting case is observed in the 

Fe/Cu(001) system, where the magnetization transitions from an out-of-plane 

orientation at low temperatures to the in-plane of the film at around 300 K. Extensive 

studies have been conducted on this reorientation transition23. 

In applied magnetism, it is particularly intriguing that thin films within layered 

structures (as well as certain ordered alloys) may exhibit an easy axis perpendicular to 

the sample surface. In isolated thin films, the magnetization typically lies in the plane due 

to the influence of shape anisotropy. However, in specific sandwich structures, the 

magnetization prefers an out-of-plane orientation. This perpendicular MA holds 

significant technological importance and serves as a remarkable example of the interplay 

between the two anisotropy mechanisms in determining the easy axis.  
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2.1.1.1. Shape anisotropy 

 

The distribution of magnetization within atomic cells comprises contributions 

from both spin and orbital effects, and it deviates from a spherical shape as it involves 

various multipoles24. When expanding the spin density into multipole terms, the 

dominant term, upon integrating over the atomic volume, corresponds to the magnetic 

spin moment. The spin moment, originating from the exchange interaction, is inherently 

isotropic, and MA arises solely from the preferred dipolar coupling between atomic 

moments. Consequently, the dipole-dipole interaction between magnetic moments, 

represented by ms, positioned at the atomic locations within the lattice can be expressed: 

𝐸𝑑𝑖𝑝𝑜𝑙𝑒−𝑑𝑖𝑝𝑜𝑙𝑒 =  −
𝜇0

4𝜋
∑

1

𝑟𝑖𝑗
3𝑖≠𝑗 [𝑚𝑖 ∙  𝑚𝑗 − 3

(𝑟𝑖𝑗∙ 𝑚𝑖)(𝑟𝑖𝑗∙ 𝑚𝑗)

𝑟𝑖𝑗
2 ]  (2.3) 

 

The summation is performed over all atomic dipoles m𝑖 and m𝑗, where their 

absolute values correspond to the spin moment ms. Each pair of dipoles is considered 

only once, and 𝒓𝒊𝒋 represents the vector connecting the two moments (see Fig. 2.1). The 

subsequent term in the multipole expansion, the quadrupole term, captures the lowest-

order anisotropic spin distribution within the atomic cell. This term introduces the intra-

atomic magnetic dipole moment. Additionally, the magnetization density within the 

atomic volume is influenced by the orbital moment, which contributes to its anisotropy 

represented by 𝑚. Typically, the anisotropy of the orbital moment is comparable to that 

of the intra-atomic magnetic dipole moment. However, in practice, both contributions are 

significantly smaller than the lowest-order magnetic dipole-dipole interaction described 

by (2.3) formula. 

 

Fig. 2.1 Representation of two neighbouring magnetic moments 𝑚𝑖 and 𝑚𝑗 
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Considering that all moments are parallel due to the dominant exchange 

interaction, the dipole-dipole energy between two magnetic dipoles is minimized when 

both atomic moments align parallel to the internuclear axis. 

In thin films, the internuclear axes tend to align preferentially within the plane of 

the sample. As a result, the dipole energy is minimized when the magnetic moment is 

oriented in the plane. In the case of bulk materials, the dipolar field can be separated into 

three components. The first component, 𝐸𝑆, corresponds to the contributions from atomic 

dipoles within a spherical volume, located on the lattice sites. The second component, 𝐸𝐿 , 

arises from pseudo-charges on the surface of the sphere. The third component, 𝐸𝐷 , is a 

macroscopic contribution originating from the demagnetizing field caused by pseudo-

charges on the external surface of the sample. 

𝐸𝑑𝑖𝑝𝑜𝑙𝑒−𝑑𝑖𝑝𝑜𝑙𝑒 =  𝐸𝑆 +  𝐸𝐿 +  𝐸𝐷 (2.4) 

 

It is important to note that the dominant term, 𝐸𝐷 , solely originates from the 

demagnetizing field, and is responsible for the shape anisotropy20. 

 

2.1.1.2. Magneto-crystalline anisotropy 

 

The microscopic origins of MA in transition metals have been the subject of 

ongoing debate since the pioneering work by Van Vleck in 193725. Many interests in this 

topic have been reignited with the advent of artificially engineered transition metal films 

and multilayers that exhibit perpendicular MA26,27. However, understanding the 

microscopic mechanisms behind MCA remains challenging, often leading to general 

hand-waving arguments26,28. The difficulties arise from the treatment of spin-orbit 

interactions in transition metals and their compounds, which possess small sizes. 

Consequently, MCA is typically characterized by small energy values. For instance, it was 

possible to accurately determine the known [111] anisotropy direction in bulk fcc Ni29, 

where the MCA is approximately 10-5 eV/atom due to the high symmetry of the lattice. As 

a result, developing a conceptual understanding of the MCA's origin remains elusive, as it 

emerges from the intricacies of the band structure. 
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In general, MCA can be defined as follows: MCA represents the energy required to 

rotate the magnetization from the "easy" direction to the "hard" direction in a bulk 

sample, assuming the absence of magnetostatic effects. It is determined by the anisotropy 

of the spin-orbit energy, whereby the rotation of the magnetization into the hard 

direction entails an energy cost. 

In practical applications MCA (described in (2.2) by 𝐾𝑀) is often treated as an 

empirical constant, which is typically determined through measurements such as FM 

resonance or magnetization curves obtained along the hard axis. Historically, MCA and 

magneto-elastic anisotropy have been regarded as distinct phenomena. However, on a 

microscopic level, both of these anisotropies arise from the same underlying mechanism, 

namely the anisotropy of atomic structure and bonding in conjunction with the spin-orbit 

interaction. Therefore, both anisotropies are discussed under the general term MCA. The 

concept of MCA was initially proposed by Van Vleck30, who attributed it to the spin-orbit 

interaction that couples the isotropic spin moment to an anisotropic lattice. In modern 

electronic structure calculations, the MCA energy is associated with the largest difference 

in spin-orbit energy when the material is magnetized along two distinct crystallographic 

directions. In the absence of shape anisotropy effects, these two directions define the 

"hard" and "easy" magnetization directions20. 

 

2.1.1.3. Surface anisotropy 
 

Van Vleck's concept suggests that MA arises from spin-orbit coupling and is 

influenced by the preferred "easy" axis created by the bulk lattice30. On the other hand, 

Ne el proposed in 1954 that surface or interface anisotropy arises due to the reduced 

symmetry at the surface or interface, which creates a significant difference in MA 

between the surface and bulk of FM materials22.  

For a considerable time period, it remained uncertain whether a few-layer-thick 

film of a material like Fe, which possesses weak bulk anisotropies, could exhibit sufficient 

surface-induced perpendicular anisotropy to overcome shape anisotropy and result in 

perpendicular magnetization. Further advancements have revealed that surface or 

interface-induced perpendicular MA is indeed possible. The realization of this effect 

relied on the development of techniques for producing atomically clean epitaxial metallic 
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films on single crystal metallic substrates. This was initially deemed challenging due to 

the higher interdiffusion rates of metals compared to insulators and semiconductors22,30.  

The magnetic properties of surface atoms differ from those of bulk atoms due to 

the reduced symmetry at the surface. This difference in magnetic behaviour is known as 

Ne el-type surface anisotropy22,31. Surface/interface anisotropy plays a crucial role in 

systems where surface properties dominate, especially in films consisting of only a few 

atomic layers (AL). Importantly, the magnitude of surface anisotropy remains constant 

regardless of film thickness, as long as variations in thickness do not induce structural or 

morphological changes at the interface layer. However, the commonly used separation of 

effective anisotropy (Kef) into volume (𝐾𝑉) and surface (𝐾𝑆) terms mask the inherent 

nature of Ne el-type surface anisotropy. This separation can be expressed by (2.5): 

𝐾𝑒𝑓  =  𝐾𝑉 +  2𝐾𝑆/𝑑 (2.5) 

 

where 𝑑 represents the film thickness32–34. It has to be noted that this approach does not 

always accurately represents the physics of surface anisotropy. True surface/interface 

anisotropy contributes a constant term to the MA, which may depend on film thickness. 

Therefore, assuming that an anisotropy contribution scales with 𝑑−1 does not necessarily 

indicate a genuine Ne el-type surface anisotropy35. 

It is often assumed33 that film strain varies inversely with film thickness (𝑑−1), and 

this contribution was in some cases mistakenly attributed to surface anisotropy. 

However, some experimental measurements challenge this assumption36, as they do not 

demonstrate a 𝑑−1 variation in film strain. Thus, the general applicability of a 𝑑−1 strain 

variation for epitaxial films is questionable. Additionally, the separation of MA into 

volume and surface terms becomes inappropriate for extremely thin films, such as 

several monolayers, where separating the sample into bulk and two surfaces is not 

suitable. Furthermore, the apparent thickness dependence of magnetoelastic anisotropy 

contributions can be misinterpreted as surface anisotropy. Surface contributions to MA, 

as proposed by Ne el, can indeed dominate the overall MA. Examples include the 

reorientation of easy magnetization direction in Ni monolayers induced by hydrogen or 

iron, highlighting the crucial role of adsorbate coverage in determining the MA of FM 

monolayers36.  
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2.1.2. In-plane magnetic anisotropy of Fe(110) films on W(110) 
 

In most cases, the in-plane MA of thin films is considerably weaker compared to 

the out-of-plane anisotropy. However, there are certain exceptions, particularly in thin 

film systems that possess lower surface symmetries than square or hexagonal structures. 

An example of such an exception can be found in epitaxial (110) oriented iron films on 

tungsten W(110) single crystal surface37. In the following part of this chapter the in-plane 

MA and associated in-plane to in-plane spin reorientation transition in Fe/W(110) 

system will be described in detail as all experimental results presented in chapters four, 

five, and six concern AFM films grown on Fe(110)/W(110). As a matter of fact, the well-

defined and controllable MA and spin reorientation transition (SRT) in Fe(110) layers 

was used as a tool to modify the MA or magnetic state of AFM overlayers, as it will be 

shown by results presented in chapters four, five, and six. 

The absence of out-of-plane anisotropy in Fe(110) can be attributed to the 

crystallographic symmetry of the surface. The arrangement of atoms and the resulting 

symmetry prevent the existence of preferred orientations for the magnetic moments 

perpendicular to the plane. Essentially, the crystal symmetry of Fe(110) does not exhibit 

any specific preference for a particular magnetic alignment in the direction perpendicular 

to the surface37. In the standard series expansion of bulk MCAs in cubic crystals, terms of 

less than fourth order vanish when expressed in terms of directional cosines with respect 

to the cubic axes. The first nonvanishing term is given by 𝐾1(𝛼1
2𝛼2

2 +  𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2). 

However, for surface energy, lower order terms can exist due to the reduced symmetry 

at the surface. This was initially observed by Ne el22, who demonstrated that the dominant 

contribution, known as the out-of-plane anisotropy, is determined by the orientation of 

the spontaneous magnetization relative to the surface normal. Ne el established a 

connection between magnetic surface anisotropies and bulk magnetoelastic properties 

through a phenomenological pair-bonding model. 

The energy density of the bulk MCA in cubic crystals: 

𝐸𝑏𝑢𝑙𝑘 =  𝐾1(𝛼1
2𝛼2

2 +  𝛼2
2𝛼3

2 +  𝛼3
2𝛼1

2)       (2.6) 
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can be in case of perfectly in-plane Fe(110) system expressed as: 

𝐸𝑏𝑢𝑙𝑘 = (
𝐾1

4
) ∙ (sin2 2𝜃 +  sin4 𝜃)      (2.7) 

 

where 𝜃  is the in-plane magnetization angle (See Fig 2.2). The contribution to the surface 

energy 𝜎 for in-plane magnetization M is given by: 

𝜎 =  −𝐾𝑆,𝑃 sin2 𝜃,     (2.8) 

 

where 𝐾𝑆,𝑃 is the anisotropy constant for the in-plane anisotropy. With the assumption of 

homogeneous magnetization with an in-plane magnetization vector M, the total free 

energy per unit volume (𝐸 𝑉⁄ ) for a film with a thickness 𝑑 can be expressed as: 

𝐸
𝑉⁄  =  𝐸𝑏𝑢𝑙𝑘  + (

1

𝑑
) ∙ (𝜎(1) + 𝜎(2) )      (2.9) 

 

which means: 

𝐸
𝑉⁄  =  

𝐾1

4
 (sin2 2𝜃 + sin4 𝜃) − (

1

𝑑
) (𝐾𝑆,𝑃

(1) +  𝐾𝑆,𝑃
(2))  ∙  sin2 𝜃       (2.10) 

 

where 𝜎(1), 𝜎(2), 𝐾𝑆,𝑃
(1), and 𝐾𝑆,𝑃

(2) refer to both surfaces of the thin film. 

 

 

Fig. 2.2 The definition of the polar angle (𝜑), and the in-plane angle of 

magnetization (𝜃) in Fe(110) on W(110). 
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2.1.2.1. Thickness-driven SRT in Fe(110) 
 

In case of Fe(110) when 𝐾1 > 0 and 𝐾𝑆,𝑃
(𝑖) > 0 and for the critical thickness (𝑑𝑐), 

anisotropy energies for both orientations 𝜃 = 0° and 𝜃 = 90° are equal, which means: 

𝑑𝑐 = (4
𝐾1

⁄ ) ∙  (𝐾𝑆,𝑃
(1) + 𝐾𝑆,𝑃

(2))      (2.11) 

 

For a symmetric film, 𝐾𝑆,𝑃
(1) =  𝐾𝑆,𝑃

(2) =  𝐾𝑆,𝑃, and the equation (2.11) can be expresses 

as: 

𝑑𝑐 = (8
𝐾1

⁄ ) ∙ 𝐾𝑆,𝑃    
(2.12) 
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 This means, that with increasing thickness, at the critical thickness 𝑑𝑐, the magnetic 

moments spontaneously switch from  [11̅0] to [001] direction,  as schematically 

presented in Fig. 2.3 (a). In other words, at the critical thickness, it takes no energy to 

switch the magnetic moments from [001] to [11̅0] and vice versa. 

Fig. 2.3 (a) Schematic representation of the SRT thickness dependence in a 

wedged Fe(110) thin film. (b)  Simulation of the in-plane MA energy as a 

function of the angle Ɵ  for various thicknesses of the Fe(110) thin layers. The 

assumed values of the surface and the volume anisotropy constants are 𝐾1  =
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  4.5  ∙   105 (𝑒𝑟𝑔 ∙ 𝑐𝑚−3), 𝐾𝑆,𝑃
(𝑖) = 0.11 (𝑒𝑟𝑔 ∙ 𝑐𝑚−2) for several thicknesses. 

Simulation data is taken from the reference 38 . 

Fig. 2.3 (b) presents a simulation of energy per unit volume given by 2.10 formula 

assuming particular set of MA constants for increasing thicknesses of Fe(110). As can be 

seen in Fig. 2.3, with increasing thickness of Fe layer, the global minimum of energy 

initially present for Ө = 90° (so along [11̅0] in-plane direction) above some critical 

thickness (here ~100Å) becomes to be only a local minimum. For thicker Fe films the 

global minimum of energy is for Ө = 0° (so along [001] direction) and thus around ~100 

Å one expects thickness induced in-plane to in-plane reorientation transition. Obviously, 

another set of MA constants would result in different critical SRT thickness. For instance, 

assuming the same K1 and increasing the 𝐾𝑆,𝑃 value will shift the SRT to higher Fe 

thicknesses. This can be interpreted by increased surface contribution which makes the 

magnetization of even relatively thick Fe films oriented along [11̅0] direction, i.e., 

orthogonally to [001] bulk easy axis of Fe. The same effect was realized experimentally 

for example by annealing of the Fe films on W(110) which makes the surface smoother 

as compared to as grown films and thus increases the surface contribution to MA. As a 

result, the critical thickness of the SRT increases as well.39 

Baek et al. investigated the reorientation of magnetization in pure Fe(110) films 

and explored how this reorientation could be modified using noble-metal overlayers, 

specifically Ag and Au40. 

In the case of pure Fe(110) films, the researchers grew an epitaxial Fe wedge film 

on a W(110) crystal with varying thicknesses. They observed that thinner films exhibited 

magnetization along the [11̅0] direction, while thicker films displayed magnetization 

along the [001] direction. The critical thickness for this transition was found to be 

between 85 A  and 86 A . Notably, the transition from one magnetization direction to 

another was exceptionally sharp, occurring within approximately 1 monolayer (ML) of 

thickness change. Furthermore, they concluded the coexistence of both [11̅0] and [001] 

domains during the reorientation transition. This transition was attributed to a delicate 

balance between surface anisotropy, favouring the [11̅0] direction, and bulk anisotropy, 

favouring the [001] direction. It was highlighted that in 3d metals like Fe, the bulk MCA 

is considerably smaller than surface anisotropy, explaining the relatively high critical 

thickness required for in-plane to in-plane reorientation. Authors analysed the 
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photoemission spectra measured along the two chosen in-plane  orientations, namely 

[11̅0] and [001]. The results are shown in Fig. 2.4 (a). One can notice that the sum of the 

two spin polarizations remains almost constant across the transition region. Basing on 

this observation authors concluded that both [11̅0]  and [001] domains coexist during the 

reorientation transition. 

The study then explored the influence of noble-metal overlayers, Ag and Au, on 

the Fe reorientation. Both Ag and Au overlayers were found to reduce the critical 

thickness for the reorientation transition compared to pure Fe(110). Ag, which grew 

epitaxially on Fe(110), showed a linear decrease in the transition thickness, reaching 

about 70% of the clean Fe(110) surface value after ~2 ML of Ag, after which it saturated 

at higher coverage, as demonstrated in Fig. 2.4 (b). In case of Au overlayers a much more 

pronounced decrease in the transition thickness was observed and partially attributed to 

its stronger electronic interaction with Fe. Unlike Ag, Au did not exhibit saturation in its 

effect on the transition thickness. It should be underlined that such drastic influence of 

Au overlayer on SRT critical thickness can be observed only in case of as deposited, grown 

at room temperature (RT) Au overlayers. Post-preparation annealing of the Au/Fe 

bilayers makes the effect much smaller as it will be shown in chapter 6 of this thesis. 

 

Fig. 2.4 (a) Secondary electron spin-polarization as a function of Fe(110) 

thickness. (b) Critical Fe thickness of SRT as a function of overlayer thickness 

for two studied cases, Ag and Au. These results are taken from reference.40 
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2.1.2.2. Temperature-driven SRT in Fe(110) 
 

Over the past years, there has been significant interest in reorientation transitions 

driven by temperature41–43. The anisotropy-flow concept has been employed to explain 

the general characteristics of these transitions44. However, most of these studies 

primarily focus on reorientations from out-of-plane to in-plane orientations, as they rely 

on the understanding that higher temperatures favour in-plane reorientation due to 

increased entropy. 

Concerning in-plane to in-plane SRTs, Fruchart et al.41 observed a 90°, 

temperature induced switching of the magnetization in Fe(110) from [11̅0] to [001] (see 

Fig. 2.5) in epitaxial W/Fe/W trilayers. 

 

 

Fig. 2.5 MOKE results obtained for W(500 A )/Fe(60 A )/W(500 A ) system at 

different temperatures showing a clear temperature-driven SRT. Data taken 

from reference41. 

 

In Fig. 2.5, and at 300 K, Fruchart et al. found that [11̅0] was the easy axis for 60 A  

Fe(110), and [001] axis had a typical hard loop. However, decreasing the temperature of 
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the measurement to 10 K has induced a 90° switching in the magnetization making [001] 

an easy axis as documented by the typical square-like magnetic hysteresis loop plotted in 

Fig. 2.5 with open dots. 

Gerhardter et al.45 investigated the temperature dependence of the in-plane 

anisotropy for Fe(110) thin films grown on W(110). They have found that the 

anisotropies of a sample of 130 A  Fe grown at 300K (with a critical thickness below 100 

A ) exhibit different anisotropy behaviour compared to a sample of 200 A  Fe grown at 

600K, which they have explained as a result of the influence of the substrate temperature 

during the evaporation. Fig. 2.6 shows the temperature dependence of the Kef anisotropy 

for several Fe(110) samples45. Note that the sample with dFe = 200 A  switches with 

increasing the temperature from [001] to [11̅0] due to the different temperature 

dependencies of the surface and the volume magnetic anisotropies, which means that 

temperature-driven SRT is observed. 

Fig. 2.6 Effective in-plane anisotropy of Fe(110) as a function of temperature. 

Results taken from reference45. 
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 Since temperature change also affects other aforementioned factors (changes in 

surface morphology, adsorption/desorption of residual gases), it is difficult to separate 

the actual influence of temperature from indirect effects. However, providing the critical 

temperature of SRT is low (preferably below or close to 300 K) the unwanted 

temperature induced changes in surface structure and morphology can be omitted. 

Similarly, in case of capped Fe films the adsorption induced effects are excluded and so a 

true temperature induced SRT can be triggered and followed, like it will be shown in 

chapter four for NiO(111)/Fe(110) bilayers. 

 

2.2. Magnetic properties of antiferromagnetic thin films 

 

AFM materials exhibit a unique magnetic behaviour where adjacent magnetic 

moments align antiparallel to each other. These materials consist of two interpenetrating 

sublattices of magnetic ions. By observing the temperature dependency of the magnetic 

susceptibility for AFM, one can determine TN, the temperature above which AFM 

materials become paramagnetic (See Fig 2.7). Below the TN, one sublattice becomes 

spontaneously magnetized, while the other sublattice magnetizes in the opposite 

direction. As a result, AFM materials lack net spontaneous magnetization and exhibit 

linear magnetization responses to external fields, akin to paramagnetic materials. 

In the early 1930s, pioneering work by Louis Ne el laid the foundation for the 

discovery of antiferromagnetism. Ne el proposed that in some materials, adjacent 

magnetic moments could align antiparallel to each other, resulting in a cancellation of the 

overall magnetic moment. This groundbreaking idea challenged the conventional 

understanding of magnetic order. The first direct proof of AFM ordering came in 1949 

from Shull and Smart's neutron diffraction of manganese oxide, MnO46. This experiment 

revealed that the spins on Mn2+ ions are split into two sets, oriented antiparallel to each 

other. Before this discovery, the primary evidence for antiferromagnetism relied on the 

correlation between the observed temperature-dependent susceptibility and theoretical 

predictions using the Curie-Weiss theory. 
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Fig 2.7 Diagram shows the magnetic susceptibility as a function of 

temperature for a typical AFM. The temperature at which the magnetic 

susceptibility drastically changes is TN. 

Over the past couple of decades, the availability of highly sensitive experimental 

techniques for studying magnetic properties has sparked a considerable amount of 

research focused on AFM in low-dimensional systems. These systems typically consist of 

small particles or films deposited on nonmagnetic or FM substrates. Similar to well-

known FM materials, confined AFM systems exhibit magnetic properties that can deviate 

significantly from bulk properties due to interface or size effects47. These effects range 

from the stabilization of unconventional AFM ordering to the emergence of uniaxial 

anisotropy in low-dimensional AFM samples. Moreover, the study of AFM-FM interfaces 

unveils a rich phenomenology associated with interface exchange coupling48.  

In systems with strong electronic correlations, such as AFM oxides, which possess 

very short correlation lengths, intrinsic finite-size effects can be observed only in 

ultrathin films or nanoparticles. Additionally, "surface-related" finite-size effects can 

arise due to the interplay between properties of atoms at the core of a particle or layer 

and those at the surface, which can be influenced by reduced coordination. For example, 

as mentioned in sec. 2.1.1., surface spins often exhibit higher MCA compared to spins 

within the bulk due to symmetry reduction. In addition, structural or chemical effects can 

also emerge from phenomena like surface segregation, relaxation, or reconstruction. 

Furthermore, the surrounding environment can significantly modify the properties of 

interface atoms through hybridization, strain, or chemical interdiffusion48. All these 
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factors play a crucial role in determining the magnetism of systems containing an AFM 

film. 

 

2.2.1. Metal oxide AFM films 

 

 Given the intricate interplay between magnetic, chemical, structural, and 

morphological features, the preparation and characterization of high-quality samples are 

essential in the study of low-dimensional systems. AFM monoxides are often favoured in 

these studies. They can be grown as high-quality thin films on suitable substrates, exhibit 

high chemical and mechanical stability, and have relatively high AFM ordering 

temperatures  The proximity of TN to RT in the case of CoO is advantageous for creating 

exchange-biased systems. However, from the point of view of most of the applications the 

higher the TN is, the more desired material is, which makes NiO (but also other AFM 

materials, like for example Mn2Au) advantageous and intensively studied. Another 

significant aspect of AFM monoxides is their insulating nature49. AFM oxides are 

insulators due to strong electronic correlations and have magnetic properties arising 

from short-range super exchange interactions mediated by oxygen bonds.  

Consequently, from a magnetic standpoint, AFM monoxides can be effectively 

described within the framework of the Heisenberg or Ising formalism as ensembles of 

well-localized spins interacting primarily with their nearest neighbours48. 

Two metal oxide AFM materials studied in this thesis are NiO and CoO. Bulk NiO 

and CoO crystallize in a cubic NaCl structure. Below the TN (TNNiO = 523 K and TNCoO = 291 

K respectively for NiO and CoO), the magnetic moments of Ni2+(Co2+) ions in NiO(CoO) 

align ferromagnetically within the (111) planes, while the adjacent (111) planes are 

coupled antiferromagnetically. In ultrathin layers, the NiO(CoO) spin direction can be 

modified by strain induced by the substrate. Previous studies have shown that 

compressive strain imposes an in-plane NiO(CoO) spin direction, while out-of-plane spin 

alignment is preferred for AFM grown under tensile strain50. In case of NiO, a contraction 

of the cubic unit cell along the stacking directions of the ferromagnetic planes reduces the 

crystallographic symmetry and consequently each of the four possible < 111 > 

directions define a so called “twin domain” (T). Another small contraction along the spin 
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direction results in three possible < 112̅ > spin directions within each T domain and 

defines the so called “spin domains” (S). To conclude a total of 12 orientational domains 

are allowed in NiO, as summarized in Table I.  

S  T   

 𝑇1[ 1,1,1 ] 𝑇2[ 1,1, 1 ̅] 𝑇3[ 1, 1̅, 1 ] 𝑇4[ 1̅, 1,1 ] 

S1 [ 1,1, 2 ̅] [ 1,1,2 ] [ 1,2,1 ] [ 2,1,1 ] 

S2 [ 2̅, 1,1 ] [ 1, 2̅, 1̅ ] [ 2̅, 1̅, 1 ] [ 1̅, 1, 2̅ ] 

S3 [ 1, 2̅, 1 ] [ 2̅, 1, 1̅ ] [ 1, 1̅, 2̅ ] [ 1̅, 2̅, 1 ] 

 

 

Table I. Crystallographic directions of the S and T domains in NiO. Top row: stacking 

direction of ferromagnetic Ni2+ planes in the four T domains. Following rows: spin 

direction in the 12 orientational domains.  

2.2.2. Finite size effects in antiferromagnetic materials 

 

One of the most known and often reported example of finite size effects in both 

ferro- and antiferro-magnetic low-dimensional systems is a reduction of the critical 

magnetic ordering temperature, Torder, where Torder is the TC in case of FMs, and TN in AFM 

systems. Such reduction can be understood as the system gradually approaching the 

conditions dictated by the Mermin-Wagner theorem as its size diminishes. As per this 

theorem, one- (1D) and two-dimensional (2D) systems with short-range interactions 

cannot exhibit spontaneous breaking of continuous symmetry at finite temperature, 

which in other words means that certain long-range orderings, like crystalline order, 

ferromagnetism and importantly antiferromagnetism cannot occur at absolute 

temperature T > 0 48,51. 

Experimental investigations have provided substantial evidence of significant 

reductions in the magnetic transition temperature TN across various low-dimensional 

AFM oxide systems48,52.  

In a simplified mean-field approach, which assumes Torder to be proportionate to 

the exchange energy density of the particle or thin film, the decrease in the magnetic 

transition temperature stems from the diminished total exchange energy resulting from 
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a smaller number of neighbouring atoms. However, it is important to take into account 

that the system's surroundings are not passive and can contribute to the overall exchange 

energy. For instance, the environment (substrate, neighbouring, covering or buffer 

layers, etc.) may induce surface MA through a strain field or modify the magnitude and 

coupling strength of interface moments via hybridization effects or other interactions. 

The mean-field model states that the change in Torder relative to the bulk value, 𝑇𝑜𝑟𝑑𝑒𝑟(∞), 

is inversely proportional to the size or thickness (𝑑) of the particle or film. Nevertheless, 

experimental findings do not entirely support this prediction, and the size-dependent 

reduction in Torder finds better explanation through scaling theories53. 

According to scaling theories, the correlation length of fluctuations in the AFM 

order parameter logarithmically diverges as the reduced temperature  

(𝑇 −  𝑇𝑜𝑟𝑑𝑒𝑟)/𝑇𝑜𝑟𝑑𝑒𝑟  approaches zero in the vicinity of the magnetic ordering transition 

Torder. In the case of a system where the size 𝑑 significantly exceeds a characteristic length 

𝜉 that characterizes the spatial range of spin-spin interactions, one observes a gradual 

reduction in Torder that adheres to a power-law relationship 54: 

𝑇𝑜𝑟𝑑𝑒𝑟(∞) − 𝑇𝑜𝑟𝑑𝑒𝑟(𝑑) 

𝑇𝑜𝑟𝑑𝑒𝑟(∞)
=  (

𝜉+𝑎

2𝑑
)𝜆    

(2.13) 

 

here, 𝜆 is a constant, and (𝑎) corresponds to the lattice spacing. Since 𝑑 ≪  𝜉, Torder is 

expected to exhibit a linear variation with 𝑑 54: 

𝑇𝑜𝑟𝑑𝑒𝑟(𝑑) = 𝑇𝑜𝑟𝑑𝑒𝑟(∞) 
𝑑−𝑎

2𝜉
     (2.14) 

 

 

The specific relationship between Torder and 𝑑 exhibits variations across different 

experimental systems, highlighting the substantial influence of environmental factors48. 
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2.3. Magnetic control of AFM anisotropy: Interface FM/AFM exchange coupling 

  

The efficient manipulation of AFM states has become crucial for future 

advancements10. To address this challenge, research efforts have focused on (i) magnetic, 

(ii) electrical, (iii) strain, (iv) and optical manipulation methods55,56. The main approach, 

which will be discussed in this work, is the magnetic control. 

Song et al. studied the techniques for influencing the orientation of magnetic 

moments, a well-established practice traditionally associated with the use of magnetic 

fields, primarily in the context of FM materials55. However, when it comes to AFMs, this 

undertaking presents a more formidable challenge, primarily due to the inherent 

negligible Zeeman energy effect10. Specifically5,54,55, one avenue involves the application 

of an external magnetic field that surpasses a defined threshold, albeit demanding the use 

of a considerably robust magnetic field to achieve the alignment of magnetic moments or 

domains. For instance, in the case of NiO(111) single crystals, this alignment necessitates 

a magnetic field of 9 T to orient the magnetic moments perpendicular to the field's 

direction, a result of Zeeman energy reduction, coupled with contributions from MA or 

domain formation induced by magnetostriction57. Likewise, for the Mn2Au AFM, 

achieving a favoured orientation of AFM moments demands an in-plane magnetic field of 

approximately 70 T58. 

Additionally, C. Song et al. explored the application of exchange bias as a more 

universally applicable approach for manipulating the magnetic moments of AFMs when 

they are coupled with FM materials. This approach necessitates a smaller magnetic field 

to exert control. The discovery of exchange bias, attributed to Meiklejohn and Bean in 

195659, marked the inception of extensive research in this domain over subsequent 

decades. The manifestation of exchange bias becomes evident in the magnetic hysteresis 

loop, characterized by a pronounced shift in its centre along the horizontal axis. This shift 

arises from the interfacial interplay between FM and AFM neighbouring components as 

the system  is cooled below their respective ordering temperatures TC and TN60. The 

exchange bias effect will be described in the following 2.3.1 section. 
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2.3.1. Exchange bias 
 

In the P.K. Manna and S.M. Yusuf review, authors focus on the exchange bias 

effect61, a magnetic phenomenon known as unidirectional or exchange anisotropy. This 

phenomenon arises due to the interaction at the interface between a FM material and an 

AFM material62,63. The study identifies key indicators of the exchange bias effect, 

including the shift of the field-cooled (FC) hysteresis loop along the magnetic field axis in 

magnetic field-dependent DC-magnetization studies, an increase in coercivity observed 

in FC-hysteresis compared to zero field-cooled (ZFC) cases, and a training effect, where 

the exchange bias field gradually decreases as the number of loop cycles (n) increases in 

cyclic hysteresis loop studies. Additionally, the study notes other characteristics of the 

exchange bias effect, including unidirectional anisotropies62,63, asymmetric reversal of 

hysteresis loops64,65, and a vertical shift of the FC hysteresis loop along the magnetization 

axis66,67. The origin of these effects lies in the interface between two magnetically ordered 

systems, such as FM and AFM materials. 

The phenomenological model of the exchange bias mechanism is based on the 

microscopic spin configuration at an AFM/FM interface. Fig. 2.8 illustrates the simplest 

phenomenological origin of a shifted hysteresis loop observed in a magnetization study 

for an exchange-coupled AFM/FM system. The model considers a FM in close proximity 

to an AFM at temperature of measurement (T), with the AFM having a relatively large 

MCA. Additionally, Tc of the FM greater than 𝑇𝑁 of the AFM (𝑇𝐶> 𝑇𝑁) is assumed. 
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Fig. 2.8 Illustration of the spin arrangement and exchange bias of a bilayer 

consisting of a FM and an AFM at various stages of an exemplary exchange-

biased hysteresis loop. 

At a temperature T, where T > 𝑇𝑁, the FM spins align themselves with an externally 

applied magnetic field (H), while the AFM spins, which is in a paramagnetic state, remain 

randomly oriented. A hysteresis curve measured at this temperature (not shown) 

remains symmetric with respect to zero field axis, unaffected by the proximity of the AFM. 

Let’s assume a high enough magnetic field is applied (along the positive X-axis) in order 

to saturate the FM. Without changing the magnetic field direction, the AFM/FM system is 

cooled to a temperature below the 𝑇𝑁 of the AFM, following a procedure known as field 

cooling. For simplicity, type-II AFM ordering is also assumed which means that AFM 

consists of FM planes that are coupled antiferromagnetically. As a result of the exchange 

interaction at the AFM/FM interface, the first AL of the AFM aligns either parallel (in case  

of FM interfacial coupling assumed in the present discussion) or antiparallel (AFM 

coupling) to the FM spins. Consequently, due to AFM ordering within AFM layer, the spins 

of the second and subsequent ALs alternate between antiparallel and parallel alignment 

with respect to the first FM plane of AFM. 
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The basic assumption of this model is that the FM and AFM exist in a single domain 

state, and the interface spins of the AFM (first monolayer) are uncompensated. When the 

magnetic field direction is reversed (positive to negative), the FM spins attempt to realign 

themselves accordingly. However, due to the interface coupling between the FM and the 

AFM, it requires additional Zeeman energy to rotate the FM spins as the AFM layer tends 

to keep the FM magnetization oriented along the positive magnetic field direction. 

Consequently, the left coercive field (negative magnetic field) increases. Upon complete 

reversal of all FM spins, a negative saturation magnetization is obtained. When returning 

from negative to positive magnetic field, the FM spins require less Zeeman energy to 

return to their initial configuration because AFM layer still prefers the positive field 

direction and, in this case, supports the external magnetic field in reorientation of FM 

magnetization. The overall result is a shift of the field-cooled hysteresis loop along the 

magnetic field axis. If the shift occurs towards the negative magnetic field axis after the 

FC procedure with a positive magnetic field, it is referred to as the negative exchange bias 

phenomenon, this case is the most often reported one. Conversely, if for the same FC 

procedure, the shift occurs along the positive magnetic field axis, it is called the positive 

exchange bias phenomenon. The magnitude of the shift, measured from the origin of the 

magnetic field axis, defines the value of the exchange bias field (𝐻𝐸𝐵). 

It is worth mentioning that the aforementioned phenomenological description 

represents the simplest model for understanding the exchange bias phenomenon. Recent 

reports68,69 have identified two types of uncompensated AFM spins: pinned (frozen) and 

unpinned (rotatable)70–72. Pinned spins are tightly locked to the AFM lattice and remain 

fixed under an external magnetic field. Unpinned spins, on the other hand, follow the 

magnetization of the FM layer and can rotate accordingly. The presence of pinned and 

unpinned uncompensated AFM spins contributes to the shift of the field-cooled 

hysteresis loop and the enhancement of coercivity, respectively70,71,73,74.  

Ohldag et al. discusses the observation of uncompensated spins at the interfaces of 

various exchange bias sandwiches, such as NiO/Co, IrMn/Co, and PtMn/Co90Fe1073. 

Previous studies had suggested the presence of pinned spins in certain systems, but a 

quantitative correlation between pinned magnetization and macroscopic exchange bias 

fields had not been established. The authors employed high-sensitivity x-ray magnetic 

circular dichroism (XMCD) spectroscopy to investigate the presence of uncompensated 

spins and their behaviour in these systems. They found that only a small fraction of the 
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interfacial spins, approximately 4% of a monolayer, were tightly pinned to the AFM and 

did not rotate in an external field. The amount of pinned interfacial magnetization was 

found to be quantitatively correlated with the macroscopic exchange bias field. The study 

also provided insights into the role of domain walls and contributions from deeper layers 

in the AFM. The exact origin of the pinned spins remains unclear, but they are speculated 

to be located at grain boundaries within the polycrystalline films. The findings contribute 

to a better understanding of the microscopic mechanisms underlying exchange bias 

phenomena. 

 

2.3.2. Interfacial coupling scenarios: collinear vs orthogonal 

 

In the study conducted by M. Finazzi et al., a comprehensive investigation delves 

into the intricate ground-state configuration of interfaces between magnetically 

compensated AFM and FM materials48. This exploration primarily focuses on the 

alignment of the AFM layer's magnetic easy axis with respect to the bulk FM moments, 

aiming to unravel the fundamental mechanisms at play. It's elucidated that in an ideal 

scenario, this magnetic interface adopts a ground state referred to as the spin-flop state, 

characterized by a unique perpendicular orientation of the FM moments with respect to 

the AFM magnetic axis. This spin-flop state75, once it's observed, remains remarkably 

stable. However, the initial presumption that this state leads to exchange bias was 

subsequently contested by a more accurate model based on moment precession 

dynamics rather than energy minimization. 

Interestingly, this study reveals that the presence of defects at the interface can 

disrupt the spin-flop ground state. Such disruptions lead to a shift from the ideal 

perpendicular alignment to a collinear coupling between the FM and AFM moments, as 

shown in Fig. 2.9. The extent of this deviation from the ideal state is contingent on various 

factors. For instance, the magnitude of the effective exchange field (Hex) and the 

proportion (u) of magnetically active defects at the interface play pivotal roles in 

determining the nature of this deviation. Moreover, Monte Carlo simulations in this study 

provide additional insights. They suggest that the transition from collinear to 

perpendicular alignment of FM and AFM spins occurs at lower temperatures, particularly 

in cases involving rough interfaces76. Additionally, beyond interface defects, the study 
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highlights the substantial impact of volume defects, such as dislocations within the AFM 

material. These defects have the potential to disrupt the collinear alignment of spins 

within the AFM layer, affecting their coupling with FM magnetization. In essence, this 

research not only sheds light on the complex configurations at magnetically compensated 

AFM–FM interfaces but also underscores the significant influence of defects, whether at 

the interface or within the material volume, on the resultant magnetic behaviour. 

 

 

Fig. 2.9 Illustration of the regions in the parameter space where the ground 

state of the system is determined by either collinear or orthogonal AFM-FM 

coupling. The parameter Hex represents the magnitude of the effective exchange 

field caused by magnetically active defects at the AFM-FM interface. The 

parameter u corresponds to the fraction of atomic sites at the interface, ranging 

from 0 (indicating an ideally compensated interface) to 1 (indicating a 

completely uncompensated interface). JAFM represents the super exchange 

coupling constant, and  m represents the local magnetic moments in the AFM 

material. Data is adapted from reference77. 

In addition to interface defects, there are multiple factors that influence the 

coupling between AFM and FM materials at the AFM-FM interface48. One such factor is 
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the presence of volume defects, including dislocations within the AFM material. These 

defects can disrupt the collinear alignment of spins within the AFM layer, thus affecting 

the coupling between FM magnetization and AFM anisotropy axis78. Furthermore, the 

AFM-FM interface coupling in real systems can be strongly dependent on the conditions 

under which the interface is prepared. This is due to the presence of frustration caused 

by competing exchange interactions. Additionally, magnetoelastic effects induced by 

strain should be taken into consideration. For example, thin FM metal films (such as Fe 

and Co) on NiO(001) exhibit perpendicular coupling between FM and AFM, while the 

coupling is collinear for thin NiO films on Fe(001)79,80. Moreover, in the case of the 

NiO/Fe(001) system, the coupling is dependent on the thickness of the NiO layer. When 

the NiO thickness is less than approximately 15 A , the anisotropy axis aligns parallel to 

the magnetization of the Fe substrate. However, as the NiO coverage exceeds 25 A , the 

anisotropy axis rapidly becomes perpendicular to the Fe magnetization80. 

 

2.4. Interlayer exchange coupling in AFM/S/FM  

 

The use of a non-magnetic spacer in FM/Spacer/FM systems has been extensively 

studied, with numerous research works focusing on the characteristic oscillation of 

interlayer exchange coupling in such configuration81–85. However, comparatively little 

attention has been given to employing a non-magnetic spacer in AFM-FM systems. In this 

chapter, my aim is to present pioneering works that have explored the interlayer 

exchange coupling in AFM/spacer/FM systems using a non-magnetic spacer. 

Furthermore, in Chapter 6, I will present our own findings and results pertaining to this 

study, contributing to the understanding of the interplay between AFM and FM layers 

through a non-magnetic spacer86. 

Go kemeijer et al.87 discuss the significant advancements made in understanding 

the coupling between AFM and FM thin layers through a non-magnetic spacer. To 

investigate the coupling, the authors intentionally inserted a nonmagnetic spacer layer 

between the FM and AFM layers and field cooled the sample below the TN of the AFM 

layer. They experimentally demonstrate that exchange bias can occur across the spacer 

layer, indicating that the exchange coupling is a long-range interaction that extends over 

several tens of angstroms. This coupling is not oscillatory like the interlayer coupling 
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observed in FM-FM systems but instead decays exponentially. The range of the FM-AFM 

exchange coupling is specific to the spacer material, suggesting that it is likely of 

electronic origin. By varying the thickness of the spacer layer and studying different 

spacer materials (such as Cu, Au, and Ag), the authors observe that the coupling strength 

decreases exponentially with increasing spacer thickness. They propose a revised 

expression for the exchange field that considers interactions beyond the immediate 

interface and accounts for the long-range nature of the coupling. 

A. Paul et al. studied the same effect of an insulating spacer layer on the exchange 

bias phenomenon in bilayers consisting of CoO/AlOx/Co structures and investigated the 

impact of varying the thickness of the bottom Co layer and the AlOx spacer on the 

exchange bias field88. Similar to the previously mentioned work, they have observed that 

field cooling the system will result in exchange bias. In this study, the researchers 

investigate the influence of an insulating spacer layer, specifically AlOx, on the exchange 

bias effect. Unlike previous studies using metallic spacers, the non-conductive nature of 

the AlOx spacer suggests that interlayer exchange coupling is not expected to play a role. 

However, they observe a significant enhancement of HEB in the presence of an ultra-thin 

AlOx spacer and a non-monotonic dependence on its thickness. In more details, the results 

demonstrate that the HEB is enhanced compared to the situation without a spacer. The 

enhancement is particularly notable for a thickness of approximately 1.0 nm for the AlOx 

spacer. Moreover, the dependence of HEB on the spacer thickness shows a non-monotonic 

behaviour.  

Using different materials for the metallic spacer (Al, Ag, Au, Si, Pd, Ru, Ti), L. 

Thomas et al. observed that both the HEB and coercive field (HC) decrease exponentially 

with increasing spacer thickness89. The characteristic length scale for this exponential 

decay is a few Angstroms. Some materials, such as Al and Ti, exhibit a nonmonotonic 

variation in HEB for very thin spacer layers. The results show that HEB decreases rapidly 

with increasing spacer thickness and becomes negligible for spacer layers thicker than 

approximately 8 A . Most materials exhibit a monotonic variation, except for Ti which 

shows oscillatory behaviour within a specific thickness range. Authors also showed that 

the decay length estimated from the exponential decay is approximately 0.5 A  for most 

spacer materials, except for Ag which has a longer decay length of 7.5 A . 
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3. Chapter three: Research methodology  

 

In this chapter, the techniques that were used to prepare and characterize the 

samples studied in this thesis will be presented. Two similar UHV systems were used for 

samples preparation. Namely, these were preparation chamber in the laboratory of 

"Nanostructures on surfaces” in AGH University of Krakow and preparation chamber of 

the multichambered UHV system at the PIRX beamline in Solaris facility. Both systems 

included molecular beam epitaxy technique to grow the samples (sec. 3.1.1) and Low-

energy electron diffraction (sec. 3.1.2) to monitor the quality and type of crystallographic 

orientation at the surface and interfaces of studied  systems. Fig. 3.1 shows the setup of 

the UHV  preparation chamber at AGH. It is equipped with manipulator used to move the 

samples inside the UHV chambers, Residual Gas Analyser (RGA) for potential leak 

detection and determination of particular residual gases partial pressures, Low-energy 

electron diffraction (LEED) for characterizing the crystallographic structures of the 

grown films and to monitor the quality of their surfaces, UFO chamber to transfer the 

sample between the UHV chambers, and MBE for high quality and chemically clean 

materials deposition. 
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Fig. 3.1 Photo of the preparation chamber at the laboratory of nanostructures 

on surfaces in AGH University of Krakow. 

 

3.1. Sample preparation and its in-situ structural characterization 

3.1.1. Molecular beam epitaxy (MBE) 
 

Molecular beam epitaxy (MBE) represents an advanced technique for depositing 

thin films under ultra-high vacuum (UHV) conditions, wherein focused beams of 

thermally activated atoms and molecules are directed onto a substrate. This process, 

which is called thermal evaporation, as a refined version of vacuum evaporation, requires 

a complex apparatus to achieve precise control.  

The majority of UHV deposition techniques rely on the process of thermal 

evaporation or sublimation of materials. When a substance is heated to a sufficiently high 

temperature, certain atoms or molecules gain enough energy to overcome the chemical 



40 
 

bonds holding them together, causing them to escape from the material. This 

phenomenon is known as evaporation when it occurs from liquid form and sublimation 

when the material source has a solid form. To quantify the rate at which atoms or 

molecules are deposited onto a substrate positioned at a distance L from the deposition 

source, the flux, denoted as I, can be expressed as: 

𝐼 =  
𝑝(𝑇) 𝐴

𝜋 𝐿2√2𝜋𝑚𝐾𝐵𝑇
      (3.1) 

 

In this context, 𝑝(𝑇) represents the equilibrium pressure, and 𝐴 represents the 

evaporation area, while 𝑚 refers to the molecule's mass. Boltzmann's constant is denoted 

as 𝐾𝐵, and 𝑇 represents the temperature. 

In order to achieve a deposition rate ranging from 0.1 to 1 monolayer per minute, 

with a distance of 10 cm (L) and an area of 0.5 square centimetres (A), an equilibrium 

vapor pressure of approximately 10-5 to 10-4 Torr is necessary, and the temperature of 

the source to get this vapor pressure for selected elements(Fe, Co, Ni, and Au) should be 

in the range of 1150 – 1250 K90.  

The simplest thermal sources are characterized by their straightforward design 

and are often crafted in-house. They consist of open heaters without any radiative or 

insulating shielding or mechanisms to mitigate thermal gradients. Typically, they are 

constructed using refractory metal foils, such as boats and tubes, or shaped filaments and 

baskets. Direct heating is achieved by passing an electrical current through these 

elements. One limitation of these sources is their inability to produce a consistently stable 

deposition rate.  



41 
 

  In more advanced applications the so-called Knudsen cells, also known as K cells 

(or effusion cells), are utilized when highly consistent evaporation rates are required. A 

photo of exemplary K cell equipment attached to the UHV system at AGH laboratory is 

shown in Fig. 3.2 (a). These cells operate on the principle of molecular effusion, which 

was first demonstrated by Knudsen as early as 190991. A Knudsen cell, schematically 

shown in Fig.3.2 (b), consists of a crucible made from tungsten in traditional K cells or 

materials such as alumina or pyrolytic boron. 

 

Fig. 3.2 (a) a picture of a Knudsen cell (b) a schematic diagram of a Knudsen cell. 

 

MBE, as its name implies, utilizes focused beams of atoms or molecules within a 

high-vacuum environment to supply the necessary building blocks to grow a crystal on a 

substrate surface. These beams are directed towards the crystal, which can be maintained 
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at a moderately elevated temperature. This temperature provides sufficient energy for 

the arriving atoms to move across the surface and find their appropriate positions within 

the crystal lattice. The UHV conditions ensure minimal contamination on the growing 

surface. Within the vacuum environment, the atoms and molecules in the beams travel 

along almost collision-free paths until they reach either the substrate or the walls of the 

chamber. Upon contact, they condense and are effectively eliminated from the system. By 

inserting a shutter in the beam, the flow of atoms can be instantly halted. This capability 

allows for slow and contamination-free film growth.  

The general design of MBE consists of a steel chamber that is fitted with pumps to 

establish an UHV environment, typically around 10−11 Torr. Within such system, there is 

a growth chamber housing multiple K-cell. These cells facilitate the evaporation of 

various atomic or molecular materials. The substrate, intended for growth, is positioned 

inside the chamber. It is carefully maintained at a controlled temperature while being 

subjected to high vacuum conditions. In some solutions (although not in the UHV system 

of the author home group at AGH), to ensure uniformity across the sample, it is also 

rotated during the growth process. Moreover, a principal shutter is placed between the 

K-cells and the substrate that shadows the surface of the substrate to give the possibility 

of growing samples with variable thickness of the deposited layer by moving the sample   

during the deposition process (see Fig. 3.3). 
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Fig. 3.3 Schematic configuration of MBE with multiple K-cells.  

 

The last component of the setup is a quartz crystal monitor used to determine the 

deposition rate of the material. The system includes two monitors, one located near the 

effusion cells and the other closer to the sample. They are utilized to calculate the time 

needed to deposit a layer of a specific thickness. The frequency change of the crystal 

oscillations is proportional to the mass of the deposited material. Therefore, it is possible 

to calculate the needed change of frequency ∆𝐹 to grow a specific thickness (𝑑) of a given 

element: 

∆𝐹 =  𝑀𝑒 . (
𝐾𝑛

𝐾𝑝
)  ∙  (

𝐾𝑝

𝐾𝑠
) . 𝑑      (3.2) 

 

where 𝑀𝑒  (
Hz

Å
) refers to the deposition constant of the element, 𝐾𝑛 is the position of the 

quartz crystal monitor closer to the substrate, 𝐾𝑝 is the position of the quartz crystal 

monitor closer to the effusion cells, and 𝐾𝑠 is the position of the substrate. The ratios of 

the positions of the quartz crystal monitors and the substrate are added to compensate 
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for the error caused by the decreasing deposition rate with distance from the effusion 

cells. Determination of the frequency change speed that is read by the control software 

(
𝑑𝑓

𝑑𝑡
⁄ ) [Hz/min], allows to calculate the time of growing a specific thickness of an 

element: 

𝑡 =  
∆𝐹

𝑑𝑓
𝑑𝑡⁄

     (3.3) 

 

Precise control of evaporation speed and sample’s thickness make MBE technique 

an excellent approach for material preparation in systems where relatively thin or 

ultrathin layers  have to be fabricated92. 

 

 

 

3.1.2. Low-energy electron diffraction (LEED) 
 

Electron and X-ray diffraction techniques are extensively employed for surface 

structure characterization. These methods analyse the particles or waves that are 

elastically scattered by the crystal to obtain valuable structural information. The intensity 

of the diffracted beams provides insights into the atomic arrangement within the crystal's 

unit cell. Additionally, the spatial distribution of these diffracted beams reveals details 

about the crystal lattice93. 

LEED is a powerful technique for surface analysis due to the de Broglie wavelength 

of electrons, which is calculated as: 

𝜆 =  
ℎ

√2𝑚𝐸
 

(3.4) 

 

In 3.4 formula, 𝜆 is the wavelength, ℎ is Planck's constant, 𝑚 represents the mass of the 

electron, and 𝐸 is the electron energy. “Low-energy” electrons meet the condition of 

atomic diffraction, as their wavelengths are typically around 1 – 3 A  in the typical energy 

range employed in LEED (30-200 eV), which means that these wavelengths are of the 
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order of or smaller than interatomic distances. This fulfils the atomic diffraction 

condition, enabling the study of surface atomic structures. Moreover, low-energy 

electrons have a very short mean free path, typically spanning just a few atomic layers. 

Consequently, most elastic collisions occur in the topmost layers of a material, making 

LEED a valuable tool for investigating the 2D atomic structure of a sample's surface94. 

The schematic representation of the standard experimental arrangement for 

LEED is illustrated in Fig. 3.4. (a) In the standard LEED setup, an electron gun generates 

a collimated beam of low-energy electrons. These electrons interact with a sample placed 

on a sample holder, and the resulting diffraction pattern is observed using a 

hemispherical fluorescent screen equipped with grids to capture elastically scattered 

electrons. The electron gun unit comprises a cathode filament, a Wehnelt cylinder, and an 

electrostatic lens. The emitted electrons are accelerated to a specific energy within the 

gun and then scatter from the sample. A series of grids helps reject inelastically scattered 

electrons. The retarding voltage is adjusted to optimize the spot-to-background contrast 

in the LEED pattern. The resulting diffracted electrons pass through the fourth grid, are 

reaccelerated to a higher energy, and cause fluorescence of the screen where the 

diffraction pattern is visible. 

 

Fig. 3.4 (a)diagram of typical configuration of a four-grid LEED setup,  adapted 

from reference 93. Exemplary LEED pattern of CoO (111) surface shown in (b) 

was acquired in home laboratory of the author group. 
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3.2. Magnetic characterization techniques 

3.2.1. Magneto-optic Kerr effect (MOKE) 
 

The magneto-optical effect, first demonstrated by Michael Faraday in 184695, 

involves the rotation of the polarization plane of linearly polarized light passing through 

a glass rod subjected to a magnetic field. This rotation, known as Faraday rotation, is 

proportional to external magnetic field H. John Kerr's observation in 187796 extended the 

understanding of this effect to metallic iron mirrors, where the modification of light 

polarization, known as MOKE, was found to be proportional to M of the sample97. 

Today, MOKE is widely used to investigate the magnetization state in FM and 

ferrimagnetic samples due to its numerous advantages. It offers remarkable sensitivity, 

comparable to the best magnetometry techniques, making it particularly useful for 

studying the magnetism of ultrathin films98. In fact, MOKE can detect magnetization at the 

scale of a fraction of an AL within the FM material. MOKE provides rapid measurements, 

thanks to the short duration of the interaction between light and matter. By employing 

femtosecond pulsed lasers, time-resolved measurements with resolutions as low as 100 

fs have been achieved99. Moreover, MOKE offers good lateral resolution, enabling the 

observation of magnetic domains100 and facilitating the study of spatial magnetization 

distribution in various structures, including FM wires, patterned magnetic arrays, and 

self-organized magnetic structures101. In addition to its technical capabilities, MOKE 

measurements are relatively easy to perform and cost-effective. They can be conducted 

on samples located at a distance from the light source and detector, making MOKE a 

popular choice for studying thin film magnetism in vacuum chambers or under extreme 

conditions such as magnetic fields or varying temperatures. 

MOKE relays on rotating the plane of polarized light reflected from the sample 

surface, a phenomenon called Kerr rotation. The switching of the magnetic orientation of 

the sample surface can cause this rotation leading to change of the intensity of the 

reflected light. The change of the polarized light intensity, which is captured by the 

detector, is proportional to the magnetization of the surface, and sensitive to the direction 

of the applied magnetic field on the sample. Hence, there are three geometries at which 
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MOKE can be set up, namely: Polar MOKE (PMOKE), Longitudinal MOKE (LMOKE), and 

Transverse MOKE (TMOKE). 

In PMOKE, M is aligned out-of-plane with respect to the sample, while in LMOKE, 

M is aligned in-plane, and parallel to the plane of incidence of the polarized light, and 

lastly, TMOKE where M is also aligned in-plane but perpendicular to the plane of 

incidence of the polarized light, as demonstrated in Fig 3.5. 

 

Fig. 3.5 MOKE configuration in three geometries: PMOKE, LMOKE, and TMOKE 

A typical MOKE setup consists of set of electromagnetic coils, manipulator to hold 

the sample between the coils, a source of light (e.g., laser), a polarizer and an analyser, 

signal modulator, a Teslameter, and a detector (see Fig 3.6). 

 

 

Fig 3.6 (a) schematic LMOKE setup. (b) Photo of PMOKE setup acquired in home 

laboratory of the author group 
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3.2.2. X-ray magnetic circular dichroism (XMCD) 

 

The possibility of directly observing the Magnetic Circular Anisotropy (MCA) as a 

manifestation of orbital moment anisotropy was initially proposed by Bruno24,102. This 

opportunity emerged with the advent of a powerful magnetics technique known as  

XMCD spectroscopy. The technique was first introduced and refined by Schutz in 1987103, 

and since then, it has undergone significant experimental104,105 and theoretical106,107 

advancements, transforming into a precise tool for quantitative magnetometry. XMCD 

spectroscopy possesses several advantages over traditional magnetics techniques24. One 

of its primary strengths lies in its ability to accurately determine and separate the spin 

and orbital magnetic moments, along with their anisotropies, with element-specificity. 

Additionally, XMCD spectroscopy exhibits chemical sensitivity108, enables the 

identification of magnetic moment orientations in ultrathin films and monolayer 

magnetic materials109, leading also to element-specific magnetic imaging110. 

Furthermore, it allows for the determination of element-specific AC susceptibilities111 

and magnetization loops112. Lastly, XMCD spectroscopy demonstrates remarkable 

sensitivity at the sub-monolayer scale104,113. 

  The origin of the XMCD effect in a magnetized sample can be most easily explained 

within a so-called one-electron picture114, please see Fig. 3.7. In a 3d transition metals, 

the 2p core states are split in a j = 3/2 (L3 edge) and a j = 1/2 (L2 edge) levels. 

Corresponding spin and orbit angular momenta are coupled parallel and antiparallel to 

each other, respectively. XMCD can be described as a two-step process. Initially, the 

incoming beam helicity is parallel (antiparallel) to the 2p orbital moment. This 

arrangement results in the preferred excitation of electrons in the spin up (down) 

direction. The second step consists of the electron occupying a state in the 3d band. If 

there are less spin up than spin down holes available, the XMCD spectrum then has a 

negative net  L3 peak and a positive L2 peak. Taking right (μ+) and left (μ−) polarizations, 

and M as the sample magnetization, the XMCD signal can be defined as the difference 

spectrum between them.  

∆𝜇 =  𝜇+(−𝑀) −  𝜇−(−𝑀)  =  𝜇−(𝑀)  −  𝜇+(𝑀) (3.5) 
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Fig. 3.7 (a) two-step picture for XMCD of a single-electron system in a 

magnetic material. Electrons from the 2p3/2 level are preferentially excited 

into spin up states in the 3d band, while those from the 2p1/2 level are 

preferentially excited into spin down states. (b) X-ray Absorption 

Spectroscopy and XMCD spectra for the Fe L2,3 edge, showing the right (μ+) 

and left (μ−) handed polarization, along with their sum (absorption spectrum) 

and the difference spectrum (XMCD). 

 

3.2.3. X-ray magnetic linear dichroism (XMLD) 

 

X-ray Magnetic Linear Dichroism (XMLD) is a valuable method for investigating 

the magnetic properties of materials. This technique extends the capabilities of X-ray 

Absorption Spectroscopy (XAS) and relies on the difference in absorption spectra 

between linearly polarized radiation with electric field vector E aligned perpendicular 
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and parallel to the magnetic moments of the sample. Unlike X-ray Magnetic Circular 

Dichroism, XMLD's signal strength depends not only on the square of the magnetic 

moment but also on the angle between the E vector and the magnetic axis of the studied 

system. This makes it particularly useful for examining AFM materials. The XMLD effect 

arises from the distortion of atomic charge induced by the spin-orbit interaction, 

occurring when atomic spins align axially due to the exchange interaction. 

To demonstrate the impact of spin-orbit coupling on the charge distribution, Fig. 

3.8 (a) displays the charge densities of individual components within the spin-orbit split 

p1/2 and p3/2 states. Notably, each individual density, represented by the squares of 

wavefunctions, exhibits spatial (not spherical) anisotropy with respect to the z-axis 

alignment of the spin. Conversely, when summing over all 𝑚𝑗  substates within each j 

manifold, the resulting charge distributions become spherically symmetric, see Fig. 3.8 

(b). This observation leads to the conclusion that a linear magnetic dichroism effect will 

only be present if the  𝑚𝑗  substates in the initial or final states of the electronic transition 

are split and contribute unequally to the X-ray absorption intensity. In magnetic 

materials, such a splitting between  𝑚𝑗  substates in the valence and core shells naturally 

arises in the presence of the exchange interaction below the magnetic transition 

temperature. 
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Fig. 3.8 The orbital densities corresponding to the pj states (p1/2 and p3/2) are 

depicted. The particular substates are denoted by quantum numbers  𝑚𝑗  for 

clarity. The z-axis is chosen as the reference axis for spin quantization. Notably, 

the charge distributions exhibit spatial asymmetry, leading to varying X-ray 

absorption intensities when the E-vector aligns either parallel or perpendicular 

to the z-axis. The (b) figure displays the spherically symmetric charge density 

resulting from the summation of all  𝑚𝑗  states, as well as the summation of mj 

states within a given j.  Figure adapted from reference 20.  

 

 Experimentally, the difference in intensity for XMLD is often obtained by 

conducting two measurements (see equation 3.6): one with the E  aligned parallel to the 

magnetic moments of the sample and another with the 𝐄 perpendicular to it. 

∆𝐼𝑋𝑀𝐿𝐷 =  𝐼∥  −  𝐼⊥ (3.6) 
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where 𝐼∥ and 𝐼⊥ are the absorbed intensities when 𝐄 is aligned parallelly and 

perpendicularly with the magnetic axis, respectively. 

 

Fig. 3.9 (a) A schematic representation of the charge distribution densities of 

NiO above and below TN. (b) An XMLD spectra of NiO for E  aligned parallel and 

perpendicular to the magnetic moments M. 

 The origin of the XMLD effect in AFM oxides can be demonstrated using the 

example of NiO. Above TN, NiO orbital has a symmetrical, sphere-like charge distribution 

densities as a typical paramagnet. But for lower temperatures, i.e., at RT, NiO is an AFM, 

and the Ni spins start to orient in two opposite directions leaving zero net magnetization 

and a preferred magnetic axis (see Fig. 3.9 (a)). This alignment of the Ni spins along the 

preferred magnetic axis leads to breaking the symmetry of the charge distribution in the 

Ni spin orbit and having ellipse-like charge distribution densities. This leads to creating 

a small a-symmetry in the x-ray absorption signal which is proportional to the charge 

anisotropy of the density distribution. According to equation 3.6, XMLD effect is 

calculated by the difference between 𝐼∥ and 𝐼⊥. Fig 3.9 (b) shows this difference in the 

second peak near L2 absorption edge of Ni. This noticeable difference in the second peak 

of 𝐼∥ and 𝐼⊥ is considered as the fingerprint of the NiO magnetization. 
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4. Chapter four: NiO(111)/Fe(110)  

 

4.1. Introduction 

As mentioned in chapter two, controlling the magnetic spins in AFM can lead to 

advantageous usage in spintronics. Magnetic control of AFM spin structure can be done 

by applying a strong external magnetic field which drives the transition to spin-flop state 

115,116, or by the employing the interfacial exchange coupling to a neighbouring FM 50,67,117. 

This chapter focuses on the magnetic control method by tuning the MA of Fe(110) layer 

in NiO(111)/Fe(110) system. The exchange bias that is caused by the AFM layer, and the 

well-known SRT which is documented in FM layers 40,118–120, cause an exchange 

interaction in such systems which can be employed to get a better control over the 

magnetic spin structure on the AFM layer. 

 

 

4.2. Sample preparation  

 

Fe(110) was grown using MBE on atomically clean W(110) single-crystal surface 

at RT, subsequently followed by annealing at 675 K for about 15 minutes to smoothen the 

Fe surface. By having the principal shutter shadowing the sample during Fe growth, two 

sample regions, with the thicknesses of Fe 50 A  and 150 A , were created. Analogous but 

more complicated sample consisting of several Fe stripes with the thickness in the range 

of (70-110 A ) was also prepared for dedicated experiment to document the temperature-

driven SRT on Fe and NiO, as will be precisely described at the end of this chapter. Both 

samples were covered by homogeneous NiO(111) overlayers with the thickness dNiO = 40 

A  which was grown at RT by reactive deposition of Ni in partial oxygen pressure 1x10-6 

Torr. Fig.  4.1 (a and b) show the LEED snapshots of the diffraction pattern of the surface 

of the system for both Fe and NiO taken during the preparation of the sample, followed 

by their corresponding ball model below (c and d). 

 



54 
 

 

 

Fig. 4.1 (a) & (b) LEED snapshots for uncovered Fe(110) and 

NiO(111)/Fe(110), respectively. (c) & (d) corresponding ball models. Fe(110) 

and NiO(111) in-plane directions are shown in (e) 

 

In Fig.4.2 the exemplary LEED patterns of the uncovered Fe(110) (top panel) and 

NiO(111)/Fe(110) surface (bottom panel) are shown for both studied Fe thicknesses, 50 

A  (left) and 150 A  (right). Dashed lines mark image sections used for determination of 

diffraction spots intensity profiles, as presented in Fig. 4.3. 
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Fig.4.2. LEED patterns together with image sections (dashed lines) used for 

determination of diffraction spots intensity profiles, as further presented in Fig. 

4.3. 

In Fig. 4.3 intensity profiles as determined from corresponding diffraction 

patterns (Fig. 4.2) are shown. From both analyzed in-plane directions one can conclude 

that Fe(50 A ) and Fe(150 A ) (110) oriented surfaces are perfectly isostructural (please 

see top panel of Fig. 4.3). The same concerns sample after covering by NiO: 

NiO(111)/Fe(50 A ) and NiO(111)/Fe(150 A ) surfaces can be treated as almost 

isostructural (bottom panel of Fig. 4.3). This is an important conclusion because it means 

that all differences in magnetic properties of NiO/Fe bilayers described in the following 

part of this chapter have magnetic, not structural origin. 

 

Fig.4.3 Intensity profiles as determined from corresponding diffraction 

patterns presented in Fig.4.2. 
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4.3. Results 

 

 XMCD spectra in Fig 4.4 (a), captured for both regions of Fe(110), show a 

noticeable asymmetry between the left- and right-hand polarization (LHP & RHP) on the 

region where M is aligned along [11̅0] direction (parallel to k– thin Fe), while no XMCD 

effect is noticed on the thicker Fe where M is aligned perpendicular to k. Similarly, a small 

but noticeable distinction between the XMLD spectra can be seen, acquired with linear 

polarization parallel to NiO[011̅]||Fe[001] direction, on the 50 A  and 150 A  Fe regions, 

which is seen by comparing the second peak of the XAS spectra acquired before and after 

SRT. It is worth noting that the XMLD magnitude of NiO is typically defined by the  so 

called RL2, which in this thesis is defined as the ratio of the intensities of higher energy 

peak (P2) to lower energy peak (P1) at the vicinity of Ni L2 absorption edge 121 (see Fig 4.4 

(b)). 

Fig.  4.4 (c) shows x-ray photoemission electron microscopy (PEEM) images, 

where  XMCD-PEEM  image of the Fe (50/150 A ) border is captured at RT (top image). 

The magnetic boundaries between the two thicknesses of Fe(111) are clearly seen. In this 

setup, the photon beam direction k is aligned along the magnetic spin direction of the thin 

Fe layer, specifically along Fe[11̅0] (Fig.  4.4 (c) bottom of the top image), and 

perpendicular to the magnetization direction of the bulk-like thick Fe layer which is 

magnetized along [001] direction. The characteristic zig-zag pattern seen here indicates 

a 90° rotation of the magnetic spin orientation between these two Fe thicknesses 122. 

On the same region, an XMLD-PEEM image was taken showing the domain 

structure for the homogeneous NiO(111) overlayer. This XMLD-PEEM image was 

acquired at the Ni L2 edge with linear polarization E within the NiO(111)||Fe(110) sample 

surface plane and with k vector along NiO[01̅1]||Fe[001] direction. Fig.  4.4 (c) (middle 

image) shows a similar pattern with the distinguished zig-zag on NiO(111) surface, to the 

one that is captured on the Fe(110) with circular polarization. This zig-zag pattern 

represents clear evidence on the 90° rotation of NiO layer magnetic moments between 

two analysed NiO(111)/Fe(110) sample regions. There is no doubt that the vicinity to the 

Fe layer has led to having an SRT on the AFM NiO layer from NiO[2̅11]∥Fe[11̅0] to the NiO 

[01̅1]∥Fe[001], similar to the one on Fe (see Fig. 4.1 (e)). This means, the magnetic 
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structure of the AFM NiO layer is directly affected by the spin reorientation transition 

between the two orthogonal FM Fe regions. 

 

 

Fig. 4.4 (a) XAS spectra captured for 150 A  Fe and 50 A  Fe covering L3 and L2 

edges absorption edges of Fe. (b) XMLD spectra captured for both NiO 

overlayers covering  150 A  and 50 A  Fe. (c) XMCD-PEEM and XMLD-PEEM 

images captured for Fe(110) and NiO(111) respectively, k is the direction of the 

x-ray beam, E is the is the electric field vector. 

Fig.  4.4 (c) bottom image displays an XMLD-PEEM image acquired with linear 

polarization, closely aligned with the surface normal. In this instance, the absence of 

magnetic contrast substantiates the conclusion that NiO spins are confined within the 

NiO(111) sample plane, as anticipated. It is important to note that XMCD-PEEM images 

obtained at the Ni L3 edge (not shown) do not reveal any magnetic contrast across the 

50/150-A  Fe border, affirming that the contrast visible in the XMLD-PEEM image in Fig. 

4.4 (c) originates solely from the AFM ordering in NiO. Consequently, Fig. 4.4 provides 

compelling evidence that in-plane SRTs are observed across the 50/150-A  Fe border in 

both the ferromagnetic Fe and antiferromagnetic NiO sublayers of the NiO(111)/Fe(110) 

bilayer. 

To scrutinize the magnetic properties of antiferromagnetic NiO(111) overlayers, 

rigorous angle-resolved and temperature-dependent XMLD measurements were 

conducted, as depicted in Fig. 4.5 (a) alongside the experimental geometry sketch. 

Initially, the dependence of the RL2 ratio on the polar angle θ at various temperatures was 

examined (Fig. 4.5(b)), maintaining a fixed azimuthal angle 𝜑 = 0° In this geometry, the 
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electric field vector E projection on the NiO(111)||Fe(110) sample plane aligns with the 

NiO[2̅11] || Fe[11̅0] in-plane direction. Consequently, for the 50-A -thick Fe region, 

increasing the polar θ angle corresponds to an augmentation in the angle between E and 

NiO spins. Conversely, in the 150-A -thick Fe region, the angle between E and NiO spins 

remains constant as the θ angle varies. While one might intuitively expect a strong 

dependence of RL2(θ) on the 50-A -thick Fe region and no dependence on the 150-A -thick 

Fe region, Fig. 4.5 (b) reveals that RL2 depends strongly on θ for the 150-A  region (black 

circles), whereas for the 50-A -thick Fe region (green circles), the corresponding 

dependence is much weaker. This seemingly surprising observation aligns with findings 

in reference123 suggesting that the XMLD asymmetry in NiO relies not only on the relative 

orientation of the electric field E and AFM spins but also on their orientation with respect 

to the crystallographic axes124,125. 

 

 

Fig 4.5 (a) Schematic sketch of the geometry of angle-resolved XMLD 

measurements. (b) Dependency of the RL2 ratio on the polar angle θ (with a fixed 
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𝜑 =  0°) at temperatures of 80 K (circles), 300 K (squares), and 350 K (triangles), 

considering two different thicknesses of studied Fe layers, namely 50 A  (in green) 

and 150 A  (in black). (c) Variation of the RL2 ratio with temperature for regions of 

the sample corresponding to NiO/50 A  Fe and NiO/150 A  Fe. (d) Temperature-

related changes in the RL2 ratios, as defined in (c), represented by ΔRL2(θ=0) 

calculated as RL2(50 A ) − RL2 (150 A ). 

Angular dependencies of RL2 ratios at low temperatures, depicted in Fig. 4.5, 

confirm the confinement of NiO spins in-plane and their collinear coupling to 

neighbouring Fe magnetic moments. As temperature increases, the observed angular 

dependence gradually diminishes, and by 350 K, the RL2 ratio becomes nearly 

independent of θ for both sample regions. This implies that, due to finite-size effects, the 

TN of the 40-A -thick NiO(111) is reduced compared to its bulk value. Fig. 4.5 (c) shows 

results of systematic temperature-dependent RL2 measurements conducted in normal 

incidence geometry (θ = 0), with E || NiO[2̅11]||Fe[11̅0] at 𝜑 = 0°, above both sample 

regions. The difference of these two RL2 ratios, defined as, defined as ΔRL2(θ=0) = RL2(50 A ) 

− RL2(150 A ), is presented in Fig. 4.5 (d). Based on these findings, TN of the 40-A -thick 

NiO(111) layer is estimated to be approximately 380 K. This value is consistent with 

reported TN of different NiO monolayers126. 

To explore the MA of both Fe(110) and NiO (111) sublayers, Fig. 4.6 shows a 

systematic angle-dependent measurements of both sublayers using MOKE and XMLD, 

respectively. The in-plane MA of the ferromagnetic Fe(110) sublayer was examined 

through angle-dependent MOKE measurements. The magnetization in the remanence 

state was determined and plotted as a function of the in-plane azimuthal angle 𝜑, as 

illustrated in Fig 4.6 (left panel), using data obtained from magnetic hysteresis loops. 

These findings unequivocally establish the presence of a robust uniaxial in-plane MA. 

Specifically, for the 50-A -thick Fe, the anisotropy favours the Fe[11̅0] easy axis, while for 

the 150-A -thick Fe, it aligns with the bulk-like Fe[001] orientation. This twofold in-plane 

MA of Fe is mirrored by the MA of the neighbouring NiO.  To investigate that, XAS spectra 

were measured at varying 𝜑 angles. For each 𝜑 angle, two spectra were obtained, one at 

θ = 0 (normal incidence) and the other at θ = 60° (close to grazing incidence). For these 

measurements ΔRL2 = RL2(θ = 0°) – RL2(θ = 60°) was defined and determined. 
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Fig 4.6 On the left side, in-plane angular dependencies of Fe magnetization in 

the remanent state, calculated from MOKE hysteresis loops. On the right side, 

XMLD magnitude defined by ΔRL2 (calculated as RL2(θ = 0°) − RL2(θ = 60°)) as a 

function of the azimuthal angle (𝜑). At the bottom of the image, arrows 

schematically indicate the easy axes of the FM Fe and AFM NiO sublayers for 

both sample regions. The 50- and 150-A  sample regions are coloured green and 

black, respectively. 

In Fig. 4.6's right panel, plots of d ΔRL2 (𝜑) are presented for both thicknesses of 

the Fe sublayer. Unlike the threefold in-plane symmetry in bulk NiO(111) that is observed 

in previous works127, the interaction with the adjacent Fe layer induces a twofold in-plane 

MA in NiO. The easy axis of NiO is determined by the FM’s MA, aligning parallel to 

NiO[2̅11]||Fe[11̅0] and NiO[01̅1]||Fe[001], for 50- and 150-A -thick regions, respectively. 

In the NiO/50 A  Fe region, the XMLD effect vanishes along the Fe easy axis at 𝜑 =  0, but 

for NiO/150 A  Fe, it remains nonzero along the Fe easy axis at 𝜑 = 90°. This means that 

there is an additional MA of NiO above thick Fe film region. 
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 The easy axis of thin Fe (Fe[11̅0]), coincides with NiO's easy axis (NiO[2̅11]). 

Consequently, the NiO[2̅11]||Fe[11̅0] orientation of AFM spins is favourable. However, in 

the NiO/150 A  Fe region, the easy axis of thick Fe (Fe[001]) does not align with any of 

NiO's easy axes (please see Fig. 4.1e) but lies precisely between two of them, causing an 

intrinsic contribution to NiO's effective MA and influencing angle-dependent XMLD 

results, leading to a nonzero value of dletaRL2 at 𝜑 = 90°. 

Fig. 4.7  shows magnetic hysteresis loops for both Fe and NiO sublayers obtained 

using XMCD and XMLD, , respectively. The measurements involved applying an external 

magnetic field in a specific geometry (𝜑 = 0°, 𝜃 =  60°), aligning the in-plane component 

along the Fe[11̅0] direction. It's important to note that due to the substantial in-plane MA 

of Fe/W(110) films, the nonzero out-of-plane component of the external magnetic field 

does not affect the Fe magnetic state. This is because significantly higher fields are 

required to switch Fe(110) magnetic moments out of the (110) sample plane. For the 50 

A  Fe region, below the critical thickness for SRT, a typical square hysteresis curve is 

observed. Conversely, the 150-A -thick Fe exhibits a hard-axis loop with nearly zero 

magnetization in the remanent state. In the case of NiO sublayer, the external magnetic 

field has no effect on XMLD in the 50-A -thin Fe region, as the XMLD does not sense the 

180° reversal. However, in the 150-A -thick Fe region, a change in RL2 is evident with 

changing the external magnetic field. This can be explained by considering the 

magnetization reversal of the thick Fe along its hard MA axis and the exchange coupling 

at the NiO/Fe interface. 
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Fig. 4.7 Magnetic hysteresis loops for 150 A  and 50 A  regions of the sample, 

captured by XMCD (top) and XMLD (bottom) for Fe and NiO sublayers 

respectively.  

The results in Fig. 4.7 show rotatable NiO spins in the NiO/Fe bilayer, and their 

orientation can be switched, for instance, by applying a ~500 Oe external magnetic field. 

This observation is confirmed by the absence of EB in NiO(111)/Fe(110) system, as 

indicated by the magnetic hysteresis loops of Fe (Fig. 4.7 top panel) which are symmetric 

around H = 0 axis. This observation was further validated through magnetic hysteresis 

loops obtained for NiO/Fe(110) bilayers using MOKE, such as the blue loop in Fig. 4.8 

measured at 80 K for NiO/(50 A  Fe), where the external magnetic field was applied along 

the Fe[11̅0] direction. This finding implies that NiO spins exhibit full rotatability at low 

temperatures, likely due to the considerably smaller intrinsic MA of NiO compared to CoO 

(in chapter five). The lack of HEB can be explained by potential spin-flop coupling between 
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Fe and NiO magnetic moments. However, such orthogonal coupling has  already been 

ruled out by angle-dependent XMLD results shown in Figs. 4.5 and 4.6. 

 

Fig. 4.8 Magnetic hysteresis loops on NiO/50 A  Fe region captured by MOKE at 

300 and 80 K. 

Fig 4.8 also shows that FM-AFM coupling leads to coercivity enhancement. The 

easy-axis hysteresis loops for the NiO/50 A  Fe region shown here were measured by 

MOKE at 300 K and 80 K. A substantial increase in coercive field can be observed when 

decreasing the temperature to 80 K. The alterations in coercivity induced by temperature 

can exclusively be ascribed to FM-AFM coupling,  as in systems devoid of AFM influence, 

the coercive field of Fe(110) films demonstrates minimal dependence on temperature. 

The interaction between the magnetic moments of NiO with the underlying Fe 

layer suggests the possibility of achieving field-free switching in AFM NiO states within a 

NiO/Fe system with uniform thicknesses of Fe and NiO. To achieve this, fine tuning of the 

thickness of the Fe sublayer is required. This precise tuning is essential to ensure that the 

effective in-plane MA of Fe approaches almost zero value, thereby placing the NiO/Fe 

bilayer in close proximity to the critical thickness of the Fe SRT.  
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Fig. 4.9 (a) SRT in the 90 A  thick Fe sublayer driven by temperature. (b) The 

schematic representation of the XMLD experiment, and exemplary XAS spectra 

obtained with linear polarization of the photon beam. Both captured at 300 and 

80 K are presented (red and green, respectively). 

Fig. 4.9 (a) Hard and easy MOKE hysteresis loops documenting temperature driven SRT 

in 90 A  thick Fe sublayer. (b) The schematic sketch representing the geometry of the XMLD 

experiment and an exemplary XAS spectra acquired around L2 edge for 90 A  Fe at 300 K and 80 

K. Fig. 4.9 (a) shows that at 300 K (red curve), 90 A  Fe magnetization favours the Fe[11̅0] 

direction showing a typical hard loop captured by MOKE when the external magnetic field 

was applied parallel to Fe[001] direction. At this thickness Fe has a very small MA which 

makes it possible to switch its magnetization to [001]. This phenomenon in FM systems 

may occur due to the specific temperature dependence of MA constants, as mentioned in 

section 2.1.2.2 of this thesis. At 80 K, the green curve in Fig. 4.9 (a) confirms that 
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temperature induced SRT does take place in 40 A  NiO/ 90 A  Fe, as the Fe magnetization 

switch in-plane by 90° from [11̅0] to [001] resulting in a square hysteresis loop. The 

normalized XAS spectra in Fig. 4.9 (b) confirm the temperature induced SRT in  40 A  NiO/ 

90 A  Fe system, as the significant difference in the second peak of the spectra at 300 and 

80 K indicates a temperature induced SRT in AFM as well.  

To investigate further the temperature induced SRT in NiO(111)/Fe(110) 

bilayers, systematic temperature-dependent XAS measurements took place, focusing on 

three Fe thicknesses, namely 50 A , 90 A , and 150 A . Fig. 4.10 shows the temperature-

dependent behaviour of the normalized XMCD signal and XMLD data as defined by RL2 

ratio. In case of 50 A  Fe, the magnetic spin structure is aligned along [11̅0] direction, as 

verified by the temperature-dependent XMCD results in the top panel in Fig. 4.10 

(triangles). Despite the anticipated increase in [001] in-plane MA of Fe(110) with 

decreasing temperature, this change is insufficient to prompt a rotation of the 

magnetization in the 50 A  Fe stripe. Conversely, a 150 A  thick Fe film exhibits 

temperature-independent magnetization along the in-plane [001] direction (squares in 

the upper panel of Fig. 4.10), with the [001] MA even strengthening as the temperature 

decreases. Due to FM-AFM coupling, in both cases  dFe = 50 A  and dFe = 150 A , the 

orientation of NiO magnetic moments, as indicated by the RL2 ratio in the lower panel of 

Fig. 4.10, is consistently fixed along NiO[2̅11]||Fe[11̅0] and NiO[01̅1]||Fe[001], 

respectively.  

In the case of dFe = 90 A , the Fe sublayer experience a temperature-driven in-plane 

SRT by 90° from Fe[11̅0] to Fe[001] directions with decreasing the temperature. 

 A substantial thermal hysteresis of this temperature-induced SRT is observed, spanning 

from 230 K to 270 K. Consequently, for each temperature within this range, there are two 

possible equilibrium states characterized by the orthogonal orientations of Fe 

magnetization. Due to the FM–AFM coupling between Fe and NiO sublayers, two 

orthogonal magnetic states are also observed in the antiferromagnetic NiO sublayer, 

which is evident from the temperature dependence of the RL2 ratio marked by circles in 

the lower panel of Fig. 4.10. On the cooling branch, within the temperature hysteresis, the 

magnetic state is stable with magnetic moments oriented along NiO[2̅11]||Fe[11̅0] 

direction, while in the heating branch, the system persists in the orthogonal 

NiO[01̅1]||Fe[001] orientation. The switching between these two orthogonal states of 
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NiO magnetic moments can be achieved through cycles of heating and cooling of the 

sample above 270 K and below 230 K, respectively. 

 

 

Fig. 4.10 Temperature dependence of XMCD and XMLD measurements on 

NiO(111)/Fe(110) system containing three different Fe thicknesses of 50 A , 90 

A , and 150 A . 

To make more systematic experiment of such field free and temperature driven 

SRT on AFM, another sample consisting of 300 µm-wide Fe stripes in the range of 

thicknesses from 98A  to 113A  (see Fig. 4.11 (a)) was made. For such prepared sample, it 

requires a long time for stabilization at each temperature before the corresponding XAS 

measurement is performed because temperature change can lead to significant thermal 
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expansion and contraction of the manipulator that holds the sample. Consequently, due 

to time limitations in synchrotron facility, only the heating branch was measured 

contrary to the full thermal hysteresis measurements shown in Fig. 4.10. XMLD results 

defined by RL2 in Fig. 4.11 (b) show the temperature dependence for various thickness of 

Fe. These results show that depending on the thickness of Fe, the critical temperature, at 

which SRT occurs on NiO where the AFM moments switch from NiO[011̅]||Fe[001] to 

NiO[2̅11]||Fe[11̅0], can be defined. With increasing the thickness of Fe, the critical 

temperature constantly increases. For this system, the results showed that Fe thicknesses 

that SRT occurs at are in the range from 98A  to 113A  .  

 

 

Fig. 4.11 (a) Schematic sketch of the sample showing the Fe thicknesses at 

which temperature induced SRT occurs. (b) Temperature dependence of RL2 

ratio for various Fe thicknesses of the sample (colour coded) shows the 

temperature driven SRT. 
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5. Chapter five: CoO(111)/Fe(110)  

 

5.1. Introduction 

 

CoO/Fe is one of the intensively studied AFM/FM systems with the large potential 

in terms of exchange bias and frozen antiferromagnetic spins studies 128,129. More 

precisely, such studies were mostly conducted for (001) oriented  CoO/Fe systems 130–

133, while bilayers including CoO(111) was rarely studied and often focused only on the 

magnetic hysteresis loops.134. This chapter investigates the magnetic properties of 

CoO(111)/Fe(110) bilayers either by conducting XMLD measurements, which is 

considered as a direct probe of AFMs magnetic properties, or by an indirect method in 

which  the exchange bias is treated as a tool sensitive to orientation of AFM spins at the 

AFM/FM interface.  

By making use of the previously mentioned controllable MA of Fe(110) sublayer, 

a large EB effect can be observed below TN of CoO overlayer can be seen, and the 

orientation of the of frozen CoO spins has a kind of memory of the magnetic state of Fe 

above TN. 

 

5.2. Sample preparation  

 

 Similar to the previous systems, Fe was grown on atomically clean W(110) single 

crystal at RT using MBE to form two different thicknesses, namely 50 A  and 200 A , by 

making use of the shutter to shadow the sample while depositing the iron. Then the film 

was annealed to 675 K for 10 minutes to produce atomically smooth Fe(110) surface. 

These two thicknesses of Fe(110) allow us to have two different magnetic anisotropies in 

one system, namely, 50 A  Fe with the easy axis along [11̅0] (below the critical SRT for Fe) 

and a bulk-like 200 A  Fe region spontaneously magnetised along [001] in-plane direction. 

Next, a homogenous 45 A  CoO(111) overlayer was grown by depositing Co in O2 

atmosphere (i.e., 1x10-6 Torr) at RT. 
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5.3. Results 

 

Our MOKE and XMLD results on CoO(111)/Fe(110) systems showed that CoO 

magnetic spins follow the thickness induced spin reorientation transition in underlaying 

Fe. To follow the local orientation of magnetic moments of CoO, XMLD technique was 

used at PIRX end-station of the Polish Synchrotron Radiation Centre SOLARIS. Fig. 5.1 (a) 

shows the schematic structure of the system and the geometry of the XMLD experiment, 

where the normal incidence geometry (𝜃 =  0) was firstly used, and the vector of  

incoming linearly polarized X-ray beam was parallel to the Fe[11̅0]  in-plane direction.  

The comparison of XMLD spectra on the CoO/50 A  Fe and CoO/200 A  Fe sample 

regions is treated as the evidence of the SRT on CoO layer induced by the SRT on Fe sub-

layer. The so called RL3 ratio is considered as the fingerprint of the CoO magnetic 

moments orientation. It is determined as the ratio of the XAS intensity at 777.2 eV and at 

779.8 eV energies where two out of four characteristic intensity peaks are visible in 

typical CoO absorption spectrum, as shown in Fig. 5.1 (b). XAS spectra collected at RT 

with linear polarization of the photon beam (shown in Fig. 5.1 (c)), on both regions of the 

sample are identical since CoO is paramagnetic at temperature above its TN.  

The XAS spectra for the two Fe thicknesses show significant differences after the 

sample has been cooled down in its remanent magnetic state (without an external 

magnetic field), which indicates a 90° SRT, please see Fig. 5.1 (d). Here, it is important to 

point out that CoO spins stay frozen along the local easy axis of CoO as long as the system 

remains under CoO TN and independently on the current magnetic state of neighbouring 

Fe layer, that can be for example changed by applying an external magnetic field 135,136 

during magnetization reversal process. To demonstrate that,  this antiferromagnetic CoO 

component of the system was “defreezed” by heating the system to 300 K followed by 

subsequent cooling down to 80 K with an external magnetic field (1500 Oe) applied along 

the in-plane direction Fe[11̅0] (which is a hard axis for 200 A  Fe). In these circumstances, 

both sample regions are magnetized along [11̅0]  direction as the system passes CoO TN 

which at 80 K leads to identical XAS spectra for both sample areas, also after releasing the 
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external magnetic field. This is shown in Fig. 5.1 (d) when comparing XAS spectra for 50 

and 200 A  regions, marked by the green solid line and open symbols, respectively. 

  

Fig. 5.1 (a) Schematic representation for XMLD experiment geometry, (b) 

exemplary XAS spectrum acquired with linear polarization around L3 edge of 

Co, I1 and I2 are the intensities of the two chosen absorption peaks that are used 

to define the RL3 ratio. XMLD measurements acquired at 80 K and 300 K for both 

sample regions are shown in (c) and (d). The open symbols in (d) represent the 

XMLD measurement that was performed on 200 A  thick area after the sample 

was field-cooled with an external magnetic field applied along [11̅0]  direction. 

 

In general, the XLD effect can originate from both the AFM ordering and crystal 

field effect137. Contrary to crystal-field effect, the AFM contribution vanishes above TN. In 

order to follow the angle and temperature dependence of XMLD effect it is convenient to 
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define the differential RL3 ratio ∆RL3 = RL3(50 A ) - RL3(200 A ). In Fig. 5.2 (a), ∆RL3 ratio 

dependence on polar angle 𝜃 is presented, as measured at 80 K. Clearly, the maximum of 

XMLD effect  is observed for normal incidence geometry, in which a full in-plane 

sensitivity of XMLD to orientation AFM spins is available. This proves that due to 

exchange interaction with neighbouring ferromagnetic layer the CoO antiferromagnetic 

spins are forced to lie in CoO(111) || Fe(110) sample plane.  In Fig. 5.2 (b) temperature 

dependence of ∆RL3 is shown for normal incidence geometry of the XMLD measurements. 

One can see that for 45 A -thick CoO layer its TN is roughly equal to bulk value (293 K) for 

CoO. Close to zero ∆RL3 value above 300 K confirms that XLD effect in CoO(111)/Fe(110) 

system is almost fully of magnetic origin. 

 

 

 

 

 

Fig. 5.2 ΔRL3 = RL3(50 A ) - RL3(200 A ) as a function of the polar angle (a) and the 

temperature (b). The temperature dependence of ΔRL3 was obtained for a fixed 

polar angle 𝜃 = 0. 
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In following part of this chapter, the magnetic properties of CoO(111)/Fe(110) 

bilayers as probed by MOKE hysteresis loops will be investigated. The clearest indication 

of the probe of the AFM spins orientation in MOKE measurements is the field shift of the 

magnetic hysteresis loop caused by the exchange bias effect. Fig. 5.3 (a-d) shows MOKE 

measurements of CoO/50 A  Fe and CoO/200 A  Fe regions on the sample conducted at RT 

for two orthogonal in-plane orientation of the applied magnetic field. When the applied 

magnetic field was along the easy axis of the 50 A  Fe region (H||[11̅0]), a characteristic 

square (easy) hysteresis loop is observed (Fig. 5.3a), while a typical hard axis loop is, as 

expected, observed for the CoO/200 A  Fe region of the system Fig. 5.3b. On the other 

hand, it was also expected to see exactly the opposite set of hysteresis loops when 

applying the magnetic field along the axis which is the easy one for 200 A  Fe sample 

region (H||[001]). Giving that 300 K is above CoO TN, no exchange bias was observed 

which agrees with the XMLD results in Fig. 5.1 (c). 

 

 

Fig. 5.3 Magnetic hysteresis loops for CoO/50 A  Fe and CoO/150 A  Fe acquired 

using longitudinal MOKE.  Two in-plane orientations of the applied external 

magnetic field, namely H||[11̅0] and H||[001] are shown for 300 K 

measurements (a-d) and 80 K (e-h) measurements. The red hysteresis loops 
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correspond to the square (easy) measurements after cooling down in „positive” 

remanent state of the sample (REM+). Black curves for the low temperature 

measurements correspond to cooling in “negative” remanent state of the 

sample (REM-). Green curves correspond to hard axis loops after cooling down 

in the presence of an external magnetic field applied along particular hard axis. 

The grey dashed loops correspond to easy axis loops (in e and h) for both 

regions of the sample after FC procedure where the field is applied along 

particular hard axis of Fe. 

Moving on to the 80 K measurements, please note that for measurements along 

easy axes the system can be cooled down in one of its remanent states (referred in Fig. 

5.3 as ‘REM -‘ or ‘REM +’). These two remanent states of the sample correspond to 

magnetic states after  applying the magnetic field at 300 K along the easy axis [11̅0]  

(REM-) or along antiparallel [1̅10] direction (REM+) in case of  Co/50 A  Fe region. The 

same applies to CoO/200 A  Fe region where the magnetic field was applied once along 

[001] (REM+ state), and once along antiparallel [00-1] (REM- state). On the other hand, 

identical result for REM+ and REM- on the hard axis hysteresis loops should be expected, 

giving that the magnetic spins go back to its easy axis once the field is released in both 

scenarios. The first noticeable thing in 80 K measurements is the large exchange bias on 

easy axis areas, Fig. 5.3 (e) and (h), where the field shift approaches ~ 400 Oe at Fig. 5.3 

(e, 50 A  Fe region) and ~ 100 Oe at Fig. 5.3 (h, 200 A  Fe region). These values of HEB, as 

expected, fit well to the 1/dFe dependence of the exchange bias. It is also worth noting 

that from the exchange bias results, one can conclude that cooling down the system in the 

remanent state of 50 A  Fe easy direction [11̅0], results of imprinting this orientation to 

the CoO frozen spins once the system passes TN and similarly with the 200 A  Fe easy axis 

[001] which will be imprinted on the CoO frozen spins on this region, which agrees with 

the XMLD results in Fig. 5.1 (d). 

It is important to point out that cooling down the sample in the REM+ remanence 

state of thin Fe [11̅0] leads to the opposite field shift as compared to cooling down in the 

second REM- remanent state, which is key evidence for the influence of the remanent 

state of Fe on the 0/180° orientation of interfacial CoO spins after passing TN. Another 

way to prove this influence of Fe on the CoO spins is to cool down the system while 

applying an external magnetic field (field cooling) along the direction of the hard axis of 

Fe (H||[001] for 50 A  Fe and H||[11̅0] for 200 A  Fe). This procedure results in CoO spins 
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oriented along the hard axis of Fe after passing TN. Importantly, at low temperature these 

AFM spins stay frozen along this direction once the external magnetic field is released. 

Such procedure leads to non-biased, fully symmetric with respect to zero field axis and 

easy-like magnetic hysteresis loop , please see grey loops in Fig. 5.3 (e) and (h).  

As expected, the hard loops at 80 K (Fig. 5.3 (f) and (g) black curves) are 

symmetrical and bias-free, however, they have larger anisotropy field compared to the 

corresponding hard loops at RT, see Fig.5 b and c. Cooling down the system with an 

external magnetic field applied along the hard direction of Fe will result with a noticeable 

exchange bias on the hard loops (Fig. 5.3 (f) and (g) green curves), HEB of ~150 Oe for 

CoO/50 A  Fe and ~45 Oe for CoO/200 A  Fe. Specifically, cooling procedure with the 

external magnetic field applied along [001] for CoO/50 A  Fe (so along its hard axis) will 

force the AFM spins to align to this direction, leading to significant loop asymmetry (EB 

shift field) and reduction of anisotropy field after such hard axis-FC procedure as 

compared to the anisotropy field obtained by cooling in remanent state, see Fig. 5.3 (g). 

In analogy for the CoO/200 A  Fe region, FC with magnetic field applied along its hard axis 

(H||[11̅0]) forces CoO spins to align along this direction and results in exchange biased 

hard-like loop (Fig. 5.3 f, green) with reduced anisotropy field as compared to hard loop 

measured at low temperature after cooling in remanent state (black loop in Fig. 5.3 f)  

This can be easily understood having in mind that EB is a kind of additional 

(unidirectional) MA that turns on after field-cooling procedure. In case of CoO/200 A  

region (Fig. 5.3 (f)) exchange bias provides magnetic contribution to the energy of the 

system preferring [11̅0]  type of MA and so anisotropy field for H || [11̅0] LMOKE 

geometry is smaller as compared to scenario without EB. The same explanation concerns 

Fe[001] anisotropy field and EB for CoO/50 A  area (Fig. 5.3 (g)). Such EB-induced 

modification of ferromagnetic component anisotropy seems to be interesting result as it 

shows a true interplay and bilateral nature of FM-AFM interaction. It is the RT FM uniaxial 

MA that can be used to tailor a desired orientation of AFM spins, but in response, the AFM 

component modifies the low temperature MA of FM sublayer. In order to follow such EB 

– anisotropy interplay in detail, temperature dependent MOKE measurements were 

performed. 

Giving that FC procedure is time consuming and difficult to conduct during 

temperature dependence measurements, it was more logical to study the exchange bias 
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along with the anisotropy field in easy axis MOKE loops as a function of the temperature 

of the measurement. As shown in Fig. 5.3 measurements, it is expected that increasing 

the exchange bias along given direction will result in hysteresis loops with lower 

anisotropy field in the direction that is orthogonal to the external magnetic field. The 

temperature dependence results in Fig. 5.4 confirm the hypothesis, where the exchange 

bias HEB and the anisotropy field Han can be seen, as a function of temperature for both 

regions CoO/50 A  Fe and CoO/200 A  Fe (Fig. 5.4 (a) and (b) respectively). 

 Cooling the system in a remanent state makes the HEB[1-10] and HEB[001] of 50 A   and 

200 A  areas, respectively, increasing and as a result corresponding anisotropy field 

Han[001] (Han[1-10]) is also strongly increasing, please see Fig. 5.4 (a & b). This is because EB 

is now additional “force” that has to be overcome by external magnetic field in order to 

saturate Fe sublayer. The results for CoO/Fe(50 A )/W(110) can be compared to the work 

done by Fruchart et al. on W(110)/Fe(60 A )/W(110) epitaxial system138, where MOKE 

hysteresis curves acquired with H||[001] indicate decrease of anisotropy field from ~200 

Oe at 300 K to ~100 Oe at 133 K. This again supports the above interpretation. In the 

absence of antiferromagnetic overlayer, decreasing temperature makes the [001] axis 

preferred (Han[001] is decreasing) in contrast to CoO/Fe report where the onset of EB 

supports [11̅0] orientation of Fe magnetization at low temperature (strong increase of 

Han[001] in Fig. 5.4 (a)).  In Fig. 5.4 (b) CoO(111)/Fe(110) results are compared with Han(T) 

temperature dependence determined for isostructural NiO(111)/Fe(110) bilayer, for 

which no HEB is present, as shown in chapter four. Obviously, anisotropy field Han in HEB -

free NiO/Fe system is much less temperature dependent as compared to exchange-biased 

CoO/Fe. One possible explanation for the clear differences in results for NiO/Fe and 

CoO/Fe may rely on the fact that there is a big difference between the ordering 

temperature of both AFMs, ~520 and ~290 K, respectively. For NiO(111)/Fe(110) 

sample, applying FC procedure with starting temperature 550 K (above the TN of NiO) 

does not lead to the onset of EB and also does not freeze the AFM spins of NiO. This means 

that NiO spins are fully rotatable at low temperature which can probably be attributed to 

much smaller intrinsic MA of NiO as compared to magnetically hard CoO, this subject will 

be studied in detail as a continuation of work presented in the present thesis76,142. 
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Fig. 5.4 Temperature dependence of the field shift (HEB) acquired from MOKE 

easy hysteresis loops  where the magnetic field was applied along [11̅0] in the 

top panel (a) for 50 A  Fe, and along [001] in the lower panel (b) for 200 A  Fe. 

The anisotropy field (Han) corresponding to the hard axis hysteresis loops for 

50 A  Fe where the field was applied along [001], and for 200 A  Fe where the 

field was applied along [11̅0]  is also shown in (a) and (b), respectively. For 

comparison, the temperature dependence of anisotropy field Han(T) 

determined for exchange bias-free, isostructural NiO(111)/Fe(110) system is 

shown in (b, green). 
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In summary of this chapter, two surface-sensitive techniques were used, namely 

XMLD and MOKE as direct and indirect probes for AFM spin orientation at the FM/AFM 

interface, respectively. The advantage of XMLD is its direct nature and its sensitivity to 

the preferred AFM spin axis. However, indirect exchange bias studies using MOKE can be 

useful to detect the 0/180° orientation of the frozen AFM spins along specific axis of 

interest, while in such case XMLD technique is insensitive. These results highlight the 

possibility to influence the orientation of the frozen AFM spins by playing with the 

magnetic state and/or the anisotropy of the neighbouring FM layer above the TN. On the 

other hand, due to the bilateral nature of the AFM-FM interaction, the strength of the FM 

anisotropy below the TN is strongly modified depending on the certain orientation of the 

AFM spins is imprinted by a FM at the vicinity of TN. Such AFM-FM interplay was further 

studied in detail for CoO/Au/Fe system, where the Au spacer serves as a convenient tool 

to control the AFM-FM interaction strength, as will be shown in the next chapter of this 

thesis. 
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6. Chapter six: CoO(111)/Au(111)/Fe(110)  

6.1. Introduction 

Typically, the most easily measurable quantity related to exchange bias is the 

horizontal shift of the magnetic hysteresis loop. However, drawing conclusions solely 

from the HEB can be challenging or even impossible, as both the MA of the ferromagnet 

and antiferromagnet can play decisive roles in establishing and determining the 

magnitude of the exchange bias. For example, if the MA of the AFM is too low, the AFM 

spins may rotate along with the FM magnetization during reversal, resulting in enhanced 

coercivity but a fully symmetric magnetic hysteresis loop with respect to its zero-field 

axis139,140. Even when the intrinsic MA of the AFM is sufficiently large to induce exchange 

bias, the induced unidirectional MA may be noncollinear with the orientation of the 

external magnetic field used during film growth or FC procedures141. The situation 

becomes further complicated by the fact that the MA of the FM layer can also contribute 

significantly to the exchange bias in certain cases where it is not expected, such as when 

the magnetic field during magnetization reversal is perpendicular to the field applied 

during the FC procedure142–144. Considering these complexities, it is necessary to study 

exchange bias in single systems where both MAs and the strength of the AFM-FM 

interaction are well-defined and controllable. 

The objective of this chapter is to investigate the interplay between uniaxial and 

unidirectional magnetic anisotropies in exchange-coupled FM/AFM systems and tune 

them by manipulating the strength of indirect exchange coupling or adjusting the balance 

between surface and volume contributions to the MA in the FM layer. To achieve this, a 

system of epitaxial CoO(111)/Au(111)/Fe(110) trilayers grown on W(110) single 

crystals was made. By incorporating a wedged FM bottom layer in the stack, it was 

possible to control its in-plane uniaxial MA, including both the smooth evolution of its 

strength and the change in its sign. The latter is evident in already described and used as 

a tool to control magnetism of NiO and CoO in two previous chapters, SRT 44,145,146, where 

a critical Fe thickness leads to a 90-degree in-plane switching of the Fe easy 

axis37,40,119,147,148. The strength of FM-AFM interaction and the resulting unidirectional MA 

were modulated by varying the thickness of a non-magnetic (NM) spacer in the wedged 

Au sublayer. To track the evolution of the effective in-plane MA of the FM layer, the 
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unidirectional MA axis, and the strength of the exchange bias effect, magnetic hysteresis 

loops were measured and analyzed in a two-dimensional (dFe, dAu) space. 

 

6.2. Sample preparation  

 

The sample was prepared in UHV conditions and consists of an iron wedge (40 A  

-140 A ) covered by orthogonally wedged Au sublayer (0-15 A ) with a so-called chimney 

of 30 A -thick macroscopic Au region (please see Fig. 6.1). The iron was grown on an 

atomically clean W(110) single crystal using MBE at RT. To produce a high-quality 

smooth Fe (110) surface120, the film was annealed to 675K for 10 minutes, similarly to 

samples described in two previous chapters. The same procedure followed the Au 

deposition, in this case the annealing temperature was adjusted to 500 K which resulted 

in a good quality crystal surface structure as confirmed by LEED. Next CoO layer was 

prepared by covering the entire surface of the sample with 60 A  of CoO, grown by reactive 

deposition of metallic Co in an O2 atmosphere (partial pressure of 1 × 10− 6 Torr).  

 

 

Fig. 6.1 Schematic picture showing the macroscopic architecture of the sample, 

along with in-plane the crystallographic directions of Fe(110) sublayer. 
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In Fig. 6.2, the LEED diffraction patterns are shown, acquired at subsequent stages 

of CoO(111)/Au(111)/Fe(110) sample preparation. The dark spots in the LEED images 

refer to the diffraction pattern of the surface of the sample at each preparation step. On 

the lower panel, corresponding ball models of Fe(110), Au(111) and CoO(111) are 

presented. 

 

 

Fig. 6.2 Diffraction LEED patterns of the surface of:  Fe(110), captured at 

electron energy E = 50 eV, Au(111)/Fe(110), captured at E = 55 eV and 

CoO(111)/Au(111)/Fe(110), captured at E = 80 eV. The bottom panel shows 

corresponding ball models. 

 

 

6.3. Results 

 

The magnetic properties of the CoO(111)/Au(111)/Fe(110) trilayers were 

initially visualized in situ using a longitudinal magneto-optic Kerr effect (MOKE) 
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microscope. Fig. 6.3 (a) displays a differential MOKE image of a selected area in the 

remanent state after the application of an external magnetic field aligned along the 

Fe[11̅0] in-plane direction. To enhance magnetic contrast and highlight characteristic 

features in the sample, a reference image taken at a small external magnetic field along 

[11̅0] was subtracted from the remanence image (H = 0). As a result, the dark region 

represents areas where the remanent magnetization remained along the saturation 

direction, [11̅0], while the brighter region corresponds to the magnetization direction 

along [001] in the remanent state. This conclusion was drawn, for instance, by comparing 

the hysteresis curves of regions of interest E and B or F and C. To obtain higher-quality 

hysteresis loops, the results presented in Fig. 6.3 (b) were obtained using an ex situ 

standard MOKE setup (not in microscopic mode). Additionally, XMLD and XMCD 

techniques were employed to confirm that the CoO overlayers effectively protected the 

samples from ambient conditions, enabling the investigation of their magnetic 

properties’ ex situ without the need for additional capping layers. 

Fig. 6.3 (a) Differential MOKE microscope image of the system. The 

magnification of the MOKE microscope was intentionally tuned to cover the 

chosen field of view which is 4.6 mm (horizontal) x 4.0 mm (vertical). (b)  MOKE 

hysteresis loops for two orthogonal directions of the external magnetic field as 

measured for selected regions of interest A-F defined in (a). Presented MOKE 

results were obtained at 80 K. 

 

Fig. 6.3 (a) illustrates the marking of six representative regions of interest (ROIs: 

A, B, C, D, E, and F), and corresponding low temperature MOKE hysteresis loops that  are 
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presented in Fig. 6.3 (b). Square hysteresis loops, also indicative of exchange bias, are 

observed for ROIs D and A when the external magnetic field is oriented along the Fe[11̅0] 

direction (red plots in Fig. 6.3 (b)). This suggests that, for this specific Au thickness (~2Å), 

Fe's easy axis is independent of its thickness and aligned with [11̅0], at least up to dFe = 

140 Å. It should be noted that for dAu < 2Å, the spin reorientation transition (SRT) to 

Fe[001] orientation of magnetization would occur above dFe = 140 Å, which is the 

maximum Fe thickness studied in this chapter. This observation is supported by the 

magnetic hysteresis loops measured in the complementary MOKE geometry with H || 

[001], where characteristic hard axis loops with magnetization close to zero in the 

remanent state are observed (gray plots in Fig. 6.3 (b)). A different conclusion can be 

drawn from the comparison of ROIs E and B (dAu = 9 Å), as well as F and C (dAu = 30 Å, 

'chimney' region). In both cases, with increasing Fe thickness, an in-plane SRT from 

Fe[11̅0] to Fe[001] bulk-like easy axis is observed. Specifically, the magnetic hysteresis 

loops transition from 'square' to 'hard-like' for H || [11̅0] geometry (red color), and vice 

versa for H || [001] (gray color). Moreover, in the 'chimney' area, the exchange bias effect 

is completely suppressed, and the magnetic hysteresis loops both before (F) and after (C) 

SRT are symmetric with respect to the zero-field axis. These initial observations provide 

an overview of the sample's magnetic properties in the two-dimensional (dFe, dAu) space. 

The continuous white line in Fig. 6.3 (a) denotes the critical SRT border in this space, 

which exhibits a significant decrease in thickness with dAu and hints of oscillations, 

particularly visible around dAu = 2.5 Å, consistent with a previous report on quantum well 

states in uncovered Au(111)/Fe(110) bilayers149.  

The lack of clear periodic oscillations with increasing dAu is attributed to the strong 

interaction between Fe and AFM CoO for low spacer thicknesses. From the data presented 

in Fig. 6.3 (b), some quantitative conclusions can be made regarding the exchange bias 

and unidirectional MA. For example, the exchange bias effect follows the thickness-

induced SRT in Fe. As the Fe thickness increases for a given dAu (e.g., SRTE → B), the strongly 

exchange-biased hysteresis loop (E, red in Fig. 6.3 (b)) switches to a 'hard-like' and 

symmetric (HEB = 0) loop (B, red), while the corresponding H || [001] loop (B, gray) 

becomes shifted along the external magnetic field axis. This indicates that the SRT in Fe, 

resulting from the change in its uniaxial MA easy axis, also drives the in-plane rotation of 
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the unidirectional MA axis in the system. This effect can also be observed, for example, 

for dAu-driven SRTA → B. 

To gain a deeper understanding of the dependence of exchange bias and 

unidirectional MA on Fe's uniaxial MA, magnetic hysteresis loops were systematically 

acquired in H || [11̅0] geometry as a function of dAu (sequences D → E → F and A → B → 

C) and dFe (exemplary E → B sequence). These results are shown in Fig. 6.4 (a), b, and c, 

respectively. The top row in Fig. 6.4 depicts the plots of normalized Fe magnetization in 

the remanent state at RT, which is above the CoO TN. Three scenarios were chosen for 

analysis: the absence of SRT (Fig. 6.4 (a)) and both dAu- and dFe-induced SRTs (Fig. 6.4 (b) 

and (c)). 

In the case without SRT, the sample was cooled down to its positive remanent 

state (after saturation in positive H), and the dependence of exchange bias (dAu) was 

observed at 80 K (green plot at the bottom of Fig. 6.4 (a), labeled as 'REM+'). A continuous, 

albeit non-monotonic, dependence of exchange bias on the Au thickness is observed, with 

a maximum magnitude of ~300 Oe for ~1 monolayer thick Au spacer, smoothly 

decreasing to ~70 Oe at dAu = 15 Å, and complete suppression of exchange bias at the 

'chimney' region with dAu = 30 Å. Interestingly, the insertion of a single Au monolayer 

enhances the exchange bias effect in the CoO/Au/Fe trilayer by ~100% compared to 

direct coupling in the CoO/Fe bilayer (dAu = 0). Similar effects have been reported for 

polycrystalline IrMn/NM/CoFe systems with NM = {Ag, Al, Ti}, intentionally rough 

AFM/FM interfaces89, and thin non-magnetic spacer-induced enhancement of the 

exchange bias has been observed in other studies150–152, attributed to the partial 

reduction of magnetic frustration at the AFM/FM interface150,152 or increased net FM 

component along the biasing field151. The quality of the LEED diffraction images on the 

CoO surface is significantly worse compared to the sharp diffraction spots of the Fe(110) 

sublayer, which somewhat resembles the rough interface scenario described in 

Reference89. However, it is worth to note the almost exact coincidence between the 

observed maximum exchange bias in Fig. 6.4 (a) and the clear local maximum of the 

critical SRT border line in Fig. 6.3 (a) for dAu = 2.5 Å. The latter could be attributed to the 

recently reported quantum well states (QWS) in Au(111)/Fe(110) uncovered bilayers149. 

While QWS cannot be ruled out as a driving force for the observed enhanced, Au-

mediated AFM/FM exchange interaction, the absence of subsequent oscillations of 
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exchange bias for thicker Au does not support such an interpretation. On the other hand, 

the interfacial oxidation of the Fe surface during CoO growth, which negatively impacts 

the exchange bias effect, is suppressed by the presence of an ultrathin Au spacer. 

Additionally, the exchange interaction across such a thin Au film is still strong enough to 

ensure a significant exchange bias effect. The Au film becomes an efficient barrier against 

the oxidation process after the completion of its first AL, as confirmed by XAS spectra of 

Fe (not shown). After cooling down the sample to its second, 'negative' remanence state 

(labeled as 'REM-' in Fig. 6.4 (a)), a change in the sign of the HEB is observed, while the 

magnitude (absolute value) of exchange bias depends on the spacer thickness in the same 

manner as after 'REM+' cooling. Comparing these two 'REM+' and 'REM-' exchange bias 

dependencies clearly indicates that it is the magnetic state of the FM Fe sublayer at RT 

that determines the direction (+/- 180°) of interfacial AFM CoO spins and, consequently, 

the unidirectional MA of the system below TN. This conclusion holds true even for the 

highest investigated thickness of the Au spacer (15 Å) for which exchange bias is 

detectable. This means that the magnetic state of the Fe sublayer above the CoO TN can 

be utilized to remotely control the spin orientation at the bottom interface of the AFM. 

Conversely, once a particular direction is established at the uncompensated CoO(111) 

interface, it indirectly biases the Fe magnetization below TN towards positive or negative 

external magnetic field values. 

 

Fig. 6.4 Exchange Bias and remanence values as function of Au and Fe 

thicknesses conducted from several MOKE scans where H || [11̅0]. (a) REM and 
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HEB at dFe = 60 A  as a function of dAu. (b) REM and HEB at dFe = 95 A  as a function 

of dAu. (c) REM and HEB at dAu = 9A  as a function of dFe. 

 

In the second scenario (dAu-induced SRT for the A→B→C sequence) depicted in 

Fig. 6.4 (b), the sample underwent cooling in one of its remanent states. At 80 K, the 

behaviour of exchange bias (bottom row in Fig. 6.4 (b)) was primarily influenced by the 

SRT observed at RT (upper panel of Fig. 6.4 (b)). Starting from a critical thickness of dAu 

= 5 Å, the HEB drops down decreased to zero due to the switch in the easy axis of 

unidirectional MA to the Fe[001] in-plane orientation, which became orthogonal to the 

applied external magnetic field during magnetization reversal. This rotation of the 

unidirectional MA axis by 90° is illustrated in Fig. 6.4 (b) (grey plot). When comparing the 

B and C regions of interest (ROIs), an interesting evolution of magnetic hysteresis loops 

can be observed. Despite being equidistant from the SRT border in the two-dimensional 

(dFe, dAu) space shown in Fig. 6.3 (a), which would typically result in similar anisotropy 

field values determined from hard axis [11̅0] magnetic hysteresis loops, the red loops in 

Fig. 6.3 (b) (upper panel) exhibited different saturation points, approximately at 450 Oe 

for the B ROI and 300 Oe for the C ROI. This apparent discrepancy can be explained by 

considering the freezing of interfacial CoO spins and the easy axis of unidirectional MA, 

which are determined by the Fe magnetization orientation above the CoO TN. At 300 K, 

the Fe magnetization in the B ROI is oriented along the Fe[001] direction, resulting in an 

additional (unidirectional) MA that promotes the [001] orientation and makes the loop 

in H || [11̅0]  MOKE geometry harder. In contrast, for the ROI C (chimney), the Au spacer 

is thick enough to completely suppress the exchange bias interaction, leading to a 

significantly reduced anisotropy field in H || [11̅0] compared to the B ROI.  

The same effect can be observed for the E and F ROIs in Fig. 6.3 (b), but in this case, 

the hard-axis magnetic hysteresis loops in H || [001] geometry should be analysed. It is 

important to note that the critical SRT thickness remains unchanged as the Au thickness 

increases from the B and E regions (significant exchange bias) to the C and F regions (HEB 

= 0). This is evident from the nearly flat white border line in Fig. 6.3 (a) for dAu > 8 Å. 

Although exchange bias strongly contributes to the effective MA of Fe, it surprisingly does 

not shift the critical SRT thickness, which may initially appear contradictory. This can be 

explained by the fact that for the E → B path, the HEB at 80 K rapidly drops to zero exactly 
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in the sample region where the SRT is observed at 300 K. In other words, in a ZFC 

exchange-biased system, the effective MA, including its unidirectional contribution, 

continuously decreases and reaches a non-zero value (still unidirectional MA is 

contributing) at the critical SRT region. For example, in the case of the E → B path, this 

can be observed close to dFe ~ 70 Å. Further increasing the Fe thickness causes a sudden 

drop and a change in the sign of the effective MA value as its last (unidirectional) 

component switches to an orthogonal in-plane direction. This effect is triggered by the 

specific MA landscape above the CoO TN. 

The situation changes significantly when the FC procedure is applied, where the 

Fe magnetization is aligned by the external magnetic field along the [11̅0] in-plane 

direction for all Au thicknesses, thereby suppressing the SRT by the external magnetic 

field as the system passes the CoO TN. Under these conditions, the low-temperature 

exchange bias no longer exhibits a jump in the HEB to zero but instead continuously 

decreases with increasing spacer thickness, similar to what was observed in the scenario 

without SRT shown in Fig. 6.4 (a). However, it should be noted that for dAu above 

approximately 5 Å, the Fe magnetization is oriented along Fe[11̅0] only when forced by 

the external magnetic field during FC cooling. Once the field is released (H is set to zero 

after the FC procedure), at 80 K, the Fe magnetization switches to its intrinsic Fe[001] 

easy axis while the interfacial CoO spins remain frozen along the Fe[11̅0] direction. 

Consequently, the HEB remains large throughout the entire range of Au thicknesses, even 

though the magnetic hysteresis loops change from nearly square (typical for the easy 

axis) for dAu < 5 Å to hard-like (but still exchange-biased) for thicker Au spacers. These 

MOKE measurements provide direct information about the unidirectional MA axis and 

exchange bias and can also serve as an indirect probe of the orientation of interfacial AFM 

spins in CoO. The inset in Fig. 6.4 (b) provides direct confirmation of these conclusions 

through XMLD measurements obtained at 80 K using the PIRX beamline at the National 

Synchrotron Radiation Centre Solaris in Krako w.  

In the case of AFM CoO, as already introduced in previous chapter, the XMLD 

magnitude is defined by the RL3 ratio, which compares the intensity of two selected peaks 

around the L3 absorption edge of Co in X-ray absorption spectra. The RL3(dAu) dependence 

is plotted in the inset of Fig. 6.4 (b) for both ZFC- and FC-cooled samples. The change in 

RL3 between dAu = 0 and 2.5 Å correlates well with the observed enhancement of HEB at 
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this Au thickness, indicating an increased population of frozen interfacial CoO spins 

oriented along the Fe[11̅0] in-plane direction. Furthermore, for the ZFC-cooled sample, 

around the critical Au thickness of ~5 Å, the XMLD magnitude (RL3) decreases even more, 

which agrees well with the disappearance of HEB at 80 K and the presence of SRT in Fe at 

300 K. After the FC procedure was applied in the PIRX measurement chamber, the RL3 

ratio no longer exhibits a rapid one-step jump at the SRT but instead continuously 

decreases as the interaction mediated by Au becomes weaker. In the 'chimney' position, 

the XMLD is almost identical for both ZFC- and FC-cooled samples, as expected when the 

FM-AFM interaction is no longer present. 

In the third scenario (Fig. 6.4 (c)), the SRT induced by the Fe thickness was 

observed at dFe ~ 70 Å at RT. Consequently, after ZFC cooling, a sudden drop of HEB to 

zero value occurred. However, this reduction in the HEB at the critical SRT thickness was 

no longer observed after the FC procedure, where an external magnetic field was applied 

either along the Fe[11̅0] or antiparallel to Fe[11̅0] in-plane direction, resulting in 

negative or positive values of the HEB, respectively. These results are labelled as 'FC+' and 

'FC-' in Fig. 6.4 (c), similar to the 'REM+' and 'REM-' convention in plots in Fig. 6.4 (a). It 

should be noted that applying the 'FC+' or 'FC-' procedure in the first scenario (Fig. 6.4 

(a)) leads to the same results as cooling in the 'REM+' and 'REM-' states since no SRT 

occurs in that sample region. 

In the previous paragraphs, the interplay between the FM and AFM sublayers was 

demonstrated, and these results can be summarized as follows: the RT orientation of the 

Fe magnetization freezes the particular orientation of interfacial AFM spins as the system 

passes its TN. As a result, at low temperature, these frozen AFM spins induce exchange 

bias and unidirectional MA in Fe, while the easy axis of uniaxial MA of Fe remains 

unchanged. In the following section of this chapter, examples of how the interaction with 

AFM can also reorient the easy axis of the effective MA of the FM layer will be provided. 

To achieve this, one can focus on a sample region where a large exchange bias can be 

induced, which naturally corresponds to thin Fe and thin Au spacer configurations. The 

results for such configurations are shown in Fig. 6.5.  

Fig. 6.5 (a) illustrates three magnetic hysteresis loops obtained in the longitudinal 

MOKE geometry with an applied field parallel to the [001] direction. These loops 

correspond to a specific sample region near ROI D, specifically with Fe and Au thicknesses 
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of 70 Å and 4 Å, respectively. The first loop (blue in Fig. 6.5 (a)) represents measurements 

taken at 300 K and exhibits a typical "hard-like" magnetic hysteresis curve without any 

exchange bias effect. Upon cooling the sample to 80 K using the ZFC method, the magnetic 

hysteresis loop (grey in Fig. 6.5 (a)) undergoes slight changes but still retains its "hard-

like" character. Importantly, the loop shows no exchange bias (HEB = 0), and its anisotropy 

field (HS) remains nearly unchanged compared to the 300 K loop. This observation is a 

result of the weak temperature dependence of the effective MA of Fe on the W(110) 

substrate. Interestingly, when the sample is cooled using the FC technique with an 

external magnetic field aligned parallel to [001], not only does the non-zero exchange bias 

emerge, but the low-temperature magnetic hysteresis loop (red in Fig. 6.5 (a)) also 

becomes more square-like and surely displays 100% remanent magnetization as 

compared to saturation magnetization. (Please note that the last comment is evident 

providing that remanent state for exchange biased system with asymmetric magnetic 

hysteresis loop should rather be defined as H = HEB instead of H = 0). This square-like 

shape is characteristic of magnetization reversal along the easy axis. 
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Fig. 6.5 (a) Three magnetic hysteresis loops were measured in the MOKE 

geometry with an applied field parallel to the [001] direction. These 

measurements were performed on a sample region corresponding to a Fe 

thickness of 70 Å and an Au thickness of 4 Å. (b) The dependencies of the 

magnetization in the remanent state, MR(dAu), at 80 K were obtained for both 

the FC and ZFC cooled samples. (c) The temperature dependencies of the 

magnetization in the remanent state, MR(T), were measured after FC (red) and 

ZFC (grey) cooling of the sample. (d) The temperature dependence of HEB is 

shown in (d), along with the anisotropy field, Hs (blue), for the ZFC case. 

 

This phenomenon can be elucidated by considering the significant contribution of 

an additional (unidirectional) MA, which strongly favours the orientation of Fe 

magnetization along the [001] axis. This effect is evident over a wide range of Au 

thicknesses, as depicted in Fig. 6.5 (b), where the magnetization in the remanent state 

(MR) at 80 K is plotted against the dAu value for both ZFC and FC samples. It is apparent 
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that below an Au spacer thickness of approximately 15 Å, the exchange bias serves as a 

robust [001] MA source, surpassing the intrinsic [11̅0] -like MA of Fe. At the "chimney" 

region, the Fe-CoO interaction is fully suppressed, and thus, even after the FC procedure, 

the Fe magnetization reverts to the Fe[11̅0] direction. Likewise, for a specific selected 

region of interest (ROI) in the sample, the Au-mediated Fe-CoO exchange interaction can 

be progressively diminished by increasing the temperature. Figures. 6.5 (c) and 6.5 (d) 

present the temperature dependence of the magnetization in the remanent state and the 

HEB, respectively. Evidently, for the ZFC-cooled sample, both MR and HEB values remain 

near zero across the entire temperature range studied. However, after the FC procedure, 

the MR reaches unity, and an HEB of approximately 180 Oe is induced at 80 K, gradually 

diminishing with rising temperature. Consequently, the [001] contribution to the MA of 

Fe diminishes, and at a critical temperature of approximately 260 K, a temperature 

induced SRT occurs, resulting in the switch of the Fe magnetization to its intrinsic [11̅0] 

easy axis, as indicated by the MR drop to zero in Fig 6.5 (c). Such a temperature-induced 

SRT can only be observed in strongly exchange-biased systems, as it originates solely 

from the temperature dependence of the exchange bias. In contrast, the effective MA of 

an exchange bias -free system (after zero-field cooling) remains largely temperature-

independent, as confirmed by the Hs(T) plot in Fig. 6.5 (d) (blue curve). 

In summary, by selectively choosing the ROI in the two-dimensional space defined 

by the thicknesses of Fe and Au, it is possible to finely control the uniaxial and 

unidirectional MA of Fe, as well as the strength of the Fe-CoO indirect exchange 

interaction mediated by Au. Consequently, a wide range of magnetic moment orientations 

can be stabilized within both the FM and AFM sublayers, and reorientations between 

distinct magnetic configurations can be triggered by variations in Fe or Au thicknesses, 

as well as by temperature changes. The specific magnetic state of the FM layer above the 

TN of the AFM, coupled with the cooling procedure employed, plays a crucial role in 

determining the low-temperature orientation of interfacial AFM spins. 
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7. Chapter seven: Conclusion 

 

The control of the spin orientation in antiferromagnets is of key importance in 

modern spintronics. The research findings demonstrate the possibility of manipulating 

and controlling the magnetic properties of multilayer systems through precise interface 

engineering and thermal-hysteresis-induced spin reorientation processes. Fine-tuning 

the interfacial MA at the sub-nano scale enables the realization of two orthogonal 

magnetic states in the exchange-coupled AFM adjacent to FM in NiO(111)/Fe(110) 

bilayers. The ability to achieve either of two orthogonal magnetic states in AFM, as 

schematically shown in Fig. 7.1, with field-free switching between them may potentially 

lead to new ideas and applications for example in what is known as heat-assisted 

magnetic recording (HAMR). The critical temperature for such reversal can be precisely 

tuned, covering the range from 250 to 370 K, including RT. Magnetic hysteresis loops 

confirm the fully rotatable nature of the NiO spins, which can be switched by small 

external magnetic fields due to strong interfacial exchange coupling with neighbouring 

Fe moments. 

Fig. 7.1 A sketch showing two orthogonal magnetic states of AFM in AFM/FM 

system without necessity of applying external magnetic field to switch between 

them. 

The next study presented in chapter five of this thesis focuses on 

CoO(111)/Fe(110) systems. By means of XMLD and MOKE techniques it was shown that 

the orientation of CoO magnetic spins is influenced by the underlying Fe thickness-

induced spin reorientation transition. This orientation change in CoO is observed below 
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its TN and remains "frozen" as long as the system is below  TN of antiferromagnetic CoO 

layer, independently on the low temperature magnetic state of Fe. 

Fig 7.2 shows a specific orientation of frozen AFM spins that can be programmed 

in a CoO(111)/Fe(110) bilayer and detected by changes in the exchange-biased magnetic 

hysteresis loop. By cooling the sample down from various remanent states above ’ TN of 

CoO, Fig 7.2 (a) and (b) demonstrate the imprinting of the CoO spin orientation by the Fe 

layer's magnetization orientation. This imprinting affects the MA of the system, showing 

the intricate interplay of ferromagnet-antiferromagnet interactions.  

 

Fig. 7.2 Representation of the magnetic orientation of the AFM layer in the 

AFM/FM system above and below its Neel temperature. 

 

Lastly, the investigation of CoO(111)/Au(111)/Fe(110) systems reveals that 

precise control over the MA of the Fe layer and the strength of the Fe-CoO indirect 

exchange interaction can be achieved by choosing specific regions of MA landscape 

spanned over the two-dimensional Fe and Au thickness space. This allows for the 

stabilization of various magnetic moment orientations in both the FM and AFM sublayers, 

with the possibility of triggering spin reorientations through adjustments of thickness or 

temperature. The choice of the FM layer's magnetic state above the TN, along with the 

cooling procedure, plays a crucial role in determining the low-temperature orientation of 

interfacial AFM spins. 
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