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Abstract 

 

 

 

This thesis describes the investigation of the field dependent magnetic spin structure of an 

antiferromagnetically (AF) coupled Fe/Cr heterostructure sandwiched between a 

hardmagnetic FePt buffer layer and a softmagnetic Fe top layer. The depth-resolved 

experimental studies of this system were performed via Magneto-optical Kerr effect 

(MOKE), Vibrating Sample Magnetometry (VSM) and various measuring methods based 

on nuclear resonant scattering (NRS) technique. Nucleation and evolution of the magnetic 

spiral structure in the AF coupled Fe/Cr multilayer structure in an azimuthally rotating 

external magnetic field were observed using NRS. During the experiment a number of 

time-dependent magnetic side effects (magnetic after-effect, domain-wall creep effect) 

caused by the non-ideal structure of a real sample were observed and later explained. 

Creation of the magnetic spiral structure in rotating external magnetic field was simulated 

using a one-dimensional micromagnetic model. 

The cross-sectional magnetic x-ray diffraction technique was conceived and is theoretically 

described in the present work. This method allows to determine the magnetization state of 

an individual layer in the magnetic heterostructure. It is also applicable in studies of the 

magnetic structure of tiny samples where conventional x-ray reflectometry fails. 
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Zusammenfassung 

 

 

 

Diese Arbeit beschreibt die Untersuchung der magnetfeldabhängigen Spinstruktur einer 

antiferromagnetisch (AF) gekoppelten Fe/Cr-Mehrschichtsystem, die zwischen einer 

hartmagnetischen FePt Pufferschicht und einer weichmagnetischen Fe Deckschicht 

angeordnet ist. Die tiefenaufgelösten experimentellen Studien dieses Systems wurden 

mittels magneto-optischer Kerr-Effekt (MOKE) Messungen, Vibrating Sample 

Magnetometrie (VSM) Messungen und verschiedener Messverfahren auf Basis von 

kernresonanter Streuung von Synchrotronstrahlung durchgeführt. Nucleation und 

Entwicklung der magnetischen Spiralstruktur in der AF-gekoppelten Fe/Cr 

Mehrschichtstruktur im azimutal drehbaren äußeren Magnetfeld wurden mit NRS 

beobachtet. Während des Experiments wurden eine Reihe von zeitabhängigen 

magnetischen Nebeneffekten (magnetische Nachwirkung, Domänenwand-Kriecheffekt) 

beobachtet. Diese wurden später durch die nicht-ideale Struktur der realen Probe erklärt. 

Die Erzeugung der magnetischen Spiralstruktur im rotierenden äußeren Magnetfeld wurde 

unter Verwendung eines eindimensionalen Mikromagnetischen Modells simuliert. 

Das Konzept der magnetischen Querschnittsröntgenbeugung wurde entwickelt und ist in 

dieser Arbeit theoretisch beschrieben. Dieses Verfahren erlaubt es, den 

Magnetisierungszustand einer einzelnen Schicht in der magnetischen Heterostruktur zu 

bestimmen. Es kann auch bei Studien der magnetischen Struktur von winzigen Proben, bei 

denen herkömmliche Röntgenreflektometrie nicht durchführbar ist, angewendet werden. 
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1. Introduction 
 

 

 

 

The exchange interaction between ferromagnetic films across non-magnetic spacer layers 

has been an object of intense studies for the last 20 years. In 1980’s the exchange 

interaction in Fe/Cr layered structures was identified, later it was described by means of 

spin-polarized electrons [2.6, 2.12]. The long-range oscillation of this coupling depending 

on the spacer layer thickness was observed. The interest in exchange coupled multilayers 

strongly increased with the discovery of Giant Magnetoresistance (GMR) in 1988 [1.1, 1.2, 

2.1, 2.9, 2.10, 2.13]. Moreover, these multilayer structures have broad industrial 

applications in electronic devices in daily life, like in data storage technology and magnetic 

field sensors. In 2007 P. Grünberg and A. Fert were awarded the Nobel Prize in physics for 

their discovery of the GMR effect. Nowadays, an antiferromagnetically (AF) coupled 

Fe/Cr multilayer provides an ideal model system to investigate different aspects of 

interlayer coupling, spin-flop phenomena, and magnetic ordering in exchange coupled 

systems. 

Let us consider an Ising chain of AF coupled magnetic spins, with a fixed spin at one side 

and free spin at the another side. The initial question of the present work is, if it is possible 

to wind up the spins into a field-dependent spiral structure. These structures have a 

potential industrial application as devices for energy storage [7.4]. For these studies a 

Fe/Cr multilayer sandwiched between hardmagnetic FePt and softmagnetic Fe layer was 

prepared. Nuclear Resonant Scattering (NRS) was utilized to study the magnetic properties 

of such kind of structure. 

The present thesis consists of three parts. The first part provides a theoretical background 

of ferromagnetism, antiferromagnetism, and magnetic interactions in different materials 

(chapter 2). In case of a magnetic layered structure, where the ferromagnetic layers are 

separated by non-magnetic or antiferromagnetic spacer layers, there are various coupling 

mechanisms that allow magnetic coupling over distances of several nanometers. The 

Ruderman-Kittel-Kasuya-Yosida (RKKY) interlayer coupling strength in layered 

structures with AF spacer layers exhibits an oscillatory dependence on the spacer layer 

thickness. The origin of the oscillatory behavior of the interlayer exchange coupling 

between the ferromagnetic layers and of the spin-flop is explained by means of Fe/Cr 
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multilayers. In real magnetic multilayer structures, where interfacial roughness and 

impurities of ferromagnetic layers are present, magnetic viscosity (magnetic after-effect) 

and domain-wall creep effects can be observed while an external magnetic field is applied 

to the magnetic structure. The first part also provides a theoretical background for x-ray 

forward scattering and reflection at grazing incident angle, NRS and Magneto-optical Kerr 

effect (MOKE) (chapter 3). A description of the experimental equipment necessary to 

perform NRS experiment as well as layouts of beamlines at the storage rings 

ESRF (Grenoble, France) and PETRA III (DESY/ Hamburg, Germany) are also provided.  

The second part of the present work is dedicated to the sample preparation and 

characterization. Modern ultra-high vacuum (UHV) sputtering setups allow to prepare high 

quality multilayer structures with sub-nanometer precision. Magnetic properties of 

magnetic heterostructures are strongly influenced by preparation conditions (interface 

morphology and roughness). The results of optimizing the preparation conditions to obtain 

strong AF coupling of Fe layers through Cr spacer in the multilayer stack are presented in 

chapter 4. The AF coupled Fe/Cr multilayer in absence of a uniaxial in-plane anisotropy 

exhibits a symmetrical spin-flop phase transition with increasing external magnetic field. 

Usage of a hardmagnetic buffer layer allows constructing an ideal artificial 

antiferromagnet with a collinear spin orientation in remanence. The FePt hardmagnetic 

buffer layer is used to induce a unidirectional anisotropy in the AF coupled Fe/Cr 

multilayers. The saturated thick softmagnetic Fe layer pins the upper part of the structure 

to the saturated ferromagnetic layer and mediates the coupling of the multilayer to an 

external magnetic field. The resulting sample allows to investigate the magnetic spiral 

structure creation without spin-flop phase formation and at reduced external magnetic 

field. This part of the thesis also presents the results of MOKE, vibrating sample 

magnetometry (VSM), and x-ray reflectivity measurements of the magnetic 

heterostructure. 

The third part describes the depth resolved probing of the magnetic structure in an 

azimuthaly rotating external magnetic field and cross-sectional magnetic x-ray diffraction 

experiments. For reverse fields larger than the exchange field Hext, the magnetic reversal 

proceeds via twisting of the magnetization in the AF coupled multilayer: the magnetic 

spins of the bottom Fe layers are pinned by the hardmagnetic layer, while the top part of 

the multilayer is fixed by the saturated softmagnetic Fe layer. The angle of rotation of the 

AF coupled Fe layers increases with increasing distance from the hard layer. If one 

azimuthally rotates an external magnetic field relative to the sample, one can record a 

rotational hysteresis by monitoring the intensity of the scattered photons as a function of 

the projection of the magnetization of the 
57

Fe layers on the incident x-ray beam. As a 

further technique, the x-ray polarimetry for investigating the magnetic structure in Fe/Cr 

multilayers was applied for the first time. This technique of the x-ray polarization analysis 

combines production of highly polarized photons with polarization analysis of those 

photons after interaction with a media. This method allows to obtain more information 
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about the magnetic spin-structure from the collected time spectra due to suppression of the 

non-resonant prompt signal.  

To describe and compute the magnetization state of the AF coupled Fe/Cr multilayer 

systems, micromagnetic simulations were performed. The simulation method is based on 

energy minimization of the phenomenological energy density, where the energy density 

expression includes terms such as crystalline anisotropy, Zeeman energy and interlayer 

RRKY coupling. The theoretical description of the model and the results of the 

micromagnetic simulations of the magnetic spin structure of the multilayer system are 

presented in chapter 5. 

Finally, a new approach to determine the depth dependent spin structure in layered systems 

is described. In case of grazing incidence illumination the x-rays scatter from the layers 

many times. However, if one cross-sectionally illuminates a magnetic heterostructure, the 

light transmits through the sample, i.e. scatters only once, leading to a single scattering 

from the individual layers. This new method allows to use the magnetic information from 

NRS time spectra for determination of the magnetic structure of an individual layer. 

Experiments with different kinds of sample shapes are described in chapter 6. This chapter 

also provides a description of a new approach of experimental data evaluation. 

Chapter 7 summarizes the results obtained from the experiments and the micromagnetic 

simulations. Future perspectives based on the presented work are also discussed there. 
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2. Magnetic properties of multilayer 

heterostructures 
 

 

 

 

This chapter provides an overview of the key mechanisms which determine the magnetism 

of the investigated multilayer systems. In ferromagnets, the interaction between 

neighboring atoms is governed by direct exchange interaction which can be described by 

the Heisenberg-like exchange energy of the conduction electrons. Here, important 

definitions and physical distinctions between layered ferromagnets and antiferromagnets 

are introduced. When the ferromagnetic layers are separated by thin non-magnetic spacer 

layers, the magnetic layers are coupled via indirect exchange interaction or Ruderman-

Kittel-Kasuya-Yosida (RKKY) interaction which decays oscillatory over distances of 

several nanometers. In case of antiferromagnets, magnetic interaction is determined by a 

spin-flop phenomenon of the magnetization. In this thesis, emphasis is given to the 

magnetic properties of superlattices, consisting of ferromagnetic layers with uniaxial in-

plane anisotropy which are antiferromagnetically coupled through nonmagnetic spacer 

layers. Due to interfacial roughness and impurities in ferromagnetic layers in the real 

sample the magnetization phenomena such as magnetic viscosity (magnetic after-effect) 

and domain-wall creep effect can appear. 

 

2.1. Ferromagnetism 
 

2.1.1. Molecules and condensed matter 

 

The energy of a magnetic system results from local and non-local contributions. Properties 

of localized magnetic moments are discussed in a number of textbook on magnetism, i.e. 

[2.1, 2.2, 2.4] and can be skipped in the preset work. Let us directly move to the topic of 

various magnetic interactions between the magnetic moments. The most elementary 

interaction between two magnetic moments is the interaction between two electrons. For 

example, H2 molecule is a two electron system, where electron spins can align parallel or 
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antiparallel. The interaction energy difference between the electronic configuration with 

parallel and antiparallel spin orientations is referred to as exchange energy. The exchange 

energy can be described by the Heisenberg Hamiltonian 

𝑯 = −2𝐽𝑖𝑗𝐒𝑖 ∙ 𝐒𝑗,     (2.1) 

where Jij is the exchange constant, Si and Sj are the spins of electrons i and j respectively. 

If Jij is positive, the two spins align parallel, when Jij takes negative values, the spins show 

antiparallel configuration. In case of H2, the antiparallel spin orientation is energetically 

favored and corresponds to the ground state. The exchange interaction is short-ranged and 

can describe interaction between magnetic moments of neighboring atoms, where Jij has 

measurable values when electronic wave functions of interacting atoms are overlapping 

[2.1, 2.2]. 

The magnetic properties of metals, solids with delocalized conduction electrons, can be 

interpreted using the band model of the electronic structure. For a paramagnetic material, 

the densities of “spin up” and “spin down” electrons are equal. At T = 0 K the orbital 

moments are equal, and all electronic levels are filled up to the Fermi level. Applying an 

external magnetic field B results in increasing or decreasing of electron energy, which 

induces splitting of both subbands with energy shift ΔE = μBB (Figure 2.1 (a)). This leads 

to the paramagnetic susceptibility χPauli of the delocalized electrons (Pauli paramagnetism). 

The magnetism in the material appears, if more electrons favor one of the states. In a 

simple model of ferromagnetism, an external field will tend to order the electrons 

ferromagnetically in a paramagnetic material. In some materials the energy bands can split 

spontaneously without applying of an external magnetic field. This can be realized by a 

shift of electrons at the Fermi level from “spin down” to “spin up” bands via spin-flip. The 

“spin down” electrons perform a spin-flip and subsequently integrate into the “spin up” 

band. This will alter the density of states for both species, and there will be a gap in the 

energy spectrum (Figure 2.1 (b)). The energy gain per electron amounts to 𝛿𝐸 and the 

number of electrons being moved to ∆𝐸 = 1/2 𝛿𝐸 𝑔(𝐸). The system transits to the 

ferromagnetic state if the Stoner criterion 𝑈𝑔(𝐸) ≥ 1 is fulfilled, here 𝑔(𝐸) is the density 

of states in the energy space and U is the measure of Coulomb energy [2.1, 2.2]. 

Energy levels in the electron shell are occupied according to the Hund’s rule in order to 

maximize the total orbital moment. This leads to lowering of the Coulomb interaction 

energy for the 3d-electrons of the ferromagnetic metals Fe, Co and Ni. The distance 

between 3d-electrons is high and the spin polarization of non-filled energy band requires 

an increase of kinetic energy. Due to competition between these two energies, most metals 

behave as paramagnets. The systems, where exchange interaction presented as effective 

field, the conducting electrons are polarized and create a majority energy band, preferably 

ferromagnetic [2.1, 2.2]. 
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Figure 2.1. Schematic illustration of density of states g(E) as a function of energy E (a) for 

paramagnetic in an external magnetic field and (b) spontaneous spin splitting in magnetic 

3d metals without application of an external magnetic field [2.1]. 

 

In case of the band magnetism in transition metals, the spin orientation of the electrons 

transfers from atom to atom via overlapping wave functions of the 3-d orbitals. In the so-

called interatomic exchange coupling model the valence electrons of unpaired outer shells 

distribute their spin orientation in space to neighboring atoms. Direct exchange interaction 

and interatomic exchange coupling mechanisms are presented in Figure 2.2 (a, b). 

Another coupling mechanism is known from studies of rare-earth metals. The magnetic 

moments in such metals interact via the conduction electrons. In particular, the crystal 

lattice interacts with a conduction electron via hyperfine interaction, and this conduction 

electron then interacts with another nuclear spin thus creating energy correlation between 

the two nuclear spins. In 1950s Kasuya and Yosida [2.3] recognized the polarization of 5s 

conduction electrons by the exchange interaction with localized 3d- or 4f-electrons. The 

polarized conduction electrons act as a carrier of a long-range indirect exchange coupling 

caused by the alignment of 4f-electrons (Figure 2.2 (c)). 

This indirect exchange mechanism was proposed previously by Fröhlich and Nabarrow 

[2.5] and by Ruderman and Kittel [2.6] to explain the unusual broad nuclear spin resonance 

lines in natural metallic silver. The theory uses second-order perturbation theory to develop 

an exchange mechanism between conduction electrons and nuclear spins. They formulate 

nuclear spins coupling via the hyperfine interaction, then the nuclear spin of the atom 

interacts with a conducting electron via hyperfine interaction and the conducting electron 

then interacts with another nuclear spin. The theory is based on Bloch wave functions and 

applicable to crystalline systems. 
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Figure 2.2. (a) Direct (interatomic) exchange is the interaction resulting from overlapping 

of the wave function of localized electrons, (b) Interatomic exchange coupling through 

delocalized conduction electrons, (c) Indirect (Ruderman-Kittel-Kasuya-Yoshida) 

exchange interaction by polarization of conduction electrons (in rare-earth metals, the 5s-

electrons) [2.4]. 

 

Kasuya proposed to use a similar indirect exchange coupling to localize inner d-electron 

spins interaction via conduction electrons. Yosida calculated the oscillating variation of the 

polarization density of the s-electrons. The RKKY (Ruderman-Kittel-Kasuya-Yosida) 

energy can be described as [2.7] 

𝐸𝑖𝑗 = −2𝐽𝑖𝑗(𝑅𝑖 − 𝑅𝑗)𝑆𝑖(𝑅𝑖) ∙ 𝑆𝑗(𝑅𝑗)    (2.5) 

where the exchange integral Jij oscillates and decreases as 1/R
3
: 

𝐽(𝑅) = 𝑐𝑜𝑛𝑠𝑡
cos (2𝑘𝐹𝑅)

(2𝑘𝐹𝑅)3
    (2.6) 

where kF is the Fermi wave vector and R is the interatomic distance. The model can be 

adapted to interlayer coupling between two ferromagnetic layers separated by a conducting 

spacer layer. Due to polarization of electrons in the spacer, ferromagnetic layer can be 

aligned in FM or AF configuration where the oscillation period of the coupling is π/kF. 

 

2.1.2. Hysteresis Loop 
 

The response of the magnetization M to an external magnetic field H is referred to the 

hysteresis curve. Hysteresis loop can provide a number of useful empiric quantities that 
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characterize the behavior of a magnetic material or structure with respect to anisotropy and 

magnetic hardness. 

 

 

Figure 2.3. Magnetization M against a magnetic field H for a ferromagnetic material. 

Starting at the origin, the upward curve is the initial magnetization curve. The intercepts 

Hc and Mr are the coercivity and remanence. The minor magnetization hysteresis loop is 

illustrated with a dashed line, where H does not reach the value of Hs. 

 

From the hysteresis curve in Figure 2.3 one can see that ferromagnetic material in its initial 

state is not magnetized. When an external magnetic field H is applied the magnetic 

induction increases in the field direction. With increasing of H until the value Hs, called 

saturation field, the magnetization reaches saturation, where all magnetic dipoles are 

aligned in the direction of the external magnetic field. If H does not reach the value of Hs, 

the curve M(H) creates small minor loops (dashed line). At values higher than Hs the 

function M(H) is constant, because all the atomic magnetic moments of a ferromagnet are 

aligned with an external field. The magnetic induction can be reduced to zero by applying 

a reverse magnetic field Hc, called coercivity, which is dependent on the condition of a 

sample. When the field is reduced to zero after magnetizing the magnetic material the 

remaining magnetic induction is called remanent magnetization Mr [2.2]. 

 

2.1.3. Antiferromagnetism 
 

In case of antiferromagnetic order, magnetic moments of two neighboring sublattices are 

aligned antiparallel. This type of magnetic orientation involves neighboring atoms 
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pairwise, therefore antiferromagnets have low magnetic susceptibility and behave like a 

weak paramagnet. The critical temperature of an antiferromagnet, i.e. the temperature 

below which antiferromagnetic order appears, is known as the Neel temperature TN. Using 

the formalism introduced for the description of ferromagnets, in the Heisenberg model 

exchange constant J is negative for antiferromagnets, in contrast to the positive J of 

ferromagnets. Like a ferromagnet, it is possible to saturate an antiferromagnet. Some 

antiferromagnets may have saturation fields of the order of 30 T or higher. 

 

2.2. Magnetic Anisotropy 
 

Magnetically anisotropic materials exhibit an intrinsic easy axis (an energetically favorable 

direction of spontaneous magnetization) and hard axis, where an external magnetic field 

needs to be applied to align the magnetization. Uniaxial anisotropy can be represented by a 

unidirectional anisotropy term in the total energy of the system. Quantitatively, the 

anisotropy constant K is given by the difference in free energy density F for easy and hard 

direction. F is shape dependent and calculated for easy and hard direction, θ is the angle 

between the magnetization and anisotropy axis. The uniaxial anisotropy can be derived by: 

𝐹 = 𝐾𝑢 sin
2 𝜃     (2.7) 

There are two main sources of magnetic anisotropy – dipolar interaction and spin-orbit 

coupling. The sum of all the dipole fields of the interacting magnetic moments leads to a 

resultant dipole field, so-called demagnetizing field Hd(r). This is influenced by the spatial 

extension of the magnetic system [2.8] and can be related to the tensor of demagnetization 

𝑁 and magnetization M(r). 

𝐇𝑑 = −𝑁𝐌     (2.8) 

In thin films the tensor elements 𝑁𝑥 = 𝑁𝑦 = 0, but in the direction perpendicular to the 

plane 𝑁𝑧 = 1. 

The long-range magnetic dipolar anisotropy, or shape anisotropy, depends on the shape of 

the sample. The shape anisotropy energy density Fshape is defined by the potential energy of 

the magnetic moments in a sample volume via their demagnetization field. 

𝐹𝑠ℎ𝑎𝑝𝑒 = −
𝜇0

2𝑉
∫𝑑3𝐫𝐌(𝐫)𝐇𝑑(𝐫)   (2.9) 

For thin layers with infinite lateral dimensions, this contribution to the magnetic anisotropy 

can be calculated as 

𝐹𝑠ℎ𝑎𝑝𝑒 = −
𝜇0

2
𝑀𝑠
2 sin2 𝜃 + 𝑐𝑜𝑛𝑠𝑡   (2.10) 
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where θ is the angle between the direction of magnetization and the layer normal. The 

shape anisotropy becomes important in thin films and often produces in-plane alignment of 

moments.  

Another type of magnetic anisotropy appears in single crystalline systems. Magneto-

crystalline anisotropy arises mostly from spin-orbit coupling and the atomic structure of a 

crystal introduces preferential directions for the magnetization. The contribution to the free 

energy density of the crystalline anisotropy Fcrystal is different for different crystal 

structures. It can be described, for example, in cubic crystals as: 

𝐹𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 𝐾0 + 𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2𝛼1
2𝛼3

2𝛼2
2 +⋯,  (2.11) 

where Ki is anisotropy constant and αi are the cosines of the angles defined by a magnetic 

moment with respect to the main crystal directions. For a polycrystalline layer with crystal 

grains of different orientation the magneto-crystalline anisotropy is averaged due to 

random distribution of grain orientations and their magneto-crystalline anisotropy is 

determined by the degree of crystalline texture (preferred orientations of the grains). 

 

2.3. Interlayer coupling 
 

The exchange interaction between two ferromagnetic layers through a nonmagnetic spacer 

layer has been studied for a long time. New artificial magnetic structures with novel 

properties were developed for technological applications such as magnetic storage or 

sensors. In 1986 Grünberg [2.9, 2.10, 2.11] defined and characterized the interlayer 

exchange coupling in Fe/Cr system. He prepared a Fe/Cr/Fe three-layer system, where 

ferromagnetic layers are separated by a nonmagnetic layer, to demonstrate an 

antiferromagnetic coupling of ferromagnetic layers. The Giant Magnetoresistance (GMR) 

effect [2.9] was discovered in antiferromagnetically coupled Fe/Cr systems two years later, 

which enhanced the interest in exchange coupled multilayers. 

Parkin et. al. reproduced the interlayer exchange coupling in a series of other Fe, Co and 

Ni-systems with spacer layers prepared from transition metals [2.11]. The authors detected 

a long-range oscillation coupling strength as a function of the spacer layer thickness, which 

was explained theoretically by Bruno et al. [2.12]. Figure 2.4 shows two different types of 

coupling through a spacer layer. The left picture shows the coupling of ferromagnetic 

layers through the antiferromagnetic spacer layer (i.e. Cr). Chromium has a bcc structure 

and consists of a series of ferromagnetic planes with antiparallel spin direction. The 

interlayer exchange coupling shows a two monolayer oscillation period (Figure 2.5), which 

was proved via an experiment with a wedge-shaped Fe/Cr/Fe structure [2.17]. The right 

picture illustrates the spin-dependent electron scattering for parallel alignment of magnetic 

films separated by a non-magnetic spacer (i.e. Au, Cu). Spin up (↑) electrons can penetrate 
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through the whole stack with little reflection at the interfaces. For spin down (↓) electrons, 

due to the splitting of the bands in the magnetic films, the transmission of electrons is 

reduced leading to stronger confinement. Electrons in the interlayer with their spins 

opposite to the magnetization M are strongly reflected at the interfaces which leads to their 

confinement. 

 

 

 

Figure 2.4. (a) Indirect exchange interaction between two ferromagnetic layers via the 

direct exchange coupling to an antiferromagnet. (b) Indirect exchange interaction of 

ferromagnetic layers via the conduction electrons of a diamagnetic or paramagnetic 

spacer layer. In both mechanisms, the relative orientation of the ferromagnetic layers 

alternates dependence of the spacer layer thickness between the parallel and antiparallel 

configuration [2.13]. 

 

 

Figure 2.5.  (a) Ferromagnetic and (b) antiferromagnetic interlayer exchange coupling 

depending on the number of monolayers in Cr spacer [2.1]. 
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The long-range coupling through a paramagnetic or diamagnetic spacer layer is mainly 

explained by the RKKY interaction (Figure 2.5). The long-range magnetic coupling 

originates from the polarization of conducting electrons in the non-magnetic spacer layer 

due to direct contact with localized spins on the magnetic layers. The resulting oscillation 

of the coupling constant of the ferromagnetic layers decreases with increasing of thickness 

of the spacer layer. The theoretical oscillation period, derived from the RKKY model is 

smaller than the experimental one. Models for calculation of the total energy of the 

electrons as well as calculations using perturbation theory only partially reproduce the 

observed properties [2.11, 2.12, 2.13, 2.14, 2.15]. The RKKY coupling in these models 

causes an oscillation period of one monolayer [2.14]. The oscillation period generally 

varies in different systems (Au, Cu, Mn, Rh) from 0.9 nm to 1.1 nm. For Cr the oscillation 

period is about 1.8 nm, and the first maximum in antiferromagnetic coupling is observed 

for the thickness of 1.3 nm. The magnetic properties of Cr thin films can vary 

quantitatively from sample to sample according to preparation and growth modes because 

of strain and defect-induced effects. In real layered structures the loss of the fine oscillation 

period and frustration effect results most likely from interfacial roughness. 

The experimentally observed oscillation period of the coupling strength in magnetic 

multilayers is much larger than expected in RKKY theory. For flat layers the calculated 

RKKY coupling exhibits strong short-period oscillations (Figure 2.6 dashed line). If one 

considers the effect of the interlayer roughness for the spacer layer with a thickness d and 

patches of local thicknesses, the coupling strength is reduced and the apparent period is 

increased (Figure 2.6 solid line). Thus, the short periods are suppressed long-period 

oscillation is seen. This example shows how important is the influence of roughness to 

interlayer coupling strengths [2.1]. The effect of increasing of the periods of the coupling 

in real samples can be also explained by aliasing effect. The difference between the periods 

of oscillations induced in the continuous medium of the electrons. An apparent longer 

period is due to observing the oscillations only at the discrete set of lattice planes separated 

by the certain distance d (one-half of the lattice constant) [2.16]. 

For a quantitative evaluation, the interlayer exchange coupling is generally described by 

means of interlayer exchange energy as [2.10]: 

𝐸𝑖 = −𝐽1
𝐌1∙𝐌2

|𝐌1|∙|𝐌2|
− 𝐽2 (

𝐌1∙𝐌2

|𝐌1|∙|𝐌2|
)
2

= −𝐽1 cos 𝜃 − 𝐽2(𝑐𝑜𝑠 𝜃)
2 (2.12) 

where θ is the coupling angle between the magnetizations of the ferromagnetic layers. J1 

and J2 are called bilinear and biquadratic coupling constants, respectively. In this 

description, the coupling term J1 dominates. It can take positive (negative) values in 

remanence depending on a parallel (antiparallel) orientation of the ferromagnetic layers. If 

the term J2 dominates and has a positive or negative value, a 90° coupling appears. The 

biquadratic coupling is considered as an extrinsic effect, caused by fluctuations of the 

spacer layer thickness. It leads to the formation of transition regions between 

ferromagnetic and antiferromagnetic coupling type, and the ferromagnetic and 
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antiferromagnetic coupling contributions become more significant. In this case orthogonal 

orientation of the magnetization (biquadratic coupling) is energetically preferred [2.1, 2.2, 

3.1]. 

 

 

 

Figure 2.6. Spacer layer thickness dependence of the bilinear coupling constant J1 

according to the RKKY model, the solid line represents the aliased oscillation curve. 

 

As an example, let us consider a double layer system with magnetic layers of equal 

thickness d, magnetization M and saturation field Hs of the system. If one disregards the 

anisotropy and biquadratic coupling term, the J1 term can be written as [2.9, 2.12]: 

𝐽1 =
1

2
𝜇0𝑀𝐻𝑠𝑑    (2.13) 

For a multilayer system with n magnetic layers the factor of 1/2 (which is valid for double 

layer systems) should be replaced by 1/4 accounts for the coupling of each ferromagnetic 

layer in superlattice to two neighboring magnetic layers. The parameters for the evaluation 

of bilinear coupling terms can be determined experimentally from M (H) curves (i.e. 

magneto-optical measurements). 
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2.4. Total energy calculation 
 

The magnetic structure of N ferromagnetic layers with magnetization mi coupled through 

nonmagnetic spacer layers, can be described by a one-dimensional micromagnetic model 

[2.18, 2.19]. As a linear chain of interacting spin-unit vectors is si = mi/|mi|, the total 

energy of the system with in-plane uniaxial magnetic anisotropy easy magnetization 

direction along the unit vector n is given as a sum of individual energy contributions of 

interlayer exchange coupling interaction, Zeeman interaction and crystalline anisotropy 

[2.18, 2.19]. 

𝐸𝑛 = ∑ [𝐽1 ∙ 𝐬𝑖 ∙ 𝐬𝑖+1 + 𝐽2(𝐬𝑖 ∙ 𝐬𝑖+1)
2] − 𝐇𝑁−1

𝑖=1 ∙ ∑ 𝐬𝑖
𝑁−1
𝑖=1 −

1

2
∑ 𝐾𝑖(𝑠𝑖 ∙ 𝐧)

2𝑁
𝑖=1 ,     (2.14) 

where 𝐽1 and 𝐽2 are the bilinear and biquadratic exchange coupling constants, and Ki 

determines the strength of the in-plane anisotropy of a single layer. The first term of the 

equation describes the bilinear and biquadratic interlayer coupling. The second part 

introduces the Zeeman energy term and accounts for the influence of an external magnetic 

field on the system, and the last part describes the influence of uniaxial anisotropy. For 

each value of an external magnetic field the spin orientation is determined numerically by 

finding the energy minimum of the spin system. In case of thin layers constrained to an in-

plane magnetization the total minimization is usually done by finding the minimum of the 

derivative 𝜕𝐸 𝜕𝜃𝑖⁄ , where 𝜃𝑖 is the planar rotation angle of magnetization of an individual 

layer relative to an easy axis of magnetization direction. This procedure can be used to 

perform micromagnetic simulations to reproduce experimental magnetization curves (see 

chapter 5). 

 

 

Figure 2.7. Angles θ1 and θ2 indicate orientations of magnetization of the first and second 

layer with respect to unit vector n of the easy axis of uniaxial anisotropy. M1 and M2 are 

directions of magnetization in magnetic the firs and the second ferromagnetic layers, 

respectively. 
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For two identical interacting ferromagnetic layers the expression for the total energy is 

simplified by assuming a parallel bilinear exchange coupling J with in-plane uniaxial 

anisotropy and a magnetic field parallel to n: 

𝐸2 = 𝐽 cos(𝜃1 − 𝜃2) − 𝐻(cos 𝜃1 + cos 𝜃2) −
𝐾

2
(cos2 𝜃1 + cos

2 𝜃2), (2.15) 

where θ1 and θ2 are the angles of the magnetization orientation of the first and second layer 

relative to an easy axis (Figure 2.7). 

 

2.5. Spin-flop transition 
 

The spin-flop refers to a magnetic phase transition that occurs in artificial or natural 

antiferromagnets, where magnetic sublattices switch spin orientation and become nearly 

perpendicular to an external magnetic field. Mills [2.20, 2.21] has described surface waves 

and conditions for surface spin-flop transition in a Heisenberg antiferromagnet (CsCl 

structure) at low temperature. The resulting magnetization behavior for layered 

antiferromagnetic spin configurations under the influence of an external magnetic field H 

is illustrated in Figure 2.8. The most left part shows the initial zero-field ground state of the 

layered system, where, due to compensation of the net magnetization, the 

antiferromagnetic ground state is collinear with the uniaxial anisotropy. If an external 

magnetic field reaches the HSF values, the top spin turns into the direction of an external 

magnetic field. As H further increases, the next layers rotate gradually and the bulk spin-

flop occurs at HbulkSF. As an external magnetic field rises, the spins collapse into 

ferromagnetic alignment and the system saturates. 

 

Figure 2.8. Response of a layered antiferromagnetic spin configuration to an increasing 

external magnetic field H, from a purely antiferromagnetic state (left, H < HSF), to a 
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twisted state following the surface spin-flop (middle, H > HSF ), and after the bulk spin-flop 

(right, H > HbulkSF), as an external magnetic field rises the system saturates. 

 

 

Figure 2.9. Magnetic phase diagram for two antiferromagnetically coupled layers, or 

equivalently a two-sublattice in bulk antiferromagnet with uniaxial anisotropy [2.19], with 

an external field along the easy axis. In case of a layered structure with magneto-

crystalline anisotropy (K > J) the magnetic transition occurs without spin-flop phase a 

continuous phase transition from antiferromagnetic to ferromagnetic alignment through 

spin-flop phase occurs for K < J. Solid line indicates the first-order magnetic transition 

and dashed line shows the second-order magnetic transition. 

 

The phase diagram for a two-layer system, where two ferromagnetic layers are separated 

by a nonmagnetic spacer layer, is presented in Figure 2.9. An external magnetic field H is 

applied along the easy axis. The diagram is given by the potential energy with variable 

angle θ, with control of material parameters K/J and H/J, where K is anisotropy constant 

and J is coupling constant. If K < J, the first-order transition between antiferromagnetic 

phase (𝜃1 = 0, 𝜃2 = 𝜋) and spin-flop phase (𝜃1 = −𝜃2) occurs at the spin-flop field 

𝐻𝑆𝐹 = √𝐾(2𝐽 − 𝐾). The HFM is the field value of the second-order transition from spin-

flop phase to the ferromagnetic phase. For the case of K > J, the spin-flop transition does 

not arise (as a stable state) and a direct first-order transition from antiferromagnetic to 

ferromagnetic phase occurs at the critical field HFM = J. 
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Figure 2.10. Evolution of equilibrium of magnetic states for Mills model with N = 12 

layers in the region of canted phases. From bottom to top a series of transition lead from 

antiferromagnetic to spin-flop phase as the field rises. Left panel: magnetization curve 

(first-order transitions are marked by arrows). Right panel: corresponding spin 

configurations [2.19]. 

 

In layered systems with a large, but even number of layers and a relatively low anisotropy, 

the coupling can be determined approximately by the saturation field strength HFM = 2J. 

The formula takes into account the bilateral coupling of the internal monolayers. At 

H < HSF the upper layer is oriented in the direction of an external magnetic field, while the 

spin of the bulk system has opposite direction and the formation of a planar domain wall 

takes place. The completed spin-flop phase has mirror symmetry, but their spin axes are 

oriented already in the field direction. Such a magnetic reorientation transition was 

simulated for a 12-layer system with intermediate anisotropy K/J = 0.6 by Rössler [2.18, 

2.19] and is shown in Figure 2.10. The surface spin-flop transition was identified with 

instability of the antiferromagnetic phase at a field value 𝐻 ≅ √2𝐽𝐾. With increasing field 

the spin-flop configuration expands to a bulk spin-flop at 𝐻 ≅ √4𝐽𝐾. The ratio between 

field values for surface spin flop and bulk spin-flop is √2. 

The description of surface spin-flop and formation of a spin-flop phase (similar to 

Figure 2.10) was developed by Velthuis and demonstrated in model-dependent polarized 
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neutron scattering and magnetic measurements on Fe/Cr multilayers with uniaxial 

anisotropy [2.22]. Lauter-Pasyuk achieved comparable results in a similar system with a 

biaxial magneto-crystalline anisotropy via model-independent simulation of 2-dimensional 

neutron scattering signal [2.23]. In particular, it was shown, that the magnetic orientation 

of the ferromagnetic layers at the edge of the spin-flop phase can be characterized by a 

slight spiral structure or twist. 

Analytical tools for solution of the micromagnetic model of AF coupled structures can be 

utilized in case of an ideal non-compensated surface with an external magnetic field along 

the easy axis. For real systems the model should be extended with further coupling terms 

and additional anisotropies. For instance, in finite antiferromagnetic stacks the twisted 

states and genuine inhomogeneous spin-flops can compete, an interface roughness can lead 

to magnetic charges, leaking dipolar stray fields, magnetic after-effect or domain-wall 

creeping. 

 

2.6. Magnetic viscosity 
 

The magnetic viscosity (magnetic after-effect) is a lag of time in the change of magnetic 

characteristics in ferromagnets or magnetic structures with respect to changes in the 

intensity or direction of external magnetic field. The magnetic viscosity of sample can be 

observed with a period ranging from 10
-9

 second to tens of minutes or even hours after the 

change in field intensity or direction [2.25, 2.26, 2.27]. Viscosity is sensitive to 

temperature and can be influenced by presence of tiny impurities (such as carbon or 

nitrogen) in a ferromagnetic material. Magnetic viscosity may occur due to different 

factors depending on the structure of the sample, conditions of magnetization and the 

temperature. It has logarithmic time dependence. In case of small (close to coercive) 

aperiodic changes in external magnetic field density, changes in magnetization can be 

performed via irreversible displacements in domain boundaries which lead to eddy 

microcurrents arising in conductors.  

Magnetic viscosity may also occur due to impurities in the magnetic material that reduce 

the free energy of domain boundaries. Here, the domain boundaries are shifted in external 

magnetic fields and constrained at position of concentration of impurities, when 

magnetization reversal process is stopped. The impurity atoms can diffuse with time, 

boundaries are able to move, and magnetization process can continue. For high-coercivity 

alloys one can observe a long relaxation time viscosity, which is associated with thermal 

energy fluctuations. The fluctuations cause magnetization reversal of the domains which 

upon the change in the field received insufficient energy for immediate magnetization 

reversal. Both mentioned types of magnetic viscosity are thermally dependent and 

increases with drop of temperature. The temperature dependence of magnetic viscosity has 
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been already investigated for Fe/Pt [2.28], Fe/Au [2.29] and Co/Cu [2.30], Co/Ni [2.31] 

multilayers, NiFe/Cu [2.32] and MnF2 /Fe [2.33] bilayers. 

Magnetic viscosity caused by diffusion of electrons between the ions of bivalent and 

trivalent iron is mostly specific for ferrites. Viscosity in ferrites is usually low and 

equivalent to diffusion of ions in material. Several types of magnetic viscosity usually 

occur in ferrimagnets at the same time and this makes the analysis of phenomena more 

complicate. 

 

2.7. Domain-Wall Creep 
 

The domain-wall motion driven by an external magnetic field H shows three regimes, 

named creep, depinning and flow, which are related to depinning field Hdp, which is 

mainly determined by structural disorders (crystallites steps, interfacial roughness). For the 

flow regime, when H > Hdp, the domain-wall speed is proportional to the magnetic field 

strength H. In case of creep regime (H < Hdp), the domain-wall motion is slow due to 

competition between elastic energy of a propagating interface and a pinning potential 

[2.34, 2.35]. Defects introduce local fluctuations on the energy landscape and formation of 

additional local energy barriers (Figure 2.11). Such a creep effect was observed in 

ferromagnetic single layers [2.36, 2.37], multilayers [2.38], patterned wires [2.39, 2.40]. 

 

Figure 2.11. Energy landscape, with many metastable states in the valleys, differing by ΔE 

and barriers U between them [2.41]. 

 

In multilayer structures in addition to structural defects and exchange bias the interlayer 

exchange coupling is presented. In heterostructures exchange coupling between the 

ferromagnetic and antiferromagnetic can produce ferromagnetic behavior with stable order 

combined with high anisotropy (unidirectional or uniaxial), this phenomenon called 

exchange bias. The exchange coupling field is an additional pinning factor and reduces the 

speed of domain-wall motion [2.38].  
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3. Experimental techniques 
 

 

 

 

Due to the sensitivity of the magnetic coupling properties of the layered structure to the 

physical characteristics of the sample, such as spacing layer thickness and roughness, it is 

important to characterize the sample quality after its fabrication. The x-ray grazing 

incidence reflectivity technique described in this chapter allows an accurate determination 

of the parameters of the layered system. The microscopic magnetic properties of the 

layered structure can be characterized using Magneto-optical Kerr Effect (MOKE), the 

theoretical background of the method is also provided. 

A stack of polycrystalline Fe/Cr layers can be considered as a structure with magnetic 

moments arranged in antiferromagnetic configuration. In this work Nuclear Resonant 

Scattering (NRS) in transmission (chapter 6) and grazing incidence (chapters 4, 5) 

geometry was used for the investigation of the magnetic structure of such a system. Since 

this technique is isotope sensitive, 
57

Fe was used in preparation of the multilayer structure 

as sensor layer. The scattering formalism of grazing incident nuclear resonant scattering is 

outlined in this chapter. 

 

3.1. Angle-dependent x-ray reflection from thin layers 
 

3.1.1. Electronic and nuclear forward scattering 
 

The propagation of x-rays in a medium is determined by the atomic scattering properties 

and the spatial arrangement of the individual scattering centers. In case of x-ray forward 

scattering the optical properties of the medium are determined by optical properties of 

atoms. In case of coherent elastic scattering the refractive index n of the scattering matter 

with an isotropic distribution of the scattering centers i can be described [3.1] as: 

𝐧 = 1 +
2𝜋

𝑘0
2 ∑ 𝜌𝑖𝑖 𝑴𝑖     (3.1) 
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Here k0 is wave number of incident radiation, ρi is atomic number density and Mi is 

coherent forward scattering length. The amplitude of the wave within the medium is 

changing with depth z according to: 

𝑨(𝑧) = 𝑒𝑖𝑘0𝒏𝑧𝑨0,     (3.2) 

where n is a scalar. In case of resonant scattering in anisotropic media the refractive index 

n is polarization dependent and expands to a 2 × 2 matrix F, which is determined by the 

number of scattering channels. The interaction of photons with atoms is given by scattering 

length M(ω), that consists of non-resonant E(ω) and resonant N(ω) contributions: 

𝐌(𝜔) = 𝐄(𝜔) + 𝐍(𝜔)    (3.3) 

According to [3.1], the electronic scattering length E(ω) is described as: 

[𝐄(𝜔)]𝜇𝜈 = (휀𝜇 ∙ 휀𝜈) [−𝑍𝑟0 + 𝑖
𝑘0

4𝜋
𝜎𝑡(𝜔)]    (3.4) 

Here Z is the atomic number and r0 is the classical electron radius. The total absorption 

cross-section σt(ω) comprises both the photoabsorption and Compton scattering 

contributions. N(ω) includes the resonant scattering contributions like resonant magnetic x-

ray scattering or nuclear resonant scattering. For an electric 2
L
-pole the resonant scattering 

length can be described according to [3.1] as: 

[𝐍(𝜔)]𝜇𝜈 =
4𝜋𝑓𝑅

𝑘0
∑ [휀𝜈 ∙ 𝐘𝐿𝑀(𝐤0)]
𝐿
𝑀=−𝐿 [𝐘𝐿𝑀

∗ (𝐤0) ∙ 휀𝜇]𝐹𝐿𝑀(𝜔)  (3.5) 

fR < 1 here describes the degree of elasticity of the scattering processes, for nuclear 

resonant scattering it is given specifically by the Lamb-Mössbauer factor. The anisotropy 

of the photoabsorption and of the re-emission is determined by the two dot products of the 

polarization basis vectors and the vector of spherical harmonics YLM(k0). FLM(ω) represents 

the energy-dependent scattering power of the 2
L
-pole junction with a change in the 

magnetic quantum number M [3.1]. 

For an electric dipole transition (L=1), where m is the unit vector of magnetization of the 

atoms in the sample, the resonant scattering length can be derived from equation 3.5 as 

[3.1]: 

[𝑵(𝜔)]𝜇𝜈 =
3

16𝜋
{(휀𝜇 ∙ 휀𝜈)[𝐹+1 + 𝐹−1] − 𝑖(휀𝜇 × 휀𝜈) ∙ 𝐦[𝐹+1 − 𝐹−1] + 

+(휀𝜇 ∙ 𝐦)(휀𝜈 ∙ 𝐦)[2𝐹0 − 𝐹+1 − 𝐹−1]}   (3.6) 

Different polarization dependencies are apparent from this equation. The first term is not 

sensitive to the vector of magnetization of the sample; it is the non-resonant electronic 

scattering. The second term is related to circular dichroism, because it depends on the 

difference between the resonant scattering amplitudes F+1 and F−1. The third part is 
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proportional to the energy-dependent scattering strengths 2F0 - F+1 - F-1 and allows all 

scattering processes in the given polarization basis. 

In case of a magnetic dipole transition (such as the resonance of the 14.41 keV Mössbauer 

isotope 
57

Fe), the electric and magnetic field contributions of the radiation are exchanged. 

For the polarization basis vectors in Equation 3.6 have to be transformed as ε → ε × k0, 

where k0 is a unit vector indicating the direction of the incident x-ray beam. In the 

experiments described later the E-vector of the incident synchrotron radiation is always in 

the plane of the storage ring (σ-polarization) and the detector operates without polarization 

filters (except section 6.2). For these studies the matrix elements of the scattering length 

can be determined: 

[𝐍]𝜎𝜎 =
3

16𝜋
[𝐹+1 + 𝐹−1 + (𝛑 ∙ 𝐦)

2(2𝐹0 − 𝐹+1 − 𝐹−1)]   (3.7) 

[𝐍]𝜎𝜋 =
3

16𝜋
[−𝑖(𝐤0 ∙ 𝐦)(𝐹+1 − 𝐹−1) − (𝛔 ∙ 𝐦)(𝛑 ∙ 𝐦)(2𝐹0 − 𝐹+1 − 𝐹−1)] (3.8) 

These matrix elements express a strong polarization mixing effects that can be observed in 

resonant scattering from magnetic samples. The occurrence of optical activity strongly 

depends on the orientation of m relative to the incident beam and its polarization state. 

 

3.1.2. X-ray reflection at grazing incidence 
 

In the previous section, the optical properties of a medium have been considered for 

forward scattering, where an always open scattering channel (+) is in the direction of the 

incident wave vector. In case of x-ray reflection from a multilayer system, compared to the 

transmission of the propagation of electromagnetic waves, the specular reflection from the 

individual interfaces is determined. In the theoretical description a second scattering 

channel (-) is taken into account (Figure 3.1). The computational formalism includes all 

orders of multiple scattering (dynamical theory) and enables the simulation of the non-

resonant and resonant reflection curves. 

 



23 

 

 

 

Figure 3.1. Scheme of a layer system to describe X-ray propagation in stratified media. 

The incident wave is divided into two scattering channels, corresponding to specular 

reflection (−) and forward transmission (+). The layers labeled by 0 and N denote vacuum 

and substrate, respectively [3.1]. 

 

Taking into account both scattering channels, the field amplitude of a single layer i in the 

layer stack is given by:  

𝐀(𝑧) = 𝑒𝑖𝐅𝑖𝑧𝐀(0) =: 𝐋𝑖(𝑧)𝐀(0)    (3.9) 

A(z) = (A+ (z), A- (z)) is the field amplitude at depth z and A(0) is the field amplitude at 

the surface. F is called the propagation matrix, which determines the change of the field 

amplitude in a homogeneous single layer: 

𝐅 = (
𝒇 + 𝒌0𝑧 𝒇
−𝒇 −𝒇 − 𝒌0𝑧

)     (3.10) 

The individual matrix elements here describe the transition amplitudes for the scattering 

between two scattering channels. The forward scattering matrix f comprises the previously 

formulated atomic scattering lengths and (2 × 2) matrix itself, in order to take into account 

the polarization dependency of the dispersion: 

𝐟 =
2𝜋

𝑘0𝑧
∑ 𝑝𝑖𝐌𝑖𝑖      (3.11) 
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The matrix Li(z) is called layer matrix and describes the scattering properties of the i
th

 

layer. The determination of the field amplitude in the layer stack in the z direction can be 

performed via product of the corresponding layer matrices: 

𝐀(𝑧) = 𝐋(𝑧)𝐀(0)     (3.12) 

with 

𝐋(𝑧) = 𝐋𝑛(𝑧 − 𝐷𝑛−1)𝐋𝑛−1(𝑑𝑛−1)⋯𝐋2(𝑑2)𝐋1(𝑑1)   (3.13) 

A closed solution of the scattering problem can be formulated for the case of the x-ray 

reflection at grazing incidence, when the polarization states do not change during the 

scattering process. Via diagonalization of the forward scattering matrix, F can be 

considered as a direct product of two (2 × 2) matrices for each mode of polarization. 

The reflectivity of the layered system (Figure 3.1) can be calculated separately for each 

mode of polarization. For layer L1 the layer matrix can be written as [3.1]: 

𝑳1 = 𝑒
𝑖𝐹𝑧 =

1

𝑡01
(
1 𝑟01
𝑟01 1

) (𝑒
𝑖𝑘1𝑧𝑧 0
0 𝑒−𝑖𝑘1𝑧𝑧

) (
1 𝑟10
𝑟10 1

)
1

𝑡10
 (3.14) 

The right matrix describes the transition of the wave field at the boundary from the vacuum 

into the medium, the middle matrix describes the free propagation of the polarizations in 

the medium in (+) and (−) directions, and the left matrix describes the transition of the 

wave field back into vacuum. The z-component of the wave vector in the layer is linked 

via k1Z of Snell's law, with the z-component of the incident radiation: 

𝑘1𝑧 = 𝑘0𝑧𝛽1     (3.15) 

where: 

𝛽1 = √1 +
2𝑓1

𝑘0𝑧
    (3.16) 

Fresnel reflection and transmission coefficients rij and tij between the boundary surfaces of 

the media i and j are expressed in [3.1]: 

𝑟𝑖𝑗 =
𝛽𝑖−𝛽𝑗

𝛽𝑖+𝛽𝑗
, 𝑡𝑖𝑗 =

2𝛽𝑖

𝛽𝑖+𝛽𝑗
    (3.17) 

To determine the reflected A-(0) and transmitted A+(D) field amplitude of the total layer 

system we decompose its components into various scattering channels [3.1]: 

(
𝐴+(𝑧)
𝐴−(𝑧)

) = (
𝐿++(𝑧) 𝐿+−(𝑧)
𝐿−+(𝑧) 𝐿−−(𝑧)

) (
𝐴+(0)
𝐴−(0)

)   (3.18) 

L++(z), L+-(z), L-+(z) and L--(z) are the matrix elements of the layer matrix. Two boundary 

conditions describe the radiation field at the surface and the substrate boundary of the layer 
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stack. The incident x-ray penetrates into the layer system only from the vacuum (not from 

the substrate), the field amplitudes scattering channels at the surface and substrate 

interfaces are determined (Figure 3.1) 

𝐴+(0) = 𝐴0  and 𝐴−(𝐷) = 0   (3.19) 

The corresponding layer matrix describes specularly reflected field amplitude only at the 

substrate-layer interface: 

𝐿𝑁 = (
0 0
0 1

) (
1 𝑟𝑁0
𝑟𝑁0 1

)
1

𝑡𝑁0
    (3.20) 

The required field amplitudes are determined by equation 3.18, taking into account the 

coordinate z=D and given boundary conditions: 

𝐴−(0) = −(
𝐿−+(𝐷)

𝐿−−(𝐷)
) 𝐴0 ∶= 𝑅𝐴0   (3.21) 

and 

𝐴+(𝐷) = (𝐿++(𝐷) −
𝐿+−(𝐷)𝐿−+(𝐷)

𝐿−−(𝐷)
) 𝐴0 ∶= 𝑇𝐴0  (3.22) 

This defines the reflectivity R and the transmission T of the layer system for the 

corresponding polarization. The well-known formula for the reflectivity of a single layer 

with thickness D on a semi-infinite substrate can be written [3.1, 3.2, 3.3, 3.4]: 

𝑅 =
𝐿−+(𝐷)

𝐿−−(𝐷)
=

𝑟01+𝑟12𝑒
𝑖2𝑘1𝑧𝐷

1+𝑟01𝑟12𝑒𝑖2𝑘1𝑧𝐷
    (3.23) 

Concerning the calculation of the reflectivity for both polarizations, the general solution is 

provided by a (2 × 2) reflectivity matrix, obtained by back-transformation into the original 

polarization basis [3.1]. 

Concerning to the integral reflectivity, the normalized field amplitude of the radiation field 

𝑎(𝑧) = 𝐴(𝑧)/𝐴0 in depth z is considered in a layer system. The amplitude                 

A(z) = 𝐴+(z) + +𝐴−(z) results from the superposition of the two scattering channels of  

(+) and (−) directions. According to [3.1], insertion of the equation 3.21 into 3.18 gives 

the general solution 

𝑎(𝑧) = 𝐿++(𝑧) + 𝐿−+(𝑧) − [𝐿+−(𝑧) + 𝐿−−(𝑧)]
𝐿−+(𝐷)

𝐿−−(𝐷)
 (3.24) 

The squared value of 𝑎(𝑧) determines the normalized field intensity at depth z (Figure 3.2). 
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Figure 3.2. Simulated x-ray reflectivity curve of Si/[Fe(2.3 nm)/Cr(1.3 nm)]20 superlattice, 

for the wavelength of the of incident beam λ = 0.86 Å (energy E = 14.41 keV). 

 

In case of a single layer with the thickness d on a total reflecting semi-infinite substrate, 

the normalized amplitude inside the layer is [3.1, 3.2, 3.3, 3.4]: 

𝑎(𝑧) = 𝑡02
𝑒𝑖𝑔𝑧,+𝑟12𝑒

2𝑖𝑔𝑑𝑒−𝑖𝑔𝑧

1+𝑟01𝑟12𝑒2𝑖𝑔𝑑
    (3.25) 

To calculate the reflectivity from the multilayer one can extend the method of calculation 

of normalized field amplitude from an ultrathin layer on a total reflecting semi-infinite 

substrate described above [3.4]. 

The equations presented previously in this chapter are relevant for the case of perfectly 

smooth surface boundaries, but the surfaces of real samples have a certain roughness. The 

light scatters from spatial displaced surface elements and the amplitude of scattered light 

from each element contributes to the total amplitude with spatial phase factor. According 

to the kinematical approximation the resulting reflected amplitude can be written as a 

coherent sum over all contributions from laterally displaced surface elements: 

𝑟012
′ = 𝑟012 ∫𝑊(𝑧)𝑒𝑥𝑝 (2𝑖𝑘0𝑧𝑧)𝑑𝑧   (3.26) 

where W(z) is a distribution function which describes the probability to find the element of 

the surface in depth z. For a Gaussian W(z) the integral can be obtained exactly and the 

intensity of the reflected light with [1] can be defined as: 
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𝐼(𝑧) = |𝑟012|
2𝑒𝑥𝑝 {−8𝑘0

2𝜑2𝜎2}   (3.27) 

Here σ is a roughness root mean square. 

The surface roughness reduces the reflected intensity which means a smooth surface is an 

important condition for high reflectivity. 

If in transition region between two layers the density varies continuously around a rough 

interface, this can be expressed by a roughness matrix e
W

. For a transition from a smooth 

region to a rough boundary, the roughness matrix has to be inserted between two 

exponential matrices of the adjacent layers 𝑒𝑖𝐅2𝑑2𝑒𝑖𝐅1𝑑1 → 𝑒𝑖𝐅2𝑑2𝑒𝐖𝑒𝑖𝐅1𝑑1 . Here W(d) is a 

function of scattering matrices F1, F2, and d characterize the thickness of the transition 

region. For the secularly reflected radiation, where the rough boundary is located around 

z = 0 with layer densities ρ1 and ρ2, the roughness matrix is: 

𝐖 = ∑
〈ℎ(𝑧)〉2𝑛

(2𝑛)!
∞
𝑛=1 [𝐅1, 𝐅2]2𝑛    (3.28) 

where 〈ℎ(𝑧)〉2𝑛 is the (2n)th moment of the height distribution function h(z) and [F1,F2]2n 

is a commutator of order 2n between layer matrices F1 and F2. This is a general result, 

taking into account the roughness described by a density transition which follows from the 

height distribution. In this frame all kind of scattering phenomena that are described in the 

matrix formalism (i.e. grazing incidence reflection, diffraction from laterally structured 

surfaces) are accepted [3.1]. 

 

3.2. Nuclear Resonant Scattering 
 

This section focuses on the time-dependent nuclear resonant forward scattering, 

specifically at the 14.41 keV resonance of Mössbauer isotope 
57

Fe. The Nuclear Resonant 

Scattering (NRS) technique is based on the Mössbauer effect and scattering proceeds via 

resonant excitation of a Mössbauer level. It became a commonly used technique after the 

development of third generation synchrotron sources. NRS is used for such fields as 

hyperfine spectroscopy and structural dynamics [3.5]. This technique has been established 

as a powerful tool to probe hyperfine interactions in condensed matter. [3.1, 3.6]. 

Compared to radioisotopes used as x-ray sources in the conventional Mössbauer 

spectroscopy, synchrotron radiation has the advantage of a very high brilliance, energy 

tenability and time tenability, making a large variety of Mössbauer nuclei easily accessible.  

The radiation from a synchrotron radiation source (pulse length ~ 100 ns) excites the 

energy levels in the nuclei of Mössbauer isotopes in a sample to create a collectively 

excited nuclear state. The subsequent fluorescence or scattering occurs after a mean delay 

time of the order of the natural lifetime of 140 ns for 
57

Fe. 
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Due to the high isotope sensitivity, Nuclear Resonant Scattering (NRS) is widely used in 

different fields as high pressure physics and the analysis of surfaces, multilayers, single 

crystals and small samples to determine magnetic, electric and structural properties [3.5]. 

The synchrotron radiation beam is energetically broad, what covers the energies of all 

allowed transitions. The superposition of the re-emitted photons with slightly different 

frequencies ωi, which corresponds to different resonant energies, results the temporal 

beating pattern (quantum beats) in the evolution of the nuclear decay. The scattered 

intensity can be recorded as I(t) and called time-spectra. 

 

3.2.1. Nuclear scattering amplitude 
 

The nuclear dipole transition occurs in the isotope 
57

Fe at the resonance energy 14.4 keV 

with spins of Ig = 1/2 in the ground state and Ia = 3/2 in excited state, with a natural lifetime 

of 141 ns. The energy width of the transition is Γ0 = ℏ/τ0 = 4.7 neV. In a nucleus the 

energetic degeneracy of the energy levels can be lifted by electric or magnetic hyperfine 

interaction. In ferromagnetic materials the spin-polarized 3d electrons create a spin 

polarization of the s-electrons via exchange interaction. The magnetic hyperfine field is 

closely related to the macroscopic magnetization. In α-iron at room temperature Bhf is 

about 33.3 T. The quantization of the Zeeman interaction E = -μ • B leads to an equidistant 

splitting of the nuclear levels in N = 2I + 1 sublevels (Figure 3.3). The ground state of 
57

Fe 

nuclear levels with a magnetic moment μg = 0.091μN splits into two, the energy level of the 

excited state with a magnetic moment μa = -0.155μN into four levels. As a result of the 

selection rules for dipole transitions, six nuclear transitions are allowed with a change in 

the magnetic quantum number M = ma - mg = -1, 0, +1 and resonance energy [3.1] 

𝐸 = 𝐸0 − (𝜇𝑒
𝑚𝑒

𝐼𝑒
− 𝜇𝑔

𝑚𝑔

𝐼𝑔
)     (3.29) 

This means, the energy position of the individual nuclear sublevels is determined directly 

by the magnitude of the magnetic hyperfine field. 

In section 3.1 (Equation 3.5) it has been shown that the energy dependence of the 

scattering process is determined by the function FM(ω). In the case of nuclear resonance 

scattering it can be written as 

𝐹𝑀(𝜔) = 𝐾∑
𝐶2(𝐼𝑔1𝐼𝑒;𝑚𝑖𝑀)

ℏ(𝜔−𝜔𝑚𝑖𝑀)+𝑖𝛤0 2
⁄

𝑚𝑖
   (3.30) 

Where  

𝐾 =
2𝜋𝑓𝐿𝑀𝛤0

𝑘0(1+𝛼)(2𝐼𝑔+1)
    (3.31) 
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Figure 3.3. Energy dependence of the functions FM in the case of resonant scattering from 

nucleus with a magnetic dipole transition between nuclear spin states Ig = 1/2 and Ie = 3/2. 

The energetic positions apply to the case of α-
57

Fe with a magnetic hyperfine field of 

33.3 T. The six dipole transitions are decomposed into three different polarization 

dependencies. The functions F-1, F0, and F+1 describe the scattering of right-circular, 

linear, and left-circular polarization, respectively [3.1] 

 

Figure 3.4. Orientation of the vector spherical harmonics for a magnetic dipole transition 

in the case of an in-plane magnetization M. The magnetic field B of the incident 

electromagnetic wave is parallel to the surface normal. The M = 0 transitions cannot be 

excited because there is no amplitude of the corresponding spherical harmonics along the 

direction of B [3.1]. 
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FM(ω) for the 14.41 keV resonance is also shown in Figure 3.3. The Clebsch-Gordan 

coefficients C(Ig1Ie;  miM) determine the relative strength of this transition and α is the 

coefficient of internal conversion. 

Then the summation in equation 3.5 reduces to a sum over the Clebsch-Gordan 

coefficients. Taking into account previous assumptions, according to [3.1], for the nuclear 

scattering length: 

[𝐍(𝜔)] = (휀𝜇 ∙ 휀𝜈)
𝑘0𝜎0𝑓𝐿𝑀

2ℏ(𝜔−𝜔0) 𝛤0⁄ +𝑖
   (3.32) 

where 

𝜎0 =
2𝜋

𝑘0
2

2𝐼𝑒+1

2𝐼𝑔+1

1

1+𝛼
    (3.33) 

is the absorption cross section at resonance. 

Information about the orientation of the hyperfine field can be obtained from the relative 

amplitudes of the individual hyperfine transitions. This is possible due to the highly 

anisotropic excitation probability of the individual nuclear transitions, which can be 

illustrated by means of the emission characteristic of the dipole transition. This is shown in 

Figure 3.4 for a change in the magnetic quantum number M = 0, and ±1, for a 

magnetization or a magnetic hyperfine field in the plane. For a magnetic (electric) dipole 

transition the excitation probability is given by the value of the polar diagram along the 

direction the magnetic field vector B of the incident wave. In the present example of the 

wave vector k0 is perpendicular to the magnetization and vector E is in the plane of the 

layer. In this scattering geometry it will be excitation of the hyperfine transitions with a 

change in the magnetic quantum number of M = ±1 but not with M = 0. 

 

3.2.2. Resonant reflection from ultrathin layers 
 

In many cases the sample under study consists of layers with a thickness of a few 

nanometers that are deposited on a smooth surface like that of a single crystal. Such a 

system can be considered as an ultrathin film on a semi-infinite substrate. 

The reflectivity R0 of the layer system is then given by R0 = r02, which is the Fresnel 

reflectivity of the vacuum-substrate boundary. Taking into account that 1 + r02 = t02, the 

reflection matrix is 

𝐑(𝜔) ≈ 𝑟02(1 + 𝑖𝐟1(𝜔)|𝑡02|
2𝑑) ≈ 𝑟02𝑒

𝑖𝐟1(𝜔)|𝑡02|
2𝑑   (3.34) 

The scattering matrix of the sensor layer can be represented by the forward scattering 

amplitude f(ω) as 
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𝐟1(𝜔) = (𝑘0 𝑘0𝑧⁄ )𝐟(𝜔) = 𝐟(𝜔) 𝜑⁄    (3.35) 

The factor |t02|
2
 is the relative intensity of the standing wave with amplitude AS resulting 

from the superposition of incident and reflected wave. An effective sensor layer thickness 

d' can be formulated as 

𝑑′ = 𝑑|𝑡02|
2/𝜑    (3.36) 

The time response R(t) of the system is obtained by Fourier transformation of R(ω): 

𝐑(𝑡) ≈ 𝛿(𝑡) − 𝐟(𝑡)𝜒𝑒−𝜒𝑡/2𝜏0    (3.37) 

with 

𝜒 =
1

4
𝜌𝜎0𝑓𝐿𝑀|𝑡02|

2 𝑑

𝜑
    (3.38) 

ρ and σ0 are the atomic number density and the nuclear absorption cross-section of the 

sensor layer at resonance. The influence of the film thickness on the intensity of the 

nuclear signal I(t) = |R(t) - δ(t)|
2
 and temporal attenuation can be represented by the 

intensity envelope as: 

𝐼𝑒(𝑡) ≈ 𝜒
2𝑒−(1+𝜒)𝑡/𝜏0    (3.39) 

The resonant nature of the scattering process changes the optical properties of a material in 

a characteristic way. The critical part for determining of the resonant scattering 

experiments is the time-integrated signal, reflected from a surface or a layer system. In 

case of a reflection from a surface, a maximum in the time-integrated signal is always 

observed at the critical angle of total reflection and at positions of structural Bragg peaks in 

cases of multilayer structures [3.1]. 

Intensity of AF Bragg peaks however is dependent on the projection of the magnetic 

moment of the layers in the magnetic sublattices on the wave vector k0 of the incident       

x-ray beam. Figure 3.5 illustrates the calculated nuclear resonant and electronic reflectivity 

curves for two orientations of the magnetic sublattices. 
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Figure 3.5. Simulated nuclear resonant reflectivity (solid line) and electronic reflectivity 

(dashed line) curves for an AF coupled Si/[
57

Fe(2.3 nm)/Cr(1.3 nm)]20 multilayer 

structure. The intensity of AF Bragg peaks is dependent on the projection of the magnetic 

moment of the layers in the magnetic sublattices on the wave vector k0 of the incident x-ray 

beam. The curves are simulated with CONUSS. 

 

3.2.3. Calculation of time spectra and determination of spin 

structure 
 

The time spectrum from Mössbauer isotope nuclei collected after excitation exhibits a 

characteristic quantum beat pattern. Analysis of this pattern allows extracting more 

detailed information about the magnetic structure of the sample (magnetization and 

hyperfine fields). 

For a single layer with unidirectional magnetization in the film plane, the time spectrum 

has a characteristic shape. The coherent de-excitation of hyperfine transitions with slightly 

different energy leads to the beating of nuclear intensity in time. The shape and frequency 

of the beating are a fingerprint of the configuration of the nuclear levels. A time spectrum 

can be calculated using the forward Fourier transform of the scattering matrix f(ω). For σ-
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polarized x-rays and a detector without polarization analysis, the resonant reflected 

intensity is calculated as follows [3.1] 

𝐼(𝑡) = {|𝑓11(𝑡)|
2 + |𝑓12(𝑡)|

2} 𝜒2𝑒−𝜒𝑡/𝜏0   (3.40) 

Since the unit vector of π-polarization is always perpendicular to the layer magnetization 

m, Equations 3.7 and 3.8 can be simplified as 

𝑁𝜎𝜎 =
3

16𝜋
(𝐹+1 + 𝐹−1)    (3.41) 

and 

𝑁𝜎𝜋 =
3

16𝜋
(−𝑖𝐤0 ∙ 𝐦)(𝐹+1 − 𝐹−1)    (3.42) 

The intensity of delayed scattered photons is 

𝐼(𝑡) = {|�̃�+1 + �̃�−1|
2 + cos2 𝜑 |�̃�+1 − �̃�−1|

2} 𝜒2𝑒−𝜒𝑡/𝜏0  (3.43) 

The cosine function reproduces the dot product of the unit vectors of the wave vector and 

the magnetization direction of the layer. The Fourier transforms of the energy-dependent 

functions F±1(ω) (Figure 3.3) are 

�̃�+1(𝑡) = (𝑎1𝑒
𝑖𝜔1𝑡 + 𝑎4𝑒

𝑖𝜔4𝑡)𝑒−𝑡/2𝜏0   (3.44) 

�̃�−1(𝑡) = (𝑎3𝑒
𝑖𝜔3𝑡 + 𝑎6𝑒

𝑖𝜔6𝑡)𝑒−𝑡/2𝜏0   (3.45) 

The time spectrum is the result of the superposition of wave trains with a small frequency 

difference from the Zeeman splitting Δg/e of the energy of the ground and excited nuclear 

state. That can be related to 

∆𝑔=
𝜇𝑔𝐵

𝐼𝑔
 and ∆𝑒=

𝜇𝑒𝐵

𝐼𝑒
   (3.46) 

The two beat frequencies Ω1 and Ω2 are formulated as: 

𝛺1 = 𝜔4 − 𝜔1 =
∆𝑒+∆𝑔

ℏ
    (3.47) 

𝛺2 = 𝜔3 − 𝜔1 =
2∆𝑒

ℏ
     (3.48) 
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Figure 3.6. Simulated time spectra in reflection geometry of a 1 nm thick 
57

Fe layer on a 

semi-infinite Si substrate for different scattering geometries are presented. The incident 

radiation is σ-polarized and the detector is without polarization analysis. The orientation 

of unidirectional magnetization in the layer plane varies relative to the wave vector k0 

stepwise by 30°. The structure of the time spectra is determined from Equation 3.46. 

Calculated with CONUSS. 

 

Figure 3.3 shows that the relative scattering strengths match a3 = a4 and a6 = a1 and thus 

|F+1(t)|
2
 and |F-1(t)|

2
 are identical. The time spectrum of a sensor layer with the angle of the 

layer magnetization φ relative to the wave vector of the incident radiation can be calculated 

as: 

𝐼(𝑡) = 𝑒−𝜒𝑡/𝜏0[𝐺(0,0, 𝛺1)(1 + cos
2 𝜑) + 𝐺(𝛺1 +𝛺2, 𝛺1 −𝛺2, 𝛺2)(1 − cos

2 𝜑)]   (3.49) 

where G is given by 

𝐺(𝜔1, 𝜔2, 𝜔3) = cos𝜔1𝑡 + 𝑎
2 cos𝜔2𝑡 + 2𝑎 cos𝜔3𝑡  (3.50) 
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A graphical representation of simulated time spectra with different angles of layer 

magnetizations relative to k0 is given in Figure 3.6. 

 

3.2.4. Nuclear Resonant Reflectometry from the AF coupled 

Fe/Cr multilayer structure. 
 

Ferromagnetic layers coupled through a nonmagnetic spacer layer have additional 

magnetic properties compared to the bulk materials. The nuclear resonant method is a good 

tool for investigation of magnetic structure of such systems. The antiferromagnetic 

coupling of the Fe layers gives rise to half-order Bragg peaks between the structural peaks 

at the nuclear reflectivity curve, whereas for the ferromagnetic coupling, the positions of 

nuclear Bragg peaks are the same as for the structural peaks (Figure 3.7). In the angular 

interval from 0° to 0.25° (total reflection) the x-rays are almost parallel to the layer surface 

and reflect, therefore, the standing (evanescent) waves are generated at the layer/vacuum 

boundary. The amplitude is exponentially damped as a function of depth. Below the 

critical angle the penetration depth is only a few nm, depending on photoabsorption 

coefficient of the material. As the angle of incidence becomes larger, the x-rays penetrate 

deeper into the layered structure, the standing waves appear deeper inside the layers and 

the number of modes increases. At the critical angle and at first structural peak the 

reflected signal is a coherent superposition of the contributions from all layers [3.1]. 

Time spectra taken at the positions of different nuclear reflectivity peaks (critical angle of 

total reflection θ = 0.25°, the first AF Bragg peak θ = 0.4°, first structural Bragg peak 

θ = 0.72°) have different shapes (Figure 3.8). The shapes of time spectra also can be 

explained by intensity distribution of the incoming x-rays inside the layered structure. At 

the position of the critical angle, the radiation hits only the upper part of the stack and the 

intensity has an exponential decay with increasing of angle of incidence. At the AF Bragg 

peak the standing waves inside the stack have a period equal to the magnetic lattice 

periodicity. Here the time spectra have a contribution only from the layers with the same 

magnetization direction (the layers with opposite magnetization direction are in nodes of 

the radiation field and therefore not exited). At the structural Bragg peak position the 

standing waves have period of chemical lattice and radiation excites layers with both 

magnetization directions. With simulation of the time spectra, it is possible to extract 

information about the magnetic hyperfine field distribution of Fe atoms at the Fe/Cr 

boundaries and the magnetization direction of Fe layers in the multilayer [3.1].  
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Figure 3.7. Reflectivity curves measured at E = 14.4 keV, black – electronic reflectivity 

curve, red – nuclear reflectivity curve. 

 

 

Figure 3.8. Time spectra of nuclear resonant scattering measured from exchange coupled 

Fe/Cr multilayers (the sample, described in section 4.2) at three different angular 

positions: (a) at the critical angle θ = 0.25°, (b) the AF Bragg peak θ = 0.4°, (c) the first 

order Bragg peak θ = 0.72°. The intensity of the electric field as a function of depth in the 

layered structure is shown at the right side [3.1]. 
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The calculated profiles of normalized intensity inside the multilayer at different angles of 

incidence of x-rays in the multilayer structure described in chapter 4 are presented in 

Figure 3.9. These profiles give us information about homogeneity of illumination of a 

magnetic heterostructure and sensitivity to different parts of the multilayer stack relatively 

to the angle of incidence of the incoming x-ray beam. This is crucial for depth-resolved 

investigation of the field dependent spin structure of the layered magnetic structure 

described in chapter 5. In this case we are more sensitive to the middle or bottom part of 

the antiferromagnetically coupled Fe/Cr multilayer at the positions of first of the second 

AF Bragg beak during recording of rotational hysteresis curves. 

 

 

 

Figure 3.9. Calculated profiles of normalized intensity inside the multilayer for four 

different angles of incidence of x-rays (θ = 0.25° - critical angle, θ = 0.4° - first AF Bragg 

peak, θ = 0.72° - first structural Bragg peak and θ = 1.03° - second AF Bragg peak). The 

top picture shows the case of illumination of the system at critical angle, where the depth 

of x-ray penetration into the system is small and intensity of the radiation decays 

exponentially. Strong reflection is due to the interference between incident and reflected 

radiation. As the angle of incidence increases, the penetration depth increases and more 

oscillation periods in the standing wave appear. 
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At the critical angle the x-rays penetrate into the sample for a few nanometers and mostly 

sensitive to the magnetic structure in top part of the multilayer structure. At the position of 

half-order Bragg peak (or the first AF Bragg peak) one can resolve the magnetic spin 

structure of the whole multilayer stack, but due to absorption in the sample we are more 

sensitive to the magnetic state of the heterostructure in the middle part of the multilayer. In 

case of illumination of the sample at the first Bragg peak, x-rays penetrate to the bottom 

part of the sample and one gets an integral picture of the magnetic spin structure. At the 

position of the second AF Bragg peak an interface of the layered structure with 

hardmagnetic FePt layer is illuminated more homogeneously and one can investigate the 

magnetic structure of this part of the sample more precisely. 

 

 

 

Figure 3.10. Hyperfine field distribution determined from evaluated time spectra taken 

from saturated sample. It is utilized for simulation of time spectra from the AF coupled 

Fe/Cr structure sketched in Figure 4.5 [4.1]. The main part of the Fe atoms in the layer 

has a hyperfine field of 33 T (bulk value). Fe atoms with lower hyperfine field of about    

22 – 25 T are presented due to the surface roughness. Close to the Fe-Cr interface the 

hyperfine fields are lower due to the neighboring with Cr atoms. 

 

Before evaluation of experimentally measured time spectra it is important to determine a 

hyperfine field distribution in 
57

Fe layer first. The distribution of hyperfine field depends 

on the interfacial impurities in the multilayer between ferromagnetic Fe layer and non-

magnetic Cr layer. The 
57

Fe nuclei have sharp Gaussian distribution of the hyperfine 

magnetic field about 33 T at room temperature (Figure 3.10). Due to the diffusion of 

individual Fe atoms into the nonmagnetic Cr layer the hyperfine field of some Fe nuclei is 

about 12 T. The incorporation of individual Mössbauer nuclei into a nonmagnetic matrix 
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leads to a loss of the magnetic hyperfine field. The contribution of ferromagnetic nuclei 

with 25 T into hyperfine field distribution results from roughness of Fe layers. As a result, 

the magnetic hyperfine field of interfacial iron atoms is significantly reduced. The 

hyperfine field distribution, shown on Figure 3.10 was reconstructed from the time spectra 

taken at three angular position of the incident beam from a saturated multilayer. The 

magnetic spin structure was known because magnetization of all ferromagnetic layers is 

aligned in one direction. 

 

3.3. Experimental setup for nuclear resonant scattering 
 

In earlier times Mössbauer spectroscopy was used as nuclear resonant spectroscopy. It is 

an incoherent process which reflects the different local environments of Fe nuclei in a 

sample. Coherent scattering processes are also sensitive to spatial arrangement of 

ferromagnetic atoms and leads to diffraction. The intensity of radioactive sources is too 

low to have an application in investigating coherent processes in thin films and multilayer 

structures. 

The nuclear resonant scattering experiments described in this work are performed at the 

synchrotron radiation sources of the ESRF (Grenoble/France) at beamline ID18 and at 

PETRA III (Hamburg/Germany) at beamline P01. The modern generation of light sources 

offers high brilliance x-ray beams with tunable energy, the low divergence in combination 

with high degree of polarization, and pulsed beam structure. Fast electronics allow good 

time separation of the electronic prompt scattered signal from the delayed scattered nuclear 

measurement signal. 

 

3.3.1. Generation of Synchrotron Radiation  
 

Synchrotron radiation is generated in storage rings by electron or positrons, circulating 

with relativistic speed. Bending magnets keep the particles on the circular trajectory. If an 

electron/positron moves linearly and uniform, it does not radiate. In case of storage ring, at 

bend position the electron changes its velocity and the electron has a short period of 

acceleration while it radiates. The main characteristics of radiation are cyclic frequency ω0 

and the energy of electron in the storage ring [3.4]: 

𝛾 =
𝐸𝑒
𝑚𝑐2

 

The radiation is emitted in a narrow cone around the instantaneous velocity. The opening 

angle of the cone is 1/γ, usually it is about 0.1 μrad. 
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The ESRF storage ring has a circumference of 844 m, with an electron energy of 6 GeV, 

the electron current in the ring about 20 mA and the magnetic field of the bending magnets 

0.8 T. The storage ring consists of 32 straight and 32 curved sections, equipped with 

bending magnets and undulators, where the intense beam of x-rays is produced. The ESRF 

produces x-rays with energy ranging from 10 to 120 keV (wavelengths from 0.1 to 

0.01 nm) [3.7]. 

PETRA III is a 2304 m long storage ring, operating at DESY (Deutsches Elektronen-

Synchrotron) site in Hamburg. The electron energy of the storage ring is 6 GeV with the 

beam current 100 mA, which is a compromise between achieving a small horizontal 

emittance and providing high photon flux in the energy range of 50–150 keV. PETRA III 

operates in top-up mode and has a horizontal emittance of 1.0 nrad, being 3 – 4 times 

smaller than that of other high-energy (above 6 GeV) storage rings world-wide. The 

storage ring has 20 damping wigglers, 4 m long, in two long straight sections of the ring 

(West and North). They reduce the horizontal momentum spread of the photon beam. The 

PETRA III experimental hall contains nine straight sections allowing the installation of 

either one 5 m or two 2 m long undulator sections each [3.8]. The experiments that will be 

described in the next chapters were performed either at Nuclear resonant beamline ID 18 at 

ESRF or at P01 Dynamics Beamline at PETRA III. 

 

3.3.2. The Nuclear Resonant beamline ID18 (ESRF/France) 
 

The schematic view of the beamline is presented in Figure 3.5. Nuclear resonant scattering 

requires time spacing between the x-ray pulses. The experiments were held at the 16 bunch 

timing mode of the storage ring (176 ns bunch spacing, 90 mA beam current). In the front 

end of the beamline there is a set of 3 undulators, each 1.6 m long, optimized for the 

14.4 keV transition energy of 
57

Fe [3.9]. There are two steps of beam monochromatization: 

a High Heat Load monochromator (HHL) provides monochromatization down to 2 eV 

bandwidth and a High Resolution Monochromator gives a reduction to about 1 meV. The 

compound refractive lenses (CRL) are placed downstream the HHL to better matching the 

beam divergence with the monochromator crystals acceptance and after the HHL to focus 

the beam in vertical direction. For the focusing down to about 10 μm × 10 μm, the 

Kirkpatrick-Baez (KB) optics is utilized.  

There are three experimental hutches available for different kind of NR experiments: 

EH1 - diffraction experiments and nuclear inelastic scattering experiments 

EH2 - investigations of samples in a cryomagnet system under extreme conditions using 

forward scattering and grazing incidence NRS and under UHV conditions using grazing 

incidence NRS and NIS. 
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EH3 - backscattering monochromator for high energies and the nuclear lighthouse effect, 

but usually used to keep the set-ups for ID18 or external users [3.9]. 

 

 
 

Figure 3.11. Schematic layout of the nuclear-resonance beamline. OH1 - first optics hutch; 

OH2 - second optics hutch; EH1 - EH3 - experimental hutches; CC1 - CC3 - control 

cabins; U23 and U34 - 22.8 mm and 34 mm period undulators; S1 and S2 - slit systems; 

A1 and A2 - attenuators; M1 - timing/intensity monitor; EM - energy monitor; HRM - 

high-resolution monochromator; DIFF - 4-circle diffractometer; CCR - cryomagnet 

system; CRL - compound refractive lens [3.9, 3.10]. 

 

3.3.3. The P01 High Resolution Dynamics Beamline at 

PETRA III (DESY/Hamburg) 
 

The Dynamics Beamline P01 at PETRA III synchrotron is dedicated to Nuclear Resonant 

Scattering and inelastic x-ray scattering. Nuclear resonance scattering requires time 

spacing between the x-ray pulses, the experiments are held at the 40 bunch timing mode of 

the storage ring (192 ns bunch spacing, 100 mA beam current) [3.11]. The beamline is 

equipped with a 10 m undulator (two 5 m sections) at the beam front end. There are two 

beam monochromatization steps with a High Head Load (HHL) monochromator and a 

High Resolution (HR) monochromator. They allow high energy resolution in the range 

from 1 eV to 1 meV [3.12]. 

The P01 beamline consists of two optics hutches and three experimental hutches (Figure 

3.12). The first optics hutch OH1 is equipped with the HHL monochromator. In the second 

optics hutch the HR four crystals monochromator are situated, the set of Be lenses for the 

beam focusing is installed behind the monochromator [3.13]. 

The experiments presented in this work were performed in the first experimental hutch 

EH1. It is suitable for Nuclear Resonant experiments with demanding sample 

environments with row beam focusing and equipped with the HUBER diffractometer with 
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theta-2 theta setup. In EH2 Inelastic x-ray Scattering experiments can be performed. EH3 

is dedicated for experiments with demanding sample environments (e.g. cryomagnets) and 

high focusing, using KB mirrors [3.13]. 

 

 

 

Figure 3.12. A three dimensional view of the layout of the beamline P01 at PETRA III 

[3.12]. 

 

3.4. Magneto-optic Kerr Effect (MOKE) 
 

Due to the fact that a magnetized ferromagnetic material in an external magnetic field has a 

so-called magnetic birefringence property, different kind of magneto-optic effects can be 

observed.  

The magneto-optic effects are displayed while light transmits (Faraday, Voigt effect) or 

reflects (Kerr effect) from the ferromagnetic material. In the present work the Magneto-

optical Kerr effect is used for magnetization curves measurements. The change of 

polarization or intensity of the light reflected from the magnetized surface under influence 

of external magnetic fields is known as Magneto-optic Kerr effect (MOKE). Three 

different geometries are used for Kerr effect measurements, depending on the direction of 

the vector of magnetization with respect to the reflecting surface and the plane of 

polarization of the incident light: Polar MOKE, Longitudinal MOKE and Transversal 

MOKE respectively. In Polar MOKE the magnetization vector is perpendicular to the 

reflection surface and parallel to the plane of incidence, while in longitudinal MOKE the 
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magnetization vector is parallel to both the reflection surface and the plane of incidence. 

The longitudinal setup involves light reflected at an angle from the reflection surface and 

not normal to it, as above in the polar MOKE case. In the same manner, linearly polarized 

light incident on the surface becomes elliptically polarized, with the change in polarization 

directly proportional to the component of magnetization that is parallel to the reflection 

surface and parallel to the plane of incidence. In Transversal MOKE the sample 

magnetization direction is perpendicular to the scattering plane of light, here the intensity 

of reflected light is changing [3.14]. These three types of MOKE are sketched in 

Figure 3.13.  

 

 

 

Figure 3.13. Direction of magnetization vector with respect to the reflecting surface and 

the plane of polarization of the incident light in case of: (a) Polar MOKE, (b) Longitudinal 

MOKE and (c) Transversal MOKE [3.14]. 

 

The Magneto-optic Kerr effect can be explained via Maxwell’s classical theory. In case of 

an isotropic gyroelectric medium, where the vector of magnetization is perpendicular to 

layer plane, the dielectric tensor is represented as follows [3.15]: 

𝜖(𝜔) = (

𝜖0 𝜖1 0
−𝜖1 𝜖0 0
0 0 𝜖0

)    (3.51) 

From the Maxwell’s equations for the monochromatic wave the refractive index for left- 

and right hand circular polarized light is: 

𝑛±
2 = 𝑛0

2 ∓
𝑖

𝑛0
(𝐠 ∙ 𝐧0)    (3.52) 

where 𝑛0 = √𝜖0. The axial vector g describes the anisotropy of the medium in a magnetic 

field [3.15] and the vector n0 is the refractive index of the vacuum/medium transition 

without influence of a magnetic field. 
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If the electric field of the incident light is polarized in the plane of incidence, the complex 

Kerr rotations ρ for π- and σ-polarization are expressed as 

𝜌𝜋 = −𝜑𝐾𝜋
′ + 𝑖𝜑𝐾𝜋

′′  and 𝜌𝜎 = 𝜑𝐾𝜎
′ + 𝑖𝜑𝐾𝜎

′′    (3.53) 

where φ’ is a rotation and φ’’ is ellipticity of the Kerr effect. For the longitudinal Kerr 

effect with small angles θ of incident light the Kerr rotation is written as 

𝜌𝜋 = 𝜌𝜎 = −
𝑔

𝜖0 − 1

𝜃

𝜖0
 

 

3.4.1. MOKE Setup 
 

The MOKE is a powerful tool for measuring all three magnetization components of a 

magnetic material. In our case we used setup based on Longitudinal MOKE (Figure 3.14). 

The light of a He-Ne laser (λ=632.8 nm) in combination with a Glan-Thompson prism was 

used. After the light is reflected from the sample, the polarization is analyzed with a 

second Glan-Thompson prism. The intensity of light is measured after the second prism by 

a photodiode (New Focus Company). The sample is placed between the poles of an 

electromagnet with bipolar power supply. 

 

 

 

Figure 3.14. Experimental setup based on Longitudinal Magneto-optic Kerr Effect. 

For longitudinal MOKE, the magnetic field is parallel to both the plane of incidence and 

the sample surface (Figure 3.8). 
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The longitudinal setup involves light reflected from the sample surface. Linearly polarized 

incident light becomes elliptically polarized on the surface, with the change in polarization 

directly proportional to the component of magnetization that is parallel to the reflection 

surface and parallel to the plane of incidence. The MOKE setup is operated via a LabView 

program designed by S. Couet [3.16]. 
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4. Sample preparation and characterization 

 

 

 

 

This chapter describes the process of preparation and characterization of artificial 

antiferromagnets. A series of antiferromagnetically (AF) coupled multilayers with different 

thicknesses of the Cr spacer layer were prepared via magnetron sputtering in an Ultra-High 

Vacuum (UHV) chamber. Samples were magnetically characterized with longitudinal 

MOKE. A diagonal shape of hysteresis curves (Figure 4.1) indicates the antiferromagnetic 

order of Fe layers in the structure. The measurements have shown that the highest 

antiferromagnetic coupling strength is in the sample with Cr spacer layer thickness of 

13±1 Å. 

A FePt hardmagnetic buffer layer was used to provide the unidirectional anisotropy in AF 

coupled Fe/Cr multilayers. The sputtered Fe50Pt50 alloy was annealed at high temperature 

in vacuum in order to obtain the L10 hardmagnetic phase. After annealing, the coercive 

field Hc of the hardmagnetic FePt arose to 819 mT (as compared to 10 mT in as-deposited 

state). Atomic Force Microscope (AFM) measurements were used to investigate the 

roughness of the FePt layers before and after annealing. 

Finally, a Fe/Cr multilayer structure consisting of 20 bilayers on a FePt hardmagnetic 

buffer layer was prepared. 
57

Fe was used for the sensor layers for further investigation of 

the magnetic structure. The sample was pre-characterized with Vibrating Sample 

Magnetometry (VSM, based in Institute of Applied Physics at Hamburg University), 

Longitudinal Magneto-Optical Kerr Effect (LMOKE) and x-ray reflectometry (x-ray 

Diffractometer “RÖDI” at HZG/Hamburg). 
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4.1. Deposition of sample structure and production 

conditions 
 

4.1.1. Production of Fe/Cr multilayers and optimization of Cr 

spacer layer thickness. 

The oscillatory coupling between magnetic layers can be explained by the formation of 

spin-polarized standing electron waves from spin-dependent reflection of the electrons at 

the boundaries of the spacer layer [4.1, 4.2, 4.3]. The oscillation period for almost all 

paramagnetic materials is about 1 nm, but the oscillation period for systems with Cr spacer 

is 1.8 nm, the strongest antiferromagnetic coupling is observed for systems with a spacer 

layer thickness about 1.3 nm. 

To obtain the optimum antiferromagnetic coupling in the Fe/Cr multilayer stack a number 

of multilayers with different Cr layer thicknesses were prepared (Figure 4.1(a)). 

Polycrystalline layers were sputtered in the UHV chamber on polished Si-wafers (Ar 

atmosphere p = 1.1 × 10
-2

 mbar) in high vacuum (base pressure p = 8 × 10
-7

 mbar). The 

samples consist of 5 bilayers (Fe [2.5nm]/Cr [x nm], where x is equal to 0.9, 1.1, 1.4, 

1.7 nm) and are capped by a 4 nm thick Cr protection layer. 

The process of multilayer structure preparation was manually controlled. The sputtering 

guns with Fe and Cr were fired simultaneously and a transport stick with a sample holder 

was moved between the guns. The thickness of the layers was controlled by the deposition 

time of the respective material. 

The magnetic properties of the Fe/Cr multilayers were characterized by MOKE 

measurements (Figure 4.1 (b)). The hysteresis curves have diagonal shapes which indicate 

antiferromagnetic ordering of Fe layers in the system. The opened hysteresis curves can be 

observed in systems with odd number of bilayers due to the unpaired moment of the Fe 

layer on top of the structure [4.4]. The best magnetic properties are observed for the 

samples with thicknesses of spacer layer equal to 1.1 nm and 1.4 nm (high saturation fields 

and well pronounced diagonal shapes of hysteresis curves). As a result, the optimum Cr 

spacer layer thickness was defined as 1.3 nm, which is close to the first oscillation 

maximum of an AF interlayer coupling strength (chapter 2). 

The Fe/Cr multilayer structure consisting of 10 bilayers was prepared as test sample. The 

hysteresis curve was measured at the longitudinal MOKE setup and shows the strong 

antiferromagnetic coupling of Fe layers in the system. The saturation field for the layer 

system is about 500 mT (Figure 4.2). 
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(a) 

 

 

(b) 

 

 

Figure 4.1 (a) A schematic drawing of the sample to investigate the influence of Cr layer 

thickness on the antiferromagnetic coupling in the Fe/Cr multilayer structure. (b) 

Hysteresis loops of the layered system consisted of 5 Fe/Cr bilayers with different Cr 

spacer layer thicknesses (x = 0.9 nm, 1.1 nm, 1.4 nm and 1.7 nm), measured at 

longitudinal MOKE setup. 

Fe 

Cr 

Si -substrate 
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(a) 

 

(b) 

 

 

Figure 4.2 (a) A schematic drawing of the sample to investigate the influence of the Cr 

layer thickness on the antiferromagnetic coupling in Fe/Cr multilayer structure.              

(b) Hysteresis loop measured from the layered system consisted of 10 Fe/Cr bilayers with 

1.4 nm of Cr layer thickness. 

 

The FePt hardmagnetic buffer layer provides the unidirectional anisotropy in the system, 

which makes an exchange coupling in Fe/Cr layers stronger. The procedure of production 

and characterization of the FePt hardmagnetic layers will be described in the next section 

in details. 
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4.1.2. Hardmagnetic FePt alloys 
 

Hardmagnetic FePt polycrystalline layers ordered in L10 phase attract attention as potential 

candidates for high density magnetic recording [4.5, 4.6, 4.7] due to the strong 

unidirectional magnetocrystalline anisotropy energy density Ku = (4 - 7) x 10
7
 erg/cm

3
 and 

high coercive field Hc = 700 – 900 mT [4.8, 4.9, 4.10]. At room temperature as-deposited 

FePt films are in chemically disordered softmagnetic state A1 (or fcc) phase with coercive 

field Hc = 10 mT. To achieve the L10 hardmagnetic state, one needs to anneal FePt layers 

at high temperature or deposite the alloy on a heated substrate [4.9]. At high temperature 

the L10 ordered domains grow. This process leads to increasing of the initial grain size. 

There are different approaches to suppress the grain growth: element doping, buffer layers, 

top layers [4.11, 4.12] or annealing at high pressure [4.10]. In the present work a Ta buffer 

layer was utilized to suppress growth of the initial grains during annealing. 

 

4.1.3. Production of hardmagnetic FePt layers with low surface 

roughness 
 

An antiferromagnetic coupling in the Fe/Cr layered structure is due to the reflection of 

conduction electrons at layer boundaries. Rough boundaries can weaken the interactions in 

the system. To achieve higher coupling strengths in the system, the FePt buffer layer and 

the layers in the Fe/Cr stack have to be smooth (σrms = 2 – 3 Å). A 3 nm Ta buffer layer 

suppressed grain growth during thermal treatment to support smooth boundaries, thus 

enforcing the high antiferromagnetic interlayer coupling in the Fe/Cr layer stack. This 

section describes the investigation of optimum conditions for smooth FePt layers 

preparation. 

The polycrystalline Ta[4 nm]/FePt[35 nm] layers were deposited in the UHV chamber on 

polished Si-wafers by magnetron sputtering (Ar atmosphere p = 1.1 × 10
-2

 mbar) in high 

vacuum (base pressure p = 8 × 10
-7

 mbar). The FePt layer was prepared by deposition of 

Fe50Pt50. To achieve the L10 hardmagnetic phase the FePt layers were annealed at high 

temperature in vacuum (p = 1 – 6 × 10
-6

 mbar) at varying temperatures between 550 and 

585°C for different time (10 – 15 min). The processes of heating and cooling in vacuum 

are rather slow due to zero mass and zero conductivity of the vacuum. Vacuum also 

prevents oxidation of the FePt surface during annealing. 

MOKE measurements of the as-deposited FePt layer sample and after annealing at 550°C 

for 15 min are shown in Figure 4.3. The hysteresis loops show the different magnetic state 

of the as-deposited A1 FePt layer (black curve) and the annealed FePt in L10 phase (red 

curve). The as-deposited layer shows softmagnetic behavior with an in-plane coercivity of 
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Hc = 10 mT. After annealing the in-plane coercivity has significantly increased to 

Hc = 819 mT in the hardmagnetic L10 phase.  

 

 

Figure 4.3. MOKE measurements of FePt layer (a) before and (b) after annealing at 

550°C for 15 min in vacuum (p = 1 – 6 × 10
-6

 mbar). The phase transition from A1 (soft 

magnet) to L10 (hard magnet) is evidenced by an increase of the coercivity from 10 mT to 

819 mT. 

 

The AFM pictures show the grain growth in the FePt layers during annealing from 2 Å to 

12 Å. If one reduces the temperature or time of annealing, the grain size is reduced to 

1.83 Å, but the A1 to L10 phase transition in this case does not complete and the coercivity 

of the hardmagnetic FePt layer is only 641 mT (annealing at 600°C for 5 min). The 

problem of FePt crystal growth during annealing can be solved utilizing a Ta buffer layer. 

Figure 4.4 illustrates the grain size difference in as-sputtered and annealed FePt layer 

without Ta buffer layer. The Ta buffer layer has an amorphous structure, which may lead 

to growth of the FePt layer with smaller grain size and compact structure. During 

annealing this can suppress the diffusion of grain boundaries and, as a result, the grain 

growth. The AFM topography scans of FePt and Ta/FePt layers annealed at 550°C for 

15 min are shown in Figure 4.4. For the FePt with Ta buffer layer the statistical surface 

roughness is σrms = 3 Å (Figure 4.4 (b)), whereas it is σrms = 5 Å for the annealed FePt 

without Ta buffer layer (Figure 4.4 (a)). 
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(a) 

 

(b) 

 

Figure 4.4 AFM surface profiles of annealed FePt layers (a) without Ta buffer layer and 

(b) with Ta buffer layer. It can be seen, that the Ta buffer layer suppresses the grain 

growth. MOKE measurements show similar coercivity about 800 mT for both of these 

samples. 

 

4.2. Magnetic and structural characterization of an AF 

coupled Fe/Cr multilayer on FePt hardmagnetic buffer layer. 
 

The preparation methods of Fe/Cr layered structures and a FePt hardmagnetic layer were 

presented and discussed in section 4.1. Taking into account previous studies the final 

sample was prepared (Figure 4.5). 

The multilayer structure preparation consisted of two steps: preparation of the 

hardmagnetic buffer FePt layer and deposition of the Fe/Cr multilayer structure with a 
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thick softmagnetic 
nat

Fe layer on top of the system (Figure 4.5). The structural properties of 

the sample were precharacterized using the conventional x-ray reflectometry method 

(Figure 4.6). The exact thicknesses of the layers in the stack and their roughness were 

determined by fitting the measured reflectivity curve (CONUSS program). Here the 

position of structural Bragg peaks is determined by the thickness of the Fe/Cr period in the 

stack. One can notice the first structural Bragg peak is relatively weak. This can be 

explained by low electronic contrast due to almost equal densities of Fe and Cr 

(ρCr = 7.19 g/cm
3
 and ρFe = 7.87 g/cm

3
). Intensity of the structural peak can be also 

suppressed by interlayer roughness in the sputtered multilayer structure. 

In addition to the structural characterization, magnetic measurements were performed 

(MOKE and VSM). Visible light penetrates into metal surface for 20 – 50 nm. Therefore, 

with MOKE only the magnetization near the surface is probed [4.13, 4.14, 4.15]. The 

MOKE measurements show softmagnetic behavior of the sample due to the sensitivity of 

this technique to the magnetic state of the top 
nat

Fe layer (Figure 4.7 (a)).  

 

 

Figure 4.5. Schematic view of the sample FeCr_
nat

Fe_1, to investigate 

hardmagnetic/antiferromagnetic/softmagnetic multilayer. The sample consists of 

hardmagnetic FePt buffer layer, 20 
57

Fe/Cr AF coupled bilayers and the top thick 

softmagnetic 
nat

Fe layer. 

 

To investigate the magnetic properties of the antiferromagnetically coupled Fe/Cr 

heterostructure the VSM measurements were performed (Figure 4.7 (b)). VSM is based on 
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Faraday's law, which states that an electromagnetic force is generated in a coil when there 

is a change in flux linking the coil [4.16, 4.17]. Magnetic material is placed within a 

uniform magnetic field creating by sensing coils and mechanically vibrates. The resulting 

magnetic flux changes induce a voltage in the sensing coils that is proportional to the 

magnetic moment of the sample. The VSM determines the magnetic properties of the 

sample throughout the sample, whereas the MOKE is capable of measuring magnetic 

properties of only top most layers in the sample. The VSM curve exhibits magnetic 

contributions from the top Fe layer with Hc = 40 mT, the AF coupled Fe/Cr multilayer part 

with a saturation field of about 600 mT, and a hardmagnetic term from the FePt buffer 

layer with Hc = 1 T. The resulting sample is named as FeCr_
nat

Fe_1. 

 

 

 

Figure 4.6. X-ray reflectivity curves from the FeCr_
nat

Fe_1 layered structure (sketched in 

Figure 4.5), black – measured reflectivity curve (E = 14.4 keV), red – simulated reflectivity 

curve with adjusted structural parameters. 

 

As it has already been mentioned, the FePt hardmagnetic buffer layer is used to provide the 

unidirectional anisotropy for the AF coupled Fe layers [4.2]. The thick Fe layer on top of 

the layered structure transfers the direction of an external magnetic field to the upper 

ferromagnetic layers in the Fe/Cr multilayer. The resulting combination of hardmagnetic 

material on the bottom, the artificial antiferromagnet in the middle, and the softmagnetic 

material on top is a new type of magnetic system. The sample was prepared for the 

experiments with rotational external magnetic field, described in chapter 5. The goal of this 

work is an investigation of magnetization reversal properties and spiral spin structure 

creation in such systems. 
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Figure 4.7. (a) MOKE hysteresis curve measured for the FeCr_
nat

Fe_1 layered structure. 

(b) VSM hysteresis curve measured for the Fe/Cr_spiral layered structure. 

 

In the following sections the results of NRS measurements, giving information about 

additional magnetic characteristics, will be presented and discussed. 
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5. Investigation of magnetic spiral structure 

creation in AF coupled heterostructures. 
 

 

 

 

In this chapter the experimental part of investigation of the exchange coupling of an 

antiferromagnetically (AF) coupled Fe/Cr multilayer sandwiched between a softmagnetic 

and a hardmagnetic layer is presented. Such a system can exhibit a rich structure of 

magnetic phases, but so far experimental studies of these phases are scarce.  

For reverse fields larger than the exchange field Hext, the magnetic reversal proceeds in an 

exchange spring system via twisting of the magnetization in the AF multilayer: the spins 

that are close to the bottom of the AF structure are pinned by the hard layer, while those 

further away rotate to follow the field. The angle of rotation increases with increasing 

distance from the hard layer, resulting in a spiral spin structure similar to that in a Bloch 

domain wall [5.1]. This process is reversible as the soft spins rotate back into alignment 

with the hard layer when the applied field is removed. 

The spiral spin structure nucleated during reversal can either be left‐handed or right‐

handed, and both configurations are energetically equivalent when the reverse field is 

applied precisely along the easy axis of the hardmagnetic layer. In real systems, such 

degeneracy is lifted due to a slight misalignment between the easy axis and the applied 

field, or due to microstructural details of the hard layer. Investigating how the magnetic 

configuration reverses among the opposite chirality reveals energetically competing 

contributions and provides insights into the effect of microstructure on the magnetization 

reversal process. The process of nucleation and winding up the spiral spin structure in the 

AF coupled multilayer based on combined results of the experimental data and 

micromagnetic simulation will be presented in the last part of the chapter. 

The first part of the chapter provides an overview of the experiments with rotating external 

magnetic field to observe the rotational hysteresis in the multilayer system. It contains the 

information about the nuclear reflectometry setup utilized at P01 (PETRAIII/ DESY 

Hamburg), NRS data and reconstruction of the magnetic spin structure. The second section 

is about implementing of x-ray polarimetry into NRS experiments with rotating magnetic 

field. In this setup a polarizer increases the degree of polarization of the incoming x-ray 

beam, whereas the analyzer suppresses the non-resonant scattered signal up to 10 orders of 
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magnitude in crossed position geometry. The technique allows to selectively choose 

scattering channels of interest which involves resonance with Zeeman splitting where a 

strong σ → π polarization splitting is expected. The strong suppression of the non-resonant 

signal allows in addition to detect NRS without HRM (high resolution monochromator) 

which is usually integrated into setup to avoid an overload of a sensitive APD detector. 

The section includes an introduction to the basics of x-ray polarimetry and a description of 

the experiment performed at P01. 

The micromagnetic simulation of the spin structure behavior under the influence of 

rotating external magnetic fields is presented in the third section. The combination of 

experimental data sets fits and micromagnetic simulation gives a complete picture of the 

magnetic spin structure in the AF coupled Fe/Cr heterostructure in rotating magnetic field. 

The subchapter introduces the model which was utilized for the micromagnetic simulation 

and the simulated spin structures at different angular positions of rotating external 

magnetic field. 

 

5.1 Rotational hysteresis in antiferromagnetic multilayers 
 

A nuclear reflectometry experiment with rotating magnetic field was carried out at the 

beam line P01 at PETRA III in the 40 bunch mode of operation. The energy of the linear 

polarized x-rays was tuned to the magnetic dipole transition of the 
57

Fe nuclei at 14.41 keV 

with a natural lifetime of 141 ns. The sample (Si/Ta/Fe55Pt45/[Fe/Cr]30/Cr) was illuminated 

in grazing incidence geometry (Figure 5.1). A permanent magnet was fixed on a rotating 

stage which could be moved at the sample position up and down relative to the sample to 

vary the strength of an external magnetic field. 

To detect the field dependent spin structure, nuclear resonant reflectivity curves were 

recorded at different values of an external magnetic field. Figure 5.2 shows two curves: in 

remanence and at external magnetic field 200 mT. In remanence the AF Bragg peak is well 

pronounced due to the perfect AF alignment of the ferromagnetic layers along the wave 

vector k0. At an external magnetic field of 200 mT the AF peak almost disappeared which 

means that the vectors of magnetization of Fe layers were almost oriented perpendicular to 

the wave vector k0 and saturation was nearly reached [4.2, 4.3]. 
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Figure 5.1. (a) Schematic view of the nuclear reflectometry experiment with rotating 

magnetic field and the expected spin structure of the AF multilayer structure coupled to the 

hardmagnetic buffer layer in a rotating external field. (b) Photos of the experimental setup 

at beamline P01 (PETRA III). 

 



59 

 

It was described in chapter 3 of this thesis how the intensity of the AF Bragg peak depends 

on the projection of the spin orientations in magnetic sublattices on the wave vector k0 of 

the incident x-ray beam (see section 3.2.2). Being most sensitive to the AF configuration at 

the half-order Bragg peak, we will record field dependent hysteresis curves at this angular 

position. 

 

 

 

Figure 5.2 Nuclear resonant reflectivity curves measured in remanence and at an external 

magnetic field of 200 mT. In remanence the first AF peak is pronounced and the AF 

coupled structure aligned parallel to the wave vector k0 of the incident x-ray beam (left 

image). The first AF peak disappears at 200 mT external magnetic field (right image) due 

to magnetic saturation of the layer stack. The corresponding MOKE curve is shown in the 

center of the image and confirms that the saturation field is about 200 mT for the top 

layers of the multilayer stack [6.4]. A penetration depth of the MOKE is about 25 nm. 
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Figure 5.3 Patterns of intensity of the reflected delayed photons at the position of the first 

AF peak measured at different values of an external magnetic field rotated clockwise over 

360°: (a) 12 mT, (b) 20 mT and (c) 40 mT. 

 

The rotational hysteresis curves measured at the position of the first AF peak for different 

external magnetic field strengths are presented in Figure 5.3 and give a fast access to the 

basic features during magnetization reversal. The 0° position of the external field is 

perpendicular to the vectors k0 and MFePt. In this configuration we expect that a stable spin-

flop phase is created in the AF coupled multilayer structure leading to uniaxial 

configuration of the multilayer similar to Figure 5.2 (a). The top ferromagnetic bilayers 

then follow the rotating external magnetic field while the bottom part of the structure 

should be fixed to the hardmagnetic FePt layer, resulting in winding up of a spiral spin 

structure. The number of bilayers involved in rotation depends on the strength of the 

applied external magnetic field. The magnitude of the dip in the rotational hysteresis curve 

indicates how many bilayers are involved in the magnetic spiral creation. The winding up 

of a structure reduces the number of antiparallel oriented contributions projected onto k0. 

The intensity of the AF peak will thus drop down during rotational hysteresis. Figure 5.3 

shows three experimental rotational hysteresis curves recorded at different values of an 

external magnetic field: 12 mT, 20 mT and 40 mT. In case of the 12 mT external magnetic 

field (Figure 5.3 (a)) one can expect that only the top magnetic layers are influenced by 

external magnetic field due to a small change of intensity of the AF peak. Oscillating 

behavior of the rotational hysteresis curve recorded at 20 mT (see Figure 5.3 (b)) shows a 

drop of intensity of more than 80% indicates that we wind up the spin structure deep in the 

multilayer (at the position of AF peak more than half of the multilayer system is 

illuminated). At this stage it is not clear, either we rotate the spin-flop phase or wind up a 

spiral structure. 

Unfortunately, this experiment was performed during the commissioning phase of the new 

beamline. The beam was significantly moving and the resonance was unstable (both had to 

be adjusted every 10 min) during the operation due to the high resolution monochromator 
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(HRM) instability. In addition, there were problems with the purity of the filling mode of 

the storage ring and “spurious bunches” in the PETRA ring appeared. That is why we 

decided not to take time spectra that would have allowed us to detect the magnetic 

structure of the sample precisely. 

The field dependent reversal in the interlayer coupled Fe/Cr multilayer structure can not be 

clarified in the scope of this work. However, in the following I focused on the system in 

which the spiral structure is expected to form at a strongly reduced external magnetic field, 

thus reducing a Zeeman interaction in the multilayer stack. 

 

5.1.1. Spiral structure creation in 

softmagnetic/ antiferromagnetic/ hardmagnetic layered structure 
 

The new sample system consists of a hardmagnetic bottom layer, an antiferromagnetically 

coupled Fe/Cr multilayer and a thick softmagnetic Fe layer on top, the sample 

Fe/Cr_spiral was described in chapter 4. The softmagnetic Fe layer on top of the 

multilayer structure couples the multilayer to the external magnetic field. The sample was 

pre-characterized via MOKE, VSM and x-ray reflectivity measurements. 

During the experiment rotational hysteresis curves were recorded at the first AF Bragg 

peak position, because of its high sensitivity to the AF configuration. A small external 

magnetic field of 10 mT was rotated over a range of 300° while the intensity of the first AF 

Bragg peak was monitored. In Figure 5.4 the rotational hysteresis curve is presented. The 

hysteresis curve consists of three branches that exhibit rotation of the spin stricture in the 

multilayer stack. The starting point of rotation of an external magnetic field was defined as 

0°, where an external magnetic field was perpendicular oriented to the x-ray wave vector 

k0 and MFePt. The rotational hysteresis curve was recorded in 3° steps, with an exposure 

time of about 3 s/point. An external magnetic field was rotated counterclockwise to the 

position of -300° (the black curve corresponds to this rotation). The second branch of the 

hysteresis curve (red line) exhibits the intensity during an external magnetic field rotation 

from -300° to 300°. The last branch (green line) shows the counterclockwise rotation of an 

external magnetic field from 300° to 0°. 

The rotational hysteresis curve shows a sinusoidal modulation with a variation in intensity 

of more than 90%. During back rotation from -300° to 0° a phase shift of 90° can be seen 

as well as a region of about 100° (-300° → -200° red curve, 300° → 200° blue curve) with 

reduced variation of intensity of the AF peak. The reason of this effect will be discussed 

later in the chapter when the spin structure of the multilayer will be identified. 
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Figure 5.4. Rotational hysteresis curve measured at the first AF Bragg peak (AF peak) 

position at 10 mT external magnetic field (nuclear signal). Sinusoidal shape of the 

hysteresis curve shows the magnetic spiral structure creation in the AF coupled multilayer 

(right side). Schematic view of the FeCr_natFe_1 sample utilized for the rotational 

hysteresis curve measurements. 

 

A series of nuclear reflectivity curves was recorded at different angular positions of the 

magnet rotation (Appendix I). The nuclear reflectivity curve can give additional 

information about the magnetic spin structure of the system. While the AF Bragg peak 

intensity shows the strength of the AF coupling in the layered structure relative to the 

projection onto wave vector k0, the complete magnetization profile can be extracted from 

the nuclear reflectivity curve. Time spectra were taken at different angular positions to 

additionally detect the spin structure with different penetration depths of x-rays. The 

compilation of the information from the time spectra reconstruction and nuclear resonant 

reflectometry (NRR) data analysis gives us complete information about the magnetic spin 

structure. 

Examples of the nuclear reflectivity curves at different angular positions of an external 

magnetic field, time spectra taken at the first AF Bragg peak and reconstructed magnetic 

spin structures models are presented in Figure 5.5. Each circle corresponds to an individual 
57

Fe layer in the multilayer stack, where the blue arrows indicate the direction of 

magnetization of ferromagnetic layers relative to the direction of magnetization of FePt 

hardmagnetic layer (dark blue arrow in the bottom). The direction of applied external 

magnetic field is marked with red arrow at the top of each diagram. The magnetization 
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state of the sample can be obtained preliminarily from the shape of the nuclear resonant 

reflectivity curve (height of the AF Bragg peak). Then the spin structure of the Fe/Cr 

multilayer was reconstructed from the time spectra with a resolution of 2 - 3° which are 

taken at Bragg peaks of different order. Finally, the NRR curve was calculated using the 

reconstructed spin structure and compared with measured reflectivity curve to prove that 

the reconstructed magnetization state of the multilayer is correct. 

The reconstructed spin structures exhibit the predicted spiral structure creation in the AF 

coupled Fe/Cr multilayer induced by the rotating external magnetic field. The experimental 

and calculated nuclear reflectivity curves and time spectra are plotted with black and red 

lines respectively. The reconstructed spin structure of the AF coupled multilayer at 

different positions of an external magnetic field is also presented on the right side. Red 

arrows show the direction of an external magnetic field, dark blue arrows plot the direction 

of magnetization of the hardmagnetic FePt layer and blue arrows in the circles represent 

the direction of magnetization of a certain Fe layer in the multilayer stack. At the 0°angular 

position of an external magnetic field (the starting point of the field rotation) a 90° spiral 

structure is created and penetrates up to the middle part of the layered stack. The bottom Fe 

layers are aligned parallel to the magnetization of the FePt layer. At the position of - 180° 

of an external magnetic field one can see a mirror-symmetric spin structure relative to the 

spin structure reconstructed at the 0° position of an external magnetic field (Figure 5.5 (a)). 

At the angular position of an external magnetic field of -210° a 110° spiral spin structure is 

created. Here, the rotation penetrates into the bottom part of the layered stack. The 

measured nuclear reflectivity curve exhibits reduced AF configuration of the multilayer 

structure (at least in the top part) that can be recognized from the height of the first AF 

peak. It was mentioned before that the height of the AF Bragg peak depends on the 

projection of the vectors of magnetization in the layered structure on wave vector k0 of the 

incident beam. The highest intensity of the AF Bragg peak is observed when the vectors of 

magnetization of AF coupled layers are aligned to k0. The reconstructed spin structure 

shows that the top Fe layers are aligned almost perpendicular to k0, this leads to reduction 

of the intensity on the first AF peak. The reconstructed spin structure shows that the 

bottom Fe layers are still aligned to the FePt layer. If one rotates an external magnetic field 

further, at the angular position of an external magnetic field of -240° a 130° spiral structure 

is created. The rotation of spin structure penetrates almost to the bottom part of the 

multilayer structure, but Fe layers at the FePt interface are still aligned to the hardmagnetic 

FePt layer. 
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Figure 5.5 Nuclear reflectivity curves (top left plots), time spectra taken at the position of 

the 1
st
 AF Bragg peak (bottom left plots) and extracted spin structures (right) at different 

angular positions of 10 mT external magnetic field: (a) 0°, (b) -180°, (c) -210°, (d) -240. 

Black curves are measured data and red curves are fits. 

 

However, the results achieved so far are based on an integral signal with reduced 

contribution from the bottom layers of the AF stack. To prove these results the rotational 

hysteresis measurements were also performed at the position of the second AF peak with a 

more homogeneous illumination of the multilayer stack (see Figure 3.9). The rotational 

hysteresis curves recorded at the positions of the first and the second AF Bragg peak are 

presented in Figure 5.6. The hysteresis curves have similar shapes, but a 10° phase shift 

between these curves can be recognized. This shift is due to the reduced rotation angle in 

the bottom part of the multilayer structure. If one compares the ratio of maximum to 

minimum of intensity in the oscillating rotational hysteresis curves recorded at the first and 

the second AF Bragg peaks, one can notice that in the first case the ratio is 90%, in the 
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second case is about 84%. This also indicates that the bottom part is stabilized by coupling 

to FePt layer during rotation of an external magnetic field. 

 

 

 

Figure 5.6. Rotational hysteresis curves measured at the first (red and black lines) and 

second (green and blue lines) AF Bragg peak position. Here 10° phase shift between the 

hysteresis curves appears because the top part of the multilayer is more involved into 

rotation than the bottom part. 

 

Time-spectra at different angular positions of an external magnetic field were collected at 

the second AF Bragg peak. Evaluation of these time spectra proves the magnetic 

configuration shown before. According to the reconstructed spin structures, the AF 

coupled 
57

Fe layers close to the interface are indeed aligned with the hardmagnetic FePt 

layer. 

 

5.1.2. Viscous behavior of the magnetic reversal 
 

Figure 5.7 shows a comparison between the rotational hysteresis curves recorded with two 

different velocities; let us call them “fast” and “slow” rotation. The black curves 

corresponding to the “fast” rotation were recorded with acquisition time of 1 s/point at the 

position of the first AF Bragg peak. The results of the “slow” rotation measurements are 
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plotted with red lines. Here, nuclear reflectivity curve was recorded and time spectra at 

three angular positions (critical angle, first AF and first structural peak position) were 

collected at each measurement point with 10° step. Thus, the measurement time for one 

point was several minutes and mostly depended on nuclear intensity during collection of 

the time spectra (NRR curves are presented in the Appendix I). The measurements were 

performed in two magnet rotation directions: from 0° to -300° (Figure 5.7 (a)) and from -

300° to 0° (Figure 5.7 (b)). 

 

 

 

Figure 5.7. Rotational hysteresis curves measured at the first AF peak with 1 s/point 

(black) and 5 min/point (red) in the following directions: (a) from 0° to - 300° and (b) from 

-300° to 0°. 
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If one compares the hysteresis curves recorded with different velocities of rotation of an 

external magnetic field, one can observe a drastic difference between the “fast” and “slow” 

curves. The most drastic difference is observed in the region from 0° to - 150° in 

Figure 5.7 (a). In the rotational hysteresis curve, which corresponds to the “fast” rotation, a 

strong drop of intensity between 0° and - 80° is observed, whereas in the “slow” rotation 

hysteresis curve the dip is almost not presented. This difference can be explained by a 

magnetic viscosity effect or a so-called domain-wall creep (see chapter 2). The magnetic 

viscosity effect is caused by a lag of time the change of magnetic characteristics in 

ferromagnets or magnetic structures with respect to changes in the field intensity or 

direction of external magnetic field. It can appear in magnetic structures due to certain 

reasons: eddy microcurrents in the materials due to aperiodic changes of a small external 

magnetic field, impurities of in magnetic materials or thermal energy fluctuations. The 

domain-wall creep effect is a stepwise domain wall motion driven by an external magnetic 

field, which is caused by crystalline steps of interfacial roughness. During the “fast” 

rotation the magnetic structure finds a local energy minimum and stays in this energy state 

during the magnet movement, whereas during the “slow” rotation the system has time to 

recover and find the global energy minimum which is more preferable for the magnetic 

structure.  

For the clockwise magnet motion (Figure 5.7 (b)) a similar behavior can be recognized in 

the angular region from - 300° to 0°, where a “plateau” appears when the magnet rotates 

slowly. 

One can conclude that the magnetic structure relaxes with time. A drastic difference in the 

nuclear intensity measured in a few minutes after applying an external magnetic field 

compared to the value measured in 1 s after applying of a magnetic field is observed. 

The magnetic viscosity effect was identified during data evaluation and no further 

measurements were done in this topic so far. This interesting effect can be a subject for 

further studies. 

 

5.2. Depth-resolved spin structure of magnetic 

heterostructures via x-ray polarimetry 
 

X-ray polarimetry was utilized for the investigation of the magnetic spin-structure of the 

AF coupled multilayers. The experiment was performed at beamline P01 in September 

2012. The x-ray polarimetry setup was integrated into the experimental setup to analyze 

the polarization state of the reflected radiation.  

Combination of the NRS and polarimetry allows to get more information about the 

magnetic spin-structure from the collected time spectra. The polarizer crystal increases the 
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degree of liner polarization of incoming x-ray beam up to 100%. The analyzer in crossed 

90° position suppresses non-resonant prompt signal to 10 orders of magnitude. Thus, 

dominantly photons that changed their polarization from σ to π are transmitted through the 

analyzer channel. In this case a detector will not be overloaded with a direct beam and 

there is no need to introduce a time gate during time spectra acquisition, what allows to 

reconstruct spin structures more precisely. The positive side effect in this case that it is not 

necessary to utilize the HRM in the beamline setup to avoid an overload of the sensitive 

APD detector by the originally high prompt non-resonant signal. 

 

5.2.1. Depth-resolved investigation of magnetic spin structure 

in AF coupled Fe/Cr multilayer via x-ray polarimetry 

 

The polarimeter setup consists of two Si (840) channel cuts in crossed setting with a 

sample in between. Some of the photons scattered from the 
57

Fe layers change their 

polarization due to the optical activity of the magnetic system. We have an incoming beam 

with pure σ polarization obtained via the first Si (840) single crystal polarizer. If one 

rotates the second polarizer to 90° crossed setting with the polarizer, one is only sensitive 

to the σ → π signal from the sample. The non-resonant background signal is strongly 

suppressed [5.4]. A schematic view of the polarizer/analyzer experimental setup for the 

depth-resolved investigation of the magnetic spin structure in the AF coupled Fe/Cr 

multilayer via x-ray polarimetry is presented in Figure 5.8. 

 

 

Figure 5.8. Experimental setup for detection of the rotational hysteresis: polarizer, sample, 

analyzer and detector. 
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Before the experimental data acquisition started, a series of nuclear reflectivity curves were 

simulated to identify the sensitivity of different scattering channels (σ → π and σ → σ) to 

the magnetic structure of the multilayer sample (Figure 5.9). The nuclear reflectivity 

curves were simulated for different twist angles of an external magnetic field. In the σ → π 

scattering channel one observes drastic changes at all three nuclear peak positions. Strong 

relative changes of intensities of the first AF Bragg peak and the peak at the critical angle 

were observed: the intensity of the AF Bragg peak dominates, whereas the 1
st
 structural 

peak is completely suppressed. Moreover, depending on the spin structure additional 

intensity modulations in the region of the first structural Bragg peak and altering of its 

deep are observed (Figure 5.9 (b)). A change of the relative strength of the AF peak 

corresponds to change in the intensity measured before without a polarimetry setup. 

However, in the σ → σ channel the AF peak is completely suppressed and moreover one 

can observe a small dip at this position, showing us that reflected light at the AF peak 

position is purely π polarized. The intensities of the peak at the critical angle and the 

structural Bragg peak are conserved. Simulated nuclear reflectivity curves presented in 

Figure 5.9 (b) have an intensity modulation in the region between the peaks most probably 

due to aliasing effect. From the simulations one concludes that the σ → π scattering 

channel is very sensitive to the depth-dependent twist of the AF coupled spin structure. 

Utilizing the x-ray polarimetry for investigation of the field dependent spin structure of the 

exchange coupled magnetic hererostructures has great future perspectives due to high 

sensitivity of this technique to magnetic structure of the sample. During the experiment I 

tried to detect the features predicted by the simulation in the σ → π scattering channel. 

The experimental nuclear reflectivity curve (Figure 5.9 (d)) looks pretty similar to the 

simulated one (Figure 5.9 (c)). The first AF Bragg peak is present at the angle of incidence 

of 7.2 mrad (0.41°). That is close to the position of the AF Bragg peak in the simulated 

curve. Unfortunately, it was possible to resolve only a small dip at the position of the first 

structural Bragg peak with low statistical quality during the experiment, which can not be 

used for interpretation. The x-ray beam intensity was not high enough to resolve the dip 

from the background signal. The intensity of the reemitted photons at the position of the 

first order Bragg peak should be 4 orders of magnitude lower than the intensity of the AF 

Bragg beak (Figure 5.9 (c)), but the experimental intensity was too low to resolve it (only 

about 500 ph/s). Some intensity was lost due to absorption in the x-ray polarimeter setup. 

The background due to additional reflection of x-rays from the ceiling of the experimental 

hutch to the sample surface and then to the detector was too high to see the small dip 

expected from the simulated reflectivity curve (Figure 5.9 (c)). 
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Figure 5.9. Influence of the polarimetry setup on the nuclear reflectivity. (a) simulated 

nuclear reflectivity curve without application the x-ray polarimetry (in remanence); 

(b) simulated nuclear reflectivity curves in the σ → σ channel. The black one corresponds 
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to the initial pure AF state of the multilayer magnetic structure. The other curves 

correspond to different angles of an external magnetic field (10 mT). (c) simulated nuclear 

reflectivity curves in the σ → π channel. The black one corresponds to the initial pure AF 

coupled state of the multilayer magnetic structure. The other curves are for different 

angles of an external magnetic field (10 mT). (d) measured nuclear reflectivity curve in 

σ → π channel in the initial pure AF coupled state of the multilayer magnetic structure (in 

remanence). 

 

However, the experiment with rotating external magnetic field was performed and the 

rotational hysteresis curve was recorded at the position of the first AF Bragg peak to 

compare results with those measured before without the polarizer/analyzer setup 

(Figure 5.10). 

 

Figure 5.10. Rotational hysteresis curves measured at the first AF Bragg peak position at 

10 mT external magnetic field, (a) without polarimeter and (b) in σ → π channel. 

 

The shapes of the rotational hysteresis curves measured with and without the x-ray 

polarimetry setup look very similar. The intensity of the left curve is almost 3 times lower 

due to absorption loses in the polarimetry setup. The dips and peaks are at the same 

angular positions as for rotational hysteresis curve recorded without polarimetry. This 

means the delayed photons indeed totally changed their polarization after reemission and 

the AF Bragg peak was 100% π-polarized. 

Similar to the previous experiments with rotating external magnetic field, explained before 

in this chapter, a series of time spectra at different angular positions of the rotating external 

field was collected to reconstruct the spin structure of the multilayer. The time spectra 
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were collected at the position of the first AF Bragg peak. Figure 5.11 illustrates the 

examples of measured and fitted time spectra at different angular positions of rotation of an 

external magnetic field and the reconstructed magnetic spin structures. 

 

    

    

    

 

Figure 5.11. Black curves: Measured time spectra at the position of the first order 

magnetic peak at different angles of rotation of an external magnetic field: (a) 0°,         

(b) - 180°, (c) - 200°, (d) - 210°, (e) - 220°, (f) - 230°; red curves correspond to the 

simulated time spectra using the models of magnetic spin structure presented on the right 

side. 
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Close attention was drawn to the angular region of rotation of an external magnetic field 

from -210° to -250°. As it was mentioned earlier, in this region a 90° magnetic spiral 

structure forms in the top part of the multilayer stack. The spin structure that was 

reconstructed from the data measured during the previous experiments was applied to the 

new data analyses. The time spectra can be simulated and evaluated in wider time window. 

The reconstructed spin structure matched the new data very well with slight correction of 

few degrees. The new data sets allowed to reconstruct the magnetic spin structure in the 

AF coupled multilayers with more accuracy due to improved statistics. 

 

 

 

Figure 5.12. Measured time spectra at different angles of magnet rotation ϕ: σ → π 

channel (red) and without x-ray polarimetry setup (black) at different angular positions of 

rotating external magnetic field. 

 

The time spectra at different angles of magnet rotation collected with and without x-ray 

polarimetry setup are compared in Figure 5.12. One can identify more pronounced 

oscillation in the time spectrum at -230° of an external magnetic field. Unfortunately, at 

this stage it is hard to judge either this was due to detection scheme or a magnetic state of 

the sample was slightly different between two experiments. 
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5.3. Micromagnetic simulation of the spin structure in the 

AF coupled Fe/Cr multilayer. 
 

A commonly used method for describing and computing the magnetization state of AF 

coupled magnetic systems is based on energy minimization of the phenomenological 

energy density. The energy density expression includes terms such as crystalline 

anisotropy, Zeeman energy and interlayer coupling. Energy minimization simulations 

consist of absolute (or local) minimum search algorithms to find the most energetically 

favorable magnetic configuration. While being an effective approach for predicting the 

behavior of trilayer systems [5.5, 5.6, 5.7], the energy minimization is time consuming for 

multilayer structure with tens of layers and is affected by numerical instabilities. 

 

5.3.1. The model of the micromagnetic simulation 

 

Any system in equilibrium is in a local minimum of the total free energy. In the 

micromagnetic theory such total free energy is a result of several terms, whose balance 

determines the material’s magnetic properties. To simulate a magnetic spiral structure 

creation in the AF coupled Fe/Cr multilayer the one-dimensional micromagnetic model 

was applied. The multilayer structure consists of N sublayers with thickness                   

𝑑 = (𝑑𝐹𝑒𝑡𝑜𝑝 + 𝑑𝐹𝑒 + 𝑑𝐹𝑒𝑃𝑡) /𝑁. The total magnetic energy Etot of such a structure is given 

by [5.6, 5.7]: 

𝐸𝑡𝑜𝑡 = −∑
𝐴𝑖,𝑖+1
𝑑2

cos(𝜃𝑖 − 𝜃𝑖+1)

𝑁−1

𝑖=1

−∑𝐾𝑖 cos
2 𝜃𝑖

𝑁

𝑖=1

−∑𝐻𝑀𝑖 cos(𝜃𝑖 − 𝜃𝐻)

𝑁

𝑖=1

 

(5.1) 

The first term corresponds to the interlayer exchange energy, where Ai,i+1 is the exchange 

constant between the sublayers i and (i + 1), d is the thickness of each sublayer as 

described before and θi and θi+1 are the angles of magnetization orientation of i
th

 and 

(i + 1)
th

 sublayers relative to the uniaxial anisotropy. The second term describes the 

anisotropy energy with anisotropy constant 𝐾𝑖. The last part describes the Zeeman energy, 

where H is an external magnetic field strength and 𝑀𝑖 is the magnetization of the i
th

 

sublayer. 

The equilibrium spin configuration of spin i for a given external field H for the total 

magnetic energy (equation 5.1) has to be minimized for each 𝜃𝑖: 
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𝜕𝐸

𝜕𝜃𝑖
=
𝐴𝑖,𝑖+1
𝑑2

sin(𝜃𝑖 − 𝜃𝑖+1) + 2𝐾𝑖 sin 𝜃𝑖 cos 𝜃𝑖 +𝐻𝑀𝑖 sin(𝜃𝑖 − 𝜃𝐻) −
𝐴𝑖−1,𝑖
𝑑2

sin(𝜃𝑖−1 − 𝜃𝑖) 

(5.2) 

For the i
th

 sublayer the new orientation of 𝜃𝑖
′ is determined from the condition 𝜕𝐸 𝜕𝜃𝑖  ⁄ = 0 

[5.6]: 

tan 𝜃𝑖
′ =

𝐴𝑖,𝑖+1 sin 𝜃𝑖+1 + 𝐴𝑖−1,𝑖 sin 𝜃𝑖−1 + 𝑑
2𝐻𝑀𝑖 sin 𝜃𝐻

𝐴𝑖,𝑖+1 cos 𝜃𝑖+1 + 𝐴𝑖−1,𝑖 cos 𝜃𝑖−1 + 2𝑑2𝐾𝑖 cos 𝜃𝑖 +𝑑2𝐻𝑀𝑖 sin 𝜃𝐻
 

(5.3) 

The program iteratively searches for the global or local energy minimum for the magnetic 

structure. The procedure stops after the last iteration or when the second derivative is less 

or equal to 0. 

 

5.3.2. Modelling of the depth-dependent magnetic spin 

structure and comparison with experimental results 
 

The micromagnetic model described before was utilized to simulate the rotation of 

magnetic spins in the AF coupled Fe/Cr multilayer structure described in chapter 4 (the 

Java code of the simulation program is listed in Appendix IV). 

The parameters from the literature for simulation that gave best agreement with the 

experimental data are presented in Table 5.1. The RKKY interlayer coupling constant for 

the Fe layers in the multilayer structure JFe = - 0.58 erg/cm
2
 was estimated from the 

measured values of saturation fields on the MOKE and VSM curves (chapter 4). The only 

parameter to fit was the RKKY coupling value for the Fe layer at the interface between 

FePt and the multilayer. It was defined as JFePt = 10 erg/cm
2
. This parameter was fitted to 

the experimental results. To achieve a sub-nanometer resolution of the simulation the 

layered structure was divided into N = 427 sublayers. 

Material Exchange constant, 

A [erg/cm] 

Anisotropy  

constant, K [erg/cm
3
] 

Saturation  

magnetization, M [emu/cm
3
] 

FePt 1.9×10
-6

 [5.8] 3.96×10
7
 [5.9] 1100 [5.6, 5.9] 

Fe 1×10
-6

 [5.6, 5.9] 1×10
4
 [5.6, 5.8] 1700 [5.8, 5.10] 

 

Table 5.1. The magnetic properties of the materials used for the micromagnetic simulation 

of rotation of vectors of magnetization in an external magnetic field in FePt/[Fe/Cr]20/Fe 

heterostructure. 
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It was difficult to simulate the “fast” rotation experiment using the one-dimensional 

micromagnetic model, because it does not contain terms, describing dynamical magnetic 

processes (i.e. magnetic viscosity or domain-wall creep). I focused on simulation of the 

“slow” rotation experiment without application x-ray polarimetry, which has been 

described in section 5.1.1. For this purpose the calculated angular distribution of 

magnetization directions in the iron layers for each angular position of magnetic field was 

utilized as the initial condition for the next step. In this case the system can find the local 

energy minimum during energy minimization run. This kind of simulation can give a 

result, which reproduces the real experiment, where an external magnetic field was rotated 

stepwise. 

The starting point of an external magnetic field rotation is marked as 0°. Here the magnetic 

field is applied in-plane of the sample, perpendicular to the vectors of magnetization of the 

ferromagnetic layers in the AF coupled multilayer and the FePt layer. The strength of the 

applied external magnetic field is 10 mT, as for the experimental measurements. An 

external magnetic field was rotated counterclockwise and clockwise over 360° in 10° steps. 

Figure 5.13 shows the extracted depth dependent spin structures for the azimuthal rotation 

of an external magnetic field from 0° to -360°. The measured and calculated nuclear 

reflectivity curves are plotted with black and red lines respectively. The calculated spin 

structures reproduce the experimentally observed spin structures with remarkable 

agreement. The best agreement between the measured and simulated magnetic 

configurations is indicated at the angular positions of the rotating magnetic field from         

-210° to -360° (see Appendix II). I will summarize the findings in the following for the 

angular positions of the rotating external magnetic field. At the angular position of 0° of an 

external magnetic field (Figure 5.13 (a)) a 90° spiral structure nucleates and penetrates up 

to the middle part of the multilayer. The Fe layers close to the FePt are aligned with the 

axis of magnetization of the hardmagnetic FePt buffer layer. At the angular position of 90° 

of an external magnetic field the simulation predicts a pure AF state of the multilayer 

which corresponds to the global energy minimum of the system. However, the 

experimental results show a reduced AF configuration of the magnetic heterostructure that 

can be recognized from the height of the first AF peak. The intensity of the AF Bragg peak 

strongly depends on the projection of spin orientations in the magnetic structure on the 

wave vector k0 of the incident x-ray beam. The highest intensity of the AF peak can be 

observed when the magnetization of the AF coupled ferromagnetic layers is aligned 

parallel to k0. During the experiments with the “slow” rotation of an external magnetic 

field the time-dependence of spin structure relaxation was observed, therefore one can 

expect the spin structure relaxation to the global energy minimum. At the angular position 

of an external magnetic field of -180° a 90° magnetic spiral structure is created, which is 

mirror-symmetric to the spiral structure simulated for the 0° position of the rotating 

magnetic field. If one rotates an external magnetic field further, at -270° a 180° spiral 

magnetic spiral structure is created, which penetrates into the bottom part of the multilayer 

structure. Here the bottom Fe bilayers at the FePt/Cr/Fe interface are also affected by the 
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spiral structure creation. A deviation of the orientation of the bottom Fe layers 

magnetization from the direction of magnetization of the FePt layer can be observed in the 

simulated data (10° for the first layer and 2° for the second layer). One can notice a good 

matching between the measured and the calculated nuclear reflectivity curves that means 

the simulated spin structure nearly matches the real one. The heights and the widths of all 

Bragg peaks (critical angle, first AF peak and first structural peak) that are sensitive to the 

magnetic structure of the multilayer (see chapter 3) are fitted very well. When an external 

magnetic field makes a full round, at the angular position of -360°, the simulation predicts 

the formation of a 230° magnetic spiral structure. Here the rotation of the spin structure 

also penetrates into the bottom part on the multilayer (15° for the first layer and 5° for the 

second layer), but the top half of the layered structure is more involved into the spiral 

structure creation process. The simulated spin structure seems to be close to the real 

magnetic configuration of the Fe/Cr multilayer. One can see a good matching between the 

measured and calculated nuclear reflectivity curves at three positions of the Bragg peaks 

(critical angle, AF peak and first structural peak) that are sensitive to the different parts of 

the Fe/Cr multilayer. 

Let us take a closer look to the angular positions of the rotating external magnetic field 

from -230° to -280° (see Figure 5.14). The micromagnetic simulation predicts two spin 

flips with change of chirality (double-flips) during the magnetic spiral structure 

reorientation at the positions of -250° and -270° of an external magnetic field. These flips 

most probably occur because the magnetic system finds new local energy minima during 

rotation of an external magnetic field. Unfortunately, it is difficult to detect and later 

reconstruct this flipping effect from the experimental data (nuclear reflectivity curves and 

time spectra). The projections of the direction of magnetization in the ferromagnetic layer 

on the wave vector k0 of the incident x-ray beam in both cases are the same due to 

formation of the mirror-symmetric spiral structure after this spin flips. This means, that the 

spiral structure can only be wound up to about 100° (the angle between bottom and top 

part of the multilayer) before a twist of the spiral structure occurs. 
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Figure 5.13 Counterclockwise azimuthal rotation of an external magnetic field over 360°. 

Black curves: Measured reflectivity curves at different angles of rotation of an external 

magnetic field: (a) 0°, (b) - 90°, (c) - 180°,(d) - 270°,(e) - 360°; red curves show the 

corresponding simulated reflectivity curves calculated using the models of magnetic spin 

structure presented on the right side. 
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Figure 5.14. The simulated magnetic spin structures illustrating the spin flips of the spiral 

structure in the multilayer at the angular positions from -230° to -280° during the 

counterclockwise external magnetic field rotation. 
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Figure 5.15 illustrates the simulated spin structures for an azimuthal clockwise rotation of 

an external magnetic field from -360° to 0°. The starting point of the rotation is - 360°, 

which corresponds to the last angular position of the counterclockwise rotation of an 

external magnetic field described above. The measured and the calculated nuclear 

reflectivity curves are plotted with black and red curves respectively. One can see an 

excellent agreement between the measured and the simulated reflectivity curves for almost 

all rotational angles of an external magnetic field (Appendix II). The magnetization state of 

the multilayer structure at the position of - 360° of the rotating magnetic field was already 

discussed before. The simulated magnetic configuration has a good agreement with the 

magnetic structure determined experimentally before. Here a 230° spiral structure is 

created and it penetrates into the bottom part of the multilayer. At the position of -250° (the 

nuclear reflectivity curve was not measured at the position -270°) of the rotating external 

magnetic field the simulation predicts the creation of a 180° spiral spin structure, which is 

similar to the magnetization state predicted for the angular position during 

counterclockwise rotation of an external magnetic field. The spin structure also penetrates 

to the bottom part of the multilayer. The simulated magnetic spin structure for the angular 

position of -170° of an external magnetic field shows a 230° spiral spin structure creation. 

The nuclear reflectivity curve resulting from the simulated spin structure exhibits an 

excellent agreement with the measured reflectivity. The Bragg peaks have similar heights 

and widths. This proves that the simulated spin configuration of the multilayer is close to 

the real one. Also the shape of the calculated reflectivity curve shows a good agreement 

with the measured reflectivity curve presented in Figure 5.13 (c), which was recorded 

during counterclockwise rotation of an external magnetic field. That means the magnetic 

multilayer has a similar spin configuration (or mirror-symmetric) to the spin structure 

sketched in Figure 5.15 (c). At the position of -90° of an external magnetic field the 

magnetic spiral structure relaxes (a 170° spiral structure is predicted by the simulation). 

The calculated nuclear reflectivity curve still exhibits a good agreement with the 

experimental data. The end point on the “slow” clockwise rotation of an external magnetic 

field is 0°. Here the simulation shows a 160° spiral structure, which penetrates to the 

bottom part of the multilayer. The calculated and the measured reflectivity curves exhibit 

an excellent match at the Bragg peak positions. Moreover, the calculated reflectivity curve 

is also similar to the measured reflectivity curve plotted in the Figure 5.13 (a) (widths and 

heights of different Bragg peaks). Probably, the Fe/Cr multilayer had similar magnetic 

configuration at the starting point of the counterclockwise rotation of an external magnetic 

field. In general, the magnetic configuration of the AF coupled multilayer is different at the 

specific angular positions of the rotating external magnetic field (Figure 5.13 and 

Figure 5.15) during the counterclockwise and the clockwise field rotation. 
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Figure 5.15 Clockwise azimuthal rotation of an external magnetic field over 360°. Black 

curves: Measured reflectivity curves at different angles of rotation of an external magnetic 

field: (a) - 360°, (b) - 250°, (c) - 170°,(d) - 90°,(e)  0°; red curves correspond to the 

simulated reflectivity curves calculated using the models of magnetic spin structure 

presented from right the side. 
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Figure 5.16. Simulated magnetic spin structures illustrating the spin flip of the spiral 

structure in the multilayer at the angular positions from -300° to -230° during the 

clockwise external magnetic field rotation. 

 

During the clockwise rotation of an external magnetic field flips of spin structure are 

predicted by the micromagnetic simulation. The angular regions where the flips occur are 

presented in Figure 5.16 and Figure 5.17. The first flip is predicted at the position of -270° 

of the rotating external magnetic field at the similar angular position as for the 

counterclockwise rotation (see Figure 5.14). It seems that the magnetic structure finds a 

new local energy minimum state here. The second flip at the position of -250° of the 

rotating external magnetic field does not occur. That means the rotation of the spiral 

structure is held in the local energy minimum state, which was found when the rotating 

magnetic field reached the position of -270°. Unfortunately, the nuclear reflectivity curve 
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was not recorded at this angular position, thus the exact position of the flip can not be 

identified via comparison of the measured and calculated reflectivity curves. One can see 

in Figure 5.16 the angular steps before and after the flip in the spin structure of the 

multilayer. At the angular positions of -300° and -250° of an external magnetic field the 

simulated spin structures look similar, but in the middle part of the multilayer the chirality 

direction of magnetization in the layers is changed. At the angular positions of an external 

magnetic field of -320° and -230° the situation is similar. 

 

 

 

 

Figure 5.17. Simulated magnetic spin structures illustrating the spin flips of the spiral 

structure in the multilayer at the angular position from -90° to -60° expecting during the 

clockwise rotation of an external magnetic field. 
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The second double-flip in the magnetic structure occurs (according to the simulation) at the 

angular positions from -90° to -60° of an external magnetic field. Here one can observe 

two spin flips with change of chirality in the spin structure of the multilayer. Most 

probably, the system tries to find a new stable local energy minimum. The measured 

reflectivity curves and calculated reflectivity curves resulting from the simulated spin 

structure have surprisingly excellent agreement, which indicates that it is possible to 

simulate such a complicated spin structure and its behavior, when system finds and 

changes the local energy minima during the azimuthal rotation of an external magnetic 

field, using a simple one-dimensional micromagnetic model. 

According to the simulation the system also had a spiral structure relaxation at the angular 

position of -140° of an external magnetic field during its clockwise rotation. Here the spin 

structure relaxes from a 240° to a 140° spiral spin structure. One possible explanation of 

such a behavior is that the strength of the interlayer coupling is not high enough to hold 

such a strong magnetic spiral. The simulated effect is expected to be realistic due to the 

excellent agreement between the measured and calculated reflectivity curves. 

 

 

Figure 5.18. Simulated magnetic spin structures illustrating the relaxation of spin 

structure in the center of the multilayer at the angular position of -140° expected during 

the clockwise external magnetic field. 

 

In Figure 5.19 one can see the branches of rotational hysteresis curves. The experimental 

curves corresponding to an external magnetic field rotation from 0° to -360° (a) and from   

-360° to 0° (b) are plotted with black lines. The simulated branches of the rotational 

hysteresis curve are plotted with red curves. The branches of the rotational hysteresis curve 

are compounded of the intensities of the first AF peaks extracted from the nuclear 

reflectivity curves (measured or simulated). In general, there is a good agreement between 
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simulation and experiment. The only region where the experimental results slightly differ 

from the simulation is from 0° to -150° (Figure 5.14 (a)). This difference can be explained 

by the magnetic viscosity (or magnetic after-effect). There are metastable states over 

energy barriers that occur due to interlayer roughness in real heterostructures and diffusion 

of Cr atoms into the ferromagnetic Fe layer. The time-dependence of the magnetization 

relaxation can be observed. The relaxation time and viscosity coefficient for such a 

multilayer structure can be calculated after additional time-resolved measurements (via 

NRS, MOKE or dual wavelength magneto-optical imaging [7.1]) in future experiments. 

 

Figure 5.19. Rotational hysteresis curves measured at the first AF peak position at a 

velocity 5 min/point (black) and the simulated rotational hysteresis curve (red) in the 

following directions: (a) from 0° to - 360° and (b) from -360° to 0°. 

 

Due to the placement of the 
57

Fe layers in the multilayer stack we were not sensitive to the 

magnetization state of the top Fe and the hardmagnetic FePt layers. The micromagnetic 

simulation helps us to uncover the magnetic behavior of these parts of the layered 

structure. Figure 5.20 shows an example of the simulated spin structure at the angular 
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position of - 360° of the rotating external magnetic field. At the Fe/Cr/FePt interface the 

simulation predicts that the spiral structure also slightly penetrates into the hardmagnetic 

FePt layer (see the top outset Figure 5.20). The top Fe layer tries to follow the direction of 

an external magnetic field, but it couples to the AF multilayer structure. The tiny spiral 

spin structure is created also in the top Fe layer at the interface with Cr layer (see the 

bottom outset Figure 5.20). 

 

 

Figure 5.20. The simulated spin structure of the soft FM/AF/ hard FM structure at the 

angular position -360° of 10 mT of the rotating external magnetic field. The corresponding 

model of the magnetic spin structure is presented on the right side. The top outset shows 
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the spiral spin structure at the hardmagnetic FePt layer interface. The bottom outset shows 

the spiral spin structure in the top Fe layer.  

 

Let us have a closer look to the time period between recording a reflectivity curve and 

taking time spectra. As it was mentioned above, during the experiment at each angular 

position of an external magnetic field, a nuclear reflectivity curve was recorded first and 

then three time spectra were taken at different order Bragg peak positions. The time 

difference between recording reflectivity at the first magnetic peak and a time spectra was 

about 2 minutes. 

 

 

 

 

Figure 5.21. Nuclear reflectivity curves, time spectra and simulated magnetic spin 

structure at angular position of an external magnetic field 350°: (a) 1 minute and (b) 3 

minutes after changing of the position of an external magnetic field. 
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Figure 5.21 illustrates the altering for models of magnetic structure for angular position      

-350° of an external magnetic field reconstructed taking into account a 2 minutes time 

difference between measurements. Figure 5.21 (a) shows the nuclear reflectivity curves, 

time spectra and corresponding simulated magnetic spin structure. Simulated reflectivity 

curve (red line) has good agreement with experimental one (black line). For the time 

spectra the situation is different, no good agreement between experimental and simulated 

curve is observed. The simulated magnetic configuration is most probably a magnetic spins 

order on a slope to one of local or global energy minima. 

If one looks at the Figure 5.21 (b), one can note that agreement between the experimental 

and simulated reflectivity curves is bad. Width and form of the first AF peaks are different, 

that indicates the discrepancy between real and simulated magnetic spin structure. For the 

presented time spectra, one can recognize good agreement of experimental (black) and 

simulated (red) curves. The simulated magnetic spin structure corresponds to the time 

period, when the magnetic spin structure relaxes to local or global energy minimum state. 

Similar behavior can be also observed for certain angular positions of an external magnetic 

field: from 0° to -150°, -320° to -360, -360° to 320° and - 150° to 0°. The most probable 

reason for such an effect is relaxation of the magnetic spin structure to an energy minimum 

during the aforementioned period of a few minutes due to magnetic viscosity. 

 

5.4. Summary of the chapter 
 

Let us summarize the process of nucleation and winding up of the magnetic spiral structure 

in the AF coupled Fe/Cr multilayer stack during counterclockwise and clockwise 

azimuthal rotation of an external magnetic field over 360° (see Figure 5.22). The starting 

point of the rotation is marked as 0°, here an external magnetic field of 10 mT is applied 

in-plane of the sample, perpendicular to the wave vector k0 and orientation of 

magnetization of the hardmagnetic FePt buffer layer. The rotation starts from the initial 

configuration, winding up the spiral structure, which penetrates up to the bottom layers 

(upper part of the Figure 5.22). The maximum angular range of the spiral spin structure 

achieved is 100° and then two symmetric spin flips with a change of chirality of the spiral 

structure are predicted by the micromagnetic simulation (marked as 1 - 4). At this angular 

range (from -250° to -270°) the system finds a new energetically preferable configuration 

with homogeneous spiral structure (marked as 5 and 6), which continuous to wind up the 

spiral spin structure to the angular position of -360° (marked as 7) of an external magnetic 

field. If one rotates an external magnetic field continuously in one direction, one can 

observe the oscillating periodic behavior of the spiral structure with winding up and 

relaxation of the spiral spin structure. 
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Figure 5.22. Schematic illustration of the processes of the spiral spin structure creation 

and relaxation in the AF coupled Fe/Cr multilayer stack predicted by the micromagnetic 

simulation during azimuthal rotation of an external magnetic field of 10 mT. 
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During the clockwise rotation of an external magnetic field (Figure 5.22, bottom part), one 

symmetric spin flip of the spiral structure is predicted by the micromagnetic simulation at 

the angular position of -270° of an external magnetic field (marked as 9). The spiral 

structure winds up to the angular position of -140° of an external magnetic field, where it 

relaxes from 240° to 140° spiral spin structure (marked as 10). During further rotation of 

an external magnetic field two spin flips of the spiral structure are predicted by the 

simulation at the angular range from -80° to -60° of an external magnetic field (marked as 

12 and 13). 

The micromagnetic simulation of the field dependent spin structure of the AF coupled 

Fe/Cr multilayer structure shows a good agreement with experimental data and also allows 

one to determine the depth-dependent magnetic spin structure with high precision. 
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6. Determination of spin structure in 

multilayers by cross-sectional magnetic x-ray 

diffraction 
 

 

 

 

Magnetic heterostructures and multilayers offer a variety of magnetic coupling phenomena 

depending on the thickness and type of the non-magnetic spacer layer [6.2, 2.9, 6.3, 4.2, 

4.3]. There is no suitable method available to determine the spin structure of individual 

layers from a stack of layers. For instance, in reflectivity measurements the information 

about the magnetization state of individual layers due to multiple scattering from different 

layers can hardly be disentangled from the signal of all other layers (Figure 6.1 (a)) 

Here, a new method which allows to investigate the field dependent spin structure of an 

individual magnetic layer in a multilayer stack is described. In the new method well 

collimated beam (a monochromatic plane wave) transmits through the cross section of the 

layered system so that each layer contributes to the scattered signal only once (and not 

multiple) (Figure 6.1 (b)). Here, the multilayer behaves as an optical grating and the 

transmitted wave creates a diffraction pattern. In contrast to other methods of magnetic 

diffraction this method allows to use the magnetic information from the NRS time spectra 

for determination of magnetic structure of the individual layer. The goal of the present part 

of the thesis is to develope a new suitable method able to determine the spin structure of 

individual layers in multilayer structure. The new experimental technique should allow one 

to obtain a complete spatio-temporal picture of the spin structure in multilayers. 

The cross-sectional x-ray diffraction requires a new sample design. The sample should 

have small lateral width of 10 – 20 μm and contain adequate amount of resonant material 

to get sufficient intensity of reemitted photons. The preparation process is described in 

section 6.1. First test cross-sectional magnetic x-ray diffraction experiment and its results 

are presented in section 6.2. The theoretical approach of data evaluation was developed 

and applied in this work. 
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Figure 6.1. Schematic view of sample illumination geometry of (a) reflection and (b) 

forward scattering/ transmission experiments. 

 

6.1. Sample preparation 
 

The samples utilized for the cross-sectional experiment described in this chapter were 

prepared by K. Schlage during his PhD work and presented in his PhD thesis [6.4]. Fe/Cr 

multilayer structure with Fe55Pt45 hardmagnetic buffer layer was deposited on polished Si-

wafers by magnetron sputtering in a UHV chamber (Ar atmosphere p = 5×10
-2

 mbar, base 

pressure p=1.2×10
-7

 mbar). The samples consist of 30 
57

Fe[3 nm]/Cr[1.4 nm] bilayers and 

are capped by a 4 nm thick Cr protection layer. The sample structure is sketched in 
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Figure 6.2. The structural properties where characterized via x-ray reflectometry. The exact 

layers thicknesses and the roughness were determined. The magnetic properties (i.e. 

coercive fields, saturation fields, coupling strengths and remanence) were determined via 

MOKE and SQUID measurements. The saturation field of the magnetic heterostructure 

was 220 mT.  

 

 

 

Figure 6.2. Schematic view of the multilayer structure, utilized for cross-sectional 

magnetic x-ray diffraction experiments. White arrows indicate the direction of 

magnetization in magnetic layers. 

 

6.1.1. Triangular shaped samples via diamond saw cutting 
 

The new experimental technique requires laterally thin samples. To vary the sample width 

during the experiment and determine the optimum measuring conditions (i.e. intensity of 

reemitted photons, phase contrast) a triangular shaped sample was prepared. The sample 

was cut out from the big sample plate with diamond saw. The large sample is presented in 
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Figure 6.3. The lateral width varies from 10 μm on the tip of the sample to 200 μm from 

the opposite side. The red arrow on the sample surface indicates an easy axis of 

magnetization of the hardmagnetic FePt layer. 

 

 

 

Figure 6.3.Optical microscope image of top view of the sample prepared by diamond saw 

cutting. 

 

The advantage of such a design, it is rather simple sample alignment for the diffraction or 

reflectivity measurements. The sample has enough space of reflecting surface for sample 

pre-alignment. Unfortunately, the diamond saw cutting method does not allow to obtain 

smooth surfaces of sample edges, which is important for the cross-sectional illumination 

experiments. 

For latest cross-sectional experiments the sample edges were cleaned by the Focused Ion 

Beam (FIB) at the group of Prof. H.P. Oepen at the Institute of Applied Physics, Hamburg 

University. Figure 6.4 (a) illustrates the process of the sample edges cleaning. The finely 

focused beam of Ga + ions hits the sample surface and sputters out a small amount of 

material out of the surface to vacuum or gas atmosphere. Small part of the sputtered atoms 

can deposit back onto initial surface and form slight wavy structures. The Scanning 

Electron Microscope (SEM) image is presented in Figure 6.4 (b). Here the material was 

removed from both sides of the sputtered multilayer structure resulting in smoother edge 

surface in the wedge-shaped sample. 
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Figure 6.4. (a) Schematic view of sample cleaning process via FIB. (b) SEM image (top 

view) of the triangle shaped sample prepared by diamond saw cutting with cleaned edges. 
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6.1.2. Focused Ion Beam sample preparation 
 

For the cross-sectional illumination experiments it is necessary to prepare samples with 

small width (10-20 µm) to avoid multiple reflections inside the layers of the sample. On 

the other hand, the incoming beam should be absorbed well enough for alignment and 

should be scattered well enough for the diffraction experiment. Also one needs an adequate 

amount of resonant material to achieve sufficient intensity of reemitted photons. It was 

decided to cut out the samples via Focused Ion Beam (FIB), which is used particularly for 

preparing sharp edges by ablation of materials. 

A new sample preparation method based on double beam FIB (FIB + SEM) in 

combination with nano-manipulator based at CFEL (Center for Free-Electron Laser 

Science) in Hamburg was applied. Samples were cut out from a larger piece of sputtered 

multilayer and transported to the sample holder (Figure 6.5). The ion beam directly mills 

the surface via the sputtering process and can be controlled with nanometer precision. The 

ion beam also assists the chemical vapor deposition and can be used to deposit material 

with precision similar to that of the FIB milling. A small quantity of specially selected 

precursor gas is injected into the vicinity of the beam, where it is decomposed by the beam, 

depositing the nonvolatile decomposition products on the specimen surface, while the 

volatile products are extracted via the vacuum system [6.5]. This allows, for example, to 

fix the cut sample on a grid with a small amount of deposited material. 

 

 

Figure 6.5. (a) View inside the FIB chamber during the sample preparation and (b) SEM 

image of the sample holder for cut samples (Cu grid). 
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The whole procedure of sample cutting is presented in Figure 6.6 (a – f). A 50 nm carbon 

protection layer was deposited onto the surface of the multilayer structure to avoid surface 

damage from the electron beam. The material from sides and bottom was etched by the ion 

beam. The transport manipulator was fixed to the sample surface by deposition of Pt. 

Finally, the cut sample was transported to the sample holder where it was fixed by 

deposition of Pt from both sides. 

 

 

Figure 6.6. SEM images of FIB sample preparation procedure: (a) protection layer 

deposition, (b) etching of material from sides and bottom by ion beam, (c) fixing of the 

transport holder by deposition of Pt, (d) lifting and transporting of the sample to the 

sample holder, (e) fixing the sample to the sample holder and (f) removing the transport 

holder. 
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6.2. Cross-sectional magnetic x-ray diffraction from AF 

coupled multilayers 
 

The first test experiment to determine the magnetic structure of multilayers via cross-

sectional magnetic x-ray diffraction has been performed at ESRF. The experiment was 

carried out at the nuclear resonant beam line ID18 in the 16 bunch mode of operation. The 

energy of the linearly polarized x-rays was tuned to the magnetic dipole transition of the 
57

Fe nuclei at 14.4 keV with a natural lifetime of 141 ns. A KB (Kirkpatrick-Baez) optics 

was used for focusing of an x-ray beam to 6×11 µm
2
 size. The sample was illuminated in 

cross-sectional geometry, close to the thin edge of sample (Figure 6.7 (a)). The Avalanche 

Photo Diode (APD) detector was mounted on a vertical linear stage to record diffraction 

patterns and time spectra. The schematic view of the experiment is presented in 

Figure 6.7 (b). The measurements were performed without application of an external 

magnetic field. 

 

    

 

Figure 6.7. (a) Schematic view of sample illumination, (b) schematic drawing of the cross-

sectional nuclear resonant diffraction experiment. 

 

The x-ray beam arrives parallel to the surface of the multilayer, which has certain spin 

structure of Fe layers. The non-resonant and resonant diffraction patterns from the 

multilayer structure were recorded (Figure 6.8 (a)). The half-order diffraction peak on the 

nuclear diffraction pattern originates from the magnetic superlattice, which is due to the 

AF coupling of ferromagnetic layers in the multilayer structure. The period of the magnetic 

superlattice is twice the period of the chemical structure (see chapter 3). The half-order 
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Bragg peak is sensitive to the magnetic structure and its intensity depends on the projection 

of the spin orientations in magnetic sublattices on wave vector k0 of the incident x-ray 

beam. 

Time spectra were collected at diffraction maxima of the 0
th

 order (black line), half-order 

(red line) and the 1
st
 order (blue line) diffraction peaks (see Figure 6.8 (b)). Time spectra 

are finger prints of the magnetic structure of a sample. Shapes of the time spectra depend 

on the specific scattering channel at different order diffraction peaks. The Yoneda peak or 

specular reflection peak (YP/SR) can be observed on diffraction patterns due to presence 

of interfacial roughness or slight misalignment of an experimental setup. 

 

 

Figure 6.8 (a) Recorded electronic (black) and nuclear (red) diffraction patterns and (b) 

time spectra at different order diffraction peaks: 0
th

 order – black line, half order –red line, 

first order – blue line). 

 

The shapes of time spectra recorded at different order diffraction peak positions are 

significantly different. As the magnetic structure of the sample in all cases remains 

unchanged, the only difference is the scattering channels. From the recorded beat pattern 

the orientation of the magnetic spin structure of the AF coupled multilayer relative to the 

incoming beam can be determined (with the CONUSS program). 

Due to the dynamical scattering processes a novel procedure has to be established to 

determine the spin structure of multilayer from evaluation of a single diffraction. Let us 

assume the magnetic multilayer stack with antiparallel spin structure as a complex 

diffraction grating (Figure 6.9). The diffraction grating can be represented by a 
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combination of two gratings with the same period d, where the slits have different 

transmission factors. The phase shift between two neighboring slits with different 

transmission is a half of the period, as large as between neighboring slits of the gratings. 

 

 

 

Figure 6.9. Illustration of the summation of two types of diffraction gratings with different 

transmission factors of slits c1 and c2. Phase shift between two neighboring slits with 

different transmission is d/2, where a is a slit size and b is the distance between the slits. 

 

For Nuclear Resonant Forward Scattering (NRFS) the normalized scattering amplitude A 

can be presented by the transmission matrix T(z): 

𝑻(𝑧) = 𝑒𝑖𝑘0𝑧  𝑒𝑖𝐟𝑧    (6.1) 

where 𝑒𝑖𝑘0𝑧 is geometric phase factor which represents travelling of light in empty space 

and f is the forward scattering matrix. 

If one drops the 𝑒𝑖𝑘0𝑧 phase factor and introduces𝑇±(𝑧) = 𝑒
𝑖𝑓1𝑧 ± 𝑒𝑖𝑓2𝑧, then T(z) takes the 

form [3.1]: 

𝑇(𝑧) =

(

 
 

1

2
(𝑇+ + 𝑇− (

𝑓𝑥𝑥−𝑓𝑦𝑦

𝑓1−𝑓2
)) 𝑇− (

𝑓𝑥𝑦

𝑓1−𝑓2
)

𝑇− (
𝑓𝑦𝑥

𝑓1−𝑓2
)

1

2
(𝑇+ − 𝑇− (

𝑓𝑥𝑥−𝑓𝑦𝑦

𝑓1−𝑓2
))
)

 
 

  (6.2) 

where f1 and f2 are the eigenvalues of the scattering matrix f. They are given by [3.1]: 
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𝑓1,2 =
1

2
(𝑓𝑥𝑥 + 𝑓𝑦𝑦) ±

1

2
√(𝑓𝑥𝑥 − 𝑓𝑦𝑦)

2
+ 4𝑓𝑥𝑦𝑓𝑦𝑥 

The scattering amplitudes for the grating 1 and grating 2 are, respectively, A1 and 

A2 = c2 A1, where c2 is transmission factor of the second grating. The resulting scattering 

amplitude is the superposition of scattering amplitudes of the two gratings: 

𝐴 = 𝐴1 + 𝐴2 = 𝑇1 + 𝑇2𝑒
𝑖∆     (6.3) 

with relative phase shift ∆=
2𝜋

𝜆
𝑑 sin 𝛼. 

The intensity of diffracted light can be calculated as: 

|𝐴|2 = |𝑇1|
2 + |𝑇2|

2 + 2𝑅𝑒(𝑇1 ∙ 𝑇2
∗) cos ∆    (6.4) 

Let us have a look at two examples of magnetic spin structures in respect with incident 

beam. If all magnetization vectors in the ferromagnetic layers are parallel to the wave 

vector k0 (Figure 6.10 (a)), the transmission factors T1 and T2 of the slits for both gratings 

are equal. In this case the relative phase shift is ∆ = n2π and cos Δ = 1. Then the intensity I 

of diffraction maxima is 

𝐼 = |𝑇1 + 𝑇2|
2     (6.5) 

Figure 6.10 (b) illustrates the case in which the magnetization vectors of the ferromagnetic 

layers alternate being parallel and antiparallel to wave vector k0, the transmission factors of 

slits of the sub-gratings are not equal. Then phase shift in this case is ∆ = nπ, i.e.    

cos Δ = -1. The intensity I can be calculated as: 

𝐼 = |𝑇1 − 𝑇2|
2     (6.6) 

An additional half-order peak can be observed in the resulting diffraction pattern. It is due 

to the fact that the period of the spin structure is twice the period of the chemical structure. 
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Figure 6.10. Schematic drawing of the diffraction from two gratings, where: (a) slits have 

identical transmission factor and (b) the transmission factor alternates every second slit, 

c2 = c1/2. Red arrows indicate the corresponding direction of magnetization vectors in 

ferromagnetic layers. 

 

Relying on the theoretical considerations described above one can simulate and fit the 

experimental nuclear resonant diffraction patterns shown in Figure 6.8 (a). 
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Figure 6.11 Recorded (black curve) and simulated (red curve) nuclear diffraction patterns 

for two sample illumination geometries sketched to the right. 

 

Figure 6.11 illustrates the geometry of sample illumination during the experiment and 

shows the corresponding diffraction patterns: measured (black curve) and simulated (red 

curve). The black diagonal lines illustrate the ratio of the nuclear intensity between the 

zero and the first order diffraction peaks and the dashed line exhibits the difference in 

intensity decay for two sample illumination geometries. The calculation of the diffraction 

pattern was performed using the structural parameters of the sample sketched in Figure 6.2 

and conditions of the experiment (distance from the sample to detector and wavelength). 

The only parameters to analyze were the transmission factors for the neighboring slits. One 

can see that agreement between calculated and measured diffraction patterns is good. 
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Let us assume that the Fe layers where the magnetization is parallel (antiparallel) to the 

wave vector k0 have transmission factor equal to 1(0) respectively. When the sample is 

illuminated in the geometry scathed in Figure 6.11 (a), the AF coupled spin structure is 

perpendicular to k0 and the transmission factors of sub-ratings are equal (i.e. c1 = 0.5, 

c2 = 0.5). In this case the half-order peak is missing. If one rotates the sample a few 

degrees, the spin structure is not exactly perpendicular to the incident x-ray beam and the 

half order peak appears due to the unequal values of transmission factors of the gratings 

(c1 =0.1, c2 = 0.5). In Figure 6.11 (a) the half-order diffraction peak is pronounced, that 

means the sample was oriented perpendicular to the x-ray beam with a few degree 

deviation. This will be explained in some more details below. 

The specular reflection peak (SR) appears at the experimental curve due to interfacial 

roughness in the multilayer or misalignment of the experimental setup. Unfortunately, the 

model does not contain the roughness term, which plays significant role in quality of data.  

The sample used for the experiment had rough edges due to the saw cut preparation 

procedure. If one compares the height of half-order peaks in Figure 6.11 (a) and (b), one 

can find disagreement between theory and measured data. One can notice that the half-

order peak in Figure 6.11 (a) is much higher than the half-order peak in Figure 6.11 (b), 

although it should be the other way around. This disagreement can be explained by 

stronger diffuse scattering of x-ray light by rough edge in case of illumination geometry 

sketched in Figure 6.11 (b). In this case the light hits the sample and slide mostly along the 

rough edge. 

To reconstruct the magnetic structure of measured sample the time spectra collected at the 

position of the half-order diffraction peak were analyzed. The grazing incidence scattering 

geometry was utilized to simulate the time spectra in CONUSS. This approach can be used 

in this case due to the dynamical scattering from the sample. Then the x-rays propagate 

through the sample media, multiple reflections from the layer boundaries appear and 

standing waves form. This process is similar to the scattering light for grazing incidence 

sample illumination geometry. This method could be utilized for investigation of magnetic 

structure in the sample, where there is no possibility to perform convenient nuclear 

reflectometry measurements due the small lateral dimensions. The sample can be cross-

sectionally illuminated and the time spectra collected at the half-order and first order 

diffraction peaks can be easily analyzed using the described approach. 

Figure 6.12 illustrates the reconstructed magnetic spin structure from the time spectra 

measured at the position of the half-order diffraction peak. The method of reconstruction of 

the magnetic structure described above was applied to evaluate the measured time spectra. 

One can see from the reconstructed spin structures of the multilayer that the geometries of 

sample illumination have slight deviation (about 5°) between expected and reconstructed 

spin structure orientations (see Figure 6.11). During the experiment the sample was placed 
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and orientated to the incident beam with the accuracy of a few degrees what allows slight 

difference between expected and reconstructed spin strictures. 

 

 

 

Figure 6.12. Time spectra collected at the position of the half-order diffraction peak for the 

two different geometries of sample illumination and corresponding reconstructed magnetic 

spin structure of the multilayer. 
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To improve the quality of the measured diffraction patterns and avoid diffusion scattering 

at the sample edges a series of new samples was prepared. A procedure of sample 

preparation was described in section 6.1.2. The samples with the new design (Figure 

6.13 (a)) were tested at ESRF. The experiment was carried out at the nuclear resonant 

beam line ID18 with similar beam conditions as the experiment described above: 16 bunch 

mode of synchrotron operation, with an energy of linearly polarized x-rays of 14.4 keV. 

KB optics was used for focusing of the beam to 6×12 µm
2
 in cross section. The 

electromagnet was utilized to apply an external magnetic field to the AF coupled 

multilayer structures perpendicular to the x-ray beam direction. 

 

 

 

Figure 6.13. (a) Sample holder with samples on top and (b) scheme of sample illumination. 

(c) The electronic and nuclear diffraction patterns of the 20 µm thick sample. 
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The sample was illuminated in cross-sectional geometry as it is sketched in Figure 6.13 (b). 

The electronic and nuclear diffraction patterns were recorded and time spectra at the 0
th

 

order diffraction peak were measured (Figure 6.13 (c)). There was no half-order peak at 

nuclear diffraction pattern due to problems with sample alignment. The common alignment 

procedure did not work there because of weak absorption (smaller sample volume) and the 

fact, that the beam size was comparable to the size of the samples. Moreover, the samples 

were moved on the holders by more than 4 degrees during transportation or sample 

mounting. This was proved via SEM measurements after the experiment. It was not 

possible to compensate the sample shift with the sample stage utilized for the experiment. 

It is clear, that the alignment of the sample for the cross-sectional magnetic x-ray 

diffraction experiment plays a critical role. To perform the cross-sectional magnetic x-ray 

diffraction experiments a new design of the samples needs to be developed. It should 

combine a large reference surface for the alignment purposes and tiny bulge for the cross-

sectional x-ray diffraction. For example, the sample can be prepared on a thin Si wafer 

with certain cut shape. After the preparation the sample edges can be cleaned via FIB. 

Another option is to prepare a layered structure on a silicon nitride membrane and then cut 

the sample via FIB. One more option is a pre-alignment of the sample using a laser beam. 

The light reflects from a sample surface and can be detected with a photodiode, placed 

close to the light source. 
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7. Conclusions and outlook 

 

 

 

 

The present work describes a characterization of the field dependent spin structure of a 

Fe/Cr multilayer, acting as artificial antiferromagnet. This heterostructure can be easily 

represented as an Ising chain of AF coupled magnetic spins. Let us consider such a chain 

of AF coupled magnetic spins, with a fixed spin at one side and free spin at the another 

side. Rotating the free spin azimuthally by means of an external magnetic field will create 

complex spin structure within the spin chain. This magnetic heterostructure is realized via 

a coupled Fe/Cr multilayer structure placed between a hardmagnetic FePt buffer layer 

(fixed spin) and a softmagnetic Fe top layer (free spin). The spins of ferromagnetic layers 

in the bottom part of the multilayer, close to the hardmagnetic interface, are pinned by the 

hard layer. The top part of the structure is fixed to the saturated softmagnetic layer and thus 

follows the rotation of the external magnetic field. The angle of spin rotation increases 

with increasing distance from the hardmagnetic layer, resulting in a spiral spin structure. 

Nuclear resonant scattering (NRS) of synchrotron radiation was utilized to observe the 

creation and reorientation of magnetic spiral spin structure during rotation of the external 

magnetic field. The resulting complex magnetic spin structures were reconstructed from 

the measured time spectra and nuclear reflectivity curves. 

The spiral structure was wound up to about 100° and then an unexpected reorientation of 

the spiral spin structure was observed. It was also found that the ferromagnetic layers at the 

interface with FePt were aligned with the magnetization direction of the hardmagnetic 

layer during rotation of the external magnetic field over 360°. A dependence of the 

reorientation of the magnetic spin structure on velocity of rotation of an external magnetic 

field was observed. This magnetic viscosity effect became evident by comparing the 

rotational hysteresis curves recorded during the “slow” and the “fast” rotation of the 

external magnetic field. The magnetic spin structure relaxes to the energy minimum during 

a time period of a few minutes due to presence of structural impurities and interfacial 

roughness in the Fe/Cr multilayer which reduces the speed of magnetization reversal in the 

ferromagnetic layers.  

A simulation of this experiment was successfully performed using the one-dimensional 

micromagnetic model. The simulated magnetic spin structures have a very good agreement 

with the experimentally measured spin structures (time spectra and reflectivity curves). 
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Moreover, the magnetic simulation predicts new effects: flips of the spiral spin structure 

with change of chirality and relaxation of the spiral spin structure during the rotation of an 

external magnetic field. 

In future, a time-resolved NRS experiment can be performed to investigate the magnetic 

viscosity and domain-wall creep effects in the AF coupled Fe/Cr multilayers sandwiched 

between hard and softmagnetic layers. Time-dependent measurements of the variation of 

intensity and shape of the first AF Bragg peak can be accomplished with a time resolution 

of about 10 – 20 s. In future experiments a dual wavelength magneto-optical imaging 

[4.15, 7.1, 7.2] can be utilized to observe the time-dependent changes of domain structure 

in the top Fe layer. Magnetic properties of this part of the sample have not been 

investigated via NRS, because the top layer was not enriched in 
57

Fe.  The main advantage 

of this method compared to the conventional Kerr microscopy is an improved phase 

contrast due to illumination of a sample surface with two separated light sources with 

different wavelengths. 

The magnetic spiral structure observed in the Fe/Cr multilayer can be one step toward 

creating of a stable helical magnetic structure in the AF coupled multilayer in absence of 

an external magnetic field. These structures have potential application in devices for 

energy storage. During rotation of an external magnetic field the multilayer structure finds 

the metastable local energy minima states. Metastable cases of helical magnetic structures 

are already theoretically predicted for various heterostructures [7.3, 7.4]. Based on this 

knowledge one can stabilize the spiral spin structure without presence of an external 

magnetic field. The top soft magnetic Fe layer can be replaced with a magnetic layer with 

relatively strong uniaxial anisotropy (i.e. a permanent magnetic material or a softmagnetic 

material with induced uniaxial anisotropy). 

Another topic of this work was the implementation of x-ray polarimetry into conventional 

NRS experiments at the P01 at PETRA III to investigate the creation and field dependent 

reorientation of spiral spin structure in an AF coupled multilayer. Simulation of nuclear 

reflectivity curves in the σ → π scattering channel for different angular positions of a 

rotating external magnetic field predicts additional modulations of intensity between the 

first AF Bragg peak and the first structural Bragg peak. These modulations of intensity 

results from the magnetic spiral spin structure in the multilayer. The x-ray polarimetry 

setup suppresses the prompt non-resonant signal from the direct beam and allows us to 

collect the time spectra without dead time of the detector in the early time window. The 

spin structures of the AF coupled multilayer were reconstructed with more precision due to 

improved statistics. 

Within the frame of the present work a new method, called cross-sectional magnetic x-ray 

diffraction, has been conceived of and was tested. Compared to conventional x-ray 

reflectometry the new method allows to investigate magnetic properties of individual 

layers due to single scattering of x-rays from each layer in a heterostructure. Electronic and 
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nuclear diffraction patterns were recorded and evaluated using a simple model. The time 

spectra, collected in cross-sectional illumination geometry, were evaluated in CONUSS 

using conventional reflection mode in the kinematical approximation and the magnetic 

spin structure of the sample was reconstructed. A similar approach can be utilized for the 

experimental studies of the magnetic structure of laterally small samples, where there is no 

possibility to apply conventional NRS reflectometry. The complete theoretical background 

of the new experimental method has to be developed in future. 

For further cross-sectional sample illumination experiments a new sample design needs to 

be developed. A relatively large sample plate should be attached to the few μm wide piece 

of multilayer for the sample alignment purposes. The sample can be prepared via FIB cut 

out from a big sample. Another possibility is utilizing a focused laser beam for 

preliminarily alignment of the cut sample. 

In summary, NRS of synchrotron radiation is the powerful tool which allows to observe 

novel types of the field dependent magnetic structure of the complex 

hardmagnetic /antiferromagnetic /softmagnetic heterisructure with high precision. The 

micromagnetic simulation of the experiment proves the reconstructed spin structures and 

allows to find new magnetic effects arising during rotation of the external magnetic field. 

The magnetic structure of the individual layers in the layered stack even in tiny samples 

can be investigated via a new cross-sectional magnetic x-ray diffraction experimental 

technique.  
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Appendix I 
 

 

 

 

During the experiment with rotating external magnetic field described in section 5.1.1 a 

series of nuclear reflectivity curves was recorded at different angular positions of an 

external magnetic field. The intensities of half-order Bragg peak as a function of the 

angular positions of an external magnetic field were plotted to represent rotational 

hysteresis curves corresponding to the “slow” clockwise and counterclockwise rotation of 

an external magnetic field (Figure 5.7). 
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Figure I.1. NRS reflectivity curves measured at different angular positions of the rotating 

external magnetic field: black curves correspond to rotation from 0° to -360° and red 

curves correspond to rotation from -360° to 0°. 
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Appendix II 
 

 

 

 

The results of micromagnetic simulation of the experiment with rotating external magnetic 

field described in chapter 5 are presented in Figure II.1 and Figure II.2. The nuclear 

reflectivity curves (red lines) were calculated using simulated magnetic spin structures 

presented on the right. The nuclear reflectivity curves measured at different angular 

positions of the rotating external magnetic field are plotted with black lines. 
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Figure II.1. Black curves: Measured reflectivity curves at different angles of rotation of an 

external magnetic field from 0° to - 360°; red curves correspond to the simulated 

reflectivity curves using the models of magnetic spin structure presented from right side. 
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Figure II.2. Black curves: Measured reflectivity curves at different angles of rotation of an 

external magnetic field from -360° to 0°; red curves correspond to the simulated 

reflectivity curves using the models of magnetic spin structure presented from right side. 
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Appendix III 
 

 

 

 

Dependence of the field dependent spin structure of 

the AF coupled multilayer structure on the direction of 

rotation of an external magnetic field rotation. 

 

During one of the experiments with rotating external magnetic field the dependence of the 

field dependent spin structure of the AF coupled Fe/Cr multilayer structure on the direction 

of the azimuthal rotation of an external magnetic field was observed (Figure III.1). A series 

of nuclear reflectivity curves was recorded at angular positions of an external magnetic 

field from -90° to -270° (see section 5.2.1). Afterwards, an external magnetic field was 

rotated to the 0° position (the field is perpendicular to the wave vector k0 of the incident x-

ray beam) counterclockwise without measurements. Then the rotational hysteresis curve 

was recorded at the position of the first AF Bragg peak (Figure III.1 (a)). One can see a 

plateau in the angular range of an external magnetic field from 0° to -180° (black line). 

This behaviour is observed because the sample has found one of the stable local energy 

minima state during the previous azimuthal rotation of an external magnetic field. There 

the system keeps the AF alignment of the Fe layers, which is indicated by intensity of the 

AF Bragg peak (see chapter 3). The shape of the first branch of the rotational hysteresis 

curve is similar to the first branch of the rotational hysteresis curve recorded during the 

“slow” rotation of an external magnetic field and simulated hysteresis curve 

(Figure III.1 (c)). After completing of the rotational hysteresis curve, presented in 

Figure III.1 (a), the second rotational hysteresis curve was recorded (see Figure III.1 (b)). 

One can see the plateau on the rotational hysteresis curve at angular positions of an 

external magnetic field from 0° to -180° transformed into the dip (Figure III.1 (b), red 

curve). Similar behavior was observed on the rotational hysteresis curves recorded during 

previous experiments with the rotating external magnetic field. This effect can be 

explained by dependence of the magnetization reversal processes in the AF coupled 

multilayer structure on the direction of rotation of an external magnetic field after creation 

of the spiral structure in the stack (when the spin structure has found a preferable local 

energy minimum state). 
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Figure III.1. The rotational hysteresis curve where the dependence of the field dependent 

spin structure of the AF coupled multilayer structure on the direction of rotation of an 

external magnetic field was indicated (a). The regular shaped rotational hysteresis curve 

(b) recorded after completing the rotational hysteresis curve presented in Figure III.1 (a). 

Comparison of two branches of the rotational hysteresis curves: the black curve 

corresponds to the rotational hysteresis curve presented in Figure III.1 (a) (black line) and 

the red curve corresponds to rotational hysteresis curve, recorded during the “slow” 

rotation of an external magnetic field. 
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Appendix IV 
 

 

 

 

The micromagnetic simulation program is based on one-dimensional micromagnetic model 

described in section 5.3.1. Main structure of the program was developed first in 

FORTRAN by Prof. Dr. Ralf Röhlsberger [5.6], then extended by me for the simulation of 

more complex magnetic structures (i.e. multilayer structures, magnetic helical structures) 

and then finally translated to Java by Igor Khokhriakov (HZG/Hamburg). This program 

allows to combine a structure using 3 types of magnetic materials (a number materials can 

be enlarged). There are two extra files called “consts” and “in” are available. The first file 

contains all magnetic parameters of the magnetic materials using for simulation and in the 

second file the magnetic structure of the sample should be described. During execution the 

program reads all the parameters from these files. 

//de/desy/gurieva/MicromagneticSimulation.java 

package de.desy.gurieva; 

 

import java.io.IOException; 

import java.nio.file.Files; 

import java.nio.file.Paths; 

import java.util.ArrayList; 

import java.util.List; 

import java.util.concurrent.TimeUnit; 

 

import static java.lang.Math.*; 

 

/** 

* This one uses doubles 

* 

* @author Tatiana Gurieva <tatyana.guryeva@desy.de> 

* @since 29.01.2015 

*/ 

public class MicromagneticSimulation implements Runnable { 

private final Consts consts; 

 

private final List<Slice> slices = new ArrayList<>(); 

private final List<Layer> layers = new ArrayList<>(); 

 

public MicromagneticSimulation(Consts consts) { 

this.consts = consts; 

} 

 

/** 

* Entry point of the program 
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* 

* @param args 

* @throws Exception 

*/ 

public static void main(String... args) throws Exception{ 

Consts consts = Consts.readConsts(); 

 

System.out.println(consts); 

 

MicromagneticSimulation simulation = new MicromagneticSimulation(consts); 

 

simulation.readIn(); 

 

simulation.run(); 

 

System.out.println("Printing output = = = = = = = = = >"); 

simulation.printOutput(); 

} 

 

/** 

* Reads 'in' file. This file must be in the same directory where .jar is. 

* 

* @throws IOException 

*/ 

private void readIn() throws IOException { 

List<String> lines = Files.readAllLines(Paths.get("in")); 

 

MAX_LAYER_ID = lines.size() - 1;//skip header 

for(int i = 1/*skip header*/; i < lines.size();++i){ 

String line = lines.get(i); 

//create new layer 

Layer layer = new Layer(line, i - 1); 

//add it to this simulation 

this.layers.add(layer); 

//add its slices to this simulation 

this.slices.addAll(layer.toSlices()); 

} 

 

//print 

System.out.println("Parsed input (slices): \n==========>"); 

 

for(Layer layer : layers){ 

System.out.println(layer); 

} 

 

System.out.println(" ============; "); 

} 

 

@Override 

public void run() { 

double pow_DDA_2 = pow(consts.DDA, 2.D); 

long start = System.nanoTime(); 

for(int j = 0; j < consts.NITER;++j){ 

for(int i = 1, NTOT = (int)(SLICE_ID - 2); i < NTOT; ++i){ 

Slice slice_i_minus_1 = slices.get(i - 1); 

Slice slice_i = slices.get(i); 

Slice slice_i_plus_1 = slices.get(i + 1); 
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double DZ = (/*slice_i_minus_1.DA*/sin(slice_i_minus_1.DPH) 

+/*slice_i.DA*/sin(slice_i_plus_1.DPH))//; pow_DDA_2; 

+ consts.DMU0*consts.DF*slice_i.DM*sin(consts.DH); 

double DK = 2.D * slice_i.DK * cos(slice_i.DPH); 

double DN = (/*slice_i_minus_1.DA*/cos(slice_i_minus_1.DPH) 

+/*slice_i.DA*/cos(slice_i_plus_1.DPH) 

+ DK)//pow_DDA_2 

+ consts.DMU0*consts.DF*slice_i.DM*cos(consts.DH); 

slice_i.DPH = atan2(DZ,DN); 

 

System.out.println("DN="+DN); 

System.out.println("DK="+DK); 

System.out.println("DZ="+DZ); 

 

double D2E = slice_i.DA*cos(slice_i.DPH - slice_i_plus_1.DPH)/pow_DDA_2 

+ 2.D*slice_i.DK*cos(2.D*slice_i.DPH) 

+ consts.DMU0*consts.DF*slice_i.DM*cos(slice_i.DPH - consts.DH) 

+ slice_i_minus_1.DA*cos(slice_i_minus_1.DPH - slice_i.DPH)/pow_DDA_2; 

 

if(Double.compare(D2E, 0.D) < 0) throw new RuntimeException("Second 

derivative LE 0"); 

} 

} 

long end = System.nanoTime(); 

System.out.println(String.format("Simulation has finished in %d 

ms",TimeUnit.MILLISECONDS.convert(end - start, TimeUnit.NANOSECONDS))); 

} 

 

private void printOutput() { 

System.out.println("Output ========== By slices:"); 

 

for(int i = 0; i < SLICE_ID; ++i){ 

Slice slice = slices.get(i); 

int i_plus_1 = i + 1; 

System.out.println(String.format("%4d\t%.3f\t%.8f",i_plus_1,i_plus_1*cons

ts.DD,slice.DPH*180.D/PI)); 

} 

 

System.out.println("Output ========== By layers:"); 

 

double deepness = 0.D; 

for(int i = 0; i < MAX_LAYER_ID; ++i){ 

Layer layer = layers.get(i); 

 

deepness += layer.thickness*1.E8; 

System.out.println(String.format("%4d\t%.6f\t%.8f",i 

+ 1,deepness,layer.DPH_avegare()*180.D/PI)); 

} 

} 

 

private int MAX_LAYER_ID = 0; 

private class Layer{ 

int id;//begins from 1 

LayerType type; 

double thickness; 

double DPH; 

List<Slice> slices; 

 

Layer(String line, int id){ 
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String[] vals = line.split("\t"); 

type = LayerType.valueOf(vals[0]); 

thickness = Double.parseDouble(vals[1]); 

DPH = Double.parseDouble(vals[2]); 

 

this.id = id; 

} 

 

List<Slice> toSlices(){ 

List<Slice> slices = new ArrayList<>(); 

 

int nsteps = (int)(thickness / consts.DDA); 

 

//first slice has special DA 

double da = 0.D;//the very first one has zero 

if(id > 0) // otherwise depends on type 

da = type == LayerType.S ? consts.DAS : consts.DAINT; 

slices.add(createSlice(type, DPH, da)); 

 

//fill in slices in between 

for(int i = 1, size = nsteps - 1; i < size; i++){ 

slices.add(createSlice(type, DPH)); 

} 

 

//last slice has special DA 

da = consts.DRKKY; 

if(id == 0 && MAX_LAYER_ID > 2) 

da = type == LayerType.T ? consts.DRKKYT : consts.DRKKY; 

else if(type == LayerType.S && id == MAX_LAYER_ID - 2) 

da = consts.DAS; 

else if(type == LayerType.H) 

da = 0.D;//the very last one has zero 

slices.add(createSlice(type, DPH, da)); 

 

return this.slices = slices; 

} 

 

public double DPH_avegare() { 

double sum = 0.D; 

for(Slice slice : slices){ 

sum += slice.DPH; 

} 

return sum / slices.size(); 

} 

 

@Override 

public String toString() { 

StringBuilder bld = new StringBuilder(); 

bld.append(String.format("Layer[id=%d;type=%s]\n",id,type)); 

bld.append(slices.get(0)).append('\n') 

.append(slices.get(1)).append("\n...\n") 

.append(slices.get(slices.size() - 1)); 

 

return bld.toString(); 

} 

} 
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private Slice createSlice(LayerType ofType, double DPH){ 

switch (ofType){ 

case T: 

return createSlice(ofType, DPH, consts.DAST); 

case S: 

return createSlice(ofType, DPH, consts.DAS); 

case H: 

return createSlice(ofType, DPH, consts.DAH); 

} 

throw new AssertionError("Should not happen!"); 

} 

 

private Slice createSlice(LayerType ofType, double DPH, double da){ 

switch (ofType){ 

case T: 

return new Slice(DPH, consts.DKST, consts.DMST, da); 

case S: 

return new Slice(DPH, consts.DKS, consts.DMS, da); 

case H: 

return new Slice(DPH, consts.DKH, consts.DMH, da); 

} 

throw new AssertionError("Should not happen!"); 

} 

 

private static long SLICE_ID = 0L; 

private class Slice{ 

long id; 

volatile double DPH; 

double DK; 

double DM; 

double DA; 

 

public Slice(double DPH, double DK, double DM, double DA) { 

this.DPH = DPH; 

this.DK = DK; 

this.DM = DM; 

this.DA = DA; 

this.id = SLICE_ID ++; 

} 

 

@Override 

public String toString() { 

StringBuilder bld = new StringBuilder(); 

 

bld.append('[').append("id=").append(id) 

.append(";DPH=").append(DPH) 

.append(";DK=").append(DK) 

.append(";DM=").append(DM) 

.append(";DA=").append(DA).append(']'); 

 

return bld.toString(); 

} 

} 

} 

//de/desy/gurieva/LayerType.java 



134 

 

package de.desy.gurieva; 

 

/** 

* Utility constants represent layer type 

* 

* @author Tatiana Gurieva <tatyana.guryeva@desy.de> 

* @since 29.01.2015 

*/ 

public enum LayerType { 

T,//tolstiy 

S,//soft 

H //hard 

} 

//de/desy/gurieva/Consts.java 

package de.desy.gurieva; 

 

import java.io.IOException; 

import java.lang.reflect.Field; 

import java.nio.file.Files; 

import java.nio.file.Paths; 

import java.util.Arrays; 

import java.util.List; 

 

import static java.lang.Math.PI; 

 

/** 

* Input constants stored in 'consts' file. This file be in the same 

directory where .jar is. 

* 

* @author Tatiana Gurieva <tatyana.guryeva@desy.de> 

* @since 29.01.2015 

*/ 

public class Consts { 

double DD; 

double DDA;//DD in Angstrem 

double DKST; 

double DKS; 

double DKH; 

double DMST; 

double DMS; 

double DMH; 

double DAST; 

double DAS; 

double DAH; 

double DAINT; 

double DRKKY; 

double DRKKYT; 

double DMU0; 

double DF; 

double DH; 

int NITER; 

 

public Consts(double[] consts) { 

this.DD = consts[0]; 

this.DDA = this.DD * 1.E-8; 

this.DKST = consts[1]; 
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this.DKS = consts[2]; 

this.DKH = consts[3]; 

this.DMST = consts[4]; 

this.DMS = consts[5]; 

this.DMH = consts[6]; 

this.DAST = consts[7]; 

this.DAS = consts[8]; 

this.DAH = consts[9]; 

this.DAINT = consts[10]; 

this.DRKKY = consts[11]; 

this.DRKKYT = consts[12]; 

this.DMU0 = consts[13]; 

this.DF = consts[14]; 

this.DH = consts[15]; 

this.NITER = Double.valueOf(consts[16]).intValue(); 

} 

 

/** 

* Reads consts values from file 

* 

* @return a new Consts instance 

* @throws IOException if IO error has occurred 

*/ 

static Consts readConsts() throws IOException { 

List<String> lines = Files.readAllLines(Paths.get("consts")); 

double[] consts = 

Arrays.stream(lines.get(1).split("\t")) 

.mapToDouble(Double::parseDouble) 

.toArray(); 

 

return new Consts(consts); 

} 

 

@Override 

public String toString() { 

StringBuilder bld = new StringBuilder(); 

bld.append(" Consts ==========>\n"); 

for(Field fld : getClass().getDeclaredFields()){ 

try { 

bld.append(fld.getName()).append('=').append(fld.get(this)).append("\n"); 

} catch (IllegalAccessException e) { 

throw new AssertionError(e); 

} 

} 

bld.append(" = = = = = = = = = = = = \n"); 

return bld.toString(); 

} 

} 
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