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SUMMARY 

 

Films of amorphous alloys of 3d transition metals and 4f rare earth metals have been under 

an active investigation since 1960s, when advanced sputtering methods with greater level of 

control became widely available. In the late 70s to 90s the main motivation shifted from mostly 

fundamental interest in the magnetism of amorphous state to a more practical aspect, as such 

systems (mostly composing of Gd, Tb, Fe, and Co) were considered as a promising media for 

magnetic recording. Although the technology was not widely adopted, the flexibility and tunability 

of magnetic properties found in 3d - 4f alloys as well as possibility of producing films with strong 

perpendicular anisotropy made such systems suitable for use modern directions in magnetism, 

including ultrafast magnetization switching and MRAM. A complicated noncollinear 

sperimagnetic of asperomagnetic ordering typical for some compounds containing heavy 4f metals 

considered as disadvantage for some applications can be very useful for making helical magnetic 

structures with unique properties. 

Synthesis of novel materials having unique properties using traditional compounds only by 

modifying their geometry in a specific way is a relatively new and intriguing possibility. It became 

available only recently with the tremendous progress in the development of novel methods 

allowing to control matter at a fundamental scale. Methods employing self assemblance are some 

of the most intriguing among them, as they often allow the production on a large scale at a 

relatively low cost. For thin magnetic films nanopatterning using self-ordering polystyrene spheres 

or anodic alumina templates with ordered arrangement of the pores were used create so-called 

antidot films. Such structures produced by self-assembly or lithography methods were shown to 

possess some intriguing properties and can be considered as magnonic crystals, media for magnetic 

recording or sensitive media. Significant efforts have been made to study antidot films with 

magnetically soft host materials having in-plane anisotropy, but antidot films with strong 

perpendicular anisotropy have not received as much attention. In this work we used a relatively 

simple way of producing antidot films by depositing magnetic material onto the surface of porous 

anodic alumina and relatively thin TbCo and GdCo films with perpendicular anisotropy as a host 

material. Such choice allowed us to have a control over magnetic anisotropy and hysteresis 

properties by adjusting the composition and sputtering conditions and to avoid the disturbance of 

magnetic structure due to the crystalline structure, which could be the case for other materials with 

perpendicular magnetic anisotropy. 

Within this study we investigated magnetic properties, processes of magnetization reversal 

and a possibility of controlling the magnetic anisotropy of amorphous TbCo films by changing 
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their composition and sputtering conditions. Due to the complex sperimagnetic configuration and 

multiple parameters effecting magnetic anisotropy of TbCo, we used auxiliary LaCo and GbCo 

systems, which allowed us to study separately the effect of rare-earth surrounding on magnetic 

moment of Co sublattice and the formation of perpendicular anisotropy in a simpler collinear 

ferrimagnetic system. We demonstrated the possibility of tuning the magnetic anisotropy of TbCo 

amorphous films and obtained samples having the same composition but different character of 

magnetic anisotropy (with easy magnetization axis being parallel and perpendicular to the plane). 

To demonstrate the possibility of using TbCo films with in-plane and perpendicular magnetic 

anisotropy for inducing the exchange bias in the adjoining FeNi layer, we synthesized FeNi/TbCo 

bilayers and studied their magnetization reversal. 

In the second part of this work the effect of nanopatterning on processes of magnetization 

reversal and magnetic anisotropy of TbCo and GdCo films was investigated. Here we used porous 

anodic alumina templates as substrates for depositing magnetic material, thus producing 

amorphous films with different character of magnetic anisotropy having a lattice of nanoscale 

holes or periodic nanoscale curvature. By employing micromagnetic simulation as well as 

experimental methods we studied mechanisms responsible for the enhancement of hysteresis 

properties and the change of the character of magnetic anisotropy. The increase of pores density 

and the decrease of their diameter were demonstrated to be the main reasons for the increased 

coercivity. The change of magnetic properties of material in the vicinity of the pores was suggested 

as a possible reason for the inclined shape of the hysteresis loop and in some cases for the double-

step magnetization reversal. 



RESUMEN 

 

Las películas de aleaciones metálicas de metales de transición 3d y tierras raras metálicas 4f 

se llevan investigando desde los años 60, desde que métodos de pulverización catódica 

(sputteting) de gran control empezaron a estar ampliamente disponibles. A finales de la 

década de los 70 hasta la motivación principal se trasladó del interés mayormente 

fundamental en el magnetismo de estados amorfos a aspectos más prácticos, ya que dichos 

sistemas (en su mayoría compuestos de Gd, Tb, Fe y Co) se consideraron como un medio 

prometedor para la grabación magnética. Aunque la tecnología no fue ampliamente adoptada, 

la flexibilidad y capacidad de ajuste de las propiedades magnéticas encontradas en las 

aleaciones 3d - 4f, así como la posibilidad de producir películas con una fuerte anisotropía 

perpendicular, hicieron que tales sistemas fueran adecuados para usar direcciones modernas 

en magnetismo, incluyendo la conmutación de imanación ultrarrápida (Ultrafast 

magnetization switching) y MRAM. Un complejo espermagnético no colineal de 

ordenamiento asperomagnético típico para algunos compuestos que contienen metales 

pesados 4f considerados desventajosos para algunas aplicaciones pueden resultar muy útil 

para hacer estructuras magnéticas helicoidales con propiedades únicas. 

 

 

La síntesis de nuevos materiales que tienen propiedades únicas utilizando compuestos 

tradicionales solo modificando su geometría de una manera específica es una posibilidad 

relativamente nueva e interesante. Estuvo disponible desde hace relativamente poco con el 

tremendo progreso en el desarrollo de nuevos métodos que permiten controlar la materia a 

una escala fundamental. Los métodos que emplean el autoensamblaje son algunos de los más 

interesantes, ya que a menudo permiten la producción a gran escala a un costo relativamente 

bajo. Para las películas magnéticas delgadas, se usaron nanopatterings con esferas de 

poliestireno autoordenantes o plantillas de óxido de aluminio anodizado con disposición 

ordenada de los poros para crear las llamadas películas de antidots. Se probó que tales 

estructuras producidas por métodos de autoensamblaje o litografía poseen algunas 

propiedades interesantes y pueden considerarse cristales magnónicos, medios para grabación 

magnética o medios sensibles. Se han realizado esfuerzos significativos para estudiar las 

películas de antidots con materiales hospedadores magnéticamente blandos que tienen 

anisotropía en el plano, pero las películas de antidots con fuerte anisotropía perpendicular no 

han recibido tanta atención. En este trabajo, utilizamos una forma relativamente simple de 

producir películas de antidots depositando material magnético sobre la superficie de alúmina 



anódica porosa y películas TbCo y GdCo relativamente delgadas con anisotropía 

perpendicular como material huésped. Dicha elección nos permitió tener un control sobre las 

propiedades de anisotropía magnética e histéresis ajustando la composición y las condiciones 

de pulverización catódica y evitar la alteración de la estructura magnética debido a la 

estructura cristalina, que podría ser el caso de otros materiales con anisotropía magnética 

perpendicular. 

 

A lo largo de este estudio investigamos las propiedades magnéticas, los procesos de inversión 

de la imanación y la posibilidad de controlar la anisotropía magnética de las películas amorfas 

de TbCo cambiando su composición y las condiciones de pulverización catódica. Debido a 

la compleja configuración espermagnética y a los múltiples parámetros que afectan la 

anisotropía magnética de TbCo, utilizamos sistemas auxiliares LaCo y GbCo, que nos 

permitieron estudiar por separado el efecto del entorno de tierras raras en el momento 

magnético de la sub-red y la formación de anisotropía perpendicular en un sistema 

ferrimagnético colineal más simple. Demostramos la posibilidad de ajustar la anisotropía 

magnética de las películas amorfas de TbCo y obtuvimos muestras que tenían la misma 

composición, pero diferente carácter de la anisotropía magnética (con un eje de 

magnetización fácil paralelo y perpendicular al plano). Para demostrar la posibilidad de usar 

películas de TbCo con anisotropía magnética perpendicular y en el plano para inducir el 

exchange bias en la capa de FeNi contigua, sintetizamos las bicapas de FeNi / TbCo y 

estudiamos su inversión de magnetización.  

 

En la segunda parte de este trabajo, se investigó el efecto del nanopatterning en los procesos 

de reversión de magnetización y anisotropía magnética de las películas de TbCo y GdCo. 

Aquí utilizamos plantillas porosas de óxido de aluminio anodizado como sustratos para 

depositar material magnético, produciendo así películas amorfas con diferentes caracteres de 

anisotropía magnética que tienen una red de agujeros a nanoescala o curvatura periódica a 

nanoescala. Al emplear la simulación micromagnética, así como los métodos experimentales, 

estudiamos los mecanismos responsables de la mejora de las propiedades de histéresis y el 

cambio del carácter de la anisotropía magnética. Se demostró que el aumento de la densidad 

de los poros y la disminución de su diámetro son las principales razones del aumento de la 

coercitividad. Se sugirió el cambio de las propiedades magnéticas del material en la vecindad 

de los poros como una posible razón para la forma inclinada del circuito de histéresis y, en 

algunos casos, para la reversión de la imanación de doble paso. 
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LIST OF ABBREVIATIONS 

• A – exchange constant 

• AF – antiferromagnetic 

• AFM - Atomic Force Microscopy 

• d – antidot diameter 

• D – distance between centers of the nearest pores in antidot lattice 

• DW – domain wall 

• EA – easy magnetization axis 

• Fi – ferrimagnetic 

• FM – ferromagnetic 

• GIXRF - Grazing Incidence X-ray Fluorescence 

• Ha – anisotropy field 

• Hc – coercivity 

• Hex – exchange bias field 

• Hex – external magnetic field 

• IP - in-plane 

• K – magnetic anisotropy constant 

• Keff – effective anisotropy constant 

• Ku – uniaxial anisotropy constant 

• MFM - Magnetic Force Microscopy 

• Ms – saturation magnetization 

• OOP - out-of-plane 

• PMA – perpendicular magnetic anisotropy 

• Py – Permalloy 

• Q – quality factor 

• RE – Rare Earth 

• SEM - Scanning Electron Microscopy 

• SQUID - Superconducting Quantum Interference Device 

• Tc – Curie temperature 

• TM – Transition Metal 

• TXRF - Total Reflection X-ray Fluorescence 

• VSM - Vibrating Sample Magnetometer 

• XRF – X-ray Fluorescence 



7 

 

TABLE OF CONTENTS 

Acknowledgments .................................................................................................................. 2 

SUMMARY ........................................................................................................................... 4 

List of abbreviations ............................................................................................................... 6 

Table of Contents ................................................................................................................... 7 

1. Introduction ................................................................................................................... 9 

1.1 Amorphous films of TbCo and TbFe alloys ................................................................. 9 

1.1.1. Magnetic structure and magnetic anisotropy. ..................................................... 10 

1.1.2. Magnetic properties of amorphous Tb-Co films with regard to composition. ... 17 

1.1.3. Exchange coupling to magnetically soft and hard layers. .................................. 18 

1.2. Magnetic anisotropy in nanopatterned thin films. ..................................................... 23 

1.2.1. Films with weak in-plane anisotropy .................................................................. 24 

1.2.2. Films with perpendicular anisotropy .................................................................. 27 

OBJECTIVES .................................................................. Error! Bookmark not defined. 

THESIS OUTLINE .......................................................................................................... 32 

2. Samples and Techniques ............................................................................................. 33 

2.1 Samples synthesis ....................................................................................................... 33 

2.1.1 Anodic alumina templates ................................................................................... 33 

2.1.2 Polishing and pores enlargement ......................................................................... 36 

2.1.3 Film deposition .................................................................................................... 37 

2.2 Morphology, crystal structure, and topography ......................................................... 38 

2.3 Investigation of magnetic properties .......................................................................... 39 

3. Continuous RE-Co films ............................................................................................. 41 

3.1 Continuous TbxCo100-x films ....................................................................................... 41 

3.1.1 Average magnetic moments of Co and RE atoms with respect to composition .. 41 

3.1.2 Magnetization reversal and magnetic anisotropy of TbCo films depending on the 

composition and sputtering conditions ................................................................................... 49 

3.2 Continuous TbxCo100-x/Fe19Ni81 films ...................................................................... 54 



8 

 

3.2.1 Magnetization reversal and unidirectional anisotropy in films with perpendicular 

anisotropy of TbCo layer........................................................................................................ 54 

3.2.2 Magnetization reversal and unidirectional anisotropy in films with in-plane 

anisotropy of TbCo layer........................................................................................................ 58 

Summary of Chapter 3 ..................................................................................................... 62 

4. Nanopatterned TbCo and GdCo films ......................................................................... 63 

4.1 Morphology and topography ............................................................................... 63 

4.2 Patterned films with uniaxial out-of-plane magnetic anisotropy ............................ 65 

4.3 Patterned films with combined in-plane and out-of-plane magnetic anisotropy .... 73 

Summary of Chapter 4 .................................................................................................. 80 

5. Nanopatterned TbCo and GdCo films ......................................................................... 82 

5.1 Flat antidot patterned films with uniaxial perpendicular anisotropy ...................... 82 

5.2 Flat antidot patterned films with normal distribution of unidirectional anisotropy 85 

5.3 Antidot patterned films with nonuniform magnetic properties .............................. 88 

Summary of Chapter 5 .................................................................................................. 94 

CONCLUSION .................................................................................................................... 95 

Publications .......................................................................................................................... 98 

References ............................................................................................................................ 99 

 

 



9 

 

1. INTRODUCTION 

1.1 Amorphous films of TbCo and TbFe alloys 

 

Alloys of rare-earth (RE) and 3d- transition metals (TM) have been under an active 

investigation since 1960s - 1970s with the ever-growing number of dedicated research reports [1, 

2]. One of the major initial triggers was the availability of pure RE metals for synthesis and study 

of Fe and Co based alloys first and many others latter. Soon it was found, that significantly 

different atomic sizes of RE and TM elements combined with complex exchange interaction 

between 4f and 3d orbitals leads to the manifold crystalline and magnetic structures with intriguing 

properties. In particular, the combination of a very large magnetic anisotropy of RE and excellent 

temperature stability of TM revolutionized permanent magnets when Sm-Co and Nd2Fe14B alloys 

were discovered [3, 4]. Alloys of TM and heavy RE with antiferromagnetic coupling between 

sublattices were found to have a variety of interesting noncollinear configuration, including speri-

, spero-, and asperomagnetic structures [5] as well as such unique properties as giant 

magnetostriction [6, 7] and exceptionally high maximum energy product for a permanent magnet 

at low-temperature. 

With the development of advanced physical sputtering and rapid quenching methods, it 

became possible to produce amorphous magnetic materials, which leaded to a better understanding 

of the magnetism in amorphous matter and the appearance of such a new promising class of 

materials as amorphous films of RE-TM alloys. The latter ones have been considered as a 

promising candidate for magnetic recording medium or a source of the unidirectional anisotropy 

in the adjoining ferromagnetic layer. Contrary to the crystalline, amorphous state allows the 

continuous change of the composition in a wide range and the possibility to fine-tune the magnetic 

properties. 

Ferrimagnetic binary TbCo and TbFe as well as ternary TbCoFe amorphous films were 

investigated very intensively as materials with perpendicular magnetic anisotropy suitable for 

magnetooptical information recording. Although this technology was not widely adopted in 

commercial devices, such alloys have great potential due to unique magnetic properties tunable by 

adjusting the composition. The compounds with almost equal magnetic moments of sub-lattices at 

a given temperature and high perpendicular anisotropy are of interest for MRAM and systems with 

all-optical switching. It is well known, that TbCo and TbFe layers with perpendicular anisotropy 

can be used to induce a unidirectional anisotropy in the adjoining hard or soft magnetic layers in 

both out-of-plane and in-plane directions. In the first part of the Chapter 1, the formation of 
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magnetic properties and magnetic anisotropy in Tb-TM (TM = Fe, Co) amorphous films is briefly 

discussed. For magnetic bilayers containing TbCo or TbCo ferrimagneic and ferromagnetic layers, 

basic models explaining the origin of unidirectional anisotropy are considered.  

Artificially introduced nanoscale arrays of defects can be used as an effective and flexible 

tool for tailoring physical properties of various host-patterned materials. The main effect of such 

patterning on magnetic properties is the appearance of a specific distribution of local stray fields 

leading to modification of magnetic anisotropy, and complicated local distribution of 

magnetization. Nanopatterning is considered as a promising tool for synthesizing novel magnetic 

nanostructures like a media for magnetic recording capable of overcoming the superparamagnetic 

limit or 2d- magnonic crystals for spintronic devices. In the second part of the Chapter 1, short 

overview on the effect of nanopatterning is given (especially for ordered lattices of nanoscale 

holes). Most attention is given to the role of the nanoscale defects in the formation of hysteresis 

properties and magnetic anisotropy for host materials having in-plane or out-of-plane magnetic 

anisotropy. 

Lithography is one of the most popular methods for nanopatterning a continuous film, which 

allows the precise control over the defect parameters and periodicity. However, self-ordering 

approaches, e.g. patterning using polystyrene nanospheres or anodic alumina templates were 

demonstrated to be effective and scalable yet significantly less inexpensive. Normally the perfect 

order cannot be achieved using such methods, but this problem can be successfully addressed even 

for a wafer-size scale by introducing pre-patterning (nano-indentation) step before anodizing the 

aluminum surface. In our study, we considered nanopatterning by using anodic alumina template 

as a tool for controlling the magnetic anisotropy of ferrimagnetic TbCo films, thus the third part 

of Chapter 1 describes this technique in more details. 

 

1.1.1. Magnetic structure and magnetic anisotropy. 

 

 Significant difference in the electron shell configuration of TM and RE elements leads to 

the formation of specific crystal and magnetic structures. Most elements of the lanthanum group 

have valence equal to three and an external screening of the unfilled level by the shells 5s2 and 5p6 

containing eight electrons, as well as electrons of the valence 5d-6s level. It leads to a vanishingly 

weak overlap of the wave functions of the 4f electrons with valence electrons of neighboring 

atoms. Magnetism of TM elements, on the other hand, is associated with the most distant from the 

nucleus electronic levels, which have a strong overlap with valence levels of neighboring atoms. 
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It leads to the possibility of filling the 3d band of Co with valence electrons of RE, which in turn 

changes the magnitude of the magnetic moment per TM atom. Thus, the electronic structure and 

magnetism of the RE-TM alloy are represented by three types of electronic states: 4f - localized 

magnetic moments, 3d - participating in metal bonds and magnetic ordering, as well as electrons 

responsible for interatomic bonds (5d for RE and 4s for TM) and the connection between the 

magnetic subsystems (5d RE level and 3d TM level). A more complete picture of the interactions 

in RE-TM alloy is shown in Figure 1.1 [8]. 

 

 

Figure 1.1 Hierarchy of the magnetic interaction in a RE-TM alloy. In the upper part typical 

interaction energies between magnetic moments the RE and TM are presented in the black boxes. Energy 

of the crystal field acting on a RE ion is indicated in the blue box in the center. In the lower part energies 

of the major interactions in RE and TM ions are listed 𝐸𝑠𝑝: – energy gain by spin polarization, 𝐸𝑜𝑝 – 

orbital polarization energy, 𝐸𝑠𝑜 – energy of spin-orbit coupling. 

 

The interaction between the components of RE-TM alloy can be divided into three main 

types: RE-RE, RE-TM, TM-TM. At the same time, due to the direct overlap of the TM 3d-orbitals, 

the TM-TM interaction is the strongest. On the contrary, the energy of RE-RE interaction is the 

smallest due to the weak indirect interaction between 4f-shells of neighboring atoms. Thus, 

relatively high values of the Curie temperature, which are characteristic of many RE-TM alloys, 

are primarily due to the strong exchange interaction within the 3d sublattice. The interaction of the 
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RE-TM type has the greatest influence on the formation of the alloys’ magnetic properties, binding 

the RE sublattice with large magnetic anisotropy with the TM sublattice with much weaker 

anisotropy. 

When considering a system with complex magnetic interactions like RE-TM, naturally arises 

an important question regarding the direction of individual atomic magnetic moments with respect 

to the crystal lattice. Let us first consider a low-temperature case, so the thermal energy does not 

destroy both the 4f-5d bond and the long-range order in the 3d sublattice. Spin-orbit interaction 

and orbital polarization cause the dependence of the total energy on the direction of the spin 

assigned to the 3d shell for states with lattice symmetry due to hybridization. For a localized 4f-

state in a spherically symmetric environment, the energies of the spin-orbit interaction 𝐸𝑠𝑜
4𝑓

 and the 

orbital polarization 𝐸𝑜𝑝
4𝑓

 do not depend on the direction of the magnetic moment. In a real system, 

the crystal field 𝐸𝑐𝑓
4𝑓

 removes the degeneracy. If the energies 𝐸𝑠𝑝
4𝑓5𝑑

 and 𝐸𝑖𝑛𝑡𝑒𝑟
3𝑑5𝑑 are greater than the 

energy 𝐸𝑐𝑓
4𝑓

, a parallel or antiparallel ordering of 4f and 3d magnetic sublattices takes place 

(interaction through hybridization of 3d and 5d electron shells, see [9] [10]. It is also possible that 

𝐸𝑠𝑝
4𝑓5𝑑

 < 𝐸𝑐𝑓
4𝑓

, when canted configuration appears with parameters depending on the temperature, 

the crystal structure, and the strength of the external magnetic field. In the opposite case, at low 

temperatures, the direction of magnetization is often determined by the anisotropy of the 4f 

sublattice. With increasing temperature, spin-reorientation transitions may arise due to the very 

different temperature dependences of the contributions from 4f and 3d sublattices. 

Thus, the ordering of the magnetic moments 3d and 4f of the sublattices can be either 

ferromagnetic or antiferromagnetic, depending on the type of the RE element [11]. For light RE 

(atomic number less than Gd), the localized magnetic moment of TM is antiferromagnetically 

coupled to the spin moment of RE, which in turn is antiferromagnetically coupled to the orbital 

moment of the RE atom. Since for a light RE the orbital angular momentum exceeds the value of 

the spin angular momentum, ferromagnetic ordering is observed between the localized magnetic 

moments of TM and RE. In the case of heavy RE (with an atomic number greater than or equal to 

Gd), spin moments of RE and TM sublattices are antiparallel, whereas in the 4f shell the spin 

moment is ferromagnetically coupled to the orbital moment. Thus, the total magnetic moment of 

the heavy RE is antiferromagnetically coupled to the magnetic moment of TM. 

There are many factors defining the atomic order of an alloy such as geometric, electronic, 

energetic or the type of the chemical bonding. Thus, it is difficult to predict the stability of the 

atomic arrangement for a known composition. Among the defining features of RE-TM compounds 
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are the significant difference between radiuses and electronegativity of RE and TM atoms and 

metallic type of chemical bonds, which leads to a specific, usually closely packed atomic 

arrangement. Binary alloys of RE and TM have been investigated extensively for several decades, 

and many phase diagrams have been experimentally determined for many compositions. Due to 

the similarities between chemical properties of rare earth elements, phase diagrams of RE-TM for 

a given TM tend to have similar compounds for all RE elements (with some exceptions). Although 

we could not find an experimental phase diagram of the binary TbCo compound in the literature, 

a hypothetical one is available, which could be verified using existing data on both TbCo and 

similar RE-Co compounds Figure 1.2 [12]. 

 

 

Figure 1.2 Hypothetical phase diagram of Tb-Co system 

 

At room temperature Tb and Co exist in the hexagonal close packed (hcp) structure (α-Tb 

and α-Co in the diagram), which is modified only at high temperatures. As expected, many of the 

intermediate phases exist in the hcp structure as well with some compounds presenting 
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crystallographic modifications at elevated temperatures (all the phases along with crystal lattice 

parameters are listed in Table 1 [12]). Most of the compounds are ferrimagnetic below the Curie 

temperature and often have complex noncollinear structures which are discussed extensively 

elsewhere [13]. 

Amorphous RE-TM alloys are usually prepared as a rapidly quenched ribbon [14] or a film 

deposited by physical sputtering [15, 16]. The absent of a crystalline order allows for the unlimited 

solubility of the components and a gradual change of magnetic properties with the composition. 

An extensive study of microstructure and correlations in atomic arrangement performed for Gd-

Co and Ho-Co films evaporated onto cold substrates (RE content ranging from 10 to 54 at.%) has 

shown, that the amorphous state is metastable at room temperature. The microstructure has been 

demonstrated to be significantly different from common microcrystalline structures, and the dense 

random packing model was suggested as a better alternative [17]. Crystallization into several 

phases occurs at relatively high temperatures, which may differ from one report to another due to 

the difference in resolution of the analytical method used: 600 °C for Gd-Co and Ho-Co system 

investigated by x-rays diffraction analysis [17], 255 – 300 °C for Tb-Co system investigated by 

transmission electron microscopy [5] [18]). 

 

Table 1 Crystal structure, lattice parameters, and Curie temperatures of major Tb-Co intermediate 

phases [17]. 

Phase 
Structure Type a[nm] b[nm] c[nm] Tc [K] 

Co17Tb2 (h) hex Ni17Th2 0.8347  0.8127  

Co17Tb2 (l) hex Th2Zn17 0.8376  1.2198 1180 [19] 

Co5Tb hex CaCu5 0.49608  0.3981 980 [19] 

Co7Tb2 hex Co7Er2 0.5002  3.621 717 [19] 

Co3Tb hex Be3Nb 0.5011  2.441 506 [20] 

Co2Tb cub Cu2Mg 0.7205   228 [21] 

Co2Tb (l) hex Fe2Tb 0.509  1.252  

Co3Tb4 hex Co3Ho4 1.145  0.4005  

Co7Tb12 mon Co7Ho12 0.8395 1.1325 1.3975 100 [22] 

    𝛽 = 138.8°   

CoTb3 orth Fe3C 0.6985 0.938 0.625  

 

In the case of amorphous alloys, the presence of a random component of single-ion magnetic 

anisotropy leads to the appearance of deviations of the magnetic moments of RE sublattice from 
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the direction parallel (antiparallel) to the moment of the TM sublattice (Figure 1.3) [23]. This effect 

causes the existence of the so-called sperimagnetic structure common in many RE-TM alloys with 

a magnetic RE metal. An exception is the Gd-TM system, since the orbital angular momentum of 

the Gd atom is zero and the fluctuating component of the magnetic anisotropy has no effect through 

the spin-orbit coupling. 

 

 

Figure 1.3 Schematic arrangement of RE (dashed arrows) and TM (solid arrows) magnetic moment 

in RE – TM alloys. 

 

The method and technological conditions of amorphous films deposition is a factor directly 

affecting the formation of microstructure, and in many respects causes the resulting magnetic 

anisotropy. The most frequently used methods are magnetron, ion-plasma, thermal sputtering, and 

laser ablation. The absent of the long-range order leads to the decisive role of mechanisms different 

from the magnetocrystalline, which is typical for the bulk case. Due to the presence of many 

additional influencing parameters, the anisotropy of amorphous RE-TM films is often considered 

uniaxial and, for the most common case of perpendicular anisotropy, the expression for the 

constant 𝐾𝑡𝑜𝑡 is often written in a simple form: 

  𝐾𝑡𝑜𝑡 = 𝐾𝑢 − 2𝜋𝑀𝑠
2 ( 1 ) 

Where 𝑀𝑠 – spontaneous magnetization (2𝜋𝑀𝑠
2 – shape anisotropy contribution), 𝐾𝑢 – uniaxial 

anisotropy constant. The last one has a complex nature and includes several major contributions: 

single-ion anisotropy, surface and interface anisotropy, anisotropy die to the specific 

microstructure (e.g. columnar microstructure), magnetoelastic contribution due to the interaction 

with the substrate (mechanical stress), anisotropic atomic ordering. Let us consider some of the 

sources of magnetic anisotropy in amorphous Tb-Co or Tb-Fe films in more detail. 

Single-ion anisotropy 
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A detailed study of the atomic structure of amorphous Tb-Fe films by EXAFS [24] and X-

ray diffraction [25] revealed an anisotropic distribution of TM and RE atoms. Measurements of 

absorption near the K line of Fe showed a homogeneous distribution of nearest neighbors, which 

turned out to be close to the crystalline Fe with a body-centered cubic lattice (with the lattice 

parameter about 2.50 Å). Absorption spectra near the Tb LIII line showed not only the predominant 

Fe surrounding, but also a relatively wide distribution of interatomic distances. According to the 

assumption made by authors, these data indicate an anisotropic distribution of iron atoms with 

violation of dense packing (see the two-dimensional scheme in Figure 1.4). Indirect confirmation 

was made of experiments on low-temperature (200 ° C) and high-temperature (400 ° C) annealing. 

In the former case, a significant decrease in the uniaxial anisotropy constant was observed with 

simultaneous increase in local symmetry and a decrease in local mechanical stress. Annealing at 

higher temperatures led to the recrystallization in the iron sublattice and the appearance of the α-

Fe phase clusters. 

 

 

Figure 1.4 Two-dimensional representation of possible configurations of a Tb atom environment by 

iron atoms. Only the image (b) is in agreement with experimental data of EXAFS [25]. 

 

Similar conclusions have been done by other authors considering the RE and Fe pairing [26, 

27, 28] and an effect of specific atomic distribution due to material resputtering during the films 

deposition [29]. Thus, the magnetic order arises from the competition of the local magnetic 

anisotropy and exchange interaction. The resulting magnetic ordering can often be characterized 

as a sperimagnetic structure with magnetic moments of Tb and Fe or Co atoms being distributed 

in a fanning cone [30]. 

Technological conditions of deposition 

Let us consider the main technological factors of the most common methods for depositing 

RE-TM films associated with the use of ionized inert working gas. A number of studies have 

shown a strong dependence of the magnetic properties of the resulting films on the Ar pressure 
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[31, 32]. This fact is explained by the change in the microstructure of the films, the appearance of 

pores, as well as the anisotropic distribution of mechanical stresses. In particular, the authors of 

[33], using the Tb-Fe and Gd-Fe films, demonstrated that as the pressure of the working gas 

increases, the transition from compressive stresses to tensile stresses occurs. To determine the 

magnitude of the mechanical stresses induced in the film, the curvature of the substrate was 

compared before and after separating the film by the cantilever method. In conclusion, the pressure 

of the working gas was shown to affects the magnetic anisotropy by means of a magnetoelastic 

mechanism. The resulting contribution to the anisotropy constant can be estimated as follows: 

 
𝐾𝑢𝜎 = −

3

2
𝜆𝜎 =

𝐵𝜎

𝐸
(1 + 𝜈) 

( 2 ) 

Where 𝜆 – magnetostriction constant, 𝜎 – mechanical stress, 𝐵 = −3𝜆𝐸/2(1 + 𝜈) – 

magnetoelastic coefficient, 𝐸 –Young’s modulus, 𝜈 – Poisson's ratio. 

Conducting an experiment to test the hypothesis on the decisive role of elastic stresses in the 

formation of magnetic anisotropy is a non-trivial task, since for direct confirmation it is required 

to compare the anisotropic properties of a film on a substrate and without one. However, when a 

thin film is detached, it is often twisted (which indirectly confirms the presence of mechanical 

stresses) or cracked. One possibility is to make a thicker sample, which was done in [34]. A 0.3 

mm thick Tb21.8Co78.2 film was deposited by high-speed sputtering onto a copper substrate and 

after a series of measurements was mechanically separated. The perpendicular anisotropy and 

hysteretic properties of the film were retained after separation. The difference was observed only 

after annealing at 573 K, when the perpendicular magnetic anisotropy retained for the film on a 

copper substrate (only a drop in coercivity was observed) and disappeared for the film without a 

substrate. Finally, the annealed film without a substrate was adhered onto the epoxy resin substrate 

at 393 K and re-annealed at 573 K. This procedure resulted in the restoration of perpendicular 

magnetic anisotropy, which was due to the appearance of significant elastic stresses due to the 

difference in the coefficients of thermal expansion of the film and the substrate. 

 

1.1.2. Magnetic properties of amorphous Tb-Co films with regard to composition. 

Due to the presence of the two magnetic sublattices and complex interaction between RE 

and TM atoms, the magnetic properties of Tb-Co alloy demonstrate specific dependencies on 

composition or temperature. In this section, basic magnetic properties including saturation 

magnetization, coercivity, and magnetic anisotropy are considered.  
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As was mentioned earlier, Tb is a heavy RE, which implies antiferromagnetic coupling with 

Co sublattice. It means that by changing temperature and composition, one should be able to obtain 

different configurations, including regions of the predominance of Co or Tb magnetic sublattice 

and compensation points. The sperimagnetic distribution of Tb magnetic moments (see Figure 1.3) 

makes the analysis even more difficult. Figure 1.6 shows the possible types of simplified phase 

diagrams: without compensation point (a), with compensation point (b), and Tcomp = Tc (c). Without 

taking into account the anisotropy energy of the ferrimagnet, the transition to the angular phase 

occurs under the action of a magnetic field and depends on the temperature. In a more general case 

of an arbitrary anisotropy energy and the orientation of the external magnetic field, the problem 

becomes more complicated, therefore, simplifications in the form of a symmetric field orientation 

and relatively weak anisotropy energy are introduced in most papers. 

 

 

Figure 1.5 Possible types of phase diagrams for two-sublattice ferrimagnet. Here Tcomp – temperature 

of magnetic compensation, Tc – Curie temperature, T2 – temperature of the phase transition. 

 

1.1.3. Exchange coupling to magnetically soft and hard layers. 

The phenomenon of unidirectional anisotropy has been known for a long time and was first 

observed by Meiklejohn and Bean on Co particles with an oxide shell [35]. It manifested itself in 

the shift of the hysteresis loop of the ferromagnetic (FM) material - cobalt particles along the 

magnetic field axis by a certain value called the exchange bias field He. The reason for this kind 

of anisotropy was the exchange interaction that appears at the interface between the 

antiferromagnetic (AF) layer of cobalt oxide and the FM cobalt core. Currently the exchange bias 

phenomenon is mainly associated with thin magnetic films [36, 37], where a precise control over 

important parameters is possible, and to a lesser extent with other nanoscale objects, such as 

particles, nanowires etc. [38]. 
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Most attention is given to systems consisting of AF and FM layers: FeMn/FeNi, IrMn/FeNi, 

FeF2/Fe and many others. A necessary condition for the appearance of an exchange bias is the 

cooling of the system down to the Neel temperature of the AF layer in an external magnetic field. 

If the temperature is below Tc of the FM layer, it leads to the transfer of the magnetic order from 

the FM layer to the AF layer. At temperatures below TN, if magnetic anisotropy of the AFM layer 

is strong enough, the ordering of the nearest magnetic moments in ferro- and AF layers 

corresponding to the minimum energy arises in the interface region. 

Much less attention is given to the investigation of films where unidirectional anisotropy 

arises in a FM layer exchange coupled to the ferrimagnetic (Fi) layer. Usually, the amorphous 

alloy based on transition 3d and heavy 4f metals, e.g. Tb-Fe, Tb-Co, Dy-Co, serves as the Fi 

material [39]. In many reports, Fi films similar to those proposed as a medium for magneto-optical 

information recording with perpendicular magnetic anisotropy are considered. The appearance of 

unidirectional anisotropy in the FM layer with in-plane anisotropy is a a nontrivial phenomenon 

worthy of special consideration.  

William and Krüder proposed a model according to which, the unidirectional anisotropy in 

a magnetically soft Fe19Ni81 layer exchange coupled to the TbCo layer is due to the in-plane 

orientation of magnetic moments in the interface area of TbCo [40, 41] (Figure 1.6). Similar model 

was proposed for a FeNi/Dy-Co system, in which the Fi layer also had a perpendicular magnetic 

anisotropy (see [66]). 

 

 

Figure 1.6 Schematic distribution of magnetic moments in the interface region of the Fe19Ni81/Tb-

Co film at different stages of magnetization reversal (A, B, C) [40] 
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An interesting consequence of this representation is the inversion of the domain structure of 

the Tb-Co layer during the magnetization reversal of the Tb-Co interface sublayer under the action 

of the sufficiently strong in-plane magnetic field. The comparison of the domain structure before 

and after the magnetization reversal indeed confirmed the proposed model. Another indirect 

confirmation is the fact that when the sample is magnetized to saturation in a field directed 

perpendicular to the film’s plane, a corresponding ordering of the magnetic moments in the Fi 

layer should appear (Figure 1.7, b). It leads to the disappearance of the exchange bias for Fe19Ni81 

loop, which was confirmed experimentally (Figure 1.7, a). The return to the initial state of the 

magnetic structure is possible when the film is magnetized to saturation in the direction parallel to 

the plane. 

For the estimation of the exchange bias field, an equation proposed by Mauri [42]can be 

used: 

 
𝐻𝑒 = 2

√𝐴𝐾

𝑀𝐹𝑀𝐿𝐹𝑀
 ( 3 ) 

Where 𝐴 - the exchange constant in Tb-Co, 𝐾 - the anisotropy constant of Tb-Co, 𝑀𝐹𝑀 and 𝐿𝐹𝑀 

are the magnetization and thickness of the Fe19Ni81 layer. The obtained value was indeed very 

close to the experimentally observed one. In addition, this model gives a good approximation for 

the experimental dependence of the 𝐻𝑒 on the thickness of ferromagnetic layer. Due to the specific 

magnetic structure of the Fi layer, the unidirectional anisotropy in the FeNi disappears if Tb-Co 

thickness is below the critical value. In this case, the TbCo layer has a reduced coercivity and its 

magnetization switches at relatively low external field typical for near-interface sublayer. 
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Figure 1.7 A typical hysteresis loop of the Fe19Ni81 layer in the Fe19Ni81/Tb-Co film, observed after 

saturating the sample in the direction perpendicular to the film’s plane (a). The schematic distribution of 

magnetic moments in the interface region after sample’s saturation is shown in (b) [40] 

 

In subsequent report [41], a detailed quantitative analysis of the FeNi/Tb-Co system was 

carried out. In particular, cases of a "thin" and "thick" Fi layers were considered, which 

corresponded to a simultaneous and layer-by-layer magnetization reversal respectively. All the 

main qualitative features of the hysteresis properties (asymmetric FeNi hysteresis loop and the 

magnitude of He) can be explained with high accuracy under the assumption of an ideal 

homogeneous interface. However, for the case of strongly interacting layers the widely used 

assumption of only FeNi layer participating in the low-field magnetization reversal was shown to 

lead to the inadequate result. Thus, it is necessary to take into account spatial variations in the 

magnetization distribution in the ferrimagnetic layer, which implies the necessity for 

micromagnetic modelling. 

Although the TbCo could be used to induce the exchange bias in magnetically soft layer, the 

recommended thickness of about 800 Å [41] was impractical for many applications. Freitas et al. 

[43] demonstrated that it is possible to reduce the thickness down to 10 nm if Tb28Co72 composition 

is used. As expected, the possibility of fine tuning the magnitude of He by changing the thickness 

of the Tb-Co layer was also shown. 

In subsequent studies, the effect of the annealing on magnetic and magnetoresistive 

properties of spin valves based on FeNi/Tb-Co system was considered [68-70]. As a result, it was 

shown that the blocking temperature (temperature, at which the exchange bias disappears) for 
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optimal configuration of the layers can be increased to 220 and 270 ° C using Fi layers of 10 and 

15 nm respectively (for widely used FeMn-based spin valves the blocking temperature is about 

150 °C [71]). The temperature stability test performed on sensing elements revealed a significant 

degradation of the magnetoresistive properties at annealing temperatures on the order of the 

blocking temperature. The properties degradation was attributed to changes in the magnetization 

reversal process of the TbCo layer due to the reduced perpendicular anisotropy. 

Out-of-plane exchange bias 

Both FM/AF and FM/Fi systems with in-plane anisotropy of the pinned layer have been 

studied extensively. In particular, a significant progress has been made in understanding the 

mechanism of exchange bias and coercivity enhancement in AF/FM system due to the advanced 

techniques such as soft x-ray and neutron scattering [44, 45, 46]. For applications, however, 

perpendicular uniaxial and unidirectional anisotropies are more desirable due to larger thermal 

stability of the imprinted magnetic state [47]. The mechanism of exchange bias is more straight 

forward and effective in FM/Fi interface due to the positive exchange coupling between 

neighboring TM atoms and negative between TM and RE atoms (see Figure 1.8) [48]. Similarly, 

SFi/HFi systems can be used (SFi – magnetically soft ferrimagnet, HFi – magnetically hard 

ferrimagnet). 

 

 

Figure 1.8 Schematic representation of magnetic interfaces in compensated antiferromagnetic (a) and 

hard ferrimagnetic (b) interface (exchange bias should be zero), and compensated interface between hard 

and soft ferrimagnetic layers (c, d). The difference between (c) and (d) is the shift by one atomic position 

along the interface [48]. 

 

Due to the strong perpendicular anisotropy of ferrimagnetic TbCo (of TbFe) layer, it was 

successfully used to induce the exchange bias in the contacting magnetically hard layers like 

[Co/Ni]N multilayers [49, 50] or another Fi layer like TbCo with predominant Co sublattice [51]. 

As one can expect, the exchange bias and the switching field of HFi layer depends strongly on 

both composition and thickness (see [48]), which can be adjusted to satisfy the requirements. The 
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presence of two sublattices and a complex magnetic structure in the pinning Fi layer can also be 

employed for switching its magnetization by heating (triggering magnetic phase transitions [52]) 

or by using an ultrashort optical pulse (all-optical switching [53, 54]). 

 

 

Figure 1.9 Dependencies of coercivity measured perpendicular to the film (a) and exchange bias 

field (b) on the TbCo composition and the thickness (c) of Tb30Co70 layer, and dependence of net 

magnetization on Tb30Co70 thickness obtained for [Co/Ni]5/TbCo multilayers [50]. 

 

1.2. Magnetic anisotropy in nanopatterned thin films. 

 

As was discussed in the previous section, magnetic anisotropy of thin films is strongly 

affected by demagnetizing field (shape anisotropy), mechanical stress (magnetoelastic anisotropy), 

and interfaces (surface and exchange anisotropy). These anisotropy components can be controlled 

by choosing the appropriate deposition conditions, type of the substrate, and postprocessing. 

However, for real-life applications in magnetic memory, logic, and sensors, the precise control 

over the nanoscale magnetization configuration becomes essential. One of the possible solutions 

is to introduce the defects of the size comparable to that of the functional elements (e.g. bit of 

magnetic memory) or to some characteristic length: domain wall (DW), exchange interaction, the 

mean free path of a conductive electron, etc. In literature, many ways of nanopatterning are 

described and extensively used. Top-down approaches include ion milling as well as electron 

beam, x-rays, and ultraviolet lithography. Bottom-up approaches are often based on self-
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assemblage and usually imply the use of templates like anodized aluminum or titanium and 

polystyrene nanospheres combined with physical deposition and ion milling. 

In this chapter we briefly discuss the effect of nanopatterning without focusing on a 

particular way of its implementation on magnetic anisotropy and magnetization configurations 

taking place in antidot patterned films and films with periodic nanoscale curvature. 

 

1.2.1. Films with weak in-plane anisotropy 

 

Patterned magnetic materials with weak anisotropy are important not only for applications, 

but also as a model system, where magnetization processes are mainly influenced by the geometry 

of the defect lattice. A typical representative of this class of materials is Permalloy (Py) (most 

widely used composition in nanomagnetism is Fe19Ni81), which has a relatively large saturation 

magnetization, almost zero magnetostriction and weak in-plane anisotropy. For relatively thin 

nanocrystalline magnetically soft films (Py films are known to acquire perpendicular anisotropy 

component if the thickness exceeds approximately 1500 nm [55, 56]), magnetic anisotropy is 

usually induced by the magnetic field applied during the deposition. In case of 3d metals films 

with cubic crystal structure like Fe or Ni, a more complex anisotropy combining field-induced 

one-fold and magnetocrystalline two or three-fold anisotropy may be obtained if an in-plane 

texture is present. 

The geometry-induced anisotropy depends strongly on the landscape of local stray fields 

formed by the introduced defects. As a result, shape of individual nanoscale defects as well as their 

ordering are of utmost importance. Many papers devoted to magnetic properties of patterned 

magnetically soft films consider perfect lattices of holes created by electron beam lithography, 

thus allowing the analysis of their effect on the macroscale anisotropy [57]. The main effect of an 

array of rectangular antidot lattice with square lattice was demonstrated to be a specific landscape 

of modulated anisotropy fields with maximum anisotropy field being a function of the hole’s width 

𝑤 [58]: 

 
𝐸𝐷𝑊

𝑀
=

8

𝑤
√

2𝐴𝐻𝑢

𝑀
 ( 4 ) 

where 𝐸𝐷𝑊 – energy density of the DW averaged over the total volume enclosed, 𝑀 – 

magnetization of the material, 𝐴 – exchange constant, 𝐻𝑢 – effective anisotropy field due to the 

presence of the hole. The formula if valid only if the energy cost of DWs surrounding magnetically 
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soft regions is smaller than the demagnetizing field. Thus, the smaller holes lead to greater 

effective anisotropy fields, which was estimated to exceed 1000 Oe for 𝑤 = 100 𝑛𝑚 and material 

parameters typical for Py. 

Similar configurations of local anisotropy axes appear in patterned films having other shapes 

of the holes e.g. round or elliptical. Shape of the hysteresis loop measured along a specific direction 

transforms accordingly, which was demonstrated for antidot lattices obtained by different methods 

[59]. In the example below several hysteresis loops obtained for a continuous film and antidot 

lattices are shown (Figure 1.10) [60]. As one can see, the defect lattice changes the unidirectional 

character of anisotropy, so the new easy and hard axes are mostly defined by the ordering of the 

pores. The comparison of coercivity for samples having different types and densities of defect 

lattices shows a significant increase for structures having greater porosity, which confirms the 

tendency given by the equation ( 4 ). X-rays magnetic circular dichroism (XMCD) imaging is one 

of the few techniques providing high enough resolution to study the mesoscopic magnetization 

reversal in antidot lattices with imperfect order. X-ray photoemission electron microscopy 

(XPEEM) combined with XMCD was employed to demonstrate the difference in the 

magnetization reversal field and coercivity for the antidot lattice domains having different 

orientation in respect to the applied magnetic field [61]. The lattice disorder leads to magnetization 

reversal accompanied by the appearance of a complex magnetic domain structure combined with 

partial rotation of magnetization. If the sample contains a large number of lattice domains with 

different lattice orientations, macroscopic hysteresis properties become isotropic in the film’s 

plane. 

Angular dependencies of remanence are summarized in Figure 1.11, where different pores 

orderings are considered [57]. The four-fold (square lattice) and six-fold (honeycomb and 

hexagonal lattices) symmetries are clearly visible for antidot patterned films with easy 

magnetization axis being parallel to the line connecting nearest neighboring holes and hard 

magnetization axis being parallel to the line connecting next-to-nearest neighboring holes. As Py 

alloy with very weak field-induced anisotropy is used as a host material, the intrinsic two-fold 

anisotropy becomes negligible and have almost no effect in antidot lattices. Coercivity scaling in 

antidot lattices with different host materials and lattice parameters was studied extensively and can 

be found in many reports [62, 63, 64]. Both experimental results and micromagnetic modelling 

show a general tendency of a sharp increase of coercivity if the density of nanoscale holes increases 

(by both increasing the diameter with the interpore distance fixed or decreasing the distance with 

the diameter fixed) [63, 65]. 
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Figure 1.10 Hysteresis loops measured on a reference (a) and patterned cobalt films with square (b) 

and hexagonal (c) antidot lattices along different directions. Corresponding AFM images of the antidot 

lattices are shown below (the ruler’s length is 900 nm). In the bottom left-hand side, a variation of 

measured coercivity is plotted with respect to defect volume density. Square arrays: field direction along 

first neighbors (filled squares) and second neighbors (open squares). Hexagonal arrays: field direction 

along first neighbors (filled triangles) and second neighbors (open triangles). Unpatterned area confined 

by trench: field direction along 0° (filled circle) and 90° (open circle) [60]. 

 

The micromagnetic modelling was demonstrated to be one of the most efficient methods for 

studying and predicting magnetization configurations and switching mechanism in antidot lattices. 

It can be especially useful for analysis of the influence of geometrical features of the antidot array 

and a specific local shape variation in the vicinity of the pores [66, 67, 68]. One of the interesting 

results observed experimentally and successfully simulated using a simple micromagnetic was the 

appearance of perpendicular magnetic anisotropy in magnetically a soft host material having 

relatively small magnetization and large ratio between the holes diameter and the distance between 

centers of the nearest holes [66, 69]. The reason for such behavior is the presence of a critical ratio 

at which magnetostatic energy due to the holes starts to dominate and the film can no longer be 

considered as an endless thin plate with an easy-plane magnetic anisotropy. Even though the 

experimental results were obtained on Ni films deposited onto anodic alumina templates known 

for a nontrivial geometrical features [70, 71, 64], micromagnetic modelling on a flat antidot lattice 

was used to successfully reproduce the experimentally the observed change of magnetization 

reversal for large diameters of the holes. 
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Figure 1.11 Angular dependencies measured on a reference (a) and antidot patterned Fe19Ni81 films 

with different configurations of the lattices: square (b), honeycomb (c), rhombus (d). Corresponding SEM 

images are shown on the right-hand side [57]. 

 

1.2.2. Films with perpendicular anisotropy  

PMA in thin films is more difficult to obtain and it is usually observed in ultrathin layers 

(multilayers) of Co or Fe due to the strong surface anisotropy term [72], films with columnar hcp 

Co structure (e.g. Co-Pt or Co-Cr-Pt alloys) [73], and amorphous films of RE-TM alloys (see 

Section 1.1.1). Such systems are promising candidates for perpendicular magnetic recording and 



28 

 

patterned media, so small bit size and well-defined pinning centers are of great interest [74]. By 

means of the micromagnetic modelling, the nanoscale patterning was shown to be an effective way 

for pinning a DW and stabilizing them at elevated temperatures if the pores size is comparable to 

the width of the DW [75]. Experimental results obtained on antidot patterned films confirmed the 

enhancement of the switching field, including films with relatively large diameter of the pores 

[76]. 

Hysteresis properties and switching regimes of antidot and dot nanopatterned films of Co/Pd 

multilayers were studied extensively by Krupinski et al. [77]. Samples having different antidot 

lattice parameters and material surface coverage were obtained by nanosphere-assisted 

lithography, which provided nearly perfect ordering of defects. In Figure 1.12 examples of 

hysteresis loops measured on antidot patterned samples with various parameters are shown. As 

one can see, generally the decreased ratio of surface coverage by magnetic material leads to the 

decreased remanence and decreased perpendicular anisotropy. Another prominent trend is the 

increase of coercivity with the period decreasing (or increased density of the holes). 

 

 

Figure 1.12 Out-of-plane hysteresis loops measured by SQUID magnetometry on Co/Pd antidot 

patterned films with hexagonal ordering having period of 202, 438, and 784 nm (indicated on the right-
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hand side). In the lower right corner of each graph, a surface coverage by magnetic material is indicated 

[59]. 

 

The same tendencies become visible more clearly if the effective anisotropy constant Keff 

and coercivity Hc are plotted against the surface coverage by magnetic material (Figure 1.13). If 

the Keff decreases gradually regardless of dots/antidot type of patterning, Hc demonstrate sharp 

peak near the transition region, at which the magnetic bridges connecting dots disappear. 

Qualitatively the behavior is similar for all the plots corresponding to different periods of 

hexagonal antidot lattices, but the absolute values of Hc are significantly different with the 

maximum corresponding to 202 nm. The maximum value significantly exceeds Hc = 900 Oe 

corresponding to the reference film. The coercivity peaking for the antidot lattice with the maximal 

defect density is explained as a consequence of the separation length being close to the width of 

the DW, at which DW pinning should be the strongest. 

 

 

Figure 1.13 Dependencies of effective anisotropy constant Keff (left-hand side) and coercivity Hc 

(right-hand side) on the ratio of surface coverage by magnetic material measured on antidot patterned Co/Pd 

film [59]. 

 

As one of the possible explanations of the reduced effective magnetic anisotropy Krupinski 

et al. [77] suggested the presence of thin regions surrounding the holes, which have no 

perpendicular magnetic anisotropy. The dashed line in (Figure 1.13) indicate a hypothetical 

reduction of the PMA if the thickness of such regions is set to 12 nm. 
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Although the variation of the antidot lattice parameters for samples obtained by depositing 

films on top of anodic alumina was less systematic, a similar increase of coercivity was observed 

by many authors [71, 78, 79]. As a possible explanation often a simple reference to the 

enhancement of the DW pinning on defects is given. In some cases of the use of anodic alumina 

as a substrate without a prior polishing, the presence of a specific stray field landscape due to the 

presence of six peaks surrounding each hole was suggested as a reason for enhanced pinning as 

well [52]. For antidot lattices with non-perfect holes ordering “grain boundaries” are also 

suggested as a possible pinning site for a propagating DW [80, 81]. 

A transition between in-plane and out-of-plane anisotropy was observed experimentally in 

Ni antidot patterned films and analyzed using micromagnetic modelling in [78]. Samples were 

synthesized by depositing the magnetic material onto porous anodic alumina substrates with 

different separation between holes without any pretreatment (except for widening the pores) or 

polishing. The change of magnetic anisotropy type was observed at relatively large diameter of 

the holes: the width of magnetic material between the holes below 18 nm for the interhole distance 

fixed at 105 nm. Although authors did not account for the complicated film’s shape and deposition 

of the material inside the pores, in micromagnetic simulation they were able to reproduce the 

transition at 100 nm holes separation. Spin ice-like magnetic structure was suggested as a possible 

reason for the observed phenomenon as well as for the coercivity enhancement. 

Experimental observation of magnetization reversal is possible as well and have been done 

by means of MFM [82] and a combination of PEEM (photo electron emission spectroscopy) with 

XMCD (x-ray magnetic circular dichroism) or SXM (scanning x-ray microscopy) combined with 

XMCD [83]. In particular, the last approach was used to show experimentally the micromagnetic 

image corresponding to the reduced remanence in the hysteresis loop. The high-resolution imaging 

revealed many reversal phase regions having typical size below the interpore distance, which could 

be both interpore bridges ore nodes (see Figure 1.14) [83].  
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Figure 1.14 SXM measurement series of a hexagonal antidot lattice (spacing a = 210 nm and 

diameter d = 160 nm) in a GdFe(45 nm) film. Schematic sketches of the magnetization states (up or 

down) of the central bridge and the two adjacent nodes are shown at the bottom. [83] 

 

Combining the SXM data and information on switching field and coercivity distribution 

taken from FORC (first-order reversal curve) diagrams [84, 85], two magnetization reversal 

regimes were suggested: exchange dominated, and dipole dominated. The reduction of the domain 

wall width was suggested as a reason for the increased coercivity. If bridges become thin enough, 

two or more DW can be stabilized in the bridge and the magnetization reversal becomes dominated 

by the dipolar interaction with no significant coercivity gain (or even return to the value 

corresponding to the reference film). 
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THESIS OUTLINE 

 

In Chapter 1, an overview of magnetic structure and properties of amorphous films of 3d 

and 4f metals, a phenomenon of exchange bias in FeNi/TbCo films, and of magnetic properties 

and anisotropy in antidot patterned films with in-plane and out-of-plane magnetic anisotropy is 

presented. 

In Chapter 2, method used for synthesizing anodic alumina substrates, for depositing 

magnetic films, for analyzing samples morphology and structural state, and for characterizing their 

magnetic properties are described. 

In the original Chapter 3, we studied magnetic properties of ferrimagnetic amorphous TbCo 

films using auxiliary systems with simpler magnetic structures: LaCo having single magnetic 

sublattice and GdCo having collinear ordering of Gd and Co sublattices. Possibilities to produce 

TbCo layers of the same composition but with different magnetic anisotropies and to use them as 

a source of exchange bias in the adjoining FeNi layers were also considered. 

In the original Chapter 4, we studied the effect of nanopatterning on magnetic anisotropy 

and hysteresis properties of TbCo and GdCo films deposited onto the porous and barrier layers of 

anodic alumina substrates. To investigate possible sources of the observed modifications of 

magnetic properties, nanoscale geometrical features were studied by scanning electron microscopy 

and atomic force microscopy. 

In the original Chapter 5, micromagnetic simulation was employed to analyze and reproduce 

the results experimentally observed on TbCo and GdCo antidot films. Here we used an approach 

of step-by-step complication of the micromagnetic model, which allowed us to separate effects 

introduced at each stage. 
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2. SAMPLES AND TECHNIQUES 

 

2.1 Samples synthesis 

2.1.1 Anodic alumina templates 

Normally, the natural oxide layer on an aluminum surface is very thin (several nm), dense, 

and chemically stable, which makes it a good protective layer against the further oxidation. This 

type or an oxide layer is called “barrier”. The controllable anodization is known since the middle 

of the 19th century and used since 1920s as an alternative method for even better protection and 

aesthetics. Anodization is a process of controllable oxidation of the aluminum surface with 

simultaneous partial dissolution of the freshly-grown alumina, which leads to the growth of a very 

thick (tens to hundreds of micrometers) and porous layer. To achieve that, aluminum is placed in 

a slightly soluble electrolyte (barrier type oxide layer is formed in an insoluble electrolyte) and 

electric potential is applied with aluminum being an anode (that is why the process is called 

“anodization”). A more complete image showing the material expansion and ionic flows is shown 

in Figure 2.1 [86]. 

 

 

Figure 2.1 Schematic diagrams showing the barrier type of the oxide layer obtained in the air (a) and 

after complete oxidation in electrolyte (b), and the formation of a porous layer with partial oxide dissolution 

forming elongated channels. The dasher red line shows the position of the immobile marker, indication the 

difference in volume before and after oxidation [86]. 

 

The growth of a porous layer starts from randomly distributed channels, which become more 

and more elongates since the Al3+ cations can escape only from the pores bottom (see Figure 2.1, 

d). As a result, the pores start to arrange in a dense hexagonal lattice, so they can occupy the 

maximal volume. Anodic alumina became a popular template for growing various nanostructures, 

including nanowires, nanotubes, and antidot films, after the discovery of a simple yet effective 
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way of growing an oxide layer with very well ordered pores using the so-called “double 

anodization” method [87]. The main stages of the double anodization process are shown in Figure 

2.2. 

 

 

Figure 2.2 Schematic cross-section diagrams showing the main stages of formation, elongation, and 

ordering of the pores during the two-step anodization proposed. The current – time dependence for 

potentiostatic anodization with corresponding stages is shown in the top left corner. 

 

It is well known, that the main parameters of the final porous structure depend on fabrication 

conditions. In particular, the interpore distance d and the pores diameter D depend on the voltage 

applied and the type of electrolyte. The ratio D/d, however, is independent on anodizing potential, 

but varies with electrolyte [88]. Temperature affects the process as well, as the pores growing 

speed increases if the electrolyte is heated up, but the geometrical parameters remains mostly the 

same if the system temperature is kept within a relatively narrow window [89]. 

In this work we used a similar process (in accordance with Figure 2.2) to produce templates 

for further deposition of magnetic materials. The starting point was the three-stages cleaning of 

99.99 mass. % aluminum foils (0.5 or 1 mm thick) in an ultrasonic bath with acetone, ethanol, and 

deionized water. Then, the surface was electrochemically polished in a solution containing 25 vol. 
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% of ethanol (C2H5OH) and 75 vol. % of perchloric acid (HClO4). During electropolishing the 

solution was stirred well, the starting temperature was about 4 °C, the applied voltage was 20 V. 

We have also tested additional steps such as preliminary mechanical polishing and annealing of 

alumina foils at 500 °C [90], but, as it had no effect on the resulting pores ordering or surface 

quality, we decided to skip these technological steps. 

For the anodization process we chose an aqueous electrolyte containing 0.3 M oxalic acid 

(C2H2O4). A platinum grid was used as a counter electrode, the solution was stirred, the applied 

voltage was kept constant at 40 V. After the first anodization, the alumina layer with disordered 

pores was removed with  

At first, temperature was kept rather low at 1 – 3 °C, which leaded to a rather long fabrication 

process: 12 h for 1st anodization and about 8 h for the second. In order to optimize and simplify 

sample preparation routine, we prepared several foils at 20 °C and 25 °C (other parameters were 

kept the same) and compared the resulted surfaces after 2nd anodization (see Figure 2.3). As one 

can see, there is no visible difference between the two images, as was also confirmed by atomic 

force microscopy. Thus, we decided to employ the fabrication process at elevated temperature, as 

it allowed us to reduce the preparation time from about 20 h to 5 h in total. The final parameters 

of the porous structure were the following: pores diameter D = 35 nm, the interpore distance d = 

105 nm. 

 

 

Figure 2.3 Scanning electron microscopy photograph of anodic alumina surfaces after two-step 

anodization at temperature 1 – 3 °C (figure to the left) and at elevated temperature 22 – 25 °C (figure to the 

right). 
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2.1.2 Polishing and pores enlargement 

Alumina surface topography resulting from the two-step anodization is rather complex. It is 

well-known, that in addition to the pores and they arrangement, there is another characteristic 

feature – regular roughness between the pores [91]. More in-depth analysis using the AFM 

imaging reveals the presence of six peaks surrounding each pore with the maximum height weakly 

depending on anodization condition (see Figure 2.4, a, d). As one can see, the corresponding 

profile shows the maximal altitude difference of about 20 nm, which is close to the normally used 

thickness of the host material. 

To minimize the effect of surface roughness it is necessary to smoothen the surface, which 

is usually done by ion milling [70]. This method, however, requires a suitable equipment and 

optimization of the ion beam parameters like current density and energy of the ions as well as 

angle of incidence and time. We attempted to employ large-area ion source in the Institute of 

Electrophysics of the Ural Division of the Russian Academy of Sciences and made the 

corresponding adjustments. The best result we could achieve was the average peak to valley 

difference about 5 nm with random spikes up to 12 nm, which is comparable to the parameters 

found in other reports [92]. Although there are noticeable improvements in surface quality, this 

method is rather time consuming and requires the use of complex and expensive equipment, which 

lead us to another attempt to find a more efficient polishing method. 

Mechanical polishing is a well-developed method which is widely used in semiconductor 

industry for wafers planarization and reduction of the surface roughness. We used a standard kit 

for finish polishing consisting of a soft fabric disc and a polishing solution containing silica 

nanoparticles of the size 20 – 50 nm. Several attempts made for as-prepared alumina surface lead 

us to the following protocol: 20 minutes polishing, cleaning in distilled water, pores enlargement 

in 5% phosphoric acid, and final cleaning in distilled water using an ultrasonic bath. The AFM 

images taken at the corresponding stages are shown in Figure 2.4, b, c. 
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Figure 2.4 AFM images of anodic alumina oxide surface obtained for as-prepared substrate (a), after 

20 min of fine polishing using 20-50 nm silica colloid solution (b), and after enlarging the pores in 5% 

phosphoric acid and removing the particles in ultrasonic bath (c). Gray continuous line on each image 

represents the path of the measured profile. Corresponding altitude profiles are shown under each image (a 

– d, b – e, c - f). 

 

The polishing process leads to the pores partially filled with the silica nanoparticles (Figure 

2.4, b), which can be easily removed after the slight pores enlargement. The result appeared to be 

even better than ion beam polishing with the maximal difference between heels and valleys no 

more than 3 nm (within 2 nm on average). Thus, due to the simplicity and effectiveness, the 

mechanical polishing was used to produce all the samples involved in this study. In most cases, 

the pores diameter was fixed at 80 nm. 

2.1.3 Film deposition 

Thin magnetic films of different compositions were deposited onto the glass (reference 

samples) of alumina substrates using the magnetron sputtering (Orion-8 sputtering system). The 

base pressure was 10-5 Pa and Ar pressure of the order of 10-1 Pa during the deposition. All samples 

were deposited in presence of an in-plane magnetic field of 25 mT without rotating the substrate. 

Layers thicknesses were controlled by choosing the appropriate sputtering time in accordance to 

the preliminary determined deposition rates (thicknesses of the test films were measured using a 

mechanical profilometer). The sputtering system allowed us to control the deposition conditions 

by applying a DC bias voltage along with the RF 13.56 MHz, which affected the plasma near the 
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substrate leading to partial re-sputtering of the deposited material and changing the ions mobility. 

Such technological factor was demonstrated to affect strongly magnetic properties of RE-TM films 

(in particular perpendicular anisotropy) [93]. 

For sputtering Permalloy (Fe19Ni81), Ti, and Ta layers, 99.99% purity targets were used. 

Layers of TbCo, LaCo, and GdCo were deposited using the 99.9% targets of corresponding RE 

elements and 99.99% Co target. Composition of the RE-TM alloys was controlled by tuning the 

sputtering power and verified by total reflection x-ray fluorescence (TXRF) spectroscopy 

(Nanohunter spectrometer by Rigaku). Although the substrate rotation was not employed, the 

deviation of composition across the 25 mm × 25 mm area did not exceed 0.3 at. % (verified by 

cutting the Tb28Co72 film into 36 pieces for subsequent measurement of each piece composition). 

2.2 Morphology, crystal structure, and topography 

Samples morphology and topography was studied by AFM and SEM. The methods allowed 

us to verify parameters of templates as well as of magnetic film deposited on top of them. It is 

well-known, that the pores diameter is shrinking for thicker films and the holes disappear 

completely after exceeding some critical thickness [59]. Thus, the parameters of defect lattice 

including the period and the average size were extracted for each sample from SEM data. The 

AFM images were mostly used to analyze the surface topography, including the altitude of defects 

and an overall roughness.  

X-rays diffraction analysis was performed on selected samples and mostly used to verify the 

amorphous state of RE-TM layers. For most RE-TM films (except for special cases of very low or 

high RE concentration) we could not detect any traces of the atomic order. An advanced x-ray 

diffraction experiment including the analysis of in-plane and out-of-plane ordering performed on 

a Tb27Co73 composition confirmed that there should be no crystalline phases of the size above 

approximately 3 nm. 

Elemental analysis of all samples was performed using TXRF spectrometer Nanohunter by 

Rigaku. Unlike the standard x-ray fluorescent (XRF) analysis, it makes use of a very low angle of 

incidence of the probing x-ray beam, which normally should not exceed the angle of total 

reflection. The main advantage of such geometry is almost zero background signal in the spectra, 

almost absent matrix effects, and the increased beam intensity inside the sample. The main 

limitation is the necessity to have a sample as a thin layer deposited on top of a substrate having a 

very smooth surface. 

In our case most samples were thin films deposited on top of glass or alumina substrates, so 

the samples geometry was acceptable. The only concern was a relatively high thickness, which in 
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some cases exceeded 100 nm. The maximal thickness of a metallic film, for which matrix effects 

can be fully neglected, was shown to be around 2 nm [94]. Thus, it was necessary to make a 

comparison of the results obtained by XRF analysis to composition measured by an independent 

technique. Due to the small amount of material in a thin film, there is a limited choice of techniques 

which can be used to measure the atomic composition with the uncertainty below 0.5 %. As a 

reference method, inductively coupled plasma atomic emission spectroscopy (IC-AES) was used 

due to a very high sensitivity and accuracy (although it required the samples to be dissolved and 

vaporized, which made it inappropriate in this work). Comparison of the results of XRF and IC-

AES analysis obtained for RExCo100-x (x = 0 ÷ 43, RE = La, Gd, Tb) films allowed us to conclude, 

that XRF spectroscopy can be used without considering matrix effects. The analysis of the 

composition uniformity across the sample was performed on 25×25 mm cover slip glass covered 

by Tb27Co73(100 nm) film, which was cut into 36 pieces. A subsequent XRF analysis performed 

on each piece revealed the maximal deviation between the center and the edge of about 0.3 at. % 

Tb. 

Analysis of the angular dependencies of the fluorescent yield near the angle of total reflection 

allowed us not only to identify the type of element distribution (particles, thin layer or bulk), but 

also to detect the separation between the sublayers on an ultrathin film. The method of grazing 

incidence x-ray fluorescence (GIXRF) gets use of the dependence of an amplitude and a period of 

standing waves of x-ray intensity near the reflective surface on the angle of incidence. Thus, the 

maximal value of x-ray fluorescent yield is obtained at an angle corresponding to the interference 

peak coinciding with the layer enriched with the element of interest. In this work we used GIXRF 

analysis to identify the quality of layers separation and to study the atoms migration in TbCo layer 

caused by the oxidation. Even for the uncovered Tb27Co73(7 nm) layer we could find no layer 

separation or a significant thickness gain due to the oxidation over the 3 months observation 

period. A similar experiment performed on thin TbCo(5 nm)/FeNi(5 nm) film annealed at different 

temperatures revealed partial intermixing between the layers starting already form 75 °C. The 

introduction of the Ti(0.3 nm) spacer was shown to prevent the diffusion in the interface up to 200 

°C. 

2.3 Investigation of magnetic properties 

Magnetic properties were measured using multiple techniques including vibrating sample 

magnetometer (VSM), magnetic properties measurement system (MPMS, based on SQUID 

magnetometer), and Kerr microscope. The former two allowed us to measure absolute values of 

magnetic moment and electric resistance as well as to perform measurements with variable 

temperature. Kerr microscope allowed us to observe magnetic domain structure and to measure 
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hysteresis loops at local scale with the minimal field of view about 100 × 100 um and the resolution 

up to 300 nm. In our setup we could use all basic modes by employing polar, longitudinal, and 

transversal magnetooptical Kerr effects as well as to utilize advanced processing method allowing 

us to obtain pure longitudinal contrast (with no polar component) or to observe simultaneously 

transversal and longitudinal components. To resolve even finer details, magnetic force microscopy 

(MFM) was employed, which allowed us to observe local magnetization pattern and visualize 

features comparable to the size of artificially introduced nanoscale defects. 
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3. CONTINUOUS RE-Co FILMS 

 

In this chapter magnetic properties of continuous TbCo and FeNi/TbCo films are considered. 

First, we estimated average atomic magnetic moments and studied the magnetization processes in 

amorphous ferrimagnetic TbCo layers. To better understand the influence of RE surrounding on 

magnetic properties of Co sublattice, GdCo and LaCo films of similar composition were 

investigated. Here we assumed the identical electronic structure of outer electron shells in Gd, La, 

and Tb atoms and the possibility to distinguish between nonmagnetic surrounding (La), 

surrounding with magnetic atoms having zero orbital momentum (Gd), and large orbital 

momentum (Tb). 

Secondly, we considered the character of magnetic anisotropy in TbCo films deposited at 

different sputtering conditions. In this part we adjusted the technology so TbCo films with in-plane 

or out-of-plane anisotropy can be obtained reliably. The effect of in-plane technological field 

applied during the samples deposition on magnetic anisotropy was investigated. 

Finally, we considered exchange coupled TbCo/FeNi bilayers with in-plane and out-of-plane 

anisotropy in TbCo layer. For both types of samples, hysteresis properties and magnetization 

processes were studied, compared, and reproduced using micromagnetic simulation. 

 

3.1 Continuous TbxCo100-x films 

 

3.1.1 Average magnetic moments of Co and RE atoms with respect to composition 

Influence of the RE surrounding on the average magnetic moment of Co atoms was studied 

on Ti(10 nm)/RE-Co(100 nm)/Ti(10) films with relatively thick ferrimagnetic layer to minimize 

the influence of interfaces. According to x-ray diffraction data, pure Co film had hcp crystal 

structure with an average size of crystallites less than 5 nm according to the Scherrer equation 

(bottom-right inset in Figure 3.1) as well as direct measurements using the transmission electron 

microscopy (not shown here). The estimated value of the saturation magnetization Ms = 1400 G 

was close the value typical for the bulk Co, which indicated that the films density is close to the 

bulk material. Out-of-plane anisotropy field Ha reached 20 kOe due to the large shape anisotropy 

𝐾𝑑 = 2𝜋𝑀𝑠
2 = 1.23 × 107erg/cm3. No sign of perpendicular anisotropy was detected in in-plane 

or out-of-plane hysteresis loops (see Figure 3.1). 
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Figure 3.1 Hysteresis loops measured for the Co(100 nm) film perpendicular to the sample plane. 

The top left inset shows the in-plane hysteresis loop and the bottom right inset shows the x-ray diffraction 

pattern measured for the same sample. 

 

All LaxCo100-x films obtained within the composition range 𝑥 = 5 ÷ 50 𝑎𝑡.% were 

amorphous according to the x-ray diffraction data, except for 𝑥 = 50 𝑎𝑡.% (Figure 3.2). In case 

of La50Co50 diffraction peak identified as La4Co3 was detected. For ferrimagnetic GdxCo100-x and 

TbxCo100-x alloys we choose a narrower composition range 𝑥 = 7 ÷ 38 𝑎𝑡.%, as films having 

higher RE concentrations were not magnetic at room temperature. Films of both systems were 

amorphous for the entire composition range (Figure 3.2). 

For the system with only one magnetic sublattice we measured in-plane hysteresis loops at 

5 K as well as at 300 K and in both cases observed magnetic saturation at relatively low fields of 

about 2.5 – 3 kOe. Interestingly, hysteresis loops of almost all compositions had shapes typical for 

magnetically soft films with stripe magnetic domains [95]. As can be seen from hysteresis loops 

measured at 5 K for La37Co63 composition with almost zero Ms at room temperature and at 300 K 

for La8Co92 film with large Ms (Figure 3.3), significant out-of-plane anisotropy component induced 

in bot cased despite nonmagnetic RE sublattice. This result supports the idea that PMA in RE-TM 

films originates from shape anisotropy of columnar microstructure [96], which means that PMA 

component appears during the deposition process whether the sample is magnetic at the 
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temperature of deposition. It should also mean, that the deposition conditions could affect strongly 

the column’s growth process, so it could be possible to destroy them by changing the Ar pressure 

or by changing the plasma configuration in the chamber [97]. 

25 30 35 40 45 50

1000

1500

2000

2500

3000

3500

4000

4500

Ti

In
te

n
s
it
y
 (

a
.u

.)

2q (deg)

 Gd8Co92

 Tb15Co85

 La50Co50

 La35Co65

La4Co3

 

Figure 3.2 X-ray diffraction data obtained on RE-TM alloys of different compositions. 

 

An average value of magnetic moment of Co atom 𝜇𝐶𝑜 was estimated from the hysteresis 

loops measured at 5 K using the following equation: 

 
𝜇𝐶𝑜/𝜇𝐵 =

𝑀𝑠

𝑁𝐶𝑜𝜇𝐵
 

( 5 ) 

where 𝑀𝑠 – spontaneous magnetization estimated for La-Co films, 𝑁𝐶𝑜 – number of Co atoms in 

a unit of volume, 𝜇𝐵 – Bohr magneton (in Gaussian units equal to 927,4×10-23 erg/G). The number 

of Co atoms 𝑁𝐶𝑜 was calculated using the following equation: 

 
𝑁𝐶𝑜 =

(100 − 𝑥)𝜌𝐶𝑜 + 𝑥𝜌𝐿𝑎

100(𝐴𝐶𝑜 +
𝑥

100 − 𝑥 𝐴𝐿𝑎)
𝑁𝐴 

( 6 ) 

where x – the concentration of La in the film, 𝜌𝐶𝑜 – density of the bulk Co (6.16 g/cm), 𝐴𝐶𝑜 

– atomic mass of Co (58.9 g/mole), 𝐴𝐿𝑎 – atomic mass of La (138.9 g/mole), 𝑁𝐴 – Avogadro 

constant (6.022×1023 mole-1). 
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Figure 3.3 Hysteresis loops measured for Ti/La37Co63/Ti and Ti/La8Co92/Ti films at 5 K and 300 K 

respectively. 

 

The resulting dependence of the average magnetic moment on the concentration of La is 

presented in Figure 3.4. The dashed line is a fitting of 𝜇𝐶𝑜/𝜇𝐵(𝑥𝐿𝑎) dependence using the empirical 

formula by Malozemov Error! Reference source not found., which summarizes previously o

btained experimental data [23, 98]. As one can see, there is a good correlation between our data 

and the formula, which can be seen as a verification of our methodology. 

 𝜇𝐶𝑜/𝜇𝐵 = 100(1.9 − 0.04𝑥𝐿𝑎)/(100 − 𝑥𝐿𝑎) ( 7 ) 

Ferrimagnetic Gd-Co and Tb-Co amorphous films represent a more complex system 

consisting of RE and Co magnetic sublattices. We performed similar measurements of hysteresis 

loops at low temperature to estimate an average magnetic moment of RE atom using the 

𝜇𝐶𝑜/𝜇𝐵(𝑥𝑅𝐸) dependence obtained for La-Co system. The spontaneous magnetization estimated 

from a low-temperature hysteresis loop is composed of two parts: 

 �⃗⃗� 𝑠 = �⃗⃗� 𝑅𝐸 + �⃗⃗� 𝐶𝑜 ( 8 ) 

where 𝑀𝑅𝐸 and 𝑀𝐶𝑜are spontaneous magnetizations of RE and Co sublattices respectively. 
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Figure 3.4 Experimentally obtained dependence of the reduced average magnetic moment of Co 

atom 𝜇𝐶𝑜/𝜇𝐵 on La concentration 𝑥𝐿𝑎 for La-Co films (dots). The same dependence obtained using the 

equation Error! Reference source not found. is shown as a dashed line. 

 

Assuming the collinearity of Gd and Co atomic magnetic moments, it is possible to calculate an 

average 𝜇𝐺𝑑 value. In case of sperimagnetic Tb-Co system, we can only estimate an average 

projection of 𝜇𝑇𝑏 on the direction of the external magnetic field. For both Gd-Co and Tb-Co films 

we used the same equation to estimate an average RE magnetic moment: 

 
𝜇𝑅𝐸/𝜇𝐵 =

𝑀𝐶𝑜 + 𝑀𝑠

𝑁𝑅𝐸𝜇𝐵
 

( 9 ) 

where 𝑁𝑅𝐸 is the number or RE atoms in a unit of the volume, which can be estimated using the 

equation similar to Error! Reference source not found.: 

 
𝑁𝑅𝐸 =

(100 − 𝑥)𝜌𝐶𝑜 + 𝑥𝜌𝑅𝐸

𝐴𝑅𝐸 +
100 − 𝑥

𝑥 𝐴𝐶𝑜

𝑁𝐴 
( 10 ) 

where densities and molar masses of Gd and Tb were taken as follows: 𝜌𝐺𝑑 = 7.9 g/cm3, 𝜌𝑇𝑏 = 

8.23 g/cm3, 𝐴𝐺𝑑 = 157.25 g/mole, 𝐴𝑇𝑏 = 158.92 g/mole. 

As the perpendicular magnetic anisotropy could be obtained only in a limited composition range 

for both TbCo and GdCo films, we considered mostly samples with strong in-plane anisotropy. In 

Figure 3.5 typical hysteresis loops measured for a series of GdCo films are shown. Most of the 
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them can be saturated relatively easily along the easy axis induced during the deposition. The only 

exception is the composition 𝑥𝐺𝑑 = 17.4 𝑎𝑡.%, which is close to the magnetic compensation 

point, shows intermediate magnetic anisotropy (with significant perpendicular component), and 

thus more difficult to saturate. 
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Figure 3.5 Hysteresis loops measured for Ti/GdxCo100-x/Ti samples with different composition of 

ferrimagnetic layer at 5 K. 

 

Assuming the collinear ferrimagnetic structure, an average magnetic moment of Gd atom should 

be constant across all the compositions and approximately equal to the atomic moment of the free 

atom 𝜇𝐺𝑑/𝜇𝐵 = 7. In the Figure 3.6 the experimental dependence is shown, which is in good 

agreement with such model. The only exception is the point corresponding to the composition near 

magnetic compensation around 𝑥𝐺𝑑 = 17 𝑎𝑡.%. The lower value of 𝜇𝐺𝑑/𝜇𝐵 can be explained by 

low magnetic moment of the sample due to the almost equal magnetizations of Co and Gd 

sublattices and thus stronger paramagnetic-like high-field slope on the hysteresis loop (see Figure 

3.5). 
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Figure 3.6 Experimentally obtained dependence of the reduced average magnetic moment of Gd 

atom 𝜇𝐺𝑑/𝜇𝐵 on Gd concentration 𝑥𝐺𝑑 for amorphous Gd-Co films. The dashed line shows the value of the 

isolated Gd atom. 

 

Amorphous TbCo films are most difficult to study due to the strong single-ion anisotropy of 

Tb atom (large orbital moment and strongly anisotropic electronic shell). To estimate an average 

magnetic moment per Tb atom we measured demagnetizing curves starting from the maximum 

magnetic field value available 70 kOe at low temperature (see Figure 3.7). For the majority of the 

samples (except for those with lower Tb content) we could not get the magnetic saturation even at 

the highest field. The high-field process can be attributed to the decrease of the opening angle of 

sperimagnetic cone of Tb magnetic moments. It should be noted, that in this case the magnetization 

process is rather complex and while the fanning angle of Tb reduces with magnetic field 

increasing, the cone for Co magnetic moments expands. 
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Figure 3.7 The demagnetization curves obtained by reducing the external magnetic field from 70 

kOe for Ti/TbxCo100-x/Ti amorphous films of different composition at 5 K. 

 

Using a high-field approximation in a way similar to GdCo system, we estimated an average 

projection of Tb magnetic moments on the magnetic field axis (Figure 3.8). The resulting 

dependence reflects a non-collinearity of magnetic structure, so the large is the deviation of the 

average Tb magnetic moment projection from a value typical for free Tb atom, the greater is 

magnetic disorder. To demonstrate the influence of technological conditions on the local magnetic 

ordering we deposited two series of Ta/TbCo/Ta films having the same thicknesses and similar 

compositions using high-frequency ion sputtering and magnetron sputtering. The difference 

between the two methods is explained in more details in the following section, but the most 

important factor is the level and intensity of resputtering, which should be significant for the 

former and relatively weak for the latter. As one can see, the difference between measured 𝜇𝑇𝑏/𝜇𝐵 

values for the two series of samples becomes significant for higher concentrations of Tb. The 

difference in sputtering conditions leads to the difference in chemical anisotropy of Tb atoms 

responsible for local anisotropy. Under right conditions, it can lead to the macroscopic out-of-

plane magnetic anisotropy, but in this case, it drives the disorder responsible for high-field 

magnetization process. 



49 

 

5 10 15 20 25 30 35 40
0

2

4

6

8

10

 Magnetron sputtering

 RF ion sputtering

 

m
T

b
/m

B

x
Tb

 (at. %)
 

Figure 3.8 Experimentally obtained dependencies of the reduced average magnetic moment of Tb 

atom 𝜇𝑇𝑏/𝜇𝐵 on Tb concentration 𝑥𝑇𝑏 for amorphous Tb-Co films obtained by magnetron sputtering and 

RF ion sputtering. The dashed line shows the magnetic moment for the isolated Tb atom. 

 

3.1.2 Magnetization reversal and magnetic anisotropy of TbCo films depending on the 

composition and sputtering conditions 

Amorphous Ta(10nm)/TbCo(100nm)/Ta(10nm) films of different compositions were 

deposited using two sputtering systems: RF ion sputtering (URM-3 system) and magnetron 

sputtering (Orion-8 system). We varied basic parameters including sputtering pressure to achieve 

stable and uniform plasma conditions as well as good reproducibility of films composition and 

magnetic properties. URM-3 system was mostly used to produce films with the predominant in-

plane magnetic anisotropy, whereas Orion-8 was employed to produce films with perpendicular 

anisotropy. Due to the greater flexibility, the last one was also used to study the connection 

between sputtering conditions and the character of magnetic anisotropy. The summary of the major 

technological parameters is shown in Table 2. 

In our research we did not analyzed deliberately the effect of operating Ar pressure, as its 

influence on perpendicular magnetic anisotropy is relatively well known [99, 100]. In the two 

sputtering machines we tried to achieve similar conditions in terms of base and Ar pressures as 

well as the applied magnetic field. Also, in both cases we mostly used RF sputtering, so the 

sputtering power shown for Orion-8 is rather an estimated value when an actual one (for this reason 
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sputtering power is not given for URM-3). Thus, the main difference was the distance between the 

target and the substrate, which was very small for URM-3 and relatively large for Orion-8. This 

parameter strongly affects the localization of plasma during sputtering, which means a significant 

difference in ions mobility near the substrate and the rate of re-sputtering [93]. 

Table 2 Sputtering conditions used for producing TbCo films with in-plane (URM-3 and Orion-8) 

and out-of-plane (Orion-8) magnetic anisotropy. 

Property URM-3 (ion sputtering) Orion-8 (magnetron sputtering) 

Base pressure (fixed) 1.5×10-4 Pa 0.5×10-4 Pa 

Ar pressure (fixed) 0.25 Pa 0.2 Pa 

Target Composite target 

consisting of Tb chips on a 

Co disk 

Separate Tb and Co targets 

Power  

n/a 

RF 75 W (Co) 

RF 5.5 – 60 W (Tb) 

or DC 5 - 20 W (Tb) 

Deposition ratio 0.07 nm/s 0.08 – 0.2 nm/s 

Distance between the 

target and the substrate 

(fixed) 

40 mm 150 mm 

Magnetic field during 

deposition 
150 Oe 150 Oe 

Substrate rotation No 30 rpm 

 

For TbxCo100-x films with x < 14 at.% deposited using both devices we generally observed 

strong in-plane anisotropy due to the large demagnetizing field and relatively strong separation of 

Tb atoms embedded into the Co matrix regardless of the sputtering method. The following 

transformation of magnetic anisotropy and coercivity for samples deposited by Orion-8 magnetron 

sputtering with basic set of parameters shown in Table 2 is shown in Figure 3.9. Until the 

compensation point, the role of perpendicular anisotropy starts to increase and the shapes of the 

in-plane and out-of-plane loops changes accordingly, so the perpendicular anisotropy starts to 

dominate around 21 at.% Tb. At the compensation point, magnetization becomes almost zero and 

the coercivity increases drastically. For higher Tb content, the predominant perpendicular 

anisotropy in films deposited by Orion-8 is preserved until about 30-31 at.%, after which in-plane 

component starting to dominate and hysteresis loops acquire a shape similar to the one of Co-rich 
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samples. For films deposited using URM-3, on the other hand, the in-plane anisotropy start to 

dominate already at about 24 at.% Tb. 

To verify the assumption regarding the critical role of ions mobility in the formation of 

magnetic anisotropy of the TbCo layer, we synthesized a test series of samples using magnetron 

sputtering with modified technological parameters (high-frequency electric bias applied to the 

substrate and DC sputtering mode). The magnetic anisotropy of obtained samples was similar to 

films deposited by URM-3 sputtering device: we were able to achieve a predominant in-plane 

anisotropy for a compositions around 26-27 at.% Tb. A similar effect was also demonstrated and 

discussed in other reports [43]. 

 

 

Figure 3.9 Dependencies of coercivity measured on in-plane (red dots) and out-of-plane loops 

obtained at 300 K on Ta/TbxCo100-x/Ta films deposited by Orion-8 using a basic set of technological 

parameters shown in Table 2. Black dashed lines are shown as a guide to the eye. Hysteresis loops measured 

for selected compositions (indicated by numbers as well as by blue dashed lines) as shown above. Red 

hysteresis loops were measured parallel to the plane and to the technological magnetic field applied during 

the deposition. Blue hysteresis loops measured perpendicular to the plane. 

 

All the samples studied in this work were deposited at present of a technological magnetic 

field, which was used to increase the stability of Ar plasma, enhance the sputtering rate, and to 
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improve the uniformity of deposited layers. Hysteresis loops measured parallel and perpendicular 

to the axis of technological field on test Tb15Co85 films deposited at presence of magnetic system 

(regular technological field) and with the system removed (nearly zero external field) are shown 

in Figure 3.10. As one can see, the absent of magnetic system leads to disappearance of in-plane 

magnetic anisotropy. 

 

Figure 3.10 The demagnetization curves measured at 300 K on Ti/Tb15Co85/Ti amorphous films 

deposited with (image on the left-hand side) and without (image on the right-hand side) the technological 

magnetic field applied using URM-3 sputtering system. 

 

As a basic host material used for all further experiments with nanopatterning, we used 

Tb28Co72 composition (due to some deviation in sputtering conditions we allowed a deviation of 

+/- 1 at. % Tb) and the thickness of 30 nm deposited by magnetron sputtering. The chosen 

parameters allowed us to obtain an in-plane or out-of-plane magnetic anisotropy as well as a 

reliable exchange bias in FeNi/TbCo bilayers. In Figure 3.11, (c) and (d) the set of hysteresis loops 

measured at different angles relative to the axis of technological field applied during the deposition 

is shown as a more complete representation of anisotropic magnetization reversal process. As one 

can see, the magnetic anisotropy is rather complex, as an easy magnetization axis is perpendicular 

to the plane, but a well-defined in-plane anisotropy is present as well. 

In the experimental part dealing with thin continuous and nanopatterned TbCo and GdCo 

films we studied hysteresis properties using two different methods: Kerr wide-field microscopy 

and vibrating sample magnetometry. Each of them has some advantages and drawbacks. Kerr 

microscopy allows to gather information only from a very thin layer (about 40 nm) with a strong 

sensitivity decay for buried magnetic material and has significantly different sensitivity to polar 

and in-plane magnetization components. VSM, on the other hand, allows to measure the magnetic 

moment of the entire sample, but the data suffers from a significant background contribution, 
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which becomes a very serious problem for a thin film with a relatively small magnetization 

(normally below 170 G). As an example, in Figure 3.11 VSM hysteresis loops are shown before 

(a, b) and after (c, d) the background subtraction. In some cases, the background could not be fully 

subtracted (e.g. Figure 3.11, c) due to the specific holder and measuring system geometry, so only 

the background signal taken from the same substrate with the magnetic material removed could be 

used. 

 

 

Figure 3.11 VSM hysteresis loops measured on Ta(5nm)/Tb28Co72(30nm)/Ta(5nm) film at different 

angles relative to the axis of the technological field applied during the sample deposition parallel to the 

samples plane and in the plane perpendicular to the film and parallel to the technological field before ((a) 

and (b) respectively) and after the background subtraction ((c) and (d) respectively). 

 

Our experimental data obtained on amorphous TbCo films deposited at various conditions 

(including sputtering conditions, type of the substrate, presence of the in-plane magnetic field etc.) 

demonstrated their importance in the formation of the resulting magnetic anisotropy. For relatively 

thin 100 nm TbCo films mechanically removed from the glass substrate we did not observe a 
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significant change in magnetic anisotropy, which excludes the decisive role of the stress-induced 

anisotropy term suggested for thicker films [34].  

 

3.2 Continuous TbxCo100-x/Fe19Ni81 films 

 

The exchange bias phenomena have been studied extensively for several decades, and many 

models have been proposed to explain its origin and qualitative characteristics. In most cases, 

however, the system of interest consists of ferromagnetic and antiferromagnetic layers and much 

less attention is given to heterostructures containing a ferrimagnetic layer. Exchange coupled films 

containing RE-TM layer have their own advantages like relatively high Curie temperature, large 

unidirectional anisotropy, and interesting temperature behavior like magnetic phase transitions, 

which could be useful in magnetic memory applications [39, 52]. Here we considered exchange-

coupled amorphous TbCo and polycrystalline FeNi layers with different types of magnetic 

anisotropy of ferrimagnetic layer (in-plane and out-of-plane). 

3.2.1 Magnetization reversal and unidirectional anisotropy in films with perpendicular 

anisotropy of TbCo layer 

The model of exchange bias in FeNi/TbCo films with TbCo having perpendicular 

anisotropy was first proposed by Smith and Cain [41] and was discussed in more details in the 

Section 1. Although the unidirectional anisotropy in FeNi layer can be relatively strong, the 

interfacial domain wall is normally localized in TbCo, so magnetically hard layer contributes to 

the FeNi magnetization reversal process. It causes a significant increase of coercivity making the 

system unusable for some applications (e.g. magnetic field sensors). As was pointed out by some 

reports [41, 43, 101], a critical thickness of TbCo, at which the intermediate sublayers with in-

plane and out-of-plane anisotropies can be stabilized, can be reduced down to 10-12 nm by 

choosing an appropriate TbCo composition and FeNi thickness. In this chapter we limited our 

study of FeNi/TbCo films with PMA in TbCo layer by a single Tb28Co72 composition, which 

allowed us to obtain relatively thin (40 nm in total) magnetic bilayer with strong and reliable 

exchange bias in the Py layer. 

As a substrate for depositing Ta(5nm)/FeNi(10nm)/TbCo(30nm)/Ta(5nm) film we used a 

highly transparent and thin cover glass, which allowed us to obtain magnetooptical hysteresis loops 

and magnetic domain images from both sides of the sample. In addition, the ferromagnetic layer 

was thin enough to clearly see a magnetooptical contrast coming from the TbCo layer underneath. 

In Figure 3.12 hysteresis loop as well as magnetic domain structure (after increasing the magnetic 
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field to coercivity to obtain a DW and reducing it to zero) obtained for TbCo layer are shown along 

with hysteresis loops obtained on FeNi side at different spots indicated by arrows and dashed 

circles. 

 

Figure 3.12 Out-of-plane hysteresis loop measured on Ta/Py(10nm)/Tb28Co72(30nm)/Ta film from 

TbCo side using magnetooptical Kerr microscope (graph on the left-hand side). On the right-hand side the 

magnetic domain structure obtained near coercivity of TbCo is shown along with low-field hysteresis loops 

taken from FeNi side in the spots indicated by dashed circles. 

 

Another interesting feature of the bilayer sample is the significantly increased coercivity 

of the ferrimagnetic layer comparing to the Ta(5nm)/TbCo(30nm)/Ta(5nm) film having the same 

composition and thickness of TbCo. Both hysteresis loops have rectangular shapes, but the 

processes of magnetization reversal are noticeably different. Domains in FeNi/TbCo sample are 

relatively large and magnetization reversal starts on a few defects and the DW moves across the 

large area of the film. In a single TbCo layer, however, numerous centers of nucleation appear, 

and the DW pinning is much more pronounced. Such a difference could be explained by the 

significantly increased effective pressure on the DW in FeNi/TbCo due to the larger critical field. 

To better understand the magnetization reversal processes in the FeNi layer magnetized by 

the in-plane magnetic fields of different orientations relative to the in-plane easy magnetization 

axis of TbCo (Figure 3.13), we measured corresponding hysteresis loops and plotted angular 

dependencies of coercivity, exchange bias field, and remanence (Figure 3.14). Shape of the biased 

hysteresis loop corresponding mainly to FeNi layer changes from almost symmetric (0° and 180°) 

to strongly asymmetric at angles other than 0°, 90°, and 180°. The asymmetric loop shape is a 

typical feature for ferromagnetic layers with unidirectional anisotropy e.g. in 
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ferromagnetic/antiferromagnetic films, so more in-depth analysis can be found elsewhere [102, 

103].  

 

 

Figure 3.13 Magnetooptical hysteresis loops measured at different angles relateve to the exchange 

bias direction on a FeNi layer of Ta(5nm)/Py(10nm)/Tb28Co72(30nm)/Ta(5nm) film.  

 

The exchange bias field is relatively strong and the estimation using a simple equation ( 3 

) proposed by Mauri et al. [42] considering an idealized interface give us a value He = 760 Oe 

(KTbCo = 2.3*105 erg/cm3, A = 4*10-7 erg/cm [101], tFeNi = 10 nm, MFeNi = 800 G), which is of the 

same order of magnitude as an experimental one (up to 350 Oe). Taking into account strong 

discrepancy in A values (from 1*10-7 to 4*10-7 erg/cm [104]) and large uncertainty in KTbCo due to 

the presence of both in-plane and out-of-plane terms, the estimated value can be considered as a 

good approximation confirming almost ideal magnetic interface. 
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Figure 3.14 Angular dependencies of exchange bias field (a), coercivity (b), and reduced remanence 

extracted from the hysteresis loops measured using Kerr microscopy on the FeNi layer of 

Ta(5nm)/Py(10nm)/Tb28Co72(30nm)/Ta(5nm) film after saturating the sample in a strong out-of-plane 

magnetic field. Simulated angular dependencies of coercivity and exchange bias field are shown in (d). 

Two lines in the same semicircle plotted for angular dependencies of He and Mr/Ms indicate negative sign 

of the corresponding values in 90° – 270° range. 

 

As observed, the angular dependencies in Figure 3.14 are relatively simple and very similar 

to the ones of a magnetically soft layer exchange coupled to an antiferromagnetic layer. Simulation 

using a simple macrospin model [103] performed by minimizing the total magnetic energy per unit 

volume of the FeNi layer: 

 
𝐸𝑡𝑜𝑡 = −𝑀𝑠𝐻 cos 𝛼 +

1

2
𝐾𝑢 cos2(𝜃 − 𝛼) − 𝐾𝑒 cos2(𝜃 − 𝛼) ( 11 ) 

where 𝐾𝑢 =
1

2
𝐻𝑢𝑀𝑠 and 𝐾𝑒 = 𝐻𝑒𝑀𝑠, 𝛼 is the angle between magnetization and external magnetic 

field, 𝜃 is the angle between magnetization and uniaxial anisotropy axis, give qualitatively similar 

results. In order to smoothen strong coercivity peak at 0° or 180° typical for the macrospin model, 

we added the dispersion of the anisotropy axis according to the normal distribution law (macrospin 
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model is only a rough approximation and does not account for the magnetic domain structure and 

sample’s imperfections). The final simulation results are shown in Figure 3.14, d. The distinctive 

feature of the considered system is a very strong anisotropy field 𝐻𝑢 which is not typical for 

magnetically soft layer, but it can be accounted to the partial involvement of a thin TbCo interface 

sublayer. Magnetic domains in FeNi layer can be seen clearly up to ± 45° relative to the easy 

magnetization axis of TbCo, for angles exceeding 50° only uniform change of the contrast is 

observed. The highly symmetric dependencies of He and Hc indicate parallel orientation of easy 

magnetization axis and direction of unidirectional anisotropy. 

 

3.2.2 Magnetization reversal and unidirectional anisotropy in films with in-plane anisotropy 

of TbCo layer 

Comparing to FeNi/TbCo films with perpendicular anisotropy in TbCo layer, the bilayers 

with in-plane anisotropy have a significantly simpler magnetic structure. If field-induced in-plane 

magnetic anisotropy in TbCo is strong enough and thicknesses of the layers are chosen correctly, 

relatively large exchange bias field can be achieved in the magnetically soft layer. In Figure 3.15 

typical hysteresis loops obtained on samples having weak (left-hand side) and strong (right-hand 

side) magnetic anisotropy of TbCo layer are shown. The schematic images indicate relative 

orientations of magnetic moments corresponding to TbCo and FeNi layers with Bloch type DW 

forming in the interface area for antiparallel orientations. Hysteresis loops measured along the in-

plane hard magnetization axis (perpendicular to the in-plane technological magnetic field applied 

during samples deposition) and perpendicular to the plane are shown in the Figure 3.16 (graph on 

the left-hand side). They have vanishing hysteresis and an inclined shape, which indicate 

magnetization reversal mostly by rotation of magnetization. Both in-plane and out-of-plane loops 

retain two stages of magnetization reversal corresponding mostly to rotation of magnetization in 

FeNi or TbCo layers. 
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Figure 3.15 Hysteresis loops measured along the in-plane axis parallel to the technological field 

applied during the deposition on Ta(5nm)/Py(40nm)/TbCo(110nm)/Ta(5nm) bilayers with in-plane 

magnetic anisotropy of TbCo layer. The hysteresis loop on the left-hand side corresponds to a sample 

containing Tb19Co81 (magnetic moment of Co sublattice is predominant), loop on the right-hand side 

corresponds to a sample containing Tb27Co73 (magnetic moment of Tb sublattice is predominant). 

 

As can be seen from the step-like shape of the loop, by choosing a magnetic field interval 

𝐻𝑠𝑤
𝐹𝑒𝑁𝑖 < 𝐻𝑚𝑎𝑥 < 𝐻𝑠𝑤

𝑇𝑏𝐶𝑜, where 𝐻𝑠𝑤
𝐹𝑒𝑁𝑖 and 𝐻𝑠𝑤

𝑇𝑏𝐶𝑜 are switching fields of FeNi and TbCo layers 

respectively, it is possible to measure a minor hysteresis loop corresponding to magnetization 

reversal mainly in the FeNi layer. Such loop (see Figure 3.16, graph on the right-hand side) is 

shifted along both magnetic field and magnetization axes due to the presence of ferrimagnetic 

TbCo layer, which provides both exchange bias and almost unchanging in the hysteresis cycle 

magnetic moment. In order to estimate the exchange bias field and coercivity we determined a 

central line parallel to the field axis and used its interception points with the loop (schematically 

shown in Figure 3.16). Both minor in-plane loops have inclined shapes and nearly zero hysteresis, 

which indicates a spiral magnetic structure forming perpendicular to the interface during 

magnetization reversal in the FeNi layer. Such hysteresis cycle can be reproduced using a model 

similar to the one suggested by Motokawa et al. [105] by splitting a bilayer into multiple sublayers 

and taking into consideration Zeeman and exchange energy terms or micromagnetic modelling. 

By setting the direction of magnetic moment of TbCo layer and allowing only rotation of 

magnetization in the FeNi layers, we calculated the hysteresis loops by applying the external 

magnetic field at different angles relative to the magnetic moment of the TbCo layer (see Figure 

3.17 (b)). As one can see, this simple model allows for a very good qualitative agreement with the 

experimental data. 
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Figure 3.16 Hysteresis loops measured along the in-plane axis perpendicular to the technological 

field applied during the deposition (red line) and perpendicular to the plane (blue lines) on 

Ta(5nm)/Py(40nm)/Tb27Co73(110nm)/Ta(5nm) bilayers with in-plane magnetic anisotropy of TbCo layer 

(graph on the left-hand side). Minor in-plane hysteresis loops measured for the same sample (graph on the 

right-hand side). Graph on the right-hand side shows data corresponding mainly to magnetization processes 

in the FeNi layer, where arrows and dashed lines shows schematically how the exchange bias field He was 

measured. 

 

Due to the specific magnetization reversal mechanism with predominant non-uniform 

magnetization rotation, coercivity extracted from minor loops measured at different angles is 

extremely low (comparable to the uncertainty level, which was below 1 Oe). Thus, in Figure 3.17 

(a) only angular dependence of the exchange bias field is shown. Values of the exchange bias 

fields were also extracted from the simulated hysteresis loops shown in Figure 3.17 (b), which are 

plotted as a continuous blue line in Figure 3.17 (a). The good agreement between the experimental 

and calculated angular dependencies can be considered as a confirmation of the proposed model. 
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Figure 3.17 (a) Angular dependencies of the exchange bias field of Py layer extracted from minor 

hysteresis loops measured for Ta(5nm)/Py(40nm)/Tb27Co73(110nm)/Ta(5nm) film (red dots) and simulated 

using the multilayer model (blue line). (b) In-plane hysteresis loops simulated using the multilayer model 

(see the inset, the direction of TbCo magnetic model is fixed) with magnetic field applied at different angles 

relative to the easy magnetization axis. 

 

For real-world applications a large exchange bias in a sensitive layer translates to a lower 

sensitivity of the media to the external magnetic field, so a method of tailoring the exchange bias 

field is needed. For FeNi/TbCo bilayers with the in-plane anisotropy of TbCo we demonstrated 

the possibility of using an ultrathin nonmagnetic spacer to influence both Hc and He values (Figure 

3.18).  

 

Figure 3.18 Dependencies of coercivity and exchange bias field of Py layer on the nominal thickness 

of the nonmagnetic Ti spacer in Py(40nm)/Ti(LTi)/Tb27Co73(110nm). 
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The thickness of the Ti spacer was set and estimated according to the sputtering rate and 

the values should be considered as nominal only. A very thin spacer (LTi < 0.5 nm) increases the 

He value, which could be due to the weakening of frustration in the magnetic interface (the exact 

mechanism should be studied in more details), whereas spacer of medium thickness (0.5 < LTi < 

0.8 nm) reduces the exchange bias sharply. The increase of coercivity observed for LTi < 0.8 nm 

is more likely due to the nonuniformity of spacer’s thickness and the presence of percolated 

exchange interaction. Although the Ti spacer can be used to adjust the exchange bias field (and 

thus the sensitivity of the sensitive media), a more suitable spacer material is needed, which would 

allow for broader and more inclined He(Lspacer) dependence for an easier control of FeNi hysteresis 

properties. Possible candidates could be e.g. weakly-magnetic or granular materials. 

Summary of Chapter 3  

In this chapter we used low-temperature data obtained for LaCo auxiliary system to study 

the effect of RE surrounding on an average atomic magnetic moment of Co. The obtained 

compositional dependence was checked using collinear GdCo system, for which an estimated 

average magnetic moment of Gd atom was close to magnetic moment of the free Gd atom for all 

compositions considered. Similar estimation was done for TbCo noncollinear ferrimagnetic 

system and the estimated magnetic moment per Tb atom was considerably lower than the value of 

the free Tb atom and decreased with the concentration of Tb increasing. The decrease of an average 

magnetic moment per Tb atom was shown to depend on the technological conditions at which 

samples were deposited. The possibility to achieve in-plane and out-of-plane magnetic anisotropy 

in TbCo films of the same composition by changing deposition conditions was demonstrated and 

used to synthesize exchange coupled TbCo/FeNi bilayers with different micromagnetic 

configurations in the interface. For the system with in-plane anisotropy of TbCo, simple model 

explaining hysteresis properties was used to reproduce the experimental results. The possibility of 

tuning the energy of unidirectional anisotropy in FeNi layer by introduction of an ultrathin Ti 

spacer was demonstrated. 

Amorphous TbCo films is a rather challenging system to study due to the complex character 

of magnetic anisotropy which have multiple sources, including single-ion anisotropy due to the 

anisotropic surrounding of Tb ions, magnetoelastic term, columnar microstructure, and shape 

anisotropy. For this reason, to study the effect of nanopatterning we decided to add GdCo system 

due to significantly simpler magnetic anisotropy, for which pure perpendicular anisotropy can be 

achieved rather easily. 
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4. NANOPATTERNED TbCo AND GdCo FILMS 

 

For synthesizing nanopatterned films we used two base compositions: Tb27Co73 and 

Gd20Co80. As was shown in the previous section, these two have significantly different character 

of magnetic anisotropy allowing us to compare the effect of nanoscale defect array on the 

properties of films with strong perpendicular anisotropy (GdCo) and anisotropy with in-plane and 

out-of-plane components (TbCo), which can be alternated by using appropriate sputtering 

conditions. Another more complex system was TbCo/FeNi with exchange coupling leading to the 

unidirectional anisotropy in the FeNi layer. 

Two main types of nanostructured surfaces were considered: porous alumina (antidot films) 

and barrier layer (nanohills). For the first one we used both polished and as-obtained surfaces for 

comparison. The second one was obtained by dissolving the remaining aluminum metal with no 

further treatment. Variable parameters for the antidot films were the distance between centers of 

the nearest pores and diameter, for nanohills – the diameter. In order to reduce the number of 

samples and to take into account the parameters range which we could not achieve experimentally, 

micromagnetic simulation was employed. 

 

4.1 Morphology and topography 

As synthesis procedure and topography of the anodic alumina templates were mostly 

discussed in the Chapter 2, here we focus on the morphology of the substrates covered by magnetic 

films. Due to the relatively small thickness, a deposited film reproduces the local geometry. In 

Figure 4.1 graphical representations of anodic alumina substrates and deposited films are shown. 

The six peaks surrounding each hole appears as a result of chemical nonuniformity and anisotropic 

etching of the oxide layer during anodization and are clearly visible on both SEM and AFM images 

(Figure 2.3, Figure 2.4). As shown in colored images of Figure 4.1, the applied film smoothens 

the substrates relief and part of the applied material partially penetrates the holes. 
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Figure 4.1 Graphical representation of anodic alumina substrates (as-synthesized and mechanically 

polished) and corresponding substrates covered by a thin film (four color images to the left). SEM images 

obtained for Ta(5nm)/TbCo(30nm)/Ta(5nm) films deposited onto the as-synthesized (upper-right image) 

and mechanically polished (bottom-right image) anodic alumina substrates. 

 

A more detailed analysis of an actual film morphology was carried out using SEM imaging 

performed on a cleavage of a film deposited onto the polished anodic alumina substrate (Figure 

4.2, (b)). For comparison, the as-synthesized porous alumina membrane is shown on the left-hand 

side (Figure 4.2, (a)). As one can see, a considerable amount of material is condensed inside the 

pore, also was also pointed out by other authors [71, 106] but rarely taken into consideration in the 

analysis of magnetic properties or computer simulation. Interestingly, we could not see a 

significant presence of deposited material inside the pores if their diameter was relatively small 

comparing to the thickness of the film (compare Figure 4.2, (c) and (d)). It might be due to the 

much thinner layer of deposit inside the pores or due to the specific growing conditions leading to 

an almost flat film geometry. 
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Figure 4.2 Cross-sectional SEM image obtained on a cleavage of the as-obtained anodic alumina 

with pores enlarged to the diameter of 75 nm (a) and the Ta(5nm)/TbCo(30nm)/Ta(5nm) film deposited 

onto the identical alumina substrate. For comparison, two side views of the same film deposited onto 

anodic alumina substrates with pores diameters of 75nm (c) and 35 nm (d). 

 

The results of AFM were less representative due to the relatively large diameter of the 

cantilever’s tip. The so-called tip convolution artefacts can be accounted if the tip geometry is well 

known from a preliminary analysis, which should make possible the surface reconstruction. In this 

work, however, we limit our discussion by the analysis of as-obtained AFM images combined with 

results of SEM. 

 

4.2 Patterned films with uniaxial out-of-plane magnetic anisotropy 

Amorphous GdCo films having composition close to magnetic compensation point have 

rather strong perpendicular anisotropy and a coercivity depending significantly on the spontaneous 

magnetization (therefore the composition). Unlike in TbCo, RE sublattice in GdCo has negligible 

single-ion anisotropy, so a collinear ferrimagnetic ordering of Gd and Co magnetic moments is 

expected. In Figure 4.3, typical out-of-plane hysteresis loops measured on films with different 
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compositions are shown along with images of the domain structure taken at magnetic field close 

to coercivity. As one can see, for the film having composition close to the compensation (20.5 

at.% Gd) large domains are stabilized, whereas for films with higher Gd content and larger 

magnetization domains become significantly smaller. 

 

 

Figure 4.3 Out-of-plane hysteresis loops measured on Ta(5nm)/GdxCo100-x(30nm)/Ta(5nm) samples 

of different compositions using Kerr microscope and corresponding magnetic domain structure obtained in 

the demagnetized state. 

 

In Figure 4.4 hysteresis loops measured on a continuous Gd20.5Co79.5 film by VSM are 

shown, which demonstrate an absence of the in-plane field-induced anisotropy. Energy of the 

perpendicular magnetic anisotropy can be estimated using the following simple expression: 

𝐾𝑒𝑓𝑓 = 𝐾𝑂𝑂𝑃 + 𝐾𝐼𝑃 = ∫ 𝐻 𝑑𝑀
𝑀𝑠

0−𝑂𝑂𝑃

− ∫ 𝐻 𝑑𝑀
𝑀𝑠

0−𝐼𝑃

 
( 12 ) 

where 𝐾𝑒𝑓𝑓 – effective magnetic anisotropy constant determined experimentally as a difference 

between areas under the first quadrant of out-of-plane (𝐾𝑂𝑂𝑃 = ∫ 𝐻 𝑑𝑀
𝑀𝑠

0−𝑂𝑂𝑃
) and in-plane (𝐾𝐼𝑃 =

∫ 𝐻 𝑑𝑀
𝑀𝑠

0−𝐼𝑃
) hysteresis loops M – magnetization. The perpendicular anisotropy constant 𝐾⊥ can 

be estimated using the measured 𝐾𝑒𝑓𝑓 value and the shape anisotropy 𝐾𝑠ℎ: 

𝐾𝑒𝑓𝑓 = 𝐾⊥ + 𝐾𝑠ℎ = 𝐾⊥ − 2𝜋𝑀𝑠
2 ( 13 ) 

According to the experimental data 𝑀𝑠 = 115 G, 𝐾𝑒𝑓𝑓 = 2.8×105 erg/cm3, so the value of the 

perpendicular anisotropy constant can be estimated as 𝐾⊥ = 3.6×105 erg/cm3. The quality factor 
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can be estimated as 𝑄 =
𝐾⊥

4𝜋𝑀𝑠
2 = 4.4, which corresponds to a relatively strong perpendicular 

anisotropy [95]. 

 

 

Figure 4.4 VSM hysteresis loops measured on Ta(5nm)/Gd20.5Co79.5(30nm)/Ta(5nm) film by 

applying external field at different angles in respect to the technological field Ht applied during the 

deposition. 

 

Hysteresis properties of antidot patterned films having different pores diameters were 

studied using Kerr microscopy and VSM. In Figure 4.5, out-of-plane hysteresis loops measured 

for antidot samples as well as for reference continuous film are shown. All of them have a typical 

rectangular shape with the abrupt magnetization reversal taking place by the DW movement, 

which can be clearly seen using Kerr microscope (see images taken near coercivity for each sample 

in Figure 4.5). As one can see, the coercivity increases dramatically, especially for the sample with 

a higher density of the pores (D = 38 nm). Despite similar coercivity values, antidot samples with 

different pores density have very different magnetic domain structure. Magnetization reversal in 

antidot sample with smaller pores diameter is very similar to the reference film: domains are large, 

DW propagates through the large area of the sample, and the number of nucleation sites is 

relatively small. In antidot sample with large pores, on the other hand, domains are small, 

nucleation sites are numerous, and propagation of the DW is very limited. 
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Figure 4.5 Magnetooptical out-of-plane hysteresis loops measured on Ta(5nm)/ 

Gd20.5Co79.5(30nm)/ Ta(5nm) films deposited onto the smooth glass substrate (reference film) and porous 

anodic alumina substrates having interpore distance d = 105 nm and pores diameter D = 75 nm or 35 nm 

(after depositing the film D becomes 38 and 11 nm respectively according to SEM). Images of magnetic 

domains taken for each sample near coercivity are shown on the right-hand side (magnetic contrast 

obtained with the sensitivity to out-of-plane magnetization component). 

 

In-plane hysteresis loops can be used to observe visually changes in the perpendicular 

anisotropy and to estimate the effect of nanopatterning on the anisotropy constant and quality 

factor. In Figure 4.6 the VSM loops obtained for different types of samples are shown. As one can 

see, the slope is similar for antidot samples and for the reference film with a slightly decreased 

anisotropy field for the antidot sample having large pores. This result correlates well with the SEM 

images and graphical representation of the patterned film geometry shown in Figure 4.1 and Figure 

4.2, which show a film bended near the edge of the holes. As an exaggerated example of the 

nanoscale curvature, a hysteresis loop measured on the same film deposited on top of the barrier 

layer is shown in Figure 4.6 as well. Perpendicular anisotropy constant and Q-factor estimated for 

antidot patterned films using in-plane and out-of-plane hysteresis loops measured by VSM were 

almost identical to the continuous film: 𝐾⊥ = 3.3×105 erg/cm3 and Q = 4.0 for pores diameter D 

= 38 nm and 𝐾⊥ = 3.7×105 erg/cm3 and Q = 4.4 for pores diameter D = 11 nm. As can be easily 

seen from the hysteresis loop shape, the strong nanoscale curvature reduces significantly the 

anisotropy field, so 𝐾⊥ = 1.6×105 erg/cm3 and Q = 1.9. Although antidot patterned films having 

large pores would demonstrate the effect of curvature even better, we can conclude, that the 

magnetic material deposited inside the pores can lead to the reduced perpendicular anisotropy. 
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Figure 4.6 In-plane hysteresis loops measured by VSM on Ta(5nm)/ Gd20.5Co79.5(30nm)/Ta(5nm) 

continuous (reference film), antidot patterned (interpore distance d = 105 nm, pores diameters D = 38 nm 

and 11 nm), and nanohills patterned (film deposited onto the barrier layer of anodic alumina substrate 

with interpore distance d = 300 nm) films. 

 

Angular dependencies of the hysteresis properties (e.g. coercivity) often carry an additional 

information on the mechanism of magnetization reversal and can be useful for analyzing the effect 

of antidot patterning. In Figure 4.7 (a) hysteresis loops measured at different angles relative to the 

out-of-plane direction are shown. Although relatively strong background signal was subtracted, 

for samples having relatively large pores diameter (here it was 38 nm) a two-step magnetization 

reversal process was observed. As one can see, it was not the case in Kerr-microscopy data shown 

in Figure 4.5, so the two-stage magnetization reversal could appear due to the incorrect background 

subtraction or due to the presence of an additional contribution of the material deposited onto the 

inner surface of the pores (see Figure 4.2). In Figure 4.7 (b) angular dependencies of the reduced 

coercivity obtained for the reference film as well as for antidot sample with large pores diameter 

are shown by dots. The significantly different behavior can be explained by the change in 

magnetization reversal mechanism triggered by the modified geometry. In a system having 

uniaxial magnetic anisotropy with pure coherent rotation of magnetization, the Hc(θ) dependence 
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can be obtained easily by simulating hysteresis loops minimizing total energy using eq. ( 11 ) with 

Ke = 0. In case of magnetization switching only by the propagation of a DW, the dependence Hc(θ) 

can be approximated using simple Kondorskiy model: the magnetization switches only if the 

projection of the external field exceeds the switching field Hc(0). The combined model considers 

simultaneously the presence of magnetic domains and magnetization rotation inside of them 

proposed by leads to the following expression [107, 108]: 

𝐻𝑐(𝜃)

𝐻𝑐(0)
=

(𝑁𝑥 − 𝑁𝑛) cos2 𝜃

𝑁𝑧 − sin2 𝜃 + (𝑁𝑥 − 𝑁𝑛) cos2 𝜃
 

( 14 ) 

where 𝑁𝑥 and 𝑁𝑧 are demagnetizing factors in the directions perpendicular and parallel to the easy 

magnetization axis respectively, 𝑁𝑧 = 𝐻𝑎/𝑀𝑠 is an effective parameter. Hc(θ) dependencies 

corresponding to different modes are shown in Figure 4.7 by dashed lines. 

 

 

Figure 4.7 (a) Hysteresis loops measured on antidot patterned Ta(5nm)/Gd20.5Co79.5(30nm)/Ta(5nm) 

films by VSM by applying external magnetic field at different angles relative to the out-of-plane direction. 

(b) Angular dependencies of reduced coercivity extracted from hysteresis loops in (a) (dots connected by 

straight lines). Dashed lines show the approximations made in the frameworks of coherent rotation, 

Kondorskiy mode, and fanning mode. Relative orientations of the external magnetic field and sample’s 

plane are indicated by sketches for θ = 0° and 90°. 

 

Comparing the idealized angular dependencies of coercivity corresponding to different 

magnetization reversal modes and the experimental data, we can conclude, that the antidot 

patterning changes the switching mode from the predominant DW nucleation and propagation for 

the reference sample (except for θ close to 90°) to mostly magnetization rotation. One of the 

possible reasons is the nanoscale curvature of magnetic material around the holes of intentionally 

introduced defects. The effect introduced by the nanoscale curvature becomes even more 
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pronounced for samples with large magnetization and greater tilt of the film surface relative to the 

perpendicular direction. In Figure 4.8 out-of-plane hysteresis loops measured using Kerr 

microscope on Ta(5nm)/Gd22.3Co77.7(30nm)/Ta(5nm) (the magnetization is large and coercivity is 

smaller comparing to the previously considered Gd20.5Co79.5 composition) film deposited onto 

various substrates are shown. As to expect, the continuous film patterned with nanohills has 

coercivity closest to the reference smooth film and the increase is more likely related to the 

stronger pinning of magnetic DW moving through the curved geometry landscape. Antidot 

patterned film has a significantly increased coercivity, but less abrupt magnetization reversal 

comparing to a film with smaller Ms (Figure 4.5). Finally, hysteresis loop measured on the film 

deposited onto as-obtained porous anodic alumina with rough surface reveals the change of 

magnetic anisotropy from out-of-plane to in-plane. Interestingly, the loop opening almost 

coincides with the switching fields of smooth antidot patterned film. Possible reason is the 

presence of smoother surface between the pores and the peaks surrounding them, which has 

coercivity almost identical to the smooth antidot film. 

 

 

Figure 4.8 Out-of-plane hysteresis loops measured by VSM on 

Ta(5nm)/Gd22.3Co77.7(30nm)/Ta(5nm) reference film, antidot patterned (interpore distance d = 105 nm, 

pores diameter D = 38 nm) films deposited onto mechanically polished or as-obtained porous anodic 

alumina substrate, and nanohills patterned film (film deposited onto the barrier layer of anodic alumina 

substrate having interpore distance d = 105 nm). Schematic representation of the side view of material 

distribution on polished and not polished anodic alumina substrates is shown on the right-hand side. 
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Another interesting observation is a more pronounced effect of antidot patterning on the 

hysteresis properties and magnetization reversal processes in films with reduced thickness. In 

Figure 4.9, out-of-plane hysteresis loops obtained for the reference continuous film and antidot 

patterned film having large diameter of the holes are shown. As one can see, there is a significant 

the loop corresponding to the antidot sample has a significant slope and a reduced remanence, 

which indicate the decrease of the quality factor. For an antidot film having smaller diameter of 

the holes the loop retains almost the same shape as for the reference film (except for the increased 

coercivity, the loop is not presented here). In the same figure, typical images of magnetic domain 

structure are given, which are similar to those shown in Figure 4.5. The main difference is the 

fussiness of the domains of the antidot film having large holes, which may indicate a significant 

contribution of in-plane magnetization component and extended DW. 

 

 

Figure 4.9 Out-of-planeysteresis loops measured by VSM on Ta(5nm)/GdCo(20nm)/Ta(5nm) 

reference film and antidot patterned film having the interpore distance d = 105 nm and the pores diameter 

D = 45 nm obtained by depositing onto the polished anodic alumina substrate. On the right-hand side 

typical images of magnetic domain structure taken near coercivity are shown. 

 

Direct observation of magnetic domain structure by Kerr microscopy and AFM 

measurements generally confirms nucleation and propagation of magnetic domains near coercivity 

during magnetization reversal in the perpendicular external field as well as complex reversal 

process in antidot patterned films with large holes size. For more detailed information on 

magnetization reversal and roles of different geometrical features (first of all parameters of antidot 

lattice and nanoscale curvature) micromagnetic modelling should be employed. 
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4.3 Patterned films with combined in-plane and out-of-plane magnetic anisotropy 

Amorphous TbCo films represent a system having complex sperimagnetic structure and 

magnetic anisotropy consisting of several competing contributions. In a previous chapter we 

demonstrated the possibility to alter the predominant in-plane or out-of-plain anisotropy for the 

films having the same thickness and composition by changing sputtering conditions. Here we 

consider how patterning with a lattice of nanoscale defects affects the magnetization reversal using 

a base Tb28Co72 (concentration of terbium could fluctuate ± 1 at.%) composition. 

TbCo films with predominant in-plane anisotropy 

First system to consider was TbCo film with in-plane anisotropy, which was studied by Kerr 

microscopy and vibrating sample magnetometry in a manner similar to the GdCo system. It should 

be noted, that in many cases the processing of VSM data was rather difficult due to the combination 

of rather low Ms = 150 G, significant high-field susceptibility, and the nonlinear background 

contribution. For these reasons, our preferred method of study was Kerr microscopy. 

In Figure 4.10 hysteresis loops obtained for reference as well as for nanopatterned films are 

shown. Basic parameters were d = 105 nm, D = 38 nm for antidot films and d = 105 nm for the 

sample deposited onto a barrier layer of anodic alumina. The change of coercivity is less 

pronounced for polished antidot sample comparing to the GdCo with out-of-plane anisotropy 

system and the shape of the loop measured parallel to the easy magnetization axis has reduced 

remanence. The last one indicates a noticeable change in anisotropy character from mostly in-

plane to same intermediate state (quality factor Q is increased). The change of anisotropy is much 

more pronounced for the film deposited onto alumina substrate which was not polished. The two 

in-plane loops are virtually identical and have strongly reduced remanence, which indicate the 

increased out-of-plane anisotropy, which becomes comparable to the demagnetizing field 4𝜋𝑀𝑠
2. 

Patterning with the array of nanohills has the strongest effect on the coercivity, which increases 

almost three times. Interestingly, a very large remanence of the loop along the easy magnetization 

axis remains almost the same as for the reference film, which indicate a less pronounced 

geometrical effect comparing to the antidot patterned sample. 
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Figure 4.10 In-plane hysteresis loops mesured on Ta(5 nm)/TbCo(30 nm)/Ta(5 nm) having in-plane 

magnetic anisotropy by Kerr microscopy. Loops in the graph (a) were obtained by applying magnetic field 

along the easy magnetization axis induced during the samples deposition. Loops in the graph (b) were 

obtained by applying magnetic field parallel to the films plane and perpendicular to the induced easy 

magnetization axis. 

 

In Figure 4.11 out-of-plane hysteresis loops measured on the Ta(5 nm)/TbCo(30 nm)/Ta(5 

nm) reference sample as well as on the film deposited onto the barrier layer of anodic alumina are 

shown. It should be noted that the magnetooptical Kerr effect in polar mode is significantly (almost 

one order of magnitude) stronger comparing to the longitudinal mode, which could affect the loop 

shape. Magnetic domain structure was clearly visible for both reference film and the sample 

deposited onto the barrier layer of anodic alumina during magnetization reversal in OOP and in-

plane along easy magnetization axis directions (see images in Figure 4.11), but not in-plane 

perpendicular easy magnetization axis direction. For both types of sample, domain structure in the 

OOP mode is irregular with fractal-like boundaries, whish smoothens significantly for the IP 

mode. For antidot samples no magnetic domains could be observed, which could be due to the 

small size or magnetization reversal occurring predominantly by rotation processes. 

 



75 

 

 

Figure 4.11 Out-of-plane hysteresis loops mesured on Ta(5 nm)/TbCo(30 nm)/Ta(5 nm) having in-

plane magnetic anisotropy by Kerr microscopy. Images of magnetic domains shown on the right-hand side 

were captured near coercivity while measuring in-plane and out-of-plane hysteresis loops. 

 

TbCo films with predominant out-of-plane anisotropy 

For TbCo system with perpendicular anisotropy we synthesized several samples by 

depositing the material onto the substrates identical to those used for TbCo with predominant in-

plane anisotropy. Unlike continuous TbCo films having strong field-induced anisotropy 

component during the deposition, antidot patterned films exhibit no measurable in-plane 

anisotropy, which was confirmed by comparing multiple in-plane hysteresis loops at different 

angles relative to the technological magnetic field applied during the deposition (as all the loops 

had the same inclined shape with small hysteresis and are not shown here). The comparison of 

hysteresis loops measured on reference and antidot patterned (deposited onto the polished anodic 

alumina) films obtained at different temperatures is presented in Figure 4.12. The background was 

subtracted in a similar manner for both samples by using preliminary determined data obtained on 

the sample holder with no sample attached. Loops measured for the reference sample have a typical 

almost rectangular shape with some incline at lower temperatures, whereas loops corresponding 

to antidot patterned film have obvious two-stage magnetization process, which can be explained 

by presence of additional ferromagnetic (magnetically soft) phase or a part of the film with 

different character of magnetic anisotropy. Approximately the same ratio of magnetic moments 

coming from the two phases is observed for different temperatures, which suggests the 

approximately the same temperature dependence of magnetizations of the two phases. Taking into 

account the specific and strong temperature dependence of TbCo magnetization, we can make a 

preliminary suggestion that the main reason for the two-step loops shape is the nonuniformity in 
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magnetic properties of magnetic film. A more in-depth analysis on the possible sources of such 

behavior is presented in the following chapter on micromagnetic modelling. As no important 

modification of magnetic properties at lower temperatures is observed (except for the less inclined 

transitions for antidot patterned film), for the rest of the samples we do not consider temperature 

dependencies of magnetic properties. 

 

 

Figure 4.12 Out-of-plane VSM hysteresis loops measured on reference (red line) and antidot 

patterned (black line) Ta(5nm)/Tb28Co72(30nm)/Ta(5nm) films (film was deposited onto the polished 

anodic alumina) at different temperatures. The measured pores diameter was 38 nm, the interpore distance 

was 105 nm. 

 

In Figure 4.13 a set of OOP hysteresis loops measured by Kerr microscope on a series of 

TbCo samples with different types of nanopatterning is shown. The general tendency is similar to 

the GdCo case: coercivity increases only slightly for the nanohills case (the loop’s shape becomes 

inclined), for antidot patterning case with smooth surface coercivity increases significantly, but 

the rectangular shape is retained, and for rough antidot patterning case both strong coercivity 

increase and inclined shape with smoothened transition are observed. Like in the case of GdCo 
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antidot patterned films, in Kerr microscopy loops we do not see the two-stage magnetization 

process seen in VSM data (Figure 4.12). One of the possible explanations is a rotation of 

magnetization in the proximity of the holes due to the local stray field, which is not sensed by the 

Kerr microscope due to the small size and separation of the holes by the continuous film. Another 

interpretation is the presence of magnetic material on the internal surface of the pores, which can 

have much lower magnetic anisotropy or even demonstrate paramagnetic behavior. The more in-

depth study of such systems requires either extremely high-resolution study of magnetization 

reversal or the use of micromagnetic modelling. 

 

 

Figure 4.13 Out-of-plane magnetooptical hysteresis loops measured on 

Ta(5nm)/Tb28Co72(30nm)/Ta(5nm) films deposited onto the glass substrate (reference film), as-

synthesized porous anodic alumina (antidot not polished), polished porous anodic alumina (antidot 

polished), and barrier layer of anodic alumina (nanohills). In all cases anodic alumina substrates having 

the interpore distance of 105 nm and the pore diameter of 75 nm (38 nm after depositing the film). 

 

In Figure 4.14, out-of-plane hysteresis loops (a) measured on antidot patterned and reference 

TbCo films are presented along with images of magnetic domain structure obtained in polar mode 

by high-resolution wide-field Kerr microscopy (b, c, e, f) and MFM (d, g). The observed dendritic 

domains with fractal edges (Figure 4.14 (b) and (c)) are typical for magnetooptical recording media 

with properties similar to bubble films except for low DW mobility (the case of film with thickness 

exceeding critical thickness lc of bubble theory) [95]. The high coercivity leads to the strong 

pinning of the DW, and the thermal effects cause the DW creeping near the switching field [109]. 

The domain pattern in the antidot film is similar, but the domains agglomerations become smaller 



78 

 

and more separate (Figure 4.14 (e) and (f)). The contrast lines visible in the images denote the 

presence of defects which act as pinning centers. For both, antidot and continuous TbCo films, the 

domain pattern (as well as a fully-magnetized state) remained the same after reducing the field 

from coercivity to zero. 

In Figure 4.14 (d) and (f) , MFM images obtained at zero field are shown. These images 

were obtained in the retrace mode with a distance between the magnetic tip and the surface of 100 

nm. Domains of the reversal phase in the continuous film are observed more clearly, with large 

separation and better contrast. However, MFM images confirm that the type and shape of domains 

remain unchanged for antidot film. 

 

 

Figure 4.14 Magnetooptical hysteresis loops measured in polar mode (sensitivity to the 

magnetization component perpendicular to the sample’s plane) on the Ta(5)/Tb27Co73(30)/Ta(5) samples of 

continuous film (red line) and antidot film (blue line) (a). Magnetooptical Kerr microscopy images of the 

domain structure in the corresponding points (indicated on the loops by numbers and arrows) are presented 

for continuous (b, c) and antidot patterned (e, f) film. MFM images for continuous (d) and antidot (g) films 

were obtained at zero external field after creating a domain pattern at the magnetic field close to coercivity. 

 

Antidot patterned FeNi/TbCo films 

Magneto-optical Kerr microscopy was the main technique for analysis of continuous and 

antidot Py/TbCo films (base parameters of antidot lattice were identical to the TbCo case: interpore 

distance = 105 nm, average diameter = 75 nm) from both FeNi and TbCo sides. For the continuous 

film, we used the transparency of the glass substrate to measure hysteresis loops from both FeNi 

and TbCo sides by simply reversing the sample (see the experimental data and description in 

Figure 3.12). For antidot film deposited on porous anodic alumina, which is not fully transparent, 



79 

 

we relied on the relatively low thickness of the upper TbCo and Ta layers (30 and 5 nm thick, 

respectively), so weak signal can still be detected from the bottom FeNi(10 nm) layer. 

The analysis of magnetization reversal and magnetic domain structure in antidot patterned 

FeNi/TbCo film is rather challenging due to the low magnetooptical signal. We were not able to 

obtain a separate out-of-plane magnetooptical hysteresis loop for the TbCo layer, which could be 

due to both low overall magnetooptical signal and insufficient amplitude of the available magnetic 

field (maximum field of 9 kOe was available). 

To analyze the magnetization reversal in FeNi/TbCo antidot patterned film at macroscopic 

level we used VSM, which also allowed us to obtain the absolute values of magnetic moment. In 

Figure 4.15 (a) the out-of-plane and in-plane hysteresis loops are presented with the expected 

values of magnetic moments of FeNi and TbCo layers indicated with color. The magnetic moments 

were calculated using the saturation magnetizations Ms
FeNi = 750 G [34] and Ms

TbCo = 150 G for 

Py and TbCo respectively. As one can see, the out-of-plane loop corresponds to the magnetization 

reversal in both FeNi and TbCo layers with no distinct separation, whereas the in-plane low-field 

loop is more likely attributed to the FeNi layer. To study the local magnetization process in FeNi 

layer we employed magnetooptical Kerr microscopy. 

 

 

Figure 4.15 (a) Hysteresis loops measured by VSM on 

Ta(5nm)/FeNi(10nm)/TbCo(30nm)/Ta(5nm) antidot film applying magnetic field perpendicular (blue 

data points) and parallel (red data points) to the film’s plane. The dashed rectangular areas show an 

estimated magnetic moment of FeNi (red) and TbCo (blue) (the values of magnetic moments are given to 

highlight magnetization reversal of the entire FeNi(10nm)/TbCo(30nm) film for out-of-plane loop and 

only FeNi layer for the in-plane loop). (b) Magnetooptical hysteresis loops obtained on the same sample 

at different spots. For reading convenience, the colored dashed lines are added indicating the shift of the 

corresponding hysteresis loops along the field axis. 
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In-plane magnetooptical hysteresis loops corresponding to the Py layer measured at different 

spots (typical spot size was 100 × 100 μm) on sample’s surface had significantly different shape, 

coercivity, and exchange bias fields (three typical examples are shown in Figure 4.15 (b)). 

Considering the VSM out-of-plane hysteresis loop (Figure 4.15 (a)) and the increased coercivity 

of the FeNi layer it can be concluded, that the antidot patterning significantly decreases the 

magnetic anisotropy of the TbCo layer. Such non-uniformity in magnetic properties can be 

explained by small variations in layers thicknesses and by defects in antidot lattice. 

Although several other types of exchange coupled bilayers with antidot lattice were 

considered (thinner FeNi and Ni layers), the results were similar: no macroscopic exchange bias 

was observed. The possible reason is a combination of the strong exchange coupling between 

magnetically soft and hard layers and nonuniform magnetic properties of TbCo (which was 

suggested earlier as a reason for the two-stage magnetization reversal in TbCo antidot patterned 

films). Thus, the problem could be solved by choosing an appropriate set of material parameters 

of the two layers and the use of the geometry with less pronounced geometrical features affecting 

the magnetic properties (e.g. having holed of smaller diameter/distance ratio). 

 

Summary of Chapter 4 

 

In a preliminary study we used AFM and SEM imaging to study the surface morphology of 

anodic alumina substrates and the distribution of the host material over the surface. Mechanical 

polishing was demonstrated to be an effective method for flattering the natural roughness of as-

synthesized alumina. As a basic set of substrates, we used porous anodic alumina with the interpore 

distance of 105 nm and the pore diameter of 75 nm and the barrier layer of porous alumina with 

the same parameters. 

Hysteresis properties and magnetization reversal processes in nanopatterned TbCo (IP and 

OOP anisotropy) and GdCo (OOP anisotropy) films were investigated. For TbCo films with in-

plane anisotropy we observed the disappearance of IP anisotropy and transition to predominant 

OOP anisotropy for rough antidot sample, small increase of coercivity for polished antidot sample, 

and strong increase of coercivity for nanohills (barrier layer) geometry. For TbCo films with OOP 

magnetic anisotropy the strongest increase of coercivity was obtained for antidot patterned films 

(deposited on both polished and not polished substrates), whereas for nanohills geometry its value 
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remained almost equal to the reference film. The nanoscale curvature in both nanohills and rough 

antidot patterned films was shown to cause an inclined shape of the OOP hysteresis loops. Antidot 

patterning was shown to cause the reduced size of magnetic domains with fine fractal DWs. 

For GdCo system with perpendicular anisotropy we observed the effects of nanopatterning 

similar to those in TbCo films with OOP anisotropy. Due to the simpler character of magnetic 

anisotropy we decided to use GdCo as a basic system in the next chapter. To get an additional 

information on processes of magnetization reversal with changing of the angle between the applied 

magnetic field and OOP direction, we measured and analyzed angular dependencies of coercivity 

for the continuous and antidot patterned films. For both TbCo and GdCo antidot patterned films 

we observed OOP hysteresis loops with two-phase magnetization reversal, which may indicate the 

presence of an additional magnetically soft phase or nonuniform distribution of magnetic 

anisotropy axes throughout the patterned film. 

Finally, we tested the possibility to obtain exchange bias in antidot patterned TbCo/FeNi 

bilayers with OOP anisotropy in TbCo layer. Unfortunately, we were not able to observe the shift 

of the FeNi hysteresis loop on the macroscale level but could see shifted minor hysteresis loops 

by measuring magnetooptical response locally. The possible reasons could be locally reduced or 

altered anisotropy of TbCo and overall insufficient magnetic stiffness of the discontinuous 

ferrimagnetic layer. 
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5. NANOPATTERNED TbCo AND GdCo FILMS 

 

In this chapter we present the results of micromagnetic simulation of magnetization 

processes and hysteresis properties for patterned thin films having different geometrical features. 

First of all, flat antidot geometry has been considered with variable lattice average interpore 

distance and pores diameter. In this case both ideal and defected lattices were considered. 

Secondly, we considered the effect of geometrical features e.g. wave-like pattern mimicking films 

deposited onto the barrier layer of anodic alumina substrate. Finally, we studied the effect of 

geometrical features of magnetic material surrounding the holes to address the partial penetration 

of the sputtered material inside the pores. As a base magnetic material GdCo was mostly used due 

to its strong out-of-plane anisotropy with no in-plane field-induced component. 

For micromagnetic simulation we used two specialized and freely available packages: 

OOMMF and mumax3. The first one is considered to be more stable and reliable, while the second 

one offers simpler scripting and fasted calculations performed on a GPU (graphical processing 

unit). Both packages have specific advantages and limitations and were proved to give a similar 

result if used correctly, so in this work we used the most convenient software depending on the 

task. 

5.1 Flat antidot patterned films with uniaxial perpendicular anisotropy 

Let us start with the simplest system: flat magnetic film with straight cylindrical holes 

ordered to a perfect hexagonal lattice. Material parameters were taken from the experimental data 

(saturation magnetization Ms = 150 G and perpendicular anisotropy constant 𝐾⊥ =3.5×105 

erg/cm3) and from literature (exchange constant A = 6.2×10-7 erg/cm [110, 111]). To brake the 

symmetry and avoid unwanted effects like unrealistic increase of coercivity, small misalignment 

(less than 1 degree) between the direction of magnetic field and magnetic anisotropy axis was 

introduced. Randomly distributed point defects (5 % of the film’s volume) having reduced 

magnetization were included in the model to mimic nucleation sites of magnetization reversal 

phase in real samples and add nucleation centers (image in Figure 5.1). As the simulation area was 

relatively small (varying from 400 × 400 nm to 1.5 × 1.5 µm), periodic boundary conditions were 

used to account for the large real sample’s area and to avoid the significant shape anisotropy 

contribution. 

In the simplest case of pure perpendicular anisotropy, out-of-plane hysteresis loops of the 

flat antidot patterned film with perfect holes ordering as well as the reference continuous film 

(coercivity of the uninterrupted film is equal to the anisotropy field 𝐻𝑐 =
2𝐾

𝑀𝑠
− 4𝜋𝑀𝑠) give us a 
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perfect rectangular shape (see Figure 5.1). The in-plane loops are almost linear and have almost 

zero hysteresis. The nonlinear part of the in-plane loop accompanied by a small hysteresis appears 

due to the energy barrier resulting from the reconfiguration of the domain structure and should not 

be considered as a meaningful result. 

 

 

Figure 5.1 Simulated out-of-plane hysteresis loop obtained for a flat antidot geometry shown on the 

right-hand side. Blue and white dots on the image indicates intentionally introduced point defects with 

random values of magnetization (reduced comparing to the rest of material). The number of defects was 

fixed at 5 % of the total number of cells. 

 

Despite simplicity of the flat antidot lattice, it is possible to reproduce the increase of 

coercivity due to the higher density of the pinning centers. In the Figure 5.2 The calculated two-

dimensional diagram showing the dependence of coercivity Hc on the interpore distance and the 

pores diameter. The film’s thickness was fixed at 30 nm, the cell size was 2×2×2 nm, Ms = 150 G, 

A = 6.2×10-7 erg/cm, 𝐾⊥ = 3×105 erg/cm3. The simulation result is in good qualitative agreement 

with our own experimental data as well as literature [77]. A region of maximal values of Hc, which 

is almost two times the Hc of a continuous film, corresponds to the antidot lattice with the 

maximum density and smallest diameters of the holes. As expected, the most significant increase 

is obtained for the holes size comparable to the estimated domain wall width 𝛿 ≈ 𝜋√
𝐴

𝐾𝑢
= 30 nm. 

The dependence of coercivity on the ratio between the interpore distance and the pore 

diameter along with typical micromagnetic configurations obtained near coercivity is shown in 

Figure 5.3. The images are in satisfactory agreement with experimentally obtained results obtained 
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for GdCo system (see Figure 4.5). For bigger simulation area, antidot lattices having large 

distance/diameter ratio typically have numerous nucleation centers with irregular DWs, whereas 

lattices with small distance/diameter ratio demonstrate large domains with longer and well-defined 

DWs propagating through the film and pinning at the holes. 

 

 

Figure 5.2 Two-dimensional diagram showing the dependence of the reduced coercivity (divided 

by the coercivity of the continuous film) of flat antidot-patterned films on the interpore distance and pore 

diameter (colored legend is shown on the right). The hatched region corresponds to the “islands” regime. 
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.  

Figure 5.3 Dependence of the reduced coercivity on the ratio of the interpore distance and the 

diameter (ratio exceeding 2 corresponds to the separated islands of magnetic material). In the inset a 

schematic representation of the top view of antidot patterned film (upper images) as well as typical 

domain structures near coercivity (bottom images) are shown for small and large holes regimes. 

 

Although defects in the antidot lattice were considered as one of the possible reasons for 

the increased coercivity [80, 81], in our case of a relatively large quality factor and flat film 

geometry we did not observe a noticeable difference between antidot lattices with perfect 

alignment and a lattice with artificially introduced misalignment. The “grain boundary” can be a 

nucleation center of the reversal magnetization phase and can act a pinning center for a DW, but 

for our material parameters the shape of the out-of-plane hysteresis loop remains perfectly 

rectangular. As for the in-plane anisotropy component introduced by the antidot lattice, the energy 

difference was negligible and could not affect the simulated anisotropy field or coercivity. 

 

5.2 Flat antidot patterned films with normal distribution of unidirectional anisotropy 

 

Although the simplest case of flat antidot geometry can be used to reproduce some 

experimental results rather well, it gives rectangular hysteresis loops for relatively thin films 

(simulations were performed for thicknesses of 5 to 40 nm) and cannot account for more complex 

magnetization processes. In particular, the simulated angular dependence of coercivity between 

out-of-plane and in-plane directions is nearly identical to the one obtained for macrospin 
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approximation (see Figure 4.7), which indicates clearly the inadequate magnetization reversal 

model. 

Another problem that should be accounted for is the possible tilt of the easy magnetization 

easy axis to the in-plane direction, which is typical for TbCo system (field-induced in-plane 

anisotropy) and may be present in GdCo films (e.g. isotropic in-plane anisotropy contribution). 

The dispersion of easy magnetization axes can be implemented relatively easily by setting a normal 

distribution of EA in the volume of the film. Here we used Box–Muller transformation method, 

which allowed us to obtain a random variable 𝑍 with standard normal distribution by using two 

uniform distributions 𝑅1 and 𝑅2 on the unit interval (0,1): 

𝑍 = √−2ln(𝑅1) cos(2𝜋𝑅2) ( 15 ) 

The obtained variable 𝑍 with normal distribution was used to set a polar angle of EA for 

each element of the model system. Figure 5.4 (a) shows an example of distribution of the angles 

between the out-of-plane axis (OZ) and easy magnetization axes of individual elemental cells 

corresponding to the average deviation angle of 20 degrees. Examples of out-of-plane hysteresis 

loops shown in Figure 5.4 (b) indicate the evolution of the loop’s shape and the overall character 

of anisotropy. The increase of the average angle of EA deviation from out-of-plane direction leads 

to the decrease of coercivity, but the loop’s shape changes significantly (due to the transition from 

the PMA to in-plane anisotropy) only around 40 degrees. As expected, further increase of the 

average angle only increases anisotropy field. 

 

 

Figure 5.4 (a) Dependence of the number of cells on the angle of deviation of easy magnetization 

axis (EA) relative to the OZ direction. The number of cells extracted from an actual distribution is 

indicated as dots, the continuous line is a fit using the Gaussian (standard normal) distribution. (b) Out-of-

plane hysteresis loops simulated for different average tilt angles. 
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If the cone of EA distribution is extended along a selected in-plane axis, in-plane magnetic 

anisotropy component can be implemented. In Figure 5.5 simulated hysteresis loops of different 

magnetization components are shown for isotropic (no in-plane anisotropy) and anisotropic (in-

plane anisotropy set along the OX axis) cases with the EA distribution along the OZ axis cone. As 

one can see, such method can be used to simulate smooth transition near the anisotropy field of 

the in-plane loop (and to add loop’s opening for in-plane easy magnetization axis) as well as to 

obtain an inclined out-of-plane loop. 

 

 

Figure 5.5 Hysteresis loops simulated for antidot patterned film (d = 105 nm, D = 30 nm, thickness 

= 30 nm) with different orientation of the external field (direction of magnetic field is indicated by the 

colored letter “H”: in-plane OX – red, in-plane OY – purple, out-of-plane OZ – blue; the magnetization 

component is indicated by the loop’s color accordingly) with local magnetic anisotropy axes distributed 

according to the Gaussian distribution with the mean value of 20 degrees relative to OZ axis (upper row). 

In the bottom row identical hysteresis loops obtained for the antidot patterned film with added in-plane 

anisotropy along the OX axis are shown. 

 

The normal distribution of easy magnetization axis influences the out-of-plane angular 

dependencies of hysteresis properties, thus allowing for Hc(θ) different from the one obtained in 

the coherent rotation mode. In Figure 5.6 (a) a series of hysteresis loop simulated for a similar 

antidot film having an average tilt of local EA set to 20 degrees and magnetic field applied at 

different angles relative to the out-of-plane direction. The extracted angular dependence of 

coercivity shown in Figure 5.6 (b) retains a shape similar to the coherent rotation mode but gets 
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closer to the data point measured for an actual GdCo sample. The plateau observed for 

experimental Hc(θ) dependence at smaller angles still cannot be reproduced in this simple model, 

which let us conclude that further modification of the modelled system should be considered. 

 

 

Figure 5.6 (a) Hysteresis loops simulated for antidot patterned film (d = 105 nm, D = 38 nm, thickness 

= 30 nm) having normal distribution of local magnetic anisotropy axes distributed according to the Gaussian 

distribution with the mean value of 20 degrees relative to out-of-plane direction with external magnetic 

field applied at different angles θ (see the inset). (b) Angular dependencies of coercivity extracted from 

hysteresis loops shown in (a) (red line and dots), obtained in the coherent rotation mode (purple dashed 

line), and measured experimentally on Ta(5nm)/GdCo(30nm)/Ta(5nm) antidot film (blue line and dots). 

 

5.3 Antidot patterned films with nonuniform magnetic properties 

 

According to the SEM data obtained on both TbCo and GdCo antidot films, the sputtered 

magnetic material penetrates partially inside the pores (especially large ones), so the magnetic 

properties and magnetic anisotropy of the film should be different depending on the distance to 

the hole. Influence of the penetration depth of magnetic material and the inner surface can be 

accounted by adding ring-shaped areas with different magnetic properties to flat film geometry 

(small penetration depth) or prolonged cylindrical elements inserted into the pores (significant 

penetration). Here we considered both geometries of both types and calculated hysteresis loops as 

well as angular dependencies. 

In Figure 5.7 (a), hysteresis loops simulated for flat antidot geometry having near-pore 

regions with weak in-plane anisotropy (𝐾𝑟𝑖𝑛𝑔𝑠 = 𝐾⊥/10) are shown. Unlike in previous case of 

the uniform EA tilt in the entire film, here we observe a two-stage magnetization reversal due to 
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the presence of magnetically soft phase. The comparison of angular dependencies simulated for 

zero anisotropy constant (𝐾𝑟𝑖𝑛𝑔𝑠 = 0) and small in-plane anisotropy in ring-shaped regions (Figure 

5.7 (b)) with experimental data measured on GdCo antidot patterned film show a good agreement, 

especially for 𝐾𝑟𝑖𝑛𝑔𝑠 = 0. The fitting can be further improved by choosing a more appropriate 

geometrical parameters and exchange constant of the material. 

 

 

Figure 5.7 Hysteresis loops simulated for flat antidot patterned film (d = 105 nm, D = 75 nm, 

thickness = 30 nm) having additional ring-shaped elements surrounding holes (thickness of the rings 

walls was set to 10 nm) with in-plane magnetic anisotropy constant set to 𝐾𝑟𝑖𝑛𝑔𝑠 = 𝐾⊥/10 with external 

magnetic field applied at different angles. (b) Angular dependencies of coercivity extracted from 

hysteresis loops shown in (a) (yellow line and dots), on the same geometry and 𝐾𝑟𝑖𝑛𝑔𝑠 = 0 (orange line 

and dots) and measured experimentally on Ta(5nm)/GdCo(30nm)/Ta(5nm) antidot film (red line and 

dots). 

 

Finally, prolonged cylinder-shaped regions surrounding the pores were added into the flat 

geometry. Several options for magnetic properties of the cylinder material were considered: in-

plane magnetic anisotropy with 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 𝐾⊥, in-plane magnetic anisotropy with reduced in-

plane anisotropy, cylinders having reduced in-plane anisotropy and magnetization, and cylinders 

having random anisotropy. In Figure 5.8, a schematic representation of various modifications 

along with corresponding out-of-plane hysteresis loops are shown. The large in-plane anisotropy 

comparable to the perpendicular anisotropy of the flat part leads to unrealistically high coercivity 

and is not presented here. The random anisotropy case gives almost rectangular shape of out-of-

plane loop and overall magnetization reversal in some way similar to the uniform tilted anisotropy 

case (Figure 5.6). 
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Figure 5.8 Side view of the modified antidot patterned film geometry having additional cylindrical 

elements with magnetic properties different from the rest of magnetic film (left side) and corresponding 

out-of-plane hysteresis loops (right side). Top to bottom: in-plane anisotropy with 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 𝐾⊥/10, in-

plane anisotropy with reduced 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 and magnetization, and the cylinders with random anisotropy. 

 

A more realistic result (similar to experimental loops and overall coercivity level) can be 

obtained by a combination of optimized geometrical features (variable parameters are shown by 

arrows in Figure 5.8) and reduced in-plane anisotropy (𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 𝐾⊥/10). In Figure 5.9 (a), 

hysteresis loops simulated for external magnetic field applied at different angles relative to the 

OOP direction are shown for the optimized geometry (d = 105 nm, D = 75 nm, film’s thickness = 

30 nm, length of the cylinders = 60 nm, thickness of the walls = 10 nm). In this case loops simulated 

for smaller angles have even more pronounced double two-stage magnetization reversal, which in 

some way reproduces experimental data obtained for GdCo and TbCo antidot patterned films (see 

Figure 4.7 and Figure 4.12). The exact shape of the low-field slope depends on the parameters of 
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the material as well as the geometry and can be tailored to achieve better agreement (the exact 

parameters of geometrical features can be taken from actual SEM or TEM data). 

Simulated angular dependencies of coercivity can be used as an additional fitting parameter 

for tailoring the simulation model. In Figure 5.9 (b) three typical examples are shown, which 

correspond to the same 60 nm length of cylinders, but different anisotropy constant 

(𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 𝐾⊥/10 or 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 0) and thickness of the cylinders walls. The best agreement 

with experimental dependence is achieved with reduced in-plane anisotropy and 10 nm walls. The 

two-step curve could be achieved by further complicating the geometry e.g. by splitting the 

cylinder into parts with different material properties or adding ring-shaper areas. As one can see, 

a similar result can be achieved with simpler flat-film geometry with ring-shaped area with 

modified magnetic properties surrounding the holes. 

 

 

Figure 5.9 Hysteresis loops simulated for antidot patterned film (d = 105 nm, D = 75 nm, thickness 

= 30 nm) having additional cylindrical elements surrounding holes (length was set to 60 nm, thickness of 

the walls was set to 10 nm) with in-plane magnetic anisotropy constant set to 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 𝐾⊥/10 with 

external magnetic field applied at different angles. (b) Angular dependencies of coercivity extracted from 

hysteresis loops shown in (a) (blue dashed line), on the same geometry and 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 0 (yellow 

dashed line), for a geometry having cylinders with 7 nm walls and 𝐾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 = 𝐾⊥/10 (black dashed 

line), and measured experimentally on Ta(5nm)/GdCo(30nm)/Ta(5nm) antidot film (red line and dots). 

 

A more complex geometries mimicking films deposited onto a rough porous alumina 

substrate and a barrier layer were also considered. For the first one we used an experimental AFM 

image as a starting point to induce some nanoscale curvature expected for a relatively thick film 

(in our case a typical total thickness of Ta/RE-Co/Ta films was around 40 nm). For the rough 

antidot patterned film case for approximation of the measured AFM image we used a standard 
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paraboloid equation 𝑍 = 𝑎 + 𝑏[(𝑋 − 𝑋0)
2 + (𝑌 − 𝑌0)

2] to create six peaks surrounding each hole 

(see both experimental and reproduced images in ). Although the curvature radius of AFM tip is 

relatively big and comparable to the geometrical features, we decided to use this simplified shape 

without going into much details, because a more in-depth analysis of the geometry would require 

complex surface reconstruction techniques or the use of more advanced experimental methods like 

transmission electron microscopy. Here we do not study how magnetization reversal and magnetic 

domain structure are transformed for films with different quality factors Q and limit the discussion 

by only films with relatively high Q ≈ 4. To use the shown image for making the actual three-

dimensional geometry in OOMMF micromagnetic software, we used two images automatically 

created by Python or MATLAB scripts, so the magnetic material filled the distance between the 

upper and lower parts. The nanohills geometry was simulated in a similar manner and consisted 

only from the paraboloid surfaces packed into the hexagonal lattice. For simulation we used the 

following material parameters corresponding to the TbCo film: A = 6.2×10-7 erg/cm, Ms = 150 G, 

𝐾⊥ = 0.6×106 erg/cm3, the unit cell was set to 2×2×2 nm. 

 

AFM image Simulated image

 

Figure 5.10 AFM image obtained for antidot patterned film deposited onto the rough (not polished) 

porous anodic alumina substrate (image on the left-hand side) and an image simulated by using the 

paraboloid equation to reproduce the six peaks surrounding each pore (image on the right-hand side). 

Lighter regions correspond to greater height, darker regions – to the deeper part. 

 

In Figure 5.11 examples of simulated IP and OOP hysteresis loops as well as a typical 

domain structure appearing during magnetization reversal are shown for both types of geometry. 

As one can see, the shapes of the hysteresis loops are almost rectangular and do not differ 

significantly from the results obtained on a simple flat geometry considered earlier. As can be seen 
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from the images of micromagnetic structures, in both cases the DW prefers to lie between the 

defects or minimize its energy by going through the holes indicating some enhancement of the 

pinning energy comparing to the flat film. Due to the high Q and out-of-plane magnetic anisotropy 

such effects do not have noticeable effect on the hysteresis properties, but they may become 

important for a more realistic parameters and distribution of magnetic properties through the 

sample. 

 

 

Figure 5.11 Out-of-plane (blue dots and lines) and in-plane (red dots and lines) hysteresis loops 

simulated for nanohills geometry (a) and rough antidot film geometry (c). Corresponding micromagnetic 

configurations at magnetization reversal field are shown in (b) and (d). 

A more complicated distribution of local easy magnetization anisotropy axes, e.g. 

perpendicular to the surface at each point was considered for the nanohills geometry. The shapes 

of hysteresis loops do not change significantly for realistic curvature parameters (taken from the 

AFM data), but more stable micromagnetic configurations are formed in paraboloid regions, which 

can act as more rigid pinning centers. Such contribution could be especially noticeable for lower 

Q films. 
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Summary of Chapter 5 

 

In this chapter we used micromagnetic modelling to simulate the experimentally observed 

variations of magnetic properties in nanopatterned GdCo and TbCo films. The increase of 

coercivity in antidot lattices for both increased pores density and decreaseв diameter was 

reproduced even for a simplest flat antidot geometry. As a result, a two-dimensional diagram 

showing the coercivity value depending on the pores diameter and the interpore distance was 

plotted. Angular dependencies of coercivity obtained for flat antidot geometry and uniaxial out-

of-plane anisotropy were almost identical to those calculated in the framework of Stoner-

Wohlfarth model, which did not allow us to reproduce the experimental data obtained for GdCo 

system. 

An in-plane anisotropy component typical for TbCo films was introduced by adding a 

normal distribution of easy magnetization axes relative to the out-of-plane direction. Unlike 

experimental data on real samples, hysteresis loops simulated for antidot patterned films retained 

the in-plane anisotropy, which implies a more complex mechanism of magnetic anisotropy 

formation than the effect of the nanohole array. Possible options could be a specific magnetization 

(and easy magnetization axis) distribution during the deposition or complex geometry of antidot 

patterned film with nanoscale curvature, which can alter the local distribution of easy 

magnetization axis in a specific way. Angular dependencies of coercivity were different comparing 

to case of uniaxial anisotropy but retained the same shape and could not describe adequately the 

experimental results. 

Several types of local distribution of magnetic properties around the holes were considered, 

including tilt of the easy anisotropy axis and modified local anisotropy constant. Such modification 

allowed us to obtain hysteresis loops having two-stage magnetization reversal similar to those 

measured experimentally on both TbCo and GdCo films. The simulated angular dependencies of 

coercivity reproduced experimental results rather well with a possibility for further improvement 

by choosing more adequate material parameters. Similar results were obtained on further modified 

geometry with prolonged cylindrical elements surrounding each pore. The introduction of 

nanoscale curvature with realistic geometrical parameters resulted in hysteresis loops similar to 

those obtained for the flat geometry due to the high quality factor Q of the host material. 
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CONCLUSION 

 

Conclusions of this work can be summarized as follows. 

1. Samples preparation. Porous anodic alumina substrates were prepared using a standard 

procedure at elevated temperatures in order to simplify and to speed up the process. 

The proposed mechanical polishing procedure was shown to be more effective than ion 

milling for reducing the natural roughness of the porous surface of anodic alumina, 

while being significantly more time and cost efficient. 

2. Surface characterization. The morphology of metallic films deposited on top of anodic 

alumina was studied by AFM and SEM. Polishing of the surface was shown to remove 

completely the six distinct peaks surrounding each pore on the untreated surface. For 

pores of large diameter, a significantly thicker layer of material was detected on the 

inner side of the pore comparing to the holes of smaller diameter. 

3. Continuous LaCo, GdCo, and TbCo films. For amorphous films with the La 

concentration between 0 and 50 at. % low-temperature hysteresis loops were used to 

obtain a dependence of an average atomic magnetic moment of Co on La concentration. 

Assuming the same effect of La, Gd, and Tb surrounding on the average atomic 

magnetic moment of Co, the dependencies of the average Gd and Tb magnetic 

moments on their concentration were obtained. As expected, for GdCo the obtained 

magnetic moment per Gd atom was almost equal to the one corresponding to the free 

Gd atom. For TbCo films synthesized at different technological conditions we obtained 

two dependencies showing the decrease of the average magnetic moment per Tb atom 

with its concentration at different rates. Strong single-ion anisotropy of Tb combined 

with anisotropic surrounding of Tb atoms can be suggested as the main contribution to 

the resulting anisotropy of TbCo film. By varying sputtering conditions, we 

demonstrated the possibility to synthesize amorphous TbCo films having the same 

composition (around Tb27Co73), but different effective anisotropy: in-plane or out-of-

plane. 

4. FeNi/TbCo bilayers with unidirectional anisotropy. Magnetization reversal processes 

in the bilayers having in-plane and out-of-plane anisotropy were studied. The measured 

exchange bias induced in FeNi layer was shown to be close to the value expected for 

the ideal interface. Hysteresis loops and angular dependencies of exchange bias 

measured for FeNi layer exchange coupled to the TbCo layer with in-plane anisotropy 
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were successfully reproduced using the exchange spring model. For the same bilayer, 

a possibility for tinning the exchange bias field by introducing an ultrathin Ti spacer 

was demonstrated. 

5. Nanopatterned GdCo and TbCo films. For TbCo films with in-plane anisotropy we 

observed the disappearance of in-plane anisotropy and transition to predominant 

perpendicular anisotropy for rough antidot sample, small increase of coercivity for 

polished antidot sample, and strong increase of coercivity for nanohills (barrier layer) 

geometry. For TbCo and GdCo films with perpendicular magnetic anisotropy the 

strongest increase of coercivity was obtained for antidot patterned films (deposited on 

both polished and not polished substrates), whereas for nanohills geometry its value 

remained almost equal to the reference film. The nanoscale curvature in both nanohills 

and rough antidot patterned films was shown to cause an inclined shape of the OOP 

hysteresis loops. Antidot patterning was shown to cause the reduced size of magnetic 

domains with fine fractal domain walls. As a source of additional information on the 

mechanism of magnetization reversal we used angular dependencies of coercivity 

(magnetic field applied in the plane perpendicular to the film’s surface), which were 

approximated using Stoner–Wohlfarth model, Kondorskiy model, and the fanning 

mode. For antidot patterned films with large diameter of the holes hysteresis loops with 

two-stage magnetization reversal were observed if a technique allowing to measure the 

total magnetic moment of sample is used. 

6. Nanopatterned FeNi TbCo films. The possibility to obtain exchange bias in antidot 

patterned TbCo/FeNi bilayers with perpendicular anisotropy in TbCo layer was tested. 

Shift of the integral FeNi hysteresis loop was not detected, but we observed shifted 

hysteresis loops by measuring magnetooptical response locally by Kerr microscopy. 

The possible reasons could be locally reduced or altered anisotropy of TbCo and overall 

insufficient magnetic stiffness of the discontinuous ferrimagnetic layer. 

7. Micromagnetic modelling of magnetization reversal in nanopatterned films with 

perpendicular magnetic anisotropy. The increase of coercivity in antidot lattices for 

both increased pores density and decreaseв diameter was reproduced even for a 

simplest flat antidot geometry. As a result, a two-dimensional diagram showing the 

coercivity value depending on the pores diameter and the interpore distance was 

constructed. An in-plane anisotropy component typical for TbCo films was introduced 

by adding a normal distribution of easy magnetization axes relative to the out-of-plane 

direction. Several types of local distribution of magnetic properties around the holes 
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were considered, including tilt of the easy anisotropy axis and modified local 

anisotropy constant. Such modification allowed us to obtain hysteresis loops having 

two-stage magnetization reversal similar to those measured experimentally. 

Introduction of nanoscale curvature with realistic geometrical parameters resulted in 

hysteresis loops similar to those obtained for the flat geometry due to the high quality 

factor Q of the host material. 



CONCLUSIONES 

Las conclusiones de este trabajo pueden resumirse como sigue: 

1. Preparación de muestras. Los sustratos de alúmina anódica porosa se prepararon utilizando 

un procedimiento estándar a temperaturas elevadas para simplificar y acelerar el proceso. El 

procedimiento de pulido mecánico propuesto demostró ser más eficaz que la molienda iónica 

para reducir la rugosidad natural de la superficie porosa de la alúmina anódica, a la vez que 

resultaba mucho más eficaz en cuanto a tiempo y coste.  

2. Caracterización de superficies. La morfología de las películas metálicas depositadas sobre 

alúmina anódica fue estudiada mediante AFM y SEM. Se demostró que el pulido de la 

superficie elimina completamente los seis picos distintos que rodean cada poro de la 

superficie no tratada. Para los poros de diámetro mayor, se detectó una capa de material 

significativamente más gruesa en la cara interna del poro en comparación con los orificios de 

menor diámetro.  

3. Películas continuas de LaCo, GdCo y TbCo. En el caso de las películas amorfas con una 

concentración de La entre 0 y 50 al %, se utilizaron ciclos de histéresis a baja temperatura 

para obtener una dependencia del momento magnético atómico promedio de Co con respecto 

a la concentración de La. Asumiendo el mismo efecto del La, Gd y Tb rodeando al momento 

magnético atómico promedio de Co, se obtuvieron las dependencias de los momentos 

magnéticos medios de Gd y Tb en función de su concentración. Como era de esperar, para 

GdCo el momento magnético obtenido por átomo de Gd era casi igual al correspondiente al 

átomo de Gd libre. Para las películas TbCo sintetizadas en diferentes condiciones 

tecnológicas se obtuvieron dos dependencias que muestran la disminución del momento 

magnético medio por átomo de Tb con su concentración a diferentes ritmos. La fuerte 

anisotropía de ión-único del Tb combinada con el entorno anisotrópico de los átomos de Tb 

es identificada como la principal contribución a la anisotropía resultante de la película de 

TbCo. Al variar las condiciones de la pulverización catódica (sputtering), demostramos la 

posibilidad de sintetizar películas amorfas de TbCo con la misma composición (alrededor de 

Tb27Co73), pero diferente anisotropía efectiva: en el plano o fuera del plano. 

4. Bicapas de FeNi/TbCo con anisotropía unidireccional. Se estudiaron los procesos de 

inversión de la imanación en las dos capas con anisotropía en el plano y fuera del plano. El 

exchange bias medido inducido en la capa de FeNi resultó ser cercano al valor esperado para 

la interfaz ideal. Bucles de histéresis y dependencias angulares del exchange bias medido 

para el la capa de FeNi acoplada a la capa de TbCo con anisotropía en el plano se reprodujeron 



con éxito utilizando el modelo de exchange spring. Para la misma bicapa, se demostró la 

posibilidad de estañar el campo de exchange bias introduciendo un espaciador de Ti ultrafino. 

5. Películas nanoestructuradas de GdCo y TbCo. Para las películas de TbCo con anisotropía 

en el plano, observamos la desaparición de la anisotropía en el plano y la transición a la 

anisotropía perpendicular predominante para la muestra de antidots en bruto, un pequeño 

aumento de la coercitividad para la muestra de antidots pulida y un fuerte aumento de la 

coercitividad para la geometría de nanohills (capa de barrera). Para las películas de TbCo y 

GdCo con anisotropía magnética perpendicular, el mayor aumento de la coercitividad se 

obtuvo para las películas con patrón antidot (depositadas sobre sustratos pulidos y no 

pulidos), mientras que para la geometría de nanohills su valor se mantuvo casi igual al de la 

película de referencia. Se demostró que la curvatura a nanoescala tanto en nanohills como en 

películas con patrones de antidots rugosos causa una forma inclinada de los ciclos de 

histéresis OOP. Se demostró que el patrón de antidots causa el tamaño reducido de los 

dominios magnéticos con paredes de dominio fractales finas. Como fuente de información 

adicional sobre el mecanismo de inversión de la imanación utilizamos dependencias 

angulares de coercitividad (campo magnético aplicado en el plano perpendicular a la 

superficie de la película), que se aproximaron utilizando el modelo de Stoner-Wohlfarth, el 

modelo de Kondorskiy y el modo de abanico. En el caso de las películas con patrón de 

antidots con gran diámetro de los orificios, se observaron ciclos de histéresis con inversión 

de la imanación en dos etapas si se utiliza una técnica que permita medir el momento 

magnético total de la muestra. 

6. Películas nanoestructuradas de FeNi TbCo. Se probó la posibilidad de obtener exchange 

bias en las bicapas de TbCo/FeNi con patrón de antidots con anisotropía perpendicular en la 

capa de TbCo. No se detectó el desplazamiento del bucle de histéresis integral de FeNi, pero 

observamos bucles de histéresis desplazados midiendo la respuesta magnetoóptica 

localmente mediante microscopía Kerr. Las posibles razones podrían ser la reducción o 

alteración local de la anisotropía de TbCo y una insuficiente dureza magnética global de la 

capa ferrimagnética discontinua. 

7. Modelización micromagnética de la inversión de la imanación en películas 

nanoestructuradas con anisotropía magnética perpendicular. El aumento de la coercitividad 

en las redes de antidots, tanto para el aumento de la densidad de los poros como para el 

diámetro de los mismos, fue reproducido incluso para una geometría de antidots planos más 

simple. Como resultado, se construyó un diagrama bidimensional que muestra el valor de 

coercitividad en función del diámetro de los poros y la distancia entre los poros. Se introdujo 



un componente de anisotropía en el plano típico de las películas de TbCo al añadir una 

distribución normal de ejes de fácil imanación en relación con la dirección fuera del plano. 

Se consideraron varios tipos de distribución local de las propiedades magnéticas alrededor de 

los agujeros incluyendo la inclinación del eje de anisotropía fácil y la constante de anisotropía 

local modificada. Esta modificación nos permitió obtener ciclos de histéresis con una 

inversión de la imanación de dos etapas similar a la medida experimentalmente. La 

introducción de la curvatura a nanoescala con parámetros geométricos realistas dio como 

resultado bucles de histéresis similares a los obtenidos para la geometría plana debido al alto 

factor de calidad Q del material huésped. 
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1. Kulesh N., Balymov K., Adanakova O., Kudukov E., Vas'Kovskiy V., Sorokin A. 

Magnetic and magnetoresistive properties of Fe10Ni90/Tb–Co films with modified 

interlayer interface // JMMM 415, 57-60 (2016) 

2. Kulesh N.A., Balymov K.G., Adanakova O.A., and Vas’kovskiy V.O. Temperature 

Stability of Exchange Bias Field and Magnetoresistance of Fe20Ni80 Layer in Fe20Ni80/Tb–

Co Films // IEEE Trans. Magn. 51(11), 4800204 (2015) 

3. Milyaev M.A., Naumova L.I., Chernyshova T.A., Proglyado V.V., Kulesh N.A., Patrakov 

E.I., Kamenskii I.Yu., and Ustinov V.V. Spin-Flop States in a Synthetic Antiferromagnet 

and Variations of Unidirectional Anisotropy in FeMn-Based Spin Valves // The Physics of 

Metals and Metallography 117(12), 1179-1184 (2016) 

4. Balymov K.G., Kudyukov E.V., Lepalovskij V.N.,Kulesh N.A., and Vas’kovskiy V.O. 

Using Magnetoresistive Films with Unidirectional Anisotropy to Register Elastic 

Deformations // Russian Journal of Nondestructive Testing 53(7), 514-519 (2017) 

5. Kulesh N.A., Vázquez M., Lepalovskij V.N. and Vas’kovskiy V.O. Antidot patterned 

single and bilayer thin films based on ferrimagnetic Tb–Co alloy with perpendicular 

magnetic anisotropy // Nanotechnology 29, 065301 (2018) 

6. Grinina Z.V., Kulesh N.A., Bolyachkin A.S., Lepalovskij V.N., and Vas’kovskiy V.O. 
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Nanoparticles for magnetic biosensing systems // JMMM 431, 249-254 (2017) 

2. Vas'kovskiy V.O., Moskalev M.E., Lepalovskij V.N., Svalov A.V., Larranaga A., 

Balymov K.G., Kulesh N.A. Crystal structure and exchange bias of Ni-Mn-based films // 

J. Alloy Compd. 777, 264-270 (2019) 

3. Vas’kovskiy V.O., Gorkovenko A.N., Kulesh N.A., and Panchenko P.A. Characteristic 

Features of Reverse Magnetization inside a Pinned Bistructured Layer in FeMn/FeNi Films 

// Bull Russ Acad Sci Phys 83(7), 857-859 (2019) 
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