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Abstract 
 
In the frame of this work several theses have been formulated concerning size effects in magnetic 

nanocrystalline systems and thin layers. Key questions are: the evidence and role of grain-matrix interface region 

in nanocrystalline alloys and complex thermomagnetic behaviour of these materials (including ribbons and 

powders), the influence of the surface roughness on effective magnetostriction and electrical conductivity of thin 

films, structural ordering peculiarities and magnetic anisotropy as a consequence of 2D character of films 

growth, relationship of hyperfine parameters for thin films and nanograins surface. In order to consider these 

problems specific experimental methods have been utilized – e.g. Mössbauer spectrometry (transmission and 

CEMS), magnetooptical measurements (MOKE) and magnetostriction studies. Developed theoretical models are 

helpful in the understanding of the nature of the observed phenomena and they are based both on numerical and 

symbolical calculations. Main conclusions of this work are following: nanocrystallite interface region can be 

seen with Mössbauer spectrometry at elevated temperatures even for complex structured grains (however 

corresponding hyperfine field distribution can be modelled only qualitatively), superferromagnetic grain-grain 

interactions are responsible for peculiarities of thermomagnetic curves in nanocrystalline materials, surface 

roughness modifies significantly a magnetostriction and electrical resistivity of thin films, milling process is a 

source of effects connected with size and boundaries of grains, nanocrystalline alloys sputtered (or evaporated) 

onto the substrate reveal magnetic anisotropy which is thickness and content dependent. Obtained results have 

mainly basic, cognitive value, however they point to the possible applications of the investigated materials in the 

field of nanotechnology, micromechanics and spintronics.  

 
V rámci predloženej práce boli formulované viaceré tézy, týkajúce sa efektu veľkosti v nanokryńtalických 

systémoch a tenkých vrstvách. Kľúčové otázky sú: prítomnosť a úloha oblastí rozhrania kryńtalickej matrice v 

nanokryńtalických zliatinách a komplexné termomagnetické správanie takýchto materiálov (vrátane pások a 

práńkov), vplyv drsnosti povrchu na efektívnu magnetostrikciu a elektrická vodivosť tenkých vrstiev, osobitosti 

ńtruktúrneho  usporiadania a magnetickú anizotropiu v dôsledku 2D charakteru rastu vrstiev, vzťah 

hyperjemných parametrov tenkých vrstiev a nanozŕn povrchu. Na posúdenie týchto problémov boli použité 

ńpecifické experimentálne metódy, napr. Mössbauerova spektrometria (v transmisnom usporiadaní a CEMS), 

magnetooptické merania (MOKE) a skúmanie magnetostrikcie. Vyvinuté teoretické modely sú užitočné pri 

chápaní povahy pozorovaných javov a sú založené tak ako na numerických aj na symbolických výpočtoch. 

Hlavné závery tejto práce sú nasledujúce: oblasti nanokryńtalického rozhrania môžu byť videné pomocou 

Mössbauerovej spektrometrie pri zvýńených teplotách dokonca aj u komplexne ńtrukturovaných zŕn (aj keď 

zodpovedajúce hyperjemné polia môžu byť modelované iba kvalitatívne) superparamagnetické medzizrnové 

interakcie, povrchové drsnosti výrazne modifikujú magnetostrikciu a elektrickú rezistivitu tenkých vrstiev, 

proces mletia je zdroj efektov spojených s efektom veľkosti a vplyvu hraníc zŕn, nanokryńtalické zliatiny 

naprańované (alebo naparované) na podložku vykazujú magnetickú anizotropiu, ktorá závisí od hrúbky a 

zloženia. Získané výsledky majú prevažne základnú, poznávaciu hodnotu, ale taktiež poukazujú na možné 

aplikácie ńtudovaných materiálov v oblasti nanotechnológie, mikromechaniky a spintronike. 

 
W ramach niniejszej pracy zostało sformułowanych kilka tez dotyczących efektów rozmiarowych w układach 

nanokrystalicznych i cienkich warstwach. Zasadnicze kwestie to: weryfikacja istnienia i określenie roli warstwy 

interfejsowej ziarno-matryca w stopach nanonokrystalicznych oraz złożoność termomagnetycznych właściwości 

tych materiałów (zarówno w postaci taśm, jak i proszków), wpływ nierówności powierzchni na efektywną 

magnetostrykcję i przewodnictwo elektryczne cienkich warstw, osobliwości uporządkowania strukturalnego i 

anizotropii magnetycznej jako konsekwencja dwuwymiarowego charakteru wzrostu warstw, związek między 

parametrami nadsubtelnymi cienkich warstw i powierzchni ziaren. Do zbadania wymienionych zagadnień użyto 

specyficzne metody eksperymentalne, m.in. spektroskopię mössbauerowską (transmisyjną i CEMS), pomiary 

magnetooptyczne (MOKE) i magnetostrykcyjne. Opracowane modele teoretyczne (oparte zarówno na 

obliczaniach numerycznych jak i symbolicznych) okazały się pomocne w zrozumieniu natury obserwowanych 

efektów. Główne konkluzje pracy są następujące: obszar interfejsowy nanokrystalitu może być obserwowany 

przy użyciu spektroskopii mössbauerowskiej w podwyższonych temperaturach – nawet w przypadku ziaren o 

złożonej strukturze (jednakże teoretyczny model rozkładu pola nadsubtelnego dla tego obszaru miał charakter 

jedynie jakościowy), międzyziarnowe oddziaływania superferromagnetyczne są odpowiedzialne za osobliwości 

krzywych termomagnetycznych w materiałach nanokrystalicznych, nierówności powierzchni znacząco 

modyfikują magnetostrykcję i oporność elektryczną cienkich warstw, proces mielenia jest źródłem efektów 

związanych z granicami ziaren, stopy nanokrystaliczne rozpylone (lub naparowane) na podłoże wykazują 

anizotropię magnetyczną zależną od grubości warstwy i składu. Uzyskane wyniki mają głownie znaczenie 

poznawcze ze względu na podstawowy charakter badań, jednakże wskazują na możliwe zastosowania badanych 

materiałów w dziedzinie nanotechnologii, mikromechaniki i spintroniki. 
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1. Motivation 
 

The family of novel soft magnetic materials called FINEMET is known for very high 

effective permeability, high saturation magnetization, small magnetostriction and coercivity 

[4]{1-6}
1
. A number of specific properties – both magnetic and mechanical – of nanocrys-

talline alloys based on Fe are a consequence of their complex structure. Among them, so 

called FINEMET-type and NANOPERM systems distinguish themselves by soft magnetic 

behavior [1]{3,6,7}. Materials constituted of iron-metalloid based alloys (70-80 at%) with 

addition of Cu and Nb – in order to modify grain growth – belong to the former group. The 

most popular method of producing the amorphous alloys is melt spinning. In this method a 

hot melt of chosen composition is spilled on the surface of rotating copper drum which is 

cooled with liquid nitrogen. The process can be carried out in air or under protective argon 

atmosphere. The melt congeals in the form of 20-30 μm thick ribbon. The cooling rate that 

can be achieved in this method is of order 10
7 
K/s. Nanocrystalline FINEMET-type alloys are 

produced by controlled annealing of amorphous ribbons, which results in precipitation of 

crystalline grains from disordered matrix. Such an ultrafine structure is produced by a proper 

heat treatment of a melt-spun precursor. The most common procedure is one hour isothermal 

annealing at temperature between 500 and 600 C. Material structure after nanocrystallization 
process contains Fe-Si nanocrystallites randomly dispersed in the amorphous matrix – 

resulting in excellent soft magnetic properties of the material. The alloy composition 

originally proposed by Yoshisawa at al. [4]{7} to obtain the nanocrystalline material was 

Fe73.5Nb3Cu1Si13.5B9. Since 1988, when FINEMET was discovered, various methods have 

been proposed in order to improve its magnetic and mechanical properties, e.g. modification 

of the heat treatment procedure (isochronal annealing [4]{8}, two-step annealing [4]{9}, flash 

annealing [4]{10}, nitriding [4]{11}) or changes of the alloy composition [4]{12-16}. 

Magnetic properties of nanocrystalline alloys strongly depend on amount of crystalline phase, 

shape and size of grains, structure and chemical content of both crystalline and amorphous 

regions, interactions between grains and a coupling between grains and the matrix. Beside of 

a pure crystalline phase inside grains and amorphous one, boundaries regions are important. 

They comprise atoms situated on the surface of grains and at its vicinity. Although number of 

researchers point to the role of these regions to magnetic properties of nanocrystalline alloys, 

it is not easy to evidence the surface and size effects experimentally, particularly in the case of 

FINEMET, because of complicated structure of grains in this material. High initial magnetic 

permeability and low coercivity are characteristic for nanocrystalline FINEMET ribbons. 

Excellent soft magnetic properties of these alloys are relevant to very small value of 

magnetostriction, which plays an important role on properties of systems with various 

coexisting phases distributed in regions of nanometers sizes, because of stresses involved by 

different atomic arrangement and, consequently, different density, thermal expansion and 

other real physical peculiarities. Thou nanocrystalline materials have already found wide 

applications (mostly as excellent lossless transformer cores, in microwaves inductors and 

security devices for goods monitoring in supermarkets) the physics of them is not entirely 

understood. Some questions are still open – especially connected with size effects resulting 

from the presence of nanograins and their surface. The interface region between grains and 

amorphous matrix is very difficult to evidence with X-ray diffraction. Mössbauer 

spectroscopy seems to be a very helpful technique for this purpose. It was successfully 

utilized by Grenèche and Ślawska-Waniewska [2]{1,2} for the identification of the interface 

phase in NANOPERM nanocrystalline alloy of simple structured grains. One of the challenge 

of present work was to evidence for the first time an interface layer in the case of 

                                                         
1
 Reference convention legend: a number in [ ] idicates one of 12 main papers of habilitation thesis (presented in 

section 5.) ; numbers in { } are the references within this article. 
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nanocrystalline FINEMET with grains of complex structure. Another not well explored 

problem is a very peculiar thermomagnetic behavior of nanocrystalline alloys in the vicinity 

of Curie temperature of amorphous matrix. Within present work a trial of modeling of these 

phenomena has been undertaken. Next interesting question concerns milling process of 

nanocrystalline alloys as a source of effects connected with size and boundaries of grains. It is 

important both from the basic, cognitive point of view and from the applicational one 

(because in practice nanocrystalline ribbons are comminuted and compacted). Present work 

addresses several issues related to spin relaxation and surface effects in such materials. 

Thin films of magnetostrictive materials with low saturation field (Hs), low coercivity 

(Hc) and significant saturation magnetostriction constant (s) have applications in magnetic 

microelectromechanical systems (MagMEMS) [5]{1-6} and – possibly – in spintronics. 

Fe-Ga alloys are of interest due to their superior magnetic and mechanical properties over 

other magnetostrictive materials (e.g. Terfenol-D and shape memory alloys). Extensive work 

has been reported on bulk single-crystal and polycrystalline Fe-Ga alloys by several groups 

[5]{7,8}. Bulk studies on Fe-Ga alloys have shown that the fundamental magnetostriction 

constants, 100 and 111, are very sensitive to the degree of DO3 order created during the alloy 

preparation [5]{9}. 100 increases with at.% Ga due to softening of the shear modulus and an 

increase in magnetoelastic coupling, while 111 only depends on the DO3 ordering. High 

values of 100 can be achieved by suppressing the order, and a step sign change in 111 may be 

avoided in the same way. Fe-Ga alloys fabricated into thin film form will usually be 

polycrystalline, and may often possess crystallographic texture. A high effective saturation 

magnetostriction constant, eff
, can be achieved in Fe-Ga films if the films are grown so as to 

avoid the formation of DO3 order, and by maintaining tight control over crystallographic 

texture. For many sensor applications a low anisotropy field is also required to minimize the 

device power budget. The choice of growth parameters in vacuum deposition is very 

important for control of a range of microstructural, and hence magnetic, properties. The rate at 

which the film is deposited, and the temperature of the substrate during growth, may both be 

set in such a way as to mimic the high cooling rates required in bulk materials [5]{7,8} in 

order to avoid the formation of DO3 order. A high deposition rate coupled with low (ambient) 

substrate temperature will not allow significant mobility of atoms on the substrate, and hence 

will reduce the chance of ordering in the film. McClure et al. [5]{10} have reported results on 

single-crystal Fe100-xGax (x = 0-36) films fabricated on a GaAs(001) substrate, with ZnSe(001) 

as a buffer layer, using molecular beam epitaxy (MBE). They studied the film quality and 

magnetic properties using reflection high-energy electron diffraction (RHEED) and vibrating 

sample magnetometry (VSM). They found that a change in sign of the cubic anisotropy 

constant K1 occurred due to a change in the easy axis from <100> for the 5% Ga film to 

<110> for the 28% Ga film. In other reported work, polycrystalline films were grown by 

sputtering from an Fe-Ga target of fixed composition. Although the magnetostrictive 

properties are perhaps the most significant properties of Fe-Ga alloys, most of the reported 

work on Fe-Ga thin films has not investigated their magnetostriction [5]{10-15}. Hattrick-

Simpers et al. [5]{16,17} fabricated 500-600 nm thick Fe-Ga films by co-sputtering an Fe 

target and an Fe2Ga3 target to achieve film compositions in the range of interest. They 

measured the effective saturation magnetostrictive constant using a cantilever deflection 

method. They used the approximation for a polycrystalline material to represent their 

magnetostriction data. Their measured values were lower than for a single-crystal for all Ga 

concentrations, as the samples were polycrystalline and there was an average over the 

ensemble. They observed that their data followed a similar double-peak trend to that seen in 

bulk Fe-Ga alloys. Basantkumar et al. [5]{18} studied the structural, magnetic and 

magnetostrictive properties of Fe-Ga films fabricated using the radiofrequency sputtering 

method, varying the sputter power, sputter time, gas flow rate, film thickness and Ga 
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composition. In order to achieve suitable film properties for applications, the dependence of 

microstructural and magnetic properties on processing conditions should be studied. From 

work on bulk single-crystal samples [5]{19,20} it is recognized that suppression of DO3 

order, and the primary phase being A2 rather than L12, are both essential to achieving high 

values of 100. Adopting a systematic approach and using a co-sputtering and evaporation 

technique, Fe-Ga thin films (20 nm - 200 nm thick) have been successfully grown (within 

present work) over a wide range of growth parameters. Conversion electron Mössbauer 

spectroscopy (CEMS) has been utilized in order to study both structural and magnetic 

properties of the films. Present work is focused mainly on thickness dependent effects (like 

structural variations, internal stress evolution, spin texture and magnetic anisotropy of the 

films). Another kind of thin layered systems considered in this work is FINEMET-like alloy 

deposited on a glass substrate as thin film and appropriately annealed. Expected properties of 

such material should be intermediate in relation to typical nanocrystalline alloys and classical 

thin layers. Special attention has been paid to the influence of chromium substitution on 

structure and some magnetic characteristics of FINEMET thin films. Properties of thin films 

can differ from the bulk material ones due to another preparation method and considerable 

fraction of surface regions. Crucial question is  the role of internal stress in rising of magnetic 

anisotropy in FINEMET(Cr) films. In order to investigate these effects both Mössbauer 

spectroscopy (CEMS) and magnetooptical measurements (MOKE) have been applied. Films 

of FINEMET substituted by Cr seem to be very important for applicational point of view – 

e.g. they can be used for fabrication of magnetic thin film inductors in high-frequency 

technique [7]{5}. Very interesting size-dependent property of ferromagnetic films is surface 

(effective) magnetostriction. A concept of surface magnetostriction is a natural consequence 

of Neel‟s idea of surface magnetic anisotropy [10]{1} evidenced experimentally by means of 

ferromagnetic resonance (FMR) [10]{2}. The surface magnetostriction was observed for the 

first time in multilayers by Szymczak [10]{3} with strain modulated ferromagnetic resonance 

technique (SMFMR). Changes of the effective magnetostriction constants with film thickness 

were attributed to varying ratio of the number of surface atoms to the total population of 

atoms in the material. First theoretical predictions of dipolar and electronic contributions to 

the surface magnetostriction of thin films were performed by Draaisma - de Jonge [10]{4}, 

Bruno [10]{5}, Szumiata [10]{6,12} and Żuberek [10]{7}. Non-epitaxial growth of metallic 

films creates surface roughness which should be taken into account while considering 

experimental magnetostriction data [10]{8,9}. Within present work a theoretical model of 

surface magnetostriction for rough thin films has been proposed. It considers both electronic 

and dipolar contribution to effective magnetostriction constant as well as dependence on 

roughness geometry. Another problem analyzed theoretically in this work was the influence 

of surface roughness on the electrical conductivity of thin films. The most of analytical size-

dependent models of electrical transport are based on very old  Fuchs and Sondheimer theory 

[11]{1,2} underestimating the resistivity for ultra thin layers due to not considering a surface 

roughness which is very common in the case of metallic thin films. A roughness can be 

responsible for the change of the effective film thickness and for the trapping of electrons. 

Thus, two new models has been proposed: one based on static averaging of electron mean free 

path over the whole rough structure, and second one – basing on dynamical simulations. The 

latter model was expected to predict the anisotropy of electrical resistivity. Though the model 
does not consider magnetism it could be useful in precise analysis of experimental data from 

GMR (giant magnetoresistance) and STT (spin transfer torque) measurements in magnetic 

multilayers. 
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2. General theses and questions 
 

1. Is it possible to evidence with Mössbauer measurements grains interface (surface) 

contribution in the case of nanocrystalline alloys possessing nanocrystallites of more complex 

structure (like in FINEMET) than in the NANOPERM? What is a thickness of the interface 

region? 

 

2. What kind of size effects are the result of milling process of amorphous FINEMET 

ribbons – studied by means of Mössbauer spectroscopy?  

 

3. Thermomagnetic curves peculiarities of nanocrystalline grains – especially slope drop 

beyond a Curie point of amorphous matrix (observed effectively with Mössbauer 

spectroscopy) – may be regarded as universal feature for nanocrystalline alloys.  

 

4. Fe-Ga alloys in 2D form of thin layers possibly have greater magnetostriction than in the 

case of bulk due to reduction of DO3 and L12 structural ordering and may be a good 

candidates for Mag-MEMS applications. Mössbauer (CEMS) experiments may detect some 

structural and magnetic size effects (e.g. thickness-dependent spine texture, magnetic 

anisotropy and internal stress) in Fe-Ga thin films.  

 

5. Thin films of chromium-doped FINEMET are expected to be the objects revealing  

complex magnetic anisotropy due to the influence of the substrate and internal stress. 

Magnetooptical (MOKE) experiments combined with Mössbauer (CEMS) measurements may 

be very helpful in detecting these phenomena, typical for 2D thin layered systems.  

 

6. Superferromagnetic intergrain interactions are presumably crucial for proper theoretical 

modelling of nanocrystalline grains thermomagnetic behaviour in the vicinity of Curie point 

of amorphous matrix in two-phase nanocrystalline alloys. Phenomenological description in 

the case of these complex systems possibly demands an effective exchange integral for 

nanocrystallites depending on mean spin value of the amorphous phase. 

 

7. Is it possible to predict theoretically a form and temperature dependence of hyperfine 

field distribution of spherical nanoparticles and nanocrystallites basing on hyperfine 

parameters values for thin films surface – known from Mössbauer (CEMS) experiments?  

 

8. The surface roughness should be a very important factor influencing the effective 

magnetostriction of thin films. Both electronic and dipolar contribution to surface 

magnetostriction should be affected by roughness. 

 

9. What kind of size effects in the electrical conductivity of thin monolayers are caused by 

surface roughness? Is it possible to predict CIP–CPP (current-in-the-plain – current-

perpendicular-to-the-plain) anisotropy just by static averaging of mean free path over the 

whole structure of rough film?  
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3. Guide on results and research methods 
 

I. Grain-matrix interface layer, surface magnetostriction and thermomagnetic 

behaviour of nanocrystalline alloys – Mössbauer and magnetoelastic investigations 

 

Main goal of the first part of work was an experimental evidence of selected size 

effects in FINEMET-type nanocrystalline alloys connected with very fine crystallites. 

Researches were concentrated on following questions: a) estimation of thickness of the 

interface (surface) layers adjacent to nanocrystallites by means of Mössbauer spectrometry, 

b) determination of surface magnetostriction constant, c) superferromagnetic and 

superparamagnetic effects of milled nanocrystalline material, d) peculiarities of 

thermomagnetic behaviour of two-phase magnetic system of nanocrystalline structure. The 

results of these experimental investigations have been described in four articles [1-4]. 

 

The object of the experimental studies presented in articles [1,2] was 

Fe72Cu1.5Nb4Si13.5B9 nanocrystalline alloy with small excess of niobium and copper in relation 

to classical FINEMET. Such composition and isochronal annealing process of initial 

amorphous material enabled obtaining a series of samples with grain sizes 5-12 nm. 

Amorphous (as quenched, melt-spun) ribbons (obtained in rapid quenching process) were 

heated up and then cooled down with a rate 200C/min. Maximum temperature was altered 

from 600C to 725C. Heating to lower temperatures resulted in smaller sizes of grains. 

Volumetric fraction of crystalline phase was evaluated from X-ray diffractometry. Precisely 

derived silicon content (18.5 at%) points to disordered DO3 structure of grains. Fabrication 

process of the samples and structural characterization (carried out in Faculty of Materials 

Science and Engineering of Warsaw University of Technology) is described in details in [1]. 

For the sample of maximal crystalline phase content (73%) 
57

Fe transmission Mössbauer 

measurements with Co(Rh) source and standard spectrometer (operating in constant 

acceleration mode) were performed both at room temperature [1] and at 300C [1,2] in 

Department of Physics in Technical University of Radom. A fitting procedure of Mössbauer 

spectra was applied using MOSFIT program [1]{14}. To describe a crystalline contribution to 

Mössbauer spectrum a set of five sharp Zeeman sextets was used that correspond to different 

Fe atom positions in Fe-Si lattice. A smeared („„continuous‟‟) subspectrum attributed to the 

amorphous matrix was fitted by a histogram-like set of Zeeman sextets [2]{1-2},[1]. For the 

investigated material, in the spectra collected at room temperature [1], this broad component 

partially overlaps the crystalline one that makes difficult to analyze Mössbauer spectra [1]. 

However, at elevated temperatures, close to the Curie point of amorphous matrix (around  

350C), the a part of broad component collapses into narrow pattern at the center of the 

spectrum [2], uncovering the sextets of crystallites. It is represented by low-field part of 

hyperfine field distribution (mean value around 3.3 T). Additionally, a high-field broad 

component was found of average hyperfine field ca. 21.9 T. Such contribution is also present 

in the spectrum collected at room temperature but it is not separated from the matrix 



11 

 

component. This high-field subspectrum could be attributed to the grain surfaces and interface 

regions similarly as reported for NANOPERM alloys [2]{1,2}, where this component is well 

resolved owing to simple structure of crystallites. A volumetric fraction of the interface region 

(estimated from Mössbauer spectra) is of the order of 16%. Together with pure crystalline 

contribution – i.e. of nanocrystallites core (48%) it gives about 64% contribution of crystalline 

phase, what is consistent with X-ray diffraction findings (73%). Basing on average radius of 

nanocrystallites, contributions of interface and crystalline volumetric fraction a thickness of 

the interface region has been estimated at about  0.5 nm – what corresponds to about two 

atomic layers.  

The analysis of magnetoelastic properties is an effective tool for studies of surface 

effects in nanonocrystalline materials [2]{1}. The saturation magnetostriction constant of the 

investigated alloy was measured using strain-modulated ferromagnetic resonance (SMFMR) 

technique in the Institute of Physics of Polish Academy of Sciences in Warsaw. In order to 

reproduce the dependence of the effective magnetostriction constant on crystalline content 

and average radius of grains, a theoretical model was used predicting a grain surface 

contribution to magnetostriction. The important parameters of the model are: crystallites 

magnetostriction constant, surface magnetostriction constant, amorphous matrix magne-

tostriction constant, and a coefficient describing the evolution of amorphous matrix magneto-

striction due to nanocrystallization process. The details of this analysis are explained in [1]. 

The estimated value of surface magnetostriction constant (ca. 8.5 ppmnm) was about 50% 

higher than in classical FINEMET and comparable to the value in NANOPERM alloy [2]{1}.

  

In the article [3] the influence of the milling on structure and magnetic properties of 

FINEMET powder was studied by Mössbauer spectroscopy in the range from liquid nitrogen 

temperature up to 390
o
C. Formation of crystalline bcc-Fe(Si) with 13% of Si as well as effects 

connected with very small powder sizes were detected. 

The initial material (FINEMET - Fe73.5Cu1Nb3Si13.5B9) was prepared by the rapid 

quenching method, in the form of ribbon. The milling procedure was performed in Faculty of 

Science in P.J. Ńafarik University in Końice with hardened-steel mortar of a vibratory micro-

mill Pulverisette 0 – Fritsch [3]{4} under the argon atmosphere. The powder specimens were 

taken after 620 h, 900 h and 1380 h of milling. The Mössbauer measurements were carried 

out in Department of Physics in Technical University of Radom using a Co(Rh) source of 

gamma radiation and standard 512 channels spectrometer working in transmission geometry. 

For temperature measurements, a vacuum furnace and nitrogen cryostat were used. 

The room temperature Mössbauer spectrum of the as-quenched sample points to the 

continuous distribution of hyperfine parameters, without any components characteristic for 

crystalline phase. In the course of milling, partial crystallization of powdered amorphous film 

proceeds, causing the complexity of Mössbauer spectra in which two sharp sextets appear, 

representing structurally different crystallographic sites inside the crystalline areas. Besides, 

two broad patterns are observed: a smeared sextet and a paramagnetic component. In order to 

analyse the spectra, program MOSFIT was utilized [3]{5}. The best fit was obtained for two 
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Zeeman sextets representing the crystalline phase as well as Zeeman component with a 

histogram-like hyperfine field distribution. The paramagnetic subspectrum was reproduced by 

means of two doublets. The contribution of crystalline component peaks after 620 hours of 

milling. The hyperfine field and isomer shift values of both sextets (B1 = 33.0 T, B2 = 30.8 T, 

IS1 = 0.02 mm/s, IS2 = 0.06 mm/s) suggest that the crystalline phase has the structure of 

-Fe(Si) solid solutions, with about 13 at.% of silicon [3]{6}. The smeared sextet, with 

distributed hyperfine field, represents all the Fe-atoms with magnetic but not fully ordered 

surroundings which belong to the amorphous regions and to grain boundaries. After milling, 

the mean hyperfine field of this component is subtly larger than in the initial amorphous 

material. This effect can be indirectly caused by the partial crystallization of system – the iron 

atoms belonging to grain boundaries and interfaces are magnetically coupled with crystalline 

regions and are subjected to larger hyperfine field than in initial amorphous sample. In the 

course of milling, the fall of the relative content of the broad sextet was found. Instead, the 

paramagnetic subspectrum rises (in the form of two doublets) systematically reducing the 

mean hyperfine field over the whole spectrum. This effect is strongly correlated with 

evolution of the mean magnetic moment derived from macroscopic measurements of 

magnetization [3]{3,4}. After many hours of grinding grain size dispersion is significant. Part 

of powder particles sizes are reduced to the order of nanometers, what can be the reason for 

their superparamagnetic behaviour. Such behaviour was detected on the basis on magnetic 

investigations [3]{3,4} and it is in conformity with results of Mössbauer measurements  

performed as a function of temperature. As expected, a contribution of main doublet in the 

Mössbauer spectra slightly increases with temperature at the expense of discrete sextets. The 

results suggest, that this doublet could be attributed to very small particles because its 

blocking temperature is lower than liquid nitrogen temperature. However, superparamagnetic 

spin relaxation do not seem to be the only source of paramagnetic components in Mössbauer 

spectra. In course of milling, more and more iron atoms are situated near the particle 

boundaries in a very asymmetric surrounding. In addition, appearance of various kinds of 

defects is more probable. This causes a formation of other doublets with great quaudrupole 

spitting. Another interesting feature observed with Mössbauer spectrometry is a common 

Curie temperature for amorphous and crystalline fraction. Typically, in nanocrystalline 

materials a Curie temperature of nanocrystalline phase is significantly higher than of the 

amorphous matrix. Spins of nanograins are well stabilized even above the Curie temperature 

of the amorphous matrix – owing to superferromagnetic-type intergrain interactions via spin-

polarized matrix. However, in the case of long milled material grain-grain interactions are 

significantly weakened because small particles of powder contains relatively small number of 

nanocrystallites. In such a case one can not expect a superferromagnetic ordering of 

nanocrystalline grains above a Curie temperature of amorphous matrix. Summarizing, due to 

the process of milling several size effects occur in the magnetism of nanocrystalline alloys: 

superparamagnetism, weakened superferromagnetism and significant grain boundaries 

contribution. 
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In the work [4] Mössbauer spectrometry, TEM (transmission electron microscopy) and 

VSM (vibrating sample magnetometer) experiments were performed to investigate 

microstructure and magnetic properties of amorphous and nanocrystalline 

Fe73.5-xAlxNb3Cu1Si13.5B9 (0 ≤ x ≤ 7) alloys. Nanocrystalline samples were manufactured with 

melt-spun technique and annealing in Faculty of Science in P.J. Ńafarik University in Końice. 

For samples Al1 - Al7, both in as-quenched state and annealed at temperatures 490, 

550, 650 C Mössbauer measurements at room temperature were performed, what makes a 

complement of previous studies relating to the selected samples annealed at 550 C 

[4]{21,23}. Additionally, the sample Al7 subjected to annealing at 550 C was investigated at 

elevated temperatures: 100, 150, 200, 250, 275, 300, 325 and 350 C. Mössbauer 

investigations were carried out in Department of Physics in Technical University of Radom 

by use of transmission spectrometer arranged in vertical geometry, 
57

Co(Rh) source of gamma 

radiation (
57

Fe) and a drive system working in a constant acceleration mode. The velocity 

scale (divided into 256 channels) was calibrated with a pure iron foil. For temperature 

measurements a special vacuum high-temperature furnace was employed. To derive the 

magnetic hyperfine field distributions that have a form of smeared, broad maximum the 

MOSFIT program [4]{30} was used. 

Mössbauer spectra, collected for as-quenched alloys with a small content of 

aluminium, take a shape characteristic of amorphous materials. Only in the sample Al5 and 

(in the lower degree) Al7 a small addition of components with sharp lines is visible, which 

indicates some contribution of crystalline phase. 

Components of the spectra collected for annealed samples are strongly overlapped 

what aggravates the precision of fitting. At least two different subspectra can be 

distinguished: one with very broad lines attributed to the disordered matrix and the other one 

with narrow lines, originating from crystalline regions. The former is reproduced by a 

convolution of a Zeeman sextet with a histogram-like hyperfine field distribution, whereas a 

set of several sextets was used to describe the latter contribution. Hyperfine field and isomer 

shift values as well as intensities of sextets have been treated as free parameters in the fitting 

procedure. Additionally, in most spectra a small paramagnetic component is observed in a 

form of doublet. Attempts of fitting of this component by a sextet gave the mean hyperfine 

field below 4 T but values of 
2
 parameter were larger then that obtained by a fit with a 

doublet. 

In the case of pure FINEMET (x = 0), five sextets are used to reproduce the discrete 

part the spectra, corresponding to Fe atom sites with 8, 7, 6, 5 and 4 Fe neighbours in the first 

coordination zone (indicated as D+A8, A7, A6, A5, A4, respectively). Thus, the same set of 

sextets has been used initially for the investigated FINEMET(Al) alloy. A considerable 

percentage of the last constituent, characteristic of DO3-type structure is found. The intensity 

of this component rises with increasing x and it becomes predominate. At the same time, the 

relative contribution of the other sextets - except of the first one, attributed to iron in D+A8 

sites - decreases, so for the samples Al5 and Al7 we observe only two strong sextets (8 and 4 

Fe neighbours) and additionally a smaller one [4]{29}. At x = 5 the clear ordering into DO3 

structure is observed. 
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Apart from the observed components attributed to the amorphous matrix and to the 

crystallites, presence of further contribution can be expected, associated with the surface of 

crystallites. Such a component was observed in the case of NANOPERM nanocrystalline 

alloys [4]{3–5,33,34} as well as for some FINEMET ones [1,2]. Because of small grain sizes 

this contribution can be considerable. Unfortunately, the complex character of the spectra 

makes observation of this component impossible. For the same reason the percentage of 

particular subspectra obtained from numerical analysis should not be considered as very 

precise. 

One of the most essential problems in understanding the above results is an origin of 

the paramagnetic component observed in the Mössbauer spectra. There are two possible 

explanations: (i) superparamagnetic effects connected with very small grains; (ii) existence of 

iron atoms isolated from ferromagnetic interactions in the amorphous matrix or in the 

crystallites. One should take into account a fact that the paramagnetic component is 

particularly large in the spectra of samples with the higher percentage of Al. By this reason 

the former postulate can be excluded, because no visible changes of grain sizes with 

increasing x were observed. Moreover, the intensity of the paramagnetic component is not 

altered considerably in the vicinity of room temperature. The latter hypothesis (ii) is 

consistent with the observed tendency of translocation of Al atoms into the grains and the 

reported disposition of aluminium to forming clusters [4]{31,32}. One can suppose, that those 

iron atoms which are situated in the Al-rich surrounding, show the paramagnetic behaviour, 

so the paramagnetic component originates probably from the isolated Fe atoms (or small 

groups of Fe atoms) in the aluminium-rich regions inside the grains. Indirectly this testifies to 

heterogeneity of crystallites, particularly in the case of Al7 alloy. 

A temperature evolution of Mössbauer spectra were studied for the Al7 sample 

annealed at 550 C. The pattern with a continuous distribution of hyperfine field progressively 

converges to the center of spectrum up to 250 C (Curie temperature of amorphous matrix), 

visible as a collapse of the broad-line component to a narrow doublet in the spectrum. The 

transition is well illustrated as a fall to zero of the mean hyperfine field value of this 

subspectrum. With the increasing temperature the discrete pattern also collapses and at 

temperatures beyond 330 C (Curie temperature of crystallites) the crystalline phase becomes 

paramagnetic. Both in the case of crystallites and of the amorphous matrix the values of Curie 

temperature are considerably reduced with respect to the classical FINEMET. The reason is 

the presence of significant amount of Al and, probably, temperature relaxations of spin 

direction. The most important feature is a discontinuity of hyperfine fields curves slopes for 

crystallites in the vicinity of Curie point of the amorphous matrix. Above this temperature 

hyperfine fields of Zeeman sextets corresponding to crystallites drops much faster than below 

it. The peculiarities of thermomagnetic curves observed in the investigated FINEMET(Al) 

alloy are typical for other two-phase nanocrystalline materials [8]{1-4}. This problem was a 

subject of the theoretical studies [8] briefly described in the section 3.III. of these thesis. 
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II. Magnetic structure, magnetostriction, magnetic anisotropy,  spin texture and 

structural order of Fe-Ga and FINEMET-type thin layers – CEMS and MOKE studies 
 

Main goal of this part was to investigate magnetic properties and structure of thin 

layered system as a function of chemical content and thickness. The object of studies were 

Fe-Ga and FINEMET(Cr) thin films which have a great applicational potential in the field of 

Mag-MEMS and modern microwave techniques. The detailed description of the experimental 

outcomes is presented in three articles [5,6,7]. 

 

 The paper [5] reports results of a comprehensive study of Fe-Ga thin films fabricated 

over a wide range of growth conditions Fe-Ga thin films were manufactured in Department of 

Materials Science and Engineering in University of Sheffield (U.K.). Polycrystalline  

Fe100-xGax films (14 ≤ x ≤ 32) were deposited (using three different combinations of growth 

parameters) on Si(100) using a co-sputtering and evaporation technique. The growth 

parameters (sputter power, Ga evaporation rate and chamber pressure) were used primarily to 

control the Fe:Ga ratio in the films. Three sets of samples were produced. The 75 ± 2 nm 

thick films (Set 1) were deposited at fixed Ar pressure and Fe sputtering power, but with 

varying Ga evaporation speed. Second set of 50 ± 2 nm thick films (Set 2) was deposited at 

fixed Ga evaporation rate and Ar pressure but varying Fe sputtering power. A third set of 

50 ± 2 nm thick films (Set 3) was deposited at fixed Ga evaporation rate and Fe sputtering 

power but varying pressure. X-ray diffraction showed that all films had <110> 

crystallographic texture normal to the film plane. The lattice parameter increased with Ga 

content up to x = 22 and was independent of growth parameters.  

Conversion electron Mössbauer spectroscopy (CEMS) measurements were performed 

at room temperature in Department of Physics in Technical University of Radom. A 
57

Co(Rh) 

source of gamma radiation and a gas-flow detector supplied with He+4%CH4 mixture were 

utilized. The spectra were fitted using Voigt-type functions, i.e. Zeeman sextets with 

Lorentzian lines convoluted with Gaussian hyperfine field distributions [5]{13,27,28,37,38}. 

For this purpose a dedicated, non-commercial software has been prepared. A satisfactory 

quality fitting of all spectra was achieved with four Gaussian profiles. The quality of fitting 

with the Voigt method was significantly better than for the case with the standard Hesse–

Rübartsch–Le Caër method [5]{39,40}, which is valid for more disordered systems. The main 

component in all spectra (denoted as G1) corresponds to a narrow high-field distribution at 

the highest mean value field. It is attributed to the A2 (bcc) phase as in all other Mössbauer 

work on Fe-Ga systems. The second significant component (denoted G2) comes from a 

hyperfine distribution of mean values at a field about 3 T lower than G1, and of almost twice 

the standard deviation. These mean values clearly exceed the 26.9 T expected for the fcc L12 

phase [5]{26}. Thus it could be attributed to the disordered bcc (A2-type) structure, and 

corresponds to the replacement of one Fe atom by one Ga in the first neighbour shell of the 

resonant Fe atom [5]{25}. Such interpretation is supported by the fact that the contribution of 

the G2 component is the highest (almost equal to G1) for the sample of maximum Ga content. 

Within the investigated series of samples, both in the case of the G1 and G2 components, the 

isomer shift seems to be linearly correlated with the mean hyperfine field. An additional low-

field GI component of average hyperfine field value well below 10 T guarantees a good 
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quality of spectral fitting. The presence of a similar component has been reported in [5]{29}. 

It probably originates from the Ga-rich regions of weak magnetism and is a sign of a chemical 

inhomogeneity. The local symmetry of these regions should be lower than cubic due to the 

high values of quadrupole splitting. The second additional component (denoted by GII) of 

very high hyperfine magnetic field (over 37 T) and non-zero quadrupole splitting can be 

attributed to iron oxide. The films had no capping layer. The contribution of this component 

does not exceed 12% and is not systematically correlated with Ga content. Such a component 

was not reported in other Mössbauer studies, probably due to the utilization of transmission 

Mössbauer spectrometry, whereas in the present work a surface-sensitive CEMS technique 

has been used. In the CEMS spectra reported here there are no traces of the peak around 20 T, 

which demonstrates the absence of DO3 ordering in the investigated samples. Analysis of the 

ratio of the line intensities in the Zeeman sextets gives the value of angle between the 

magnetization vector and the direction of the incident X-ray beam. This angle increases with 

Ga content. Such a clear a trend was not observed previously [5]{27}, probably due to a 

significantly greater film thickness and consequent lower magnetostatic anisotropy. A lack of 

any phase other than disordered bcc A2 phase in the investigated Fe-Ga films should be 

emphasized. The use of high growth rate and low substrate temperature has achieved the goal 

of suppressing the ordering. 

Magnetic properties were studied using a magneto-optical Kerr effect (MOKE) 

magnetometer. The effective saturation magnetostriction constant of each film was measured 

using the Villari effect [5]{21-23}. This involved straining the film over a series of bending 

tools with known radii and measuring the magnetization loop. The saturation field was 

determined for each film as a function of gallium content. It is observed that there is a steep 

change in saturation field over a small Ga concentration range for both Sets 1 and 2 films. In 

order to interpret the magnetostriction measurements results as a function of Ga content the 

effective magnetostriction constant for polycrystalline films with <110> crystallographic 

texture perpendicular to the film plane, and for isotropic polycrystalline films, were calculated 

using bulk single-crystal data [5]{21-23}. None of the experimental data sets follows either of 

the calculated lines across the full composition range, and there is no evidence of the two 

peaks seen by other workers [5]{16,17}. This is an additional argument for conclusion that 

there is no DO3 nor L12 ordering in the films. Moreover, an effective magnetostriction 

evolution could be influenced by surface roughness of the films. This question is also 

discussed in theoretical paper [10] and concisely described in section 3.III of the thesis. 

 

The paper [6] presents the detailed atomic and magnetic structure analysis performed 

by Mössbauer spectroscopy for polycrystalline Fe80Ga20 films of different thickness ranging 

from 20 nm to 200 nm. The films were deposited on Si(100) substrate using dual sputtering 

and evaporation method. XRD data for all samples point to the <110> crystallographic texture 

perpendicular to the film. X-ray diffraction pattern does not contain any traces of DO3 

superlattice reflections. The lattice constant was determined from the <110> peak centroid. 

The thickness film dependence of lattice constant value reveals nonmonotonic character. For 

the film of thickness equal 40 nm lattice parameter seems to be minimal. A possible 

explanation of this fact could be the evolution of internal stress in course of growing process. 
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CEMS measurements were performed at room temperature in Department of Physics 

in Technical University of Radom. Obtained Mössbauer spectra have been fitted (like in 

previous paper) with Voigt type functions (Zeeman sextets convoluted with Gaussian 

hyperfine field distributions), what is a common procedure for disordered alloys [6]{7, 8}. In 

order to minimize χ
2
 function a new version of software has been developed. A combined 

gradient-genetic algorithm was utilized – adopted for MS Excel VBA language. The main 

component (G1) in all spectra corresponds to a narrow high-field distribution at the highest 

mean field value. It could be attributed to the Fe atoms with 8 Fe the nearest neighbors in A2 

(BCC) Fe-Ga phase. The second significant component (G2) comes from a hyperfine 

distribution of mean field values about 3 T lower than G1, and of higher standard deviation. It 

could be attributed also to the disordered BCC (A2-type) Fe-Ga solid solution, and 

corresponds to the replacement of Fe atoms by Ga atoms in the first and second neighbor shell 

of the resonant Fe atom. Actually, superposition of G1 and G2 symmetrical hyperfine field 

distributions could be regarded as one asymmetric distribution, which was reproduced in 

papers [6]{9, 10} by multicomponent fitting within various models of the ordering in Fe-Ga 

alloys. Present work seems to be the first one concerning ultrathin layers and, consequently 

utilizing not absorption spectrometry but CEMS technique. Due to the long time of 

measurements and not perfect statistics of spectra it was necessary to fit as simple model as 

possible (i.e. two main Gauss distributions). In the analyzed spectra no components 

characteristic for DO3 and L12 structure have been observed (in contrary to the reports [6]{7, 

10,11} for bulk and as quenched alloys as well as thick sputtered film). Central low field 

Gaussian subspectrum (G3) provides satisfactory fitting quality and supposedly describes 

Ga-rich phase of weak magnetism. Additional doublet (D) describes entirely nonmagnetic 

regions (probably at the uncovered surface). Mean hyperfine field and isomer shift reveal a 

maximum for the film 40 nm thick. This fact well coincides with the similar anomaly of 

lattice parameter. Thus, it can be interpreted in terms of internal stress change during growth 

process for the film of this definite thickness. It is worth adding that when thickness of films 

increases a contribution of weak magnetic components diminishes what points to the better 

homogeneity of the samples. Another interesting feature of the studied system is a 

pronounced change of spin texture in the investigated films. The magnetization direction (as 

angle between X-ray beam and magnetization vector), determined from CEMS spectra lines 

intensities, varies from in-plane to out-of-the-plane configuration when increasing thickness 

due to the evolution of perpendicular magnetocrystalline anisotropy. It could be undoubtly 

classified as “size effect” however the real nature of this phenomenon is not well identified. 

One could interpret this both in terms of surface anisotropy and growth process dependence 

on thickness (what can influence whole interior of the film).  

 

The article [7] was devoted to the investigations of  hyperfine interactions and 

macroscopic magnetic properties of FINEMET(Cr)-type thin films. Conversion electron 

Mössbauer spectroscopy (CEMS) and magneto-optical Kerr effect (MOKE) were utilized as 

main experimental techniques. Phase analysis as well as compositional evolution of hyperfine 

parameters and coercivity was performed in the range of chromium percentage 0 to 14 at.%.  

Fe73.5-xCrxCu1Nb3Si13.5B9 films (x = 0, 1, 3, 5, 9, 11, 14) 40 nm thick were deposited 

upon a glass substrate using DC sputtering method and afterwards they were annealed under 
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vacuum for 1 h at the temperature 500 C. The primary samples have rectangular shape with 

sizes: 2 cm x 3 cm. The samples were manufactured in Faculty of Physics and Applied 

Computer Science in University of Łódź. Phase composition and hyperfine parameters were 

examined by means of conversion electron Mössbauer spectroscopy (CEMS) in Department 

of Physics in Technical University of Radom. To analyze the Mössbauer spectra, commercial 

program NORMOS was employed. Hysteresis loops were recorded with magneto-optical Kerr 

effect (MOKE) system operating in AC mode. The system (constructed in Department of 

Physics in Technical University of Radom) consists of a red laser diode, a crystalline 

polarizer, a half-wave plate, a Wollaston prism, two-photodiode differential detector and a 

coreless magnetizing coil supplied with 50 Hz current. Both MOKE signal from detector and 

Hall voltage from magnetic field sensor were registered by use of an oscilloscope. 

CEMS outcomes reveal compositional evolution of phases in investigated samples. In 

the Mössbauer spectra recorded for films of small Cr content (x < 5) a discrete component 

dominates, composed of four or five Zeeman sextets of magnetic hyperfine field values  

slightly dependent on x. Besides, a smeared low-field sextet exists in central part of the 

spectra, with distributed magnetic hyperfine field (MHF) of mean value about 5 T. It 

originates probably from the amorphous remainder. The discrete component is attributed 

mainly to bcc Fe-Si phase with possible admixture of Cr. Relative content of this subspectrum 

amounts to about 80% at x = 1 and is strongly reduced with growing Cr percentage. For x > 5 

it is below the level of statistical noise, so the samples seem to be nearly full amorphous. 

Instead, development of a subspectrum representing an amorphous phase composed of a 

smeared high-field sextet as well as a paramagnetic doublet (attributed to regions rich in Cr) is 

observed with increasing x. Mean value of MHF for the amorphous component has the largest 

value (21 T) at chromium concentration x = 5 and then it is strongly reduced. As a result, the 

mean value of MHF (over the whole alloy) decreases almost monotonically from about 26.1 T 

to 8.9 T. All CEMS spectra show similar spin texture with magnetic moments arranged in-

plane of the sample. 

The shape of magnetic hysteresis loop and its parameters evolve with alloys 

composition. Coercivity fluctuates around 1.3 mT - 1.7 mT in the concentration range 

5 ≤ x ≤ 14 and increases strongly up to 11 mT when x decreases to zero. Thus, chromium 

admixture improves a magnetic softness of FINEMET thin films, however a coercivity is still 

several hundred times higher than for nanocrystalline melt-spun FINEMET ribbons. A 

remarkable feature of the studied films is dependence of the coercivity value as well as the 

shape of the hysteresis curve on the direction of the magnetization vector in-plane of the film. 

For instance, when the sample with x = 14 is magnetized along the longer side of the sample, 

the hysteresis loop is shaped rectangularly and coercivity is equal to 1.7 mT. When the 

magnetic field is applied parallel to the shorter edge, the hysteresis curve becomes more 

oblique and magnetization saturates slower, however coercive field drops to about 0.5 mT. 

This two cases correspond to easy magnetic axis and hard magnetic axis, respectively. In the 

investigated films the alignment of the in-plane magnetic anisotropy axis does not show 

systematic correlation with the edges of the rectangular substrates. Thus, observed magnetic 

anisotropy is not influenced by the substrate but is rather determined by conditions of the 

samples fabrication process which produces internal strain in the films in “randomly chosen” 

direction. The obtained MOKE results clearly points to in-plain magnetization alignment what 

entirely coincides with CEMS findings. Since Cr-doped FINEMET thin layers are good 

candidates for base material for new generation microwaves inductors it is especially 

important to investigate their magnetic anisotropy (which is of course content- and size-

dependent effect). 
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III. Theoretical models 

 

This part of work is focused on theoretical investigations on selected size-dependent 

physical properties of nano-layered and nano-granular systems. Five papers [8-12] present 

theoretical models of thermomagnetic behaviour, hyperfine parameters at surface, a surface 

magnetostriction influenced by roughness, as well as thickness and roughness dependence of 

electrical resistivity. All numerical and symbolical calculations were performed within 

research projects carried out in Department of Physics in Technical University of Radom. 

 

In paper [8] thermomagnetic curves obtained with Mössbauer spectrometry for two-

phase nanocrystalline alloys have been analyzed theoretically. The experimental 

thermomagnetic data obtained with Mössbauer technique are specially valuable because this 

method enables hyperfine magnetic fields measurements both for nanocrystalline phase and 

for amorphous matrix [8]{1-5}. Magnetizations of corresponding phases (i.e. mean spins) are 

proportional to hyperfine fields. A key phenomenon which ensures the stability of grains 

spins at high temperatures is their interaction through the amorphous matrix, leading the spin 

ordering – i.e. superferromagnetism. The main goal of theoretical researches was modeling a 

slope jump in the temperature dependence of the hyperfine field for crystalline phase over the 

Curie point of the amorphous phase. The weakening of the interaction between the spins 

inside the grain could be interpreted microscopically in terms of surface effects, since spins at 

the surface of grains are adjacent to less-ordered spins of the amorphouse matrix. A simple 

model has been proposed which is based on effective exchange integral for one phase 

depending on mean spin value of the other phase (linear correction). Results of fix-point 

method numerical calculations within the mean field approximation (MFA leads to system of 

self-consistent Brilluoin functions) reproduce qualitatively the experimental curves for 

nanocrystalline FINEMET alloys. Beyond a Curie temperature of the amorphous phase a 

magnetization of grains drops significantly faster than in bulk ferromagnetic material. 

However, the model does not reproduce all details in the vicinity of Curie point. In the case of 

Fe-Nb-B alloys other effect is pronounced. A hyperfine field (and magnetization) of the 

amorphous matrix does not fall to zero in the temperature range covered in the experiment. 

This fact suggests that spin polarization of the matrix by penetrating exchange field resulting 

from grains is very strong and deep. In order to model this situation a linear contribution of 

mean spin value for grains to mean spin value of spin for amorphous matrix was introduced. 

MFA calculations results describe well a non-vanishing magnetism of the amorphous matrix 

in Fe-Nb-B nanocrystalline material up to the Curie temperature of the strongly ferromagnetic 

grains. 

 

A simple model for temperature evolution of magnetic hyperfine field distribution of 

spherical bcc Fe nanoparticles has been proposed in article [9]. Each particle has been divided 

into spherical shells one unit thick. Mean field approximation (MFA) calculations of the 

averaged spin projection have been performed within the Heisenberg model applying the 

method of semi-classical spin averaging [9]{8}. In the case of isotropic particles in zero 

magnetic field this approach leads to self-consistent system of equations for mean spin in each 

spherical shell. Its value depends (through the Langevine function) on neighboured spins 
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values in the same shell and adjacent ones (internal and external) as well as on the averaged 

numbers of the nearest neighbours. Determination of these numbers demanded numerical 

simulation of the spherical shells structure. An ideal spherical surface was considered in order 

to “cut” a nanoparticle with bcc structure and the absence of any surface reconstruction was 

assumed. Main result of MFA numerical calculations is the fact that in the temperature range 

up to the half of the Curie temperature of the bulk material the mean spin value differs 

significantly from that in the particle interior only in the surface shell. A drop of the spin 

value at the surface is a simple consequence of the smaller number of the nearest neighbours. 

Atoms located at nanoparticle surface possess different types of environments characterized 

by reduced coordination numbers (with respect to the bulk case) and by various values of 

magnetic hyperfine field. A common assumption has been made that the magnetic hyperfine 

field (MHF) influencing Fe nucleus is proportional to the local mean spin value and depends 

on the factor related to the electronic structure of surrounding atoms. Within a simplest 

approach this factor is approximately a linear function of the number of the nearest 

neighbours of the atom. A numerical simulation of the last spherical shell in the nanoparticle 

predicts five different environments corresponding to atoms possessing 8, 7, 6, 5 or 4 

neighbours. Populations of these atoms determine contributions of five Mössbauer subspectra 

(i.e. sextets in the case of 
57

Fe spectrometry). In order to estimate possible values of hyperfine 

fields for individual sextets we used the Mössbauer data reported in [9]{3} for thin Fe films. 

The sextet being characterized by the hyperfine field (HF) of 33 T was attributed to bulk 

atomic positions (film interior, 8 nearest neighbours in bcc structure), whereas sextet of 25 T - 

to sites at atomically flat interface (4 nearest neighbours). Using these data for thin films and 

the results of MFA thermomagnetic calculations for particles as well as populations numbers 

of environments in spherical shells the values of hyperfine fields of five Zeeman sextet in 

Mössbauer spectra have been estimated for the particle surface. Estimated values of hyperfine 

field for surface atoms with 8 neighbours are very similar to those for core atoms at low 

temperature. Our model predicts discrete HFD with five possible values of hyperfine field 

corresponding to all possible environments of atoms located at surface of nanoparticle. At the 

realistic surface it is possible to find the atoms with smaller coordination numbers than those 

considered in the model, thus one could expect a presence of lower hyperfine component in 

HFD. A direct comparison of proposed theoretical predictions with experimental data 

encounters difficulties due to spin relaxations effects [9]{5}, surface contamination [9]{4}, 

surface magnetic disorder [9]{9}, and surface strain. Thus due to these factors a real HFD of 

nanoparticle surface is expected to be continuous – like in the case of the grains' surface in 

nanocrystalline alloys [9]{6,7}. 

 

An effective magnetostriction model for monocrystalline thin films of cubic structure 

has been presented in the paper [10]. The film roughness was simulated by cubicoidal steps 

on surface repeated in the plane with a constant period. In order to describe a magnetoelastic 

energy, a pseudodipolar spin-spin interaction was considered [10]{5}. Such model form of 

interaction is explicitly strain-dependent and can describe real electronic exchange and single-

ion anisotropy interactions. Lattice summations of strain dependent energy contribution were 

performed symbolically (limited to the first coordination zone). Resulting magnetoelastic 
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energy tensor is a function of two parameters: the value and the spatial derivative of the radial 

function of interactions strength in the distance of nearest neighbours, respectively. A 

significant difference of magnetoelastic energy compared with the film interior was observed 

only in the first atomic layer at the surface. Considering bcc-structured films, the values of all 

components of magnetoelastic energy tensor for the surface layer are twice smaller than those 

in the bulk region (whereas in the case of fcc structure such relations are more complex). This 

means that magnetostriction of bcc films is characterized by a magnetoelastic tensor of the 

cubic symmetry both in the interior and at the surface. Minimization of magnetoelastic and 

elastic energies, described by means of magnetoelastic tensor and elastic constants, 

respectively, leads to the calculation of magnetostriction constant for a given direction. This 

dimensionless quantity is a simple measure of relative strain induced by applying a saturation 

magnetic field. The results of magnetoelastic tensor calculations give a very simple, linear 

relation between magnetostriction constants obtained for bulk material and flat surface region 

(for [100] and [001] directions, i.e. in-plane and perpendicular to the plane, respectively). In 

order to calculate the effective magnetostriction constant for a rough thin layer, it was 

necessary to estimate the fraction of atoms situated on the rough surface (i.e. calculating a 

volume of surface region) and considering the magnetostriction data for bulk material. 

Considering the volume of surface region (of the thickness equal to a half of the lattice 

constant) an effective magnetostriction constant of rough film could be expressed as sum of 

volume and surface term. This surface term is proportional to the reciprocal of film thickness. 

A proportionality coefficient depends on the difference between volume and surface 

magnetostriction constant (for the smooth surface) as well as on the roughness parameters (i.e. 

depth, size and space period). Performed estimations for bcc Fe films point to a significant 

reduction of effective magnetostriction for a small size of roughness steps (huge roughness 

area) and small film thickness (of the order of nanometers). The magnetic dipolar contribution 

to the in-plane magnetostriction constant of the rough bcc Fe film has been calculated 

symbolically within models described in [10]{6,11,12}. In this case the surface roughness 

was represented by oblate ellipsoids in order to simplify the estimation of demagnetization 

energy. Dipolar magnetoelastic energy for the film interior and for the flat parts of the surface 

found numerically was taken from the [10]{12} article. The dipolar contribution to the 

magnetostriction of the Fe film interior is about 8% with respect to electronic (pseudodipolar) 

one, whereas surface dipolar contribution is more significant – ca. 25% for flat films and it 

increases with bigger roughness depth and smaller roughness size. 

  

Two last papers [11,12] are devoted to the size effects of electrical resistivity in 

metallic monolayers – especially – the role of surface roughness and the question of CIP 

(current in the plain) and CPP (current perpendicular to the plain) anisotropy. Though the 

developed models do not consider magnetism directly, they could be useful in precise results 

analysis of GMR (giant magnetoresistance) and STT (spin transfer torque) experiments on 

magnetic multilayers. The most of analytical models describing size effects in electrical 

transport phenomena are based on very old Fuchs and Sondheimer theory [11]{1,2} 

concerning a diffusive scattering of conduction electrons at the film surface. The main 

disadvantage of these models is an underestimation of the resistivity for ultra thin layers due 
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to not considering a surface roughness which is very common in the case of metallic thin 

films. A roughness both can change the effective thickness of the film and trap electrons 

excluding them for some time from conducting process. If only a definite fraction of electrons 

scattered by the surface comes back immediately to the roughness-free region the effective 

conductivity diminishes. Both in the case of [11] and [12] work a specially dedicated software 

for numerical simulations has been developed. 

Paper [11] presents the model based on the “static” numerical calculations. First, a 

definite geometry of the rough surface is generated for the film of given thickness. The 

roughness is characterized by several parameters: depth, space period and filling length. 

Likewise in Thomson model (mentioned in [11]{1}) a mean free path of electrons is averaged 

over the angle, for the distances smaller then mean free path in a bulk material. However, the 

procedure is repeated for all regions of the rough film (demanding long-time numerical 

calculations). A direct proportionality of the conductivity to mean free path has been assumed. 

The model reproduces a rapid resistivity increase for small thickness values (comparable or 

smaller than “bulk” mean free path) and reveals a sensitivity to the roughness parameters 

alterations. The finer roughness structure is, the higher resistivity for ultrathin layers appears.   

The model of electrical resistivity presented in paper [12] is based on the numerical 

dynamic averaging of electron mean free path over whole simulated structure of rough film. 

The movement of electrons (in one-electron picture) is simulated dynamically over whole 

rough thin layer. If electron does not meet any obstacle or edge its local mean free path is 

equal to mean free path for bulk material. However, when it collides with the boundaries of 

the structure the mean free path shortens. After scattering the electron changes randomly its 

direction of movement. For CIP configuration electron starts from left side at mid-height 

position. When electron reaches right side of the structure it disappears and new electron 

occurs at starting point. The final value of mean free path is obtained by averaging over whole 

electron trajectory after 10000 collisions. For CPP configuration electron starts from the 

centre of top surface and finishes its movement at bottom surface, however this final collision 

is not classified as diffusive scattering but rather as the end of ballistic transport process. In 

this case it is assumed for simplicity that a local free path takes a maximal value (i.e. like for 

bulk). A natural consequence of the proposed model is the anisotropy of the resistivity for CIP 

and CPP configurations. When thickness of the film is comparable or smaller than bulk free 

path the CIP resistivity increases much faster than CPP one. The results of simulations 

convinces that big roughness depth and fine in-plane spatial period of roughness are crucial 

factors increasing the resistivity of ultrathin metallic layers. One should underline that CIP 

resistivity is significantly more sensitive to surface roughness. The obtained results 

concerning thickness dependence of CIP resistivity for smooth films are very close to those in 

previous paper [11] obtained by static averaging of isotropic MFP. However in the case of 

rough surfaces the present model predicts higher CIP resistivity by about 20% and 40% for 

film thickness equal half and quarter of bulk mean free path, respectively. It could be 

explained by the fact that new model based on dynamic simulation considers in the natural 

way a trapping of electrons by surface roughness. 
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4. Conclusions 
 

1. Mössbauer measurements at elevated temperatures confirm a presence of structural 
interface effects in FINEMET-type Fe72Cu1.5Nb4Si13.5B9 nanocrystalline alloy that was 

additionally supported by magnetostrictive investigations. Both a thickness of the interface 

region and surface magnetostriction constant have been estimated. Size effects in 

nanocrystalline materials seems to be important not only for alloys of simple structured grains 

(e.g. NANOPERM) but they are universal feature for this kind of materials. Thou in more 

inhomogeneous alloys – like FINEMET(Al) – an interface is not  clearly evidenced, it can 

influence magnetostriction and nanocrystalline contribution to Mössbauer spectra.  
 

2. FINEMET powder studies by means of Mössbauer spectroscopy show that milling 
process is responsible for several kinds of size effects in magnetic of nanocrystalline alloys – 

e.g. nanocrystallisation, superparamagnetism, weakened superferromagnetism and grain 

boundaries influence. 
 

3. The peculiarities of thermomagnetic curves of nanocrystalline grains (slope drop) beyond 
a Curie point of amorphous matrix are universal feature for nanocrystalline alloys. It has been 

proved with Mössbauer spectroscopy that addition of Al to FINEMET alloy does not change 

the character of thermomagnetic behaviour (thou it reduces Curie temperatures).  
 

4. Two-dimensional character of growth process of Fe-Ga thin films (with co-sputtering and 
evaporation technique) effectively reduces a tendency to DO3 and L12 structural ordering, 

what has been clearly confirmed in XRD and CEMS experiments. This result foster a 

fabrication of high-magnetostrictive films based on Fe-Ga alloy for Mag-MEMS applications. 

Other interesting size effects observed in the investigated films are: thickness evolution of 

spin texture, perpendicular magnetocrystalline anisotropy, internal stress as well as possible 

influence of surface roughness on effective magnetostriction constant. 
 

5. Chromium-doped FINEMET thin films reveal several 2D-type magnetic features, like in-
plain magnetization alignment and in-plain magnetic anisotropy (i.e. angular dependence of 

the coercivity) – evidenced by magnetooptical (MOKE) and Mössbauer (CEMS) 

measurements. Since FINEMET(Cr) layers are distinguished by relatively small coercivity, 

they are good candidates for base material for new generation microwaves inductors. 
 

6. Proposed theoretical model of thermomagnetic behaviour of nanocrystalline grains 
beyond a Curie point of amorphous matrix in two-phase nanocrystalline alloys fits well 

experimental data from Mössbauer spectrometry. Surface effects and weakenning of 

superferromagnetic intergrain interactions has been simulated with effective exchange integral 

for one phase depending on mean spin value of the other phase. 
 

7. Model, based on MFA calculations and utilizing hyperfine parameters of thin magnetic 
layers surface, predicts a hyperfine field distribution of spherical nanoparticles (or 

nanocrystallites) surface at given temperature – however realistic simulation of all possible 

atomic environments and lattice distortions at spherical surface would be a very complex task. 
 

8. Theoretical considerations convince that electronic contribution to the surface 
magnetostriction of bcc Fe monocrystalline films increases with increasing surface roughness 

and prove that magnetic dipolar contribution is also not negligible. 
 

9. Developed theory of electrical transport in thin monolayers effectively predicts several 
size effects, like rapid increase of electrical resistivity for very thin films (compared to mean 

free path) and its CIP–CPP anisotropy caused by rough surface. In order to reproduce this 

anisotropy, dynamic simulations are necessary – considering electrons trapping by roughness.  
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