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1 Introduction 

Recently, materials having special electronic, magnetic and mechanical properties are in 

the focus of interest from both scientific and technological points of view. The majority of 

these materials are in non-equilibrium state thermodynamically, the occurrence of metastable 

phases is characteristic of these materials.  A number of “non-equilibrium” techniques 

(physical vapor deposition, rapid quenching, electrochemical deposition, etc.) as well as the 

ion implantation, too, are applied for their preparation. The low energy (10-100 keV) ion 

implantation is a widely used method also in the electronic industry in order to produce 

amorphous surfaces with desired properties and to improve the technological properties of the 

surfaces. On the other hand, we have much less knowledge about the changes caused by swift 

(100-1000 MeV) heavy ion irradiation.  

In order to have a deeper insight into the processes and effects related to the swift heavy 

ion irradiation, I have studied the effect of swift heavy ion irradiation on Fe-containing vapor 

deposited multilayers, electrochemically deposited coatings, and Bi-2223 type high 

temperature superconductors.  

Among the analytical investigations the Mössbauer spectroscopy has played a key role. 

By the help of this method – by measuring the hyperfine interactions between the electrons 

and the nucleus – it is possible to detect the changes in the microenvironments of the 

Mössbauer active elements due to swift heavy ion irradiation very sensitively. 

 

2 Background 

The characterization and identification of the non-equilibrium phases occurring in alloys 

of transition metals, or of transition metals with non-transition metals have high importance. 

Not only the knowledge of the phase composition is important, but also how the particular 

metastable phases occurring at special circumstances of the preparation are characteristic for 

the alloys or the alloy systems. The phases in which the long range order totally or partly is 

absent, e.g. microcrystalline or amorphous alloys, are of special importance. First Watson et 

al. (Trans. IMF. 64 (1986) 149) have succeeded in preparing, in electrochemical way, 

homogeneous and thick Fe-Ni-Cr alloy with better mechanical and corrosion resistance than 

those of stainless steel. XRD investigations carried out on these electrodeposits by Kuzmann 

et al. (Hyperfine Interact. 45 (1989) 397) showed, in contrast to the expectations, that the 

structure of these coatings has amorphous or microcrystalline character. 
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By applying Mössbauer spectroscopy, information on the phase composition and 

chemical short range order of these novel Fe-Ni-Cr deposits was obtained. The main phase of 

the deposits was ferromagnetic in contrast to the thermally prepared alloys, which are in 

paramagnetic state. For comparison, Perin et al. (Surf. Coat. Tech. 103-104 (1998) 93) have 

found that the main phase of Fe-Ni-Cr samples prepared by ion implantation of multilayers 

containing a few layers of Cr, Ni and Fe was also a metastable ferromagnetic phase of 

amorphous character. This means that the formation of the metastable ferromagnetic Fe-Ni-Cr 

phase found in electrodeposits is not restricted only for electrodeposits but it is valid more 

generally. On the other hand, it was established that the samples prepared by laser irradiation 

of Fe-Ni-Cr multilayers contain both metastable and stable phases, the stable phase being 

identical with that occurring in the thermally prepared alloy. In connection with this, I wanted 

to find the answer to the question: What kind of phases can be formed in vapor deposited Fe-

Ni-Cr films due to swift heavy ion irradiation, and how can the irradiation modify the 

chemical short range order in electrodeposits containing metastable phases? 

I have also investigated the effect of swift heavy ion irradiation in other electrodeposits 

containing metastable phases. Here I participated in the preparation of these alloys, e.g. in the 

case of Sn-Co-Fe ternary alloys, where we have found a novel ferromagnetic amorphous Sn-

Co-Fe phase in the electrodeposits (Kuzmann et al., AIP Conf. Proc. 765 (2005) 99). 

The amorphous alloys are mostly prepared by rapid quenching. However, amorphous iron 

can not be prepared by rapid quenching because it is not possible to achieve the critical 

quenching rate. Therefore it was not possible to prepare amorphous iron for a long time. 

However, in the beginning of the 90es, Suslick et al. (Nature 353 (1991) 414) were able to 

prepare pure amorphous iron by ultrasonic irradiation of iron pentacarbonyl, Fe(CO)5. 

Kuzmann et al. (Radiat. Eff. Defect. S. 147 (1999) 255) have succeeded in obtaining partial 

amorphisation in 70 nm thick 57Fe films vapor deposited onto SiO2 by the help of swift heavy 

ion irradiation. Based on these results, our goal was to perform swift heavy ion irradiation on 

electrochemically prepared Fe thin films. 

Another topic attracting very high scientific interest is the investigation of high 

temperature superconductors (Bednorz and Müller, Z. Phys. B 64 (1986) 189), the mechanism 

of which has not been clarified yet. Although these materials are crystalline and their atomic 

arrangements are known according to the diffraction methods, unique information about the 

microenvironments of Mössbauer nuclides could be obtained (Kuzmann et al., Physica C 312 

(1999) 45) from the Mössbauer measurements. It is known that the swift heavy ion irradiation 

considerably increases the critical current density (e.g. Terai and Kusagaya, Physica C 235-
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240 (1994) 2973), which is a very important parameter from the point of view of applications.  

It looked to me obvious to perform Mössbauer study on the change of 57Fe substituted Cu 

microenvironments in the conducting layers of Bi-2223 type high temperature 

superconductors due to swift heavy ion irradiation. 

   

3 Aim  

The effect of swift heavy ion irradiation was studied on vapor deposited 50%Fe-25%Ni-

25%Cr multilayers, on electrochemically deposited 8%Fe-3%Ni-89%Cr alloy coatings, on 

crystalline -Fe and on 48%Sn-23%Co-29%Fe thin layers, as well as on Bi-2223 type high 

temperature superconductors of composition (Bi0.93Pb0.17)2Sr1.9Ca2.05(Cu1.02Fe0.01)3Oy. The 

main objective of the work was to find the answers to the following questions:  

1. Is it possible to prepare metastable amorphous Fe-Ni-Cr alloys consisting of 

ferromagnetic and paramagnetic phases from vapor deposited multilayers of  

corresponding composition by the help of swift heavy ion irradiation?  

2. How can the swift heavy ion irradiation affect the phase composition and the 

chemical short range order of paramagnetic amorphous Fe-Ni-Cr electrodeposits? 

3. Is it possible to prepare ferromagnetic amorphous Fe from electrochemically 

prepared crystalline -Fe coatings by the help of swift heavy ion irradiation? If yes, 

what is the relationship between the rate of amorphisation of iron and the dose of the 

irradiation as well as the energy and mass of the ions used for the irradiation?  

4. How can the swift heavy ion irradiation performed with different energy and mass 

ions affect the phase composition and the chemical short range order of the 

electrochemically deposited novel ferromagnetic amorphous Sn-Co-Fe alloy 

coatings? 

5. How can the swift heavy ion irradiation affect the five and four oxygen coordinated 

microenvironments of Cu in the conducting layers between Ca and Sr-O layers in 

Bi-2223 type high temperature superconductors? Is there any difference, revealable 

by the help of Mössbauer spectroscopy, between the character of the chemical bonds 

of Cu (substituted with 57Fe) with apical oxygen and with planar oxygen? 

 

4 Sample preparation and investigation methods  

We applied preparation procedures which resulted in new, earlier not known materials 

with metastable phases. Fe-Ni-Cr and Sn-Co-Fe electrodeposits were prepared at Glasgow 
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Caledonian University. The vapor deposited multilayers were fabricated at Trento University.  

The Bi-2223 type superconducting ceramics were prepared at Kepler University in Linz. 

The swift heavy ion irradiations were performed with 246 MeV Kr and 710 MeV Bi ions 

in the range of fluences 1011–1014 ion×cm-2 at the Laboratory of Nuclear Reactions at the 

JINR in Dubna, Russia. 

The XRD measurements were carried out partly by a computer controlled DRON-2 X-ray 

diffractometer and partly by a Philips X’Pert diffractometer.  

The SEM and AFM measurements were performed at Kepler University in Linz and in 

the MTA KFKI Research Institute for Technical Physics and Material Sciences as well as at 

the Department of Materials Physics, Eötvös University.  
57Fe és 119Sn conversion electron Mössbauer measurements of non-irradiated and 

irradiated multilayers, and coatings were carried out at room temperature, while the 

Mössbauer measurements of superconductors were performed in transmission geometry, 

using conventional constant acceleration WISSEL, RANGER and KFKI type Mössbauer 

spectrometers. The Mössbauer spectra were evaluated by the MOSSWINN program.  

 

5 Summary of results, theses 

1. I have shown that, upon swift heavy ion irradiation (246 MeV Kr) in vapor deposited 

multilayers of composition 50%Fe-25%Ni-25%Cr:  

a. highly disordered ferromagnetic and paramagnetic phases arise. These phases can be 

identified as the phases of non-equilibrium Fe-Ni-Cr ternary alloys; 

b. the relative amount of both disordered ferromagnetic phase and disordered 

paramagnetic phase increases with the dose of the irradiation; 

c. the arising paramagnetic and ferromagnetic phases are metastable, they transform to 

the equilibrium Fe-Ni-Cr ternary alloy upon isothermal heat treatment.  

2. I have shown that, upon swift heavy ion irradiation (246 MeV Kr) in 

electrochemically deposited amorphous ferromagnetic 8%Fe-3%Ni-89%Cr alloy coatings: 

a. a novel highly disordered amorphous paramagnetic phase arises. This reflects the 

radiation induced changes in the chemical short range order of the amorphous state; 

b. the relative amount of the disordered paramagnetic phase increases with the dose of 

the irradiation.  

3. I have shown that, upon swift heavy ion irradiation (246 MeV Kr, 710 MeV Bi) in 

electrochemically deposited crystalline ferromagnetic -Fe coatings: 
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a. the partial amorphisation of Fe occurs; 

b. the relative amount of the ferromagnetic amorphous Fe phase increases with both the 

energy and the mass of the ions; 

c. the relative amount of the ferromagnetic amorphous Fe phase increases with the dose 

of the irradiation.  

4. I have shown that, a paramagnetic phase also arises due to swift heavy ion irradiation 

(246 MeV Kr, 710 MeV Bi) in electrochemically deposited crystalline ferromagnetic -Fe 

coatings. This paramagnetic phase can be assigned to superparamagnetic iron. 

5. I have shown that, the transformation of the amorphous  state, involving changes in the 

chemical short range order, occurs upon swift heavy ion irradiation (246 MeV Kr, 710 MeV 

Bi) in electrochemically deposited novel ferromagnetic amorphous 48%Sn-23%Co-29%Fe 

alloy coatings. The rate of the transformation depends on the energy and mass of the ions 

used for the irradiation. 

6. I have found that the relative areas of subspectra belonging to Cu sites with two 

different oxygen coordination environments change in the 57Fe Mössbauer spectra of Bi-2223 

type high temperature superconductors upon the effect of swift heavy ion irradiation (246 

MeV Kr).  The number of sites with square-planar oxygen coordination increases at the 

expense of the number of sites with fivefold pyramidal oxygen coordination. This can be 

explained by easy break-up of the bond of apical oxygen with Cu due to the irradiation. This 

indicates that the metallic character bond of the planar oxygen with Cu is essentially different 

from the ionic character bond of the apical oxygen with Cu. 

 

6 Utilization of the results 

Our new scientific results on one hand expand the knowledge in the related areas, on the 

other hand broaden the theoretical basis of the practical applications. The results help prepare 

alloy coatings, amorphous alloys and high temperature superconductors with improved 

properties. Since we have succeeded in preparing new alloy coatings the corrosion resistance 

of which is much higher than that of the crystalline ones, these alloys can be applied for 

preparation of high-tech materials in a wide range.   
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