
Institute of Nuclear and Physical Engineering 

Faculty of Electrical Engineering and Information Technology 

Slovak University of Technology 

Bratislava, Slovakia 

 

 

Pablo Guarner Escribano 

 

Investigation of the surfaces of metallic 

glasses by Mössbauer spectrometry 

 

Diploma Thesis 

 

 

 

 

 

 

 

 

 

 

School Year 2013-14                        Supervisor: Prof. Ing. M. Miglierini, DrSc. 

 



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

2 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgements: 

 

I am pleased to thank all of those who made this project possible. First of all to Prof. 

Ing. M. Miglierini, DrSc. Without his supervising, kindness and help it wouldn’t have 

been possible. To my dear girlfriend Eva, without our little trips and tips maybe I would 

have turned crazy. To my parents and family, thanks for the weekly call. It made me 

think that I wasn’t that far from you. Also to my Slovak mother, E. Manikova. Even in 

bad days she was always there to encourage me just with a smile. I don’t want to 

forget to mention my Slovak family: Lukaš, Rast’o, Andrej, Matúš, Jáno, L’uboš, Ángel, 

Franta, Vlado, Allan, o. Oskar and o. Jakub and my Erasmus mates, Sergio, Toni, 

Andrés, Mateus, Juan, los Joses, Carlo, Abel, Lluís, Paweł, Lucas, Ana and Ester, 

amongst others. 

And last but not least, to my late grandfather Papalalo. You were gone while I was here 

and you meant the world to me. Thanks for everything. 



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Affidavit: 

 

I hereby declare that I prepared this thesis independently, with my own knowledge 

and by reliance on the references and tools indicated therein. This thesis has not been 

submitted to any other examination authority in its current or an altered form, and it 

has not been published. 

 

Bratislava, June 2014 

 

________________  



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

4 
 

Index 

 

1. Introduction .................................................................................................................. 6 

2. The Mössbauer Spectroscopy ...................................................................................... 7 

2.1. Introduction ........................................................................................................... 7 

2.2. Basic principles ....................................................................................................... 8 

2.3. Hyperfine interactions ......................................................................................... 11 

2.3.1. Electric monopole interaction ....................................................................... 11 

2.3.2. Electric quadrupole interaction .................................................................... 13 

2.3.3. Magnetic dipole interaction .......................................................................... 14 

3. The study of surfaces by Mössbauer Spectroscopy ................................................... 17 

3.1. Introduction ......................................................................................................... 17 

3.2. Conversion Electron Mössbauer Spectroscopy ................................................... 17 

3.3. Conversion X-Ray Mössbauer Spectroscopy ....................................................... 18 

3.4. Experimental process ........................................................................................... 19 

3.5. Description of the samples .................................................................................. 21 

4. Metallic Glasses .......................................................................................................... 25 

4.1. Introduction ......................................................................................................... 25 

4.2. Ferromagnetism ................................................................................................... 27 

4.3. Hysteresis Cycle ................................................................................................... 27 

4.4. NANOPERM .......................................................................................................... 28 

4.4.1. Description .................................................................................................... 28 

4.4.2. Fabrication ..................................................................................................... 29 

4.4.3. Applications ................................................................................................... 30 

4.4.4. Comparison Nanoperm VS Ferrite ................................................................ 31 

4.5. Mössbauer spectroscopy studies of nanocrystalline materials .......................... 32 

5. The goals of the project .............................................................................................. 34 

6. Results and discussion ................................................................................................ 35 

6.1. Mössbauer Spectra Convolution Fit (CONFIT) ..................................................... 35 

6.2. Results using Mössbauer technique .................................................................... 36 

6.2.1 Wheel side of the ribbons (WS) ..................................................................... 37 



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

5 
 

6.2.2. Air side of the ribbons (AS) ........................................................................... 42 

7. Conclusions ................................................................................................................. 48 

8. References .................................................................................................................. 50 

 

  



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

6 
 

1. Introduction 

 

The aim of this project is to continue with the investigation of F. J. Garcia Melero with 

the title of “Impact of ion bombardment upon structure and hyperfine parameters of 

Vitroperm alloys”, but in another point of view. The surfaces of NANOPERM alloys will 

be studied. 

NANOPERM alloys are interesting because of their high magnetic permeability and 

high remanence, and they are interesting for many applications, mainly transformers. 

In addition, some metallic glasses are considered as candidates for magnetic cores of 

accelerator radiofrequency cavities. Nevertheless, these properties mentioned before 

can be affected somehow. In order to study these changing properties, the surfaces of 

these materials will be investigated using the well-known technique of Mössbauer 

spectrometry, using ribbons of 57Fe75Mo8Cu1B16.  

In order to achieve this objective, some ribbons will be bombarded with 130keV N+ 

ions, and the Mössbauer technique, which does not modify the structure of the 

material, will be applied. Having previously applied Mössbauer spectrometry to a virgin 

ribbon, both types of materials, i.e. before and after ion implantation will be studied 

and compared. It will be seen how a NANOPERM alloy behaves after an irradiation 

with light ions. 

The methods of CEMS (Conversion Electron Mössbauer Spectrometry) and CXMS 

(Conversion X-ray Mössbauer Spectrometry) will be used, because they provide 

information from subsurface regions located at ~ 200 nm and at ~ 10 µm, respectively, 

and that is exactly what we need. 
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2. The Mössbauer Spectroscopy 

 

2.1. Introduction 

 

It all started in 1958, when Rudolf L. Mössbauer, while working on his doctoral thesis 

under Professor Maier-Leibnitz in Heidelberg, discovered the recoilless nuclear 

resonance absorption of gamma rays which became known as the Mössbauer Effect. 

The phenomenon rapidly developed to a new spectroscopic technique which now 

bears his name.   

The phenomenon consists of resonant emission and absorption of γ-rays by atomic 

nuclei without energy loss due to nuclear recoil neither in the emitting nor in the 

absorbing nuclei. The Mössbauer Effect has been observed for about a hundred 

nuclear transitions in some eighty nuclides in nearly fifty elements, as can be seen in 

figure 1.  Not all of these transitions are suitable for actual exploitation but the 

technique has made valuable contributions to the physical, chemical, biological and 

earth sciences. 

 

 

Fig.1. Mössbauer periodic table [1]. 
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2.2. Basic principles 

 

In a resonance absorption experiment, the energy of incident radiation should match 

exactly the energy separation between the two levels of the absorption system, i.e., 

the electromagnetic radiation between the source nucleus and the absorber nucleus. 

Therefore, both the source and the absorber nuclei must necessarily be identical. 

Provided this, one would expect effective absorption and reemission of gamma rays by 

identical nuclei, but this is not enough for observation of nuclear resonant 

fluorescence. During the process of emission of a gamma ray by a nucleus, a certain 

amount of excitation energy, that is, the recoil energy ER, is given to the nucleus to 

conserve momentum, as it is shown in figure 2. That is why the energy of the emitted 

gamma quantum Eg is reduced by the same amount.  The mathematic expression for ER 

is is as follows: 

   
  

      
                                                                (1) 

Similarly, whenever a gamma ray is absorbed, the energy transferred to the nuclear 

excitation is enhanced by ER due to the recoil energy imparted to the absorbing 

nucleus. For optical transitions the energy loss due to recoil is much smaller than the 

width of the absorption line, making optical resonance fluorescence easily possible. 

But in the case of high energy nuclear radiation, recoil energy is much larger than the 

line width which impedes nuclear resonant fluorescence.  

 

 

Fig.2. Nuclear resonance absorption of γ rays. 

R.L. Mössbauer made the important discovery that when the emitting and absorbing 

nuclei are bound in a solid, a certain fraction of gamma rays are emitted and absorbed 

with negligible energy loss due to recoil. This could be understood in the following 

way: the nucleus can behave as if it is rigidly bound to the solid such that the recoil is 

taken up by the entire solid. In this case, M in the recoil energy expression represents 

the mass of the entire solid, making ER negligible. When this happens in both the 

source and absorber, the condition for resonant absorption of gamma rays is satisfied. 
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The factor f, also known as the Lamb-Mössbauer factor, denotes the fraction of γ 

emissions or absorptions occurring without recoil, the recoil-free fraction. It is 

equivalent to the Debye-Waller factor for Bragg X-ray scattering by periodic lattices. A 

characteristic f-value is, for example, 0.7091 for the 14.4 keV transition of 57Fe in 

metallic iron at room temperature [1]. The following expression is obtained for the 

temperature dependence: 

 

(2) 

 

Where kB is the Boltzmann factor and 
D is the Debye temperature (

BDD k/ ), 

which represents a measure of the strength of the bonds between the Mössbauer 

atom and the lattice. 

As it can be seen, the f-factor increases if ER decreases, if the temperature decreases 

(T<
D ), if the Debye temperature increases and if the energy of transition E0 

decreases (E0<150 keV). There are some limitations, for example, this is not possible in 

liquid state and gasses, because the photon in order to be absorbed by a nucleus 

requires the total energy Eγ = E0 + ER to make up for the transition from the ground to 

the exited state and the recoil effect. Hence, nuclear resonance absorption is 

impossible between free atoms because of the energy loss by recoil. 

In the case of iron, according to the figure 3 taken from Dyar et al. book where the 

emission and resonant absorption of 14.4 keV γ ray is schematically shown, when a 

nucleus of 57Fe (I=1/2) have absorbed the resonant γ ray, it is excited to I=3/2 state. 

The width of the 3/2 level is very narrow (approx. 10-9 eV), and the energy gap 

difference due to chemical state among absorbing atoms varies by the magnitude of 

about 10-7 eV. So the Mössbauer resonance can be observed only when 14.4 keV γ ray 

emitted by recoilless process, or without the loss of energy both in the emission and 

absorption events, and γ ray energy is scanned with a precision of the order of 10-9 eV 

[2].  

The resulting nuclear gamma resonant spectroscopy can be used to study a variety of 

phenomena producing shift and splitting of nuclear energy levels. This project will be 

focused on the study of surfaces with conversion electrons and conversion X-rays, 

which are emitted following the resonant absorption. 
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Fig.3. Decay scheme of 57Co (source) and de-excitation process of excited 57Fe nucleus 

(Absorber). 

 

Mössbauer spectroscopy has some advantages which make it a powerful tool. 

Nevertheless, it has some limitations. The advantages are that it is a non-destructive 

technique, that it is specific for the isotope under study without interference with any 

other element, that it is suitable for the study of both crystalline and amorphous 

materials, that it allows carrying out studies in situ and that it is possible to use the 

Mössbauer isotope as a probe by substituting a fraction of another similar element in 

the material under study. The limitations are as follows: it is feasible for very few 

elements, it has low sensitivity, experiments take long time (hours or days), it is a 

technique only for solid samples, it has too few parameters for chemical identification 

purposes and ionizing radiation sources have to be used. In spite of all this limitations, 

it is still a powerful technique which makes it a good tool in many fields of research. 
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2.3. Hyperfine interactions 

 

The transitions between energy levels, as shown in figure 2, are usually not that 

simple. In reality nuclei are exposed to electric and magnetic fields created by the 

electrons and by other atoms. These fields interact with the electric charge distribution 

and the magnetic dipole moment and perturb its nuclear energy states. These 

perturbations are called the nuclear hyperfine interactions, and only three kinds will be 

considered: the electric monopole interaction, the electric quadrupole interaction and 

the magnetic dipole interaction which provide the following spectral parameters: 

isomer shift δ, quadrupole splitting ΔEQ and hyperfine magnetic field Heff, respectively. 

As it has been said, some valuable information regarding the chemical and physical 

characteristics of a sample can be extracted from these interactions in a Mössbauer 

spectrum, for example the chemical state, structural properties, the electron 

configuration and magnetic characteristics. In this project we will focus on the change 

of the properties with the depth from the outermost surface layer. 

 

2.3.1. Electric monopole interaction 

 

In a typical Mössbauer experiment, the source material (e.g. 57Co embedded in Rh 

metal) is generally different from the absorber material under study. The nuclear 

radius Re in the excited state is different than in the ground state, Rg. The isomer shift 

is due to slightly different nuclear energy levels in the source and absorber due to 

differences in the s-electron environment of the source and absorber. The result is that 

the electric monopole interactions (Coulomb interactions) are different and therefore 

affect the nuclear ground and excited state levels to a different extent. 

The shifts in the ground and excited states differ because of the different nuclear 

radius in the two states, which cause different Coulombic interactions. This shift 

appears in the spectrum as the difference between the position of the center of the 

resonance signal and zero Doppler velocity. 

The isomer shift is given by the following expression [3]: 

 

        
 

 
        (     )  (  

    
 )                               (3) 
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Fig.4. Isomer shift δ. 

 

Where ES is the energy of a γ-photon emitted by an excited nucleus in the source and 

EA is the energy in the absorber nucleus, Z is the atomic number of the Mössbauer 

atom, e is the charge of the electron (1.6 · 10-19C), and ρA and ρS are the s-electron 

densities at the nucleus of the sample and at the source, respectively. The isomer shift 

depends directly on the s-electron densities (as sum of all s-electron shells), but may 

be influenced indirectly via shielding effects of p-, d- and f-electrons, which are not 

capable (if neglecting relativistic effects) of penetrating the nuclear field. 

The most valuable information derived from isomer shift data refers to the valence 

state of a Mössbauer atom embedded in a solid material. For example, for Iron one 

can know exactly the quantity of Fe2+ and Fe3+. The figure 5 shows ranges of isomer 

shift values expected for different oxidation and spin states. It can be seen from the 

table that some isomer shift regions do not overlap, e.g. iron(II) high spin compounds 

with S = 2 can be easily assigned from a Mössbauer spectrum. In other cases with more 

or less strong overlapping δ values unambiguous assignment to certain oxidation and 
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spin states may not be possible. In such cases the quadrupole splitting parameter ΔEQ 

will be included in the analysis and leads to a conclusive characterization in most cases. 

 

 

Fig.5. Isomer shifts of Iron compounds. 

The Isomer Shift, IS, is extremely sensitive to the oxidation state of the sample. In 

silicates and oxides, high metal-oxygen distances in coordination polyhedra result in 

higher values of isomer shift. The upper limit for Fe3+ in tetrahedral coordination is 

approximately 0.25 mm/s, whereas the lower limit for octahedral Fe3+ is approximately 

0.29 mm/s. For Fe2+, values of IS > 1.20 mm/s are generally attributed to eightfold or 

dodecahedral coordination, values of 1.20 > IS > 1.05 mm/s are generally octahedral, 

and values of 1.05 > IS > 0.90 mm/s are assigned to tetrahedral occupancy [4]. 

2.3.2. Electric quadrupole interaction 

 

The isomer shift, described in the previous section, is an electric monopole interaction. 

There is no static dipole moment of the nucleus. The nucleus does have an electric 

quadrupole moment that originates with its asymmetrical shape. The asymmetry of 

the nucleus depends on its spin, which differs for the ground and excited states of the 

nucleus. In a uniform electric field, the shape of the nuclear charge distribution has no 

effect on the Coulomb energy. In an electric field gradient, however, there will be 

different interaction energies for different alignments of the electric quadrupole 
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moment of the nucleus. For example, the electric field gradient is zero when the 

electronic environment of the Mössbauer isotope has cubic symmetry. 

The electric quadrupole splitting (ΔEQ) arises for any nucleus with nuclear spin 

quantum number I greater than 1/2 and which, therefore, possess a non-spherical 

charge distribution. The magnitude of this non-sphericity is given by the nuclear 

quadrupole moment Q, the sign of which depends on the shape of the deformation, 

i.e. whether the charge distribution is oblate or prolate about the nuclear spin axis.  

 

 

Fig.6. Energy level diagrams for 57Fe in an electric field gradient (ΔEQ-Electric quadrupole 

splitting). 

2.3.3. Magnetic dipole interaction 

 

The magnetic hyperfine splitting will occur if there is a magnetic field at the nucleus. 

The hyperfine magnetic field can originate either within the atom itself or as a result of 

placing the compound in an externally applied magnetic field. Any interaction between 

the nuclear magnetic dipole moment and hyperfine magnetic field at the nucleus lifts 

the degeneracy of the magnetic sublevels and gives rise to 2I + 1 levels. For iron, where 

I = 1/2 and 3/2, this results to a characteristic 6-line pattern. Separation between the 
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peaks in the spectrum is proportional to the magnetic field at the nucleus. Measuring 

the magnetic hyperfine splitting permits to gain extremely useful information about 

the magnetic properties of the compounds investigated, information about directions 

of easy magnetization and strength of magnetic interactions. Particle size estimation 

may also be made since the temperature at which magnetic ordering occurs depends 

critically on the particle size.  

The line intensities of the sextet always have this structure: 3 : b : 1 : 1 : b : 3, where b 

is defined as: 

  
     

      
                                                                (4) 

The symbol  is the angle between the γ ray and the total magnetization of the 

sample, as can be seen in figure 7.  If the angle is 0o,  the relation between intensities is 

3 : 0 : 1 : 1 : 0 : 3, i.e., there is no second and fifth component in the sextet, and if the 

angle is 90o,  the relation between intensities is 3 : 4 : 1 : 1 : 4 : 3. If the line intensities 

are 3 : 2 : 1 : 1 : 2 : 3 like in figure 8, then the angle is 54,7o. 

 

Fig.7. Visual description of angle  . 

  

All mentioned hyperfine interactions, the corresponding spectra being given in Fig. 8 

for 57Fe isotope, can occur simultaneously. In magnetically ordered compounds, with a 

non-vanishing electric field gradient, the shape of the spectrum depends on the 

relative strengths of the magnetic dipole and the electric quadrupole interaction. A 

detailed analysis of the chemical state of Mössbauer atoms, within the material 

(valence state, chemical compound) is possible to be done from values of hyperfine 

interactions. The spectrum shape is a feature for a given chemical compound. 

 



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

16 
 

 

Fig.8. Magnetic hyperfine splitting for 57Fe – Heff. 
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3. The study of surfaces by Mössbauer Spectroscopy 

 

3.1. Introduction 

 

Mössbauer spectroscopy has the ability to simultaneously undertake bulk and surface 

analyses. It is a non-destructive technique that can be applied in situ to investigate 

surfaces of varying thickness using the secondary radiation emitted after resonant 

absorption of a gamma ray, mainly conversion electrons. This technique allows a 

detailed analysis of the chemical state of Mössbauer atoms within the material, 

including valence state and chemical compound.  

Following resonant absorption of a gamma ray, the nucleus may de-excite by emission 

of a gamma ray or by the process of internal conversion where an inner (K or L) shell 

electron is emitted, as previously shown in figure 3. Accompanying conversion electron 

emission is a characteristic X-ray emitted as a result of the repopulation of the inner 

energy levels. Detecting the three backscattered particles, it permits to perform 

surface studies. The normal transmission geometry investigates iron-containing 

samples of thickness typically <30 µm. However, in scattering geometry surfaces, 

coatings and thin films can be studied on substrates and to various depths through the 

detection of three backscattered radiations. At this stage it is relevant to note that 

emission Mössbauer spectroscopy is capable of the examination of 1012 atoms 

implanted on a square centimeter which is equivalent to one hundredth of the number 

of atoms making up a monolayer on the area of one square centimeter [5]. It is 

important to note that the technique can investigate the properties of layers which are 

tens of µm deep. 

The maximum depths studied with 57Fe isotopes are: 250 nanometers by 7.3 keV 

conversion electrons, (Conversion Electron Mössbauer Spectroscopy: CEMS) 20 

microns by 6.3 keV X-rays, (Conversion X-ray Mössbauer spectroscopy: CXMS) 30 

microns by 14.4 keV gamma-rays (Gamma-ray Mössbauer spectroscopy GMS) [6]. By 

means of the conversion electron detection, Mossbauer spectroscopy became one of 

the methods for surface characterization.  

3.2. Conversion Electron Mössbauer Spectroscopy 

 

Conversion Electron Mössbauer Spectroscopy (CEMS) offers the possibility to trace the 

surface layers down to the depth of about 200 nm [7]. CEMS enables to unveil changes 

in both structural and magnetic arrangement in the subsurface regions of the 

investigated alloys. 
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The technique of conversion-electron Mössbauer spectroscopy (CEMS) is based on the 

fact that during the decay of certain excited nuclear-spin states internal conversion 

processes, which involve the liberation of (conversion) electrons from s orbitals, may 

occur. Because of the exceptionally high efficiency of the internal conversion of the 

14.4 keV γ-ray in the decay of the       
  spin state of 57Fe, it is possible, by use of 

an appropriate proportional counter, to measure the total intensity of the conversion 

electrons and accompanying Auger electrons as a function of the modulated incident 

γ-ray energy. This, therefore, permits the Mössbauer to study surface regions of iron-

bearing solids by monitoring the liberated electrons in a resonance-type experiment. 

Since CEMS is an electron spectroscopy, it benefits from both the advantages and 

disadvantages of electron techniques. The main remarkable advantages are the next 

ones: First of all, electrons rapidly lose their energy traveling through matter; therefore 

those which escape from solids come from the near surface region. Secondly, electrons 

are easily detectable and their energy is easy to analyze. In addition, electrons are 

easily distinguishable from photons for detection purposes. And at last but not least, it 

is possible to evaluate the electron escape depth as a function of their escape angle 

and energy. 

The main disadvantages are that the electron paths through matter are not straight, 

that windowless detectors have to be used and that background electrons of different 

origins can mask the signal [8]. 

3.3. Conversion X-Ray Mössbauer Spectroscopy 

 

Conversion X-Ray Mössbauer Spectroscopy (CXMS) also offers the possibility to trace 

the surface layers but deeper than with CEMS. As it can be seen in figure 3, in the 

emitted following resonant absorption rays there are also X-rays of various energies. 

The most used X-rays features energy of 6.3 keV with a probability of 23 % [9]. 

As we can see in table 1, the mean penetration depth for X-rays is from 10000 nm to 

20000 nm [9]. 

Table 1. Products of de-excitation of the 14.41 keV level of 57Fe. 

PRODUCT ENERGY (keV) PROBABILITY DEPTH (nm) 

Gamma photon 14.41 0.09 – 0.11 20000 – 40000 

X – ray 6.3 0.23 – 0.24 10000 – 20000 

K – conversion e- 7.3 0.77 – 0.81 40 – 400 

L – conversion e- 13.6 0.09 – 0.10 Up to 1300 

M – conversion e- 14.3 0.01 – 0.02 Up to 1500 

Auger e- 6.2; 5.4 0.57 25 - 350 
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3.4. Experimental process 

 

The equipment required for Mössbauer spectrometry is simple. The basic elements of 

a Mössbauer spectrometer are a source, a sample, a detector, and a drive to move the 

source or absorber. Most commonly, this is done by moving the source towards and 

backwards from the sample while varying velocity linearly with time. The items 

specialized for Mössbauer spectrometry are the electromagnetic drive and the 

radiation source. The resonant γ rays in Mössbauer spectrometry have relatively low 

energies, so conventional x-ray detectors are used in many Mössbauer spectrometers. 

For 57Fe spectroscopy, it is often convenient if the detector is transparent to the 122 

keV precursor γ ray, hence reducing the non-resonant count rate. Scintillators should 

therefore be very thin. Gas-filled proportional counters are often convenient, and offer 

better energy resolution. Solid-state detectors are excellent for service in transmission 

Mössbauer spectrometers when the count rate is not excessive. 

The spectrometer works in this way: The γ-rays are detected by one of the detectors 

mentioned above. The pulses from the detector are amplified and pass through a 

discriminator where most of the non-resonant background radiation is rejected, and 

finally are fed into the open channel address of a multi-channel analyser (e.g. a 

computer) with several hundred channels, which is synchronised with the vibrator 

making use of the so-called feedback control system. A constant frequency clock 

synchronises a voltage waveform (usually triangular yielding a linear Doppler velocity 

scale) which serves as a reference signal to the servo-amplifier controlling the electro-

mechanical vibrator. The difference between the monitored signal and the reference 

signal is amplified and drives the vibrator at the same frequency as the channel 

address advance. Each channel corresponds to a certain relative velocity and is held 

open for a fixed time interval depending on the frequency and number of channels 

used. Counts from the detector are accumulated repetitively in short time intervals 

associated with memory addresses of a multichannel. Each time interval corresponds 

to a particular velocity of the radiation source. Typical numbers are 1024 data points of 

50-μs time duration and a period of 20 Hz [10]. 

The Mössbauer spectra have been measured with the mentioned instrumentation as 

shown in figure 9. CEMS and CXMS are applied (backscatter mode) because they are 

used for opaque or excessively thick absorbers, so electrons emitted from the sample 

surface after resonant absorption are counted with a conversion electron detector and 

the final spectrum is the number of electrons or X-rays as a function of the Doppler 

velocity. In our case, however we are interested in the surface regions even if the 

samples are relatively thin (about 20 µm). If it was transition mode, the spectrum 

would have been obtained by counting the number of γ-ray photons that pass through 

a thin specimen as a function of the γ-ray energy. 
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Fig.9. CEMS and Transmission Mössbauer spectrometer. 

The γ- ray energy, as said before, is tuned with a drive that imparts a Doppler shift, ΔE, 

to the γ ray in the reference frame of the sample, i.e., the γ ray source, or 57Co, which 

emits discrete energy photon, is moved towards and backwards with a relative velocity 

  
  against the solid sample. Then the γ ray energy follows the next equation: 

            (  
 

 
)                                              (5) 

Where Eo is the transition energy (as explained before in figure 2) and c is the speed of 

light. 

All the experiments took place in the laboratory of Mössbauer spectrometry at the 

Institute of Nuclear and Physical Engineering of the Faculty of Electrical Engineering 

and Information Technology (Slovak University of Technology in Bratislava). A 

combined TMS/CEMS/CXMS spectrometer (Fig. 10) worked with a 57Co/Rh source of 

gamma radiation. Calibration was performed with a 12.5 m thick foil of bcc-Fe (Good 

fellow) at room temperature. 
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Fig.10. TMS/CEMS/CXMS Mössbauer spectrometer. 

Evaluation of Mössbauer spectra was performed with the CONFIT software. Isomer 

shift values are quoted with respect to the bcc-Fe calibration spectrum.  

 

3.5. Description of the samples 

 

The NANOPERM samples have iron, molybdenum, copper and boron and the 

composition is the following one: 57Fe75Mo8Cu1B16. The obtained ribbons are 20µm 

thick and about 1mm wide. Example of similar alloy is shown in figure 11. Small width 

of our samples is due to high enrichment (up to 50%) to rather expensive 57Fe isotope. 
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Fig.11. NANOPERM ribbon. 

The NANOPERM samples are obtained by a fast quenching process on a rotating 

wheel, as it will be explained later. That means that the samples exhibit two distinct 

sides: the one that has been in contact with the quenching wheel and the other one 

one that was during the production exposed to the surrounding atmosphere (air). The 

former is called wheel side and the latter is called air side (or shiny). Obviously, the 

surfaces are completely dissimilar as documented also in Fig. 12. Consequently, the 

aim of this project is to understand the structural differences that are characteristic for 

both sides of the ribbons. For this purpose, we use surface sensitive Mössbauer effect 

techniques that enable to scan the subsurface regions to the depth of about 200 nm 

(CEMS) and about 10 µm (CXMS). 

 

Fig.12. Pictures from an optical microscope taken from the wheel (a) and air (b) sides of the 

inspected as-quenched ribbons. The bottom pictures are 4-times magnified. 
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In addition to the structural modifications imposed during the productions of the 

ribbon, the samples were bombarded by ions from the air side, as can be seen in figure 

13. The air side was chosen for irradiation because of its rather smooth surface that is 

seen in Fig. 12(b). The individual ribbons were attached to aluminum holders that were 

in close contact with a cooled support to keep the temperature during the irradiation 

as low as possible. This sample arrangement, which is shown in Fig. 14, ensures that 

possible temperature increase of the ribbons during the ion irradiation can be ruled 

out. 

 

Fig.13. Profile of the sample. 

 

Fig.14. Arrangement of the individual investigated ribbons during ion irradiation. 
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The samples were irradiated with 130keV N+ ions with different doses and then the 

surface Mössbauer technique investigations were employed. The doses of 5,0·1015 

N+/cm2,  1,0·1016 N+/cm2,  2,0·1016 N+/cm2,  5,0·1016 N+/cm2,  1,0·1017 N+/cm2 and  

2,5·1017 N+/cm2 were applied. A non-irradiated sample was used as a reference in 

order to compare the effects of ion irradiation. The aim of this experiment is to 

understand the behavior of some magnetic and structural properties after ion 

bombardment of this material.  

The effects of ion implantation were calculated by the help of the SRIM2010 code [11]. 

The results are displayed in Fig. 15. Because the maximum changes are expected in the 

depth of 147 nm, especially CEMS technique should sensitively reflect this when 

measured from the air, i.e. the implanted side. 

 

Fig.15. Calculated trajectories of the implanted 130 keV N+ ions with subsequently recoiled 

ions and radiation damage profiles. Position of the 200 nm depth is indicated. 
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4. Metallic Glasses 

 

4.1. Introduction 

 

Metallic glasses, or amorphous metals, are novel engineering alloys in which the 

structure is not crystalline (as it is in most metals), but rather is disordered, with the 

atoms occupying more-or-less random positions in the structure. In this sense metallic 

glasses are similar to the more familiar oxide glasses such as the soda-lime 

glasses used for windows and bottles. 

The term ‘nanocrystalline alloy’ is used to describe those alloys that have a majority of 

grain diameters in the typical range from 1 to 50 nm. This term will include alloys made 

by plasma processing, rapid solidification, and deposition techniques where the initial 

material may be in the amorphous state and subsequently crystallized [12]. It is clear 

that development of new materials and their understanding on a smaller and smaller 

length scale is at the root of progress in many areas of materials science. This is 

particularly true in the development of new magnetic materials for a variety of 

important applications. In recent years the focus has moved from the microcrystalline 

to the nanocrystalline regime.  

Over several decades, amorphous and nanocrystalline materials have been 

investigated for applications in magnetic devices requiring either magnetically hard or 

soft materials. In particular, amorphous and nanocrystalline materials have been 

investigated for various soft magnetic applications including transformers, inductive 

devices, etc. In these materials it has been determined that an important averaging of 

the magnetocrystalline anisotropy over many grains coupled within an exchange 

length is the root of the magnetic softness of these materials. The length is typically 

nanometers or tens of nanometers which illustrates the underlying importance of this 

length scale in magnetic systems. 

From a practical point of view the amorphous structure of metallic glasses gives them 

some important properties. First of all, like other kinds of glasses, they experience 

a glass transition into a super cooled liquid state upon heating. In this state the 

viscosity of the glass can be controlled over a wide range, creating the possibility for 

great flexibility in shaping the glass.  

Secondly, the amorphous atomic structure means that metallic glasses do not have the 

crystalline defects called dislocations that govern many of the mechanical properties of 

more common alloys. The most obvious consequence of this is that metallic glasses 

can be much stronger (3-4 times or more) than their crystalline counterparts. Another 

is that metallic glasses are somewhat less stiff than crystalline alloys. The combination 

http://en.wikipedia.org/wiki/Metallic_glass
http://en.wikipedia.org/wiki/Soda-lime_glass
http://en.wikipedia.org/wiki/Soda-lime_glass
http://en.wikipedia.org/wiki/Glass_transition
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of high strength and low stiffness gives metallic glass very high resilience, which is the 

ability to store elastic strain energy and release it.  

Another consequence of their amorphous structure is that metallic glasses, unlike 

most crystalline alloys, are weakened by deformation. This “strain softening” causes a 

concentration of deformation into very narrow shear bands. 

As a result of research to date, three families of alloys show the best performance 

characteristics and have emerged as the leading candidates as shown in figure 16: Fe-

Cu-Nb-Si-B (the "Finemet" family), Fe-M-B-(Cu) (the "Nanoperm" family, M=Zr, Mo, 

Hf…) and Fe-Co-Zr-B (the “Hitperm” family) [12]. The Finemet family is characterized 

by an optimum grain size of about 15 nm, provides a saturation induction of about 1.2 

T, and exhibits very good properties at high frequencies, comparable to some of the 

best Co-based amorphous materials. On the other hand, the grain sizes consistent with 

optimum performance are larger, around about 25 nm, in the Nanoperm family. The 

distinguishing feature of the Nanoperm family of alloys is the very low energy loss 

exhibited at low frequencies (60 Hz), offering the potential for application in electrical 

power distribution transformers. 

 

 

Fig.16. Relationship between permeability (µe) and saturation polarization (BS) for soft 

magnetic materials. 
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4.2. Ferromagnetism 

 

Iron, nickel, cobalt and some others exhibit a unique magnetic behavior which is called 

ferromagnetism. 

Ferromagnetic materials exhibit a long-range ordering phenomenon at the atomic 

level which causes the unpaired electron spins to line up parallel with each other in a 

region called a domain. Within the domain, the magnetic field is intense, but in a bulk 

sample the material will usually be non-magnetic because the many domains will 

themselves be randomly oriented with respect to one another. 

Ferromagnetism manifests itself in the fact that a small externally imposed magnetic 

field, say from a solenoid, can cause the magnetic domains to line up with each other 

and the material is said to be magnetized. The driving magnetic field will then be 

increased by a large factor which is usually expressed as a relative permeability for the 

material. 

Ferromagnets will tend to stay magnetized to some extent after being subjected to an 

external magnetic field. This tendency to "remember their magnetic history" is called 

hysteresis. The fraction of the saturation magnetization which is retained when the 

driving field is removed is called the remanence of the material, and is an important 

factor in permanent magnets. 

All ferromagnets have a maximum temperature where the ferromagnetic property 

disappears as a result of thermal agitation. This temperature is called the Curie 

temperature, and for iron it is about 770 oC. 

4.3. Hysteresis Cycle 

 

When a ferromagnetic material is magnetized in one direction, it will not relax back to 

zero magnetization when the imposed magnetizing field is removed. It must be driven 

back to zero by a field in the opposite direction. If an alternating magnetic field (B0) is 

applied to the material, its magnetization (M) will trace out a loop called a hysteresis 

loop, as can be seen in figure 17. The lack of retraceability of the magnetization curve 

is the property called hysteresis and it is related to the existence of magnetic domains 

in the material. The Point A is called saturation magnetization, the remanence (point B) 

is a measure of the remaining magnetization when the driving field is dropped to zero 

(it is useful as a magnetic memory, it remembers its “history”) and the coercivity (point 

C) is a measure of the reverse field needed to drive the magnetization to zero after 

being saturated.  
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There is some variation in the hysteresis of different magnetic materials. The first type 

(a) retains a large fraction of the saturation field when the driving field is removed, it 

has big remanence. It is desirable for permanent magnets, magnetic recording and 

memory devices. The second type (c) has narrow hysteresis loop, which implies a small 

amount of dissipated energy in repeatedly reversing the magnetization. It is desirable 

for transformer and motor cores to minimize the energy dissipation with the 

alternating fields associated with AC electrical applications. The material under study, 

NANOPERM, has this kind of hysteresis loop. The third type (b) is a mix between both 

(a) and (c). 

 

Fig.17. Types of Hysteresis Cycles (loops). 

The materials with high remanence and high coercivity from which permanent 

magnets are made are sometimes said to be magnetically hard (a). Contrarily, 

magnetically soft materials (c) are used for production of transformer cores and coils 

for electronics. Ferromagnetic materials in which the magnetic field can be easily 

reversed are said to be magnetically soft. They may have high permeability but very 

small coercivity, and therefore have very narrow hysteresis loops. 

 

4.4. NANOPERM 

 

4.4.1. Description 

 

NANOPERM is a rapidly quenched iron based alloy with a fine crystalline 

microstructure. The typical grain size is only 10nm - this is why the material is called 

'nanocrystalline'. This fine material structure is the reason for extraordinary 
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softmagnetic properties which can be adjusted in a wide range by an annealing 

process under the presence of external magnetic fields. 

Material properties of NANOPERM: 

 Saturation Flux Density Bs: ca. 1,2 T 

 Coercivity Hc (quasistatic, 50 Hz): < 3 A/m 

 Saturation Magnetostriction: < 0,5 ppm  

 Specific Electrical Resistivity: ca. 115 µΩcm  

 Density ρ: 7,35 g/cm³  

 Curie Temperature Tc: ca. 600 °C  

 Minimum Rated Temperature Tmin: -40 °C  

 Maximum Rated Temperature Tmax: +200 °C  

 Losses (0,3T/100kHz/sinus) Pv: < 110 W/kg  

 Tape thickness d: 17 to 23 µm  

 Typical grain size: 10 nm  

 Permeability µe (10 kHz): 1.000 to 100.000  

 

4.4.2. Fabrication 

 

Nanocrystals, in this case NANOPERM, are created in the process of rapid cooling of 

metal and at the same time forming into a very thin band. The material obtained in 

this process features a fine crystalline microstructure. The fine grain material structure 

is the feature which makes it possible to attain unusual soft magnet properties. It is an 

amorphous material, which during rapid cooling did not have the time to crystallize 

and obtained a new form, a state of aggregation called vitreous metal. 

 

 

Fig.18. Melt-spinning apparatus schematic used to produce amorphous metallic ribbons. 
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Amorphous metallic alloys are synthesized by rapid solidification processing 

techniques in alloy systems where the liquid phase remains stable to low temperature 

and there are competing crystalline phases below the liquid, i.e. systems with deep 

eutectics. These are typically metastable phases. Amorphous alloys can be produced 

by a variety of rapid solidification processing routes including splat quenching, melt 

spinning, gas atomization and condensation from the gas phase [13].  

Figure 18 shows how the molten alloy is pushed through the orifice of a pressurized 

crucible onto a rotating copper wheel in the melt spinning process. The melt 

temperature (approx. 1200 ºC) influences the ribbon thickness and therefore the final 

nanocrystal size distribution throughout the transformed ribbon after 

nanocrystallization. The glass forming ability involves suppressing crystallization by 

preventing nucleation and growth of the stable crystalline phase so as to maintain a 

metastable quenched liquid phase. The solidification of a eutectic liquid involves 

partitioning of the constituents so as to form the stable crystalline phase. The final 

amorphous ribbon can come out from the top of the quenching wheel or from under 

it, with a velocity of about 100 km/h. 

 

4.4.3. Applications 

 

The excellent soft magnetic properties noted from NANOPERM - extremely low 

coercivities, high permeabilities, low energy losses, etc. - have triggered major interest 

and research activity in both the research and in the industrial communites.  

Additionally, these Fe-based materials have potential as lower cost alternatives to the 

costly Co-based amorphous materials in many applications. There is application of 

these materials in cores of transformers (to reduce the energy losses associated with 

the reversing fields of the AC currents), chokes (they provide protection against 

incoming and outgoing high frequency noise and they also protect electronic devices 

against high voltage pulses), ISDNs (Integrated Services for Digital Network), etc. and 

they are already well on their way to commercialization [14]. The applications of these 

materials that have the greatest cost and performance impact, and yet are the most 

challenging, are in cores of transformers for electrical power distribution. This is the 

application that needs to be facilitated through additional work on nanocrystalline soft 

magnetic alloys. 

For example, Y. Mori et al. [15] have accelerated protons in a FFAG (Fixed Field 

Alternating Gradient) synchrotron changing the rf frequency for each bunch (from 0.61 

MHz to 1.38 MHz). To obtain the wide frequency range, they made the transformer 

using two kinds of core, NANOPERM and Ni-Zn ferrite. 
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Some metallic glasses are considered as candidates for magnetic cores of accelerator 

radio-frequency cavities, where they are exposed to ion radiation that may alter their 

magnetic properties. That is why an investigation of the influence of ion bombardment 

on magnetic properties of these materials is being done. 

4.4.4. Comparison Nanoperm VS Ferrite 

 

It is good to investigate new materials and see why a material is better than another, 

that is to say, to list their properties and compare them. This comparison is made just 

to see the big differences between this innovative material and others that are used in 

the same field [16].  

Table 2. Comparison of Ferrite and NANOPERM [16]. 

 
Alloy 

Permeability 
(10/100kHz) 

Saturation 
induction Bs 

[T] (25/100ºC) 

 
Curie Temp 

(ºC) 

Ferrite 3E7 15000/12000 0.38/0.21 > 130 

Ferrite  T38 10000/10000 0.38/0.23 > 130 

 
NANOPERM 

100000/20000 
80000/28000 
30000/20000 

 
1.2/1.18 

 
> 600 

 

As it can be seen in table 2, NANOPERM has higher permeability (up to a factor of 10), 

higher saturation induction (up to a factor of 3) and extended Curie temperature, that 

means, extended working temperature than conventional ferrites. 

 

 

Fig.19. Permeability (µe) as a function of Temperature (T) [16]. 
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Fig.20. Saturation induction (Bs) as a function of Temperature (T) [16]. 

NANOPERM has higher permeability at low temperatures. As it can be seen in figure 

19, permeability decreases almost linearly. Furthermore, its Curie temperature is so 

much higher than these ferrites, of about five times more. That means that it does not 

lose its magnetic properties until these high temperatures. As it has been said before, 

NANOPERM has a higher saturation induction in all cases. 

In conclusion, compared to ferrites, the built volume of inductive components is 

always significantly smaller. NANOPERM components are advanced, lighter and cooler. 

To put an example of application, there are some companies that fabricate these 

advanced soft magnetic materials for Electromagnetic Interference (EMI) filters for 

future automotive powernet systems. 

4.5. Mössbauer spectroscopy studies of nanocrystalline materials 

 

Because this project aims at understanding surface properties of metallic glasses which 

have been eventually subjected to ion implantation, in the following we limit the use 

of Mössbauer effect studies to similar phenomena. 

Ions in matter lose their energy predominantly via two mechanisms. First, there is a 

direct transfer of kinetic energy to target atoms by elastic collisions between a 

projectile nucleus and target nuclei. Energy is also transferred to target electrons by 

the generation of excited or ionized target atoms. For light ions the electron energy 

loss is relatively low, so that electronic excitations and ionizations are sparsely 

distributed along the ion's path. Hence, electronic relaxation processes necessarily 

reflect the specific electronic structure of the target [17]. 
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Some metallic glasses are considered as candidates for magnetic cores of accelerator 

radio-frequency (RF)-cavities. In this particular application, they are exposed to ion 

radiation that may alter their magnetic properties [18]. The spectrum of particle 

species, energies and fluencies is rather broad because the irradiating ions origin from 

complex interaction of lost primary heavy ions with the beam-pipe wall. Miglierini et 

al. [7] have studied structural modifications of Fe76Mo8Cu1B15 metallic glass after ion 

bombardment with nitrogen ions, gold ions and protons to ensure different degree of 

radiation damage. Conversion electron Mössbauer spectrometry was employed to 

scan structural modifications in the surface regions of the irradiated alloys. 

Another interesting paper to take into account is the study made by Amrute et al. [19] 

for they studied the modification of magnetic anisotropy in ferromagnetic metallic 

glasses using high energy ion beam irradiation. They irradiated with 100 MeV 127I ions 

at different doses from 5x1012 to 7.5x1013 ions/cm2. The first thing one can think is that 

after this high energy ion irradiation the material can be modified. Firstly, it can have 

atomic displacements and thereby, the net magnetic moment could rotate to a nearly 

random orientation. Secondly, because of the energy loss introduced by the ion 

irradiation the material could be somehow damaged. They found that the metallic 

glasses Fe78B13Si9 and Fe40Ni38Mo4B18 preserve their amorphous nature after the heavy 

ion irradiation, but the magnetic anisotropy changes considerably. 

Bibicu [6] carried many studies by conversion electron Mössbauer spectroscopy and 

conversion X ray Mössbauer spectroscopy. He proved the possibility to make 

superficial measurements in the nano or micro range by those spectroscopies using 
57Fe and 119Sn isotopes. He investigated, for example, the effects induced, mainly in 

surface, by pulsed radio frequency annealing of Fe81B13.5Si3.5C2 glass, the structural and 

magnetic properties of different materials like Fe81B13.5Si3.5C2 films and Fe ion 

implanted Cu and Ag films among others, corrosion processes and the surface phase 

composition of bulk and thin films samples of SnSe2. 

As it has said before, there is another type of nanocrystallline material called HITPERM. 

Kopcewicz et al. [20] did Mössbauer measurements for the Fe44Co44Zr7B4Cu1 alloy. By 

transmission Mössbauer measurements, the bulk properties of the ribbon were 

accessed while the surface effects were isolated by conversion electron Mössbauer 

spectroscopy. Finally, the radio frequency Mössbauer technique was used to examine 

the anisotropic magnetic effects of the hyperfine field. 

As it can be seen, there are some papers related to ion irradiation of metallic glasses 

but this field has not been investigated too much. The understanding of the changing 

properties of these materials within the influence of ion implantation is crucial for the 

operation of the accelerator radio frequency cavities whose production is envisaged 

using this type of materials. 
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5. The goals of the project 

 

As it can be seen in figure 13, the samples have two important parts: the surface layer 

and the bulk. If the samples are bombarded by the air side, some questions come to 

one’s mind: does it affect to the sample? Does it depend on the dose? Does it affect 

only to the air side’s surface layer? Does the wheel side know that it is being 

bombarded by its other side? These are some of the questions that are trying to be 

resolved in this project. 

Based upon the above, we can formulate the following goals of this project: 

1. Determination of the differences between both surfaces of rapidly quenched 

ribbons of 57Fe75Mo8Cu1B16 metallic glass from the point of view of the structure as 

well as hyperfine interactions. 

2. Comparison of surface deviations from different depths. 

3. Description of the alloy’s modification after bombardment with N+ ions (130 keV). 

4. Interpretation of the achieved results. 

To reach the assigned goals of the project, the method of Mössbauer spectrometry will 

be used. It enables simultaneous identification of structural and magnetic states of the 

investigated samples via hyperfine spectral parameters. Using suitable techniques like 

CEMS and CXMS, relevant information can be obtained from subsurface regions that 

extend into different depths. 
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6. Results and discussion 

 

6.1. Mössbauer Spectra Convolution Fit (CONFIT) 

 

This program allows a complex treatment of Mössbauer spectra starting from a setting 

of the background and of the individual components according to the selected model. 

It is designed for the spectroscopy of 57Fe and 119Sn isotopes with nuclear spin values 

of 1/2 and 3/2. An original method has been applied combining a non-linear least-

squares procedure with the Fast Fourier Transform technique [21]. It is possible to 

introduce not only hyperfine magnetic field distributions, but now also doublets 

quadrupole splitting distribution with a Gaussian profile. In the connection with the 

distribution it is always supposed that the quadrupole interaction is much weaker than 

the magnetic one. The fitted spectra can be taken in the transmission or back-

scattering (conversion electrons, conversion X rays) geometry. 

Once all the data are obtained as explained in section number 3.4, they can be 

processed by CONFIT. All raw data are in channels and should be converted into a 

velocity scale. This transformation is done by the help of calibration foils using a special 

software routine. After this process, sextets and doublets have to be inserted manually 

with their specifications depending on the sample that is being treated and then run 

the program. The figure 21 is an example of the program appearance: the blue dots 

are the experimental data, the green line below is the background, the red line is the 

fitting with its error below in green and all the other lines are sextets and one doublet. 

 

 

Fig.21. Example of the CONFIT software. 
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Once correctly fitted, some important values will be taken from CONFIT, for example 

for each sample the relative area A, the isomer shift IS (in mm/s), the quadrupole 

splitting QS (in mm/s) and the magnetic hyperfine splitting B (in tesla) of every doublet 

and sextet will be compared.  

 

6.2. Results using Mössbauer technique 

 

Another thing to take into account is that the range of a photon is different as that of 

an electron, as it has been shown before in the table 1 (Products of de-excitation of 

the 14.41 keV level of 57Fe). This is because they have different nature, the first one is 

electromagnetic radiation and the other one is a particle. Therefore they interact 

differently with matter and obviously, the range of photons is so much higher than the 

range of electrons. That is why CEMS and CXMS are being used, the first one 

investigates the near surface layers (down to about 200nm) and the second one 

provides information from deeper regions from the bulk (about 10 µm under the 

surface). Figure 22 shows the little range of electrons and contrarily the wide range of 

photons. Applying both techniques to both sides of the samples the questions 

mentioned above could be answered. 

 

 

Fig.22. Conversion electron and conversion X ray interactions. 
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6.2.1 Wheel side of the ribbons (WS) 

 

This side of the ribbons is visually matt. This is a consequence of rather rough surface 

which was in a direct contact with the quenching wheel during the production. Surface 

imperfections are easily seen in Fig. 12(a) especially at the detailed bottom picture 

where the as-quenched ribbons are show. 

The particular composition of our investigated alloy exhibits soft magnetic properties. 

The magnetic ordering temperature (Curie temperature) is, however, of about 313 K as 

derived from temperature dependence of magnetization that is shown in Fig. 23. 

 

 

Fig.23. The normalized magnetization versus temperature for the 57Fe75Mo8Cu1B16 alloys in 

the as-quenched state (a) and after heat treatment for 0.5 h at 643 K (b) and 723 K [22]. 

 

Because all Mössbauer effect experiments were performed at room temperature (ca. 

295 K) the resulting Mössbauer spectra are expected to show mixed magnetic dipole 

and electric quadrupole interactions that are characteristics for close-to-Curie 

temperature stage of a material. In addition, we expect enhanced sensitivity of the 

spectra to any structurally driven changes caused by, for example ion irradiation. 

Mössbauer spectra of the as-quenched alloy taken from the wheel side of the ribbons 

by CEMS and CXMS are shown in Fig. 24. In accord with the above they show badly 

resolved sextet (violet color) and doublet (green color). The former represent week 

magnetically active regions whereas the latter corresponds to already paramagnetic 
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regions. As seen from Fig. 24, they were reconstructed by distributed spectral 

components because of amorphous nature of the structure. 

It is noteworthy that better statistics of the CEMS measurement is due to the internal 

conversion coefficient that is highly in favor of a de-excitation process via emission of 

conversion electrons as compared with conversion X-rays. 

 

                               (a)                                                                                      (b) 

 

Fig.24. CEMS (a) and CXMS (b) Mössbauer spectra taken from the wheel side of as-quenched 

ribbons. Individual fitting components are also shown. 

 

The figure 25 shows CEMS (a) and CXMS (b) results for the wheel side, starting from 

the as – quenched sample and finishing with the most irradiated one with a dose of 

2,5·1017 N+/cm2.  As it can be seen, no appreciable changes in the shapes of all spectra 

were revealed after N+ ion irradiation with respect to the as-quenched (non-irradiated) 

state of the alloy, even at the highest fluency. This result confirms that the opposite 

side of the ribbon was not affected by the irradiation process at all. 

Spectral parameters obtained from CEMS and CXMS experiments are listed in Tab. 3 

and Tab. 4, respectively. They comprise the relative area A (in %), the isomer shift IS (in 

mm/s), the quadrupole splitting QS (in mm/s) and the magnetic hyperfine splitting B 

(in tesla) of every doublet and sextet for all the doses. 

The errors are +/- 2 % for the relative areas, +/- 0.02 mm/s for the isomer shift, +/- 
0.04 mm/s for the quadrupole splitting and +/- 0.12 T for the magnetic hyperfine 
splitting. 
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Fig.25. CEMS (a) and CXMS (b) spectra from the wheel side. 
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Table 3. CEMS wheel side results. 

  Dose (N+/cm2) 

  a.q. 5E+15 1E+16 2E+16 5E+16 1E+17 2,5E+17 
Sextet Arel (%) 82 70 65 72 66 64 72 

IS (mm/s) 0,01 0,02 0,04 0,02 0,02 0,04 0,02 
B (T) 6,16 7,397 7,42 7,47 7,37 7 7,28 

         
Doublet Arel (%) 18 30 35 28 34 36 27 

IS (mm/s) -0,05 -0,05 -0,05 -0,07 -0,05 -0,02 -0,03 
QS (mm/s) 0,75 0,72 0,71 0,72 0,66 0,66 0,7 

 

Table 4. CXMS wheel side results. 

  Dose (N+/cm2) 

  a.q. 5E+15 1E+16 2E+16 5E+16 1E+17 2,5E+17 
Sextet Arel (%) 86 75 72 81 77 79 83 

IS (mm/s) 0,01 0,01 0,01 0,01 -0,001 -0,01 -0,006 
B (T) 6,16 7,37 7,37 7,66 7,37 7,65 7,41 

         
Doublet Arel (%) 14 25 28 19 23 21 17 

IS (mm/s) -0,05 -0,05 -0,05 -0,04 -0,03 -0,03 -0,03 
QS (mm/s) 0,75 0,84 0,84 0,85 0,82 0,84 0,82 

 

(a)       (b) 

 

Fig.26. Relative Area VS Dose for sextet (blue) and doublet (red) for CEMS (a) and CXMS (b), 

WS. 
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(a)       (b) 

 

Fig.27. Isomer shift VS Dose for sextet (blue) and doublet (red) for CEMS (a) and CXMS (b), 

WS. 

(a)       (b) 

 

Fig.28. Quadrupole splitting VS Dose for doublet for CEMS (a) and CXMS (b), WS. 

(a)       (b) 

 

Fig.29. Magnetic hyperfine splitting VS Dose for sextet for CEMS (a) and CXMS (b), WS. 



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

42 
 

Figures 26, 27, 28 and 29 provide all the interesting parameters to be analyzed. It can 

be seen that no appreciable changes in the shapes of all spectra were revealed after N+ 

ion irradiation with respect to the as-quenched. The relative areas are more or less 

constant as well as the isomer shift and the quadrupole splitting values. These two last 

parameters can be considered unchanged within the region of an experimental error 

bars in the irradiated sample. Neverteless, some decrease in the relative sextet 

component on account of the doublet is seen when we compare the as-quenched and 

irradiated alloys. The magnetic hyperfine splitting is also constant after ion irradiation 

but is higher than in the as quenched state. Both the effect of decreased relative 

fraction of the magnetic component in Fig. 26 and rather significant increase in B in 

Fig. 29 after ion irradiation imply possible structural changes towards new magnetic 

arrangement. The observed structural rearrangement is taking place at the near 

surface (CEMS) as well as in deeper bulk regions (CXMS) when inspected from the 

wheel side that was not exposed to the ion bombardment. 

 

6.2.2. Air side of the ribbons (AS) 

 

This side of the ribbons is the shiny one, as it can be seen in figure 12(b), because it is 

the part that has not been in contact with the quenching wheel in the production, just 

air. This is the irradiated side and therefore the most interesting part to be analyzed. It 

is expected that the surface has been damaged due to the N+ irradiation. 

The figure 30 shows CEMS (a) and CXMS (b) spectra taken from the air side, starting 

from the as - quenched sample and finishing with the most irradiated one with a dose 

of 2,5·1017 N+/cm2.  As it can be seen, if it is compared the as – quenched spectra with 

the 5·1015 N+/cm2 spectra (the next one), one can see that changes in the spectrum 

shape appear: both CEMS and CXMS spectra are notably broader. This means that the 

magnetic hyperfine splitting parameter is getting higher, as it can be seen in tables 5 

and 6, because the separation between the peaks in the spectrum is proportional to 

the magnetic field at the nucleus. Spectra taken after irradiation with doses higher that 

5.1016 N+/cm2 are even broader and exhibit clear contribution of magnetic sextets. 

Consequently, in the fitting model, two and three distributed sextet components were 

used in the 1·1017 N+/cm2 and 2,5·1017 N+/cm2 irradiated alloys, respectively. The 

corresponding spectral parameters listed in Table 5 and 6 are weighted averages from 

all sextet components. In the case of the 2,5·1017 N+/cm2 sample (CEMS), surface 

crystallization was detected as indicated by small spectral lines in figure 21 that 

correspond to magnetite, Fe3O4. Their total area fraction is of about 8 %. 
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Fig.30. CEMS (a) and CXMS (b) spectra from the air side. 
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Table 5. CEMS air side results. 

  Dose (N+/cm2) 

  a.q. 5E+15 1E+16 2E+16 5E+16 1E+17 2,5E+17 
Sextet Arel (%) 77 85 89 92 90 95 83 

IS (mm/s) 0,02 0,03 0,04 0,06 0,06 0,09 0,12 
B (T) 5,11 7,34 7,89 7,88 11,67 14,37 18,76 

         
Doublet Arel (%) 23 15 11 8 10 5 9 

IS (mm/s) -0,04 -0,04 -0,05 -0,02 0,11 0,18 0,46 
QS (mm/s) 0,63 0,82 0,82 0,83 0,82 0,82 0,81 

 

Table 6. CXMS air side results. 

  Dose (N+/cm2) 

  a.q. 5E+15 1E+16 2E+16 5E+16 1E+17 2,5E+17 
Sextet Arel (%) 84 87 89 80 90 97 100 

IS (mm/s) 0,03 -0,03 0,01 0 0,0004 0,06 0,1 
B (T) 5,8 7,95 8,49 9,6 10,86 13,22 15,66 

         
Doublet Arel (%) 16 13 11 20 10 3 - 

IS (mm/s) -0,04 -0,05 -0,03 -0,12 -0,12 -0,23 - 
QS (mm/s) 0,6 0,84 0,81 0,81 0,81 0,82 - 

 

(a)       (b) 

 

Fig.31. Relative Area VS Dose for sextet (blue) and doublet (red) for CEMS (a) and CXMS (b), 

AS. 
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(a)       (b) 

 

Fig.32. Isomer shift VS Dose for sextet (blue) and doublet (red) for CEMS (a) and CXMS (b), 

AS. 

(a)       (b) 

 

Fig.33. Quadrupole splitting VS Dose for doublet for CEMS (a) and CXMS (b), AS. 

(a)       (b) 

 

Fig.34. Magnetic hyperfine splitting VS Dose for sextet for CEMS (a) and CXMS (b), AS. 
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The fitting results listed in table 5 and 6 are plotted in figures 31 – 34. They clear show 

a huge influence of ion bombardment upon all investigated parameters. Even though 

the increase in magnetic component spectral area (Fig. 31) is not so pronounced rather 

drastic changes in other parameters occurs. It is noteworthy that in case of the 2,5·1017 

N+/cm2 alloy measured by CEMS, the sextet area is given in absolute value, i.e. not 

taking the 8 % surface crystallization into account. If normalized, it will increase the 

relative fraction of the distributed magnetic component from 83 % up to 90,2 %. 

A tendency of the hyperfine magnetic field to increase with the dose is clearly 

demonstrated in Fig. 34. Even though the surface B value obtained from CEMS in the 

as-quenched state is slightly lower (5.11 T) than that from deeper regions screened by 

CXMS (5.80 T), its increase after ion bombardment with the highest dose is appreciably 

high (18.76 T versus 15.66 T). This clearly indicates that by ion irradiation the surface 

regions are more affected than the bulk ones. This is in accord with the modeling of 

the penetration depth of the N+ ions which is of about 147 nm as shown in Fig. 15. 

Nevertheless, the evolution of B with dose in both depths shows the same trend.  

Quadrupole splitting of the doublet spectral component is nearly constant after the 

irradiation but it is still higher than in the as-quenched state irrespective of the 

investigated depth (Fig. 33). While the isomer shit moderately increases with the dose 

for the sextet components in both CEMS and CXMS spectra different behavior is 

observed for the quadrupole doublets. While the surface regions exhibit dramatic 

increase in IS with dose an opposite trend, i.e. decrease in IS is observed for deeper 

bulk regions of the irradiated alloy (see Fig. 32). Deviations in both isomer shifts and 

quadrupole splitting values are indication of structural changes in the chemical and 

topological short-range order induced by ion irradiation. 

Due to the results shown in figures 25 and 30, it can be seen cleary that the range of 

the 6.3 keV X rays is not from 10 µm to 20 µm as previously shown in the table 1, 

because from the CXMS air side results it can be seen that the sample is affected by 

the ion irradiation and in contrast the CXMS wheel side results demonstrate practically 

no change in the respective spectral parameters after the irradiation. Only minor 

deviations are observed when compared with the paramters dervided from the as-

quenched alloys. If the range would be from 10 µm to 20 µm, then the CXMS air side 

results would reflect the state of the atoms from the air surface down to the point 2 in 

figure 35. On the other hand, the CXMS wheel side ones should extend from the wheel 

surface down to the point 1. Takning into consideration the ribbon thickness of about 

20 m we would expect similarities of the spectral parameter evolutions with dose for 

CXMS air and wheel sides. Because this is not the case we supposed that the escape 

depth of the X rays is at maximum 10 µm. Should it be more, the results from CXMS air 

side and CXMS wheel side would have show more similarities, and this is not the case. 
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Fig.35. Profile of the sample. 
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7. Conclusions 

 

The aim of this project was to continue with the investigation of F. J. Garcia Melero, 

but investigating the surfaces of a NANOPERM alloy, concretely the type 
57Fe75Mo8Cu1B16. To reach the assigned goals of the project the Mössbauer technique, 

which doesn’t modify the structure of the material, has been applied. It has enabled 

simultaneous identification of structural and magnetic states of the investigated 

samples via hyperfine spectral parameters. Basically the methods of CEMS (Conversion 

Electron Mössbauer Spectrometry) and CXMS (Conversion X-ray Mössbauer 

Spectrometry) have been used, because they provide information from subsurface 

regions located at ~ 200 nm and at ~ 10 µm at maximum, respectively, and that is 

exactly what was needed. This system was specially suitable for irradiation studies 

because any structural rearrangement was readily detected. 

The goals of the project were, amongst others, to determinate the differences 

between both surfaces of rapidly quenched ribbons of 57Fe75Mo8Cu1B16 metallic glass 

from the point of view of the structure as well as hyperfine interactions. It has been 

seen clearly that the surfaces are completely different, and that is why the 

bombardment was accomplished from the air side. This side is so much smoother than 

the wheel side. Just to put an example, the magnetic hyperfine splitting for the as – 

quenched sample from the air side is 5,11 T and from the wheel side 6,16 T.  

The samples have two important parts: the surface layer and the bulk. At the 

beginning it was quite clear that an ion bombardment affects the material somehow, 

but the range of the damage and the values were unknown. After the bombardment 

from the air side, it can be said that the 130 keV N+ irradiation into this specific metallic 

glass introduces structural rearrangements associated with changes in the material 

which are reflected in isomer shift and hyperfine magnetic fields values, respectively. 

Now it can be said that the surface layer of the air side is very damaged and also 

deeper regions, but just until the middle of the sample, because CXMS wheel side 

results show that this part is not affected to such extent. Just some structural 

rearrangements because of its amorphous nature were observed. 

The effects of the irradiation can be clearly seen in figure 34. There we have seen that 

the N+ irradiation affects even deeper bulk regions. In the surface layer, the magnetic 

hyperfine splitting has reached 18,76 T, and the as - quenched sample only had 5,11 T. 

That is to say that the ion irradiation has introduced more than three times its initial 

magnetic hyperfine splitting at the dose of 2,5·1017 N+/cm2. So these effects show a 

strong dependence upon the irradiation dose. Also the isomer shift shows a clear 

dependence upon the irradiation dose for CEMS results, as it can be seen in figure 32. 



 Investigation of the surfaces of metallic glasses by Mössbauer spectrometry 
Institute of Nuclear and Physical Engineering – FEI STUBA 

P. Guarner 
Escribano 

 

49 
 

All these changes can be ascribed to pronounced structure rearrangement of the 

atoms due to their displacements by the incident nitrogen ions. 

NANOPERM alloys are interesting because of their high magnetic permeability and 

high remanence, and they are interesting for many practical applications. As it has 

been said, some metallic glasses are considered as candidates for magnetic cores of 

accelerator radiofrequency cavities. However, using such cavities at high power high 

energy accelerators brings an additional problem of exposing them to radiation. During 

the machine operation, the magnetic materials of the cavities are exposed to radiation 

caused by lost beam particles. That is why this study has been realized, to see how the 

material is affected by the ion irradiation. The results show that some properties, 

mainly the magnetic hyperfine splitting, have been affected. This NANOPERM alloy, 
57Fe75Mo8Cu1B16, is quite sensitive to radiation damage, and notable alternations of 

the hyperfine magnetic fields as well as isomer shifts have been observed after 

bombardment with 130 keV N+. These changes are however located only in rather thin 

(200 nm) surface regions. 
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