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Abstract: Due to their excellent magnetic properties, amorphous metallic alloys (AMAs) are con-
sidered for the construction of magnetic cores of radio-frequency cavities in accelerators. Here,
they might be exposed to ion bombardment. The influence of irradiation by both light and heavy
ions featuring low and high energies, respectively, is followed by the techniques of 57Fe Mössbauer
spectrometry. Modifications of surface layers in selected Fe-containing AMAs after ion irradiation
are unveiled by detection of conversion electrons and photons of characteristic radiation whereas
those in their bulk are derived from standard transmission spectra. Rearrangement of microstructure
which favors the formation of magnetically active regions, is observed in surface regions bombarded
by light ions. Heavy ions caused pronounced effects in the orientation of net magnetization of the
irradiated samples. No measurable impact upon short-range order arrangement was observed. Part I
of this paper is devoted to radiation effects in Fe-based AMAs induced by neutron irradiation.

Keywords: Mössbauer spectrometry; amorphous metallic alloys; structural modifications; ion irradi-
ation; hyperfine interactions; short-range order

1. Introduction

The ability to design, construct, and predict the properties of new materials, which are
expected to be used in extreme environments of increased radiation exposure, currently
challenges research groups worldwide. Here, amorphous metallic alloys (AMAs) occupy a
unique position because of their advantageous soft magnetic behavior. Thus, continuous
specific research is needed to describe their characteristic physical properties in order to
better understand the basic mechanisms involved in radiation processes.

AMAs are considered for use in nuclear facilities. However, using them in high-power
high-energy accelerators brings an additional problem of their possible radiation damage.
During the machine operation, all construction materials are exposed to irradiation by
lost beam particles. The primary beam particles may interact with the material of the
beam-pipe walls and produce secondary particles like light fragments and neutrons. At
high beam intensities, even low-level beam losses may cause significant radiation load.

Recently, Fe-based soft magnetic AMAs were suggested as candidates for magnetic
cores of accelerator RF-cavities to improve their performance [1–3]. In this particular
application, they are exposed to ion irradiation that might affect their microstructure and
magnetic properties [4–10]. The ion-induced radiation damage is due to displacement of
target atoms by elastic and/or inelastic collisions. While the former dominate at low ion
energies (a few tens of keV to a few MeV), the latter prevail at high ion energies (a few tens
of MeV and higher), the corresponding ions being referred to as swift heavy ions [11].

Because of a disordered structure, AMAs were considered to be resistant against
swift heavy-ion irradiation, however, changes of some of their macroscopic properties
were recently reported [12–15] showing a continuing interest in these phenomena. Their
importance is underlined also by the use of sophisticated experimental techniques based
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on synchrotron radiation. Rodriquez et al. [16] successfully determined the radius of the
tracks formed by swift heavy ions in various Fe-B-based AMAs using a small angle X-ray
scattering technique. The use of synchrotron X-ray diffraction [17–19] and the so-called
nuclear forward scattering of synchrotron radiation [20] have proved to be useful tools for
investigation of radiation-induced dynamic transformations in AMAs by employing in
situ high-temperature experiments in real time.

Nevertheless, in order to understand structural modifications that are taking place
on an atomic level, suitable local-probe techniques should be introduced. Indeed, the
pioneering work of Kuzmann and Spirov [21] highlights the application of Mössbauer
spectrometry in the examination of amorphous alloys irradiated with energetic heavy ions.
In addition, it also provides a short review on the use of different techniques in the study
of radiation damage caused to different materials. Nevertheless, Mössbauer spectrometry
turned out to be extremely important for revealing irradiation-induced modifications in the
short-range order (SRO) of various types of AMA after swift heavy ion irradiation [22–30].

For example, Juraszek et al. [23] observed changes in the magnetic texture of Fe81B13.5Si3.5C2
alloys by 57Fe transmission and conversion electron Mössbauer spectroscopy (CEMS) after
the irradiation with swift Pb ions. The importance of CEMS in the investigation of the
surfaces of ion-irradiated MGs was pointed out by Stichleutner et al. [28] who investigated
Sn-Co-Fe and Sn-Ni-Fe amorphous thin films after irradiation with 246 MeV Kr and
600 MeV Xe ions, respectively. Modifications of SRO were reported using both 57Fe and
119Sn resonant nuclei.

It is noteworthy that studies of irradiation effects caused by low- and medium-energy
ions upon classical compositions of AMAs are also reported and recently attracted the
interest of several research groups [8,9,31–35]. Nonetheless, Mössbauer effect studies in
this field are not so abundant [36–39] and it is not surprising that they emphasise the
importance of surface modifications which are unveiled by the help of the CEMS technique.
Eventually, conversion X-ray Mössbauer spectrometry (CXMS), which scans deeper surface
regions than the CEMS technique, is also applied [38].

Accounting for the short overview of the impact of irradiation by ions upon structural
(and magnetic) modifications of Fe-based AMAs, it seems that it is inevitable to study them
on an atomic level with a suitable local probe method. Here, we will demonstrate that 57Fe
Mössbauer spectrometry meets these requirements. We will discuss its feasibility using
selected examples of AMAs that were exposed to irradiation with both light and heavy ions
featuring different energies. We will show that changes in hyperfine interactions between
the nucleus and the electron shell are governed by rearrangement of the constituent atoms,
including clustering and formation of stress centers caused by irradiation. They depend
on the composition of the investigated samples as well as the nature of the bombarded
particles. Radiation effects of neutrons, which represent a specific class of particle, were
discussed in Part I of this paper [40].

2. Materials and Methods
2.1. Mössbauer Spectrometry

Mössbauer spectroscopy (MS) belongs to a few techniques that are able to scan local
atomic arrangement of the investigated materials through hyperfine interactions between
the nucleus and the electron shell of the resonant atoms [41]. A brief description of the most
commonly used technique—57Fe experiments in transmission geometry—was provided in
Part I of this paper [40]. Differences between Mössbauer spectra of crystalline and amor-
phous materials were also explained and so were the variations in the spectra belonging
to non-magnetic and magnetic samples. More detailed explanations can be found also
elsewhere [42,43].
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MS experiments performed in transmission geometry enable inspection of the entire
volume of the investigated sample. In addition, two surface sensitive MS techniques can
be applied. They are the so-called Conversion Electron Mössbauer Spectrometry (CEMS)
and Conversion X-ray Mössbauer Spectrometry (CXMS) which provide information from
subsurface regions down to the depth of ~200 nm and ~5 µm, respectively. They are
especially suited for investigation of surface properties [44] including ion-irradiation
induced radiation damage that is usually located in near surface regions [36–39]. In this
way, it is possible to acquire complex information from both the whole sample’s interior
and/or its surface.

Standard Mössbauer spectrometer equipped with a 57Co/Rh radioactive source mov-
ing with constant acceleration was employed to acquire experimental spectra at room
temperature in transmission geometry, CEMS, and CXMS. We have used a 12.5 µm thick
α-Fe foil to calibrate the velocity scale. Isomer shift values are given with respect to a
room temperature Mössbauer spectrum of this foil. Mössbauer absorbers were prepared by
covering approximately 1.5 cm2 area by 1–1.5 cm long ribbons of the investigated AMAs.

Evaluation of Mössbauer spectra of ion irradiated samples was accomplished by the
CONFIT software, version 5.2.35.1 [45]. Distributions of hyperfine magnetic fields, P(B),
and quadrupole splitting, P(∆), were constructed by means of the appropriate number of
partial sextets and doublets of Lorentzian lines, respectively, that were convoluted by a set
of Gaussian distributions. Linewidth of the basic sextet and/or doublet was fixed to a value
obtained from the corresponding calibration (typically ~0.26 mm/s). The following spectral
parameters were refined: isomer shift, quadrupole splitting/shift, hyperfine magnetic field,
relative area of the spectral component, widths of Gaussian distribution, and in case of the
sextet its relative line intensities (areas).

2.2. Investigated Materials and Irradiation Conditions

Effects of ion irradiation were studied upon Fe-based AMAs by applying 57Fe Möss-
bauer spectrometry for their microstructural characterization. Namely, the use of this
local-probe method has determined the choice of appropriate chemical compositions fea-
turing a sufficiently high content of iron. An underlying criterion took into consideration
such AMAs that, eventually, can be used as precursors for the preparation of the so-called
nanocrystalline alloys. Namely, NANOPERM- [46] and FINEMET-type [47] AMAs were
considered due to their suitable magnetic properties. Finally, having some experience with
the effects of neutron irradiation upon Fe-based AMAs [48], we have chosen such composi-
tions that are especially sensitive to even tiny structural modifications as for example the
Fe-Mo-Cu-B-type AMA [49]. This system exhibits close-to-room magnetic ordering tem-
perature at ambient conditions. Thus, it is prone to changes of its magnetic microstructure
caused by external factors—ion irradiation—due to short-range order rearrangement of
the resonant atoms.

Accounting for their advantageous soft magnetic properties, some compositions com-
prising FINEMET-type AMAs are considered for practical applications in the construction
of magnetic resonance cavities of accelerator structures [1–3]. To understand the possible
degradation of magnetic parameters and the effects of ion bombardment upon probable
deterioration of their performance parameters, their response to such radiation damage
should be known. Therefore, this was a strong motivation for choosing also this type of
AMA for our studies.

A summary of the investigated samples, which were in a form of ribbons, is provided
in Table 1 together with their geometrical characteristics. Fe-Mo-Cu-B-type AMAs were
prepared by the method of planar flow casting at the Institute of Physics, Slovak Academy
of Sciences in Bratislava (courtesy of P. Švec and D. Janičkovič) while FINEMET, and
VITROPERM® 800 are of commercial origin (Vacuumschmelze GmbH & Co KG, Hanau,
Germany). It is noteworthy that some AMAs were produced from iron enriched to about
50% by the 57Fe isotope and that is why their ribbon width is so small. Nevertheless, the
state-of-the-art production has provided high-quality ribbons that facilitated, in particular,
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the use of CEMS and CXMS techniques which are rather time consuming when samples
with natural content of resonant 57Fe nuclei (~2%) are measured. On the other hand,
samples with enhanced content of 57Fe are not suitable for transmission Mössbauer effect
experiments due to their high effective thickness which causes significant broadening of
absorption spectral lines. Consequently, these AMAs were inspected only by CEMS and/or
CXMS techniques.

Table 1. Amorphous metallic alloys for ion irradiation experiments.

Composition Sample’s Label Thickness (µm) Width (mm)

Fe76Mo8Cu1B15 NANOPERM ~20 6
57Fe75Mo8Cu1B16 Fe75 ~20 1–2
57Fe81Mo8Cu1B10 Fe81 ~20 1–2
Fe74Cu1Nb3Si16B6 FINEMET 22 20

(1) Fe73Cu1Nb3Si16B7 VP 800 23 20
(1) VITROPERM® 800.

Ion irradiation of ribbon-shaped AMAs was performed in such way that the incoming
ions were directed towards the shiny side of the ribbons. During preparation of amorphous
ribbons by the process of rapid quenching, this side was exposed to the surrounding
atmosphere (air). That is why it is also referred to as the air side while the opposite one,
which was in direct contact with the quenching wheel, is dull and also called the wheel
side. Due to the production process, both sides of the ribbon exhibit notable differences
in surface morphology [50], the air side being more uniform and smooth. That is why
it was chosen to face the ion beam. In order to ensure appropriate thermal contact with
the irradiation base and, thus, to warrant that the ribbons will be not overheated during
ion bombardment, pieces of the ribbons were firmly attached to a cooled sample holder.
Failure to follow this condition might lead to irradiation-induced enhanced thermal load
with a consequent crystallization of originally amorphous ribbons [38].

Ion irradiation was performed by low-energy (up to 130 keV) light ions (H, N) and
swift heavy ions (131Xe, 197Au, 238U) featuring very high energies (up to ~2 GeV). The
former experiments were carried out at a cascade accelerator of the Slovak University
of Technology [51] while ion beams with up to 11.1 MeV/u were used at the UNILAC
accelerator at GSI Helmholtzzentrum für Schwerionenforschung Darmstadt [52]. Total
fluences of up to 2.5 × 1017 ion/cm2 and 1013 ion/cm2 were reached for light and heavy
ions, respectively. In particular, the irradiation with low energetic (and light) ions were
preceded by SRIM2008 simulations to estimate the ion penetration range and radiation
damage. The simulations were performed in a “full cascade” mode with the aid of the
SRIM supporting software [53].

The depth-profiles of ionization (electronic stopping) and vacancy concentration were
simulated. The latter was converted to DPA (displacement per atom). Table 2 presents
parameters of the ion irradiation experiments. Results of simulations as collected from
the original publications (see the column reference) are also included. They comprise
characteristics of ion penetration curves like the depth at which the highest concentration
of the stopped ions is found (maximum of ion range), the mean projected range, and the
range straggling. In addition, the maximum of radiation damage (maximum of DPA) is also
provided. This highest number of vacancies correlates well with the mean projected range
of primary ions. Taking into consideration the presented data, the particular Mössbauer
effect technique was chosen for characterization of the impact of ion irradiation, namely
transmission geometry and/or CEMS/CXMS, in order to concentrate on the appropriate
parts of ion-irradiated ribbons.
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Table 2. Parameters of ion irradiation experiments.

Sample
Ion Parameters

Type Energy (MeV) Maximum of
Ion Range (µm)

Mean Projected
Range (µm)

Range
Straggling (µm)

Maximum of
DPA (µm) References

Fe76Mo8Cu1B15
H 0.080 0.438 0.401 0.077 0.384 [37,54]
N 0.130 0.180 0.148 0.051 0.123 [37,54]

57Fe75Mo8Cu1B16 N 0.130 0.180 0.148 0.051 0.130 [38]
57Fe81Mo8Cu1B10 N 0.130 0.180 0.148 0.051 0.123 [39]

Fe74Cu1Nb3Si16B6

H 0.037 0.240 0.220 0.057 0.200 [37]
N 0.110 0.153 0.133 0.047 0.114 [5,36]

Au 593 19.3 18.9 0.575 18.9 [5,36]

Fe73Cu1Nb3Si16B7

Xe 1450 >23 >23 [4,19]
Au 2187 >23 >23 [17,52]
U 1404 >23 >23 [18,52]

3. Results

Ion irradiation is fundamentally different from neutron irradiation due to the electric
charge that ions have. The interaction mechanism with the irradiated material involves
also excitation and ionization of the constituent atoms through which part of the ions’
original energy is lost. Due to this, the incoming ions can travel within the given material,
AMAs in our case, only a well-defined distance which depends upon their type and energy.
Consequently, the effects of ion irradiation should be assessed taking these two parameters
into account. Thus, in the following we will consider two cases:

1. Light ions accelerated to rather low energies;
2. Swift heavy ions.

Radiation effects of light ions will be demonstrated using two types of AMA that
differ one from another namely in their dominating hyperfine interactions between the
nucleus and the electron shell. While Fe-Mo-Cu-B-type alloys, namely NANOPERM, Fe75,
and Fe81 (Table 1), exhibit under ambient conditions comparable electric quadrupole and
magnetic dipole interactions that lead to close-to-room Curie temperature, FINEMET and
VP 800 samples are highly magnetic. The former composition is thus very sensitive to any
structural modification caused for example by radiation effects [40].

The experimental conditions for ion irradiation are listed in Table 2 comprising the
investigated materials as well as irradiation ions and their energies. Within the first group
of ions, H+, i.e., protons, and N+ ions are considered. Heavy ions are represented by 131Xe,
197Au, and 238U. They were accelerated to the energies of up to 11.1 MeV/u which, for
example, represents the total energy of more than 2 GeV for Au ions.

3.1. Light Ions
3.1.1. NANOPERM-Type Fe76Mo8Cu1B15 Amorphous Metallic Alloy

Radiation effects were studied after bombardment by 80 keV H+ and 130 keV N+

ions. Even though N+ ions have higher energy, because of their considerably higher mass,
maximum ion penetration range distribution was found at about 180 nm whereas the
majority of lighter protons, although with smaller energy, have stopped at about 440 nm
(see Table 2).

Selected examples of Mössbauer spectra recorded in transmission geometry, TMS,
and by the CEMS technique are shown in Figure 1. They correspond to Fe76Mo8Cu1B15
AMA irradiated by 80 keV H+ ions. It should be noted that the spectral lines of CEMS
spectra tower up because of emission character of the detected conversion electrons. For
comparison, the CEMS spectrum recorded from the wheel side of the sample irradiated
with the fluence of 1 × 1016 H+/cm2 is also shown in Figure 1b in red color. Note that
spectra recorded from both the air and wheel sides of the ribbons are practically identical.
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Figure 1. Mössbauer spectra of Fe76Mo8Cu1B15 amorphous metallic alloy irradiated by 80 keV H+

ions with the indicated fluences: (a) Transmission geometry (blue); (b) conversion electron Mössbauer
spectroscopy (CEMS, green). Mössbauer spectrum taken from the wheel side of the ribbons is shown
for comparison in (b) (red).

Both TMS and CEMS spectra show similar line shapes that are characteristic for
disordered (amorphous) material which has close-to-room Curie temperature. That is why
they consist of regions where magnetic dipole and also electric quadrupole interactions of
comparable strength exist. Consequently, P(B) as well as P(∆) distributions, respectively,
were considered during their evaluation.

The effects of ion irradiation are documented in Figure 2 by evolution of spectral
parameters as a function of ion fluence. Here, average values of isomer shift, 〈δ〉, and
hyperfine magnetic field, 〈B〉, are plotted as derived from both TMS and CEMS spectra. The
contribution of non-magnetic regions—electric quadrupole interactions—was incorporated
into the displayed 〈B〉 values by calculating the weighted average of hyperfine magnetic
field and quadrupole splitting expressed in units of Tesla. It should be remembered that ion
irradiation took place into the air side of the ribbons. For comparison, the CEMS spectrum
of sample irradiated with the ion fluence of 1 × 1016 H+/cm2 was collected also from its
wheel side. It is almost identical to that from the air side as seen in Figure 1b, its parameters
are plotted in Figure 2 by red triangles.
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Figure 2. Parameters derived from transmission (TMS, blue) and CEMS (green) Mössbauer spectra
of Fe76Mo8Cu1B15 irradiated by 80 keV H+ ions plotted against the ion fluence: (a) Average isomer
shift, 〈δ〉; (b) average hyperfine magnetic field, 〈B〉. Red triangles correspond to CEMS spectrum
taken from the wheel side of the ribbons. Solid lines are only guides for the eye.

The impact of irradiation by 130 keV N+ ions on Fe76Mo8Cu1B15 is shown in Figure 3
using selected TMS and CEMS Mössbauer spectra. Again, the CEMS spectrum of the
sample irradiated with the highest ion fluence of 2.5 × 1017 N+/cm2 and recorded from its
wheel side is provided for comparison in red color.

Figure 3. Mössbauer spectra of Fe76Mo8Cu1B15 amorphous metallic alloy irradiated by 130 keV N+

ions with the indicated fluences: (a) Transmission geometry (blue); (b) CEMS (green). The Mössbauer
spectrum taken from the wheel side of the ribbons is shown for comparison in (b) (red).

The refined principal spectral parameters including 〈δ〉 and 〈B〉 are plotted as a func-
tion of ion fluence in Figure 4. Parameters corresponding to the CEMS spectrum recorded
from the wheel side of the ribbons are also shown (red tringles). Obvious dissimilarities
between the effects of irradiation with H+ and N+ ions can be seen. They are highlighted
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by the help of differences in the particular parameters in Figure 5. In this way, mutual
comparison of changes in the individual spectral parameters that correspond to distinct
irradiation modes is possible regardless of their absolute values.

Figure 4. Parameters derived from transmission (TMS, blue) and CEMS (green) Mössbauer spectra
of Fe76Mo8Cu1B15 irradiated by 130 keV N+ ions plotted against the ion fluence: (a) Average isomer
shift, 〈δ〉; (b) average hyperfine magnetic field, 〈B〉. Red triangles correspond to the CEMS spectrum
taken from the wheel side of the ribbons. Solid lines are only guides for the eye.

Figure 5. Differences of parameters derived from transmission (TMS, blue) and CEMS (green) Möss-
bauer spectra of irradiated and non-irradiated Fe76Mo8Cu1B15 amorphous metallic alloy exposed
to 80 keV H+ and 130 keV N+ ions as plotted against the ion fluence: (a) average isomer shift, ∆〈δ〉;
(b) average hyperfine magnetic field, ∆〈B〉. Red triangles correspond to CEMS spectra taken from
the wheel side of the ribbons. Solid lines are only guides for the eye, dashed lines represent the
error margins.

Differences in average isomer shift, ∆〈δ〉, and hyperfine magnetic field, ∆〈B〉, were
obtained from the values corresponding to irradiated (irr) and non-irradiated (non-irr)
samples: ∆〈X〉 = 〈Xirr〉 − 〈Xnon−irr〉, where X stands for δ and B, respectively.

3.1.2. FINEMET-Type Fe74Cu1Nb3Si16B6 Amorphous Metallic Alloy

The next system, which was irradiated by light ions, is FINEMET-type Fe74Cu1Nb3Si16B6
AMA. Protons (H+) and N+ ions with the energy of 37 keV and 110 keV, respectively, were
used. The mean projected ion penetration range correlates well with the maximum of
radiation damage (DPA) and both quantities (see Table 2) fall within the scanning depth of
CEMS (~200 nm). Therefore, by choosing appropriate types of ions and their energy, we
can control the depth of radiation damage in the particular AMA. To inspect the effects
of ion irradiation, both TMS and CEMS techniques were applied. However, contrary to
the previous Fe76Mo8Cu1B15 system, this AMA exhibits at room temperature pronounced
hyperfine magnetic interactions. Consequently, its Mössbauer spectra consist of reason-
ably well-defined sextets of broad and overlapped spectral lines. Selected examples of
absorption (TMS) and emission (CEMS) spectra are shown in Figure 6 after irradiation by
N+ ions. Similar CEMS spectra were obtained also from samples exposed to ion irradiation
by 37 keV protons (H+ ions).
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Figure 6. Mössbauer spectra of Fe74Cu1Nb3Si16B6 amorphous metallic alloy irradiated by 110 keV
N+ ions with the indicated fluences: (a) transmission geometry (blue); (b) CEMS (green). Mössbauer
spectrum taken from the wheel side of the ribbons is shown for comparison in (b) (red).

Values of average isomer shift, 〈δ〉, as well as hyperfine magnetic field, 〈B〉, are plotted
as a function of ion fluence in Figure 7. TMS experiments exhibit only minor effects of ion
irradiation. Comparison of both irradiation modes—by H+ and N+ ions—is again provided
by the help of differences in the particular investigated parameters in Figure 8.

Figure 7. Parameters derived from transmission (TMS, blue) and CEMS (green) Mössbauer spectra of
Fe74Cu1Nb3Si16B6 irradiated by 110 keV N+ ions plotted against the ion fluence: (a) average isomer
shift, 〈δ〉; (b) average hyperfine magnetic field, 〈B〉. Red triangles correspond to CEMS spectrum
taken from the wheel side of the ribbons. Solid lines are only guides for the eye.
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Figure 8. Differences of parameters derived from transmission (TMS, blue) and CEMS (green)
Mössbauer spectra of irradiated and non-irradiated Fe74Cu1Nb3Si16B6 amorphous metallic alloy
exposed to 37 keV H+ and 110 keV N+ ions as plotted against the ion fluence: (a) average isomer shift,
∆〈δ〉; (b) average hyperfine magnetic field, ∆〈B〉. Red triangles correspond to CEMS spectra taken
from the wheel side of the ribbons. Solid lines are only guides for the eye, dashed lines represent the
error margins.

It should be noted that we have not performed TMS experiments of H+-irradiated
FINEMET-type AMA because of very low, if any, impact of light ions featuring rather low
energy (37 keV) upon this, relatively stable system.

Because the FINEMET-type Fe74Cu1Nb3Si16B6 AMA exhibits the presence of ferromag-
netic exchange interactions, which are demonstrated by sextuplet Mössbauer line patterns,
it is possible to determine orientation of the net magnetic moment of this alloy. This is
accomplished via the so-called angle Θ which can be directly obtained from the spectral
line intensities [40]. Angle Θ can be derived from the expression b = (4.sin2Θ)/(1+cos2Θ)
where b represents relative intensity (area) of the 2nd and/or the 5th spectral line with
respect to the 1st, 6th and the 3rd, 4th lines (I1:I2:I3:I4:I5:I6 = 3:b:1:1:b:3). It is an angle
between the vector of net magnetization of the sample (absorber) and the propagation
direction of γ-rays of a Mössbauer source. It can vary between 0◦ and 90◦ which correspond
to perpendicular and in-plane orientation of atomic spins, respectively, with respect to
the sample. Random orientation of spins—in a powder-like sample—is characterized by
Θ = 54.7◦, the so-called magic angle. Results of this analysis are shown in Figure 9, where
also Θ = 54.7◦ and Θ = 90◦ are indicated by horizontal lines.

Figure 9. Orientations of net magnetic moments characterized by the angle Θ of the
Fe74Cu1Nb3Si16B6 amorphous metallic alloy exposed to 37 keV H+ and 110 keV N+ ions plot-
ted against the ion fluence. Pink dashed and violet dotted lines represent Θ-values that correspond
to random and in-plane orientations of spins, respectively. Solid lines are only guides to an eye.

3.1.3. NANOPERM-Type versus FINEMET-Type Amorphous Metallic Alloy

For the sake of the successive discussion, in this section the radiation effects of light
ions upon NANOPERM- and FINEMET-type AMA are mutually compared by differences
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in the corresponding spectral parameters. They were extracted from Figures 5 and 8 and
plotted together with respect to the particular type of irradiating ions.

Differences in spectral parameters obtained from the evaluation of TMS and CEMS
spectra of NANOPERM- and FINEMET-type AMAs irradiated by 80 keV and 37 keV H+

ions, respectively, are demonstrated in Figure 10. In the case of FINEMET exposed to
37 keV H+ ions almost no changes in the respective parameters are revealed within the
experimental error range as a function of ion fluence.

Figure 10. Differences of parameters derived from transmission (TMS, blue) and CEMS (green)
Mössbauer spectra of Fe74Cu1Nb3Si16B6 (FINEMET-type, solid symbols) and Fe76Mo8Cu1B15

(NANOPERM-type, open symbols) metallic alloys irradiated by 37 keV and 80 keV H+ ions, respec-
tively, plotted against the ion fluence: (a) average isomer shift, ∆〈δ〉; (b) average hyperfine magnetic
field, ∆〈B〉. Red triangles correspond to CEMS spectra taken from the wheel side of the ribbons.
Solid lines are only guides for the eye, dashed lines represent the error margins.

Effects of irradiation by N+ ions upon these two AMAs are illustrated in Figure 11.
Again, only negligible impact upon average hyperfine field of FINEMET is observed.

Figure 11. Differences of parameters derived from transmission (TMS, blue) and CEMS (green)
Mössbauer spectra of Fe74Cu1Nb3Si16B6 (FINEMET-type, solid symbols) and Fe76Mo8Cu1B15

(NANOPERM-type, open symbols) metallic alloys irradiated by 110 keV and 130 keV N+ ions,
respectively, plotted against the ion fluence: (a) average isomer shift, ∆〈δ〉; (b) average hyperfine
magnetic field, ∆〈B〉. Red triangles correspond to CEMS spectra taken from the wheel side of the
ribbons. Solid lines are only guides for the eye, dashed lines represent the error margins.

3.1.4. 57Fe81Mo8Cu1B10 Amorphous Metallic Alloy

To assess the effects of ion irradiation in more detail, samples enriched by an isotope
of 57Fe were prepared. Intentionally, we have chosen NANOPERM-type compositions
that are, according to the results presented above and also in [40], more prone to even
minor structural modifications. Samples of 57Fe75Mo8Cu1B16 and 57Fe81Mo8Cu1B10 were
exposed to N+ ion beams with the energy of 130 keV which were expected to produce
higher radiation damage than the H+ ones. It is noteworthy that the mean projected range
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of N+ ions is of about 150 nm (Table 2) which matches with the inspection depth of the
CEMS technique.

Examples of CEMS spectra taken from both sides of Fe81 ribbons are shown in
Figure 12. It should be noted that traces of crystalline phases were revealed even in
the as-quenched, i.e., non-irradiated sample on both surfaces. According to the spectral
parameters they were recognized as bcc-Fe and Fe3O4 (magnetite), the latter being present
only on the wheel side [7,39]. These crystalline phases stem from the production process.
Their identification was enabled due to higher sensitivity of the CEMS technique which
was additionally enhanced by 57Fe enrichment of this sample.

Figure 12. CEMS spectra of 57Fe81Mo8Cu1B10 amorphous metallic ribbons recorded from its: (a) Air
side (green); (b) wheel side (red) after irradiation by 130 keV N+ ions with the indicated fluences.

After irradiation by N+ ions, the original doublet-type character of the emission spectra
changes dramatically. Sextet-like components appear namely on the air side of the ribbons
that was directly bombarded by 130 keV N+ ions while the wheel side is almost intact.

A detailed view of the evolution of spectral shapes with ion irradiation fluence can be
seen in Figure 13 where only the resulting fitted curves are displayed for the sake of clarity
and mutual comparison. Note the dramatic decrease in intensity of the central doublet
which appears after irradiation with the fluence of 1 × 1016 N+/cm2 on the air side.
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Figure 13. CEMS spectra of 57Fe81Mo8Cu1B10 amorphous metallic ribbons recorded from its: (a) air
side; (b) wheel side after irradiation by 130 keV N+ ions with the indicated fluences.

Principal spectral parameters comprising average values of isomer shift, 〈δ〉, and
hyperfine magnetic field, 〈B〉, corresponding to CEMS spectra from Figure 13, are plotted
in Figure 14 as a function of ion fluence.

Figure 14. Parameters derived from CEMS spectra recorded from the air (green circles) and wheel
(red triangles) sides of the ribbons of 57Fe81Mo8Cu1B10 irradiated by 130 keV N+ ions plotted against
the ion fluence: (a) average isomer shift, 〈δ〉; (b) average hyperfine magnetic field, 〈B〉. Solid lines
are only guides for the eye.

3.1.5. 57Fe75Mo8Cu1B16 Amorphous Metallic Alloy

The effects of N+ irradiation upon another type of the Fe-Mo-Cu-B system, Fe75,
are shown in Figure 15 where CEMS spectra taken from both sides of the ribbons are
plotted. Note that the presence of small amounts of magnetite (~7%) was detected only
in near-surface regions on the air side which was irradiated to the highest fluence of
2.5 × 1017 N+/cm2 as can be seen in Figure 15a.

Deeper regions of this sample that extended down to about 5 µm under the surface
were screened by CXMS. Application of this Mössbauer effect technique was enabled due
to enrichment of 57Fe75Mo8Cu1B16 AMA in the 57Fe isotope. On the other hand, because
of significantly high effective thickness of the enriched AMAs, TMS experiments are not
possible as they would provide unreliable data. Selected CXMS spectra obtained from both
sides of Fe75 ribbons are shown in Figure 16 and the spectral parameters derived from
CEMS and CXMS experiments are collected in Figure 17. Note that no traces of crystalline
components are seen in more deep subsurface regions even after irradiation with the
highest ion fluence as confirmed by the corresponding CXMS spectrum in Figure 16a.
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Figure 15. CEMS spectra of 57Fe75Mo8Cu1B16 amorphous metallic ribbons recorded from its: (a) air side
(green); (b) wheel side (red) of the ribbons after irradiation by 130 keV N+ ions with the indicated fluences.

Figure 16. CXMS spectra of 57Fe75Mo8Cu1B16 amorphous metallic ribbons recorded from its: (a) air
side (dark green); (b) wheel side (magenta) of the ribbons after irradiation by 130 keV N+ ions with
the indicated fluences.
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Figure 17. Parameters derived from CEMS and CXMS spectra recorded from the air (circles) and
wheel (triangles) sides of 57Fe75Mo8Cu1B16 irradiated by 130 keV N+ ions plotted against the ion
fluence: (a) Average isomer shift, 〈δ〉; (b) average hyperfine magnetic field, 〈B〉. Solid lines are only
guides for the eye.

3.1.6. Fe-Mo-Cu-B-Type Amorphous Metallic Alloys Irradiated by 130 keV N+ Ions

To summarize the radiation effects of 130 keV N+ ions upon Fe-Mo-Cu-B-type AMAs,
which seem to reflect them more sensitively than the FINEMET-type AMAs, we provide in
Figure 18 collective picture of differences in the respective spectral parameters.

Figure 18. Differences of parameters derived from CEMS spectra of Fe76Mo8Cu1B15 (NANOPERM-
type, red circles), 57Fe75Mo8Cu1B16 (Fe75, green squares), and 57Fe81Mo8Cu1B10 (Fe81, blue triangles)
amorphous metallic alloys irradiated by 130 keV N+ ions plotted against the ion fluence: (a) Average
isomer shift, ∆〈δ〉; (b) average hyperfine magnetic field, ∆〈B〉. Open and solid symbols correspond
to CEMS spectra taken from air and wheel sides of the ribbons, respectively. Solid lines are only
guides for the eye, dashed lines represent the error margins.

3.2. Swift Heavy Ions

Swift heavy ions are accelerated to significantly high energies reaching several MeV/u.
Consequently, they can penetrate through the whole thickness of the investigated amor-
phous ribbons (Table 2). Here, we present the results of Mössbauer effect investigations
performed upon Fe-Cu-Nb-Si-B-type AMA irradiated by three types of heavy ion featuring
also different energies.

3.2.1. VITROPERM Fe73Cu1Nb3Si16B7 Amorphous Metallic Alloy

Irradiation of VP 800 was accomplished by 238U, 197Au, and 131Xe ions with the
energy of 5.9 MeV/u, 11.1 MeV, and 11.1 MeV/u, correspondingly. Accelerated ions were
forwarded towards the air side of ribbon-shaped samples. According to the simulations,
the total energy of the ions was so high that they have propagated through the whole
thickness of the ribbons (Table 2).
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Examples of TMS spectra of VP 800 recorded after irradiation by the particular ions
with the indicated fluences are shown in Figure 19, and the corresponding spectral parame-
ters are plotted in Figure 20 as a function of ion fluence.

Figure 19. Mössbauer spectra of Fe73Cu1Nb3Si16B7 amorphous metallic alloy recorded in transmission geometry after
irradiation by: (a) 5.9 MeV/u 238U ions (red); (b) 11.1 MeV/u 131Xe ions (blue); (c) 11.1 MeV/u 197Au ions (green) with the
indicated fluences.

Figure 20. Parameters derived from transmission Mössbauer spectra of Fe73Cu1Nb3Si16B7 amorphous metallic alloy
irradiated by the indicated heavy ions: (a) average isomer shift, 〈δ〉; (b) average hyperfine magnetic field, 〈B〉; (c) angle Θ as
a function of ion fluence. Dashed line in (c) represents Θ-values that correspond to random orientations of spins. Solid lines
are only guides for the eye.

3.2.2. Fe74Cu1Nb3Si16B6 Amorphous Metallic Alloy

FINEMET-type AMA was irradiated by 197Au ions with the energy of 3 MeV/u into
the air side of the ribbons. The maximum of the ion penetration range was determined to
the depth of 19.3 µm (Table 2) using simulations in a full cascade mode [53]. Taking into
consideration the thickness of the ribbon (Table 1), no substantial changes are expected in
the corresponding CEMS spectra. Indeed, selected examples of TMS and CEMS spectra in
Figure 21 exhibit rather well-defined sextuplet patterns which are characteristic for soft
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magnetic AMAs. They were taken from the FINEMET samples exposed to high-energy
593 MeV Au ions with the indicated fluences. Still, CEMS spectra do not show obvious
modifications of their shapes and only variations in line intensities can be seen in the
TMS spectra.

Figure 21. Mössbauer spectra (left-hand panels) and corresponding P(B) distributions (right-hand panels) of
Fe74Cu1Nb3Si16B6 amorphous metallic alloy irradiated by 593 MeV Au ions with the indicated fluences: (a) transmission
geometry (blue); (b) CEMS (green). Mössbauer spectrum taken from the wheel side of the ribbons is shown for comparison
in (b) together with the corresponding P(B) (red).

It should be noted that while the total fluences of light ions reached the values of
~1018 ion/cm2, acceleration of heavy ions is experimentally more demanding and that is
why the highest fluence is below 1013 ion/cm2.

Spectral parameters derived from the Mössbauer spectra comprising average isomer
shift, 〈δ〉, average hyperfine magnetic field, 〈B〉, and angle Θ are plotted against ion fluence
in Figure 22. After acquisition of Mössbauer spectra from the irradiated samples, the
ribbons were annealed for 1 h in a vacuum at 350 ◦C with the aim to remove possible
radiation damage. Subsequently, TMS experiments were repeated and the obtained spectral
parameters are also provided in the figure by solid magenta symbols (1st annealing). Then,
a second annealing was performed at the same temperature for 3 h and the corresponding
spectral parameters are plotted by open magenta symbols (2nd annealing).
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Figure 22. Parameters derived from transmission (TMS, blue) and CEMS (green) Mössbauer spectra of Fe74Cu1Nb3Si16B6

irradiated by 593 keV Au ions plotted against the ion fluence: (a) average isomer shift, 〈δ〉; (b) average hyperfine magnetic
field, 〈B〉; (c) angle Θ. Red triangles correspond to CEMS spectra taken from the wheel side of the ribbons. Parameters
corresponding to the annealed samples are plotted in magenta. Dashed line in (c) represents Θ-values that correspond to
random orientations of spins. Solid lines are only guides for the eye.

4. Discussion
4.1. Light Ions

Protons, H+, and nitrogen ions, N+, were used as representatives of light ions. Simula-
tions performed by the help of the SRIM and S3M software [53] pointed out that 130 keV
N+ ions produced in NANOPERM almost 100-times higher DPA than 80 keV H+ ions [54].
Because the maximum penetration depth of the bombarding N+ ions was ~180 nm and the
thickness of the ribbon was ~20 µm, only small irradiation-induced effects were expected
in the samples’ bulk. As seen in Figure 3a, almost no changes in the spectral lines are
revealed in Fe76Mo8Cu1B15 AMA irradiated by 130 keV N+ ions. Indeed, the changes in
average isomer shift, 〈δ〉 derived from TMS, which are shown in Figure 4a, fall within the
error range. During TMS experiments, the entire volume of the investigated sample is
inspected and that is why the effects of N+ ions, which are localized in subsurface regions,
are not so pronounced.

A higher impact of N+ ions is documented namely by Mössbauer spectra in Figure 3b
where the corresponding CEMS spectra are displayed. Their dramatic broadening is
observed with increasing ion fluence. CEMS provides information from surface regions to
the depth of ~200 nm which coincides with simulations of the damaged regions (Table 2).
That is why considerable deviations in the spectral shapes are observed which are reflected
also in the spectral parameters in Figure 4.

A comparison of radiations effects caused by 80 keV H+ and 130 keV N+ ions upon
Fe76Mo8Cu1B15 AMA is shown in Figure 5. The higher impact of the latter ions is clearly
seen. Consequently, deviations of the spectral parameters provided by CEMS for 80 keV
H+ irradiation are only negligible. Note also that, as in the case of N+ ions, the wheel side
of the irradiated ribbons was again not affected. As far as TMS experiments are concerned,
the impact of ion-beam mixing can be seen in both 〈δ〉- and 〈B〉-values. They reflect high
sensitivity of this particular AMA to modifications of SRO. Nevertheless, the observed
moderate decrease namely in 〈B〉 is caused by changes of topological SRO. As evidenced
by CEMS, however, N+ irradiation favors the occurrence of magnetic hyperfine interactions
due to formation of nitrides in the subsurface regions where majority of N+ ions is trapped.

With the aim to decrease the penetration depth of protons, we have accelerated them
to lower energy of 37 keV during irradiation of FINEMET Fe74Cu1Nb3Si16B6 AMA. At
the same time, the energy of N+ ions was also decreased to 110 keV to ensure optimal
conditions for CEMS investigations in this AMA (Table 2). As demonstrated in Figure 8,
this system is quite resistant to bombardment with the used light ions. Increase of 〈δ〉-
values after irradiation by N+ ions is caused by modifications of chemical SRO in the
subsurface regions similar as in NANOPERM. Because FINEMET exhibits a pronounced
magnetic sextet of Mössbauer lines (Figure 6), orientation of the net magnetic moment
was also evaluated. While TMS experiments show almost random alignment of the spins,
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CEMS spectra revealed preferential in-plane orientation of the net magnetization as shown
in Figure 9.

The effects of light ion irradiation upon NANOPERM and FINEMET are mutually
compared by differences in the spectral parameters derived from TMS and CEMS experi-
ments, which can be seen in Figures 10 and 11. Notice the different scales on the y-axes
corresponding to ∆〈B〉-values for irradiations by H+ and N+ ions.

It is evident that significant radiation effects occur namely in NANOPERM exposed
to N+ bombardment. A notable increase in 〈δ〉-values after the fluence of 5 × 1016 N+/cm2

is observed. This can be interpreted as modification of the chemical composition (changes
in chemical SRO) due to deposition of foreign nitrogen atoms into the original structure.
However, no change in isomer shift was revealed at the opposite, i.e., wheel side of the
ribbons (red triangles), as expected. This is additional proof that the implanted N+ ions
reside only in spatially confined regions that, moreover, coincide with the inspection depth
of CEMS.

As far as average hyperfine fields 〈B〉 are concerned, a remarkable increase with
respect to the original value before ion irradiation is observed from CEMS experiments
already after ion bombardment with the smallest fluence of 5× 1015 N+/cm2. Similar to the
case of neutron irradiation, this is a consequence of modifications of topological SRO due to
atom mixing. TMS results show the opposite trend, i.e., a decrease of 〈B〉, which, however
remains quite stable within the error range for all remaining ion fluences. This behavior
can be understood when thermally induced annealing out of the radiation-induced defects
is considered. Again, 〈B〉 derived from CEMS recorded from the wheel side of the ribbons
has not changed at all.

The main source of the observed higher radiation damage caused by N+ ions comes
from the higher mass of nitrogen compared to protons. On the other hand, the maximum
of 80 keV proton range in NANOPERM is buried quite deeply (~400 nm, Table 2). Conse-
quently, only the plateau-region of the radiation damage profile can be inspected by CEMS
and that is why almost no changes are observed in 〈δ〉.

Following the aforementioned findings, closer inspection of Fe-Mo-Cu-B (NANOPERM-
type) AMAs irradiated by 130 keV N+ ions was performed using samples with slightly
different compositions, namely 57Fe81Mo8Cu1B10 (Fe81) and 57Fe75Mo8Cu1B16 (Fe75). They
were, moreover, prepared from iron enriched by isotope 57Fe. Differences of Mössbauer
parameters obtained from CEMS and presented in Figure 18 show qualitatively similar
features for all three types of the studied NANOPERM-type AMAs. In Fe81, the formation
of nanocrystalline bcc-Fe and Fe3O4 was revealed already in the non-irradiated sample.
After ion irradiation, the presence of nitrides was confirmed by CEMS taken only from the
air side of the ribbons and their content was directly related to the ion fluence [39].

Application of CXMS, which provides information from deeper subsurface regions
(~5 µm), confirmed the effect of N+ ions on modifications of chemical SRO which are
reflected via 〈δ〉-values. As can be seen in Figure 17a, 〈δ〉-values are systematically smaller
in deeper regions of Fe75 AMA. In other words, higher N+ fluences are needed to provide
comparable radiation damage to that in shallower layers screened by CEMS. It should be
stressed that the irradiation depth depends both on the type and energy of the bombarded
particles (ions) for the given chemical composition of the AMA. Comparison of Mössbauer
spectra in Figures 15a and 16a shows less broadened CXMS lines corresponding to the
air side of the ribbons. Again, almost no changes in spectral shapes are observed in the
wheel sides.

4.2. Heavy Ions

Radiation effects of heavy ions were investigated on VP 800 and FINEMET AMAs
using ions of 238U (5.9 MeV/u), 131Xe (11.1 MeV/u), and 197Au (11.1 MeV/u and 3 MeV/u),
with the total fluences of up to 1× 1013 ion/cm2. In all cases, with the exception of 593 MeV
Au ions (3 MeV/u), the accelerated ions had enough energy to fly through the whole
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thickness of the ribbons (Table 2). Consequently, investigations were mainly performed
by TMS.

As documented in Figure 20a,b and Figure 22a,b the observed changes in 〈δ〉 and
〈B〉 are negligible regardless of the type and/or energy of the irradiation ions and they
fall into the particular error range. This suggests rather high radiation hardness of the
studied system. The reason for this can be related to electronic stopping, which attains
at the samples’ surface the values of 31, 46, and 62 MeV/µm for 131Xe (11.1 MeV), 197Au
(11.1 MeV), and 238U (5.9 MeV), respectively. Consequently, unlike in NANOPERM-type
AMAs irradiated with light ions, the elastic nuclear scattering is rather small producing
<10−3 DPA for irradiation by 1 × 1012 U/cm2 at 5.9 MeV [4]. Thus, radiation damage
caused by heavy ions can be probably associated with their high ionization density.

Indeed, the only measurable effect upon Mössbauer spectra in Figures 19 and 21
corresponding to VP 800 and FINEMET, respectively, rests with deviations in the orientation
of the net magnetic moment. Quantification of the latter can be derived from the ratio of
line intensities (areas) of Mössbauer sextets [40] which are rather well-developed in these
soft magnetic AMAs. Even though the spins acquire almost random orientation in the
original non-irradiated samples as evidenced by Θ angle in Figure 20c, they tend to rotate
out of the ribbon plane after irradiation by 197Au and 238U ions with the fluences of up to
5 × 1011 and 1 × 1012 ion/cm2, respectively. For higher fluences, spins turn back towards
the ribbon plane as observed also after irradiation by 131Xe ions. Therefore, even though no
obvious modifications of SRO were observed, rearrangement of magnetic moments takes
place as a result of atom mixing.

Considering the results of synchrotron-based X-ray diffraction and X-ray absorption
spectroscopy, Michalik et al. [17] suggested that the microscopic origin of changes intro-
duced by swift heavy Xe ions into VP 800 could be similar to those caused by severe plastic
deformation and could eventually be removed by appropriate post-irradiation treatment.
In fact, this hypothesis can be supported by the results presented in Figure 20c namely for
238U-irradiated VP 800. Even though these ions were accelerated to relatively smaller total
energy as compared to the other irradiating ions, due to their high mass they possess the
highest electronic stopping at the sample surface [4]. Similar to neutron irradiation [40],
collective displacement of atoms takes place also during ion irradiation. Consequently,
energy distribution among the atoms, which eventually leads to a local increase in temper-
ature, can be considered. This, in turn, might initiate structural relaxation that is actually
governed by the total ion fluence.

Atom mixing after ion irradiation produces elastic stress centers that contribute to
the repositioning of magnetic moments of the individual resonant 57Fe nuclei. This results
in rotation of the vector of net magnetization out of its original orientation characterized
by almost random orientation of the spins towards a slight out-of-plane direction after
irradiation with smaller fluences (<1 × 1012 ion/cm2 in case of 238U). As pointed out by
Kuzmann and Spirov [21,55] orientation of spins depends on direction of stresses that
occur around defects induced by ion irradiation in the amorphous structure. In-plane
compressive stresses acting upon a sample with positive magnetostriction induce an out-
of-plane orientation of spins [56] and vice versa. Thus, the way in which the spins tend to
rotate with respect to their original position depends on both the sign of magnetostriction
of the particular AMA as well as on the nature of stresses present in it (compressive vs.
tensile). It should be noted that out-of-plane orientation of spins can be caused also by
surface crystallization [57] which can be, eventually, also induced by ion irradiation. After
the application of higher fluences, higher energy deposition also takes place which triggers
subsequent structural relaxation accompanied by annealing out of stress centers, thus
causing rotation of spins in the backward direction, i.e., towards the ribbon plane which
is even beyond their original random orientation. This ‘additional’ rotation of spins is
on account of thermally activated structural relaxation. This was confirmed by dedicated
experiments the results of which are shown in Figure 22c and discussed in more detail
below for the case of FINEMET irradiated by 197Au ions.
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From a qualitative point of view, the same phenomenon can be seen in Figure 20c
also in the case of VP 800 irradiated by 197Au and 131Xe ions although here “the turning
point” of magnetization rotation occurs after irradiation with lower fluences. For 197Au
ions it is at 5 × 1011 ion/cm2 while due to missing data for 131Xe ions this “critical” fluence
can be only estimated to be of about the same value. In this respect, we would like to
emphasize one important aspect of ion irradiation experiments. Should the irradiation
by 5.9 MeV/u 238U ions, i.e., one specific type of ions featuring particular energy, be
performed/evaluated only for the non-irradiated AMA and the one exposed to the highest
fluence of 5 × 1012 ion/cm2, the effects of spin rotation caused by ion irradiation might be
hindered due to temperature-induced structural relaxation observed at higher fluences.
This is demonstrated by almost no change in 〈δ〉- and 〈B〉- as well Θ-values in Figure 20c
associated with these end points. Thus, concentrating only on the non-irradiated sample
and the highest fluence, the complex radiation effects might be overlooked.

To go even further, let us consider the behavior of net magnetization in FINEMET
irradiated by 197Au ions with considerably lower energy (593 MeV) as in the previous ex-
periment with VP 800 (2187 MeV) and/or that of VP 800 irradiated by 238U ions (1404 MeV).
Note that the very similar compositions of FINEMET and VITROPERM do not provide
significantly distinct environments for the accelerated ions. As seen in Figure 22c, angle Θ
continuously decreases over the whole range of the applied fluences. This means, that the
original close-to-random orientation of spins in non-irradiated AMA progressively turns
out of the plane of the ribbons. The same behavior is observed in Figure 20c, however
only over a limited fluence range for VP 800 irradiated by more energetic 197Au ions and
slightly broader range for 238U ions. Subsequent increase of Θ-values is supposed to be
initiated by thermally-induced structural relaxation as discussed above.

To verify this assumption, FINEMET was thermally annealed for 1 h at 350 ◦C after
irradiation by 593 MeV 197Au ions and acquisition of Mössbauer spectra. In accordance
with the data presented in Figure 22c, this first annealing has ensured almost complete
recovery of the irradiated microstructure up to the fluence of 5 × 1011 Au/cm2 and the net
magnetic moment has returned to its original position. Nevertheless, structural disordering
caused by atom mixing after irradiation with higher fluences was only partially removed
and not all radiation defects were annealed out.

Subsequent second annealing for 3 h at the same temperature has caused rearrange-
ment of the spins towards the ribbon plane namely in the samples irradiated with fluences
of up to 2 × 1011 Au/cm2. It is noteworthy that the original non-irradiated specimen is
rather stable and no appreciable movement of the spins is observed. On the other hand,
prolonged annealing has recovered an additional part of the structure irradiated with the
fluence of 1 × 1012 Au/cm2 which was only partially recovered after the first (shorter)
annealing. Still, structural disordering due to ion irradiation with the highest fluence was
intact in comparison with the first annealing.

Is should be noted that CEMS spectra taken from both sides of the ribbons exhibit
identical values of Θ angles. They were recorded only for some samples and show the same
behavior as discussed for VP 800, i.e., a tendency of the net magnetic moment to turn out
of the ribbon plane after irradiation with moderate fluences, then return to almost original
orientation due to dissipation of thermal energy delivered by the ions with high fluency.

5. Conclusions

In Part I of this paper [40], we have discussed radiation effects in amorphous metallic
alloys caused by neutron irradiation as revealed by Mössbauer spectrometry. It was shown
that using appropriate chemical composition of the irradiated AMAs, even subtle rear-
rangements of atoms caused by bombardment with neutrons can be effectively identified.
Here, similar phenomena were observed after irradiation with charged particles, namely
light and heavy ions. Even though the interaction mechanisms are different their manifesta-
tions via Mössbauer spectral parameters are quite similar. This is particularly true as far as
swift heavy ions are concerned. Due to their high mass and energy, the induced radiation
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damage stays well below 0.1 DPA and that is why it cannot be attributed to elastic nuclear
collisions as observed in AMAs irradiated by light ions. Rather, electronic stopping due
to their high ionization density should be considered. Thus, the damage caused by swift
heavy ions cannot be correlated to DPA. On the other hand, light ions with low ionization
density interact predominantly by elastic nuclear collisions which provide approximately
10 DPA in NANOPERM irradiated by N+ ions with the fluence of 2 × 1016 cm2 [54].

The achieved results suggest that for light ions with low ionization density, a criterion
for tolerable fluence can be based on the radiation damage caused by elastic nuclear
collisions. A threshold has been observed (especially for AMAs irradiated by N+ ions) at
the fluence slightly below of 5 × 1015 ion/cm2 when DPA approaches values of ~8. It is
noteworthy that one N+ ion induces approximately 100 times more vacancies in the peak
region compared to one proton. On the other hand, the electronic stopping becomes more
important for heavy ions with high ionization density. However, corresponding Mössbauer
spectra reflect the effects of irradiation only through reorientations of spins.

Ion irradiation studies were performed under different irradiation conditions compris-
ing several types of irradiating ion, both light and heavy, featuring diverse energies and
providing several fluences. In this way, it was possible to unveil even subtle manifestations
of rather complex radiation effects in amorphous metallic alloys.
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52. Pavlovič, M.; Miglierini, M.; Mustafin, E.; Seidl, T.; Šoka, M.; Ensinger, W. Influence of high energy heavy ions on magnetic

susceptibility of soft magnetic metallic glasses. Acta Phys. Pol. A 2014, 126, 54–55. [CrossRef]
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56. Serfőző, G.; Kiss, L.F.; Daróczi, C.S.; Kisdi-Koszó, É.; Vértesy, G.; Slawska-Waniewska, A. Magnetic measurements of ion-

implnated Fe-Cr-Si-B ribbons. IEEE Trans. Magn. 1990, 26, 1418–1420. [CrossRef]
57. Gupta, A.; Habibi, S.; Lal, S.; Principi, G. Mössbauer study of surface crystallization in metallic glasses. Hyperfine Interact. 1990,

55, 967–972. [CrossRef]

http://doi.org/10.1155/2015/175407
http://doi.org/10.1002/pssa.201532677
http://doi.org/10.3390/met11050845
http://doi.org/10.1007/978-3-642-32220-4
http://doi.org/10.3390/met10080992
http://doi.org/10.1007/978-3-540-88428-6
http://doi.org/10.1088/0953-8984/14/6/312
http://doi.org/10.1002/sia.2285
http://doi.org/10.2320/matertrans1989.31.743
http://doi.org/10.1063/1.342149
http://doi.org/10.1016/0921-5093(91)90810-A
http://doi.org/10.1016/j.jmmm.2006.02.212
http://doi.org/10.1088/0953-8984/19/21/216219
http://doi.org/10.1016/0168-583X(94)95916-1
http://doi.org/10.12693/APhysPolA.126.54
http://doi.org/10.1016/j.nimb.2007.01.047
http://doi.org/10.1080/10420150902949894
http://doi.org/10.1007/BF02399443
http://doi.org/10.1109/20.104395
http://doi.org/10.1007/BF02397108

	Introduction 
	Materials and Methods 
	Mössbauer Spectrometry 
	Investigated Materials and Irradiation Conditions 

	Results 
	Light Ions 
	NANOPERM-Type Fe76Mo8Cu1B15 Amorphous Metallic Alloy 
	FINEMET-Type Fe74Cu1Nb3Si16B6 Amorphous Metallic Alloy 
	NANOPERM-Type versus FINEMET-Type Amorphous Metallic Alloy 
	57Fe81Mo8Cu1B10 Amorphous Metallic Alloy 
	57Fe75Mo8Cu1B16 Amorphous Metallic Alloy 
	Fe-Mo-Cu-B-Type Amorphous Metallic Alloys Irradiated by 130 keV N+ Ions 

	Swift Heavy Ions 
	VITROPERM Fe73Cu1Nb3Si16B7 Amorphous Metallic Alloy 
	Fe74Cu1Nb3Si16B6 Amorphous Metallic Alloy 


	Discussion 
	Light Ions 
	Heavy Ions 

	Conclusions 
	References

