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Abstract Fe74Cu1Nb3Si16B6 amorphous metallic alloy is investigated after ion irra-
diation by 110 keV N+ and 593 MeV Au ions. The depth-profiles of the radiation
damage were calculated by the SRIM2008 code. Applicability of transmission and
conversion electron Mössbauer effect measurements to distinguish between the
bulk and surface radiation damage is demonstrated by using different irradiation
conditions. The investigated alloy is characterized by ferromagnetic interactions. The
implantation does not depict appreciable changes of the samples’ surfaces. Changes
in chemical short-range order (SRO) are revealed in N+ irradiated alloys. Heavy Au
ions caused pronounced effects in the position of the net magnetization though no
impact on SRO was observed. After annealing, structural relaxation and annealing-
out of the irradiation-induced stresses caused the rotation of the net magnetization
back to its original position.
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1 Introduction

Irradiation-induced modifications of amorphous systems attract the interest of many
researcher teams for already some time. Thermal neutron irradiation up to a dose
of 1019 neutrons/cm2 has been shown to perturb the short-range order (SRO) of
Fe78−xNixSi8B14 metallic glasses which has lead to an increase of Curie temper-
ature of the Ni-rich alloys [1]. An opposite tendency was observed, however, in
Fe30Ni48−xCrxMo2Si5B15 metallic glass exposed to the whole spectrum of neutron
energies [2].

More pronounced changes in magnetic hyperfine interactions were revealed by
irradiation of a Fe90Zr10 amorphous alloy with 209 MeV 84Kr ions with the fluence
of 3 × 1014 ions/cm2 [3]. The modification in the magnetic anisotropy introduced by
swift heavy-ion irradiation has been investigated in ferromagnetic metallic glasses
Fe78B13Si9 and Fe40Ni38Mo4B18 irradiated with 100 MeV 127I ions at different
fluencies from 5 × 1012 to 7.5 × 1013 ions/cm2 [4]. The magnetic anisotropy has been
studied by measuring the relative intensity ratio of Mössbauer sextets.

Irradiation with 120 MeV Ag and 350 MeV Au ions of Fe0.85N0.15 and Fe73.9Cu0.9

Nb3.1Si13.2B8.9 amorphous films resulted in gradual removal of anisotropy and a
decrease in coercivity, which was attributed to relaxation of internal stresses [5].
This demonstrates that swift heavy-ions can be used for controlled modification of
magnetic properties of thin films. At the fluence of 5 × 1013 ions/cm2 the in-plane
anisotropy completely disappeared.

Among other applications [6], amorphous magnetic metallic alloys are considered
for use in accelerator technology to improve performance of RF-cavities. Vacuum
cavities would have huge dimensions and it is necessary to reduce their size by filling
them with high permeability magnetic materials [7]. However, using such cavities at
high-power high-energy accelerators brings an additional problem of exposing the
accelerator components to radiation. During the machine operation, the magnetic
materials of the cavities are exposed to radiation caused by lost beam particles.
Consequently, it is inevitable to study the impact of ion bombardment on structural
as well as magnetic characteristics of the construction materials.

In this contribution we present the study of Fe74Cu1Nb3Si16B6 amorphous metallic
alloy irradiated by different ions at different fluencies and energies. As the principal
method of investigation we use Mössbauer spectroscopy. This system is a good
candidate of an amorphous alloy which is supposed to be used in the FAIR (Facility
for Antiproton and Ion Research) accelerator complex [8].

2 Experimental details

Fe74Cu1Nb3Si16B6 soft ferromagnetic alloy was prepared by the method of rapid
quenching of a melt in a form of ribbons about 23 μm thick.

The irradiation was performed by 110 keV N+ and 593 MeV Au ions to the air side
of the ribbons, i.e. the one which was in contact with the surrounding atmosphere
during the rapid quenching process of their preparation. The opposite side of the
ribbon is denoted as the wheel side. The parameters of the particle beams and their
ranges were calculated using the SRIM2008 and S3M codes [9].
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Fig. 1 SRIM2008 simulations
of radiation damage profile
(solid line) and range
distribution (dashed line) of
110 keV N+ ions implanted
into the Fe74Cu1Nb3Si16B6
metallic glass
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57Fe Mössbauer effect techniques including transmission Mössbauer spectrometry
(TMS) and conversion electron MS (CEMS) was applied at room temperature (RT)
employing a 57Co/Rh radioactive source. TMS provides information about the bulk
of the metallic glass whereas the CEMS technique can screen the subsurface regions
down to the depth of about 200 nm. Calibration of the apparatus was accomplished
by a 12.5 μm thick α-Fe foil at RT. Evaluation of the spectra was done using the
Confit fitting software [10].

3 Results and discussion

3.1 Simulations of the irradiation experiments

The SRIM simulations were used to find appropriate irradiation energy and to
estimate the radiation damage (vacancy production) caused by different ions due to
elastic nuclear collisions in the “full cascade” mode [9]. Figure 1 shows the radiation
damage profile and the range distribution for 110 keV N+ ions implanted into the
Finemet-type Fe74Cu1Nb3Si16B6 metallic glass.

The highest number of vacancies produced in the target metallic glass is observed
in the depth of about 114 nm where the radiation damage profile (solid line in Fig. 1)
attains its maximum. The peak of the ion penetration curve (dashed line), i.e. the
depth at which the highest concentration of the stopped ions is found is positioned at
about 153 nm, and the mean projected range is 133 nm with the range straggling of
47 nm. Thus, the region of the most severe radiation damage is well correlated to the
mean projected range of primary ions and is located at the depth of approximately
133 nm below the sample surface.

Figure 2 shows the same quantities for 593 MeV Au ions. The maxima of the radi-
ation damage profile (solid line in Fig. 2) and the ion penetration range distribution
(dashed curve) are located at about 18.9 μm and ca. 19.3 μm, respectively. The mean
projected range is 18.9 μm and the range straggling is 575 nm. It should be noted,
that while in the case of N+ irradiation the region of the most pronounced radiation
damage is located within the scanning depth of CEMS (up to 200 nm), here it is
buried deep in the bulk of the ribbon-shaped specimen.
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Fig. 2 SRIM2008 simulations
of radiation damage profile
(solid line) and range
distribution (dashed line) of
593 MeV Au ions implanted
into the Fe74Cu1Nb3Si16B6
metallic glass
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3.2 Mössbauer spectrometry

3.2.1 Irradiation with nitrogen

Room temperature 57Fe Mössbauer spectra of the Fe74Cu1Nb3Si16B6 metallic glass
are characteristic for an amorphous material which shows ferromagnetic interactions.
The spectra were evaluated by distributions of magnetic hyperfine fields. No appre-
ciable changes in the shapes of either TMS or CEMS spectra were revealed after N+
ion irradiation with respect to the as-quenched (non-irradiated) state of the alloy.
This is the reason why we do not show any figure of the measured spectra of the N+
irradiated samples. Mössbauer spectrum of the as-quenched alloy will be illustrated
in the following section. Taking into consideration the SRIM simulations, this result
was expected for the bulk of the irradiated samples. Nevertheless, as the maximum
of the radiation damage curve is positioned at about 133 nm some changes were
anticipated in the CEMS spectra. This was also not the case and detectable deviations
were revealed only in some spectral parameters.

Average values of isomer shifts and hyperfine magnetic fields are plotted against
the fluence in Fig. 3. The prediction of non-detectable damage in the bulk of the
samples is confirmed by nearly constant isomer shifts and hyperfine fields in the TMS
spectra (open squares in Fig. 3). And even though the same holds for hyperfine fields
in the surface layers as demonstrated in Fig. 3b by closed circles, notable increase
in isomer shift values is observed in Fig. 3a (closed circles) after the irradiation with
the fluence of 1014 N+/cm2 as derived from CEMS spectra. This indicates that in the
most damaged regions localized close to the sample’s surface changes in the chemical
SRO occur in the amorphous matrix.

We have performed CEMS measurements also at the non-irradiated (wheel) side
of the sample irradiated with the highest fluence. No deviations of the respective
spectral parameters from those of the as-quenched (non-irradiated) sample are
observed as documented by closed diamond in Fig. 3. This result confirms that the
opposite side of the ribbon was not affected by the irradiation process at all (for
example by an extensive heating-up the sample). As the irradiation was performed
in a vacuum, no traces of oxides were identified, either.

As far as the orientation of magnetic moments in the irradiated samples is
concerned, the net magnetization exhibits a tendency to move from its original
position in the ribbon plane outwards, i.e., perpendicular to the ribbon plane at the
air surface of the metallic glass. This is documented in Fig. 4 by decrease of the
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Fig. 3 Average values of isomer shift (a) and hyperfine magnetic field (b) plotted against the fluence
(a.q. as-quenched) as derived from CEMS (closed circle) and TMS (open square) spectra of the
Fe74Cu1Nb3Si16B6 metallic glass irradiated by 110 keV N+ ions. Parameters derived from CEMS of
the non-irradiated surface (closed diamond) are given for comparison

Fig. 4 Angle Θ plotted
against the fluence (a.q.

as-quenched) as derived from
CEMS (closed circle) and TMS
(open square) spectra of the
Fe74Cu1Nb3Si16B6 metallic
glass irradiated by 110 keV N+
ions. The dotted lines represent
Θ = 90◦ and 54.7◦,
respectively (see text)
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Θ-angle. By definition, Θ is an angle between the vector of net magnetization and
the propagation direction of the γ -rays in a Mössbauer effect experiment. Because γ-
rays are normal to the plane of the absorber (sample), Θ = 90◦ (dotted line in Fig. 4)
indicates that the magnetization rests in the plane of the sample whereas Θ = 0◦
characterizes perpendicular position of the magnetization with respect to the ribbon
plane. In case of randomly oriented magnetic moments (e.g., in powder material),
Θ = 54.7◦ (dotted line in Fig. 4), the so-called magic angle. The information about
Θ-angle can be obtained directly from the relative ratio of Mössbauer line intensities.

Again, practically no change in the orientation of the net magnetization is ob-
served for the bulk of the irradiated samples as derived from TMS experiments and
the individual magnetic moments are oriented almost randomly (Θ ≈ 57◦).

4 Irradiation with gold

Selected examples of CEMS and TMS spectra of the Fe74Cu1Nb3Si16B6 metallic
glass before (as-quenched) and after irradiation with 593 MeV Au ions are shown in
Fig. 5. As mentioned above, they depict characteristic broad sextuplets of amorphous
ferromagnetic alloys.
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Fig. 5 CEMS (a) and TMS (b) spectra of the Fe74Cu1Nb3Si16B6 metallic alloy irradiated by
593 MeV Au ions with the indicated fluencies

After irradiation, no appreciable changes are observed in the shapes of the CEMS
spectra in Fig. 5a. On the other hand, TMS spectra in Fig. 5b show remarkable
decrease in the intensities of the second and fifth lines with rising fluence.

Spectral parameters derived from TMS experiments including isomer shift, hy-
perfine magnetic field, and Θ-angle are illustrated by opened symbols in Fig. 6
as a function of ion irradiation. As seen from Fig. 6a, the applied ion fluencies
had no effect on either isomer shift or hyperfine fields. This means that possible
rearrangement of the resonant Fe atoms, i.e. changes in chemical and/or topological
SRO are not intensive enough to be reflected by changes of the respective hyperfine
parameters. On the other hand, the net magnetization constituted from magnetic
moments located in the bulk of the samples turns out of the ribbon plane with rising
fluence as demonstrated by opened circles in Fig. 6b. The original close-to-random
orientation (Θ ≈ 56.9◦) is changed by more than 18◦.

The repositioning of magnetic moments is caused by internal stresses and mag-
netostriction of the alloy. The former are introduced during mixing of the atoms
(radiation damage) via incident as well as recoil ions during the irradiation. In order
to verify this conclusion, we have annealed the irradiated samples for 1 h at 350◦C
which is far below the onset of crystallization. The resulting TMS spectral parameters
are depicted in Fig. 6 by solid symbols.

As seen in Fig. 6a, a moderate increase of isomer shift and hyperfine magnetic
field is observed after the annealing. This can be explained by structural relaxation
during which the resonant atoms acquire energetically more favourable positions
which eventually leads to changes in chemical and also topological SRO. More
interesting results are exhibited in Fig. 6b where the structural relaxation has lead
to annealing-out of the irradiation-induced stresses. As a consequence, the magnetic
moments have acquired positions by about 4.5◦ closer to the ribbon plane as in the
original as-quenched state. It seems that ion irradiation with the fluencies higher than
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Fig. 6 Average values of isomer shift (squares, left scale) and hyperfine magnetic field (triangles,
right scale) (a) and Θ-angle (b) plotted against the fluence (a.q. as-quenched) as derived from TMS
spectra of the Fe74Cu1Nb3Si16B6 metallic glass irradiated by 593 MeV Au ions (open circles) and
after annealing at 350◦C/1 h (filled circles)

5 × 1011 Au/cm−2 caused so high radiation damage which could not be completely
removed by the applied annealing conditions. Nevertheless, the magnetization of
the samples irradiated with higher fluencies depicts a tendency to rotate back to the
ribbon plane.

Changes of the spectral parameters in the CEMS spectra are almost negligible.
This result was expected because the radiation damage simulated by the SRIM code
has shown minute radiation damage in the subsurface layers (see Fig. 2).

5 Conclusions

Ion irradiation introduces structural rearrangement which can be revealed by
Mössbauer spectrometry. Changes in chemical SRO are reflected in isomer shift
values whereas topological SRO modifications lead to changes in hyperfine magnetic
fields as well as in the orientation of the net magnetization.

The use of rather high fluencies of the N+ ion irradiation has lead to more
pronounced changes in the chemical SRO than that of heavier and energetically
higher Au ions. Indeed, the observed alternation of the hyperfine spectral parameters
depends primarily on the total number of displacements of the resonant atoms which
is closely related to the total number of incident ions, i.e. fluence. A systematic study
of this phenomenon including simulations is in progress.
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