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Abstract
We present a detailed study of the crystallization induced in an amorphous
alloy by monoatomic projectiles in the electronic energy deposition regime.
The crystallization phenomenon was investigated by transmission electron
microscopy (TEM) for different lead ion energies (0.7–5 GeV), irradiation
temperatures (80–300 K) and ion fluences (from 1 × 1011 up to 2 ×
1013 ions cm−2).

1. Introduction

The slowing down of very energetic heavy projectiles mainly leads to electronic excitation and
ionization of the target atoms along the path of the projectiles. The resulting damage depends
on the nature of the target and on the amount of energy deposited in electronic processes. It
has been shown that a spectacular macroscopic deformation (∼10%) of the samples, called
anisotropic growth, appears in all the amorphous targets that have already been studied [1–4].
This effect is observed if the linear rate of energy deposition in electronic processes by the
projectile is sufficient, i.e. above a threshold Sth

e ∼ 10 keV nm−1 and above a critical irradiation
fluence �c. The samples shrink along the beam direction and expand perpendicular to the beam
direction. It is now accepted [5, 6] that during the incubation period damage is introduced in
the amorphous structure along the path of each projectile, leading to the creation of additional
free volume and thus of cylinders of ‘modified’ amorphous matter.

The recent discovery of the partial crystallization of the Fe73.5Cu1Nb3Si13.5B9 amorphous
alloy induced by high electronic energy deposition [7], indicates that the very general scheme
for damage creation described above does not apply to all amorphous alloys. In this paper
we present a detailed study of a crystallization process induced in an amorphous alloy
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irradiated by GeV monoatomic ions. We analyse the effect of swift heavy ion irradiation
on the phase transformation in Fe73.5Cu1Nb3Si13.5B9 amorphous alloy and we try to draw
a scheme for the irradiation-induced crystallization. For this study we selected amorphous
Fe73.5Cu1Nb3Si13.5B9 alloy which has attracted a lot of attention because it serves as a
precursor for the formation of the soft magnetic nanocrystalline phase [8]. This amorphous
alloy crystallizes upon annealing in two steps. When the annealing temperature exceeds the
crystallization temperature corresponding to the first peak (at about 520 ◦C) in the differential
scanning calorimetry (DSC) curve, a nanostructure is formed which consists of nanograins of
Fe(Si) phase with a well-defined grain size (∼10 nm) embedded in a residual amorphous matrix.
Such a nanocrystalline alloy (called Finemet) reveals excellent soft magnetic properties.
Increase of the annealing temperature above the second crystallization peak (at about 670 ◦C)
in the DSC curve causes a complete crystallization of the amorphous matrix as a result of
which the size of Fe(Si) grains increases and iron borate compounds (Fe2B, Fe3B, Fe23B6, . . .)
are formed. At the same time, the soft magnetic properties dramatically deteriorate [8–11].
As this alloy is characteristic of a particular class of amorphous alloys exhibiting two-step
crystallization, it would be interesting to study the behaviour of such an alloy submitted to
high electronic energy deposition.

2. Experimental details

The samples used in this study are amorphous Fe73.5Cu1Nb3Si13.5B9 ribbons prepared by the
melt spinning technique. The targets in the form of 3 mm diameter discs were electrochemically
pre-thinned for transmission electron microscopy (TEM) observations. They were mounted
in a liquid nitrogen cryostat installed on the GANIL accelerator line and irradiated with
5 GeV and 700 MeV incident Pb ions at normal incidence under a controlled ion flux
(<5 × 108 ions cm−2 s−1) in order to limit the temperature increase of the samples under
the beam (irradiation temperature always stayed well below 90 K). The linear rate of energy
deposition of these Pb ions in Fe73.5Cu1Nb3Si13.5B9 alloy in electronic processes is respectively
Se ∼ 40 and 50 keV nm−1 (see table 1). Samples irradiated at fluences of 1 × 1011–
2 × 1013 ions cm−2 were slowly heated up to room temperature and examined in a 300 keV
transmission electron microscope (Philips CM 30). Observations of amorphous targets
irradiated with swift heavy ions allow the visualization by TEM of the surface deformations
on both sample surfaces [12, 13]. These permit the determination of the cross-sections of
the cylinders of modified matter. Observations were performed using the phase contrast
technique, which consists of defocusing the objective lens of the microscope to give rise
to a phase contrast (Fresnel fringes) inside the ion deformed regions (tracks). High-resolution
transmission electron microscopy (HRTEM) micrographs were processed with a slow-scan
CCD camera and analysed with the digital micrograph program. The TEM observations were
always performed using a very low electron flux in order to avoid any structural modification
of the sample induced by the electron beam. The projectiles used, fluences and linear rates
of energy deposition in electronic processes of the various ions in Fe73.5Cu1Nb3Si13.5B9 alloy
are reported in table 1.

3. Experimental results

3.1. Unirradiated sample

Figure 1(a) shows a bright field electron micrograph of an unirradiated sample. As expected,
no contrast is visible. The electron diffraction pattern (figure 1(b)) is characteristic of an
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Figure 1. Transmission electron micrograph (a) and corresponding electron diffraction pattern (b)
of an unirradiated Fe73.5Cu1Nb3Si13.5B9 amorphous sample (diffuse rings A1 and A2). (c) A dark
field image obtained using the first diffuse ring A1.

Table 1. The most important parameters concerning the irradiation with GeV lead ions: figure
numbers, ion energy (GeV), average linear rate of energy deposition in electronic processes
(keV nm−1), irradiation temperature (K) and ion fluence (ions cm−2).

Sample Energy Se T irr Fluence
(figures) (GeV) (keV nm−1) (K) (ions cm−2)

A 5 40 80 1011

Figures 2–4, 14
B 5 40 300 1011

Figures 5, 6
C 0.7 50 300 1011

Figure 7
D 5 40 80 1012

Figures 8, 9
E 5 40 80 2 × 1013

Figure 10
F 0.7 50 300 2 × 1012

Figure 11
G 0.7 50 300 8 × 1012

Figure 12

amorphous alloy. It consists of two very wide diffraction rings, hereafter referred to as
A1 and A2. The first one, A1, is centred at a position corresponding to an interplanar
distance d = 2.033 Å, which according to the Guinier formula [14] corresponds to an average
distance xm in the amorphous structure xm = 1.23d = 2.50 Å. This value agrees with the
determination of Hampel et al [15], giving xm = 2.5 Å. Figure 1(c) is a dark field image
obtained using the first diffuse ring A1. The image consists of an assembly of small dots of
typical sizes ∼1 nm, which characterize an amorphous structure [16].
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Figure 2. Bright field transmission electron micrographs ((a) and (c) in focused and slightly
defocused conditions) of an Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal
incidence at 80 K with 5 GeV Pb ions up to a fluence of 1011 ions cm−2. The corresponding
electron diffraction pattern is given in (b) (four crystalline rings).

Figure 3. Bright field transmission electron micrographs ((a) and (b) in focused and slightly
defocused conditions) of an Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal
incidence at 80 K with 5 GeV Pb ions up to a fluence of 1011 ions cm−2. (c) A dark field image
obtained using the first diffuse ring A1.

3.2. Irradiation at low fluences

The main results deduced from TEM observations of Fe73.5Cu1Nb3Si13.5B9 samples,
corresponding to targets irradiated up to 1×1011 Pb ions cm−2 are collected in the upper part of
table 2. The corresponding TEM micrographs and electron diffraction patterns are presented in
figures 2– 7. All the diffraction rings observed throughout the study are schematically reported
in figure 13.

3.2.1. Irradiation at 80 K with 5 GeV lead ions up to 1×1011 ions cm−2. Figure 2(a) shows a
bright field electron micrograph obtained in focused conditions. White spots of rather irregular
shape associated with the impacts of the projectiles are clearly visible. The density of these
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Figure 4. Bright field transmission electron micrographs obtained in slightly defocused conditions
in an Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal incidence at 80 K with 5 GeV
Pb ions up to a fluence of 1011 ions cm−2. Tilt angles: 0◦ for (a), 10◦ for (b) and (c).

Table 2. Important results concerning the inner diameter of the damaged regions, the observed
crystalline diffraction rings and microdiffraction rings and most probable corresponding phases.

Inner Crystalline Microdiffraction
diameter diffraction rings rings

Sample (nm) Comments (possible phases) (possible phases)

A 6.8–7.5 1. Surface deformations C1(Fe2B)

(sometimes contrast C2(Fe23B6)

in the bulk) C3(Fe23B6)

2. Amorphous matter C4(Fe23B6)

in the track core

B 8.2 1. Surface deformations C1(Fe2B)

2. Amorphous matter C2(Fe23B6)

in the track core C4(Fe23B6)

3. Nanocrystalline matter
at the periphery

C 12.5 Surface deformations C1(Fe2B)

C4(Fe23B6)

D 1. Ragged sample edge C2(Fe23B6) µ1(Fe23B6)

2. Amorphous matter C4(Fe23B6) µ2(Fe23B6)

in the track core µ3(Fe23B6)

µ4(Fe23B6)

µ5

E Anisotropic growth µ6(Fe23B6)

near the central hole No cryst. rings µ7(Fe23B6)

F Anisotropic growth
near the central hole No cryst. rings

G Anisotropic growth
near the central hole No cryst. rings

spots corresponds to the ion fluence, which indicates that each projectile locally induces some
‘damage’ which is visible by TEM. The observed diameters of the impact zones range from
6.8 to 7.5 nm. In out-of-focus conditions (figure 2(c)), using the phase contrast technique
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Figure 5. Bright field electron micrographs obtained in slightly defocused conditions in an
Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal incidence at 300 K with 5 GeV
Pb ions up to a fluence of 1011 ions cm−2. Tilt angle is 15◦ in (c). Three crystalline rings are seen
in the electron diffraction pattern, (b).

Figure 6. Bright field transmission electron micrographs ((a) and (b) in focused and slightly
defocused conditions) of an Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal
incidence at 300 K with 5 GeV Pb ions up to a fluence of 1011 ions cm−2. Tilt angle 10◦ .
(c) A dark field image obtained using a distant crystalline ring.

which allows the visualization of local variations of the sample thickness, the contrast is
strongly increased. The corresponding electron diffraction pattern (figure 2(b)) shows big
differences in comparison with the original one (figure 1(b)). The two diffuse rings (A1 and
A2) characteristic of the amorphous structure as well as four thin continuous rings (hereafter
named C1–C4, see figure 13 below) characteristic of crystalline matter are clearly seen. Two
of them (C1 and C2) correspond to radii smaller than that of the first amorphous ring A1, two
others (C3 and C4) are located between rings A1 and A2.

In figure 3, related again to a sample irradiated up to a fluence of 1 × 1011 ions cm−2, a
dark field image (figure 3(c)) obtained using the first diffuse ring A1, shows that in addition
to the small dots characteristic of an amorphous structure, which are seen over all the sample
surface, a white contrast is seen at the impact sites. This suggests that amorphous matter is
still present in the core of the tracks.



High electronic excitation-induced crystallization in Fe73.5Cu1Nb3Si13.5B9 amorphous alloy 1553

Figure 7. Bright field transmission electron micrographs in slightly defocused conditions of an
Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal incidence at 300 K with 0.7 GeV
Pb ions up to a fluence of 1011 ions cm−2. Tilt angle 40◦ in (c). Two crystalline rings are visible
on the corresponding electron diffraction pattern (b).

Figure 8. Bright field transmission electron micrographs (a, b) of an Fe73.5Cu1Nb3Si13.5B9
amorphous sample irradiated at normal incidence at 80 K with 5 GeV Pb ions up to a fluence
of 1012 ions cm−2. Two crystalline rings are visible on the corresponding electron diffraction
pattern (c). A microdiffraction pattern obtained from a nanosized region at an impact site is shown
in (d).

Finally, in figure 4, we visualize the same tracks seen from the top (tilt angle 0◦ in the
microscope in figure 4(a)) and when the sample has been tilted by 10◦ in the electron microscope
(figures 4(b) and (c)). Figure 4(b) shows that the contrast is mainly visible on both sample
surfaces (white dots circled in black due to observations in slightly defocused conditions). In a
few rare cases it was possible to image some faint contrast in the bulk of the sample, as shown
in figure 4(c), on which an almost continuous contrast is visible along the path of the projectile
through the sample thickness.
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3.2.2. Irradiation at 300 K with 5 GeV lead ions up to 1 ×1011 ions cm−2. The experimental
results obtained changing the irradiation temperature from 80 to 300 K and using the same
projectile and the same fluence as above, are described in this section. Figure 5(a) shows
individual impact zones. When the sample is tilted in the electron microscope (figure 5(c)), it
is again observed that the contrast is mainly located on both sample surfaces. The contrasts
observed on the surfaces consist of bright spots of an average diameter of 8.2 nm, surrounded
by black circles. They are clearly associated with the formation of hollows surrounded
by protruding rims, similar to the surface deformations previously observed in irradiated
amorphous Ni3B [12, 13]. The corresponding electron diffraction pattern (figure 5(b)) shows
the two diffuse rings A1 and A2 and three strong crystalline rings (labelled above as C1, C2 and
C4). In addition, some much weaker crystalline rings of much larger diameter are observed.
Figure 6 shows some tracks observed after tilting the sample by 10◦ in the electron microscope.
Figure 6(c) is a dark field image obtained using selected area diffraction (SAD) on a crystalline
ring, which is far from the central diffraction spot. It is clear that the core of the tracks remains
black, whereas 4–5 nm diameter black dots are visible between the tracks. This could indicate
that the track core remains amorphous and that nanocrystallization occurs outside the track
cores, at larger distances from the ion paths.

3.2.3. Irradiation at 300 K with 700 MeV lead ions up to 1 × 1011 ions cm−2. We now
check the influence of the rate of energy deposition on the nature of the damage created. We
compare previous results obtained after irradiations at low fluences at room temperature with
lead ions of 5 GeV with those observed using 700 MeV projectiles. The linear rate of energy
deposition in Fe73.5Cu1Nb3Si13.5B9 is increased from 40 to 50 keV nm−1 (table 1). Figure 7
shows the impact zones of the slow projectiles observed with tilt angles of 0◦ (figure 7(a)) and
40◦ (figure 7(c)) in the electron microscope. The observed damaged regions now have more
regular circular cross-sections with an average inner diameter increased to 12.5 nm. Contrast is
once more mainly visible on both sample surfaces. On the corresponding electron diffraction
pattern (figure 7(b)) two crystalline rings (C1 and C4) are clearly visible in addition to the
diffuse rings characteristic of the amorphous structure.

3.3. Irradiation at high fluences

3.3.1. Irradiation at 80 K with 5 GeV lead ions.

Irradiation up to 1×1012 ions cm−2. No quantitative information can be deduced concerning
the sizes of individual damaged regions from the bright field micrographs (figure 8(a) in a thick
region of the sample, figure 8(b) on the edge of the sample near the central hole), because there
is already a strong spatial overlap of the damaged regions at such a fluence. It is clear that
some strong irregularities are observed on the edge of the sample: they will be described
in more detail below. The electron diffraction pattern (figure 8(c)) shows the coexistence
of two amorphous rings, A1 and A2, and of two (C2 and C4) of the thin crystalline lines
previously observed. Figure 8(d) shows a microdiffraction pattern which was obtained by using
a convergent electron beam in order to select the smallest possible area of the irradiated target
centred on one of the damaged regions. This mode allows the contribution to the diffraction
pattern of the undamaged amorphous material located between the irradiated regions to be
minimized. In figure 8(d), one can observe an intensity modulation on five rings (quoted as
µ1–µ5 in figure 13) which comes from the superposition of small diffraction spots originating
from crystalline regions. One of them (µ2, see figure 13) is located at a radial distance located
inside the diffuse amorphous ring A1. The others are clearly located outside the amorphous
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Figure 9. (a, b) Bright field transmission electron micrographs in slightly defocused conditions of
an Fe73.5Cu1Nb3Si13.5B9 amorphous sample irradiated at normal incidence at 80 K with 5 GeV
Pb ions up to a fluence of 1012 ions cm−2. (c) A dark field image obtained using the first diffuse
ring A1.

Figure 10. Bright field transmission electron micrograph (b) of an Fe73.5Cu1Nb3Si13.5B9
amorphous sample irradiated at normal incidence at 80 K with 5 GeV Pb ions up to a fluence
of 2 × 1013 ions cm−2. No crystalline rings are visible on the corresponding electron diffraction
pattern (a). A microdiffraction pattern is shown in (c).

rings as shown in figure 13. The dark field image, obtained using the SAD on the first diffuse
ring A1, (figure 9(c)) shows once again that amorphous matter is still present in the core of the
tracks.

Irradiation up to 2 × 1013 ions cm−2. A bright field electron micrograph shows that, after
irradiation at 80 K at very high fluences, anisotropic growth occurs (figure 10(b)) [1–4],
and induces important deformations which are visible near the central hole of the sample.
No crystalline diffraction rings are visible on the electron diffraction pattern (figure 10(a)),
whereas two rings, called hereafter µ6 and µ7 (figure 13) are visible on the microdiffraction
pattern (figure 10(c)). Both of them correspond to radial distances located inside the diffuse
rings A1 and A2, which explains why they are not visible in figure 10(a).
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Figure 11. Bright field transmission electron micrograph (a) of a Fe73.5 Cu1Nb3Si13.5B9 amorphous
sample irradiated at normal incidence at 300 K with 0.7 GeV Pb ions up to a fluence of
2 × 1012 ions cm−2. No crystalline rings are visible on the corresponding electron diffraction
pattern (b).

Figure 12. Bright field transmission electron micrographs (a) and (c) of an Fe73.5Cu1Nb3Si13.5B9
amorphous sample irradiated at normal incidence at 300 K with 0.7 GeV Pb ions up to a fluence
of 8 × 1012 ions cm−2. No crystalline rings are visible on the corresponding electron diffraction
pattern (b).

3.3.2. Irradiation at 300 K with 700 MeV lead ions. Figures 11(a) and 12(a) show that strong
anisotropic growth is observed on the edges of samples irradiated at room temperature up to
fluences of 2×1012 and 8×1012 ions cm−2 respectively. Figure 12(c) shows another frequently
observed image of the outward flow of matter into the central hole of the sample: the edge of
the sample has an amorphous structure, whereas in thicker sample regions the sample surface
is covered with small crystallites. This result will be discussed below. On the corresponding
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Figure 13. Schematic representation of the observed diffraction rings: A1 and A2 from the
amorphous matrix (figure 1), C1–C4 from the crystalline matter formed during the irradiation
(figures 2, 5, 7, 8, 13), µ1–µ7 from the crystalline material observed on microdiffraction patterns
(figures 8, 12). Some of them (µ2, µ6 and µ7) are located inside the diffuse amorphous rings. The
positions of all diffracted rings are drawn to scale, with respect to the measured radii on the various
electron diffraction patterns.

Figure 14. High-resolution transmission electron micrograph of an isolated damaged region
in an Fe73.5Cu1Nb3Si13.5B9 sample irradiated with 5 GeV Pb ions at 80 K up to a fluence of
� = 1 × 1011 cm−2 (a). The corresponding FT plot is shown in (b). Nanocrystallites are indicated
by arrows.

electron diffraction patterns (figures 11(b) and 12(b)), once again, as in figure 10(a), no sign
of crystallization can be detected.

3.4. High-resolution electron microscopy

Figure 14(a) presents an HRTEM micrograph of an isolated damaged region from a sample
irradiated with 5 GeV Pb ion at 80 K. The experimental image was taken at the Scherzer
defocus (Df = −90 nm). We observe that the track diameter is 6–8 nm and that the track
core is amorphous. Nanocrystallites, with a size ranging between 1 and 4 nm, are observed
around the ion track. This result agrees with the conclusions deduced from the dark field image
shown in figure 6(c). The micrograph also shows that nanocrystallites are formed even as far as
10 nm from the ion path. The corresponding Fourier transform (FT) plot shows the presence
of diffraction spots characteristic of Fe2B and Fe23B6 crystalline structures (figure 14(b)).
These spots correspond respectively to the C1 and C2 crystalline rings in figure 13. The few
diffraction spots observed in the FT plot (figure 14(b)) are due to the very local information
obtained from FT analysis, where only a few crystallites contribute to the FT image.

4. Discussion

In order to understand the mechanism of irradiation-induced nanocrystallization, it is useful to
review some aspects of the relaxation of the energy deposited into the target during the slowing
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down of a swift heavy ion through matter. Interaction of high-energy heavy projectiles with
matter strongly depends on the energy of the particle and on the properties of the target. Energy
loss of swift heavy ions occurs through elastic collisions with target nuclei and through inelastic
collisions with target electrons. The slowing down of ions due to elastic collisions with the
nuclei dominates at low energy, e.g. at the end of the ion range. Inelastic processes, which
lead to electronic excitation and ionization of the target atoms along the path of the projectiles,
strongly prevail at very high energies. The resulting damage depends strongly on the target
material and on the energy deposited along the ion path. As the ion–matter interaction in the
electronic excitation regime is an ultrafast process, we deal with phenomena which are highly
out of equilibrium. Two models are often used to account for experimental observations:

(i) The Coulomb explosion model mainly considers the ionization of the atoms located in the
vicinity of the ion path [17–20]. The resulting electrostatic potential energy is converted
into atomic kinetic energy without a significant increase of the local temperature.

(ii) Thermal spike models which deal with the conversion of the energy of the ejected δ-
electrons into the atomic subsystem via electron–phonon or electron–atom interaction
and lead to a local ‘temperature’ increase within 10−12 s [21–23].

This temperature increase is not easy to define or to evaluate quantitatively and leads to
contradictory estimates in the literature [23–26]. It is followed by a rapid quenching (1012–
1014 K s−1) within 10−9 s.

All the experimental results concerning the latent track diameter measured after
monoatomic ion irradiation, are shown in figure 15 as a function of the linear rate of electronic
energy deposition, Se. Previous results demonstrated that there is not a simple relation between
Se and track formation. For a given projectile, the track diameter increases with ion velocity,
reaches a maximum value, and then decreases again beyond the maximum stopping power,
giving rise to a hook-like curve [27]. This effect is often called velocity effect [28], indicating
that for the same Se, slow projectiles induce larger diameter tracks than faster projectiles due
to the differences in the density of energy deposited by low- and high-velocity ions. The
higher the δ-electron velocity, the larger the range, and the lower the energy density deposited
on the electronic system as the ion-damaged volume scales with the range of the δ-electrons.
The velocities of 0.7 and 5 GeV of Pb ions are, respectively, on the low-velocity and on the
high-velocity side of the stopping power curve. We observe that, for almost similar linear
rates of energy deposition into electronic excitation (40–50 keV nm−1), 0.7 GeV Pb ions will
damage a much larger region than 5 GeV Pb ions. This result can be understood in the frame
of the role of the velocity effect in the damage creation process.

Figure 15 also shows that the efficiency in damage creation is a function of the temperature.
The measured diameters of latent tracks after irradiation with 5 GeV lead ions are about 7.2 nm
for the irradiation at 80 K and 8.2 nm for the irradiation at 300 K, which corresponds to a change
of about 14%. This indicates the importance of the atomic mobility in damage creation.

The averaged radii of the different rings measured on several diffraction patterns allow us
to calculate the corresponding interplanar distances of the nanocrystallites. These distances
are then compared with the corresponding interplanar distances of the main crystalline phases
that appear during thermal annealing of Fe73.5Cu1Nb3Si13.5B9 alloy. A schematic drawing
of the relative positions of all diffraction rings is shown in figure 13. The two wide grey
rings A1 and A2 represent the diffuse diffraction halos from the amorphous matrix. The four
continuous lines, labelled C1–C4, give the relative positions of the thin circles characteristic
of the crystalline matter that is formed during the irradiations (figures 2, 4, 5, 7, 8). The
seven dashed lines, µ1–µ7, correspond to the diffraction lines originating from crystalline
matter which are observed in microdiffraction diagrams (figures 8, 10). The most probable
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Figure 15. The plot shows the evolution of the inner track diameter as a function of the linear rate
of energy deposited in electronic processes, Se, and of the irradiation temperature.

crystalline phases from which the diffraction rings originate have been reported in table 2,
when they could be unambiguously determined. This identification shows that the observed
distances agree reasonably well with the interplanar distances of face centred cubic Fe23B6

(and for one line with those of tetragonal Fe2B). However, since some strains could exist in
the small boride grains, this could lead to significant deviations of the interplanar distances
from the theoretical ones. It seems nevertheless that we do not observe any evidence of the
formation of Fe(Si) phase, and could mainly identify the formation of fcc Fe23 B6 and to a
smaller extent of tetragonal Fe2 B .

An insight into irradiation-induced crystallization is obtained from HRTEM micrographs.
Figure 14 shows that the nanocrystallization does not occur in the close vicinity of the ion path
(track core), which remain amorphous, but mostly around the track core. HRTEM micrographs
also shows that nanocrystallites are present at distances as large as 10 nm from the trajectory
of the ion.

The fact that the track core remains amorphous can be interpreted as the consequence
of the rapid cooling down (1012–1014 K s−1) of the track core region following the thermal
excitation of the electrons close to the ion path. This very rapid quenching is several orders
of magnitude larger than the normal quenching rate obtained with the melt-spun technique
(∼106 K s−1), and could prevent the formation of the crystalline phase. On the other hand,
if the irradiation-induced crystallization was solely a thermally activated process we should
find the same crystalline phases as observed during the thermal treatment. In particular, we
would expect to observe the phase corresponding to the primary crystallization: specifically
the Fe(Si) phase. Nevertheless, not only was no evidence found for the formation of the
Fe(Si) phase, but we also mainly observed the precipitation of borate compounds, which are
typical of the second crystallization step. Thus, we conclude that, if a thermal effect is active
during the electronic relaxation, it cannot be the only process behind the origin of the observed
nanocrystallization.

Finally, the experimental observation that at high irradiation fluences the crystalline
rings in the electron diffraction patterns become weaker, may be understood either as (i)
a sputtering of nanocrystallites formed on the sample surface or (ii) a re-amorphization of
the pre-existing nanocrystallites under subsequent electronic energy deposition. During swift
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heavy ion irradiation a fraction of the incident energy is transferred to the target atoms, resulting
in the ejection of surface atoms into the vacuum. As the probability for an ion to pass close
to an already formed latent track is proportional to the irradiation fluence, above a critical
fluence the effect of formation of a new latent track will result in the sputtering of pre-existing
nanocrystallites at the surface.

As nanocrystallites are in a metastable phase, we can suppose that a subsequent deposition
of a high density of energy in electronic processes may induce the re-amorphization of the
crystallites.

Both processes result in a weakening of the diffraction pattern signal when increasing the
irradiation fluence.

5. Conclusion

The main results of irradiation with monoatomic heavy ions are reported in table 2 and can be
summarized as follows:

(a) Surface deformations are always observed.
(b) The core of the tracks remains amorphous: the diameter depends on the irradiation

conditions. For irradiation with lead ions, and for Se ∼ 40 keV nm−1, this diameter
increases from 7 to 8 nm when the irradiation temperature increases from 80 to 300 K. At
the same irradiation temperature (300 K), it strongly increases from 8 to 12 nm when Se

changes from 40 to 50 keV nm−1.
(c) Anisotropic growth is observed after irradiations at 80 and at 300 K. Because the headlands

are heterogeneously distributed on the edge of the sample, we suppose that anisotropic
growth does not take place as a uniform movement of matter, which moves toward the
surface, but rather as a localized mass movement.

(d) After irradiation at high fluences the crystalline rings in the electron diffraction patterns
become weaker or even disappear.

(e) High electronic excitation-induced crystallization cannot be a purely thermal process.
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