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Latent tracks of 3.1 GeV-Xe ions have been visualized by high-resolution electron microscopy in
ferrite Bi,Fe O, . The track diameter is larger than in similarly irradiated yttrium iron garnet and barium
iron hexaferrite showing the influence of the atomic density and structure in the response of solid to ion
impact. Unlike Y;Fe;O,; and BaFe,0s, in Bi;Fe,Oy Xenon-latent tracks appear, in a plane normal to
the ion beam, as circular areas of nearly amorphous matter without any transition zone between the

paramagnetic core of the nuclear track and the surrounding undistorted lattice.

Introduction

Track formation is a fairly general phe-
nomenon observed in dielectric materials
irradiated by sufficiently energetic charged
particles. It has been extensively studied in
numerous micas, silicates, and plastics and
discussed in terms of ionization process.
The still best accepted theory for track cre-
ation mechanism is the ion explosion spike
model of Fleischer et al. (1, 2), according
to which tracks are highly disordered re-
gions arising from transient positively
charged regions created by electronic stop-
ping.

The model has thus been used by Hansen
et al. (3, 4) to explain magnetic and physi-
cal changes induced by xenon and uranium
ions of 185 and 333 MeV per ion, respec-
tively, in epitaxial iron garnet films.
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Suggested from indirect measurements
mainly based on the etching behavior of the
latent track, the model did not display any
information about the actual microscopic
structure of the damage zone. To under-
stand the mechanism of the track forma-
tion, transmission electron microscopy
(TEM) and more particularly high-resolu-
tion electron microscopy (HREM) should
be very useful and have in fact been applied
to the problem, for instance, to character-
ize the fission tracks in zircon (5).

However, the use of high-resolution im-
agery presupposes that the latent tracks are
sufficiently stable to be observed under the
electron beam. Fission fragment tracks
were thus visualized in natural micas in-
cluding biotite, phlogopite, and muscovite
(6-8); but, in numerous cases, the tracks
faded from view, even under low electron
beam currents, therefore preventing any
HREM investigation. On the contrary mag-
netic oxides show extreme track stability as
it has been reported elsewhere for yttrium
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iron garnet and barium iron hexaferrite (9-
11). Recently a study of the damage in-
duced by heavy ion irradiation was under-
taken (12) in the mixed framework bismuth
ferrite Bi;Fe, Oy (13) whose structure, like
those of garnets and barium hexaferrite, in-
volves FeO¢ octahedra and FeOy tetrahe-
dra, but exhibits a lower packing density.
During this investigation nuclear tracks
were observed. The present paper, which
corresponds to the second part of this
work, deals with the HREM study of 3.1
GeV-xenon tracks in this compound and
with an attempt to explain their formation.

Experimental Procedure

The irradiations were carried out at the
heavy ion accelerator GANIL in the 77 K
irradiation facility of CIRIL as previously
described (14) with xenon ion beam having
an energy per nucleon of 24 MeV, i.e., 3.1
GeV per ion.

The samples investigated during this
study correspond to the electronic stopping
zone of the incident particles and & fluence
close to 102 Xe - cm~2. Thin flakes suitable
for HREM observations were obtained
from the irradiated samples by splitting in
liquid nitrogen to avoid any plastic defor-
mation. After being dispersed in n-butanol,
numerous fragments were then collected on
copper supported holey carbon films. Lat-
tice images representing all stages of lattice
destruction due to radiation damage have
been visualized using a JEOL 200 CX elec-
tron microscope fitted with a double tilt
top-entry goniometer (+10°). The spherical
aberration of the objective lens was 0.8 mm
and the beam divergence was about 1 X
1073 rad.

Results and Discussion

Despite a strong overlapping of the
tracks, the HREM micrographs taken with
the electron beam parallel to the Xe ion
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beam clearly illustrate the perfect circular
shape of the latent tracks. Two examples
are given in Figs. 1 and 2. The former corre-
sponds to a portion with a low density of
tracks; the zone axis is [113]. The latter re-
lates to a slightly higher density with a more
important overlapping of the tracks; the
zone axis is [120].

In both cases, it is worth pointing out that
the remaining crystalline matrix is neither
disturbed nor strained, leading to a particu-
larly abrupt interphase region between the
nearly amorphous track volume and the un-
distorted surrounding lattice. Such a fea-
ture has been emphasized in Fig. 3 which is
an enlargement of Fig. 2. A track diameter
of 120 ¥10 A can be measured with a good
accuracy in fair agreement with the value
obtained from M&ssbauer spectra (12). The
microstructural aspect of the track area is
thus strongly different from that seen in Ba
Fe ;0,5 specimens (/0-15) for which a dark
contrast correlated with the strain field,
probably induced by interstitial atoms, has
been clearly observed. It develops around a
circular area inside which the stricture is
destroyed giving no image of regular lattice.
According to the ion explosion spike
model, this is compatible with the energy

[173]
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F1c. 1. High-resolution image of 3.1 GeV-Xe latent
tracks in Bi,Fe,O,; the zone axis is [113].
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F1G. 2. High-resolution image of latent tracks viewed in a plane normal to the ion beam and showing
the sharp boundary between the crystalline and the amorphous parts of the matrix; the zone axis is

[120].

lost by ionization process converted into
atomic motion and subsequent disorder.
Similar results have also been obtained
for Y;FesO,, samples irradiated by Mo and
Xe ion beams at 2.3 and 3.1 GeV, respec-
tively (16). In the latter case, the direct
measurement of the track radius from
HREM for several values of the electronic
stopping power (dE/dX) reveals a larger cy-
lindrical volume than that deduced from in-
direct measurements, including vibrating
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sample magnetometry (VSM), Méssbauer
spectroscopy (I/7, 18), and channelling
Rutherford back-scattering (RBS) (/6).

Taking into account previous results re-
ported by Hansen et al. (3) for thin film of
yttrium iron garnet, it can be postulated
that the latent track, in that material, con-
sisted of three concentric regions:

(i) a paramagnetic and amorphous core
displayed by both VSM and RBS;

Fi1G. 3. Enlargement of an area of Fig. 2 and schematic drawing of the tracks: small crystalline.
islands 20 A wide can be seen between amorphous parts coming from the overlapping of the tracks.
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(ii) a distorted and strained outer shell
deduced from HREM, and

(iii) a third zone of crystalline matter, but
exhibiting a magnetic hyperfine field Hf
parallel to the induced strain, i.e., parallel
to the ion track as shown from Méossbauer
spectra (18).

The radius of the cylinder which includes
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such an Hf oriented zone is thus twice that
of the paramagnetic core.

In contrast, the structure of the latent
track in Bi,Fe Oy is that of a paramagnetic,
nearly amorphous cylinder created from
the crystalline matter by the incoming ion,
without any transition region with the un-
distorted lattice so that no induced lateral
compressive stress seems to occur (9).

FiG. 4. High-resolution images of a latent track showing pseudocrystallized microdomains (marked
with arrows) in the amorphous parts (a) in a plane normal to the ion beam and (b) parallel to the ion

beam.
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Moreover, the existence of small unper-
turbed islands 20 A wide and showing the
same zone axis as that of the unirradiated
matrix (Fig. 3) cannot be solely understood
on the basis of the ion explosion spike the-
ory.

Additional effects implying the electronic
thermal spike concept (19) have then to be
considered to explain such particular fea-
tures. Although the existence of thermal
spike effects is still being discarded for low
energy ions, it has been reported to occur in
semiconductors for bombardment with 250
keV heavy ions (20) and in insulators for
high energy sputtering experiments (21).
Important thermal effects of fission spikes
have also been postulated to explain the ef-
fects of fission-induced resolution from fis-
sion gas bubbles in ceramic nuclear fuels
(22). They are still considered (23) to ex-
plain the contribution of the energy depos-
ited by electronic collisions in the amorphi-
zation process of PdgSiy alloy irradiated
by fission fragments of U,

Accounting for the high value of the elec-
tronic stopping power involved in the GeV
energy range for xenon ions (Se =20 MeV/
um) and the probably low value of the ther-
mal conductivity which can be expected for
Bi,Fe 09, overheated zones may exist in
the wake of the incoming ion leading to lo-
cal melting of the target. As a result, the
lattice image to be expected would be that
of a cylinder with a strong contrast marking
a sharp boundary between an external re-
gion which never reaches temperature
higher than T, and an internal region which
at some instant is heated above T,. The
effect is also reflected, as described previ-
ously (12), in the ED patterns which show
no disturbance of the diffraction spots char-
acteristic of the remaining crystalline part
of the sample. The behavior of Bi,Fe, Oy to
heavy ion impact can thus be regarded as
agreeing with the thermal spike model of
Naguib and Kelly (24). It leads us to as-
sume that the shape of the incident ion
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paths corresponds exactly to the geometri-
cal outline of the track added: a schematic
drawing of such an overlapping of tracks
observed in some portions of the HREM
images is shown in Fig. 3.

Furthermore, as one can see in Fig. 3, the
damaged portion which shows no lattice
resolution, owing to the latent track over-
laps, presents from place to place a granu-
lometry which is no more aleatory and this
occurs no matter what the crystal orienta-
tion and objective aperture may be. Such
domains have been marked with arrows in
Fig. 3 and reported for other HREM obser-
vations in Figs. 4a and 4b. These domains
form regions which are about 25-30 A long
and less than 10 A wide. The optical diffrac-
tograms of different areas showing such
contrast have been registered, using a laser
beam. They exhibit scattering spots of
Debye rings which correspond to 2.9- and
3.1-A reticular spacings. As a result, it may
be postulated that microcrystallites have
developed in the exposed region accounting
for the thermal annealing track effects or
stoichiometry changes as discussed else-
where (24).
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