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This study has been made possible because of the
energetic clysters that are now available at the tandem
accelerator at the iPN Orsay where, for example, charged
fullerene ions with energies ranging from 8 to 30 MeV
have been accelerated (141. Negative molecular C.m~
ions are accelerated in the first section of the tandem
accelerator. At the positive high voltage terminal in the
center of the accelerator (4 to 15 MV), the negative C w "
ions collide with N2 molecules in a stripper cell and
become positively charged. Multiply charged Cw

ff+ (with
n s 4) are formed, and It has been argued ititwetitifty
{15J that multiple ionization can occur only in plural
binary collisions with nitrogen atoms passing through the
fullerene. Time-of-flight (TOF) measurements combined
with a magnetic deflection at a small angle (J.5a) allow
us to identify unambiguously the beam of €«)'* that has
been used in this experiment. Figure 1 presents a TOF
spectrum of Q Q 1 * measured at this deflecting angle of
t.5°- The beam Intensity on the target varies between 105

and 10* projectiles per second on an area of 10 mm2.
Pure titanium and zirconium targets [16], suitable

for transmission electron microscopy observations (i.e.,.
thickness --100 nm), have been irradiated at 300 K with
Cm under normal incidence up to a fluence of i010 cm™2.
Figure 2 shows the corresponding electron micrographs
of titanium irradiated by 18 MeV C§o molecules afld, for
comparison, electron micrographs of titanium irradiated
by 845 MeV Pb ions. It must be noticed that ia <tts
cas^ (Ge¥ ion irradiation*) the experimental procedure
was slightly different [10]. The samples (--15 /im thick)
are electrochemically thinned after irradiation TO «&ffe \t>
observe slices located at about ? /im from the syrfaces.
This procedure ensures that the energy deposited in the
observed part of the sample corresponds totally to the
energy loss of the projectile. In both cases, observations
under normal and tilted incidences are presented in order
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Fig. !. Time-of-flighf spectrum of a high energy fullerene
beam obtained after magnetic deflection at 1.5°. The terminal
voltage of the tandem accelefatoi is 9 MV and the £m ~ ion
beam is pulsed before the entrance of the accelerator. There
are intact only Cm* at 18.32 MeV at the target site.
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Fig, 2. Bright field images of titanium irradiated at 300 K:
(a) with 845 MeV lead ions up to a fluence of 10" cm"2 and
(b) with 18 MeV Cm up to a fluence of 6 x |0 1 0 cm"1. In
iht apper part Ac electron beam direction is parallel to the
ion beam, (a) Kinematic condition, (b) Two be&m condition
with g = {101}. In the lower part, ihe sample is tilted in
the microscope, (a) Titt angle 26°; two beam condition with
g — {101}) and (b) tilt angle 30*; kinematic condition with
k0 II [354]),

to illustrate thai the damage takes pl#ce in a cylindrical
region around the projectile path. After irradiation with
monatomic Pb beams, the contrast in the microscope
consists of small docs of average diameter 5 nm, the
characteristic distance between these dots being close to
30 nm. The analysis of the images shows that the conuast
is associated to dislocation loops located in the prismatic
planes of the hexagonal structure [17). After Irradiation
with Ceo beams, the observed damaged zones entirely
go through ihe sample thickness with an almost constant
diameter of 20 nm. The analysis of the images shows
that the contrast cannot be associated to microcrystallized
matter nor to amorphous phase, but corresponds to a
dense dislocation loop network. The detailed study of
these contrasts is not yet completed and will be published
elsewhere.

It is worth noticing that there is a one to one correspon-
dence between the numbers of impinging projectiles and
observed "tracks." The radial extension and the longitudi-
nal distribution of the damage demonstrate the very large
efficiency of the Cm beam to create tracks.

Figure 3 shows electron micrographs of zirconium
irradiated by 18 MeV €m molecules. In this case
micrographs corresponding to samples irradiated by swift
heavy ions (prepared as mentioned above for titanium
targets flO)) are not presented because they do not exhibit
any contrast ascribable to damaged zones greater than the
electron microscope resolution. This enforces the greater
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It Is shown that new speciSc effects take place during irradiation of metals with high energy fullerene
beams. The observed quisicontinuous damage is confined inside —20 nm diam cylinders around the
projectile paths and is compared to the damage resulting from GeV heavy ion irradiation. The large
extension of the highly damaged zones after cluster irradiations might be doe to the strong localization
of the deposited energy during the slowing-down process.

PACS numbers: 6l.80.Lj, 61.80Jh

It Is now well accepted that electronic excitation
a id lonization arising from the slowing down of swift
heavy ions can lead to structural modiications in bulk
metallic targets as i! has been known for a long lime
in insulators [1] and in thin [2] or discontinuous 13,4]
metallic films. These modifications resulting from the
high rates of energy deposition, which can reach values
as high as lOkeV/nm, were unexpected in metallic
materials where numerous and very mobile charge carriers
allow a fast spreading of the deposited energy and
an efficient screening of the space charge created in
the projectile wake [5J. The main difference between
insulators and conductors lies in the threshold above
which the linear rate of energy deposition can lead to
structural modifications.

So it has been shown that irradiation of bulk metallic
targets with swift heavy ions can induce effects as varied
as the so-called growth phenomenon of amorphous alloys
16,71» the amorphization of metal-metalloid alloys (8] or
metal-metal alloys [9], a phase transformation In pure tita-
nium [10], and defect creation in pure iron and zirconium
111J, The question of the transformation of the energy de-
posited by the projectile during the slowing-down process
into energy stored in the target as lattice defects is still
to be answered. Two mechanisms have been proposed:

(i) The thermal spike model [12] in which the kinetic en-
ergy of the ejected electrons is transmitted to the lattice
by electron-phonon interaction in a way efficient enough
to increase the local lattice temperature above the melt-
ing point. This temperature increase is then followed by
a rapid quenching, (ii) The Coulomb explosion model
f 13] in which the electrostatic energy of the space charge
created just after the ion passage is converted into co-
herent radial atomic movements leading to a cylindrical
shock wave.

Both mechanisms are sensitive to the rate of energy loss
{dE/dx) as well as to the deposited energy density. The
volume in which the energy is deposited scales with the
range of the 5 electrons—emitted during the ionization
process—which depends only on the projectile velocity
v. In monatomic ion irradiation il is not possible to vary
significantly one of these parameters, say, v, keeping the
second one unchanged, say, dE/dx, whereas it is easier
using cluster ions. The aim of this paper is to compare
damage induced in metallic targets (Ti, Zr) by MeV
clyster ions with that previously observed [10,11] after
irradiation with GeV heavy ions. The linear energy loss
of MeV clusters (evaluated below) is comparable to thai
of GeV heavy ions, whereas their velocity is 1 order of
magnitude lower (see Table 1).

TABLE I. Characteristics of the experiments presented in this Letter. Em is the maximum energy of the S electrons (see text).

Target

TI

Zr

Projectile

Pb

Cm

U
€ «

Incident energy
(MeV)

845

18

5550
IS

(dE/dx)n

(keV/nm)

0.08

1.8

0.03
1.8

(dE/dxh
(keV/nm)

36

43

41
44

Em

(eV)

mm
50

49 000
50

Observations

Dotted tracks
Diameter ~5 nm

Quasicontinuous tracks
Diameter —15 to 25 nm

No observable damage
Dotted tracks

Diameter —10 to 20 nm

0031 -9007/95/74(7)/1135(4)$Q€.0Q © 1995 The American Physical Society 1135
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Fig. 3. Two beam condition bright field images of zirconium
irradiated at 300 K with 18 MeV Cm molecules up to a
flyence of 3.1 x !£>10 cm""2. In the upper part the electron
beam direction is parallel to the ion beam (g = {101}), whereas
in the lower one, the sample is tilted by 36° in the microscope
(g - {100}).

efficiency of aggregate beams in producing damage in
metallic targets.

The determination of the rate of energy deposition
for clusters Is still, to our knowledge, an open question
from experimental and theoretical points of view. It is
admitted that an aggregate entering a solid breaks into
several fragments. However, the cylindrical shape of the
damaged regions shows that these different fragments
keep a close spatial correlation during the slowing-down
process at least up to the sample thickness (Id) to
200 nm). In order to estimate the energy deposited in
both electronic excitation and nuclear collisions, it has
been assumed that the energy loss of the initial €§©
molecule is the sum of the energy losses of 60 individual
carbon atoms.

As far as elastic collisions are concerned, the rate of en-
ergy deposition (dE/dx)n (see Table f) and the nymber of
displaced atoms have been evaluated. Each Cm molecule
would lead in such an approach to eight displacements
every Interatomic distance [19]. This number is certainly
much too low to account for the hoge observed damaged
zones. Moreover, a complementary irradiation of a thin
titanium foil was performed on the ARAMIS facility [20]
at Orsay with 2.4 MeV AU3 clusters. In this experiment,
although each cluster Induces about 30 atomic displace-
ments every interatomic distance, no damage has ever
been observed in the electron microscope after irradiations

at fluences of 2 x 1010 or even 9 x 1012 clusters/cm2.
So, as in the case of GeV heavy ions [ 11J, the damage
induced by MeV C«} projectiles cannot result from the
sole elastic collisions.

As far as inelastic collisions are concerned, the use
of the above sum rule to calculate the rate of energy
deposition (dE/dx)e (reported in Table I) implies that
the equilibrium charge state reached by each individual
carbon atom is not affected by the close vicinity of
the other fragments. This hypothesis is based on the
following remark: The main contribution to the slowing
down comes from close collisions in which the impact
parameter is smaller than the interatomic distance in the
Cm molecule. As a matter of fact, the sole experimental
results available In this field concerns measurements of
the energy loss of C§o projectiles in thin (30 to 50 nm
thick) amorphous carbon foils [18]. They show that
the energy loss per carbon is, within the experimental
uncertainty (about 5%), that of an individual carbon
projectile of the same velocity.

The resulting stopping powers calculated with these
assumptions are reported in Table I, As (dE/dx)e is al-
ways much larger than [dE/dx)n, the range of the projec-
tiles is governed by electronic energy losses. The ranges
of 18 MeV Cm molecules (~490 nm in Ti and ~420 nm
in Zr) are thus given by that of monatomic carbon of the
same velocity. The thicknesses of the targets are much
smaller than this range, so that the stopping region is
avoided and that the electronic stopping power is almost
constant throughout the sample thickness.

It appears that, although the rates of energy deposi-
tion in electronic excitation are close using monatomic
Ge¥ and aggregate MeV projectiles, both the radial
and longitudinal characteristics of the damage differ
strongly: Going from monatomic to aggregate beams, the
radial extension increases markedly, whereas the longitu-
dinal distribution evolves from a clearly dotted structure
to a quasicontinuous one. The explanation for such dif-
ferent behaviors might originate from the great difference
in the velocities of swift heavy ions and C«s projectiles.
The transport of energy away is governed by S electrons,
which have an angular and a kinetic energy distribution
related to the projectile velocity. Maximum kinetic en-
ergy values of 5 electrons Em — 2mv2 (ejected in the
forward direction) are given in Table I. For similar rates
of energy deposition in electronic excitation, as the vol-
ume in which the energy is deposited is related to the
radial range of secondary electrons, the lower the projec-
tile velocity, the higher the energy deposition and, space
charge densities. Using GeV Pb or U ions the radial range
of the S electrons is of some 1000 nm, whereas using a
C&o beam, this radial range falls to a few interatomic dis-
tances. In this latter case, a crude estimate of the density
of deposited energy by €&§ ions leads to hoge values as
high as 10 eV/A3 (or 100 eV/atom). The relaxation of
such a high energy density induces the spectacular stroc-
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tural modifications observed in this work. The damage is
located inside a cylinder which has a radius at least 1 or-
der of magnitude greater than the radius of the cylinder in
which the primary energy is deposited.

Other new effects are expected to result from irradiation
of solids with large MeV clusters as, for example, intense
secondary emission.
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to the hexagonal © phase (Dammak et al. 1993). A study of the structural modifica-
tions by TEM observations after Irradiations performed under various conditions
(Dammak et al. 1996) showed thai the complete <x—+ <o phase transformation is
obtained, firstly, during irradiation at lorn' temperatures (20-90 K), secondly, for
LED levels higher than SSkeVntrT1 and. thirdly, for fluences higher than 10°
ions cm""2. This latter condition was confirmed later by using in situ electrical resis-
tance and length measurements during irradiation at 20 K by 2.4GeVU ions
(Dammak et al. 1999). These workers showed that, firstly, at low fluences (i.e. in
each track) the damage creation is identified by TEM observations as the formation
of dislocation loops and, secondly, the incubation fluence above which co domains
are formed in the a matrix is about 1.2 x 1012ionscm^2.

On the other hand during irradiations at 300 K under the same conditions (LED
level about SSkeVnrtT1), the co phase is not formed for fluences up to 1013cm~2

(Dammak et al. 1996). In this case, TEM observations show a dease dislocation
structure in the a matrix caused by the spatial overlap of tracks.

The mechanism proposed for the pba.se transformation during Irradiation by
gigaelectronvolt monomers (Dammak et al. 1999) is based on the propagation of
localized displacement waves of the [100]a dose-packed rows. The creation of dis-
location loops or stacking faults in a track is assumed to be due to a shearing of
neighbouring (010)a prismatic planes. The formation of co domains at low tempera-
tures (20-90 K) requires a spatial overlap of these tracks and is assumed to be the
result of a local rearrangement. The deduction of the existence of stacking faults
arising from a disorder in the transverse displacements in (010)a prismatic planes
takes into account the diffuse intensity lines observed in the electron diffraction
pattern. At room temperature the spatial overlap of tracks leads to a partial recovery
and so to a dense dislocation structure.

However, it has been recently established that, using 10-40 MeV C60 ions for
which the LED levels are slightly higher than those obtained by using gigaelectron-
volt monomers, the resulting structural modifications were extremely important in Ti
(Dammak et al. 1995). In fact 18 MeV C60 ions create quasicontinuous tracks of
about 20 nm diameter. The important resulting structural modification is thought to
arise from the very strong localization of the deposited energy.

In the following we present the inlueEce of the irradiation temperature on the
structural modification in Ti during irradiation by megaelectronvolt Cm ions using
TEM observations,

§ 2. EXPERIMENTAL DETAILS

High-purity polycrystalline Ti ribbons of 11 jim thickness were annealed in
vacuum (3 x 10"~4Pa) for 17 h at 1090 K in a furnace containing Ti sponge; the
ribbons were then slowly cooled to room temperature. From the ribbons, discs of
3 mm diameter were punched out and were ground and electrochemically thinned up
to electron transparency by a double-jet technique using a perchloric acid electrolyte
at 240 K and an applied voltage of 17.5 V.

The discs were irradiated with 30.2 MeV CgJ ions either at room temperature or
in a liquid-N2-cooled cryostat at the Orsay tandem accelerator; the fluences were
chosen in order to avoid overlapping of the damaged regions, with values around
5 x 109 iQEScmf2. At such incident energies, when hitting the target surface, the C60

dusters will break up into single ions or small assemblies of ions. During the slow-
ing-down of this low of neighbouring projectile constituents, a spatial separation of
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the fragments occurs as a consequence of Coulomb repulsion between charged frag-
ments and multiple scattering by elastic collision processes. A detailed description of
these effects was given by Dunlop et al. (1997). The range of 30,2 MeV C\Q in Ti
(about 700 nm) is much larger than the thickness (less than 100 nm) of the regions
observed by TEM, so that in this work we deal only with the regions of correlated
slowing-down of the fragments in which energy loss occurs mainly through electro-
nic excitation and ionization.

The microstructure of the irradiated samples was examined using a Philips CM30
transmission electron microscope operated at 300 kV.

§ 3. RESULTS

The analysis of the images obtained in the microscope shows that the observed
damaged zones (tracks) go entirely through the sample thickness with an almost
constant 'diameter'. The absence of haloes and thin rings in the electron diffraction
patterns shows that the damage cannot be associated with an amorphous phase nor
with microcrystallized matter. In the following we show that orientation relation-
ships exist between the new phase and the hep a-matrix.

3.1. Irradiations at 300 K
For the samples irradiated at room temperature, tilting around g = (010)a (i.e.

prismatic planes of a-Ti remain parallel to the electron beam in the microscope) in
the diffraction patterns, extra spots indexable as (030)^ along the direction of the
(QhO)a (spots (figures 1 (a) and (b)) are associated with the tracks. The bright-field
images (figure 1 (c)), taken in orientations such that a row of (0/iG)a reflections are
excited, show that fringes parallel to the (010)a planes with a spacing of about 3nm
are associated with the tracks. These fringes have been identified as parallel moire
fringes, that is a double-diffraction effect due to an overlapping of the structure
of the tracks with the a matrix. The spacing of the fringes is very close to the
value of <§ = 3.2iim expected from the lattice spacing of (030)^ and (020)a

(1/6 = 1/̂ (020) ~ 1/̂ (030))- Other diffraction effects related to the structure of the
tracks were seldom found and it was not possible to establish unambiguously the
crystallographic structure of the tracks. In fact the observed extra spot can also
be indexed in the bec p phase as ( l l l)p with 8 = 3.2 nm, and in the hep a phase
as (103) a wi th <5 = 3.1 n m .

3.2. Irradiations at liquid-N2 temperature
In samples irradiated at liquid-N2 temperature, the diffraction patterns (figures 2

and 3) show the coexistence of both a and co phases with the orientation relationships
(002)a||(210)(B and [100]a||[001]co previously found after irradiation with gigaelectron-
volt monomers at high fluences (Dammak et al. 1993). Figure 2 shows the electron
diffraction pattern corresponding to the superposition of the [320]a zone axis with
the [123]a zone axis and (002)a parallel to (210)cr The evidence of the CB phase in this
case is confirmed by the observation of the (111)© reflection (figure 2(1?)) for which
there is no equivalence in the P or a phases.

The bright-field image given in figure 1 (d) taken with the same diffraction con-
ditions as that in figure 1 (a), shows fringes spaced by 3 nm as found in the samples
irradiated at room temperature. It is important to note that the parallelism of (010)a

to (030)0,, which is also observed after room-temperature irradiation, is coherent
with the a-G) orientation relationship. The dark-field image (figure 3 (a)), made
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Figure i. Ti irradiated at (ay(c) 300 K and (d) 80 K with 30MeV C60 ions, (a) Electron
diffraction pattern showing the (0/z0)a row. (b) Index of the diffraction pattern showing
the (Q30)a extra spot, (c), (d) Bright-ieid images of tilted tracks, observed after irradia-
tions at 300 and 80 K respectively, showing fringes perpendicular to the (0A0)a row.
The spacing of the fringes is very close to the value of 6 = 3,2 nm expected from the
lattice spacing of (030)m and (020)a(l/6 = l/rfjo2O) ~ l/d(om))- T ^ e tilt angles of the
tracks are about 35° and 13° for (c) and (d) respectively.
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Figure 2, Ti irradiated at iiquid-N2 temperature with 30 MeV C60 ions, (a) Electron diffrac-
tion pattern showing the superposition of the [320]a zone axis_with the [I23]CO zone axis.
(b) Index of (a) using the orientation relationship (002)a||(210)(B and [100]a||[001Jm.

with a beam diffiracted by the structure associated with the tracks and corresponding
to (121)^, shows the © phase in the 'cylindrical' region surrounding the ion path. It is
interesting to note that, despite the fact that the moire fringes extend continuously ail
over the tracks, the dark-field images show small transformed domains. The struc-
ture of the track seems to be continuous parallel to the (010)a (i.e. parallel to [120]a)
and defective normal to (010)a (i.e. perpendicular to [120]a).

The average lateral size of tracks measured in figure 3 (a) is equal to 21 ± 2 ran.
On the other hand, using figures 1(0 and (d), the number of fringes is about six for
both room-temperature and liquid-N: irradiations. The lateral size of tracks is then
about 66 « 19 nm. The images in figures 1 and 3 obtained by tilting tracks around
two different directions give approximately the same measured lateral size of the
track. The tracks have an approximately cylindrical morphology.
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Figure 3. Ti irradiated at liquid-N2 temperature with 30MeV Cg0 ions up to a iuence of
5 x I09 ions cm""2, (a) Dark-field image of tilted tracks, (b) Electron diffraction pattern
showing the superposition of the [210]a zone axis with the [125]̂  zone axis, (c) Index of
(b) showing the spot (121)^ selected to make the dark-ield image (a). The double weak
spots result from double reflection.

§ 4. DISCUSSION AND CONCLUSIONS

On the basis of these observations it is possible to say that the end product of
30 MeV C60 irradiation is a highly defective co phase along the ion paths. The absence
or weakness of co reflections other than (OSO)̂  in samples irradiated at room tem-
perature could be due to the presence of many faults in the stacking of the (030)m

planes. After irradiations at 300 K, we find the same orientation relationship of the
(030)C0 planes as after low-temperature irradiation.
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These results should be compared to those (see § 1) obtained under the same
conditions by gigaelectronvolt monomers (table 1).

Comparing 10-4OMeY C60 ions and gigaelectronvolt monomer ions, for which
the LED levels are similar, the resulting structural modifications.in Ti are extremely
different. The enhancement of the resulting damage after cluster ion irradiations is
expected to be due to the very strong localization of the deposited energy (Dammak
et al. 1995). The transport of the energy away from the ion path is governed by the
ejected 8 electrons, which have an angular and kinetic energy distribution related to
the projectile velocity. The volume in which the energy is deposited is related to the
radial range of secondary electrons. Using gigaelectronvolt Pb or U ions the radial
range of 8 electrons is some lOOOnm whereas, using a few lOMeV C60 ions, this
radial range falls to a few interatomic distances. In this latter case the deposited
energy density can reach values as high as lOOeVatonT"1. The relaxation of such a
high-energy density induces very strong structural modifications around the ion
path.

Table 1 shows that, after irradiations with 30 MeV C60 ions, the volume of the
regions in which structural modifications takes place is temperature independent; the
cross-section diameters of the tracks are approximately the same for both room-
temperature and liquid-N2 irradiations, but the nature of structural modifications
(i.e. the resulting latent'damage) is temperature dependent (table 1). It seems that the
deposited energy density threshold above which the © phase is obtained in a track
increases when the irradiation temperature increases.

This temperature effect is similar to that observed for the a —>• co phase transfor-
mation induced by applied static or dynamic pressure. From the pressure-tempera-
ture phase diagram of Ti (Zil'Bershteyn et al. 1973, Sikka et al. 1982), the athermal
martensitic start pressure F%^w (above which the a —> oo transformation occurs) also
increases when the temperature increases. Kustar and German (1979) show that no co
phase is formed in Ti samples shock-loaded at 290 K with pressures in the 12-50 GPa
range. At 120 K, the co phase is formed and the amount of this increases (from 6 to
54%) when the shock pressure amplitude increases from 12 to 50 GPa. This tem-
perature effect is related by Kustar and German to an increase of the shock residual

Table 1. Structural modifications in Ti observed by TEM after irradiation at room and
liquid-N2 temperatures. A comparison between the previous results using gigaelec-
tronvolt U ions (Dammak et al. 1995, 1996, 1999) and the present results using
30 MeV Cm ions.

Irradiation temperature
(K)

Gigaelectronvolt
U ions

Megaeiectronvoit
C60 ions

300

80

Discontinuous tracks with 3-5 nm
cross-section diameter

No co phase, even after high
irradiation fluences
Discontinuous tracks with 3-5 nm
cross-section diameter
co phase observed only after
high irradiation fluences

Quasicontinuous tracks with
approximately 20 nm
cross-section diameter
Only (030)^ reflection is
observed
Continuous tracks with
approximately 20 nm cross-
section diameter
CD phase is formed in
individual tracks
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temperature above the back transformation temperature Tm^a (about 400 K at
atmospheric pressure).

When the cluster fragments slow down in a material, the energy is deposited in a
very short time in a highly non-equilibrium process, so that the resulting damage can
be compared with the results of the shock experiments. In fact, the time taken by a
30 MeV C60 ion to travel a distance of 10 nm in the material is of the order of 10~14 s,
which is much shorter than the characteristic time for the lattice motion
(10~13—10~12s). However, for the phase transition under shock conditions, Duvall
and Graham (1977) showed that the brief duration (less than 1 (is) for which the
pressure pulse is applied rales out the possibility of any diffusion-assisted growth.
Recently Lavrentiev et al. (1999) show that the © phase is formed during surface
irradiation of Ti by 800 keV electron beam with a puise duration of 10ns. The
explanation for this result by these workers is based on the stress waves that arise
in such exposures.

Hence it can be expected that, in the vicinity of the C60 ion path, the transforma-
tion has to proceed rapidly and directly because the brief duration of the excited
state cannot allow the formation of nudeation centres through creation and motion
of defects, A collective and coherent movement of atoms is necessary to obtain the
observed structural modification in the tracks; the a —* co phase change may be
realized by a transformation of the martensitic type. The phase transition may
proceed as described by the direct mechanism proposed by Rabinkin et al. (1981)
which is based on the shearing of the prismatic planes and developed recently in a
phonon description to explain the structural modifications induced with gigaelec-
tronvolt monomers (Dammak et al. 1999).

The relaxation of the high deposited energy density generates around the C60 ion
path strong stress waves leading to structural modifications. At a low temperature
(liquid N2) the remaining displacements are correlated leading to ©-phase formation
in the track. At room temperature the remaining lattice displacements are only
correlated along (010)a, leading to the (030)^ reflection in the electron diffraction
pattern. The effect of the irradiation temperature is related to the temperature-
pressure structural properties
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Abstract

Samples of yttrium iron garnet were irradiated at 300 K with 10-40 MeV Am and Cso ions at normal and grazing
incidences. The samples were then observed in a transmission electron microscope. It is seen that the cluster ions create
large size amorphous continuous tracks and that strong sputtering occurs. Irradiations at grazing incidence allow direct
observations of the track shape evolution as the projectiles slow down in the target. For the first time it was possible to
visualize the dissociation of Cgo ions inside a solid. The stochastic nature of this separation process results in tracks of
different shapes and lengths. The trades generated in the target keep a constant diameter during the correlated slowing-
down of the Ceo projectile constituents during travelled distances JLcon!!t « 100 nm, although the area on which the con-
stituents are spread increases by almost two orders of magnitude between the target entrance and the depth
L^nst- © 1997 Elsevier Science B.V.

PACS: 61.80; 6170; 3450H
Keywords: Latent tracks; Electronic energy deposition; Fullerene; Cluster irradiation; Electron microscopy; Cluster
dissociation

1. Introduction

Interactions of high energetic particles with so-
lids depend on the nature and energy of the projec-
tile and on the properties of the target. The
slowing-down of energetic particles in matter oc-
curs through. Inelastic processes and elastic colli-

* Corresponding author. Tel: 33 01 69 33 4494; fax 33 01 69
33 3022; e-mail: annie.dunlop@polytechnique.fr.

1 Irradiations were performed on the tandem accelerator,
IPN Orsay (France).

slons with the target nuclei. The former process
dominates the slowing-down in the high-energy
range (u >> u0, where VQ is the Bohr velocity),
whereas nuclear processes are overwhelming in
the low-energy range. The interaction of fast mole-
cules with solids has been studied experimentally
and theoretically since the early 1970s [1-5]. Using
molecules or clusters as projectiles is a unique way
to produce simultaneous Impacts of several atoms
In a very small area. The energy density deposited
by electronic processes can therefore be very high.
A variety of experiments has been performed with

0168-583X/97/$17.00 © 1997 Elsevier Science B.V. Ail rights reserved.
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molecular/duster projectiles and several aspects
have been studied: the secondary emission of ions
[6-9] or electrons [10,11], the creation of defects
[12] including tracks [13] and the energy loss me-
chanisms [1,2,4,14-16].

When very energetic (v > VQ) molecular ions hit
a surface, they break up into single ions or smaller
assemblies of ions. The interaction between the
duster ion and the solid can be separated into
three effects.
1. The penetration through the irst atomic

layers during which the projectile constituents
lose electrons.

2. The separation process with:
the Coulomb repulsion between the
charged fragments, which is screened to a
certain degree by the target electrons,
and which depends on the energy of the
projectile;
the multiple scattering due to the elastic
collision process: it increases when the
projectile velocity decreases (changing the
incident velocity or during the slowing-
down inside the target).

3. The dynamic response of the medium with the
fluctuation of the electron density in the track
and induced wake forces acting on the projec-
tile constituents.

Both processes described in step Eq. (2) induce
a separation of the constituents of the clusters. For
a recent survey of trajectory correlations the read-
er is referred to [17]. The dissociation of fast mole-
cules and dusters, due to the interaction with
solids, has mainly been experimentally studied by
collecting the fragments which exit from thin foils
of various thicknesses [3,5,12,18,19],

Track generation as a result of the passage of
energetic single particles through materials is a
well known phenomenon which has been studied
extensively for more than four decades [20]. The
objective of the present work is to observe in a well
chosen target the. modifications of the shapes of
the tracks when cluster ions slow down. The target
sensitivity to electronic excitations is the important
parameter that will possibly allow the visualization
of the molecular dissociation. Insulating targets
are the best candidates, as they have much lower
energy deposition thresholds for track registration

than metallic targets [21]. Such experiments should
allow: (i) the registration inside a solid of the con-
sequences of the deviations of the trajectories of
some individual projectile constituents with respect
to the initial duster ion direction or of the molecu-
lar projectile dissociation into smaller clusters and
(ii) the determination of how long in space and
time the constituents of the "molecule" stay close
together to give collective or correlation effects.

2. Experimental

As target material we have chosen yttrium iron
garnet Y3Fe5Oi2» or YIG, a magnetic insulator in
which previous studies using monoatomic heavy
projectiles have shown that sufficiently high elec-
tronic energy deposition can result in track genera-
tion along the projectile path [22]. Considering the
linear rate of energy deposition in electronic pro-
cesses (dE/dx)e, it was shown that tracks are in-
duced above a threshold which depends on the
projectile velocity and lies in the range
(dE/dxfe « 3 to 4.5 keV/nm [22,23], and that in-
creasing (dE/dx% above this threshold, (i) the struc-
ture of the tracks evolves from aligned droplets to
continuously damaged amorphous cylinders [22]
and (ii) the track diameter monotonicaily increases
and seems to saturate at a diameter of «13 nm
above (dEfdx)s « 40 keV/nm.

The projectiles chosen in our study are ener-
getic Au4 and Cgo ions delivered by the tandem ac-
celerator at the IPN Orsay. A detailed description
of the acceleration process of QQ beams can be
found in [24,25]. Molecular Cg0 ions produced in
a sputter ion source are accelerated in the first sec-
tion of the tandem accelerator. At the positive high
voltage terminal in the centre of the accelerator (4-
12 MV), the C^ ions collide with N2 molecules in a
stripper cell and multiply charged QJ (with n ^ 4)
are formed [24]. At the exit of the tandem accelera-
tor a set of different cluster ion beams is present
which in most cases can be identified by time of
light (TOF) measurements combined with a mag-
netic delector at a small angle (1,5°). In certain
cases the magnetic- field in combination with a
TOF measurement is not sufficient, special frag-
ment ions produced in the gas collision cell can
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be accelerated with the same magnetic and electro-
static rigidities. A good example is given by Cg^
and Ĉ o produced in the stripper channel from
CJ 0 ions introduced into the tandem accelerator.
These ions have exactly the same TOF and the
same magnetic rigidity, so that only energy mea-
surements with a silicon detector allow us to dis-
tinguish the two components. This kind of
coincidence measurement between energy and
TOF of ions has been described in [26]. Fig. 1 pre-
sents the energy spectra of different fullerene ions
after magnetic defection and TOF coincidence
with the response of a silicon detector. Fig. l(a)
and (b) show dearly one peak corresponding to
CJ) at 20.2 MeV and to CgJ at 30.2 MeV respec-
tively. Fig. l(c) presents the energy spectrum in co-
incidence with the TOF of Cjj" at 40.2 MeV. We
see clearly the energy peak corresponding to CgJ
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Fig. 1. Energy spectra recorded in coincidence with the arrival
time of ftiJiereiie ions (CJ0, C|j~, CgJ) produced with the tandem
accelerator. The terminal voltage of the tandem accelerator is
10 MV and the C^ ion beam is pulsed before the entrance of
the accelerator. The TOF spectra of high energy fullerene
beams have been obtained after magnetic defection at 1.5°
and measured with a silicon detector, (a), (b) the energy spectra
recorded in coincidence with the TOF of CJ, and €|J" show only
one energy peak. The energies are 20.2 and 30.2 MeV respec-
tively, (c) the energy spectrum presents two peaks correspond-
ing to Cli at 40.2 MeV and C t at 13.4 MeV.

and a second peak at low energy attributable to
CJ0 at 13.4 MeV. The assignments are in agree-
ment with the energy calibration of the detector
and the correction for pulse height defect observed
with this kind of cluster beams [15].

Estimating the rate of electronic energy deposi-
tion of such projectiles is still an open question.
The few available experimental results [15,16] sur-
prisingly show that the energy loss per carbon is
that of an individual carbon of the same velocity
within the experimental uncertainty, so that the
energy loss of Ceo is estimated as the sum of the en-
ergy loss of 60 individual carbon atoms. Compar-
ing 40.2 MeV C& and 13.4 MeV C+ projectiles: (i)
their velocity is the same, their calculated projected
range is 740 nm, but (ii) the number of constituents
differ, leading in a YIG target respectively to
(dli/dx)e values of 78 and 26 keV/nm (the calcula-
tion is performed using the TRIM 90 code [27],
which does not take into account collective effects
in connection with the penetration of molecules).

The targets consist of 3 mm diameter discs cut
out of bulk poly crystalline YsFesOo- The starting
material is of good crystalline quality (porosity <C
1%, average grain size «10 jjm) and was synthe-
sized by the ceramic method starting from very
high purity Y2O3 and Fe2O3 using a very long fir-
ing time (2 weeks) at 1370°C. Before irradiation
they were prepared for transmission electron mi-
croscopy observations by which regions of thick-
ness smaller than 100 am can be imaged. The
pellets were cut to thicknesses of 200 \im, polished
and ion milled in order to get a central hole sur-
rounded by thin regions. The targets were irra-
diated at 300 K at normal and grazing incidence
(«80° of normal incidence) up to luences of a
few 109 molecules/cm2 in order to avoid any spa-
tial overlap of tracks. The electron microscopy ob-
servations of the samples irradiated at normal
incidence give information on the damage induced
at the beginning of the slowing-down processes.
The samples irradiated at grazing incidence have
the major advantage that the projectiles are
stopped inside the target in. regions where the
thicknesses of which are perfectly suitable for elec-
tron microscopy observations. The samples were
observed with a Philips CM30 transmission elec-
tron microscope. Two types of images will be
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Table 1
Characteristics of the various irradiations with cluster ions: incident energies, linear rates of energy deposition by the clusters in elec-
tronic processes and atomic collisions at these impinging energies, mean projected range in YIG targets and mean track diameters
Aionst (with standard deviations) measured near the entrance surface after 300 K irradiations at normal incidence

Projectile Incident energy (MeV) {AEI4,x)t (keV/nm) (dJi/dx)n (keV/nm) Projected range (nm) Dconst (nm)

AU4
v-20

^60

^60

^60

20.2
13.4
16.2
20,2
30.2
40.2

17.6
26.1
47.4
54.1
67.0
78.3

13.5
0.44
2.5
2,2
1.6
1.3

631
740
380
451
605
740

8.4 ± 0.4
11.4 ± 0.9
16.9 ± 0.5
18.9 ± 0.8
20.2 ± 0.8
21.4 ± 1.2

presented: (I) bright field images performed under
conditions such that no crystal planes are In Bragg
conditions and (il) dark field images obtained by
using the electrons diffracted from amorphous ma-
terial, i.e. by placing the objective aperture on the
diffuse halo of the diffraction patterns.

3. Results

3.1, Irradiations at normal incidence

Table 1 presents a few parameters characteristic
of various irradiations that were performed at 300
K and at normal incidence on YIG targets. The
projected ranges of all the projectiles are approxi-
mately distributed within 400-700 nm. For the car-
bon dusters, the linear rate of energy deposition in
electronic processes (dE/dx)e is 20-60 times higher
than that in nuclear collisions (dE ldx)n. In the
particular case of AE4 ions, the relative importance
of nuclear elastic collisions is much higher. The
last column of Table 1 gives the mean track dia-
meters DCOnst (and their standard deviations) de-
duced from the observations of a large number
of impacts (50-100 for each type of projectile).

Fig. 2 is a bright field image of a YIG sample
simultaneously irradiated at 300 K with 40,2 MeV
CgJ and with 13.4 MeV C|o ions at normal inci-
dence. The photograph shows two tracks seen
from above at a very high magnification. The pic-
ture, as well as the electron diffraction pattern (see
below) clearly show that amorphization occurred
inside the tracks, in the vicinity of the projectile
trajectories. Moreover, using such pictures, it is

Fig. 2. High resolution transmission electron micrograph of a
YIG sample simultaneously irradiated with 40,2 MeV € | t
and 13.4 MeV CJ, at normal incidence. The incident beam di-
rection is normal to the plane of the image. The matter located
inside the two tracks, corresponding to the two types of projec-
tiles, consists of amorphous material.

easy to precisely determine the radii of the tracks
(«19 nm for the Ĉ j* track and 11 nm for the C^
track in this particular case).

All the available experimental results concern-
ing the evolution of the track diameter with the
amount of electronic energy deposition (dE/dx)e

after monoatomic [22528] or cluster ions irradia-

" The density of Ct0 tracks which are observed is always
much smaller than the impinging C^, fluence, whereas there is a
good agreement between these two parameters concerning C | j
projectiles. The CJ) ions result from collisions of Cm with N2

molecules in the gas cell, and subsequent fragmentation with a
wide internal energy spread. This might well give birth to C2o
isomers of various shapes, the compact shape of €20 being
perhaps the only one which leaves a cylindrical track in the YIG
target. This hypothesis will be checked in future experiments.
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Fig. 3. Graph showing the track diameter In YIG targets as a
function of the linear rate of energy deposition in electronic ex-
citation after room temperature irradiations with GeV monoa-
tomic ions [22,28]: (x), Ar, F, S... ; (A), Kx; (O), Xe, Te; (•),
Pb, Ta; (ffl), U; 13-40 MeV duster ions; (•) Au4, ( • ) C20,
(•) Ceo- AH the clotted lines are drawn to guide the eye.

tions of YIG are reported In Fig. 3. The diameters
corresponding to duster Irradiations were all de-
termined from electron microscopy observations
of the continuously damaged cylinders, whereas
In the case of monoatomlc projectiles, the dia-
meters which are reported are "effective" dia-
meters deduced from damage cross-section
measurements [22]. More precisely, these effective
diameters correspond to those observed in the elec-
tron microscope when the rate of energy deposi-
tion is sufficiently high to induce continuous
tracks, but when the generated tracks have a dis-
continuous structure, they are the calculated dia-
meters of "continuously damaged cylinders" in
which the amorphous phase of the discontinuous
defects is artificially concentrated.

The points relative to similar types of projec-
tiles (neighbouring atomic masses, carbon dus-
ters,...) are linked by dotted lines, in order to
allow an easy quick look at the results. For a given
type of projectile (see typically the numerous points
for Pb or Xe), when its energy increases, the dia-
meter of the track generated in the target increases,
reaches a maximum value (at most « 13 ran after
irradiation with the heaviest available monoatomic
ion: U), and then decreases again when velocity in-
creases beyond the stopping power maximum: this
effect is often called the "velocity effect" in the li-

terature, indicating that for the same linear rate of
energy deposition (dE/dx)e, slow projectiles induce
larger diameter tracks than swift projectiles.

Using carbon dusters it is possible to explore
(dE/dx)e values that lie far above those which are
accessible with monoatomic projectiles: the maxi-
mum (dis/dx)e that one could reach in YIG irra-
diated with Cgo ions is 94 keV/nm.

In the low (dJ5Mx)e region, the track diameters
observed at the same (dE/dx% after irradiation
with monoatomic projectiles and carbon clusters
are very similar although the velocities are quite
different. For example, at the arrow position
around fd£7dx)e = 26 keY/rim, the Xe velocity is
f$ = v/c = 0.055, whereas €20 is much slower
03 = 0.011).

The contribution of elastic collisions to the da-
mage induced by the carbon duster projectiles has
been estimated from the TRIM 90 code, using a
displacement threshold energy of 25 eV for Y, Fe
and O in YIG, as the experimental determination
of the displacement threshold energy of each con-
stituent of YIG has not been done to our knowl-
edge. In the first 100 nm of the path of a 13.4
MeV CJQ ion in YIG, the calculated number of
displacements resulting from nuclear collisions is
almost constant and approximately 8 displace-
ments/rim path. The maximum nuclear damage
at the target entrance is obtained during irradia-
tions with-16.2.MeV CJO and estimated to 30 dis-
placements/ran path, which cannot account for
the observed damage [13].

3.2. Irradiations at grazing incidence

Figs. 4 and 5 show bright field and dark field
images of two typical regions in a sample simulta-
neously irradiated at 300 K with 40.2 MeV Cjf
and 13.4 MeV CJO beams at grazing incidence up
to a total luence of a few 109 projectiles/cm2.
Two types of latent tracks induced by both types
of projectiles are clearly seen on the bright field
images (Figs, 4(a) and 5(a)).

After • CgQ irradiations, three features are ob-
served.
(i) A great number of tracks have a "carrot-like"

shape, i.e. their average diameter decreases as
the projectiles slow down.
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Fig. 4, Transmission electron micrographs of YIG irradiated" at 300 K with 40.2 MeV Cft and 13.4 MeV C+ at grazing incidence (a)
Bright field image. A track separating into three branches is pointed out with the arrows, (b) Dark field image obtained by using the
electrons diffracted from amorphous material (diffuse halo of the diffraction pattern).
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Fig. 5. Transmission electron micrographs of YIG irradiated at 300 K with 40.2 MeV C^j and 13.4 MeV CJ, at grazing incidence, (a)
Bright field image. A short track ending abruptly is pointed out with an arrow, (b) Dark field image obtained by using the electrons
diffracted from amorphous material (diffuse hah of the diffraction pattern).
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(II) The C^J tracks often separate into two
branches or even three (see Figs. 4(a) and
6(b)). This Is an indication of the dissociation
of the duster of Ions Into smaller size groups:
It has to be emphasized that the small groups
must consist of sufficient numbers of neigh-
boring constituents, which stay close to each
other in order to interact as a unique projec-
tile entity, and thus to deposit sufficient en-
ergy in the target to create tracks.

(III) Sometimes the tracks stop very abruptly (see
for example the arrow In Fig. 5(a)): no smal-
ler diameter tracks being generated, this Indi-
cates that In this case the group of fragments
explodes Into very small entitles which are un-
able to create tracks, most probably leading
to a widely spread "shower" of almost indivi-
dual carbon ions.

In the case of CJ irradiations:
(I) The 'carrot-like' shape is often observed,
(ii) The separation Into branches Is more rarely

observed than for C|J, which is easily ex-
plained by the difficulty to overcome the track
registration threshold starting from a smaller
size duster, each constituent having the same
Initial velocity.

Fig. 6 shows magnifications of some tracks.
The arrows Indicate two interesting features: the
apparent Increase of the track diameter when the
cluster breaks up into three large groups of consti-
tuents, the existence of very long tracks (»320 nm,
i.e. almost half the projected range), Indicating
that sometimes a large number of constituents
keep a good spatial correlation deeply Inside the
target.

The observed changes In the morphology of
CgJ tracks (decrease of the diameter, separation
into branches) are often associated with a shift of
the apparent position of the centre of mass of
the remaining fragments (Fig. 6(a)), but not with
a significant angular deviation. Such changes also
occur at similar depths (^100 nm) on the Cj0

tracks, of much smaller diameters.
Some statistical Information deduced from

measurements on a few hundred tracks in three
types of irradiations at grazing incidence are re-
ported in Table 2: length Lmmt on which the track
diameter stays almost constant, total track length
Ltot and other quantities that will be used later in
the discussion. Histograms for 40.2 MeV €|J

Fig. 6. Bright field images of track induced in YIG irradiated at
300 K with 40.2 MeV C|j~ at grazing incidence. The arrows
point out two interesting features: (a) an extremely long track
in which a large number of ions keep a good spatial correlation;
(b) a track which increases in diameter before separating into
three branches.
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Table 2
Statistical description of the tracks induced in YIG irradiated at 300 K with energetic cluster ions: - Dconst: observed track diameter
near the entrance, - Lconst: length on which the track diameter stays almost constant, with standard deviation, - L tot: total length on
which tracks are registered in the samples, - RstT{a): lateral straggling radius (dispersion on i?str.) estimated from TRIM at a depth
L onst; ~ dEldxe o: linear rate of energy deposition in electronic processes per cluster constituent at the target entrance, - d£/dxe £Const:
same as above, at a penetration depth Lconst> - DCOTT: mean distance between two carbon atoms as deduced from eq. (3) in text

Projectile Incident
energy
(MeV)

Dconst 4(d£/djc)e,0 £const Ltot J?str (d£/djc)e,0 per
(nm) lTtL^orat (nm) (nm) (a) constituent

(eV/nm3) (nm) (eV/nm)

(dii/dx)e,Ictinsl

per constituent
(eV/nm)

Dcorr

(run)

Ct

20.2
13.4

16,2
20.2

30.2
40.2

8.4
11.4

16.9
18.9

20.2
21.4

317
256

211
192

209
21?

94 ± 21 146 ± 24 3.5

(ID

79 ± 14 125 ± 18 5.5
(19.5)

118 ±21 227 ± 32 5
(16)

1305

789
902

1118
1305

1140

760

1110

2.77

2.51

2.28

and 13,4 MeV CJ, tracks in YIG are shown In
Fig. 7, The mean values reported in Table 2 are
extracted from the histograms. At the target en-
trance the € | j tracks have an average diameter
of 21.4 nm, whereas C ô tracks have an average
diameter of 11.4 nm. The track diameters stay al-
most constant during an average travelled distance
of 118 nm for Cgj and 94 ran for CJO.

Fig. 8 shows a detailed study of a group of two
tracks registered after a grazing Incidence irradia-
tion of YIG with 40,2 MeV CjJ ions. Fig. 8(a)
shows a particular track separating into two
"branches" (the sample is perpendicular to the
electron beam in the microscope). In order to show
that one really deals with two separated flows of
projectiles, the sample was rotated in, the electron
microscope by ±40° along the track axis (Fig. 8(c)
and (d)). The distance between the two branches is
indeed reduced by 20%, which corresponds well to
the fact that the image is a projection of the tracks
after rotation of the sample.

Finally, it has to be noticed that a different con-
trast is visible at the entrance of the target
(Figs. 4—6). Due to the large amount of energy re-
leased at the surface, ejection of matter occurs.
The material is sputtered from cones which appear
as elongated shapes on the photographs due to the
grazing incidence of the projectiles. Fig. 9 shows a
group of tracks imaged in different focusing condi-
tions in the microscope: focused (9a), underfo-
cused by 1.2 \im (9b), overfocused by 1.9 pm
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Fig. 7. Histograms giving the repartition of the length on which
the track diameter appears to stay almost constant (grey) and of
the total length on which the tracks are registered (white) in
YIG samples irradiated at 300 K with 40.2 MeV C ^ and
13.4 MeV Cj0 at grazing incidence (see also Table 2).
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Fig, 8. Electron micrographs of two tracks induced in YIG irradiated at 300 K with 40.2 MeV C| j at grazing incidence (a), (c) and (d)
bright field images in which the sample is respectively normal to the electron beam, tilted by -40° or +40° along the direction of the
track axis, (e) dark field image performed in the +40° rotated configuration, using the electrons corresponding to the diffuse halo of the
electron diffraction pattern (b).
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Fig. 9. Bright ield images of track induced in YIG irradiated at 300 K with 40.2 MeV C^ and 13.4 MeV C£, at grazing incidence.
Elongated craters and redeposited material resulting from sputtering at the entrance surface of the target are imaged in: (a) focused
conditions, (b) underfocused by 1.2 pm, (c) overfocused by 1.9 p,m. A strong phase contrast (Fresnel fringes) appears in the regions
concerned with sputtering effects.
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(9c). The sputtered regions give rise to very strong
phase contrast (Fresnel fringes). This sputtering
effect is also, in our view, responsible for the dark
isolated round spots which come from matter that
has been ejected from inside the tracks as large size
"clusters" which sometimes fall back on the sam-
ple surface. The arrows in Fig. 9 indicate such ob-
jects generated by both types of projectiles.

Some matter is also present on top of the sample
surface at the entrance of the tracks. A typical ex-
ample is given in Fig. 8 in which a hillock gives a
dark round contrast in Fig. 8(a) when it is seen from
above, and appears either below or above the track
axis when the sample is rotated (Fig. 8(c) and (d)).

Finally, all dark field images (Figs, 4(b), 5(b) and
8(e)) show that amorphous matter exclusively lies
inside (i) the tracks, (ii) the hillocks and (iii) the clus-
ters ejected from the track core. The sputtering ef-
fects will be described in more detail elsewhere [29].

4. Discussion

Inside the solid, the track has a constant dia-
meter, and then a variable decrease of diameter
(carrot-shape). We assume that:
- the constant diameter is attributed to correlated

effects induced by all neighbouring duster con-
stituents;

- the carrot-shape may have various origins (i)
the gradual loss of constituents due to Coulomb
repulsion between ionized fragments or (ii) to
elastic collisions with the target atoms, (iii) the
decreasing energy (and corresponding decrease
of the energy deposition rate) of the projectiles.
In the energy range that we study here, we can
notice (Table 2) that the variation of the energy
deposition (dE/dx% is small, so that this last
point should not be of major importance.
In order to account for the experimental obser-

vations, we must estimate the scattering of the con-
stituents as a function of the distance travelled by
the projectile, both from Coulomb repulsion and
from atomic collisions. This will allow us to deter-
mine the average distance between two carbon
atoms inducing a collective effect. Finally, the re-
sponse of the target material to different energy
densities will be tackled.

4.1, Scattering of the cluster constituents

4.1.1. Scattering due to Coulomb repulsion between
the constituents

The fast carbon clusters impinging on a solid
target lose their valence electrons in the first atom-
ic layers. At the energies used in this study, the
equilibrium charge state of individual carbon
atoms is of the order of 2, so that this leads to
highly ionized clusters that will gradually increase
in diameter leading to a decrease of the deposited
energy density.

The ionization cross-section of each carbon con-
stituent is ffi « 10~15 cm"2 [30]. After a travelled dis-
tance of 10 A the mean charge of such a carbon is
approximately 80% of the equilibrium charge which
is reached after a travelled distance of «100 A. The
proximity of the duster constituents may change the
charge state inside the solid. The study of this effect
is in progress [31]. It has been shown that the mean
charge state is smaller (15% with C5) than when the
atoms independently penetrate into the solid. The
use of the atomic equilibrium charge state for quali-
tative evaluations of the expansion due to Coulomb
repulsion will thus maximize the effect.

As soon as the incident cluster is stripped, the
positively charged ions begin to separate due to
Coulomb forces. This Coulomb interaction between
two constituents at a distance r can be written as

U{r) = [qiq2{e2/r)]exp(-r/as) (1)

in which q\ and q2 are the charge states of the two
ions and the exponential term is the screening due
to the target electrons. For slow projectiles, the
screening length does not depend on the velocity
of the projectile and is always smaller than the in-
ternuclear distance for molecules and clusters [32].
At high velocities, the screening length is propor-
tional to the velocity. In our case the velocity of
the fast fullerene is just in the intermediate region.

Experimental results concerning irradiations
with small molecules [5] indicate that the Coulomb
explosion dominates in very thin films. At the en-
trance of the target, it is difficult to completely
ignore the Coulomb repulsion: the stripped duster
constituents expand in the first layers and screen-
ing appears. The maximum expansion of the Cgo
molecule due to the Coulomb repulsion can be ap-
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proxlmated in the vacuum, i.e. without screening
by the expansion of a homogeneous charged sphe-
rical surface. This simple assumption and the
knowledge of the projectile velocity permit to cal-
culate the radius of the sphere after a given
path: for example the sphere radius of CH0+ at
40.2 MeV reaches 2 nm after a light of 100 nm.
This value which corresponds to the maximum size
of the expanding sphere is smaller than the lateral
spread due to the multiple scattering processes, as
will be shown just below.

4,1,2, Scattering due to elastic collisions
More than 20 years ago, several groups have

studied multiple scattering of ions transmitted
through thin foils, in the keV to MeV energy
range, with many target-projectile combinations:
a few experimental results are given in [33-40]. A
good agreement has been obtained between the-
ories [41-43] and experiments in amorphous and
polycrystalline targets. The differences which were
observed for the experiments in crystalline targets
(the experimental angular distributions were nar-
rower than the predicted distributions) have been
attributed to the target texture causing correlated
scattering [37],

Now for heavy cluster ions as projectiles, there
is no experimental result concerning the lateral
straggling induced by elastic collisions. In our ana-
lysis we assume that the cluster ion dissociates due
to initial Coulomb repulsion and that the constitu-
ents trajectories begin to evolve independently.
The lateral distribution due to multiple scattering
can then be calculated for independently moving
fragment ions.

The depth dependence of the lateral straggling
of the carbon into YIG due to multiple scattering
has been calculated at different energies as a func-
tion of the penetration depth, and the values RstI

corresponding to Lcomt have been reported in Ta-
ble 2. If we assume that the lateral straggling fol-
lows a gaussian radial distribution, exp (-r2fRjtr),
theo there is a probability of 95% to find all cluster
constituents in the area n(2Rm)2,

An estimation of the maximum average dis-
tance Dcorr between two adjacent carbon inducing
additional effects can be calculated. We have as-
sumed that the 60 carbon atoms are distributed

in an area of radius equal to 2Rstt. The mean pro-
jected distance between two carbon is calculated
using the relation

D2
mn = 4(nR2

m)/n (2)

in which n is the number of constituents of the
duster.

These calculated distances Dcorr are found al-
most constant («2.5 nm). The dispersion can be
explained either by the uncertainties of the calcula-
tion (20% uncertainty on the radius is enough to
correct the differences) or by the Coulomb repul-
sion which increases the straggling.

The distance Dcorr is close to twice the radial
range of the 5 electrons (wl nm, see Section 4.2)
and suggests that the loss of correlation of the in-
cident cluster constituents appears when the mean
distance between two fragments exceeds the range
of the 5 electrons. This analysis is- in agreement
with the simple understanding of the coherent ef-
fect in terms of overlapping of 8 electron expan-
sion around the constituent trajectories.

Beyond the total correlation length jLconst, the
proximity or overlapping of carbon trajectories
does not permit to consider that all the constitu-
ents of the C« projectiles are correlated. The
transmission electron microscopy images (Fig. 6)
show clearly that the distribution of the fragments
around the straight path of the projectile centre of
mass is not always of cylindrical symmetry or
homogeneous within the section of the cylinder,
as the carrot-like shapes present either one or a
few "carrot" endings which are not always aligned
along the impinging projectile axis. The statistical
nature of energy loss and scattering processes lead
to this complexity of track shapes.

The only simple correlation that can be estab-
lished is that the travelled distance which is
necessary to obtain a correlation loss in-
creases with the number of duster constitu-
ents and with the projectile velocity.

4,2. Energy density considerations

The role of the deposited energy can be ex-
tracted from the experimental results obtained
with different kinds of clusters (Au45 C20, C60)
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and different energies for C60 (see Table 1). The
first experimental comparison of the diameters
of the tracks obtained with duster beams and
atomic ion beams in metals [13] has demonstrated
clearly that the linear rate of electronic energy
loss is not the relevant parameter governing track
formation and that the energy per volume is more
relevant.

From the results quoted in Table 2 which are
relative to a limited low velocity range, one can ex-
tract a simple relation

P = W(nD2
conJ\(dE/dx)^ « 235 eV/nm3, (3)

which corresponds to an averaged energy of
2.77 eV/atom inside all the track volume.

At the target entrance, the mean energy density
deposited in the volume of the track is constant in
the considered velocity range whatever the number
of cluster constituents and the linear rate of elec-
tronic energy, deposition at the surface (d£Mx)ei0.
In this formula: (i) the electronic energy loss of
the projectile is calculated as the sum of individual
carbon ion contributions [15] and (ii) DCOnst is the
diameter of the track.

Now let us consider the influence of the depos-
ited energy density in the track. This can be stu-
died comparing energetic monoatomic (GeV Xe
to U) and duster (a few MeV C60) projectiles hav-
ing the same linear rate of electronic energy de-
position in a YIG target, but velocities differing
by one order of magnitude. The resulting tracks
have very similar diameters (Fig. 3), which could
be related to the radial expansion of the energy
transferred versus secondary electrons. At low ve-
locities (cluster irradiations), all the secondary
electrons produced by the passage of the atomic
ion are stopped inside the track (the maximum 8
electron energy corresponding to head-on colli-
sions with target atoms is close to 50 eV and
corresponds to a range of a few interatomic dis-
tances) and all energy provided by the secondary
electrons is used to produce the observed damage.
With high velocity projectiles (monoatomic GeV
beams), the 5 electrons have maximum energies
of «10 keV corresponding to ranges («1000 nm)
which are much larger than the diameter of the
track, so that part of the deposited energy does
not participate in the track formation.

Apparently, the tracks generated by low velo-
city atomic projectiles and very low velocity clus-
ters at the same (dls/dx)e have similar diameters.
For fullerene ions (0.7 nm diameter) as projectiles
the range of 8 electrons is less than 1 nm, so that
the energy density is initially localized inside a dia-
meter of ^ 3 nm, whereas the track diameters lar-
gely exceed this value (Table 1) in the first
nanometer of matter penetration. The initial en-
ergy density deposited by the 8 electrons is thus
not directly related to the track radius, so that
the approach developed in Ref. [44] which relates
the energy density to the generated track radius
(versus the minimum energy density required to
break the bond between atoms) cannot explain
the experimental results obtained with duster pro-
jectiles. After a travelled distance close to Lcoast,
the energy is deposited within an area which is al-
most two orders of magnitude larger than that de-
fined at the entrance. The linear rates of energy
deposition by the Qo projectiles are similar at
the target entrance and at a depth Lcomt: the initial
volumic energy densities (corresponding to the area
on which all the constituents are distributed) are
completely different but after lateral spread of
the energy they lead to the same final volumic en-
ergy densities and result in very similar damage in
the target. Close to the target entrance, the radial
expansion of the deposited energy must be of ma-
jor importance in the process of track formation,
whereas at the depth Dcomt, just before correlation
decreases, the primary energy deposition is homo-
geneous and coherent in time in the totality of the
track volume. These two extreme ways to deposit
energy (primary energy deposition in femtose-
conds) finally have the same macroscopic conse-
quences, as the formation of the track in an
insulating material needs a duration of the order
of picoseconds, which is the time required to re-
form the atomic bonds.

5. Conclusions

The use of energetic heavy dusters as projectiles
allows us to deal with very high and localized initi-
al energy deposits, due to the low velocity of the
projectiles. The irradiation at grazing incidence
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of an Insulator (YIG) with C6o projectiles gives the
possibility to observe the dissociation of these mo-
lecules during their slowing-down.

It is seen that some constituents stay- close to-
gether deeply into the solid giving rise to constant
track diameters up to «100 nm penetration depth.
The surface on which primary energy deposition
takes place varies by almost two orders of magni-
tude between the target entrance and the region
where the track diameter starts decreasing, which
shows that in this region all the deposited energy
stays uniformly confined inside the track volume.

In some cases, many projectile constituents can
stay in close vicinity up to distances of about half
the projected range of the projectile. The observa-
tions of different braEches or of a lateral shift of
the centre of mass of the track tail are direct con-
sequences of statistically asymmetric repartitions
of the cluster constituents.
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Abstract

Samples of yttrium iron garnet (Y3Fe5Oi2 or YIG) were irradiated at 300 K with MeV Cgo-ions at normal and tilted
incidence. As observed by transmission electron microscopy, the cluster ions create amorphous and continuous tracks.
Craters generated both at the entrance and exit surfaces of the samples are clearly visible at tilted incidence. Moreover,
hillocks are seen at the entrance and exit of the tracks. On the sample surface matter ejected from the tracks has been
deposited. Some of the tracks induced by high energy Ceo-ions contain a "bubble-like structure" inside the amorphous
part of the tracks, which appears only in very thin zones of the samples and when the projectiles exit from the sample.
This is in contrast to the tracks created by smaller cluster ions and by GeV heavy ions for which no structure was
seea, © 1998 Elsevier Science B.V.

PACS: 61.80J; 61.80L
Keywords: Cluster irradiation; Electronic energy deposition; Fullerene; Latent tracks; Transmission electron
microscopy; Yttrium iron garnet

1. Introduction

The passage of an energetic ion through an In-
sulating mate-rial may leave, due to electronic exci-
tations, a latent Ion track. This phenomenon has
been studied extensively for more than four de-
cades [1] and various techniques have been used
to study latent track formation, e.g. transmission
electron microscopy (TEM). The Intersections of
bulk tracks with a surface, have also been widely
studied, most recently by Scanning Force Micros-

Corresponding author. Tel: 33 01 69 33 44 94; fax: 33 01
69 33 30 22; e-mail: annie.dunlop@polytechnique.fr.

copy (SFM), although the imaging process re-
mains controversial (see [2,3] and references
therein).

There Is now a growing Interest in using poly-
atomic projectiles for particle-solid Interaction
studies. An interesting feature of using dusters as
projectiles Is the unique way to produce Impacts
of several atoms simultaneously In a very small
area. The energy density deposited by electronic
processes can therefore be very high. As a result,
a variety of secondary processes, such as track for-
mation, energy transfer and sputtering, can be
more pronounced compared to the situation for
atomic Impact, Several experiments have already

G168-S83X/98/S19.G0 © 1998 Elsevier Science B.V. All rights reserved.
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been performed with dusters as projectiles and a
review has recently been given in [4]. Using Co-
lons, track formation in metals [5], insulators [6]
and semiconductors [7] have been observed. Cra-
ters and hillocks have been seen on different insu-
lators [3,8].

Yttrium Iron Garnet (Y^FesOn, or YIG), a ta~
diolysis resistant and amorphisable ferrimagnetic
insulator, is especially adapted to study latent ion
tracks as the tracks stay stable during TEM obser-
vations. Previous studies using m.onoatomic heavy
projectiles have shown that sufficiently high elec-
tronic energy deposition can result in track gener-
ation along the projectile path [9].

Some results have recently been obtained after
MeV CgG irradiation of YIG [6]. In this paper we
present further results obtained by TEM studies
of YIG irradiated with Qm ions at different ener-
gies and incident angles. The irradiation at differ-
ent incident angles should allow one to vary the
observable travelled length in the electron micro-
scope of the C60 constituents.

2. Experimental

Targets, consisting of 3 rum diameter polycrys-
talline YIG discs [6], were prepared for TEM be-
fore irradiation. The disks were cut to a.
thickness of 200 jim, mechanically polished, dim-
pled and ion milled in order to get a central hole
surrounded by thin regions transparent to the elec-
tron beam of a TEM.

Energetic Ceo-ions delivered by the Orsay tan-
dem accelerator [10] were used to irradiate the
YIG samples. The experimental procedure is de-
scribed in detail elsewhere [6]. A new target cham-
ber was used in this experiment in order to
irradiate samples at various incident angles rang-
ing from normal to grazing incidence («80° with
respect to normal). The samples were irradiated
up to fluences of a few 109 molecules/cm2. An irra-
diation with 0.88 GeV U ions was performed at
GANIL, Caen, up to a fluenc-e of 1010/cm2 and
with the beam direction normal to the surface of
the target. The iuences were chosen in order to
avoid any spatial overlap of tracks. All irradia-
tions were done at room temperature.

The evaluation of the linear rate of electronic
energy deposition, (dE/dx)s, for C6o-ions is still
an open question. The few available experimental
results [11] show that the energy loss per carbon
is, within the experimental uncertainty, that of an
individual carbon atom of the same velocity, so
that the energy loss of C60 is estimated as the
sum of the energy losses of 60 individual carbon
atoms. For 20 MeV C60 projectiles the calculated
(dE/dx% is 54.1 keV/nm and the projected range
is 451 nm. The calculation is performed using the
TRIM code [12], which does not take into account
additional effects that occur in connection with the
penetration of molecules. The (dJE/dx)e and range
of the U ions are calculated to be 46 keV/nm
and 27 iim, respectively. These (dE/dx)e values
are above the threshold for damage creation,
(dEfdx% « 4.5 keV/nm, which has been deter-
mined using heavy ions [13].

The TEM observations of the samples irradiat-
ed at normal incidence give information on the
damage induced at the beginning of the slowing-
down process. The samples irradiated at grazing
incidence have the major advantage that the pro-
jectiles are stopped inside the target in regions of
a total thickness perfectly suitable for TEM obser-
vations. The irradiated samples were observed
with a Philips CM30 transmission electron micro-
scope operating at 300 kV.

3. Results and iiscnssioi

3.1. Formation of hillocks and isolated islands

Fig. 1 shows bright field images of samples irra-
diated with 20 MeV C60 beams at different angles
of incidence with respect to the normal (a) 0°, (b)
40°, (c) 60° and (d) 80°. The observations were
done with the electron beam of the TEM normal
to the specimen surface. At the entrance and exit
side of the tracks black spots are clearly seen.

In Fig. 2(a), the sample has been tilted by «40°
with respect to the electron beam direction. In
Fig. 2(b)-(d) the samples have been tilted by
«40° around the track axis using a tilt-rotation
sample holder. When doing this, the black spots
appear to be hillocks. This is clearly demonstrated
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Fig, 1. Bright field images of tracks induced in YIG Irradiated
at 300 K with 20 MeV C60 at different incidence angles. The ob-
servations were done with the electron beam of the TEM nor-
mal to the surfaces, (a) 0° incidence, (b) 40° incidence, (c) 60°
incidence, (d) 80° incidence. The direction of the ion beam is
in (a) normal to the picture plane and in the other cases upward.
Some examples of craters are indicated by arrows. The meaning
of HL and HW is indicated in the text.

in Fig. 3 in which the same region as in Fig. 2(a) is
shown when the objective lens of the microscope is
underfocused or overfocused. The black spots give
rise to phase contrast (Fresnel fringes). As the
phase contrast technique is sensitive to the deriva-
tive of the total sample thickness, it allows the vi-
sualisation of local variations of the sample
thickness. The hillocks are lying on different sides
of the tracks, at. the entrance and exit surfaces. It
has been observed that amorphous matter is lying
both inside these hillocks and inside the tracks [6].

Fig. 4 corresponds to a sample irradiated with
0.88 GeV U ions at normal incidence. The sample
has been tilted in the electron microscope by 40°.
Hillocks are also in this case seen at the entrance
and exit. The diameters of the entrance and exit

Fig, 2, Bright ield images of tracks iaduced in YIG irradiated at
300 K with 20 MeV Cgo at different incidence angles. The obser-
vations were done after tilting the samples in the microscope, (a)
0° incidence and tilted by 40° with respect to the electron beam
direction, (b) 40° incidence and tilted by 42° around the track ax-
is, (c) 60° incidence and tilted by 44° around the track axis, (d)
80° incidence and tilted by 35° around the track axis. The direc-
tion of the ion beam is upwards. Some examples of craters are
indicated by arrows. In (a) an isolated island is indicated.

hillocks (14.1 nm) are constant whatever the thick-
ness of the region observed by TEM. The track di-
ameter is 13.6 nm.

At normal incidence the hillocks induced by Qo

appear to be spherical (Figs. l(a) and 2(a)). For
each incident angle a measurement has been made
of the width of the entrance hillock parallel, HL,
and perpendicular, HW, to the track axis
(Fig. l(d)). The results are shown in Fig. 5. Some-
times there are hillocks missing at the entrance or
exit of the tracks, whereas at other times the hill-
ocks are displaced from the entrance or exit of
the tracks (Fig. 2(a)).

Some isolated islands are also visible (Figs. 2(a)
and 3). They were also shown to be amorphous [6].
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Fig, 3. The same as Fig, 2(a), but Imaged under different focus-
ing conditions: (a) with an objective lens overfocused, (b) with
an objective lens underfocused. Phase contrast (Fresnel fringes)
appears around the entrance and exit spots, and the isolated is-
lands.

20-

10-

20 40 80

Incident angle §
so

Fig. 5, Influence of the incidence angle 9 with respect to the sur-
face normal on the mean values of the entrance hillock dimen-
sions for 20 MeV C60: ( • ) HL, (A) HW. The values obtained
for 40 MeV C60 at 0° and 80° incidence is also given, with (•)
HL and (A) HW, The dashed line corresponds to a l/cos(0) re-
lationship for 20 MeV C60.

Fig. 4, Bright-field image of YIG irradiated with 0.88 GeV U
ions at 300 K The specimen w as irradiated at normal incidence.
The sample nas uhod m the microscope by 40°.

These isolated Islands, which are believed to consist
of deposited material, have a spherical shape and
are observed at both normal and tilted Incidence.
A measurement of these Islands and hillock diam-
eters has been made after irradiation at normal In-
cidence with Ceo at different energies (Fig. 6). The
diameter of the Islands Is almost the same as that
of the hillocks which is ^10% smaller than the cor-
responding track diameter. The diameter of the
hillocks and the Isolated islands follow the same
tendency as the track diameter when increasing
the energy. No Isolated islands are observed in
the sample Irradiated with the U beam (Fig. 4).

3,2, Formation of craters

Craters formed at the entrance and exit are of-
ten visible. This is especially true for 80° incidence
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30

Energy (MeV)

40 50

Fig. 6, Influence of the energy of C60 ions impinging at normal
incidence on the mean hillock diameter: (O) mean hillock diam-
eter, (•) mean diameter of isolated islands, (A) mean track di-
ameter, taken from [6].

where they are elongated craters, i.e. grooves
(Figs, l(d) and 2(d)). At 40° and 60° incidence, it
is also possible to see the entrance and exit craters
after tilting the samples around the track axis
(Figs. l(c) and 2(c)), The location of the crater in
relation to the hillock seems to change with in-
creasing angle of incidence. At 80° the grooves ap-
pear to be in front of the hillock whereas for the
smaller angles the craters are behind (Fig. 2).

3,3. Bubble-like structures

In Figs. 1 and 2 some "bubble-like" structure,
seen as white contrast, is observed inside the
amorphous tracks created by C60-ions. This oc-
curs at all incident angles and has been observed
after irradiations with 15^40 MeV C60-ions. The
"bubbles" are always located around the track ax-
is and approximately halfway between the track

entrance and exit. They are only observed in the
very thin parts of the samples and only when
the tracks exit from the foil (Figs. l(c), 2(a) and
2(c)). The structure observed inside the tracks in-
duced by C60 has not been observed in the case
of MeV Au4 and smaller size carbon cluster irra-
diations of YIG [6,14]. Also it has never been ob-
served inside the tracks created by heavy ions, see
[9] and Fig. 4.

3,4. Discussion

When an energetic duster ion hits a surface, the
bonds are broken and some of the electrons are
stripped off. An ensemble of fragment ions, each
with an equilibrium charge, proceeds through the
target material in the direction of incidence. The
trajectories of the various constituents of the dus-
ter are close to each other, giving rise to a very
high density of deposited energy. In addition to
this movement, the ions experience a Coulomb re-
pulsion. When the projectile velocities are reduced,
multiple scattering becomes increasingly impor-
tant. Both processes induce a separation of the
duster constituents [15]. In a recent experiment
where YIG was irradiated with 20 MeV Cm ions
[6] it was visualized that the constituents of the
molecule keep a spatial correlation for approxi-
mately 80 iiin and in some cases a few constituents
stay close together long enough to create a track
for a distance larger than 230 nm. Since the thick-
ness of the samples (<100 nm) is smaller than the
range of the dusters (450 nm), (dJ5Mx)e can be
considered to be almost constant at normal inci-
dence. This is not the case for tilted incidence irra-
diations, especially at 80°, due to the increased
path length.

Hillock formation can be seen as a response to
the high deposited energy density at the entrance
and the first few nm of the track. The excited mat-
ter in the ion track will relax through a radial and
axial expansion leading to surface deformation
and ejection of matter (see Fig. 1 in [16] and
Fig. 5 in [17]). Geometrically, if an ion produces
a disturbance on the surface, e.g. crater or defor-
mation, then as the ion angle of incidence 9 be-
comes more grazing, the disturbance would in a
simple picture be expected to extend along the
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surface In the Incident direction on a distance pro-
portional to l/cos(0). This variation is indicated
for 20 MeV projectiles by a dashed line In
Fig, 5. The hillock length (HL), Increases only
very slowly with increasing 9 and the hillock
width (HW), appears to stay constant within the
experimental uncertainty. This probably results
from the fact that the energy density gradient field
at the hillock location is of comparable size and
directed outwards for all angles of Incidence
[16,17], The apparent Increase of HL may be a
consequence of deformations occurring around
the intersection of the tracks with the surface.
These deformations will Influence the shape of
the hillocks observed In the transmission electron
microscope. Going from a normal to a surface
grazing configuration the deformations would be-
come more pronounced. Especially at grazing in-
cidence there can be a substantial upward push
of the matter between surface and Ion track giving
rise to hillocks. This has been, seen after MeY hea-
vy ion [8] and 20 MeV Cg0 [3] irradiations of mica,
using SFM.

Hillocks missing at the entrance or exit of the
tracks could explain the existence of the Isolated
islands. Sometimes the matter pushed out Is not
deposited at the entrance or exit, but further
away.

The hillocks at entrance and exit have similar
sizes in thin zones of the samples and when the an-
gle of incidence is not too large (Figs. l(b) and
2(a)). As the travelled length of the C60 constitu-
ents increases, the exit hillocks get smaller because
the deposited energy density decreases due to the
separation effects mentioned above and to the de-
creasing energy of each fragment (Figs. l(c) and
2(b)). At 80° Incidence the occurrence of exit hill-
ocks is rare as the cluster constituents travel a
longer distance Inside the solid before arriving at
the exit surface where spatial correlation is lost
(Figs. l(d) and 2(d)). The variation in exit hillock
size is due to the stochastic nature of the separa-
tion processes of the duster constituents. In the
case of U ions, Fig. 4, there is no significant
change in (dEIAx% and velocity over the travelled
path. The energy density deposited Is therefore
the same, giving rise to exit hillocks which have
the same size as at the entrance.

4. Conclusion

In summary, hillocks are observed with the us
of TEM at the entrance and exit of tracks Induce
in YIG by MeV C60 ions. These spherical hillock
are believed to be matter pushed out from the io:
track and deposited at the entrance and exit on th
sample surface. The height of these hillocks will b
analysed in forthcoming studies. Inside the amor
phous tracks a bubble-like structure- is observed
The fact that this peculiar structure is not seen ij
tracks created by heavy Ions and smaller size clus
ters could Indicate that the deposited energy den
slty has to be higher than a certain threshold t<
create this bubble-like structure. Further studie
will be undertaken in order to explain these fea
tares and to look for a possible correlation be
tween the bubble formation and the ejection o
material from Inside the track.
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Abstract

Samples of yttrium iron garnet (Y3Fes0i2 or YIG) were irradiated with Am, C,, (2 ̂  n ̂  20), Ceo ions in the MeV
energy range. Using transmission electron microscopy (TEM) and Rutherford backscattering spectrometry (RBS), the
induced latent tracks are compared with those generated with GeV mono-atomic ions. The duster ions create amor-
phous and continuous tracks as in the mono-atomic case. Irradiation at grazing incidence allows to Yisualise the dis-
sociation of duster ions inside a solid. Some of the tracks induced by high energy Cm ions contain a "bubble-like"
structure inside the amorphous part of the tracks, which is in contrast to the tracks induced by smaller duster and GeV
mono-atomic ions for which no structure is seen. The diameters of the tracks induced by MeV cluster ions and by the
low velocity mono-atomic ioas are seen to follow the same curve as a function of the linear rate of energy deposition
(dE/dx)e. © 1998 Eiseviet Science B.V. AE rights reserved.

PACE: 61.80J; 61.80L
Keywords: Cluster irradiation; Electronic energy deposition; Latent tracks; Transmission electron microscopy; Yttrium
iron garnet

1. IntroiuctI©B

The slowing down of swift Ions penetrating a
solid Is initially dominated by energy loss to the
solids electronic system, (dZf/djc)e. Track genera-
tion as a result of the passage of such energetic
mono-atomic particles through matter Is a well-

Corresponding author. Fax: +45 66158760; e-mail:
jej@dou.dk

known phenomenon, which has been studied ex-
tensively for more than four decades [1]. The ex-
istence of an electronic stopping power threshold
(dE/dxfe for the creation of latent track and the
evolution of the track morphology aboYe this
threshold are among the well-established results
for dielectric materials, which also have been ex-
tended to some metals and metallic alloys. Despite
the great number of experimental data, which are
now available In the field of {dEldx)t Induced
disorder, the damage mechanism Is still an open

G168-583X/98/S - see front matter © 1998 Eisevier Science B.V. All rights reserved.
PII: S G 1 6 8 ~ 5 8 3 X ( 9 8 ) 0 Q 4 4 2 ~ X
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question. Various mechanisms have been proposed
to explain the conversion between the energy
transferred to electrons and the energy responsible
for displacements of lattice atoms. Two main
models are the thermal spike [2,3] and the Cou-
lomb explosion [4,5] models. Several analysis
techniques are used to evidence the radiation in-
duced bulk disorder, e.g. transmission electron
microscopy (TEM) and Rutherford backscattering
spectrometry (RBS). Within the experimental er-
rors, these different characterisations lead to sim-
ilar values of the damage cross sections in a given
target [6].

The appearance of cluster ion beams in the
MeV range provides new ways in the study, and
potential applications, of particle-solid interaction
[7,8]. Even though the cluster breaks up within the
first atomic layers, the projectile constituents de-
posit their energy simultaneously and their trajec-
tories remain strongly correlated over a distance
that depends on the initial energy and number of
constituents [9]. The effects of electronic energy
deposition using low-Z dusters are interesting,
because even for rather light dusters (e.g. Cio) with
fairly low energies (a few MeV), the electronic
stopping power (dJs/dx)e values are comparable to
those of GeV heavy ions, while the ion velocity
remains quite low (typically around the Bohr ve-
locity). In these conditions the density of deposited
electronic energy may reach very large values,
while the energy density in elastic collisions re-
mains small. As a result, a variety of secondary
processes, such as track formation, energy transfer
and sputtering, can be more pronounced com-
pared to the situation of single atomic impact.
Several experiments have already been performed
with dusters as projectiles and reviews have re-
cently been given in [10], Using cluster and mo-
lecular ions, track formation in insulators [9],
semiconductors [11] and even metals [12] has been
observed by the use of TEM. The defects induced
in insulators along the projectiles trajectories
during duster irradiation have also been studied
using other techniques [13,14].

Yttrium Iron Garnet (Y3Fe5Oj2, or YIG) is a
material on which there has been an extensive
study of the damage induced by swift heavy ions
using TEM5 RBS and other techniques [6,15-18].

It was shown that tracks are induced above a
threshold, which depends on the projectile velocity
and lies in the range (dE/dx)e^4-5 keV/nm
[15,16], Increasing (dE/dx)c above this threshold,
the structure of the tracks evolves from aligned
droplets to continuously damaged amorphous
cylinders [18] with a monotonicaily increasing
track diameter, which seems to saturate at a di-
ameter of 13 nm above (dE/dx%&40 keV/nm.
YIG is a radiolysis resistant and amorphisable
ferrimagnetic insulator, and is especially adapted
to study latent ion tracks as these stay stable
during TEM observations. Some results on track
creation in YIG by MeV C60 irradiation have re-
cently been presented in [9,19].

In this paper we present a comparison between
tracks induced in YIG by MeV to GeV mono-
atomic ions and MeV cluster ions. The tracks are
characterised with the help of TEM and RBS,

2. Experimental

Targets consisting of polycrystalline YIG discs,
were prepared for TEM before irradiation. They
have thus a central hole surrounded by thin re-
gions (thickness «100 .nm) transparent to the
electron beam of a TEM, The preparation meth-
ods of the samples are described in [9,19]. Single
crystals of YIG deposited on [11 l]-Gd3GasGi2

were also irradiated and analysed by RBS.
The energetic duster ions used in our study

were delivered by the Orsay tandem accelerator
[20], A detailed description of the experimental
procedure is given elsewhere [9,19]. Samples for
TEM observations were irradiated at normal and
grazing incidence up to fluences of a few 109

molecules/cm2. The fluences were chosen in •order
to avoid any spatial overlap of tracks. In the case
of C-2 ions, TEM samples and single crystals were
also irradiated with lueiices up to 1013 molecules/
cm2. All irradiations were done at room tempera-
tore. The main irradiation parameters are listed in
Table 1.

The energy losses and ranges of the used pro-
jectiles are deduced from the TRIM code [21],
which does not take into account additional effects
[22] that occur in connection with the penetration
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Table 1
Characteristics of the various irradiations with cluster ions. Incident energies, velocities (in units of the Bohr velocity, VB), linear ra-
of energy deposition in YIG by the dusters in electronic processes and atomic collisions at these impinging energies, mean project
ranges i?p 1B YIG targets arid mean track diameters D (with standard deviation). The diameters were determined by TEM observatio
except in the case of C2 where RBS analysis was used.

Projectile

C2
+

-,+

C I 0

Mo
MtO

^60

C 6 0
3+

Incident energy
(MeV)

20.2
5.2
10
5.2
10.2
20.2
5.2
10.2
20.2
13.4
10.2
16.2
20.2
30.2
40.2

Velocity
(v/v-g)

1.0
2,9
4.1
1.8
2.6
3.7
1.3
1.8
2,6
1.5
0.75
0.95
1.1
1.3
1.5

(<LE/dx)e

(keV/nm)

17.6 'I H
4.3 f». f
4.4 3, Z
8.0 "* £
10.4 „ ;,

ii-2 a "
11.2 *
16.3 it t
210 ito g
26 I r? n
35 9 ?K -̂>
47 4

54 1 < "> <\

67 0 S : i"
78 * H i

(dis/dx:
(keV/nm) ( r , '

13.5
0.016
0.009
0.08
0.04?
0.027
0.27
0.16
0.09
0.44
3.4
2.5
2.2
1.6
1.3

Til

1-5 4

. ,* s*
* ( \

1*11}

C i S~
i r-f

» ^ C

(ran)

631
1700
2830
953
1470
2380
605
953
1470
740
267
380
451
605
740

Diameter
(nm)

8,4+0.4
0.76+0.12
0.9610.1
4.5±0,5
6.310.6
6.9+0.3
7.110.3
8.9+0.5
9.9+0.4
11.410.9
16.210.7
16.910.5
18.910.8
20.2+0.8
21.411.2

of clusters. The evaluation of the linear rate of
electronic energy deposition, (dEfdx%, for molec-
ular and cluster ions is still an open question. The
few available experimental results [23-25] show
that the energy loss per carbon is, within the ex-
perimental uncertainty, that of an individual car-
bon atom of the same velocity. It has thus been
assumed that the incident energy losses of the
duster projectiles are the sum of the constituents
energy loss.

The TEM observations of the samples irradi-
ated at normal incidence give information on the
damage induced at the beginning of the slowing-
down processes. The samples irradiated at grazing
incidence have the major advantage that the pro-
jectiles are stopped inside the target in regions of a
total thickness perfectly suitable for TEM obser-
vations. The irradiated samples were observed
with a Philips CM30 transmission electron mi-
croscope operating at 300 kV.

The radiation damage of the €2 irradiated sin-
gle crystals was analysed by means of Rutherford
backseattering under channeling condition (RBS-
C). The experiments were performed at the 4 MV
Van de Graaff accelerator (Strasbourg) using 2.5
MeV He+ ions and a backseattering angle of 160°.

Fig. 1 shows a typical RBS-C spectrum of a* nor
irradiated ("virgin" curve) and an irradiated are
("irradiated" curve) of a YIG crystal in channelin
condition along the [111] direction. Due to th
damage induc-ed by the ions, the backscatterin
yield increases, but is still below the yield of
randomly oriented crystal ("random" curve

channel

Fig. 1. RBS spectra of backscattered He ions on YIG crystal i:
channeling conditions, [111] axis. The lower curve, called vii
gin, is a non-irradiated part of the sample. The middle curve
called irradiated, is the sample irradiated by 10 MeV C2 cluster
at a fluence of 6x 10° molecules/cm2. The highest curve, call©
random, is the YIG crystal in a random orientation.
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Fig. 2, Bright field images of a sample irradiated with 10 MeV €«> at normal incidence. The sample was tilted in the microscope by 30°
(a) is taken near the sample edge and (b) in a thicker region. The direction of the Cm beam is downward.

Using the surface approximation, the backscat-
tering yield % was measured by extrapolating the
energy evolution of the yield over the first 150 nm
up to the mean energy of the random edge. The
damaged fraction Fd of the material is given by
i7d = (%î Xv)/(Xr̂ Xv), where %i and %v are the
backscattering yield under channeling condition of
the irradiated and of the virgin sample, respec-
tively, and %r corresponds to the yield of the ran-
domly oriented crystal.

3. Results

Figs. 2-5 shows some typical bright ieid images
obtained from different samples irradiated with
some of the projectiles given in Table 1. Continu-
ous zones of extended damage, i.e. tracks are
clearly seen in Figs. 2-4. The tracks created by the
cluster and the mono-atomic ions can be described
as a strongly disordered region and were shown to
contain amorphous matter [6,9,15-18].

In Fig. 2(a) some "bubble-ike" structure, seen
as white contrast, is observed inside the amor-
phous tracks created by C6o ions, as previously
reported in Ref. [19] for 20 MeV C60- This has now

Fig, 3, Bright field images of tracks induced in YIG irradiated
with 20 MeV An* ions at aonmal incidence. The sample was
tilted in the microscope by 30°. Beam direction is downward.
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Fig. 4. Bright field images of YIG samples irradiated with (a) 5 MeV C5; (b) 20 MeV C5; (c) 5 MeV Cm and (d) 20 MeV C10 Ions, (i
was irradiated at 60° incidence and (b)-(d) at normal incidence. The samples were tilted in the microscope by 30° except (a) which WJ
not tilted.

been observed after all the Irradiations with 10-40
MeV Cgo- By defocuslng the objective lens of the
microscope, it was seen in Ref. [19] that this
structure gave rise to phase contrast (Fresnel
fringes) Inside the track. As the phase contrast
technique Is sensitive to local Yariation in atomic
density, the observed structure must have a dif-
ferent density compared to rest of the track. The
"bubbles" are always located on the track axis and
approximately halfway between the track entrance
and exit. They are only observed in the very thin
parts of the samples and only when the tracks exit
from the target. The transition from an area in the
sample where a structure is seen to an area where
EG structure is observable seems to be very abrupt.
This bubble-like structure observed inside the
tracks induced by Cm is not observed after irra-
diation with MeV Au4, (Fig. 3) and the smaller size
carbon dusters (Fig. 4) used in our study. Also it
has never been observed inside the tracks created
by mono-atomic ions [6,15-19].

Black spots are observed at the entrance and
exit of the tracks created by cluster ions. This is

especially the case for €<§o ions, (Fig, 2(a)), [9,IS
and C2o [9] where it is clearly seen. It has also bee:
observed after irradiation with uranium ions [19'
Sometimes the circular contrast is only seen at th
entrance of the tracks (Fig. 2(b)). These blaci
spots were shown to be amorphous [9] and be
lieved to be matter pu.sfa.ed out from the track core
giving rise to an accumulation of matter, hillock*
at the track entrance and exit [19]. Craters hav
also been observed after duster irradiation [19̂
but mainly after irradiation at oblique incidences

An interesting feature about cluster projectile
is the decrease of the track diameter with increas
ing penetration depth [9], due to the dissociation o
the duster. An exajnple is shown in Fig. 2(b) fo
the case of €« ions5 and it can also be seen in Fig
3 for the case of Au4. The linear rate of energ;
deposition of each cluster constituent can be con
sidered as almost constant along the track portion
which are observable in the electron microscop
(up to «100 nm), so that the decrease in trad
diameter can only be due to an efficient latera
spread of the duster constituents. This latera
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Fig, 5. Bright field images of YIG irradiated with (a) 5 MeV C2

at 60° Incidence and (b) 10 MeV C2 at 75° incidence. The
ffctence In (a) was 1012/cm2 and in (b) 10n/cm2.

spread is caused by Coulomb repulsion between
the constituents and multiple scattering with target
atoms. As the correlated slowing-down of the
constituents is gradually lost, the deposited energy
density will at some point fall below the threshold
for track creation, after which no damage will be
seen in the TEM, In a recent experiment where
YIG was irradiated with 40 MeV Cm ions [9], it
was visualised that the constituents of the molecule
keep a spatial correlation for «120 ran on average
and that in some cases a few constituents stay dose
together long enough to create a track oa a dis-
tance larger than 350 nm.

In the case of 5 and 10 MeV C2 ions (Fig, 5) the
tracks are discontinuous and very difficult to see
using TEM. The visualisation becomes easier after
irradiations at a high fluence as black stripes be-

come visible, 5 and 10 MeV C2 ions have the same
(d2s/cbe)e, but different velocities (Table 1) located
on each side of the stopping maximum. Already in
the case of 5 MeV C5, the tracks are beginning to
be diffused and slightly discontinuous (Fig. 4(a)).

The last column of Table 1 gives the mean
initial track diameters at the target entrance (and
their standard deviations) deduced from the ob-
servations of a large number of duster impacts
(30-100 for each type of projectiles). Except for C2

(see below), ail the diameters were determined
from TEM observations of the continuously
damaged cylinders.

For the C2 ions an accurate track diameter
cannot be obtained with the TEM technique, be-
cause of the very discontinuous appearanee of the
tracks (Fig. 5). By using RBS-C after irradiation of
YIG single crystals with 5 and 10 MeV C2 ions, an
"effective" track diameter could be obtained. As-
suming that at higher ion fluences #t, the over-
lapping of tracks leads to a damage distribution
which can be described by Fd = 1 -exp(-Ad#t), we
can deduce the mean cross section Ad of the
damage (Fig. 6). If one then assumes that the
damage is concentrated within a cylinder, the track
radius R can be determined from AA = %R2. For
the C2 dusters a radius of J? = 0.48 ±0.05 nm is
deduced at 10 MeV and 038 ±0.06 tun at 5 MeV.

All the available experimental results on track
diameter measured after mono-atomic [16,17] and
cluster ion irradiations of YIG are shown in Fig. 7

ZE+13 4E+13 8E+13

Fluence (molecule-'cnvi
8E+13

Fig. 6, Fluence evolution of the damage fraction D = Ln(l - Fd)
measured at the surface of a YIG sample irradiated with 10
MeV C .
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as a function of the linear rate of electronic energy
deposition (dEfdx%. For all the cluster projectiles,
except C2, the diameters were deduced from TEM
observations of continuous tracks. In the case of
mono-atomic projectiles and C2 dusters, the di-
ameters are mainly effective diameters deduced
from damage cross section measurements using
RBS [16,17]. These effective diameters are similar
to those observed in a TEM when (dli/dx)e is
above a certain value (8-10 keV/nm for YIG)
where continuous tracks are induced. When the
generated tracks have a discontinuous structure,
the diameters are calculated as being that of a
"continuously damaged cylinders" in which the
amorphous phase of the discontinuous defects are
artificially located.

4. Discussion and coiclnsioi

As seen from Table 1, the carbon dusters used
in this study are mainly slowed down by electronic
processes. In the particular case of A114 ions, the
relative importance of nuclear elastic collisions is
much higher, which might explain the rough ap-
pearance of the Au4 tracks. The (dJs/dx)e values
are above the threshold for damage creation,
(dE/dx)l"^4 keV/nm, which has been determined
using low velocity heavy ions [16]. In the case of
duster ions it is possible to explore (dE/dx)e values
that lie far above those which are accessible with
mono-atomic projectiles. The contribution of
elastic collisions to the damage induced by the
carbon duster projectiles was shown to be too
small to account for the observed track generation
[9].

The fact that the same track diameter is ob-
tained kfter irradiation with €5 and C10 at the
same (dE/dx)e is a first indication of a linear de-
pendence between the track formation parameters
and the number of duster constituents.

The points relative to similar (neighbouring
atomic masses) mono-atomic projectiles are con-
nected with lines in Fig. 7 as done in [9], For a
given type of projectile, the track diameter in-
creases with increasing velocity (full lines), reaches
a maximum value, and then decreases again when
the velocity increases beyond the stopping power

0 10 20 30 40 50 60 70 80

(dE/dx)e (keV/nm)

Fig. 7. Graph showing the track diameter in YIG targets as a
function of the linear rate of energy deposition in electronic
excitation for GeV mono-atomic ions [16,17] and MeV cluster
ions. (H): Ar: (V): F; (+): S; (x): Cu; (A): Kr; (0): Xe, Te; (D):
Pb, Ta; (fg): U; (•): AU4; ( f | ) : C2; (A): Cs; (•): C!0; (•): C20;
(•): €6Q. All the lines are drawn to guide the eye. Tie Ml and
the dashed lines correspond respectively to the low and the high
velocity regions for the mono-atomic ions. The clotted-dashed
line joins all the points obtained using cluster projectiles (filled
symbols).

maximum (dashed lines), giving rise to the "hook-
like" curves for the mono-atomic ions. These
hook-like curves, relating the track diameters and
the linear rate of electronic energy deposition for
the atomic ions, demonstrate clearly that there is
no simple relation between (dE/dx% and the track
formation. This effect is often called the "velocity
effect" [16], indicating that for the same (djs/dx)e,
slow projectiles induce larger diameter tracks than
faster projectiles due to differences in the density of
deposited energy by low arid high velocity ions.

The velocity range of the duster ions used is on
the low velocity side of the stopping power maxi-
mum. All the points relative to duster irradiations
lie on the dashed-dotted line on Fig. 7. This line
coincides very well with a large part of the Ml line
joining all experimental points corresponding to
low velocity mono-atomic projectiles. This agree-
ment is very good, within the experimental un-
certainties, in all the (dE/dx)e range extending
from 4 to 30 keV/nm.

This comparison permits to conclude that there
is no difference between the effects induced by the
impact of clusters and atomic projectiles at low
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velocities. Moreover, It is possible to reach the
same (dE/dx)e using cluster Ions In a very low ve-
locity regime. Also there Is a confirmation of the
(dE/dx% threshold of «4 keV/nm for track for-
mation in YIG.

The use of duster projectile allows to concen-
trate the energy deposition within a small radius
around the projectile trajectory, which is generally
smaller than the track radius. Thereby one can
calculate the energy density leading to the creation
of observable tracks. All the results presented In
Table 1, follow the relation {(dE/dx)c-{6E/dx)l}
4/n'D2 = 203 eV W , in which (dE/dxfe = 4.2
keV/ntn Is the threshold for the linear rate of en-
ergy deposition In electronic processes and D the
track diameter. This relation confirms the role of
the energy density distributed In the track as al-
ready Indicated In Ref. [9].
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Abstract

In the scope of a general study of damage creation under high energy deposition by electronic excitation in various
types of materials, we present here results relative to Irradiations of a lamellar compound with energetic cluster ions.
The projectiles are 20-40 MeV C6o ions delivered by the tandem accelerator located in Grsay (France). Thin samples
suitable for Transmission Electron Microscopy (TEM) are irradiated at 300 K. The damage is characterised by various
TEM techniques, in particular Topographical Contrast Imaging. We study the influence of the angle of incidence of the
projectiles (varied from normal to grazing incidence) on the morphology of the surface features (craters and bumps).
We also characterise the structural modifications occuring in the vicinity of the projectile path. We observe in particular
the formation of "onion like structures" either inside the latent tracks or deposited on the surface of the speci-
mens, © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Radiation damage; Electronic excitation; Fullerene; Latent tracks; Transmission electron microscopy;
Molybdenite

1. Introduction

This paper is relative to the study of the damage
induced in molybdenite submitted to very high
electronic excitations. The chosen projectiles are

* The irradiations were performed on the tandem accelera-
tor in Orsay.

'Corresponding author. Fax: +33 01 6933 3022; e-mail:
aiinie.duiilop@poJytechiiique.fr

20 and 40 MeV fullerene ions, which respectively
have ranges of 500 and 800 nm in MoS2, Due to
their high masses and slow velocities (u/c«0.01),
they deposit very high densities of energy ( > 10
eV/A3) In the target in electronic excitations and
ionisations. Samples suitable for Transmission
Electron Microscopy (TEM) were irradiated.
TEM observations were performed in regions of
thicknesses smaller than 100 ma, i.e. in which
elastic processes are almost negligible compared to
electronic processes.

It has been previously shown that after irradi-
ations at low fluences («109 ions/cm2) cylindrical

G168-583X/98/S - see front matter © 1998 Elsevier Science B.V. Ail rights reserved.
PII: S G 1 6 8 - 5 8 3 X ( 9 8 ) 0 0 5 1 6 - 3
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tracks are generated along the path of Cgo pro-
jectiles [1] and that very strong surface deforma-
tions occur at the entrance and exit surfaces [1,2].
They mainly consist in craters located at the track
entrance and exit. Protruding matter is generally
found in the vicinity of the craters: it consists in
either a circular rim or an elongated "flow" in
particular directions [2]. In this work, we present
preliminary results concerning the microstructural
transformations induced by the irradiation, both
in bulk material and on the sample surface. A
more detailed investigation of the different types
of tracks created at grazing incidence is under
way.

2. Experimental

Prethinned molybdenite targets were irradiated
at 300 K with 20-40 MeV C60 ions delivered by the
tandem accelerator in Orsay. A detailed description
of the acceleration process of Cm beams is given in [3].

Irradiations were performed: (i) At normal in-
cidence and at high fluences (3xl0u ions/cm2) in
order to strongly perturb the targets in the hope of
an easier characterisation of the damage, (ii) At
grazing incidences (80° respective to the sample
normal) and at low fluences («109 ions/cm2) in
order to avoid any spatial overlap of the damaged
regions. The use of grazing incidences and higher
energy projectiles (40 MeV) allows an easier ob-
servation by TEM of the evolution of the track
morphology during the slowing-down of the pro-
jectiles.

. After irradiation, the specimens were charac-
terised by TEM using in particular the topo-
graphical contrast imaging technique, which is
described in more details in [4,5,2].

ions. l The tracks with a small diameter which a
seldom observed (track at the top of Fig. l(a) fi
example), are generated by the C20 ions, and tht
will not be considered below. Returning to tl
tracks created by 40 MeV €6Q ions, various typ
of tracks very commonly observed are presented
Fig. l(a)-(c). The micrographs are obtained in tJ
bright field mode (without any reflection strong
excited). Fig. l(d) features the same group
tracks as shown in Fig. l(a), imaged using tl
topographical contrast technique.

As seen from Fig. l(a) and (d), elongated cr
ters are formed in the projectile impact region, i
previously observed in [2], protruding matte
elongated in the forward direction, is present in tl
vicinity of the crater. In the bulk of the mated?
the track appears as a cylindrical damaged regio
the diameter of which decreases as the project]
proceeds inside the target and looses energy. It h
to be mentioned that some diffraction contrast &
be seen in the vicinity of the perturbed track r
gion. It is most probably due to local deformatio:
of the regions surrounding the track.

In Fig. l(b), the entrance crater and the d:
fraction contrast surrounding the track region a
again visible. Moreover, a circular contrast locat<
next to the crater is clearly observed. In Fig. l(c
some appendices extending outwards from ti
track region and located at various depths are see

Fig. 2 presents another group of tracks imagt
in bright field and topographical contrast cone
tions. On track number 1, faint surface deform
tions are seen around the crater at the entrance
the projectile. A circular contrast is again visible
the vicinity of the entrance crater of track numb
2. Fig. 2(b) shows that this object is located on t
surface and has a roughly spherical shape. SOD
fringes are seen both in the track core and in t
deformed regions of track 1, as well as inside tJ

3. Results

3.1. Irradiations at grazing incidence

Fig. 1 presents electron micrographs relative to
various samples irradiated with 40.2 MeV Cgj

1 At the target site, energy spectra are recorded in coin
dence with the arrival time of fullerene Ions. The energy spec
recorded in coincidence with the time of flight of Cjjj, and C
show only one energy peak (20.2 MeV Cj, and 30.2 MeV Cj,
whereas two peaks are seen when accelerating CgJ [6]. Tt
correspond to 40.2 MeV CgJ and 13.4 MeV C£, ions, wfai
cannot be separated. Thus, the experiments performed with 1
C6o ions of highest energy always consist in dual be«
irradiations.
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Fig. i. MoS2 Irradiated at 300 K and at grazing incidence with 40.2 MeV Cm ions up to a fluence of 3xl0 9 Ions/cm2, (a)^(c) Bright
field micrographs taken without any reflection strongly excited, and showing a few typical track shapes which are very commonly
observed, (d) Same region as shown in (a), but observed in topographical contrast imaging conditions.

circular feature in track 2. They are studied in
more details in Fig. (3). Fig. 3(a) presents a high
magnification micrograph, in which one can
clearly see inside the tracks numerous small in-
tertwined patches of parallel fringes; the direction
of these patches seems randomly oriented. The
measured fringe spacing is 0.616 ±0.003 nm. In the
spherical "object", the structure of the fringes is
different: a concentric arrangement of fringes is
seen. This arrangement is far from perfect and
some of the concentric sheets seem to extend inside
the track structure (area indicated by the arrow in
the micrograph).

Micrograph 3b shows the same group of
tracks which have been tilted by 28° in the mi-

croscope around an axis approximately parallel
to the track direction. Here again many domains
containing parallel fringes are present in both
tracks; the "object" exhibits an imperfect nested
structure. One can also notice that whereas the
projected shape of the object is slightly elongat-
ed in the forward direction in the untilted case,
the shape becomes much more circular after 28°
tilt.

3.2. Irradiations at normal incidence and high
fluence

Fig. 4 presents the microstructure of the irra-
diated sample, imaged under topographical con-
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Fig. 2, MoS2 irradiated at 300 l£ and at grazing incidence with 40.2 MeV C ^ ions up to a fktence of 3 x 109 Ions/cm2. The same
of tracks are imaged In (a) bright field conditions; (b) topographical contrast Imaging conditions.

trast conditions. It consists of a high density of
overlapping craters.

Fig. 5 corresponds to a high magnification mi-
crograph of the mlcrostructure. The sample Is
oriented with, the [0001] directim paiaiM to the
electron beam direction. As a result, the three sets
of {10.0} planes are imaged In the undamaged
regions (U). At the positions of the impacts (I) of
the C60 projectiles, small domains of parallel
fringes can be seen which have the same Interpla-
nar distance as In the case of Fig. 3. An object (O)
with a nested structure is also present as well as an
elongated structure (E). The elongated structure
could well correspond to the "lava-flow like"
structures described in [2]. Here again the fringe
spacing is found equal to 0,616 ±0.003 nm.

4. Discissloi ani conclusion

The volume energy density deposited by 2(
MeV fullerene ions Is very high ( > 100 eV/ato:
the viciinty of the piojectile path). The relaxa
of the excited matter which is under stress ieac
surface deformation as qualitatively describe-
[2]. At grazing Incidence, different types of sur
deformation were seen to occur: protruding IM
elongated in the forward direction or of r©u:
spherical shape (Figs. l(d) and 2), as well as '
pendiees" extending from the track core regie

Another effect of the energy relaxation pro
concerns the mlcrostructure of the damaged
terial. Before irradiation, the sample consists <
MoS2 crystal with the [0001] direction of
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Fig. 3. High magnification micrographs of the tracks shown in Fig, 2, (a) The electron beam ia the microscope is parallel to the sample
normal, (b) The sample has been tilted by 28° in the microscope around an axis approximatively parallel to the track axis.

hexagonal structure parallel to the surface normal.
Following the Impact of the Ceo projectiles, the
volume of excited matter along the path of the Ion
Is rapidly "quenched". It Is most frequently ob-
served in different types of crystalline materials
irradiated with particles which deposit very high
•amounts of energy in electronic processes, that the
damaged matter inside the tracks is in the amor-
phous state [7,8]- For M0S2 targets, however, the
micrographs in Fig, 3 show that, as a result of the
rapid deexcitation process, the microstructure in-
side the tracks consists of small crystallites which
have apparently the same crystallographic struc-
ture as the unirradiated matrix: indeed the fringe
spacing corresponds to the {0002} interplanar
distance (0.6145 nm) of the hexagonal structure of

M0S2 (see for instance arrowed region). Inside the
tracks, between domains containing fringes, there
are regions with blurred contrasts: they probably
correspond to crystallites which are not suitably
oriented for imaging of {0002} planes. Moire-like
contrasts can also be seen: they result from the
stacking of crystallites with various orientations,
present at different depths inside the sample.
Moreover, the facts that (i) {0002} planes are
imaged both at 0° and 28° tilt angles and that (ii)
for a given tilt angle there is no preferential ori-
entation of the fringes, indicate that the crystallites
are randomly oriented.

If we now consider the nested objects in Figs. 3
and 5, they are very similar to the fullerene like
nested polyhedra which were reported in WS2 [9]
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Fig. 4. MoS2 irradiated at 300 K and at normal incidence with
20.2 MeV C60 ions up to a iueiice of 3x10" ions/cm2. The
overlapping craters are imaged in topographical imaging con-
ditions.

and MoS2 [10]. This Is confirmed by the fact, that
the Eested structure Is preserved when the sample
Is tilted by nearly 30° (Fig. 3(a) and (b)) and by the
topographical Image of the object (Fig. 2(b)).
However the stack of concentric shells shows a lot
of disorder: the same phenomenon, although less
pronounced, was observed for onion-like struc-
tures created In MoS2 by electron Irradiation [11].
Furthermore, as already pointed out in Section
3.1, the outer shells of the nested object seem to
extend inside the track: this is perhaps related to
the formation mechanism of the structure which
could develop during or after the upwards push of
excited matter with the outer shells of the nested
structure being formed first and extending Into the
bulk of the track, followed by the formation of the
Inner shells. This mechanism is different from the
Icospiral nudeation which leads to snail shaped
crystallites by accretion of ever larger shells [12].

Concerning the fact that amorphous matter is
not formed Inside the tracks, let us mention the
work of Hershfinkel et al. [13] who studied the
room temperature evolution of an amorphous

Fig. 5. M0S2 irradiated at 300 K and at normal incidence wi
20.2 MeV Cgo ions up to a fiuence of 3x10" ions/cm2. Hi|
magnification micrograph of a very thin region of the target.

WSX film: they observed after 22 months (samp,
kept at room temperature) the existence of stna
nested crystallites in the amorphous matrix, whic
is consistent with the suggestion [10] that close
fullerene-like polyhedra of MX2 (M = Mo or V\
X = S, Se) are an Intermediate metastable "phase
between the amorphous state and the thermod}
namlcally stable phase. In analogy with the foi
matlon of a quaslerystalllne phase by a rapi
quenching of some molten metallic alloys, Hers
hfinkei et al, put forward the hypothesis that, if i
were possible to quench the melt of layered-typ
materials such as MX2» nested fullerene-lik
structures could well be obtained. In a way, th
experimental results presented here are a conir
matlon of this hypothesis. Furthermore, it wDult
be Interesting to Irradiate M0S2 at low tempera
ture (4 K) with 30-40 MeV C60 Ions to see whethe
more severe "quenching" conditions would lead tc
the formation of amorphous phase Inside th<
tracks.
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Abstract

It is now well accepted that electronic excitation and ionisation arising from the siowing-down of swift heavy ions
can lead to structural modifications in most targets. It is shown here that new effects take place during irradiations with
high energy fullerene beams. Electron microscopy observations were performed at room temperature on prethinned
monocrystaliiae silicon samples after irradiation with 30 MeV fullerene ions. The observed damage is continuous and
confined around the projectile paths. The tracks consist of amorphous material as shown by high resolution trans-
mission electron microscopy observations. These tracks recrystallize very rapidly in the electron microscope during the
observations in high resolution conditions. Furthermore, a decrease of the track diameter is observed as the cluster ions
penetrate deeper inside the target, which is related to an angular scattering of the cluster constituents. At large pen-
etration depths, before disappearing completely, the tracks end as aligned damaged regions of decreasing diameters.
Finally, strong sputtering effects occur on the target surfaces, so that craters are generated at tie impacts of the pro-
jectiles. The fact that amorphous tracks are generated in crystalline silicon following heavy cluster bombardment can be
attributed to the strong localization of the deposited energy during the siowing-down process of rather slow projec-
tiles. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Radiation damage; Electronic excitation; Fullerene; Latent track; Transmission electorn microscopy; Silicon

1. Introduction

In this paper we present preliminary results
concerning damage creation in monocrystalline
silicon bombarded with energetic duster projec-
tiles. We describe here the microstructurai changes
observed after irradiation with energetic (a few 10

* The irradiations were performed on the tandem accelera-
tor, IPN, Orsay (France).

'Corresponding author. Fax: +33 01 6933 3022; e-mail:
annie.dttnlop@polytechiiiqiie.fr

MeV) heavy (mass > 700) duster ions in order to
reach very high levels of energy deposition in
electronic processes.

Let us first recall some previous related exper-
imental results:

(i) After monoatomic GeV heavy (Ar to U)
ion Irradiation of silicon, I.e. exploring linear
rates of energy deposition in electronic pro-
cesses (Se = (dE/dxJe) in the range 4-28 keV/
Dm, LevaJlois et al, [1] conclude from electri-
cal resistance measurements that "the ob-
served damage is due only to nuclear
collisions".

0168~583X/98/$ - see front matter © 1998 Eisevier Science B.V. All rights reserved.
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(ii) After GeV U irradiation, corresponding
once again to Se = 28 keV/nm, DLTS measure-
ments show that electronic energy deposition is
inefficient for defect creation at room temper-
ature in silicon [2]: in particular, no extended
defects could be detected. Transmission elec-
tron microscopy observations [3] are in com-
plete agreement with the above conclusion:
no latent track can be imaged in the electron
microscope after GeV uranium irradiation,
(iii) To our knowledge, the only observation
of tracks in silicon is due to Furano et al.
[4]. These observations are performed in very
particular conditions: the targets consist of 5
nm thick evaporated films with a very small
grain size of typically 1 nm [5]. In such sam-
ples, 207 MeY An projectiles (Se = 17 keV/
nm) produce 7 nm diameter discontinuous
tracks, the nature of which has not been deter-
mined. The generation of tracks in small grain
size very thin films is most probably due to the
strong limitations to the spreading of the de-
posited energy by the close vicinity of the
grain boundaries and surfaces. A very similar
observation was made more than 30 years ago
in thin [6] or discontinuous [7] metallic films in
which MeV heavy ions could generate latent
tracks, whereas using the same projectiles,
no damage was generated in bulk samples.

Due to their high masses and rather low veloc-
ities {vie « 0,01), the 30 MeV fullerene projectiles
deposit very high densities of energy (>10 eV/A3) in
electronic excitation and ionisation of the target
during their slowing-down [8]. These are thus ideal
conditions to check whether amorphisation of bulk
silicon could result from very strong and localised
energy deposition in electronic processes.

2. Experimental

The projected range of 30 MeV C60 ions is small
(«1 jim) in silicon, so that we irradiated only
monocrystalline samples which were prethinned
for electron microscopy (^ 100 am) in order to
avoid the stopping region of the ions and to stay in
a slowing-down regime in which electronic pro-
cesses are predominant. The energy losses and

ranges of the dusters were calculated using the
TRIM code [9], supposing that the energy loss per
projectile constituent is that of an individual ion of
the same velocity. This additive rule is verified by
the few experimental measurements of energy
losses of various cluster ions [10-12]. At 30 MeV,
the linear rates of energy deposition in electronic
and elastic processes, respectively, are
(d£/dx)e = 46 keV/nm and (dE/dx)n = 0.88 keV/
nm, so that (d£/dx)e/(<LE/djc)n « 50.

The samples were irradiated at 300 K in the
tandem accelerator in Orsay [13] up to finances of
a few 109 ions/cm2 in order to avoid any spatial
overlap of the damaged regions. Irradiations were
performed either at normal or grazing incidences
(«80° of normal incidence). The samples were
examined with a Philips CM 30 transmission
electron microscope operating at 300 kV. The
micrographs of the samples irradiated at normal
incidence give information on the damage induced
at high energies, whereas after grazing incidence
irradiations, it is possible to image the evolution of
the damage structure during the slowing-down of
the projectiles.

3, Results

3.1. Generation of amorphous latent tracks

The main result of this work is that large size
continuous latent tracks are observed after 30
MeV Ceo irradiation of monocrystalline silicon.
Fig. 1 is a high resolution electron micrograph of
tracks generated in a sample irradiated at normal
incidence. The density of observed tracks corre-
sponds to the impinging duster fluence. In the
unirradiated silicon matrix, the {220} type atomic
planes are imaged (interplanar distance wl.9 A)
whereas the track core presents an amorphous
structure.

3.2. Stability of the tracks

A very striking feature of the tracks is that their
diameter decreases very rapidly during room
temperature observation in the electron micro-
scope. This is shown in Fig. 2 in which a group of
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Fig, 1. High resolution transmission electron micrograph of a
silicon monocxystal irradiated at 300 K with 30 MeV C60 cluster
Ions. The micrograph is taken from the (111) direction, {220}
type atomic rows (interplanar distance «1.9 A) are visible in the
unperturbed matrix.

two tracks is imaged in high resolution conditions
after observation time of 1 to 6 min. The initial
diameter of the tracks is found to be close to 10
nm. The tracks recrystallise in epitaxy with the
surrounding matrix within a few minutes. After
total recrystallisation of the track regions, only
some contrasts related to residual strain in the
crystalline silicon matrix remain visible.

This recrystallisation effect is also seen when the
sample is held at 100 K during the observations in
the .microscope; moreover this annealing of the
defective regions occurs at exactly the same time-
scale at 100 and 300 K, which indicates that it is
related to the energy deposition and subsequent
atomic movements induced by the electron beam,
and not only to some local temperature increase
under the electron beam. As a matter of fact, the
sample temperature increase is certainly very
small, due to the limited electron beam intensity
that we use during the observations. Let us fecal
here that "the crystallisation temperature of
amorphous silicon depends strongly on the sample
purity, thickness, environment" [14], but is found
to lie in the range 450-650°C. Moreover if thermal
effects were at the origin of the observed track
shrinkage, the recrystallisation should occur
slower when a cold sample-holder is used.

The straightforward consequence of this ob-
servation is that it is almost impossible to deter-
mine precisely the initial track diameter from high

Fig, 2. High resolution transmission electron micrographs of
group of two neighbouring tracks generated by 30 MeV C
tons impinging at normal incidence in moaoctystaffine silico
The recrystallisation of the track core in epitaxy with the su
rounding matrix is obtained within an observation time of a fe
minutes in high resolution observation conditions. The micrs
graphs are once again taken from the (111) direction.

resolution micrographs (see Section 3.3), as there i
necessarily some reduced (but not always neglig]
ble) time spent for adjustments before startin
image registration.

3.3, Evolution of the track shape as the projectile
slow down in the target

When energetic cluster ions enter a target am
slow down, they break up into single ions o
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smaller assemblies of ions within the first atomic
layers. The projectile constituents stay close to-
gether and initially slow down in a correlated
manner. But as the penetration depth increases,
there is a spatial separation of the constituents of
the duster due to (i) Coulomb repulsion between
the charged fragments and (ii) multiple scattering
in elastic collision processes.

Fig. 3 is relative to a sample which was irradi-
ated at grazing incidence, so that the projectiles are
stopped inside the target in regions the thicknesses
of which are perfectly suitable for electron mi-
croscopy observations. This process allowing the
observation of the track shape evolution as the
projectile enters deep in the target was previously
used to study the damage induced by Cm ions in
an insulator: yttrium iron garnet (Y3Fe5Oi2 or
YIG) [15], It was shown in YIG that the diameters
of the generated amorphous tracks stay constant
for distances D of 80-100 nm, according to the
incident energy of the fullerene ion, and that when
the projectiles enter deeper into the target the track
shape changes: the track diameters decrease, the
tracks sometimes separate into various branches.
This was attributed [15] to the fact that beyond the
travelled distance D, there is a partial loss of cor-
relation among all the projectile fragments. At
large penetration depths, when the correlated
slowing-down of the duster constituents is par-
tially lost, the deposited energy density falls rap-

Fig. 3. Bright ield electron micrograph of a monocrystalline
silicon target irradiated at grazing Incidence (ss80° of normal
incidence) with 30 MeV Q o cluster ions. The micrograph is
taken without any reiection strongly excited.

idly and drops below the threshold for track
generation, so that no more damage can be imaged
by transmission electron microscopy.

For silicon targets, the following facts are seen
in Fig, 3:
• The tracks have an initial diameter of 10 nm at

the target entrance. This exact diameter is very
difficult to observe on the high magnification
micrographs, as track shrinkage usually starts
during the adjustments for high resolution ob-
servations (see Section 3.2).

• Their diameter stays almost constant during a
travelled distance D « 80 nm.

• Beyond this distance, the track diameter gradu-
ally decreases. The tracks very often end by a
series of aligned droplets of damaged material
(see in particular the tracks indicated by ar-
rows). The diameter of these aligned droplets
gradually decreases until no more damage is vis-
ible in the electron microscope. Track separa-
tion in different branches has not been
observed in irradiated silicon.
The above features on track shape evolution are

here again direct consequences of the increased
separation of the duster constituents when the
projectiles proceed into the target.

3.4. Sputtering at the track entrance and exit

Fig. 4 shows a bright field electron micrograph
of a sample which was irradiated at normal inci-
dence with 30 MeV Ceo ions, and tilted by 30° in
the electron microscope. This allows the visuali-
sation of the cylindrical damaged regions through
the target thickness. The projectile propagation
direction is indicated by the arrow. The target
thickness gradually increases going from the top to
the bottom of the area are shown in Fig. 4. The
amorphous track core appears with a dark con-
trast.

The micrograph was taken in phase contrast
imaging conditions, i.e. after slightly defocusing
the objective lens of the microscope. This allows
the visualisation of local thickness variations in the
sample. In the very thin target regions (top of Fig.
4), a white circular contrast appears at the track
entrance, and another circular contrast is visible
on the exit surface of the projectile. In the lower
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Fig. 4. Bright field electron micrograph of a monocrystalline
silicon target irradiated at normal incidence with 30 M.eV Cgo
cluster ions. The sample was tilted by 30° in the electron mi-
croscope. Phase contrast imaging in slightly defocused condi-
tions.

part of the micrograph, the target gets thicker, so
that the track diameters start decreasing due to the
loss of correlation of the projectile constituents:
circular contrasts appear only at the track en-
trance. These contrasts are associated to missing
matter due to strong sputtering at the target sur-
face. Fig. 5 features a very thin region of a sample
which was irradiated at grazing incidence. Sput-
tering creates now elongated craters at the pro-
jectile impact on the target: these craters are
almost invisible in focused conditions (Figs, 3 and
5(a)), but are well Imaged using the phase contrast
technique.

4. Discussion ami conclusion

As recalled in the introduction, numerous ir-
radiations of silicon targets under high electronic
energy deposition, showed that the observed
damage was solely due to elastic collisions and that
latent tracks along the paths of very energetic
monoatomic ions were never observable up to the
higher linear rates of energy deposition available
with such projectiles (Se = 28 keVYnm).

Monocrystalline silicon targets were recently
irradiated with small size carbon dusters (Q-Cg)
at energies of 0.8 MeV per carbon [16]. The
damage induced in the vicinity of the sample sur-

Fig. 5. Transmission electron micrographs of a monocrystalline
silicon target irradiated at grazing incidence («80° of normal
incidence) with 30 MeV C60 duster ions, (a) bright field imaging
in focused conditions, (h) and (c); phase contrast imaging re-
spectively in uiiderfociised and overfocused conditions.

face (i.e. in regions in which electronic energy de-
position overwhelms elastic collision processes)
was studied by Channeling Rutherford Backscat-
tering Spectrometry. The main conclusion is that,
at constant duster velocities, when increasing the
size of the dusters, i.e. increasing the amount of
energy deposition in electronic processes (Se = 1 to
8 keV/nm), the ratio of the defect concentration
produced per duster constituent to that produced
by single carbon atoms starts decreasing (up to
four constituents, i.e. to Se = 4 keV/nm) and then
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Fig, 6, Top: Evolution of the damage production efficiency c
(deined in the text) as a function of the linear rate of energy
deposition in electronic processes In an Iron target irradiated
with O to U GeV projectiles (from [17]). Bottom: Evolution of
the defect production, per cluster constituent as a function of the
number n of constituents (or as the function or the linear rate of
energy deposition in electronic processes) in a silicon target ir-
radiated with Cn (n — 1-8) carbon clusters at constant velocities
(0.8 MeV per carboa). Results taken from [16].

significantly Increases (Fig. 6). These results are
very similar to those previously obtained in a pure
metal Irradiated with energetic monoatomic heavy
Ions [17], Fig. 6 features the evolution of the
damage production efficiency £, (defined as the
ratio of the measured damaging cross-section to
the calculated damaging cross-section due to
elastic collisions) deduced from in situ electrical
resistance measurements during low temperature
irradiations of iron. Here again, it is observed that

when the linear rate of energy deposition in elec-
tronic processes increases, there is a gradual evo-
lution from a first regime (up to Se = 40 keV/nm)
in which the main effect of electronic energy de-
position is to anneal part of the defects induced by
elastic collisions to a second one (Se > 40 keV/nm)
in which part of the energy deposited in the target
electronic system is converted into atomic dis-
placements. It was shown in this particular case
[17] that up to 5"e = 70 keV/nm, using monoatomic
projectiles, electronic processes were only able to
create isolated point defects, so that "latent tracks"
could not be seen by transmission electron mi-
croscopy.

Although it might appear a little surprising at
first glance, a pure metal, iron, and a semi-conduc-
tor, silicon, thus seem to behave similarly under high
electronic energy deposition, although the values of
Se at which the transition from the regime of defect
annealing to that of isolated defect generation
occurs noticeably differ. The results presented at
this conference confirm this analogy, when the range
of electronic energy deposition is extended to much
higher values by using heavy energetic cluster ions.

We saw in this paper that after irradiation with
30 MeV C60 ions, at Se = 46 keV/nm, 10 ran di-
ameter amorphous tracks are induced in silicon.
When iron is bombarded with energetic Cm ions,
damage located in the vicinity of the projectile
path is indeed visible by transmission electron
microscopy as shown by Dammak [18]. In the 50-
90 keV/nm <Se range, dislocation loops and strain
fields are visible in the vicinity of the projectile
path.
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