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Graphite targets have been irradiated at 90 K and 300 K with 850 MeV and 6 GeV lead ions and with
20–30 MeV fullerene cluster ions in a large range of fluences. Damage creation was studied both by trans-
mission electron microscopy and Raman spectroscopy. The very strong energy density deposited in electronic
processes generates a highly excited region around the projectile path. The relaxation of the deposited energy
via hydrodynamic expansion and shock-wave propagation leads to the formation of small defective graphitic
domains and of nanocrystalline diamond particles.
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I. INTRODUCTION

This work is part of numerous studies concerning the
structural modifications induced in various types of targets
irradiated with energetic heavy projectiles. In this paper we
will consider the case of a lamellar crystal, graphite, which
has been extensively studied but in which damage creation
and latent track formation are poorly understood. Atomic
force microscopy �AFM� and scanning tunneling microscopy
�STM� studies1–4 performed on graphite irradiated with GeV
heavy monatomic ions have shown that �i� tracks are formed
much easier on the sample surface than in the bulk,2 �ii� the
damage along the ion path is discontinuous even for the
highest stopping powers,1,4 and �iii� the hillocks on the
sample surface always have very small diameters in the
range from 2 to 3 nm.1,2 All these results point to the exis-
tence of a few discontinuous tracks of a very small diameter
and could explain why they are so difficult to image using
transmission electron microscopy �TEM�.5,6 Finally, a Ra-
man spectroscopic study of irradiated graphite seems to in-
dicate that after irradiation at a high fluence the damage leads
to a decrease of the crystal domain size inside the track.3

We thus decided to study the damage induced in graphite
by heavy energetic cluster ions in order to be in a regime of
extremely high energy deposition which should lead to stron-
ger structural modifications, possibly easier to characterize.
As a matter of fact, at energies of a few MeV per nucleon,
during their slowing down in the target, ions mainly deposit
their energy via inelastic collisions with the target electrons
leading to electronic excitations and ionizations. A lot of
controversy exists in the literature concerning the detailed
understanding of the mechanisms of conversion of the en-
ergy deposited in the electronic system into atomic
displacements,7–11 but it is clear that in close proximity to the
projectile path a strongly excited cylindrical region is cre-
ated. Dense excitations of the valence electrons around the
ion path can cause an instability with respect to the high
pressure phase of the target and to its atomic structure.12 The
relaxation of the excited matter induces permanent damage

in the target and it has been shown that two parameters are
decisive concerning the efficiency of damage production in
such processes: �i� the linear rate of energy deposition in
electronic processes �dE /dx�e and �ii� the projectile velocity
v.12–14 The stronger damage is observed for high �dE /dx�e

and for slow projectiles, corresponding to the fact that the
pertinent parameter describing these processes is the density
of energy deposited in electronic processes.

Quite a few previous studies have clearly shown that the
higher densities of electronic energy deposition are obtained
using heavy clusters as projectiles.15 In particular, the use of
fullerene ions at energies of a few 10 MeV permitted to dam-
age targets that were resistant to GeV monatomic ions and to
create new damage structures: amorphous latent tracks in
Si,16,17 aligned dislocation loops in Fe,18 phase change to the
high pressure crystalline phase in Ti,19 etc. We will thus first
perform irradiations of graphite targets with energetic
fullerene ions and study the damage using both TEM and
Raman spectroscopy. In the last part of the paper new results
concerning track creation by GeV monatomic heavy ions
will shortly be described.

II. EXPERIMENT

Natural Sri Lankan and artificial graphite targets were
prepared either by cleavage or by mechanical grinding in a
mortar of massive material in order to get thin fragments
�containing �100 nm thick regions� or very fine powder
suitable for transmission electron microscopy observation.
The fragments were deposited on 3 mm diameter copper
grids which were either bare or covered with a very thin
amorphous carbon layer. They were irradiated at normal in-
cidence:

�i� At 300 K on the tandem accelerator in Orsay with
20 MeV and 30 MeV C60 cluster ions at fluences ranging
from 3�109 to 3�1012 ions cm−2. As no scanning of the
beam is available on the irradiation line, the beam was
slightly defocussed in order to irradiate rather homoge-
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neously the central part ��4 mm2� of the TEM grids. The
ion flux was limited to 106 ions cm−2 s−1 in order to avoid
any temperature increase and charging problem during the
irradiations.

�ii� At 90 K on the GANIL facility in Caen with lead ions
of 850 MeV and 6 GeV incident energies in the fluence
range 1�1011 to 1�1013 ions cm−2. The beam was scanned
on a surface of a few cm2 in order to ensure a homogeneous
irradiation of the targets and the flux was again limited in
order to control the target temperature during the irradia-
tions.

When very energetic cluster ions hit a surface, they break
up into single ions or smaller assemblies of ions. For C60
irradiations, the linear rates of energy deposition in elec-
tronic �dE /dx�e and nuclear �dE /dx�n processes were esti-
mated as the sum of the energy loss of 60 individual carbon
atoms of the same velocity.20,21 The targets were examined at
room temperature just after irradiation in a Philips CM 30
transmission electron microscope operating at 300 kV. The
main experimental parameters are quoted in Table I.

To perform vibrational spectroscopy studies ��1 cm2 in
surface� massive samples and films of graphite were irradi-
ated with 850 MeV Pb ions at 90 K �samples A and B in
Table I� and with 30 MeV C60 at 300 K �sample C in Table
I�. Visible Raman spectra were taken under identical condi-
tions, namely in backscattering geometry, using a triple-
grating Jobin-Yvon T64000 spectrometer �1800 g/mm grat-
ings�. The excitation line with wavelength 532 nm from a
frequency doubled ND-YAG Coherent DPSS 532 laser was
used and the spectra were collected with a nitrogen-cooled
CCD camera. The instrument spectral resolution was below
1 cm−1. Unpolarized Raman spectra were recorded over the
400–1800 cm−1 wave-number range; the laser beam was fil-
tered to avoid spurious peaks in the low wave-number re-
gion. As a rule, the spectra were taken from the center of the
irradiated area of the sample surface, with the laser spot di-
ameter on the sample fixed at 1 �m; in such a micro-Raman
configuration the beam intensity is reduced by a factor of 2,
the resulting laser energy at the sample surface being 50 mJ.
The collection time for each spectrum was around
10 minutes. The deposited laser energy density does not in-

duce surface modifications in graphite; this is confirmed by
the absence of any change in the images of sample surface
recorded by optical microscopy during laser irradiations, as
well as by the reproducibility of different spectra subse-
quently recorded at the same position on the sample.

III. RESULTS FOR GRAPHITE IRRADIATED WITH
20 TO 30 MeV C60 CLUSTER IONS

A. Morphology of the tracks in conventional TEM conditions

After irradiation with energetic cluster ions, latent tracks
are easily observed by transmission electron microscopy.

Figure 1, taken in focused conditions, shows a micrograph
of a sample irradiated at 300 K by 30 MeV C60 ions up to a
fluence of 2�1011 ions cm−2. The density of dots corre-
sponds to the ion fluence which indicates that each projectile
generates a defective region around its path. The tracks have
a nonhomogeneous contrast: some structures can be seen in
the core of the tracks which are circled with a dark rim. The
cross sections of the tracks have an average diameter of
6 nm. Figure 2 is relative to the same sample tilted by 20° in
the microscope. The tracks have a constant diameter through
the sample thickness and an almost uniform contrast.

Figure 3 presents a disalignment effect which is system-
atically observed in all the samples whatever the nature of

TABLE I. Irradiation parameters for TEM and Raman studies.

Projectile
Energy
�MeV�

Irradiation
temperature

�K�
�dE /dx�e

�keV/nm�
�dE /dx�n

�eV/nm�

Fluence
for TEM

�ions cm−2�

Track
diameter

�nm�

Fluence
for Raman

studies
�ions cm−2�

C60 30 300 54.1 990 3�109 to
3�1012

6.0 2.7�1011

�sample C�

C60 20 300 44.6 1300 3�109 to
8�1011

4.1

Pb 850 90 26.2 48 1�1011 to
8�1011

2 to 3 8�1011 �A�
8�1012 �B�

Pb 6000 90 16.9 9 3�1012 to
1�1013

Not
determined

FIG. 1. Transmission electron micrograph of graphite irradiated
at 300 K and at normal incidence with 30 MeV C60 ions up to a
fluence of 2�1011 ions cm−2.
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the incident projectile. A significant disalignment of the axis
of the tracks is observed �usually in the range from 6 to 9°�
when the samples are tilted in the microscope. In the ex-
amples shown here the disorientation is 7° in Fig. 3�a� rela-
tive to 30 MeV C60 clusters and 6° in Fig. 3�b� relative to

20 MeV C60 clusters. This effect might be attributed to re-
laxation processes �occurring during or after irradiation�
caused by the charging and/or the generation of internal
stresses in the target during the irradiation.

Figure 4 is a typical electron diffraction pattern recorded
after an irradiation of graphite at 300 K with 20 MeV C60 up
to a high fluence �8�1011 clusters cm−2�. The characteristic
spots of graphite are observed. Additional spots with low
intensities characteristic of crystalline material can also be
seen. No diffuse ring that would be a signature of amorphous
tracks is visible. �This conclusion is deduced from previous
observations of diffraction patterns obtained in similar con-
ditions: for example, in NiZr2 irradiated up to a fluence of
7�1011 ions cm−2 with Pb ions, amorphous tracks of 8 nm
diameter are created and give rise to a diffuse ring with very
high intensity in the diffraction pattern.22� This is confirmed
by Fig. 5 showing the electron diffraction pattern of a sample
of powdered graphite �fine powder deposited on a TEM cop-
per grid covered with a very thin amorphous carbon film�
irradiated at 300 K with 30 MeV C60 up to a fluence of 1
�1011 clusters cm−2. A large number of very fine new dif-
fraction spots appear on the pattern �Fig. 5�a��. They are
located on rings corresponding to interplanar distances d1 to
d4 �Fig. 5�b��.

B. Internal structure of the tracks

The morphology of the tracks induced in graphite is not as
clear and simple as could be deduced from what is shown in
Figs. 1 and 2. Depending on the diffraction conditions and on
the sample region different features can be observed. For
example, Fig. 6�c� is a micrograph taken in the same TEM
grid as that from Fig. 1, but in another sample region. The
tracks still have an average diameter of 6 nm but now have
more irregular cross sections instead of the almost circular
ones shown in Fig. 1. They still have a gray contrast in their
center and a black rim. When tilted by 20° in the microscope
�Fig. 7�a��, the contrast of the tracks is very inhomogeneous
in the sample thickness and some structure is clearly seen

FIG. 2. Transmission electron micrograph of graphite irradiated
at 300 K and at normal incidence with 30 MeV C60 ions up to a
fluence of 2�1011 ions cm−2. The sample is tilted by 20° in the
electron microscope. No reflection excited.

(a)

(b)

FIG. 3. Latent tracks induced at 300 K in graphite, respectively,
by �a� 30 MeV and �b� 20 MeV C60 ions. The samples were tilted
by 20° in the electron microscope. The discontinuous lines are
drawn to help the visualization of the disalignment of the tracks.

FIG. 4. Electron diffraction pattern recorded on a massive
graphite sample irradiated at 300 K with 20 MeV C60 ions up to a
fluence of 8�1011 ions cm−2. Some of the main diffraction spots of
graphite have been indexed.
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along the track. This could be due to the presence of small
disoriented crystallites in the track region. Very strong local
variations of the diffraction conditions are frequently ob-
served �Fig. 7�b��. This could arise from �i� a different crys-
tallographic structure inside the track and in the surrounding
graphite and/or �ii� the existence of very important local
stresses. Just after irradiation, nanocrystallites could thus
exist in the track core.

The tracks created in graphite are extremely unstable un-
der the electron beam and evolve very rapidly in the TEM.
Figure 6 shows micrographs of tracks created in graphite by
20 MeV �Figs. 6�a� and 6�b�� and 30 MeV �Figs. 6�c� and
6�d�� C60 cluster ions as imaged when just introduced in the
microscope �Figs. 6�a� and 6�c�� and after 2 minutes �Fig.
6�b�� or 5 minutes �Fig. 6�d�� in the TEM using a low elec-
tron current for observation. This change of contrast is sys-
tematically observed in all the samples which means that one
must be very careful in order to know what was the internal
structure of the tracks induced by the ion irradiation and
study it before it has been modified by the electron beam.
After observation in the TEM for a few minutes, the tracks

appear to have a very homogeneous contrast as is usually
observed for amorphous tracks �Fig. 8�.

Figure 9 presents a typical high resolution transmission
electron micrograph of graphite irradiated by 30 MeV C60
ions at 300 K. When imaged in such conditions, the tracks
always appear with a contrast that could be that of amor-
phous material. Lattice fringes could never be imaged inside
the tracks in such conditions. It must be noted that the tracks
undergo most probably a structural evolution under the elec-
tron beam. Amorphization of the originally crystalline tracks
�as deduced from the electron diffraction pattern shown in
Figs. 4 and 5� could well be induced by the focused electron

FIG. 5. Electron diffraction pattern recorded on a powdered
graphite sample irradiated at 300 K with 30 MeV C60 ions up to a
fluence of 1011 ions cm−2. The original diffraction pattern shown in
�a� is reproduced in �b� with circular lines lying on the new dotted
diffraction spots induced by the irradiation. They correspond to in-
terplanar distances: 0.085 nm�d1�0.086 nm, 0.097 nm�d2

�0.099 nm, 0.161 nm�d3�0.162 nm, 0.106 nm�d4�0.108 nm.

FIG. 6. Latent tracks induced at 300 K in graphite, respectively,
by �a,b� 20 MeV and �c,d� 30 MeV C60 ions. Micrographs �a� and
�c� were taken immediately after introducing the samples in the
electron microscope, whereas micrographs �b� and �d� were regis-
tered after leaving a low current electron beam, respectively, during
2 or 5 minutes on the samples.

FIG. 7. Transmission electron micrographs of graphite irradiated
at 300 K and at normal incidence with �a� 30 MeV C60 ions and �b�
20 MeV C60 ions. The samples were tilted by 20° in the electron
microscope.

DUNLOP et al. PHYSICAL REVIEW B 76, 155403 �2007�

155403-4



beam used in the microscope for high resolution observa-
tions.

In all the samples that were deposited on a TEM grid
covered with a very thin amorphous carbon film, numerous
“objects” are in the vicinity of the graphite. These objects
redeposited on the carbon foil are either sputtered from the
entrance or exit surfaces of the tracks, or they are ejected as
a whole from the track core. Two examples are shown in Fig.
10 after irradiation with 30 MeV C60. Figure 10�a� shows an
isolated “object” lying on the amorphous carbon film. In Fig.
10�b�, the edge of the massive graphite sample is visible in
the upper right-hand corner. Some impacts of cluster ions
have damaged the amorphous carbon film �white contrasts�
and a redeposited “object” is visible as a dark contrast. The
diameters of these redeposited objects are in the range from
6 to 26 nm, which is on the average significantly larger than
the track diameter �6 nm for 30 MeV C60 ions�.

C. Structure of the redeposited material

First of all it must be noted that redeposited material lies
also on the surface of the graphite samples. For the sake of
simplicity, it is much easier to characterize the isolated ob-
jects lying on the carbon film than to study those redeposited
on graphite. The redeposited material usually presents some

darker contrast in the center �see Fig. 10�. Contrarily to the
tracks created in the bulk graphite, the ejected material is
extremely stable under the electron beam. No evolution is
seen during observation so that high resolution observations
could be performed.

Figures 11–13 show typical high resolution micrographs
of some nano-objects redeposited on the amorphous carbon

FIG. 8. Transmission electron micrographs of graphite irradiated
at 300 K and at normal incidence with 30 MeV C60 ions. The mi-
crograph is taken after a few minutes observation in the TEM.

FIG. 9. High resolution transmission electron micrograph of
graphite irradiated by 30 MeV C60 ions at 300 K.

FIG. 10. Graphite sample deposited on a carbon covered TEM
grid and irradiated at 300 K with 30 MeV C60 cluster ions up to a
fluence of 5�1010 ions cm−2.

FIG. 11. High resolution transmission electron micrograph of
graphite irradiated by 30 MeV C60 ions at 300 K up to a fluence of
5�109 ions cm2. The measured interplanar distances and angles are
the following: d1=0.181 nm, d2=0.334 nm, ��d1 ,d2�=60°; d3

=0.251 nm, d4=0.247 nm, d5=0.248 nm, d6=0.250 nm, d7

=0.251 nm, ��d4 ,d5�=��d4 ,d7�=60°, ��d5 ,d7�=��d6 ,d7�=59°.
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film in the vicinity of graphite samples irradiated at 300 K
with 30 MeV C60 ions. Measured interplanar distances and
corresponding angles �see Table II� are quoted in the figure
captions.

In Fig. 11, the upper right-hand part labelled with d1 and
d2 corresponds to �012� and �002� planes of graphite,
whereas the lower part labelled using d3 to d7 can be attrib-
uted to �110� planes of diamond. There is thus coexistence of
the two crystalline phases in this particular object.

In Figs. 12 and 13, the measured interplanar distances and
angles can only be attributed to diamond.

IV. RESULTS FOR GRAPHITE IRRADIATED WITH GeV
LEAD IONS

In a previous preliminary work,6 a detailed TEM study of
graphite irradiated with GeV projectiles showed that a very
strong ejection of matter and redeposition on the sample sur-
faces took place during irradiation with GeV Pb and U ions.
No latent tracks could be imaged in this early work.

Following the results obtained with cluster projectiles, we
decided to perform new irradiations with monatomic projec-
tiles in order to search for latent track formation in the bulk
and to analyze the redeposited material. Graphite was thus
irradiated at 90 K with 850 MeV and 6 GeV Pb ions deliv-
ered by the GANIL accelerator in Caen �see Table I�.

Figure 14 is a micrograph of graphite deposited on an
amorphous carbon film and irradiated at 90 K with 6 GeV
Pb ions up to a fluence of 3�1012 ions cm−2. As previously
observed there is a high number of redeposited nano-objects

in the vicinity of the graphite target. Similarly to the study
performed after irradiation with cluster ions, we recorded
some high resolution images of nano-objects as shown in
Figs. 15 and 16 and found very similar results. In Fig. 15, we
could evidence the presence of diamond ��111� and �110�
planes�, whereas in Fig. 16, we find both diamond �d1 and
d2= �110� planes of diamond� and graphite �d3 and d4 being
attributed to �003� and �101� planes of graphite�. In a large
number of the nano-objects we only found the graphite struc-
ture.

If we now observe samples irradiated at low fluences
��1011 ions cm−2� in order to image tracks in the bulk ma-
terial, we find that the tracks are extremely difficult to ob-
serve as they give a very low contrast and are extremely
unstable in the TEM. Moreover, the density of tracks that we
observe is much smaller than the impinging ion fluence,
which means that each ion does not generate a track which is
visible in the TEM. Figure 17 shows tracks generated in
graphite by 850 MeV Pb ions ��dE /dx�e=26.2 keV/nm�.
The tracks are seen from above in Fig. 17�a� and tilted in the
TEM in Fig. 17�b�. They give a very faint continuous con-
trast whereas surface studies1,4 concluded to the probable
existence of discontinuous tracks in this regime of �dE /dx�e.
Their average diameter was estimated to be of the order of
2 to 3 nm, which agrees well with the small hillock diam-
eters measured by STM.1,2 Finally, it must be noted that

FIG. 13. : High resolution transmission electron micrograph of
graphite irradiated by 30 MeV C60 ions at 300 K up to a fluence of
1010 ions/cm2. The measured interplanar distances and angle are
the following: d1=0.252 nm, d2=0.261 nm, ��d1 ,d2�=59°, d3

=0.250 nm.

FIG. 12. High resolution transmission electron micrograph of
graphite irradiated by 30 MeV C60 ions at 300 K up to a fluence of
5�109 ions cm2. The measured interplanar distances and angle are
the following: d1=0.257 nm, d2=0.250 nm, d3=0.259 nm, d4

=0.253 nm, d5=0.255 nm, ��d4 ,d5�=61°.

TABLE II. Interplanar distances in graphite and diamond, and corresponding angles.

Graphite d�002� d�012� d�003� d�101� ��002�, �012� ��003�, �101�
0.336 nm 0.180 nm 0.224 nm 0.204 nm 57°53 72°35

Diamond d�100� d�110� d�111� ��111�, �110� ��100�, �110� ��110�, �110�
0.356 nm 0.252 nm 0.205 nm 90° 90° 45° 90° 60°
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these results are in complete disagreement with a recent
presentation23 in which very large �20 nm diameter� amor-
phous tracks were imaged by TEM in graphite irradiated by
2.6 GeV U ��dE /dx�e=27 keV/nm�. It is not clear at all
what could be the origin of these contradictory results.

V. RAMAN SPECTROSCOPY

Raman spectroscopy is widely used to perform nonde-
structive structural analyses of materials and it was exten-
sively adopted to study a large number of carbonaceous ma-
terials which were synthesized since the 1960s. Moving from
the accumulated wealth of available Raman spectra of
carbon-based materials a rather complicated picture of the
correlation between the observed modifications of the fea-
tures of Raman spectra and the material structure emerges.
Thus, before discussing the spectral details of our samples it
is useful to recall the main results in the field, in order of

FIG. 14. Transmission electron micrograph of cleaved graphite
deposited on an amorphous carbon film and irradiated at 90 K with
6 GeV Pb ions up to a fluence of 3�1012 ions cm−2.

FIG. 15. High resolution transmission electron micrograph of
cleaved graphite deposited on an amorphous carbon film and irra-
diated at 90 K with 6 GeV Pb ions up to a fluence of 3
�1012 ions cm−2. The interplanar distances measured in the rede-
posited material are d1=0.209 nm, d2=0.259 nm with ��d1 ,d2�
=90°.

FIG. 16. High resolution transmission electron micrograph of
cleaved graphite deposited on an amorphous carbon film and irra-
diated at 90 K with 6 GeV Pb ions up to a fluence of 3
�1012 ions cm−2. The interplanar distances measured in the rede-
posited material are d1=0.259 nm, d2=0.253 nm with ��d1 ,d2�
=90°, d3=0.223 nm, d4=0.201 nm with ��d3 ,d4�=72°.

FIG. 17. Graphite irradiated at 90 K with 850 MeV Pb ions up
to a fluence of 8�1011 ions cm−2. Tracks seen from above �a�, and
after tilting by 20° in the microscope �b�.
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increasing complexity. The spectrum of sp3 coordinated dia-
mond consists of a single sharp peak at 1332 cm−1, assigned
to the zone center mode T2g; in turn, sp2 coordinated crys-
talline graphite displays a sharp peak �named G peak� at
1581 cm−1, with E2g symmetry. When graphite is increas-
ingly disordered, the G peak broadens, as indicated by the
FWHM value and a further feature �called D peak�, which is
attributed to K-point phonons with A1g symmetry, is found at
about 1350 cm−1 and becomes progressively better defined.
G and D peaks, whose position and relative intensity change
in different carbon-based materials, depending also on the
preparation technique and post-preparation treatment, remain
the leading features of all nanocrystalline and amorphous
carbons, including those where an extended graphitic order-
ing is absent. Recently,24 Raman spectroscopy data for a
wide range of carbonaceous materials were systematically
discussed and the trends of Raman parameters such as the
position of the G peak and the intensity ratio between D and
G peaks, IDIG

−1 were correlated to the structural evolution
between the two extremes of graphite and tetrahedral amor-
phous carbon, where sp3 coordination largely dominates. In
so doing an indirect estimate of the fraction of
sp3-coordinated atoms in a disordered carbon network was
provided. This is useful for practical purposes because vis-
ible Raman spectroscopy is by far �50 to about 200 times
�Ref. 25�� more sensitive to sp2 sites, whose � states are
mostly excited by photons in the visible range than to sp3

sites that can be directly probed only by ultraviolet �uv� pho-
tons with energy larger than 5.1 eV. Driven by the interest to
artificially synthesize diamond, several routes have been ex-
plored producing nanocrystalline diamond particles and films
with grain sizes mostly in the 5 to 100 nm range. The mate-
rial forms only in the presence of energetic particles, e.g.,
from a plasma, impinging on the growing film with lower
threshold energies around 100–200 eV. Particularly in the
case of plasma enhanced CVD the carbonaceous material
includes gaseous impurities such as hydrogen and nitrogen
from the precursors used in the deposition process, even up
to several tens atomic percent. Two companion peaks,
around 1150 cm−1 and 1450 cm−1, respectively, have been

widely attributed to nanocrystalline diamond;26 the origin of
the two features however was recently questioned, being as-
signed to sum and difference combinations of CvC chain
stretching and CH wagging modes in transpolyacetylene.27

As to the diamond fingerprint at 1332 cm−1, in low-quality,
artificial nanodiamonds, it results in a very weak shoulder, if
any, of the D peak, when a green light of 514 nm wavelength
is used as the probe radiation.27 When nanodiamond is ob-
served as a result of a local transformation of shock-
compressed graphite28 the feature at 1332 cm−1, if present, is
embedded in the broad D peak of graphite.29,30 Last, it is
noteworthy that if graphite is shock compressed a transfor-
mation to diamond was locally observed;28 the formation of
tiny diamond particles is associated to the attainment of ex-
treme temperature and pressure conditions, as discussed
later. The Raman spectra of shock disordered graphite show,
with increasing shock pressure in the range between 5 and
60 GPa, a redshift of both D and G peaks; the latter under-
goes an intensity decrease and a broadening, while the inten-
sity of the D peak increases. In the most heavily shocked
graphite, experiencing local pressures above 45 GPa, an ad-
ditional feature around 1400–1460 cm−1 is observed.31

We are now in a position to discuss the features observed
in the visible Raman spectra of three representative graphite
samples irradiated with 850 MeV Pb ions at 90 K up to flu-
ences of 8�1011 ions cm−2 �sample A� and 8
�1012 ions cm−2 �sample B� and with 30 MeV C60 at 300 K
up to a fluence of 2.7�1011 cm−2 �sample C�. The irradiation
conditions for the three samples are reported in the last col-
umn of Table I.

Looking at the spectrum of sample A, as displayed in Fig.
18, the only well-defined feature is the narrow G band cen-
tered at 1597 cm−1 according to a Lorentzian fit to the Ra-
man signal. The band full width at half-maximum �FWHM�
is 17 cm−1. From the literature we know that the G band lies
between 1581 cm−1 in crystalline graphite and 1600 cm−1 in
truly nanocrystalline graphite.24 We conclude that the per-
formed irradiation caused a transition from graphite to nano-
crystalline graphite.

A higher fluence �sample B� significantly affects graphite
structure; the effect is clearly recognizable in Fig. 19. The G

FIG. 18. Visible Raman spectrum of a graph-
ite sample irradiated with 850 MeV Pb ions at a
fluence of 8�1011 cm−2 �sample A in the text�.
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peak undergoes a redshift with the maximum at 1583 cm−1

�FWHM=15.8 cm−1�; correspondingly a broad, asymmetric
D peak is found, with an evident shoulder on the low wave-
number side. From a Gaussian fit to the D peak, as shown in
the inset of Fig. 19, the low frequency component is centered
at 1351 cm−1, while the peak maximum is at 1365 cm−1. A
considerable degree of structural disorder was induced in
graphite by irradiation; this is responsible for the presence,
position, and intensity of the D peak. From the ratio of peak
intensities IDIG

−1=0.22 the coherence length La of coopera-
tively scattering graphitic domains32 is 20 nm. Besides this,
the shoulder at 1351 cm−1, as already observed,30,33 indicates
the presence of nanocrystalline diamond particles that were
most likely formed upon ion bombardment.

Four Raman spectra were taken on sample C at different
positions, according to optical microscopy observations of
sample surface, that appears not uniformly damaged. From a
position out of the C60 line of sight, near the sample lateral
side, the spectrum �not reported� consists of the G peak
alone, centered at 1589 cm−1, with FWHM=14 cm−1; this is
essentially identical to the spectrum in Fig. 18 and can be

assigned to a crystalline-nanocrystalline transition of graph-
ite; the narrower G peak indicates that the extent of such a
transition is less than in sample A.

Moving towards the center of the sample, from a zone
that appears not evidently defected we collected the spec-
trum displayed in Fig. 20. Its main features are the G peak at
1584 cm−1 �FWHM=15 cm−1� and the very broad, low in-
tensity D peak, with a maximum at 1365 cm−1 and a shoul-
der at 1349 cm−1. Besides this there is a small feature at
1641 cm−1; the latter is the so-called D� peak that is a further
signature of structural disordering of graphitic domains.
From IDIG

−1=0.05, the coherence length is La=88 nm. The
position of the shoulder at 1349 cm−1 is again within the
range reported for the feature associated to the presence of
nanocrystalline diamond �see the discussion of sample B�.
The weak band at about 482 cm−1 that was observed only in
this spectrum is presently unexplained. Indeed, from its po-
sition it could be attributed to C60, or to sizeable C60 frag-
ments. However, clusters impacting onto a solid surface at
the high energy adopted here are completely destroyed;34

even if a considerable number of C60 fragments with appre-

FIG. 19. �Color online� Visible Raman spec-
trum of a graphite sample irradiated with
850 MeV Pb ions at a fluence of 8�1012 cm−2

�sample B in the text�.

FIG. 20. �Color online� Visible Raman spec-
trum of a not evidently damaged area of a graph-
ite sample irradiated with 30 MeV C60 at a flu-
ence of 2.7�1011 cm−2 �sample C in the text�.
The inset shows the fit to the D peak. Notice the
small feature at 482 cm−1.
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ciable size survived the impact, they should give at least
another feature at about 1470 cm−1,35 which however is not
observed at all in the spectrum. Finally, the probability that
after the impact C60 units reform in the irradiated region of
the target is vanishingly small, besides being kinetically un-
favored, given the too brief relaxation time with respect to
C60 nucleation time.

The Raman spectrum shown in Fig. 21 was taken at a
position of the sample surface slightly more displaced to-
wards the center. The spectrum is in substantial agreement
with that in Fig. 20 and consists of the G �FWHM
=14.9cm−1�, the D� and the D peaks, at the positions marked
in the figure. The oscillation of the background signal around
850–950 cm−1 is an artifact. The inset shows the fitting to
the D peak, from which a single broad maximum is identified
at 1358 cm−1. From the intensity ratio IDIG

−1=0.09 the de-
duced La value is 49 nm. The overall indication is that upon
C60 irradiation increasingly more severe disorder is found in
sample zones progressively nearer to its center.

Optical microscopy observation of the center of sample C
shows a dark, heavily defected surface. The corresponding
Raman spectrum is reported in Fig. 22. From a luminescence
background four main features grow up, at 1100, 1363, 1443,
and 1582 cm−1. Two of them, as already discussed, are the G
�1582 cm−1, FWHM=21.8 cm−1� and D �1363 cm−1� peaks
of disordered, nanocrystalline graphite; from the ratio IDIG

−1

=0.34, the coherence length is La=12.9 nm. The shoulder of
the D peak at 1348 cm−1 is again attributable to nanocrystal-
line diamond. In this spectrum such a signature is accompa-
nied by the broad, but evident band centered around
1100 cm−1, corresponding to the peak often observed around
1150 cm−1, in turn attributed to nanocrystalline diamond,26

redshifted by the shock pressure induced by impacting clus-
ters. Coming back to our introductory discussion, this feature
was attributed to transpolyacetylene, together with its com-
panion band around 1450 cm−1;28 however, in our samples,
that were irradiated under careful ambient control, there is no
hydrogen, so transpolyacetylene is simply absent. Thus the

FIG. 21. �Color online� Visible Raman spec-
trum from a near-center zone of a graphite
sample irradiated with 30 MeV C60 at a fluence
of 2.7�1011 cm−2 �sample C in the text�. The
inset shows the fit to the D peak.

FIG. 22. �Color online� Visible Raman spec-
trum from the center of a graphite sample irradi-
ated with 30 MeV C60 at a fluence of 2.7
�1011 cm−2 �sample C in the text�. The inset
shows the fit to the D peak. Notice the features at
1100 and 1443 cm−1, indicating that graphite was
heavily shocked.
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argument against the attribution of the features in question to
nanocrystalline diamond, although plausible in the frame-
work of CVD deposited films, seems to have nongeneral
validity. Instead, in agreement with previous Raman spec-
troscopy of heavily shocked graphite, the feature we observe
at 1443 cm−1 is possibly caused by the metastable carbon
phase consisting of a chain of alternate single-triple C-C
bonds known as carbyne, or equivalently, as chaoite.31 Fi-
nally, the small feature at 1300 cm−1 could arise from the
redshifted diamond feature at 1332 cm−1.

Thus, according to the Raman spectrum just discussed, at
least some zones of sample C experienced severe repeated
shock impacts that brought crystalline graphite to local
pressure-temperature conditions favorable to the synthesis
both of nanocrystalline diamond and presumably of carbyne.

Summarizing, the coherent picture that emerges from the
bulk of Raman observations is that the structural evolution of
samples that suffered progressively increasing irradiation in-
duced disorder can be discussed starting from graphite as the
reference to explain the changes of Raman features; the D
peak is due to aromatic rings and IDIG

−1 value increases with
increasing disorder. The shoulder of the D on the low wave-
number side is a signature of nanocrystalline diamond for-
mation and it is observed together with the features at 1100
and 1443 cm−1 only in the most heavily disordered material
where the energy density released during subsequent impacts
is the highest.

VI. DISCUSSION AND CONCLUSIONS

Let us first of all summarize the experimental findings: �i�
latent tracks are created in graphite after irradiation with
GeV Pb ions and with 20 to 30 MeV C60 ions and were ob-
served using TEM, �ii� in both types of irradiations a large
number of nanoclusters are ejected and are found lying on
the sample surface or on the amorphous carbon foil support-
ing the graphite material, �iii� the tracks created in the bulk
graphite are very unstable under the electron beam whereas
the nanoclusters do not evolve in the TEM. It is thus very
difficult to determine the nature of the modified matter along
the projectile path.

Nevertheless we can conclude that, just after irradiation,
being careful to avoid any evolution in the TEM �e.g., the
observation conditions of Fig. 8 certainly resulted in such an

evolution�, tracks are crystalline in nature as deduced from
TEM micrographs �Figs. 1 and 7� and diffraction patterns
�Figs. 4 and 5�. Table III shows the interplanar distances
corresponding to additional spots observed after irradiation
on the diffraction pattern shown in Fig. 5 together with in-
terplanar distances in both graphite and diamond structures.
It is clear from the table that lines d1 and d3 can only be
attributed to diamond, whereas an ambiguity subsists for
lines d2 and d4 which can correspond either to diamond or
graphite. In turn, Raman spectroscopy shows a definite struc-
tural evolution towards nanodiamond and disordered graph-
ite with increasing deposited energy density.

Finally, let us recall that in the isolated nanoparticles
found in the vicinity of the graphite target, a similar result is
found: the high resolution micrographs show the coexistence
of both diamond and graphite in some of them and the pres-
ence of diamond only in others. This result is not surprising
as in all the previous studies23,36 in which one could clearly
identify both the structure of the damaged track regions in-
cluded in the target matrix and that of the redeposited mate-
rial in the vicinity of the target, they were found to be the
same. This was, for example, the case for amorphization of
Y3Fe5O12 �Ref. 37� or for the formation of concentric onions
in MoS2.36 The tracks created in the bulk of graphite could
thus consist of a mixture of graphite and diamond of nanom-
eter sizes.

These tracks including small diamond crystallites are
quite unstable when they are surrounded by the graphite ma-
trix, so that even the small amount of energy used for TEM
observation is sufficient to induce some structural modifica-
tion. At the opposite, when the nano-objects lie in an isolated
state on the amorphous carbon film, they do not show any
visible structural modification under the electron beam. This
behavior must be considered in the scope of the results of
Badziag38 who showed that surface energies play a very im-
portant role to the stabilization of microcrystalline diamonds.
It was also pointed out by Daulton39 that taking into account
these surface energy considerations and the fact that there is
a very small difference between graphite and diamond free
energies, diamond might be the stable phase at very small
particle sizes.

If we consider the carbon phase diagram in Fig. 23, it is
clear that the transformation of graphite G into diamond D
needs both high temperatures and pressures. As a matter of
fact, numerous presentations show that the G→D transfor-

TABLE III. Interplanar distances in graphite and diamond �nm�.

Interplanar distances deduced from
additional spots in Fig. 5 Graphite Diamond

0.085 nm�d1�0.086 nm d�411�=d�330�=0.084
d�322�=d�410�=0.086

0.097 nm�d2�0.099 nm d�023�=0.097
d�114�=0.099

d�320�=0.099

0.161 nm�d3�0.162 nm d�210�=0.160

0.106 nm�d4�0.108 nm d�200�=0.107
d�113�=0.108

d�311�=0.107
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mation in shock experiments needs pressures of the order of
30 to 40 GPa in agreement with the line drawn in the upper
part of Fig. 23. Moreover, intense shock loading is inevitably
accompanied by high temperatures.41 Notice that even when
bombarding particles are absent, such as when irradiating
with intense uv laser pulses highly oriented pyrolytic graph-
ite, a TEM analysis of the irradiated target showed the pres-
ence of sherelike nanocrystalline diamond particles formed
when a shock wave was generated towards the bulk of the
target upon violent evaporation of a cloud of particles �atoms
and small clusters� from the molten surface layer.42 As re-
ported in Ref. 43, during shock-compression experiments,
“only small particles of diamond can be produced because of
the very short time at high temperature and pressure and the
necessity for the individual particles to be small in order to
satisfy the fast thermal quench requirement.” The formation
of diamond from graphite in meteorite impact craters was
also estimated to have occurred at peak shock pressures be-
tween 30 and 40 GPa.44 The shock-wave electrodynamic
compression of graphite in the laboratory up to similar pres-
sures leads to the formation of polycrystalline diamond
grains up to 1 �m in size.45

Can such pressure waves be generated during irradiation
experiments? As quoted in Ref. 46 the high temperature and
pressure gradients obtained under cluster impacts are compa-
rable to those obtained for meteorite-planet impacts.47 Infor-
mation can be found in the literature concerning the genera-
tion of pressure waves when high rates of electronic
excitation are created in the irradiated targets. Computer
simulation studies48–50 show that following electronic excita-
tions, a radial pressure wave moves outwards from the track
core and that this pressure pulse carries away an important
fraction of the deposited energy. Structural modifications and
phase changes can occur during this expansion process.48

More precisely, during irradiation of pure titanium with
pulsed power beams �400 keV H and C� the stress generated
by the pulse was estimated to reach 14 GPa.51 Recently, the
impact of neutral carbon clusters accelerated only at hyper-
thermal energies resulted in the development of metastable
carbyne chains embedded in a growing graphitic film, with
enough abundance to allow for reliable Raman
measurements.52 A subsequent calculation showed that the
same narrow window of average energy per particle gives
rise to carbyne chain formation during thin film deposition
and in ancient meteorite impacts on the Earth, such as the
one that resulted in Ries crater.53 The irradiation with MeV
fullerene ions (and to a smaller extent with GeV monatomic
heavy ions) certainly generates very intense outgoing recoil
pressure pulses that induce the graphite→diamond phase
change.

In the literature, one can find a small number of irradia-
tion experiments leading to generation of diamond from
graphite:

�i� The first kind of experiment concerns irradiations at
high temperatures of carbon graphitic material. When carbon
onions are heated at 700 °C and irradiated in a TEM with an
intense focused electron beam, the outer graphitic shells act
as nanoscopic pressure cells.54,55 The pressure in the onion
core can reach up to 100 GPa which allows the nucleation of
a diamond in the core. It must be noticed that the transfor-
mation is induced by the high number of individual atomic
displacements produced by the electron irradiation.

The other case concerns the transformation of carbon on-
ions into diamond following irradiation at 700 °C–1000 °C
with 3 MeV Ne ions using a very high current density.56 The
accumulation of damage generated in collision cascades
leads again to the generation of a diamond core.

For both these studies, very high irradiation fluences, cor-
responding to some 600 displacements per carbon atom are
necessary.

�ii� The second39 is an irradiation at room temperature of
graphite sheets with 350 MeV Kr ��dE /dx�e=9 keV/nm�
ions to high fluences of 6�1012 ions cm−2. Damage is now
produced in “tracks” surrounding the ion trajectories. The
irradiated samples were subjected to acid dissolution and the
residues were characterized by TEM. Nanodiamonds of an
average diameter of 7.5 nm were found, but it must be em-
phasized that in these conditions they were produced with a
very low efficiency as the measured yield is of 0.01 diamond/
ion. The conclusion of the authors is that nanodiamonds must
develop instantaneously in single ion tracks and that their
formation is a rare event. The experimental technique does
not allow to know whether these diamond crystals come
from the track cores or from ejected or sputtered material.

Considering now our own results, we were able to show
the presence of nanodiamonds after irradiation of graphite at
90 K with GeV lead ions and at room temperature with en-
ergetic fullerene ions. The nanodiamonds were found by
TEM already after irradiation at low fluences �a few
109 ions cm2 as shown in Figs. 11–13� in material ejected
from the track core or sputtered from the sample surface,
which shows that the phase change occurs in the vicinity of
each projectile path. The latent tracks have a diameter of

FIG. 23. �Color online� Pressure-temperature phase diagram of
carbon �from Ref. 40�.
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6 nm after irradiation with 30 MeV fullerene. They are crys-
talline and consist most probably of a mixture of small crys-
tals of both defective graphite and diamonds. The coexist-
ence of crystalline disordered graphitic nanodomains and of
nanocrystalline diamond particles is confirmed by Raman
spectroscopy. Such an evolution of the sample structure is a
consequence of the rapid deposition of extremely high en-
ergy densities during the irradiations. In such conditions, en-

ergy transport from the excited region can occur by shock
propagation and by a hydrodynamic expansion that causes
the ejection of material from the solid.57 The generation and
propagation of an intense shock-wave accompanied by
strong temperature increases leads to the fragmentation of
the target in small domains3 and to a phase transition to
diamond41 which is favored by the fact that diamond seems
to be the more stable phase at very small particle sizes.39
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