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Abstract

Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) were used to investigate the surface of

highly oriented pyrolytic graphite (HOPG) irradiated with 209 MeV Kr or 830 MeV U ions. The density of hillocks

found on samples irradiated by Kr and U ions indicates synergism of electronic and nuclear stopping processes. Carbon

nanotubes (CNTs) were found on all of the investigated samples, STM images show an atomic arrangement identical

with that of graphite. AFM revealed sputtering craters from which emerge CNTs, the vibration of some CNTs was

observed. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) are a new allotrope
member of the fullerene family [1]. Iijima [2] dis-
covered these objects in 1991 by electron micros-
copy in electric arc soot. A single wall CNT is
constituted of one atomic sheet with a graphite-
like arrangement of C atoms ± called graphene
sheet ± rolled into a cylinder. Tube diameters are

in the 1 nm range. Multi-wall CNTs are built of
several coaxial layers of graphene cylinders with
an interlayer spacing of 0.34 nm. External diame-
ters are of several tens to hundreds of nm. Re-
markable electronic and mechanical properties put
CNTs in the focus of recent research. Most im-
portant theoretical and experimental results have
been summarized in Refs. [3,4]. CNTs may have
metallic or semiconducting behavior depending on
the way the graphene is rolled to form the tube.
Recent papers report good agreement between
theoretical gap values and STS measurements on
single wall CNTs [5,6].
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Three methods are widely used for the pro-
duction of CNTs: the electric arc method [7], the
laser ablation method [8], and variations of the
catalytic method [9]. Although the growth mech-
anism of the CNTs is not yet clear, in all three
methods an atmosphere of excited carbon atoms is
produced, from which the condensation of CNTs
takes place.

The production of CNTs by 1018 cmÿ2, 3 keV
Ar ion irradiation of amorphous carbon was re-
ported [10]. Recently, we reported the observation
of CNTs on HOPG irradiated with low dose, high
energy (E>100 MeV) Ne, Kr, and Xe ions [11]. In
the present paper, we report results for HOPG
targets irradiated with 830 MeV U ions and we
compare these results with those obtained with 209
MeV Kr ions.

2. Experimental results and discussions

Freshly cleaved HOPG was irradiated under
normal incidence with 1012 cmÿ2 209 MeV Kr, or
with 1012 cmÿ2 830 MeV U ions. Sample evalua-
tion was done in air by STM and tapping mode
(TM) AFM. Mechanically prepared Pt±Ir STM
tips, and etched single crystalline Si AFM tips
were used.

The most frequently found features were the
well-known hillocks [12], attributed to nuclear
stopping e�ects. The relative densities of hillocks,
i.e., the ratio of the surface density of hillocks to
the ion dose was of the order of 10ÿ2 for Kr and
0.5 for U irradiation. The ratios of stopping
powers at the incidence energy are Rn� [(dE/
dx)n

U]/[(dE/dx)n
Kr]� 4.23 and Re� [(dE/dx)e

U]/
[(dE/dx)e

Kr]� 2.47. Velocities of the two incoming
ions are vU� 2.5´107 m/s, and vKr� 2.1´107 m/s.
Rn shows that the di�erence of nuclear stopping
powers by itself cannot explain the di�erence in
relative densities of the hillocks. Therefore, some
synergistic interaction of the electronic and nuclear
stopping powers has to be involved. An STM
image which supports this idea is shown in Fig. 1.
The two straight, linear features which make an
angle of 1.5o are attributed to a high energy,
knocked on target particle moving one atomic
plane below the surface. In the region where the

two straight lines would come to crossing a large
area defect with irregular shape is seen. The height
of the linear feature as measured in the section
labeled 1 is 3.4 �A, while the depth of the defect
measured in section 2 is 3.4 �A, i.e., one atomic
layer is missing. The change in the direction of the
trajectory and the large area, irregular surface
defect, both indicate nuclear collision. A simple,
binary collision with a target atom hardly could
generate such an extended defect. The straight
linear features before and after the collision indi-
cate the dominance of electronic stopping. The size
of the defect may be explained by a synergistic
interaction of the electronic and nuclear stopping
mechanisms. Results indicating synergism of the
two stopping mechanisms in defect production
have been reported earlier [13±15].

CNTs were observed both on the samples ir-
radiated with Kr or U ions. In Fig. 2, an individual
CNT is seen on Kr-irradiated HOPG, which
crosses a 3 atomic layer high step. The apparent
height of the CNT is 4 �A. This is an underesti-
mated value due to di�erences in the electronic
structure of the CNT and that of HOPG [16]. On
the samples irradiated with U ions, several bundles
of CNTs were found, like the ones shown in Fig. 3.

Fig. 1. Constant current STM image of HOPG irradiated with

830 MeV U ions, the gray scale corresponds to a vertical height

of 11.7 �A. The two, white linear features from the upper left to

the lower right corner are tracks of a high energy particle.
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In some cases atomic resolution was achieved on
CNTs in the bundle, Fig. 4. The three axes along
which periodic arrangement of the maxima is
found are marked by white lines in the image.
Along the line labeled A, a periodicity of 2.43 �A is
measured between the topmost maxima of the line
cut, in good agreement with the periodicity of
HOPG and of CNTs [16].

TM AFM investigation of samples irradiated
with Kr or Xe ions evidenced craters with typical
diameters in the lm range and depths of some tens
of nm [11]. Similar features were found on the
HOPG targets irradiated with U ions. Frequently,
from these craters emerge one or several multi-wall
CNTs with lengths of the order of 10 lm. We at-
tribute the craters to extensive surface sputtering
produced by dense nuclear cascades which prop-
agate from the bulk towards the irradiated surface,
similarly to those on muscovite mica reported
earlier [14] (Fig. 4 in Ref. [14]). The ratio of the

surface density of the craters observed on HOPG
to the Kr dose used is 10ÿ7; 5% of the material
missing from the crater is present as CNTs [11].

When scanned by the TM AFM, some CNTs
which cross elevated surface features, like the one
in Fig. 5, show a regular vibration pattern. In Fig.
5, the CNT crosses a surface fold, which was
produced during the cleavage of the sample. The
shape of the object identi®ed with a CNT climbing
and descending the fold, clearly shows that the
object is di�erent from that kind of surface mod-
i®cation which is produced along the trajectory of
an energetic particle, see Fig. 1. A CNT like in Fig.
5 can grow in the expanding cloud of C atoms and
clusters sputtered from the crater [11]. After the
quick growth stage, the CNT collapses onto the
surface of the target. There, additional growth
may take place due to the incorporation of low
energy C atoms di�using on the surface, which

Fig. 4. Atomic resolution STM image on a CNT from the

bundle in Fig. 3; the grey scale corresponds to 6.8 �A. The white

lines indicate the axes along which the periodic arrangement of

tunneling maxima is found. The line cut along line A is shown

on the right side.

Fig. 5. Tapping mode AFM image of a vibrating CNT crossing

a surface fold on HOPG irradiated with 209 MeV Kr ions.

Fig. 3. STM image of crossing bundles of CNTs on HOPG

irradiated with 830 MeV U ions, the grey scale corresponds to

15.1 �A. The diameters of the CNTs are in the 10 �A range.

Fig. 2. Constant current STM image of HOPG irradiated with

209 MeV Kr ions. A CNT is crossing a cleavage step of 3

atomic layers height. The grey scale corresponds to 27 �A. The

line cut taken along the white line in (a) is shown in (b).
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were generated in those nuclear collisions which
are responsible for the production of hillocks.

3. Conclusions

The surface density of hillocks as measured by
STM on graphite targets irradiated with 209 MeV
Kr or 830 MeV U ions indicates a synergistic in-
teraction of electronic and nuclear stopping mech-
anisms. STM images of large area surface defects in
association with linear features produced by elec-
tronic stopping e�ects come to support this idea.

CNTs were found on the samples irradiated
with Kr, or U ions. Kr irradiation yielded only
individual CNTs, while in the case of U irradiation
bundles of CNTs were found, too. Atomic reso-
lution was achieved on some of the CNTs in the
bundles. A similar atomic arrangement as for
graphite, or CNTs produced by other procedures
was found.

AFM revealed sputtering craters on the irradi-
ated surface of the targets, frequently, from these
craters emerge CNTs. Those CNTs which cross
elevated surface features, like folds, or cleavage
steps, frequently vibrate when scanned by the
AFM tip.
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