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Tracks of swift heavy ions in graphite studied by scanning tunneling microscopy
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Tracks of energetic heavy ions on the surface and in the bulk of highly oriented pyrolytic graphite were
investigated by scanning tunneling microscopy. Ni, Zn, Xe, and U ions in the MeV to GeV energy range create
hillock-like damage zones with diameters between 2 and 3.5 nm, occasionally surrounded by oriented super-
structures. Even at highest energy loss, tracks are formed much easier on the sample surface than in the bulk.
Tracks on the original surface are generated by electronic energy loss processes above a critical threshold of
7.361.5 keV/nm. In a transition regime from 9 to 18 keV/nm, there exists a large discrepancy between the
number density of detected tracks and ion fluence. A probability of one is only found for an energy loss above
about 18 keV/nm. It is concluded that tracks do not consist of a continuous cylindrical damage trail but of a
discontinuous sequence of perturbed zones, in which the lattice is destroyed. Specific material properties and
possible recrystallization processes are discussed.

DOI: 10.1103/PhysRevB.64.184115 PACS number~s!: 81.05.Uw, 68.37.Ef, 61.80.Jh
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I. INTRODUCTION

Damage in highly oriented pyrolytic graphite~HOPG!,
induced by ion irradiation, has been the subject of numer
studies, applying many different techniques including Ru
erford back scattering, electron spin resonance, photoelec
and Raman spectroscopy, electron microscopy, and scan
tunneling microscopy.1–3 A major reason for this enormou
interest is the usage of graphite as a moderating and sh
ing material for nuclear reactors.

HOPG crystallizes in a hexagonal, layer-type lattice. T
distance of 0.335 nm between adjacent sheets is conside
greater than the shortest interatomic distance of 0.142
within a plane. The layers are held together by van der Wa
forces, whereas the atoms within a plane have planar c
lent bonds. The lamellar structure gives rise to highly ani
tropic physical properties, e.g., high thermal conductiv
(l;30 W/cm K) and semimetallic electrical conductivi
~resistivityr;431025 V cm! parallel to the layers, but poo
conductivity ~l;0.06 W/cm K, r;531023 V cm! normal
to the planes. HOPG can easily be cleaved providing
faces atomically smooth over hundreds of nanometers. S
ning tunneling microscopy~STM! allows imaging of such
surfaces with resolution of the lattice order, even in ambi
air.

In the past, many groups used STM to record nanome
sized defects induced when exposing HOPG surfaces to
ous ion beams.4 Most investigations deal with projectiles i
the eV to keV energy regime where the stopping proces
the ions is dominated by elastic collisions with the targ
atoms.5–19 Only some studies have been performed w
swift ions of several MeV per nucleon~MeV/u!, which de-
posit their energy mainly by inelastic collisions with targ
electrons, thereby causing excitation and ionizat
processes.20–25When studying track formation in HOPG, th
specific material properties due to the layered structure
graphite have to be taken into account. If the ion irradiat
is performed perpendicular to the planes, the primarily
posited energy may be more quickly dissipated radially fr
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the ion path byp electrons between the layers having ef
ciency similar to a metal. Of particular interest is the op
question whether the large energy deposition in electro
stopping processes leads to track formation not only on
surface but also in the bulk. Note that up to now, no tracks
any kind could be found in bulk samples by means of tra
mission electron microscopy~TEM!, neither by phase nor by
diffraction contrast.26,27

In this work, our main effort focuses on imaging tracks
various heavy ion species with MeV-GeV energies by me
of STM. We present a systematic study of the creation pr
ability and mean size of the tracks as a function of electro
energy loss, studying the original HOPG surface and in so
cases also deeper crystal layers.

II. EXPERIMENT

The experiments were performed using cleaved HO
with ~0001! orientation, supplied by Union Carbide or Ad
vanced Ceramics. The samples were irradiated by defocu
Ni, Zn, Xe, and U ion beams with an initial kinetic energy
11.4 MeV/u at the linear accelerator~UNILAC !, and with Zn
ions of 1.4 MeV/u at the high charge injector~HLI ! of GSI,
Darmstadt. All irradiations were performed at room tempe
ture under normal incidence up to a fluence between
31011 and 1.831012 ions/cm2, and with a flux around 4
3108 ions/~cm2 s! for the Xe ions and lower for other ion
species. At the beamline of the UNILAC, a detector w
three thin Al foils ~total thickness 2.7mm! is positioned in
front of the samples in order to control the fluence during
irradiation. For this purpose, the yield of secondary electr
from the detector is recorded and calibrated by means
Faraday cup. After passing the foils, the projectiles ha
reached equilibrium charge state when impinging on
sample surface. The applied fluence was additionally cro
checked by chemical track etching of simultaneously irra
ated polymer test samples. Counting the number densit
etched pores under a scanning electron microscope, the
ence was determined with an accuracy of 10–20 %.
©2001 The American Physical Society15-1
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TABLE I. Irradiation parameters.E is the kinetic energy of the ions when entering the sample surfaceSe

andSn denote the electronic and nuclear energy loss, respectively, as calculated with theTRIM 92 code. The
track diametersD and the creation yield are given for results on the original sample surface.

Ions
Ea

~MeV!
Degrader

~mm!
Se

~keV/nm!

Sn

(31022)
~keV/nm!

Range
~mm!

D
~nm!

Yield
%

58Ni 651 5.1 0.3 97.6
600 10.0 5.3 0.3 87.8 0.6
504 28.0 5.8 0.3 70.4 1.3
298 61.3 7.2 0.5 38.2 2.2 2.2
113 85.5 9.2 1.3 15.3 2.2 12.7

70Zn 783 5.7 0.3 106.8 2.1 0.3
356 66.5 7.9 0.6 42.7 2.2 2.3
197 86.0 9.3 1.0 23.8 2.3 11.8
109 95.6 10.0 1.7 14.7
98b 10.0 1.8 13.6 2.1

132Xe 1469 13.8 0.9 93.7 2.3 15.3
789 46.7 16.5 1.6 48.3 2.5 39.1
482 65.4 17.8 2.5 30.5 2.5 60.0

136Xe 1514 13.8 0.9 96.6 1.9 17.9
475 68.7 17.8 2.5 30.2 2.1 55.8
300 79.1 17.8 3.8 20.4 2.4 84.2

138U 2636 27.6 2.5 101.2 3.5
1159 52.9 29.7 5.1 50.0 3.1 110.0
192 90.9 20.4 22.0 14.5 2.8
108 96.0 16.3 35.0 10.0

238U 2636 27.6 2.5 101.2 3.0
1190 51.8 29.7 5.0 51.1 3.0 99.2
534 75.8 27.1 9.7 28.4 3.3 72.3
326 84.4 24.4 15.6 20.4 3.0 80.5

aThe accuracy of the energy is 10–20 % and mainly determined by the uncertainties of theTRIM code.
bFor the irradiation at the HLI, the charge state of the ions was not in equilibrium but had a value of110e.
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In most cases, aluminum degraders of different thickn
were placed in front of the samples in order to modify t
energy and thereby the stopping power of the projectiles.
projected ion range was always much smaller than
sample thickness. The parameters of different irradiation
periments are presented in Table I. The values of the
energy behind the degrader, the electronic (Se) and nuclear
(Sn) energy loss and of the range were calculated with
TRIM 92 code.28 It should be emphasized, though, that th
code refers to bulk calculations of random targets and is
capable of properly handling anisotropic materials and ori
tation effects such as channeling.

The irradiated samples were investigated using a ho
built STM.29,30 The tunneling tips were mechanically pr
pared from thin Pt/Ir wires. Their imaging quality was r
peatedly checked on nonirradiated regions of the sa
sample. The microscope was operated in ambient conditi
using constant current mode with a bias voltage typically 2
mV, tunneling current 1 nA, and scan rate 3 Hz.

Tracks were studied on the original sample surface and
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some selected cases, in the bulk by cleaving off thin lay
with an adhesive tape. During the cleavage process,
sample remained mounted on the STM holder in a sligh
withdrawn position. By reading thez position of the sample
on a micrometer of the microscope, before and after cle
ing, with the tip having contact to the sample surface,
could measure the thickness of the removed layer with
estimated accuracy of about61 mm.

III. TRACK OBSERVATIONS

STM images of samples irradiated with U ions~1.19
GeV! and Xe ions~482 MeV! are presented in Fig. 1 show
ing stochastically distributed and well-isolated features
the initially flat surface. The bright areas correspond to h
ocks protruding from the sample surface, whereas the d
shadowlike zones on the right side of each hillock are
cribed to an electronic artifact related to the scanning fe
back loop of the microscope~the shadows appear on the le
side when reversing the scanning direction!.
5-2
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STM images at even higher resolution are shown for
same ion species in Fig. 2. Each of these protrusions is
rounded by the undisturbed crystal with a lattice const
0.246 nm, typical of the hexagonal graphite structure. Wit
the track areas, the lattice is disrupted to an extent
atomic resolution can no longer be obtained.

The geometrical shape of most of the impact regions
rather irregular. In particular for U ions, the tracks look lik
agglomerates of smaller damage zones.

Our track observations are very similar for all ion spec
and energies except for samples that were covered du
irradiation with a degrader of thickness 90mm or larger. In
that situation, many significantly smaller defects appe
sometimes as loose agglomerates, in other cases as sat
in close proximity of a larger defect~Fig. 3!. Assuming that
each ion produces an individual track, the scan in Fig
should, for statistical reasons, contain about three ion
pacts only. Considering known discrepancies of 10–20 %
tween theTRIM code and experimental data,31,32 we assume
that this kind of damage originates from a region close to
stopping end of the ions, where elastic collisions with t
target atoms dominate. Since unambiguous identification
single tracks is not possible for this situation, such ima
were not further analyzed.

Our findings that energetic ions create protrusions inst
of craters are in accordance with observations of many o
groups using light or heavy ions in a wide energy regi
between 50 eV and several GeV.5–24 These protrusions ar

FIG. 1. STM micrographs obtained from graphite surfaces ir
diated with~left! 7.931011 U ions/cm2 ~1.19 GeV! and ~right! 4.3
31011 Xe ions/cm2 ~482 MeV!. The fast scanning was performe
along the horizontal direction.

FIG. 2. High-resolution STM images of a HOPG surface bo
barded with~left! Xe ions of 1.51 GeV and~right! U ions of 1.19
GeV. The inset shows a height profile from left to right across
Xe ion track next to it~scale of axes in nm!.
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commonly interpreted topographically because a variation
tip material, tip polarity, and bias voltage did not noticeab
influence the STM images. It is assumed that changes of
local density of electronic states contribute only to a sma
extent to the measured height.7,13

Another interesting observation concerns the appeara
of superstructures occasionally imposed on the reg
graphite lattice in the close surroundings of the protrusio
Such patterns appear for all different ion species on the or
nal surface as well as in deeper layers exposed by cleav
They have a periodicity of ()3)) R ~R is the interatomic
distance of 0.246 nm along the@1100# direction! and are
rotated by about 30° with respect to the underlying graph
lattice. Figure 4 gives two examples of superstructures sh
ing that several different orientations can coexist contin
ously merging into each other. They gradually decay fro
the center of the hillocks, typically within a distance of 1–
nm. It should be remarked that several groups have obse
such structures in the close surroundings of different featu
such as adsorbed atoms,33–35 defects,36 grain boundaries,37

and ion tracks.7,9,21 The patterns were ascribed to the inte
ference of incident and scattered Bloch waves of the qu
free electrons in the graphite surface layer.33,38

For a quantitative examination of the track dimensio
the images were analyzed by drawing height profiles~cf.

-

-

e

FIG. 3. STM image of tracks induced by U ions of 108 Me
The fluence was 231011 ions/cm2.

FIG. 4. High resolution STM images showing superstructu
surrounding the tracks of Xe ions of 1.47 GeV~left! and U ions of
192 MeV ~right!.
5-3
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inset of Fig. 2! across several tens and sometimes even u
hundreds and more protrusions. The diameter was define
the two foot points where the vertical track contour merg
with the horizontal baseline of the undamaged surface.
cause of the irregular shape of the hillocks, height profi
along two different directions were taken from each prot
sion. In Fig. 5, diameter and height histograms are prese
for 98 MeV Zn and 1.16 GeV U ions. Mean values and f
widths at half maximum~FWHM! were determined by fit-
ting a Gaussian curve to each histogram. The mean heig
the protrusion of Zn and U ions is approximately 0
60.4 nm and 0.760.3 nm. The respective diameters are
and 3 nm, both exhibiting a rather large dispersion
FWHM ;2 nm.

A complete data set of the mean track diameter as a fu
tion of the energy loss is given in Fig. 6. The data points
Ni, Zn, and Xe ions scatter around 2 nm whereas the di
eters for U ions show a slight increase as a function ofSe up
to a maximum of 3.5 nm.

While the data described up to now were recorded on
original sample surface, we also imaged tracks from dee
bulk layers by cleaving thin slices from crystals irradiat
with U ions of 2.64 GeV. In general, the tracks observed
these bulk layers are very similar to the features found on
original surface. Hillocks are found on both adjacent latt
planes that are exposed by cleavage. The mean track d
eters for these samples decreased from 3.0~1! nm at the origi-

FIG. 5. Histograms of track diameters~left! and heights~right!
of Zn ~98 MeV! and U ~1.16 GeV! ions.

FIG. 6. Average track diameter as a function of energy lo
Tracks below 9 keV/nm are ascribed to nuclear collision proces
~cf. data analysis!. The errors correspond to one standard deviat
~errors with the size of symbols are not shown!.
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nal surface to 2.6~1! nm and 2.2~1! nm at a sample depth o
around 5 and 40mm, respectively.

IV. DATA ANALYSIS

A. Track creation yield

For all samples, the number density of observed pro
sionsNt compared to the applied ion fluenceF was analyzed
systematically. On the original sample surface, the proba
ity of track creation, defined as yieldj5Nt /F, as a function
of the energy loss varies over several orders of magnit
~Fig. 7!. A one-to-one relation has been found only for io
of highest electronic energy loss which is in agreement w
data of Bouffard et al.21 for U ions of 671 MeV (Se
527.7 keV/nm). Below an energy loss of about 18 keV/n
the yield decreases significantly and reaches extremely s
values around 5 keV/nm for Ni and Zn ions. It should
noted that the yield data of the irradiation with 2.64 GeV
and 98 MeV Zn ions was discarded due to fluence uncert

FIG. 8. Area density of tracks in the bulkr compared to that on
the original surfacer0 as a function of depth in the bulk. For STM
imaging, the interfaces were exposed by cleaving off thin lay
from two different crystals~full symbols and open symbols! irradi-
ated with U ions of 2.64 GeV. Superimposed is the electronic (Se)
and the nuclear (Sn) energy loss.

.
es
n

FIG. 7. Track creation yieldj on the original HOPG surface
versus the electronic energy loss on a semilogarithmic scale.
error of j is determined by the fluence uncertainty of 10–20 %.
5-4
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ties. Some of the low-energy data was also not included
cause of difficulties in identifying the tracks reliably~cf. Fig.
3!.

Compared to the original surface, the probability of tra
formation is significantly reduced in deeper bulk layers. F
ure 8 shows the area density of tracks in the bulkr divided
by that on the original surfacer0 versus depth in the bulk
The decrease ofr/r0 contrasts with the fact that the energ
loss in deeper layers is almost identical or even higher t
on the original surface.

B. Surface track formation threshold

The yield as a function of the electronic energy loss
lows us to determine a threshold for track creation on
HOPG surface. In the following analysis, we ignored d
with Se.18 keV/nm, because in this regime the yield
close to 100%. Although the stopping power of the proje
tiles used in our study is dominated by electronic proces
we have to discuss possible contributions of nuclear co
sions. Using theTRIM code,28 the nuclear cross sectionsn of
each ion species was calculated for the surface layer as
ing a displacement energy of 35 eV.39 In Fig. 9, the experi-
mental yield divided bysn is shown as a function of elec
tronic energy loss. Displayed are also yield data from ot
groups14,17,21,22where the ion beams are mainly charact
ized by dominant nuclear stopping. These yield data~open
symbols! normalized bysn reach maximum values aroun
231016cm22. This tells us that nuclear collisions could e
plain the low yield for some of the high-energy ions, such
Ne ions of 215 MeV (Se50.8 keV/nm),22 and in our case the
five data points~Ni and Zn ions! with Se below 9 keV/nm.
For ions withSe.9 keV/nm, the yield/sn values are much
higher and the observed damages can unambiguously
cribed to electronic processes. Concentrating on electr
effects, we therefore excluded ions withSe<9 keV/nm,
since the damage process is dominated bySn .

From a linear fit of the yield data between 9 and 18 ke
nm, a criticalSe57.361.5 keV/nm is deduced from the in
tersection with the abscissa. Finally, it should be emphas
that this threshold concerns track formation at the sam
surface and not in the bulk material, where the creation y
is significantly reduced.

FIG. 9. Yield normalized by nuclear cross section versus
electronic energy loss. The open symbols correspond to data
Refs. 14, 17, and 22.
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V. DISCUSSION

The appearance of hillocks observed on the origi
sample surface reflects the creation of defects or defect c
ters. For a volume expansion, we suppose that mainly in
stitials contribute because they lie between the lattice pla
and easily aggregate due to their high mobility parallel to
lattice planes.40–42According to Refs. 10 and 13, vacancie
can probably be neglected since they are located in the la
planes, have a low mobility at room temperature, and ca
no volume increase of the crystal. Furthermore, we have
consider that the damage embedded in the lattice along
ion path develops interplanar stress leading to an expan
along thec axis towards the surface area around the imp
site. The hillocks we observe on the two adjacent latt
planes of the crystal~exposed by cleavage! are a clear indi-
cation that the stress stored in the bulk relaxes to these
surfaces.

Another remarkable result are the small diameters of
tracks between 2 and 3.5 nm and heights of a fraction o
nanometer. Compared to other lamellar crystals, such
mica and germanium sulfide, the track diameters in grap
are smaller by more than a factor of 2. For the energy l
regime considered here, track diameters in mica as meas
by TEM vary from 4 to about 10 nm.43 Note, though, that all
ion-induced hillocks, reported so far, have similar small
mensions. Obviously, neither the ion species nor the stopp
mechanism has a strong influence on the extension of
damage.

Summarizing the analysis of the complete set of our tra
data, the following two findings are most remarkable:~1!
the large discrepancy of the probability of track creation
the sample surface compared to bulk material, and~2! the
strong Se dependence of the creation yield in the regim
between 7 and 18 keV/nm. Both phenomena can be un
stood if we assume a morphology consisting of a disconti
ous sequence of damage segments instead of a homoge
cylinder. Due to the stochastic nature of the linear ene
transfer, the critical energy density to create extensive d
age is probably surpassed only occasionally and not al
the full length of the ion path. These fluctuations are a
reflected in the large dispersion of the hillock diameters~cf.
Fig. 5!, and have been observed for ion irradiations at ene
losses close to the threshold.44–49 The Se dependence of the
yield can be understood if we assume that the gaps betw
two adjacent damage segments decrease with increasin
ergy loss.

For Xe or lighter ions, the track size seems to be cons
and does not depend on the electronic energy loss~cf. Fig.
6!. An increase is only significant for U ions above 18 ke
nm, the same critical value where the track creation yi
reaches a value around 100%. The phenomenon of con
diameters has also been seen in other insulators suc
yttrium-iron garnet and lithium fluoride50,51 for low stopping
powers. It is possibly linked to the discontinuous nature
the tracks where a single defect segment needs a cri
minimum size to be stable.

Finally, it should be mentioned that the discontinuo
damage morphology may explain why no tracks could

e
m
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found by means of TEM.52,53 Probably, discontinuous track
with diameters of 2–3 nm are extremely difficult to identi
with TEM.

In order to understand the small track dimensions,
have to consider the partly metallic character of graphite
is reasonable to assume that the incident ion creates a
mary excited zone of cylindrical shape. In the crystal plan
the energy deposited by the projectile is dissipated by
electrons very efficiently. However, some of the energy
transferred to the atoms of the lattice initiating atomic m
tion which finally may result in a phase change from t
crystalline to the amorphous state. Since graphite is a mo
atomic crystal, we certainly have to consider that the dis
dering of the lattice is followed in time by a rapid recrysta
lization occurring in particular in the bulk. On the surfac
such a process is expected to be less pronounced, becau
binding symmetry is broken and effects such as elect
emission or sputtering may play a crucial role.

For a better understanding of the track formation proce
some preliminary thermal spike calculations we
performed.54 Due to the special material properties of th
lamellar structure, graphite was treated as a metal. Fo
reasonable set of relevant parameters~e.g., thermal conduc-
tivity, electron-phonon coupling constant!, the model is able
to describe our experimental threshold for track creati
However, the absolute values of the diameters are alway
a factor of 2 too large. This is surprising insofar that th
model has given a rather good description of experime
track observations for many materials, in particular f
metals.55–59 Since the thermal spike approach does not ta
into account recrystallization effects, the discrepancy is p
sibly another indication that in graphite, epitaxial regrowth
involved during track formation. Finally, it should be pointe
out that recrystallization is also favored for other mon
atomic tetrahedrally bonded systems such as diamond
and Ge, for which GeV heavy ions do not generate lat
tracks. A more detailed discussion related to structural, bo
n

f

h
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ing, and/or defect mobility characteristics is given in Re
60 and 61.

VI. CONCLUSIONS

The high resolution of STM has enabled us to investig
in detail the damage induced by different species of sw
heavy ions on the surface as well as in the bulk of HOPG
some cases, the impact zones are surrounded by a la
superstructure consisting of parallel and equidistant stra
lines ascribed to long-distance electronic perturbation cau
by the defect. Compared to tracks in many other materi
the hillocks created in HOPG are characterized by part
larly tiny dimensions~average height between 0.3 and 0
nm and mean diameters between 2 and 3.5 nm!.

Concerning the formation of ion tracks in graphite, t
following findings are most striking.~1! Even at highest en
ergy loss, tracks are formed much easier on the surface
in the bulk.~2! Tracks on the original surface are created
electronic energy loss processes above a critical thresho
7.361.5 keV/nm. ~3! In a transition regime from 9 to 18
keV/nm, there exists a large discrepancy between the num
density of detected tracks and ion fluence. A probability
one is only found for energy loss above about 18 keV/nm
is concluded that tracks do not consist of a continuous cy
drical damage trail but of a discontinuous sequence of p
turbed zones, in which the lattice is destroyed.
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