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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
7.3=1.5keV/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.
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[. INTRODUCTION the ion path byr electrons between the layers having effi-
ciency similar to a metal. Of particular interest is the open
Damage in highly oriented pyrolytic graphit¢iOPG,  question whether the large energy deposition in electronic
induced by ion irradiation, has been the subject of numeroustopping processes leads to track formation not only on the
studies, applying many different techniques including Ruth-surface but also in the bulk. Note that up to now, no tracks of
erford back scattering, electron spin resonance, photoelectrély kind could be found in bulk samples by means of trans-
and Raman spectroscopy, electron microscopy, and scannifigission electron microscopgyrEM), neither by phase nor by
tunneling microscopy-3 A major reason for this enormous diffraction contrast®?’
interest is the usage of graphite as a moderating and shield- In this work, our main effort focuses on imaging tracks of
ing material for nuclear reactors. various heavy ion species with MeV-GeV energies by means
HOPG crystallizes in a hexagonal, layer-type lattice. Theof STM. We present a systematic study of the creation prob-
distance of 0.335 nm between adjacent sheets is consideratility and mean size of the tracks as a function of electronic
greater than the shortest interatomic distance of 0.142 nrnergy loss, studying the original HOPG surface and in some
within a plane. The layers are held together by van der Waal§ases also deeper crystal layers.
forces, whereas the atoms within a plane have planar cova-
lent bonds. The lamellar structure gives rise to highly aniso-
tropic physical properties, e.g., high thermal conductivity
(A~30W/cmK) and semimetallic electrical conductivity = The experiments were performed using cleaved HOPG
(resistivity p~4x 10~ ° Q) cm) parallel to the layers, but poor with (0001 orientation, supplied by Union Carbide or Ad-
conductivity (\~0.06 W/cmK, p~5x10 30 cm) normal  vanced Ceramics. The samples were irradiated by defocused
to the planes. HOPG can easily be cleaved providing suNi, Zn, Xe, and U ion beams with an initial kinetic energy of
faces atomically smooth over hundreds of nanometers. Scaidd.4 MeV/u at the linear accelerat@NILAC), and with Zn
ning tunneling microscopySTM) allows imaging of such ions of 1.4 MeV/u at the high charge inject@dLl) of GSI,
surfaces with resolution of the lattice order, even in ambienDarmstadt. All irradiations were performed at room tempera-
air. ture under normal incidence up to a fluence between 1.3
In the past, many groups used STM to record nanometer< 10'* and 1.8<10%ions/cnf, and with a flux around 4
sized defects induced when exposing HOPG surfaces to vark 1% ionsfcn?s) for the Xe ions and lower for other ion
ous ion beam$.Most investigations deal with projectiles in species. At the beamline of the UNILAC, a detector with
the eV to keV energy regime where the stopping process ahree thin Al foils (total thickness 2.7um) is positioned in
the ions is dominated by elastic collisions with the targetfront of the samples in order to control the fluence during the
atoms> ™1 Only some studies have been performed withirradiation. For this purpose, the yield of secondary electrons
swift ions of several MeV per nucleoiMeV/u), which de-  from the detector is recorded and calibrated by means of a
posit their energy mainly by inelastic collisions with target Faraday cup. After passing the foils, the projectiles have
electrons, thereby causing excitation and ionizationreached equilibrium charge state when impinging on the
processe&’~2When studying track formation in HOPG, the sample surface. The applied fluence was additionally cross-
specific material properties due to the layered structure othecked by chemical track etching of simultaneously irradi-
graphite have to be taken into account. If the ion irradiationated polymer test samples. Counting the number density of
is performed perpendicular to the planes, the primarily deetched pores under a scanning electron microscope, the flu-
posited energy may be more quickly dissipated radially fromence was determined with an accuracy of 10—20 %.

II. EXPERIMENT
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TABLE I. Irradiation parameter< is the kinetic energy of the ions when entering the sample surce.
andS,, denote the electronic and nuclear energy loss, respectively, as calculated withmH&2 code. The
track diameter® and the creation yield are given for results on the original sample surface.

E2 Degrader S. (xlS(n)‘z) Range D Yield
lons (MeV) (pem) (keV/Inm) (keV/Inm) (pem) (nm) %
58N 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
Zn 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

og° 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
136y e 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
138y 2636 27.6 2.5 101.2 35
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
238y 2636 27.6 25 101.2 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

#The accuracy of the energy is 10—-20 % and mainly determined by the uncertaintiestafiheode.
bFor the irradiation at the HLI, the charge state of the ions was not in equilibrium but had a vatuEef

In most cases, aluminum degraders of different thicknessome selected cases, in the bulk by cleaving off thin layers
were placed in front of the samples in order to modify thewith an adhesive tape. During the cleavage process, the
energy and thereby the stopping power of the projectiles. Theample remained mounted on the STM holder in a slightly
projected ion range was always much smaller than thevithdrawn position. By reading theposition of the sample
sample thickness. The parameters of different irradiation exen a micrometer of the microscope, before and after cleav-
periments are presented in Table I. The values of the ioing, with the tip having contact to the sample surface, we
energy behind the degrader, the electrorsg) (and nuclear could measure the thickness of the removed layer with an
(S,) energy loss and of the range were calculated with theestimated accuracy of abottl um.

TRIM 92 cod€?® It should be emphasized, though, that this
code refers to bulk calculations of random targets and is not
capable of properly handling anisotropic materials and orien-
tation effects such as channeling. STM images of samples irradiated with U iori%.19

The irradiated samples were investigated using a homeseV) and Xe ions(482 MeV) are presented in Fig. 1 show-
built STM2°3° The tunneling tips were mechanically pre- ing stochastically distributed and well-isolated features on
pared from thin Pt/Ir wires. Their imaging quality was re- the initially flat surface. The bright areas correspond to hill-
peatedly checked on nonirradiated regions of the samecks protruding from the sample surface, whereas the dark
sample. The microscope was operated in ambient conditionshadowlike zones on the right side of each hillock are as-
using constant current mode with a bias voltage typically 25@ribed to an electronic artifact related to the scanning feed-
mV, tunneling current 1 nA, and scan rate 3 Hz. back loop of the microscopghe shadows appear on the left

Tracks were studied on the original sample surface and, igside when reversing the scanning direcjion

Ill. TRACK OBSERVATIONS
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FIG. 1. STM micrographs obtained from graphite surfaces irra-
diated with(left) 7.9x 10'*U ions/cn? (1.19 GeVf and (right) 4.3
X 10' Xe ions/cnt (482 MeV). The fast scanning was performed
along the horizontal direction.

STM images at even higher resolution are shown for the
same ion species in Fig. 2. Each of these protrusions is sur- FIG. 3. STM image of tracks induced by U ions of 108 MeV.
rounded by the undisturbed crystal with a lattice constanfhe fluence was 2 10**ions/cnf.
0.246 nm, typical of the hexagonal graphite structure. Within

the track areas, the lattice is disrupted to an extent thagtommonly interpreted topographically because a variation of
atomic resolution can no longer be obtained. tip material, tip polarity, and bias voltage did not noticeably

The geometrical shape of most of the impact regions isnfluence the STM images. It is assumed that changes of the
rather irregular. In particular for U ions, the tracks look like |ocal density of electronic states contribute only to a smaller
agglomerates of smaller damage zones. extent to the measured heigh

Our track observations are very similar for all ion species  Another interesting observation concerns the appearance
and energies except for samples that were covered duringf superstructures occasionally imposed on the regular
irradiation with a degrader of thickness @@n or larger. In  graphite lattice in the close surroundings of the protrusions.
that situation, many significantly smaller defects appearsych patterns appear for all different ion species on the origi-
sometimes as loose agglomerates, in other cases as satellitR§ surface as well as in deeper layers exposed by cleavage.
in close proximity of a larger defe¢Fig. 3). Assuming that  They have a periodicity ofy3 xv3) R (R s the interatomic
each ion produces an individual track, the scan in Fig. 3istance of 0.246 nm along tHd100] direction and are
should, for statistical reasons, contain about three ion imrotated by about 30° with respect to the underlying graphite
pacts only. Considering known discrepancies of 10—-20 % bergttice. Figure 4 gives two examples of superstructures show-
tween theTRIM code and experimental data;? we assume ing that several different orientations can coexist continu-
that this kind of damage originates from a region close to thQ)us|y merging into each other. They gradually decay from
stopping end of the ions, where elastic collisions with thethe center of the hillocks, typically within a distance of 1-3
target atoms dominate. Since unambiguous identification ofm. It should be remarked that several groups have observed
single tracks is not possible for this situation, such imageguch structures in the close surroundings of different features
were not further analyzed. such as adsorbed ators®® defects®® grain boundaried’

Our findings that energetic ions create protrusions insteagnd ion track<:2%! The patterns were ascribed to the inter-
of craters are in accordance with observations of many othgerence of incident and scattered Bloch waves of the quasi-
groups using light or heavy ions in a wide energy regimefree electrons in the graphite surface layets
between 50 eV and several GeV* These protrusions are  For a quantitative examination of the track dimensions,

the images were analyzed by drawing height profiles

FIG. 2. High-resolution STM images of a HOPG surface bom-

barded with(left) Xe ions of 1.51 GeV andright) U ions of 1.19 FIG. 4. High resolution STM images showing superstructures
GeV. The inset shows a height profile from left to right across thesurrounding the tracks of Xe ions of 1.47 Gé¥ft) and U ions of
Xe ion track next to it(scale of axes in nim 192 MeV (right).
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FIG. 5. Histograms of track diametefieft) and heightgright) AT ,mU )

of Zn (98 MeV) and U(1.16 GeV ions. 10 0 5 10 15 20 25 30
energy loss (keV/nm)

inset of Fig. 2 across severgl tens and.sometimes even up to FIG. 7. Track creation yield on the original HOPG surface
hundreds and more protrusions. The diameter was defined Ri¢rsys the electronic energy loss on a semilogarithmic scale. The
the two foot points where the vertical track contour mergeserror of ¢ is determined by the fluence uncertainty of 10—20 %.
with the horizontal baseline of the undamaged surface. Be-

cause of the irregular shape of the hillocks, height profiles
along two different directions were taken from each protru-nal surface to 2@) nm and 2.21) nm at a sample depth of

sion. In Fig. 5, diameter and height histograms are presente%found S and 4Qum, respectively.

for 98 MeV Zn and 1.16 GeV U ions. Mean values and full

widths at half maximum(FWHM) were determined by fit-

ting a Gaussian curve to each histogram. The mean height of IV. DATA ANALYSIS
the protrusion of Zn and U ions is approximately 0.5 A. Track creation yield

+0.4nm and 0.20.3nm. The respective diameters are 2 )
and 3 nm, both exhibiting a rather large dispersion of For all samples, the number density of observed protru-
FWHM ~2 nm. sionsN; compared to the applied ion fluendewas analyzed

A complete data set of the mean track diameter as a fundyStematically. On the original sample surface, the probabil-
tion of the energy loss is given in Fig. 6. The data points for'ty Of track creation, defined as yielt=N,/®, as a function

Ni. Zn. and Xe ions scatter around 2 nm whereas the diame the energy loss varies over several orders of magnitude

eters for U ions show a slight increase as a functiosaip ~ (F19: 7). A one-to-one relation has been found only for ions
to a maximum of 3.5 nm. of highest electronic energy loss which is in agreement with

21 ;
While the data described up to now were recorded on thdat@ of Bouffardetal™ for U ions of 671 MeV G
original sample surface, we also imaged tracks from deepet 27-7 keV/nm). Below an energy loss of about 18 keV/nm,

bulk layers by cleaving thin slices from crystals irradiategth€ Yield decreases significantly and reac_hes extremely small
with U ions of 2.64 GeV. In general, the tracks observed invalués around 5 keV/nm for Ni and Zn ions. It should be

these bulk layers are very similar to the features found on th80ted that the yield data of the irradiation with 2.64 GeV U
original surface. Hillocks are found on both adjacent lattice?Nd 98 MeV Zn ions was discarded due to fluence uncertain-

planes that are exposed by cleavage. The mean track diam-

eters for these samples decreased fromiL31@m at the origi- S L EL A B B
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energy loss (keV/nm) FIG. 8. Area density of tracks in the butkcompared to that on
the original surface as a function of depth in the bulk. For STM
FIG. 6. Average track diameter as a function of energy lossimaging, the interfaces were exposed by cleaving off thin layers
Tracks below 9 keV/nm are ascribed to nuclear collision processeom two different crystalgfull symbols and open symbolgradi-
(cf. data analysjs The errors correspond to one standard deviationated with U ions of 2.64 GeV. Superimposed is the electro8jg (
(errors with the size of symbols are not shown and the nuclearg,) energy loss.
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i T T T T ¥ " T " V. DISCUSSION
0 E The appearance of hillocks observed on the original
sample surface reflects the creation of defects or defect clus-
ters. For a volume expansion, we suppose that mainly inter-
stitials contribute because they lie between the lattice planes
and easily aggregate due to their high mobility parallel to the
lattice plane$®~*?According to Refs. 10 and 13, vacancies
® this work - can probably be neglected since they are located in the lattice
O refs. data planes, have a low mobility at room temperature, and cause
(‘) . ; . 1'0 : 1‘5 . 2'0 no volume increase of the crystal. Furthermore, we have to
. consider that the damage embedded in the lattice along the
electronic energy loss (keV/nm) . . . .
ion path develops interplanar stress leading to an expansion
FIG. 9. Yield normalized by nuclear cross section versus thealong thec axis towards the surface area around the impact
electronic energy loss. The open symbols correspond to data frogite. The hillocks we observe on the two adjacent lattice
Refs. 14, 17, and 22. planes of the crystalexposed by cleavagare a clear indi-

. . cation that the stress stored in the bulk relaxes to these new
ties. Some of the low-energy data was also not included be-

o Co 27 . - surfaces.
g;ause of difficulties in identifying the tracks reliatiigf. Fig. Another remarkable result are the small diameters of the

Compared to the original surface, the probability of tracktracks between 2 and 3.5 nm and heights of a fraction of a

formation is significantly reduced in deeper bulk layers. Fig-nma;ggzr?éer'e%);?fr;egultﬁ dgtrt‘ﬁ; tlfargﬁnci;rgre{ztril?ﬁ S?;hhi?;
ure 8 shows the area density of tracks in the hultivided 9 ’ grap

by that on the original surfacg, versus depth in the bulk. =2 E R B TAR A 2P0 0 DB L ST O
The decrease g#/py contrasts with the fact that the energy 9 '

loss in deeper layers is almost identical or even higher thaﬁy TEM vary f_rom 4 to about 10 nif?. Note, th(_)ugh, that all .
on the original surface. Ion-induced hillocks, reported so far, have similar small di-

mensions. Obviously, neither the ion species nor the stopping
mechanism has a strong influence on the extension of the
damage.

The yield as a function of the electronic energy loss al- Summarizing the analysis of the complete set of our track
lows us to determine a threshold for track creation on thelata, the following two findings are most remarkablé1l)
HOPG surface. In the following analysis, we ignored datathe large discrepancy of the probability of track creation on
with S.>18 keV/nm, because in this regime the yield isthe sample surface compared to bulk material, é)dthe
close to 100%. Although the stopping power of the projec-strong S, dependence of the creation yield in the regime
tiles used in our study is dominated by electronic processegetween 7 and 18 keV/nm. Both phenomena can be under-
we have to discuss possible contributions of nuclear collistood if we assume a morphology consisting of a discontinu-
sions. Using therim code?® the nuclear cross sectian, of  ous sequence of damage segments instead of a homogeneous
each ion species was calculated for the surface layer assumylinder. Due to the stochastic nature of the linear energy
ing a displacement energy of 35 &VIn Fig. 9, the experi- transfer, the critical energy density to create extensive dam-
mental yield divided byo, is shown as a function of elec- age is probably surpassed only occasionally and not along
tronic energy loss. Displayed are also yield data from othethe full length of the ion path. These fluctuations are also
groupg**" 22 where the ion beams are mainly character-reflected in the large dispersion of the hillock diametefs
ized by dominant nuclear stopping. These yield dajen Fig. 5), and have been observed for ion irradiations at energy
symbol$ normalized byo, reach maximum values around losses close to the threshdt*® The S, dependence of the
2Xx10'%cm™2 This tells us that nuclear collisions could ex- yield can be understood if we assume that the gaps between
plain the low yield for some of the high-energy ions, such agwo adjacent damage segments decrease with increasing en-
Ne ions of 215 MeV §,=0.8 keV/nm)??and in our case the ergy loss.
five data pointgNi and Zn ion$ with S, below 9 keV/nm. For Xe or lighter ions, the track size seems to be constant
For ions withS,>9 keV/nm, the yieldé,, values are much and does not depend on the electronic energy (ossFig.
higher and the observed damages can unambiguously a8). An increase is only significant for U ions above 18 keV/
cribed to electronic processes. Concentrating on electroniem, the same critical value where the track creation yield
effects, we therefore excluded ions with,<9 keV/nm, reaches a value around 100%. The phenomenon of constant
since the damage process is dominatedhy diameters has also been seen in other insulators such as

From a linear fit of the yield data between 9 and 18 keV/yttrium-iron garnet and lithium fluorid&>*for low stopping
nm, a criticalS,=7.3= 1.5 keV/nm is deduced from the in- powers. It is possibly linked to the discontinuous nature of
tersection with the abscissa. Finally, it should be emphasizethe tracks where a single defect segment needs a critical
that this threshold concerns track formation at the sampleninimum size to be stable.
surface and not in the bulk material, where the creation yield Finally, it should be mentioned that the discontinuous
is significantly reduced. damage morphology may explain why no tracks could be
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found by means of TEM?°3 Probably, discontinuous tracks ing, and/or defect mobility characteristics is given in Refs.
with diameters of 2—3 nm are extremely difficult to identify 60 and 61.
with TEM.

In order to understand the small track dimensions, we VI. CONCLUSIONS
have to consider the partly metallic character of graphite. It . . . .
is reasonable to assume that the incident ion creates a pri- '(Ij'hte 'Tl?hh rzsolutlon .OZSTI\Q hbas de_?fable(il us to_lnve?tlga_f
mary excited zone of cylindrical shape. In the crystal planesIn etail the damage nduced by ditterent Species of Swi

the energy deposited by the projectile is dissipated by thQeavy ions on the surface as well as in the bulk of HOPG. In

. . Some cases, the impact zones are surrounded by a lattice
electrons very efficiently. However, some of the energy is P y

transferred to the atoms of the lattice initiating atomic mo-ﬁﬁgser;;rcur%:rdetgﬁgﬁlS_tgj?gt;rfcgaeriﬁlr;ﬂg eg::ﬁﬁ;%gféggzé
tion which finally may result in a phase change from the 9 P

crystalline to the amorphous state. Since graphite is a mon y the defect. Compared 1o tracks in many other materials,

atomic crystal, we certainly have to consider that the disorigﬁ htli"r?dfjsin?(ra?\itice)gsl(gvgng ﬁ: ﬁ?%r:&t;gieg 3? yaﬁgrtécg i
dering of the lattice is followed in time by a rapid recrystal- y tny 9 9 ’ '

lization occurring in particular in the bulk. On the surface, nm and mean diameters between 2 and 3.3. nm

. Concerning the formation of ion tracks in graphite, the
sgch_ aprocess I1s e>_<pected to be less pronounced, becausertlt&?owing findigngs are most strikingl) Even at r?ighpest en-
binding symmetry is broken and effects such as electro

emission orSpuering may play  cucialrole, 1y [0S, ke areTomed much e o e sace er
For a better understanding of the track formation proc(_:‘S'Sélectronic éner loss rocesse% above a critical thresholdyof
some preliminary thermal spike calculations were gy P

" " .
performec®* Due to the special material properties of the 7.3-1.5keV/nm. (3) In a transition regime from 9 to 18
lamellar structure, graphite was treated as a metal. For geV/r_lm, there exists a large d|sc_repancy between the _nymber
reasonable set of relevant parameters., thermal conduc- ensity of detected tracks and ion fluence. A probability of

tivity, electron-phonon coupling constaithe model is able one is only found for energy loss above about 18 keV/nm. It

to describe our experimental threshold for track creationiS _concluded that t_racks do not cons_ist of a continuous cylin-
drical damage trail but of a discontinuous sequence of per-

However, the absolute values of the diameters are always b bed in which the lattice is dest d
a factor of 2 too large. This is surprising insofar that this roed zones, in which the fattice 1S destroyed.
model has given a rather good description of experimental
track observations for many materials, in particular for
metals>>~°° Since the thermal spike approach does not take We would like to thank L. Chadderton, K. Schwartz, and
into account recrystallization effects, the discrepancy is posM. Toulemonde for many fruitful discussions, and S. Graf-
sibly another indication that in graphite, epitaxial regrowth isstram, A. Muller, R. Spohr, and J. Vetter for help during
involved during track formation. Finally, it should be pointed irradiation experiments and at the microscope. This project
out that recrystallization is also favored for other mono-was supported by the National Science Foundation of China
atomic tetrahedrally bonded systems such as diamond, Si10075064. J.L. gratefully acknowledges the support of M.
and Ge, for which GeV heavy ions do not generate latenD. Hou and Y. F. Jin, and financial help from the CAS and
tracks. A more detailed discussion related to structural, bondrom the GSI during the stay in Germany.
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