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ABSTRACT

Understanding the behaviour of the graphite under extreme conditions is very important for its use
in applications related to the nuclear technology. In this work, we used atomic force microscopy,
scanning tunnelling microscopy, and Raman spectroscopy to study the graphite response to high-
energy heavy ions irradiation. On the surface, we found ion tracks after grazing incidence ion
irradiation by 23 MeV |, which makes the graphite surface susceptible to this type of irradiation.
Within the bulk, no tracks have been found after normal incidence irradiation. However, we show
that electronic energy loss plays a role in defect recovery, making graphite below the surface even
more stable to the high-energy heavy ion irradiation.
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1. Introduction

Due to its stability at extremely high temperatures, graphite is often used in nuclear reactors as
moderator and reflector of neutrons. The physical and structural changes that occur in graphite
stem from the crystal lattice damage due to impact of fast neutrons and the associated recoil
cascades. Therefore, understanding its radiation hardness (i.e., its stability under neutron and ion
irradiation) is paramount to the safe use of graphite. Highly oriented pyrolytic graphite (HOPG) is
a synthetic form of graphite of the highest quality, with a mosaic spread less than one degree. Its
flat surface is suitable for analysis by scanning tunnelling microscopy (STM) and atomic force
microscopy (AFM). Therefore, it has been used in many ion irradiation experiments for atomic-
scale investigations of the ion impact sites [1].

lon irradiation, nowadays widely available at ion accelerator facilities, is often used in
radiation hardness studies as a tool to simulate neutron irradiation. This approach has many
advantages, such as the relatively short beamtimes required to achieve high damage levels, and
absence of radioactive material generation in case of irradiations with energies below Coulomb
barrier [2]. Also, easily tuned ion beam parameters like ion type, energy and fluence, should be
mentioned as advantages of this versatile approach [3-5]. However, the correlation between the
effects of ion and neutron irradiation and resulting damage is not straightforward. In the case of
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graphite, this is even more complicated by its unusual response to high-energy heavy ion
irradiation.

The impact of low energy ions into the material results in generation of recoil cascades
when elastic collisions with atomic nuclei result in damage formation after the atoms have come
to rest in non-ideal positions (i.e. interstitial positions). At high ion energies, typically tens of MeV
and above, these elastic collisions with nuclei occur less frequently , and slowing down of the
incident ion within the material is almost exclusively caused by numerous inelastic collisions with
electrons. In these two cases, the energy loss of the ion is called nuclear energy loss dEn/dx and
electronic energy loss dEe/dx, respectively. The exact mechanism of the damage formation in high-
energy case is still under debate. The most commonly invoked model is the thermal spike model
[6-9], which envisages melting of the material along the ion trajectory because electron-phonon
coupling transfers sufficient amount of energy from electron into the phonon system within a few
picoseconds after the ion passage. After rapid cooling, permanent damage remains, referred to as
an ion track, although in some materials recrystallization (sometimes referred to as projectile
assisted prompt annealing (PAPA) [10]) makes ion tracks both smaller and more difficult to
produce [11-14].

Materials containing defects (for example due to pre-irradiation by low-energy ions) are
known to exhibit diverse response to high-energy heavy ion irradiation. In the case of SrTiOs,
damage present within the material makes it more susceptible to the ion track formation, probably
due to increased electron-phonon coupling [15]. Even more surprising is that the recrystallization
driven by the thermal spike can effectively erase defects in certain materials such as SiC [16,17]
and Si [18]. This effect is known as swift heavy ion beam induced epitaxial crystallisation
(SHIBIEC). We note that both SiC and Si are materials in which no ion tracks were found
[10,19,20], unless cluster ion irradiation was used [21,22]. Clearly, recrystallization can play
important role in both ion track formation and in SHIBIEC.

At the surface, recrystallization that occurs in later stages of ion track formation can be
inhibited. This makes grazing incidence high-energy heavy ion irradiation a very promising tool
for surface nanopatterning [23,24] because ion tracks can be formed much more easily. The
unique, chain-like ion track morphology is due to localized melting when high-energy heavy ion
intersects the crystal planes and encounters high electron density (which in turn transiently
increases electronic energy loss) [25,26]. Previously, we have demonstrated this at high energies
(~10 MeV) for various materials such as SrTiOz and TiO2 [27], GaN [28], Al203 and MgO [29,30]
and graphene [31]. At even higher energies (~100 MeV), ion tracks were also found on SiC
surfaces [32].

Early transmission electron microscopy (TEM) investigations of graphite irradiated with
very high-energy heavy ions (850 MeV Pb and 850 MeV U) showed no ion tracks [33]. This
surprising result was explained by the mechanism of prompt recrystallization (PAPA) [10,34].
However, some material modification did take place because unirradiated samples were stable
under the electron beam in TEM while irradiated samples underwent some changes (formation of
carbon onions), indicating the presence of an undetected heavy ion irradiation-induced disorder at
the atomic scale [33]. This result is similar to the case of silicon, another monoelemental target



where strong recrystallization is expected to hinder the ion track formation [20]. Later it was found
that fullerene cluster irradiation at 20-30 MeV produced ion tracks in graphite [35]. Additionally,
ion tracks were found after 850 MeV Pb irradiation at cryogenic temperature (90 K) [35] and also
at the highest available ion energies (2.6 GeV U) under ambient conditions [36]. To accommodate
these results within thermal spike models, non-standard model parameters had to be used [6-8].

Several STM and AFM studies found distinct topographical features formed on HOPG
surfaces after high-energy heavy ion irradiation, i.e., when electronic energy loss dominates
nuclear energy loss [37-46]. As discussed above, it is not unexpected to find ion tracks at the
surface when ion tracks are absent in the bulk. However, somewhat puzzling was the finding that
ion tracks did form roughly 5 um in depth, as detected by means of STM, after the irradiated
HOPG sample was cleaved [38]. Also, at lower ion energies, when the electronic and nuclear
energy losses are of similar magnitude, surface protrusions were found after irradiation with 3
MeV Au [47] and 4.5 MeV Au [48]. In the follow-up study, different ion types (Si, Cu, As, Sr,
Ag, Au) accelerated to the same energy of 3.1 MeV were used for HOPG irradiation [49]. Using
STM, it was found that the probabilities of surface protrusion production (i.e. ratio of areal density
of surface protrusions and applied ion fluence) scale well with nuclear energy loss, indicating that
protrusions cannot be assigned to ion tracks. This is in contrast to the work of Liu et al. [42], where
probabilities for production of surface protrusions scale with electronic energy loss above the
threshold value of dEe/dx = 7.5 £ 1.5 keV/nm, providing strong evidence of surface ion tracks.

We note that the topographic character of the protrusions should be carefully determined.
Even when operating in the constant current mode, STM images electron density of states and thus
acquired information might not be topographical. Although it is not possible to achieve the same
lateral resolution as in STM, AFM can provide evidence of topography when working in the
tapping mode. Contact mode is less desirable because modified structure at the place of the ion
impact can give rise to the increased friction between the AFM tip and the surface [50] which can
lead to false height information. However, this is rather easy to establish because in that case the
topography of the protrusion changes when the direction of the AFM tip is reversed [47].

Long ion tracks on HOPG surfaces were found by both STM and AFM after grazing
incidence irradiations using very high-energy heavy ions [44,51]. Reported track size and the
probability of their formation were larger by a factor of two when compared to tracks found after
normal incidence irradiation [44]. The V3x\3 R30° superstructures sometimes seen were not found
around ion tracks in the high-resolution STM images. More recently, we reported well-developed
ion tracks observed by AFM in tapping mode after irradiation with 23 MeV | beam at grazing
incidence [18]. According to the SRIM code [52], the electronic energy loss dEe/dx = 6.7 keV/nm
of the ion beam used is below the reported threshold [42]. As mentioned above, this may be due
to supressed recrystallization at the surface, although the “velocity effect” may also play a role [7].

Graphite irradiated with heavy ions has also been studied extensively by Raman
spectroscopy (RS), both after high-energy [18,46,53-60] and low-energy irradiations [61-63].
Disorder kinetics can be monitored from the behaviour of the D band, but care must be taken in
the case of low-energy heavy ion irradiation when the range of ions in graphite is less than optical
skin depth (around 50 nm for green laser [46]). Fortunately, this depth is sufficiently large that



charge-state related effects of high-energy heavy ion irradiation [64], and problems related to
energy dissipation from surfaces and thin films [65,66] do not affect the RS measurements.
Additional information on recrystallization [59] and the transition from sp? to sp® hybridization
[56] is also possible to obtain by RS.

Although the stability of HOPG with respect to heavy ion irradiation has been extensively
studied, this was mostly done either in regime of very high ion energies (above 100 MeV) or low
energies (below 1 MeV). Much less work has been done for high energies (~10 MeV), with a
number of questions still remaining unanswered. In the present work, our aim was to investigate
the response of the HOPG to heavy ion irradiation in this high energy range, when the electronic
and nuclear energy losses could have comparable values. Previously, we used 23 MeV | beam to
produce ion tracks on the surface by grazing ion irradiation [18], but exact value of threshold for
ion track formation on the surface remained unknown. The RS analysis of HOPG irradiated with
the same ion beam at normal incidence yielded damage cross section of around 1 nm?, but the
origin of this damage below the surface was also unknown. Although the experimentally reported
threshold for ion track formation was found at 7.5 keV/nm for very high energy irradiations [42],
the thermal spike model predicted a much lower value (around 3 keV/nm) at low energies due to
the “velocity effect” [7]. Thus, it is of interest to reliably establish the threshold for ion track
formation at high energies, considering possible contribution from the nuclear energy loss [67].
Finally, to the best of our knowledge, the SHIBIEC effect has not been studied in the HOPG yet.

2. Experimental details

HOPG samples (ZYA grade) were purchased from 2SPI. The lateral size of samples was 1x1 cm?
with thickness of 0.7 mm. The ZYA grade guarantees mosaic spread of 0.4° + 0.1°. The HOPG
samples were irradiated at room temperature using 6 MV EN Tandem Van de Graaff accelerator
located at the Ruder Boskovi¢ Institute in Zagreb [68]. Various high-energy heavy ion beams were
used, as shown in the Table 1. For all applied ion beams, their nuclear and electronic energy losses,
along with the TRIM simulation damage prediction, were calculated using the SRIM code [52].
lon irradiation was performed 5° off-normal incidence to avoid ion channelling, or at grazing
incidence angle, which is 1.5 £ 0.5° relative to the surface (by using 4-axis goniometer at the ToF-
ERDA beamline [69]).

After the ion irradiation, samples were analysed by Raman spectrometer Horiba Jobin
Yvon T64000 with the shortest possible delay time. We used 532 nm solid-state laser with 7 mW
power at the sample surface and 50x long working distance objective. Ex situ (i.e. under ambient
conditions) STM and AFM were also applied in several modes. AFM measurements were done
using NTEGRA Prima AFM (NT-MDT spectrum instruments) in the contact mode. AFM in non-
contact (tapping) mode was done using JPK Nanowizard Ultra Speed AFM. The STM imaging
was performed using the NanoSurf eSTM with platinum tips in the constant current mode.
Acquired images from both AFM and STM measurements were processed with the Gwyddion
software [68]. From the raw data (512x512 pixel), only a parabolic background was subtracted.



Ion type and dE./dx dE,/dx Range TRIM
energy (keV/nm) (keV/nm) (um) (vacancies/ion)

1.8 MeV 1 1.8 1.36 0.55 278.5
23 MeV 1 6.72 0.271 5.55 56.1
3 MeV Cu 2.05 0.251 1.7 62.7
1 MeV O 1.33 0.021 1.12 7.4

4.5 MeV Si 33 0.027 2.24 8.4

18 MeV Cu 6.68 0.065 5.04 16.6
3MeV O 2.17 0.009 2.21 2.8
12 MeV Si 4.37 0.012 4.12 3.6
12 MeV O 2.15 0.003 6.17 0.8

Table 1. lon beams used in this work with their electronic energy losses dEe/dx, nuclear energy
losses dEn/dx, ion ranges and estimated number of produced vacancies per ion impact (due to the
nuclear energy loss) according to the SRIM code [52]. Number of TRIM vacancies was evaluated
for 50 nm thick graphite target, that corresponds to the optical skin depth for green laser [46].

3. Experimental results

3.1. AFM and STM investigations of HOPG surface after grazing incidence ion irradiation

Previously, we found ion tracks on HOPG surfaces after irradiation with 23 MeV | under grazing
incidence [18]. Due to the high applied fluence, it was not possible to evaluate length of the
individual tracks, i.e. it was only possible to establish existence of ion tracks produced by the ion
beam with electronic energy loss dEe/dx = 6.7 keVV/nm. There are several new findings that we
present in Fig. 1, where images of HOPG surfaces irradiated with different ion beams in grazing
incidence geometry are shown. Here, the individual tracks can be readily identified, as the fluence
has been reduced.

AFM images obtained in tapping mode (Fig. 1(a)) show tracks that are rather short, less
than 100 nm in length. Also, their height is small, as individual protrusions rarely exceeded 0.2
nm in height. The baseline of the ion track is also elevated and typically has a height of no more
than 0.1 nm. These observations are consistent with previous findings that ion tracks on HOPG
surfaces are much smaller than tracks found on surfaces of other materials [51]. Inspection of
irradiated HOPG surfaces with AFM in the contact mode also reveals ion tracks, albeit much
shorter ones (Fig. 1(b)). Most often, only a single protrusion can be seen, and only sometimes a
faint ion tracks can be found after detailed inspection of the surface behind the protrusion in the
direction of the ion beam. The observed protrusions are similar to those seen in high-resolution
AFM images of irradiated CaF,, where a large protrusion is found at the site of ion impact,
followed by a typical discontinuous track consisting of several much smaller protrusions (where



high-energy heavy ion path extends below the surface) [71]. We also note that the observed
differences in ion track heights are in full agreement with previous observations of ion tracks on
CaF surfaces [50], where measurements of the ion track height in the contact mode AFM vyielded
only half of the height determined by measurements in the tapping mode. Different elasticity
modules of non-irradiated areas in contrast to ion tracks are likely to result in lower reported height
values when contact mode is applied. This again proves that AFM measurements in the tapping
mode are preferable for the investigation of ion tracks, which also provides evidence to the
topographic nature of the ion tracks on the surface.

In Fig. 1(c), we show a typical image of surface ion tracks observed by STM. While
measuring in the constant current mode, we track the position of the tip, which is displayed here,
and which means that the image brightness represents the surface's height. The measured images
exhibit discontinuous tracks consisting of protrusions aligned in the irradiation direction. Although
it was not possible to achieve atomic resolution, use of this high lateral resolution technique
confirmed that the ion tracks consist of individual protrusions separated from each other. The
tracks found are very short, and typically consist of only a few protrusions. Similar to HOPG
surfaces exposed to much higher ion energies [51], we found no additional features (like V3x+/3
R30° superstructures) around ion tracks. Finally, exposure of the HOPG surface to 12 MeV Si
beam does not yield ion tracks, as shown in Fig. 1(d). In other words, the electronic energy loss
dEe/dx = 4.4 keV/nm was not sufficient for the formation of ion tracks. This way, we established
threshold for the formation of ion tracks on the HOPG surface after grazing incidence irradiation
by high-energy heavy ions at (dEe/dX)threshoid = 5.5 + 1.2 keV/nm.
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Figure 1. lon tracks on HOPG surface observed in (a) tapping and (b) contact AFM modes. Line
profiles of selected ion tracks (along the green lines in the AFM images) are also shown below as
insets. lon irradiation directions are marked by white arrows. (¢) Individual ion tracks as observed
by STM in constant current mode. (d) After irradiation with 12 MeV Si beam (dEc/dx = 4.4
keV/nm) no ion tracks were found on HOPG surface by AFM in the tapping mode.



3.2. Raman spectroscopy investigation of HOPG after normal incidence ion irradiation

The disorder in the graphite structure may have more than one origin. It may be due to competing
contributions of sp? and sp® phases, bond disorder, edges, sp? phase clustering or sp? ring presence.
Thus, the process of amorphization is a multi-step process. In the first step, graphite is converted
to nanocrystalline graphite. With further enhancement of the structural damage, low sp?
amorphous carbon is obtained. Finally, in the last step, with further increase of structural damage,
low sp® amorphous carbon converts to high sp® amorphous carbon [72,73]. Since the Raman
spectrum is affected by the clustering of the sp? phase, the bond disorder, the presence of sp? rings
or chains, and the sp?/sp? ratio, RS is the ideal tool to study the disorder in HOPG [72,73].

Unirradiated HOPG is known to have two prominent RS bands: the so-called G band at
1580 cm (due to stretching of sp? bonds) and the 2D band at ~2700 cm™. The latter is the second
order of the disorder activated D band located at 1350 cm™, which can be found after ion
irradiation. The D band (defect-activated breathing mode of sp? rings) is also often accompanied
by the D' band at ~1620 cm™ (an intra-valley double resonance process in the presence of defects),
which is usually found only after high fluence irradiation because it is much weaker. During the
growth of disorder in the first stage, the Raman spectra exhibit universal broadening of the bands,
and the appearance of the D band at ~1350 cm™ as well as the D' band at ~1620 cm™. Additionally,
ratio of intensities of the D and G bands increases, which is considered to be directly related to the
amount of disorder, both in graphene and HOPG [46,61,62].

In our previous work, we used RS to observe the accumulation of disorder in HOPG after
23 MeV | irradiation in the fluence range between 5x10*? - 5x10'® ions/cm? [18]. The effective
cross section for disorder production o= 1nm? was established using the direct ion impact model
(Eg. 1). This was achieved by monitoring appearance and growth of the D-band and its relative
intensity with respect to the G band. Unlike in graphene, where the Lucchese model has to be
applied to correctly describe the disorder kinetics, the direct ion impact model is typically used for
the analysis of disorder in HOPG because D to G band intensity ratio plateaus at high ion fluences
[46]. This observed saturation essentially means that the entire sample surface is covered with ion
impacts and there is no material unaffected by ion irradiation. Although the direct ion impact model
is most often used to evaluate the size of ion tracks [7,74] it should be kept in mind that a good fit
alone is not a proof of the existence of ion tracks. As with any other technique that indirectly
quantifies ion induced damage, one must be careful in assigning the origin of the damage [75].
Therefore, our previous result is not a proof of ion tracks existence in the bulk HOPG due to 23
MeV lirradiation. To clarify this issue, and to establish threshold for ion track formation in HOPG
at high ion energies, we present here RS results of HOPG irradiated with different ion beams, as
specified in the Table 1, and investigate how the obtained disorder cross-sections correlate with
the electronic and nuclear energy loss of the used ions. We note that electronic and nuclear energy
losses are practically not changed within topmost 50 nm layer that corresponds to the optical skin
depth of the green laser [46].

Since the disorder induced D band consists of two peaks (D; at ~1350 cm™ and D, at ~1370
cm™ [62]), we consider D to G integrated band area ratio for use in the direct ion impact model

(Eq. 1):



2—’; = C(1 - exp(—oF)) 1)

where Ap and Ag are the integrated areas of the D and G bands, respectively, C is the saturation
value of Ap/Ag at the highest ion fluences, F is the applied ion fluence, and o is the disorder cross-
section obtained by fitting. All Raman spectra are shown in Fig. 2, and results of fitting using the
procedure described above are shown in Fig. 3. For clarity, these results are also presented in the
Table 2 along with the ion irradiation parameters (i.e. electronic and nuclear energy losses).
Additionally, here we also present results of RS measurements on sequentially irradiated HOPG,
which we did in search of possible SHIBIEC effect.

The Raman spectra shown in Fig. 2 present well-known fact that exposing HOPG to ion
irradiation results in disorder induced D band that appears and grows with increasing ion fluence.
The only exception is the HOPG sample irradiated by 12 MeV O, which appears to be unaffected
by this particular high-energy heavy ion beam, even after exposure to the highest fluence of 3x10%*
ions/cm?. Other samples exhibit typical disordering behaviour, as shown in Fig. 3, which can be
well-described by the direct ion impact model (Eg. 1). We note that the saturation value C = Ap/Ac
is similar for all ion beams used, but lower than the previously reported a value C = 1.7 [46]. In
our previous work, we reported o = 1 nm? for 23 MeV | irradiation, assuming this saturation value.
The different value of o= 2.5 nm? that we report for this ion beam in the present work is due to
additional high-fluence datapoints (1x10%* and 2x10* ions/cm?) that establish saturation value C
= 1.2 for this particular beam. These new data points and the new parameter of the fit C result in a
corrected value for disorder cross-section o= 2.5 nm? that we report here for the 23 MeV | beam.
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Figure 2. Raman spectra of HOPG irradiated with (a) 1.8 MeV 1, (b) 23 MeV | (data from the
fluence range between 5x10%2 - 5x10'2 jons/cm? were published by us in ref. [18]), (c) 3 MeV Cu,
(d) 18 MeV Cu, (e) 4.5 MeV Si, (f) 12 MeV Si, (g) 1 MeV O, (h) 3 MeV O, (i) 12 MeV O and (j)
sequentially irradiated HOPG. All fluences are given in ions/cm?.
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Figure 3. Results of Raman spectroscopy investigation of disorder kinetics in high-energy heavy
ion irradiated HOPG. (a) Irradiations using 1.8 MeV | (black symbols) and subsequently irradiated
by 3 MeV O (green, 10* ions/cm?), 4.5 MeV Si (blue, 10** ions/cm?) and 23 MeV 1 (red, 3x10*®
ions/cm?). (b) Irradiations using 23 MeV | (black) and 3 MeV Cu (red). (c) Irradiations using 18
MeV Cu (black), 1 MeV O (red), and 4.5 MeV Si (blue). (d) Irradiations using 12 MeV Si (black),
12 MeV O (red) and 3 MeV O (blue). Obtained disorder cross-sections o (for all used ion beams)

correlated with their electronic (e) and nuclear (f) energy losses.

Ion type and dEJ/dx dE./dx o C
energy (keV/nm) (keV/nm) (nm?)

1.8 MeV I 1.8 1.36 11 1.1
23 MeV 1 6.72 0.271 2.5 1.2
3 MeV Cu 2.05 0.251 2.5 1.1
1 MeV O 1.33 0.021 0.7 1

4.5 MeV Si 33 0.027 0.4 1

18 MeV Cu 6.68 0.065 0.5 1
3 MeV O 2.17 0.009 0.17 1
12 MeV Si 4.37 0.012 0.06 1
12 MeV O 2.15 0.003 0.01 1

Table 2. Results of the RS analysis of high-energy heavy ion irradiated HOPG. For each ion beam,
electronic and nuclear energy losses are given according to the SRIM [52], Raman evaluated
disorder cross section oand Ap/Ag saturation value C.

As shown in Fig. 3(e,f), disorder production by the high-energy heavy ion beams we have
used in this work is dominated by nuclear energy loss. There is no correlation with the electronic
energy loss. As an example, we note that very small disorder cross-section o= 0.5 nm? is found
for the ion beam 18 MeV Cu which has the highest dEe/dx value, like 23 MeV I. Also, for low
fluences, disorder-induced D peak is negligible or even completely absent, as shown in Fig. 2(d).
Therefore, we conclude that the threshold for ion track formation in the bulk HOPG is above 6.7
keVV/nm. This conclusion is further supported by the finding of a linear relation between nuclear
energy loss dEn/dx and disorder cross-section o, as shown in Fig. 3(f). The same relation holds
when the nuclear energy loss is replaced by the number of vacancies produced per ion (Table 1),
calculated by TRIM [52].

Since all the high-energy heavy ion beams used in the present study do not produce ion
tracks within HOPG, they were suitable for investigating the possible SHIBIEC effect. For this
purpose, the samples irradiated by 1.8 MeV | were additionally irradiated by 23 MeV |, 4.5 MeV



Si and 3 MeV O up to the high fluences of 3x10'%, 1x10'* and 1x10** ions/cm?, respectively. As
shown in Fig. 3(a), we found only an additional disorder accumulation due to nuclear energy loss
(datapoint from 1.8 MeV I irradiation up to 3x10*® ions/cm? fluence is already within the saturation
region). Thus, it appears that the SHIBIEC effect is inactive in HOPG, although the material should
recrystallize very effectively [10]. However, a more detailed analysis of the data presented in the
Table 2 indicate electronic energy loss plays a role in the disorder production in HOPG.

4. Discussion

Raman spectroscopy results presented here agree well with already established threshold
(dEe/dX)threshoid = 7.5 £ 1.5 keV/nm for ion track formation on the surface of HOPG after normal
incidence irradiation [42]. However, theoretical prediction of (dEe/dX)nreshold = 3 keV/nm for ion
beams having specific kinetic energy of 0.2 MeV/nucleon (like 23 MeV |, for example)
underestimates experimentally established threshold (dEe/dX)ireshold > 6.7 keV/nm found in this
work. After grazing incidence irradiation with 23 MeV | beam, short ion tracks on the HOPG
surface have been found by AFM and STM. Much lower fluence used here than in our previous
work [18] confirms these ion tracks are indeed features originating from the single ion impacts.
Also, lower threshold for ion track formation under grazing incidence irradiation than under
normal incidence, agrees well with the same observation in other materials [27-31].

Results of the sequential ion irradiation demonstrate there is no SHIBIEC effect in HOPG.
Since the material is considered to exhibit exceptional recrystallisation [33,34], much like Si where
SHIBIEC effect was clearly established [18], this finding is surprising. However, more detailed
examination of Raman spectroscopy data provides evidence of recrystallization due to the
electronic energy loss.

First, we consider data from ion irradiations using 3 MeV O, 12 MeV O and 12 MeV Si
beams. As shown in the Table 2, those ion beams have comparable values of nuclear energy losses.
The electronic energy loss values for these ion beams are several hundred times larger than those
of nuclear energy loss. The disorder cross-sections o obtained by RS seem to be influenced by
this, in a way that disorder cross section is reduced for the ion beams with higher electronic energy
losses. More precisely, o= 0.17 nm? for 3 MeV O is three times larger than o= 0.06 nm? for 12
MeV Si, although the nuclear energy loss is smaller for 3 MeV O (dEn/dx = 0.009 keV/nm) than
for 12 MeV Si (dEn/dx 0.012 keV/nm). We attribute this finding to defect annealing due to the
electronic energy loss which is larger for 12 MeV Si (dEe/dx = 4.37 keV/nm) than for 3 MeV O
(dEe/dx = 2.17 keV/nm). Interestingly, the disorder annealing also appears to be affected by the
nuclear energy loss as well. There is a large difference in disorder cross sections = 0.17 nm? and
o =0.01 nm? for 3 MeV O and 12 MeV O beams, respectively. This can be attributed either to
differences in nuclear energy losses (dEn/dx = 0.009 keV/nm and dEn/dx = 0.003 keV/nm,
respectively) or to the “velocity effect” (since the values of electronic energy losses are practically
identical, dEe/dx = 2.17 keV/nm and dEe/dx = 2.15 keV/nm, respectively). However, the velocity
effect should cause defect annealing to be more pronounced at low velocities if thermal spikes are



responsible for the recrystallization. Since we observe the opposite (more pronounced annealing
at high ion velocities), it appears that it is the amount of disorder (due to nuclear energy loss) that
affects recrystallization and reduction of disorder cross-section. This could be in line with previous
investigations of recrystallization effects in SiC, where similar finding was reported [17].

Next, we consider data from ion irradiations using 1 MeV O, 4.5 MeV Si and 18 MeV Cu
beams. As shown in the Table 2, those ion beams have (again) comparable values of nuclear energy
losses, and their electronic energy losses are 50-100x% larger than corresponding nuclear energy
losses. Once more, the 1 MeV O beam with the lowest value of nuclear energy loss (dEn/dx = 0.021
keV/nm) has the highest value of the disorder cross section (o= 0.7 nm?). Smaller disorder cross-
sections from two other beams (o = 0.4 nm? for 4.5 MeV Si and o= 0.5 nm? for 18 MeV Cu) can
only be correlated to an increase in electronic energy losses (dEe/dx = 3.3 keVV/nm and dE./dx =
6.68 keV/nm, respectively) because nuclear energy losses also increase (dEn/dx = 0.027 keV/nm
and dEn/dx = 0.065 keV/nm, respectively). Thus, 18 MeV Cu beam, which has almost three times
larger nuclear energy loss than 1 MeV O, is still associated with a smaller disorder cross-section
o= 0.5 nm? (compared to o= 0.7 nm? from 1 MeV O) due to much larger electronic energy loss.

Finally, we consider data from ion irradiations using 23 MeV | and 3 MeV Cu beams. As
shown in the Table 2, those ion beams have practically identical values of nuclear energy losses,
and their electronic energy losses are 25x and 8x larger than the corresponding nuclear energy
losses. Obtained disorder cross-sections for those two ion beams are identical (= 2.5 nm?). From
this result, we conclude that the origin of the damage is primarily due to the nuclear energy loss,
and that the electronic energy loss can trigger defect annealing only when it is much larger (~100x%)
than nuclear energy loss. Thus, in our opinion, we can exclude the possibility that the “velocity
effect” plays a role in the defect recovery, which is also suggested in data set from 1 MeV O, 4.5
MeV Si and 18 MeV Cu (the velocity of these three ions does not vary much). However, the exact
mechanism of damage annealing (PAPA [10] of SHIBIEC-like [17]) remains an open question.

5. Conclusion

In the present work, damage formation in HOPG due to high-energy heavy ion irradiation was
studied. The AFM and STM investigation showed that the ion tracks formed after grazing
incidence ion irradiation have typical topographic features (distinct protrusions along the ion
trajectory), but compared to other materials, these ion tracks are very small and short. We have
established a threshold for surface ion track formation at (dEe/dX)threshold = 5.5 = 1.2 keVV/nm. On
the other hand, using RS, we have found no evidence of the ion track formation below the HOPG
surface even for the most energetic ion beam used in this work, 23 MeV |. The SHIBIEC effect
was also not found after sequential ion irradiations. However, some recrystallization did occur for
ion beams whose electronic energy loss was 100x greater than the nuclear energy loss. In
particular, it appears that 12 MeV O beam does not produce any damage in the HOPG.
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