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Raman spectrum study of graphite irradiated by swift heavy ions
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Highly oriented pyrolytic graphites are irradiated with 40.5-MeV and 67.7-MeV ''2Sn-ions in a wide range of flu-
ences: 1x 101 jons/cm?-1x10' ions/cm?. Raman spectra in the region between 1200 cm™! and 3500 cm™~! show that the
disorder induced by Sn-ions increases with ion fluence increasing. However, for the same fluence, the amount of disorder
is greater for 40.5-MeV Sn-ions than that observed for 67.7-MeV Sn-ions, even though the latter has a slightly higher value
for electronic energy loss. This is explained by the ion velocity effect. Importantly, ~ 3-cm~! frequency shift toward lower
wavenumber for the D band and ~ 6-cm™! shift toward lower wavenumber for the 2D band are observed at a fluence of
1x1014 ions/cmz, which is consistent with the scenario of radiation-induced strain. The strain formation is interpreted in
the context of inelastic thermal spike model, and the change of the 2D band shape at high ion fluence is explained by the
accumulation of stacking faults of the graphene layers activated by radiation-induced strain around ion tracks. Moreover,
the hexagonal structure around the ion tracks is observed by scanning tunneling microscopy, which confirms that the strains
near the ion tracks locally cause electronic decoupling of neighboring graphene layers.

Keywords: Raman spectroscopy, swift heavy ions, highly oriented pyrolytic graphite, strain, ion velocity

effect
PACS: 61.82.—d, 61.72.Ff, 61.72.Hh

1. Introduction

Ion irradiation and implantation of graphite have been

performed for many years,!!7!

in order to investigate the
changes in the properties of graphite used as a moderator or
shielding material in a nuclear reactor. Recently, the use of
graphite as a target in fragment separators in high-energy high-
intensity beam facilities has aroused the interest in graphite in-
teractions with high-energy ions. Upon ion irradiation, struc-
tural change has been observed in graphite. As an exam-
ple, nanodiamond crystallites form in highly oriented pyrolytic
graphite (HOPG) irradiated by swift monoatomic ions and Cgg
clusters as observed using transmission electron microscope
(TEM).B3] Scanning tunneling microscopy (STM) measure-
ments display that hillocks are created by MeV-GeV heavy
ions on the HOPG surface which have a mean diameter of
2.5 nm and an average height of less than 1 nm.[*! Further-
more, TEM images show that the ion track in HOPG is sur-
rounded by a strain halo within the otherwise undisturbed
material,[’! and the tracks consist of a discontinuous sequence
of perturbed zones.34 The “ion velocity effect”, i.e., for a
given value of electronic energy loss (S.), the irradiation-
induced damage is more severe for low-velocity ions com-

pared with for high-velocity ions, was first observed in ion-
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irradiated yttrium garnet Y3Fe5012.[8] So far, this so-called
ion velocity effect has been reported in many materials. ']
Qualitatively, the ion velocity effect can be understood in the
context of the energy deposited density.!®!?! Still, there are
very few studies of this effect in HOPG.[!3]

Raman spectroscopy is a commonly used technique for
studying the structures of carbon materials. It can pro-
vide valuable information about defects, the sizes of crys-
tallites in- and out-plane of graphite, edge states, and stack-
ing of the graphene layers,!'*~!7] even distinguishing between
mono-layer graphene and multi-layer graphene.!'8! In previ-
ous studies, the first-order Raman spectrum of ion-irradiation
graphite was investigated extensively.[!>>:¢12] Because it is
easy to know the extent of disorder in the basal plane of
graphite induced by ion irradiation using Tuinstra—Koenig
equation.ml However, there have been few studies that deal
with the second-order Raman spectra of ion-irradiation or ion-
implantation graphite.

In this work, we investigate first- and second-order Ra-
man spectra observed for HOPG irradiated with Sn-ions, in a
wide fluence range from 1x10'" jons/cm? to 1x10'* jons/cm?
with the energies of 40.5 MeV and 67.7 MeV respectively. The

in-plane crystallite size, Ly, is deduced from the integrated in-
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tensity ratio Ip /I between the D and G bands by using a gen-
eral empirical formula deduced by Cancado et al.!'>! The ion
velocity effect in HOPG is observed and discussed by compar-
ing the two Raman spectra of HOPG irradiated respectively
with 40.5-MeV and 67.7-MeV Sn-ions. Another main focus
is to study the evolutions of the D and 2D bands with increas-
ing the ion fluence. The 2D band shape changes of the Raman
spectra observed in HOPG after high ion fluence irradiation

are explained.

2. Experiment

HOPG samples (Advanced Ceramics Co., Grade ZYB)
were first cleaved several times using a common adhesive tape
to obtain a fresh basal plane. Then the samples were irra-

diated by scanning !'?Sn-ions with an initial kinetic energy

of 3.7 MeV/u in Heavy Ion Research Facility in Lanzhou
(HIRFL). The energy of beam was reduced to 2.24 MeV/u
because the ions first passed through a 10-um aluminum foil
that served as an on-line fluence control, which had been cal-
ibrated using a Faraday cup. The aluminum foils (the purity
is 99.99%) with thickness values of 13.8 um and 16.9 pum,
were used as degraders. The irradiation experiments were car-
ried out at normal incidence (with respect to the basal plane
of graphite) under room temperature. The ion flux was limited
to ~ 5-8x10% ions/cm?-s to avoid macroscopic sample heat-
ing, with a “beam distribution based on time” mode, i.e., 30 s
was a period wherein 20 s is beam time and 10 s is empty.
Fluence series covered values from 1x10'! ions/cm? up to
1x10'* ions/cm?. The irradiation parameters are listed in Ta-
ble 1. The energy and energy dispersion were calculated using
the SRIMO3 code.!?"!

Table 1. Irradiation parameters for HOPG. S, denotes the electronic energy loss calculated with the SRIM 03 code.?! Ton relative velocity
B =v/c, where v and ¢ are the ion velocity and light velocity, respectively.

Ion Energy/MeV Degrader/pm Energy dispersion/MeV Se/(keV/nm) Relative velocity (8 = v/c) Range/pum
12 67.7 13.8 32 11.7 0.036 10
Sn
40.5 16.9 45 9.6 0.028 7

After irradiation experiment, LabRAM HR800 Raman
spectrometer (Jobin Yvon Co.) was used to analyze the ir-
radiated HOPG samples in 180° geometry at room tempera-
ture. The excitation wavelength is 532.2 nm and the optical
skin depth in HOPG is about 50 nm. A 50x objective lens
was used to obtain a laser beam diameter of about 2 um. The
measurement time for each sample was 3 minutes. Each sam-
ple was characterized at three different positions. The Stokes
scattering was analyzed with about 0.5-cm~! spectral resolu-
tion using an 1800-lines mm™' grating. Intensities, positions,
and widths were deduced by fitting Lorentzian functions to the
bands. The projected ranges in HOPG are 7 um and 10 wm for
40.5-MeV and 67.7-MeV Sn-ions respectively. They are much
longer than the optical skin depth of 532.2-nm laser in HOPG.
Thus, the correction procedure as given in Refs. [2] and [21]
was not needed. The ion tracks on the surface were character-
ized by STM (Multimode 8, Bruker Co.) in constant current

mode.

3. Results and discussion

Figure 1 shows typical first- and second-order Raman
spectra of HOPG samples subjected to irradiations of 40.5-
MeV and 67.7-MeV Sn-ions with fluences ranging from

1x 10" ions/cm? to 1x10'* ions/cm?, respectively. The most

prominent feature in the Raman spectra of HOPG is the so-
called G band appearing at 1580 cm~!. The G band is a dou-
bly degenerate (iTO and LO) phonon mode (£3, symmetry) at
the Brillouin zone center which is Raman active for sp? carbon
networks.[??l The full width at half-maximum of the G band
increases from 14.1 cm™! for pristine HOPG to 23.1 cm™!
for the irradiated HOPG at a fluence of 1x10'* ions/cm?,
while just a slight shift (~ 0.7 cm™!) of the G band to lower
wavenumber is observed.

The D band at ~ 1363 cm™! is observed after low ion flu-
ence irradiation. The D peak is due to the breathing mode
of six-atom ring and requires a defect for its activation.[??]
With the increase of the ion fluence, the D’ band appears at
~ 1623 cm™!. They are dispersive in frequency because of a
double resonance process./?3! In Fig. 2, the D band is shown
as a function of ion fluence. The position of the D band re-
mains fixed up to a fluence of 6.3x10'3 ions/cm?. The inten-
sity of the D band increases with ion fluence increasing. The
integrated intensity ratio Ip /I between the D and G bands is
shown in Fig. 3. Note that at the same fluence, Ip/I; for irra-
diated HOPG with ion energy 67.7 MeV is always lower than
that with 40.5 MeV, although the former has a bit higher S..
This is explained by the ion velocity effect.['3] The in-plane
crystalline size, L,, deduced from the formula!'>! (Ay is the
wavelength of the laser) is also plotted in Fig. 3.
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Ly = (24 x 107 A (Ip /1)~ 1

L, is also considered to be equal to the in-plane phonon cor-
relation length.>?!1 Furthermore, it corresponds to the mean

distance between defects,>?!1 Lp, which is given as

Lp=1/v/n®, (@)

where 1 is the ion track creation yield and @ is the ion flu-
ence. If n =1, i.e., one ion creates one corresponding ion
track, the discrepancy between L, and Lp will be signifi-
cant (L, > Lp).1>11 So, it is logical to assume that the ion
track creation yield is 7 < 1 in HOPG irradiated with swift
heavy ions. An alternative explanation is that L, deduced
from the equation represents the mean value within the op-
tical skin depth (~ 50 nm for 532.2-nm excitation wavelength
in graphite), wherein the formation of ion track inside the bulk
is markedly suppressed as compared with in the surface due
to the strong recrystallization process inside the monatomic
material,! consequently making the statistical value of L,
larger. In fact both of these explanations have been proven to
be correct.# According to the above perspectives, the phe-
nomena shown in Fig. 3, i.e., L, for 40.5-MeV ion irradiation
is always lower than for 67.7 MeV, can be explained as the
40.5-MeV Sn-ions inducing a higher ion track creation yield
or/and ion tracks with more limited degree of discontinuity in

HOPG due to the ion velocity effect. [31213]
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Fig. 1. (color online) First- and second-order Raman spectra of HOPG ir-
radiated with (a) 67.7-MeV and (b) 40.5-MeV Sn-ions at different fluences.
The peak indicated by the asterisk comes from the Raman mode of N, gas
(~ 2330 cm™!) presented in the air surrounding the samples,!'* which re-
mains fixed as observed, indicating the red shift of the D and 2D bands at a
fluence of 1x10'* ions/cm? not due to the calibration error.
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Fig. 2. (color online) The D band of Raman spectra of HOPG irradiated with (a) 67.7-MeV and (b) 40.5-MeV Sn-ions at different

fluences.
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Fig. 3. The variations of intensity ratio Ip /I (square) for the D and
G bands, and the in-plane crystallite size L, (circle) deduced from the
formula L, = (2.4 x 1071°) A} (Ip /1) ™", as a function with ion flu-
ence.

As ion fluence exceeds 5x10'2 ions/cm?, a new peak ap-

1

pears at about 2950 cm™". This is due to the combination

mode of D and G modes. It is also induced by disorder,
which has been observed in basal and edge plane of pyrolytic

24.25] At a fluence

graphite, nano-graphite, and glassy carbon.|
of 6.3%10'3 ions/cm?, the change of the 2D band shape (at ~
2700 cm~!) is observed (see Figs. 1 and 4). Note that in Figs. 2
and 4, ~ 3-cm™! shift toward lower wavenumber for the D

band and ~ 6-cm™! shift toward lower wavenumber for the

2D band occur at the highest fluence (1x10'* ions/cm?). The
shift of the Raman peak indicates the buildup of strain.[26-7]
Meanwhile, more evident is the change in the 2D band shape
(Fig. 4). The integrated intensity ratio of the 2D; peak to
2D, peak varies from 0.44 at the 1x10'! ions/cm? to 1.67
at 1x10'* ions/cm?. Strains around the ion tracks in HOPG
and GeS induced by swift heavy ions have been observed by
high-resolution transmission electron spectroscope.!’?81 The
strain formation in irradiated HOPG can be explained in the
context of the inelastic thermal spike model. 121 In this model,
the ion energy is first deposited on the electrons and then
transferred to the atomic subsystem of graphite through the
electron—phonon interaction. Consequently, the temperature
of the graphite (2.26 g/cm? for ideal solid phase) reaches and
even exceeds the melting point, then begins to expand towards
the density of liquid carbon (1.6 g/cm3[*°!). When this oc-
curs, pressure increases at the boundary between the liquid
(the ion track area) and solid (the undisturbed area around the
ion track) phases of the graphite, creating a strain wave.3%-31]
Thus, the presence of strain in the irradiated HOPG can be de-
tected by Raman spectroscopy, as long as it accumulates with

ion fluence increasing.
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Fig. 4. (color online) The 2D band of Raman spectra of HOPG irradiated with (a) 67.7-MeV and (b) 40.5-MeV Sn-ions at different fluences. Panel
(c) displays the fitting results to the 2D band at the fluences of 1x10'! ions/cm? and 1x10'* ions/cm? for the 40.5-MeV Sn-ions, respectively.

The shape of the 2D band is related to the stacking
manner of the graphitic material.['*+1%!8] In particular, the
Raman spectrum of turbostratic graphite (without the pla-
nar AB stacking) shows a symmetrical peak of 2D band
because of the very weak interaction between the adjacent
graphene layers.[!61832] Thus, it is assumed that the strain

around the ion tracks in graphite affects the interlayer sepa-
ration (> 0.335 nm) of the undisturbed structure nearby and
decouples the interaction of the adjacent layers. As the den-
sity of stacking faults around the ion tracks increases with ion
fluence increasing, there is an increasingly evident change in
the 2D band shape.
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In most cases, STM images of graphite show a triangular
structure in atomic resolution, where only half of the carbon
atoms are actually visualized. This phenomenon is attributed
to the difference in the local density of states, specifically
to graphite, determined by the interlayer interaction and the
structural nonequivalence of the atomic positions.!****! Con-
sidering this reason, it can be predicted that when a mono-
layer grapheme is characterized, the honeycomb structure will
be observed. Indeed, this hypothesis has been confirmed by

1.351 Recently, Wong et al.’®! demonstrated

Stolyarova et a
that the STM tip can be used to modify the spacing between
the graphene layers locally due to the attractive forces be-
tween the tip and graphite sample. It can essentially decouple
the top layer, thus creating graphene locally. Consequently,
the hexagonal symmetry can be visualized by STM. Figure 5
shows an STM image of irradiated HOPG by 40.5-MeV Sn-
ions. The hexagonal structure around the ion tracks is clearly
seen, whereas, in the lower part of the image is the triangular
structure, which is far away from the ion tracks. It is assumed
that the strain around the tracks induced by ion irradiation acts
like the attractive forces between the STM tip and sample, 6]
thus locally affecting the interlayer separation and decoupling
the interaction of the top and lower layer of graphite. It should
be mentioned that due to the stochastic nature of the linear en-
ergy transfer,[*! the extent of the strain around the ion tracks
also has stochastic nature. So, it is reasonable that not each
of ion tracks around with enough force (strain) happens to de-

couple the top graphene layer from the underlying layers.

Fig. 5. (color online) High-resolution STM image of HOPG surface ir-
radiated with 40.5-MeV Sn-ions obtained in constant current mode. The
hexagonal structure of the graphite around the ion tracks is visualized.

4. Conclusion

HOPG surfaces are irradiated with 40.5-MeV and
67.7-MeV, respectively, Sn-ions over a range of fluences:
1x10'"! ions/cm? to 1x10'* jons/cm?. First- and second-order
Raman spectra of the irradiated HOPG show that the ion veloc-
ity effect plays an important role in ion track formation. More
importantly, the irradiation-induced strains around the tracks
are observed as downshifts of the D and 2D bands at the high-
est fluence. The formation of the strain around the ion tracks
is interpreted in the context of inelastic thermal spike model.
Meanwhile, the change of the 2D band shape is explained in
the terms of the formation of stacking faults of the graphene
layers. This hypothesis is confirmed by the STM measure-
ments. Thus, Raman spectrum provides comprehensive infor-
mation about the features of swift heavy ion tracks in HOPG,
such as the discontinuity of the ion tracks, the existence of the
strain around the ion tracks, the interlayer separation change
of the undisturbed structure induced by the strain around the

ion tracks.
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