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Abstract

Highly oriented pyrolytic graphite was irradiated with swift heavy ions (Ne, Cr, Fe, Ni, Zn, Xe and U) of fluences

between 1011 and 1014 ions/cm2 in energy range MeV–GeV. The combination of scanning tunneling microscopy (STM)

and Raman spectroscopy studies shows that large numbers of tracks protrude from the surface. The disordered crystal

lattice is leading to a Raman-active D mode. Quantitative analysis of the peak intensity indicates that the size of the

crystallite domain is larger than the mean distance between in-plane tracks observed by STM.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

When a swift heavy ion penetrates into a solid,

it induces along its trajectory a cylindrical zone of

ionizations and electronic excitations. In many

insulating crystals as well as in non-metallic elec-

tronically conductive solids with a layered struc-

ture such as germanium sulfide [1] and graphite,
electron–phonon coupling causes the displacement

of atoms leading to lattice disorder in many cases

up to amorphisation [2–7] and structural rear-

rangement.
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As we recently showed [8] ion tracks created on

the surfaces of highly oriented pyrolytic graphite

(HOPG) by different ions in the energy range

MeV–GeV exhibit rather small diameters between

2.0 and 3.5 nm compared to other materials. In

addition, it was interesting to see that the proba-

bility for track formation is a function of the

electronic energy loss ðdE=dxÞe. A situation where
each projectile creates a surface track requires a

critical energy loss of 18 keV/nm. Below this

threshold, the creation yield strongly declines with

decreasing ðdE=dxÞe (Fig. 7 in [8]). We concluded

that ion tracks in HOPG are not homogeneous

cylindrical damage trails but rather consist of a

discontinuous sequence of defect zones.

Since studies of the surface development after
high fluence ion irradiation can be useful for better
ved.
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understanding of surface sputtering, diffusion and

modification. In this work, we are interested in

effects and defects induced by various energetic

heavy ions of fluence 1011 to 1014 ions/cm2 in
HOPG. In addition to scanning tunneling mi-

croscopy (STM) studies of the HOPG surface

damage, this paper focuses on the presentation of

new Raman scattering results on ion irradiation

because it is sensitive to structural disorder oc-

curred within optical skin depth of a laser beam

[9–11]. The crystallite domain size can be estimated

quantitatively in terms of D-peak intensity in
Raman spectrum.
2. Experimental

Freshly cleaved HOPG crystals (provided by

Advanced Ceramics Co.) were irradiated with Ni,

Zn, Xe and U ions of specific energy 11.4 MeV/u
at the linear accelerator UNILAC and with Ne,

Cr, Zn, Xe ions (1.4 MeV/u) at the high-charge

injector HLI, both facilities being operated at GSI,

Darmstadt. The irradiation with Fe ions was per-

formed at the cyclotron HIRFL (22 MeV/u) of

IMP, Lanzhou. In some cases, aluminum degrader

foils of different thicknesses were placed in front of

the samples. This allowed us to vary the energy of
a given ion beam between GeV and several MeV,

corresponding to electronic energy loss values be-

tween 2 and 30 keV/nm. The ion flux was in the

range of 8 · 107–4 · 108 ions/cm2 s. Depending on

the ion species, fluences between 4 · 1011 and

2.2 · 1014 ions/cm2 were applied. All irradiations

were performed at room temperature and under

beam incidence normal to the c-plane of the sam-
ples.

After irradiation, the surface of the crystals was

imaged using both a home-built STM and a

commercial Solver P47 SPM from NT-MDT

Company. The microscopes were operated in a

constant-current mode in air. As sensors, we used

mechanically sharpened Pt/Ir tips and chemically

etched tungsten tips, respectively.
A Microscopic Confocal Raman Spectrometer

Renishaw RM2000 was used to characterize the

pristine and ion-irradiated graphite. The excitation

source was a 514.5 nm Ar-ion laser with power 20
mW. For such a wavelength, the optical skin depth

in graphite is approximately 50 nm. The back-

scattered radiation was collected normal to the

sample surface. Microscope with 50· objective lens
was used which allows a spatial resolution of 2 lm.

The resolution of a spectrum is 1 cm�1. The full

width at half maximum (FWHM) and the inte-

grated intensity of the peaks were determined us-

ing Lorentzian fitting.
3. Results and discussion

STM images of different samples irradiated with

only high fluence U, Xe, Cr and Ne ions are shown

in Fig. 1. The dense ion tracks appear as circular

objects of increased contrast. Based on earlier re-

sults by several other groups [12–18], it is pre-

dominantly ascribed to an increased topographical

signal, i.e. the impinging ions create hillock-like
features. The surface crystalline structure was

partially disordered, whereas the original basal-

plane orientation is still maintained. The different

contrast in image Fig. 1(d) is due to the higher

fluence incidence of ions. In the center of the im-

pact zone, the lattice structure cannot be resolved

due to severe damage. Taking into account a track

diameter of 2 nm and a covalent radius of carbon
atoms of 0.08 nm, the number of carbon atoms

involved in a damage cross-section is about one

hundred.

As mentioned, the yield n for track creation (i.e.

number of observed tracks compared to ion flu-

ence applied) is a function of ðdE=dxÞe. For a given
fluence, the observable track density is therefore

rather small for light ions with low energy losses.
This is obvious if we compare the four images in

Fig. 1, where the track densities are approximately

the same although the irradiation fluence of Ne

ions with ðdE=dxÞe ¼ 2:5 keV/nm was almost 3

orders of magnitude larger than that of U ions

with ðdE=dxÞe ¼ 29:7 keV/nm. The track creation

yields are 1.1, 1.0, 1.2 · 10�1 and 1.8 · 10�3, re-

spectively.
The Raman spectra of HOPG before and after

the irradiation with respect to Cr and Ne, Xe, U

ions are presented in Figs. 2 and 3. The observed

Raman spectrum is made up of the superposition

Harbutt Han
下划线



Fig. 1. STM micrographs recorded on graphite surfaces irradiated with (a) 1160 MeV U ions of fluence / ¼ 8� 1011 ions/cm2; (b) 802

MeV Xe ions, / ¼ 1:5� 1012 ions/cm2; (c) 37 MeV Cr ions, / ¼ 3� 1013 ions/cm2 and (d) 31 MeV Ne ions, / ¼ 2:2� 1014 ions/cm2.
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Fig. 2. Raman spectra of pristine HOPG and samples irradi-

ated with 73 MeV Cr ions of two fluences.
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of scattering from both damaged and undamaged
area. The virgin spectrum is dominated by a sharp

band at 1580 cm�1 (G mode) assigned to the Ra-

man-active E2g mode [9–11]. After ion irradiation

the extra first-order lines, corresponding to high-

density phonon states, are usually designated as D

modes. New peaks at 1346 (shoulder, D1), 1367

(D2) and 1622 (shoulder, D0) cm�1 are originated

from the onset of disorder [19]. Note that the D
mode comes only when the irradiation fluence /
surpasses a critical value /c, which is smaller for

heavier projectiles with higher energy loss.

Ion irradiation is expected to cause a decrease

in G mode intensity and increase D mode inten-

sities. The radiation-induced D2 line is wider

compare to G line as shown in Fig. 4(a). FWHM

of D2 increases from a value of 19–22 cm�1 while
the fluences of Cr ions varying from 1 · 1013 to

3 · 1013 ions/cm2. In Fig. 4(b), the ratio of inte-

grated area of all D lines to G is increasing, indi-

cating an increase of damage in the samples. From
the magnitude of the relative intensities R of D line

with respect to G line, the size of the ordered

crystallite domains La can be determined. For laser
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Fig. 3. Raman spectra of HOPG irradiated with 1160 MeV U

ions to a fluence of / ¼ 8� 1011 ions/cm2, 190 MeV Xe ions

/ ¼ 2� 1012 and 5 · 1012 ions/cm2 and 31 MeV Ne ions

/ ¼ 2:2� 1014 ions/cm2.

Fig. 4. Analysis of the Raman spectra of samples irradiated by

U, Xe, Cr and Ne ion irradiation: (a) FWHM of D2 peak (open

symbol) and G peak (solid symbol); (b) ratio of integrated area

of D–G; (c) the lattice domain size La (open symbol) and the

mean distance between in-plane tracks L (solid symbol) as

function of ion fluences. The errors from data fitting are 5% and

3% for FWHM of D and G peaks, 10% for AD=AG and 20% for

La and L, respectively.
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light of 514.5 nm, R ¼ 4:4=La (nm) [20]. In our
case, La rapidly decreases from La � 1 lm for

virgin HOPG to about 20 nm for sample irradiated

with 73 MeV Cr ions to a fluence of 3 · 1013 ions/
cm2 (Fig. 4(c)). The other�s results have shown that

the in-plane phonon correlation length is equal to
the mean distance between defects [21]. Here ion

tracks terminate the spatial extension optical

phonon in graphite plane. The mean distance be-

tween in-plane tracks is given by L ¼ 1=
ðn� /Þ1=2, where n is the track yield from STM

measurement and / is the ion fluence. It is ob-

vious that the domain size La in the range of

20–300 nm is larger than L of 10–50 nm in our

experiment except the very high-fluence ion irra-

diation conditions. Since La is an average value in

near-surface region from Raman measurement, it

can be concluded that the damage on the surface
is more severe compared with in the near-surface

region. It confirms our previous results, i.e. the

track formation is significantly reduced inside the

material compared to the original surface. A

more refined analysis needs to be performed for

better understanding Raman spectra in combi-

nation with the size and morphology of the tracks

of different ion species.
4. Conclusions

When swift heavy ions penetrate the surface of

HOPG crystals, they create small hillocks of di-

ameter 2–3.5 nm. STM images clearly show that in

the central part of the impact zone, the ordered
structure of the graphite lattice is destroyed. Ad-

ditional evidence for lattice disorder is found in the

Raman spectra of high-fluence samples. When

accumulated disorder reaches a level, the disorder-

induced D mode appears in Raman spectra.

Quantitative analysis of the D-peak intensity in-

dicates a decrease of the crystal domain size at

higher ion fluence. Comparing it with the mean
distance between in-plane tracks, we can conclude

that the track formation is significantly reduced in

the near surface region.
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