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We have investigated theoretically the electronic stopping of protons in different solid forms of carbon: glassy, amorphous,
graphite, diamond and Cgp-fullerite. The energy loss is described within the dielectric formalism and the target properties are
modelled by a sum of Mermin-type energy loss functions. For each allotropic carbon form, we observe remarkable differences
in the stopping cross section and in the energy loss straggling at proton velocities around and lower than that corresponding
to the maximum in the energy loss. A comparison of our results with available experimental data shows a reasonably good

agreement.

Carbon is a substance that appears in nature, or
may be produced in the laboratory, in many diverse
forms and with many different properties. This is a
consequence of the ability of carbon-based materials
to form bonds with various types of sp-hybridization.
Carbon, in its diverse allotropic forms, is widely used
as a target in experiments of ion bombardment of
solids, where effects related with density, structure
or optical properties, among others, play a significa-
tive role. Therefore, an accurate description of the re-
sponse of the different carbon targets to external per-
turbations is needed in order to provide a more realis-
tic representation of the energy loss processes in each
material.

The electronic energy loss processes experienced
by a charged particle penetrating in a medium can
be described within the dielectric formalism [1]. In
this framework the main parameter is the dielectric
function, that describes the response of the material
to external perturbations. Lindhard {2], making use
of the random phase approximation, derived an ex-
pression for the dielectric function in which the elec-
tron gas can sustain plasmons (collective excitations)
and electron-hole pair (i.e., individual) excitations.
However such a dielectric function does not take into
account the finite lifetime of the plasmons, therefore
individual and collective excitations are decoupled in
the dispersion relation. Mermin [3] provided a mod-
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ification to the Lindhard dielectric function which
avoided the aforementioned restrictions, so allowing
for the decay of plasmons into electron~hole excita-
tions. Mermin’s dielectric function [3], em, is charac-
terized by two parameters: the plasmon frequency wp
(related with the material density p) and the damp-
ing y of the plasma oscillations.

The energy loss function Im(—1/¢), ELF here-
after, derived from the Mermin dielectric function
has only one well defined peak, which is in contrast
with most of the experimentally recorded energy loss
spectra [4,5] and, in particular, for carbon targets.
To overcome this problem we fit the experimental en-
ergy loss spectrum at zero wave number, k = 0, by a
sum of Mermin-type ELF, which allows the inclusion
of different peaks in the ELF,

“ -1
=ZAiImI:6M(wpi,?i;k=0,w) ’ ()

where wp; and y; are related to the location and width,
respectively, of each peak in the energy loss spectrum.
The weights A; are chosen in such a manner that the
sum rule for the effective number of electrons in the
medium is satisfied. A similar procedure was adopted
by Ashley et al. [6] using a sum of Drude-type ELF,
and an analytical extension of wp;(k) and y;(k) to
k # 0 values.

Assuming that the main contribution to the pro-
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Fig. 1. Energy loss function Im{—1/e (k, @) ] of graphite as

a function of excitation frequency. (a) Experimental data at

k = 0 [7] (solid line), sum of Mermin-type ELF (dashed

line) and a single Mermin-type ELF (dash-dotted line). (b)

Sum of Drude-type ELF for different values of the wave

number k. (c) Sum of Mermin-type ELF for different values
of the wave number k.

ton energy loss comes from electronic excitations,
the stopping power Sy and the energy-loss straggling
Q? for a proton moving with velocity v through a
medium characterized by an energy loss function
Im[—1/e (k,w)], are written [2], respectively, as

oo kv
2 dk -1
0 0
and
) kv
o2 [ [t
Q= nzv/ X /dww Im [e(k,w)] . (3)
0 0

Note that atomic units (¢ = # = m. = 1) are used
throughout this paper.

For each allotropic form of carbon, we fitted the
experimental ELF by a sum of Mermin-type ELF, ac-
cording to eq. (1). We have considered glassy carbon
(p = 1.459 g/cm®) [7], amorphous carbon (p =
1.68 g/cm®) [8], graphite (p = 2.25 g/cm?) [7],

v (a.u.)

Fig. 2. (a) Stopping power Sp and (b) energy loss straggling

Q2 as a function of proton velocity for a graphite target. The

calculations have been done with a sum of Mermin-type ELF

(solid line), a single Mermin-type ELF (dash-dotted line),

and a sum of Drude-type ELF (dashed line). The squares
are experimental data from ref. [15].

diamond (p = 3.515 g/cm?) [7], and Ceo-fullerite
(p = 1.678 g/cm®) [9].

The case of graphite is illustrated in Fig. 1. The ex-
perimental ELF [7] at k = 0 appears as a continuum
line in Fig. la, together with the fitted curve corre-
sponding to a sum of Mermin-type ELF (dashed line),
and with a single Mermin-type ELF for w, = 0.92
a.u. and y = 0.285 a.u. (dash-dotted line). It can be
appreciated how the main peak in the ELF is shifted
in the single Mermin approach with respect to the ex-
perimental one and, moreover, the low energy peak
is absent. Figs. 1b and 1c show the behaviour of the
fitted ELF, for various values of the wave number k,
when a sum of Drude-type ELF [6], ep-ELF, or a sum
of Mermin-type ELF, em-ELF, are used, respectively.
Although both the ELF fitted by a sum of ¢y-ELF or
by a sum of ep-ELF coincide at k = 0, their evolution
with the wave number k is dramatically different. The
structure of the sum of ep-ELF at k = O is retained
when the wave number increases (Fig. 1b); however,
this structure gradually disappears in the case of the
sum of em-ELF (Fig. 1c). It is worth noting that the
ELF obtained from a sum of em-ELF or from a single
em-ELF are very similar for £k > 1 a.u.

The calculated stopping power, Sp; and the en-
ergy loss straggling, Q?, corresponding to a proton
moving with velocity v through graphite have been
plotted in Fig. 2. The calculations where done using
in Egs. (2) and (3) the three different models for
Im[—1/e (k,w)] previously mentioned, i.e, a sum of
em-ELF (solid line), a sum of ep-ELF (dashed line)
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Fig. 3. Energy loss function Im[—1/e(k = 0, )] modelled
as a sum of ep-ELF for several carbon species: glassy, amor-
phous, graphite, diamond and Cgy-fullerite.

and a single ey-ELF (dash-dotted line). In Fig. 2a
we observe how all these models provide almost the
same stopping power at high proton velocities; this is
50 because the sum rules for the effective number of
valence electrons (4 for carbon) are satisfied in the
three models. At low velocities (v < 1 a.u.) the stop-
ping power S is proportional to the proton velocity,
as is known experimentally [10-14], for both a sum
of and a single em-ELF. This is due to the fact that the
principal contributions to the energy loss are due to
electron-hole pair excitations, described correctly by
Mermin’s dielectric formalism. This argument also
explains the incorrect behaviour of S, obtained from
the sum of ep-ELF model [6], since the Drude dielec-
tric function describes well the collective excitations
(plasmons) but not the low-energy single-particle ex-
citations. The stopping power predicted by a sum of
em-ELF around the maximum of the stopping (v ~ 2
a.u.) agrees very well with the experimental data
[15], however, the results obtained by a single em-
ELF overestimates these data. Practically the same
comments are valid for the energy loss straggling,
Q?, depicted in Fig. 2b, where it can be seen that the
em-ELF model gives the correct behavior Q* ~ v? at
low velocities.

We conclude that the present model based on a sum
of em-ELF gives a correct description of the stopping
power and the energy loss straggling at low, medium
and high proton velocities. Using this model we have
plotted in Fig. 3 the sum of em-ELF for five allotropes
of carbon: glassy carbon [7], amorphous carbon [8],
graphite [7], diamond [7], and Ceo-fullerite [9]. Two
well defined peaks can easily be seen, one at low energy
(~ 7¢eV) associated with the = electrons and the other
at high energy (~ 25 eV) associated with the n +
o electrons. These peaks are common, with variable
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Fig. 4. (a) Stopping cross section (SCS) and (b) normalized

energy loss straggling (Q?/ Q%) as a function of proton ve-

locity for different carbon targets: glassy (- - -), amorphous

(—), graphite (---), Cgo-fullerite (- - - - - ) and diamond

(- - -). A sum of Mermin-type ELF was used in the cal-

culations. Experimental data: m ref. [15], A ref. [16], ==
ref. [17], o ref. [18].

intensity, to all carbon allotropes with sp>-bonds. The
case of diamond, with only sp>-bonds and no free n
electrons shows only the high energy peak.
According to the ELF shown in Fig. 3 we have plot-
ted in Fig. 4a the stopping cross section, SCS, and in
Fig. 4b the normalized energy loss straggling, Q?/Q3
(where Q2 is the Bohr straggling), corresponding to
several carbon targets. At proton velocities v < 2
a.u. our calculations for the five allotropes of carbon
show differences in the SCS ranging from ~ 50%
to ~ 100%, being larger in the low velocity region.
However, these differences are not so noticeable in
the case of the Q?/Q3. We also compare with experi-
mental data, although some references did not always
provide information on the type of carbon targets



1. Abril et al. / Nucl. Instr. and Meth. in Phys. Res. B 90 (1994) 72-75 75

used in the measurements. The agreement between
our calculations and the experiments for graphite and
amorphous carbon [15-18] is reasonably good in
the SCS. Especially remarkable is the case of amor-
phous carbon, where the calculated and the exper-
imental [16-18] SCS values lie practically on the
same curve, except around the maximum, where the
experimental data are slightly scattered. Some dis-
crepancies are observed in Fig. 4b for Q?/Q3, but the
difficulty in determining experimentally the energy
loss straggling it is well known. The experimental
ratio SCSgraphite/SCSdiamonda = 1.06 obtained for 1.1
MeV protons [19] compares well with the value 1.04
derived from our calculations. For carbon projectiles
with velocities between 3 a.u. and 4 a.u. the ratios
S(‘S, phi / SCSq4 ¢ and SCSgI:my carbon/ SCSdiamonda
were found [20] to be 1.036 and 1.072, respectively;
these results show the same trends than our calcula-
tions (1.08 and 1.1, respectively, forv = 3 a.u.). The
stopping cross section and the normalized energy loss
straggling of the five carbon modifications studied
in this work become larger in the order diamond,
Cgp-fullerite, graphite, amorphous carbon and glassy
carbon, but the results for graphite and Cgo-fullerite
are very similar at low velocities; the same ordering
of the SCS was determined by Baek et al. [20] when
bombarding diamond, graphite and glassy carbon
with carbon projectiles at intermediate velocities.
These results reveal the influence of the bonding-type
of the different allotropes on the energy loss.

In conclusion, we have presented a model, based
in a sum of em-type ELF, to describe in a more real-
istic way the energy loss of protons in a wide range of
velocities for different allotropes of carbon. The re-
sults provided by the model agree fairly well with the
available experimental data, and although non-linear
effects may become important at low velocities, its
evaluation would require a more sophisticated treat-
ment which is beyond the scope of the present work.
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