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This paper demonstrates that a free electron gas model accurately simulates the spectral dependence of
optical extinction spectra for carbon spiroids under the assumption that free electrons are confined in an
homogeneous spherical particle owing to the delocalisation of p electrons that occurs in the actual spec-
tral range. This effect can occur in the spiroid, rather than a spheroid (onion) due to the variable radii of
the spiral turns as a function of distance from the centre, which are smaller than typical values for the
spheroid.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Analysis of the optical emission spectra from the stellar struc-
ture HD97048 indicates the presence of small diamonds in the
interstellar medium due to the emission bands at 3.43–3.53 mkm
[1]. These bands are fingerprints of nanodiamonds and occur
together with the emission band at 3.3 mkm that is the fingerprint
of graphene [1,2]. The size of the nanodiamonds is known from the
analysis of meteors and lies in the region of 1.2–1.4 nm in diameter
[3]. Nanodiamonds possibly form in carbon stars and are emitted
into the interstellar region by the star wind. The most favourable
mechanism of their formation is through a collision process of car-
bon ions. During ejection from the carbon star and subsequent tra-
vel through the universe, diamond nanoclusters undergo
irradiation which causes their heating to a temperature whereby
a transition from nanodiamond to carbon nanospiroid occurs as
was shown in [3].

The transition to a spiroid form under irradiation is more likely
than transition to a spheroid because these structures are less sym-
metric and can form from defective nanodiamonds more easily
through radiation induced defects and skeleton strain [3–5].
Such structures that have been formed from nanodiamonds by
irradiation have well defined optical properties which can act as
their fingerprints. It is the optical properties of these irradiated
structures that are the focus of this paper. We establish a correla-
tion between optical properties of carbon nano-spiroids and the
217.5 nm interstellar optical extinction band. Details of this band
are presented elsewhere, see, e.g., [6–8]). Carbon nano-spiroids
have smaller distances between the turns than the inter-shell spac-
ings for the spheroid (onion) and the spiroid can be filled up with
electrons homogeneously owing to field-induced interturn tunnel-
ing. Consequently, we use here the first (dipole) term of Mie series
for decomposition of the extinction cross section for homogeneous
sphere presented in [9] and termed there as electrostatic
approximation.
2. The model

Here we perform Density Functional Theory (DFT) calculations
using Car–Parrinello Molecular Dynamics (CPMD) for geometry
optimisation of the C60@C240 carbon spheroid and the C300 carbon
spiroid to derive the interatomic distances between successive lay-
ers for estimation of the optical properties.

In order to do this we used approximate coordinates from Osa-
wa’s spiroid [10]. combined with an algorithm that produces the
C60 and C240 double-shell spheroid and the C300 spiroid from [11].
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Fig. 2. The interatomic distances between adjacent spirals in the spiroid shown in
Fig.1. Black squares stand for measurements and the dashed line shows trend.
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The resulting C60@C240 multiwall fullerene (spheroid) and C300 spir-
oid are shown in Fig. 1(a) and (b), respectively. The mathematical
model of such a spiroid has been described in our earlier articles
and the graphical image of it is presented in Fig. 1(c).

As one can see, the spiroid and spheroid (carbon onion) exhibit
differences in their geometries. The characteristic feature of the
spiroid is the opening hole with a passage that constitutes a quasi
two-dimensional channel that ends up in the spiroid’s centre of
mass. Measurements have shown that the width of the entrance
hole is around 9.3 Å, while the spacing between the adjacent shells
within the channel varies from 2.8 Åat the edge to 3.6 Åin the mid-
dle of the channel. Geometries of the spheroid and spiroid were
optimised first using the Avogadro molecular editor with the UFF
model [12] before they were input to CPMD [13] with the Nose
thermostat [14], where the final optimisation of geometry was per-
formed for zero temperature. A plane wave basis set with a cutoff
of 50 Ry and the PBE exchange–correlation potential was used for
the calculations. The long-range van der Waals interaction was
accounted for by means of a semi-empirical DFT-D2 approach pro-
posed by Grimme [15]. The shapes of the spiroid and spheroid after
the resulting optimisation of the geometry are identical to the eye
as those shown in Fig. 1a and b. Analysis shows that while incre-
ments, i.e. intershell distances for the case of carbon nanospheroid
equal approximately to 3.4 Å, the distances between the successive
turns of spiroid (increments) for the case of spiroid presented in
Fig. 1 are smaller and are shown in Fig. 2. Therefore, the tunnel
probability for electrons is bigger for the case of spiroid. Actually,
DFT abinitio studies by [16] have also shown that an electric field
perpendicular to a graphene plane does not noticeably introduce
additional electrons into the conduction band of the graphene
plane, in the spectral region (0 — � 10 eV). For the component par-
allel to the graphene plane (‘‘in plane” or tangential component), p
electrons solely contribute to the optical properties in the
�hx � 4:5—�hx � 7 eV spectral region [16]. By analogy with gra-
phite the potential barrier for electrons is about the value of work
function�4.6 eV [17]. Thus, for photon energies exceeding the bar-
rier height, both carbon multishell spiroids and spheroids fill up
with electron gas. Bearing in mind tunnel mechanism of electron
motion, it seems quite natural to use the model of a sphere filled
up with free electron gas of p electrons for estimation of optical
properties of carbon nanospheroids and nanospiroids, though
probability of interturn tunnelling is bigger for spiroids.

2.1. The formalism of optical absorption

A model for the optical properties is now presented. We shall
start from the dielectric function � of free electron gas [9]:

�1 ¼ �1 � x2
p

x2 þ c2
ð1Þ
Fig. 1. (a) Example of the multishell fullerene C300-carbon onion; (b) Typical spiroid o
Geometrical model of the spiroid (see the detailed description in the text). The spheres
indicates the edge of the spiroid’s entrance. (For interpretation of the references to colo
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�2 ¼ x2
pc

xðx2 þ c2Þ ð2Þ
�1 ¼ x2
p

x2
p þ c2

ð3Þ
� ¼ �1 � i�2 ð4Þ

here c ¼ 1
s is the inverse relaxation time �1 and �2 are the real and

imaginary parts of the dielectric function,x is frequency of photon,
and the complex dielectric function of free electron gas is �.

The polarisability of a vacuum-suspended spherical particle
containing damped electron gas awith radius R obeys the equation
[9]:

a ¼ R3 �� 1
�þ 2

ð5Þ

Substituting � with real and imaginary parts defined by (1–4) into
Eq. (5), gives:

ReðiaÞ ¼ R3 3�2
�22 þ ð2þ �1Þ2

ð6Þ

Optical extinction of an ensemble of spherical particles in the
Rayleigh-Gans model is determined through the extinction cross-
section calculated for the single particle multiplied by the number
of scatterers per unit volume [9]. It is known that the optical
extinction cross section Qr induced by an ensemble of M equiva-
btained as a combination of C60 and C240 fullerenes (as described in the text); (c)
indicate atoms and sticks chemical bonds between carbon atoms. The green colour
r in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Part of the mean interstellar extinction profile [7,8], represented by circles.
The solid full line corresponds to the best fit of Eq. (8) to the data for the following
set of parameters: �1 ¼ 1:432, �hxp ¼ 10:43� 0:001 eV, s

�h ¼ 0:797� 0:001, eV�1.
The thin line portrays the polynomial baseline. The dashed line shows the residual
between the original profile and the restored baseline with parameters: d0 ¼ 0,
d1 ¼ 0:874, d2 ¼ �0:084, d3 ¼ 0:00377 in normalised units.

S. Yastrebov et al. / Nuclear Instruments and Methods in Physics Research B xxx (2016) xxx–xxx 3
lent vacuum-suspended single particles having a size much smal-
ler than the wavelength of the radiation obeys the following
expression:

Q ¼ M4pkReðiaÞ ð7Þ

where k ¼ 2p
k is wavenumber for a wave of wavelength k;a is the

polarisability of an extincting globular particle suspended in vacuo.
Taking into account Eqs. (6) and (7), gives:

Q ¼ 12px
c
R3 �2
�22 þ ð2þ �1Þ2

ð8Þ

We omitted here the number of particles M because of the nor-
malised units available for experimental and interstellar extinction
profiles. For correction of the monotonic trend in the interstellar
extinction associated with extinction by silicate grains, we use
the polynomial

Q 0 ¼ d0 þ d1xþ d2x2 þ d3x3 ð9Þ

addition to Eq. (8). This form is termed by us as ‘‘the baseline”. And
the resulting extinctrion Qr ¼ Q þ Q 0.
2.2. The numerical fitting

For simultaneous estimation of the relaxation time and the
plasma frequency, Eq. (8) was fitted to the literature experiment
data that are portrayed with solid grey circles in Fig. 3. The result
of the fit is presented in Figs. 3 and 4 by the solid line with param-
eters given in the figure caption. A good agreement is seen in Fig. 3
between the fit and digitised data over most of the spectral region.
The mean literature interstellar extinction curve is represented by
the open circles in Fig. 4. For estimation of the model parameters
Eq. (8) with added baseline polynomial (9) was fitted to the litera-
ture data. The results of the fit are shown by the solid full lines and
fitting parameters values are presented in the figure captions. One
may see that for both cases the p plasmon energy obtained in the
course of fitting attains a value typical for graphite (see, e.g. [16]).
Fig. 3. The optical extinction cross-section for carbon onions as a function of
photon energy. The grey circles are the experiment results for carbon onions given
in [8]. The full line corresponds to the best fit by Eq. (8) to the experimental data
(with outliers omitted) for the following set of parameters: �1 ¼ 1:432,
�hxp ¼ 10:405�0.03 eV, s�h ¼ 0:562� 0:02 eV�1;Q 0 ¼ 0.
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3. Conclusions

Results of optimisation of the geometry of Osawa’s spiroid
shows a variation in the value of the radius vector with the dis-
tance from the spiroid’s centre, with the inter-turn distances smal-
ler than the inter-shell spacings for a carbon spheroid (onion). This
provides evidence for the presence of an electron gas filling up the
volume of a spiroid more effectively than a spheroid. The model of
Fröhlich resonance with a p plasmon energy typical for graphite
fits reasonably well the experimental absorption spectrum
together with the mean interstellar extinction curve, in the area
where the optical absorption 2175 Åband becomes dominant.
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