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t-SWCNTs as shown in Fig. 2(d). Only a little or no
t-SWCNTs were observed in other sites 2, 3 and 5.
Although metal impurity, black dots in Fig. 2(b) and (c),
was also accompanied, the -SWCNTs were successfully
separated from fabricated texture of SWCNTSs by ultra-
sonic atomization. It is worth noting that wreath-shaped
aggregates of SWCNTs were observed in 2 and 5
(Fig. 3), when much shorter SWCNTs (HiPco) cut oxida-
tively with piranha solution were used [13].

Acknowledgements

A part of this work was financially supported by a
Grant-in-Aid from International Innovation Organization,
Kyoto University. We thank Mr. Shin-ichi Tachizono (Hit-
achi Powdered Metals Co.) for providing SWCNTs pre-
pared by arc discharge.

References

[1] Chernozatonskii LA. Carbon nanotube elbow connections and tori.
Phys Lett A 1992;170:37-40.

[2] Liu L, Guo GY, Jayanthi CS, Wu SY. Colossal paramagnetic
moments in metallic carbon nanotori. Phys Rev Lett 2002;88:217206.

[3] Liu J, Dai H, Hafner JH, Colbert DT, Smalley RE, Tans SJ, et al.
Fullerene ‘crop circles’. Nature 1997;385:780-1.

[4] Colomer JF, Henrard L, Flahaut E, Tendeloo GV, Lucas AA,
Lambin P. Rings of double-walled carbon nanotube bundles. Nano
Lett 2003;3:685-9.

[5] Zhang XF, Zhang Z. Polygonal spiral of coil-shaped carbon
nanotubes. Phys Rev B 1995;52:5313-7.

[6] Ahlskog M, Seynaeve E, Vullers RIM, Haesendonck CV, Fonseca A,
Hernadi K, et al. Ring formations from catalytically synthesized
carbon nanotubes. Chem Phys Lett 1999;300:202-6.

[7] Vossmeyer T, Chung S-W, Gelbart WM, Heath JR. Surprising
superstructures: Rings. Adv Mater 1998;10:351-3.

[8] Martel R, Shea HR, Avouris P. Rings of single-walled carbon
nanotubes. Nature 1999;398:299.

[9] Martel R, Shea HR, Avouris P. Ring formation in single-wall carbon
nanotubes. J Phys Chem B 1999;103:7551-6.

[10] Sano M, Kamino A, Okamura J, Shinkai S. Ring closure of carbon
nanotubes. Science 2001;293:1299-301.

[11] Yasuda K, Bando Y, Yamaguchi S, Nakamura M, Fujimori E, Oda
A, et al. The effects of the solute properties in aqueous solutions on
the separation characteristics in ultrasonic atomization. J Chem Eng
Jpn 2004;37:1290-2.

[12] Kirpalani DM, Toll F. Revealing the physicochemical mechanism for
ultrasonic separation of alcohol-water mixtures. J Chem Phys
2002;117:3874-7.

[13] Ziegler KJ, Gu Z, Peng H, Flor EL, Hauge RH, Smalley RE.
Controlled oxidative cutting of single-walled carbon nanotubes. J] Am
Chem Soc 2005;127:1541-7.

sp/sp” bonding ratio in sp rich amorphous carbon thin films

L. D’Urso, G. Compagnini *, O. Puglisi

Dipartimento di Scienze Chimiche, Universita di Catania, V.le A. Doria 6, Catania 95125, Italy

Received 2 March 2006; accepted 18 April 2006
Available online 19 May 2006

Keywords: Carbon clusters; Raman spectroscopy

The possible existence of a linear sp-allotropic form of
carbon has been discussed in the literature since the begin-
ning of the 1960’s [1]. Nowadays carbynoids are considered
very attractive systems for their possible technological
applications and for fundamental reasons involving several
fields. A crucial aspect in polyyne chemistry is the stabiliza-
tion of the produced carbynoid structures. In fact adjacent
carbon chains are highly reactive and hence transform to
higher dimensional materials [2,3]. Either in studying sta-
bility or in the evaluation of the yield of the synthesis meth-
od, the evaluation of the amount of the sp hybridized
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carbons is of central importance. Since that Raman spec-
troscopy is considered as one of the most powerful tools
to characterise pure carbon species, the aim of this letter
is to show that this technique is suitable to be used for
an easy determination of the sp/sp® bonding ratio in cluster
assembled carbon films and for a general evaluation of the
sp/sp> Raman scattering cross section.

In order to have sp rich carbon thin films with a wide
variety of carbynoid concentrations, we started by deposit-
ing carbon cluster beams generated by using a pulsed laser
vaporisation source (Nd:YAG laser operating at 532 nm)
and seeded in a flow of helium buffer gas (5 bar). The
ablated target was a high purity (99.9999%) graphite
rod. The properties of such clusters have been widely
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investigated in the past [4]. For instance TOF mass spectra
have shown the presence of alternated even-odd signals re-
lated to the formation of carbynoid structures. Immedi-
ately after the deposition, the samples (100-300 nm thick
films deposited onto a silicon substrate) were positioned
in front of a fused silica window for an ““in situ” Raman
analysis. Raman scattering was excited either by a
514.5 nm radiation (Ar laser) or by a 632.8 nm one (He-
Ne laser). The backscattered light was collected and ana-
lysed by a confocal system, a Jobin Yvon single monochro-
mator equipped with a notch filter and a CCD detector
(3 cm™! spectral resolution).

Since sp chains embedded in carbon thin films easily de-
grade as a consequence of their interaction with atmo-
spheric gases, we have progressively reduced the amount
of sp-hybridized carbons in our samples by allowing dry
air to enter into the chamber. Fig. 1 shows the effect of such
degradation on the first order Raman spectrum. Each
spectrum is composed by a prominent wide band located
between 1000 and 1700 cm™' which is generally decom-
posed into a high frequency component (G line) at around
1550 cm™! and a low frequency one (D line) at around
1360 cm~'. Both D and G features are typical of highly dis-
ordered graphite-like structures. Their positions, widths
and relative intensities depend on the deposition method
and the experimental condition used [5]. In order to sepa-
rate them, a two-peak-gaussian fitting procedure has been
used (see inset in Fig. 1), considering that this is widely
deemed suitable in disordered materials [5]. In addition
to the expected G and D peaks, a strong asymmetric and
broad signal between 1900 and 2200 cm ™' is evident.
According to previous Raman spectroscopic studies on
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Fig. 1. Raman spectra for sp-rich amorphous carbon thin films with

different carbynoid concentrations. The inset shows a typical deconvolu-
tion into D and G features.

carbynoid samples this signal is related to the presence of
a mixture of polyynes and polycumulenes [1,2]. Since these
isomers have very similar Raman spectra, a distinction be-
tween them is not straightforward at this stage.

When the as deposited sample is progressively exposed
to dry air a number of changes are evident in the two
Raman regions:

e The graphite-like band increases in intensity and the G
component, initially at ~1512cm™", is shifted toward
higher frequencies.

e The sp signal progressively decreases in intensity and
blue-shifts too. After 90 min in air, only a narrower
band between 2000 and 2250 cm ' is detected.

Then, there is an evident correlation between the in-
crease of the sp> Raman signal and the decrease of the sp
correlated one in agreement with other studies [3,6].
Regarding the G line blue shift, Casari [2] has already ob-
served that this indicates a trend towards ordering of the
sp” phase.

Now we consider, in the Raman scattering volume, the
number fraction (x,,) of sp-hybridized carbon atoms that
constitute carbon chains of a variety of lengths. The rest
should be composed by a graphite-like mixture where sp’
hybridized carbon atoms are absent. In any case, even in
the presence of a consistent fraction of tetrahedral carbons,
their contribution to the overall signal can be neglected be-
cause the Raman cross section for sp”> bonded species is
much greater (50-200 times) than that for a sp> bonded
one, at least using visible laser excitations [7]. In this way
it is always possible to state that x,, +x,,2 = 1, where x,
is the fraction of sp>-hybridized bonded carbons.

We now introduce one of the most cited relations corre-
lating the sp” average cluster size L (or the in-plane corre-
lation length) with the integrated intensity ratio Ip/lg:
b — 4I2; as proposed by Ferrari et al. [5]. In this formula
o is a constant which only depends on the excitation wave-
length (5.5x 1073 A2 for 514.5 nm excitation).

Naming pp the density of sp> domains (assumed as a
constant during the degradation process) in the scattering
volume V, p,» the density of sp> bonded carbons in a (pla-
nar) graphite-like domain and N the total number of car-
bon atoms embedded in V:
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Here we have assumed that graphite-like domains are pres-
ent as fused sixfold rings rather than rows of rings. This
condition has been found to be the most stable in amor-
phous carbons [8]. For this reason the sp® domains are as-
sumed circular.

On the other hand, the integrated intensity ratio of
the carbynoid signal (/;,) with respect to the graphite-
like one (including both G and D lines, /) can be written
as:
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