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Abstract Carbon based structures have been widely
studied by X-ray absorption (XAS), also called NEXAFS,
which is a very useful bulk probing method that allows
examining the unoccupied density of states (DOS) and the
site selective bonding environment. Two very well known
spectral features in the XAS core level spectrum are the g*
and 7* bands, and both have been analyzed in several
studies for graphitic-like systems. However, among all the
carbon materials, the unique one-dimensional electronic
properties attributed to single-walled carbon nanotubes
(SWCNTs) exhibit features that reveal clearly their elec-
tronic structure in the core level XAS spectrum. In this
article, we outline the Cls response in XAS, which is
related to the DOS of the conduction band in SWCNTSs and
its fine structure, revealed by experiments performed on
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metallicity-sorted SWCNT material. The progress in the
identification of changes in the site selective conduction
band electronic structure with XAS is discussed in detail.

Introduction

Single-walled carbon nanotubes (SWCNTs) are one-
dimensional (1D) crystalline structures with peculiar elec-
tronic properties. The carbon atoms constituting the
backbone of the tubular structure form ¢ bonds with their
neighbors, leaving one electron in a © orbital which is
responsible for the intriguing electronic structure of these
materials. Furthermore, to understand the studies here
presented it is useful to keep in mind that the geometric
structure of a SWCNT renders its metallic or semicon-
ducting nature.

Commonly used nanotube synthesis techniques are
nowadays able to produce gram quantities of SWCNTs but
they are not metallicity-sorted as-grown. Positive devel-
opments have been made in controlling and optimizing the
synthesis, as well as the purification and separation of
nanotubes by metallicity and chirality. Taking advantage of
this, we have made use of purely metallic and purely
semiconducting samples produced by density gradient
ultracentrifugation (DGU) [1]. Techniques such as scan-
ning tunneling microscopy, photoemission spectroscopy,
nuclear magnetic resonance, optical absorption, among
others, have been able to identify the characteristic features
of the electronic structure of SWCNTs. Combining XAS as
a bulk probing technique with the availability of metal-
licity-sorted material, we show here that it is possible to
study the long theoretically predicted electronic structure
of SWCNTs on a buckypaper (see left side inset in Fig. 1).
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Fig. 1 The nanotube material probed for these studies are bundles
with a Gaussian diameter distribution centered at 1.37 nm and a
spread of +0.08 nm. The histogram shows the relative abundance of
semiconducting (black) and metallic (blue) species. The correspond-
ing diameter cumulative tight binding calculation of the DOS for
metallic and semiconducting SWCNTs is shown in the right side
inset. Additionally, the nanotube material probed was in the form of a
buckpaper such as the picture displayed as inset in the top left corner
(Color figure online)

Focusing deeper on the technique, it is worth recalling
that XAS is a powerful tool revealing the features in the
unoccupied density of states (DOS). It has been widely
used to study materials made of carbon atoms in its three
possible hybridizations. For instance, the electronic struc-
ture of graphite has been widely studied experimentally
and theoretically and the ¢* and ©* thresholds have been
examined by various authors [2-5]. An intense debate
existed around a discrepancy of the position of a peak
appearing 3 eV above the Fermi level (Ef) in the ground
state DOS, whereas experimental XAS observations found
that peak dislocated 1 eV. This peak is associated to the ©*
resonance and its dislocation has been found to be strongly
affected by excitonic effects. Also, the ¢* is strongly
influenced by excitonic effects but we will not focus on it
in this contribution.

The purpose of this article is assessing the electronic
states is SWCNTs using XAS. More specifically, we focus
on the nature of the * resonance and the fine structure that
we have observed in this feature. Along this manuscript,
we describe how this can be associated to the van Hove
singularities (vHs) characteristically observed in the DOS
of SWCNTs.

Experimental
Samples

The studies described in this contribution have been made on
films of purified SWCNT with a characteristic narrow
Gaussian diameter distribution centered at 1.37 nm and a
spread of +0.08 nm as depicted in Fig. 1. Both, arc dis-
charge and laser ablation pristine SWCNTSs have been used.

In addition, arc discharge samples, later separated according
to metallicity via DGU [1], have been employed. A sub-
sequent filtration has been used, which allows the formation
of mats of so-called buckypaper of purely metallic and
purely semiconducting SWCNTs (see example of the
metallic buckypaper on the top left side of Fig. 1). This
facilitates the use of samples as a bulk sample which can later
easily be mounted on a conducting sample holder [6].

The quality of these samples is checked by photoemis-
sion studies, which reveal an overall purity of better than
99% regarding the catalysts other carbon impurities, due to
the absence of any other photoemission signals beyond the
carbon response from the separated SWCNT. The signal of
the metal particles was below the detection limit of 0.5% of
the carbon Cls signal, showing the high purity of the
samples [7]. The same holds for the purity of the samples
regarding the details in the valence and conduction band
response of the SWCNT. Previous results on the purity of
metallicity integrated samples [8—10] showed a direct
correlation between the purity of the samples and the
observation of the 1D van Hove singularities in the valence
band photoemission response. This is important because
any remaining impurity beyond 1% yields to impurity
scattering which broadens the overall 1D photoemission
response of the SWCNT [9, 11].

XAS experiments

All the measurements are performed on a film of SWCNTs
annealed above 800 K in ultra-high vacuum. XAS experi-
ments here reported were performed at the beamline
UES5S2PGM at Bessy II. XAS spectra were recorded in
partial yield and drain current modes. All the the NEXAFS
experiments here reported were performed at the beamline
UES2PGM at Bessy II, which has a resolving power
(E/AE) of 4 - 10*.

Results and discussion

As mentioned in the introductory section, studying the Cls
response in XAS is a very useful way to prove the con-
duction band of the system. This feature has been analyzed
for various carbonaceous materials along the years. How-
ever, let us focus merely on graphite and carbon nanotubes.
The overall XAS absorption spectral patterns in the C1
response are depicted in Fig. 2. The lines depicted from
bottom to top are high-resolution XAS spectra recorded on
the Cls edge of highly oriented pyrolitic graphite,
as-grown bundles of SWCNTs with random metallicity and
sorted semiconducting and metallic species. The spectra
corresponding HOPG and metallicity-mixed samples has
been reproduced from Ref. [12].
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Fig. 2 Left panel: the lines depicted from bottom to top are high-
resolution XAS spectra recorded on the Cls edge of graphite,
as-grown bundles of SWCNTSs with random metallicity and sorted
semiconducting and metallic species. Right panel: close up into the
Cls n* absorption edge of the same types of samples

The overall shape in all these cases exhibits the well
known 7m* resonance at 285.4 eV and the o* threshold at
291.7 eV [13], which has also been reported with core
level EELS on the Cls edge of SWCNTs [10] and previous
XAS results on SWCNTSs [14-16]. This is the first hint that
the signature of the conduction band in the metallicity
separated SWCNTs must include a reminiscent shape
related to the graphite response, which is indeed the case.
However, examining closer the XAS Cls response of the
SWCNTs as shown in Fig. 2, a fine structure appears on the
7* resonance. It had been suggested that the pronounced
features appearing on the ©* peak could be related to the
distinct vHs in the unoccupied DOS of the SWCNTs
[12, 17]. The clearly resolved fine structure features in the
XAS spectra of bulk metallicity-mixed SWCNTs address
the concomitant response of metallicity-sorted SWCNTSs.
However, only the use of SWCNTSs which are metallicity-
sorted truly discerns unambiguously the fine structure that
fingerprints the 1D response of metallic and semiconduct-
ing species.

Let us now analyze separately the 1D DOS in the con-
duction band of sorted metallic and semiconducting
SWCNTs, looking at the high-resolution Cls edge XAS
spectra depicted both in Figs. 3 and 4, respectively. The n*
response of the metallic and semiconducting species
exhibits a unique fine structure. In both cases, in order to
disentangle the independent fine structures we made a fine
lineshape analysis. For this, we have taken into account the
position of the vHs obtained from the diameter cumulative
tight binding (TB) calculations corresponding to the two
different types of samples (shown in Fig. 1). As depicted in
the upper pannels of Figs. 3 and 4, we have applied a
Gaussian broadening to the DOS calculated for the con-
duction bands correspondingly, to better compare the the-
ory with the XAS experiments.

First, the metallic SWCNTs samples exhibit the n*
resonance fine structure depicted in Fig. 3. To unravel this
fine structure, we performed a line shape analysis using

@ Springer
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Fig. 3 Close up of the high-resolution XAS Cls n* absorbtion edges
(circles) of metallic SWCNTs together with the results of a line shape
analysis (lines). The top panel depicts the diameter cumulative TB
DOS broadened by the experimental resolution. This calculation takes
into account bundles of SWCNTs with a Gaussian diameter
distribution centered at 1.37 nm and a spread of £0.08 nm The
lables denote the vHs (M ,), and the overall conduction band (7*)

Gaussian components. As it is clearly seen, the solid lines
used in this deconvolution correspond to the vHs and a
broad Voigtian for the n* peak which is related to the
graphite lineshape, as indicated in the figure. The n* peak
is observed at 285.26 eV in the case of the purely metallic
samples. The additional foot at the low-binding energy was
fitted using a cumulative Gaussian folded by a Fermi
function. In addition, the fine structure corresponding to the
metallic sample response, exhibits peaks positioned at
285.10, 285.65 eV and a shoulder at 286.1 eV. An addi-
tional foot in the case of metallic SWCNTs is located at
284.5 eV. This can be attributed to the onset of the constant
1D DOS at the Ef in the case of the metallic nature of the
probed sample. Analyzing now the features of the fine
structure observed in the n* response corresponding to the
purely semiconducting type of samples, again a broad
Voigtian has been used to identify the ©* graphite remi-
niscent, which is centered at 285.3 eV and it is in partic-
ularly good agreement with the values reported for
graphite. The semiconducting fine structure is observed as
peaks at 284.75, 284.95, 285.35 eV and as shoulders at
285.7 and 286.05 eV.

The comparison of the detailed line shape analysis to the
broadened metallicity selected diameter cumulative DOS is
shown in the upper panels of Figs. 3 and 4. The scaled
calculation can be positioned according to the Cls binding
energy, which can be in turn directly associated to
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Fig. 4 Close up of the high-resolution XAS Cls n* absorbtion edges
(circles) of semiconducting SWCNTSs together with the results of a
line shape analysis (lines). The top panel depicts the diameter
cumulative TB DOS broadened by the experimental resolution. This
calculation takes into account bundles of SWCNTs with a Gaussian
diameter distribution centered at 1.37 nm and a spread of +0.08 nm.
The labels denote the vHs (S} ), and the overall conduction band

()

respective XAS onsets. It is worth noting that in analogy to
photoemission studies [7], the same fine structures (S} to
Sz and MJ to Mj) are observed in high-resolution XAS.
With this, the actual positions and widths of the diameter
cumulative vHs peaks are in very good agreement with the
TB calculations without any further scaling, while the
broad n* resonance, which is well known to be strongly
affected by the Cls core hole, is dislocated as marked by
the red arrows in both Figs. 3 and 4.

Previous studies on SWCNTs samples with mixed
metallicity, reported the n* peak related to the DOS at the
M point of the underlying graphene structure downshifted
by about 2 eV due to the Cls core hole effects [3, 12, 18].
This confirmed in turn its strongly excitonic nature. On the
other hand, it is worth noting that in molecules like Cgg
[19] and CsoN [20] the bands are associated to the
molecular orbitals and the core hole effects are much less
pronounced.

In the ©* peaks we have resolved experimentally, it is
clear that this line is strongly excitonic and downshifted by
core hole effects. Nevertheless, we show that TB calcula-
tions allow directly identifying the individual fine struc-
tures in the unoccupied DOS straightforwardly. The core
hole effect in the broad Cls n* resonance resembles bulk
sp2 carbon, whereas the small core hole effects in the
resonances due to VHs are attributed to molecular
excitations.

These results substantiate the intriguing composition of
bulk and molecular features in the electronic excitation
spectrum of SWCNTs. Revealing the composed Cls
response along the SWCNTSs axis and the circumferential
direction justify to certain extent the ever found difficulties
to correctly describe the details in the Cls response of this
1D solids in theory so far. The diameter cumulative TB
calculations used here allow us to apply an identification
starting point for the whole set of chiralities in the diameter
range given by the sample characteristics.

Conclusions

One of the major gains of this XAS result is that it com-
pletes our knowledge on the 1D electronic structure of
SWCNTs on the bulk scale by directly accessing the details
in the conduction band. This represents a model or base to
compare molecular like conduction band DOS of the vHs
in polarization perpendicular to the tube axis, such as in the
well studied case of other molecular systems like func-
tionalized fullerenes [20]. This sets the basis for analyzing
the electronic structure and bonding environment in func-
tionalized, metallicity selected carbon nanotubes with
unprecedented detail.
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