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Abstract

We present photoelectron (PE) and x-ray absorption spectra (XAS) of
macroscopically aligned multiwalled carbon nanotubes. We identify the peaks
in the valence PE spectra with regions of high density of states through
comparison to calculations for graphite. Finally, we outline and illustrate a
simple method for using XAS to determine the average alignment of a nanotube
sample.

1. Introduction

Carbon nanotubes (CNT) are currently of high interest. Their intrinsic properties, such as
a nanometric cross section, high aspect ratio, and good thermal and electric conductivity,
suggest a high applications potential. The electronic properties of CNT vary from metallic to
semiconducting depending on their helicity and diameter as well as, in principle, on their mutual
arrangement [1, 2]. For many properties, CNT can be modelled as tubular graphite [3, 4], as
has been demonstrated in theoretical and experimental studies [5—7].

In recent years much progress has been made with the production of aligned nanotube
samples [8—13], and one could expect further progress in the understanding of CNT electronic
structure. Earlier electronic structure studies employing x-ray absorption spectroscopy (XAS)
and photoelectron spectroscopy (PES) have provided a picture of CNT as being largely
similar to graphite [7, 14], whereas more recent spectroscopy work has stressed differences.
Momentum-resolved valence PES, e.g., was reported to detect only a small electronic band
dispersion for vertically aligned multiwalled carbon nanotubes (MWNT) [15]. The C Is line
is typically very broad and asymmetric in data presented so far. This has been attributed to
the metallicity of the nanotubes in the sample [16, 17], to an exotically enhanced lifetime

4 Present address: MAX-lab, University of Lund, Box 118, SE-221 00 Lund, Sweden.
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broadening [14], and to oxidation [18]. XAS and PES data are found to vary with sample
position [17, 19]. One PES study found little dependence of the spectra on the emission angle,
which was attributed to states in the bulk and at the surface being virtually identical [20], which
one can approximately claim for graphite [21]. Thus, there appears to be some consensus that
the electronic structure of CNT should and does approach that of graphite, but there are notable
exceptions to this expectation.

We present PES and XAS data for macroscopically aligned MWNT. Scanning electron
microscopy (SEM) was used to visually characterize the samples before the analysis using the
electron spectroscopies. Core level PES was used to study the local atomic structure of the
sample, and valence PES to characterize the extended states. C 1s XAS was applied to study the
unoccupied states and, for the first time, the spatial orientation of the MWNT in a macroscopic
sample. We find a strong position dependence of the spectra, with good consistency between
the different methods. This variation is ascribed to variations in the density of structural defects
in the nanotubes. We rule out a significant contribution from other carbon species to the spectra
using XAS. For a sample relatively free of defects, we confirm the expected strong similarity
with graphite, showing for the first time excellent agreement for the valence spectrum. All
valence spectra show close agreement with the graphite DOS in the placement of critical points.
We also measure the narrowest C 1s line of any MWNT sample to date. Combined with our
other observations, this suggests that defects were important for measurements thus far, and
that previous claims of novel physics were premature.

2. Experimental details

PES and XAS spectra were taken at Beamline D1011 [22, 23] at MAX-lab in Lund, Sweden,
which is comprised of a modified SX700 monochromator and a high efficiency electron
spectrometer of modified Scienta type with a 20 cm mean radius. The angle between the
incident light and photoelectron analyser is 40°. For the XAS measurements the secondary
electrons were collected using a multi-channel-plate electron yield detector. The base pressure
in the sample preparation chamber was 6 x 107!% and 1 x 10! mbar in the analysis chamber.

The MWNT were grown ex situ on a silicon wafer using thermal vapour deposition [9].
TEM (not shown) revealed tubes consisting of on average 20 layers, with an outer diameter of
the order of 40 nm, and an interlayer spacing of 3.5 & 0.1 A. This is similar to the theoretical
value of 3.39 A [24] and experimental determinations for other samples of 3.4 A [25, 26].
The sample was annealed in the preparation chamber to 320 °C for 30 min to remove possible
contamination. SEM was used to survey the sample, and nothing deviating from the images
shown in figure 1 below was observed, suggesting that there were negligible quantities of
obvious impurities such as amorphous carbon or graphite flakes.

The XAS spectra presented here are corrected for the structured throughput of first- and
second-order synchrotron light [27]. In normal incidence, the illuminated sample area was
1 mm (vertical) x 0.9 mm (horizontal). In normal emission PES, the photoelectron analyser
images an area of a few tenths of a millimetre (vertical) by a few millimetres (horizontal),
and the spectra are thus representative of a macroscopic area of this surface. PES and XAS
measurements were taken all over the sample, and a variety of lineshapes were found. In
the following sections we present measurements from four sample spots (A)—(D) which are
representative of the lineshapes observed. The total experimental resolution was 150 meV
(200 meV) for the valence (C 1s) PES spectra, and 100 meV for the C 1s XAS spectra. The
incidence angles of the synchrotron light are the same in PES and XAS for a given sample
position.

The PES valence data were aligned at the Fermi level, whereas the core level data are
not aligned, so the core level binding energy scale is not to be used for comparison due to
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Figure 1. Scanning electron microscope images of samples similar to that studied here. (a) A view
of the surface, including an open crack which displays good macroscopic alignment perpendicular
to the surface. The crack shown is viewed from the top. The centre of the crack is the dark area,
from which the MWNT stripes in the image emerge largely in the radial direction towards the
surface of the sample. (b) A more highly magnified image of the ‘flat’ region marked by a cross in
(a), revealing a more random distribution of tube orientations on the 100 nm scale at the surface.

possible charging effects. Photon energy calibration of the absorption spectra was carried
out by measuring the C 1s line excited by first- and second-order light. O 1s XPS spectra
showed slight oxygen contamination on the sample’; we presume that this contamination is
responsible for a portion of what we describe below as defects. However, one should also note
that highly oriented pyrolytic graphite (HOPG) can also show large oxygen content, without
strongly affecting C 1s and valence band spectra. Thus the level to which the oxygen signal
corresponds to defects is not quantifiable. No Fe 3p signal due to the catalyst was found in the
spectra, giving an upper limit on the ratio Fe to C in the sample of 0.05%.

3. Results

3.1. Microscopy

Figure 1 shows a SEM image of the sample. The film surface is flat on the 100 ;m scale. At
some spots the film surface showed cracks, such as the one displayed in figure 1(a). Because of
the small number of cracks most of the spectra are representative of the ‘flat’ surface regions,
but it was not possible to monitor this for the present measurements. In an optical microscope
inspection of the sample before the measurement, no graphite flake structure was observed.
Some impurities in the (sub-) 100 nm range, very dispersed, are seen in SEM; see figure 1(b)
for an illustration. At the sidewalls of the crack a high degree of alignment perpendicular to the
macroscopic surface can be seen. The length of the tubes, estimated from SEM, is more than
60 um. Figure 1(b) shows a magnification of the flat surface region and reveals a disordered
structure on the 100 nm scale within the available probe depth. These images are typical for
what was observed at different positions and for different samples.

3.2. Core level spectroscopy

We begin with a discussion of the C 1s photoemission spectra. Due to the large local
component in the relative binding energy for core level spectra, PES often provides structural
information [28]. We find a variation of lineshape over the sample, suggesting sample
inhomogeneities, which we discuss below. Data taken at four sample positions labelled (A)—(D)

5 The oxygen contamination of spot (A) was, relative to that at spots (B), (C), and (D), 29416, 44424, and 44+£29%,
respectively, with absolute upper O/C ratios of 12 + 6%.
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Figure 2. (A)-(D) C Is photoemission of MWNT taken at the sample positions indicated, after
subtraction of a Shirley background. In the insets an illustration of the background fitting procedure
including the raw data is shown. The photoelectron emission angle was 40° (spectrum (B): 30°)
from the sample normal. The difference in measured area between the cases for the two emission
angles is cos 30°/ cos 40° = 1.13. (H) Photoemission from [29] in normal emission.

are shown in figure 2. For comparison a C 1s spectrum from HOPG [29] is also included.
The raw data show that the contribution of inelastically scattered photoelectrons varies with
sample position. Spot (A) has only a minor contribution, whereas the contribution is significant
in spots (B)—(C). The same trend is observed for the valence spectra, as shown below. After
background subtraction all spectra are normalized to equal areas in the energy region presented.

As shown in table 1, the FWHM of the spectra from all spots is substantially larger than
that of HOPG. The most symmetric lineshape is found at spot (A), whereas spectra (B)—(D)
all have a significant tail on the high energy side. Notably, the FWHM increases roughly in
proportion to the background due to inelastically scattered electrons. Spectrum (A) has the
lineshape approximating that of HOPG most closely out of the present series of spectra. This
variation with sample position is consistent with effects of disorder. To quantify the asymmetry
we calculate the standard deviation. This confirms the visual perception that spectrum (A) is
closest to that of graphite.

A core level lineshape can be roughly explained as being due to the following
contributions [28]: core hole lifetime, excitation of vibrations and electron-hole pairs, and
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Table 1. Lineshape parameters of the C 1s core level spectra shown in figure 2, after the illustrated
Shirley background subtraction and normalization. See the text for more details.

FWHM (eV) Standard deviation (eV)

HOPG [29] 0.36 0.38
A 0.63 0.44
B 0.66 0.66
C 0.62 0.56
D 0.77 0.57

Table 2. Widths of the C Is core level lineshape from the available literature.

FWHM (eV)  Resolution (eV)

HOPG [29] 0.36 0.30

SWNT bundles [16] 0.58 0.20

Present work, position A 0.63 0.20
Fullerenes, ‘bucky paper’ [17]  0.67 0.35

SWNT bundles [17] 0.67 0.35
Aligned MWNT [20] 0.68 0.20
Random MWNT [20] 0.68 0.20
MWNT [14] 1.10 0.80%
Aligned MWNT [19] 1.11 Not reported
Powder MWNT [52] 1.55 Not reported

# Estimated from the reported width of 1 eV for graphite.

surface core level shifts (SCLS). Additionally, structural information is given via chemical
shifts due to atomic neighbour distributions, including variations due to, e.g., disorder and
defects. A distribution of different tube diameters and contaminants must also be considered.
The first three of these sources largely explain the case of graphite, with a Lorentzian
broadening due to the core hole lifetime of I't, < 160 meV [30, 31], vibrational broadening of
Iyip < 100 meV [30, 31], and SCLS of approximately 120 meV [31].

In previous investigations, the greater broadening of the C 1s line for MWNT [14] and for
SWNT [17] samples compared to graphite was attributed to a dramatically lowered core hole
lifetime. Comparing the FHWM of graphite (1.0eV) and MWNT (1.1 eV) reported in [14], this
implies a lifetime broadening of the order of 270 meV. A broadening of 220 meV is reported
in [17]. If one compares the Lorentzian width due to the core hole lifetime broadening of
graphite (<160 meV) [30,31] or Cgp (150 meV) [32] and smaller molecules (97 meV) [33],
such alarge increase is not physically motivated [21,34]. Table 2 summarizes core level studies
found in the literature. Spot (A) in the present work yielded one of the sharpest lineshapes
reported for MWNT. Clearly all MWNT studies obtain a significantly larger FWHM than
found for graphite, ranging from 0.63 to 1.55 eV. The variation in width and shapes observed
in figure 2 and summarized in table 2 suggests that the variability between samples and within
samples is not yet minimized. This variation suggests that effects such as structural defects
and contaminants [28] cause the relatively large broadening of the C 1s line observed in all
CNT spectra so far, including the present best case.

Electron—hole pairs and other quasiparticle excitations surely contribute at some level
to the observed line asymmetries, but the well-studied case of graphite suggests that this
contribution should be minor [29-31]. We observe asymmetries in our own data which vary
with sample position, indicating the important role of defects and inhomogeneities for this
spectral parameter in state-of-the-art samples as well. As regards the asymmetry, the C Is
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spectra of graphite are particularly sensitive to any charge transfer effects [29], which could
be brought about by defects and/or contaminants. Local shifts can also be due to tubes lying
partially on the surface giving rise to final state field effects as for the SCLS [31]. For cases of
semiconducting tubes or weak interconnects, small charging effects should also be considered,
which may not be simple to discern from the Fermi energy region spectra due to the slowly
varying shape of the valence density of states (DOS) [29]. Thus, the remaining difference
between graphite and CNT awaits the production of significantly better-ordered samples in
terms of atomic structure, but also in terms of macroscopic arrangement. What is clear is that
sample inhomogeneities must play a dominant role in the observed C 1s width and asymmetries.
Due to the strong influence of inhomogeneities on the core level lineshape it is not possible
to identify and quantify components of pure MWNT and defect induced/modified structures of
the C 1s lineshape. Nevertheless a qualitative criterion for the amount of defect structure and
other disorder is given by the linewidth and standard deviation, as summarized for the present
sample in table 1, with smaller values indicating higher integrity in the MWNT architecture.

3.3. Valence spectroscopy

We focus now on the valence PES to investigate the electronic properties. The kinetic energy of
the photoelectrons and, with it, the mean free path are comparable to those from the core level
study in section 3.2, and thus the same samples are probed in both measurements. Figure 3(a)
displays the valence band spectra of the corresponding positions together with photoemission
from HOPG [29].

The background intensity due to inelastically scattered electrons, which in this case can
be appreciated, e.g., at 23 eV binding energy, varies from position to position on the sample
quite similarly to that in the C Is spectra. The intensity at 5.5 eV follows the same trend, as
does the width of the step-like shape at 2.8 eV. From the fact that these spots show a higher
background due to inelastically scattered electrons in valence PES and C 1s, it is natural to
assume that they are characterized by a higher density of defects, and we therefore assign the
intensity at 5.5 eV to defect structures. Looking at the details of the lineshape, spectrum (A)
shows the lowest background from inelastically scattered electrons and the sharpest structures.
In addition, spot (A) and HOPG are similar in the range from Ef to 10 eV, with excellent
agreement near Ep. In the present study there is no Fermi edge-like intensity, i.e., the tubes
are not measurably metallic.

The overall similarity of the spectra with those of HOPG suggests that one can explain
at least some of the observations for the MWNT in terms of the graphite band structure.
Figure 3(b) shows this to indeed be the case, displaying a strong correlation between the
critical points of the band structure of graphite and the features of the MWNT spectra, with
a small expansion of the theoretical energy scale to account for self-energy effects [35]. The
good agreement is not surprising in the ideal case, since a MWNT with large diameter is
expected to show only mild deviations from the graphite band structure. Even small-diameter
CNT show on average similarities in overall DOS shape to that for graphite, comparable to that
presented here; see figure 1 of [36]. This is, however, the first reported detailed illustration of
such good agreement.

The data for HOPG correspond to a weakly angle-resolved spectrum in normal
emission [29], i.e., the I" point is measured and therefore a large peak at 20 eV due to direct
transitions from the bottom of the deepest o band is observed. For MWNT, in contrast, due
to the variety of tube orientations and the tube surface curvature, the spectra are basically an
integration over a large range of take-off angles, thus tending to reflect the total DOS. The
correlation with the graphite band structure is most strongly reinforced by the comparison of



Synchrotron radiation study of the electronic structure of multiwalled carbon nanotubes

6569

a)

Binding Energy (eV)
20 15 10 5

H).

llllllllll]ll‘lll

T
|
Valence PES | |
hv=110 eV ! !

Intensity (arb. units)

Figure 3. (a) Valence PES spectra taken at the sample positions indicated as described in figure 2.
(b) The band structure (E; versus k), calculated in the full potential linear muffin-tin potential
approximation [53]. The binding energy scale of the calculation has been expanded to match the
bottom of the experimental bands. Matching at Er and at the lowest o peak leads to an expansion

by 13%, similar to the 11% previously reported for graphite [35].

the valence PES at position (A) to the total graphite DOS as shown in figure 4, although the
basic alignment of the critical points holds for all spectra, showing that this result is quite
general for the sample.

It is striking that well-resolved structures are observed at position (A), and that all spectra
reflect the critical points in spite of measurable effects of defects, although this sample showed
fewer than all other spectra reported for MWNT, to our knowledge. We attribute this to the
generally large distribution of the valence wavefunctions, which should tend to minimize the
scattering effects of local defects. A secondary message from the MWNT data in figure 3 is that
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Figure 4. Valence PES spectrum compared with the total DOS of graphite from figure 2 in [53],
with the energy scale expanded by a factor of 1.13 as in figure 3. The DOS was convoluted with
a Gaussian (FWHM 1.4 eV) to approximately mimic the instrumental resolution and broadening
due to quasiparticle lifetimes [35] and defects.

inhomogeneities such as local charging variations within a given sample do not appear to play
a major role here, since the spectra line up quite well mutually (Er and band structure critical
points). The band dispersion of MWNT was the focus of a recent study [15]. Considering
the rather stringent requirements necessary for proper k resolution as far as sample alignment
is concerned, and the difficulties in sample preparation evidenced by the large C Is widths
reported thus far, it seems unlikely that the reported dispersion effects are due to the suggested
physics.

3.4. X-ray absorption

Due both to the fact that the light spot on the sample is larger than the spot imaged by the
electron detector in PES, and to the fact that the range of electron energies collected by the XAS
yield detector allows multiply scattered electrons to contribute to the spectra, we do not expect
a one-to-one correlation between the samples probed in XAS and PES at a given designated
spot (A)—(D). Nevertheless, the overall observations are consistent between the methods, as
we show in this section. Due to its local character, XAS is well suited to obtain structural
information [37]. There are two aspects relevant to the present study: (1) the electronic
structure is reflected in the lineshape [38]; and (2) alignment of orbitals can be probed via
angle-dependent XAS [37]. The electronic structure discussion allows us to put an upper limit
on the number of chemical impurities on the samples, as well as giving a separate measure
of the defect density. Then, using a simple model, we investigate the expected variations in
the 7* and o * regions of the spectra as a function of the mutual alignment of the tubes, in the
appendix, and apply the result to the present data.

3.4.1. Lineshape analysis—role of defects and contaminants. ~As discussed in great detail
elsewhere [34, 37-40], the lineshape of graphite contains two edges, one of 7 and one of
o symmetry. The first edge is of m symmetry, consistent with the fact that the first XAS
excitation of the C 1s electron is to states just above Er. The separation of the two symmetries
corresponds well with unoccupied DOS calculations, but core hole effects are nevertheless
quite important for understanding the observed lineshape [34, 38, 40, 41]. As seen in figure 5,
the XAS spectra from spots (A)—(D) are similar in their overall structure to that of graphite.
There are two possible origins for deviation from the expected graphite-like lineshape:
(a) non-tube structure within the sample either due to imperfections during sample synthesis
or molecules adsorbed from the air during transport; and (b) defect structure within the tubes.
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Figure 5. (A)—(D) XAS taken at the sample positions indicated. The edge resonances are fitted with
Voigt functions as shown, with a Lorentzian width of 0.16 eV reflecting the estimated maximum
core hole lifetime broadening. The Gaussian widths used are summarized in table 3. For the HOPG
data a special background was chosen at the o™ edge, as drawn. See the discussion in the text.

The degree of contamination (a) can be quantified via XAS, since, e.g., the 7* resonances of
molecular contaminants will show distinct peaks at characteristic photon energies. No extra
peaks are seen in the MWNT spectra of figure 5. Thus the maximum level of contamination can
be estimated by evaluating possible peaks in the fluctuations in the experimental data®. From
this we estimate a conservative upper limit for contamination by likely sources of 0.5%. This
leaves defect structure (b) as the origin of the lineshape broadening in XAS. For contamination
by graphite flakes, a different degradation of the spectrum from one approaching that of pristine
graphite would be expected.

In general, defect structures (b) will cause a broadening of the XAS lineshapes, as can
be seen by comparison with amorphous carbon samples. Amorphous carbon, formed by
plasma deposition from methane, shows the same principal resonances in XAS as graphite [42].
Another example of graphite defect structure is provided by a sample produced by laser ablation
of graphite onto a Si substrate, as reported by Gutiérrez and Lopez [43]. Samples prepared via
this method can be expected to be built of irregular arrangements of graphite flakes, and can
therefore be taken as a prime example of a graphite structure with very many defects. XAS
in that case shows extremely broad structures and almost no plateau between the 7* and o*
resonances [43]. This supports the SEM analysis that our samples contain no detectable levels
of such flakes. One notices that the 7* and o* edges are much broader for the MWNT samples

6 Some likely contaminants and their strong resonance energies are the following: CO =287.3eV [48],
CO; =290 eV [49], CHy = 288.0 eV [50]. Fullerenes tend to have strong resonances in the region of 285 eV [51].
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Table 3. Gaussian contributions to the full width at half-maximum of the Voigt functions used to
fit the indicated edges of the XAS in figure 5. See the text for more details.

Position FWHM n* (eV) FWHMo* (eV)
HOPG [40] 1.0 0.4
A 2.0 1.8
B 2.3 2.6
C 2.0 2.5
D 1.8 2.0

studied here than for HOPG, and that the fine structure of the o* region is not observed. We
attribute these observations to defects in the ideal tube structure, as we discuss in more detail
below, but comparison to the available spectra of amorphous graphite [42—44] suggests that the
concentration of defects is low. Their existence in the samples would imply a partial breakdown
of the distinction between 7 * and ¢ * portions of the DOS, which the broadening in the spectra
clearly reflects. Probably minor modifications in the intensity ratios can be expected due to
rehybridization, which is found theoretically for small tubes [45], or to the presence of different
defects/allotropes. However, the similarity of the overall spectral distribution motivates us to
consider the spectra in terms of the two symmetries, and this approach can be expected to
improve with sample homogeneity.

Because XAS measures the core hole-perturbed DOS within a few atomic sites of the
excited atom [38], the broadening in the 7* and o* edges compared to those for HOPG is
consistent with chemical shifts expected to be associated with local defect structures [42, 44].
To quantify the spectral consequences of disorder in XAS in a simple manner, we simulate
the resonances with Voigt functions, as illustrated and described in figure 5. We compare the
Gaussian broadening contributions from these simulations in table 3. The variation in width
at the 7* and o* resonances, which change (approximately) in parallel, show the same trend
as the C 1s and valence PES data, in that spectra acquired at spot (A) have a small width. The
spectra from positions B and C are notably broader than those from positions (A) and (D).

We reiterate that in graphite, wavefunctions corresponding to the 7* and o™ peaks have a
spatial extent of a few bond lengths [38], similar to those for the lowest 7* band of Cg [46]. In
both cases, the emphasis is on sites at and immediately adjacent to the core-excited atom. This
suggests that similar local sensitivities are to be expected for all CNT varieties, from SWNT to
MWNT. Thus we assume that the broad structure in XAS is due to defects on a scale of a few
bond lengths, i.e., a local distortion in the structure, which would be consistent with the local
sensitivity in C 1s and apparent lack thereof in valence PES data. This local sensitivity also
rationalizes the lack of diameter dependence seen in the 7 * region found in an EELS study of
single-walled and multiwalled CNT [11].

3.4.2. Spectral intensity—measuring CNT orientation. In the following we want to focus
on the spectral intensity in XAS. Oriented nanotubes are expected to show variations in the
relative intensities of the o* and 7* portions of the spectra as a function of light incidence
angle. The spectra (A) and (D) in figure 5 were taken at normal incidence, spectrum (B) at
70° from the normal, and spectrum (C) at 80° from the sample normal. Spectrum (A) was
taken with a retardation voltage of 210 V, whereas all other spectra were taken in total electron
yield mode. We now take up in more detail the two aspects of the data introduced immediately
above.

Focusing only on the geometric aspects, one can imagine some extreme cases, such as
excitation with the polarization vector along the axis of a CNT, for which only o* states are
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Figure 6. Illustration of the method used to obtain the ratio of the 0 * and 7 * components in XAS for
spot (A) (circles), making use of the broadened HOPG spectrum [40] (dashed—dotted curve) taken
at a light incidence angle of 45°. The original HOPG spectrum is shown in figure 5. The assumed
7* backgrounds for the HOPG (dashed curve) and MWNT (dotted curve) data are indicated. To
isolate the o* component of the HOPG data, the assumed 7* background is subtracted from the
broadened spectrum. The resulting isolated HOPG o * component is added to the assumed MWNT
mr*-derived background and scaled by factors of 1.8 and 2.2 (solid curves) to estimate the limits of
the actual scale factor in the o * region, giving a geometrical ratio 7*/o* of 0.50 4 0.06. Because
we focus on the o * threshold region, this ratio is only mildly sensitive to the choice of background,
and the error should lie within the given margins.

accessible, in analogy with excitation of graphite with the polarization in the plane of the
layers. Polarization perpendicular to a CNT axis will excite o* and 7* states equally, albeit
from different portions of a given CNT. We show in the appendix how these contributions are
calculated. Note that the range of possible values of this ratio for oriented CNT is between 0
and 1, and that an angle-independent 7w * /o * intensity ratio of 0.33 is expected for isotropically
distributed CNT orientations. Below we will apply this to gain information about the average
near-surface orientations in our sample. However, first it is necessary to develop a means
of estimating the ratio from C 1s XAS spectra. To accomplish this, we take HOPG as the
standard, and examine XAS at a 45° incidence angle, for which the geometrical factor is then
identically 1 [37]. To obtain the ratio of 7*/c* in the present work the HOPG spectrum is
broadened and scaled to match the 7 * resonance, as illustrated in figure 6.

As summarized in table 4, for grazing light incidence the 7 * intensity increases, which
suggests, as can be inferred from the derivations in the appendix, that tubes at the surface
of our samples tend to lie parallel to the substrate. Because the spectra are averaged over
many hundreds of micrometres along the surface, it is not possible to consider the alignment
at a greater level of detail, but the method lends itself to rapid assessment of the average tube
alignment.

4. Conclusions

Valence and core level spectra of the present MWNT sample show a variation in shape
depending on the sample position. Defect densities near the surface of the sample are found
to vary considerably, with some spots showing almost no sign of defects/contamination, and
representing the present state-of-the-art. The width and background of the C 1s line vary
in concert as a function of sample position, and a similar correlation is observed for the
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Table4. Geometry-derived ratios of 7* /o * as estimated by the procedure described in the text and
illustrated in figure 6 for the positions indicated. The ratio for an isotropic distribution is calculated
in the appendix.

Position Incidence angle (deg) 7*/c*

A 0 0.50 % 0.06
B 70 0.90 £+ 0.06
C 80 1.00 £ 0.06
D 0 0.60 % 0.06
Isotropic distribution 0.33

backgrounds in valence and C 1s PES. In all cases we can identify graphite band structure-
derived signals in valence PES, notably the DOS maxima. From the assignment of the valence
peaks we interpret the spectra as representing an integration over the graphite Brillouin zone.
Effects of this nature are to be expected in a simple model, since the MWNT are cylindrical,
presenting different effective emission angles from a given CNT, and are not generally well
ordered at the surface of the sample, both effects causing a sampling of virtually all possible
local surface orientations. XAS follows the strong variation as a function of sample position
found in valence and C 1s PES. XAS data are quite similar to the absorption of pure graphite,
reflecting simple broadening effects due to disorder in the nanotube walls. The local sensitivity
of XAS rationalizes the lack of diameter dependence of the 7* portion of the spectra for CNT
of widely differing diameters [11].

Itis important to note that the measurement techniques used here are not sensitive to small
changes in the DOS near Er. Techniques such as transport measurements could therefore
obtain qualitatively different results on the same samples. For structurally uniform samples
which would be more likely to consistently display small intrinsic deviations from the simple
picture of graphite, high resolution PES would also show such deviations.
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Appendix. Nanotube orientation determined with C 1s XAS

Here we present a simple estimate of the 7* and o* intensities for an isotropic distribution
of tube orientations. The fundamental assumption of our analysis is that the spectrum can be
divided into invariable 7* and o* contributions, whose relative weights vary depending on
the geometrical factors. Simple considerations show that aligned CNT are expected to have a
strong angle dependence in XAS as a function of light incidence angle and tube orientation in
the ratio of 7 * to o * intensities. The expected angular distribution for three principal nanotube—
sample—x-ray orientations are shown in figure A.1. To investigate this in detail, we make the
assumption that a local surface section can be approximated as an equivalent area of graphene.
This allows us to make use of the simple angle dependence expected for graphene [37] via
elementary geometrical considerations.

To calculate XAS intensities the angle between the tube axis and the polarization vector
E is important. For the calculation we use two frames of reference. The first is the laboratory
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Variation in the 1s XAS cross section of
the ©* and c* orbitals with x-ray incidence
angle on cylindrical graphene

Angular Variation in XAS
Cross Section

Uk o*
n n
s B s
Ratio: 1=r*/c*=0 for 0°<$=<90°

oO*
n
]

Ratio: 0<r*/c*<1 for 0°<B=90°
TO* O*

CNT Orientations

Ratio: n*/c* = 1

Figure A.1. Left: an illustration of three fundamental CNT orientations for the determination of
sample alignment using XAS; and right: the corresponding angular dependences of the 7* and o*
intensities expected from the geometrical factors. The Poynting vector S and polarization vector E
are in all cases in the plane of the page (also given by the dashed rectangle), whereas the cylinder
which symbolizes a CNT is perpendicular to (case 1) or lies in the substrate surface plane (cases
2 and 3). The vector n is the normal to the substrate surface (solid rectangle), and 8 denotes the
x-ray incidence angle with respect to the sample normal n. The geometrical 7*/o* ratio varies
between 0 and 1 for different orientations.

frame, denoted by X, y, and z, with the polarization E along the z-axis. The CNT reference
frame is denoted by X', y/, and 7/, with the tube axis oriented along the z’-axis. Figure A.2
illustrates a cross section of a tube, with the 77* orbitals oriented radially in the x’y’-plane, and
the o * orbitals oriented tangent to the solid circle shown, as well as parallel to the z’-axis. We
begin with the 7* contribution.

For this we express the circle normal n’ as a function of both angles shown in figure A.2
(see, e.g., [47]),

n;m = (cos ¢, cosa sin @, sin « sin ¢). (A.1)
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lllustration of the coordinates
used for the intensity calculation

Figure A.2. An illustration of the two frames of reference used in the calculation: the laboratory
frame (X, y, z) and the CNT frame (x', y’, Z'). The vector E is along the z-axis, whereas the CNT
axis is along the z’-axis, as shown in the inset. The angle « describes the rotation around the x-axis;
the angle ¢ describes the rotation around the z’-axis. The disc in the coordinate system corresponds
to one slice of the CNT, dashed in the laboratory frame of reference, solid after rotation through
the angle «. The 7* orbitals are parallel to the local normal of the CNT n’. The plane of the o*
orbitals is determined by the vectors p’ and q'.

The local contribution to the 7* XAS intensity is proportional to the square of the scalar
product of this local normal and E, which can be taken to have unit length. This product is

[0, , - (0,0, 1)]* = sin® a sin* . (A.2)
Hence the differential intensity is
dISNT = [0, sin® o sin® ¢ d¢p dar, (A.3)

where 0. is the squared C 1s — 7* matrix element, to which we return below. Integration

over all unique values of «, and also accounting for the entire tube circumference by integrating
over ¢, gives the total intensity to within a constant factor:

2

b4
CNT _ 70

I =1.—.

Now we consider the o* contribution. The local azimuthal orientation is unimportant,

since it is only required to calculate the projection of E on the local surface tangent plane. This

plane can be defined by taking two vectors which are perpendicular to ng . One vector which

conveniently satisfies this requirement is the tangent to the circle, which is equivalent to the

surface normal at ¢ + 7:

/ l
p¢,a =n¢+/

ols

o

_ T . T . . T
= <cos(¢ + E)’ cos sm(q’) + E)’ sin (o) sm(q’) + E))

= (—sin ¢, cosa cos ¢, sin o cos ¢P).



Synchrotron radiation study of the electronic structure of multiwalled carbon nanotubes 6577

A second such vector q;&’a, which is perpendicular to both of the above, is the cross product

/ / /
qd),a = nd),a X p¢,a
= (x, y, cosa cos® ¢ + cosa sin® ¢)

= (x,y,cosq).

The x and y terms in q;m can be ignored, since they are not needed in what follows.
These vectors are illustrated in figure A.2. The direction cosines of E relative to these two
vectors [47] form the components of the projection sought; these, when squared, yield the o *
intensity factor needed. In analogy to the case for the 7 * intensity, the differential intensity is
therefore

dloe = I[Py 4 - (0,0, 1))? + (g}, - (0,0, 1))*] d¢p der

= If* [cos? o + sin® & cos” ¢] d¢p dar.
Integrating to get the total intensity for all angles gives

372

CNT 0
IU* == I(T* 4

This simple calculation shows that the 7 * portion of the spectrum is de-emphasized by a
factor of three relative to the o * for the isotropically distributed ensemble, or

< IENT ) 10,
I(S*NT isotropic 31(9* .
The factors IJ(T)* and [, (9* are needed to complete the estimate. Examining graphite XAS

data at 45° incidence, which should excite 7* and o* with equal geometric factors, we can
identify the o * and 7* cross sections for graphite as being proportional to the intrinsic ones,

giving
<1,‘,1) e
18 )45 10

In practice, we have chosen to use these HOPG data as a template, and to manipulate them to
obtain the geometrical intensity factors in the MWNT data, as illustrated in figure 6.

It is worth pointing out that the results for CNT within these approximations are the same
for all varieties of straight cylindrical tube. The same result could have been obtained with the
concept that the E-field polarized along the axis yields only o* contributions, and polarized
perpendicular to the axis yields equal geometric factors for o* and r*. The total spectrum of
a given ensemble of tubes and for a given incident light polarization, if the tube orientations
are known, can then be estimated as a linear combination of these two extreme geometries.
Thus, a uniform distribution contains equal amounts of the two geometries, giving a geometric
intensity factor of

0.5(15* +(0.51,+ + 0517-[*)) =0.751,++0.251,+

as expected. The advantage of the derivation above is that it can be used as the basis for more
complex geometrical distributions, as well. It also simplifies consideration of the spectra in
general, e.g., suggests that it is impossible for both 7* and o * contributions in XAS to increase
or decrease in parallel [19] for samples consisting of cylindrical tubes.
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