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X-ray-absorption near edge structure 共XANES兲 measurements have been performed to investigate
the local electronic structures of the Fe-catalyzed and stabilized carbon nanotubes 共CNT兲 with
various diameters. The intensities of the  * - and  * -band and the interlayer-state features in the C
K-edge XANES spectra of these CNTs vary with the diameter of the CNT. The white-line features
at the C K- and Fe L 3 -edges suggest a strong hybridization between the C 2p and Fe 3d orbitals,
which lead to an enhancement of the C K- and reduction of the Fe L 3 -edge features, respectively,
indicative of a charge transfer from C 2p to Fe 3d orbitals. The Fe K-edge spectra reveal a p – d
rehybridization effect that reduces p-orbital occupation at the Fe site. © 2001 American Institute
of Physics. 关DOI: 10.1063/1.1416165兴
The discovery of the tubule form of the graphite sheets1
has attracted enormous attention over the last decade because
of its fundamental and technological interests.2 The formation of the carbon nanotube 共CNT兲 by chemical vapor deposition using transition metal 共TM兲 catalysts has been investigated extensively.3 The formation of the CNT was found to
depend on the initial chemical states of carbon atoms and the
specific type of TMs. The use of metallic catalysts gave an
improved nanotube yield.4 TM catalysts were reported to
come into close contact with the tube walls and significantly
influence the transport properties of those nanotubes.5 Theoretical investigations revealed that the carbon atoms in the
graphite sheet interact strongly with the TM atoms and there
is strong hybridization between C p and TM d orbitals.6,7 The
charge transfer effect and the magnetic moment of the TM
atoms were found to depend strongly on the metal–graphite
interlayer distance and the adsorption site.7 The curvature of
the graphite sheet is also among one of the factors, which
was considered to explain the change of the electronic states
in CNTs.8,9 The C K-edge x-ray-absorption near edge structure 共XANES兲,10 electron energy-loss spectroscopy 共EELS兲,
and transmission electron microscopy 共TEM兲11,12 measurements were performed for a CNT and revealed that the features of the electronic states of the carbon atoms in the nanoa兲
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tubes are very similar to those of graphite. Up until now, the
influence of the TM atoms on the bonding configuration of
the carbon atoms in CNT, especially the charge transfer between carbon and TM atoms and the influence of the curvature of the graphite sheet, remains unclear. In this study, we
try to improve the understanding of CNTs by performing C
K-edge, Fe L 3,2-edge, and K-edge x-ray absorption measurements for CNTs catalyzed by Fe layers with various thicknesses.
The C K-edge and the Fe L 3,2-edges XANES measurements were performed using the high-energy spherical grating monochromator 共HSGM兲 beamline with an electronbeam 共e-beam兲 energy of 1.5 GeV and a maximum stored
current of 200 mA at the Synchrotron Radiation Research
Center 共SRRC兲, Hsinchu, Taiwan. The spectra of the C K and
the Fe L 3,2 edges were measured using the sample drain current mode at room temperature. The Fe K-edge x-ray absorption measurement was also performed in a fluorescence
mode at the 15 B and wiggler beamlines of SRRC. The
CNTs were prepared on the p-type Si共100兲 substrates by microwave plasma enhanced chemical vapor deposition 共MPECVD兲. Prior to the MPE-CVD process, thin layers of Fe with
various thicknesses were coated on the Si substrate by
e-beam evaporation. Using the scanning electron microscope, the randomly oriented multiwall CNTs prepared with
the 30, 150, and 300 Å Fe layers were observed to be around
10 m in length and 10⫾5 nm, 30⫾15 nm, and 220
⫾100 nm in diameter, respectively. The average diameter of
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FIG. 1. TEM image shows a metallic Fe cluster inside the nanotube.

the CNT appears to increase with the thickness of the Felayer coating. The TEM image in Fig. 1 shows the presence
of a Fe cluster, which may be a protrusion from the surface
of the Fe layer or a Fe cluster adhered to the CNT wall. The
Fe cluster may act as a catalytic growth center of the nanotube. Details of the preparation procedure for these CNTs can
be found elsewhere.13
Figure 2 displays the C K-edge XANES spectra of the
graphite and the three CNTs prepared with 30 Å, 150 Å, and
300 Å Fe layers, respectively. The spectra were normalized
using incident beam intensity I 0 and keeping the area under
the spectra in the energy range between 314 and 335 eV
fixed. The two prominent peaks near 285.7 and 292.7 eV are
known to be associated with the unoccupied  * - and
 * -bands, respectively.14,15 The planar graphite sheet in the
nanotube is bent into a cylinder. Besides, our CNT samples
contain numerous randomly oriented nanotubes. Thus, the
 * - and  * -features in our C K-edge XANES spectra are
averaged or integrated results over all orientations of the
honeycomb planes. Between the  * - and  * -peaks, a weak
feature 共labeled by a vertical solid line兲 near 287.5 eV is also
presented in Fig. 2. This weak feature was generally not
observed in EELS measurements, but was frequently seen in
the x-ray absorption spectra of graphite.15,16 This feature was
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attributed to the free-electron-like interlayer states in the
graphite.14,16 The weak peak around 283.5 eV 共labeled by a
vertical dashed line兲 was previously attributed to a defect
state of the disordered carbon in diamond films.17 The inset
of Fig. 2 illustrates the relative intensities of the  * -,
 * -band, and the interlayer-state features for the three CNTs.
The intensities of the  * - band and interlayer-state features
are enhanced relative to those of the graphite. Since the intensities of these features are approximately proportional to
the density of the unoccupied C 2p-derived states, the increased intensities of these features can be correlated with
the increased numbers of unoccupied C 2p orbitals or a
charge transfer from the C 2p to Fe 3d orbitals to be discussed later. The intensities of the near-edge features increase with the decrease of the CNT diameter, which suggests that the C 2p orbitals lose more charge to the 3d
orbitals of the catalyzing Fe atoms for smaller-diameter
CNTs. The observed broadening of the  * -band was attributed to the curvature of the graphite sheet and the bundle
formation of CNTs.12,18
Figure 3 displays the normalized Fe L 3,2-edge XANES
spectra of the Fe metal and the three CNT samples. We
match the absorption coefficients from the pre-edge region at
the L 3 edge to several eV’s above the L 2 edge and keep the
same area in the energy range between 732 and 749 eV. In
Fig. 3, the shapes of the Fe L 3,2-edge XANES spectra of the
CNT samples differ significantly from that of pure Fe. The
intensities of the CNT white-line features are also significantly smaller than that of pure Fe. 共The intensity of the Fe
spectrum has been scaled by a factor of 1/2兲. The intensities
of the white-line features I(L 3 ) at the Fe L 3 edge are illustrated in the inset of Fig. 3. I(L 3 ) is determined by subtracting the background intensity described by an arctangent
function, as indicated by the dashed line in Fig. 3. Figure 3
shows that I(L 3 ) for CNTs are significantly lower than that
for pure Fe. The lower I(L 3 ) for CNTs suggests that the local

FIG. 3. Normalized Fe L 3,2 near-edge absorption spectra of 共a兲 the Fe metal
and the CNTs with diameters of 共b兲 220⫾ 100 nm, 共c兲 30⫾ 15 nm, and 共d兲
FIG. 2. Normalized C K-edge absorption spectra of 共a兲 the graphite and the
10⫾5 nm. The dashed line represents the extrapolated background at the Fe
CNT with diameters of 共b兲 220⫾100 nm, 共c兲 30⫾15 nm, and 共d兲 10
L 3 -edge. The center of the continuum step of the arctangent function was
⫾5 nm.
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FIG. 4. Normalized Fe K near-edge absorption spectra of the 共a兲 Fe metal
and the CNTs with diameters of 共b兲 220⫾100 nm, 共c兲 30⫾15 nm, and 共d兲
10⫾5 nm. The region of threshold edge in the inset is on a magnified scale.
共The data for the Fe metal was measured using the total electron yield
mode兲.
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CNT diameter and it is larger than that of pure Fe. This result
shows that Fe atoms in the CNT samples have more unoccupied p states, which is an indication of the loss of p-orbital
charge and this loss of p-orbital charge is larger for smallerdiameter CNTs. Thus, the gain of 3d-orbital charge may be
compensated by the loss of p-orbital charge at the Fe site.
The density of states 共DOS兲 of a CNT in the vicinity of
the Fermi level (E F ) was found to increase with the curvature of the graphite sheet for small-diameter CNTs.8,9,23,24
The degree of delocalization of Fe 3d orbitals increases with
the thickness of the Fe layer or the size of the Fe cluster.
Since delocalization of 3d orbitals broadens the 3d band and
reduces the DOS in the vicinity of E F , a thinner catalyzing
Fe layer or a smaller Fe cluster has a larger DOS near E F .
The enhancement of both DOS’s of a CNT and the thin Fe
layer or the small Fe cluster near E F optimizes their hybridization and attractive coupling. Thus, the repulsive strain energy in the nanotube can be compensated and the nanotube
can be stabilized. To fully understand the dependence of the
diameter of the nanotube on the thickness of the Fe layer
requires a growth dynamics study.
This work was supported by the National Science Council of R.O.C. under Contract No. NSC 89-2112-M-032-028.
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