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Electronic structure of the Fe-layer-catalyzed carbon nanotubes studied
by x-ray-absorption spectroscopy
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X-ray-absorption near edge structd@ANES) measurements have been performed to investigate
the local electronic structures of the Fe-catalyzed and stabilized carbon nan¢GBNEs with
various diameters. The intensities of th&- ando* -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 CK- and Fel ;-edges suggest a strong hybridization between the @& Fe 3 orbitals,
which lead to an enhancement of thek€and reduction of the Fks-edge features, respectively,
indicative of a charge transfer from Qo2o Fe 3 orbitals. The FeK-edge spectra revealad
rehybridization effect that reducgsorbital occupation at the Fe site. ®&001 American Institute

of Physics. [DOI: 10.1063/1.1416165

The discovery of the tubule form of the graphite shkets tubes are very similar to those of graphite. Up until now, the
has attracted enormous attention over the last decade becadugttuence of the TM atoms on the bonding configuration of
of its fundamental and technological interéstBhe forma- the carbon atoms in CNT, especially the charge transfer be-
tion of the carbon nanotut€NT) by chemical vapor depo- tween carbon and TM atoms and the influence of the curva-
sition using transition metalTM) catalysts has been inves- ture of the graphite sheet, remains unclear. In this study, we
tigated extensively.The formation of the CNT was found to try to improve the understanding of CNTs by performing C
depend on the initial chemical states of carbon atoms and tH§-€dge, Fels -edge, anK-edge x-ray absorption measure-
specific type of TMs. The use of metallic catalysts gave arfnents for CNTs catalyzed by Fe layers with various thick-
improved nanotube yiell. TM catalysts were reported to "€SSES.
come into close contact with the tube walls and significantly € CK-edge and the Fe; redges XANES measure-
influence the transport properties of those nanotdbéseo- ments were performed using the h|gh—en§rgy spherical grat-
retical investigations revealed that the carbon atoms in th g monochromatoHSGM) beamline with an electron-

graphite sheet interact strongly with the TM atoms and ther% S?rg]n(te 'cgegg)(') enr:irgg ?IIeLSS r?ceh\:o?rg(:m %;?;{g#”&:g;ih
is strong hybridization between Cand TMd orbitals®’ The Y

: enter(SRRQ, Hsinchu, Taiwan. The spectra of thekGand
charge transfer effect and the magnetic moment of the T " 9 P

.the Fel 3, edges were measured using the sample drain cur-
atoms were found to depend strongly on the metal—graphnpent mode at room temperature. Thekedge x-ray absorp-
interlayer distance and the adsorption Sihe curvature of

: . _ tion measurement was also performed in a fluorescence
the graphite sheet is also among one of the factors, which,g4e at the 15 B and wiggler beamlines of SRRC. The

was considered to explain the change of the electronic statgsyTs were prepared on thetype S{100 substrates by mi-

in CNTs™® The CK-edge x-ray-absorption near edge struc-crowave plasma enhanced chemical vapor deposiNtPE-

ture (XANES), ' electron energy-loss spectroscofSELS),  cvD). Prior to the MPE-CVD process, thin layers of Fe with
and transmission electron microscoflfEM)*** measure-  various thicknesses were coated on the Si substrate by
ments were performed for a CNT and revealed that the feae-beam evaporation. Using the scanning electron micro-
tures of the electronic states of the carbon atoms in the nangcope, the randomly oriented multiwall CNTs prepared with
the 30, 150, and 300 A Fe layers were observed to be around

aAuthor to whom correspondence should be addressed; electronic mait0 MM in_ Ie_ngth and 1&5 nm, 3015 nm, anFI 220
wfpong@mail.tku.edu.tw +100 nm in diameter, respectively. The average diameter of
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attributed to the free-electron-like interlayer states in the
graphite!*'® The weak peak around 283.5 éhbeled by a
vertical dashed linewas previously attributed to a defect
state of the disordered carbon in diamond fifth3he inset
of Fig. 2 illustrates the relative intensities of the*-,
o*-band, and the interlayer-state features for the three CNTSs.
The intensities of ther* - band and interlayer-state features
are enhanced relative to those of the graphite. Since the in-
tensities of these features are approximately proportional to
the density of the unoccupied Cplerived states, the in-
creased intensities of these features can be correlated with
: the increased numbers of unoccupied @ @rbitals or a
FIG. 1. TEM image shows a metallic Fe cluster inside the nanotube. charge transfer from the Cp2to Fe 3 orbitals to be dis-
cussed later. The intensities of the near-edge features in-
the CNT appears to increase with the thickness of the Feerease with the decrease of the CNT diameter, which sug-
layer coating. The TEM image in Fig. 1 shows the presenceests that the C |2 orbitals lose more charge to thed3
of a Fe cluster, which may be a protrusion from the surfacerbitals of the catalyzing Fe atoms for smaller-diameter
of the Fe layer or a Fe cluster adhered to the CNT wall. TheCNTs. The observed broadening of th&-band was attrib-
Fe cluster may act as a catalytic growth center of the nanadted to the curvature of the graphite sheet and the bundle
tube. Details of the preparation procedure for these CNTs caformation of CNTs218
be found elsewher®. Figure 3 displays the normalized Eg,edge XANES
Figure 2 displays the ®-edge XANES spectra of the spectra of the Fe metal and the three CNT samples. We
graphite and the three CNTSs prepared with 30 A, 150 A, andnatch the absorption coefficients from the pre-edge region at
300 A Fe layers, respectively. The spectra were normalize¢he L, edge to several eV’s above the edge and keep the
using incident beam intensity, and keeping the area under same area in the energy range between 732 and 749 eV. In
the spectra in the energy range between 314 and 335 eMyg. 3, the shapes of the Eg -edge XANES spectra of the
fixed. The two prominent peaks near 285.7 and 292.7 eV argNT samples differ significantly from that of pure Fe. The
known to be associated with the unoccupied- and intensities of the CNT white-line features are also signifi-
o*-bands, respectively:"® The planar graphite sheet in the cantly smaller than that of pure FéChe intensity of the Fe
nanotube is bent into a cylinder. Besides, our CNT samplegpectrum has been scaled by a factor of.1The intensities
contain numerous randomly oriented nanotubes. Thus, tr@f the white-line feature$(L3) at the FeL3 edge are illus-
m*- and o -features in our K-edge XANES spectra are trated in the inset of Fig. 3(L5) is determined by subtract-
averaged or integrated results over all orientations of theng the background intensity described by an arctangent
honeycomb planes. Between thé - and o* -peaks, a weak  fynction, as indicated by the dashed line in Fig. 3. Figure 3
feature(labeled by a vertical solid linenear 287.5 eV is also  ghows that (Ls) for CNTs are significantly lower than that

presented in Fig. 2. This weak feature was generally nofor pure Fe. The lower(L 3) for CNTs suggests that the local
observed in EELS measurements, but was frequently seen in

the x-ray absorption spectra of graphité® This feature was
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Fe K-edge CNT diameter and it is larger than that of pure Fe. This result
shows that Fe atoms in the CNT samples have more unoc-
cupiedp states, which is an indication of the losspsbrbital
charge and this loss gforbital charge is larger for smaller-
diameter CNTs. Thus, the gain ofirbital charge may be
compensated by the loss pforbital charge at the Fe site.
The density of state€DOS) of a CNT in the vicinity of
the Fermi level Eg) was found to increase with the curva-
ture of the graphite sheet for small-diameter CR¥$324
The degree of delocalization of Fe& drbitals increases with
the thickness of the Fe layer or the size of the Fe cluster.
:ff)) Since delocalization of @ orbitals broadens thedsband and
—— reduces the DOS in the vicinity &g, a thinner catalyzing
@ Fe layer or a smaller Fe cluster has a larger DOS &gar
e The enhancement of both DOS’s of a CNT and the thin Fe
, , . . layer or the small Fe cluster neBg optimizes their hybrid-
T E’jf:’gv (ez)zs" 300 ization and attractive coupling. Thus, the repulsive strain en-
FIG. 4. Normalized Fe& near-edge absorption spectra of {lag Fe metal ergy in the pgnotube can be compensated and the nanotube
and the CNTs with diameters ¢b) 220+ 100 nm, (¢) 30+ 15nm, andd)  can be stabilized. To fully understand the dependence of the

10=5 nm. The region of threshold edge in the inset is on a magnified scalediameter of the nanotube on the thickness of the Fe layer
(The data for the Fe metal was measured using the total electron yieldequires a growth dynamics study.
mode.
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