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Effect of curvature-induced strain on the covalent bonding in isolated and selected single-shell and multi-
shell carbon nanotubes is explored, using electron energy-loss spectroscopy~EELS! on the coreK level, which
probes the distribution of available unoccupied states in the conduction band. Results show that the curvature
and mostly the layer stacking affect thes* conduction states. On the contratry, no influence is detected
concerning thep* band, even with corrugation angles up to 7° in a 1-nm-wide single-walled tube. First-
principle local-density calculations are used to relate the features in the EELS spectra to the different atomic
interactions in nanotubes. Finally, the covalent character of the bonding in existing nanotubes is discussed.
@S0163-1829~96!00620-0#

I. INTRODUCTION

Before 1985, it was assumed that the only stable geometry
for the threefold coordinated carbon atom was the graphite-
like flat conformation. The discovery of new types of stable
carbon structures@fullerenes, 1985~Refs. 1,2!; carbon-
nanotubes 1991~Refs. 3,4!# in which a finite curvature is
imposed to the atomic threefold coordination has widened
and revived the interest in studying the stability of carbon
structures. Most of the cohesion in carbon aggregates is due
to covalent bonding. Considering the carbon nanotube fam-
ily, one can wonder how the threefold bonding depends on
the curvature and how this influences our vision of the car-
bon bond in nanotubes.

As a consequence of the small dimensions of the con-
cerned objects, a spectroscopy performed with a high degree
of spatial resolution is required. electron energy-loss spec-
troscopy ~EELS! combined with transmission electron mi-
croscopy provides spectra recorded from a typical~sub!na-
nometer area of a specimen, which can moreover be
identified with imaging modes.5 Core-edge features in EELS
occur when a core electron is promoted to the unoccupied
states above the Fermi level. In the present work, we inves-
tigate the excitation of carbon 1s electrons~K edge!. Super-
imposed on the global edge profile, mostly governed by in-
neratomic considerations, are the ‘‘energy-loss near-edge
structures’’~ELNES!, which reflect the sum of the different
transition rates from the core state to all accesible states in
the solid. They contain useful information about the atomic
environment, such as the number of neighboring atoms, bond
angles, and strain and local electronic states.6,7 Each transi-
tion rate is separated into two components: the matrix ele-
ment between the initial and the final state and the projected
DOS. The energy-dependent shape of this fine structure is
directly correlated to the density of the unoccupied conduc-
tion states, whereas the angular part of the matrix element
determines the dependence on the scattering angle.8

In this paper, we first investigate the curvature-induced

bonding changes in single-shell nanotubes~SSN! and multi-
shell nanotubes~MSN! by EELS. Due to the restricted dif-
ference between the local coordination of the atoms in MSN
and in bulk graphite, no clear change is observed in their
respective EELS spectra: two bands are observed, which are
attributed to transitions to thep* ands* conduction bands.
As for the SSN, although the curvature can no longer be
neglected in the 1-nm-wide tubule, thep* peak in the EELS
spectra exhibits no detectable difference with the one in bulk
graphite. On the contrary, thes* band partially loses its fine
structure.

In order to interpret the experimental observations,ab ini-
tio band-structure calculations have then been performed on
a corrugated graphite sheet, in which the carbon atoms are in
a local coordination equivalent to that existing in the mea-
sured nanotubes. They show that this fine structure is par-
tially related to the intersheet interactions in MSN. We fi-
nally conclude that for nanotubes as small as 1 nm wide, the
covalent model is a satisfactory approach for describing the
bonding.

II. EXPERIMENTAL CONSIDERATIONS

The carbon nanotubes have been obtained by carbon
arc-discharge.3 MSN found in the deposit of the cathode are
made of concentric graphite cylinders, with an outer diam-
eter ranging from 5 to 30 nm@see Fig. 1~a!#.3 On the other
hand, SSN have been synthesized, using cobalt as a catalyst.4

They are mostly packed into bundles, but some isolated SSN
can be observed@see Fig. 1~b!#. In comparison to MSN, the
SSN diameter is much smaller and is typically 1–2 nm.

In order to investigate the electronic structure of isolated
nanotubes and to relate it to the detailed topography and
nanostructure, a very local probe is needed. The carbonK
core edges from isolated and selected SSN and MSN have
been obtained using a scanning transmission electron micro-
scope VG HB 501, equipped with a field-emission source
and a parallel EELS spectrometer. This instrument produces
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EELS spectra with a typical 0.7-eV resolution recorded from
subnanometer areas.9 One can either fix the probe on a spe-
cific location or raster it over a reduced scan area while re-
cording the corresponding spectrum. A new mode, called
line-spectrum mode, improves the correlation between the
spectral acquisition and the probe position on the
specimen.10 It consists of recording all the spectra, while
ramping the probe with given steps across the specimen. Fig-
ure 2 shows a line spectrum acquired across a nanotube of
3-nm inner diameter and 10-nm outer diameter. The intensity
of the carbonK edge, after background subtraction, follows
the thickness profile. Furthermore, one can then addressa
posteriori any spectrum in the sequence, corresponding to a
well-defined impact parameter with respect to the nanotubule
section. In particular, the discrimination between spectra ac-
quired in the center and on the rim of a tube becomes obvi-
ous.

Acquisition times required for achieving a satisfactory
signal-to-noise level on any spectrum are of the order of a
few seconds when the thickness is of the order of 10 nm. For
SSN of much reduced thickness, therefore producing spectra
of much lower intensity, we have also kept an acquisition
time of a few seconds in order to avoid radiation-induced
structural damage. A previous scanning transmission elec-
tron microscopy study had revealed large shape transforma-
tions in single-shell carbon nanotubes: after several seconds
the SSN walls were seen waving and breaking under the
beam.11 During the present investigation, the monotube
shape has been checked after each EELS measurement to be
sure that the SSN spectrum is typical of a non highly modi-

fied SSN with straight walls and no amorphous carbon coat-
ing it.

III. RESULTS

A. Multishell nanotubes

The tube axis is set perpendicularly to the electron beam.
Two different spectra are selected corresponding to two
probe positions: a central position, where thec axis is paral-
lel to the beam and an edge position, where it is perpendicu-
lar to the beam~Fig. 3!. For comparison we have also intro-
duced in the same figure a representative spectrum for a
typical graphite crystal. Because of the almost flat conforma-
tion of the threefold coordinated atoms in wide carbon nano-
tubes, both graphite and MSN exhibit identical ELNES
features.12,13The sharp peak at 285.5 eV is due to transitions
from the 1s core level to thep* band and the band starting
at 291 eV corresponds to transitions to thep-orbital pro-
jected part~because of the dipole selection rule valid for the
small scattering angles used in this experiment, up to 15
mrad for incident electrons of 100 keV! of the broads*
band.14,15The local anisotropy in MSN is clearly pointed out
by the changes in the intensity ratiop* /s* , which is larger
for the edge position than for the central position~in our
scattering geometry, the mean momentum transfer is perpen-
dicular to the beam, see Fig. 3!. Such a difference has been
reported in graphite for grazing and normal incidence.13 Be-
cause of the very small curvature, which is imposed to the
atomic coordination in wide nanotubes~0.5° for a 25-nm-
wide nanotube!, there should be no difference between the
bond in MSN and in bulk graphite. Indeed, no difference is
experimentally found.

B. Single-shell nanotubes

In a 1-nm-wide SSN, the bending angle~deviation from
the planar conformation! is around 7° and can no longer be

FIG. 2. Line spectrum across a multiwalled carbon nanotube of
10-nm outer diameter, displaying the evolution of the carbon
K-edge fine structures, as the subnanometer incident probe is
scanned across it.

FIG. 1. ~a! High-resolution image from a MSN made of eight
rolled graphite walls. The external diameter is 6.5 nm.~b! Medium
magnification image of bundles of SSN. Isolated SSN, similar to
those investigated by EELS are arrowed.
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neglected. However, no difference is observed in thep*
peaks recorded from both SSN and MSN. On the contrary,
thes* parts in the ELNES recorded from a SSN and from a
MSN exhibit important differences. From the four main
peaks in the MSN spectrum, only two remain in the SSN
spectrum; peakb broadens; the three other ones are replaced
by a broad resonance, which exhibits a maximum some-
where in between the positions of peaksc andd in the MSN
spectrum. The ELNES of the 30-nm-wide MSN and of the
1-nm-wide SSN are compared in Fig. 4. The experimental
fact that thep* remains unchanged when the curvature in-
creases from MSN to SSN is in contradiction with previous
measurements from bundles of SSN, where a broadening of
the p* peak was interpreted as due to the curving of the
sheets.16 From our results, it seems that this broadening is
due to the presence of amorphous carbon in the bundles~see
the spectrum for amorphous carbon also shown in Fig. 4 for
comparison!.

IV. DISCUSSION

In the literature, the bonding in nanotubes is often postu-
lated as covalent.17 Following Pauling,18 the covalent bond is
defined as the sharing of a pair of electrons by the two
bonded atoms. In other terms, covalency is characterized by
the localized and directional character of the electronic wave
functions. Generally speaking, a solid is covalently bonded if
the whole structure energy stabilization can be written as the
sum of local energy terms in the two-center first-neighbor
scheme:

Estabilization5 (
i , j

first neighbors

Ebonding~ i , j !. ~1!

The covalent bond is opposed to the metallic bond for which
the most striking character is the mobility of the bonding
electrons. If postulating the covalent character of the bonding

in nanotubes, long-range ordering should not influence the
number and the position of the main peaks in the conduction
band. Such a covalent description has been shown to be cor-
rect considering graphitelike coordinated carbon structures.
On the contrary, considering very narrow nanotubes, it has
been shown that the curvature modifies drastically the nature
of the valence bond: based on LDA calculations, Blase
et al.19 have recently reported the large hybridization of the
p* and s* bands of the graphite sheet network in small
radius ‘‘sawtooth’’ nanotubes,20 with diameter inferior to 7
Å. This strong hybridization induces a drastic modification
of the energy and of the character of the lowest-lying con-
duction band in extremely narrow nanotubes: although wide
sawtooth tubes are predicted to be large gap semiconductors,
tubes with diameter inferior to 4.8 Å are shown to be metal-
lic. In practice, only nanotubes with diameter superior to 1
nm are available. In this paper, we first postulate that the
bonding remains mainly covalent in real carbon nanotubes. If
the bonding is covalent, two structures, in which the carbon
atoms are in identical local coordination, should exhibit iden-
tical features in their respective ELNES or conduction bands.
Though the structure of nanotubes is complex, the first-
neighbor atomic coordination is identical in nanotubes and in
corrugated graphite.15 In the following lines, we interpret the
effect of curvature induced bonding in nanotubes by investi-
gating the corrugation induced bonding in isolated graphite
sheets~graphene!.

Since the position of the different peaks is mainly depen-
dent on the density of antibonding states, and since their
respective width is unaffected by the anisotropy in
graphite,12,13 we are entitled to compare the experimental
MSN and SSN ELNES structures with calculatedp-orbital
projected densities of conduction states~p-DOS!. All the dif-
ferentp-DOS, which are presented in this paper, are calcu-
lated using the first-principle LMTO-ASA method~linear
muffin-tin orbital within the atomic sphere approximation!.21

We have used a scalar relativistic code~neglecting spin-orbit
coupling! for which the density-functional formalism was
treated within the local-density approximation~LDA !, using
von Barth and Hedin exchange and correlation potential.22

FIG. 3. ELNES on carbonK edges from MSN for two probe
positions~1! and~2!, respectively, in the center and on the rim. The
scattering geometry used in our EELS experiment is displayed in
inset.

FIG. 4. CarbonK-edge ELNES on a 30-nm-diameter MSN
compared with that on a 1-nm-diameter SSN. The dispersion per
channel is 0.05 eV. For reference, ELNES from amorphous carbon
is given and exhibits a widerp* peak.
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The basis function for the calculations included all angular
momentum up tol52. Carbon sphere states were chosen to
be 2s, 2p, and 3d, and empty sphere states were chosen as
1s, 2p, and 3d. A set of four independent empty spheres
associated with two independent carbon spheres were con-
sidered to describe graphite structures as it is required by the
ASA. The DOS were calculated considering a set of more
than one thousand nonequivalentk points. A 0.5-eV Gauss-
ian function was used to smooth the calculated DOS in order
to remove all structures with sizes inferior to the resolution
of our EELS spectrometer~0.7 eV!. The influence of the slab
stacking on the conduction state peak positions was esti-
mated by calculating the density of states for both stable
graphite phases: trigonal~ABC stacking! and hexagonal~AB
stacking! graphite. No difference in the peak positions is
seen showing that the different peaks are related to the inner
plane coordination and/or to the first-neighbor slab interac-
tions only. When comparing the experimental graphite EL-
NES features~see Fig. 3! and the LMTO calculatedp-DOS
for graphite~see Fig. 5!, they are in very good agreement.

The electronic structure of both flat and corrugated
graphene~one monolayer of hexagonally coordinated carbon
atoms! are calculated considering a supercell imposing an
interslab distance of 6.7 Å. In order to restore compacity, we
consider a set of ten empty spheres and two carbon spheres.
The agreement between experimental measurements on
nanotubes~see Fig. 4! and theoretical calculations on corru-
gated graphite~Fig. 5! lead us to conclude that the bonding
in real nanotubes is mainly covalent, as evidenced below.

We will first be concerned with the difference in thes*
bands between the ELNES obtained with SSN and MSN.
Since these bands are far above the Fermi level, a full elec-
tron method like the LMTO-ASA is required. Comparing the
density of states of graphite~interslab distance of 3.35 Å!
and of graphene~calculation performed on a 6.7 Å interslab
distance graphite!, it is found that the interplane interaction
is partially responsible for the MSN graphitelikes* band
structure~see Fig. 5!. Peaksc and e in the bulk graphite
p-DOS do not appear in the graphenep-DOS. They result
from the interaction between two adjacent slabs. Finally,
comparing the flat and 7° corrugated graphite slabs, we mea-
sure the effect of curvature on thes* : as seen in Fig. 4, both
peaksb andd broaden and peakd is shifted to lower ener-
gies. This is in accordance with the change in the ELNES
when going from the MSN to the SSN~Fig. 4!.

Let us now concentrate on the experimental invariance of
thep* peak width (W) with the curvature. Bothab initio and
semiempirical Tight-binding~TB! approaches are used to re-
late this experimental fact to a theoretical vision of the co-
valent bond in nanotubes. Thoughab initio self-consistent
calculations are more reliable and hence must be used to
check any theoretical development, a semiempirical model-
ing of the band structure provides an elementary and direct
relation between the physical properties and the crystal struc-
ture. In a previous study,15 we have investigated the accuracy
of the two-center first-neighbor~TB! scheme in describing
the bonding changes in corrugated graphite. In Ref. 15, it is
shown that, whatever the coordination curvature, thep*
bandwidth is always determined by real-space interactions
~center of the first Brillouin-zone energetic relations!. The
width of thep* band in the corrugated graphite sheet (W) is
then given by

W5
Ep* ~k50!2Ep~k50!

2
, ~2!

where Ep ~k50! @respectively,Ep* ~k50!# is the p state
energy at the center of the first Brillouin zone~respectively,
p* state energy!. In a planar sheet of graphite, sincepz or-
bitals are decoupled from other orbitals, thep/p* state en-
ergy reduces to the sum of the site energyEpz with the trans-
fer integralbpzpz . In corrugated graphite, the curvature in the
local coordination induces a coupling betweens andpz or-
bitals. The Fermi-level eigenvalue problem is made compli-
cated by the introduction ofbspz and bss transfer integrals
and has then no exact solution. However, we can easily de-
termine the interval to whichEp* ~k50! andEp ~k50! be-
long. Using the expressions from Ref. 23 of the different
transfer integralsbspz , bss, bpzpz , introducing the bending
angle, we deduce the analytical formulation of the different
transfer integrals in corrugated graphene~Table I!. Introduc-

FIG. 5. LMTO calculatedp-DOS for graphite, compared to
those for a flat and a 7° corrugated graphene layer.

TABLE I. Transfer integrals for corrugated graphene.

bpxpx
5bpypy

5F11
cos2~u!

2 GVpps1F22
cos2~u!

2 GVppp
bspx

50 bspy
50 bspz

53 sin(u)Vsps

bss53Vsss bpxpy
5bpypx

50

bpzpz
53@cos2(u)Vppp1sin2(u)Vpps#
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ing these expressions in the energetic characteristic equation,
we get the following limits forW:

$3uVpppu23 sin2~u!@Vpps2Vppp#%

3S 123 tan2~u!
Vsps
2

Vppp

1

u~Epz
2Es!23~Vppp1Vsss!u D

<W<$3uVpppu23 sin2~u!@Vpps2Vppp#%, ~3!

whereEs is thes-orbital site energy,Epz is thepz-orbital site
energy,Vsss , Vsps , Vpps , Vppp are the Slater-Koster~SK!
parameters.23 They are the minimum number of transfer in-
tegrals to be considered in a carbon atom based structure.
The SK parameters do not depend on the coordination, but
only on the interatomic distance. A proper numerical set of
SK parameters is gathered in Table II and leads to the nu-
merical interval:

@6221 sin2~u!#@12~0.69!tan2~u!#<W<@6221 sin2~u!#.
~4!

For a 1-nm-wide SSN, the curvature angle~u! is about 7°.
The correspondingp* bandwidth change is then estimated as

W~7°!2W~0°!50.3 eV,

while

W~0°!56 eV. ~5!

W~7°!–W~0°! has to be compared with the energy accuracy
of our EELS measurements, i.e., 0.7 eV. Consequently, from

the above TB calculations, no noticeable difference is ex-
pected in thep* bandwidth when comparing the ELNES of
the MSN and the SSN. This result is consistent with the
first-principle LMTO-ASA calculations performed on a flat
and on a 7° corrugated graphite planes~Fig. 5!.

V. CONCLUSION

Electron energy-loss spectroscopy has been used to per-
form accurate measurements of electron states on well-
identified isolated carbon nanotubes. The near-edge structure
on the carbonK edge can then be compared when recorded
from multiwalled tubes with diameter between 5 and 20 nm
or from single-walled tubes with a diameter of the order of 1
nm. Since we have shown that two structures~curved
graphene and corrugated graphene!, in which the atoms are
in identical coordination, exhibit the main features in their
respective DOS, the covalent character of the bonding in
wide enough nanotubes~with bending angleu<7°! has been
confirmed. The main features in the ELNES of the 1-nm-
wide nanotubes well correspond to the main features in the
p-DOS of the corrugated graphene. Considering only real-
space interactions in a tight-binding approach, we can justify
the absence of modification of thep* band when curvature
increases from the large MSN to the 1-nm-wide SSN. How-
ever,ab initio calculations are required to demonstrate that
the s* fine structures of MSN are partially due to interac-
tions between different sheets~peaksc ande! and that the
position of peakd is curvature dependent.
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2W. Krätschmer, L. D. Lamb, K. Foristopoulos, and D. R. Huff-
man, Nature347, 354 ~1990!.

3S. Iijima, Nature354, 56 ~1991!; T. W. Ebbesen and P. M.
Ajayan, ibid. 358, 220 ~1992!; S. Iijima and T. Ichihashi,ibid.
363, 603 ~1993!.

4D. S. Bethune, C. H. Kiang, M. S. deVries, G. Gorman, R. Savoy,
J. Vazquez, and R. Beyers, Nature363, 605 ~1993!; P. M.
Ajayan, J. M. Lambert, P. Bernier, L. Barbedette, C. Colliex,
and J. M. Planeix, Chem. Phys. Lett.215, 509 ~1992!.

5C. Colliex, in Transmission Electron Energy Loss Spectrometry
in Materials Science, edited by M. M. Disko, C. C. Ahn, and B.
Fultz, The TMS Monographs Series Vol. 2~Minerals, Metals,
and Materials Society, Warrendale, PA, 1992!, p. 85.

6C. Colliex, T. Manoubi, M. Gasgnier, and L. M. Brown, Scanning
Electron Microsc.2, 489 ~1985!.

7X. Weng, P. Rez, and H. Ma, Phys. Rev. B40, 4175~1989!.
8R. D. Leapman and J. Silcox, Phys. Rev. Lett.42, 1361~1979!.
9D. Bouchet, C. Colliex, P. Flora, O. Krivanek, C. Mory, and M.
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