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Curvature-induced bonding changes in carbon nanotubes investigated
by electron energy-loss spectrometry
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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 spectrg&&b® 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 the conduction states. On the contratry, no influence is detected
concerning ther* 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.
[S0163-182896)00620-0

[. INTRODUCTION bonding changes in single-shell nanotub®8SN and multi-
shell nanotube$MSN) by EELS. Due to the restricted dif-
Before 1985, it was assumed that the only stable geometrference between the local coordination of the atoms in MSN
for the threefold coordinated carbon atom was the graphiteand in bulk graphite, no clear change is observed in their
like flat conformation. The discovery of new types of stablerespective EELS spectra: two bands are observed, which are
carbon structuregfullerenes, 1985(Refs. 1,2; carbon- attributed to transitions to the* and¢* conduction bands.
nanotubes 1991Refs. 3,4] in which a finite curvature is As for the SSN, although the curvature can no longer be
imposed to the atomic threefold coordination has widenedeglected in the 1-nm-wide tubule, thé peak in the EELS
and revived the interest in studying the stability of carbonspectra exhibits no detectable difference with the one in bulk
structures. Most of the cohesion in carbon aggregates is dugraphite. On the contrary, the' band partially loses its fine
to covalent bonding. Considering the carbon nanotube famstructure.
ily, one can wonder how the threefold bonding depends on In order to interpret the experimental observatiaisini-
the curvature and how this influences our vision of the cariio band-structure calculations have then been performed on
bon bond in nanotubes. a corrugated graphite sheet, in which the carbon atoms are in
As a consequence of the small dimensions of the cona local coordination equivalent to that existing in the mea-
cerned objects, a spectroscopy performed with a high degresired nanotubes. They show that this fine structure is par-
of spatial resolution is required. electron energy-loss spedially related to the intersheet interactions in MSN. We fi-
troscopy (EELS) combined with transmission electron mi- nally conclude that for nanotubes as small as 1 nm wide, the
croscopy provides spectra recorded from a typisalbjna-  covalent model is a satisfactory approach for describing the
nometer area of a specimen, which can moreover bé&onding.
identified with imaging mode$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 carbonslelectrons(K edge. Super- The carbon nanotubes have been obtained by carbon
imposed on the global edge profile, mostly governed by in-arc-dischargé.MSN found in the deposit of the cathode are
neratomic considerations, are the “energy-loss near-edgmade of concentric graphite cylinders, with an outer diam-
structures”(ELNES), which reflect the sum of the different eter ranging from 5 to 30 nifsee Fig. 1a)].2 On the other
transition rates from the core state to all accesible states ihand, SSN have been synthesized, using cobalt as a cétalyst.
the solid. They contain useful information about the atomicThey are mostly packed into bundles, but some isolated SSN
environment, such as the number of neighboring atoms, bonchln be observefsee Fig. 1b)]. In comparison to MSN, the
angles, and strain and local electronic stite&ach transi- SSN diameter is much smaller and is typically 1-2 nm.
tion rate is separated into two components: the matrix ele- In order to investigate the electronic structure of isolated
ment between the initial and the final state and the projectedanotubes and to relate it to the detailed topography and
DOS. The energy-dependent shape of this fine structure isanostructure, a very local probe is needed. The cakoon
directly correlated to the density of the unoccupied conduceore edges from isolated and selected SSN and MSN have
tion states, whereas the angular part of the matrix elemerteen obtained using a scanning transmission electron micro-
determines the dependence on the scattering &ngle. scope VG HB 501, equipped with a field-emission source
In this paper, we first investigate the curvature-inducedand a parallel EELS spectrometer. This instrument produces

Il. EXPERIMENTAL CONSIDERATIONS

0163-1829/96/5@0)/138246)/$10.00 53 13824 © 1996 The American Physical Society



53 CURVATURE-INDUCED BONDING CHANGES IN CARBM! . .. 13825

CK

CS At Energy-Loss (eV)

FIG. 2. Line spectrum across a multiwalled carbon nanotube of
10 nm A2 10-nm outer diameter, displaying the evolution of the carbon
—_ : K-edge fine structures, as the subnanometer incident probe is
scanned across it.

A

FIG. 1. (a) High-resolution image from a MSN made of eight fied SSN with straight walls and no amorphous carbon coat-

rolled graphite walls. The external diameter is 6.5 rim.Medium Ing It.
magnification image of bundles of SSN. Isolated SSN, similar to IIl. RESULTS
those investigated by EELS are arrowed. ’

A. Multishell nanotubes

EELS specira W'thaa typical 0.7;eV rgsolunon recorded from The tube axis is set perpendicularly to the electron beam.
sg_bnanometer are ‘9"!9 can either fix the probe on a SPe- Ty different spectra are selected corresponding to two
cific .Iocatlon or raster |t.over a reduced scan area while reg 1. positions: a central position, where thexis is paral-
cording the corresponding spectrum. A new mode, calleqg| 1o the beam and an edge position, where it is perpendicu-
line-spectrum mode, improves the correlation between they to the beaniFig. 3). For comparison we have also intro-
spectral acquisition and the probe position on thegyced in the same figure a representative spectrum for a
specimen?? It consists of recording all the spectra, while typical graphite crystal. Because of the almost flat conforma-
ramping the probe with given steps across the specimen. Figion of the threefold coordinated atoms in wide carbon nano-
ure 2 shows a line spectrum acquired across a nanotube afbes, both graphite and MSN exhibit identical ELNES
3-nm inner diameter and 10-nm outer diameter. The intensitjeatures->*3The sharp peak at 285.5 eV is due to transitions
of the carborK edge, after background subtraction, follows from the 1s core level to ther* band and the band starting
the thickness profile. Furthermore, one can then addaess at 291 eV corresponds to transitions to therbital pro-
posteriori any spectrum in the sequence, corresponding to ected part(because of the dipole selection rule valid for the
well-defined impact parameter with respect to the nanotubulémall scattering angles used in this experiment, up to 15
section. In particular, the discrimination between spectra agrad for incident electrons of 100 kg\of the broado™
quired in the center and on the rim of a tube becomes obviPand-"">The local anisotropy in MSN is clearly pointed out
ous. by the changes in the intensity ratigf/o*, which is larger

Acquisition times required for achieving a satisfactory for the edge position than for the central positién our
signal-to-noise level on any spectrum are of the order of &cattering geometry, the mean momentum transfer is perpen-
few seconds when the thickness is of the order of 10 nm. Fadlicular to the beam, see Fig). Buch a difference has been
SSN of much reduced thickness, therefore producing spectf&Ported in graphite for grazing and normal incidefitBe-
of much lower intensity, we have also kept an acquisitioncause of the very small curvature, which is imposed to the
time of a few seconds in order to avoid radiation-induced@tomic coordination in wide nanotub¢8.5° for a 25-nm-
structural damage. A previous scanning transmission elevide nanotubk there should be no difference between the
tron microscopy study had revealed large shape transform&0nd in MSN and in bulk graphite. Indeed, no difference is
tions in single-shell carbon nanotubes: after several secondperimentally found.
the SSN walls were seen waving and breaking under the
beam!! During the present investigation, the monotube
shape has been checked after each EELS measurement to ben a 1-nm-wide SSN, the bending andiéeviation from
sure that the SSN spectrum is typical of a non highly modithe planar conformatignis around 7° and can no longer be

B. Single-shell nanotubes
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Energy Loss (eV) 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 wide#* peak.

FIG. 3. ELNES on carboiK 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 ifin nanotubes, long-range ordering should not influence the
Inset. number and the position of the main peaks in the conduction

) . ) band. Such a covalent description has been shown to be cor-
neglected. However, no difference is observed in #fe  rect considering graphitelike coordinated carbon structures.
peaks recorded from both SSN and MSN. On the contrarypn the contrary, considering very narrow nanotubes, it has
the o™ parts in the ELNES recorded from a SSN and from apeen shown that the curvature modifies drastically the nature
peaks in the MSN spectrum, only two remain in the SSNet 5119 have recently reported the large hybridization of the
spectrum; peak broadens; the three other ones are replaced* and o* bands of the graphite sheet network in small
by a broad resonance, which exhibits a maximum someragijys “sawtooth” nanotube? with diameter inferior to 7
where in between the positions of peakandd in the MSN A This strong hybridization induces a drastic modification
spectrum. The ELNES of the 30-nm-wide MSN and of theof the energy and of the character of the lowest-lying con-
1-nm-wide SSN are compared in Fig. 4. The experimentalj,ction band in extremely narrow nanotubes: although wide
fact that them™ remains unchanged when the curvature in-sawtooth tubes are predicted to be large gap semiconductors,
creases from MSN to SSN is in contradiction with previoustypes with diameter inferior to 4.8 A are shown to be metal-
measurements from bundles of SSN, where a broadening gt |n practice, only nanotubes with diameter superior to 1
the 7* [Jeak was interpreted as due to the curving of thenm are available. In this paper, we first postulate that the
sheets® From our results, it seems that this broadening isponding remains mainly covalent in real carbon nanotubes. If
due to the presence of amorphous carbon in the buiisées  the bonding is covalent, two structures, in which the carbon
the spectrum for amorphous carbon also shown in Fig. 4 foptoms are in identical local coordination, should exhibit iden-
comparison tical features in their respective ELNES or conduction bands.

Though the structure of nanotubes is complex, the first-
IV. DISCUSSION neighbor atomic coordination is identical in nanotubes and in

. N . corrugated graphit& In the following lines, we interpret the
In the literature, the bonding in nanotubes is often POStugtecy of curvature induced bonding in nanotubes by investi-

Iate_d as covalert. FoI_Iowmg Pauh_ngl, the covalent bond is gating the corrugation induced bonding in isolated graphite
defined as the sharing of a pair of electrons by the tw%heets(graphenh

bonded atoms. In other terms, covalency is characterized by Since the position of the different peaks is mainly depen-
the localized and directional character of the electronic wavey, .+ o1 the density of antibonding states, and since their
functions. Generally speaking, a solid is covalently bonded i espective width is unaffected by the’ anisotropy i
the whole structure energy stabilization can be written as th(araphitelz,ls we are entitled to compare the experimental
sum of local energy terms in the two-center first-neighbory,sn and SSN ELNES structures with calculateebrbital
scheme: projected densities of conduction statpsDOS). All the dif-
ferentp-DOS, which are presented in this paper, are calcu-
E qabilization™= 2 Eondindi+)- (1) Iatec! u§ing the fir'st-'principle LMTO-ASA methpdingar
muffin-tin orbital within the atomic sphere approximatich
We have used a scalar relativistic cddeglecting spin-orbit
The covalent bond is opposed to the metallic bond for whickcoupling for which the density-functional formalism was
the most striking character is the mobility of the bondingtreated within the local-density approximatidrDA ), using
electrons. If postulating the covalent character of the bondingon Barth and Hedin exchange and correlation poteffial.

[
first neighbors
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. ; . : TABLE |. Transfer integrals for corrugated graphene.

3 B cos(6) cos(6)
p-DOS b Boo,=Poyp,=| 1+ =5 Vow 27— |Vopr
Bspxzo Bspy:O BSpZZSSin(a)VSW
Bss=3Vss, ﬁpxpy=,8pypx=0

Bp,p,= 3[COS(6)VyprntSIN(6) V]

We will first be concerned with the difference in tlé&
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 graphiténterslab distance of 3.35)A
and of graphenécalculation performed on a 6.7 A interslab
distance graphide it is found that the interplane interaction
is partially responsible for the MSN graphiteliké® band
structure(see Fig. 5. Peaksc and e in the bulk graphite
p-DOS do not appear in the graphepeDOS. 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 thé: as seen in Fig. 4, both
7° corr. single sheet of graphite peaksb andd broaden and peaft is shifted to lower ener-
gies. This is in accordance with the change in the ELNES
) , ) . when going from the MSN to the SSi¥ig. 4).

0 5 10 15 20 25 Let us now concentrate on the experimental invariance of
Energy (eV) the 7* peak width §V) with the curvature. Botlab initio and
semiempirical Tight-bindingTB) approaches are used to re-
late this experimental fact to a theoretical vision of the co-

FIG. 5. LMTO calculatedp-DOS for graphite, compared to Vvalent bond in nanotubes. Thougih initio self-consistent
those for a flat and a 7° corrugated graphene layer. calculations are more reliable and hence must be used to

check any theoretical development, a semiempirical model-
The basis function for the calculations included all angularmg of the band structure provides an elementary and direct
momentum up td =2. Carbon sphere states were chosen taelation between the physical properties and the crystal struc-
be 2s, 2p, and 3, and empty sphere states were chosen agure. In a previous study,we have investigated the accuracy
1s, 2p, and 3. A set of four independent empty spheresof the two-center first-neighbafTB) scheme in describing
associated with two independent carbon spheres were cothe bonding changes in corrugated graphite. In Ref. 15, it is
sidered to describe graphite structures as it is required by théhown that, whatever the coordination curvature, tHe
ASA. The DOS were calculated considering a set of moresandwidth is always determined by real-space interactions
than one thousand nonequivalénpoints. A 0.5-eV Gauss- (center of the first Brillouin-zone energetic relatipn¥he

ian function was used to smooth the calculated DOS in ordefidth of the* band in the corrugated graphite shef)(is
to remove all structures with sizes inferior to the resolutionthen given by

of our EELS spectrometéf.7 eV). The influence of the slab
stacking on the conduction state peak positions was esti- EX(k=0—E(k=0)
mated by calculating the density of states for both stable W= 2 ' @
graphite phases: trigonéAB C stacking and hexagondlAB
stacking graphite. No difference in the peak positions is where E, (k=0) [respectively,E}. (k=0)] is the 7 state
seen showing that the different peaks are related to the inn@nergy at the center of the first Brillouin zofrespectively,
plane coordination and/or to the first-neighbor slab interaca™ state energy In a planar sheet of graphite, sinpg or-
tions only. When comparing the experimental graphite EL-bitals are decoupled from other orbitals, thér* state en-
NES featuregsee Fig. 3and the LMTO calculateg-DOS  ergy reduces to the sum of the site enefigy with the trans-
for graphite(see Fig. 5, they are in very good agreement. fer integralg, ,, . In corrugated graphite, the curvature in the
The electronic structure of both flat and corrugatedlocal coordination induces a coupling betwesand p, or-
graphendone monolayer of hexagonally coordinated carbonbitals. The Fermi-level eigenvalue problem is made compli-
atoms are calculated considering a supercell imposing areated by the introduction o, and S transfer integrals
interslab distance of 6.7 A. In order to restore compacity, weand has then no exact solution. However, we can easily de-
consider a set of ten empty spheres and two carbon spherdgrmine the interval to whiclE? (k=0) andE . (k=0) be-
The agreement between experimental measurements dong. Using the expressions from Ref. 23 of the different
nanotubegsee Fig. 4 and theoretical calculations on corru- transfer integrals3;,,, Bss, Bp,p,, introducing the bending
gated graphité€Fig. 5 lead us to conclude that the bonding angle, we deduce the analytical formulation of the different
in real nanotubes is mainly covalent, as evidenced below. transfer integrals in corrugated graphéfiable ). Introduc-

Intensity (arb. units})
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TABLE II. Transferable Slater-Koster parameters for carbon.the above TB calculations, no noticeable difference is ex-

The energies are expressed in eV.

Es Ep Vsss Vs ps pps

5

ppm
-2

—-7.5 0 -5 5

ing these expressions in the energetic characteristic equation,

we get the following limits folW:

{3|Vpp77| -3 Sinz( 0)[Vpp0'_vpp77]}

Vi, 1
Vppw |(Epz_ Es) - 3(Vpp7r+ Vs&r)|

$W${3|Vppw|_3 Sinz( 9)[Vppa_vppﬂ-]}a (3)

whereE; is thes-orbital site energyk,, is thep,-orbital site
energy,Veg,, Vsprs Vopos Vppr are the Slater-KosteiSK)
parameter$® They are the minimum number of transfer in-

X | 1—3tarf(6)

pected in ther* 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 platEg. 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 carborK 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 structur@sirved
graphene and corrugated grapherie which the atoms are
in identical coordination, exhibit the main features in their
respective DOS, the covalent character of the bonding in
wide enough nanotubdwith bending angle#<7°) has been

tegrals to be considered in a carbon atom based structurggnfirmed. The main features in the ELNES of the 1-nm-
The SK parameters do not depend on the coordination, byfide nanotubes well correspond to the main features in the
only on the interatomic distance. A proper numerical set Ofp-DOS of the corrugated graphene. Considering only real-

SK parameters is gathered in Table Il and leads to the nuspace interactions in a tight-binding approach, we can justify
merical interval:

[6—21 sirf(6)][1—(0.69tarf(8) ]<W<[6—21 sirf(8)].
4)

For a 1-nm-wide SSN, the curvature an¢#is about 7°.

the absence of modification of the" 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 o* fine structures of MSN are partially due to interac-
tions between different sheefpeaksc ande) and that the

The corresponding® bandwidth change is then estimated asposition of peakd is curvature dependent.

W(7°)—W(0°)=0.3 eV,

while

W(0°)=6 eV. (5)
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