Electronic structure of carbon nanocones
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Topology related changes in the local density of states near the apex of carbon nanocones are
investigated using both tight-binding and ab initio calculations. Sharp resonant states are found to
dominate the electronic structure in the region close to the Fermi energy. The strength and the
position of these states with respect to the Fermi level depend sensitively on the number and the
relative positions of the pentagons constituing the conical tip. Carbon nanocones are thus proposed
as good candidates for nanoprobes in scanning probe microscopy.

Carbon nanocones have received less attention than
fullerenes and nanotubes [1], although these conical
topologies have been observed just after the nanotube
discovery in 1991 [2] as caps on the ends of the nan-
otubes [3,4] or also as free-standing structures [5]. The
occurence of nanocones has been used to investigate the
nucleation and growth of curved carbon structures [6],
strongly suggesting that the presence of pentagons should
play a key role in the atomic construction. When a pen-
tagon is introduced into a graphite sheet, a 60° disclina-
tion defect is formed (Fig.1.a), leading to the formation
of a cone structure (Fig.1.b). The presence of pentagons
at the tip apex of the nanocone is analog to their oc-
curence in the nanotube tip topology. Such nanotube
ends have recently attracted considerable attention [7,8],
since peculiar electronic states, related to these topo-
logical defects in the graphitic network, were theoreti-
cally predicted [9]. Such resonant peaks in the density
of states were subsequently observed experimentally in
multi-wall [7] and single-wall [8] nanotubes.

Carbon nanocones with cone angles (0) of 19°, 39°, 60°
(see Fig.1.c), 85°, and 113° have been observed in a car-
bon sample generated by pyrolisis of hydrocarbons [6].
The total disclinations of all these conical graphitic mi-
crostructures are multiples of +60°, corresponding to the
presence of a given number (P>0) of pentagons at the
apices of the cones. By considering the symmetry of a
graphite sheet and FEuler’s theorem, only five types of
cone can be created from a continuous sheet of graphite,
corresponding to values of P between one and five. The
cone angle 6 is given by sin(6/2) = 1 — (P/6), leading
to the values mentioned above for the nanocone angle.
Disks (P=0) and one-open-end nanotube (P=6) have also
been observed in the same sample [6]. There can be a
number of configurations for a given angle of nanocone,
depending on the way pentagons are arranged in the con-
ical tips. The 113° nanocone has only one pentagon in
the center of the tip, and therefore only one configura-
tion. The other structures have, however, two or more

isomers as the pentagons can be organized in numerous
ways. These topologies which contain more than one pen-
tagon could lead to energetically stable conic structures.
According to the isolated pentagon rule (IPR) derived
from the study of fullerenes [10], isolated pentagons lead
to more stable isomers than fused pentagons. Beyond
this IPR, some simple rules have been derived from ac-
curate ab initio quantum chemistry calculations [11] to
evaluate energetically stable carbon nanocones with iso-
lated and separated pentagons. The arrangements of two
pentagons in a hexagonal network can be specified by
hexagonal coordinate (a,b) with one pentagon at (a,b),
and the other at (0,0), as suggested in Ref. [1]. In this no-
tation, the nearest neighboring pentagons are only (1,1)
coordinated in Cgo (all pentagons are connected by a
C-C bond), and are (1,1) and (2,0) coordinated in Crq
(the latter corresponds to two pentagons separated by a
hexagon). According to DFT calculations [11], (1, 1) pen-
tagons lead to more stable carbon nanoconic tip struc-
tures than (2,0) pentagons do. This is attributed to less
in-plane and out-of-plane strain induced by each (1,1)
pair than by each (2,0) pair. In the present study, we
investigate the electronic properties of nanocones con-
taining from one two five pentagons at their apices, all
pentagons pairs being connected by one C-C bond or sep-
arated by one hexagon. We show that the local density of
states (LDOS) at the apices of the nanocones are strongly
dependent on the pentagon concentration and topology.
By coupling tight-binding and ab initio calculations per-
formed on several nanocone morphologies, we correlate
sharp resonant features in the LDOS with the incorpo-
ration of pentagons in the hexagonal graphitic network.
A peculiar nanocone, with 3 pentagons at the apex (as
illustrated in Fig.1.c), is proposed as a good candidate
for nanoprobes in scanning probe microscopy.

The electronic densities of states of different apices of
nanocones (Fig.2) are obtained by the recursion tech-
nique [12] applied to a tight-binding Hamiltonian that
incorporates 2s and 2p electron orbitals. The nanocone



clusters contain about 2000-2500 atoms, in order to avoid
the effects of dangling bonds, present at the root, on the
electronic properties. These atomic structures were op-
timized using tight-binding molecular dynamics simula-
tions [13]. In this approach, we used an energy functional
and parametrization which proved to be successful in the
modelling of the different allotropic forms of carbon and
various carbon-based systems [14], and which allows the
treatment of huge systems since the computational effort
is significantly reduced compare to ab initio calculations.
In Fig.2, only the topology of the apices of the cones
are illustrated. Fig.2.a shows the LDOS of an infinite
graphene plane which behaves as a zero gap for a single
sheet. Fig.2.b illustrates the LDOS of a nanocone with
a single pentagon at the apex. In the valence region, a
sharp peak appears close-below the Fermi energy. The
LDOS of two isomers for a nanocone containing 2 pen-
tagons at the apex are represented in Fig.2.c and Fig.2.d.
Fig.2.e-h show the LDOS of nanocones containing 3, 4
(two iomers) and 5 pentagons, respectively. Note the
prominent peak which appers just above the Fermi level
(Er) for the nanocone with three symmetrical pentagons
(Fig.2.e). Taken as a whole, these calulations indicate
that sharp resonant peaks found in the LDOS at the tip
apex of nanocones mainly originate from the topological
disorder introduced into the hexagonal bonding network
by the presence of pentagons. As clear from Fig.2, the
strength and energy position of the computed resonant
states depend sensitively on the relative position and de-
gree of confinement of pentagonal rings at the tip apex of
the cones. Similar conclusions have already been drawn
for terminating caps of nanotubes [7,8], allowing the pos-
sibility to discriminate between different capping topolo-
gies. Densities of states have also been calculated for
nanohorns [15], which can be considered as cone-shaped
graphitic carbon structures with five pentagons at the
apex, and significant differences in the DOS have been
observed for various morphologies.

A simple argument can help to elucidate the interplay
of pentagonal rings immersed in a hexagonal graphitic
network and the LDOS of the structure. The energy mul-
tiplet structure of the 7 electron states of an isolated pen-
tagonal ring includes the most stable totally symmetric
state and two occupied orthogonal bonding states having
one nodal surface only [16]. Hence, this structure there-
fore has an “affinity” for a sixth electron in a bonding
state. When the pentagonal ring is immersed in a metal-
lic m-bonded hexagonal network, such a state will be oc-
cupied and screened by the other 7w electrons, becoming
a resonant bonding state in the graphitic m band. This
argument allows us to interpret the peak in the LDOS
of Fig.2.b as an acceptor state. It is also clear from the
results exposed in Fig.2, that whenever pentagons are
located close to each other in a confined region of the
structure, the LDOS is the result of some further inter-
action between individual pentagonal topological defects.

This is consistent with the interpretation of the accep-
tor states as resonances in the m-bonded structure, and
suggests that each of these states extends well outside
the pentagonal rings which determine its main structure.
The overall electronic structure for the nanocones illus-
trated in Fig.2, is thus the result of interacting topolog-
ical defects. The relation between the position of the
pentagons and the main structures in the LDOS shows
that localized states are always present. This suggests an
interesting experimental tool to correlate the LDOS of
the nanocones, which could be measured experimentally
using scanning tunneling spectrocopy techniques [7,8], to
the topology of the nanocone tip apex.

The tight-binding recursion method does not provide
information on the localization of individual states. To
obtain direct insight into the structure of localized elec-
tron states, we perform ab initio computations [17] of
two nanocones containing one (Fig.3.a) and three pen-
tagons (Fig.3.b), respectively. Ab initio LDOS, averaged
over the tip apex of the nanocones, exhibits strong and
sharp peaks. The position of these resonant states are
0.6eV below the Fermi energy for the nanocone with one
pentagon, and at 0.3eV above the Fermi energy for the
nanocone with three pentagons. These ab initio results
are in perfect agreement with the previous tight-binding
calculations, especially for the locations of these resonant
states as shown by arrows in Fig.2.b and Fig.2.e) [18].

Fig.3.a illustrates the calculated local electronic den-
sity for the two degenerated electronic states leading
to the sharp resonant peak located 0.6eV below the
Fermi energy (as indicated by an arrow in Fig.2.b) for
a nanocone with a single pentagon [19]. The local elec-
tronic density of charge is mainly localized on the unique
pentagon. We notice that the single particle densities il-
lustrated in Fig.3.a do reflect the fivefold symmetry of
the nanocone tip apex. By analogy, Fig.3.b presents
the local electronic density for the two degenerated elec-
tronic states corresponding to the sharp resonant peak
located 0.3eV close-above the Fermi energy (indicated by
an arrow in Fig.2.e) for a nanocone with three pentagons.
Again, most of the local density of charge is positioned
on pairs of neighboring atoms that are part of the three
pentagons, leading to a main charge density on the top
of the nanocone. These single particle densities (Fig.3.b)
do reflect the threefold symmetry of the nanocone.

These density lobes, as revealed in Fig.3, point radially
into the vacuum region, and therefore can act as emit-
ting centers when the nanocone is used as a field-emission
electron source. If resonant states located on pentagonal
rings and containing 7 bonding lobes are present close to
the Fermi energy in the LDOS of nanocone tips, these
states should be revealed by field emission (FEM) exper-
iments. In these experiments [20], the patterns collected
by a charge coupled device (CCD) camera are, to first
approximation [21], a direct image of the emitting elec-
tronic states, and could thus offer a second possibility for



its topological characterization with atomic resolution.

From classical electrostatics, the high field region of a
nanocone immersed in a static electric potential is that
of highest curvature, i.e. the tip apex region, where most
pentagons are located. To be a good candidate for emit-
ting tunneling electrons in a FEM experiment, an elec-
tronic state should be localized in the high field regions
of the structure, and should be either close under or just
over in energy to the Fermi level. Even if other electronic
levels also contribute to the field emission, the greatest
part of the emitted current is likely to come from states
yielding a large LDOS at the tip close to the Fermi level.

The nanocones with 3 pentagons at the tip, have the
highest probability of nucleation [6] and are frequently
observed (see Fig.1.c). Such a cones possesses a promi-
nent sharp peak appearing just above the Fermi energy
(Fig.2.e), and is thus an excellent candidate for field emis-
sion. The huge increase of the density of states near Ep
towards the apex would imply a corresponding enhance-
ment of the field emission current. By analogy with car-
bon nanotubes [22], the low-threshold voltage for field
emitted electrons from a periodic array of such nanocones
should be considered for flat panel displays [23] or any
nanocone-based field emission device. In addition, such
nanocones might constitute well defined tips with perfect
atomic structure like nanotubes [24] for scanning probe
microscopy. Due to their conical structures, nanocones
will be less flexible than nanotubes, although they could
also survive after “tip crash” with the surface of the sam-
ple. However, attached to the cantilever of conventional
scanning microscope, these nanocones would not vibrate
like nanotube-based nanoprobes at ambient temperature,
suppressing the noise often observed in the latter case and
allowing the imaging of sharp recesses in surface topog-
raphy.

In summary, we have investigated the tight-binding lo-
cal density of states and the ab initio electronic density of
charge of carbon nanocones. The correlation between the
electronic structure and the conical atomic structure has
been studied. The existence and the location of promi-
nent sharp peaks in the LDOS have been attributed to
the presence and the relative topology of the pentagons
at the apex of the cone. For some peculiar nanocones,
these resonant states are very close to the Fermi energy,
corresponding to an enhancement of the field emission
properties and yielding to interesting potential applica-
tions in nanotechnology. We also hope that the present
study will stimulate experimental works (like STS and
FEM) on nanocones in order to provide experimental ev-
idences of these resonant states and to characterize these
nanostructures at the atomic level.

[1] M.S. Dresselhaus, G. Dresselhaus, and P.C. Eklund,
Science of Fullerenes and Carbon Nanotubes (Academic
Press, San Diego, 1996).

[2] S. Lijima, Nature 354, 56 (1991).

[3] S. Iijima, T. Ichihashi, Y. Ando, Nature 356, 776 (1992).

[4] S. Lijima and T. Ichihashi, Nature 363, 603 (1993).

[5] M. Ge and K. Sattler, Appl. Phys. Lett. 64, 710 (1994);
ibidem, Chem. Phys. Lett. 220, 192 (1994).

[6] A. Krishnan, E. Dujardin, M.M.J. Treacy, J. Hugdahl, S.
Lynum, and T.W. Ebbesen, Nature 388, 451 (1997).

[7] D.L. Carroll, P. Redlich, P.M. Ajayan, J.-C. Charlier, X.
Blase, A. De Vita, and R. Car, Phys. Rev. Lett. 78, 2811
(1997).

[8] P. Kim, T.W. Odom, J.-L. Huang, and C.M. Lieber,
Phys. Rev. Lett. 82, 1225 (1999).

[9] R. Tamura and M. Tsukada, Phys. Rev. B 49, 7697
(1994); ibidem, Phys. Rev. B 52, 6015 (1995).

[10] H.W. Kroto, Nature 329, 529 (1987).

[11] J. Han and R. Jaffe, J. Chem. Phys. 108, 2817 (1998).

[12] R. Haydock, V. Heine, and M.J. Kelly, J. Phys. C 5, 2845
(1972); ibidem, J. Phys. C 8, 2591 (1975).

[13] S. Goedecker and L.Colombo, Phys. Rev. Lett.73, 122
(1994).

[14] C.H. Xu, C.Z. Wang, C.T. Chang and K.M. Ho, J. Phys.:
Condens. Matter 4, 6047 (1992).

[15] S. Berber, Y.-K. Kwon, and D. Tomének, Phys. Rev. B
62, R2291 (2000).

[16] A. De Vita, J.-C. Charlier, X. Blase, and R. Car, Appl.
Phys. A 68, 283 (1999).

[17] The electronic properties of nanocones containing 1 and
3 pentagons, respectively, were obtained by performing
first-principles calculations based on the Density Func-
tional Theory in the Local Density Approximation. The
interaction between valence electrons and ionic cores
was described using norm-conserving pseudopotentials
for carbon and hydrogen [N. Troullier and J.L. Martins,
Phys. Rev. B 43, 1993 (1991)]. Dangling bonds on the
carbon atoms in the bottom ring of the cone were sat-
urated with hydrogen atoms. Periodic boundary condi-
tions were adopted, keeping a minimum 0.5 nm distance
between repeated images. The two nanocone structures
were initially relaxed to their ground-state equilibrium
geometry by calculating the Hellmann-Feynman forces
acting on the atoms. The electronic wavefunctions at the
I'-point of the supercell Brillouin zone and the electron
density were expanded into plane waves with kinetic en-
ergy cutoffs of 40 Ry and 120 Ry, respectively.

[18] These ab initio results thus validate the use of the tight-
binding technique, less accurate than it ab-intio but
which takes into account the essential physico-chemical
considerations of covalent C-C bonds, satisfactorily de-
scribing hybridization states between sp?, and sp>.

[19] Note that in our calculations, the two electronic states of
Fig.3.a and Fig.3.b, corresponding to the sharp resonant
states of Fig.2, are nearly degenerate in energy. A per-
fect degeneracy is expected for a fully symmetric isolated
cone. The small energy splittings observed (~10 meV)
are due to the interaction of repeated images introduced
into the calculation by the use of periodic boundary con-
ditions.

[20] K.A. Dean and B.R. Chalamala, J. Appl. Phys. 85, 3832



(1999).

[21] J.Tersoff and D.R.Hamann, Phys. Rev. Lett. 50, 1998
(1983).

[22] W.A. de Heer, A. Chéatelain, and D. Ugarte, Science 270,
1179 (1995).

[23] Q.H. Wang, A.A. Setlur, J.M. Lauerhaas, J.Y. Dai, E.-W.
Seelig, and R.P.H. Chang, Appl. Phys. Lett. 72, 2912
(1998).

[24] H. Dai, J.H. Hafner, A.G. Rinzler, D.T. Colbert, and
R.E. Smalley, Nature 384, 147 (1996).

[25] G. Dresselhaus, M.A. Pimenta, R. Saito, J.-C. Charlier,
S.D.M. Brown, P. Corio, A. Marucci, and M.S. Dres-
selhaus, in Science and Application of Nanotubes, (Fun-
damental Materials Research Series, Ed. Tomanek & En-
body, Kluwer Academic/Plenum Publishers, NY, pp.275,
2000).

ACKNOWLEDGMENTS

J.C.C. and G.M.R. acknowledge the National Fund for
Scientific Research [FNRS] of Belgium for financial sup-
port. This paper presents research results of the Belgian
Program on Interuniversity Attraction Poles initiated by
the Belgian State-Prime Minister’s Office-Science Policy
Programming and FRFC project N2.4556.99 ”Simula-
tions numriques et traitement des donnes”. This work is
carried out within the framework of the EU Human Po-
tential - Research Training Network project under con-
tract N° HPRN-CT-2000-00128 and within the frame-
work of the specific research and technological devel-
opment EU programme “Competitive and Sustainable
Growth” under contract N° G5RD-CT-1999-00173.

FIG. 1. (a) Extraction of a 60° section from a graphene
sheet in order to form a cone structure (b) by incorporation
of a single pentagon defect. (c¢) High-resolution transmission
electron microscopy image of a nanocone which contains 3
pentagons at its tip apex (Ref. [6]).
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FIG. 2. Computed tight-binding LDOS for a single
graphene sheet (a), and nanocones with 1 (b), 2 (¢ and d),
3 (e), 4 (f and g) and 5 (h) pentagons, respectively. The tip
apex topology is illustrated close-above each corresponding
curve. The Fermi level (EF) is at zero energy. A value of 2.9
eV has been chosen for the hopping integral V.~ [25]. In all
the LDOS related to nanocones, localized states are always
present. Their locations cleraly depends on the number and
the relative positions of the pentagons.
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FIG. 3. Ab initio electronic densities of charge on the tip
apex of nanocones containing (a) one and (b) three pentagons
for the electron states corresponding to the resonant peaks
indicated by arrows in Fig.2. These electron states are located
respectively at -0.6 eV (a) and +0.3 eV (b), relative to the
Fermi energy. The two conical atomic structures are presented
on the left side of the figure; high-lighting in red the number of
pentagons at the tip apex. The clusters contain (a) 80 carbon
atoms and (b) 100 carbon atoms, respectively (red and blue
spheres). Edge carbon atoms are terminated with hydrogen
atoms (20 small white spheres in both cases). On the right
side, the isovalue surfaces of ab initio electronic densities of
charge illustrate high electronic density. The density lobes,
which have a clear m bonding character, are located either
on the unique pentagon (a) or on neighboring atoms that
are part of five-membered rings, pointing radially into the
vacuum region. Where such states are found, the pentagons
of the nanocone tip are expected to act as emitting centers
when the cone is used as field-emission electron source.



