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ABSTRACT
The paper reviews author’s recent theoretical works on the carbon nanostructures including fullerenes and
nanotubes. The developments of the ab initio method using the localized basis set are also described with an
introduction to the requirement for large-sized first-principles calculations. The total energy calculations on the
sp2-bonded carbon structures show that the energetics regarding the incorporation of pentagonal rings favors the
curvature of the C240 and, consequently, the cap of the (10,10) nanotube. As a study aiming at a practical application,
field emission properties of the carbon nanotube are investigated. A general introduction to the various advantages
of the carbon nanotube as an electron field emitter is followed by detailed studies on the oxygen adsorption effects.
Key words：nanostructure, carbon nanotube, first-principles calculations

Ⅰ. Introduction
2)

Ever since the first discovery of fullerenes (1) and carbon
nanotubes (2), the sp2-bonded carbon nanostructures have
been under intensive scrutiny and numerous mutations of
them have been synthesized (3-6). Although the local atomic
structure is the same with that of graphite, various unprecedented phenomena, depending sensitively on the overall topology, have attracted wide range of researchers so far.
While the interests of fullerene molecule itself lay in its remarkable stability and beautiful symmetry, various electronic
behaviors of the carbon nanotube and the crystallized form of
fullerenes, ranging from semiconductor to metals (7-9), and to
superconductors (10,11), have triggered suggestions for numerous potential applications. Robust one-dimensional shape
of the carbon nanotube, in addition to its exceptional chemical and mechanical stability, have also attracted much interests for particular applications, including field emission tips
(12,13), molecular electronic devices (14), and probing tips
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(15). Among them the field emission display using the carbon
nanotube emitters is approaching a commercialized product.
Since most physical properties of this nanoscale material,
whose size is of several tens or several hundreds of atoms,
can properly be described by quantum mechanics, and some
of them manifest quite distinguishable properties from classical ones (16), the computational approach have been believed
to contribute greatly to this field of study. The agreements
between theories and experiments with a high precision have
stimulated a further scientific investigation in the carbon
nanotubes (17,18). However, a naive application of the
first-principles calculation methods often confronts with a severe limitation because of its high computational costs.
Although the ab initio method based on the density functional
theory (19,20) has been successfully developed aiming at the
solid states, nanoscale materials, whose structure is not a periodic one, and can be regarded as a large molecule rather
than a solid, usually require much large-sized computations.
These days several authors have tried to develop large-sized
calculation methods in order to have a more realistic simulation for these nanoscale materials (21).
In this review article we present recent theoretical works
on the carbon nanotubes and fullerenes as well as the devel-
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opment of large-scale first-principle calculation methods. In
the next section, a brief description for the first-principles
electronic structure calculatons will be presented and followed by a demonstration showing that a localized basis set
can be successfully employed to deal with a large-sized system with a reasonable accuracy. In section III, we present a
2
study on the energetics of the curved sp -carbon nanostructures.
We show that the energetics regarding the incorporation of
pentagonal rings does a crucial role in the relative stability
among the isomers and mostly favor the capped (10, 10) tube
over a smaller or larger nanotube. In the last section, we review the field emission properties of the carbon nanotube
and present a detailed study on the oxygen adsorption
effects. We show that the adsorption can increase the local
electric field as well as the local density of states, which can
positively affect the electron field emission from carbon
nanotubes.

with huge computational costs. For example, in the calculation of dimerized fullerenes which is shown in Fig 1 (a),
6
we need a 2×10 plane waves for a reasonably converged
energy value, which takes about 20~30 CPU hours for a
self-consistency step in CrayT3E supercomputer. A significant curtailment of CPU time can be obtained by expanding the Kohm-Sham orbital  with a localized basis. In Fig
1 (b), we present the cohesive energies of small fullerenes
calculated with the plane-wave basis and the atomic orbital-like localized basis set (23). We find that the accuracy of
the calculations with the localized basis is in 0.01 eV/atom,
whose CPU time is reduced to one fortieth of that of the
plane waves.
C120

(a)

Ⅱ. Ab initio methods for nanoscale materials
Density functional theory (19) states that the total energy
of N-electrons system, which i s in its ground state, is
unique functional of charge density , as            ,
where    is kinetic energy of electrons and  is the external
potential. The interaction energies between the electrons can
be expressed as.
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Assuming that the ground state charge density can be ex
N
panded by N orbitals, ρ = ∑ |ψ i | 2 , the eigenvalue equation
i=1

for  can be constructed and eventually the total energy
can be calculated; The Euler-Langrange equation which
minimize the total energy with respect to the variation of
 ⋯⋯   produce N single particle equations (20), as
               , where  and   
 ▽
are potentials describing the electron-electron interaction
energy    . The most standard method to attack this equation
is to expand the Kohn-Sham orbital  with a set of plane
waves (22). Electronic states in solids can neatly be described
by the plane waves, whose wave numbers are integer multiples of the reciprocal lattice vectors of the crystal.
However, nanostructures are not three-dimensional crystal, and the plane wave calculations on them often confront

(b)
Fig 1. (a) C120 in the intermediate stage of two fullerenes fusion
(56). (b) Cohesive energies of small fullerenes. Filled
circles are the results of the plane-wave method and the
squares are those of the localized-basis method.

Ⅲ. Energetics of curved graphitic structures
Among various forms of carbon nanotubes or clusters in
nano scales, the single-walled carbon nanotube (SWNT) has
attracted much attention because of its unique structural and
electronic properties. However, the study of single-walled
nanotubes has often been hindered by the lack of knowledge
in the basic growth mechanism of carbon nanotubes and related clusters. Recent experiments (24-29) have reported that
the diameters of the single-walled carbon nanotubes have a
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narrow distribution range around that of the (10, 10) tube.
Several models of the nanotube growth (30-32) have suggested that the formation of the single-walled nanotubes and
fullerenes are initiated by the graphitic bowls, and the energetics of large carbon clusters should play a crucial role.
While a single-walled nanotube is frequently described as a
rolled-up graphitic sheet, it may as well be considered as an
elongated fullerene when it is capped. Since the fullerene itself is another important form of carbon clusters, the energetics of large fullerene in general including the capped
carbon nanotubes should be useful in understanding the initial growth process of nanotubes and its diameter distributions.
In earlier work, Adams and co-workers (33) showed that
a key factor in determining the energetics of large fullerenes
and carbon nanotubes was the nonplanarity of the graphitic
sheet incurring incompleteness of the  -bonding. Based on
the empirical formula derived from the computational results,
they concluded that the spherical fullerenes were energetically favored over the tube-like elongated fullerenes, i.e., capped nanotubes. Since, however, theoretical studies of large
carbon clusters demand enormous electronic structure calculations, the fully self-consistent first-principles calculations
have been restricted to relatively small system size. So far
many calculations on the large carbon clusters were done by
classical continuum theory (34), or molecular dynamics with
the three-body potential (35), or so-called O(N) methods with
the non-self-consistent Harris functional formalism (33,36,37).
However, a fully self-consistent first-principles calculations
in this work show somewhat different results from the
predictions of the previous works. The total energies of the
fullerenes with respect to that of the infinite graphene sheet
are presented in Fig 2 (a). Compared to the previous results
(33), the energy curve of the spherical fullerenes stays flat in
the range of    . In order to explain this phenomenon,
here we note two different strain sources: one from the
curvature effect and the other from the bond length change
of the pentagons. The pure curvature effect can be traced to
t h e a n g l e c h a n g e s b e t we e n t h e n e a r l y p a r a l
lel   orbitals. In case of the infinite (n, n) tubes, it can be

this simple formula with a parameter    eV (21). Similarly,
the curvature energy of the spherical fullerene can be mod

expressed by the form of ε tube≈ε' d = ε 12 , where d is the
r
n
C-C bond length and r is the tube radius. Indeed the results
of the first-principles calculations are extremely well fitted to

where we assumed that the fullerenes are nearly spherical

( )

2

eled as ε tube≈ε'' d = ε 1 , where the r is the radius of the
r
N
fullerene. Note that the surface area of the fullerene ( ) is

( )

proportional to the total number of atoms N. In Fig 2 (a), it
is obvious that the calculated N-dependence of the total energy deviates significantly from the above simple formula, implying that the curvature effect alone is not sufficient for the
description of the energetics of fullerenes.
Another important contribution to the total energy of the
fullerenes distinct from the curvature effect comes from the
strain in the pentagon region. The origin of such strain can
be sought in the geometry of an isolated graphitic cone. A
cone here is defined to be a structure where a pentagon is
surrounded by hexagonal network. If the cone angle  ,
which is shown in Fig 2 (b), is forced to deviate from its
equilibrium value ( ), an extra energy cost which we call
“pentagonal strain energy” is required. While the curvature
energy arises from the changes in the bond angle, the cone
energy comes from the change of the C-C bond lengths
from the values of the equilibrium. Through extensive ab initio calculations, we find that the pentagonal strain energy
can be modeled by assuming that the bond length change is
effectively confined to 5 bonds forming the pentagon. As
shown in the schematic illustration of Fig 2 (c), the bond
length change of the pentagon ( ) is related to the length of
the cone edge (L) and the angle change (   ), which is assumed to be small, as follows;
δ = 2L( cos θ - cos θ 0 )∝ N

cone ( θ - θ 0 )

The length L of the cone edge is approximately proportional to the square root of the number of atoms belonging
to the cone (Ncone). The pentagonal strain energy in the
spherical fullerene, in which 12 cones are interconnected by
the intermediate graphitic region, can be expressed as
E cone = 12×

k'
k
2
N cone (θ- θ 0 ) ≈12×
N
2
2 cone

(

1
N

1
N

2

),

and, hence, ∝ 1/r and r ∝ N . Eventually, the energy model form for fullerene including curvature effect as well as

62

Computational Studies of Carbon Nonostructures

pentagon effect becomes as
          .

Here we note that the pentagon itself remains as a regular polygon independently of the size of the fullerene, and
hence, we ignore the angle change between the  -orbitals
within the pentagons and the corresponding curvature
energy. Only the (N-60) atoms which do not participate in
the pentagons contribute to the curvature energy. The solid
line in Fig 2 (a) using this energy formula really fits well the
calculated points. To check the validity of our fit, we have
calculated an extra point at N=540 not included in the fitting
procedure.

formula are presented in Fig 3. Three data points (one at
(5,5) tube and two at (10,10) tube) are independently calculated to verify the energy formula.
Contrary to the prediction of the previous works, the energy curve of the (10,10) nanotube stays below that of the
fullerene. This fact indicates that (10,10) nanotube is not only
more stable than fullerenes, but it is more stable than smaller or even larger nanotubes as well. Since our energy model
only cares about the size of the cap, the chirality does not
matter. Thus, for example, the (18,0) nanotube capped with
hemisphere of C240 can be as stable as the (10,10) nanotube.
Our energy model suggests that the decisive factor of the diameter of the single-walled nanotube is the energetics of the
cap at the initial stage of formation. For example, if we consider a graphitic bowl of a few hundred carbon atoms
( ≈  ), the total energy of the (10,10) tube-like elongated
fullerene is lower than its isomeric spherical fullerene by
about 1 Ry.

Fig 2. (a) Total energy of the spherical fullerene with respect
to infinite graphene sheet. Filled circles are the results
of the self-consistent calculations, and the solid line is
fitted curve of the model described in the text (b). A
graphitic cone structure. (c) A schematic illustration of
the bond length change of the pentagon (thick
horizontal bars) accompanied by the cone angle change.
Now we are going to construct the energy model for the
single-walled carbon nanotube with caps. Here, we assume
the cap of the nanotube is a hemisphere of spherical fullerene; for example, the cap of (5,5) tube is the hemisphere
of C60. By summing up the energy contribution from the
pure tube region of (N-Ncap) atoms and the fullerene-like cap
regions of Ncap atoms, the total energy per atom is

ε cap-tube =

( N -NN )ε
cap

tube

+

( N N )ε
cap

fl․

The energy curves of nanotubes and fullerenes using this

Fig 3. The N-dependence of the energy for the capped (n,n)
nanotubes (dashed line for (5,5), dash-dotted line for
(10,10), and dotted line for (15,15) tube, respectively.)
in comparison with spherical fullerenes (solid line). The
triangle, squares, and circles are the results of the
self-consistent calculations.

Ⅳ. Field emission properties of the carbon nanotube
From the beginning of its discovery, the carbon nanotube
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has been regarded as an ideal material for electron field
emitter. The advantage of the carbon nanotube as an electron
emitter lies in the fact that the nanotube is very good conductor with a high aspect ratio and, consequently, consumes
very small power in the field emission of electrons. Many experiments with single-walled (38,39) and multiwalled (40-44)
carbon nanotubes have demonstrated such advantage.
In addition to much low extraction voltage, several characteristic features have been reported for carbon nanotube field
emission. In this section, we describe them by noting the differences from the micron-sized metal tip emitters. Fowler-Nordheim
theory (45), which is based on one-dimensional WKB approx2
imation, predicts a linear behavior in the plot of Ln(1/V )
2
Log(1/V ). Experimental results on the micron-sized metal tip
have shown excellent linear Fowler-Nordheim plots, which
means that, since the dimension of the cross-section of micron-sized tip is much larger than the electron wave length,
one-dimensional approximation ignoring the xy variation is
relevant in that size range (46). However, many experiments
on carbon nanotube field emission have demonstrated a nonlinear Fowler-Nordheim plot (47-49). Dean et al. argued that
the nonlinear Fowler-Nordheim plot results from the displacement of adsorbates (50).
The energy distribution of the emitted electron in the micron-sized metal tip is asymmetric with respect to its peak position which is pinned at the Fermi level of the emitter (46),
which is very consistent with the prediction of Fowler-Nordheim
theory. However, in the cases of nanotube emitters, the distribution is sharper and rather symmetric with respect to its
peak and the peak position shift down as the applied field
increases (51). An additional characteristics of the carbon
nanotube field emission is that the emission current is sensitively dependent on the adsorption states. Most of the emission images show lobes which is believed to reflect the presence of adsorbates (52). When the nanotube field emitter is
heated to about 900K, a rapid drop in the magnitude of the
emission current is observed. A subsequent cooling to room
temperature recovers the initial amount of the current. This
rapid drop in the magnitude of the current at high temperature is concurrent with the rapid change of the images from
bright lobes to dimmer blurred images. These facts have been
believed to be a firm evidence for the current enhancement

by the adsorptions and the localized states (52).
However, experiments on gas adsorptions reported puzzling effects on carbon nanotube field emitter with oxygen
adsorbates; the short time exposure to O2 or H2O induces an
increase in the emission current, whereas the long time exposure can induce an irreversible current degradation (53).
The oxygen adsorption on the micron-sized metal tip is
known to reduce the emission current by inducing a surface
dipole which increases the work function (54).
In Fig 4, we present our calculational results on the model geometries. Here we consider two types of adsorptions,
Eext = 0.5V/Å

Fig 4. The calculated field emission current (in μA) for
the (5,5) carbon nanotube with or without oxygen
adsorbates. The length of the nanotube used in the
calculation is about 30 Å and only top views of
the tubes are shown. Grey small spheres represent
carbon atoms and red spheres represent oxygen
atoms.
atomic or molecular, as possible configuration of oxygen on
the nanotube tip. The details for calculational method can be
found in the reference (55). Based on these data, we conclude that the oxygen adsorption can generally increase the
field emission from the carbon nanotube. Especially the increase of the emission current by two orders of the magnitude on the molecular adsorption is consistent with the
abrupt changes in the magnitude of the emission current in
the experiments.
Through detailed analysis on the electronic structure, we
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Ⅴ. Conclusion

(a)

(b)

Fig 5. The calculated field emission images for (a) the
case of atomic adsorption and (b) the case of bare
carbon nanotube.
characterize two crucial factors for field emission at the nanotip; one is local electric field and the other is local density
of states nearby the Fermi level. The binding of the atomic
adsorption is strong and the local density of states at the
Fermi level is not so much different from that of the bare
tube because the oxygen valence states (p) are located much
below the Fermi level. In the case of molecular adsorptions,
oxygen  states give rise to much increase in the local
density of states. However, the local electric fields are increased in both cases of atomic or molecular adsorption,
which is ascribed to the electronegativity of oxygen
adsorbates. Consequently, the atomic adsorptions induce an
increase in the emission current by one order of magnitude
and the molecular adsorption does by two orders of
magnitude. The field emission images are calculated to confirm the nature of the image reported in the experiments. The
images are obtained by visualizing the square of the electronic wave function at the anode plane which is assumed
to be perpendicular to the tube axis. As shown in Fig 5, lobed
images in various shapes represent dominantly emitting
states rather than the geometrical shape of the tip and
adsorbates.

First-principles computational studies of the carbon nanostructures were reviewed. Detailed comparison between
large fullerenes structures and the capped nanotube structures was realised by the large scale density functional calculationswith localized basis. Algorithm and the excellent
performance of the localized-basis computational packages
were described with the comparison with that of the
plane-waves. Based on the first-principles computational re2
sults, the curvature energy of the sp -bonded graphitic surfaces was modelled. It was found that C240 and the cap of (10,
10) nanotube have the most energetically favourable curvatures, which could explain the diameter distributions of the
single-walled carbon nanotubes. Field emission properties of
the carbon nanotube are also investigated. We find that the
governing factor for the field emission current could be decomposed into the local electronic density of states and the
local field enhancement factor. We found that oxygen adsorbates on the tip of carbon nanotube increase the local density of states in come cases, while they enhance local electric
field in most cases owing to the stronger electronegativity.
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