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Hybridization Eff'ects and Metallicity in Small Radius Carbon Nanotubes
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Hybridization of the o* and x* states of the graphene network is shown to be as important as band-
folding eAects in determining the metallicity of small radius carbon nanotubes. Using detailed plane-
wave ab initio pseudopotential local density functional (LDA) calculations, we find that the electronic
properties of small tubes are significantly altered from those obtained in previous tight-binding calcula-
tions. Strongly modified low-lying conduction band states are introduced into the band gap of insulating
tubes because of strong a*-n* hybridization. As a result, the LDA gaps of some tubes are lowered by
more than 50%, and a tube previously predicted to be semiconducting is shown to be metallic.

PACS numbers: 7l.25.Rk, 7l. lO.+x, 7I.25.Tn

Since the discovery of graphitic nanotubes [1] in car-
bon rods under arc discharge, many experimental and
theoretical efforts have focused on the properties of these
novel quasi-one-dimensional structures. Classifications of
the tubes as metals or semiconductors were given [2,3] on
the basis of how the underlying graphite band structure is
"folded" when one applies the tubes' azimuthal periodic
boundary conditions. Although early work [2-4] has not-
ed that hydridization of the graphitic tr, tr, tr*, and cr*

states should occur because of the curvature of the tubes,
the importance of these effects was not fully appreciated.
The tube states near the Fermi level were described as
chiefly tr and tr states. Recently [5], nanotubes with

very small radii were experimentally produced, with di-
ameters as small as 7 A. In this Letter, we show that
su%ciently strong hydridization effects occur in such
tubes which dramatically change the band structure pro-
posed in previous works.

We have carried out both ab initio pseudopotential lo-

cal density function (LDA) calculations and Slater-
Koster [6] tight-binding (TB) calculations. Following
the notation of Ref. [3], we study the tubes (n, 0), with n

ranging from 6 to 9. As illustrated in Fig. 1(a), tube
(n, 0) corresponds to wrapping a section of a graphitic
sheet in the indicated orientation with n hexagons around
the tube circumference. The diameter of these tubes
ranges from 4.78 A for (6,0) to 7.20 A for (9,0). The
LDA electronic structure calculations were performed us-

ing a plane-wave basis set. %e generated first a semilocal
pseudopotential following the scheme of Troullier and
Martins [7] and made it fully nonlocal according to the
Kleinman and Bylander procedure [8]. The energy cutoff'

for the electronic wave functions was set at E,„& =49 Ry,
leading to a 0.05 eV convergence of the band energies.
The very large number of plane waves needed for this

type of calculation [ranging from 13500 for (6,0) to
19000 for (9,0)] required the use of an efficien iterative
diagonalization scheme [9]. The LDA calculations were
carried out in a superce11 geometry with a hexagonal ar-
ray of tubes, with the closest distance between atoms on

different tubes being 5.5 A. This permitted the neglect of

tube-tube interactions. For the TB calculations, we used
the first and second nearest neighbor parameters pro-
posed in Ref. [10] for graphite.

Along the axes of the tubes, the length of the unit cell
was set by assuming that the tube was generated simply
by rolling a graphite sheet segment [2]. Using the
Hellmann-Feynman theorem, we found that the stresses
imposed on each supercell were negligible in the axis
direction. The most important structural change was the
tendency of the tube to reduce its radius from that given
by the above rolling. This effect was nonetheless small,
ranging from 1.6% reduction for (6,0) to nearly zero for
(9,0). We found similar results within a tight-binding to-
tal energy minimization scheme [11]. The eff'ect of this
relaxation on the electronic band structure was negligible.
We also relaxed the internal coordinates of the atoms us-

ing Hellmann-Feynman forces. The forces were very
small, and all the atoms remained equivalent within the
unit cell.

FIG. l. {a) Unit cell of the (6,0) tube mapped onto the
graphite sheet. For the tube, point A is rolled onto point B. {b)
8rillouin zone of the graphite sheet. The vertical lines mark the
set of allowed k vectors for the tube.
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TABLE I. Band gap (in eV) of selected tubes. All gaps
given are direct and at the I point. For the metallic case, the
overlap of the bands is given as a negative gap.

Tube
Tight binding

Rer. [2]
Present calculations

TB LDA

(6,0)
(7,0)
(8,0)
(9,0)

-0.2
—1

1.22
0.04

0.05
1.04
1.19
0.07

Metal ( —0.83)
0.09
0.62
0.17

Our results for the band gaps are given in Table I,
compared with those from previous TB work [2]. We
find major differences between the results from LDA and
the TB calculations. The most significant difference
occurs for the tube (6,0) which has been previously pre-
dicted to be a small gap semiconductor [2]. We find in

this work that, within LDA, tube (6,0) is a metal. In ad-
dition, we find that tubes (7,0) and (8,0) are semiconduc-
tors, consistent with previous calculations, but with a
much smaller gap than those from TB based works. This
discrepancy is mainly due to a singly degenerate state
which is much lower in our LDA calculations than in the
TB work. We know that LDA is known to underestimate
the value of the band gap of many materials, but the nar-
rowing of the gap here is due primarily to curvature
effects, as evidenced by the dependence on tube size.

In Fig. 2 we show the band structure and density of
states (DOS) for the tube (6,0). The singly degenerate
state mentioned above is labeled by (a). At y, this state

is 0.83 eV below the doubly degenerate state that forms
the top of the valence band in TB calculations. This band
overlap makes the tube (6,0) a metal within LDA with a
density of states at the Fermi level equal to D(FF) =0.07
state/eVatom. For this tube, we also performed an in-

dependent LDA calculation using a semilocal pseudopo-
tential and another diagonalization scheme as described
in Ref. [12]. The two LDA band structures were in ex-
cellent agreement. %'e also checked that this state is in-
sensitive to the small structural relaxation effects de-
scribed above.

As we shall show, state (a) occurs in all (n, 0) tubes for
symmetry reasons, but its energy at I varies with n Fo. r
the tubes (7,0) and (8,0), state (a) does not close the gap
but reduces significantly its value as compared to TB cal-
culations. For these two tubes, the state (a) at I lies be-
tween the two doubly degenerate states that form the
highest occupied and lowest unoccupied molecular orbital
states in TB calculations. This state reduces the TB gap
by 1 eV for (7,0) and by 0.6 eV for (8,0). For the tube
(9,0), the state (a) lies just above the TB lowest unoccu-
pied molecular orbital state and therefore does not fall
within the gap.

The discrepancy between TB and LDA calculations de-
creases as the radius of the tube increases. This is con-
sistent with the notion that, in large tubes with small cur-
vatures, one obtains a good description of the nanotube
band structure by "folding" the graphite sheet band
structure. However, this idea implicitly relies on the as-
sumption that states around the gap or Fermi level are
essentially x or n derived [3,4]. This is not true for
small tubes where the curvature is so strong that large
hybridization effects occur. We show in Fig. 3 the charge
density distribution for the state (a) at I for the tube
(6,0). One can see that most of the wave function is lo-
calized outside the tube. If this state is mostly n or n

derived, it should have equal weight inside and outside
the tube. Detailed analysis of the a -z* hybridization in

(n, 0) tubes also indicates that this state should be mostly
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FIG. 2. Band structure and density of states (states/eV
atom) for the tube (6,0). The energies are in eV and the zero is
at the Fermi level. We trace the new band (a) around the
center of the Brillouin zone as a guide to the eye.

FIG. 3. Contour plot of the charge density for state (a) at l
for tube (6,0). The contours are in a plane perpendicular to the
axis of the tube which contains six carbon atoms. The numbers
quoted are in units of e/(a. u. )3. The circle represents a cross
section of the cylinder on which the atoms lie.
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outside of the tubes for k vectors near the tube's zone
center. We show below that it is crucial to accurately de-
scribe the cr* states and their interaction with the x*
complex before one is able to reproduce within TB the be-
havior of the state (a) in our LDA calculation.

To study the effects of hybridization on the state (a) of
tube (6,0), we begin with a planar sheet of graphite with

the unit cell described in Fig. 1(a). Because state (a) is

singly degenerate, in the "band-foMing" language, it

must be derived from the I -M line of the graphite sheet
Brillouin zone (BZ), and must occur in all (n, 0) tubes.
As a result of the boundary conditions of the tube, M is

folded onto r'. We plot in Fig. 4(a) the corresponding TB
bands along the I -X direction of the tube (see Ref. [2]).
From the symmetry of the tube, singly degenerate states
only mix with each other and not with states of higher de-

generacy, so only these need be considered in the analysis
of the behavior of state (a). The dashed lines are the
singly degenerate bands coming from the folding of the
n* and o* graphite bands along the I -M line of the hex-

agonal graphite BZ [Fig. 1(b)] onto the I -X line of the
tube BZ. Next we bend this graphite sheet along the AB
direction while imposing fhe proper periodic boundary
conditions in order to mimic a continuous transformation
of the graphite sheet onto the (6,0) tube. This procedure
distinguishes the zone-folding effects from the curvature
effects.

Figure 4 illustrates the evolution of our TB band struc-
ture under this transformation for two of these "inter-
mediate" structures. Their radii of curvature are be-

R=7.2A R=3.6A R=2.4A

r xr xr xr x
FIG. 4. Evolution of the graphite TB bands near the Fermi

level for the (6,0) geometry under increasing curvature. Ener-

gies are in eV and the zero is set at the Fermi level. The dashed
curves mix strongly with each other due to curvature. In an

LDA calculation, the lower one would span the gap. The radii

of curvature are indicated.

tween R =~ of planar graphite [Fig. 4(a)] and R =2.39
A of tube (6,0) [Fig. 4(d)]. For a curved sheet of graph-
ite, the z* and a* states mix and repel each other, result-

ing in a lowering in energy of the (originally) purely z*
states. It is the lower hybridized n band which gives

rise to the singly degenerate state (a) near FF in the

LDA calculation. Therefore, within the TB Hamiltonian
of Ref. [10], this state does exist, but it is not low enough
in energy to make the tube metallic as found in the LDA
calculation. We note also that, with a localized basis set
limited to 2s and 2p orbitals, TB calculations are unable

to describe large charge transfer asymmetrically away
from the atoms. However, in our LDA calculations, we

find the total potential to be locally symmetric inside and
outside the tube so that the localization of the state (a)
outside the tube must be mainly due to hybridization and

not electrostatic eA'ects. Similar studies have been made
for tubes (7,0), (8,0), and (9,0), yielding similar results.

Some workers [13,14) have recently suggested that
very small radius tubes may not be energetically stable.
It is argued that at some critical radius the elastic strain

energy per atom stored in the rolled sheet would be larger
than the dangling bond energy per atom for the flat gra-
phitic strip obtained by "cutting" the tube along its cylin-
drical axis. In order to address this question for the tubes
of our study, we carried out LDA total energy calcula-
tions for our smallest tube (6,0) with radius 2.39 A, and
its corresponding strip and found that the tube is energet-
ically more stable than the strip. This implies that the
critical radius below which tube energy exceeds strip en-

ergy for (n, 0) tubes is less than the (6,0) radius. The re-

sult is in agreement with the conclusion of a previous
classical force-field calculation [14] which predicts the

critical radius to be -2 A, in contradiction with the
semiempirical calculation of Ref. [13] which predicts
-3.85 A. However, we stress that as long as the tube
and strip energies are comparable, kinetic eA'ects will still

dominate the growth process. Thus, total energy compar-
isons may not be relevant to the question of tube forma-
tion.

In conclusion, large x*-cr hybridization eAects can
occur in small nanotubes which drastically change the
electronic band structure from that obtained by simply
"folding" the graphite sheet band structure. These
effects are demonstrated in our study of tubes (6,0) to
(9,0), some of which are comparable in size to the small-

est tube experimentally observed thus far. Our results
show that, for this class of tubes, hybridization eA'ects

change the energy and character of the lowest lying con-
duction band states with important consequences to the
metallicity and transport properties of the tubes. An im-

plication of this result is that hybridization eA'ects could

also play an important role in doped small nanotubes with

metallic dopants either inside or on the tubes.
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