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Energetics of Multilayered Carbon Tubules
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We study the structure of nested multilayered systems composed of two infinite carbon tubules via

density functional theory. The calculated intertubule distance is 3.39 A, comparable to the recent mea-
surement of 3.4 A. In such a system, the energy gained by adding a new cylindrical layer around a cen-
tral one is estimated to be 80% of the graphite dilayer binding energy. Low translation and rotation bar-
riers suggest that carbon tubules of limited length could easily slide into or out of each other and rotate
along the cylindrical axis. Comparison with graphite and hyperfullerenes is proposed.

PACS numbers: 68.65.+g, 61.46.+w, 61.66.Bi, 71.10.+x

Recently, a new form of graphitic carbon, best de-
scribed as "needles" or "tubes, " has been discovered by
high-resolution transmission-electron microscopy [ll on
the soot that results after an arc discharge between two
carbon rods. It has also been synthesized in gram quanti-
ties [2]. A needle comprises multilayered coaxial cylin-
ders (also called "carbon nanotubes" or "bucky tubes")
centered on the needle axis. Each microtubule consists of
a honeycomb network of carbon atoms (like in a single
graphite sheet) rolled up into a cylinder with a diameter
of a few A. The unique structural characteristics of these
multilayered microtubules can be connected with graph-
ite and the recently discovered C6o solid [3].

Earlier theoretical studies of these small-radii graphene
nanotubes focused on their electronic properties, predict-
ing a metallic (more conducting than a planar graphite
sheet at room temperature) or semiconducting behavior
depending on their radii and the helical arrangement of
the carbon hexagons [4-8]. In contrast, the lattice ener-
getics of these structures have been reported later [9,10].
While theoretical studies have been devoted to single-
layer graphene microtubule with diameters comparable to
that of C60, experimental observations have mainly in-
volved specimens of two or more concentric shells of car-
bon sheets [1,11,12].

These theoretical papers concern finite or infinite single
cylindrical carbon tubules of varying radii including a hy-
pothetical smallest value equal to that of C6o (r =3.39
A). This limiting radius is reached when the elastic ener-

gy stored in bending the graphitic strip exceeds the ener-

gy recovered from stitching its dangling bonds along the
tubule generator [13]. This smallest carbon nanotube
which could be capped by two hemispheres of C60 has re-
cently been discovered by Ajayan and Iijima [12] and
Ugarte [14].

The aim of our study is to investigate the structural
inAuence of a second tubule around a first one, using
an ab initio theoretical method (self-consistent density-
functional theory). The interlayer distance of these two
tubules, a stacking eA'ect induced by the presence of a
surrounding tubule, and barriers to translation and rota-

tion are calculated based on energetics. An analog study
has recently been established for hyperfullerenes [15]
which are composed, like an imaginative "Russian doll, "
of a series of Ip-symmetric concentric giant fullerenes.

The smallest buckytube which possesses remarkable
properties [8,16] such as metallicity, imposed by the per-
pendicularity of the tubule axis to the C-C bond [4,5],
has been taken as the central cylinder of our bilayered
system. This referential tubule, which exhibits the D5I,
symmetry, is an achiral graphitic tube (TI&) of infinite
length [9], with ten carbon atoms (nIi) around the cir-
cumference (cf. Fig. I).

The distance and the position of the second tubule
(T2&) relative to the referential one (TI&) have been op-
timized using the CORNING code [17] for total energy
calculations. Density functional theory [18] (DFT) has
been implemented within the local density approximation
(LDA) [19] using the conjugate gradient algorithm [20],
where diagonalization and self-consistency steps are done
simultaneously. This method is an accurate tool for the
study of the total energy of solids with no parametriza-
tion to experimental data and has been applied to bilay-
ered carbon tubules where the atomic potentials plus core

n2g ——20

FIG. 1. Schematic representation of concentric bilayered
carbon nanotubes. The centered referential tubule Tl ~ was
generated using a planar ring of ten carbon atoms (n~~ = IO)
with the D5& symmetry arranged in five pairs. The surrounding
tubule T2& is a double-radius carbon cylinder (n2& =20).
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TABLE 1. Energy per atom for two quasicoaxial (a) and
noncoaxial (b) tubules, relative to the referential monolayer
tube (n~i =10) as a function of the interlayer distance. The
first columns describe the bilayered system: n]&, n2&, and R
[the corresponding intertubule distance (A)—the smallest dis-
tance in case (b)]. The last column describes the energy (in
eV/atom) obtained by the theoretical method.

Tubules n]g

10
10
10
10
10
10

n2g

12
14
16
18
20
22

0.68
1.36
2.03
2.71
3.39
4.07

Energy

17.0088
2.2187
0.3510

—0.0818
—0.1348
—0.1224

10 22 3.39 —0.1136

electrons of carbon have been replaced by extended
norm-conserving separable ab initio pseudopotentials
[21]. A polynomial parametrization [22] of the ex-
change-correlation functional of Ceperley and Alder [23]
has been used. The bilayered system composed by the
T~& and T2& nanotubules has been placed in a periodi-
cally repeated supercell extended along directions perpen-
dicular to the cylindrical axis and very thin in the axial
one. The periodicity along this latter direction was fixed
at J3d where d is the bond length of a single-plane
graphite (1.42 A). Twenty carbons atoms of T t & are
present in the supercell. A minimum distance of 5 A was
maintained between neighboring systems of tubules to
prevent interactions due to the artificial periodic bound-
ary conditions. Plane waves with maximum kinetic ener-
gies equal to 60 Ry (+'40000 plane waves) are included
in the energetic study. The Brillouin zone integration on
special point grids [24] from 1 to 5 special k points (in
the direction of the tubule axis) have been studied in or-
der to estimate convergence errors. The numbers of
plane waves and special k points have been chosen to
reach an accuracy of 5 meV/atom on the value of the to-
tal energy.

The study was performed by increasing the number of
carbon atoms (n2i) in the circumference of the surround-
ing tubule (T2&) in order to minimize the energy per
atom. A carbon hexagon was added at each step of the
calculation [+4 (carbon atoms)/(unit cell)]. The sym-
metry of bilayered tubules does not generally require both
cylindrical axes to coincide; but in the first series, the two
axes were chosen to be nearly corresponding (quasicoaxi-
al tubules). The energetic results for these bilayered sys-
tems are presented in Table I(a).

The integer n2& was varied from 12 to 22, and the bi-
layered tubules system with n2& equal to 20, has been
found energetically the most stable. In that case, the two
tubules are separated by an interlayer distance of 3.39 A
which is in good agreement with the recent experimental

observation of 3.4 A of Ebbessen and Ajayan [2]. The
symmetry of this (nl & =10;n2& =20) optimal carbon sys-
tem requires concentricity of the two composing tubules
(coaxial tubes).

A parallel study using the same theoretical method has
been carried out for two isolated graphene sheets of natu-
ral graphite. The 3.39 A value bears strong resemblance
to the interplanar optimized distance of 3.34 A obtained
for this bilayered graphitic system, but is therefore small-
er than the interlayer optimized spacing of 3.524 A cal-
culated for a double-layer hyperfullerene C6o/C24o [15].

In the bilayered optimal system of carbon tubules, the
energy gained by adding the surrounding tubule (nzi
=20) to the central referential one (n t &

= 10) is found to
be 80% of the energy obtained, using the same technique,
for the addition of an isolated graphitic plane to a single
graphene sheet.

Such energetic gain also appears in spherical multishell
fullerenes, where enhanced stability is observed for as-
semblies of fullerenes in an onionlike structure [25]. This
stabilization due to the concentric stacking of double-
layered C6o/C24o (14 meV/atom) and triple-layered C6p/

C24o/Cs4p (20 meV/atom) hyperfullerenes [15],where ra-
dii of these series increase by 3.5 A, is therefore
significantly smaller than our energetic gain of 48
meV/atom for the (nii =10;n2& =20) coaxial tubules.

Although the graphitic binding energy is weak [26],
the multilayering phenomenon appears in nature for
graphite as well as for carbon tubules [1,2] and onionlike
hyperfullerenes [25].

The bilayered carbon cylinders are already more stable
in comparison with the single tubule when the distance
between the two tubules reaches a sufficient value (n2~) 18) [cf. Table I(a)] although theoretical calculations
predict that a tubular structure is already energetically
more favorable than a flat strip of carbon hexagons whose
width is equal to the circumference [13].

Having determined a minimal energy structure in a
series of tubules with varying diameters where the two
cylindrical axes were nearly corresponding (quasicoaxial
tubules), we address the question of tubules where the
axis of the inner tubule does not coincide at all with that
of the outer tubule (noncoaxial tubules). In the (nt&
=10;n2& =22) case, the referential tubule has been
placed at a minimal distance of 3.39 A away from the in-

side surface of the surrounding tubule, and the energy per
atom has been calculated. As it can be seen in Table I(b),
such a situation is less stable for the same carbon system
than the previous one [Table I(a)] where the two tubules
were nearly coaxial.

We now consider the diameter of the two (nlrb =10;
n2& =20) coaxial tubules as fixed, and wonder about the
remaining degrees of freedom needed to determine the
geometry. In planar graphite, it is well-known that the
layers can be arranged according to the ABAB stacking
(natural graphite), ABC (rhombohedral graphite), or
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FIG. 2. Relative positions of the referential T[~ and the sur-
rounding T2~ tubules in the n]~ = 10, n2~ =20 case obtained by
projecting the two developed cylinders on a plane. The T2&
carbon strip had previously been compressed (by a factor of 2)
to reach a width equal to the circumference of T~&. (a) Atomic
positions of the two carbon tubules (white dots bonded by solid
line: T 1 &., black dots bonded by dashed line: T2I ) (b)
equivalent to (a) structure after a C/2 translation of T2&, and
(c) new structure after a combination of a C/2 translation and
a 2x/60 rotation applied to T2~. The (d) and (e) structures
which correspond respectively to a C/4 translation and a 2x/120
rotation of the T2& tubule starting from the most symmetric
structure (c) are the middle points of two transition paths need-
ed to calculate the respective barriers to translation and rota-
tion. The tubule axial direction (C axis) is presented as well as
the translation vector C.
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AAA (simple hexagonal graphite). . . [27], depending on
the relative positions of the atoms in one layer with
respect to the neighboring layers. Here, in order to gen-
erate diA'erent stacking, we consider translations and ro-
tations of the outer tubule with respect to the inner one.
A translation of C/2 (where C is the unit cell length
along the tubule axis) has to be simultaneously followed

by a 2m/60 rotation, while keeping coaxial feature, to
reach a diAerent stacking structure as shown in Fig. 2.
The stacking presented in (c) seems to be more sym-
metric than the other two equivalent ones (a) and (b).
These distinctions arise exclusively for the special rela-
tionship between the number of hexagons in the cir-
cumference of each tubule such as the ratio of two to one
(20:10) considered here for the optimal system.

Our first-principles results lead to an energy diA'erence
of +'0.015 meV/atom between the two dift'erent stack-
ings, in favor of the most symmetric one: (c). This value
is smaller than our absolute accuracy but is likely mean-

ingful when calculating the relative energy diA'erence be-
tween two bilayered structures.

Estimates of translation and rotation barriers, which
are respectively 0.23 and 0.52 meV/atom (in absolute
value), have been calculated using the two structures (d)
and (e) of Fig. 2. (d) corresponds to a C/4 translation
while (e) is a 2x/120 rotation of the T2& tubule; both
starting from the most symmetric structure (c). In
agreement with the ab initio barrier height for the transi-
tion path between the two stakings, the axial position of
the carbon tubules relative to each other seems to inter-
vene weakly in the structural energy. This result points
out the possibility of free rotations and translations along
the cylindrical axis for finite tubules. Such movements
must be almost unhindered at room temperature. Identi-
cal motions for the inner shells of hyperfullerenes have
been proposed by Yoshida and Osawa [15]. Their calcu-
lation reveals that a very low barrier to rotation (0.16
meV/atom) must be gone through in the C6n/Cq4n bilay-
ered hyperfullerenes. However, only the core C60 can un-

dergo concentric rotation because of its spherical shape
while it is strongly hampered for larger shells because of
their polygonal shape due to the presence of pentagons.
This polygonal behavior does not appear in purely cylin-
drical (no pentagon) multilayered carbon tubules and
does not afI'ect the rotation of many independent finite
tubes.

Although the translation is more relevant for cylindri-
cal systems such as tubules than for spherical systems like
hyperfullerenes, the energy increment due to a core shell
displacement of 0.4 A in C60/Cz4n is less than 1.5 meV/
atom, which suggests that an internal layer can oscillate
over this distance about its equilibrium position rather
smoothly [15]. This translation barrier is therefore
significantly greater than our calculated result for the
(n~i =10;n2i =20) tubules and, again, points out the
easy possibility of oscillating and sliding for multilayered
tubules system.

In analogy with hyperfullerenes and solid C60 where
buckyball molecules are freely rotating above a transition
temperature (258 K) [28], we propose that graphitic mi-

crotubules of limited length, stabilized by their multilay-
ered structure, could be considered as independent rotat-
ing and translating carbon cylinders which can easily
slide into or out of each other. The finite size of the car-
bon tubules is taken into account in order to obtain a
finite moment of inertia due to the rotation. Although
carbon tubules seem to be often capped at their end and
can also be bent [29], the translation properties could be
relevant for the recently observed open-end nanotubes
[30].

In conclusion, we found that a surrounding tubule, at a
3.39 A distance from a central one, stabilizes the system

by an energy of the same order as the one in graphite bi-
layering. Rotations and translations between finite car-
bon tubules have been suggested, on the basis of the
first-principles results obtained for the stacking study of
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these graphitic cylinders and compared to the shell mobil-
ity in hyperfullerenes. Finally, these multilayered carbon
tubules may find an important industrial application in
lubricants considering their cylindrical symmetry, rotat-
ing and translating properties, and resistance to compres-
sion in the direction perpendicular to the cylinder axis.
These graphitic multilayered cylinders are also possible
substitutes for carbon fibers currently used for their
stiffness and are also a new candidate for a one-dimen-
sional conductor [31).
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