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Abstract

The stable structure of a double-wall carbon nanotube (DWNT) is calculated for various chirality pairs,
(n,m)—(n',m"), of inner and outer constituent layers. The stability of a double-wall nanotube is found not to depend on
chirality, but rather on the diameter difference between inner and outer layers. However, the potential barrier for the
relative displacement of the inner and outer nanotube layers is found to depend significantly on the chirality difference
of the pair. Mechanical motions like a bolt-nut pair or discrete rotations can be expected for special pairs of chiralities
in double-wall nanotubes, and these special motions will be important for nano-technology. © 2001 Elsevier Science

B.V. All rights reserved.

1. Introduction

Carbon nanotubes [1] has been of great interest
as mechanically strong materials and for nano-
meter size electronics [2-4]. In multi-wall carbon
nanotubes (MWNTs), the interlayer interaction
between adjacent layers is sufficiently small com-
pared with the intralayer covalent C-C bonding,
so that the sliding motion between the constituent
layers is easy if the ends of the MWNTs are open.
Recently, fullerene-encapsulated single-wall car-
bon nanotubes, so called peapod [5] nanotubes
have been produced [6-8] in which the fullerenes
can enter from the opened end by oxidization [5,9].
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Furthermore, from the peapod nanotube, a dou-
ble-wall carbon nanotube (DWNT) can be pro-
duced by electron irradiation [10] or by heating
[11] in which only the fullerenes are decomposed
into an inner single carbon nanotube shell. Thus a
DWNT becomes a new carbon material whose
inner nanotube diameter is selected for an outer
carbon nanotube of given diameter and chirality.
One theoretical interest of this paper is what kind
of chirality or diameter of the inner SWNT is
stable for a given outer (n,m) pair. Another
question is how easy it is to slide inner and outer
nanotubes past one another for different pairs of
chiralities. In this Letter we show that the sliding
motion depends strongly on the chirality pair.
Theoretically, Charlier and Michenaud have
calculated the potential barrier of a (5,5)—(10, 10)
DWNT using the local density approximation
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(LDA), in which the potential barrier per carbon
atom for sliding motion is anisotropic. The cal-
culated energy barriers were found to be 0.52 and
0.23 meV/atom, respectively, in the directions
along and circumferential to the nanotube axis
[12]. Palser calculated the barriers of a (5,5)—
(10,10) DWNT also, using a tight-binding
method, and got 0.295 and 0.085 meV/atom in the
directions along and circumferential to the nano-
tube axis, respectively [13]. Although the
calculated barrier values are different, these two
calculations show that the sliding of nanotube
layers past one another is relatively easy along the
nanotube axis direction. However, these calcula-
tions are only for armchair-armchair double-wall
nanotubes which are commensurate between the
inner and outer layers. The general structure of
double-layer carbon nanotubes is incommensurate
and the constituent layers are generally chiral.
Kolmogorov and Crespi calculated the corruga-
tion as a function of carbon atoms for several
chirality pairs, and found the corrugation to be-
come anomalously small (~0.1 meV/atom) for
incommensurate structures between the inner and
outer layers [14]. Roche et al. [15] reported that the
incommensurability in MWNTs may give uncon-
ventional electronic conduction mechanism. Here
we calculate the interlayer potential energy sys-
tematically for many chirality pairs.

The X-ray diffraction patterns of MWNTs
show an average interlayer distance of ¢ = 3.44 A,
consistent with the turbostratic layer stacking of
graphene layers in MWNTs, but larger than
¢ =3.35 A for graphite [16] with the AB Bernal
stacking. In the incommensurate case, the sliding
motion of the adjacent layers does not always go
along the circumferential or nonotube-axis direc-
tions. Thus it is expected that the direction for the
relative movement of the constituent layers is spi-
ral, with a spiral angle that depends on the pair of
chiralities. The calculated potential shapes are in
fact spiral, whose direction of sliding motion de-
pends strongly on the relative chiralities.

The interlayer interaction between graphene
layers has been discussed for graphite AB stacking
[17], a Cg crystal [18], multi-wall fullerenes [19],
and Cg on graphite [20] for which the electronic
interaction between 7 bonds in the different layers

is not negligible, but has values in the 0.30-0.40 eV
range. These values are estimated from the y,, s,
and y, tight-binding parameters [21] that charac-
terize the Slonczewski—-Weiss Hamiltonian [22].
The y,, 75, and 7y, parameters represents, respec-
tively, the C-C interaction between A-A, A-B,
and B-B carbon atoms of the AB Bernel stacking
of graphite. In AB stacking, A represents carbon
atoms which have another A carbon atom in the
nearest neighbor layers at (0,0,+c), while the
corresponding positions of (0,0,+c¢) from the B
atom are empty at the center of the hexagonal ring
in the nearest neighbor layers. However, the
wavefunction of the m atomic orbital is delocalized
over a relatively large distance, compared with the
in-plane C-C bond length, and the total energy
variation per carbon atom associated with sliding
a graphene plane is much smaller than the vy,
(i = 1,3,4) parameters.

2. Method

Here we simply adopt the 6-12 van der Waals
(vdW) potential V' (r) = 46{—(041*)6 + (a/r)"*} with
€ =2.968 meV and o = 3.407 A for the interlayer
interaction which reproduces the layer distance of
3.354 A and the elastic constant C3; = 4.08 GPa of
graphite [18,23]. The upper and lower cutoff dis-
tances for calculating the vdW interaction are 2.1
and 17.5 A, respectively. The upper cutoff is de-
termined such that the interlayer distance, 3.354 A,
is reproduced for three-dimensional graphite. In
fact, the length, 17.5 A, corresponds to five layers
of graphite. The interlayer distance decreases
monotonically from 3.407 to 3.354 A, by increas-
ing the number of layers from one to five layers for
this cutoff. In order to avoid a discontinuity of the
potential value at the cutoff, which might affect the
optimization, the vdW value is smoothly con-
nected to zero by a sine function between the
lengths of 2.0 and 2.2 A, and between 16.5 and
17.5 A. It is very efficient to use the vdW interac-
tion for making calculations for many different
DWNTs. It should be mentioned that the calcu-
lated potential depth cannot be evaluated quanti-
tatively. However, the shape of the potential can
be shown to be correct.



R. Saito et al. | Chemical Physics Letters 348 (2001) 187193 189

The atomic coordinates of carbon atoms in
each constituent layer are optimized using the
Tersoff potential [24]. The upper cutoff of the
Tersoff potential is given by 1.95 A, and we con-
nect the potential value smoothly to zero by a sine
function between 1.8 and 2.1 A. Since the energy
scale of the Tersoff potential is three orders of
magnitude larger than the vdW potential, the
modification of the C-C bond lengths by the vdW
interaction can be neglected as a first approxima-
tion. The Tersoff potential reproduces the sp, sp’
and sp® covalent bonding with the same function
of the potential, but the optimized values of peri-
odic graphite (1.467 A) and diamond (1.548 A) are
slightly larger than the observed values of 1.421
and 1.544 A [24]. This is because the potential
parameters of the Tersoff potential are fitted to the
LDA calculation of sp® covalent bonding. To
avoid any difference between the calculated and
experimental sp?> bond length of carbon nanotu-
bes, we artificially introduce a scaling parameter
0.9685 for all optimized coordinates. This factor is
close to that proposed for the C¢ system, 0.963, by
Okada [25], which is reasonable, since the aver-
aged bond length of a nanotube is larger than that
for graphite and smaller than the pentagonal ring
of a Cg molecule. Since there is no overlap of the
vdW and Tersoff potentials as a function of the
two-atom C-C distance, we can treat the optimi-
zation problems separately.

The optimization method used to get the atomic
coordinates is the so-called molecular dynamics
method (MDM) in which we first give a random
velocity to each atom and then cool the system to
get the optimized positions. In the MDM, we take
a time step of 2.5 fs and a cooling rate for the
velocity of 0.9 per time step, with which we can get
an optimized structure within 100 steps. This cor-
responds to an artificially, rapid cooling rate.
However, we found that we get a reproducible
value after several minutes for the locations of
1000 carbon atoms using a UNIX workstation.
For comparison, we made a computer program
using the conjugated gradient (CG) method for
optimization, too, but we found that the CG
method is not as efficient as the MDM approach
for long carbon nanotubes with ends. In fact, if the
initial coordinates have equal C—C bond lengths,
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Fig. 1. The DWNT structure used in the calculation. In order
to neglect the edge—edge interaction, the distance between the
inner and outer edges is taken to be larger than the cutoff length
17.5 A. The length of the inner tube is taken to be more than
one unit cell of the outer tube and larger than 24.0 A.

no forces act on the carbon atoms except for the
edge atoms. Thus, it takes a lot of time to correct
the bond lengths from the edge to the middle re-
gion of a nanotube. Both programs were written
by ourselves and they are O(N) programs in which
the computational time is proportional to the
number of atoms, N.

In Fig. 1 we show a double layers system of
MWNTs adopted to the present calculation. Since
the outer and inner nanotubes are generally in-
commensurate in the direction of the nanotube
axis, we cannot define a unit cell for a general
DWNT. Thus, we need to consider the finite
length of the DWNT. In this case, one of the two
nanotubes should be much smaller than the other,
so that the overlapping area for the inner and
outer nanotubes does not change as a result of the
relative motion of the tubes. The lengths of the
outer and inner tubes are taken to be more than 24
and 140 A, respectively. The length of the shorter,
outer nanotube is chosen so that the effect of the
edge of the outer nanotube does not contribute
much to the total adiabatic potential, which is
checked by changing the length of the outer tube.
The length of the longer, inner nanotube is chosen
so that the potential range of the vdW interaction
is shorter than this length.

3. Calculated results

In Fig. 2, we plot the potential energy per car-
bon atom of the vdW potential for the optimized
structure of a DWNT as a function of the inter-
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Fig. 2. The potential energy of the vdW potential per carbon
atom plotted as a function of the interlayer spacing between the
inner and outer layers of the DWNT in the unit of A. Each dot
in the figure corresponds to a pair of (n,m)—(n',m’) DWNTs.

layer spacing between the inner and outer layers.
Each dot in the figure corresponds to a pair of
(n,m)—(n',m') DWNTs. We take a random sam-
pling of pairs for which the diameter of the outer
layer is less than 2 nm. It is clear from Fig. 2 that
the stability of a DWNT depends only on the in-
terlayer spacing and has a minimum around 3.4 A.
The stable potential is almost flat for interlayer
spacings from 3.3 to 3.5 A. Since there are a
number of (n,m)—(n',m’) pairs in the flat region of
the graph, we do not have a stable pair of chiral-
ities for DWNTSs. One reason why the stable po-
tential energy does not depend on the chirality
pairs is the fact that the vdW potential smoothly
changes as a function of distance compared with
the C-C bond length. As a result, the geometry
differences due to the various chirality pairs are
smeared out with regard to their total energy val-
ues. It is pointed out that the intralayer C-C bond
length is not changed by the interlayer interaction
because of the three orders of magnitude difference
in their potential values. The absence of a stable
pair of DWNTSs might be good news telling us that
we can synthesize any pairs of DWNTSs, such as
metal-metal, metal-semiconducting, or semicon-
ducting-semiconducting nanotubes. In fact, Ra-
man spectra show many possible radial breathing
mode frequencies for individual SWNTs [11]. This
result can be tested experimentally by extending
single-nanotube Raman spectroscopy [26] so that
we can assign (n,m) values to the constituent lay-
ers.

In Fig. 3 we show the results for the adiabatic
potential of a (6,4)-(16,4) DWNT for the

to the more stable area. In Fig. 3 we select (a)
one and (b) two unit cells for the outer (16,4)
nanotube. It is clear that there is no difference in
the potential energy in (a) and (b) in units of eV

@ 0
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Fig. 3. The potential shape of a (6,4)-(16,4) DWNT, with an
outer nanotube having a length of (a) one and (b) two unit cells.
The vertical and horizontal directions correspond to the sliding
direction along the nanotube axis and the circumferential di-
rection, respectively. The maximum and minimum potentials of
the gray scale that are given for each DWNT determines its AE
value in the unit of eV/atom.

H
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per carbon atom, showing that this adiabatic
potential does not come from the edge effect but
rather comes from the interlayer effect. It is noted
that the origin of the potential is not the same
between (a) and (b) and that the difference of the
phase of potential cannot be discussed. The dif-
ference between the potential values in (a) and (b)
is of the order of 0.01 meV/atom. When the
number of atoms in the outer layer are on the
order of 10000, we can expect a large potential
barrier of 1 eV per tube if all the atoms moves in
the same way.

The potential shapes exhibit many patterns, as
shown in Fig. 3. When we pull on the outer (or
inner) nanotube, the nanotube can screw or slide
with rotation. In Fig. 4 we show several examples
of the adiabatic potential whose shape is deter-
mined by the (n,m)—(n',m') pairs. The spiral
angle for easy movement can be changed form 0°
to 90°, as shown for the two DWNTs in (a)
(9,0)—(18,0) and (b) (5,5)-(10, 10). In particular,
the easy direction for (5,5)—(10, 10) is consistent
with previous results [12,13] though the barrier
height of the present work has much smaller
values, 0.025 and 0.008 meV/atom along the cir-
cumferential and nanotube axis directions, re-
spectively. It is simply because the adopted vdW
potential has smaller values than the previous
ones. Moreover, as shown in the case of (c¢)
(8,—2)—(14,5), the potential minimum can be lo-
calized as a dot. In this case we can expect a
discrete (ratchet) motion for the DWNT. In the
case of (d) (9,0)—(15,4), on the other hand, the
potential maximum is localized. A variety of po-
tential shapes, such as a nano-bolt-nut pair like
those shown in (¢) and (f), will be useful for
specific mechanical applications.

Calculation of the potential pattern for a given
(n,m)—(n',m") pair is not trivial and therefore no
general formula is given in this paper for the
potential pattern. If there should be experimental
evidence for such effects [27] in the future, we
should then consider the development of an ap-
propriate formula. Trivial results are obtained
when both inner and outer nanotubes are either
armchair or zigzag nanotubes. Since armchair
and zigzag nanotubes have a common mirror
plane along the nanotube axis, the potential
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Fig. 4. The potentials shapes of (a) (9,0)—(18,0), (b) (5,5)-
(10,10), (¢) (8,—-2)—(14,5), (d) (9,0)—(15,4), and (e) (8,2)-
(17,2) () (8,2)—(12,8) DWNTs. The maximum and minimum
potentials of the gray scale that are given for each DWNT
determines its AE value in the unit of eV/atom.

shape is either parallel or perpendicular to the
nanotube axis. In armchair-armchair DWNTs,
the nanotube axis direction is an easy direction of
movement, while for zigzag-armchair or zigzag—
zigzag DWNTs, the circumferential direction is
an easy direction. For general chiral nanotube
pairs, the potential shape exhibits a stripe pat-
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terns as shown in (e) (8,20)—(17,2) and (f) (8,2)—
(12,8), whose spiral angles can be seen to be
controlled by changing the chiralities of the
pair.

Another important point is that most of chirality
pairs have a negligibly small potential difference AE
(1-10 peV/atom), between their potential maxima
and minima, because of their incommensurate
structure. In an incommensurate lattice structure,
many atoms are in different potential positions, and
their average potential does not change much as a
result of the movement. For example, for the inner
(6,4) nanotube, (16,2), (14,5), (10,10), (16,4)
are outer nanotubes for which AE is relatively large
compared with that for other possible outer (n,m)
nanotubes. For the (5,5) inner nanotube, the
(14,5), (15,5), (10, 10) outer nanotubes show large
AE values, while for the (9,0) inner nanotube, the
(14,5) and (18,0) outer nanotubes show large AE
values. Since the ratio of the diameters for the inner
and outer nanotubes is close to 1:2 in this case,
(5,5)-(10,10) and (9,0)—(18,0) are reasonable
pairs for getting a large AE. However, it is not clear
why (14, 5) is a special outer nanotube which gives a
large AE is conjunction with the (5, 5) inner nano-
tube. The calculated results show that AE does not
depend on the interlayer distance and large AE
values are completely due to a chirality effect on the
mechanical motion.

4. Conclusion

We have examined the optimized geometry
and adiabatic potential of a DWNT for a variety
of sets of inner and outer nanotube chiralities.
Although the optimized stable energy clearly de-
pends on the interlayer distance between the inner
and outer nanotube layers, the adiabatic potential
height depends much more sensitively on the
chirality pair and not so much on the interlayer
distance. The potential shape can be a spiral
stripe, a local minimum array, or a local maxi-
mum array. If some experimental technique [27]
can be found to observe the predicted anomalous
behaviors, control of the chirality pairs of
DWNTs could be interesting for applications to
nano-mechanics.
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