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Abstract

Electron nanodiffraction patterns from raft-like bundles of single-walled carbon nanotubes have been obtained to analyze
the helicity distribution and the packing of the tubules. In most cases, the helical angles were found to be quite evenly
distributed, ranging from the zigzag structure of 0° helicity to the armchair structure of 30° helicity. Examples of preferred
helicities were encountered occasionally, such as bundles of tubules of almost single-helicity, corresponding to the armchair
structure. The lattice constant of the hexagonally packed bundles varied and two example values were determined to be 1.64

nm and 1.7] nm, respectively.

1. Introduction

One of the unique features of the seamless carbon
nanotubes discovered by lijima [1] is that they often
have helical structures, as indicated by their electron
diffraction patterns. This feature is common to both
the multiwalled [1] and single-walled carbon nan-
otubes [2]. As has been predicted by theoretical
studies, the helicities of carbon nanotubes have a
profound effect on the physical properties of the
tubules, such as electrical conductivity. Together
with its diameter, for instance, a single-walled car-
bon nanotube can behave either as a metallic conduc-
tor or a semiconductor, depending on these parame-
ters [3). These characteristics therefore make it of
vital importance to obtain the helicity of carbon
nanotubes. However, due to the nanoscale dimen-
sions of this new form of carbon, X-ray diffraction

has not been very useful for determining the helici-
ties of carbon nanotubes [4,5]. On the other hand,
since electrons now can be focused to nanosized
probes and they interact with matter much more
strongly than X-rays do, electron nanodiffraction is
so far the only practical technique to reveal the
helicities of carbon nanotubes, and the strategy and
an improved method have been established recently
[6,7].

Recent advances in synthesis techniques [8,9] have
now made possible the production of single-walled
carbon nanotubes in large quantities at high yield.
Crystalline bundles of carbon nanotubes in hexago-
nal close packing have been reported in the thus
produced structures from electron microscopy and
X-ray diffraction studies [4,5,9]. The lattice constant
of such bundles has been reported to be about 1.70
nm from X-ray diffraction measurements [5] and
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about 1.59 nm from cross-view high-resolution elec-
tron micrographs [9]. Though it has been suggested
[5], based on theoretical argument, that the tubules
that form the crystalline bundles are of single helic-
ity, concrete experimental evidence has so far not
been produced to substantiate this hypothesis. Given
the uniqueness of this structure, it is certainly of
great interest to examine the helicity distribution of
the constituting tubules in such bundles.

In this Letter, theoretical background for elucidat-
ing helicities of single-walled carbon nanotubes is
summarized and relevant equations are presented.
Experimental results, obtained by using electron nan-
odiffraction technique, are given on the helicity dis-
tribution of selected raft-like bundles of single-walled
carbon nanotubes which were produced by laser
ablation of graphite powders catalyzed by a mixture
of Ni and/or Co particles. When the bundles were
aligned perpendicular to the incident electron beam,
electron diffraction patterns from such bundles were
also used to determine the lattice constant of the
hexagonally packed structure. Two different bundles
of single-walled carbon nanotubes were found to
have lattice constants of 1.64 nm and 1.71 nm,
respectively.

2. Theory

The electron scattering amplitude from an object
can always be given by the generic expression for
the total scattering amplitude

F(q)=2j13(q)exp[2‘rriq-rj], (1)

where f; is the atomic scattering amplitude for elec-
trons from the atom positioned at r;, F the structure
factor, and g the scattering vector defined by g =
2sin(@/2)/A, in which @ is the total scattering
angle and A the electron wavelength. In the polar
coordinate framework, for a single-walled carbon
nanotube of radius r, the above equation can be
conveniently expressed in terms of the polar coordi-
nates (R, @, 1) in reciprocal space by the following
equation [6]:

F(R. @)=L explin(®+w/2)]J,(2mryR)
XL fexpli(nd,+2miz,/c)]. (2)

where (¢,, z,) are polar coordinates of atom j, and
J, is the Bessel function of order n. Numerical

calculations can be more conveniently carried out
when the above equation is rewritten as

Fr(R’¢'1)=Zn8n(R’¢)Tn/7 (3)
where
T, = ijjexp[Z'ni(nxj/a +lz}/c)] (4)

describes the structure factor in radial projection and
B(R,®) =exp[in(®+w/2)]|J,(21rR) (5)

takes into account the scattering effect due to the
cylindrical curvature of the nanotube. In Eq. (4), a is
the length of the azimuthal edge 27w rR and c is the
length of the axial edge, and therefore 7,, gives the
structure factor of a two-dimensional array of the
radial projection of the tubule cell (asymmetric unit).
The term B, (R, @) results from the cylindrical
curvature of the tubule.

For a bundle of single-walled nanotubes of same
diameter, the total scattering amplitude is the coher-
ent sum of all the constituting individual tubules:

Fro=Y, F.(R,®.exp(2wié,), (6)

where 6, is the phase shift factor caused by relative
rotations and translations of tubule m with respect to
a chosen origin. These two parameters should make
it incoherent the scattering characteristic of each
individual tubule. Therefore, when this phase shift is
random, the summation becomes incoherent, and the
total intensity reduces to the sum of intensities. In
other words, when the constituting tubules of a
bundle scatter inherently, the total intensity distribu-
tion would be the sum of intensity from each tubule.
Therefore, if the helicity distribution is uniform be-
tween the two extreme non-helical cases as given in
calculations discussed later, a continuous intensity
arc will be expected instead of spotty reflections. On
the other hand, these two degrees of freedom do not
change the packing of the tubules when they form
raft-like bundles, where well defined positional cor-
relation exists. This positional correlation, regardless
of the relative translational and rotational disorder
mentioned above, will give rise to sharp intensity
peaks on the central row (perpendicular to the tubule
axis) in the diffraction patterns. As a result, when
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looking perpendicular to the tubule axis, the regular the regular packing pattern. As has been revealed by
packing of tubules would also give rise to sharp cross-view electron micrographs, the packing as-
reflections representing the positional correlation in sumes hexagonal geometry. Therefore the lattice
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Fig. 1. Schematic drawings illustrating (a) the zigzag structure and (b) the armchair structure, whose helical angles are 0° and 30°,

respectively. Corresponding calculated electron diffraction patterns are given in (c) and (d), corresponding to the zigzag structure and the

armchair structure, respectively. The scaling unit for both axes is nm ™',
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constant of the super-lattice can easily be deduced
when electron diffraction patterns from the tubule
bundles when they are aligned at low index orienta-
tions, such as [100] or [120].

The helicity of a tubule is defined following the
crystallographic convention as used in Ref. [6], where
the angle between the two basis vectors is 120°.
Other choice of the basis vectors, for example, the
solid state physics convention where the angle be-
tween the two basis vectors is chosen to be 60°, will
result in different indices for a given structure, though
the final results will be equivalent to the former.
Once the basis vectors are defined, two crystallo-
graphic indices that specify the perimeter of a cylin-
drical tubule will define the atomic structure of the
tubule unambiguously if the handedness is neglected.
The helical angles therefore fall between the two
non-helical cases, i.e., the zigzag structure with in-
dices [u, 0] of helical angle 0° and the armchair
structure with indices [u, u/2] of helical angle 30°,
as illustrated in Fig. 1a and b.

3. Results and discussion

Fig. 1a and b show the structural configurations
of the two non-helical structures, ie., the zigzag
structure (Fig. 1a) and the armchair structure (Fig.
1b). The calculated corresponding electron diffrac-
tion intensities from these two structures are given in
Fig. 1c and d, whose indices are [16, 0] (zigzag) and
[18, 9] (armchair). Their diameters are 1.25 nm
(zigzag) and 1.22 nm (armchair), respectively. In
general, the scattering intensities from such carbon
nanotubes can be divided into two classes: (a) the
fundamental reflections from the graphene lattice
that are well represented by enhanced intensities at
the corresponding Bragg positions, which can be
conveniently indexed using the hexagonal lattice in-
dices, though these reflections are broadened; and (b)
additional diffuse scattering intensities representing
the shape function of the finite scattering tubules.
Since the nanotube structure is still periodic along
the tubule axis, intensities show up only on well
defined layer lines. However, along each layer line,
the scattering intensities were contributed by both
the graphene reflection and the shape function. Fig.
Ic and d are electron intensity distributions calcu-

lated using the equation given above for the two
single-shelled carbon nanotubes schematically shown
in Fig. 1a and b. On each layer line, the respective
intensity increases with the height of the intensity
blob above the layer line.

Fig. 2 shows an experimental electron nanod-
iffraction pattern from a thin bundle of about 50
single nanotubes, where the reflection intensities can
be seen to have concentrated on arcs corresponding
to (100) and (110) reflections, which were indicated
by arrows in the figure. By comparing with the two
calculated intensity maps shown in Fig. 1c and d,
this continuous intensity distribution indicates that
there was a quite uniform distribution of helicities
between the two extreme cases, i.e., the 0° helicity of
zigzag structure and the 30° helicity of the armchair
structure.

Although most often we observed diffraction pat-
terns showing continuous intensity arcs, as displayed
in Fig. 2, Fig. 3 gives an electron nanodiffraction
pattern from a different nanotube bundle. Here the
reflection intensities were concentrated narrowly at
the positions corresponding to the armchair configu-
ration, whose diffraction geometry is given in Fig.
1d. This demonstrated that the bundle contained
mostly tubules of armchair structure. In this pattern,
the much diffused intensity distribution were resulted
from the focused probe, which was utilized to avoid
interference from neighboring structures. However, it
should be noted here that this type of diffraction

Fig. 2. Electron diffraction from a bundle of about 50 single
tubules. The continuous intensity arcs indicate a uniform distribu-
tion of helicities among the constituting single nanotubes. The
intensity arcs were indexed using the graphene lattice.
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Fig. 3. Convergent-beam electron diffraction from a rarely en-
countered bundle of single-walled carbon nanotubes of almost
single helicity corresponding the armchair structure shown
schematically in Fig. 1 (d).

geometry, corresponding to bundles composed of
tubules of single helicity, was not often observed in
the materials we prepared.

As mentioned earlier, when the nanotubes form a
bundie, depending on the positional correlation be-
tween the tubules, various coherence should occur
when they scatter incident electron beams as an
integral scattering object. Given two tubules in

close-packing, there are still two degrees of freedom:
(a) translation along the tubule axis and (b) relative
rotation about the tubule axis, just like the case in
fullerite at elevated temperature where rotational dis-
order occurs. Both factors will have effect on the
coherence of electron diffraction. However, the low
signal /noise ratio has made it practically impossible
to obtain absolute scattering intensities, from which
the coherence could be evaluated in principle.
Nonetheless, the packing of the tubules in a bun-
dle can be revealed by both real-space electron mi-
crographs and electron diffraction. Fig. 4 shows two
electron nanodiffraction patterns from thick bundles
which were able to give rise to high super reflection
intensities representing the packing. Some of the
super-structure reflections of high intensity are indi-
cated by arrows in the figure. It is worth noting that
the super reflections appeared only on the central
row in the diffraction patterns. When the scattering
bundle itself has no structural periodicity along the
tubule axis, the super reflections appear only along
the central row perpendicular to the axis. This is also
indicative of the fact that the constituting tubules do
not have a single helicity, because if it were the case,
the bundle would have the same periodicity along

Fig. 4. Electron nanodiffraction patterns from thick bundles that give rise to super-structure reflections on the central row (indicated by
arrows) representing positional correlation in the packing of the tubules. (a) Corresponding to hexagonal lattice constant of 1.64 nm and (b)

1.71 nm.
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the tubule axis as that of each individual tubule. In
these two cases, the bundle was aligned in such a
way that the incident electron beam was oriented
along the [100] direction of the hexagonal packing.
Using the graphitic reflection (100) (d,q, = 0.2132
nm) as a standard scale to calibrate the camera
length, the super reflections in Fig. 4a give a hexago-
nal packing of lattice constant A = 1.64 nm and Fig.
4b gives A= 1.71 nm.

It should be pointed out here that these two values
are different from previous results measured using
X-ray diffraction [5] and high-resolution electron
microscopy [9], which gave A= 1.70 nm [5] and
A=1.59 nm [9], respectively. These new values
should reflect the fact that under the current synthe-
sis conditions, carbon nanotubes of a variety of
diameters and helicities were formed.

The information on the helicity distribution is
important in understanding the growth morphology
of nanotube bundles. When nanotubes grow together
to form bundles, the helicity difference between
neighboring tubules should have strong influence on
the growing pattern. For example, if all tubules have
a single helicity, parallel alignment of these tubules
may be preferred, as discussed for the special case
where all individual nanotubes were proposed to
have the armchair structure [5]. However, when
neighboring nanotubes have different helicities to
form bundles, twisting could occur as a result of
minimizing the formation energy. This in turn would
present a new phenomenon of self-assembling of
single-walled carbon nanotubes [10].

4. Conclusions

Most carbon nanotubes in raft-like bundles, pro-
duced by laser evaporation, have a quite uniform

distribution of helicities among the constituting
tubules, ranging from the zigzag structure of 0°
helicity to the armchair structure of 30° helicity. As a
rare encounter, a bundle of nanotubes of single
helicity corresponding to the armchair structure has
been identified for the first time in experiment using
electron nanodiffraction. Carbon nanotubes of vari-
ous size forming bundles were observed, for exam-
ple, two different hexagonal lattice constants of 1.64
nm and 1.71 nm were determined from the respec-
tive electron nanodiffraction patterns.
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