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Electron diffraction study of small bundles of single-wall carbon nanotubes with unique helicity
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The selected-area electron diffraction technique has been used to investigate the structure of bundles of
single-wall carbon nanotubes synthesized by the catalytic chemical vapor deposition method. The helicity and
lattice packing of the single-wall carbon nanotubes within the bundles have been deduced from the experi-
mental diffraction patterns on the basis of the geometry of the reciprocal space of carbon nanotubes and
computer simulations based on the kinematical theory. We show that a precise helicity can be found within a
given small bundle. We attribute this selectivity to the small number of nanotubes~20–30! in the bundles.
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I. INTRODUCTION

Since their discovery in 1991,1 carbon nanotubes hav
been the subject of an intensive research due to their extr
dinary mechanical2 and electronic3,4 properties. Moreover
the intrinsic simplicity of the single-wall carbon nanotub
made them ideal objects for the investigation of reduc
dimensionality effects. Indeed, a single-wall carbon nanot
~SWNT! can be built by rolling up a single graphene she
and is uniquely defined by its chiral vectorCn,m5na1mb,
wherea and b are the unit vectors of the honeycomb ne
work, andn andm are integers.5 Depending on the wrapping
indices~n,m!, different types of nanotubes are obtained:~1!
zigzag nanotubes correspond to (n,0) and have a chiral angl
of 0°, ~2! ~n,n! armchair nanotubes have a chiral angle
30°, and~3! other, chiral~n,m! nanotubes have a chiral ang
ranging from 0° to 30°. The properties of a SWNT are d
termined by its diameter and chiral angle~helicity!, which
are uniquely defined by the couple~n,m!. For example, a
SWNT can behave either as a metal or a semiconductor
pending on these two parameters.6

Due to recent progress in the production techniques,
SWNT’s can now be synthesized in large quantities w
high yields. For example, the SWNT’s are commonly p
duced by the laser ablation method7 and the electric arc dis
charge technique.8 More recently, large-scale production o
SWNT’s by the catalytic chemical vapor deposition~CCVD!
method has been reported.9 The SWNT’s synthesized by th
first two methods have been intensively studied by ma
characterization techniques. Among these, high-resolu
transmission electron microscopy~HRTEM! and x-ray dif-
fraction have revealed the structure and morphology of
SWNT samples.7,8 It appeared that the SWNT’s are clos
packed in bundles and form a triangular lattice with a per
of 17 Å. Assuming an intertube distance of 3.2 Å, it w
concluded7 that the mean tube diameter was 13.8 Å. Sub
quent studies with Raman spectroscopy11,12 and x-ray and
neutron diffraction13 showed that the tube diameter and t
lattice parameter can vary inside the same sample. Diffe
authors reported also that the atomic structure of
SWNT’s depends on the growth conditions and on the p
duction technique used.14–17Another, powerful technique fo
a direct determination of the helicity of the nanotubes
0163-1829/2001/64~12!/125425~7!/$20.00 64 1254
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electron diffraction~ED!, as first demonstrated for multiwa
carbon nanotubes by Iijimaet al.10 Two complementary
methods exist for the interpretation of the diffraction patte
produced by the carbon nanotubes. The reciprocal-space
metrical model18–20 provides a qualitative understanding
the position and shape of thehk.0 reflections of a given
carbon nanotube, and the kinematical theory
diffraction21–25 makes it possible to calculate the positio
and intensities of the spots in the diffraction pattern.

Experimentally, the first ED results on SWNT’s hav
been obtained on samples produced by the double-lase
lation method.24,26–29,31,32Different conclusions have bee
drawn concerning the helicity of the tubes forming t
bundles. Using nanodiffraction, Cowleyet al.26 found a pre-
dominant helicity corresponding to the armchair~10,10!
nanotubes, together with a small proportion of~11,9! and
~12,8! tubes. With the same type of sample, other nano
fraction experiments did not reveal a predominant helic
but only a weak preference for the armchair geometry.27,28

Using selected-area electron diffraction~SAED!, Bernaerts
et al.24 came to the conclusion that a bundle mixed seve
tube helicities. From these published observations, we c
clude that the SWNT bundles produced by laser ablat
present some distribution of tube helicities except for a f
cases where a unique helicity has been found.27,28,31As for
the SWNT’s synthesized by electric arc discharge, deta
SAED experiments indicated an uniform distribution of h
licity in the bundles.25

In this paper, we analyze electron diffraction data we ha
obtained on isolated, straight, and small bundles of sing
wall carbon nanotubes produced by the CCVD method.
also performed diffraction experiments on SWNT samp
produced by electric arc discharge for the sake of comp
son. Our data are discussed in term of geometrical sp
model and with the help of the kinematical theory. It
shown that the small bundles produced by the CCVD te
nique are characterized by the presence of only a few he
ties ~one or two!.

II. EXPERIMENT

The SWNT samples were synthesized on 2.5 wt % C
MgO catalyst by decomposition of methane at 1000 °C a
©2001 The American Physical Society25-1
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purified by a hydrochloric acid treatment to remove the ca
lyst. The experimental procedure has been repo
elsewhere.9 Concerning the SWNT samples produced
electric arc discharge, they were synthesized with the m
ture Ni/Y/C 0.5/0.5/99 at % following the procedure d
scribed in Ref. 8. In each case, the nanotube-containing
terial was mechanically transferred to a copper tra
mission electron microscope grid and examined in a JE
200 CX microscope.

III. GENERAL CONSIDERATIONS ON THE DIFFRACTION
FROM SWNT BUNDLES

In the geometrical model of the reciprocal space of
nanotubes,18–20 the presence of intensity in a given diffra
tion direction is related to a Bragg reflection of the fl
graphite network suitably rolled up into a cylinder. The d
fraction pattern is given by the intersection of the Ewa
sphere with the distribution of nodes in reciprocal space
is shown to depend on the helicity and the tilt angle of
tube with respect to the incident electron beam.

The diffraction pattern of a bundle of SWNT’s consists
intense spots along a line perpendicular to the needle a
called the equatorial line, and a distribution of nonequato
hk.0 nodes, elongated in the direction normal to the axis
having their intensity fading away towards the exterior. T
spot positions along the equatorial line are determined by
stacking periodicity of the nanotubes and the orientation
the bundle of nanotubes with respect of the electron be
The shapes and intensities of the spots depend on the si
the bundle and on the form factor of a single SWNT. Th
form factor can mainly be represented by a Bessel func

FIG. 1. Schematic diffraction pattern of a bundle made of ch
single-wall nanotubes with a unique helicity. The two hexagons

101̄0 graphitelike reflection~see text! are represented by two dif
ferent symbols. They correspond to one another by a rotatio
180° about the nanotube axis. The open circles along the equa
line sketch Bragg spots generated by the two-dimensional triang
lattice.
12542
-
d

-

a-
-
L

e

d
e

is,
l
d

e
e
f
.
of

n

of zero order,rJ0(Kr ), which is the Fourier transform of a
cylindrical objet of radiusr, with K the scattering wave vec
tor. Generally, the spots form streaks along the equato
line axis, due to the strong curvature of the tubes and
finite size of the bundle, and the density of scattering
higher close to the origin.

The other regions of high scattering density in recipro
space correspond to thehk.0 reflections. The correspondin
spots have a sharp end that originates from segments o
tubes which are normal to the incident electron beam. W
the tube axis is normal to the incident electron beam,
hexagonal structure of the graphene layers causes a hex
nal arrangement of 1010̄ and 112̄0 reflections in the diffrac-
tion pattern. The orientation of this pattern depends on
helicity of the tube. For nonchiral nanotubes, the diffracti
pattern exhibits a single hexagonal arrangement of reflec
spots, whereas for chiral nanotubes each spot is split in t
and two sets of hexagons are observed. The angular se
tion between these hexagons is twice the chiral anglea of
the tubes, which can thereby be determined. The comp
pattern has still mm2 symmetry and is represented schem
cally in Fig. 1. Based on these geometrical consideratio
the helicity can be estimated from the experimental elect
diffraction patterns obtained at normal incidence. The va
of a can be measured directly in the pattern from the relat
positions of the spots around the first~101̄0 spots! or second
~112̄0 spots! diffraction circles.

IV. RESULTS: OBSERVED DIFFRACTION PATTERNS

We now discuss a number of experimental diffraction p
terns that were taken from isolated, straight bundle
SWNT’s. As a first example, a typical diffraction pattern o
tained with an isolated bundle of SWNT’s produced byelec-
tric arc dischargeis shown in Fig. 2. This bundle contain
more than 50 nanotubes, perhaps as the result of the co

l
f

of
ial

lar FIG. 2. Experimental selected-area electron diffraction patt
of a SWNT bundle synthesized by electric arc discharge.
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ELECTRON DIFFRACTION STUDY OF SMALL BUNDLES . . . PHYSICAL REVIEW B 64 125425
cence of several smaller bundles.25 Its diffraction pattern
shows the two main features discussed here above:~1! a line
of spots crossing the central 000 beam and perpendicula
the bundle axis~equatorial line! and ~2! two diffuse arcs
having their centers on the 000 beam. The radii of the in
and outer circles are consistent with the length of the diffr
tion vectors of type 101̄0 and 112̄0 of graphite, respectively
The diffracted intensity along the circles is neither spotty n
uniform over a complete ring. Instead, the largest intensit
found close to north and south poles, and a weaker one
the equator. This diffuse distribution of intensity is the ind
cation of a random and continuous distribution
helicities.25

We now discuss the data obtained with SWNT’s synt
sized by the CCVD method and organized in nanobund
The discussion proceeds in three steps:~1! the description of
SWNT bundles from TEM images,~2! the helicity observed
within the bundles, and~3! an analysis of the spot distribu
tion along the equatorial line.

A typical example of an isolated straight bundle
SWNT’s synthesized by the CCVD method is illustrated
Fig. 3. The bundles we selected for our diffraction expe
ment all have this aspect. Most of them were made of a sm
number of tubes because we tried to avoid polycrystal
bundles resulting from a grouping of several ropes. The s
of the bundles studied is around 10 nm in diameter~20–30
tubes!, which is much smaller than the size of the bund
considered in previous diffraction experiments. Moreover
clearly seen in Fig. 3~b!, the bundle presents different lattic
fringe periods, which means different crystallographic orie
tations when moving along the axis. This modulation is d
to the twist of the bundle25 and, consequently, the electro
beam in selected-area diffraction experiment probes var
orientations of the crystal. From the HRTEM images, t
lattice parameter can be estimated to be around 14 Å.

A first ED pattern obtained on a straight bundle is p
sented in Fig. 4~a!. The 101̄0 spots form two perfect hexa

FIG. 3. ~a! Low-magnification TEM image of an isolate
straight SWNT bundle as the ones used in the ED experiments~b!
Higher-magnification image of the same bundle produced
CCVD, where the fringes related to lattice planes in Bragg con
tions vary along the axis due to a twist.
12542
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gons on the inner circle and, also, 1120̄ spots are observe
close to the north and south poles on the second circle. T
pattern suggests the presence of a single helicity, as
cussed in the previous section. The diffraction pattern has
mm2 symmetry expected for a helical SWNT~see the previ-
ous section and Fig. 1!. The angle 2a has been evaluated a
around 48°; the chiral angle is therefore 24°. A precise m
surement of the angle is made difficult by the streaking of
spots.

Figure 4~b! shows a simulated diffraction pattern com
puted at normal incidence for an assembly of 31~10,7! nano-
tubes on an triangular lattice. The calculated spot positi
nicely fit the experimental diffraction pattern@Fig. 4~a!#. The
~10,7! nanotubes have a diameterdt of 11.6 Å and a chiral
anglea of 24°. They were selected on the basis of the m
sured helicity and the approximate lattice parameter of 14
deduced by the HRTEM images, assuming a tube-tube

y
i-

FIG. 4. Selected-area electron diffraction patterns of a SW
bundle at normal incidence:~a! experimental and~b! simulated
pattern computed for a bundle made of 31~10,7! tubes with the
kinematical theory.
5-3
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FIG. 5. Selected-area electro
diffraction patterns of a SWNT
bundle at normal incidence:~a!
and ~c! experimental patterns ob
tained with different exposure
times, ~b! experimental pattern
with symbols identifying the three
sets of hexagons, and~d! kine-
matical simulation for a bundle
mixing a total of 31 ~16,0! and
~11,5! nanotubes.
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tance of 3.2 Å. The value of the lattice parameter is c
firmed by the analysis of the spot distributions along
equatorial line~see below!. The others nanotubes with a ch
ral angle close to 24° are the~11,7! tubes ~dt512.3 Å, a
523°! and the~9,7! tube ~dt510.9 Å, a526 °!, but their
diameters do not agree so well with the experimental va

A second diffraction pattern is shown in Fig. 5~a!. The
inner circle now contains three hexagons of weak, elonga
spots identified with three different symbols in Fig. 5~b!. The
hexagon formed by the 1010̄ spots, indicated by an
asterisk *, corresponds to a zigzag structure. The other
sets of hexagons, denoted # and1, correspond to a chira
structure with an angle 2a estimated at around 32° and, the
correspond to a chiral angle of 16°. The planar symmetry
the diffraction pattern is again mm2. 1120̄ spots with very
weak intensities can also be observed on the outer cir
especially in Fig. 5~c!. The differences between the two e
perimental diffraction patterns shown in Figs. 5~a! and 5~c!
are the exposure times and the rotation of Fig. 5~c! that was
performed to match the simulated pattern shown in Fig. 5~d!.
The simulated diffraction pattern was computed at norm
incidence for an assembly of 31 nanotubes, in a bundle m
ing ~16,0! tubes ~dt512.5 Å, a50°! and ~11,5! tubes ~dt
511.1 Å, a518°!. Another possibility leading to equivalen
results is to mix ~15,0! tubes ~dt511.7 Å, a50°! with
~12,5! tubes~dt511.8 Å, a517°!.

The ED experimental patterns displayed in Figs. 4 an
are typical examples selected from a more systematic st
Well-defined diffraction patterns and corresponding HRTE
images have been recorded for a total of 20 bundles.
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average diameter of the bundles considered in the ED exp
ments was around 10 nm. As already mentioned above,
diameter is much smaller than the one of bundles synthes
by the other production techniques. Here 45% of our diffra
tion patterns~nine! revealed a single helicity: one corre
sponding exactly to the armchair structure (a530°) and the
others~eight! to the chiral structures with helical angles clo
to 30° @exactly 21°, 23°, 24°, 25°, 26°~two!, 28°, 29°#. We
note that the helical angle values found in this study are cl
to 30°, but no preferred helicity came out. We observ
bundles with two helicities in 40% of ED patterns like in Fi
5. The helical angle values are in this case rather differ
~30°-20°, 16°-0°, 21°-28°, etc.!. The last diffraction patterns
exhibit several helicities~more than two!, with the 101̄0
circle, which appears, however, clearly spotty. When we c
sidered bundles with larger diameters, the diffraction patte
obtained were found similar to the one shown in Fig. 2 fo
large bundle synthesized by electric arc discharge.

We now discuss in details the intensity profile along t
equatorial line. From the numerous diffraction patterns
have recorded, we observed that the equatorial line could
either clearly spotty or quite continuous. Several reasons
be put forward to explain the absence of well-defined sp
First, the crystalline order of the bundle might be poor. B
the observation of well-defined fringes in HRTEM does n
favor this argument. Second, the bundle might vibrate un
the electron beam. We tried to minimize this effect by cho
ing bundles that were fixed at both ends. As a general r
when we observed well-defined helicities in the diffracti
pattern~such as in Figs. 4 and 5!, the corresponding equato
5-4
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FIG. 6. ~a! Magnification of the equatorial line of the SAED pattern of Fig. 5. Seven spots can be identified along this lin~b!
Experimental equatorial line profile of intensities.
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rial line presented well-defined spots as well. A typical e
ample of a spotty equatorial line is shown in Fig. 6, which
the magnification of the equatorial line of the diffraction pa
tern of Fig. 5~a!. Seven spots can be distinguished and,
spite of their elongated shape, their spacing can be meas
to estimate the bundle lattice parameter.

Figure 7 represents three equatorial line profiles compu

FIG. 7. Computed equatorial line profiles for SWNT bundl
made of ~16,0! and ~11,5! nanotubes. The kinematical theory o
diffraction within the continuum approximation has been used.
average over all rotation angles of the bundle around its axis
performed.
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with the kinematical theory. The first two were computed f
two homogeneous bundles corresponding to the two na
tubes mentioned before:~16,0! tubes (dt512.5 Å) for the
chiral angle of 0° and~11,5! tubes (dt511.1 Å) for the chiral
angle around 16°. The third profile is the sum of the first tw
curves that describes the diffraction pattern combining t
nanobundles, one made of~11,5! tubes and the other made o
~16,0! tubes. A bundle made of a random mixing of~11,5!
and ~16,0! tubes would present poorly defined peaks due
the disorder of the crystal. The widths of the peaks are
consequence of the finite number of tubes in the bundles
do not result from extra broadening. The helicity plays lit
role along the equatorial line of the diffraction pattern.

The comparison of the experimental diffraction profi
and the simulated curve for~11,5! and ~16,0! nanobundles
~Fig. 7! indicates that the observed bundle could be the re
of associating two monochiral nanobundles: one compo
of nanotubes with chirality around 0°@~16,0! tubes# and an-
other with chiral angle around 16°@~11,5! tubes#. It is also
worth noting that the observed spot position can definit
not be attributed to a single crystal of SWNT’s. This rul
out the interpretation of the diffraction pattern as being d
to a single crystal of SWNT’s made of tubes with differe
helicities, but similar diameter.

For a further analysis, Table I lists the experimental v
ues of the spots positions, as marked in Fig. 6~a!, together
with the positions of the Bragg reflections computed forin-
finite crystalline bundles with lattice parametera515.7 Å
~corresponding to a nanotube diameter of 12.5 Å, assum

n
as
5-5
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TABLE I. Comparison between the distances from the central beam of the equatorial spots~Fig. 6! and
the positions of the Bragg reflections for two crystalline bundles with lattice parametera and for the bundle
mixing the two types of nanotubes~Fig. 7!.

k
Experimental

~Å21!

Theoretical~Å21!

Mixing Bragg spotsa515.7 Å a514.3 Å

1 0.79 0.800 0.872 0.82 ~1,1!
2 1.35 1.222 1.342 1.28 ~2,1!
3 1.59 1.600 1.666 1.65 ~2,2! ~3,1!
4 1.80 1.757 1.830 1.84
5 1.94 2.014 2.01 ~3,2!
6 2.07 2.117 2.11 ~4,1!
7 2.47 2.325 2.36
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an intertube spacing of 3.2 Å! and 14.3 Å (dt511.1 Å). The
small differences between the positions of the peaks in
cated in Fig. 7 and the values given in Table I are due to
form factor of the tubes and the finite size of the bund
which Fig. 7 relates to. There is a reasonable correspond
between the experimental spot positions and the values g
in Table I ~named ‘‘Mixing’’ ! for the bundle mixing the two
nanotubes with different diameter and helicity. In the sim
lation, the positions of the peaksk1 andk2 were taken at the
center of the twin peaks in the third profile of Fig. 7. How
ever we note that the position of the experimental spot
difficult to determine with precision due to their elongat
shape. Each spot or couple of spots can then be assoc
with a Bragg reflection of one of the two nanocrystals.

Now, the relative intensities of the spot in the experime
tal spectrum@Fig. 6~b!# are not well reproduced by the com
puted line profile of Fig. 7, even if one takes into account
nonlinear response of the photographic film used to rec
the diffraction pattern. Part of the disagreement can be
plained by the twist of the bundle, which continuous
changes to the orientation of the bundle lattice with resp
to the electron beam. In the calculations, an average on
possible orientations of the lattice was considered to simu
this effect. In order to reduce the range of possible orien
tions, the calculations were performed for a bundle havin
six-fold symmetry, which is certainly not realistic. In add
tion, the twist of the bundle affects the form factor of th
constituent nanotubes, since then the tubes spiral aroun
rope and are no longer straight as assumed here. A s
change of form factor can modify the intensities of the Bra
spots. Finally, a deformation of the bundle could also cha
the relative intensities of the Bragg peaks.

V. DISCUSSION

A central question raised by the above data is to find
explanation for the monodispersity of chirality within
single SWNT bundle. This selectivity has already been m
tioned in the literature,7,26,31,32but was never so clearly dem
onstrated.

First, we note that the samples studied in the present w
were synthesized by the CCVD method, and no informat
about the helicity of SWNT’s produced by that technique h
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been published so far. However, HRTEM studies and Ram
spectroscopy indicate that the samples are compose
SWNT’s organized in regular bundles, as well as isola
nanotubes. A complete description of the global morpholo
of the SWNT’s produced by CCVD has been publish
elsewhere.30 An important observation is that the diameter
the bundles is much smaller than the one of bundles syn
sized by the other production techniques, perhaps bec
the catalytic particles on which the nanotube grow a
smaller. In the 20 ED patterns analyzed in the present w
one~Fig. 4! or two ~Fig. 5! tube helicities have been found i
nine and eight small bundles, respectively. The fact that
spot features along the equatorial lines in Fig. 5 cannot b
explained without invoking two distinct lattice periods an
then two nanocrystals with different periodicity leads us
conclude that this bundle is an assembly of two nanobund
each one being characterized by auniquediameter and he-
licity. It is then tempting to conclude that, in the initial stag
of the formation, small bundles of SWNT’s with a uniqu
chirality are formed. The nanotube diameter of the samp
considered in the present study is also smaller than the
commonly produced by the other synthesis techniques. A
tice parameter of 14 Å and a tube diameter around 11 Å w
found, to be compared with the lattice parameter of 17 Å a
tube diameter around 14 Å for commonly produc
SWNT’s.7,8 However, the smaller diameter of such nan
tubes is not the main reason for the strong selectivity
helicity, which is rather believed to be due to the small
ameter of the bundles selected in the ED experiments. La
bundles, as the ones produced by electric arc discharg
laser ablation, then appear as the result of the coalescen
smaller ones that have grown under slightly different con
tions ~temperature, composition, or orientation of the ca
lyst, etc.!. This is why the electron diffraction pattern of suc
bundles revealed a large distribution of chiralities.

A last discussion concerns the chiral angles found exp
mentally when unique helicity is observed within a sing
bundle. In this case, the tube structures are close to armc
geometry. When two chiralities were observed, the helic
distribution seems to be broader. At this point, we do n
know if these observations come from an intrinsic structu
property of the nanotubes and then from a growth mec
nism which would favor SWNT’s close to armchair helicit
5-6
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VI. CONCLUSIONS

The diffraction patterns observed in the case of the SW
bundle synthesized by the CCVD method show more chi
ity selectivity than the ones previously studied. The major
of the diffraction patterns of SWNT bundles clearly show t
mm2 symmetry, with well-defined helicities and also a we
structured equatorial line. The chirality selectivity is e
plained by the small size of the bundles studied. We postu
that large bundles of SWNT’s are an assembly of smalle
p
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nanocrystalline ropes characterized by uniform helicities
diameters.
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