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Abstract

The Debye equation has been used to compute the powder diffraction patterns of single- and multiwalled carbon nanotubes. By
generating Cartesian coordinates of atoms the models of non-chiral and chiral nanotubes of any shape and size have been constructed. An
efficient algorithm has been developed to calculate the kinematical diffraction profiles for the constructed models. The effect of curvature
on the diffraction pattern has been examined by comparison of the model-based simulations for various nanotubes and a single graphene
layer. The applicability of the numerical procedure is illustrated in the case of armchair, zig-zag and chiral nanotubes, both single and
multiwalled. The results of the computer simulations are compared with X-ray diffraction data, recorded for multiwalled nanotubes and
published recently [Szczygielska et al., Acta Phys. Polon. A 98 (2000) 611].  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction constructed object is named the armchair nanotube. The
non-chiral tubules exhibit a mirror symmetry plane, per-

Up to 1985 graphite and diamond have been regarded as pendicular to the tubule axis. A more general type of tube
the only two stable crystalline forms of carbon. The works can be formed with a screw axis along the axis of the
of Kroto et al. in 1985 [2] and of Iijima in 1991 [3] have tubule. These are chiral tubules which show a number of
resulted in the discovery of a wide family of carbon helices rotating clockwise or counterclockwise (see, for
molecules, i.e. fullerenes and nanotubes. Generally these example, Ref. [4]). Hamada et al. [5] introduced the
new forms of carbon have a common feature, namely all notation specifying all possible rolling ways of the
their atoms are placed on curved surfaces. In the case of graphene sheet into the tubule. The two integer indices
fullerenes the atomic surfaces are curved in three dimen- (n,m) define the tubule diameter and their chirality, respec-
sions while nanotubes exhibit two-dimensional curvature. tively. In terms of this notation the armchair nanotubes are
The carbon nanotube is normally thought as a graphene indicated by (n,n) and the zig-zag nanotubes are denoted as
sheet which is rolled into a seamless cylinder (SWNT, (n,0).
single-walled nanotube). When such cylinders are conce- Most of the existing data on the structural properties of
ntrically stacked the so-called multiwalled (or multiple carbon nanotubes is based on the use of electron diffrac-
walled) nanotubes (MWNT) are formed. From the tion and high resolution transmission electron microscopy
geometrical point of view the carbon nanotubes can by (HRTEM), providing anisotropic diffraction patterns and
classified as chiral and non-chiral. The non-chiral images of the nanotubes, respectively. Although these
nanotubes are of two types. In the first case, the zig-zag techniques revealed important information on primary
nanotube, the tube axis is parallel to the carbon–carbon features, it is desirable to study the spatial correlations for
bonding lines. In the second case, the tube axis is the whole sample and this can be achieved by using the
perpendicular to the line of the C–C bond and such X-ray (XRD) or neutron (ND) diffraction methods. Both

techniques require quite a large quantity of material
however recently such quantities are available. In the*Corresponding author.
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in computation of the model-based diffraction patterns. now, to obtain a set of interatomic distances for the
The results of such simulations are compared with existing particular nanotube, knowledge of the Cartesian coordi-
experimental data [1]. nates of all the atoms forming the nanotube is required.

2. Scattering formalism 3. Results and discussion

X-ray and neutron diffraction experiments for carbon Quantitative theory of the kinematical diffraction has
nanotubes can be performed only using the powder tech- been developed to compute the diffraction patterns of
nique. When compared with the electron diffraction and carbon nanotubes [8–11]. This approach is based on the
HRTEM techniques both XRD and ND provide the Cochran, Crick and Vand theory of the diffraction by chiral
structural information averaged over all orientations in biological molecules and leads to a closed-form expression
three-dimensional space and hence lead to loss of the of the intensity diffracted by the SWNTs and MWNTs of
anisotropy of the diffraction pattern. However, from arbitrary helicity. In the present work we propose the
careful analysis of the powder diffraction pattern we can method based on generating all possible nanotubes, both
learn more about the structure of the nanotube as a whole. chiral and non-chiral. The model consists of a set of the
For carbon nanotubes the diffraction pattern arises from Cartesian coordinates which represent all the lattice points
the interference of coherently scattered waves from identi- of the nanotube. The MWNTs can be readily obtained by
cal scattering centres which are carbon atoms. The scatter- superposition of the individual SWNTs.
ing process is usually described in terms of the structure Here, we describe briefly the algorithm for the gene-
factor S(K) which for the system containing N atoms is ration of the atomic coordinates of nanotubes. The basic
expressed as concept of the algorithm is simply to roll a graphene sheet

N N to make a cylinder [4]. For a nanotube to be generated,1
]S K 5 O O exp iK ? r (1)s d which is classified by a chiral vector C 5(n,m) given withs dij hN i51 j51 respect to the Bravais lattice vectors a and a of the1 2

graphene monolayer, one should calculate its radius R 5where K is the scattering vector (K5k2k ), being the0

C /2p, where C is the magnitude of C and translationaldifference between the wave vectors k and k in the h h h0

vector T5(n 1 2m,2n 1 m) /W, where W is the greatestdirection of the incident and scattered beam, respectively,
common divisor of n12m and 2n1m. Note that the vectorand r is the interatomic vector defined as the differenceij

T, given in the Bravais lattice vectors and perpendicular tobetween the positions of the ith and jth atoms r 5r 2r ,ij i j

the vector C (i.e. C ?T50), decides the size of thek 5k52p /l. After averaging over all orientations one h h0

unitcell of the nanotube together with C . For simplicity,gets the so-called Debye equation [6] h

the original coordinates system of the graphene sheet isN N sin Kr1 s dij transformed into a new system such that T is along y-axis.] ]]]S K 5 O O , (2)s d N Kriji51 j51 Then, the graphene atomic coordinates (x, y) is converted
to those (X, Y, Z) of the nanotube bywhere K 5 4p sin u /l, 2u is the scattering angle and l is

the wavelength. x x
] ]X,Y,Z 5FR cosS D, R sinS D, yG. (5)s dIn order to account for the displacements of the atoms R R

from the equilibrium positions Eq. (2) is multiplied by the
Debye–Waller factor [6] First the structure factors S(K) have been computed for

the very simple models containing about 100 atoms2 2exps 2 K s /2d, (3) distributed on the cylindrical surfaces of the (5,5), (9,0)
and (2,8) tubules which have the diameters of 6.78, 7.05in which s is the standard deviation of the interatomic

˚ ˚and 7.18 A, respectively. The value of s 50.05 A has beendistance. Expressing the diffraction pattern in terms of the
taken for computation in the present work. The resultingstructure factor, which is related to the normalised intensi-
structure factors are compared in Fig. 1 with S(K) com-ty I(K) (expressed in electron units) divided by square of

2 puted for a single graphene layer, containing also approxi-the carbon atomic scattering factor f [7],
mately the same number of atoms. One common feature2S(K) 5 I(K) /f (K), (4) can be easily seen. All peaks for the nanotubes are shifted
towards higher K values. Such shifts can be explained byallows for a direct comparison of the data obtained using
shortening of the interatomic distances for the nanotubes,the different diffraction techniques as XRD or ND, because
resulting from curvature of the tubule surface. The differ-S(K) depends only on the atomic distribution (or the
ences in the diffraction patterns are also clearly visiblestructure of the investigated object) and not on the atomic
going from the armchair to zig-zag configuration. Thescattering amplitude, denoted here as f. Eq. (2) is the base

21˚of the simulation of the powder diffraction pattern, and changes are more pronounced at about 6 A where the
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Fig. 2. The structure factors of the single walled (45,45), (81,0) and
(21,58) nanotubes compared with that of a single graphene layer.Fig. 1. The structure factors of the single walled (5,5), (9,0) and (2,8)
Structure factors S(K) were computed for the models containing aboutnanotubes compared with that of a single graphene layer. Structure factors
900 atoms.S(K) were computed for the models containing about 100 atoms.

peaks have the different profiles. Remaining differences due to curvature of the cylinders. The shifts of the
are related to slight changes in the positions and the nanotube peaks in relation to graphite are much smaller
amplitudes of the peaks. The observed differences are due than those observed in Fig. 1 as a consequence of smaller
to changes in spatial correlations between atoms placed on curvature of the (45,45), (81,0) and (21,58) tubules. It is
the opposite sides on the tubule circumference. The expected that in the case of the tubule of a greater diameter
diffraction pattern of the chiral (2,8) tubule can be the effect of curvature on the diffraction pattern is much
regarded as intermediate between two extreme cases, the weaker. Consequently, the diffraction profiles for the three
armchair and zig-zag nanotubes. tubule configurations look very similar.

These conclusions become more clear when one consi- The experimentally observed carbon nanotubes are
ders the diffraction patterns of greater nanotubes. In Fig. 2 usually multiwalled. In these nanotubes the individual

˚the diffraction profiles of the (45,45), (81,0) and (21,58) cylinders are separated by about 3.4–3.6 A. The adjacent
nanotubes are shown together with that of a single tubules consist of the different number of atoms which
graphene sheet. Their diameters are 61.02, 63.41 and 55.49 causes the graphitic –ABAB– stacking cannot be retained
Å, respectively. The number of atoms for each configura- in perfect nanotubes. Moreover, the diameter of the
tion is about 900. The following features can be clearly individual tubules does not change continuously because of
perceived from inspection of Fig. 2. Although the diffrac- the quantized nature of the (n,m) integer indices, which
tion patterns of the nanotubes are much closer to that of determine the circumference. In Fig. 3 the experimental
graphite than those shown in Fig. 1, the all graphitic peaks diffraction profile for the MWNTs, obtained by catalytic
are sharper and have higher amplitudes. This observation decomposition of acetylene (A type material according to
can be explained by wider distribution of the interatomic Ref. [12]) is compared with a series of simulations. The
distances within each coordination sphere in the nanotubes experimental data were recorded on the high energy X-ray
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4. Summary

The computer simulations, based on the Debye equation,
have shown that such an approach is able to account for all
the qualitative features of the observed diffraction pattern.
For the nanotubes of smaller diameter we can distinguish
between different configurations. As the diameter of the
tubule increases, the differences between the armchair,
zig-zag and chiral nanotubes disappear. The simple model
containing only five layers describes satisfactorily the
atomic structure of the investigated MWNTs. Nevertheless,
detailed knowledge of the structure of the nanotubes will
require modelling developments to fully exploit this new
opportunity. The proposed approach offers also the possi-
bility of analysis of the experimental data in real space,
because the simulated structure factor can be readily
converted via Fourier transform.
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