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We report a method that allows direct, systematic, and accurate determination of the atomic
structure of multiwalled carbon nanotubes by analyzing the scattering intensities on the
nonequatorial layer lines in the electron diffraction pattern. Complete structure determination of a
quadruple-walled carbon nanotube is described as an example, and it was found that the intertubular
distance varied from 0.36 nm to 0.5 nm with a mean value of 0.42 nm.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1923170g

Carbon nanotubes possess many extraordinary physical
and chemical properties and have attracted intense attention
since their discovery.1–3A single-walled carbon nanotube can
be characterized by its diameter and helicity or, equivalently,
by the integer chiral indicesfu,vg, which define the perim-
eter vectorA on graphene byA =fu,vg=ua1+va2 sa1 anda2

are the crystallographic basis vectors with magnitudea1
=a2=a0=0.2461 nm and interangle 60°d.4 A single-walled
carbon nanotube is metallic ifu−v is divisible by 3; other-
wise, it is semiconducting unless the diameter is extremely
small where all nanotubes appear metallic.5–7 A multiwalled
carbon nanotube consists of multiple concentric single-
walled nanotubes. It is necessary to measure both the diam-
eter and helicity or, equivalently, the chiral indicesfu,vg of
each and every shell within the nanotube in order to deter-
mine the atomic structure of a multiwalled carbon nanotube.
Although great progress has been made in determining the
atomic structure of single-walled carbon nanotubes,8–12 few
direct measurements of the atomic structure of multiwalled
carbon nanotubes have been available.13,14

Electron diffraction, especially nanobeam electron dif-
fraction sNBDd has been a powerful technique in determin-
ing the atomic structure of carbon nanotubes. It offers a great
advantage over other local probe techniques, such as scan-
ning tunneling microscopy or atomic force microscopy, in
that it allows not only the structure determination of the out-
ermost shell, but also the interior shells of the nanotube.
Moreover, NBD performed at a lower accelerating voltage
sbelow the threshold voltage of 86 kV for knock-on damage
to carbon nanotubes by the incident fast electronsd provides
the capability of locating a specific nanotube and determin-
ing its atomic structure before we measure its properties.15–17

Here, we report the accurate determination of the atomic
structure of multiwalled carbon nanotubes by a nondestruc-

tive NBD technique. A quadruple-walled carbon nanotube
has been unambiguously determined as an example. The
method developed here is general and can be used to deter-
mine the atomic structure of multiwalled carbon nanotubes
consisting of up to 15 concentric shells. To avoid knock-on
damage to the carbon nanotubes, the electron microscope
sJEM-2010F equipped with a field emission gund was oper-
ated at 80 kV and a parallel electron illumination with a
20 nm beam that was formed by utilizing a 10mm condenser
aperture and exciting the first condenser lens to maximum.
The NBD patterns were recorded initially on photographic
films, which were later digitized with a high-resolution film
scanner for quantitative analysis.

In an electron diffraction pattern, only the principal layer
lines that contain theh100j* -type Bragg reflections have sig-
nificant intensities, as schematically illustrated in Fig. 1. The
layer line index,,, and the order of Bessel functions,n, are
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FIG. 1. Calculated electron diffraction pattern of a chiral single-walled car-
bon nanotube of the helicitya. The two hexagons represent the principal
reflections of graphene and form three principal layer lines above and below
the equatorial line.D1 andD2 specify the layer line spacings. The relative
twist angle is related, but not equal to the helical angle. The helicity can be
calculateda=tan−1fs2D2−D1d /Î3D1j and the ratio of chiral indices isn /u
=s2D2−D1d / s2D1−D2d.
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related by the selection rule for carbon nanotubefu,vg

, =
nsu + 2vd + 2msu2 + v2 + uvd

uM
, s1d

wherem is an integer andM is the maximum common divi-
sor of s2u+vd and s2v+ud. The selection rule also implies
that n can only be multiples of the maximum common divi-
sor of u andv. From the theory of electron diffraction from
carbon nanotubes,18,19 the scattering intensity distribution on
a layer line is dominated only by a single Bessel function. By
examining the geometry of the simulated electron diffraction
pattern shown in Fig. 1, we can deduce that the electron
intensity distributions on layer lines,1, ,2, and,3 indicated
by the arrows can be expressed by the Bessel functions of
orders related to the chiral indicesfu,vg:20 I,1~ uJvspdRdu2,
I,2~ uJuspdRdu2, andI,3~ uJu+vspdRdu2, respectively, whered
is the nanotube diameter andR is the radial distance mea-
sured from the central vertical axis in the electron diffraction

pattern. The order of the responsible Bessel function can be
identified from the intensity distribution, for example, the
ratio of the peak positions that is unique to each order of
Bessel function. To achieve high accuracy, complementary
relations are also used, such as the following:

v
u

=
s2D2 − D1d
s2D1 − D2d

, s2d

whereD1 is the spacing between the first principal layer line
and the equatorial line, andD2 is the spacing between the
second principal layer line and the equatorial line, as sche-
matically shown in Fig. 1. When the layer lines are read from
the digitized data, the uncertainties in measuring the ratio
v /u can be reduced to less than 0.2%. Having determinedv
andv /u, we can assign the carbon nanotube its chiral indices
fu,vg, and the true diameterd and helicitya of this nanotube
can then be calculated directly from the chiral indices byd
=a0

Îu2+v2+uv /p and a=cos−1fs2u+vd /2Îu2+v2+uvg.

FIG. 2. sad Transmission electron microscope image of a quadruple-walled carbon nanotube showing four walls on each side of the hollow core. The inner
diameter and outer diameter of this nanotube is about 2.6 nm and 5.0 nm, respectively.sbd Electron diffraction pattern of the quadruple-walled carbon
nanotube.scd Magnified view of the enclosed region insbd. Three different helicities of 1.53°, 22.84°, and 28.76°, are determined from the nine layer lines
indicated by arrows labeled as A, B, and C, respectively. The modulated diffraction intensity distribution on the layer lines corresponding to helicity of 1.53°
are due to the overlap of contributions from two shells of different diameters but the same helicity.sdd Side view of the atomic structure of the quadruple-
walled carbon nanotube with the chiral indicesf32,1g, f26,24g, f39,25g, andf64,2g. All shells are semiconducting.sed Cross-sectional view of the structure of
the quadruple-walled carbon nanotube with varying intertubular distances.
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For a multiwalled carbon nanotube, it is necessary to deter-
mine the chiral indicesfuj ,v jg for each individual shellj .
Once all the chiral indices are determined, the intertubular
distances between the neighboring shells in the nanotube can
also be obtained.

Figure 2sad shows the transmission electron microscopy
sTEMd image of a quadruple-walled carbon nanotube with
an inner diameter and outer diameter of 2.6 nm and 5.0 nm,
respectively. Four dark image lines corresponding to the
nanotube walls can be observed on each side of the tubule.
Since the electron microscope was operated at 80 kV, at
which the point resolution of the microscope is 0.34 nm, it
would be difficult to obtain accurate measurement of the
shell diameters from the TEM image. However, the electron
diffraction pattern of this nanotube, shown in Fig. 2sbd, can
offer accurate measurement of both the diameter and helicity
of each individual shell. Three different helicities can be ob-
tained by examining the number of principal diffraction layer
lines indicated by the arrows labeled as A, B, and C in the
electron diffraction pattern. By measuring the principal layer
line spacings in the electron diffraction pattern in Fig. 2sbd,
we can determine the three helicities: 1.53°sA arrowsd,
22.84°sB arrowsd, and 28.76°sC arrowsd, respectively. Since
there are four individual shells in the nanotube, two shells
must have the same helicity. These two shells are identified
by the modulations in the intensity distribution on the layer
line marked with A arrowsshelicity 1.53°d, which indicate
that two nanotubes have both contributed to these layer lines.
The v /u ratios were also measured to be 0.031, 0.642, and
0.927 for the helicities 1.53°, 22.84°, and 28.76°, respec-
tively. Using the principal layer line,1 and the positions of
the intensity peaks on this layer line, the value of indexv can
be deduced:v=25 for the helicity of 22.84° andv=24 for the
helicity of 28.76°. Combined with thev /u ratios determined
above, the chiral indices for these two nanotubes are as-
signed to bef26,24g and f39,25g, respectively, which are
neighboring shells in the nanotube.

The other two nanotubes with the same helicity 1.53° are
determined to have chiral indicesf32,1g and f64,2g, making
use of the geometric constraints of the concentric shells in
the multiwalled carbon nanotube. Figure 2sdd shows the de-
termined structure in side view of the four shells of this
nanotube with chiral indicesf32,1g, f26,24g, f39,25g, and
f64,2g, whose cross-sectional view is given in Fig. 2sed. All
of these shells are semiconducting. It is worth noting that the
intertubular distances are not of the same value. They vary
from 0.42 nm to 0.5 nm and to 0.36 nm from the outermost
shell to the innermost shell of the nanotube.

The procedure presented here for determining the atomic
structure of the quadruple-walled carbon nanotube can be
extended to multiwalled carbon nanotubes with fewer or
more shells. With the precision given in the present measure-
ment, up to 15 shellssouter diameter up to 10 nmd can be
determined unambiguously. Once the atomic structure of a
multiwalled carbon nanotube is determined, we can predict
their physical and chemical properties, including identifying
which shell is metallic or semiconducting.

Rapid and accurate determination of the atomic structure
of multiwalled carbon nanotubes presented here will also be
useful for understanding the mechanisms of formation and
growth of multiwalled carbon nanotubes.21,22
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