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Atomic structure of carbon nanotubes from scanning tunneling microscopy
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The atomic structure of a carbon nanotube can be described by its chiral angle and diameter and can be
specified by a pair of lattice indices (n,m). The electronic and mechanical properties are critically dependent
on these indices. Scanning tunneling microscopy~STM! is a useful tool to investigate carbon nanotubes since
the atomic structure as well as the electronic properties of individual molecules can be determined. This paper
presents a discussion of the technique to obtain (n,m) indices of nanotubes from STM images in combination
with current-voltage tunnel spectra. Image contrast, distortion effects, and determination of chiral angle and
diameter are discussed. The procedure of (n,m) identification is demonstrated for a few single-walled carbon
nanotubes.
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I. INTRODUCTION

Carbon nanotubes1 are hollow cylindrical molecules tha
have unique electronic2 and mechanical3 properties. They
can be considered as graphene sheets that are rolled up
seamless cylinders~Fig. 1!. Each nanotube can be specifie
by a pair of indices (n,m) that corresponds to a specifi
chiral anglef and diameterd. Remarkably, nanotubes can b
either semiconducting or metallic, which depends critica
on the (n,m) numbers.2 These indices can in principle b
obtained experimentally by measuring bothf and d from
either transmission electron microscopy~TEM! and
diffraction4 or by scanning tunneling microscopy~STM!.5,6

STM appears to be more suitable to probe individual m
ecules. Topographic imaging can be combined with tunn
ing spectroscopy measurements.5–8 This is a powerful tech-
nique since the predicted relation between atomic
electronic structure can be tested. STM measurements in
confirmed that nanotubes can be either semiconductin
metallic, depending on the chirality and diameter.5,6

This paper presents a discussion of (n,m) identification
for individual nanotubes by use of STM measurements. S
tion II explains how the atomic structure of a nanotube c
be described by a pair of (n,m) lattice indices. Section III
gives the experimental details of the STM measureme
Section IV explains howf and d are determined from im-
ages and current-voltage tunnel spectra. Also, the lattice
trast is discussed together with a number of distortion effe
that have to be taken into account. Section V describes
identification of two different nanotubes, a semiconduct
and a metallic example. The atomically resolved STM i
ages of these nanotubes are compared to calculated im
Section VI gives a summary of the results.

II. DEFINITION OF NANOTUBE INDICES

As shown in Fig. 1, a carbon nanotube can be though
as a cylinder constructed from a graphene sheet. A vectoC
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is defined pointing from one carbon site to another equi
lent site in the hexagonal lattice. By cutting out the sh
along the dashed lines perpendicular toC and wrapping up
the sheet in the direction of the vector, a seamless cylin

FIG. 1. A graphene sheet that can be rolled up into a sing
walled nanotube by cutting out the sheet along the dashed lines
rolling the sheet up along vectorC. a1 anda2 are the unit vectors of
the graphene lattice. The dash-dotted lines denote the main sym
try directions in the graphene sheet, (n,0) and (n,n), or, the zigzag
and armchair directions respectively. Also shown are (n,m) indices
around~14,3!. The correspondingf, d and electronic behavior for
the nanotubes with these (n,m) indices are given in Table I. The
hatched trapezium represents a measurement off andd for nano-
tube 2 in Fig. 4. The half widths of this area are the measurem
errors.
2991 ©2000 The American Physical Society
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can be obtained, with diameterd5uCu/p. The vectorC can
be related to the unit vectorsa1 and a2 as C5na11ma2 .
The pair of indices (n,m) defines the nanotube. The corr
sponding chiral anglef and diameterd are

f5arccos@A3~n1m!/2A~n21m21nm!#

d5
a

p
An21m21nm,

wherea50.246 nm is the lattice constant. (n,0) and (n,n)
denote special symmetry directions in the graphene latt
named respectively zigzag and armchair~dash-dotted lines in
Fig. 1!. They differ by an angle of 30°. A sheet rolled u
along one of these lines results in a nonchiral tube, w
f50° for an armchair andf530° for a zigzag nanotube.

Nanotubes can be either semiconducting or metallic. T
general rule is that nanotubes are metallic when (n2m) is a
multiple of 3 and semiconducting otherwise.2 As an ex-
ample, Table I lists a few nanotubes with indices arou
~14,3!, which are also indicated in Fig. 1. This table sho
that a high accuracy is required in both the measured di
eter and the chiral angle to distinguish between two na
tubes with neighboring (n,m) indices.~14,3! and ~15,3! for
example differ only 0.08 nm in diameter and 0.6° in chi
angle. A measurement of the electronic behavior can be c
clusive in this case, since the first is a semiconductor w
the latter is a metal.

III. EXPERIMENTAL DETAILS

The measurements discussed in this paper were
formed on carbon nanotubes on a Au~111! surface. Nano-
tubes were synthesized by laser evaporation~material pro-
vided by R. E. Smalley and coworkers.9! TEM images show
that this material consists mainly of single-walled nanotu
with a diameter of about 1.4 nm. Au~111! was prepared by
flash-heating a piece of about 30 mm3 from a 99.99% pure
gold wire. The single-crystalline facets appearing on the s
face after cooling were used as substrates. Nanotube
was dispersed in dichloroethane and treated in an ultras
bath to unravel the material into nanotube bundles and si
nanotubes. A droplet of the dispersion was then deposite
the Au~111! substrates in ambient conditions.

All measurements were done in an STM operated
constant-current mode at 4 K. STM tips were mechanica
cut from a Pt~90%!Ir~10%! wire. Typical tunneling param-

TABLE I. ( n,m) indices with the corresponding chiral angle
diameters, and electronic behavior for the seven nanotubes
cated in Fig. 1.

(n,m) d ~nm! f ~°! Electronic behavior

~13,3! 1.15 19.8 Semiconductor
~14,2! 1.18 23.4 Metal
~13,4! 1.21 17.0 Metal
~14,3! 1.23 20.5 Semiconductor
~15,2! 1.26 23.8 Semiconductor
~14,4! 1.28 17.8 Semiconductor
~15,3! 1.31 21.1 Metal
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eters were 60 pA and 0.1 V. Current-voltage (I 2V) tunnel
spectra on the nanotubes were taken by switching off
feedback and recording the currentI as a function of the bias
voltageV applied to the sample. The differential conductan
dI/dV calculated from theI 2V spectra is roughly propor
tional to the density of states~DOS! of the sample. For large
voltage ranges (*61 V) dI/dV is usually normalized by
dividing by I /V to account for the voltage dependence of t
tunnel barrier.10 We used this normalization method to an
lyze our spectroscopy data.

IV. STM DATA ANALYSIS

This section discusses methods to obtain the chiral an
f and diameterd from STM measurements of carbon nan
tubes. Part A of this section discusses the apparent la
contrast in the STM images of carbon nanotubes. Ofte
nonhexagonal lattice is observed which can be attributed
various effects. Furthermore, the apparent chiral angle is
torted due to the cylindrical shape of nanotubes. Part B
scribes a procedure to cancel out the distortion and obtain
true chiral anglef. In part C, methods to obtain the diamet
d are discussed.

A. Atomic contrast in STM imaging

Figure 2 shows various examples of atomically resolv
STM images of chiral carbon nanotubes with apparent ch
anglesf indicated. Typically, STM images of nanotubes d
not show a hexagonal configuration of carbon atoms.
stead, a triangular lattice of dark and white dots is usua
observed as seen for example in Figs. 2~c! and 2~d!. For
graphite, various effects are known that can distort the
pected hexagonal pattern. TheABAB stacking sequence o
the three-dimensional- layered structure in graphite result
two inequivalent atomic sites in each unit cell, which leads
an asymmetry in STM images.11 Obviously, this can be ruled
out for single-walled carbon nanotubes. There are howe

di-

FIG. 2. STM images of atomically resolved carbon nanotub
For each nanotube the apparent anglef1 between hexagon rows
and the tube axis is indicated . The 1-nm bar indicates the scale
all four images.~a!-~b! Two chiral nanotubes with small chira
angles.~c!-~d! Two chiral nanotubes with large chiral angles~near
30°!.
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also a number of tip-related effects that can explain the
tortion of the hexagonal graphene lattice.12,13 The geometri-
cal shape of the tip and the type of electronic orbitals p
truding from the tip apex play an important role in th
apparent contrast of the lattice. Mizeset al.12 argued that the
STM image of an hexagonal lattice is built up by three ind
pendent Fourier components of equal magnitude. Imag
with a multiatom tip leads to a superposition of several i
ages, where the three components that make up the
image are not equal. This can explain various anomal
images that have been observed for planar graphite, suc
triangular or striped patterns. The same effect may pla
role in imaging the graphene lattice of carbon nanotubes

Recently, Kane and Mele discussed a mechanism of s
metry breaking in carbon nanotubes that would even occu
an ideal tunneling experiment with a perfect single-at
tip.14 Due to scattering of electrons at defects or ends
nanotubes, STM images may contain interference patte
Kane and Mele showed for example that large momen
backscattering in armchair tubes leads to a modulation in
A33A3 pattern, whereas a small momentum backscatte
may give striped patterns.

Another effect that distorts the hexagonal lattice in na
tubes is the curvature of the surface. The overlap between
external lobes of thep orbitals on neighboring carbon atom
decreases due to the curvature, except for the bonds pa
to the nanotube axis~as in zigzag nanotubes!. It therefore
turns out that for a nanotube with a chiral angle nearf530°,
the bonds parallel or almost parallel to the tube axis
imaged as protrusions, which leads to the typical triangu
pattern of white dots. Whenf'0° ~close to armchair!, there
are no bonds parallel to the axis and the lattice should ap
more hexagonal. The nanotubes in Figs. 2~a! and 2~b! are
near armchair and indeed have a more hexagonal con
than the near-zigzag nanotubes in Figs. 2~c! and 2~d!, where
the white protrusions are the most prominent features.

B. Chiral angle

All the mechanisms described above can have an ef
on the lattice contrast but donot distort the chiral structure o
a nanotube. STM images can thus be used to determine
chirality. However, the geometrical configuration of th
STM tip tunneling on a cylindrical structure@Fig. 3~c!# does
lead to an overestimation of the value for the chiral ang
This effect was first noted by Geet al.,15 and discussed in
detail by Meunieret al.16 Figure 3~c! illustrates the distortion
mechanism. A nanotube with radiusr lies on a substrate in
the xy plane with its axis in thex direction. The tunnel dis-
tance h is kept constant while the tip scans in consta
current mode. The shortest tunnel path from the tip to
tube is perpendicular to the substrate only when the tip
exactly on top of the tube. In general, the tunnel curr
flows to the side of the nanotube and the atom at site (x,y,z)
on the nanotube surface will therefore be projected in
STM image at@x,(11h/r )y,z#. Effectively, the hexagona
lattice is stretched by a factor of (11h/r ) in they direction,
transverse to the tube axis. This effect can be considera
for a typical tunneling distanceh of 0.4 nm and a tube radiu
of 0.7 nm, the lattice is distorted by;60%.

This distortion is apparent from the angle between zig
and armchair directions in the STM images. For examp
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Fig. 3~a! is an uncorrected image where the angle betw
zigzag and armchair directions is higher, 34°, than it sho
be ~30°!. This is due to a stretching of the lattice in th
direction normal to the tube axis. The anglef156° seen in
this image is therefore not equal to the true chiral angle.
determine the true chirality, the image size is reduced in
direction normal to the nanotube axis until the angle betw
the zigzag and armchair rows fits to 30°, to compensate
the asymmetric inflation. Figure 3~b! shows the STM image
after such a correction, from which a chiral anglef255° is
found. By carrying out this procedure for various armcha
zigzag angles along the nanotube af156.260.4 is obtained.
This angle is 32% higher than thef2 of 4.760.4° from the

FIG. 3. Illustration of the image distortion mechanism for nan
tubes and a correction method. The 1-nm bar indicates the scal
both images in~a! and~b!. ~a! An uncorrected image with an angl
between armchair and zigzag directions of 34° instead of 30°. T
is attributed to a distortion effect, which stretches the atomic lat
in the direction perpendicular to the tube. The apparent anglef1

56°. ~b! The same image as~a!, corrected for the distortion. This
is done by decreasing the image in the perpendicular directio
obtain a 30° difference between the zigzag and armchair directi
A chiral anglef255° is determined from this corrected image.~c!
A sketch illustrating the geometrical distortion mechanism. A na
tube with radiusr lies in thexy plane with its axis in thex direction.
When the STM tip tunnels to the side of the nanotube, an atom
position (x,y,z) is projected in the STM image at@x,(1
1h/r )y,z#.
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corrected image. The distortion found for various nanotu
from STM images varies between 15% and 70%.

Clausset al.17 discussed a distortion mechanism for t
chiral angle that is not related to the STM configuration b
to the geometry of a nanotube within a rope. When pac
within a rope, nanotubes may be twisted. Atomically
solved STM images of ropes indeed show twisted tube17

The measured angle of the lattice with respect to the na
tube axis in that case is not only related to the nanot
chirality, but also to the twist angle. We do not include th
effect in the analysis of our STM images. It is unlikely th
individual nanotubes separated from ropes remain twis
because large twisting angles are energetically very unfa
able for individual nanotubes.18 Furthermore, the energy ga
in the DOS predicted to be induced by the twist is not o
served in our STM spectra.

C. Diameter

The diameter of a nanotube can be obtained from a
profile perpendicular across the nanotube. The major dis
tion that influences the apparent tube width in such a pro
arises from the geometrical convolution between the na
tube and the STM tip shape.19 The nanotube diameter can
principle be measured from the apparent width by care
deconvolution of the tip shape. This method can be use
ultrasharp tips are available. In general however, it is har
obtain an accurate value for the diameter since the radiu
curvature of an STM tip is typically;10 nm, i.e., more than
one order of magnitude larger than the tube radius.

Alternatively, the diametr can be estimated from t
height of the nanotube relative to the substrate. The van
Waals distance between the substrate and the tube, a
0.25 nm,20 then has to be taken into account. Furthermo
because of differences in electronic structure, the tunnel
tances are not necessarily the same on the nanotube an
gold substrate. Since the tube height is measured relativ
the substrate this difference in tunnel distances may lea
an error in the diameter.Ab initio calculations by Rubio21

show however that the error in diameter due to this eff
will be less than 1%. A more substantial error in the appar
height may arise from mechanical deformation of the na
tube. A small deformation also may arise from the van
Waals forces between the substrate and the nanotube. F
armchair nanotube with a diameter of about 1.4 nm this
formation is calculated to be only 2%.22 As is noticed below,
the typical tunnel distances appear to be small, which imp
that the STM tip may exert significant forces on the nan
tube. This may lead to compression of nanotubes during
aging and consequently to anomalous low apparent hei
~see Sec. V!.

Yet another way to obtain the diameter is to determine
tunneling DOS for a nanotube. Both semiconducting and m
tallic nanotubes have a DOS consisting of a series of o
dimensional energy subbands.23,24 The separation betwee
the band edges depends on the diameter. Figure 4~c! shows
examples of STM spectra obtained for a semiconducting~1!
and a metallic~2! nanotube. The band-edge separations
indicated in the figure byDEsub. For semiconducting tube
this separation is an energy gap of widthDEsub
52dnng0 /d, wherednn is the nearest-neighbor distance b
tween carbon atoms, 1.42 Å , and g0 is the p2p energy
s
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overlap between neighboring atoms. Metallic nanotubes h
a plateau of constant DOS between subbands ofDEsub
56dnng0 /d. A theoretical value forg0 of 2.5 eV has been
estimated by Mintmireet al. using a first-principles local-
density approximation~LDA ! to calculate the band structur
of armchair carbon nanotubes.25 This type of calculations
however typically give a 10-20 % too small value. In a r
cent review paper a value of 2.960.2 eV was concluded to
be the best estimate forg0 from a critical evaluation of vari-
ous theoretical and experimental results.26 In this paper we
determined the diameter both from the apparent height
by measuringDEsub using this value ofg052.960.2 eV.

V. DISCUSSION OF THE „n,m… IDENTIFICATION

Two examples are shown of nanotubes for which
(n,m) indices are identified. Figure 4~a! shows atomically
resolved STM images of these two nanotubes, which b
are chiral. Tunneling spectra that were taken on these tu
are shown in Fig. 4~c!. From these spectra nanotube 1 can
identified as a semiconductor and nanotube 2 as a met
tube. Table II lists the parameters obtained from the ST
analysis done for these nanotubes. Diameters are obtaine
two methods, described in Sec. IVC, from the appar
height and from the subband separations. The chiral an
f2 are obtained from the corrected atomically resolved i
ages, following the procedure described in Sec. IVB. Fr
this correction procedure we find distortions of about 15
for nanotube 1 and 60% for nanotube 2. These distorti
give a tunnel distanceh of respectively;0.1 and;0.4 nm,
using the formula for distortion (11h/r ) which follows
from the simple picture of Fig. 3~c!. These values indicate

FIG. 4. STM images and tunnel spectra for two different carb
nanotubes. The 0.5-nm bar indicates the scale for all four image
~a! and~b!. ~a! Atomically resolved STM images of two nanotube
1 and 2.~b! Two calculated images based on the (n,m) indices that
are found for the nanotubes shown in~a!. ~b! NormalizeddI/dV
spectra for these nanotubes. Nanotube 1 appears to be semicon
ing whereas nanotube 2 is metallic. Band edge separationsDEsub

are indicated for both curves.
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TABLE II. The results from data analysis of the STM measurements on the two nanotubes shown
4~a!. DEsub is the separation between subbands anddDEsub

is the diameter that is calculated from this ener
difference usingg052.960.2 eV. dh is the diameter estimated from the apparent height of the nanotu
The true chiral anglef2 is measured from corrected STM images. Also given are (n,m) indices with their
correspondingf t and dt that fit to the experimentally obtained values. The electronic behavior for
nanotubes with these (n,m) numbers is indicated in the last column.

Tube DEsub ~eV! dDEsub
~nm! dh ~nm! f2 ~°! (n,m) dt ~nm! f t ~°! Electronic behavior

1 0.8060.05 1.060.1 0.760.1 2561 ~12,21! 0.90 25.7 Semiconductor
Semiconductor ~13,21! 0.98 26.0 Semiconductor

~14,21! 1.06 26.3 Metal

2 1.9560.05 1.2760.09 0.760.1 2061 ~14,3! 1.23 20.5 Semiconductor
Metal ~15,3! 1.31 21.1 Metal
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that the STM tip is close to the nanotube and in the cas
the first tube even in contact. In view of these small value
is likely that the nanotubes are compressed during imag
due to the forces exerted by the STM tip. The effect
stretching of the image perpendicular to the nanotube
probably deviates from (11h/r ) due to a tip shape that i
more complicated than a single atom and possibly also
cause of the compression of the nanotubes by the STM
The procedure to obtain the correct chiral angle by decre
ing the image in they direction is independent of the exa
amount of stretching however.

The apparent height method yields anomalously sm
values for the diameterdh , which is most likely due to the
above-mentioned flattening of the nanotubes by the STM
during imaging. This method thus appears to be unrelia
We instead determine the diametersdDEsub

found from the
subband separations in the DOS. The experimental res
for both nanotubes are compared in Table II to theoret
values off t and dt calculated for nanotubes with indice
(n,m) yielding the best fits. The error in determining th
chiral angle is typically;1°. The error in the diameter i
;0.1 nm and is mainly determined by an uncertainty ing0 .
The measurement uncertainty area is indicated for nano
2 as the hatched area in Fig. 1. For nanotube
~12,21!, ~13,21!, and ~14,21! fit to the observed chirality
and diameter. However,~14,21! can be ruled out as a pos
sibility since nanotube 1 is semiconducting. Nanotube 2
to ~14,3! and~15,3!, as can also be seen in Fig. 1, but, sin
it is metallic,~15,3! can be singled out as the only candida
In general, fitting the indices for metallic nanotubes is som
what easier since only one third of all possible (n,m) nano-
tubes is metallic.

The experimental images are compared to calculated
ages in Fig. 4~b! for nanotubes with indices~13,21! and
~15,3!. These calculations are done by using a tight-bind
p-electron Hamiltonian as described by Meunieret al.16 The
tip was taken as a single atom with ans orbital, as in the
Tersoff-Hamann theory,27 and the corresponding tip densi
of states was assumed to have a Gaussian shape. Inpu
rameters for these calculations are the (n,m) numbers and
the tunnel distanceh between the STM tip and the nanotub
of
it
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lts
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The calculated images in Fig. 4~b! show the remarkable re
sult that the lattice contrast deviates considerably from a h
agonal lattice, even for a perfect single-atom tip. Compar
the experimental images to these calculations, good res
blances are observed. The most prominent features for
near-zigzag nanotube 1 are the white protrusions, which
appear clearly in the calculated images. The rectang
shape of these protrusions does not come out very clear
the STM images. It may be expected however that the
tailed structure will be influenced by the STM tip shape.

VI. SUMMARY

It has been demonstrated that the (n,m) indices for a
specific nanotube can be identified from STM measureme
by measuring both the chiral angle and the diameter. T
chiral anglef is determined from atomically resolved im
ages. These images have to be corrected to account f
geometric distortion that otherwise show 15-70 % overe
mated chiral angles. Diametersd can be obtained from the
tunneling DOS, since the energy subband separations ar
lated to the diameters. Two nanotubes, one semiconduc
and one metallic, were presented as examples for whicf
and d were obtained. For both nanotubes, (n,m) indices
could be found that fit to the experimentally determinedf
andd and electronic behavior. We conclude that, within t
uncertainty of the measurements which is 1° forf and 0.1
nm for d, it is indeed possible to obtain accurate fits of t
(n,m) indices.
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