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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 (m). The electronic and mechanical properties are critically dependent
on these indices. Scanning tunneling microsc@yM) 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 obtaimj 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 proceduremf() identification is demonstrated for a few single-walled carbon
nanotubes.

[. INTRODUCTION is defined pointing from one carbon site to another equiva-
lent site in the hexagonal lattice. By cutting out the sheet
Carbon nanotubésare hollow cylindrical molecules that along the dashed lines perpendicularGaand wrapping up
have unique electrorficand mechanicalproperties. They the sheet in the direction of the vector, a seamless cylinder
can be considered as graphene sheets that are rolled up into
seamless cylinderg=ig. 1). Each nanotube can be specified —
by a pair of indices if,m) that corresponds to a specific
chiral angle¢ and diameted. Remarkably, nanotubes can be
either semiconducting or metallic, which depends critically
on the fi,m) numbers® These indices can in principle be
obtained experimentally by measuring bathand d from
either transmission electron microscopyTEM) and
diffraction* or by scanning tunneling microscog@TM).>®
STM appears to be more suitable to probe individual mol-
ecules. Topographic imaging can be combined with tunnel-
ing spectroscopy measuremerits This is a powerful tech-
nigue since the predicted relation between atomic and
electronic structure can be tested. STM measurements indeed
confirmed that nanotubes can be either semiconducting or
metallic, depending on the chirality and diametér.
This paper presents a discussion afrf) identification
for individual nanotubes by use of STM measurements. Sec-
tion Il explains how the atomic structure of a nanotube can
be described by a pair ofh(m) lattice indices. Section llI
gives the experimental details of the STM measurements.
Section IV explains howp andd are determined from im-
ages and current-voltage tunnel spectra. Also, the lattice con-
trast is discussed together with a number of distortion effects FIG. 1. A graphene sheet that can be rolled up into a single-
that have to be taken into account. Section V describes th&alled nanotube by cutting out the sheet along the dashed lines and
identification of two different nanotubes, a semiconductingolling the sheet up along vectQr. & anda, are the unit vectors of
and a metallic example. The atomically resolved STM im-the graphene_lattice. The dash-dotted lines denote the ma_in symme-
ages of these nanotubes are compared to calculated imag#¥ directions in the graphene sheet,@) and 6.n), or, the zigzag

Section VI gives a summary of the results and armchair directions respectively. Also shown argr() indices
’ around(14,3. The corresponding, d and electronic behavior for

1. DEFINITION OF NANOTUBE INDICES the nanotubes with thesel,(m) indices are given in Table I. The
hatched trapezium represents a measuremerit arid d for nano-
As shown in Fig. 1, a carbon nanotube can be thought ofube 2 in Fig. 4. The half widths of this area are the measurement
as a cylinder constructed from a graphene sheet. A véttor errors.
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TABLE I. (n,m) indices with the corresponding chiral angles,
diameters, and electronic behavior for the seven nanotubes indi e
‘ -

¥

. . - i

cated in Fig. 1. o ,..:‘., Jrepieerees
fggsert aapdptt

(n,m) d (nm) @ (°) Electronic behavior
(13,3 1.15 19.8 Semiconductor
(14,2 1.18 23.4 Metal

(13,9 1.21 17.0 Metal

(14,3 1.23 20.5 Semiconductor
(15,2 1.26 23.8 Semiconductor
(14,9 1.28 17.8 Semiconductor
(15,3 1.31 21.1 Metal

can be obtained, with diametde=|C|/7. The vectorC can
be related to the unit vectors anda, as C=na;+ma,.

1 nm

The pair of indices 1f,m) defines the nanotube. The corre- kG, 2. STM images of atomically resolved carbon nanotubes.

sponding chiral anglep and diameted are For each nanotube the apparent anglebetween hexagon rows
and the tube axis is indicated . The 1-nm bar indicates the scale for
¢=arcco§3(n+m)/2y(n*+m?>+nm)] all four images.(a)-(b) Two chiral nanotubes with small chiral
angles.(c)-(d) Two chiral nanotubes with large chiral anglegmar
_a - 2 30°).
d= ?/n +m-+nm,

: . eters were 60 pA and 0.1 V. Current-voltade-(V) tunnel
wherea=0.246 nm is the lattice constani,Q) and .n)  gpecira on the nanotubes were taken by switching off the
denote special symmetry directions in the graphene latticgeeqnack and recording the currérs a function of the bias
named respectively zigzag and armcf(domsh—dotted lines in \5tagev applied to the sample. The differential conductance
Fig. 1. They differ bY an angle of 30° A Sh_eEt rolled UP d1/dV calculated from the —V spectra is roughly propor-
along one of these lines results in a nonchiral twbe, withjo 5| 6 the density of state®0S) of the sample. For large
¢=0° for an armchair ang=30° for a zigzag nanotube.  ,taqe ranges*+1 V) di/dV is usually normalized by

Nanotubes can be either semiconducting or metallic. Th‘aividing by 17V to account for the voltage dependence of the

general rule is that nanotubes are metallic wher ) is @y nne| barrie® We used this normalization method to ana-
multiple of 3 and semiconducting otherwiseAs an ex- Jyze our spectroscopy data

ample, Table | lists a few nanotubes with indices aroun
(14,3, which are also indicated in Fig. 1. This table shows

that a high accuracy is required in both the measured diam-
eter and the chiral angle to distinguish between two nano- Thijs section discusses methods to obtain the chiral angle
tubes with neighboringr(,m) indices.(14,3 and (15,3 for = ¢ and diameted from STM measurements of carbon nano-

example differ only 0.08 nm in diameter and 0.6° in chiral types. Part A of this section discusses the apparent lattice
angle. A measurement of the electronic behavior can be cortontrast in the STM images of carbon nanotubes. Often a
clusive in this case, since the first is a semiconductor whilgyonhexagonal lattice is observed which can be attributed to

IV. STM DATA ANALYSIS

the latter is a metal. various effects. Furthermore, the apparent chiral angle is dis-
torted due to the cylindrical shape of nanotubes. Part B de-
. EXPERIMENTAL DETAILS scribes a procedure to cancel out the distortion and obtain the

Th ts di din thi true chiral anglep. In part C, methods to obtain the diameter
e measurements discussed in this paper were pey . .. discussed.

formed on carbon nanotubes on a(ALl) surface. Nano-
tubes were synthesized by laser evaporatioaterial pro-
vided by R. E. Smalley and coworkelsTEM images show
that this material consists mainly of single-walled nanotubes Figure 2 shows various examples of atomically resolved
with a diameter of about 1.4 nm. AlL1) was prepared by STM images of chiral carbon nanotubes with apparent chiral
flash-heating a piece of about 30 rhififom a 99.99% pure angles¢ indicated. Typically, STM images of nanotubes do
gold wire. The single-crystalline facets appearing on the surnot show a hexagonal configuration of carbon atoms. In-
face after cooling were used as substrates. Nanotube sostead, a triangular lattice of dark and white dots is usually
was dispersed in dichloroethane and treated in an ultrasonmbserved as seen for example in Figéc)2and 2d). For
bath to unravel the material into nanotube bundles and singlgraphite, various effects are known that can distort the ex-
nanotubes. A droplet of the dispersion was then deposited gpected hexagonal pattern. TWBAB stacking sequence of
the Au111) substrates in ambient conditions. the three-dimensional- layered structure in graphite results in
All measurements were done in an STM operated inwo inequivalent atomic sites in each unit cell, which leads to
constant-current mode at 4 K. STM tips were mechanicallyan asymmetry in STM images$ Obviously, this can be ruled
cut from a P{90%)Ir(10% wire. Typical tunneling param- out for single-walled carbon nanotubes. There are however

A. Atomic contrast in STM imaging
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also a number of tip-related effects that can explain the dis-
tortion of the hexagonal graphene lattiéé® The geometri- g
cal shape of the tip and the type of electronic orbitals pro- . L4 "7 ;
. . . . Faearss ¢ 7 pdae”

truding from the tip apex play an important role in the Foanoest l savved il q)1=6
apparent contrast of the lattice. Mizesal'? argued that the XTIIIIPPLIININ NN '
STM image of an hexagonal lattice is built up by three inde-

pendent Fourier components of equal magnitude. Imaginc
with a multiatom tip leads to a superposition of several im-
ages, where the three components that make up the tot:
image are not equal. This can explain various anomalous
images that have been observed for planar graphite, such ¢
triangular or striped patterns. The same effect may play a
role in imaging the graphene lattice of carbon nanotubes.

Recently, Kane and Mele discussed a mechanism of sym
metry breaking in carbon nanotubes that would even occur ir
an ideal tunneling experiment with a perfect single-atom
tip.* Due to scattering of electrons at defects or ends of
nanotubes, STM images may contain interference patterns
Kane and Mele showed for example that large momentum
backscattering in armchair tubes leads to a modulation into ¢
J3x /3 pattern, whereas a small momentum backscattering
may give striped patterns.

Another effect that distorts the hexagonal lattice in nhano-
tubes is the curvature of the surface. The overlap between th
external lobes of ther orbitals on neighboring carbon atoms
decreases due to the curvature, except for the bonds paralls
to the nanotube axigas in zigzag nanotubgslt therefore
turns out that for a nanotube with a chiral angle n¢ar30°,
the bonds parallel or almost parallel to the tube axis are
imaged as protrusions, which leads to the typical triangular
pattern of white dots. Whew~0° (close to armchajy there
are no bonds parallel to the axis and the lattice should appee
more hexagonal. The nanotubes in Fig&) 2and 2Zb) are
near armchair and indeed have a more hexagonal contral%tb
than the near-zigzag nanotubes in Figg) 2and Zd), where
the white protrusions are the most prominent features.

FIG. 3. lllustration of the image distortion mechanism for nano-
es and a correction method. The 1-nm bar indicates the scale for
both images ir(a) and(b). (a) An uncorrected image with an angle
between armchair and zigzag directions of 34° instead of 30°. This
is attributed to a distortion effect, which stretches the atomic lattice
in the direction perpendicular to the tube. The apparent agle

All the mechanisms described above can have an effect6°. (b) The same image &), corrected for the distortion. This
on the lattice contrast but dwt distort the chiral structure of is done by decreasing the image in the perpendicular direction to
a nanotube. STM images can thus be used to determine tiedtain a 30° difference between the zigzag and armchair directions.
chirality. However, the geometrical configuration of the A chiral angle¢,=5° is determined from this corrected image).
STM tip tunneling on a cylindrical structuf&ig. 3(c)] does A sketch illustrating the geometrical distortion mechanism. A nano-
lead to an overestimation of the value for the chiral angIe.tUbe with radiug lies in thexy plane with its axis in the direction.
This effect was first noted by Get al.’% and discussed in Wh(_a_n the STM tip tunne_ls to tht_a side of the ne_lnotube, an atom at
detail by Meunieret al® Figure 3c) illustrates the distortion Position &.y.z) is projected in the STM image afx,(1
mechanism. A nanotube with radiudies on a substrate in * /")Y.Zl-
the xy plane with its axis in thex direction. The tunnel dis-
tance h is kept constant while the tip scans in constant-Fig. 3@ is an uncorrected image where the angle between
current mode. The shortest tunnel path from the tip to thezigzag and armchair directions is higher, 34°, than it should
tube is perpendicular to the substrate only when the tip ide (30°). This is due to a stretching of the lattice in the
exactly on top of the tube. In general, the tunnel currendirection normal to the tube axis. The angle=6° seen in
flows to the side of the nanotube and the atom at sitg, ) this image is therefore not equal to the true chiral angle. To
on the nanotube surface will therefore be projected in theletermine the true chirality, the image size is reduced in the
STM image af x,(1+h/r)y,z]. Effectively, the hexagonal direction normal to the nanotube axis until the angle between
lattice is stretched by a factor of ¢ih/r) in they direction, the zigzag and armchair rows fits to 30°, to compensate for
transverse to the tube axis. This effect can be considerabléie asymmetric inflation. Figure(l3 shows the STM image
for a typical tunneling distande of 0.4 nm and a tube radius after such a correction, from which a chiral angle=5° is
of 0.7 nm, the lattice is distorted by60%. found. By carrying out this procedure for various armchair-

This distortion is apparent from the angle between zigzagigzag angles along the nanotubéa= 6.2+ 0.4 is obtained.
and armchair directions in the STM images. For exampleThis angle is 32% higher than thi, of 4.7+0.4° from the

B. Chiral angle
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corrected image. The distortion found for various nanotubes nanotube #1 nanotube #2
from STM images varies between 15% and 70%. 5 "
Clausset all’ discussed a distortion mechanism for the .
chiral angle that is not related to the STM configuration but
to the geometry of a nanotube within a rope. When packed I i | 4 ' f

within a rope, nanotubes may be twisted. Atomically re-

solved STM images of ropes indeed show twisted tdfes.

The measured angle of the lattice with respect to the nano- 0210
tube axis in that case is not only related to the nanotube b W m
chirality, but also to the twist angle. We do not include this ' g 1+ 0 N ', '
effect in the analysis of our STM images. It is unlikely that (13-4 : M
individual nanotubes separated from ropes remain twisted,

6

because large twisting angles are energetically very unfavor-

10
able for individual nanotube¥.Furthermore, the energy gap C _ gf =
in the DOS predicted to be induced by the twist is not ob- §.e— §.4'
served in our STM spectra. 34l M|
3 3 25
2 I
C. Diameter 0

. , _ 01 0 1 ] 0 1

The diameter of a nanotube can be obtained from a line V (V) V (V)

profile perpendicular across the nanotube. The major distor- ) .
tion that influences the apparent tube width in such a profile FIG. 4. STMimages and tunnel spectra for two different carbon
arises from the geometrical convolution between the nanghanotubes. The 0.5-nm bar indicates the scale for all four images in
tube and the STM tip shaﬁg.The nanotube diameter can in (a) and(b). (a) Atomically re_solved STM images of t\_/vo_nanotubes
principle be measured from the apparent width by carefuft @d 2(b) Two calculated images based on tier() indices that
deconvolution of the tip shape. This method can be used e found for the nanotubes shown @. (b) Normalizeddi/dV
ultrasharp tips are available In.general however. it is hard t(§pectra for these nanotubes. Nanotube 1 appears to be semiconduct-
: ' . . ! . h tube 2 i tallic. Band ed af

obtain an accurate value for the diameter since the radius Q";?r% Y:]d‘iecrz?esd r;sngthecunige allic. Band edge separali@s,
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 theoverlap between neighboring atoms. Metallic nanotubes have
height of the nanotube relative to the substrate. The van dét Plateau of constant DOS between subbandsABg,y,

Waals distance between the substrate and the tube, aboudnnYo/d. A theoretical value fory, of 2.5 eV has been
0.25 nm?° then has to be taken into account. Furthermore&Stimated by Mintmireet al. using a first-principles local-

because of differences in electronic structure, the tunnel didensity approximatiofLDA) to calculate the band structure

tances are not necessarily the same on the nanotube and fle@'mchair carbon nanotubé%.‘(l)’his type of calculations
gold substrate. Since the tube height is measured relative {PWever typically give a 10-20 % too small value. In a re-

the substrate this difference in tunnel distances may lead tgNt review paper a value of 2:®.2 eV was concluded to

an error in the diamete@b initio calculations by Rubfé be the best.estimate far frpm a critical evalugtion of vari-
show however that the error in diameter due to this effecPUS theoretical and experimental reséftén this paper we
will be less than 1%. A more substantial error in the apparenfi€termined the diameter both from the apparent height and
height may arise from mechanical deformation of the nanoPY MeasuringAEs,;, using this value ofyo=2.9+0.2 eV.
tube. A small deformation also may arise from the van der
Waals f_orces between the sybstrate and the nanotube._ Foran \, piscuUsSION OF THE (n,m) IDENTIFICATION
armchair nanotube with a diameter of about 1.4 nm this de-
formation is calculated to be only 285 As is noticed below, Two examples are shown of nanotubes for which the
the typical tunnel distances appear to be small, which impliegn,m) indices are identified. Figure(d shows atomically
that the STM tip may exert significant forces on the nanoresolved STM images of these two nanotubes, which both
tube. This may lead to compression of nanotubes during imare chiral. Tunneling spectra that were taken on these tubes
aging and consequently to anomalous low apparent heightae shown in Fig. &). From these spectra nanotube 1 can be
(see Sec. V. identified as a semiconductor and nanotube 2 as a metallic
Yet another way to obtain the diameter is to determine theéube. Table Il lists the parameters obtained from the STM
tunneling DOS for a nanotube. Both semiconducting and meanalysis done for these nanotubes. Diameters are obtained by
tallic nanotubes have a DOS consisting of a series of onewo methods, described in Sec. IVC, from the apparent
dimensional energy subbantf®* The separation between height and from the subband separations. The chiral angles
the band edges depends on the diameter. Figlmesthows ¢, are obtained from the corrected atomically resolved im-
examples of STM spectra obtained for a semicondudting ages, following the procedure described in Sec. IVB. From
and a metallio2) nanotube. The band-edge separations ar¢his correction procedure we find distortions of about 15%
indicated in the figure b}AEg,,. For semiconducting tubes for nanotube 1 and 60% for nanotube 2. These distortions
this separation is an energy gap of widtAEg,, give a tunnel distanch of respectively~0.1 and~0.4 nm,
=2d,,v0/d, whered,, is the nearest-neighbor distance be-using the formula for distortion (£h/r) which follows
tween carbon atoms, R4A | and vy, is the 7—x energy  from the simple picture of Fig. (8). These values indicate
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TABLE II. The results from data analysis of the STM measurements on the two nanotubes shown in Fig.
4(a). AEg,p is the separation between subbands dggl  is the diameter that is calculated from this energy
difference usingy,=2.9+0.2 eV. d,, is the diameter estimated from the apparent height of the nanotubes.
The true chiral angleb, is measured from corrected STM images. Also given arenj indices with their
correspondings; and q that fit to the experimentally obtained values. The electronic behavior for the
nanotubes with thesen(m) numbers is indicated in the last column.

Tube AEg,, (eV) dAEsub(nm) dp (nmM) ¢, (°)  (n,m) d, (nm) ¢, (°) Electronic behavior

1 0.80+0.05 1.0:0.1 0.70.1 25-1 (12,-1) 0.90 25.7 Semiconductor
Semiconductor (13-1) 0.98 26.0 Semiconductor
(14,-1) 1.06 26.3 Metal

2 1.95+0.05 1.270.09 0.7#0.1 20+1 (14,3 1.23 20.5 Semiconductor
Metal (15,3 1.31 21.1 Metal

that the STM tip is close to the nanotube and in the case ofhe calculated images in Fig(l®) show the remarkable re-
the first tube even in contact. In view of these small values isult that the lattice contrast deviates considerably from a hex-
is likely that the nanotubes are compressed during imaginggonal lattice, even for a perfect single-atom tip. Comparing
due to the forces exerted by the STM tip. The effectivethe experimental images to these calculations, good resem-
stretching of the image perpendicular to the nanotube axiblances are observed. The most prominent features for the
probably deviates from (£ h/r) due to a tip shape that is near-zigzag nanotube 1 are the white protrusions, which also
more complicated than a single atom and possibly also beappear clearly in the calculated images. The rectangular
cause of the compression of the nanotubes by the STM tishape of these protrusions does not come out very clearly in
The procedure to obtain the correct chiral angle by decreaghe STM images. It may be expected however that the de-
ing the image in the direction is independent of the exact tailed structure will be influenced by the STM tip shape.
amount of stretching however.
The apparent height method yields anomalously small VI. SUMMARY
values for the diameted,,, which is most likely due to the o
above-mentioned flattening of the nanotubes by the STM tip 't has been demonstrated that ther() indices for a
during imaging. This method thus appears to be unreliableSPecific naljotube can be |(jent|f|ed from STM measurements
We instead determine the diametets: _ found from the by_ measuring _both the _chlral angle an_d the dlameter: The
. . sub . chiral angle¢ is determined from atomically resolved im-
subband separations in the DOS. The experimental resul es. These images have to be corrected to account for a
for both nanotubes are compared in Table Il to theoreticaggometric distortion that otherwise show 15-70 % overesti-
values 9f¢¥ and d, calcullated for nanot.ubes With. i_ndices mated chiral angles. Diametedscan be obtained from the
(n,.m) yleldln.g the. best f|tos. The error In deter.mlnlng t.he tunneling DOS, since the energy subband separations are re-
chiral angle is typically~1°. The error in the diameter is |40 tg the diameters. Two nanotubes, one semiconducting
~0.1 nm and is mainly determined by an uncertainty§) 304 one metallic, were presented as examples for wiich
The measurement uncertainty area is indicated for nanotu%d d were obtained. For both nanotubes,rf) indices
2 as the hatched area n Fig. 1. For nano.tub'e Lcould be found that fit to the experimentally determingd
(12,-1), (13,~1), and (14,-1) fit to the observed chirality ;44 and electronic behavior. We conclude that, within the
and diameter. Howeverl4,~1) can be ruled out as & pos-  certainty of the measurements which is 1° doand 0.1

sibility since nanotube 1 is semiconducting. Nanotube 2 fit§1rn for d. it is indeed possible to obtain accurate fits of the
to (14,3 and (15,3, as can also be seen in Fig. 1, but, since(n m) inaices P

it is metallic, (15,3 can be singled out as the only candidate.
In general, fitting the indices for metallic nanotubes is some-
what easier since only one third of all possibfert) nano-
tubes is metallic. We thank J. Janssen, S. Lemay, J. Widdand A. Rubio
The experimental images are compared to calculated imfor help and discussions and L. Kouwenhoven for support.
ages in Fig. 4) for nanotubes with indice$13,—1) and The work at Delft was supported by the Dutch Foundation
(15,3. These calculations are done by using a tight-bindingor Fundamental Research of Matt@fOM). The work at
m-electron Hamiltonian as described by Meuréeal!® The  Namur was partly performed under the auspices of the inter-
tip was taken as a single atom with arorbital, as in the university research program on Reduced Dimensionality
Tersoff-Hamann theor$, and the corresponding tip density SystemgContract No. PAI-IUAP N. P4/1Qinitiated by the
of states was assumed to have a Gaussian shape. Input [@elgian Federal OSTC. V.M. acknowledges a grant from the
rameters for these calculations are timen@) numbers and Belgian Fund for Industrial and Agricultural Research
the tunnel distanch between the STM tip and the nanotube. (F.R..A).
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