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Carbon nanotubes' are predicted to be metallic or semiconduct-
ing depending on their diameter and the helicity of the arrange-
ment of graphitic rings in their walls>>. Scanning tunnelling
microscopy (STM) offers the potential to probe this prediction,
as it can resolve simultaneously both atomic structure and the
electronic density of states. Previous STM studies of multi-walled
nanotubes®’ and single-walled nanotubes (SWNTs)'" have pro-
vided indications of differing structures and diameter-dependent
electronic properties, but have not revealed any explicit relation-
ship between structure and electronic properties. Here we report
STM measurements of the atomic structure and electronic prop-
erties of SWNTs. We are able to resolve the hexagonal-ring
structure of the walls, and show that the electronic properties
do indeed depend on diameter and helicity. We find that the
SWNT samples exhibit many different structures, with no one
species dominating.

The diameter and helicity of a defect-free SWNT are uniquely
characterized by the vector ¢, = na, + ma, = (n, m) that connects
crystallographically equivalent sites on a two-dimensional graphene
sheet, where a; and a, are the graphene lattice vectors and n and m
are integers (Fig. 1). Electronic band structure calculations®”
predict that the (n,m) indices determine the metallic or semicon-
ducting behaviour of SWNTs. Zigzag (1,0) SWNTs should have two
distinct types of behaviour: the tubes will be metals when n/3 is an
integer, and otherwise semiconductors’™. As ¢, rotates away from
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(n,0), chiral (n,m) SWNTs are possible with electronic properties
similar to the zigzag tubes; that is, when (21 4 m)/3 is an integer the
tubes are metallic, and otherwise semiconducting. The gaps of the
semiconducting (#,0) and (n,m) tubes should depend inversely on
diameter. Finally, when ¢, rotates 30° relative to (n,0), n = m. The
(n,n) or armchair tubes are expected to be truly metallic with band
crossings at k = = 2/3 of the one-dimensional Brilluoin zone. It
has been suggested that SWNT samples produced by laser
vaporization'' and arc'’ methods consist predominantly of (10,10)
metallic armchair tubes.

We have carried out STM measurements in ultra-high vacuum at
77K on purified SWNT samples produced by laser vaporization'.
Typical atomically resolved images of a SWNT on the surface of a
rope, which consists of parallel tubes'', and isolated SWNTs on a
Au(111) substrate are shown in Fig. 2a and b, respectively. Figure 2a
shows the expected honeycombe lattice for a SWNT with a C-C
spacing of 0.14 * 0.02 nm. The chiral angle is readily determined by
identifying the zigzag tube axis direction (the line connecting sites
separated by 0.426 nm) relative to the sample tube axis. This shows
quite clearly that the tube is chiral with an axis orientated at an angle
of — 8.0 = 0.5° relative to that for a zigzag nanotube. As the tube
axis is perpendicular to ¢y, this corresponds to the angle between ¢y,
and (n,0) in Fig. 1. From this angle and the measured diameter of
1.0 = 0.05 nm, we can assign (#n,m) indices of either (11,2) or (12,2);
the angle/diameter for (11,2) and (12,2) are —-8.2°/0.95nm and
—7.6°/1.03 nm, respectively. We note that an (11,2) tube is expected
to be metallic, whereas a (12,2) tube should be semiconducting. The
helicity of the lower isolated SWNT in Fig. 2b was determined in a
similar manner, yielding a chiral angle of —11.0 £ 0.5% the
diameter of this tube is 1.08 = 0.05nm. These parameters match
closely the values expected for a (12,3) tube, =10.9°/1.08 nm, and
reasonably exclude other choices of indices.

Central to the work reported here is our ability to characterize the
electronic properties of the atomically resolved nanotubes by
tunnelling spectroscopy. Specifically, current (I) versus voltage
(V) was measured at specific sites along the tubes and differentiated
to yield the normalized conductance, (V/I)dI/dV;, which has been
shown" to provide a good measure of the main features in the local
density of electronic states (LDOS) for metals and semiconductors.
The gradual increase in current in the I-V data (Fig. 2¢, d) recorded
on the SWNTs imaged in Fig. 2a, b shows qualitatively that both
tubes are metallic. The LDOS determined from data sets recorded at
different locations along the tubes are very similar, demonstrating
the reproducibility of the measurements; furthermore, the LDOS
for both tubes are roughly constant between —600 and +600 mV as
expected for a metal. Small variations in the LDOS with energy are
not significant and arise from noise in the data. These spectroscopy
results are similar to those obtained on the Au(111) substrate except
that the surface state 450 meV below the Fermi level is also
observed on the latter.

Figure 1 Schematic of a two-dimensional graphene sheet illustrating lattice
vectors a; and ap, and the roll-up vector e, = na, +ma,. The limiting cases of (n,0)
zigzag and (n,n) armchair tubes are indicated with dashed lines. As represented
here, the angle between the zigzag configuration and ¢y, is negative.
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The metallic behaviour of our (12,3) tube is in agreement with the
prediction that (2n + m)/3 is an integer, and additionally suggests
that the indices for the tube in Fig. 2a are (11,2) rather than (12,2).
We have also characterized a metallic, achiral zigzag SWNT with a
diameter of 0.95 = 0.05nm. This diameter is very close to the
expected 0.94nm diameter of a (12,0) tube, although possibly
indistinguishable from the 1.02 nm diameter expected for a (13,0)
tube. There are two other important points that these data address.
First, curvature in the graphene sheet of a SWNT should cause
the w/o bonding and 7*/¢* antibonding orbitals on carbon to
mix and create a small gap at the Fermi level in these metallic
tubes™. We have not observed evidence for this small gap,
although it is possible that the thermal energy at 77K, 7 meV,
smears the gap structure predicted to be of the order of 8 meV
for a (12,0) tube’. Second, the LDOS recorded on metallic
SWNTs in a rope and isolated on the substrate are similar, thus
suggesting that inter-tube interactions do not perturb the
electronic structure on an energy scale of 77 K.

We have also characterized a number of semiconducting SWNTs
in our studies. Indeed, more than half of the SWNTs observed either
as isolated tubes or in ropes were found to be moderate gap
semiconductors. A typical example of the atomically resolved
structural and tunnelling spectroscopy data obtained from isolated
SWNTs is shown in Fig. 3. Analysis of the image (Fig. 3a) shows that
the upper tube has a chiral angle of 11.2 * 0.5° (that is, opposite
helicity to the tubes in Fig. 2) and a diameter of 0.95 = 0.05 nm.

Figure 2 Atomic structure and spectroscopy of metallic SWNTs. STM images of a,
a SWNT exposed at the surface of a rope and b, isolated SWNTs on a Au(111)
substrate. The images were recorded in the constant-current mode with bias
voltages of 50 and 150 mV, respectively, and tunnelling current of 150 pA. The
images were low-pass filtered. The tube axes in both images are indicated with
solid, black arrows, and the zigzag direction are highlighted by dashed lines. A
portion of a two-dimensional graphene layer is overlaid in a to highlight the
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These angle/diameter constraints agree best with the 11.7°/1.0 nm
for a (14,—3) tube, although the 10.9°/1.08 nm angle/diameter of the
next closest (15,-3) indices are close to our uncertainty. The -V
data recorded with this atomic-resolution image (Fig. 3b inset)
shows distinctly different behaviour from the metallic tubes and is
consistent with a semiconductor; that is, the current is very small for
— 300 < V < +400 mV but increases sharply when | V| is increased
further. The calculated (V/I)dI/dV shows sharp increases at =325
and +425 mV that correspond to the conduction and valence band
edges in the LDOS, and thus we assign a bandgap of 750 meV.

The observed semiconducting behaviour is consistent with the
expectation that a (14,—3) tube should be a moderate gap semi-
conductor (that is, (21 + m)/3 is not an integer). In addition, we
have observed similar semiconducting behaviour for other chiral
and zigzag tubes characterized with atomic resolution. A summary
of the energy gaps (E,) obtained from these measurements for tubes
with diameters between 0.6 and 1.1 nm is shown in Fig. 3c. These
results show the expected' 1/diameter (d) dependence, and can be
fitted to E, = 27y,ac_c/d, where y, = 2.45 eV is the nearest-neighbour
overlap integral and ac_c is the C—C distance. Significantly, this
value of vy, is in good agreement with the value (2.5 eV) determined
from calculations', and provides an additional consistency check in
this work.

Our observation of semiconducting and metallic SWNTs with
subtle changes in structure clearly confirm the remarkable electro-
nic behaviour of the nanotubes that may be exploited in future
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atomic structure. The symbols in a and b correspond to the locations where
/-V were measured. The two parallel tubes in b could correspond to distinct
tubes or to an image of one tube by two tips, although the interpretation of our
results is not affected by either explanation. e, d, Calculated normalized
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Figure 3 Structure and spectroscopy of semiconducting SWNTs. a, Constant
current image of isolated SWNTs on a Au(111) surface recorded with a bias
voltage of 300mV and a tunnelling current of 150 pA. The solid, black arrow
highlights the tube axis, and the dashed line indicates the zigzag direction. b,
Calculated normalized conductance and measured /-V (inset) data from the

applications. We believe that these results also have significant
implications for the present. First, the data show a richness of
structures (and electronic properties), and indicate that no one
SWNT type dominates. This observation contrasts with previous
suggestions'""” that SWNTs prepared by laser vaporization consist
primarily of (10,10) armchair tubes. Because our STM measure-
ments are biased towards SWNTs that have separated from the outer
portion of ropes, it is possible that this discrepancy reflects a rope
structure in which (10,10) armchair tubes lie at the core and are
surrounded by structurally diverse tubes. We believe that it will be
possible to test this idea by cutting and etching the ropes (J. Liu, R.
E. Smalley, TW.O.,, J.L.H., PX. and C.M.L., work in progress); such
results could help to elucidate the growth mechanism.

The presence of a large fraction of semiconducting nanotubes
should be considered when interpreting electrical measurements
that probe the bulk properties of ropes, such as the temperature-
dependent resistivity'® and doping-induced changes in electrical
conductivity'. Por example, the cross-over in resistivity with
temperature'® could have a trivial explanation in terms of vari-
able-range hopping between metallic tubes separated by semicon-
ducting tubes. We believe that STM characterization combined with
growth and purification studies will provide a rational pathway for
producing structurally homogeneous samples of nanotubes in the
future. O
Methods
SWNT samples were prepared by laser vaporization'', and deposited by spin-
coating organic suspensions onto Au(111) surfaces. Immediately after deposi-
tion, the substrate was loaded into an ultra-high vacuum (UHV) chamber and
transferred under vacuum to the UHV STM that was stabilized at 77 K. Atomic
force microscopy and field-emission scanning electron microscopy showed
that the samples consisted primarily of SWNT ropes spaced ~10 pm apart.
Imaging and spectroscopy measurements were made using etched tungsten tips
with the bias (V) applied to the tip. The resolution and calibration of the STM
were confirmed in situ by imaging the Au(111) atomic lattice and steps. The
nanotube diameters were determined by deconvolution of the tip radius from
the observed images; typically, 400 cross-sections were averaged and used in the
deconvolution. The parameters obtained from this model were reasonable and
in agreement with those obtained from Au steps in the same experiments.
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Spectroscopy measurements were made by recording and averaging 5-10 I—
V curves at specific locations on atomically resolved SWNTs. Typically, 6-8
distinct locations were measured for a given atomic image. To ensure the
reliability of these measurements we routinely checked that clean areas of the
Au(111) substrate showed typical metallic I-V behaviour and the expected
two-dimensional surface state', and that I varied exponentially with tip—
sample separation. The normalized conductance (V/I)dI/dV was calculated
from digital I-V data using standard methods".
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