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We have developed a novel iterative experimental-theoretical technique which can identify the
atomic structure of defects in many-atom nanoscale materials from scanning tunneling microscopy and
spectroscopy data. A given model for a defect structure is iteratively improved until calculated
microscopy and spectroscopy data based on the model converge on the experimental results. We use
the technique to identify a defect responsible for the electronic properties of a carbon nanotube
intramolecular junction. Our technique can be extended for analysis of defect structures in nanoscale

materials in general.
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Nanoscale materials [1,2] have unique physical prop-
erties radically different from their bulk and extended
solid equivalents. By tuning their structure, elemental
composition, and size scale, a multitude of novel and
useful properties can be obtained [3]. Particularly, be-
cause of the limited size scale of nanoscale materials,
atomic scale defects are one of the most influential factors
in determining their physical properties [4]. Thus, study-
ing defects is important to enhancing the utility of these
materials.

However, imaging techniques are limited at the atomic
size scale, and the lack of proper analytical methods
greatly hinders investigations of defects. Scanning elec-
tron microscopy cannot generally achieve sufficient reso-
lution. Transmission electron microscopy can resolve
atomic scale features but its resolution is limited for
low mass elements [5,6]. Atomic scale resolution can
readily be achieved using scanning tunneling microscopy
(STM), but in any given STM image, local electronic
densities of states and atomic structures are meshed to-
gether [7-12]. It is possible [13—16] to decipher the STM
images of surface defects by calculating theoretical STM
images and tunneling spectra of proposed models for the
defects and comparing these to the experimental data. We
have developed a novel iterative process which enables
previously developed techniques to be reliable extended
to complex systems involving a large number of atoms. In
our process, a working model of the defects is systemati-
cally and iteratively improved until a match is obtained
between the theoretical and the experimental data. In this
Letter we apply our technique to identify the atomic
structure of the most dominant defect in a carbon nano-
tube intramolecular junction.

Defects on carbon nanotubes are technologically im-
portant [17]. Single-wall carbon nanotubes, which are
typically 1 nm in diameter, can be metallic or semicon-
ducting depending on their helicity [17-19]. Individual
nanotubes can be electrically contacted to yield func-
tional nanoscale devices [20,21] useful for applications
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such as gas sensing [22,23]. It has been predicted [24] that
even smaller electronic devices can be fabricated by join-
ing nanotubes of different helicity. Such junctions can be
formed by an insertion of topological defects into an
otherwise perfect hexagonal bond network. The simplest
and most elegant topological defect is a pentagon-
heptagon pair (5-7 pair) defect. Several studies of intra-
molecular junctions (IMJs) using STM [25-28] and elec-
tronic transport measurements [29] have been reported
previously. However, so far, identification of the exact
atomic structure responsible for electronic properties at
IMIJs has not been achieved. Our analysis reveals a 5-7
pair to be the most dominant defect at a particular nano-
tube junction.

We begin by performing thorough scanning tunneling
microscopy and spectroscopy (STS) measurements on a
nanotube intramolecular junction. Our experimental pro-
cedure as described in [30] is similar to previously re-
ported STM and STS experiments on carbon nanotubes
[26—28,31]. The experimental data are then used as con-
verging parameters for our iterative procedure to derive
the atomic structure at the junction.

Figure 1 displays a bird’s-eye view of a three-
dimensional rendering of a constant current STM image

Segment A

FIG. 1 (color). A bird’s-eye view STM image of the nanotube
junction acquired with Vg = +500 mV and  [yppe =
0.20 nA.
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of a nanotube (which is not in a nanotube bundle) lying
directly on the substrate. The junction located in the
center of Fig. 1 joins two segments of the nanotube having
different helicities. The periodicity of the features re-
solved suitably distant from the junction is consistent
with a 4.26 A periodicity of an electronic superstructure
which is often observed on carbon nanotubes [32,33].
Using a procedure described in [31], tube indices are
determined from our microscopy and spectroscopy data
[34]. Segment A, which is located to the left of the
junction, is best described by a (29,5) index while
segment B, located to the right of the junction, is con-
sistent with (21, 3). Theoretically, nanotubes having these
indices are metallic. In all subsequent relevant figures,
segment A is to the left and segment B is to the right of the
topographic images.

Spatially resolved tunneling spectra shown in
Fig. 2(b), acquired at various locations indicated in
Fig. 2(a), reveal a junction-localized electronic state cen-
tered approximately at +400 mV in the unoccupied
states. The tunneling spectra acquired away from the
junction show van Hove singularities (VvHSs) expected
for pristine nanotubes indicated by arrows in the figure.
For segment A, vHSs are located at +442 and —429 mV,
while for segment B they are at +481 and —770 mV. The
spectrum at point 1 differs from the intrinsic spectrum
for segment A. Unlike the intrinsic spectrum of
segment A, there are no strong features in occupied states
(negative Vmpie), and the electronic density of states at
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FIG. 2 (color). (a) An STM topography image acquired with
Vample = 7500 mV  and  Iyppe = 0.20 nA. The numbered
points on the image indicate where dI/dV spectra in (b) are
acquired. Segment A is to the left and segment B is to the right
of the image. (b) Comparison of spatially resolved spectra on
the junction at points 1 through 5 in (a), and spectra acquired on
segment A and segment B acquired approximately 5 nm away
from the junction. Arrows indicate the locations of van Hove
singularities.
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+500 mV in the unoccupied states is close to zero. Thus,
the feature appearing centered on +400 mV in the un-
occupied states is the manifestation of the localized elec-
tronic state at the junction which coincidentally exists at a
similar energy level as the intrinsic unoccupied state vHS
of segment A. This electronic state has a broad energy full
width of approximately 200 mV. The feature due to the
localized electronic state weakens in strength near
segment B, as shown in the spectra acquired at points 4
and 5. The intrinsic vHSs of segment B become apparent
in the spectra acquired far away from the junction region.

Bias dependent topography images of the junction are
shown in Figs. 3(a) and 3(b). In these figures, whiter areas
indicate regions with higher integrated density of elec-
tronic states [35]. Because the localized electronic state
exists at +400 mV with a full width of 200 mV, if we
compare STM images acquired with a sample bias volt-
age of +300 mV to one obtained with a +500 mV sam-
ple bias, the spatial extent of the state should be revealed.
At +500 mV sample bias, as shown in Fig. 3(a), a com-
plex wave pattern is observed over the junction with
periodicities varying from 1.6 to 3.7 A depending on
direction and location. When the sample bias is lowered
to +300 mV, as shown in Fig. 3(b), the wave pattern
disappears. The complex wave pattern, which appears in
Figs. 1 and 3(a), indicates the spatial distribution of the
localized electronic state.

Although the energies and the spatial extent of the
localized electronic state can be determined from the
experimental data shown in Figs. 1-3, these data by
themselves are not sufficient to determine the local
atomic defect structure of the junction [26]. In order to

(b)"

FIG. 3 (color). Detailed topographic images of the junction
acquired with (a) Vmpe = +500 mV and /¢ = 0.20 nA and
(b) Viample = 1300 mV and Iy = 0.20 nA. Black dots on (a)
and (b) indicate the same location on the junction.
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determine the defect structure responsible for the junc-
tion, we begin by building model junctions containing
multiple 5-7 pair defects joining nanotube segments with
experimentally determined chiral indices. These models
must reproduce the observed geometry of the junction,
such as the junction angle and corrugation observed at the
junction. For example, in this specific junction, since a
large corrugation is not observed, 5-7 pair defects on the
top side (the side of the nanotube visible to STM imaging)
must have the pentagon and the heptagon adjacent to each
other. After this initial model building process, we sub-
ject the candidates to theoretical calculations to obtain
both local density of states (LDOS) in the junction region
and theoretical STM topography images. While compen-
sating to keep the junction angle and corrugation consis-
tent with the experiment, adjustments to the models are
made until a match to the experimental data is obtained.
Our analysis yields a model, shown in Fig. 4, containing
two 5-7 pairs. One 5-7 pair is on the top side of the tube
and is responsible for the electronic properties observed
in the experiment. The other 5-7 pair, necessary to repro-
duce the junction angle, is on the other side of the nano-
tube and is “hidden” from the STM imaging. For this
second pair, the pentagon and the heptagon do not lie next
to each other. The second pair does not contribute signifi-
cantly to the electronic properties on the top side of the
junction. For the theoretical calculations we use a one-
electron tight-binding method with a nearest neighbor
hopping energy of —2.66 eV. Green’s function is calcu-
lated using a numerical generalization of a previously
developed formalism [36]. The on site energy in the
(21, 3) nanotube is lowered by 140 mV to mimic the
observed locations of the vHSs of the nanotubes.

With the help of the constructed model, we identify the
center of the wave pattern seen in Fig. 1 to be a 5-7 pair
defect. Figure 5(b) shows theoretical LDOS spectra at six
atomic sites of a particular hexagon highlighted on the
wire frame picture of our model junction. The hexagon is
chosen because it is spatially close to where the experi-
mental spectra are acquired and to show the typical local
variation of the LDOS spectra in the junction region. The

Segment B
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FIG. 4 (color). Theoretical model of the junction. There are
two pentagon-heptagon pair defects in the model. One is visible
and highlighted in the figure. The other pair is on the hidden
side of the tube and is not accessible by the experiment.
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calculated LDOS spectra show localized features at the
junction only between +300 and +500 mV in the unoc-
cupied states. At the representative hexagon in Fig. 5(a)
there are features near +400 mV at carbon atoms 1 and 3,
and between +350 and +500 mV at the other sites, as
shown in Fig. 5(b). In reality, the STM tip samples more
than one atomic site and we anticipate the tip to average
out these features. The experimentally observed energy
width of the localized state [Fig. 2(b)] is consistent with
our calculations. In the occupied states, no junction-
specific features appear in the model in agreement with
the experiment. In addition, using the LDOS calculations,
we have computed theoretical STM images at various
sample bias voltages using a method previously devel-
oped by others [37]. As shown in Fig. 6(a), at a sample
bias voltage of +500 mV, a wave pattern appears at the
junction near the 5-7 pair with periodicities of 2.1 and
3.7 A,in agreement with the STM topography measure-
ments. Figure 6(b) shows that the wave pattern disappears
for a +300 mV sample bias, again in agreement with the
experiment. Our model junction has properties equivalent
to the measured properties particularly near the black
dots in Figs. 3(a) and 3(b). Hence, there is a 5-7 pair
defect at the location indicated by the black dot, and the
defect is the dominant contributor to the electronic prop-
erties of the junction.

Our technique relies on STM or STS, which can
achieve atomic scale resolution on many nanoscale ma-
terials deposited or assembled on conductive substrates
[1]. The theoretical part of the technique is also not
specific to carbon nanotubes but is applicable to many
nanoscale materials. Thus, our integrated experimental
and/or theoretical technique can be used to investigate
how defects influence physical properties of nanoscale
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FIG. 5 (color). (a) A wire frame model of the junction near
the visible 5-7 pair defect. Numbers on a highlighted hexagon
indicate atomic sites where local electronic densities of states
shown in (b) are calculated. Segment A is to the left and
segment B is to the right of the wire frame model. (b) The
local densities of states at atomic sites on the highlighted
hexagon in (a).
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FIG. 6 (color). Calculated STM images for (a) Vgmpe =
+500mV and (b) Vmpe = +300 mV.

materials in general. We anticipate that the technique can
be used to explore problems such as the exciton lifetimes
in quantum dots [38], influence of defects on transport
[39], and mechanical properties [4] of nanotubes, nano-
wires, and nanocrystals.
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