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Atomic and electronic structure in collapsed carbon nanotubes evidenced by scanning tunneling
microscopy
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The electronic behavior of a radially collapsed armchair carbon nanotube encountered by scanning tunneling
microscopy experiments is presented in a study that probes the electronic changes directly associated with the
atomically resolved structural perturbations. The finite density of states obtained through scanning tunneling
spectroscopy at the Fermi energy when the interspacing of the flattened faces does not allow for bond forma-
tion suggests that the electronic properties are slightly modified under mild radial deformations and provides a
striking verification of previous theoretical predictions and discussions. The study clearly illustrates the chal-
lenges to be faced in the contacting of future nanowires, predicted to be the active component in integrated

circuits.
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INTRODUCTION

Scanning tunneling microscopy (STM) experiments can
be used to examine the properties of carbon nanotubes,
which are predicted by atomistic calculations, and to verify
the electronic properties expected by measurement of the lo-
cal density of states in these one-dimensional structures.
However, these materials are not always perfect hexagonal
lattice cylinders and they can develop defects during their
growth, processing, or characterization. Structural deforma-
tions have often been observed in STM and atomic force
microscopy (AFM) experiments on carbon nanotubes reveal-
ing bent and twisted tubes."> Some of these defects are also
associated with a rearrangement of atoms and bonds which
will impact on the band structure, affecting thus the elec-
tronic properties of the tube. AFM experiments and molecu-
lar mechanics simulations' have shown that the van der
Waals forces between nanotubes and the substrate on which
they are placed can lead to significant deformations of their
structure as nanotubes tend to follow the topography of the
substrate in order to maximize their adhesion energy. In this
process, buckles or kinks can develop in the nanotube struc-
ture, when the strain accumulated exceeds a structural limit.
STM and scanning tunneling spectroscopy (STS) measure-
ments on kinklike structures have shown that they seam-
lessly connect metallic and semiconducting parts of the same
tube,* in agreement with theoretical predictions that two
nanotubes with different chiralities can be connected to-
gether by a pentagon-heptagon pair.

A different type of deformation, predicted theoretically
and evidenced experimentally by transmission electron mi-
croscopy and AFM,%7 refers to the carbon nanotubes’ suscep-
tibility of collapsing radially into a flattened tube with bulbs
on either edge, in a geometry that balances the curvature
energy with the interlayer interaction.® In this case, the large
radial deformations are stabilized by the intersheet attraction
between opposing sides of the wall. It was shown that col-
lapse is favored in large tubes: as the tube circumference
increases, the excess curvature energy in the bulbs becomes
constant, while the energetic advantage of the intersheet at-
traction increases linearly.”°
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Depending on the nanotube diameter, a map of stability
was obtained by atomistic simulations for the deformation of
an (n,n) armchair single-walled carbon nanotube (SWNT),
showing the possible regimes for partially and fully col-
lapsed nanotubes and revealing the influence of the commen-
surability of the constituent layers, which induces further
mechanical deformations beyond the flattening, such as
twisting and warping.!!

In view of using carbon nanotubes for fabricating elec-
tronic devices, it is important to understand to what extent
these deformations affect their electronic properties. Theoret-
ical studies have also been performed in order to identify the
correlation between the structural perturbations and the
change in the electronic properties, and some of these studies
predict remarkable changes. For example, the electronic
properties of a squashed armchair nanotube determined using
tight-binding molecular dynamics calculations demonstrate a
metal to semiconductor transition upon squashing the
nanotube.!>!3 Similar deformations increase the gap in
small-gap zigzag tubes, and gap closure can occur due to
enhanced o -7 hybridization effects.'*

We present here observations of a collapsed carbon nano-
tube encountered by STM experiments and confirm changes
in the electronic properties due to structural perturbations, in
a study that correlates the atomically resolved structure to the
electronic behavior of the deformed tubes as studied by STS.

EXPERIMENTAL DETAILS

For STM experiments, a suspension of carbon nanotubes
was prepared by sonication in 1,2-dicholoroethane for ap-
proximately 15 min and then drop casting on Au substrates
prepared as described in Ref. 15. The sample was left in the
fast entry lock of the system prior to introducing it into the
STM chamber and pumped overnight to allow for the speci-
men to outgas. The instrument used for the STM studies is a
commercial Omicron STM/SEM HC, combining STM with
scanning electron microscopy. Prior to STM experiments,
scanner calibration was carried out on highly oriented pyroli-
tic graphite (HOPG), which also helped with assessing the
quality of the tip by rendering the atomic resolution. STM
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tips were electrochemically etched W wire prepared imme-
diately before introducing them into the UHV chamber and
their cleanliness was checked against HOPG. I-V curves re-
corded periodically during experiment on clean regions of
the Au substrate displaying metallic behavior also provide
confirmation of a suitably clean STM tip. All measurements
were carried out at room temperature in constant current
mode. Typical scanning conditions used with this sample
were 0.1 nA for the tunneling current and a positive sample
bias of 0.1 V. The STS measurements were performed by
interrupting the scanning and the feedback at preset locations
and recording the tunneling current variations during the
sample bias ramp (usually between —2 and +2 V). STM im-
ages were processed using WSxM software.*

RESULTS AND DISCUSSION

The STM experiments revealed a few separate occur-
rences of nanotubes clearly showing radial deformation of
tubes, flattened to ribbonlike structures, indicating the forma-
tion of collapsed configurations, as illustrated by Figs. 1(a)
and 1(b). The carbon nanotube (CNT) in Fig. 1(a) displays
two distinct sections, also seen when examined at higher
magnification in Fig. 1(b) a flat ribbonlike shape along its
length in the central region and a bulblike shape at each side
of the edges. As also indicated by a cross-sectional profile
along a line perpendicular to the nanotube axis [Fig. 1(c)],
this particular shape suggests a centrally collapsed nanotube.

The atomically resolved image allows for the determina-
tion of the tube chiral angle. The chiral angle and the tube
diameter are linked to the chiral indices (n,m) of the tube
which determine whether a SWNT will be a metal or a
semiconductor.'®!” The chirality determination in the case of
carbon nanotubes is complicated by the finite size of the
STM tip and the circular shape of the tube. The geometry of
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FIG. 1. (Color online) STM
images of the collapsed tube. (a)
Atomically resolved STM image
showing the centrally collapsed
carbon nanotube and (b) a
zoom-in image of the nanotube
shown in (a). The dark spots on
the surface of the nanotube wall
represent the centers of the hexa-
gons of the nanotube lattice. De-
rivative image is shown as it re-
veals enhanced borders and more
contrast, highlighting the distinct
features of the tube. (c) Typical
height profile obtained by averag-
ing over 15 cross-sectional pro-
files across the tube.

the tip apex results in convolution effects, producing an ap-
parent broadening of the nanotube, whereas the circular
shape of the tube, combined with the tendency of the tunnel-
ing current to follow the shortest path, induces distortions in
the STM image of the nanotube lattice, making it to appear
stretched in the direction perpendicular to the tube. '8

Generally, for an accurate diameter determination, models
for deconvoluting the tip contribution are employed,?' which
might not yield a very precise determination in the present
case due to the noncircular shape of the nanotube and to the
unknown geometry of the STM tip.

For the present case, a good estimation of the tube diam-
eter for the collapsed case would be given by total-energy
calculations which take into account the interlayer attraction
between the opposing walls. Our estimation for the diameter
of the tube in its uncollapsed state uses standard geometry,
assuming that the cross section of the collapsed tube can be
represented by the shape shown in Fig. 2(a), where the two
bulbs at the edges modeled to have circular cross sections are
joined by a flat region of length [. The diameter of the tube in
its uncollapsed state was determined by averaging between
two extreme cases, as illustrated in Figs. 2(b) and 2(c). One
case corresponds to the situation wherein the opposing inter-
nal faces of the tube come into contact (d=0), as shown in
Fig. 2(b), whereas for the other case, the tube is only flat-
tened without an inflexion in the central region [Fig. 2(c)].

Using the notations introduced in Fig. 2(b), the perimeter
of the collapsed tube can be written to a gross approximation
as twice the perimeter of two semicircles joined by the
length [:

P otiapsea = 2(mr + wry+ 1) with [=L—2r) = 2r,.

Because the perimeter of the tube should remain constant in
either the collapsed or the uncollapsed state, we can estimate
the diameter D of the uncollapsed (cylindrical) tube from
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FIG. 2. Geometrical represen-
tation of the collapsed tube. (a)
Cross section of a collapsed CNT.
L denotes the apparent width of
the collapsed tube, / the length of
the flat region, and d the interlayer
distance. The bulbs are approxi-
mated by circles of radii r; and r5,

respectively. The crosssection of
the collapsed tube is modeled by
two extreme cases: minimum in-
terlayer distance (d=0) in (b) and

ry { r r

maximum interlayer distance in

r2 (c).

(b)

Pcollapsed = Puntollapsedz WD’ D= 2/7T[L + (77 - 2)(1"1 + r2)]'

With L, r, and r, derived from the experimental line profiles
as the one shown in Fig. 1(c) a value of 2.98 nm is obtained
for the diameter of the undeformed tube. The values for
L(3.47 nm), r;(0.5 nm), and r,(0.5 nm) were obtained by
averaging measured data points from 15 line profiles across
the tube.

For the case presented in Fig. 2(c), corresponding to a
lower attraction between the walls than in the previous case,
but still greater than the curvature energy, the diameter can
be estimated from

Pcollapsed: (’777”1 + 7y + 21) = Puncollapsed =mD with /=L
—ry—nr.

The experimental values for L, r;, and r, yield a 2.61 nm
value for the diameter D, which by averaging with the value
obtained in the previous case (2.98 nm) gives an estimated
value of ~2.79 nm for the tube diameter D in its uncollapsed
state.

The estimated value of the uncollapsed tube diameter can
give an indication of the number of constituent layers for the
tube under investigation. When measuring the tube heights in
relation to the surface from the experimental cross-sectional
profiles, we estimate a value of ~0.40 nm for the distance d
between the opposing walls. This interspacing distance can
only be consistent with a SWNT, as it is of the order of the
typical interlayer value for graphite (0.34 nm). A double-
walled nanotube would yield a value equal to three times the
graphite interlayer spacing, i.e., ~1.02 nm for the distance
between the two flat faces of the outer tube, which clearly is
not the case here and therefore we conclude that it is a
SWNT.

Having determined the diameter, we can now estimate the
chirality of the SWNT based on the atomically resolved im-
age. In order to avoid contributions coming from the sides of
the tubes, the chiral angle is best measured on the structure
visible on top of the tube, as sides can be distorted by the
effects stated above.?? For the present case, the structure at

(©

the top of the nanotube is reasonably flat on a sufficiently
large scale as to ensure that these effects do not affect the
correct chiral angle, which gives a value of 30°. Careful
analysis of the C hexagons on the bulbs reveals that their
alignment is such that the C-C bonds are oriented perpen-
dicular to the tube axis, giving a chiral angle of 30°, charac-
teristic to the unique armchair-type structure. Closer inspec-
tion also reveals fluctuations within (2°-3°) of the angle
between the armchair and the zigzag direction from 90°
which is generally the value for an armchair tube. These
fluctuations could be the result of a twist of the nanotube,
responsible for modifying the angle between the zigzag and
armchair direction,” as highlighted in Fig. 3 (inset), showing
the distortion of the hexagon as a result of a twist. The C-C

armchair

5.0 zigzag T

tube axis

normal twisted

(dI/dV)/(I/V) (arb.units)

(21, 21) cale. DOS
T

0
Bias Voltage (V)

FIG. 3. (Color online) Tunneling spectra recorded by STS on the
collapsed tube. The normalized differential conductance, which is a
measure of the DOS, was computed for the SWNT shown in Fig. 1.
The spectra were recorded on the flat central region and on the
bulbs at the edges of the nanotube as indicated by arrows. The
calculated DOS?* showing only the conduction band (due to sym-
metry reasons) for a (21, 21) SWNT is included for comparison and
shifted vertically for clarity. Also included is a schematic represen-
tation for the normal and twisted cases, illustrating the angle varia-
tion between the armchair and zigzag directions observed on the
collapsed tube (top right).
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bond alignment is such that the zigzag direction with respect
to the armchair fluctuates from 90°, while the armchair di-
rection remains on average perpendicular to the tube axis,
which is not the case for a chiral tube.

As recently shown,!! the commensurability between lay-
ers can be responsible for the formation of various deforma-
tion structures in collapsed nanotubes. Atomistic
simulations!! reveal that different stacking between the com-
mensurate and the incommensurate state induces the exis-
tence of a rotational shift between the two adhering layers in
the energy minimization process, which is responsible for
introducing a twist or a warping (a “~”" shape) structure. The
observed twist of the SWNT could thus be attributed to a
rotation of the two flat opposing layers toward a more ener-
getically stable structure, possibly toward achieving the per-
fect AB stacking, which was suggested to be a more stable
formation than the AA stacking.'®!! In addition to being the
result of the nanotube following the substrate features, vis-
ible distortions of the C hexagons and apparent height varia-
tions along the tube could also support a rotation of the flat
layers in the attempt of achieving a more energetically favor-
able structure.

A (21, 21) pair of chiral indices can be assigned to the
collapsed SWNT based on the values determined for the chi-
ral angle and diameter. We estimate an accuracy of 0.1 nm
and ~1° for the measurement of the diameter and chiral
angle, respectively. Such a tube is expected to exhibit metal-
lic behavior. It is well known that minor variations of the
diameter and wrapping angle can drastically affect the elec-
tronic properties of the CNTs. Here, however, due to the
special value of the chiral angle for this tube, the range of
possible diameters determined from the experimental cross-
sectional profiles will not change its metallic behavior. As
estimated above for the two extreme cases, the diameter can
vary between 2.61 and 2.98 nm, corresponding thus to four
possible values for the chiral indices n=m=19, 20, 21, and
22, all making the tube metallic. On the stability map of the
most energetically favorable (n,n) armchair structures,!! all
these possible chiralities belong to the collapse metastable
region, suggesting that there might exist other more favor-
able energetically structures, such as twisted or warped
SWNT.

To correlate the atomic structure of this tube to its elec-
tronic properties, STS spectra have been recorded along the
tube and the normalized differential conductance calculated
for each curve to yield the density of states (DOS).2* Spectra
were recorded at three different locations along the tube (cor-
responding to points close to the beginning, middle, and end
of the scan) on the flat central region and also at three other
locations on each bulb at the sides, showing reproducibility
and repeatability along the tube. The results are displayed in
Fig. 3.

Typical tunneling spectra recorded on the SWNT (Fig. 3)
show the peaks corresponding to the Van Hove singularities
at the onsets of the one-dimensional energy bands of the
carbon nanotube. The peaks are asymmetric and broadened
by the hybridization with the Au substrate, resembling well
the overall shape of the calculated DOS?* but observed to
have shifted by ~0.1 eV to the left, toward the valence band,
indicating doping by the substrate. The flat region at the left
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and right sides in the spectra taken on the collapsed region,
and so the absence of the second Van Hove singularity above
1 eV, is due to the preamplifier saturation and can also be
considered as evidence for the better conductivity we ob-
serve for the collapsed part.

The tunneling spectra can be used to determine the nano-
tube diameter, and as for a metallic nanotube theory predicts
the following relation for the separation between the energy
band edges: E, =6yac.c/d,”> where ac_c is the distance be-
tween two neighboring C atoms (0.142 nm) and d the diam-
eter of the nanotube. 7, is the value of the nearest neighbor
overlap integral, ranging from 2.4 to 2.9 eV.!1%2627 The
range of diameters so obtained for the currently investigated
nanotube is from 2.5 to 3 nm for a 0.8 eV separation, assum-
ing that the positions of the Van Hove singularities are not
affected by the radial deformation.

The most prominent feature, however, is the difference in
DOS at the Fermi level. The tunneling spectra recorded on
the central flat region show a finite DOS at the Fermi level,
which is consistent with the metallic nature, while on the
bulbs at either side of the tube an opening of a gap is ob-
served with a zero DOS, indicative of a semiconducting na-
ture. The zero DOS is consistent for all curves recorded on
the bulbs, but in contrast with the predicted metallic behavior
for an armchair tube.

An (n,n) armchair SWNT has n mirror planes containing
the tube axis, with two energy levels characterized by 7 and
m*, which are even and odd under mirror symmetry
operations.'* These levels are degenerate at the Fermi level,
resulting in metallic behavior. It was shown that when (n,n)
tubes are elongated and compressed in the axial direction,
while maintaining a circular cross section, the mirror sym-
metry is preserved and the metallic conduction remains.
However, radial deformation can break the mirror symmetry,
depending on the radial direction of the deformation,3!>!3
and when the tube collapses, the normally radially separated
areas of the nanotube are brought into close proximity and so
the low-energy electronic properties of the CNT altered. It
was predicted by theory!? that upon transverse collapse of
CNTs, metallic (n,n) tubes become semiconductors and
narrow-gap (3n,0) tubes can become metallic. Any gap in a
collapsed (n,n) nanotube arises purely from the coupling of
the interior faces of the flat region. The coupling mixes states
with k related by reflection across the tube axis and results in
quadratic energy dispersion, exhibiting a gap, which was cal-
culated to range from 0.04 to 0.2 eV at room temperature
and zero pressure for a (20, 20) tube.

Another study of the metal to semiconductor transition in
a squashed armchair nanotube involving tight-binding mo-
lecular dynamics'® shows that the metal to semiconductor
transition has to be driven by a combined effect of bond
formation and mirror symmetry breaking. To open a gap, the
atomic orbitals of the two flattened faces of the squashed
tube without mirror symmetry have to overlap with each
other and form new bonds. It follows that one condition for
obtaining a gap requires the distance between the two oppos-
ing walls to allow for the bond formation between equivalent
C atoms. The spacing we obtain between the two opposing
layers is of the order of ~0.40 nm, greater than 0.26 nm
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which is the length of an interplanar C-C bond. It is worth
stating that the possibility for the interlayer spacing to be
close to 0.26 nm is not completely excluded as the interlayer
spacing was obtained using height information extracted
from multiple cross-sectional profiles and the apparent height
profile is known to be highly dependent on the imaging con-
ditions (bias voltage, etc.), on the adsorption distance of the
nanotube above the substrate, and different tunneling dis-
tances on the nanotube and on the substrate. However, the
bonding alone cannot open a gap if the mirror symmetry is
preserved, and conversely, the mirror symmetry breaking
alone only induces a variation in the conductance, without
opening a gap.'? The mirror symmetry breaking is in direct
relation with the existence of the two equivalent sublattices (
A and B) of graphene. In reference to the A and B sublattices,
if the axis along which the tube is squashed passes through
two atoms of the same sublattice, the squashed tube will
break the mirror symmetry about that axis but it will be
maintained if the axis passes through atoms of different
sublattices.!?

In other words, AA stacking between the flat opposing
walls will break the mirror symmetry, and if the walls are
close enough so that A atoms bond with A atoms, a gap will
be formed upon squashing. For AB stacking, the mirror sym-
metry is preserved and the 77 and 7" bands cross without the
gap opening, regardless of whether a bond exists between the
two flattened faces. The exact stacking order for the flat re-
gion of our tube is difficult to determine from the existing
STM images as some of the C atoms appear brighter than
their neighbors, indicating thus the atoms having a C atom
directly underneath and the AB stacking, while other regions
display uniform brightness for all six atoms of the hexagons,
consistent with AA stacking.”® The AB stacking which does
not allow for the mirror symmetry breaking adds to the
bonding absence due to the observed large interlayer spac-
ing, making observing a gap in the flat region unlikely.
Mixed stacking could be related to the degree of commensu-
rability of the two flat opposing walls of the nanotube and
could also indicate an interlayer adjustment toward the more
favorable structure, such as translation or rotation of one
layer relative to the other and, a rotation could result in in-
troducing the observed twist.

The twist would be consistent with the gap opening in the
DOS observed on the bulbs, as a localized twist is a source
of electron backscattering and a uniformly twisted SWNT
opens a gap at the Fermi energy, in a metallic tube.?’ Based
on the determined value of the chiral angle which we believe
is not affected by the tip effect distortions, on the C-C bond
orientation and the mixed stacking we observe that the 2°-3°
fluctuations should correspond to a twist and not to a chiral-
ity in the nanotube. Note that the slight variation toward
lower angles of the hexagon rows along the flat ribbon with
respect to the tube axis from the left to the right of the tube
could also account for a small twist. For an untwisted tube,
all hexagon rows should align parallel to each other along
the tube. We estimate the difference in angle between the
hexagon rows at the right and left of the tube to be ~3°. This
value coincides with the observed variation from 90° of the
angle between armchair and zigzag directions, giving further
confirmation for the existence of the twist. As expected, a
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twist would also alter the bond distance between C atoms
within the hexagons, a detail confirmed by the STM images,
showing evidence for elongated and compressed bonds rela-
tive to the known value for graphite (0.14 nm). This also
contributes to the increase in the accumulated internal stress,
which can alter the band structure due to possible rehybrid-
ization effects analogous to the gap opening in small diam-
eter nanotubes®” or induce changes to the sp? bonding frame-
work as in systems such as fullerene polymer (Cgg), and
fullerene adducts. These systems contain several sp> hybrid-
ized carbon atoms on the conjugated network of buckmin-
sterfullerene, supposed to have carbons in an overall sp? hy-
bridized state, and were found to be better described by sp>*
and sp*! hybridization, respectively.3! Effects of stress-
induced band structure modification have also been observed
experimentally in highly compressive amorphous carbon thin
films, where a decrease of an interplane sp2 cluster distance
reduction of about 15% was found as a result of highly lo-
calized strain,’?> in agreement with the previous work of
Umemoto et al. on foamlike systems based on rigidly inter-
connected segments of graphite.??

Pseudogaps have been observed for metallic zigzag
tubes*® and for armchair tubes packed within a rope. For the
latter case, the gap opening was attributed to interactions
with other tubes in the rope allowing for the 7 and 7" bands
to mix. For the present case, the nanotube is not part of a
bundle, and individual armchair tubes isolated on the sub-
strate were found not to display a pseudogap,’® so the possi-
bility of a pseudogap can be excluded.

Hertel et al.' have used continuum mechanics and mo-
lecular mechanics simulations combined with AFM measure-
ments to show that defects or steps on the substrate can in-
duce substantial distortions in adsorbed nanotubes due to
their strong adhesion to the substrate. Using the relation they
obtain for the binding energy dependence on the diameter,
we estimate a van der Waals binding energy of ~0.2 eV/A
for a tube of 2.8 nm diameter. Due to the large binding en-
ergies involved, Hertel ef al. also find that the forces between
the nanotube and features of the substrate such as steps or
other defects can be extremely high, and they estimate a
force of ~35 nN for a tube of 10 nm diameter, with a
1 eV/A in binding energy,' which would result in a force of
~9 nN for our case, presumably responsible for inducing the
collapse we observe.

CONCLUSIONS

An armchair SWNT in a collapsed configuration was ob-
served by STM and the experimental observations on the
electronic behavior substantiate the validity of previous the-
oretical studies on radially deformed tubes. Atomically re-
solved images are consistent with mixed stacking suggesting
the influence of the lattice commensurability as a likely rea-
son for shifting the opposing layers relative to each other
toward a minimum-energy state, in accordance to earlier
studies. As a result, the twist-induced deformation alters the
metallicity of the armchair structure and a gap is observed on
the bulbs of the collapsed tube. Finite density of states at the
Fermi energy found on the central ribbon region when the

035429-5



GIUSCA, TISON, AND SILVA

interlayer spacing does not allow for the bond formation be-
tween equivalent C atoms constitutes the first experimental
test of earlier theoretical calculations. Our experiments show
that the electronic properties of armchair nanotubes are
slightly disturbed under mild radial deformations provided
further deformations are not induced and might find applica-
tions for nanotube device fabrication allowing for fine and
local tuning of their electronic properties. The results clearly
indicate the delicate nature of the carbon nanotubes and, in
general, the significant change in electronic properties of
nanowires when subject to local stresses and/or pressure.

PHYSICAL REVIEW B 76, 035429 (2007)

This has serious implications in the design of nanowire inte-
grated circuits predicted to replace planar complementary
metal-oxide semiconductor devices and also shows that care
needs to be taken when probing the electronic properties of
such structures.
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