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Effect of coiling on the electronic properties along single-wall carbon
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Straight and coiled single-wall carbon nanotutl8®/CNT9 synthesized by laser vaporization were
dispersed on highly oriented pyrolitic graphite. Their morphology and electrical properties were
investigated by scanning tunneling microscqi®TM). STM images revealed that the SWCNTs
(either straight or coiledoften self-organize into bundles of two or more tubes and are rarely found
alone. The conductance measured along a periodically coiled CNT was found to increase at
locations where the CNT is squeezed, while it decreases significantly in unsqueezed regions
characterized by an unperturbed hexagonal network. This provides experimental evidence of
significant conductance modulation along a one-dimensional system on the nanometer scale. ©
2004 American Institute of Physid®©Ol: 10.1063/1.1809277

One-dimensional systems such as nanowires antighly oriented pyrolitic graphit¢HOPG and observed by
nanotubes? exhibit interesting properties, and representscanning tunneling microscog$TM) and scanning tunnel-
promising building blocks for the future generations of de-ing spectroscopySTS. STM analysis reveals the presence
vices. Carbon nanotub&€€ENTS) are among the most widely of both straight and coiled nanotubes, generally self-
investigated nanostructures because of their outstandingrganized into bundles consisting of two or more tubes. Oc-
mechanicaf, electrical® and chemicdl® properties. In par- casionally two coiled nanotubes appear to be tightly bound
ticular, their ability to transport charge carriers with high (i.e., well coiled around each other in a twisted pair, like a
efficiency makes them highly attractive for use as compo-DNA double heliy. By studying the electronic properties of
nents in nanoelectronitsand nanophotonic%? Soon after these twisted nanotubes with their alternating and oscillating
the discovery of straight CNTs made of a perfectly rolledstressed regions, we provide experimental evidence of a sig-
defect-free graphitic Iayér,other CNT morphologies were nificant conductance modulation along these one-
observed, namely Y branchgsent'®**twisted? and coiled ~ dimensional(1D) systems. A dramatic change in the local
nanotubes? Theoretical calculations showed that, as a resulelectrical behavior of the coiled tubes occurs in correspon-
of the structural distortion, the local electronic properties ofdence to squeezed and unsqueezed regions, thus forming a
CNTs are strongly modifieb“.‘lGPerfectly straight nanotubes system with several junctions on the nanometer scale.
are known to act as ballistic conductors, able to carry large  The SWCNTE® were produced by ablating a CoNi-
current densities, whereas conduction electron scattering abped graphite target, using a pulsed Nd:YAG laser in the
distorted regions may cause electron localization. Numerousuperposed double pulse configuraﬂaﬁihe target, placed
theoretical and experimental studies have been performed an a quartz tube at the center of a furnace, was ablated with a
twisting and bending effects on metallic straight CN¥$  laser intensity of~2.5x 10°W/cn?, at T=1150 °C in a
In particular, the opening of an energy gap has been prefflowing Ar gas'®?*’ The synthesis product was collected on a
dicted when bending exceeds a critical value or in twistedvater-cooled surface at the furnace exit. A droplet of the raw
nanotubes? This gap was ascribed to asymmetric compres-synthesis product diluted in isopropyl was used to disperse
sion and dilation of C—C bonds along the nanotubes. A recerthe nanotubes on an HOPG substrate after its peeling-off to
theoretical study investigated the stability of CNTs consti-obtain fresh carbon atomic plan€<? STM measurements
tuted of several straight sections of decreasing diametawere performed at room temperature in an ultrahigh vacuum
joined by topological defects, i.e., pentagon and heptagoohamber(base pressure 8.5X 10 'Torr) by using an OMI-
pairs!’ This work predicted the possibility of obtaining a CRON STM/AFM apparatu§3.
sequence of metal/semiconductor junctions occurring at to- The STM observations revealed that the SWCNTs gen-
pological defects’ erally self-organize into bundles of two tubes or more but

In this letter, we report the experimental observationssome of them are found alorjas those shown in Figs(d)
that confirm the above-described theoreticaland Xb)]. The STM image of Fig. () displays a straight
predictionst>**” Single-wall carbon nanotubéSWCNTg  nanotube lying across several HOPG planes. An atomically
produced by pulsed laser vaporization were dispersed oresolved STM image acquired on the surface of the nanotube
clearly confirms its graphitic charactgnset of Fig. 1a)]. In
Fig. 1(b) we report another STM micrograph of the end of a

3Authors to whom correspondence should be addressed.

bEjectronic mail: castrucci@roma2.infn.it straight small na_motube., which is found to be p.articula'rly
Electronic mail: elkhakan@inrs-emt.uquebec.ca smooth[see the line profile plotted along the tube itself, Fig.
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FIG. 1. () STM image(180x 180 nnf) showing a straight nanotube that 0.5 L 1
crosses many HOPG planes. Tunneling parameters,aienA,V,=0.1 V. 0 2 4 nm
The inset shows an atomically resolved STM imd@e5x 2.5 nnf) of a

surface area of the tubgh) STM image(10X 10 nnf) of the end partof a  FIG. 2. STM image(5x5 nn?) of two coiled adjacent nanotubes
small tube.(c) and(d) Line profiles across the tubes shown in kg and =1 nA andV,=0.1 V). The lower panel shows the line profiles obtained
(b), respectively(e) Line profile along the tubédashed ling shown in(b). along the directions indicated by the arrogas and (b), respectively.

1(e)]. ;;Qis means that the end of the tu_be !S somehowicieq by Ihareet al*® as originating from the regular inser-
capped.” The diameters of the tubes shown in Fig@Bnd  yio of pentagons and heptagons in a perfect hexagonal net-

1(b) are about 5.0 and 1.8 nm, respectively, whereas thei . gy contrast, Birdet al® interpreted coiled tubes as
measured heights are much smalte line profiles in Figs. haeckelite structurésin which pentagons, hexagons, and

1{c) and Xq), respectively. This behavior can be ascribed to heptagons all represent equivalent building elements. From

a strong vertical compression experienced by the tubes, in-, = . . .
duced by van der Waals interactions between the nanotub glomically resolved STM images we obtained power spectra

S :
and the HOPG substrate itséthe larger the tube diameter, ?not shown hergthat ShOW. a hexagonal pattern. This de”_"
the stronger the vertical deformation it undergo@is phe- onstrates that the haeckelite structure can be excluded, since

it would generate a completely different power spectrum.

nomenon is remarkably similar to that observed for lar S S
y geThus we suggest that coiling is caused by a sparse distribu-

organic molecules deposited on metal surfdCes. . e dh h i .
Like the straight tubes, coiled nanotubes frequently aption Of few pentagons and heptagons at the coiling region.
By means of STS, we characterized the electronic prop-

pear in bundles of two or more. Sometimes when they are X : :

adjacent, the swollen and coiled regions of each tube are if'ti€S along this atomically resolved ”5‘,”0“%9“ Fig. 3
antiphase with respect to each otfigrey fit like a sort of ~ (lower pane), we displayl -V curves obtained by averaging
braid). Figure 2 displays an atomically resolved STM imagefs'm”ar curves recorded around the points I;\beled inthe STM
of two adjacent coiled nanotubes that exhibit this peculiarityimage. CurveA corresponds to thé—V signal of clean

The lower part of Fig. 2 displays the line profiles of theseHOPG, whereas curves-D are taken at different locations
tubes that are characterized by the same periodicity oflong the tightly bound nanotubes. For the overprotruding
(1.24+0.03nm, showing the antiphase behavior in the se-regions of this 1D system the behavior is less metallic than
quence of valleys and hills along the tube’s axis. Figure 3hat measured at the squeezed regions. This is even more
(central panel displays another nanotube that is character€vident in thedl/dV curves obtained by differentiating the
ized by a double periodicity. This is visible in the line profile I/V curves in Fig. 3. This position-sensitive variation is a
along the nanotube’s ax{&ig. 3, upper pangl which exhib-  peculiar feature of these squeezed nanotubes, in contrast to
its an alternating sequence of hills and valleys with a perithe conductance of straight nanotubes which was not found
odicity of approximately 4.2 nm. Two consecutive hills differ to vary significantly along the tubes. This behavior is quali-
in height by about 0.2 nm. We interpret this as a measuretatively ascribed to the scattering effect that electrons un-
ment of two coiled nanotubes twisted together. Based omlergo inside the hills, which locally affects their transport

molecular dynamics simulations, coiled nanotubes were preproperties’> >
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