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Theoretical STM signatures and transport properties of native defects in carbon nanotubes
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We have investigated theoretically the STM images and conductance signatures of defective carbon nano-
tubes. The defects considered are those that form on nanotubes under tension, both in the absence and presence
of additional carbon atoms. The most prominent features observed in the STM images are a set of bright rings,
whose positions correlate with the location of the pentagons within the defect. These features are useful, as
they enable the ready identification of many of the defects. By contrast, most of the defects have only a
relatively modest effect on the transport properties of the nanotubes. While there is a general decrease in the
conductance of the nanotube due to scattering effects, there appears to be no unique feature that can be
associated with any of the defects investigated. This unfortunately precludes the use of transport measurements
as a means of defect identification. The STM images and conductances of nanotube heterojunctions, as well as
tubes under different bias voltages, have also been explored.

. INTRODUCTION mation as first proposed forsg(Ref. 15], which leads to the
formation of a(5-7-7-5 defect. Depending on the helicity of

It is interesting that carbon nanotubes can be either metalsie nanotube, the rate of strain and temperature, this defect
or semiconductors, depending on their helidit§.This re-  can lead to either ductile or brittle behavior, so that it domi-
markable property suggests that it may be possible in theates the mechanical responsepoistine nanotubes® The
future to construct an all-carbon nanotube-based microelesecond class of defects is associated with the action of ad-
tronics. To explore this exciting possibility, there has been alimers on strained nanotubes. Such addimers are likely to be
considerable amount of theoretical and experimentdt—*  present on as-grown nanotubes, or they may be placed on the
research investigating the electronic properties of nanotubetubes with either an STM tip or via direct deposition. It has
Progress has been rapid and a number of prototypical devicescently been shown that addimers can induce a unique se-
for laboratory studies have already been credtédowever, quence of transformations giving rise to a different class of
a true realization of many of the different devices proposedxtended defects. These defects can actually evolve into
requires a good understanding of the geometrical and eleshort segments of tubes with a different helicity. Hence, the
tronic properties of not only the nanotubes themselves, butombination of addimers and strain may well provide a natu-
also of their defects. This is especially important for nano-ral route for the formation of different all-carbon nanotube-
tubes, as different defects are likely to be induced during théased electronic heterojunctions, including quantum dots.
device assembly and manipulation process. We have there- The defects to be discussed are both complex and ex-
fore investigated the properties of a number of the most imtended, so that their experimental identification remains a
portant defects likely to be present on strained carbon nanaiontrivial matter. To provide some guidance, we have simu-
tubes, with a primary focus on the simulation of scanninglated STM images of the different structures subject to a
tunneling microscopySTM) images of these defects, as well variety of tip and bias voltages. We note that recently there
as their conductance signatures. The former is of course infiave been a number of excellent experimental STM studies
portant, because in the forseeable future, STM will probablyof nanotubes*218-27STM has been used to measure the
remain the primary means of actually identifying and visual-helicity of the tubes, to gain information about the local den-
izing the different defects. As we shall show, many of thesity of stategLDOS) and density of state®09), to obtain
defects are quite extended and complex, so that a theoretichV characteristics of nanotube devices, to image nanotube
understanding of the images will hopefully provide an im-tips, twisted nanotubes, and multiwall tubes, and to assess
portant guide for future experimental investigations. Simi-substrate effects on the electronic properties of tubes. Re-
larly, it is well known that defects can induce a considerablecently there have been a number of experimental studies on
amount of scattering, which in turn influences the quanturnrstrain effects in the structural and electronic properties of
transport through the nanotubes. It has therefore been sugarbon nanotube¥:?22°Using an atomic force microscopy
gested that conductance signatures may also provide a wé&pFM) tip, it is in fact possible to apply a tensile load on
of identifying different defect structures. Unfortunately, our suspended or deposited carbon nanotubes, and study the me-
results suggest that while unique information about the deehanical and/or electronic response. For the most part, theo-
fects can be obtained from the STM images, such informaretical work on STM images of nanotubes has been focused
tion is much more difficult to obtain from the transport prop- on understanding pristine nanotubes, and to relate their STM
erties alone. images to the underlying helicity of the tub®s! A small

Two classes of defects on strained nanotubes have beemmber of defects in nanotube tips and coffe€which dif-
examined. The first is associated with a rotation of a bond offer from the ones that we shall consider in this paper, along
the walls of a nanotubf.e., a Stone-Wales type of transfor- with finite nanotube sections or quantum dots, have also
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been consideret:* In agreement with the above studies, where 4, is the angle between the probe tip and ther-
our results for the defects show that the images can, for thbital of atom J,w; is a weighting factor, and, is a scaling
most part, be correlated with the underlying geometry of thefactor. The parameters used are the same as in Ref\ 31:
defect. Most of the images are dominated by “rings” asso-=0.85 A, a=0.6 A 2, andv,=1 eV. A probe tip radius
ciated with the pentagons in the defect, which in turn may beof 3 A was used in the simulations. This radius is slightly
related to enhancements in the LDOS of the structures. Thusarger than the one used in previous simulations. However,
STM may well provide an excellent tool for the identification we find that a slightly larger tip enables one to better capture
of many of the defects discussed in this paper. the full connectivity of the carbon atoms in the vicinity of
This paper is organized as follows. In Sec. Il we briefly some of the larger, more extended defects. All of the geom-
review the methodology used to simulate the STM imagegtries of the different defect structures were obtained by
and obtain the conductance signatures. Section Il presentarefully relaxing high-temperature, classical molecular-
our results, discusses the formation of the different defectsjynamics configurations with a simulated annealing process
their STM images, and their conductance. Electronic heteroin which the Tersoff-Brenner potential was used to model the
junctions as well as the effects of a bias voltage across thearbon atomé® The final configurations were always fully
tubes are also discussed. Section IV presents a short sumelaxed before generating the STM images.
mary of the paper. To investigate quantum transport through the defective
carbon nanotubes, we have calculated the dc conductance
Il. METHODOLOGY using a Green’s function-based appro&ch The conduc-
tance is related to the current in the tubeshaGV, and is

In this section we briefly outline the methodology used togiven by the Landauer formul@=(2e%/h)T, whereT is the
simulate the STM images and obtain the dc conductance fq};nsmission functici expressed as ’

the defective carbon nanotubes. As the theoretical techniques

used to obtain these quantitites are well known, our descrip- T=Tr(I' G{['rG?),
tion will be brief and restricted to issues directly effecting the
simulations. where Gg® represent the retarded and advanced Green's

To simulate STM images of the various defective nanofunction of the nanotube, aid_r the couplings of the nano-
tubes, we have used an approach based on a tight-binditgPe to the left and right leads, respectively. The Green’s
m-electron Hamiltonian for the evaluation of the tunneling function (G,) of the conductor as a function of Fermi energy
current, as outlined by Meunier and LamBinmages were € is defined via
computed for the fixed current mode, in which the height of Go=(e—H.—S —S.)-1
the probe tip above the surface is adjusted in order to main- o=(emHem2 =2p) 7,
tain a constant current. The tip is then rastered over the suwhereX,|  are the self-energy terms due to the semi-infinite
face, thereby generating a “height” map. Within the sameleads, andH, is the Hamiltonian of the defective nanotube.
model, we have also obtained the local differential STM con-The self-energy terms also define the couplifigshrough
ductance spectra, i.e., tltd/dV curves, by fixing the posi- the relation
tion of the tip and changing the voltage.

Following the Tersoff-Hamann theof,the tip is de- FLr=i[3] g 22 R]-

scribed by a single atom with amorbital and a Gaussian . .
density of states. The tip state couples with the states of thlé] turn, the self-energy terms are calculated with a previously

. : e A . published surface Green’s function matching technftlie.
Zgggggn\/;\?ersr:mgltehs%ztrrtt)elgg;rgg Hamiltonian. The baSICnumerically evaluate these quantities, the nanotube Hamil-

tonian was represented by 7aorbital tight-binding model
with bond potentialV —3.0 eV, which is known to

& (° x ; pp7— Wi _
I=(2m) 0 dE Z E Vg g My give a reasonable, qualitative description of the electronic
—eV | 1'ct 33 es and transport properties of carbon nanotubes.
X (EL+eV+E) 7S, (EE+E). (1)
F Tart=F lll. RESULTS

In this equationy,;;={x,|v|8;) (x and @ represent the re-
spective tip and surface statedenotes the couplings be-
tween tip and surface atomszf,,(E) and 7, (E) are the We have concentrated on two different sets of defects

density of states matricéke., the imaginary part of the elec- likely to be present on a strained or deformed nanotube. One
tronic Green’s functionof the tip (t) and the surfaces,  Set of defects is initiated through the rotation of an individual

A. Strain-induced defects and their STM signatures

respectively; an&>0 is the electronic charge. C-C bond in a nanotube wall. This is the so-called Stone-
In this approximation, the couplings can be parametrizedVales transformatioff, which results in a pair of coupled
as pentagon-heptagoiise., (5-7) pairg| to form a(5-7-7-5 de-
fect, as shown schematically in Fig(al The formation of
3= rvowye 9’ cosé,; this defect has been investigated with both classicalamnd

initio simulations, which show that it is energetically pre-
ferred on armchair tubes under a tension of 5%, or more.
, , This defect dominates the initial mechanical response of
wJ:e_adJ 2 e—ady, strained carbon nanotub&sOnce nucleated, this defect can
J undergo further evolution and lead to either brittle or ductile

and
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FIG. 2. Schematics of defect formation in the presence of an
addimer:(a) (7-5-5-7) defect;(b) C-C bond emanating from one of
the pentagon rotates to form a hexagon separated from the rest of
the tube by(5-7) pairs;(c) defect with two hexagons; ar{d) defect

with three hexagons. The transformations are shown fdr0a10

tube.

pentaheptidé’ The initial (7-5-5-7) defect undergoes an in-
teresting sequence of transformations when the tube is
placed under tension in the 5—10% range: The bonds ema-
nating from the vertex of the pentagons rotate to form a
hexagon that is separated from the rest of the tub€sby)
) . pairs. Further bond rotations increase the number of rotated
EIG. 1. Mec_hanlcgl response qf an armcr(ajﬁ,lg nanotube hexagons in this extended defddigs. 2b)—2(d)]. Ulti-
subject to tensile strair(a) schematics of the formation of &-7- 1 ately a small segment of a tube with an altered helicity is
7-5) defect, with the rotating bond indicatedy) typical ductile formed, which wraps itself about the circumference of the

behav!or observed when the-7) pairs separate; an(r) brittle nanotube in the most direct way possibierhis is interest-
behavior, where large cracks form that ultimately lead to the rupture

of the tube. Note thatb) and (c) are the direct result of a typical ing because, depending on the helicity of the initial tubes,

molecular-dynamics simulation of @0,10 tube under a strain of thesg defects ”‘f"t“ra"y form dlﬁerent. metal/metal,
10%. semiconductor/semiconductor, and/or semiconductor/metal

heterojunctions, thereby leading to all-nanotube-based quan-
behavior depending on the helicity of the tube, the rate of theum dot structures.
imposed strain, and the temperature. Ductile behavior is typi- To further test this idea, various addimer-based defect
cally associated with then(n) armchair tubes, and involves structures were constructed, placed under strain, and an-
the separation of thés-7-7-9 pairs into two individual5-7) nealed at high temperaturé8500—3000 K. The main re-
units, which then glide about the tube via successive bondults are shown in Fig. 3, and may be summarized as fol-
rotations as depicted in Fig.(d). Brittle behavior, on the lows. The defect structures on tt#0,10 armchair tubes
other hand, involves the formation of large open rings, thewere not observed to be stable. Competing bond rotations
nucleation and subsequent extension of a crack, followed bgear the defect rapidly lead to the degradation of the struc-
the ultimate breakage of the tulpsee Fig. 1c)]. Based on ture within a few nanoseconds. It is therefore quite unlikely
the formation energies of thegB-7-7-5 defects, the brittle that good electronic heterostructures can be formed with the
versus ductile behavior of the nanotubes as a function ofombination of strain and addimers alone, if the ductile arm-
their helicity has been mapped out. This map indicates thathair tubes are used. In contrast, much more promising re-
brittle behavior is primarily associated with the sults are achieved with then(0) zigzag tubes. For the case
=14 (n,0) zigzag tubes, while all other tubes display someof a (17,0 tube, we find that hexagons are added in a uni-
degree of ductility:® form fashion about the circumference of the nanotube, ulti-

The second set of defects is initiated through the adsorpmately leading to the formation of 2-3 windings of é38)

tion of aC, dimer on a nanotube wall. In this case, the dimertube over a period of about 1 nsec. Note that {®&) tube
is incorporated into the hexagonal structure of the wallsegments are separated from the lardét,0 tube by a se-
thereby forming a(7-5-5-7) defect, which differs from the quence of (5-7) pairs, thereby forming a quantum dot
(5-7-7-5 defect in that the pentagons are now back-to-baclstructure> Thus, the formation of these electronic hetero-
[see Fig. 2a)]. The resulting(7-5-5-7) defect strongly re- structures via addimers and strain appears to be most favor-
sembles the basic unit needed to form metallic carborable for the (,0) zigzag tubes, which normally display
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FIG. 3. Molecular-dynamics simulations of the defect evolution 2

in (10,10 and(17,0 carbon nanotubesa) progressive breaking up % 1
of an initially formed extended defect on (40,10 tube due to u%

0 1 1 1

competing bond rotationgp) formation of a segment of a(8,8)
tube in a(17,0 tube, which thereby displays controlled ductile be-
havior. Both types of tubes are under a strain of 7.5%.

6 16 26 36
Relative Position (A)

brittle behavior. In this case the addimers have induced duc-
tile behavior in brittle tubes, in what may be a controllable
and usable mannéf.

Having discussed the formation of the strain-induced de-
fects, we turn to their STM images and conductance signha-
tures. First, there are some general features that are associ-
ated with all of the STM images presented here. Almost

every defect we have studied produces very strong features “

in the STM images that can be associated with changes in the
(d)

- . : ' b : 5 : ’

LDOS. Moreover, the presence of defects, in most cases,
induces asymmetries in the local region surrounding the de-
fect. The most pronounced features tend to be associated
with the pentagons, which produce oscillations in the STM
images reflecting a strong enhancement in the electron den-
sity. To illustrate this in a semiquantitative fashion, we have
calculated the local electronic density on the different atomic

sites p, using the Green’s function3,) of the nanotubes. 6 16 26 36
From the relation Relative Position (A)

N W s

-t
I
|

Electron Density (10°)

p=TrIM(Go)],

which may then be integrated over the states in an energy
window AE, we are able to observe a relative increase in the
electron density at the defect sites as compared to regions
that are farther away. The increased electron density at the
defects is also responsible for observed changes in the con-
ductance during dc quantum transport. FIG. 4. Simulated STM image of ®-7-7-5 defect on 810,10
We first discuss the results for defects that formpois- ~ tube under 10% strain@ Vy,=—0.5 eV;(b) planar average of
tine nanotubes. Figure 4 shows the simulated STM image othe electron density for the HOMO states o= —0.5 eV); (c)
a (10,10 tube under a 10% strain with a singl6-7-7-5 Viip=+0.5 eV;(d) planar average of the_ electrqn density from the
defect. The images were simulated with two different tip-UMO states (\j,=+0.5 eV); (e) atomic positions correspond-
biases of+0.5 and -0.5 eV, respectively. Clearly, the most"9 10 the imaged tube.

prominent features associated with this defect are the tW@ensijty from the states close to the HOMO, reflecting the
rings located on the defect itself, which are in sharp contrashcrease in electron density in the center of5a7-7-5 de-

with the smoother, defect-free regions off to the side of thefect. This change in the electronic density, and consequently
image. These rings correspond to the two pentagons of th@ the electronic states close to the HOMO, is also reflected
(5-7-7-5 geometry shown in Fig.(4). We have also plotted in the differential STM conductance spectra. In Fig. 5 we
the plane-averaged electron density corresponding to statgsesentd!/dV curves computed along a line parallel to the
near the highest occupied molecular orb{tdOMO) [panel axis of the tube. Note the strong features that appear in the
1(b)] and the lowest unoccupied molecular orbitaUMO) spectra close to the defect. These reflect the changes in the
[panel 1d)]. Note that there is a strong peak in the electronLDOS induced by the defect itself.
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FIG. 5. Differential STM conductance spectra computed along a
line parallel to the axis of 10,10 tube with a(5-7-7-9 defect. FIG. 6. (10,10 carbon nanotube under 10% strain after the

Upper panel: geometry of the tube and position of the tip in thegenaration of th¢s-7-7-5 defect into two distinct5-7) units. Here
simulated measuremefd)—(f). Lower panel:dl/dV curves corre- (@ Vygp=—0.5 eV;(b) V;,=+0.5 eV;(c) atomic positions cor-
sponding to the marked locations. responding to the image.

If conditions for plastic behavior are fullfilled, then the (5.7-7-5 defect, suggesting that the location of the two pen-
two (5-7) pairs that constitute th€s-7-7-9 defect can sepa- tagons is crucial in the determination of the electronic re-
rate and migrate as illustrated in FigbL Figure 6 shows a sponse of the system. For both types of tubes,(Th&-5-7)
sample STM image of such a case, probed at tip voltages afefect appears brighter, since there is a slight outward relax-
+0.5 eV. Even in this case, the pentagons figure promiation of atoms due to the geometry of the defect. Moreover,
nently, appearing as bright rings. Note also the clear asynthe prominent rings observed in the case of tBer-7-5
metry in the images under the two different bias voltages: thélefect are absent. While an increase in the electronic density
orientation in which the prominent rings stack changes withinside the defect region is detected, we also note that the
the sign of the bias voltage. For both biases, there is also diggion surrounding the defect appears somewhat depleted of
asymmetry between the regions to the left and right of theelectronic charge.
defects. Under strains of 5% or more, th&-5-5-7) defect under-

We now turn to the STM images of defective nanotubes30€s & continuous evolution, ultimately leading to_the forma-
which are formed via the addition of adatoms and addimer&on of a short segment of a tube of altered helicity. STM
to the tubes. The STM images of tubes with single adatom¥nages of a first set of these transformations are shown in
resemble those of the clean tubes, except for the presence 58- 8- Now that the two back-to-back pentagons are sepa-
a broad, circular “white” patch marking the place where the 'ated, the familar “rings” associated with the pentagons
adatom has been absorbed. More interesting are the imag8§'erge again. These defects induce local modulations along
of a (7-5-5-7) defect obtained via the adsorption ofGy the direction of the zigzag bor)ds oriented 120° from the axis
dimer into a nanotube sidewall, shown in Fig. 7. Dimers carPf the tube on the opposite side of the defect. The direction
also form when two migrating adatoms attach themselves t§f these modulations changes sign upon changing the tip
the same hexagon, as was observed in molecular-dynamit‘,’é"tage_b'as- These features extend approximately 20 A to
simulations. In Fig. 7, panel&) and (b) refer to such a either side of the defect.
defect on a(10,10 armchair tube, while panelg) and (d)
show a similar case for thd 7,0 zigzag tube. Both tubes are
under a 10% tensile strain. These STM images clearly do not Before discussing the conductance signatures of defective
display the same kind of features that are associated with theanotubes, we briefly review quantum transport through

B. dc conductance of defective carbon nanotubes
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FIG. 7. STM images and corresponding atomic positions for a FIG. 8. STM images and corresponding atomic positions of de-
C, dimer absorbed into different nanotubd&a) and (b) show a  fects that are formed when bonds emanating from the pentagons of
(10,10 tube;(c) and(d) a (17,0 tube. All images are under a 10% a (7-5-5-7) defect are rotateda) and (b) single bond rotation(c)
strain and are taken with a tip bias #f0.5 eV. and (d) two bonds rotate to enclose two hexagons. The tubes are

under a 10% strain and the images are for a tip with@5-eV bias
ideal nanotubes. At the Fermi level, metallic nanotubes areoltage.
characterized by the crossing of two bands, so that the dc
conductance in units 0B;4e,=2€*h~(12.9 K2) ! hasa reduction in the conductivity plateau around the Fermi level.
value of 2G;yeq - For the(10,10 armchair tube, there are no The (5-7-7-5 defect also shows a marked decrease from its
other bands available for the energy rarige0.8,0.8§ eV  ideal, theoretical value ne&=0.5 eV. This reduction il
around the Fermi level, so th@tis effectively a constant. At is accompanied by an increase in the DOS and corresponds
larger voltage biases, the electrons are able to probe differetd the appearance of electronic states associated with the de-
energy bands, giving rise to an increaseGrthat is propor-  fect structure. The ring modulations observed in the STM
tional to the number of additional bands available for transimages correlate also with the enhancement of the DOS and
port. The conductance therefore consists of a series dhe decrease in the conductivity, while a smaller enhance-
“down-and-up” steps, with the step positions correlating ment of the DOS results in a reduced prominence of the rings
with the band edges which lead to peaks in the density ofssociated with the STM images. T{¥#e5-5-7 defect shows
states(DOS) plots. a similar reduction inG, but the “dip” in this case is much

We now turn to the conductance signatures of the defeceloser to the band edges.
tive nanotubes and their correlations with the electronic The conductance and the DOS for the defects containing
properties of the tubes. Figure 9 shows the conductivity andotated hexagons are shown in Fig. 10. For the defect con-
DOS for a strained10,10 tube with either &5-7-7-5 or a  taining a single rotated hexagon, there is a pronounced de-
(7-5-5-7 defect. Note that in both cases there is a smalkrease in the conductivity just below the Fermi level. The
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(a)

FIG. 9. (a) Conductivity of(10,10 defective nanotubes in units
of 2e?/h: solid line, pristine nanotube; dotted lin&-7-7-9 defect;
and long-dashed ling7-5-5-7 defect.(b) The DOS for the case
corresponding t@a).

corresponding DOS shows a marked increase in the same
region. Similar features are observed for other defects con-
sisting of a larger number of rotated hexagons. However, the
energy range over which the conductivity is decreased and
the DOS is increased is much broader. To summarize, while
each of the defects investigated has a definite effect on the
conductance signature, there appears to be no overriding
unique element that would allow for an unambiguous iden-
tification of any of the defects.

C. Nanotube-based heterojunctions

As described previously, addimers on strained nanotubes
lead to large-scale mechanical transformations of the tubes,
ultimately resulting in extended defects that form different . o
electronic heterojunctionis.We have therefore investigated ~ FIG. 11. STM images 0f17,0/(8,8/(17,0 heterojunctions(a)
the STM images an of such systems. In Fig. 11 we there- and (b) show the STM image and the corresponding atomic geom-
fore show the simulated STM image of such a quenche§"Y: (©) and(d) STM image and atomic configuration for the het-
heterojunction comprised of a metallig,8) tube sandwiched erojunction for which th€8,8) section has been artificially length-

between two insulating17,0 zigzag tubes. As before, the ‘ingg’ :\S} discussed in the text. Both STM images arevipr=

high density of pentagons in the defect induces ring modu-
lations in the image. Th&8,8 section of the tube at the
center of the defecti.e., the quantum dot itselfis not
readily discernable as a distinct entity. We attribute this to
the strong influence of th€s-7) pairs at the edge of the
guantum dot, which overrides the influence of the relatively
short segment of thes,8) tube. To better characterize a junc-
tion region, we have artificially extended the interior of the
(8,8) section, see Figs. 1d) and 11d). The (8,8 segment is
now much more visible, and the modulations reflect more of
the underlying geometry of the armchair tube.

We have also studied a prototypical metal/insulator/metal
(MIM) structure, which was constructed as follows: we cut

FIG. 10. (a) Conductivity (units of 2¢%/h) and DOS(arbitrary  the (17,0/(8,8/(17,0 quantum dot, and then repositioned
units) for defective(10,10 tubes with addimers: solid line, pristine the atoms to form &@8,8/(17,0/(8,8 MIM structure as
tube; dotted line, one rotated hexagon; and long-dashed line, tw8hOWn in Fig. 12. Once again, the STM image is dominated

rotated hexagons. Both defects show enhancemeents of the DA the ring modulations of the pentagons from (6€7) pairs
below and above the Fermi level. The conductivity is diminished atthat separate the defect from the rest of the tube. However,

the Fermi level to 1.15(€%/h) for the case of a single, rotated the main symmetry features of the zigzag tube are visible in
hexagon as described in the text. the interior of the image.
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FIG. 14. Clean(17,0 tube with bias voltage applied at the left
end while the right end is fixed at zero voltage) Vp;,s=0 eV
with Viip=—0.5 eV; (b) Vpis=0 eV with V,=+0.5 eV. For
(0) and(d), Vi,ias=3.0 eV withV;;,=+0.5 eV, respectively. Pan-
els (¢) and (f) correspond toVpj,s=—3.0 eV with Vy,=
+0.5 eV, respectively.

tip accesses different local states, one can expect that a bias
across a tube will significantly alter the STM images. While

FIG. 12. Images and atomic geometry of(&8)/(17,0/(8,8) we have investigated several tubes of different helicity, the
MIM heterojunction:(a) and (b) show the STM image and corre- most pronounced effects were observed for(tig0 zigzag
sponding atomic geometryg) and (d) show the STM image and tube shown in Fig. 14. In the absence of a bias voltage, the
geometry for which thg17,0 tube in the MIM interior has been asymmetries in the STM images depend solely on the probe
artificially enlarged. STM images in both cases are Yqp,= tip voltage, as shown in Figs. (@ and 14b), and these
05 eV. follow the trends previously discussed in the literatt&"

For the images in Figs. 1d) and 14f), the voltage in the

In general, neither the quantum dot nor the MIM showright-hand lead was fixed at zero, while the voltages in the
any conductivity within the range of the DOS gap of the left lead were shifted. In these images the bias voltage is
ideal (17,0 tube. However, in both cases, we observe DOJ€flected through the appearance of a small shift in the
peaks within this energy gap, as shown in Fig. 13. Thesé&nodulation along the Iength_ of the tube. This is most appar-
peaks are associated with localized states of discrete endfllt for Viip=+0.5 eV. Starting near the left lead, there is a

gies. As the inner section of the quantum dot is lengthened,/@MPing down™ effect over the length of the tube, which is
there is a decrease in the height of these peaks, as well as

g’ﬂated to the screening of the field. This effect is particularly
increase in their number. Similar features are observed in th oticeable when one compares Figs(tl4and 14d). In the
case of the MIM structure.

ormer, the image consists predominantly of “stripes” ori-

ented in the vertical direction. In the latter case, the stripes
are strongly modulated and appear as circles, particularly in
D. Effect of bias voltage across the nanotubes regions that are close to the left lead. Only at the extreme

As a final topic we present a brief discussion of simula‘teé‘i‘ght_hand side of the image are stripes similar to Fighl4

. . e ) ecovered. Similar features are associated with Fi¢f)1dut
STM images of biased nanotubes. In principle, since an ST g1

In this case the effect is considerably less pronounced. Simi-
lar effects have also been noted for tubes with different he-
licities, both with and without defects.

()

DOS

IV. SUMMARY

In summary, we have investigated theoretically the STM
and conductance signatures of two different types of defects
that form in strained carbon nanotubes. The first set is based
on the(5-7-7-5 defect, which forms via a bond rotation and
dominates the initial mechanical response of strained carbon
nanotubes. The second set is associated with the presence of
addimers on strained nanotubes. The addimers induce large-
scale transformations, ultimately forming extended defects
that are in fact small segments of tubes of altered helicity,
separated from the main tube via a sequencéédi) pairs.

FIG. 13. (a) DOS (arb. unit$ for (17,0 tubes and different | herefore, the combination of addimers and strain may well
quantum dot structures. In all cas&@—(c), the solid line corre-  be useful in forming different electronic heterojunctions, in-
sponds to the DOS of a pristiri7,0 tube. Dotted lines correspond cluding different quantum dots. The simulations show that
to the following defects(a) (17,0/(8,8/(17,0 quantum dot struc-  these transformations are most promising for thedy zig-
ture shown in Fig. 1); (b) (17,0/(8,8/(17,0 structure for an  zag tubes. For these tubes, the addimers induce plastic be-
elongated quantum dot structure shown in Figidl;dland(c) (8,8)/ havior in a usable manner on what are otherwise brittle
(17,0/(8,8 MIM structure shown in Fig. 1®). tubes. The simulated STM images of each of the defects are

(b)

DOs
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for the most part unique, and are dominated by “rings” thatis sufficiently elongated. In the specific structures examined,
are associated with the pentagons belonging to the defedhere is no dc transport without shifting the Fermi level with
These pentagons, in turn, correlate with the underlying gea bias voltage, despite the significant number of states within
ometry of the defect allowing for its identification. Unfortu- the gap, which apparently are all localized. Finally, we note
nately, the effect of the defects on the conductance is relahat it should be possible to investigate all of these effects
tively modest, so that it is unlikely that one can associate @&xperimentally. With the aid of nanomanipulators and other
specific conductance signature with any given defect. As exsuch devices, one can already study the mechanical/electrical
pected, defects usually decrease the conductance, which ngroperties of suspended and deposited nanotubes under a
flects an enhanced quantum scattering. Many of the defectensile load*??82° so that detailed information about the
also lead to significant “dips” in the conductance, either native defects of carbon nanotubes should become available
slightly above or below the Fermi level. These effects aren the near future.

due to defect-induced localized states, which show up as
peaks in the local DOS and as rings associated with the STM
images. We have also simulated STM images of different
electronic heterojunctions, such as quantum dots and MIM’s This work was supported in part by Grant Nos. ONR
of various sizes. These images are for the most part domiN00014-98-1-0597 and NASA NAG8-1479. We also thank
nated by the(5-7) pairs at the edges of these defects; thethe North Carolina Supercomputing CentBlCSQO for ex-
sandwiched tube only becomes apparent when the structutensive computer support.
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