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Observation and modeling of single-wall carbon nanotube bend junctions
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Single-wall carbon nanotuld&WNT) bends, with diameters from1.0 to 2.5 nm and bend angles from 18°
to 34°, are observed in catalytic decomposition of hydrocarbons at 600—1200 °C. An algorithm using molecu-
lar dynamics(MD) simulation techniques is developed to model these structures that are considered to be
SWNT junctions formed by topological defectse., pentagon-heptagon pairsThe algorithm is used to
predict the tube helicities and defect configurations for bend junctions using the observed tube diameters and
bend angles. The number and arrangement of the defects at the junction interfaces are found to depend on the
tube helicities and bend angle. The structural and energetic calculations using the Brenner potential show a
number of stable junction configurations for each bend angle with the 34° bends being more stable than the
others. Tight-binding calculations for local density of state and transmission coefficients are carried out to
investigate electrical properties of the bend junctid®€163-18268)05620-3

[. INTRODUCTION formed. It is not clear by what mechanisms topological de-
fects are introduced and stabilized in a growing SWNT in the
Recently, Daiet al® reported single wall carbon nano- catalyst particle process rather than in the carbon arc or laser

tubes (SWNT's) produced by molybdenum-catalyzed de- ablation processes. However, it seems that physical and/or
composition of carbon monoxide at 1200 °C. That work pro-chemical interactions between MWNT layers or tubes and
vides the first experimental evidence of SWNT's producedcatalyst particles play a role in the formation of defects and
by preformed catalytic particles. It has been shown morebend structures. This is because sharp bends are observed
recentl)? that similar SWNT production also can be achievedmore frequently in MWNT’s(with interlayer interactions
using other catalyst particles and hydrocarbons at 600than in SWNT's, and in the catalyst particle methdusth

1000 °C. Moreover, the isolated SWNT's grown in thesetype-catalyst particle interactionthan in the arc and laser
processes offer deep insight into some interesting structures.

For example, isolated SWNT sharp bends, as shown in Fig.
1, have been frequently observedllost show clearly de-
fined bend angles of18°, 26°, and 34°, with tube diameters
between~1 and 2.5 nm, but the other bend angles might be
present.

Individual and bundled SWNT’s, grown by arc discharge
and laser ablatidhmethods, are also often in bent, coiled,
and even seamless toroidal configurations. However, in thes
cases the continuous variations in the curvatures are differe
from those in Fig. 1, and attributed to elastic bending. In
contrast, complex multiwall nanotub@WNT) bends are
observed as free-standing structutéslices® andL, Y, and :
T branches, when grown by the arc discharge and catalyst|
particle methods. These are believed to be nanotube junc,
tions with topological defects, such as pentagon-heptagor
pairs, at the joints. A nanotube can be either a semiconducto
(S) or a metal M), depending on its helicity and diamefer.
Thus, a bend connecting two SWNT’s can b®laM, M-S,
or S-S heterojunction. This has stimulated a great deal of
interest in proposing SWNT junctions as nanoelectronic
devices’ The catalyst particle method for growing SWNT's
may provide exciting opportunities for making SWNT het-
erojunctions. FIG. 1. Representative TEM and atomic force microscopy

Topological defects change the tube helicity or chiral(AFm) (insery images of the isolated SWNT bends, grown in cata-
angle when introduced at the end of a growing nanotube. Aftic decomposition of hydrocarbons at 600—1200 °C. Three typical
a result, a junction connecting two different nanotubes isend angles aré) 34°, (b) 26°, and(c) 18°.
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shows a perfect topological match between two graphene
sheets with half-pentagon and half-heptagon at two e@es
andB) of the joint line AB. The 30° tube benfFig. 2(c)] is
obtained when these two sheets are rolled over. The atoms
around the joint lineAB in the tube bend, however, are not
chemically bondedthe nearest atom distancesl.8 A) if

the chemical bondin¢~1.42 A in bond lengthin bulk tubes

and the 30° bend angle are kept. The straight Amon the
planar sheet is separated into two curv&B1l andAB2, on

the tube surfaces. In order to chemically bond these atoms,
an additional small-angle bending is needed. Thus, the tube
bend angled [Fig. 2(d)] is larger than the planar bend angle

7y
The Dunlap method can be extended to construct other

— bends, as well. We find that the planar bend arfiglean be

J related to the helicities of two tubesn(,n;) and (m,,n,).

. I/H That is,
N ,‘ 4N
" }Bl Oo=|d1= b2l @
\/1?32 ¢i=tan [v3n;/(2m;+n)], 2

WYY . di=v3a._((m?+n?+min) Y3 ), )
SEANN A where, ¢; andd; are the chiral angle and diameter of tube
JUDJ Y

@ “eo"'|" N (m;,n;) anda,_. is the bond length.
(c) Equation(1) shows that the bend angle can be either the

sum or the difference of two chiral angles while other pos-

FIG. 2. Construction of a SWNT bend juncti¢h0,0;6,6;36f.  sibilities may exist. Thus, a bend following E(.) can have
(a) and(b), two graphene sheets are connected to form a 30° planaa bend angle from 0 to 60° as the chiral angle of one tube
bend;(b) and(c), the planar bend is rolled over to form a 30° tube takes values from 0 to 30°. F&p=30°, the above equations
bend; and(c) and (d), the 30° bend is relaxed to a 36° bend via a are simplified to Dunlap’s relatiot, after simple triangle
MD run. Thesj, mj, andi between four broken lines represent the function operations on Eq$l) and(2):
unit cells of two terminal tubes and the junction interface.

My=Ny(My+2Nn1)/(My—Ny). (4)
methodgwith catalysts existing as vapor ® Some phenom-  If n,=0, thenm,=n,. This indicates that a zigzag tube
enological growth mechanism models have been proposegh,,0) and an armchair tuber,,m,) always can make up a
for the formation of topological defects and bends on the30° bend. The junction (10)0(6,6) shown in Fig. 2 is one
catalyst particled? example.

In this work, our goal is to characterize the observed bend Equation (1) can be used to find the tube helicities,
structures rather than suggest other mechanisms for their form, ,n,:m,,n,), in a bend junction for the given bend angle
mation. It is possible, but very difficult at present to experi-and tube diameters, for example, from the observed images
mentally determine the tube constituents and the existence @k shown in Fig. 1. Since the four unknowns are related to
the defects in the observed SWNT bends. Therefore, we usghly three independent equations, we may find a number of
computer modeling tools to explore the possible structuralube helicities for the given bend angle and tube diameters.
and electrical properties of the observed SWNT bends. The Giving one set of tube helicities, we follow the steps
modeling results are expected to help further experimentadhown in Figs. 22)—2(d) to model a bend junction. A 30°
studies. planar bend always can be drawn in a graphene sheet, as
shown by Dunlag! The other bends, however, have to start
from two graphene sheets, as illustrated in Figy.ZThe two
sheets are cut by lineAB1 and AB2, respectively, with

The 30° or small angl¢0—159 bends were modeled by AB1=AB2 andZB1AB2=6,. The planar benfFig. 2(b)]
Dunlap and Chicoet al.® respectively, using a maximally formed in this manner is found to be connected by only
separated and a fused pentagon-heptagon pair along the tupentagon-heptagon pairs in most cagese Fig. 3, but in
circumference at the joint of two tubes. They did not char-some cases also by other types of defects such as four- and
acterize the observed 18° and 26° bends. In fact, Dunlap’sight-member rings, depending on where the sheets are cut
30° planar bend construction actually models a larger-angland joined. Then the planar bend is rolled over to form the
bend as shown below. Therefore, we develop an algorithm ttube bendFig. 2(c)]. The tube bend also can be made by
model 0—60° bend junctions using pentagon-heptagon pairgeating, cutting, and connecting two straight tubes instead
to connect two tubes. This algorithm may be considered t@f two sheets. However, we find that two tubes are not topo-
be an extension of Dunlap’s constructions. logically matched in this case. In other words, the use of the

Figure 2b) shows a Dunlap 30° planar bend constructionplanar bend construction ensures the rigpt bond connec-
that will lead to a bend junction of tubé€$0,0 and(6,6). It tions while the planar bend angle is smaller than the actual

IIl. MODEL CONSTRUCTION
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tions, (6,6)/(10,0, (5,9/(9,0, (5,9/(6,4), and (5,9/(7,3.

The difference between the planar bend angle and the tube
bend angle was previously explained using Fig. 2. If a tube
diameter is large enough, the bend angle does not change
much before and after the graphene sheet is rolled over. That
is, the difference between the planar bend angle and the tube
’ bend angle decreases with increasing tube diameter. The re-
a (10,10; 17,0; 349 ~ laxed tube bend angle also depends on interatomic interac-
tions or the interaction potentials. For example, the bend
angles of(9,0/(5,5 and (10,0/(6,6) were found to be 40°
and 37°, respectively, using a simple empirical potential but
only 36° for (9,0/(5,5 using a semiempirical molecular-
orbital calculationt*

Now we characterize the SWNT bend structures shown in
Table I. A SWNT is described by the tube helicit,m(n) or
d.(10,10; 16.2; 26% geometry @, $). Mechanical and electrical properties of the
SWNT have been shown to be a simple function of these
structural or topological parameters if the SWNT is defect
free, i.e., a perfect carbon hexagonal network. Similarly, a
bend junction can be characterized by, (ny;m,,n,;0) if
these parameters are also related to the atomic structure at
the joint interface or the defect configurations at the joint
such as the number and arrangement of topological defects.

e.(10.10:12.8; 89 £(10.10:11.9: 49 In the following discussion, we define a junction by
(mq,n4)/(M,,n,) and a bend by only.
FIG. 3. Examples of simulated SWNT bends): a 34° bend Table | shows the dependence of the bend angle on the

has one pentagon and one heptagon in the opposite sites of the joifttmber of defect pairs in bend junctions. The numbers of
(b)—(d): a 26° bend has three pentagon-heptagon defects with ongentagon-heptagon defect pairs required for forming 34, 26,
in opposite sites and the other two defedfssed pentagon- and 18° bends are one, three, and five, respectively. A bend
heptagon paijsin different arrangementsg) a 8° bend has two can have different junction®.g., a 34° bend has four differ-
fused defects; an(f) a 4° bend has only one fused defect. ent junction configurations A junction also can have two
bend anglesg,+ ¢, and|¢,— ¢,|, because of the depen-
tube bend angle. In contrast, directly cutting and joining twodence of the bend angle on the numbers of defects. For ex-
tubes may not ensure the bond connections among atonagnple, junction17,1)/(11,9 in Table | has two bend angles,
around the joint interface. 34° (6= 1+ $,=29.5°) and 26°Qy=|p,— ¢, =23.9°).
Steps(c)—(d) are performed using a molecular-dynamics Figure 3 also shows the dependence of the bend angle on the
(MD) simulation based on the Brenner empirical poterifial. arrangement of defects. One pentagon-heptagon defect pair
This potential reliably describes chemical bonding in graph-can lead to a 34° bend juncti¢h0,10/(17,0 [Fig. 3@] or a
ite, and straight and toroidal nanotudésind therefore al-  4° bend junction(10,10/(11,9 [Fig. 3(f)] when separated to
lows us to seek stable defect configurations and stable benfle opposite sides of the junction or fused at the joint cir-
structures. The MD simulation is carried out at 1000 °C. Atcumference. Similarly, two defect arrangements can result in
this temperature, the strained tube beffeig. 2(c)] quickly  a 8° bend junction(10,10/(12,8 [Fig. 3e)] if two fused
change to the relaxed structufdsg. 2(d)]. pentagon-heptagon pairs are used, or a 30° bend if one
Using the above algorithm, we have been able to modepentagon-heptagon is fused and the other one is separated in
and characterize a variety of SWNT bend junctions with thethe manner as shown in Fig(e8. Thus, the same number of
bend angles from-0 to ~60°. In this present work, we take defects can lead to different bend angles because of different
that d1=d2=1.36 nm=3% and #=(18°,26°,34°)-1° to  arrangements of defects at the junction interfaces.
model the observed SWNT bends. The results are summa- We now give some insight into the defect configurations
rized in Table I. The relaxed bend angles and energies werat the bend junction interface. A common feature to all bends
obtained from a energy minimization starting with relaxedis that the defects are aligned along the joint circumference.

structures from the MD simulations. A defect can be separated or fused, leading to a larger or a
smaller bend anglge.g., Fig. 8a) versus &f)]. The two ar-
Il BEND STRUCTURES rangements in Figs.(8 and 3f) were originally proposed,

respectively, by Dunla and Chicoet al® All the bends in
It can be seen from Table | that the relaxed bend angleFable | are found to be formed only by one of these types of
are always larger than the planar bend angles, by roughlgentagon-heptagon pairs, as illustrated in Fig. 3. Thus, a
3-4°. The bend angles are34, 26, and 18° for the relaxed fused and a maximally separated defect along the joint cir-
bends from the initial values of30, 23, and 15°, respec- cumference are the basic construction units and the common
tively. For smaller diameter tubes, this difference is everfeatures of the bend junctions. Starting from a 34° bend with
larger, about 6—8°, based on our simulations for bend junca maximally separated defefdtig. 3@)], addition of fused
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TABLE I. Structures and energetics of simulated SWNT bend junctions.

(my,ny)/(my,ny) d,/d; (nm) dolpy, ° bo, ° eV/atom junction

Junctions to reach a relaxed 34° bdode defect, i.e., one pentagon-heptagon)pair

(17,0/(10,10 1.331/1.356 0.0/30.0 30.0 —7.3134 S/IM
(17,1/(11,9 1.372/1.358 2.8/26.7 29.5 —7.3139 S/S
(16,2/(12,8 1.338/1.365 5.8/23.4 29.2 S/S
(15,4/(13,6 1.358/1.317 11.5/18.0 29.5 —7.3126 S/S
Junctions to reach a relaxed 26° bdtittee defects
(17,0/(12,8 1.331/1.365 0.0/23.4 23.4 —7.3024 SIS
(17,9/(13,7 1.371/1.376 2.8/20.2 23.0 S/IM
(17,9/(11,9 1.371/1.358 2.8/26.7 23.7 —7.3098 S/S
(16,2/(13,6 1.338/1.317 5.8/18.0 23.8 S/S
(16,2/(10,10 1.338/1.356 5.8/30.0 24.2 —7.3062 S/IM
(16,3/(14,5 1.385/1.336 8.4/14.7 23.1 S/IM
Junctions to reach a relaxed 18° bdfidle defect$
(17,0/(14,5 1.331/1.336 0.0/14.7 14.7 —7.3031 S/IM
(17,2/(13,6 1.372/1.317 2.8/18.0 15.2 SIS
(16,3/(12,8 1.385/1.365 8.4/23.4 15.0 —7.2983 SIS
(15,4/(11,9 1.358/1.358 11.5/26.7 15.2 S/S
(14,5/(10,10 1.336/1.356 14.7/30.0 15.3 —-7.3014 M/M

defects leads to a smaller bend anfflégs. 3b)—3(d)]. In tion, the binding energy was found to be7.3482 eV/atom
contrast, from the 4° bend with one fused defect, addindor an infinitely long (10,10 tube, —7.3166 eV/atom for a
more fused defects results in a larger b¢Rid). 3(e)]. short (10,10 tube with end cap$926 atomy —6.9873 eV/

There may be a number of defect configurations for twoatom for fullerene g, and —7.2145 eV/atom for fullerene
or more fused defects in a bend junction. For example, the,,, We see from Table | that the energies per atom of the
bend junction(10,10;16,2;26f, has two fused defects sepa- various junction models are slightly higher than 16,10
rated[Fig. 3(c)] or fused[Fig. 3(d)] at one side of the joint tube energy.
interface. The two defects separated by one hexagon in Fig. Comparison based only on energy per atom is not well
3(c) also can be separated further, as shown in Fi§) 3 defined unless the number of atoms, tube diameters, and end
where two fused pentagon-heptagon defects are arranged ¢ap configurations are identical in the structures because all
the opposite sites at the joint interface. these factors make the contribution to the total energy. How-

The above show that the atomic structures of a bend juncever, one can expect that the bend energy decreases with
tion, including defect configurations and tube helicities, candecreasing number of defects. This can be illustrated for the
be predicted if the bend angle and tube diameters are mefunction (17,2/(11,9, shown in Table I. This junction has
sured from the observed images. The tube helicities and thgvo bend angles, 34° and 26°. It is found that the 34° bend
bend angle can be used to characterize a bend junction strugith one defect is 0.0041 eV/atom more stable than the 26°
ture as it is related to the number and arrangement of defectsend with three defects aligned on one side of joint circum-
at the joint. All the simulated bends in this work are formedference. Considering that this extra energy is resulted from
from the maximally separated and/or fused pentagononly two additional defects(10 atoms for one fused
heptagon defects. There can be a number of defect arranggentagon-heptagonthe total energy difference is quite large
ments for a given bend junction. Energy minimization is(~1000x0.0041/2=2 eV/defect relative to two fused hexa-
needed for further identification of these structures. gons. The larger energy in the 26° bend is found to decrease
to 1.7 eV/defect by rearranging the two fused pentagon-
heptagon defects to the opposite sites of the joint, as shown
in Fig. 3b). The bend junction10,10;16,2;26f can have

All the bends shown in Table | are stable in that the to-two types of defect arrangements. The structure shown in
pological defects, once formed in a MD simulation, keepFig. 3(c) is found to be more stable than that in Figd3 by
their arrangement upon energy minimization in moleculara total energy difference of 0.42 eV. These confirm that the
mechanics calculations. The fifth column in Table | showsbend energy decreases with decreasing number of defects
the minimized energies per atom for the selected bend corand also from fused defects to isolated defects.
figurations with capped ends. The end cap is half of,s C It is interesting to explore why all the bend models ob-
fullerene molecule for 410,10 tube. For other tubes, it is tained from our MD simulations have only two types of
constructed by distributing six pentagons as uniformly agpentagon-heptagon defects: maximally separated and fused
possible in a hexagonal network. There were about 1000efects. We have carried out accurate nonlocal density-
atoms for each bend model used in the energy minimizatiofunctional theory(b3lyp) calculations for model molecules
calculations. Using a similar molecular mechanics calculacontaining pentagons and heptagons in a hexagonal &rray.

IV. BEND ENERGETICS
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It is found that the total energy and the optimized geometrytransmission coefficients for SWNT junctions using ane
prefer two configurations. One is to maximally separate alectron tight-binding model and a Green’s-function tech-
pentagon-heptagon defect in the joint circumference for fornique within the Landauer formalism. The principle and
mation of a bend junction as shown in FiggdRand 3a).  method of this algorithm are very similar to those previously
The other is to fuse the defect along the tube axis for formareported® This algorithm takes the atom configurations of
tion of a straight junction. One pentagon and one heptagoflyo SWNT unit cells and the arrangement of atoms in the
lead to more stable structures when fused together than whennction interface as inputs, and treats the terminal tubes as
separated by a C-C bond or a hexagon. Thus, we believe thgifinitely long. In this work, we present the results of these
the bends with one maximally separated defect are morgy|cylations using a hopping parameter of 3.1 eV for junc-
stable than the other bends. We also calculated the energiggns (6,6)/(10,0 and(10,10/(17,0. The unit cells and inter-

of (10,10/(18,0 (996 atompand(10,10/(11,9 (960 atoms  faces are defined in Fig.(@ for junction (6,6)/(10,0. One
bends with capped tubes using Brenner potential. The energyhit cell contains 24 and 40 atomsn() for the metallic
was found to be—-7.3138 and—7.3129 eV/atom for these tubes(6,6) and (10,10, and 40 and 68 atomss]) for the
two bends yvith _bend angles of 34° and 4°, respectively. Thi%emiconducting tube$10,0 and (17,0, respectively. The
shows no significant energy preference for these two types Gherface region includes an isolated pentagon-heptagon de-
bends. In other word, the fused pentagon-heptagon pair is N@lct and hexagons along the joint circumference.

less stable than an isolated pair, as one might believe. HOW- The unit-cell averaged LDOS’s are shown in Figéa)5
ever, this comparison is not based on the same tube constitysq 5b) for junctions(6,6//(10,0 and(10,10/(17,0, respec-
ents and cap configu.rations and therefore is not conclusivetive|y_ The unit cells denoted byj andsj (j=1,2,3...)

It should be mentioned that34° bends are indeed ob- 46 fyrther away from the interface for larger valuesj of
served more frequently than other small angle bends in thgyomon features to these two junctions can be seen. The
experimental images. This may be related to the fact that | hog are most distorted in the interface region, and asym-
34° bends are more stable than other bends. Experimentalfyetic about the Fermi energy of 0 eV. They indicate that the
it is difficult to detect a smaller sharp bend angle from agjstribution of the unoccupied states is more affected by the
transmission electron m'crOOSCOWE,M) image. It can be resence of the pentagon-heptagon defects than that of the
seen from Fig. &) that the 4° bend junction with one fused ¢ pied states. Moving away from the interface, the perfect
defect, without atomic structures provided by the simulationy ,ne DOS features are recovered. The LDOS at unit cedls
could be identified as merely elastic bending of a SWNT.gn454 show the basic van Hove singularities of the perfect
This problem would be solved if the detailed atomic struc-peta)jic and semiconducting tubes, respectively. These fea-

tures could be directly determined experimentally or they, eq are basically the same as those previously reported for
electrical properties could be provided as we expect a Sigiunctions (6,6/(10,0 (Ref. 14 and(7,1/(8,0.°
nificant different in electrical properties between a SWNT | .2 e seen from the LDOS . a8(~s4) and

and a SWNT junction. M(~m3) that there are more band modes for larger diam-

eter tubeg17,0 and(10,10 than for smaller diameter tubes
V. ELECTRICAL PROPERTIES OF BEND JUNCTIONS (10,0 and (6,6) because of more atoms ar electrons per
unit cell in the larger diameter tubes. The energy gap is about

The electrical properties of a SWNT have been shown td.1 and 0.7 eV for semiconductor tub&,0 and (17,0
be a function of tube structural parameten, () within one  while a plateau extends about 2.2 and 1.3 eV for metallic
m-electron tight-binding schenfeThat is, a SWNT (,n) is  tubes(6,6) and (10,10, respectively. This confirms d~*
metallic (M) if (m—n)/3 is an integer and semiconducting dependence for the energy gap of semiconducting tubes, and
(S) if itis not; and the energy band gap of a semiconductingalso, interestingly, for the energy plateau width of metallic
tube has an inverse dependence on the tube diameter. Thududes. The distance from the interface where the semicon-
SWNT bend junction, with structural parameters ductor behavior is recovered is interesting, as well. We can-
(my,ny;my,n,;0), can be aM-M, M-S, or S-S junction.  not see a significant difference in this distance between these
The junction types as classified by the tube helicities ardéwo junctions, (6,6)/(10,0 and (10,10/(17,0 even though
shown in Table I. It must be pointed out that the ome  the energy gaps in the semiconductor tulies0 and(10,0
electron tight binding treatment may not be accurate forand the plateau width in the metallic tub@®,10 and(6,6)
smaller-diameter tubes, because of signifieant hybridiza-  are different. The distance is1.4 nm, in agreement with the
tion effects, and the local-density approximatieA) may  value(1.5 nm) previously reported fo(6,6)/(10,0.%* In con-
be better. This effect, however, can be ignored for tube ditrast, the distance was found to increase figlfS junction
ameters larger than 1.0 nm. Therefore, the classification of8,0)/(7,1) to S/S junction (8,0/(5,3).° From these observa-
junction types in Table | should be appropriate. tions, it seems that the distance is more related to defect

The electronic properties of the bend junctions with smallnumbers and arrangements than the energy gap considering
tube diameters €0.8 nm) have been studied using local that(8,0/(5,3) contains three defect pairs and the others only
density of stateLDOS) calculations based on the one  one defect pair. In other words, junction interface size is
electron tight-binding treatmenrt* Our interest is in com- defect dependent. It is also likely that the tight-binding ap-
paring the LDOS of the larger tube diameter tube junctiongroximation used in this work is not accurate enough to de-
with those of smaller ones, and in using transmission coeffitect the dependence of the transition zone length on the en-
cients to further understand the electrical properties of thergy gap or the tube diameter.
SWNT bend junctions. Figure 4 shows a plot of the transmission coefficient ver-

We have developed an algorithm to calculate LDOS andsus energy for SWNT'$6,6) and (10,0 and their junction.
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FIG. 4. The transmission coefficient vs enefgy).
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zero. The band gap is about 1.0 eV and for energies away
from the gap, subbands open to yield a maximum transmis-
sion of 9, after which subbands close, resulting in a decrease
in the transmission coefficient. When M/S junction is
formed between the two SWNT'’s, the transmission coeffi-
cient exhibits a gap. This gap is the same as that of the band
gap of the semiconducting tube; the semiconducting tube has
zero density of states at these energies and so the incident
electron from tub€6,6) is fully reflected. For energies out-
side the gap, the transmission coefficient increases on an
average as the number of modes increase. Due to the pres-
ence of the barrier at th#/S interface, the transmission
coefficient is, however, smaller than that in either the metal-
lic or the semiconducting tube side for all energies. While
the transmission coefficient and the DOS of the uniform
tubes are symmetric around the Fermi energy, those of the
junction are not. The transmission coefficient is smaller for
positive energies.

A SWNT bend junction will exhibit the typical hetero-
junction features of other types of junctions, as shown from
LDOS calculations of Chicet al® This is further confirmed

The (6,6) tube has two conducting modes around the Fermby_o_ur calculations for both the LDOS'and transmission co-
energy and the transmission coefficient increases as neffficients for the observed SWNT junction structures. We are

guasi-one-dimensional subbands opalso see LDOS plot,
Fig. 5. There is a window of energy around 3.1 &lso the
hopping paramet@r where the transmission coefficient is
eleven due to the 11 subbands that are open. For larger en-

going to use low-temperature STM techniques to measure
electrical properties of the observed structures.

VI. CONCLUSION

ergies subbands begin to close and so the transmission de-

creases. Th€l0,0 tube is a semiconductgsee Fig. % and

The SWNT bends, with diameters from1.0 to 2.5 nm

so the transmission coefficient around the Fermi energy isnd bend angles from 18° to 33°, are observed in catalytic

T T T T T T T T

M(~m3)

LDOS (arb. units)
E [ [ [

LDOS (arb. units)

s3

I~ S(-s4) n

) I . I . I \ I .
—-10.0 -6.0 —2.0 2.0 6.0 10.0

(b) Energy (eV)

FIG. 5. The unit-cell averaged LDOS vs enekgy) for junctions(6,6)/(10,0 (a) and(10,10/(17,0 (b). Solid lines:i interface; andni
andsi, unit cells[see Fig. Zc)]. Cross symbols: perfect semiconducting tutiE3,0 (a) and (17,0 (b).
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decomposition of hydrocarbons at 600-1200 °C. Thesarrangement or with a decrease in defect numbers. The
structures are modeled using a new algorithm to connect twbDOS and transmission coefficient calculations using a
SWNT's by introducing pentagon-heptagon defect pairs. It igight-binding algorithm suggest that these SWNT bends be-
found that a SWNT bend junction can be characterized byave asM/S, M/M, or S/S heterojunctions.

tube helicities and the bend angle. The junction interface

structure or the number and arrangement of defects at the

interface can be inferred from_ the tube .helicitie:s and bend ACKNOWLEDGMENTS
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