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structures

S. Dag! R. T. Senget;? and S. Ciradi
1Department of Physics, Bilkent University, 06800 Ankara, Turkey
2TUBITAK-UEKAE, P.K. 74, 41470 Gebze, Kocaeli, Turkey
(Received 19 May 2004; published 10 November 2004

This work presents a first-principles study of parallel and crossed junctions of single-wall carbon nanotubes
(SWNT). The crossed junctions are modeled by two-dimensional grids of zigzag SWNTs. The atomic and
electronic structure, stability, and energetics of the junctions are studied for different magnitudes of contact
forces pressing the tubes towards each other and hence inducing radial deformations. Under relatively weak
contact forces the tubes are linked with intertube bonds which allow a significant conductance through the
junction. These interlinking bonds survive even after the contact forces are released and whole structure is fully
relaxed. Upon increasing contact force and radial deformation the tube surfaces are flattened but the interlink-
ing bonds are broken to lead to a relatively wider intertube spacing. The intertube conductance through such a
junction diminish because of finite potential barrier intervening between the tubes. The linkage of crossing
tubes to form stable junctions is enhanced by a vacancy created at the contact. The three-dimensional grid
structure formed by SWNTSs is also investigated as a possible framework in device integration.
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[. INTRODUCTION age is provided by &-C bonds between adjacent parallel
zigzag SWNTs. However, similar interlinking-€C bonds
The intensive research on carbon nanottibes revealed did not form between thé,6) parallel tubes even if they are
a variety of propertigs! which make them important in deformed under a very high pressure. Terroaeal 24 have
nanoscience and nanotechnology. In particular, carbon nandéabricated stable junctions of various geometiiesX,T,Y)
tubes can be semiconducting or metallic depending on thein-situ in a transmission electron microscope. Electron beam
chirality and radiug-® Moreover, their electrical and mag- exposure at high temperatures induced structural defects
netic properties can be modified by external agents; namelywhich promoted the joining of tubes. Classical MD calcula-
by functionalizatiof! and by radial straif’~#Their reactiv-  tions have been carried out to simulate various junctions of
ity to foreign molecules and atoms is enhanced to a larg@WNT2334 Employing empirical potential MD, Krashenin-
extent by their curvaturé!® Several atoms are shown to be nikov et al3® simulated the bombardment of nanotubes and
adsorbed on the tube surface with significant bindingdemonstrated that crossed nanotubes can be welded. Re-
energies® While they are very strong axially and have a cently, Yoonet al2° presented a first-principles study of de-
high Young’s modulus, they are very flexible radially and canformation and quantum electronic conductance of junctions
sustain high radial deformatidi.!81t has been shown that a formed by two crosse@b,5) metallic SWNTs. Despite, high
semiconducting tube becomes metallic as a result of radiatontact forces, the - C bonds between these tubes did not
deformation transforming the circular cross section into arform to link the junction.
elliptical onel#-18 The conductance through nanotube junctions has been
Thus single-wall carbon nanotub€SWNT) have been also a subject of interest. Using an atomic force microscope,
considered as a major nanostructure for future nanoscalostmaet al?® manipulated SWNTSs to create a junction such
electronicst®1119-2INot only various devices to be fabri- as buckles and crossings within individual metallic SWNT
cated from SWNTs, but also SWNT based interconnectgonnected to metallic electrodes. They showed that these ma-
have been of interedt:?® Recent theoretical analyses have nipulated structures behave as tunnel junctions. By changing
shown that electronic devices together with their metallicthe angular alignment of the atomic lattices at the SWNT-
interconnects can, in principle, be fabricated on a singlgraphite contact it has been shown that the contact resistance
tubel4 can be varried by more than an order of magnitude in a
Parallel, cross, and Y junctions of carbon nanotubes, becontrollable and reproducible manner, indicating that mo-
cause of their unusual physical properties, have been studiedentum conservation also dictates the junction resistéhce.
experimentally and theoreticall§—3° Based on generalized Buldum and L& carried out electron transport calculations
tight-binding molecular dynamiod@vD) calculations Menon through the junction of two crossing SWNTs. By rotating
and Srivastav# proposed that stable T junction of SWNTs one of the tubes they found that intertube conductance is
can form the smallest prototypes of microscopic metal-strongly dependent on the atomic registry between two tubes.
semiconductor-metal contact. Yildirirat al?® investigated It is now well understood that the junctions of SWNTs ex-
the character of link between tubes in SWNT ropes undehibit novel electronic properties so that they can be ideal
pressure. In addition to the van der Waals packing they foundanostructures to fabricate robust molecular scale
two more different phases with local minima where the link-electronics’3As a kind of nanotube contact, the geometry
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of telescopic arrangement of two shells of a MWNT have
been recently considered for calculating inter-shell
currents’® They find a trend of a quasi-linear increase in the
inter-shell conductance with the increase in the length of the
overlap region.

All previous studies have indicated the importance of
nanotube junctions in device applications and brought about
issues to be addressed both theoretically and experimentally.
In particular, the description of the atomic structure of the
contact between two tubes as a function of contact fofoes
uniaxial stresy and electronic energy structure and elec-
tronic potential have needed a detailgalinitio analysis. It
is now important to know under what circumstances crossed-
nanotubes remain attachémt welded to each other and the
junction becomes a conductor. Also questions as to the roles
of the atomic registry forces pressing the tubes to induce
radial deformation and point defects at the contact in forming
junctions have remained to be clarified.

In this paper we present a detailed, first-principles analy- ceon
sis of the junction of crossed and parallel semiconducting FIG. 1. (a) Supercell used to simulate a junction of two crossed

SWNTs in different atomic registries as a function of tubes.F,(D) is the contact force generated due to a fixed distance

uniaxial stress pressing the tubes. We examined their eneP><DPvaw ands(D) is optimized spacing between the surfaces of

getics, stability and electronic properties. As a first-step infV0 SWNTS at the contactb) Bridge-Hollow (B-H) atomic regis-
three-dimensional3D) device integration based on SWNTs, Y between two parallel zigzag SWNT, where the-& bonds of
we also examined a 3D grid made by the periodical stackin Or? SWNT along its axis face the hexagon of the bottom SWHT.
of SWNTs. Our results are summarized as follo@ws:The © same .a$b) f.or the crossbar structuréd) Hexagon-h.exagon
. . . . . . H-H) atomic registry for the crossbar structure. The lattice param-
intertube interactions and resulting electronic properties ar ter of the bare8,0) tube isceyy=4.25 A

; : ) SWNT- 4 .
strongly dependent on the radial deformation of the tubes at
the contact. They do not vary continuously, but exhibit vari-expected to be small. However, the tube sides between two
ous phases depending upon the strength of the contact forcegijacent junctions can be affected from the radial deforma-
(i) A vacancy created at the contact promotes the linkingion of the contact. In a crossbar having free ends, the circu-
through sp-like bonds forming between tubeii) These |ar cross section of the bare tube is expected to be recovered
sp*like bonds link crossing tubes not only mechanically, butafter some distance from the junction. As for the junction of
also electronically, and may survive even after the contacparallel tubes, they are modeled by two infinite parai#e0)
forces are released. SWNTs in contact.

The organization of this paper is as follows. In Sec. I, we  Normally, two crossed or parallel, stress free tubes are
first present the computational details which are used in ouinked with a very weak van der Waals interaction with a
study. In Sec. Ill, we specify various junctions and give aspacings,qw~ 3.3 A. Then, the distance from the top of one
detailed analysis of their atomic and electronic structurestube to the bottom of the other onB=D qw=S,qw*2R;

The 3D grid structure is discussed in Sec. IV. In Sec. V, thet 2R,, whereR; and R, are radii of free tubes. In order to
results of our transport calculations are presented. create contact beyond van der Waals linkage, carbon atoms
located at the top and bottom of the junction are fixed at a
given distanceP <D 4 as indicated in Fig. 1. This situa-
tion is equivalent to generate contact fordgsgD) which

First-principles total energy and electronic structure cal{ress two tubes towards each other. The rest of the atoms in
culations have been performed using the pseudopotentiéiie supercell are relaxed to minimize the total energy. At the
plane wave methdd within the generalized gradient ap- end, the tubes in contact are deformed radially to have ellip-
proximation(GGA).*2 We treated both crossing and parallel tical cross sections and a spacisi@®) between the tubes is
junctions of(8,0) zigzag tubes within the supercell geometry achieved after the relaxation. By changibgdifferent con-
as described in Fig. 1. Two crossed tulfatso a crossbar tact forcesF,(D) yielding different spacings(D) are ob-
structurg are modeled by parallel rows ¢8,0) tubes along tained to examine the effect of the deformation at the junc-
the x direction which are placed on similar but perpendiculartion. In the force-free calculations, all the atoms in the
rows of (8,0) tubes along they direction. This way, a 2D supercell have been relaxed.
square grid of crossed tubes is generated. These grids are We considered two different atomic registries at the con-
repeated periodically along thedirection with a vacuum tact as described in Fig. Xi) the H-H registry where a
spacing of 10 A between grids. Owing to this large vacuumhexagon on one tube lies over a hexagon on the other tube;
spacing and supercell lattice parametarsb=12.76 A=[3  (ii) the B-H configuration where one -€C bridge-bond
X lattice parameter of8,0) tube, csynd @long thex andy  along the axis of the tube faces a hexagon on the other tube
directions the coupling of adjacent junctions of the grids isat the center of contact. By removing the vacuum spacings

Il. COMPUTATIONAL MODEL AND METHOD
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FIG. 3. (a) Variation of relaxed spacing, between two crossed
nanotubes andb) its energy(shown by diamondsand contact
force Fj, (shown by trianglesas a function ofD. The stress per
supercell and atomic configuration of the junction are shown by

B-H4 B-HS
FIG. 2. Relaxed atomic structures of two cross&@) SWNTs insets. In(a) filled circles, light diamonds and triangles indicate
with different atomic registriegH-H and B-H. B-H junction has  B-H, H-H registries and the B-H registry including a single va-
been studied for five different spacing valuesstd) labeled by  cancy, respectively. Ifb) diamonds and triangles are joined by
B-H1, B-H2, B-H3, B-H4 and B-H5. lines as a guide to the eye; but the detailed structure of possible
local minima are omitted.

between adjacent 2D grids, 3D grid structutedere each
tube is now in contact with two perpendicular tubes from
aboye and belophave been cons?ructed: We useki—ﬁgints Junctions of crosse(B,0) tubes in the B-H registry have
within the Monkhorst-Pack specialk-point scheme in the poon treated for five different values bf as illustrated in
sampling of the Brillouin zone of the 2D grid. For the 3D Fig. 2. As one goes from junction B-H1 to B-H5, the dis-
grid structure 14 special-points have been used. tanceD has decreased gradually2.35, 11.95, 11.55, 10.35
Since the main objective of this study is to reveal theand 9.15 A, respectively While D is reduced from
electronic properties of SWNT junctions, we carried out an12 35 A to 9.65 A, some physical properties have displayed
extensive analysis for the quantum transport of electrons. T@regular changes. Figure 3 shows variations of the spacing,
this end, we used nonequilibrium Green'’s function formal-energy and contact forces wifd; name|ys(D)’ ET(D) and
ism together with an empirical tight-binding method to in- Fo(D), respectively. It should be noted th&}(D)=0, for
vestigate the electron transport from one finite tube to thg5),es ofD that makeEp a local minimum. The changes of
other one through the junction. Each finite tube is attached tg,¢o spacing, bonding and atomic structure, as well as the
a different reservoir. The details of the method are explained ectronic structure are nontrivial, even paradoxical. For ex-

in Sec. V. ample, B-H1 and B-H2 junctions have small spacings
[s(D)~ 1.7 A], which allow the bond formation between the
IIl. ATOMIC AND ELECTRONIC STRUCTURE OF crossed tubes. The tubes by themselves display high curva-
JUNCTIONS ture, where the G-C bonds can form between their sur-
faces. On the other hand, in spite of smalleand stronger
F, in the B-H3-B-H5 junctions, their spacingéD) increase
We considered 2D grids having either H-H or B-H atomicto ~2.7 A and the interlinking bonds at the contact are bro-
registry at the contact region. For the H-H registry, we studken. This situation arises due to the flattening of the curved
ied only one junction which ha®=12.53 A. The relaxed tube surfaces at the junction. While contact atoms in B-H1
junction together with G-C bonds connecting two SWNTs and B-H2 geometries are formirsg’-like bonds between the
is illustrated in Fig. 2. The circular cross sections of tubes aréube surfaces, the flattened surfaces of B-H3-B-H5 junctions
significantly deformed. The deformation energy is calculatedoehave more graphite-like with large intertube spacings and
as the difference between the total energy of two noninterfinite  potential barrier ®g(z=s/2)=V(z=s/2)-E>0
acting bare tubes and the total energy of crossed ones and(iwhereV, is electronic potential energy
found to be 19.1 eV per supercelbr per 6 unit cells of Depending on the value &{D) and the presence of in-
SWNT). The electronic band structure of the correspondingerlinking bonds, we distinguish two different types of junc-

2D grid structure in the H-H registry is semiconducting and
has a band gap of0.3 eV.

A. Junctions of crossed SWNTs

205407-3



DAG, SENGER, AND CIRACI PHYSICAL REVIEW B70, 205407(2004

FIG. 4. Contour plots of total charge denspy and SCF elec-
tronic potentialV, of B-H2 and B-H3 junctions. In the right panels
the potential energy in the white regions is higher than the Fermi
energy, i.edg>0.

SCF-electronic potentidl, of the junction of crossed SWNTs. Left

panels: B-H5 contact; right panels: B-H5-type contact including a

tions. ‘]L_mCtionS such as B-H1 and B-H2 ha}ve EStainShegngle carbon vacancya) and(b) are charge density contour plots
electronic contact between the tubes, while in B-H3-B-H5, 5 |ateral plane bisecting the spaciigetween tubegc) and(d)

junctionss(D) increases and interlinking bonds at the contactyre the same for the electronic potential energy. While- Ex at

are broken. These cases can be analyzed by charge densifi¢ contact and henc®g>0 in (c), the potential barrier is col-
p1(r), and electronic potential energy,(r), contour plots as lapsed and an orifice is formed between two tubes through the con-
shown in Fig. 4. For example, small spacisi®) ~1.6 A of  tact in(d).

B-H2 junction allows the formation of &-C bonds between

the surfaces of two SWNTs. These interlinking bonds argacts. Under these circumstances the 2D grid would maintain
easily distinguished in Fig. 4, whereas in the B-H3 junctionits gap. On the other hand, the edges of the 2D grid made by
S(D) has increased te-2.7 A, and a finite potential barrier metallic SWNTS(SUCh as armchair tUb)?,S expected to re-

®g has developed between two tubes. main metallic no matter what the character of the junction is.

Important features of the electronic structure of the junc-The conductivity is then controlled by the contact resistance
tions are revealed from the electronic band structure of thef the metallic tubes.

corresponding 2D grid structure along thk- and

ky-direction. The grid formed of H-H junctions is a semicon- B. Effect of vacancy and carbon impufit

ductor with a band gap d&;=0.3 eV in spite of the &-C ' y purity

bonds which connect crossing SWNTs. Similarly, the 2D Crossbars have been produced by the exposure of the
grids of B-H1 and B-H2 junctions are semiconductor, but thgunction to the electron beam, where one generates several
band gap gets gradually smaller. It is 0.17 eV in the formerjmperfections’®3*As a possible imperfection we considered
but is reduced to 0.1 eV in the latter. The gap is closed irthe effect of a vacancy existing on one of the tubes at the
B-H3 and B-H4 structures owing to a relatively stronger de-contact region. In spite of a high deformation and sridaih
formation of tubes at the contact. Interestingly, upon furthetthe B-H5 junction the spacing between the tubes has been
decreasing oD, the gap opened again and hence 2D gridrather large. After creating a vacancy on the surface of one of
becomes again a semiconductor. The metallicity at the intethe tubes the bonding character near the vacancy has been
mediate levels of deformation is due to the radial deformachanged from &p- to a sp>-like configuration; thereafter
tion of each tube at the contact. Because ®f-7* the spacing has decreased and eventually an interlinking
hybridization}1418 the conduction band of ther*-singlet  bond has formed. It appears that an imperfection like a va-
states dips below the Fermi level of both SWNT. First clos-cancy at the contact provides an electronic charge distribu-
ing then opening of the band gap of the 2D grid structure igion and atomic structure which are suitable for linking of
a behavior specific to the junction of crossej0) tubes. two tubes. The linkage and eventually weldifty merging

Note that the metallization of the grid is due to a relatively of two tubes at the junction can take place by the creation of
short distancgapproximately one unit cell of SWNTbe-  a large number of vacancies or divacancies. Interestingly, we
tween two adjacent nodes. If the edges of the squares of tHeund that the 2D grid having a single vacancy at the contact
grid were taken long enough, the central regions of SWNTis semiconducting with a band g~ 0.25 eV.

between two nodes would be unaffected and remain unde- The effect of vacancy is further examined in Fig. 5 by
formed in spite of the severe radial deformation at the coneomparing total charge density and SCF-potential in a plane
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bisectings(D) between the tubes at the junction. In the ab- (a)
sence of vacancy B-H5 junction has Igw, but Ve>Eg in

the same plane. A finite barrigbg develops, and prevents

electrons from the ballistic motion between the tubes. The

situation is, however, different if a vacancy is incorporated to s=1.65 A

one of the tubes at the contact. In the region of the interlink-
ing C—C bond induced by the vacancy, we see high charge
density and low potential. This situation is reminiscent of the
fact that the interlinking &-C bond made an orifice or hole
through the potential barrier. Such an orifice can allow the (b)
ballistic electron transfer if its diameter is large so that an
effective barrier does not develop due to size effects.

A single carbon atom placed between two tubes and on
top of the mutual axial bonds crossing at the contact can
form four directional and strong bonds. The interlinking of
the tubes is found to be favorable energetically. We found the
total energy of the whole system is lowered by 4.6 eV. This
means that an energy of 4.6 eV is required to disconnect the (c)
crossed8,0) tubes linked by a single carbon atom.

[}
$=1.66 A

C. Parallel tubes

[
The junctions made by parallel tubes may display a be- s=1.60 A

havior which is slightly different from the crossing SWNTSs.
Earlier Yildirim et al?® examined the interlinking of SWNTs
forming a 2D hexagonal lattice under pressure. In addition to
the interlinking of tubes via van der Waals attractive interac-
tions under zero pressure, they found two different local . o
minima of the Born-Oppenheimer surface at different ranges FIG. 6. Relaxed at(_)mlc structure of the junctions between two
of applied pressure. In the phases corresponding to the grallel tubes under d_n‘ferent contact forceDr (a) Large D an_d
minima, C—C bonds have formed to link the tubes in one ence Weak' defqrmatlomb) Small D, hence strpng deformation.
direction in the first minimum and in two directions in the (¢) Relaxed junction after the contact force(ty s released. Par-

L ... allel tubes have B-H registry.
second minimum. The present structure and model differs gistry

m. ol
from those of Yildirimet al,” since only two parallel tubes = 5qqume their original bare circular shape. After the full relax-
are considered in contact. Two free SWNTs are expected t9:1 the G—C bonds continued to link two SWNTs. but the
be |'”£ed by the van der Waals interaction Willaw  form of the cross section at the contact region has changed
~3.3 A and D,qw=S,qw*2R. By constraining them with 54 the upper tube has rotated as shown in Fig. 7. The cur-
D <D,qw We see that interlinking bonds are easily formed, 4 re increased locally at both ends of interlinking-&
between two tubes for loW,. In contrast to what one sees in 4,4 to comply with thep*-like bond configuration. It ap-

the junctions of crossing tubes, these bonds continue to ex'fjtears that the B-H2-type junction forming under w

even under stroAng contact forces. The spasiiy) is in the  ¢an provide a connection between crossed SWNTs as a local
range of~1.6 A no matter what the value @ is. Each  minimum. However, the B-H3 junction behaves differently
interlinking bond pulls and connects two C atoms, one fromy o Jifting of the contact forces. Without being captured in
each tube, and changes the losgi-type bonding tsplike  any jocal minimum, cross sectional deformation is gradually

bonding configuratiorisee Fig. 6. eliminated and eventually two SWNTs become disconnected.

D. Free junctions

Having examined the energetics and atomic structure of
junctions of crossing and parallel tubes, we next address the
question as to what happens if the contact force is released
and hence the tubes are left free. It is important to know
whether the junction survives or the linking of tubes ceases.
To this end, we optimized B-H2 and B-H3 junctions after
Fo(D) is releasedor the constraint due tD is lifted). Note
that under contact forces, the former had interlinking bonds,
but the latter had relatively largstD) whereby interlinking
bonds were broken. Once tifg is released from the B-H2 FIG. 7. Relaxed atomic structure of a junction B-H2 after the
junction, the deformation of SWNTs steadily relaxed to re-contact forced, are released.
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In the case of parallel junctions two tubes remained con- 0.50
nected with interlinking G-C bonds as shown in Fig(®
even after the contact force is released. 0.25

In closing this section we note that Yoa al3° investi-
gated the junction of cross&8,5 SWNTs by performing a
constrained total energy minimization within a supercell
structure, in which only the positions of the atoms near the
junction are relaxed while fixing the center-to-center inter-
tube distance at the boundaries to produce the desired contact
force. By using the Landauer-Biittik&r'¢ formula they cal-
culated intertube and intratube conductance as a function of
the contact force. These calculatiéhsf crossed nanotube
junctions differ from the present one in many respects. First
of all the (5,5) metallic tubes considered by Yot al3° do
not form the interlinking G—C bonds between the tubes.
Consequently, the large spacifsg= 3.35 A) occurring in the
absence of the contact force, is reduced only-@5 A un-
der strong contact force. Although this spacing is still too
large to form CG—C interlinking bonds, it may allow a sig-
nificant wave function overlap of individual tubes at the
Fermi level and hence may enhance the tunnelling current as
in fact found by Yoonet al3 In the present study8,0)
zigzag tubes can form-G-C bonds at the contact which, in

turn, may lower or even collapse the tunnelling barrier. For g5 g Energy band structure along tzexis shown by an

the same reason the variation oWith Fy is more complex jyset, and the relaxed atomic structure of the corresponding 3D grid
and varies from 3.35 Avan der Waals linking not included of the (8,0) zigzag tubes.

in this study to ~1.6 A. Our work also differs from the
earlier one by the constrains which create the contact forc
between crossed tubes. Similar to the experimental conditio
using an Atomic Force Microscope, we pressed the tube
from top and bottom(namely by fixing only a few atoms
designated in Fig. 1 at a desired distaraed relaxed the rest
of the atoms. As a result, the deformation of the tubes ar
more realistic, in particular, for the case of strafg

s

= 000
&

Q

g s

Hected along the axis. It has a band gap of 0.15 eV, and flat
Bands. We, however, note that the electronic and mechanical
Broperties of the grid structure can be tuned by changing the
supercell parameters. The electronic and mechanical linking
of SWNTSs alongx, y, andz directions depend on the contact
forces inducing radial deformation, and on the lateral lattice
parameters. Upon releasing the contact force, the interlinking
IV. 3D GRID STRUCTURE bonds can provide stability and may lead to metallic proper-
) - ) ) ties. Nevertheless, the model discussed here demonstrates
The 3D grids of SWNTs add an additional dimension toha¢ the stable 3D grid and crystal structure can, in principle,
the planar structures and may be of use in 3D integration ange formed from SWNTs. These 3D grid structures can be
other similar applications such as forming a 3D periodicmogified by external agents, such as stress, modulating ab-
framework for the artificial crystal structure of giant mol- sorption of molecules and atoms. For example, through the
ecules. Here we studied a 3D grid made of a supercell coryecoration of transition metal atoms or magnetic molecules
taining 6 unit cells of thg8,00 SWNT. As described in Sec. ihe grid can gain magnetic properties. 3D grids made by

II, our model for the 3D grid structure shown in Fig. 8 is grmchair tubes have metallic interconnects between nodes.
generated by stacking the B-H1 junctions along zkeexis.

The contact force is imposed by fixing the supercell param-
eter along thgz—axis at a specific value_, which _Ieads to cer- V. ELECTRON TRANSPORT
tain deformation of tubes upon relaxation. Owing to the ini-
tial structure and the supercell parameters, the SWNTs along The rapid advances in the measurements of electrical con-
they-axis form interlinking bonds with the SWNTSs along the ductance of individual molecular- and atomic-sized devices
x-axis from only one side. At the othéppposit¢ side of require commensurate advances in the theoretical under-
SWNTs the spacing between adjacent tubes is large andstanding of the detailed microscopic mechanisms. Modeling
does not allow any interlinking bonds. Accordingly, a poten-of a single element of nanodevices is needed to provide in-
tial barrier develops which prevents the ballistic electronterpretations to predict device characteristics. Several ap-
transfer along the-axis. Such a one-sided linking of tubes at proaches have been developed to calculate the quantum con-
the junction appears to be circumstantial, however. Undeductance in nanostructures, based on semiempitisit-
different F, either two-sided linkings or two-sided detached binding, Hucke) models. More recently, a variety of first-
junctions with larges may occur. principles formulations have appearekh initio approaches
The electronic band structure shown in Fig. 8 confirms théhave also been extensively used to characterize the electrical
situation that the 3D grid structure is electronically discon-transport properties of nanostructures.
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In the present study to analyze the conductance properties

of junctions of two SWNTs we used the Green’s function EEY)

technique combined with the Landauer-Biittiker formalism FIG. 10. Calculated conductan@versus energ¥ for various

and a parametrized tight binding mod&IThe junction is junctions.(&a) Distribution ordering of interatomic distances in the

taken to be Coupled to two Sem|_|nf|n|te electroc{mer_ B-H2 jUnCtiOn, i.e.,Rij versus the number index of sorted distances.

voirs) from the end surfacels andR as depicted in Fig. 9. The dgshgd line at 1.75 A. and 2.91 A cqrrespond to the domains of
The conductance through the junction is given by thetlght-blndlng parametrization(p) the B-B junct_lon qf two parallel

Landauer type formuf&46in terms of the Green’s functions tubes connected by a carbon atqg);the B-H2 junction of crossed

of the junction and the coupling of the junction to the {UPes:(d) The B-H2 junction relaxed after contact forces are re-
electrode<? leasedje) B-H3 junction;(f) B-H4 junction;(g) A junction having

H-H registry; (h) the B-H6 junction which is B-H5 including a
2 . a single vacancy. In all plots the coupling parameter is fixedyat
G= TTF(FLG I'rGY), (1) =0.5. Zero of energy is set at the Fermi level.

where G" and G? are the retarded and advanced Green’sﬂ‘Pi,n(r)“"|9”i,r_n(r_Rij)> (or setting a cutoff distance so that
functions of the conductor anB, andT'g are the coupling Rij < Reutorr yi€lds @ nonzero interatomic interactjoand the

functions of the conductor to the electrodes. The retarde@PPropriate scaling factor of energy parameters are essential.
Green's function is given by the expression o this end, we examined the distribution of interatomic dis-

tances in these structures. Figur¢ad&hows the ordering of
G'=(e-H-3 -3p™1, (2)  interatomic distanc&; in the B-H2 junction. Here we can
. o ) clearly distinguish three nearest neighbor distances; namely
whereH is the Hamiltonian of the conductor region, aBg,  he first nearest neighbor distance wRh<1.75 A, and sec-
2. are the self-energy terms due to the electrodes. The selfnd and third nearest neighbor distances V< 2.91 A
energies and the coupling functions are related throughpen = Sjater-Koster Hamiltonian parameters of the tight-
ILr=-2Im% . In this approach the properties and the hinging model are as follows: The on-site energies are
effects of the electrodes are represented by the self-energyy 3 eV for thes-orbital ande,=0 for the triply-degenerate
terms which we have parametrized by the corresponding-orhitals. The nearest neighbor pairs determined by the con-
line-width functions (I'yr))j=74;, where the indices run dition that the interatomic distan@®, being less than 1.75 A
through the orbitals of the surface atoms at the contactsare assigned the hopping parametegs,=-4.30 eV, Vg,
Such parametrization of self-energy terms corresponds to the4.98 eV,Vpp,=6.38 eV andv,,,=-2.66 eV. Further inter-
approximation of the wide-band limit where the level actions are taken into account upRp=2.91 A which cov-
shifts, ReX| ), are neglected and the linewidths are taken agrs all the 2nd and 3rd nearest neighbors pairs by using
an energy-independent constam, for every level of the scaled parametergg,,=—0.18&, V¢, =0, V,,,=0.3%, and
surface atoms. After a few trials, in our calculations we chose/,,,=—-0.10x with the scaling parametea:(3.335R”)2.
v=0.5 fixed, which provides a sensible broadening of con-This set of tight-binding parameters were successfully used
ducton channels shown in Fig. 10. earlief**°to calculate electronic properties of carbon nano-
Within the tight-binding model all these functions are tubes having deformed cross-sections. The original deriva-
4n X 4n matrices(n is the number of atoms in the junction tion of these empirical tight-binding parameters was per-
region expressed in terms of tre p,, py, p, parametrization formed by fitting to theab-initio-calculated band structure of
of carbon as given in Ref. 44. Here, the selection of range fobulk graphite?® The similarsp’ coordination of atoms both
suitable nearest neighbor interactions in the matrix element® graphite and in SWNT makes this parametrization reason-
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ably valid for SWNTs as well. To test the tight-binding radial deformation have been considered. Two tubes which
model we have calculated the ballistic conductance of infiare normally under a weak and attractive van der Waals in-
nite (5,5) and(8,0) SWNTs and found agreement with earlier teraction can be further linked by pressing them towards
calculations. each other. Compressing tubes radially induces deformation

Using the above model we made conductance calculatiorsnd changes the circular cross section into an elliptical one.
for junction of parallel tubes connected with a carbon atoms\We showed that two parallgB,0) tubes can be linked by
B-H2, force-free B-H2, B-H3, B-H4, H-H and B-Hgé.e., the = C—C bonds between the tubes under weak as well as strong
B-H5 junction which has a vacangygonfigurations. Figure contact forces. The junctions of crossed nanotubes are stud-
10 shows the intertube equilibrium conductances of thesed by using a 2D grid model for a wide range of contact
systems. All conductance values for these structures do ndorces. It has been shown that certain physical properties do
exceed the unit quantum of conductar@g= 2€?/h. not vary continuously with the contact forces. The—@C

In Fig. 1Qb), despite a large separatiorn 2.2 A) between  bonds interlinking the tubes can form under relatively weak
two parallel tubes, significant intertube conductanceg.5 contact forces. These bonds survive even after the contact
is achieved through the carbon atom that connects the tubetorces are released. However, strong forces induce significant
The existence of the extra C atom between the tubes pragadial deformation and give rise to flattening of the tube
vides a ballistic channel for the conduction, however, thesurfaces. Once the surfaces becomes locally planar at the
scattering mechanisms and the effect of the contact resisontact, the curvature effects diminish. At the end, interlink-
tance limit its value below the unit quantum of conductanceing bonds are broken and the spacing between chemically
The contact geometry of two parallel SWNTSs that we studiednactive flat surfaces increases as in graphite layers. Under
can be contrasted to that of the telescopic arrangement dfiese circumstances a finite potential barrier between tubes
double wall carbon nanotubé®WNT) as considered in Ref. hinders ballistic electron transport from one tube to other.
40. In the latter case, although the distance between the wallthe potential barrier collapses if linking bonds between the
is comparable to our case, the intertube conductance thdybes are present.
calculate is more than two orders of magnitude smaller due The formation of interlinking bonds can be enhanced by
to the potential barrier between the walls of DWNT. In that making the contact chemically active. This can be achieved
case the system is in the tunnelling regime. by implementing imperfections, such as substitutional impu-

The contact force dependence of the intertube conducities with valencies different from fou¢such as B, N, P,
tance in(5,5) crossed nanotube junctions was investigated iretc) or more conventionally by creating vacancies and diva-
calculations by Yooret al,2° and a strong dependence on the cancies. A single carbon atom between tube surfaces can also
contact force was calculated. On the contrary, in the presemirovide the interlinking. A single vacancy created on one of
study using(8,0) zigzag tubes, intertube conductance is in-the tube surfaces makes the junction chemically active and
versely proportional with the contact force. For the B-H2establishes asp™like bonding configuration. As a result, the
structure we calculated the equilibrium conductance agpotential barrier is collapsed through interlinking bonds. Our
0.285,. Conductance plots for B-H3 and B-H4 junctions results related to junctions with vacancy explain how the
support the previous conclusions reached through the analgtable crossbar structures can be fabricatednbgitu pro-
ses of contact structure and electronic potential. Hence theesses. An alternative process to make crossbar, T and other
intertube conductance of highly compressed junctions is negypes of junctions is to weld the tubes at the junction site by
ligible due to a widedg intervening between tubes. The the chemisorption of atoms, which make stable chemisorp-
conductance of the junction which was relaxed after contion bonds. Here we mention the Ti atom, which is easily
straints on the B-H2 lifted and hend& was released in- adsorbed and also can make thick coating of SWNTs. The
creases to 0.48,. A slight increase ofs can be attributed to calculation of quantum ballistic conductance through various
the reduced deformation of contact in the absence of thgunctions confirm the analysis based on potential energy and
constraints. The conductance of H-H junction on the Fig.atomic structure for the behavior of the contact as a function
10(g) is comparable to those of B-H2 and B-fig The of the contact force.
B-H5 junction, with a larges and finite @5 between tubes, We also examined the 3D grid structure of tubes by using
hasG~0. There is an empty gap 0f0.5 eV for ballistic  only limited supercell size consisting ofX33 unit cells of
conductance. However, upon the creation of vacancies, thé,0) zigzag tube laterally. Our results indicate that formation
potential barrier has collapsed and the calculated conduef linking bonds, stability and variation of electronic struc-
tance increased to a value close to@,8We note that the ture depend on the applied contact force. We believe that 2D
model used in calculatin@ in Fig. 9 has short arms 8,00  and 3D grid structures can render a framework to integrate
SWNT leading to the junction. These short arms, which areSWNT-based devices or functionalization by adsorption of
also deformed undef, appear to be conductor, in spite of molecules.
the fact that a long barg,0) is a semiconductor.
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