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Quantum interference effects in electronic transport through nanotube contacts
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Quantum interference has dramatic effects on electronic transport through nanotube contacts. In optimal
configuration the intertube conductance can approach that of a perfect nanotube (4e2/h). The maximum
conductance increases rapidly with the contact length up to 10 nm, beyond which it exhibits long-wavelength
oscillations. This is attributed to the resonant interference phenomena in the contact region. For two concentric
nanotubes symmetry breaking can reduce the maximum intertube conductance from 4e2/h to 2e2/h. The
phenomena discussed here can serve as a foundation for building nanotube electronic circuits and high-speed
nanoscale electromechanical devices.

DOI: 10.1103/PhysRevB.67.113409 PACS number~s!: 73.63.Fg, 73.63.Rt, 73.22.2f, 73.21.Hb
n
o

es

g
b
r

ri
on

an
tio
gt
uc
er

d

ap

as
hi
io
ik
tu

uc
f

y

e

n
ea

ec

th
e
tu

ons

lar-
to

.
nt
no-
uc-
in

s a
for

ch

dif-

ross

of
d to

uasi-
r the

the

r

re not
Carbon nanotubes have electronic and mecha
properties1 that make them excellent candidates for nan
scale electronic circuits. Simple devices such as diod2

single electron transistors,3,4 field effect transistors,5,6 and el-
ementary electronic circuits7 have been built. Understandin
the electronic transport through nanotube contacts will
essential for more complex nanotube circuits. Seve
nanotube/metal contacts 8–11 and intrananotube
junctions12–19 have been studied theoretically and expe
mentally. The possibility of using nanotube/nanotube c
tacts for electronic devices has been suggested.20–24 In this
paper we examine the electronic transport between two n
tubes, in parallel and in concentric geometries. The varia
of conductance with the tube chirality and the contact len
is investigated. Characteristic rapid oscillations in cond
tance, related to the nanotube atomic structure and the F
wavelength of the conduction band, are found.21 In general
the intertube conductance is small when two tubes have
ferent chirality. However, forarmchair/armchairor zigzag/
zigzag the contact conductance is significant and can
proach 4e2/h ~the conductance of a perfect nanotube! when
the contact length is of the order of 10 nm. Further incre
in contact length reveals long-wavelength oscillations. T
is attributed to the quantum interference of the wave funct
in the contact region, which creates resonant cavityl
states. Such oscillations were found in a recent scanning
nel microscope~STM! experiment.25 For two concentric
nanotubes it is found that the maximum intertube cond
tance is either 4e2/h or 2e2/h depending on the symmetry o
the nanotubes.

The electronic structure of the nanotubes is modeled b
simplep-orbital tight-binding Hamiltonian,1 taking into ac-
count the nanotube curvature. The quantum conductanc
calculated using the Landauer-Bu¨ttiker formula, with a recur-
sive Green-function technique.15,21 This approach has bee
shown to provide good agreement with experimentally m
sured electronic structure and transport properties.15,21,25,26

Electron-electron interactions play an important role in el
tronic transport through carbon nanotubes,27 however, they
have little effect on conductance when the contacts with
leads are highly transparent.28 In our model the leads ar
perfect nanotubes to ensure good contact with the struc
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being investigated, therefore electron-electron interacti
are not included in the present calculations.

For the case of two nanotubes in parallel contact,29 the
distance between nanotubes is fixed to 3.1 Å from molecu
dynamics simulations. The conductance is not sensitive
small changes in the intertube distance around this value

Various combinations of metallic nanotubes with differe
tube size and chirality were investigated. The size of na
tubes is found to have no substantial effect on the cond
tance, however, it depends sensitively on chirality. Shown
Fig. 1 are typical examples of intertube conductance a
function of energy. The best conductance is achieved
armchair/armchair or zigzag/zigzag configurations. For
armchair/armchaircontacts the conductance can approa
that of a perfect nanotube, 4e2/h @Fig. 1~a!#. In contrast, it is
an order of magnitude smaller when the two tubes have
ferent chirality@Fig. 1~c!#. This is due to the fact that only
zigzag/zigzagandarmchair/armchaircontacts allow optimal
configurations in which delocalized states are present ac
the contact@see also Fig. 3~a!#. As a function of energy, the
conductance exhibits a series of minima. Examination
electronic structure revealed that these minima correspon
peaks in the density of states~DOS! of the contact region.
This suggests that resonant backscattering due to the q
bound states formed in the contact area is responsible fo
conductance dips~see also Figs. 2 and 3!. Similar effects
have been found for nanotubes with defects.28,31,32

When examining the dependence of conductance on

FIG. 1. Intertube conductance for a~a! ~6,6!/~6,6!, ~b! ~9,0!/
~9,0!, ~c! ~6,6!/~9,3! parallel contact as a function of energy fo
contact lengths~denoted L on the graph! of order of 10 nm. Notice
the presence of a small gap atE50 eV in ~a! and~b! due to inter-
action between nanotubes. For the same reason the graphs a
symmetric with respect toE50 eV point ~see also Ref. 30!.
©2003 The American Physical Society09-1
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FIG. 2. Conductance and DOS as functions of the contact length atE520.1 eV for a~a! ~6,6!/~6,6!, ~b! ~9,0!/~9,0! parallel contact.
Rapid oscillations with a period of unit-cell length are present for both armchair@la52.46 Å (5a0)# and zigzag@la54.26 Å (5a0)#
tubes. Additional modulation related to the Fermi wavelength (lF53a0) can be seen in~a!. Due to the fact thatkF50 for zigzag nanotubes
such a modulation is missing in~b!. Notice the correlation between the peaks in the DOS and the minima in the conductance~see the text
for discussions!. ~c! The upper envelope of conduction oscillation as a function of the contact length~L! at E520.1 eV, showing
long-wavelength oscillation. The maximum conductance can reach that of a perfect nanotube for contact lengths greater than 10 nm
labeled by 1, 2, 3 are examined in detail in Figs. 2~a!, 3~a!, and 3~c!. The solid dots correspond to calculated local conduction maxima.
inset shows an example of actual dependence of conductance on contact length.
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contact length we found two types of characteristic osci
tions ~Fig. 2!. At atomic length scale rapid oscillation o
conductance with the contact length is related to the unit-
length (a052.46 Å for armchair nanotube anda054.26 Å
for zigzag nanotube! and is due to the resonant backscatt
ing on the quasibound states32 ~notice the same correlatio
between minima in conductance and maxima in DOS a
the case of energy dependence!. In armchair/armchaircon-
tacts additional modulation related to the Fermi wavelen
is also present.33–35

As one continuously increases the contact length,
rapid oscillation in conductance persists. The envelope of
oscillation shows smooth variation with the contact leng
@Fig. 2~c!#. Initially the maximum conductance increases ra
idly with the contact length. The maximum value approach
4e2/h ~value for a perfect tube! for contact lengths of the
order of 10 nm. This is surprising considering that the nu
ber of quasibound states also increases with the con
length. The explanation is that the quasibound states
formed mainly for certain local arrangements of the atoms
the contact area for which the minima in conductance rem
indeed very low at any contact length. For other arran
ments delocalized states are formed which facilitate the c
duction. In such cases the DOS has values close to thos
the perfect tube@see also Figs. 3~a! and~b!#. Further increase
of the contact length shows unexpected long-wavelength
cillation in conductance@Fig. 2~c!#. Resonant cavitylike in-
terference is responsible for this interesting feature. To
derstand this phenomenon better in Fig. 3 we show tw
dimensional~2D! contour plots of the local density of state
~LDOS! as a function of energy and position along the co
tact for fixed contact lengths. When the conductance is in
vicinity of a global maximum@marked 2 in Fig. 2~c!# the
LDOS is small and smooth along the contact@Figs. 3~a! and
~b!# for most energies. In contrast, when the conductanc
in the vicinity of a global minimum@marked 3 in Fig. 2~c!#,
one can observe a clear interference pattern across the
tact area@Fig. 3~c!#, due to the formation of a resonant cavi
in such a configuration. Such resonance is very similar
that observed in a recent experiment.36

In a semi-infinite tube resonant backscattering of the e
11340
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trons takes place due to the finite end. The incoming w
and the reflected wave interfere producing a set of max
and minima in the LDOS along the tube. When two nan
tubes are in parallel contact, if the interference maxima in
two tubes overlap for a certain energy and contact length,
contact exhibits a resonant cavitylike behavior. A stand
wave pattern in the LDOS along the contact can be obser
in this case@Fig. 3~c!# and the conductance has a glob
minimum @area 3 in Fig. 2~c!, Fig. 3~d!#. When the interfer-
ence maxima in one tube overlap with the minima in t
other tube the LDOS in the two tubes are out of phase
the resonant cavitylike behavior is destroyed@Figs. 3~a! and
~b!#. The electrons can be easily transmitted through the c
tact, thus high conductance values@area 2 in Fig. 2~c!, Fig.
3~b!#.

As a function of the contact length the long-waveleng
oscillation of the conductance depends on the energy:
further the energy is from 0 the smaller is the oscillati
wavelength. In a crude approximation we can treat this p
nomenon as a beatlike interference between the incom
wave (k1) and the reflected one (k2) when they are in dif-
ferent bands, resulting in a modulation of wavelengthl i
52p/(k12k2). The dispersion relation for the two condu
tion bands of an armchair nanotube can be written
DE56V0(122 cos(ka/2)).1 The wave vectors of the elec
trons located in these bands will bek1,25(2/a)(p/3
6DE/V0A3) near Fermi energy, thereforel i52p/(k1
2k2)53pV0d/2DE. Thus the wavelength of the long-rang
oscillation should be inverse proportional to the energy. T
can be clearly seen in Fig. 3~c! where as one moves awa
from E50 the number of maxima increases with the ene
across a given contact. Such long range oscillations in LD
have been observed previously in low dimension electr
gas systems.37,38 Recent experiments on nanotubes also s
gest the existence of such long wave oscillations.25,28,36

The possibility of using multiwall carbon nanotubes
electric circuits components has been suggested since
discovery.39,40 Recent experiments show that building d
vices out of multiwall nanotubes is now possible,41 revealing
new potential applications.42 We considered a contact bui
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from a multiwall nanotube, consisting of two semiinfini
concentric tubes, such that the inner tube can telesc
The dependence of the intertube conductance on the
and the chirality of the tubes was examined. The b
conductance is once again achieved byarmchair/armchair
and zigzag/zigzagcontacts; the other combinations sho
a conductance at least an order of magnitude sma
Both atomic scale and long-wavelength oscillations
also present. For a given contact length the conducta
maxima show a steeper initial increase with the cont
length due to the larger contact area of the concentric ge
etry compared to the parallel case~Fig. 4!. The conductance
of the contact depends on the intertube distance. The m
mum conductance is obtained when the intertube distancdi
is around 3.4 Å, the observed interwall distance in multiw
nanotubes.43

FIG. 3. ~Color! ~a! 2D contour plot of the LDOS~in states/unit
cell! along the contact as a function of energy and~b! conductance
@in units of G052e2/h as a function of energy for a~6,6!/~6,6!
contact when conductance has a global maximum,L512 nm, area
2 in Fig. 2~c!#. Notice that when the conductance is 2G0 the LDOS
has the same value along the nanotubes and across the co
indicating the continuation of the conductance band from one t
to the other.~c! 2D contour plot of the LDOS~in states/unit cell!
along the contact as a function of energy, and~d! conductance~in
units of G0) as a function of energy for a~6,6!/~6,6! contact when
conductance has a global minimum@L522 nm, area 3 in Fig. 2~c!#.
The standing-wave pattern for specific values of this is very cl
The minima in conductance due to formation of quasibound st
in the contact area are present in both cases.
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Because in the concentric geometry the symmetry axe
the two nanotubes are aligned the angular momentum
good quantum number. This means that an electron star
in one of the tubes must scatter to a state with the sa
symmetry in the other nanotube12 ~this is not the case when
the two nanotubes are in parallel contact, as they do
share a common axis and therefore angular momentum is
a good quantum number!. Considering the case o
(n1 ,n1)/(n2 ,n2) nanotube contacts, the two nanotubes ha
a Cn1

and Cn2
symmetry, respectively. Correspondingly th

p bands have the angular quantum number 0 in both tube12

while the p* bands haven1 and n2, respectively.44 As a
consequence, the conduction channel due to thep band re-
mains always open while the the conduction channel du
thep* band is open only if the two nanotubes have comp
ible rotational symmetry. As an illustration, we show in Fi
4 the conductance for~5,5!/~10,10! ~dotted line! and ~6,6!/
~11,11! ~full line! contacts. In the case of~5,5!/~10,10! con-
tact thep* bands have compatible rotational symmetries a
the conduction can reach 4e2/h. For ~6,6!/~11,11! contact the
rotational symmetries are incompatible hence the maxim
value reached by the conductance is 2e2/h. This may ex-
plain the observation of only one conductance channe
some multiwall nanotubes experiments.8

In conclusion, nanotube/nanotube contacts exhibit a v
ety of interesting phenomena. We found that the best cond
tance is achieved for armchair/armchair and zigzag/zig
contacts. The conductance maxima increase with the con
length and can reach the value for a perfect tube. For la
contact lengths a long-wavelength oscillatory behavior
found. This is attributed to the resonant cavitylike interfe
ence phenomena in the contact region. For two concen
nanotubes symmetry breaking can reduce the maximum
tertube conductance from 4e2/h to 2e2/h. The phenomena
discussed here can serve as a foundation for building na
tube electronic circuits and high-speed nanoscale electro
chanical devices.
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fice Grant No. DAAG55-98-1-0298, the Office of Naval R
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FIG. 4. Envelope function of the conductance for a~5,5!/~10,10!
~dotted line! and a~6,6!/~11,11! ~full line! concentric geometry con
tact atE520.1 eV.
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