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Electronic transport through bent carbon nanotubes:
Nanoelectromechanical sensors and switches
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We theoretically investigate the mechanical deformations of armchair, zigzag, and zigzag-armchair kink
nanotube structures, under severe bendings, within a tight-binding model. It is shown that the zigzag tube is
stiffer than the armchair tube with the same diameter. The kink structure is found to be quite stable under
severe bendings. Calculating theI-V characteristics, we show that, at the same bias, the current of metallic tube
decreases with increased bending, while that of semiconducting tube increases. Such a universal behavior is not
observed for the kink structure due to two competing effects. Possible application to nanoelectromechanical
sensors and switches is discussed.
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I. INTRODUCTION

The mechanical properties of carbon nanotubes, toge
with their electronic properties, provide a unique and pro
ising basis for theoretical investigations, as well as pract
applications. Previous calculations of the nanotubes Yo
modulus, using empirical force-constant1 and ab initio 2

models, indicate that it is independent of the chirality of t
tube. However, for larger strains, it is shown3 that most of
the axial strain is borne by the bonds parallel to the tube a
Therefore, one may naturally expect a difference between
mechanical response of the tubes possessing bonds pa
to te tube’s axis—i.e., zigzag tubes—and that of the tu
without such bonds~e.g., armchair tubes!. It is indeed
shown,4 using a tight-binding model, that the mechanical
sponse of the nanotubes under large strain is helicity de
dent.

As concerns the bending phenomena in carbon nanotu
several experiments5–8 have indicated that, under seve
bendings, buckling is the usual way for the nanotubes
reduce strain. The usual approach to the theoretical mode
of buckling phenomena has so far made use of class
potentials.6,9,10 Even for calculations of the electronic prop
erties of the bent tubes, which make use of relatively m
sophisticated quantum tight-binding Hamiltonians, the st
ing geometry of the bent nanotubes has been obtained u
classical potentials.11–13 The relaxation procedure based o
classical potentials does not take into account the increa
s-p hybridization as a result of bending, especially at larg
bending angles. However, the increased hybridization is
pected to have a decisive effect not only on electronic str
ture, but also on the forces and relaxed atomic configurat
themselves.

The interrelationship of the electronic and mechani
properties of carbon nanotubes11–17 gives rise to natura
speculations for possible applications. It has been sho
both experimentally18 and theoretically19,20 that the revers-
ible bending of nanotubes can be used to alter their cond
tion, which, in turn, may be used in nanoelectromechan
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switch and sensor applications.
Here, we investigate electronic transport through bent c

bon nanotubes and establish a correspondence betwee
mechanical deformation and current that is passing ac
the deformed region. First, we obtain the optimized config
rations of the bent armchair, zigzag, and zigzag-armch
kink21–23 structures, using a four-orbital-per-atom tigh
binding model. Next, the conductance characteristics of
relaxed structures are derived. Finally, we calculate the c
rent passing through the bent nanotubes and focus on
effects of bending angle on the current-voltage (I -V) fea-
tures.

II. MODEL AND METHOD

In order to obtain relaxed structures under bending an
calculate transport properties, three different nanotubes
considered in this study: a~6,6! armchair, a~10,0! zigzag,
and a~10,0!-~6,6! zigzag-armchair kink structure, which con
tain 972, 940, and 974 carbon atoms, respectively.@The di-
ameters of the~6,6! armchair and~10,0! zigzag nanotubes
are 8.1 and 7.8 Å, respectively.# The lengths of these portion
are 98 Å for the armchair and zigzag tubes and 100 Å for
kink configuration. Considering the large number of atoms
the systems that makesab initio geometry optimization for-
midable and taking into account the disadvantage of us
classical potentials mentioned above, we choose a f
orbital-per-atom tight-binding approach, with the parame
zation for carbon of Xuet al.,24 both to obtain the optimized
geometries and to calculate the electronic and transport p
erties. This parametrization has proved to provide a trans
able potential in tight-binding studies of carbon systems a
has recently been applied to the study of C60-doped
nanotubes25 and nanotubes under large strain.4 Geometry op-
timizations are performed via the O~N! density-matrix elec-
tronic structure calculation method of Liet al.,26 combined
with the Broyden minimization scheme,27 within the above-
mentioned tight-binding approach.28

The optimization of the bent structures proceeds as
lows. For successive bending angles, while fixing eight c
©2003 The American Physical Society23-1



fo
i

on

nd
la

b
an
n-

th

no
n

i-
n
a
e
e

ht

ift
nc
al
os
th

th
o

us
th
o

ig
th
w
ed

en
ss

at
o
re

th
c
he

nt
re-

ted

ved
re

ce
zag
ed
nd
20°,

FARAJIAN, YAKOBSON, MIZUSEKI, AND KAWAZOE PHYSICAL REVIEW B 67, 205423 ~2003!
bon rings~96 atoms for the armchair case and 80 atoms
the zigzag case! at each end of the nanotube, the structure
optimized such that the maximum force acting on the unc
strained atoms becomes less than 0.05 eV/Å.

Having obtained the relaxed structures for different be
ing angles, we focus on the transport properties. In calcu
ing the conductance,G(E,V)5(2e2/h)T(E,V), two semi-
infinite perfect nanotubes—i.e., ‘‘leads,’’—are assumed to
attached to the two ends of the bent region. Here, the tr
missionT(E,V) across the bent region is a function of e
ergyE and bias voltageV applied to the bent region.T(E,V)
is determined by calculating the total Green’s function of
system projected onto the bent region,29–34 as applied previ-
ously to the calculations of transport through various na
tube heterostructures.35,12,13The I-V characteristics are the
obtained using the Landauer-Bu¨ttiker formula36

I ~V!5
2e

h E dET~E,V!@ f B~E2mB!2 f A~E2mA!#, ~1!

wheref A and f B are the Fermi distributions of the two sem
infinite perfect tubes connected to the bent region. Whe
bias voltageV is applied to the bent region, the chemic
potentials of the two leads,mA and mB , are assumed to b
pinned atV/2 and2V/2. This determines the shifts of th
band structures and density of states~DOS! of the leads. This
is achieved by shifting the on-site elements of the tig
binding Hamiltonians of the two leads byV/2 and 2V/2.
Within the bent region, on the other hand, the on-site sh
are determined by the potential drop pattern. As for the fu
tional form of the potential drop, which is necessary in c
culating I-V characteristics, we assume a linear drop acr
the bent region. Although a self-consistent calculation of
accurate pattern of the potential drop35,37 is possible in prin-
ciple, applying this approach to the bent nanotubes of
study is currently formidable, due to the large number
carbon atoms involved. Our assumption of linear drop is j
tified by the observation that, as we shall see shortly,
deformations within the bent nanotubes are distributed m
or less uniformly.

III. RESULTS AND DISCUSSION

A. Mechanical response

The results of geometry optimizations are depicted in F
1 for armchair and zigzag structures and in Fig. 2 for
zigzag-armchair kink structure. Comparing the results sho
in Fig. 1 with the previous optimized structures obtain
using classical potentials for the armchair11,12 and zigzag6

configurations, we notice an overall extension of the b
region in the tight-binding results as compared to the cla
cal results. This is attributed to including the increaseds-p
hybridization within the tight-binding model, especially
larger bending angles. It is true that the sharp bucklings
served in the results of classical relaxations are in appa
consistency with the experimental results of Iijimaet al.6 for
bent single-wall nanotubes. However, one cannot rule out
possibility of the presence of mechanical defects at the bu
ling position in experimental results, which can result in t
20542
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sharp buckling. The effects of surrounding environme
should not be discarded in interpreting the experimental
sults either, especially for the bent multiwall tubes repor
by Despreset al.5 and Iijima et al.6 It should be mentioned
that smooth bending of multiwall nanotubes is also obser
experimentally,5,7 where the effects of the surroundings a
less interfering.

Another interesting feature of Fig. 1 is the clear differen
between the mechanical response of armchair and zig
tubes: Although for small bending angles the optimiz
structures show no sign of buckling in both armchair a
zigzag cases, for bending angles equal and bigger than 1

FIG. 1. Relaxed configurations of the~6,6! armchair ~a! and
~10,0! zigzag~b! tubes at different bending angles.

FIG. 2. Relaxed configurations of the~10,0!-~6,6! kink structure
under different positive~a! and negative~b! bending angles.
3-2
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the zigzag structure appears to be stiffer. This is furt
manifested in Fig. 2, where, under successively larger be
ings, the armchair part of the structure buckles earlier
appears to be more ductile. The reason for this asymmet
that in the zigzag structure there are bonds parallel to
tube’s axis, while such bonds do not exist in the armch
structure. In accordance with a previous tight-binding stu3

of nanotubes under uniaxial compression, our results s
that the significant bonds, responsible for bearing most of
axial strain, are indeed bonds parallel to the tube axis.

Figure 2 further shows that the zigzag-armchair ki
structure, despite including a pentagon-heptagon defec
quite stable under severe bendings: Bending the kink st
ture either ‘‘positively’’ or ‘‘negatively’’ ~see Fig. 2! does not
result in bond breaking or the formation of plastic defec
such as plastic flow and/or extra pentagon-heptagon cor38

or a collapse from graphite (sp2) to diamond (sp3)
structure.3,18,19

Same results of defect-freesp2 relaxed structures are see
to hold for pure armchair and zigzag tubes in Fig. 1: A qua
titative analysis of the bond lengths in the relaxed structu
of Figs. 1 and 2, along the line performed by Maitiet al.,20

reveals that for the severely deformed structures of armc
~6,6!@180°, zigzag~10,0!@180°, kink~10,0!-~6,6!@180°,
and kink~10,0!-~6,6!@2180° the C-C bond lengths betwee
each carbon atom and its three nearest neighbors lie w
1.35 and 1.60 Å. The fourth nearest neighbor, however, d
not appear until the C-C bond length is increased to 2.15
~10,0!@180°, 2.20 for~10,0!-~6,6!@180°, and 2.25 Å for
~6,6!@180°/~10,0!-~6,6!@2180°, respectively. This indi-
cates that there is no change in the number of nearest ne
bors even up to the maximum bending angle conside
here, i.e., 180°.

B. Conductance

The conductance characteristics of the relaxed bent st
tures, at zero bias, are calculated at different carrier energ
assuming two semi-infinite perfect tubes to be attached to
two ends of the bent region. In Fig. 3, we show the cond
tance results for the armchair~6,6! and zigzag~10,0!, at dif-
ferent bending angles. Figure 4 illustrates the conducta
characteristics of the bent kink~10,0!-~6,6! structures. It is
evidently seen from Fig. 3 that there is no indication o
metal-to-semiconductor or semiconductor-to-metal tran
tion. In other words, the conductance of the metallic ar
chair tube at Fermi energy remains nonzero, even unde
vere bendings. And there is no conducting state produ
within the gap of the bent semiconducting zigzag tube.
the case of a semiconducting zigzag tube, this result coul
expected, based on the fact that no matter how the finite
region is mechanically modified, the semi-infinite nanotu
leads, being semiconducting zigzag~10,0! themselves, do
not possess any conducting channel within their gaps. T
is, irrespective of how charge carriers are scattered within
bent region, they cannot find a way out through the se
infinite leads, at energies within the gap. The same rea
applies to the conductance of the bent kink structures, wh
the gap persists upon bending, due to the lack of conduc
20542
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channels within the semi-infinite zigzag lead attached to
zigzag part of the bent region.

From Figs. 3 and 4, the conductance of armchair, zigz
and kink structures is observed to reduce rather smoo
upon bending, with an average maximum reduction of l
than 50% for the largest bending angles. Interestingly,
spite the severely deformed portions observed at large b
ing angles, we do not observe the dramatic decrease of
ductance by several orders of magnitude observed in
experiments of slightly bent tubes by atomic for
microscope18 ~AFM! and their corresponding relaxedsp2

theoretical results.20 This difference is attributed to the fac
that in both the experimental and theoretical investigatio
the presence of the AFM tip causes a severe deforma
which is uniquely localized. This kind of uniquely localize
deformation, however, is absent in our geometry optimi
tion results.

C. I-V characteristics

The I-V characteristics of the bent structures are depic
in Fig. 5. From Fig. 5~a! it is evidently seen that as th
bending angle increases, the current passing through the
armchair~6,6! tube decreases, while that of the zigzag~10,0!
tube increases.

In order to see the reason, we notice that the conduc
of the bent tube under bias is determined by the numbe
conducting channels available within the two semi-infin
leads and the corresponding transmission coefficient betw
any pair of them, for the energies belonging to the integ

FIG. 3. ~Color online! Conductance characteristics of bent~6,6!
~a! and~10,0! ~b! nanotubes at different bending angles. The Fer
energy is shifted to zero.
3-3
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tion window f B(E2mB)2 f A(E2mA) in Eq. ~1!. The num-
ber of conducting channels of the leads at any energ
independent of the bending angle and is determined by
number of the highest occupied bands of one lead and
number of lowest unoccupied bands of the other lead, wh
share the same energy after the band structures are sh
due to the applied bias. The transmission coefficient, on
other hand, depends on the deformation of the local den
of states~LDOS! within the bent region, as one moves fro
the two ends of this region toward its center. Upon a deta
examination of the LDOS within the bent region under no
zero bias, we observe that the LDOS in the bent region
cludes oscillations whose amplitude increases with incre
ing bending angle. The increase of the amplitude, howeve
not symmetric: taking the LDOS of the straight tube as r
erence, on the average, the ‘‘positive’’ amplitudes are do
nant over the ‘‘negative’’ ones. This is attributed to the c
ation of additional localized electron/hole states for high
bendings.

We first consider the case of the metallic~6,6! tube, with
a pseudogap of 2.0 eV. For this tube, the number of availa
conducting channels in one of the leads at any energy in
integration window is equal to the number of bands with
the pseudogap, up to bias 2.0 V. Whenever the oscillation
the LDOS of the bent region result in a smaller number
states as compared to that of straight tube at a certain en
the transmission coefficient is reduced—due to the reduc
of the states available for tunneling across the bent regio
which results in a conductance reduction. Whenever

FIG. 4. ~Color online! Conductance characteristics of the~10,0!-
~6,6! kink structure at different positive~a! and negative~b! bending
angles.
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LDOS oscillations of the bent region increase the numbe
states compared to that of the straight tube, however,
conductance cannot increase due to the limited numbe
channels within the pseudogap of one of the leads. There
the net effect of LDOS oscillations within the bent region
a reductionof the conductance and current for higher ben
ings. Next, consider the case of a semiconducting~10,0!
tube. In this case, the number of available channels of
leads, within the integration window, is not as restricted
that of the metallic~6,6! tube. In particular, some of the va
Hove singularities corresponding to the DOS of one of
leads become aligned with those of the other lead, as a re
of the DOS shift due to the applied bias. Therefore,
LDOS oscillations in the bent region can result in both
increase and decrease of conductance. However, as
‘‘positive’’ amplitudes in the LDOS oscillations are on th
average dominant over the ‘‘negative’’ ones, the conducta
and currentincreaseat higher bending angles. This is re
stricted to the nonzero-bias case, as for zero-bias con
tances the limiting factor is the maximum number of co
ducting channels of leads and the situation is similar to t
of the metallic~6,6! case described above.

The I-V characteristics of the kink structure at differe
bending angles, which are displayed in Fig. 5~b!, do not
show a monotonic increase or decrease of the current u
bending. This is attributed to the fact that for the~10,0!-~6,6!
kink structure, the mechanisms responsible for an increas
decrease of the current in individual~6,6! and ~10,0! struc-

FIG. 5. ~Color online! Current-voltage (I -V) characteristics of
the ~6,6! metallic armchair and~10,0! semiconducting zigzag~a! as
well as that of~10,0!-~6,6! kink structure~b! at different bending
angles.
3-4
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ELECTRONIC TRANSPORT THROUGH BENT CARBON . . . PHYSICAL REVIEW B67, 205423 ~2003!
tures compete with each other and prevent a net, bend
dependent increase or decrease of the current from b
present.

The monotonic change of the current upon bending
fixed bias voltage, is an interesting effect which can be e
ployed in designing nanometer-scale electromechanical
sors and switches. The difference in the localization patte
of the electron/hole states within the bent region, toget
with the available conducting channels in the leads, result
opposite bending-dependent behaviors of theI-V characteris-
tics for the metallic and semiconducting tubes. Howev
each of these behaviors makes it possible to establish a
respondence between the bending angle and the current
fixed bias, which is passing through the bent tube. Accord
to our results, the bending dependence of the current is m
significant at higher bias voltages and shows a stronger
pendence of the electronic transport characteristics on
mechanical response of the nanotubes upon bending. Fo
ample, theI-V results of the semiconducting~10,0! tube
show that it is possible to switch from a relatively sm
current (0.1613eV32e/h) to a relatively large one (0.542
3eV32e/h), by just bending the tube from 120° to 180°
a fixed bias voltage of 1.5 V.

IV. CONCLUSIONS

In summary, we have calculated the relaxed configu
tions of metallic, semiconducting, and metal-semiconduc
kink nanotube structures at different bending angles. A
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