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Electrical and mechanical properties of distorted carbon nanotubes

Alain Rochefort
Centre de Recherche en Calcul Applique´ (CERCA), 5160 Boulevard De´carie, Bureau 400, Montre´al, Québec, Canada H3X 2H9
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We have calculated the effects of structural distortions of armchair carbon nanotubes on their electronic and
electrical properties. We found that the bending of the nanotubes decreases their transmission function in
certain energy ranges and leads to an increased electrical resistance. Electronic structure calculations show that
these energy ranges contain localized states with significants-p hybridization resulting from the increased
curvature produced by bending. Twisting strongly affects the electronic structure of nanotubes~NTs!. Nor-
mally metallic armchair (n,n) NT’s develop a band gap which initially scales linearly with twisting angle and
then reaches a constant value. This saturation is associated with a structural transition to a flattened helical
structure. The computed values of the twisting energy and of the band gap are strongly affected by allowing
structural relaxation in the twisted structures. Finally, our calculations show that the large contact resistances
observed for single-wall NT’s are likely due to the weak coupling of the NT to the metal in side bonded
NT-metal configurations.@S0163-1829~99!02943-4#
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I. INTRODUCTION

Carbon nanotubes~NT’s! can be metallic or semiconduc
ing. They have high mechanical strength and good ther
conductivity,1 properties that make them potential buildin
blocks of a new, carbon-based, nanoelectro
technology.2–5 Conduction in defect-free NT’s, especially
low temperatures, can be ballistic, thus involving little e
ergy dissipation within the NT.6 Furthermore, NT’s are ex
pected to behave like quasi-one-dimensional systems~Q1D!
with quantized electrical resistance, which, for metallic ar
chair nanotubes at low bias, should be about 6 kV (h/4e2).
The experimentally observed behavior is, however, quite
ferent. The contact resistance of single-wall nanotubes w
metal electrodes is generally high, and at low temperatu
localization of the wave function in the nanotube segm
contained between the metal electrodes is observed lea
to Coulomb blockade phenomena.7 This suggests that a ba
rier or band gap develops along the NT near its contact w
the metal. Structural deformations are frequently observe
scanning tunneling microscope and atomic force microsc
images of NT’s, particularly in the vicinity of the metal ele
trodes. In an effort to understand the role of these defor
tions, we have used Green’s function techniques to calcu
the effects of bending and twisting of the NT’s on their ele
tronic structure and electric transport properties. We h
also investigated the dependence of the contact resistanc
the strength of the NT-metal pad interaction.
PRB 600163-1829/99/60~19!/13824~7!/$15.00
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Most discussions of the electronic structure of NT’s a
sume perfect cylindrical symmetry. However, this picture
a NT as a straight, geometrically and atomically perfect tu
is somewhat oversimplified. Images of NT’s quite often r
veal structural deformations such as bent,8 twisted,9 or
collapsed10 tubes. These deformations may develop dur
growth, deposition, and processing, or following an intera
tion with surface features such as electrodes, or other N
An investigation of the electronic structure of weakly di
torted nanotubes has been performed using a low en
field theory description.11 The introduction of point defects
such as vacancies12 or disorder6,13 has been shown to lead t
significant modification of their electrical properties. AFM
experiments14 and molecular mechanics simulations15 have
shown that the van der Waals forces between NT’s and
substrate on which they are placed can lead to a signific
deformation of their structure. To maximize their adhesi
energy NT’s tend to follow the topography of th
substrate14,15. Thus, for example, NT’s bend to follow th
curvature of the metal electrodes on which they are dep
ited. When the strain due to bending exceeds a certain li
kinks develop in the nanotube structure.13,16,17It is important
to understand how these NT deformations affect the elec
cal transport properties of the NT’s. Could they be, for e
ample, responsible for the low-temperature localizat
observed?7 Early theoretical work on this issue was based
a tight-binding model involving only thep electrons of the
NT’s, and accounted for the electronic structure changes
13 824 ©1999 The American Physical Society
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PRB 60 13 825ELECTRICAL AND MECHANICAL PROPERTIES OF . . .
duced by bending through the changes inp-orbital overlap at
neighboring sites. This study concluded that bending dis
tions would have a negligible effect on the electrical prop
ties of the NT’s.11 The applicability of this approach is lim
ited to weak distortions. Experiments, however, show t
strong deformations and kinks are common. Under such c
ditions, bending-induceds-p mixing, which was not consid-
ered before, becomes very important in strongly bent NT18.
In this work, the NT electronic structure is computed usi
the extended Hu¨ckel method19 ~EHM! that includes boths
and p valence electrons. We have previously20 shown that
EHM calculations on an armchair (6,6) NT model~96 Å
long! reproduce the electronic properties obtained with m
sophisticatedab initio and band-structure computations o
NT’s. The approach we used in the computation of the e
trical properties is similar to that of Dattaet al.21,22

II. COMPUTATIONAL DETAILS

The nanotube model used in the computations cont
948 carbon atoms arranged in an armchair (6,6) struct
The energetics of the deformations were determined w
molecular mechanics using theTINKER program23 with a
modified MM3 force field.18 Calculations were also per
formed using a tight-binding density-functional theory~TB-
DFT! method developed by Porezaget al.24. In both types of
calculations the dangling bonds at the ends of the tubes w
saturated by hydrogen atoms. The bond distance betw
carbon atoms in nondeformed regions of the NT is fixed
that in graphite 1.42 Å, leading to a tube length of 96 Å. T
building of bent NT’s using molecular mechanics minimiz
tion schemes25,23 has been described in detail elsewhere18

The structures of the bent NT’s are shown in Fig. 1~a!. The

FIG. 1. ~a! Structures of the isolated bent nanotubes used in
computation. The indices refer to the bending angles~in degrees!.
~b! Schematic of the model used in computation involving a fin
length carbon nanotube contained between infinite gold pads.
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twisted structures were generated by two different schem
In the first, continuous twisting, the circular plane sections
carbon atoms along the tube axis were rotated sequent
by an ~additive! specified angle. In the second, alterna
twisting, a ~nonadditive! rotation was performed on ever
second section. The molecular mechanics calculati
showed that it is less energetically demanding to conti
ously twist the tube than to twist it alternatively. Therefor
we will focus our attention on continuous deformations.

The electronic structures of distorted NT’s were det
mined using the extended Hu¨ckel method~EHM!.19 EHM
gives results similar to those obtained on extended NT’s w
more sophisticated methods.20 The energy band gap was ob
tained as the difference between the highest occupied
lecular orbital ~HOMO! and lowest unoccupied molecula
orbital ~LUMO! energies. The metallic contacts consist ea
of 22 gold atoms in a~111! crystalline arrangement. Th
height of the NT over the gold layer is 1.0 Å, where th
Au-C bond distances vary from 1.1 to 1.6 Å.

The conductance through a molecule or an NT canno
easily computed; even if the electronic structure of the f
molecule or NT is known, the effect of the contacts on it c
be substantial26 and needs to be taken into account. Typ
cally, there will be two~or more! leads connected to the NT
We model the measurement system as shown in Fig. 1~b!.
The leads are macroscopic gold pads that are coupled to
ends of the NT through matrix elements between the
surface atoms and the end carbon atoms of the NT. In m
experiments to date the NT’s are laid on top of the me
pads. As discussed above, the NT’s then tend to bend aro
the pads. Such bending deformations are modeled in our
culations by introducing a single bend placed at the cente
the tube. The electrical transport properties of a system
be described in terms of the retarded Green’s function.21,27

To evaluate the conductance of the NT we need to comp
the transmission function,T(E), from one contact to the
other. This can be done following the Landauer-Bu¨ttiker for-
malism as described in Ref. 21. The key element of t
approach lies in the treatment of the infinite leads which
here described by self-energies. We can write the Gree
function in the form of block matrices separating explicit
the molecular Hamiltonian. After some simplification we o
tain

GNT5@ESNT2HNT2S12S2#21, ~1!

where SNT and HNT are the overlap and the Hamiltonia
matrices, respectively, andS1,2 are self-energy terms tha
describe the effect of the leads. They have the formt i

†git i

with gi the Green’s function of the individual leads22,28 and
t i is a matrix describing the interaction between the NT a
the leads. The Hamiltonian and overlap matrices are de
mined using EHM for the system gold-NT-gold. The tran
mission function,T(E), that is obtained from this Green’
function is given by21

T~E!5T215Tr@G2GNTG1GNT
† #. ~2!

In this formula, the matrices have the form

G1,25 i ~S1,22S1,2
† !. ~3!

e
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The summation over all conduction channels in the na
tube allows the evaluation of the resistance at the Fermi
ergy,R5h/@2e2T(EF)#. Transport in the presence of an a
plied potential is also computed. The differenti
conductance is obtained in this case using
approximation21

k~V!5
]I

]V
'

2e2

h
@hT~m1!1~12h!T~m2!#. ~4!

In Eq. ~4!, h5VNT /V whereVNT is the average electrostat
potential of the nanotube.h is used to describe how th
electrostatic potentialV is divided between the two
junctions.22 As a reference, we use theEF obtained from
EHM for individual nanotubes as the zero of energy.

III. RESULTS AND DISCUSSION

A. Nanotube bending

In Fig. 2 we present the computed transmission funct
T(E) for the bent tubes@note thatT(E) represents the sum
of the transmission probabilities over all contributing N
conduction channels#. The upper-right figure of Fig. 2 show
the raw transmission results obtained for the straight N
The fast oscillations ofT(E) are due to the discrete energ
levels of the finite segment of the carbon nanotubes used
clarity, we will use smoothed curves in the description of t
results. AtEF , T(E) is about 1.2, leading to a resistanc
('11 kV) higher than expected for ballistic transpor
@'6 kV for T(E)52.0#. This reduction in transmission i
due to the contribution from the contact resistance. The

FIG. 2. Transmission functionT(E) for the different bent nano-
tubes. The upper-right inset gives the raw data obtained from
computation for the straight NT along with the smoothed cur
The upper-left inset shows the variation of the transmission fu
tion T(EF) with the nanotube-pad distance@R~NT-pad!#. In this last
figure, one gold-NT distance is fixed at 1.0 Å while the other
varied.
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creasingT(E) at higher binding energies is due to the ope
ing of new conduction channels. The asymmetry in the tra
missionT(E) is a function of the NT-pad coupling~C-Au
distance!. A longer NT-Au distance increases theT(E)
aboveEF , while it decreases it belowEF , and vice versa.
Since the NT-pad geometry is kept fixed in all computatio
this behavior does not obscure the effects induced by
bending.

According to our calculation the contact resistance atEF
is only about 5 kV, much smaller than the'1 MV resis-
tance typically observed in experiments on single-w
NT’s2,5. The dependence ofT(E) and contact resistance a
EF on the Au-NT distance is shown in the upper-left part
Fig. 2. We see thatT(EF) remains nearly constant betwee
1–2 Å, then decreases exponentially. For distances appro
ate for van der Waals bonding (>3 Å ) the contact resis-
tance is already in the MV range. The above findings sugge
that the high NT contact resistance observed experimen
may, in addition to experimental factors such as the prese
of asperities at the metal-NT interface, be due to the top
ogy of the contact. In most experiments, the NT is laid
top of the metal pad. The NT is at nearly the van der Wa
distance away from the metal surface, and given that tra
port in the NT involves highk states, which decay rapidly
perpendicular to the tube axis, the coupling between NT
metal is expected to be weak.29 Direct chemical bonding
between metal and NT should lead to a much stronger c
pling. In this respect, it has been found30 that high-energy
electron irradiation of the contacts leads to a drastic red
tion of the resistance. Since the irradiation is capable
breaking NT C-C bonds it may be that the resulting dangl
bonds lead to a stronger metal-NT coupling.

The strongest modification ofT(E) as a result of bending
is observed at aroundE520.6 eV where a transmission di
appears. This dip is strongest in the 60° bent NT. Furth
more, its transmission function at higher binding energies
lower than those of the 0° –45° bent NT’s, indicating that t
transmission of higher conduction channels is also
creased. The nature of the dip at about20.6 eV can be
understood by examining the local density of states~LDOS!
of bent tubes shown in Fig. 3.18 A change~increase! in the
LDOS is seen in the same energy region~0.5–0.8 eV below
EF) as the transmission dip. This change is essentially lo
ized in the vicinity of the deformed region. The new stat
result from the mixing ofs andp levels, have a more local
ized character than purep states leading to a reduction o
T(E). As Fig. 3 shows, the change in transmission w
bending angle is not gradual; the transmission of the 30°
45° models is only slightly different from that of the straig
tube. Apparently, large changes in DOS andT(E) require
the formation of a kink in the NT structure, as is the case
the 60° and 90° bent NT’s.

Once the transmission function is computed, the differ
tial conductance or resistance can be easily determined f
given electrostatic potential profile. Figure 4 shows the
sults for two extreme cases of equilibration of the Fer
levels. The first is whenh50 @Fig. 4~a!#, and the symmetric
caseh50.5 @Fig. 4~b!#. Whenh50.0, the electrochemica
potential of the NT matches that of one of the electrodes
the conductance spectrum is directly proportional toT(E).
This potential profile is appropriate in the case where one
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.
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PRB 60 13 827ELECTRICAL AND MECHANICAL PROPERTIES OF . . .
the electrodes is weakly coupled to the NT, as when the
is probed with an STM tip. As expected, there is no lar
difference between the 0°, 30°, and 45° models, while
60° and 90° models show the dip structure at around 0.6
The nonlinear resistance~NLR! spectra show clearly a shar
increase by almost an order of magnitude at 0.6 V. Th
features are also observed whenh50.5, where the Ferm
level of the NT is floating at half the voltage applied betwe
the two gold pads. This value ofh is more appropriate for

FIG. 3. Variation of the LDOS near the Fermi level for seve
bent (6,6) armchair nanotubes.~resolution5 0.05 eV!. Indices give
the relative position of the section in the nanotube structure~1:
boundary; 40: middle of the nanotube!.

FIG. 4. Differential conductance~top! and resistance~bottom!
of bent tubes for two extreme cases where~a! h50.0 and~b! h
50.5.
T
e
e
.

e

the strong and symmetric electrode-NT-electrode coup
illustrated in Fig. 1~a!. A broader conductance dip appears
about 1.2 V, and the NLR of the 60° bent tube increases
about a factor of 4 from the computed resistance of
straight tube. These results indicate that there exists a cri
bending angle~between 45° and 60°) above which the co
duction in armchair carbon nanotubes is drastically altere31

B. Nanotube twisting

We now consider the modifications of the atomic a
electronic structure brought about by twisting an NT. In F
5, we plot the potential energy for a continuous twisti
deformation against the twist angle for a constrained (6
structure, and for a relaxed one where only the first t
carbon sections at each end of the tube were held fixed
the inset, we compare the energies obtained with molec
mechanics for small angle twisting of the relaxed structu
to the energies determined with the TB-DFT method.
number of observations can be made. First, the energy
quired for even a moderate twisting of the tube is very lar
At low twisting angles~inset! a quadratic law is obeyed. Th
twisting energies calculated using the MM3 potentials
lower than those computed using TB-DFT~inset!. Therefore,
in the following we will consider the MM3 energies as low
limits to the energetics of twisting deformations. Figure
shows clearly that structural relaxation has a very strong
fect on the potential energy of deformation, especially
large twisting angles where the relaxation energy is co
puted to be of about the same order of magnitude as the
energy. Furthermore, the energy profile of the relaxed str
ture deviates from the quadratic law~dot-dashed line! for
QT.14° nm21. This deviation corresponds to the onset
a structural transformation where the tube flattens and ta
on a helical shape@such as in Figs. 6~c! and 6~d!#. A similar

l

FIG. 5. Molecular mechanics calculation of the energy requi
to twist a ~6,6! armchair NT as a function of twist angle, for
constrained~open circles! and a relaxed geometry~closed circles!.
The dot-dashed line corresponds to the quadratic law determ
from the low twisting angle region of the relaxed NT. The ins
shows a comparison of the MM3 and TB-DFT energies for sm
twisting angles.
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transition has been observed in molecular dynam
simulations.32 In order to determine the effect of the diamet
on the collapsing of the nanotubular structures, we have
computed MM3 energies of twisted (10,10) models. Tak
into account the differences in the number of carbon ato
involved „(10,10)/(6,6)51.67…, and the NT diameters
(f (10,10)/f (6,6)51.67), we find that the energy needed
twist a (10,10) NT is similar to that needed to twist a (6,
NT. The collapse of the (10,10) tubular structure into t
helical shape occurs at a lower twisting angle than the (6
structure, i.e. whenQT.10° nm21. However, due to its
larger diameter, the relative displacement of the carbon
oms during the tube to helix transition for a (10,10) NT
larger than in the case of a (6,6) NT.

Our calculations show that the twisting energies sc
nearly linearly with the length of the nanotube. Therefo
we can extrapolate and obtain the twisting energies of lon
nanotube segments, and use these energies to evaluate
Boltzmann distributions as a function of temperature. T
relative population of twisted (6,6) structures can be
scribed by

F~QT!5expF2a
LQT

2

T G , ~5!

where,a is a constant equal to 580 nm•deg22
•K, L is the

nanotube length in nm,QT is the twisting angle~in
deg•nm21), andT is the temperature. From this equation,
is clear that large twists cannot be generated by thermal
citation. For example, to obtain by thermal excitation a re
tively small population~1%! of a 1mm long (6,6) nanotube
twisted by 9.8° nm21, which is equivalent to the twist de
formation reported by Clausset al. from STM images of
nanotube ropes,9 it would require a temperature larger tha
106 K! We conclude then that large scale nanotube tw
must be the result of either mechanical interactions tak
place during the deposition or manipulation of the nanotu
sample, or they are introduced during the high-ene
growth processes and frozen in place by shear forces du
the interaction with the substrate and other tubes. Lo
twisting associated with tube collapse is, however, less e
getically demanding and is encountered quite often in AF
images.

FIG. 6. Relaxed NT structures obtained with force-field MM
energy minimization on 0~a!, 1 ~b!, 2 ~c!, and 3°section21 ~d!
twisted models.
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The most important modification of the electronic stru
ture induced by twisting a metallic armchair nanotube is
opening of a band gap. Figure 7 shows the variation of
band-gap value of a twisted (6,6) nanotube as a function
the twisting angle, for both constrained and relaxed N
structures. We find that for the constrained structure,
band gap increases linearly with twisting angle up
16° nm21, then gradually decreases to zero at high
angles. Allowing relaxation in the twisted nanotube structu
has a strong influence on the value of the band gap; the
increases linearly~but with a different slope! with twisting
angle up to 14° nm21, then reaches a stable valu
('0.3 eV) at higher angles. The first, linear, region cor
sponds to the opening of a gap produced by the strain
i.e., compression and dilatation of C-C bonds along the a
of the tube, brought about by twisting. The initial linear i
crease obtained in constrained structures is in general ag
ment with the predictions of low-energy theory11 which,
however, does not take relaxation into account. For hig
twisting angles, the band-gap decrease observed for the
strained geometry is mainly due to the presence of str
interaction between destabilizeds and p orbitals near the
Fermi level. The plateau observed in relaxed structures is
result of the collapse of the tubular structure into a flatten
helix shape which decreases the large repulsive overla
strained NT’s@Figs. 6~c! and 6~d!#.

The opening of a band gap in originally metallic nan
tubes leads to a drastic modification of the electrical prop
ties of nanotubes upon twisting by even low angles. In or
to investigate the conduction of electrons in twisted~and
relaxed! (6,6) nanotubes, we have connected both tube e
~with dangling bonds on the end carbons! to gold electrodes.
Figure 8 shows the transmissionT(E) spectra of nanotube
twisted by 0, 1.6, 4.1, and 8.1° nm21 angles~main panel!.
All these deformed tubes lie within the linear regime of t
band-gap variation with twist angle. The variation ofT(E) at
EF with twisting angle is shown at the upper-left pane
while the corresponding change in resistance at zero

FIG. 7. Band-gap opening in a~6,6! nanotube as a function o
the twist angle for a constrained geometry~open circles!, and a
relaxed geometry~filled circles!.
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@512.9 kV/T(EF)# is given at the upper-right panel. Twis
ing induces important changes in theT(EF), a property that
determines the linear conductance of the system. Alread
twist of 4° nm21 ~or 0.5°/section21), reduces the transmis
sion by a factor of 14. It is interesting, however, that ess
tially no change is seen inT(EF) at low twisting angles
(,2° nm21) despite the fact that a finite band ga
('0.04 eV) is calculated for the free NT. We attribute th
behavior to the metal-induced gap states~MIGS! produced
by the interaction of the short~96 Å! NT segment with the
gold metal electrodes33 and the presence of charge-trans
doping. The MIGS tend to bridge the distortion-induced g
when the latter is small.34 For twisting angles larger tha
2° nm21, the transmission decreases exponentially~see the
upper-left in Fig. 8!. At 8° nm21, T(EF) has been de-

FIG. 8. Computed transmission function of a twisted~6,6! NT.
The upper-left inset shows the logarithmic decay ofT(EF) with
twisting angle, and the upper-right inset gives the variation of
resistance at zero bias for the same twisted NT.
,

A.

y

is

e

a

-

r
p

creased by more than two orders of magnitude, and if
consider transport into a strongly twisted, helical shape na
tube@see Figs. 6~c! and 6~d!#, the decrease inT(E) is about
five orders of magnitude. A twisting-induced band gap
most likely, responsible for the recently documented fie
effect transistor action of a twisted, normally metallic mul
wall nanotube.5

IV. CONCLUSION

In conclusion, we have calculated the effects of structu
distortions of armchair carbon nanotubes on their electr
transport properties. We found that bending of the nanotu
decreases their transmission function and leads to an
creased electrical resistance. The effect is particularly str
at bending angles higher than 45° when the strain is str
enough to lead to kinks in the nanotube structure. The e
tronic structure calculations show that the reduction inT(E)
is correlated with the presence at the same energy of lo
ized states with significants-p hybridization due to the in-
creased curvature produced by bending. Resistance pea
or nearEF caused by bending can lead to localization at lo
temperatures or anomalous electrical transport proper
Our calculations of the resistance~including the contact re-
sistance! of a perfect NT end bonded to gold electrodes g
a value close toh/2.4e2 instead ofh/4e2. This increase in
resistance is due to the finite transmission of the conta
The much larger contact resistances observed in many
periments on SWNT’s are likely due to the weaker coupli
of the NT to the metal when the NT is simply placed on t
of the metal electrodes~this resistance, however, depends
the length of the contact!. We predict that NT’s end bonde
to metal pads will have contact resistances of only a few kV.
Such low contact resistances will greatly improve the perf
mance of NT-based devices and unmask the Q1D trans
properties of NT’s. Twisting a normally metallic armcha
NT opens up a band gap which scales linearly with the tw
angle up to a critical angle. Twisting above this angle lea
to the collapse of the tubular structure and the formation o
flattened helix. The observed band gap is due to the as
metric compression and dilatation of the C-C bonds alo
the NT.
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