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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 significasthybridization resulting from the increased
curvature produced by bending. Twisting strongly affects the electronic structure of nangtitssNor-
mally metallic armchairif,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 configurationd.S0163-182@9)02943-4

[. INTRODUCTION Most discussions of the electronic structure of NT's as-
sume perfect cylindrical symmetry. However, this picture of
Carbon nanotubedNT’s) can be metallic or semiconduct- a NT as a straight, geometrically and atomically perfect tube
ing. They have high mechanical strength and good thermas somewhat oversimplified. Images of NT's quite often re-
conductivity! properties that make them potential building veal structural deformations such as bertyisted® or
blocks of a new, carbon-based, nanoelectroniccollapsed® tubes. These deformations may develop during
technology?® Conduction in defect-free NT’s, especially at growth, deposition, and processing, or following an interac-
low temperatures, can be ballistic, thus involving little en-tion with surface features such as electrodes, or other NT's.
ergy dissipation within the N¥.Furthermore, NT’s are ex- An investigation of the electronic structure of weakly dis-
pected to behave like quasi-one-dimensional systgpif)  torted nanotubes has been performed using a low energy
with quantized electrical resistance, which, for metallic arm-field theory descriptiod! The introduction of point defects
chair nanotubes at low bias, should be about@ kh/4e?). such as vacancitsor disorde?'*has been shown to lead to
The experimentally observed behavior is, however, quite difsignificant modification of their electrical properties. AFM
ferent. The contact resistance of single-wall nanotubes witlexperiment¥* and molecular mechanics simulatiGhfiave
metal electrodes is generally high, and at low temperatureshown that the van der Waals forces between NT's and the
localization of the wave function in the nanotube segmensubstrate on which they are placed can lead to a significant
contained between the metal electrodes is observed leadimgformation of their structure. To maximize their adhesion
to Coulomb blockade phenomehahis suggests that a bar- energy NT’s tend to follow the topography of the
rier or band gap develops along the NT near its contact wittsubstrat& > Thus, for example, NT’s bend to follow the
the metal. Structural deformations are frequently observed icurvature of the metal electrodes on which they are depos-
scanning tunneling microscope and atomic force microscopied. When the strain due to bending exceeds a certain limit,
images of NT’s, particularly in the vicinity of the metal elec- kinks develop in the nanotube structd?é®*’It is important
trodes. In an effort to understand the role of these deformato understand how these NT deformations affect the electri-
tions, we have used Green’s function techniques to calculateal transport properties of the NT's. Could they be, for ex-
the effects of bending and twisting of the NT’s on their elec-ample, responsible for the low-temperature localization
tronic structure and electric transport properties. We havebserved?Early theoretical work on this issue was based on
also investigated the dependence of the contact resistance artight-binding model involving only ther electrons of the
the strength of the NT-metal pad interaction. NT’s, and accounted for the electronic structure changes in-
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twisted structures were generated by two different schemes.
In the first, continuous twisting, the circular plane sections of
carbon atoms along the tube axis were rotated sequentially
by an (additive specified angle. In the second, alternate
twisting, a (nonadditive rotation was performed on every
second section. The molecular mechanics calculations
showed that it is less energetically demanding to continu-
ously twist the tube than to twist it alternatively. Therefore,
we will focus our attention on continuous deformations.

The electronic structures of distorted NT's were deter-
mined using the extended kel method(EHM).!° EHM
gives results similar to those obtained on extended NT’s with
more sophisticated metho@&The energy band gap was ob-
tained as the difference between the highest occupied mo-
lecular orbital( HOMO) and lowest unoccupied molecular
orbital (LUMO) energies. The metallic contacts consist each
of 22 gold atoms in a111) crystalline arrangement. The
height of the NT over the gold layer is 1.0 A, where the
Au-C bond distances vary from 1.1 to 1.6 A.

The conductance through a molecule or an NT cannot be
easily computed; even if the electronic structure of the free
molecule or NT is known, the effect of the contacts on it can
be substantid? and needs to be taken into account. Typi-

FIG. 1. (a) Structures of the isolated bent nanotubes used in th&ally, there will be two(or more leads connected to the NT.
computation. The indices refer to the bending angieslegrees ~ We model the measurement system as shown in Kig. 1
(b) Schematic of the model used in computation involving a finite The leads are macroscopic gold pads that are coupled to the
length carbon nanotube contained between infinite gold pads. ~ ends of the NT through matrix elements between the Au
surface atoms and the end carbon atoms of the NT. In most

duced by bending through the changesriorbital overlap at ~ €xperiments to date the NT's are laid on top of the metal
neighboring sites. This study concluded that bending distorPads. As discussed above, the NT's then tend to bend around
tions would have a negligible effect on the electrical properthe pads. Such bending deformations are modeled in our cal-
ties of the NT’s'! The applicability of this approach is lim- culations by introducing a single bend placed at the center of
ited to weak distortions. Experiments, however, show thathe tube. The electrical transport properties of a system can
strong deformations and kinks are common. Under such corle described in terms of the retarded Green's functidn.
ditions, bending-induced-7 mixing, which was not consid- T0 evaluate the conductance of the NT we need to compute
ered before, becomes very important in strongly bent'RiTs the transmission functionT(E), from one contact to the

In this work, the NT electronic structure is computed usingother. This can be done following the Landauetttiker for-

the extended Fekel method!® (EHM) that includes botfs malism as described in Ref. 21. The key element of this
and p valence electrons. We have previof&lghown that —approach lies in the treatment of the infinite leads which are
EHM calculations on an armchair (6,6) NT mod&6 A here_des_cribed by self-energies. We can Writ_e the Green’s
long) reproduce the electronic properties obtained with mordunction in the form of block matrices separating explicitly
sophisticatedab initio and band-structure computations on theé molecular Hamiltonian. After some simplification we ob-
NT’s. The approach we used in the computation of the electain

trical properties is similar to that of Datt al?!%?

(b)

Gnr=[ESyt—Hynt—31-3,]7 1 (1)

Il. COMPUTATIONAL DETAILS where Syt and Hyt are the overlap and the Hamiltonian

matrices, respectively, andl, , are self-energy terms that

The nanotube model used in the computations containa ;

. ) escribe the effect of the leads. They have the f i

948 carbon atoms arranged in an armchair (6,6) structure.ith g; the Green’s function of the in?j/ividual Ieéﬁggma;a
|

The energetics of the deformations were determined with™ ) . : .
molecular mechanics using tHeNKER progran®® with a i is a matrix describing the interaction between the NT and
the leads. The Hamiltonian and overlap matrices are deter-

modified MM3 force field'® Calculations were also per- . ;
: i L ; _ mined using EHM for the system gold-NT-gold. The trans-
formed using a tight-binding density-functional thedmss mission function,T(E), that is obtained from this Green’s

DFT) method developed by Porezagal?*. In both types of o T
calculations the dangling bonds at the ends of the tubes Weggnctlon is given by
saturated by hydrogen atoms. The bond distance between
carbon atoms in nondeformed regions of the NT is fixed to
that in graphite 1.42 A, leading to a tube length of 96 A. The
building of bent NT’s using molecular mechanics minimiza-
tion schemeS? has been described in detail elsewhére. _ :
The structures of the bent NT’s are shown in Fig)1The F1o=i(21- 21 ). (3

T(E)=Tyu=TrT,Gn1Gi1]. 2)

In this formula, the matrices have the form
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creasingT(E) at higher binding energies is due to the open-
ing of new conduction channels. The asymmetry in the trans-
mission T(E) is a function of the NT-pad couplin¢gC-Au
distancg. A longer NT-Au distance increases thEE)
aboveEr, while it decreases it belowy, and vice versa.

T(E)

|og |0[T(EF)]

T e 8- R Since the NT-pad geometry is kept fixed in all computations,
R(NT-pad) (4) Energy (eV) this behavior does not obscure the effects induced by NT

PR N SO BT | |

1.0 bending.

According to our calculation the contact resistanc& gat
is only about 5 K), much smaller than the1 MQ resis-
tance typically observed in experiments on single-wall
NT's?>®. The dependence df(E) and contact resistance at
Er on the Au-NT distance is shown in the upper-left part of
Fig. 2. We see that (Eg) remains nearly constant between
1-2 A, then decreases exponentially. For distances appropri-
ate for van der Waals bonding=@3 A) the contact resis-
tance is already in the M range. The above findings suggest
that the high NT contact resistance observed experimentally
may, in addition to experimental factors such as the presence
of asperities at the metal-NT interface, be due to the topol-
ogy of the contact. In most experiments, the NT is laid on
Energy (eV) top of the metal pad. The NT is at nearly the van der Waals
FIG. 2. Transmission functiom(E) for the different bent nano- dISta.nce away from the ”.‘eta' surface, "’Y”d given that.trans_
tubes. The upper-right inset gives the raw data obtained from th ort in the NT involves hlgH_( states, Wh_ICh decay rapidly

perpendicular to the tube axis, the coupling between NT and

computation for the straight NT along with the smoothed curve. . 2% Di . .
The upper-left inset shows the variation of the transmission func-metaI is expected to be weak.Direct chemical bonding

tion T(E¢) with the nanotube-pad distanBR(NT-pad]. In this last bgtween m_etal and NT should lead to a mUCh_ stronger cou-
figure, one gold-NT distance is fixed at 1.0 A while the other isPling. In this respect, it has been foufidhat high-energy
varied. electron irradiation of the contacts leads to a drastic reduc-
tion of the resistance. Since the irradiation is capable of
The summation over all conduction channels in the nanobreaking NT C-C bonds it may be that the resulting dangling
tube allows the evaluation of the resistance at the Fermi eronds lead to a stronger metal-NT coupling.
ergy,R: h/[ZezT(EF)] Transport in the presence of an ap- The Strongest modification dT(E) as a result of bending
plied potential is also computed. The differential is observed at arourii=—0.6 eV where a transmission dip
conductance is obtained in this case using theappears. This dip is strongest in the 60° bent NT. Further-
approximatiof! more, its transmission function at higher binding energies is
lower than those of the 0°—45° bent NT’s, indicating that the
2e? transmission of higher conduction channels is also de-
K(V):W”T[’?T(Ml)Jr(l_’?)T(ﬂz)]- (4 creased. The nature of the dip at abot®.6 eV can be
understood by examining the local density of stdtd30S)
In Eq. (4), n=Vnr/V whereVy is the average electrostatic of bent tubes shown in Fig. 8.A change(increasg in the
potential of the nanotubey is used to describe how the |DOS is seen in the same energy regirb—0.8 eV below
electrostatic potentialV is divided between the two E;) as the transmission dip. This change is essentially local-
junctions?? As a reference, we use tH- obtained from ized in the vicinity of the deformed region. The new states

0.5

0.0

log,,[Transmission T(E)]
S
(6]

I
e}

-1.0 =05 0.0 0.5 1.0

I
o

EHM for individual nanotubes as the zero of energy. result from the mixing ofr and 7 levels, have a more local-
ized character than pure states leading to a reduction of
Ill. RESULTS AND DISCUSSION T(E). As Fig. 3 shows, the change in transmission with

bending angle is not gradual; the transmission of the 30° and
45° models is only slightly different from that of the straight
In Fig. 2 we present the computed transmission functiortube. Apparently, large changes in DOS aR(E) require
T(E) for the bent tubegnote thatT(E) represents the sum the formation of a kink in the NT structure, as is the case in
of the transmission probabilities over all contributing NT the 60° and 90° bent NT's.
conduction channe]sThe upper-right figure of Fig. 2 shows Once the transmission function is computed, the differen-
the raw transmission results obtained for the straight NTtial conductance or resistance can be easily determined for a
The fast oscillations of (E) are due to the discrete energy given electrostatic potential profile. Figure 4 shows the re-
levels of the finite segment of the carbon nanotubes used. Faults for two extreme cases of equilibration of the Fermi
clarity, we will use smoothed curves in the description of thelevels. The first is whem=0 [Fig. 4(@)], and the symmetric
results. AtEg, T(E) is about 1.2, leading to a resistance casen=0.5[Fig. 4b)]. When n=0.0, the electrochemical
(=11 kQ) higher than expected for ballistic transport potential of the NT matches that of one of the electrodes and
[~6 kQ for T(E)=2.0]. This reduction in transmission is the conductance spectrum is directly proportionall{&).
due to the contribution from the contact resistance. The inThis potential profile is appropriate in the case where one of

A. Nanotube bending
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FIG. 5. Molecular mechanics calculation of the energy required
Binding Energy (eV) to twist a (6,6) armchair NT as a function of twist angle, for a
o ) constrainedopen circleg and a relaxed geometrglosed circles
FIG. 3. Variation of the LDOS near the Fermi level for several the got-dashed line corresponds to the quadratic law determined
bent (6,6) armchair nanotubesesolution= 0.05 eV). Indices give  om the low twisting angle region of the relaxed NT. The inset

the relative position of the section in the nanotube structire  g¢hows a comparison of the MM3 and TB-DFT energies for small
boundary; 40: middle of the nanotybe twisting angles.

the electrodes is weakly coupled to the NT, as when the Nthe strong and symmetric electrode-NT-electrode coupling
is probed with an STM tip. As expected, there is no largeijllustrated in Fig. 1a). A broader conductance dip appears at
difference between the 0°, 30°, and 45° models, while thexbout 1.2 V, and the NLR of the 60° bent tube increases by
60° and 90° models show the dip structure at around 0.6 Vabout a factor of 4 from the computed resistance of the
The nonlinear resistand®lLR) spectra show clearly a sharp straight tube. These results indicate that there exists a critical
increase by almost an order of magnitude at 0.6 V. Thesgending anglébetween 45° and 60°) above which the con-
features are also observed wher=0.5, where the Fermi duction in armchair carbon nanotubes is drastically altéted.
level of the NT is floating at half the voltage applied between

the two gold pads. This value of is more appropriate for B. Nanotube twisting

We now consider the modifications of the atomic and
electronic structure brought about by twisting an NT. In Fig.
5, we plot the potential energy for a continuous twisting
deformation against the twist angle for a constrained (6,6)
structure, and for a relaxed one where only the first two
carbon sections at each end of the tube were held fixed. In
the inset, we compare the energies obtained with molecular
mechanics for small angle twisting of the relaxed structures
to the energies determined with the TB-DFT method. A
number of observations can be made. First, the energy re-
quired for even a moderate twisting of the tube is very large.
At low twisting angles(inse} a quadratic law is obeyed. The
twisting energies calculated using the MM3 potentials are
lower than those computed using TB-DFmise). Therefore,
in the following we will consider the MM3 energies as lower
limits to the energetics of twisting deformations. Figure 5
shows clearly that structural relaxation has a very strong ef-
fect on the potential energy of deformation, especially for
large twisting angles where the relaxation energy is com-
puted to be of about the same order of magnitude as the final
energy. Furthermore, the energy profile of the relaxed struc-
ture deviates from the quadratic latlot-dashed lingfor

FIG. 4. Differential conductancéop) and resistancébotomy ~ @1>14° nm *. This deviation corresponds to the onset of
of bent tubes for two extreme cases whéae »=0.0 and(b) »  a structural transformation where the tube flattens and takes
=0.5. on a helical shapgsuch as in Figs. @) and &d)]. A similar

al/av (2e2/h)

av/al (kQ)
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FIG. 6. Relaxed NT structures obtained with force-field MM3 | l
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transition has been observed in molecular dynamics
simulations®? In order to determine the effect of the diameter ~ FIG. 7. Band-gap opening in &,6) nanotube as a function of
on the collapsing of the nanotubular structures, we have als§€ twist angle for a constrained geometgpen circles and a
computed MM3 energies of twisted (10,10) models. Taking€/@xed geometryfilled circles.
into account the differences in the number of carbon atoms
involved ((10,10/(6,6)=1.67), and the NT diameters The most important modification of the electronic struc-
(?10.10/ P6,6=1.67), we find that the energy needed toture induced by twisting a metallic armchair nanotube is the
twist a (10,10) NT is similar to that needed to twist a (6,6) opening of a band gap. Figure 7 shows the variation of the
NT. The collapse of the (10,10) tubular structure into theband-gap value of a twisted (6,6) nanotube as a function of
helical shape occurs at a lower twisting angle than the (6,6)he twisting angle, for both constrained and relaxed NT
structure, i.e. wher®;>10° nm !. However, due to its structures. We find that for the constrained structure, the
larger diameter, the relative displacement of the carbon atand gap increases linearly with twisting angle up to
oms during the tube to helix transition for a (10,10) NT is16° nm !, then gradually decreases to zero at higher
larger than in the case of a (6,6) NT. angles. Allowing relaxation in the twisted nanotube structure
Our calculations show that the twisting energies scaléhas a strong influence on the value of the band gap; the gap
nearly linearly with the length of the nanotube. Therefore,increases linearlybut with a different slopewith twisting
we can extrapolate and obtain the twisting energies of longesingle up to 14° nm!, then reaches a stable value
nanotube segments, and use these energies to evaluate the#0.3 eV) at higher angles. The first, linear, region corre-
Boltzmann distributions as a function of temperature. Thesponds to the opening of a gap produced by the straining,
relative population of twisted (6,6) structures can be dei.e., compression and dilatation of C-C bonds along the axis
scribed by of the tube, brought about by twisting. The initial linear in-
crease obtained in constrained structures is in general agree-
ment with the predictions of low-energy the&tywhich,
' (5 however, does not take relaxation into account. For higher
twisting angles, the band-gap decrease observed for the con-
where,« is a constant equal to 580 noeg 2-K, L isthe  strained geometry is mainly due to the presence of strong
nanotube length in nm®; is the twisting angle(in  interaction between destabilizegl and = orbitals near the
deg nm™1), andT is the temperature. From this equation, it Fermi level. The plateau observed in relaxed structures is the
is clear that large twists cannot be generated by thermal exesult of the collapse of the tubular structure into a flattened
citation. For example, to obtain by thermal excitation a rela-helix shape which decreases the large repulsive overlap of
tively small population(1%) of a 1um long (6,6) nanotube strained NT's[Figs. @c) and &d)].
twisted by 9.8° nm?, which is equivalent to the twist de- The opening of a band gap in originally metallic nano-
formation reported by Clausset al. from STM images of tubes leads to a drastic modification of the electrical proper-
nanotube rope$jt would require a temperature larger than ties of nanotubes upon twisting by even low angles. In order
10° K! We conclude then that large scale nanotube twistdo investigate the conduction of electrons in twistehd
must be the result of either mechanical interactions takingelaxed (6,6) nanotubes, we have connected both tube ends
place during the deposition or manipulation of the nanotubéwith dangling bonds on the end carbpts gold electrodes.
sample, or they are introduced during the high-energyFigure 8 shows the transmissidi{E) spectra of nanotubes
growth processes and frozen in place by shear forces due twisted by 0, 1.6, 4.1, and 8.1° nrh angles(main panel.
the interaction with the substrate and other tubes. Locafll these deformed tubes lie within the linear regime of the
twisting associated with tube collapse is, however, less eneband-gap variation with twist angle. The variationT¢E) at
getically demanding and is encountered quite often in AFMEg with twisting angle is shown at the upper-left panel,
images. while the corresponding change in resistance at zero bias

LO2Z
F(@T)=EX - a?
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creased by more than two orders of magnitude, and if we
consider transport into a strongly twisted, helical shape nano-
tube[see Figs. &) and d)], the decrease i (E) is about
five orders of magnitude. A twisting-induced band gap is,
most likely, responsible for the recently documented field-
effect transistor action of a twisted, normally metallic multi-
wall nanotube.

IV. CONCLUSION

In conclusion, we have calculated the effects of structural
distortions of armchair carbon nanotubes on their electrical
transport properties. We found that bending of the nanotubes
decreases their transmission function and leads to an in-
creased electrical resistance. The effect is particularly strong
at bending angles higher than 45° when the strain is strong
enough to lead to kinks in the nanotube structure. The elec-
tronic structure calculations show that the reductiof (i)
is correlated with the presence at the same energy of local-
ized states with significant-7 hybridization due to the in-
creased curvature produced by bending. Resistance peaks at

Band—Edge Energy (eV) or nearEg caused by bending can lead to localization at low

FIG. 8. Computed transmission function of a twistéh) NT.  temperatures or anomalous electrical transport properties.
The upper-left inset shows the logarithmic decayT¢Eg) with Our calculations of the resistanémcluding the contact re-
twisting angle, and the upper-right inset gives the variation of thesistancg of a perfect NT end bonded to gold electrodes give
resistance at zero bias for the same twisted NT. a value close td/2.4e? instead ofh/4e®. This increase in

resistance is due to the finite transmission of the contacts.

[=12.9 K)/T(Eg)]is given at the upper-right panel. Twist- The much larger contact resistances observed in many ex-
ing induces important changes in tM¢Eg), a property that  periments on SWNT'’s are likely due to the weaker coupling
determines the linear conductance of the system. Already ef the NT to the metal when the NT is simply placed on top
twist of 4° nmi ! (or 0.5°/section), reduces the transmis- of the metal electrodehis resistance, however, depends on
sion by a factor of 14. It is interesting, however, that essenthe length of the contactWe predict that NT's end bonded
tially no change is seen iT(Eg) at low twisting angles to metal pads will have contact resistances of only a féw k
(<2° nm!) despite the fact that a finite band gap Such low contact resistances will greatly improve the perfor-
(=0.04 eV) is calculated for the free NT. We attribute this mance of NT-based devices and unmask the Q1D transport
behavior to the metal-induced gap stat8dGS) produced properties of NT's. Twisting a normally metallic armchair
by the interaction of the shot®6 A) NT segment with the NT opens up a band gap which scales linearly with the twist
gold metal electrodés and the presence of charge-transferangle up to a critical angle. Twisting above this angle leads
doping. The MIGS tend to bridge the distortion-induced gapto the collapse of the tubular structure and the formation of a
when the latter is smafft For twisting angles larger than flattened helix. The observed band gap is due to the asym-
2° nm 1, the transmission decreases exponenti@le the metric compression and dilatation of the C-C bonds along
upper-left in Fig. 8. At 8° nm !, T(Ef) has been de- the NT.
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