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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 thR¥ 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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[. INTRODUCTION switch and sensor applications.
Here, we investigate electronic transport through bent car-
The mechanical properties of carbon nanotubes, togethdon nanotubes and establish a correspondence between the

with their electronic properties, provide a unique and prom-mechanical deformation and current that is passing across
ising basis for theoretical investigations, as well as practicathe deformed region. First, we obtain the optimized configu-
applications. Previous calculations of the nanotubes Younéations_of the bent armchair, zigzag, and zigzag-armchair
modulus, using empirical force-constarand ab initio 2 Kink*'™* structures, using a four-orbital-per-atom  tight-
models, indicate that it is independent of the chirality of thePinding model. Next, the conductance characteristics of the
tube. However, for larger strains, it is shoimat most of relaxed structures are derived. Finally, we calculate the cur-

the axial strain is borne by the bonds parallel to the tube axident passing through the bent nanotubes and focus on the

Therefore, one may naturally expect a difference between th%ﬁeCts of bending angle on the current-voltageV fea-

mechanical response of the tubes possessing bonds paraﬁ%fes'
to te tube’s axis—i.e., zigzag tubes—and that of the tubes
without such bonds(e.g., armchair tubes It is indeed Il. MODEL AND METHOD

shown’ using a tight-binding model, that the mechanical re- | rder to obtain relaxed structures under bending and to
sponse of the nanotubes under large strain is helicity deperycylate transport properties, three different nanotubes are
dent. _ _ considered in this study: 6,6 armchair, a(10,0 zigzag,

As concerns the bending phenomena in carbon nanotubegnd a(10,0-(6,6) zigzag-armchair kink structure, which con-
several experimems® have indicated that, under severe tajn 972, 940, and 974 carbon atoms, respectidlie di-
bendings, buckling is the usual way for the nanotubes ta&meters of the6,6) armchair and(10,0 zigzag nanotubes
reduce strain. The usual approach to the theoretical modelingre 8.1 and 7.8 A, respectivelilhe lengths of these portions
of buckling phenomena has so far made use of classicalre 98 A for the armchair and zigzag tubes and 100 A for the
potentialsS®1° Even for calculations of the electronic prop- kink configuration. Considering the large number of atoms in
erties of the bent tubes, which make use of relatively morehe systems that makeh initio geometry optimization for-
sophisticated quantum tight-binding Hamiltonians, the startmidable and taking into account the disadvantage of using
ing geometry of the bent nanotubes has been obtained usimgassical potentials mentioned above, we choose a four-
classical potentials:~* The relaxation procedure based on orbital-per-atom tight-binding approach, with the parametri-
classical potentials does not take into account the increaseghtion for carbon of Xtet al.?* both to obtain the optimized
o- hybridization as a result of bending, especially at largergeometries and to calculate the electronic and transport prop-
bending angles. However, the increased hybridization is exerties. This parametrization has proved to provide a transfer-
pected to have a decisive effect not only on electronic strucable potential in tight-binding studies of carbon systems and
ture, but also on the forces and relaxed atomic configurationsas recently been applied to the study ofg;Goped
themselves. nanotube® and nanotubes under large straiGeometry op-

The interrelationship of the electronic and mechanicakimizations are performed via the(®) density-matrix elec-
properties of carbon nanotuthés'’ gives rise to natural tronic structure calculation method of Et al.?® combined
speculations for possible applications. It has been showmith the Broyden minimization schenféwithin the above-
both experimentallf? and theoreticall{??° that the revers- mentioned tight-binding approaéh.
ible bending of nanotubes can be used to alter their conduc- The optimization of the bent structures proceeds as fol-
tion, which, in turn, may be used in nanoelectromechanicalows. For successive bending angles, while fixing eight car-
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bon rings(96 atoms for the armchair case and 80 atoms for
the zigzag cageat each end of the nanotube, the structure is
optimized such that the maximum force acting on the uncon-
strained atoms becomes less than 0.05 eV/A.

Having obtained the relaxed structures for different bend-
ing angles, we focus on the transport properties. In calculat-
ing the conductanceG(E,V)=(2e%h)T(E,V), two semi-
infinite perfect nanotubes—i.e., “leads,”—are assumed to be
attached to the two ends of the bent region. Here, the trans-
missionT(E,V) across the bent region is a function of en-
ergy E and bias voltag® applied to the bent regiofi.(E,V)
is determined by calculating the total Green’s function of the
system projected onto the bent regfdn*as applied previ-
ously to the calculations of transport through various nano-
tube heterostructurés:'>*3The I-V characteristics are then
obtained using the Landauer-iker formula®

2e
(V)= 52 [ dETE VI fo(E- o)~ TuE- )], @)

yvh_e_refA andfg are the Fermi distributions of the_two semi-  £1G. 1. Relaxed configurations of tH6,6) armchair(a) and
infinite perfect tubes connected to the bent region. When g g zigzag(b) tubes at different bending angles.
bias voltageV is applied to the bent region, the chemical

potentials of the two leadg, and ug, are assumed to be sharp buckling. The effects of surrounding environment
pinned atV/2 and —V/2. This determines the shifts of the should not be discarded in interpreting the experimental re-
band structures and density of staP©S) of the leads. This  gyts either, especially for the bent multiwall tubes reported
is achieved by shifting the on-site elements of the tight-hy pDespreset al® and lijima et al® It should be mentioned
binding Hamiltonians of the two leads BY/2 and —V/2.  that smooth bending of multiwall nanotubes is also observed
Within the bent region, on the other hand, the on-site shiftsxperimentally:” where the effects of the surroundings are
are determined by the potential drop pattern. As for the funciegg interfering.

tional form of the potential drop, which is necessary in cal-  Another interesting feature of Fig. 1 is the clear difference
culating I-V characteristics, we assume a linear drop acrosgetween the mechanical response of armchair and zigzag
the bent region. Although a self-consistent calculation of thgypes: Although for small bending angles the optimized
accurate pattern of the potential dfop’ is possible in prin-  structures show no sign of buckling in both armchair and

ciple, applying this approach to the bent nanotubes of thigjgzag cases, for bending angles equal and bigger than 120°,
study is currently formidable, due to the large number of

carbon atoms involved. Our assumption of linear drop is jus-
tified by the observation that, as we shall see shortly, the
deformations within the bent nanotubes are distributed more
or less uniformly.

Ill. RESULTS AND DISCUSSION
A. Mechanical response

The results of geometry optimizations are depicted in Fig.
1 for armchair and zigzag structures and in Fig. 2 for the
zigzag-armchair kink structure. Comparing the results shown
in Fig. 1 with the previous optimized structures obtained
using classical potentials for the armchai? and zigza§
configurations, we notice an overall extension of the bent
region in the tight-binding results as compared to the classi-
cal results. This is attributed to including the increasedr
hybridization within the tight-binding model, especially at
larger bending angles. It is true that the sharp bucklings ob-
served in the results of classical relaxations are in apparent
consistency with the experimental results of lijireal  for
bent single-wall nanotubes. However, one cannot rule out the
possibility of the presence of mechanical defects at the buck- FIG. 2. Relaxed configurations of tii#0,0-(6,6) kink structure
ling position in experimental results, which can result in theunder different positivéa) and negativeb) bending angles.
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the zigzag structure appears to be stiffer. This is further 12
manifested in Fig. 2, where, under successively larger bend-
ings, the armchair part of the structure buckles earlier and
appears to be more ductile. The reason for this asymmetry is
that in the zigzag structure there are bonds parallel to the
tube’s axis, while such bonds do not exist in the armchair
structure. In accordance with a previous tight-binding study
of nanotubes under uniaxial compression, our results show
that the significant bonds, responsible for bearing most of the
axial strain, are indeed bonds parallel to the tube axis. e
Figure 2 further shows that the zigzag-armchair kink 8 6 4 2 0 2 4 6
structure, despite including a pentagon-heptagon defect, is
quite stable under severe bendings: Bending the kink struc- 10
ture either “positively” or “negatively” (see Fig. 2does not
result in bond breaking or the formation of plastic defects,
such as plastic flow and/or extra pentagon-heptagon ¥ores
or a collapse from graphites¢?) to diamond 6p°)
structure®18:1°
Same results of defect-freg? relaxed structures are seen
to hold for pure armchair and zigzag tubes in Fig. 1: A quan-
titative analysis of the bond lengths in the relaxed structures
of Figs. 1 and 2, along the line performed by Maitial.?° e
reveals that for the severely deformed structures of armchair 84 6 -4 2 0 2 4 6 8
(6,6@180°, zigzag10,0@180°, kink(10,0-(6,6@180°, Energy [eV]
and kink(10,0-(6,6)@— 180° the C-C bond lengths between
each carbon atom and its three nearest neighbors lie within FIG. 3. (Color onling Conductance characteristics of bég6)
1.35 and 1.60 A. The fourth nearest neighbor, however, doe®) and(10,0 (b) nanotubes at different bending angles. The Fermi
not appear until the C-C bond length is increased to 2.15 fopnergy is shifted to zero.
(10,0@180°, 2.20 for(10,0-(6,6)@180°, and 2.25 A for
(6,6@180°(10,0-(6,6)@— 180°, respectively. This indi- channels within the semi-infinite zigzag lead attached to the
cates that there is no change in the number of nearest neighigzag part of the bent region.
bors even up to the maximum bending angle considered From Figs. 3 and 4, the conductance of armchair, zigzag,
here, i.e., 180°. and kink structures is observed to reduce rather smoothly
upon bending, with an average maximum reduction of less
than 50% for the largest bending angles. Interestingly, de-
B. Conductance spite the severely deformed portions observed at large bend-

The conductance characteristics of the relaxed bent strué?g angles, we do not observe the dramatic decrease of con-
tures, at zero bias, are calculated at different carrier energieguctance by several orders of magnitude observed in the
assuming two semi-infinite perfect tubes to be attached to thexperiments of slightly bent tubes by atomic force
two ends of the bent region. In Fig. 3, we show the conducmicroscopé® (AFM) and their corresponding relaxesp?®
tance results for the armchd#,6) and zigzag 10,0, at dif-  theoretical result&’ This difference is attributed to the fact
ferent bending angles. Figure 4 illustrates the conductancéat in both the experimental and theoretical investigations,
characteristics of the bent kinll0,0-(6,6) structures. It is the presence of the AFM tip causes a severe deformation
evidently seen from Fig. 3 that there is no indication of awhich is uniquely localized. This kind of uniquely localized
metal-to-semiconductor or semiconductor-to-metal transideformation, however, is absent in our geometry optimiza-
tion. In other words, the conductance of the metallic arm-ion results.
chair tube at Fermi energy remains nonzero, even under se-
vere bendings. And there is no conducting state produced
within the gap of the bent semiconducting zigzag tube. For
the case of a semiconducting zigzag tube, this result could be The |-V characteristics of the bent structures are depicted
expected, based on the fact that no matter how the finite beim Fig. 5. From Fig. %) it is evidently seen that as the
region is mechanically modified, the semi-infinite nanotubebending angle increases, the current passing through the bent
leads, being semiconducting zigz&$0,0 themselves, do armchair(6,6) tube decreases, while that of the zigZ2&g,0
not possess any conducting channel within their gaps. Thatibeincreases
is, irrespective of how charge carriers are scattered within the In order to see the reason, we notice that the conduction
bent region, they cannot find a way out through the semiof the bent tube under bias is determined by the number of
infinite leads, at energies within the gap. The same reasoconducting channels available within the two semi-infinite
applies to the conductance of the bent kink structures, whereads and the corresponding transmission coefficient between
the gap persists upon bending, due to the lack of conductingny pair of them, for the energies belonging to the integra-

Bent (6,6) conductance [2e2/h]
(=)}
%
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Bent (10,0) conductance [2e2/h]

C. IV characteristics
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FIG. 5. (Color online Current-voltage I-V) characteristics of
the (6,6) metallic armchair and10,0 semiconducting zigzag) as
well as that of(10,0-(6,6) kink structure(b) at different bending
angles.

FIG. 4. (Color online Conductance characteristics of #i®,0-
(6,6) kink structure at different positive) and negativéb) bending
angles.

tion window fg(E = sg) ~ fa(E~pa) in EQ. (1). The num- | 5q o iiations of the bent region increase the number of
ber of conducting channels of the leads at any energy ISt moared to that of the straight tube. h h
independent of the bending angle and is determined by tha ies compared o fnat of the straight tbe, nowever, the
number of the highest occupied bands of one lead and th onductanc_e _cannot increase due to the limited number of
number of lowest unoccupied bands of the other lead, whic annels within the pseudqgap of one qf the leads. Th_eref_ore
share the same energy after the band structures are shiftdtf Net effect of LDOS oscillations within the bent region is
due to the applied bias. The transmission coefficient, on th@ éductionof the conductance and current for higher bend-
other hand, depends on the deformation of the local densiti?dS- Next, consider the case of a semiconductihg,0
of states(LDOS) within the bent region, as one moves from fube. In this case, the number of available channels of the
the two ends of this region toward its center. Upon a detailedeads, within the integration window, is not as restricted as
examination of the LDOS within the bent region under non-that of the metallia6,6) tube. In particular, some of the van
zero bias, we observe that the LDOS in the bent region inHove singularities corresponding to the DOS of one of the
cludes oscillations whose amplitude increases with increadeads become aligned with those of the other lead, as a result
ing bending angle. The increase of the amplitude, however, ief the DOS shift due to the applied bias. Therefore, the
not symmetric: taking the LDOS of the straight tube as ref-LDOS oscillations in the bent region can result in both an
erence, on the average, the “positive” amplitudes are domiincrease and decrease of conductance. However, as the
nant over the “negative” ones. This is attributed to the cre-“positive” amplitudes in the LDOS oscillations are on the
ation of additional localized electron/hole states for higheraverage dominant over the “negative” ones, the conductance
bendings. and currentincreaseat higher bending angles. This is re-
We first consider the case of the metall&6) tube, with  stricted to the nonzero-bias case, as for zero-bias conduc-
a pseudogap of 2.0 eV. For this tube, the number of availableances the limiting factor is the maximum number of con-
conducting channels in one of the leads at any energy in thducting channels of leads and the situation is similar to that
integration window is equal to the number of bands withinof the metallic(6,6) case described above.
the pseudogap, up to bias 2.0 V. Whenever the oscillations of The |-V characteristics of the kink structure at different
the LDOS of the bent region result in a smaller number ofbending angles, which are displayed in Figh)5 do not
states as compared to that of straight tube at a certain energghow a monotonic increase or decrease of the current upon
the transmission coefficient is reduced—due to the reductiobending. This is attributed to the fact that for 1®,0-(6,6)
of the states available for tunneling across the bent region—kink structure, the mechanisms responsible for an increase or
which results in a conductance reduction. Whenever theecrease of the current in individu@,6) and (10,0 struc-
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tures compete with each other and prevent a net, bendinderence between the mechanical response of the zigzag and
dependent increase or decrease of the current from beirarmchair nanotubes, at relatively large bendings, is observed,
present. which is attributed to the presence of bonds parallel to the
The monotonic change of the current upon bending, atube’s axis in the zigzag case. Although at zero applied bias
fixed bias voltage, is an interesting effect which can be emthe conductance of all the structures is reduced rather
ployed in designing nanometer-scale electromechanical sesmoothly upon bending, at a nonzero bias the behaviors dif-
sors and switches. The difference in the localization patternger: While the current passing through the metallic structure
of the electron/hole states within the bent region, togethedecreases at larger bending angles, that of the semiconduct-
with the available conducting channels in the leads, results ilng one increases. This is explained by the difference in the
opposite bending-dependent behaviors oflthecharacteris- localization patterns of electron/hole states within the bent
tics for the metallic and semiconducting tubes. Howeveryregion and the available channels of the leads, which show,
each of these behaviors makes it possible to establish a car addition, why the kink structure does not show such a
respondence between the bending angle and the current, atranotonic behavior. The correspondence between the me-
fixed bias, which is passing through the bent tube. Accordinghanical response and the electronic transport of the nano-
to our results, the bending dependence of the current is motebes is shown to be applicable to nanoelectromechanical
significant at higher bias voltages and shows a stronger deswitch and sensor design.
pendence of the electronic transport characteristics on the
mechanical response of the nanotubes upon bending. For ex-
ample, thel-V results of the semiconductin¢l0,0 tube ACKNOWLEDGMENTS
show that it is possible to switch from a relatively small ) o
current (0.16K eVx 2e/h) to a relatively large one (0.542 The authors would like to express their sincere thanks to
x eV 2e/h), by just bending the tube from 120° to 180° at the crew of the Center for Computational Materials Science

a fixed bias voltage of 1.5 V. of the Institute for Materials Research, Tohoku University,
for their continuous support of the computing facilities. The
IV CONCLUSIONS cooperation of R. Note is specially acknowledged. A.A.F.,

H.M., and Y.K. are supported by the Special Coordination

In summary, we have calculated the relaxed configuraFunds of the Ministry of Education, Culture, Sports, Science

tions of metallic, semiconducting, and metal-semiconductoand Technology of the Japanese government. B.LY. is sup-
kink nanotube structures at different bending angles. A difported by NASA URETI.

*Electronic address: amir@imr.edu 18D, Tekleab, D. L. Carroll, G. G. Samsonidze, and B. I. Yakobson,

13. P. Lu, Phys. Rev. Let?9, 1297(1997. Phys. Rev. B64, 035419(2002.

2D. Sachez-Portal, E. Artacho, J. M. Soler, A. Rubio, and P. Or-17D. Bozovic, M. Bockrath, J. H. Hafner, C. M. Lieber, H. Park,
dejon, Phys. Rev. B9, 12 678(1999. and M. Tinkham, Appl. Phys. Let#8, 3693(2002).

®D. Srivastava, M. Menon, and K. Cho, Phys. Rev. L8&.2973 8T, W. Tombler, C. Zhou, L. Alexseyev, J. Kong, H. Dai, L. Liu, C.
(1999. S. Jayanthi, M. Tang, and S. Y. Wu, Natuiteondon 405, 769

4T. Ozaki, Y. Iwasa, and T. Mitani, Phys. Rev. Le&4, 1712 (2000.
(2000. L. Liu, C. S. Jayanthi, M. Tang, S. Y. Wu, T. W. Tombler, C.

5J. F. Despres, E. Daguerre, and K. Lafdi, Carl38n87 (1995. Zhou, L. Alexseyev, J. Kong, and H. Dai, Phys. Rev. L8,

63, lijima, C. Barbec, A. Maiti, and J. Bernholc, J. Chem. Phys.  4950(2000.
104, 2089(1996. 20, Maiti, A. Svizhenko, and M. P. Anantram, Phys. Rev. L&8,

70. Lourie, D. M. Cox, and H. D. Wagner, Phys. Rev. L, 126805(2002.
1638(1998. 2ph. Lambin, A. Fonseca, J. P. Vigneron, J. B. Nagy, and A. A.

8T. Kizuka, Phys. Rev. B59, 4646(1999. Lucas, Chem. Phys. Let245 85 (1995.

9B. 1. Yakobson, C. J. Brabec, and J. Bernholc, Phys. Rev. Z8tt.  22J. Han, M. P. Anantram, R. L. Jaffe, J. Kong, and H. Dai, Phys.
2511(1996. Rev. B57, 14 983(1998.

10c. F. Cornwell and L. T. Wille, Solid State Commub0l 555  23Z. Yao, H. W. Ch. Postma, L. Balents, and C. Dekker, Nature
(1997. (London 402 273(1999.

A, Rochefort, D. R. Salahub, and Ph. Avouris, Chem. Phys. Lett?*C. H. Xu, C. Z. Wang, C. T. Chan, and K. M. Ho, J. Phys.:
297, 45 (1998. Condens. Matted, 6047(1992.

12, Rochefort, Ph. Avouris, F. Lesage, and D. R. Salahub, Phys?®A. A. Farajian and M. Mikami, J. Phys.: Condens. Matieg;
Rev. B60, 13 824(1999. 8049(2001.

13M. B. Nardelli and J. Bernholc, Phys. Rev.@®, R16 338(1999.  2°X.-P. Li, R. W. Nunes, and D. Vanderbilt, Phys. Rev4R 10 891
13, Paulson, M. R. Falvo, N. Snider, A. Helser, T. Hudson, A.  (1993.

Seeger, R. M. Taylor, R. Superfine, and S. Washburn, Appl?’K. Ohno, K. Esfarjani, and Y. Kawazo€omputational Materials

Phys. Lett.75, 2936(1999. Science from Ab Initio to Monte Carlo MethotfSpringer, Ber-
15p E. Lammert, P. Zhang, and V. H. Crespi, Phys. Rev. 18t. lin, 1999.
2453(2000. %8The relaxation results that we report here are obtained using the

205423-5



FARAJIAN, YAKOBSON, MIZUSEKI, AND KAWAZOE PHYSICAL REVIEW B 67, 205423 (2003

parallel density matrix tight-binding code authored by X.-P. Li,  University Press, Cambridge, UK, 1995
D. Vanderbilt, R. Nunes, M. Robbins, and N. Modifnpub-  34L. Chico, L. X. Benedict, S. G. Louie, and M. L. Cohen, Phys.
lished, modified to include the Broyden minimization scheme. Rev. B54, 2600(1996.

29p,_ A. Lee and D. S. Fisher, Phys. Rev. Léff, 882 (1981). 35A. A. Farajian, K. Esfarjani, and Y. Kawazoe, Phys. Rev. L&2.

30 A, MacKinnon, Z. Phys. B: Condens. Mattg8, 385 (1985. 5084(1999.

31M. C. Munoz, V. R. Velasco, and F. Garcia-Moliner, Prog. Surf. 36Mm. Bttiker, Y. Imry, R. Landauer, and S. Pinhas, Phys. Rev. B
Sci. 26, 117(1987). 31, 6207(1985.

32k, Garcia-Moliner and V. R. Velasc@heory of Single and Mul-  3A. A. Farajian, K. Esfarjani, and M. Mikami, Phys. Rev. @5,
tiple Interfaces(World Scientific, Singapore, 1992 165415(2002.

333, DattaElectronic Transport in Mesoscopic Systef@ambridge  *®B. I. Yakobson, Appl. Phys. LetZ2, 918(1998.

205423-6



