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Effect of bending and vacancies on the conductance of carbon nanotubes
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Electron transport through nanotubes is studied theoretically using the Landauer formalism. The studies are
carried out for finite metallic nanotubes that bridge two contacts pads. The current is observed to increase
stepwise with the applied voltage. Each step corresponds to resonance tunneling including one single-particle
eigenstate of the nanotube. Moderate bending of the nanotube results in a shift of the single-particle levels but
the overall current remains essentially unaffected. For large bending, however glbetron system becomes
more disturbed, which introduces backscattering and a marked decrease in the conductivity along the tube. A
single carbon vacancy in the nanotube is shown to have very small effect on the conductivity in the center of
the metallic band whereas, by increasing the defect concentration the conductivity decreases in the same way
as for the strongly bent tubes.

[. INTRODUCTION calculated from the many-channel Landauer forrhifta

Molecular electronics has had an enormous development
during the last decadeAt the microscopic level this has
led to the possibility to measure currents through individual G=_—Tr[t(E)(E)"], @)

Th

molecules using scanning probe microscopy mechani-
cally controlled break junction%ln the case of carbon nano- Wheret(E) represents the amplitudes for electron transmis-
tubes(NT’s), it was shown that electrodes with a spacing atsion between the metallic contacts for an electron with en-
the submicrometer scale can be used to contact individuagrgy E. In the results presented below, we have excluded the
single wall carbon nanotub&éSWNT's). Several other ex- prefactor, giving a dimensionless conductance, which is
periments dealing with the conductance of individual nano4dentical to the transmission probabilifyf (E)].
tubes have followed. To calculate the conductance we have to specify the

Theoretically, a great number of studies of conductance ifdamiltonians for the NT and the metallic contacts as well as
NT’s have been published during the recent yéat8These the Hamiltonian that describes the coupling between these
studies all deal with the effect of various types of structuraltwo parts. The Hamiltonian of the molecule is described
defects on the transport properties of SWNT'’s, in most casewithin the tight-binding approximation and treats theelec-
calculated using the Landauer formtiaombined with vari-  tron system with a basis of orthogonal atomic orbitals. Cal-
ous techniques to calculate the transmission coefficient.  culations of the conductance through thg, @olecule by

In this paper we address the issue of quantized condudshavy et al® show that the main part contributing to the
tance which has been observed in metallic SWNT’s by Tansonductance comes from the electrons and only a very
et al® The steps in the measuréd curves were in that case small part from ther electrons. This restriction to treat only
observed at the mV regime and could be rationalized irthe 7 system is also well justified in the case of NT's and has
terms of the Coulomb blockade effect and/or resonance turbeen extensively used recently. The work of Nar8elpiens
neling induced by individual molecular orbitals of the nano-up for the possibility to include also the electrons and the
tube. Based on this type &¥ characteristics for the perfect coupling between ther and o systems. In a recent paper by
system we have studied the changes due to bending of tHRochefortet al,'° the extended Htkel method is applied to
NT. We have also calculated the change in the conductanagarbon NT with an emphasis on the coupling betweensthe
due to the presence of vacancies on the NT. In contrast tand o electron systems for bent tubes. Indeed, for large
several other studies:? we focus on tubes with a finite bending angles, there is an effect of this coupling, which has
length since this is the most relevant architecture for molecubeen neglected in this work.
lar electronics applications. The finite length also introduces By choosing the onsite energy of the carbon atoms to zero
quantized conductance, which is relevant to experimentahe energy offset is determined. The intratubular interactions
work on carbon NT'S. are restricted to electron hopping between nearest-neighbor

Section Il of this article introduces the model used to(n,n) atoms only. The values of the hopping;, is de-
describe the electronic properties of the molecules and thscribed by a simple exponential relation to the C-C bond
method to calculate the conductance. Results and discussitengthR;, | :
are presented in Sec. Ill and a summary of the results is
given in Sec. IV. t; =toe *(Rii~Ro) 2

2 2

Ry is the reference bond length, which is fixed to 1.40 A for
the systems discussed here. The value of the constants used
Il. METHODOLOGY . .
©bOLOG were a=2.0A"1 andt,=—2.5 eV. To obtain realistic val-
The conductance through a finite carbon NT connected byes ofR;, | in Eq. (2), the semiempirical Austin model one
two metallic lattices coupled to the surface of the tube is(AM1) method® was used to optimize the geometry of the
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FIG. 1. Bent carbon NT with bending angle 62° together with theb5atoms of the top layer of the two contacts. The letfeend B
point out the endpoints of th&-A andB-B all trans chains for which the bond lengths are presented in Fig. 2. The inset shows one end of
the NT viewed along the tube axis.

NT’s at various bending angles. The optimization is per-into three parts, the two metal surfaces and the molecule, we
formed on a(5,5 NT with 160 carbon atoms. To impose can write the wave function of the metal parts as a linear
bending, the 10 carbon atoms at each end of the NT are fixecbmbination of the known stationary solutions in the metals,
to ensure a chosen bending angle. These angles are setwith special care taken to include the closed decaying chan-
62°, 74°, and 85° corresponding to bending radii of 16.7 A nels in the metal surfaces. To obtain the transmission ampli-
14.3 A, and 12.5 A, respectively. The positions of all othertudes we make an anzats with unit flux incoming from one
carbon atoms are optimized. The results of these optimizazontact and unknown reflected and transmitted amplitudes.
tions are summarized at the beginning of Sec. lll. Each end@he interactions within the NT and the metallic leads as well
of these optimized bent NT's are then connected to segments between the leads and the NT gives a set of linear equa-
of straight tubes to forn5,5) tubes with a total of 700 car- tions for the transmission and reflection amplitudes that were
bon atomg(in the absence of vacancjes$n the case of car- solved numerically using the Green function of the
bon vacancies, we have not performed any optimization, inmolecule'®
stead the geometry of these tubes are obtained simply by The transmission amplitudes are multiplied according to
removing individual carbon atoms from a straight NT with results of Eq(1), which results in the transmission probabil-
700 carbon atoms and thereby excluding these sites from thgy T(E) as a function of the energy of the incoming electron
Hamiltonian. E. The currentl through the structure can be approximated
Transmission through SWNT’s involves the coupling be-by integrating the transmission in the rande;—eV/2 E;
tween the metal contacts and the tube as well as the transporte V/I2] whereV is the applied voltage anf; is the Fermi
along the molecules. Here the focus is on the changes in thenergy. In Sec. Ill}V curves are presented forup to 2 V.
properties of the NT. Therefore, the metal contacts are dei should be noted that fi5,5) tubes, this corresponds to an
scribed in a simple way by cubic tight-binding lattices. Theenergy range covering only the central part of the band struc-
lattice properties are described by a lattice paramet@.8  ture in which there are only two electronic bands.
A simulating the lattice constant of golchoppingt, (— 2.5
eV) and an onsite energy (0 eV). To obtain a finite number IIl. RESULTS AND DISCUSSION
of equations we use a finite latticeBl K N) in the directions
parallel to the metal surface. We have tested the dependence Bending of the NT in the way described above introduces
of the conductivity on the value df and found that foN of  a rather localized defect as shown in Fig. 1. The bond lengths
the order of 5 or larger, the contact size plays a minor roleon the outer surface of the bent tube are elongated whereas
for the qualitative behavior of the conductance. The resultshe inner surface gets buckled. The optimized bond lengths
presented in this paper are therefore calculated for a contastong the tube are shown in Fig. 2 for tAeA andB-B all
size of 5x5 atoms(see Fig. 1 trans chains(see Fig. 1 with a tube bending angle of 62°.
The geometry of coupling between the NT and the twoThe effect of bending is to elongate the bond lengths along
contacts is chosen as realistic as possible, the metal wirdne A-A chain. The bonds at the two ends of the bend show
contacts the carbon NT from the side as shown in Fig. 1the maximum elongation, 0.35 A in the case of 62° bending.
This setup resembles very much that used in conductandeor larger bending angles, these bonds will break completely
measurements:’ The interaction between the contacts andand thus cause an almost complete interruption of #he
the NT is described by a hopping term similar to that in Eg.conjugation along theé\-A chain. TheB-B chain, on the
(2), with a nearest-neighbor contact-NT hopping that haother hand, exhibits optimized bond lengths that are essen-
been varied to fit experimental contact resistance ¢(eda tially unaffected by the bending. Therefore, there is no major
Sec. llI). reduction in ther conjugation along this chain in our model.
Calculation of the transmission amplitudes are performedNote that in our case we do not include the effect of buckling
in a similar way as by Cerdet al® By dividing the system of the NT surface, which might cause an additional small
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FIG. 2. Deviations in bond length along teA (C0) and B-B . .
G eviations in bond length along tieA (L) and FIG. 3. Conductance spectrum of a NT with bending angle 62°.

(O) lines (see Fig. 1, with reference to a bond length of 1.42 A. The very sharp dips at the conductance peaks are caused by numeri-

reduction in the hopping between neighboring C atgsee  cal problems as described in the text.

below). N - .
. dip in the transmission occurs exactly at the eigenenergy.
Otl\JAt/ O];hthte k‘:en a!{l:]rans chal?s aflot%;héﬁ,@ N'rl'], ther_e This is a numerical error originating from the Green function
'zi(e 5 OTh at have the Erqper%/ 0 lik tBCeBath' own.tln of the NT, which is singular exactly at eigenenergies of the
'g. 2. '€ remaining chains show, fike chain, QuUite N However, the dip is very sharp and does not affect the
small changes in the bond lengths. Also the carbon-carbo
bonds that dicular to the tub . tially/ curves shown below.
(rzgfchte?j Sreth%egzig.n'cu 'I?Irﬂeoeffeect l:)f ?hzxkfer?(;'en ef?r?el;’ie—y By integration of the conductance over the energy regime
;Jore uite IoZaIized bo![hgélon the tube directio:‘1 SE]';\rlld overa ccessible at a certain potentiake Sec. )iwe obtain thdV
the c?oss section of the NT 9 characteristics of th€s,5 NT containing 700 carbon atoms
Below we also report res.ults for straight defect free NT’s(Ienglth approximately 9 nm In Fig. 4 is shown thetV
o P ) g curves for the straight NT together with the NT with three
as well as NT’s with vacancies. The defect free NT has alsq,. . o o o
different bending angles, 62°, 74°, and 85°. The presenta-

been optimized at the AM1 level producing essentially €ON%ion is restricted to energies 1 eV around the Fermi energy.

/s&taq_thgogtcri u';ﬁ?;h Oafkiﬂg t\?aecgln-l(—:i\évs'thoi t;ﬁgdoltig?t?]:; dl'iin the calculations, however, the molecular Green function
nbt ootimized: we have onl ren’mve d carbon atom’s a{nvolves also(nonresonanteffects from all= eigenstates of

the raﬁdomly c,hosen positionsyof the vacancies. Based on ti{%e (5,5 NT. We will now discuss the general properties of
structures for these three kinds of NTaefect free, bent and eV curves, in particular that of the straight NT, followed

NT with vacancieswe will now discuss their transport prop- (t:)iyeglscussmn of the bent NT and finally NT's with vacan-

erties. The steps in the curves in Fig. 4 occur as a result of

According to Eq. 2, we translate the optimized bond sonance tunneling and correspond exactly to the peaks in
lengths to a nearest-neighbor hopping strength. Based on the 9 P y P

values for the hopping interaction as well as the contact/tube 306 ‘

interaction, we calculate the transmission probability spec- —— straight
trum[T(E)]. T(E) is shown in Fig. 3 for a bending angle of T 673421 geg 1
62° as a function of the Fermi energy of the metal contacts. | 85 dzg_ y‘ﬁ)
In our case the contact/tube interactions are rather restricted . —f S

in space compared to the full extension of the NT. The elec-

tronic system of the NT couples, therefore, only weakly to

the contactghigh-resistance contagtahich results in sharp

resonances for energies close to the eigenenergies of the

tube. For other energies, the transport is an ordinary tunnel- 05k

ing process that results in very low conductance. The energy

regime shown in Fig. 3 corresponds to the central part of the

7 electronic structure of the NT. In this region there are two

bands that cross each otf&iFor the infinite(5,5) tube with

the values of the hopping parameters given in &), this 0
. : . . 1.0

region extends betweett 1.4 eV, and each energy in this bias voltage (V)

region corresponds to two delocalized orbitals. In the present

case with a finite NT and no periodic boundary conditions, FIG. 4. Current-voltage characteristics of NT's; straiglid

this degeneracy is lifted and each peak in the transmissioline), bending angle 62%long-dashed ling bending angle 74°

spectrum corresponds to one eigenstate only. We note that(dashed ling and bending angle 85Uotted ling.
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L
-
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the conductance spectrum. In our case @¢b®) tube with  the major effect is to redistribute the energy levels slightly.
700 carbon atoms and one basis function per site this resul&ach level has approximately the same transmission coeffi-
in a total of 700 eigenstates. The interlevel spacing in theient (i.e., the same step heighas in the case of a perfect
half-filled bands around the Fermi energy is approximatelytube, indicating that the backscattering of the bent region is
0.1 eV in this case. If the tube length is increased by a factovery small. This produces an overall slope of the curves,
of 100 compared to our test tulfthen reaching a length of which is essentially unaffected by the bending. This slope
the order of 1um), the level spacing would be approxi- corresponds to the inverse of the resistance of the structure
mately 1 meV which is of the same order as the step sepand our results thus show that the change in resistance is
ration in the experimental data by Taesal? It is however  very small for moderate bending.
not possible to make a direct comparison between our calcu- At larger bending angles, the slope of thé curves de-
lated step size and the measured data since the total tulseease. In this regime the transport along the NT is no longer
length in measurement was@n whereas the contacts were ballistic between the two contacts, but rather described in
placed approximately 0.4m apart. However, by this simple terms of a wave scattered by the bond length defects on the
example, we would like to point out that the experimentalNT. It is important to notice that the effect of this scattering
data are not inconsistent with a resonant tunneling picture.on the conductance becomes important only at very high

A second feature of the data of Tassal? is the exis- bending for which individual C-C bonds start to bre@ee
tence of a conductivity gap in the bias regimed.1 meV, Fig. 2 above. It must also be kept in mind that the NT in our
which has been argued to be due to the Coulomb blockadealculation is only around 9 nm long. This is an adequate
effect?! Unfortunately, at present we are not able to calcu-length scale in real nanoelectronics. However, for applica-
late a value for the Coulomb gap of the NT and it is thereforetions with longer NT’s, the relation between the localization
not possible to fully address the question of the origin of théength of the electronic states and the length of the NT will
conductivity gap at zero-bias voltage. Our calculated onebe important. Clearly, the tube length studied here is shorter
particle energy spectra show that the presence of a gap iban the localization length in the case of weak disofder
dependent on the number of carbon atoms in the tube. Fdrond breaking If the tube gets longer, eventually this situ-
the NT with 700 atoms, it is evident from Fig. 2 that there isation will change and we expect an increase in the resistance
a gap around the Fermi energy of the order of the averageven for weak disorder in that ca¥e.
eigenenergy separation. However, for a NT with for example A similar type of study of the effect of tube bending on
800 carbon atoms, two degenerate states appear exactlythe conductance was performed by Rocheferal™® but
the Fermi energy and in this case there is no gap in thavith geometries based on molecular mechanics calculations
one-particle transmission spectrum. There are two possiblend with the electronic structure determined using the ex-
explanations for a conductivity gap in this case. Either ittended Hekel (EH) method. Also in their case, the conduc-
results from the Coulomb blockade effect or the degeneraciance remained essentially unaffected until the bending ex-
at the Fermi energy is lifted by a Jahn-Teller distortion. Weceeded 60°. The slightly higher sensitivity to bending
have initiated studies of both these effects, studies that hop@btained in this EH calculation is partially due to the fact that
fully can lead to a more detailed understanding of this issuebuckling as well as coupling between theando systems is

An increase in tube length increases the density-of-statéscluded in their study and omitted in our case. However, as
of the NT. For ballistic transport along the tube axis thispointed out above, calculations of the conductance through
increase would result in an increase in the number of peakhe G, molecule show that the main contribution to the con-
in the conductance spectrum. However, each peak will at thductance comes from the electrons even for this highly
same time get more narrow since the off resonance conducurved structuré® The effect of theo electrons is therefore
tance drops exponentially with the tube length. In total, thenot expected to be significant unless the buckling is very
conductance becomes length independent, which in principlstrong. Another reason for the discrepancy is the use of high-
should allow for direct comparison between our calculatedesistance contacts in our case and the low resistance con-
resistance and those obtained experimenfdlle resistance tacts used in Ref. 10. As discussed below in connection with
of the NT itself is, however, not the limiting factor in this the studies of vacancies, the scattering at the contacts has a
situation. Instead the resistance comes mostly from the corsignificant effect on the sensitivity to disorder. We believe
tacts. Here, the interaction between the metal contacts artfiat this effect is more important than the neglectoélec-
the surface of the NT is described in terms of a hoppingrons in order to explain the difference between our results
between nearest-neighbor atoms of the metal contact surfaeed those of Rochefogt al 1°
and the NT. This hopping strength is 0.6 eV in the results ThelV curves in the case of carbon vacancies are shown
presented above. By changing the hopping strength we can Fig. 5. Again, we have used (&,5 NT with 700 carbon
fit our resistance to that obtained by Tagisal® The best atoms in the perfect tube. The result for two different posi-
agreement is observed for a nearest-neighbor hoppintions (on the same side and on the opposite side of the con-
strength of 0.2 eV. This type of empirical fit of the hopping tacts, respective)yof a single vacancy are showashed
gives important information of the type of interaction andlines), together with three different randomly chosen distri-
could be further analyzed from detailed quantum chemicabutions of five vacancie&otted lines. Clearly, the overall
studies of a NT on a metal surface. effect of these vacancies is to reduce the current through the

We now turn to the results for the bent NT’s. The steps inNT. For a single vacancy this effect is extremely small. A
the IV curves occur at slightly different energies in all four small difference between the case of the vacancy put on the
cases shown in Fig. 4, indicating a shift of the eigenenergiesame side of the tube as the contacts, as compared to the case
of the NT as a result of bending. For a bending angle of 62°when the vacancy is placed on the opposite side, is observed.



PRB 62 EFFECT OF BENDING AND VACANCIES ON THE . . . 7643

30°® ‘ cies. It is expected, therefore, that our results should differ
—— perfect NT considerably from those presented earlier. More precisely,
T 1 z:gz:gv the effect of the vacancies becomes much smaller in our case
____________ 5vacanci’;s since the total scattering of the wave penetrating the system
............ 5 vacancies is dominated by scattering from the tube ends and from the
R 20° - 5vacancies contacts themselves. The ex{reeak scattering caused by a
< single vacancy has only a very small effect in this type of
2 system. Naturally, when the number of vacancies is increas-
g e ing, the effect on the transmission becomes more apparent,
8 e et which here is illustrated by the case of five vacancies. An-

other way to describe the transmission properties of our sys-
tem is to consider an incident wave that is reflected on a
defect inside the NT. This backscattered wave will experi-
ence another reflection at the tube end and/or at the contact
and consequently it will be incident another time at the de-

00 05 1.0 15 2.0 fect. Such multiple reflections reduce the effect of back-
bias voltage (V) scattering of the defect as compared to the ideal case of no

. , o chain ends or no external contacts.
FIG. 5. Current-voltage characteristics of NT's; straigslid Note that our approach applies to systems at nanometer
line), one vacancy on the same side of the tube as the contac}gn

(long-dashed ling one vacancy on the opposite side of the tube as gth scalenanoelectronids For this type of systems, the

the contactddashed ling three examples with different distribu- :estylts pr(-?‘lfentted hgre CIearlydshowtthatflfovvt-vacinCy CO(;ICEI’I-
tions of five vacanciesdotted line. rations will not produce any dramatic effect on the conduc-

tance through the NT.

This indicates a difference in the extent of delocalization of IV. SUMMARY AND CONCLUSIONS
the wave functions at different energies. The current distri- .
bution over the tube is thus dependent on the bias voltage. In this paper we presented a method to calculatelthe
For higher-defect concentrations the scattering of the&haracteristics of finite carbon NT contacted by two metal
d

electrons becomes more important, which results in a clea lectrodes to the surfac'e of the NT. The coupling between
e contact and the NT is set to a small value that results in

decrease in the current. The step height varies in this case” . - .
very much over the studied voltage regime as well as bed high-contact resistance and a resonant tunneling type of

tween the three vacancy distributions. The step height givegondulctanc;z thrct))ug_h E)hﬁl.NT' Folr the pristine NT, tlhe trgns-
information about the sensitivity of a particular eigenstate tg ort along the tube is ballistic at low temperatures. Introduc-

the disorder and shows clearly the correlation between th&'9 defects along the tube will cause scattering of the elec-

positions of the defects and the structure of the wave funclons and_ localization of t_he elec_:tronlc wave functions.
owever, it appears that disorder in the form of moderate

tions. Apparently, a particular vacancy distribution can caus§ di f the tub inal ies d
strong scattering or weak scattering depending on the stru ending of the tubes or single vacancies does not cause any
ture of the wave function. If this distribution is changed it 2dditional backscattering of the states, at least not in the

might change the scattering dramatically as is evident fronfentral part of the condgctlon band. Thus,' at IOW'.b'aS _voIt—

the difference between the three dotted curves. age, we observe essentially the same resistance in this case
The results presented here for a finite NT stand in sharfilS compared to the defect free NT.

contrast to other studies of vacancies on infinite tés$n

our case there are essentially four scattering centra in addi-

tion to the vacancies, namely, both ends of the NT and the Financial support from the Swedish Research Council for

two high-resistance contacts. In the case of infinite tubes, o&ngineering Scienc€l'FR) and the Swedish Natural Science

the other hand, the only sources of scattering are the vacamResearch CouncilNFR) are gratefully acknowledged.
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