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Resonant transmission through finite-sized carbon nanotubes
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We have investigated theoretically the conductance through finite-sized carbon nanotubes coupled to fea-
tureless leads in the context of standard tight-binding models. Conduction takes place via resonant tunneling,
and the resultant spectrum of peaks may be understood in terms of the band structure of the nanotubes. Specific
nanotubes display both on- and off-resonance behavior as a function of nanotube length depending upon
whether or not the bands cross at a nonzerok value. We have also investigated the approach to the infinite limit
in detail, and, in general, find that the finite-size effects can persist out to hundreds of nanometers. Since the
manipulation of nanotubes into devices is likely to induce defects, we have investigated their effects on the
conduction. The effects of bending and two broad classes of defects, i.e., defect in the absence and/or presence
of addimers, were considered. In general, the presence of defects leads both to a reduction and shifting of the
resonant peaks at the Fermi level. However, in the infinite limit, low concentrations of defects have only a
relatively modest effect on the transport properties. Finally, we have investigated the effects of an externally
imposed magnetic field oriented perpendicular to the nanotube axis. The magnetic field shifts the levels,
thereby turning on- and off-resonant devices into each other. All of the effects discussed here are testable
experimentally.
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I. INTRODUCTION

There is currently intense interest in the electronic pr
erties of carbon nanotubes.1 Carbon nanotubes are eith
metals or semiconductors depending on their helicity@which
is denoted by a pair of integers (n,m)#, and therefore have
the capability of forming an all carbon nanotube-bas
molectronic system. To explore this exciting possibili
there has been a considerable amount of experimenta2–18

and theoretical19–34 work. Progress in this field has bee
rapid, and already several prototypical devices have b
constructed and demonstrated with the aid
nanomanipulators.3–8 Recently, this field of research has e
tered a new phase with the formation of hybrid device str
tures, in which the nanotubes are contacted electronicall
other materials. This is a crucial step, as a nanotube-b
electronics is only possible when the tubes are efficien
coupled to external leads. Examples of such devices inc
carbon nanotube magnetic tunnel junctions,16,29 nanotube
heterojunctions,17 and different superconductin
junctions.18,31These systems are interesting not only beca
of their high potential for technolgical applications, but al
from a fundamental point of view as a suitable laboratory
physics at the nanometer length scale.

Experimentally and theoretically, there is now consid
able evidence that transport throughfinite-sizedcarbon nano-
tube devices, as shown schematically in Fig. 1, takes p
via resonant transmission.12–14However, most of the theoret
ical analysis to date is based on transmission through ‘‘i
nite’’ carbon nanotubes, whose character is fundament
different from that of tubes of finite length coupled to diffe
ent leads.2,20 To fill this gap, we have carried out a large
scale theoretical investigation of such systems in which
nanotubes are modeled with standard tight-binding Hami
0163-1829/2001/63~15!/155412~12!/$20.00 63 1554
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nians coupled to featureless leads, with a focus on the g
eral and universal aspects of the transmission. For the m
part, these depend only on the dimensions and symmetrie
the carbon nanotubes. Specifically, we have investigated
transport characteristics throughpristine anddefectivenano-
tubes of different lengths and helicities, along with the
fects of an externally imposed magnetic field oriented p
pendicular to the nanotube axis. With simple models, it
possible to treat theoretically systems that actually appro
the experimental sizes, and thereby elucidate the ‘‘fin
size’’ characteristics of nanotube devices which, in agr
ment with the experimental results, can actually persist o
length scales of hundreds of nanometers.

Considering quantum transport through nanotub
coupled to leads, we have previously shown that the cond
tance is length dependent.29 In particular, for armchair nano
tubes of lengthL53N11, with integer N denoting the num
ber of carbon repeat units, the nanotubes have a la
conductance due to a crossing of the scattering states a
Fermi energy. Nanotubes whose lengths are incommensu
with 3N11 give rise to much smaller conductances due t

FIG. 1. Schematic of typical device consisting of a nanotu
coupled to a left~L! and right~R! lead.
©2001 The American Physical Society12-1
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DANIEL ORLIKOWSKI et al. PHYSICAL REVIEW B 63 155412
gap between the scattering states. We shall refer to s
systems as on- and off-resonant devices, respectively.
perimentally, such energy gaps, along with conductance
cillations on finite nanotubes, have already been dete
with different scanning probes.12–14 In this paper, we extend
our previous theoretical work29 on armchair nanotubes wit
an investigation of the distribution of the resonant tunnel
peaks for nanotubes with different helicities, diameters,
lengths. In general, as the tubes become longer, the num
of resonant peaks proliferates and the spacing between
peaks decreases. At the same time, the peak width narr
Ultimately, when coupled to the leads which serve
broaden the linewidths, the peaks begin to overlap and
nite nanotube results are recovered. Qualitatively similar
sults are obtained for nanotubes with a different helic
with the characteristic spectrum of each of the type of na
tube intimately reflecting its band structure.

An important characteristic of quantum transport is s
noise. Shot noise, which derives from the quantization
electric charge, has been the subject of considerable inv
gations in the field of mesoscopic physics.35–44 With shot
noise one is able to probe the kinetics of the electrons43 and
the correlations of the electronic wave functions.44 Classical
shot noise is associated with an uncorrelated current puls
electrons cross a device, and gives rise to Poissonian s
tics such that the current fluctuations over a given range
frequenciesDv is proportional to the current: i.e.,,(DI )2

.5(2e2/h)DvI . In general, both the Pauli Exclusion Prin
ciple and Coulombic interactions act to reduce the shot n
from its classical value. For instance, the Coulomb inter
tion keeps nearby electrons apart and more regularly spa
so that the number of electrons crossing a given devic
less than truly random. In general, these factors act to sup
shot noise. However, in the case of negative differential
sistance, the shot noise is actually enhanced. We have c
lated the shot noise for carbon nanotubes in the regime
noninteracting electron regime for both on- and off-reson
devices. In general, we find that the classical value is s
pressed by a factor of about 1/4.

An understanding of the behavior of nanotube devi
involves not only the investigation ofpristine but also of
defectivecarbon nanotubes. This is important, because
process of positioning the nanotube involves substantial
nipulation with either scanning tunneling microscopy~STM!
and atomic force microscopy~AFM! tips, which is likely to
introduce a defects into the system. We have therefore in
tigated the properties of two classes of defects associ
with strained carbon nanotube, plus finite-sized, bent tub
The first class of defects is associated with the rotation o
bond on the nanotube wall, i.e., a Stone-Wales rotatio45

which yields a~5-7-7-5! defect. Depending on the helicity
temperature, and conditions of strain, this defect underg
either ductile or brittle behavior, and thereby dominates
mechanical response ofpristine nanotubes.46 The second
class of defects is associated with the presence of addim
on strained carbon nanotubes. Such addimers are likely t
present on as-grown nanotubes, or they may be placed t
by direct deposition or with an STM/AFM tip. On straine
nanotubes, the addimers give rise to extended defects
15541
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may ultimately evolve into short segments of a nanotu
with an altered helicity.28 In general, we find that the re
sponse of the defective nanotube varies with both the heli
and diameter. In some cases, there are significant shifts
reduction in the peaks, so that for a given bias voltage,
effective metal-semiconductor transition is induced. Simi
results are obtained for the case of an externally impo
magnetic field that is oriented perpendicular to the na
tubes. In this case, the magnetic field can change on/off r
nant devices into each other, and thereby effectively ind
ing a metal/semiconductor transition.

An outline of this paper is as follows. In the next sectio
we briefly review the Green’s function methodology used
study the conductance of carbon nanotubes. Section III
sents the results of our study, with a focus on the statistic
the resonant tunneling peaks, the effects of defects, and
of a magnetic field that is oriented perpendicular to the na
tube axis. Section IV is reserved for a short summary of
results.

II. METHODOLOGY

In this section, we briefly outline the methodology used
calculate the conductance of the different carbon nanot
devices. As the theoretical techniques used to define th
quantities are well known and outlined extensive
elsewhere,19,26,27,47 our description will be brief and re
stricted to issues directly effecting the calculations.

The conductanceG between two leads is defined in term
of the currentI and voltageV through the relationI 5GV.
The dc conductance is then given by the Landauer form
G5(2e2/h)Tr(T),47 where T is the transmission function
given by

T5~GLGo
r GRGo

a!,

where Go
r ,a represent the retarded and advanced Gree

function of the nanotube, andGL,R the couplings of the nano
tube to the left~L! and right ~R! leads, respectively. The
Green’s function (Go) of the nanotube as a function of th
Fermi energy E is defined via

Go5
1

E2H tube2S r

with S r5SL
r (E2eVL)1SR

r (E2eVR) representing the self
energy terms due to the leads andH tube the Hamiltonian of
the nanotubes. The self-energy terms also give the coupl
G through the relation

GL,R5 i ~SL,R
r 2SL,R

a !,

so that all of the interactions between the nanotubes and
leads are defined in terms of the self-energySL,R

r terms. We
couple the nanotubes to featureless leads, so that these
are parametrized by the corresponding line-width functio
GL,R522 Im(SL,R

r ). For the case of ‘‘infinite’’ nanotubes
ı.e., a nanotube coupled seemlessly to two nanotube lead
the same type, the self-energy terms were calculated v
surface Green’s function matching technique.26 The nano-
2-2
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RESONANT TRANSMISSION THROUGH FINITE-SIZED . . . PHYSICAL REVIEW B63 155412
tube HamiltonianH tube was calculated using two differen
tight-binding models: a nearest neighbor, single-ba
p-orbital tight-binding model with bond potentialVppp

522.75 eV,19 and a tight-binding model due to Charlieret
al.,48 which incorporates the effects of boths,p orbitals.
Both models have been extensively tested, and deeme
give good results for the electronic properties of carb
nanotubes. The advantage of the single-bandp-orbital model
lies in its simplicity: because onlyp orbitals are considered
it is possible to take advantage of the one-dimensional c
acter of carbon nanotubes and study systems, whose
approaches that of realistic carbon nanotube devices.
Charlier model, on the other hand, is able to incorpor
rehybridizations between the differents,p orbitals and has a
more realistic distance dependence. It is therefore ideal
the investigation of the electronic properties of the differe
defects. It is, however, considerably more costly. The
proach that we have therefore taken is to investigate
properties with thep-orbital model and verify the result
with the more realistic Charlier model. In general, there
very good agreement between the two models on all
general trends and universal features of the conductance
note that unless otherwise stated, when displaying the re
from the Charlier model, we have shifted the Fermi level
the tubes to coincide withE50. Finally, it must be empha
sized that all the structures whose electronic properties w
investigated were obtained by carefully relaxing hig
temperature, classical molecular dynamics configurati
with a simulated annealing process in which the Terso
Brenner potential49 was used to model the carbon atoms.

To calculate shot noise, we make use of formulas de
oped via the Keldysh nonequilibrium Green’s functio
formalism.41,42 The current fluctuationŝ(DI )2& over a fre-
quency rangeDv are given by

^~DI !2&5
2e2Dv

h E
EF1eVL

EF1eVR
dE Tr@~12T!T#,

assuming the low temperature limit. The other quantity
importance is the Fano factorg:

g5
^~DI !2&

~2e/h!DvI
,

which is a measure of the deviation from the classical P
sonian behavior.

In order to simulate the effects of a magnetic fieldB ori-
ented perpendicular to the nanotube axis,32–34 we use a vec-
tor potentialA5(LB/2p)sin@(2p/L)x# ŷ, where the length
L is defined in terms of the chiral vectorCh5na11ma2 via
L5A3aCCAn21m21nm with aCC51.42 Å anda1,2 the ba-
sis vectors. It has been shown that the effects of the exte
field can be recast in terms of a set of phase fac
exp@( ie/\c)g i j # which is introduced in the hopping integra
between sitesRi andRj . These may then be calculated wi
a Peierl’s substitution:34

g i j 5
2p

fo
E

Ri

Rj
A•dr ,
15541
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wherefo5hc/e is the flux quanta. WritingDx5Xi2Xj and
Dy5Yi2Yj , simple algebra gives the following expressio
for the phase factors:

g i j ~DxÞ0!5S L

2p D 2 Dy

Dx
BFcosS 2px

L D2cosS 2p~x1Dx!

L D G
and

g i j ~Dx50!5S L

2p DDyBFsinS 2px

L D G .
In presenting the magnetic field effects, it is useful to rec
the results in terms of a dimensionless parametern
5L/(2p l ), which is defined in terms of the inverse of th
magnetic lengthl 5A\c/eB.

III. RESULTS

A. Transmission through pristine nanotubes

Before presenting our finite-sized nanotube data,
briefly review the dc transport of infinite carbon nanotub
i.e., we shall refer to infinite nanotube devices as a nanot
coupled seemlessly to two other nanotubes of the same t
Metallic armchair nanotubes are characterized by the cr
ing of two bands at the Fermi level, so that the theoreti
conductance, in units of 2e2/h'(12.9kV)21 has a value of
two and the conductanceG is a constant over this energ
range. At higher~lower! energies, electrons are able to pro
different subbands leading to an increase inG that is propor-
tional to the number of additional bands available for tra
port. The conductance curve therefore consists of a serie
‘‘down-and-up’’ steps, with step positions correlating wi
the subband edges that are marked by peaks in the l
density of states~LDOS!.

The behavior ofG for finite-sized~10,10! armchair nano-
tubes coupled to the leads is shown in Fig. 2 for both
p-orbital and Charlier tight-binding models. The response
these tubes is strikingly different asG now consists of a
series of peaks where the nanotube has a transmissive l
As will be discussed, both the peak heights and positions
a reflection of the band structure of the nanotubes. To c
firm the resonant behavior of the system, we have plot
both G and the LDOS together. Since the latter measu
electron dwell time inside the conducting nanotube,50,51 the
LDOS is highly peaked whenever the energy of the tunnel
electron matches that of a resonant state. Figure 2 shows
there is excellent correspondence between the conduct
peaks and LDOS. Physically, this resonance behavior m
be attributed to the scattering at the contact between
nanotubes and leads, which in our model is included in
self-energy terms of the Green’s function. Such scatter
contacts are, of course, absent in the infinite nanotubes
viously analyzed. We note that experimentally, there is n
considerably evidence for such resonant transmission.12–14

We also note that for the most part, the data presented he
for zero temperature. The effects of a nonzero temperatu
essentially to broaden and ‘‘smear’’ out the resonant tunn
2-3
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FIG. 2. Resonant tunneling
peaks for finite-sized ~10,10!
nanotubes as calculated with th
p-orbital ~left panels! and Char-
lier ~right panels! models showing
both off- and on-resonance de
vices. The solid lines mark the
conductance spectra while the do
ted lines denote the LDOS. Nano
tubes with different number~N! of
unit cells are shown:~a! N56; ~b!
N56; and ~c! N57, and GL,R

50.5.
t i
ec

d
ng
2

on
e

in
e

er

ic
i-
air
the
val-
cor-
for

r

nd
nic
ing peaks. Numerical investigations show that this effec
quite small for temperatures up to 300 K, so that these eff
can safely be ignored.

It is also evident from Fig. 2 that both positions an
heights of the resonant peaks depend on the nanotube le
The off-resonant~10,10! tubes consisting of 10 and 1
atomic layers, respectively~20 atoms per atomic layer!,
show a peak height of one conductance unit, while the
resonant tube of 14 atomic layers is characterized by a p
height of about two units. In fact, if one considers increas
the length of the armchair nanotubes layer-by-layer, then
ery third nanotube shows a peak at the Fermi level. Num
15541
s
ts

th.

-
ak
g
v-
i-

cally, we have checked this all the way out to 1000 atom
layers ('240 nm!. This result is also consistent with prev
ous studies of the band gap for finite-length armch
nanotubes.52 These calculations showed that the gap in
eigenvalue spectrum oscillates between large and small
ues as tube length is increased, with the small-gap case
responding to on-resonance systems. This is because
small values of the couplingG, the eigenvaluesare close
to the scattering states, which therefore show a simila
behavior.

Physically, one can attribute both the peak height a
periodicity of the on-resonance devices to the electro
a
-

FIG. 3. Conductance spectr
for nanotubes with different he
licities as calculated with the
Charlier model: ~a! ~9,0! zigzag
tubes ~18 atoms per layer!; ~b!
~7,4! chiral ~62 atoms per layer!;
and~c! ~9,6! chiral nanotubes~114
atoms per layer!. The solid lines
mark tubes consisting ofN510
unit cells; dotted line,N511; and
the dashedN512, respectively,
with GL,R50.5.
2-4
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FIG. 4. Conductance spectra for short, finit
sizedsemiconductingnanotubes, which display a
resonant peak at the Fermi level that decays
the nanotube length increases. Here~a! shows the
full spectra for~17,0! nanotubes: dashed line,N
55; dotted line,N510; thin-solid line;N525,
long-dashed,N530; thick solid line, infinte tube.
In ~b!, we display the decay of the peak as
function of nanotube length for different sem
conductor nanotubes: circles,~10,0! tubes;
squares, ~10,5!; diamonds, ~14,0!; triangles,
~17,0!. As shown in~c!, there is good scaling in
the decay of this central peakG* as a function of
the scaled nanotube lengthx, which is defined as
x5(N2Nmax)/N1/2, where Nmax is the length
where the maximum conductance is attained a
N1/2 is the length where the conductance pe
height takes on half of its maximal value. For a
runs,GL,R50.5.
h
e

la
th

en

an
ith
th
f
e
ce

e
n of
wd

ly
and
-

g at

nt
wo
e

in
properties of the nanotubes. The band structure of armc
nanotubes consist of twonon-degeneratebands that cross th
Fermi level atk52p/3ao , with lattice constantao . Finite
tubes samplek’s in units of 2p/L, whereL is the nanotube
length. Clearly, only whenL53Nao with integerN can one
probe the Fermi level exactly where the two bands over
Otherwise, for incommensurate lengths, one probes the o
regions of the band structure that contain no overlap,53 and
therefore give rise to peaks of height of unity. This th
directly accounts for the peak pattern shown in Fig. 2.

Similar considerations account for the peak heights
distribution with respect to tube length for nanotubes w
different symmetry, as illustrated in Fig. 3. For instance,
band structure of the (n,0) metallic zigzag tubes consists o
two degeneratebands crossing the Fermi level at th
G-point. Hence all the peaks will have a height of two. Sin
15541
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the G-point cannot be probed for tubes of finite length, w
see no peaks at the Fermi level for the tubes as a functio
length. As the tubes become longer, the peaks simply cro
in towardE50.

The behavior of the metallic chiral tubes is qualitative
similar to either the armchair and/or zigzag tubes. The b
structure of (n,m) chiral tubes, for which the greatest com
mon divisorgcd(n,m)Þ3, is qualitatively similar to that of
the armchair tubes with two nondegenerate bands crossin
k52p/(3T), whereT is the length of a unit cell~typically
an irrational number!, so that one can expect the resona
tunneling peaks at the Fermi level to have a height of t
and a repeat length of 3T. ~For a detailed discussion of th
nanotube band structure and unit cells, see Ref. 1.! Indeed,
that is what we observe in the simulations except that
contrast to the armchair nanotubes, some of theother peaks
a
es
e

d

FIG. 5. Conductance spectr
as the nanotube length becom
very large as calculated with th
p-orbital model for the~5,5! arm-
chair nanotube~left panels! and
the ~9,0! zigzag tubes~right pan-
els!. The nanotube lengths are~a!
N510; ~b! N5100; and~c! and
~d! are forN51000, respectively.
For ~a!–~c!, GL,R50.5 whileGL,R

52.0 for ~d!. As G is increased,
the peak widths become wider an
begin to overlap.
2-5
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DANIEL ORLIKOWSKI et al. PHYSICAL REVIEW B 63 155412
have a value that is between one and two. We attribute
difference to the proximity of the scattering states for t
chiral nanotube which, when coupled to the leads wh
serves to broaden the peaks, overlap and merge to f
peaks whose height varies between one and two unit
conductance. The electronic properties of metallic ch
nanotubes for whichgcd(n,m)53 are qualitatively similar
to the metallic zigzag tubes, with two doubly-degener
bands crossing at theG-point. And indeed, the conductanc
spectra for the~9,6! system resembles that of the~n,0! tubes,
as shown in Fig. 3.

We have also examined transmission through finite-si
semiconductingnanotube systems. Long, semiconducti
nanotubes display the expected behavior of isolated pe
outside of the band gap. Surprisingly, we find that the v
small nanotubes, consisting of less than about 40 atomic
ers, are characterized by a central peak at the Fermi l
which decays as the length of the nanotubes increases
non-monotonic fashion. For instance, Fig. 4~a! shows a typi-
cal conductance signature for a~17,0! nanotube, while Fig.
4~b! plots the decay of the central peak as a function
nanotube length for different semiconducting systems. T
essential behavior consists of an initialincreasein the height
of the central peak at aboutN'5 –15 atomic layers, fol-
lowed by a decay in the peak height. As shown in Fig. 4~c!,
there is scaling behavior in the falloff of the central pe
height: by plotting the conductance G as a function ox
5(N2Nmax)/N1/2, whereNmax denotes the number of layer
of the peak maximum andN1/2 represents the number o
layers where the conductance falls off tohalf its maximum
value—i.e., it is a rough measure of the width or curvature
the central peak. We note that this display of metallic beh
ior for small systems is a characteristic of several semic
ducting material systems. For instance, both linear car
chains54 and very narrow silicon wires display metall
behavior.55

Turning to the infinite limit, we note that down-and-u
step structure must be recovered as the nanotube lengt
comes very large, irrespective of the nanotube helicity.
have investigated the approach to this limit, as shown in F
5, and find that all the nanotubes display the following ge
eral features. As the length increases, the number of reso
peaks in any given energy range increases and the spa
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between any two given peaks decreases. At the same t
the width of these peaks decreases. These features are s
in Fig. 5 for both~5,5! armchair and~9,0! zigzag nanotubes
Because of theone-dimensionalnature of the nanotubes, w
have been able to probe nanotube lengths that are with
factor of 2 for some of the experimental systems, show
that the finite-size nature of the system persists at least o
hundreds of nanometers. Figure 6 shows some statistics
the spacing between peaks and the peak widths. Both
these fall off exponentially, which has important implic
tions for the ac conductance, as we shall discuss later.56 Fig-
ures 5 and 6 also show the effects of varyingG, which pa-
rametrizes the coupling to the leads. AsG increases, the
peaks broaden and begin to overlap, so that the conduct
spectra becomes continuous and constant. As best ca
distinguished, changingG has no effect on the number o
peaks present, and otherwise simply shifts the peak width

FIG. 6. Here we show some statistical characteristics of
resonant tunneling peaks. The main figure shows the spacing
tween peaks~PS! versus nanotube lengthL in nanometers: circles
~5,5! armchair nanotubes; diamonds,~9,0! zigzag tubes. The inse
shows typical, peak width at half maximum~FWHM! as a function
of nanotube length for~9,0! nanotubes for differentG ’s: circles:
GL,R50.5; squares, 1.0; and triangles, 2.0.
es

r

re-
FIG. 7. Shot noise of carbon nanotube devic
as obtained with thep-model. The top panel
shows the variance of the current^(DI )2& as a
function of electron voltage, while the lowe
panel shows the Fano factorg. Here ~a! is for
~5,5! tubes, and~b! for ~9,0! tubes; solid line—
N510 layers; dotted line,N511 layers, which
represent on- and off-resonant devices for the
spective nanotubes.
2-6
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has been shown57 that for a given energy level with wav
function c, the coupling is estimated to be

G'2pucu2C2No ,

where C is the matrix elements between the atoms in
conductor and lead, andNo the metallic density of state pe
atoms at the Fermi level. The latter quantity, of course, v
ies significantly from atom to atom, so that one can exp
the length that recovers the infinite limit to vary treme
dously when different types of metals are used for the lea
For instance, Na, Mg, Cu, Ag, and Au all have total dens
of states that are less than 7.0 at the Fermi level. The sys
that use these metals for leads should therefore display
resonant tunneling behavior over very much longer len
scales than metals like Mn, Fe, Pt, and K which are all ch
acterized by relatively high densities of states.58

As a final consideration of the pristine nanotubes, we c
sider their shot noise, as given in Fig. 7. We have exami
both on- and off-resonant devices for armchair tubes
tubes with a different helicity. In general, the same behav
is observed irrespective of the helicity of the nanotu
While the initial behavior of on-resonant devices is som
what steeper, the two types of devices track each other r
tively well. The basic statistics of the shot noise through
different nanotubes appears to be similar as evidenced by
Fano factor, which is mostly flat over a fairly large voltag
region with the shot noise being suppressed by a facto
about 1/4. This behavior is to be expected since, in the
sence of any correlated scattering events, the connectivi
probably the major factor in determining the shot noi
which is the same for the different symmetry tubes. Note t
in this calculation we assume a temperature regime, such
the many-body Coulomb interactions do not play a ma
role. At extremely low temperatures of a few degrees Kelv

FIG. 8. Schematic of the~5-7-7-5! defect, which forms via the
rotation of aC–C bond in the wall of a strained nanotube~a! and
~b!. Upon annealing, the~5-7-7-5! defect may separate into tw
~5-7! pairs, as shown in~c!.
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it is likely that even further deviations from the classical sh
noise value would appear because of possible Luttinger
uid effects.

B. Transmission through defective nanotubes

We have investigated the transmission through bent na
tubes and nanotubes with two sets of defects associated
strained nanotubes. What is probably the most common
fect on nanotubes under tension is initiated via the rotation
a C–C bond in the nanotube wall, i.e., a Stone-Wales tra
formation familiar fromC60

45 that leads to the formation of a
~5-7-7-5! defect, as illustrated in Fig. 8. The formation of th
defect has been investigated with classical, tight-binding,
ab initio simulations46 that show that it is energetically per
ferred on armchair nanotubes under tensions of 5% or m
Once nucleated, this defect undergoes either ductile or br
behavior depending on the temperature, rate of stress,
the helicity of the nanotube. Ductile or plastic behavior
typically associated with armchair nanotubes, and invol
the separation of the~5-7-7-5! defect into two~5-7! pairs,
which then glide about the circumference of the nanotu
Brittle behavior, on the other hand, is typically associa
with formation of large rings that subsequently open to fo
a crack and ultimately lead to the breakage of the nanotu
Zigzag tubes tend to display brittle behavior, while chir
nanotubes are expected to show some degree of ductilit46

FIG. 9. Formation of extended defects via the incorporation o
C2 dimer into the walls of a strained carbon nanotube:~a! the ~7-
5-5-7! defect;~b! rotation of bond emanating from one of the pe
tagons to form a defect with a single enclosed hexagon;~c! two-
and ~d! three-enclosed hexagons. Ultimately, the defect can w
itself entirely about the circumference of a nanotube to form
electronic heterojunction, as shown for a~17,0!/~8.8!/~17,0! quan-
tum dot structure in~e!.
2-7
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FIG. 10. Conductance signa
tures of defective~10,10! nano-
tubes as obtained from the Cha
lier model. In ~a! the solid line
shows thepristine nanotube; the
dotted line the~5-7-7-5! defect;
and the dashed line the separat
~5-7! pairs, as shown in Fig. 8~c!.
Similar results are shown in~b!
for defects obtained via the incor
poration of a C2 dimer into a
nanotube wall: solid line—
pristine nanotube; dotted line—
~7-5-5-7! defect; dashed line—
defect with single hexagon; an
the long dashed line—defect with
two hexagons.
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The second class of defects is associated with the in
poration of aC2 dimer into the wall of a strained carbo
nanotube.28 Here, the dimer initially forms a~7-5-5-7! de-
fect, as shown in Fig. 9. Under 5–10 % strain, this def
undergoes substantial further evolution through a rotation
the bonds emanating from the vertex of the pentago
15541
r-

t
f

s,

thereby forming a series of rotated hexagons that are s
rated from the rest of the nanotube by a series of~5-7! pairs.
This process continues and leads to the wrapping of the
fect about the circumference of the nanotube, thereby fo
ing a short segment of a tube with an altered helicity. This
interesting because, depending on the helicity of the ini
-

e

.
-

FIG. 11. Conductance signa
tures of very large, defective
nanotubes as obtained with th
P-orbital model: ~a! a N51000
~10,10! tube with a~5-7-7-5! de-
fect; ~b! a N51000 ~10,10! tube
with a single, rotated hexagon
The solid curve in both cases de
notes the infinite limit.
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tubes, these defects naturally form different electronic h
erojunctions. The formation of such structures is particula
favorable for the zigzag tubes, where the presence of
dimers induces plastic transformations on what are otherw
brittle tubes.28

Figure 10 illustrates the effect of these defects on
resonant transmission peaks for the~10,10! tubes. In general
the effects of single defects of both classes leads to a re
tion of the peak heights, both at the Fermi level and el
where. At the same time, the presence of defects can lea
appearance of new peaks that appear over a broad, non
background. For instance, for the case of the~5-7-7-5! defect
there is an initial reduction at the peak height forE50. At
the same time, the conductance does not drop off to z
between the peaks but actually has values betw
;0.5–1.0. As the tubes are annealed and the defect sepa
into two ~5-7! pairs, there are further changes both in t
peak height at the Fermi level and in the peak positio
Similar results are obtained for the~7-5-5-7! defect, although
in this case, the initial reduction in the peak height is mu
more. However, as the defect evolves to incorporate m
and more hexagons, the non-zero background disappear
a resonant peak structure emerges whose spectra is si
cantly different from that of the pristine nanotubes. Quali
tively similar results are observed as the length of nanot
becomes very large, as shown in Fig. 11. Ultimately, w
larger values of the parameterG, the infinite limit is recov-
ered which shows that individual defects only have a mod
effect on the conductance properties. There is slight red
tion at the Fermi level accompanied by more significant
duction through the development of ‘‘dips’’ out near th
band edges.

As described previously,28 addimers on strained nano
tubes yield extended defects that may ultimately form diff
ent electronic heterojunctions. As an example, we have
amined transport through a quenched~17,0!/~8,8!/~17,0!
quantum dot structure and a~8,8!/~17,0!/~8,8! structure that
is a prototypical metal/insulator/metal~MIM ! system. The
former was formed by the annealing of addimers on a~17,0!
tube, while the latter was constructed by cutting the~17,0!/
~8,8!/~17,0! structure and then properly repositioning the
oms to form the MIM. In contrast to the infinite case, bo
structures are characterized by a nonzero conductance
shown in Fig. 12. For the quantum dot there is a small n
zero conductance for virtually all energy values about
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Fermi level, while the MIM is characterized by sharp res
nant peaks associated with the localized states of the s
ture. Other electronic heterojunctions were also examin
but for the most part, those results agree completely with
of the infinite case. For instance, the~12,0!/~6,6! metal-metal
interface is characterized by a large gap about the Fe
level, in agreement with previously published results.19

We have also examined the conductance through b
nanotubes of different helicities. The results, however,
very similar to those of the defective nanotubes already
cussed. First, the structure of typical bent armchair and ch
tubes are shown in Fig. 13. For the most part, there are
structural changes in the tubes when the bending angl
small. And indeed, the conductance up to about 12° disp
only small differences from the unbent case. At larger ang
of 24° and higher, the differences are more substan
There is a general reduction in the height of the peak at
Fermi level and a new conductance spectra emerges
shown in Fig. 14. Ultimately, as the tubes become infinite
long, the bent nanotubes are driven towards opening gap
the Fermi level, thereby inducing a metal/insulator transiti

C. Effects of magnetic fields

We now turn to the effects of externally imposed ma
netic fields, restricting ourselves to the case of a field tha

FIG. 12. Conduction signatures, as obtained with theP-orbital
model for a prototypical~8,8!/~17,0!/~8,8! MIM and a ~17,0!/~8,8!/
~17,0! quantum dot: thin solid line—finite-sized stuctures; thic
solid line—infinite limit.
n

e

FIG. 13. Atomic structure of bent carbo
nanotubes: left panels—~10,10! tubes; right
panels—~6,3! nanotubes. From top to bottom, th
bending angle is 0°, 6°, 24°, and 36°.
2-9
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FIG. 14. Conductance spectr
for bent nanotubes as obtaine
with the Charlier model: left
panels—~10,10! tubes; right
panels—~6,3! nanotubes. Here
the solid line denotes the unben
case (0°); dotted line—6°;
dashed line—24° degrees for th
left panel and 36° for the right
panel. The lengths of the tubes i
atomic layers are~a! N530; N
531, andN532, for the left pan-
els andN55,6,7 for~a!–~c! in the
right panels, respectively.
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oriented perpendicular to the nanotube axis. The infinite li
has been explored in several publications,32–34 which show
that the main effect of aB field is to induce a metal-insulato
transition. Our results show similar features as a function
nanotube length. For instance, Fig. 15 shows conducta
spectra for~10,10! on- and off-resonance systems for diffe
ent n. Clearly, the effect of theB field is to diminish~in-
crease! the height of the peaks at the Fermi-level. Simi
results are obtained for the zigzag tubes. Figure 16 plots
heights of conductance at the Fermi-level for tubes of diff
ent lengths, with the following generic results. For o
resonance tubes with low-conductance at the Fermi le
increasingn leads to a peak in the value of conductance
some nonzero valuen;1.0. By contrast, for the on
resonance case at small values ofn, the conductance at th
Fermi level is nearly contant. At larger values ofn, there is a
marked decrease, followed by a more complicated p
structure. Thus the externally imposedB field can turn on-
and off-resonant devices into each other. These generic
tures are preserved as the nanotube length is increased
instance, in Fig. 16~b! we have plotted the height of th
conductance peaks atE50 for nanotubes of lengthN55
15541
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andN5100 unit cells. In both cases, the conductance is
tially zero but then increases to form a peak structure as
parametern is increased. For larger sized nanotubes, t
peak simply shifts inwards towards smaller values ofn.
Qualitatively similar results are obtained for tubes with d
ferent helicities.

IV. SUMMARY

We have examined theoretically the dc quantum cond
tance through finite-sized carbon nanotubes coupled to
tureless leads in the context of standard tight-binding m
els. Transmission through such systems takes place
resonant tunneling, which leads to a set of conducta
peaks whose spectra depends strongly on the length and
licity of the nanotubes. In turn, this spectra is a reflection
the distribution of thescattering statesof the nanotube sys
tems, which in most cases strongly resembles the band s
ture of theinfinite carbon nanotubes. It is also interesting th
semiconducting nanotubes coupled to leads display met
behavior when lengths less than'40 atomic layers are con
sidered.
a

,

FIG. 15. Conductance spectr
for ~5,5! armchair nanotubes~left
panel! and the~9,0! zigzag nano-
tubes ~right panel! for different
values of n: solid line—n50;
dotted line—n50.75; dashed
line—n51.0. Here for the arm-
chair tubes ~a! denotes the
off-resonance N55 and ~b!
the on-resonanceN57 case, re-
spectively. For the zigzag tubes
~a! is for N55 and ~b! for N
5100.
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As the length of the nanotubes becomes large, the tr
port behavior approaches that of infinite carbon nanotub
However, the finite-size behavior persists out to lengths
hundreds of nanometers, which is the length scale most c
monly probed in the current experiments. As nanotube len
increases, the number of resonant tunneling peaks in a g
energy interval increases. Both the distance between
peaks and peak widths decrease exponentially with len
Increasing the coupling between the leads and the nano
broadens the peaks leading to overlap so that the infi
limit is approached at shorter lengths. This implies that m
tallic leads with a higher density of states at the Fermi le
reach the infinite limit sooner.

We have also examined the conductance signatures of
different types of defects, plus that of bent carbon nanotu
The first is based on the~5-7-7-5! defect, which forms via a
bond rotation on strained nanotubes and is responsible
the initial mechanical response of nanotubes under tens

FIG. 16. Peak height at the Fermi level as a function of m
netic parametern. Here ~a! denotes results for the~5,5! armchair
tube with the solid-line marking the off-resonance case withN55,
and the dotted line the on-resonance case;~b! results for~9,0! zig-
zag tubes with solid line forN55 and the dotted line denotingN
5100, respectively.
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The second set of defects is associated with the presenc
addimers on strained nanotubes. This defect undergoes
stantial further evolution, ultimately forming short segmen
of tubes of altered helicity separated from the main tube
~5-7! pairs. In general, the effect of the defects on the c
ductance signature is relatively modest. It consists largely
a decrease in the height of the conductance peaks at
Fermi level and a small shifting of the resonant tunneli
peaks. As the nanotube length is increased, the resonant
neling peaks merge to form dips in the conductance tha
either slightly above or below the Fermi level. Similar fe
tures are characteristic of bent nanotubes.

We have also examined the effects of externally impo
magnetic fields which are oriented perpendicular to the na
tubes. Generically, the effect of such fields is to decre
~increase! the height of the conductance peaks at the Fe
level depending on whether the nanotube device is on
off-resonance. The acual value of the magnetic param
where such a change takes place is, however, sensitiv
length and helicity of the nanotube in the device.

In summary, we have examined the general features of
conductance spectra of finite-sized carbon nanotubes cou
to leads, along with the effects of defects and magnetic fi
effects. While there is good experimental evidence for ma
of the finite-size features explored here, all should be rea
accessible and testable with careful experimentation. In c
ing, we note that we have also examined the ac conducta
of both infinite30 and finite-sized nanotubes,56 which will be
presented in a future publication.
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