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ABSTRACT

Negative differential resistance (NDR) was recently observed in carbon nanotube junctions just before breaking and hypothesized to arise
from the formation of monatomic carbon wires in the junction. Motivated by these results, a first-principles scattering-state approach, based
on density functional theory, is used to study the transport properties of carbon chains covalently connecting metallic carbon nanotube leads
at finite bias. The I-V characteristics of short carbon chains are predicted to exhibit even-odd behavior, and NDR is found for both even and
odd chain junctions in our calculations.

In recent years, there has been significant interest in the study
of electron transport through individual molecules and atomic
wires, motivated by the prospect of using molecules as
components in atomic-scale circuits. Understanding electron
transport in the ultimate limit of devices consisting of just a
single molecule or a few atoms is challenging, but recent
experiments have made significant progress. Several past
experimental studies have reported transport properties of
atomic wires and point-contacts made from monovalent
metals Au,1-7 Ag,5,7 Cu,5,8 and Na,8 and transition metals
Pt,3,4,9 Pd,9 Ir,3 Co,9 and Ni4. Novel phenomena have been
observed, such as conductance quantization1-8 and length
dependent conductance oscillations.3 These findings have
often been corroborated by theoretical studies,10-18 employing
techniques that combine density functional theory with either
the nonequilibrium Green’s function (NEGF)19-22 or scat-
tering-state formalisms.23-25These methods, in principle,
allow the study of steady-state electron transport of
nonequilibrium systems at finite bias voltages and have
made possible the exploration of nonlinear transport
phenomena such as negative differential resistance (NDR)
in C and Na atomic chains.12,14,16 However, experimental

confirmation of these predictions is difficult, primarily
because of complications in fabricating stable atomic chains
capable of sustaining the high bias voltages required to
achieve NDR.

Recently, the I-V characteristics of short chains of carbon
atoms have been reported in connection with carbon nanotube
“thinning” measurements, in situ experiments in which the
diameter of an individual carbon nanotube is controllably
decreased by a combination of defect formation via electron
irradiation, electromigration, and annealing via resistive
heating.26 By constructing nanotube circuits on an electroni-
cally transparent membrane, simultaneous transmission
electron microscope (TEM) imaging and electrical charac-
terization of carbon nanotubes allowed the diameter depen-
dence of nanotube I-V characteristics to be studied. Inter-
estingly, NDR was observed for nanotubes with diameters
approaching zero, the limit of a carbon atomic wire. Drawing
on earlier theoretical predictions,12,14 it was hypothesized that
the experimentally measured NDR in the I-V characteristic
originates with an atomic carbon chain being formed and
electrically bridging a nanotube junction.

Although linearly bonded carbon atomic chains under
ambient conditions are expected to be unstable, several
previous works have observed carbon chain formation.
Molecular dynamics simulations predicted the formation of
monatomic carbon chains during the last stages of strain
induced carbon nanotube fracture,27,28 as well as the unravel-
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ing of open-ended carbon nanotube tips to form linear chains
of carbon atoms during field emission.29 The NDR predicted
by previous first-principles transport studies has been shown
to be as much a property of the contacts as the carbon wires
themselves,14 and thus further calculations of the I-V
characteristics with carbon nanotube leads are clearly needed.
In this work, we test the experimental hypothesis that a
carbon wire covalently bridges the gap between nanotube
electrodes using a first-principles scattering-state method. We
calculate the I-V characteristics and investigate the physical
principles underlying the transport behavior of carbon chains
bridging carbon nanotubes. We find that the carbon chains
exhibit clear even-odd behavior, and that both even and
odd chains exhibit NDR in their I-V characteristics,
consistent with the empirical hypothesis.

To calculate transport properties of nanostructures, we
employ a first-principles scattering-state approach25 as imple-
mented in the SCARLET code which is based on density
functional theory (DFT) and the localized basis methodology
of the SIESTA package.30 All calculations are performed
within the local density approximation (LDA),31 and with
norm-conserving pseudopotentials.32 We employ a single-!
pseudoatomic orbital basis set, which has been shown to be
acceptable for nanotube-based systems.33,34 Increasing the
basis set did not result in qualitative differences and did result
in only minor quantitative differences.

Our junction consists of a carbon chain connected to two
semi-infinite leads, equilibrated at different chemical poten-
tials. The junction is divided into three subsystems: the left
lead, the right lead, and a finite central resistive region,
consisting of the linear chain sandwiched between several
buffer lead layers. The number of lead layers is chosen so
that those at the interface to the left and right leads are bulk-
like. The Hamiltonian matrices for the semi-infinite left and
right leads are obtained from standard first-principles cal-
culations on bulk periodic systems. For calculations at finite
bias, the two leads are fixed at different chemical potentials,
and a solution of the Laplace equation is added to the periodic
solution of the Poisson equation of the resistive region.25

Once the Hamiltonian is obtained, energy-dependent
scattering states are constructed on a fine energy grid around
the Fermi energy, with incoming and outgoing itinerant and
evanescent states determined from the bulk lead complex
band structure;25,35 typical energy grid spacing used in this
work are 10 meV. This results in a linear system of equations
at each energy E, which are solved to yield transmission
matrix t with elements tnm(E) for each incoming channel n
and outgoing channel m. The steady state charge density F(r)
can be obtained by integrating contributions from scattering
states between the lead chemical potentials, assuming a
Fermi-Dirac distribution occupancy specified by the incident
lead chemical potential and contributions from stationary
eigenstates below the lower lead chemical potential. The
resulting F(r) is then used to generate a new Hamiltonian
and corresponding density following the method outlined
above; this process is repeated until self-consistency in F(r)
is reached. Upon reaching self-consistency, the current is
calculated using a Landauer-like formula by integrating the
transmission spectrum (the square of the transmission coef-
ficients) between the two chemical potentials.25,36 To map
out an I-V characteristic, the entire procedure is repeated
for different bias voltages.

To test the hypothesis that the NDR originates from a
carbon atomic wire, connecting single-walled carbon nano-
tubes of diameters less than 1.0 nm,26 we use a model
geometry consisting of a carbon chain containing n atoms
where n is between three to six, bridging (5,5) capped carbon
nanotubes, as shown in Figure 1a. The cap, initially derived
from half of a C60 molecule, is arranged so that a pentagon
sits at the tip extremity, and the Cn chain symmetrically
bridges equivalent atoms on the tip pentagons. The entire
system is placed inside a supercell large enough so that each
junction is laterally isolated from its periodic images.

The central resistive region consists of the Cn chain,
nanotube caps, and four nanotube lead layers on either side
of the junction, as illustrated in Figure 1a; the left and right
lead regions contain four nanotube lead layers each, for a
total of 220 + n atoms in our supercell. Relaxed structural
parameters are obtained from standard DFT calculations
utilizing a 1 × 1 × 8 k-point sampling mesh and periodic
boundary conditions along the transport or z axis; Hellmann-
Feynman forces on the atoms are less than 0.1 eV/Å and
each stress component is less than 1 GPa. The lead region
atomic positions are fixed to bulk values obtained from
separate DFT calculations.

After structural relaxation, the Cn chain is found to be
bonded to a cap atom via an sp3 bond, consistent with its
4-fold coordination. As a consequence, the carbon chain
acquires a slightly bent geometry. The structure of a
particular Cn chain depends on length and on whether n is
even or odd. For odd chains, bond lengths are fairly constant
at 1.32 Å for C3 and range between 1.30 Å to 1.35 Å for
C5; for even chains, bonds alternate between 1.25 Å and 1.40
Å for C4, and 1.27 Å and 1.39 Å for C6 (Figure 1b). A
comparison to empirical bond lengths for single, double, and
triple bonds between carbon atoms (1.54 Å, 1.34 Å, and 1.20
Å respectively) indicates double bonds between carbon atoms

Figure 1. (a) Model geometry for scattering-state calculations
consisting of a C3 chain bridging (5,5) carbon nanotubes. (b) Bond
lengths of C3 and C4 chains sandwiched between nanotube contacts.
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in odd chains, while even chains exhibit behavior intermedi-
ate between the limiting case of alternating single and triple
bonds (very little bond alternation is displayed by odd
chains).

Further calculations within the local spin density ap-
proximation (LSDA) indicate that the system geometry
remains virtually unchanged by the inclusion of spin-
polarization. However, a net magnetic moment of 0.8 µB is
found for the C3 junction, residing mainly on the carbon
chain. This spin moment originates from dangling bonds
localized at the cap-chain interface.37 The C4 junction also
exhibits a magnetic moment of 0.9 µB, but with spin density
concentrated more on the cap atoms than on the carbon chain.
In this case, the magnetization is also associated with
dangling bonds and unpaired spins localized in the cap
region.

I-V characteristics are calculated for junctions containing
carbon chains with lengths ranging from three to six atoms
and appear in Figure 2. We find the shape of the I-V
characteristics and bias voltages corresponding to current
maxima and minima are unchanged if spin polarization
effects are included, allowing us to simplify our analysis to
the nonspin-polarized case.

Typical currents of junctions with even or odd carbon
chains differ by about a factor of more than 50 for a given
voltage range, suggesting qualitative differences in the nature
of electron conduction between the two cases. Three of the
four I-V curves in Figure 2 exhibit NDR, with dips in the
current occurring between 0.4 to 0.7 V bias for the odd chains
and below 0.1 V bias for the even C4 chain. Interestingly,
the measured I-V characteristics (inset of Figure 2a) show
semiquantitative agreement with those calculated for the odd
chains (Figure 2a). Our results are thus consistent with the
hypothesis that the observed NDR in the nanotube junction
is due to a carbon atomic wire bridging the carbon nanotubes.
Further experiments would be required to establish this more
definitively.

We now investigate the physical origin of the NDR and
even-odd trend in the current magnitudes of these junctions.
The transmission spectrum T(E) ) Tr(t+t), where t is the

transmission matrix, is shown in Figure 3 for the C3 and C4

junctions at various bias voltages.
For C3 junctions, three peaks are visible in the zero-bias

transmission spectrum within a 1.5 eV energy window
centered about the Fermi energy. Under a small bias, part
of the transmission peak just below the lower chemical
potential moves into the bias window, resulting in an initial
increase in current. However, the applied bias also simul-
taneously reduces the peak heights, decreasing the weight
of the transmission spectrum in the bias window. The overall
reduction in peak height outweighs increases from additional
peaks moving into the expanding bias window, leading to a
net drop in current and the onset of NDR near 0.4V. For C4

junctions, a similar explanation holds. A single peak sits just
below the Fermi level in the zero-bias transmission spectrum.
Under low bias, this peak begins to move into the bias
window, giving rise to an initial increase in current. However,
as in the C3 junction case, the transmission peak height also
decreases steadily with increasing bias, and this decrease
dominates positive contributions to the current at 0.02V bias,
leading to the onset of NDR.

An eigenchannel analysis shows that only one channel has
a significant contribution to the transmission spectrum over
the range of energies considered here. There are two
incoming channels originating from the (5,5) nanotube π and
π* bands close to the Fermi level. It was found that the Cn

chain reflects most of the nanotube π* channel, and the π
channel dominates conductance. The rapidly varying phase
of the π* band about the nanotube circumference gives rise
to zero or near-zero coupling to the s- and p-like molecular
orbitals of Cn.

To identify the nature of states giving rise to the transmis-
sion peaks, we analyze the projected density of states (PDOS)
Di(E) of the scattering-state wave function on the ith
pseudoatomic basis orbital |#i〉, given by

Di(E))∑
nk

Re(ci
/(Enk)〈#i|ψ(Enk)〉)δ(E-Enk)

where |ψ(E)〉 is the scattering-state wave function, ci(E)
are orbital coefficients of |ψ(E)〉 in the |#i〉 basis or

Figure 2. I-V characteristics of carbon nanotubes bridged by (a)
odd carbon chains and (b) even carbon chains. Inset (from ref 26)
shows experimental I-V characteristic of carbon nanotube junction
exhibiting NDR.

Figure 3. Transmission spectra of C3 (left panel) and C4 (right
panel) junctions at various bias voltages. Dotted lines represent
chemical potentials of the nanotube leads, and red arrows point to
transmission peaks with the largest contribution to the current.
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|ψ(E)〉 ) ∑ i ci(E)|#i〉 and Enk are energies of incident
bulk-lead states. The PDOS on an atom or a group of
atoms can be obtained by summing their individual orbital
PDOS contributions for each atom. By using this method,
the Cn chain PDOS of the zero-bias scattering-states
originating from the π band is calculated and shown in
Figure 4.

In the C3 junction, analysis shows that significant PDOS
with px character is observed near the Fermi level on the
carbon chain. This PDOS originates from an eigenstate of
the isolated C3 chain (derived from atomic carbon px orbitals)
pinned to the Fermi level by electron transfer from the leads
and split into several resonances by interaction with nanotube
contacts. In contrast, for the C4 junction, there is very little
PDOS near the Fermi level on the carbon chain. The most
prominent feature in the PDOS is a resonance with px

character 1.0 eV below EF. For both C3 and C4 junctions,
the contribution from the π-band scattering-state wave
function to the PDOS projected on the nanotube lead layers
of the resistive buffer and lead regions is essentially flat and
featureless, reflecting the density of states of the linear π
band. Evidently, the detailed transport behavior of this
junction results from features in the PDOS derived from the
nanotube cap and carbon chain regions.

A tight-binding model provides a simple physical inter-
pretation for our results. (Details of the model are presented
in Supporting Information.) For the C3 junction, the model
Hamiltonian parameters are adjusted to produce two states
spatially localized on either side of the 3-atom carbon chain
(“cap states”), with energies slightly below the lead chemical
potential, and an unoccupied C3 “chain state” that lines up
with the lead chemical potential in the absence cap-chain
interactions. The results of this model are illustrated in Figure
5a. From the PDOS plots, the C3 chain and cap states
hybridize into three resonances near EF, with the low and
high energy resonances localized throughout the junction
region and the middle resonance localized in the cap region.
Each resonance gives rise to a transmission peak, and their
energetic alignment is such that a “gap-like” region opens
in the transmission spectrum around the Fermi energy

between the middle and the high energy peaks. (See top panel
of Figure 5a) These tight-binding calculation results can be
compared with those from the fully self-consistent atomistic
scattering-state calculation plotted in Figure 5b, and they are
qualitatively similar. This agreement validates our model and
indicates that conduction is mediated by junction resonances
resulting from hybridization between a carbon chain state
and the nanotube cap states.

Upon application of a bias, these resonances shift and
distort, as shown in Figure 5b. The change of resonance
profile then leads to an increased asymmetry in the coupling,
resulting in a drop of transmission peak heights and NDR
in the I-V characteristics.

For the C4 junction, we modify the tight-binding Hamil-
tonian to yield two localized “cap states” on either side of
the carbon chain with energies slightly below the Fermi level,
and a carbon “chain state” positioned far below the Fermi
level (not shown in Figure 6a). Solutions of this Hamiltonian
are plotted in Figure 6a. A prominent peak in the incident
cap PDOS lines up well with the transmission peak energy,
and the projected state density is seen to decrease dramati-
cally as the scattering state propagates into the C4 chain and
beyond. (Note the scales for the PDOS change in the 3 left
bottom panels.) Evidently in the case of C4, a cap state is
responsible for the peak in the transmission spectrum.
Moreover, since the on-chain C4 resonance resides far below
EF, it is easier for electrons to tunnel across the junction at
lower energies, producing an asymmetry in the transmission
peak toward low energies in both the model and the full
calculation in Figure 6. As with the C3 case, the first-

Figure 4. Zero-bias transmission (plots a and c) and projected
density of states of the π-band scattering-state projected onto Cn

chains for (b) C3 and (d) C4 junctions. The Fermi level is set to
zero on the energy scale.

Figure 5. Transmission spectra and π-band scattering-state wave
function PDOS in nanotube cap and carbon chain regions for tight-
binding model (left panels) and fully atomistic scattering-state
calculations (right panels) obtained for the C3 junction. On the left
panels, curves represent 0.0 V bias results. On the right panels, the
solid black and dashed red curves represent 0.0 and 0.7 V bias
results respectively, with the bias window defined by dotted black
lines.
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principles scattering-state results, plotted in Figure 6b, agree
qualitatively with the tight-binding model, validating our
picture of conduction by tunneling between cap states.

With increasing voltage bias, the incident cap state shifts
out of registry with the transmitted cap state. Owing to the
asymmetry in the PDOS, the PDOS peak localized on the
incident cap is energetically aligned to regions of low but
non-negligible PDOS in the transmitted cap region, giving
rise to a reduced but nonzero transmission peak. The PDOS
peak localized on the transmitted cap, however, is energeti-
cally aligned to a region of near-zero PDOS on the incident
cap, and this completely blocks off any transmission
amplitude. The combination of these effects leads to a single
transmission peak whose height decreases with increasing
bias, giving rise to NDR in the I-V characteristics.

In summary, motivated by recent experiments, we per-
formed first-principles scattering-state calculations to inves-
tigate the transport behavior of carbon nanotube junctions
covalently bridged by carbon atomic chains. Semiquantitative
agreement was found between the calculated and the
experimental I-V characteristics, supporting the hypothesis
that current may be mediated by carbon chains in the
experimental nanotube junctions synthesized in ref 26. It was
also found that odd numbered chains carry currents orders
of magnitude larger than that in even numbered chains, owing
to a qualitative difference in conduction mechanism between
the two cases. Specifically, the current in odd chains are
carried by resonances originating from the hybridization of
nanotube cap and on-chain states, while that of even chains
are mediated by electrons tunneling between nanotube cap

states. Also, it was found that both even and odd chains
exhibit NDR, with that in even chains caused by an energy
misalignment between cap states and that in odd chains
resulting from asymmetric distortions of the conducting
resonances under an applied bias.
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