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ABSTRACT: The linear carbon chains called the carbynes are possibly the most simple carbon molecular systems of interest as
the potential materials for nanoelectronics. In a metallic cumulenic form of carbyne, the C atoms form the double bonds (...
CC...), but the single and triple bonds alternate in the semiconducting polyynic structure (...−CC−CC−...). In this
work, the ballistic electrical conductance of cumulenic and polyynic carbon chains C40, C20, and C10 is calculated using the πelectron tight-binding methods. The transmission function and dependences of the current on the length of the carbon chain, the
type of carbon bonds, material properties of the electrodes, bias voltage, and temperature are obtained. For the calculations of
transmission function, we use the Schrödinger equation that meets the speciﬁed value of the energy E, the wave functions being
the superposition of incident and reﬂected waves in the region of cathode, and describe the transmitted wave in the anode. For
small bias voltages, the problem of calculating the transmission function in the cumulenic and polyynic chains is solved
analytically by applying the diﬀerence schemes approach which permits us to pass from the tight-binding algebraic equations to
the diﬀerential equations and to take advantage of their solutions. In the case of large voltages, we apply an iterative technique.
The transmission functions τ(E,V) of the cumulenic and polyynic chains of similar composition diﬀer dramatically. The energy
regions of very high and low transparency of carbynes for electrons are obtained, and an oscillatory character of the energy
dependence of transmission functions is pointed out. Each electronic level of the molecule corresponds to a peak in the energy
dependence of transmission function with τ ≈ 1. The peaks are responsible for the resonant electron transfer between the
electrodes. The voltage-dependent variations of the τ are initially quite weak, but at the higher voltages their eﬀect is a drastic
reduction of the carbyne transparency. One important feature of the current−voltage I−V characteristics is that the current
initially increases with growth of the bias voltage, reaches a peak, and then drops to give rise to the negative conductance. On the
typical I−V curves of the polyynic chains, there are both the peak and local minimum (valley) at higher voltages. Moreover, there
are some oscillations of voltage dependences of conductance due to the discrete nature of the C chain electron energy levels. The
π electron model results are compared with ab initio data on conductance of similar chains having only several C atoms. The
presence of the negative resistance regions and valley in the curve I−V indicate the possibilities of design of the resonance
tunneling devices based on the C chains.

■

containing molecules.8−10 The monatomic chains are possibly
the most simple carbon molecular systems that may be of
interest as potential materials for nanoelectronics. The linear

INTRODUCTION

The past decade has been characterized by the creation of
nanoelectronic devices based on the carbon compounds.
Particularly, the transistors, diodes, electromechanical, and
electron emission devices are already implemented, the
operating elements of which are the carbon nanotubes,1−4
graphene nanoparticles,5 fullerenes,6,7 or the small carbon© 2013 American Chemical Society
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observed at higher bias due to a shift of conduction channels
relative to the states of the electrodes by the external bias
potential.37 A scattering-state approach is used to study the
transport properties of short cumulenic carbon chains
covalently connecting metallic carbon nanotube leads at the
ﬁnite bias.38 In this system, the negative diﬀerential resistance
was also found for both even and odd cumulenic chain
junctions. The ab initio results for the electron transport
properties of the cumulenic C8 and C9 chains bridging the
zigzag edges of graphene electrodes were presented and
demonstrated a spin-polarization of the transmission due to a
spin-splitting of the graphene ﬂake bands.41 The conductance
of polyynic carbyne was theoretically studied in ref 42 only, in
which the current−voltage curves of the short thiolate-capped
polyynes in contact with gold electrodes such as Au−S−
hexayne−S−Au are simulated, and polyynes appear as nearly
perfect molecular wires. Finally, a tight binding method for the
Peierls instability and electronic transport in strongly coupled
electron−phonon systems is applied to a model of polyyne
chains biased through metallic Au leads and predicted that the
chains should manifest an insulator−metal transition driven by
the nonequilibrium charging.43
The aim of this work is to calculate, using the tight-binding
methods, the electrical conductance of polyynic and cumulenic
carbon chains containing several tens of the C atoms. The
outline of this paper is as follows. In Section II, we give a brief
introduction to a ballistic mechanism of electron transport in
nanomaterials, and we estimate the values of the π-electron
Hamiltonian matrix elements and present ideas of calculating
the transmission function τ(E,V) of the linear chains using a
theory of diﬀerence schemes and in terms of the iterative
technique. The τ(E,V) dependences, conductance, and current
of carbynes as a functions of their structure and length, of the
Fermi energy level of the electrode material, of the bias voltage,
and of temperature are presented in Section III. This section of
the paper ends with a comparison of this model with the
already published results of similar, although shorter, chains.
The paper concludes with Section IV. The details of the
computational procedures are given in the Supporting
Information.

carbon chains, called the carbynes, have been discussed in the
literature for more than 50 years;11−19 particularly, it has been
suggested that carbynes exist in the interstellar dust and
meteorites.20,21 However, their very existence in the form of a
suﬃciently long polymer is sometimes questioned.17−19,22,23 To
date, the existence of stable long linear carbon chains is reliably
established.19,22,23 For example, a carbon chain with a length of
20 nm containing more than 100 atoms enclosed in a shell of
multiwalled carbon nanotubes was found in ref 24. The carbon
chains linking the graphene sheet have recently been
observed.25 In recent years, there has been considerable
progress in the synthesis of compounds containing the long
carbon chain and two bulky end groups required to prevent the
formation of covalent bonds between the neighbor chains and
the reactions of chain ends.26−28 Thus, the compounds (iPr)3Si−C−Si(i-Pr)3 containing carbon chains of 8 to 16 atoms
with end triisopropylsilyl groups were isolated in the solid
phase. Their structure is determined by methods of
crystallography,26 which show that the carbon chains have the
expected linear geometry; the maximum deviation of the bond
angles C−C−C of 180° is equal to 3.1° only and is observed for
the longest carbon chain with n = 16. In 2010, the record chain
with the 44 C atoms was detected in the compound Tr−C44−
Tr, where Tr = tris(3,5-di-t-butylphenyl)methyl moiety.27 In
this compound, the presence of linear carbyne chains was
conﬁrmed by 13C NMR spectroscopy and X-ray analysis.
According to the valence of the carbon atom, a formation of the
two forms is possible for the linear carbon chains. In a
cumulenic form of carbyne, the C atoms form the double bonds
(...CC...), but the single and triple bonds alternate in
the polyynic structure (...−CC−CC−...). The experimentally observed structure of carbon chains reveals alternating
bonds with the lengths of 1.205 ± 0.009 and 1.360 ± 0.004 Å.26
The short carbon cumulenic type chains are observed in
organic molecules with terminal phenyl groups.29 The
molecular structure of a tetraphenylbutatriene with three
cumulenic double bonds is determined by X-ray diﬀraction
crystallographic analysis, and it was found that the length of the
center CC bond is equal to 1.26 Å.30 Moreover, the presence
of cumulenic type carbyne was noted for the solid amorphous
carbon phases at high pressures, but formation of the branched
structures with covalent bonds between neighboring chains
destroying the perfect carbyne chain structure was suggested in
this case.31 The vertically oriented carbyne ﬁlms on the SiO2
substrates can be prepared, and a ﬁeld-eﬀect transistor with
interchain charge transfer using the 30 Å ﬁlms was designed
recently.32−34
The conductance of the short cumulenic carbynes having
only several C atoms was studied in refs 35−43. Particularly,
the conductance of straight wires of between three and seven
carbon atoms in contact with metal electrodes metal−C−metal
was calculated in refs 35 and 36, the metal electrodes being
described using a semi-inﬁnite uniform background model44
and the carbon atomic cores using a pseudopotential. It is
shown that the conductance varies in an oscillatory manner as
the number of carbon atoms is increased; a localized charge at
the metal−wire contacts generates Schottky-like barriers, and a
bending of the wire reduces its conductance.35,36 There is a
report on a ﬁrst-principles analysis of the conductance and
current−voltage curves of the cumulenic 4−7 carbon atoms in
contact with two Al electrodes represented by a slab of Al
atoms. 37 The low-bias current−voltage characteristic is
predicted to be linear, but a negative diﬀerential resistance is

■

METHOD OF CALCULATION
Carbyne in Electrical Circuit. Let us consider the
monatomic carbon chains in contact with the two electrodes
connected to a constant current source. For this system, we
have to describe the dependences of the current on the length
of the carbon chain, the type of carbon bonds, applied voltage
V, temperature T, and material properties of the electrodes. As
is known, the electron transport in nanomaterials is determined
by a ballistic mechanism according to which the electrons
tunnel through the nanosized object without scattering by
lattice vibrations, impurities, or defects that limit the electrical
conductivity of bulk materials.45,46 The ballistic transport of
charge in the nanomaterials is due to the fact that conventional
length of the nanowire is typically much smaller than the
electron mean free path.
To calculate current I, we use the well-known Landauer
formula47,48 for the ballistic transport based on a concept of the
electrodes as the macroscopic reservoirs of electrons and an
independent particle model. According to the Landauer
formula, the temperature dependence of the current is
determined by the Fermi distributions f M(E,T) of the electrons
at the macroscopic electrodes M, and the transmission function
16307
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⎧|e|V /2 for z ≤ −l /2
⎪
U (z) = ⎨−|e|Vz /l for − l /2 ≤ z ≤ l /2
⎪
⎩−|e|V /2 for z ≥ l /2

τ(E,V) depends on the electronic properties of nanomaterials
and deﬁnes the transparency of the nanosized material for
electrons. In this work, the latter is calculated using quantum
chemistry methods.
Linear Combination of Π-Orbitals. The carbon chains
are the π-conjugated systems. Therefore, the calculations of
transmission functions can be most simply carried out within
the framework of π-electron approximation of a linear
combination of atomic orbitals (LCAO) approach. This
technique is well-known as the simple Hückel method in
molecular quantum chemistry49−53 and was widely used in the
theory of electron structure of the fullerenes, nanotubes, and
graphene starting from the early papers.54−58 In the following,45
we model the macroscopic electrodes as the inﬁnite unlimited
on one side monatomic chains with the pairs of degenerate π
AOs on each atom M

Our challenge is to ﬁnd the solutions to this equation that meet
the speciﬁed value of the energy E, the superpositions of
incident and reﬂected waves in the region of electrode L, |ΨL⟩ =
|Ψinc⟩ + |Ψref⟩, and describe the transmitted wave in the region
of electrode R, |ΨR⟩ = |Ψtrn⟩. Substituting the expansion in the
atomic basis |Ψ⟩ = Σnψn|n⟩ in eq 1, we get a system of algebraic
equations for the expansion coeﬃcients ψn
tn , n − 1ψn − 1 + (εn + Un − E)ψn + tn , n + 1ψn + 1 = 0

(3)

where Un = U(zn). The solutions of this system for the atoms of
the electrodes can easily be found because the electrodes are
inﬁnite chains, and one can use the Bloch’s theorem. For
cathodes, the expansion coeﬃcients in the atomic basis set are
as follows: ψn = akeinkdM + bke−inkdM. Here the ﬁrst term on the
right-hand side determines the amplitude of the incident wave,
and the second one corresponds to the amplitude of the
reﬂected wave in the region of the atom n. dM is a M−M bond
length, and k and K are the wave numbers in the regions of the
cathode and anode. For the anode, the expansion coeﬃcients of
the transmitted wave in atomic basis are ψn = cKeinKdM. Now, the
problem of calculating the reﬂection rk and transmission τk
coeﬃcients is reduced to the determination of the relationship
bk/ak (or ck/ak): rk = (bk/ak)2 and τk = 1 − (bk/ak)2.
In some cases, the problem of calculating the transmission
coeﬃcient can be solved analytically by applying the approach
used in the theory of diﬀerence schemes.61 In this case, it is
possible to pass from the algebraic equations of the LCAO
method to the diﬀerential equations and to take advantage of
their solutions. Indeed, we assume that the diﬀerence eq 3
represents an approximation of some diﬀerential equation,
where the positions of the atoms in the carbon chain act as the
nodes of the diﬀerence scheme. In the case of cumulenic and
polyynic forms of carbynes, the diﬀerence grids with constant
and variable pitches are implemented. The calculations are
greatly simpliﬁed for the suﬃciently long carbon chains, low
bias voltages, and the Fermi energy region of carbynes.
To calculate the ratio bk/ak and hence the transmission
function for the given values of energy and voltage, we have
alternatively used here an iterative technique45 applicable to the
wider voltage and energy regions as compared to the ﬁnite
diﬀerence method. In the iteractive technique, one starts from
Bloch’s solution for the ψN+1 and ψN+2 coeﬃcients for the ﬁrst
and second atoms of the anode. Substituting the ψN+1 and ψN+2
values in the secular eq 3, one can now calculate the values of
ψN for the rightmost of the carbon atoms in the chain. Next,
using the values of ψN+1 and ψN one can determine the value of
ψN−1 for the next C atom of the carbon chain. This procedure
can be continued, and the ψn values can be found for the C
atoms of carbyne and the rightmost cathode atom.

... − M−2 − M−1 − M 0 − C1 − C2 − ... − CN − 1 − CN
− MN + 1 − MN + 2 − MN + 3 − ...

The electronic structure of these chains will again be
evaluated in terms of the simple Hückel method. For transition
metals, the pairs of basis functions are the dxz and dyz AOs.
In this work, the matrix elements for the π-orbitals of the C
atoms were taken from the vertical ionization potentials of
photoelectron spectra of the benzene molecule59,60 and
corrected49 taking into account the C−C bond diﬀerences of
the carbyne and benzene. For the polyynic structure, the
hopping integrals are t1 = −2.94 eV and t3 = −3.86 eV for
characteristic single and triple bonds, respectively. In the case of
cumulenic carbyne, t2 = −3.40 eV. A Coulomb integralεC =
−6.4 eV in all cases; it is characteristic of the atom and does not
depend on the C−C bond lengths.
In nanoelectronics, one typically uses the noble metals like
gold or platinum as the electrodes materials. For such metals,
the numerical value of the integrals εM and tM can be estimated
as follows. Note that the ionization potential of the metal atoms
is less by about 20% than that of the C atom (Pt 8.9 eV, Au 9.2
eV, C 11.2 eV). This suggests that the levels of metals shift in
the high-energy region relative to the levels of carbon and
points out that εM > εC. Without specifying the electrode
materials, we take εM = 0.8εC as the Coulomb integral values of
metals. For the hopping integrals of the metals, we assume tM =
2tC,0; if |tM| ≤ |tC,0|, that is, the metal band widths are less than
or about the width of the carbyne bands, this may limit the
conductivity of the carbon chain [see eqs 14 and 16 in the
Supporting Information]. Finally, to account for the interaction
between the terminal carbon and metal atoms, the hopping
integral tM−C was taken as the arithmetic mean tM−C = 0.5(tM +
tC).
Transmission Function. For the calculations of transmission function, one can use the stationary Schrödinger
equation
[Ĥ 0 + U (z)]|Ψ⟩ = E|Ψ⟩

(2)

■

RESULTS OF CALCULATION
Transmission Function. Figure 1 shows the transmission
function τ(E,V) for the energy region εC − 3 eV ≤ E ≤ εC + 3
eV and bias voltages up to the 2 V obtained in the terms of the
ﬁnite diﬀerence approach. The calculation results indicate a
very high transparency of cumulenic carbyne in this region. For
example, for V = 0 and E = εC, the transmission coeﬃcients τ =
1.0 for all the cumulenic chains studied. There are some

(1)

Here, Ĥ 0 is the Hamiltonian of the system at zero voltage V = 0.
The potential energy U(z) = −|eW|z is conveniently expressed
in terms of a constant electric ﬁeld W = V/l in the space
between the electrodes, which is determined by the applied
voltage V, electron charge e, and the distance l between the
boundary atoms of the left and right electrodes
16308
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Figure 2. Transmission function of ﬁnite cumulenic carbynes
calculated using the iterative procedure in comparison with MOs of
isolated carbon chains.

particularly, near the lower occupied and higher vacant
electronic levels of cumulenes, the τ(E,V) functions oscillate
between the τ ≈ 1 and τ ≈ 0.1. A comparison of Figures 1 and
2 shows that there is quantitative agreement with the results
obtained using the ﬁnite diﬀerence method at the energies E ≈
εC and voltages up to 2 V.
A comparison of Figures 1−4 shows that the transmission
functions of the cumulenic and polyynic chains of similar
composition diﬀer dramatically. In the region of E ≈ εC, there is
the maximum transparency of cumulenic carbyne with τ ≈ 1
(Figures 1 and 2), but the polyynic carbyne is virtually not
transparent for electrons (Figures 3 and 4). The reason for the
sharp decrease of the τ near the E = εC is that there are no
electronic levels in the vicinity of εC of the polyynic chains. For
example, the εC is located exactly in the center of the band gap
of the inﬁnite semiconducting polyynic chain, but there are
conducting states at the E = εC in the analogous metallic
cumulenic carbyne. For the energies |E − εC| > (t3 − t1), the
transmission function of polyynic carbyne grows up reaching
the values of τ ≈ 1 and oscillates similarly to the τ(E,V) of the
cumulenic chains.
In the iterative calculations of the polyynic carbynes (Figure
4), the τ(εC,0) = 0.00011, 0.026, and 0.33 for the C40, C20, and

Figure 1. Transmission coeﬃcients of cumulenic carbynes calculated
using the ﬁnite diﬀerence method for the energy region εC − 3 eV ≤ E
≤ εC + 3 eV and voltages up to 2 V.

oscillations in the energy dependence of τ(E,V) as one goes to
the high- and low-energy regions relative to the εC. The
oscillation frequency increases with the carbon chain
elongation. The presence of electric voltage is accompanied
by a decrease of the transmission function over this range of
energies, the reductions of τ at low energy with respect to the
εC being stronger than in the region E > εC. For V = 2 V and E
= εC, τ = 0.8 independently on the cumulene length.
For cumulenic forms of the C40, C20, and C10 carbynes,
Figure 2 shows the electron energy levels of molecules and the
energy and voltage dependencies of transmission function
calculated using the iterative procedure. One can see that each
electronic level of the molecule corresponds to a peak in the
energy dependence of transmission coeﬃcient with τ ≈ 1. The
peaks are responsible for the resonant electron transfer between
the electrodes. The iterative calculations show that the
oscillations of the τ(E,V) are enhanced by the transition to
the high- and low-energy regions relative to the E ≈ εC;
16309
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Figure 3. Transmission function for polyynic chains calculated using
the ﬁnite diﬀerence method.
Figure 4. Transmission function of ﬁnite polyynic carbynes calculated
using the iterative procedure in comparison with MOs of isolated
carbon chains.

C10, respectively. The voltage-dependent variations of the τ
initially are quite weak, but at the high voltages they lead to the
signiﬁcant decrease in the peak height of functions τ(E,V)
resulting in the drastic reduction of transparency of the material
for the electrons.
Current and Conductance. Using the τ(E,V) dependences, we can determine the conductance and current of
carbynes as the functions of the Fermi energy level EM
F of the
electrodes material, of the bias voltage V, and temperature T.
For T = 0 K, the Fermi distribution of the electrode electrons is
a step function, and the Landauer formula immediately leads to
the following expression for the quantum conductance across
2
the carbyne G(T = 0,V = 0) = 2G0τ(EM
F ,0), where the G0 = 2e /
−1
h = (12.906 kOhm) is a conductance quantum; the factors of
two are due to the double orbital degeneracy of the carbyne π
MOs and the two possible directions of electron spin. In the
case of the zero temperature and voltage, if the Fermi level
position EM
F of the electrode material coincides with the
position of maximum in the curve τ(E,0) with τ = 1, the
conductance of the carbon chain reaches the value of 2G0, that
is, the theoretical limit of conductance of the molecular wire
with double orbital degeneracy.
If one knows the transmission function τ(E,V) and speciﬁes
the position of the Fermi level EM
F of electrodes relative to the
electronic levels of carbyne (e.g., with respect to the εC), one
can calculate the current−voltage (I−V) characteristics of the
circuit with monatomic carbon wire using the Landauer

equation. For T = 0 K, Figures 5 and 6 show the calculated
dependences of the current of the cumulenic and polyynic
chains on the bias voltage V and the position δE = EM
F − εC of
the electrode Fermi level EM
F relative to the Fermi level of
carbynes εC. In these calculations, we applied the transmission
functions found using the iterative procedure (Figures 2 and 4),
which allows us to deﬁne these functions in a wide range of
energies and voltages. One can see that in all the cumulenic
chains the current initially increases and then decreases with
increasing V. The growth of the current at voltages up to 8 V
reﬂects an increase in the number of conducting states in the
M
region between the EM
F + V/2 and EF − V/2, and a further
decline of current is due to the rapid decrease of the τ(E,V) for
V > 8 V. In all the cumulenic chains, the higher current values
are observed if EM
F = εC, that is, at the coincidence of the Fermi
energies of the electrode material and carbynes. The up or
down shifts of the EM
F relative to εC reduce the current. All
other conditions being equal, a shortening of cumulenic chain
leads to a small increase in the current, but the maximum
tunneling currents are observed at δE = 0 and V ≈ 8 V and are
equal to about 1 mA almost regardless of the cumulenic chain
length. One important feature of these I−V characteristics is
that the current initially increases with growth of the bias
16310
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Figure 5. Zero-temperature bias voltage dependences of current of the
cumulenic C40, C20, and C10 carbynes in contact with electrodes for
diﬀerent relative positions of Fermi levels of carbyne and electrode
material δE = EM
F − εC. For example, the line marked as +3 eV
corresponds to δE = 3 eV.

Figure 6. Zero-temperature bias voltage dependences of current of the
polyynic C40, C20, and C10 carbynes in contact with electrodes for
diﬀerent relative positions of Fermi levels of carbyne and electrode
material δE = EM
F − εC. For example, the line marked as +3 eV
corresponds to δE = 3 eV.
16311
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voltage, reaches a peak, and then drops to give rise to the
negative conductance (dI/dV) < 0 clearly seen in Figure 7.
Moreover, there are some oscillations of voltage dependences
of conductance due to the discrete nature of the C chain
electron energy levels.

Figure 8. Bias voltage dependences of conductance of the polyynic
chains.

Figure 7. Bias voltage dependences of conductance of the cumulenic
chains.

A comparison of Figures 1−6 shows that the more complex
transmission function of the polyynic carbynes as compared to
the cumulenic ones complicates the current−voltage characteristics of polyynes. On the typical bias voltage dependences of
current and conductance curve of the polyynic chains (Figures
5−8), there are both the peak and local minima (valley) at
higher voltages. For example, in the case of the polyynic C40
chain, the maximum current is observed when the Fermi level
of the electrode material shifts by 3−4 eV up or down on the
energy axis relative to the εC. The peak current is observed at a
voltage of 4 V, while near 8 V there is a local minimum of the
current, which is replaced by an increase in current at higher
voltages. A peak to valley ratio is equal to 3 in this case.
Particularly, the change of the conductivity sign and presence of
valleys (Figure 8) point to the possibilities of design of the
resonance tunneling devices based on the carbon chains.
As expected, the increase in temperature is accompanied by
some smoothing of the peaks in the curves of the conductance.
Figure 9 illustrates this eﬀect on the example of C40 chains.
Short Carbon Chains. In the absence of experimental data
on the electric properties of carbon chains, it is useful to

Figure 9. Temperature dependences of conductance of cumulenic
(above) and polyynic (below) C40 carbynes.

compare the π electron model with the already published ab
initio results on conductance of similar although shorter chains
having only several C atoms. Theoretically, several groups have
made predictions on the conductance of carbon atomic wires
16312
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connected between the diﬀerent model electrodes. Some of the
results are reproduced regardless of the choice of the model of
the electrodes and can be considered as the actual characteristics of the nanowire. Such properties will be the focus of our
comparison.
First of all in papers 35 and 36 the conductance of straight
cumulenic wires CN with 3 ≤ N ≤ 7 in contact with metal
electrodes was calculated, the metal electrodes being described
using a semi-inﬁnite uniform background (jellium) model and
the carbon atomic cores in the terms of a pseudopotential. For
zero temperature and bias voltage, it was shown in these works
that the conductance of cumulenic chains varies in an
oscillatory manner as the number N of carbon atoms increases
if the Fermi levels of the carbon chain and electrodes coincide,
the odd-numbered chains having a lower resistance than the
even-numbered chains. Using a density functional theory ﬁrstprinciples scattering-state approach, such odd−even properties
were later discovered in work with cumulenic 4−7 carbon
atoms and the two Al electrodes represented by a slab of Al
atoms37 and in the studies of the transport properties of carbon
chains covalently connecting metallic carbon nanotube leads38
and graphene electrodes.39
Figure 10 shows that this oscillatory character of the
conductance is also observed in the π electron model with

Figure 10. Conductance of the atomic wires in units of the
conductance quantum as a function of the number of carbon atoms
in the cumulenic wire.

inﬁnite monatomic model electrodes and can be explained in
terms of the π electron level scheme of the free chains. Really,
there is one nonbonding level located exactly at the Fermi level
of cumulenes in the case of odd-numbered chains (Figure 11)
that provides the higher value of transmission coeﬃcient for the
energy E = εC in this case. Note that inclusion of bias voltage
shifts the nonbonding level relative to the εC and destroys the
oscillatory dependence of the conductance.
Next, in the work 37, a detailed ﬁrst-principles analysis of the
I−V characteristics of the Al−CN−Al with 4 ≤ N ≤ 7 system
was reported. The low-bias current−voltage characteristic is
predicted to be linear, but a negative diﬀerential resistance is
observed at higher bias due to a shift of conduction channels
relative to the states of the electrodes by the external bias
potential.37 The similar I−V characteristics with negative
diﬀerential resistance at ﬁnite bias were reported for both
even and odd short cumulenic chains covalently connecting
metallic carbon nanotube leads.38 The regions of the linear I−V
characteristics and of the negative diﬀerential resistance are
clearly seen in Figures 12 and 13 too. Note that the negative
diﬀerential resistance was observed in carbon nanotube

Figure 11. π MOs and transmission coeﬃcients of cumulenic carbynes
C3−C9 calculated using the iterative technique.

junctions just before breaking and hypothesized to arise from
the formation of monatomic carbon wires in the junction.40
Finally, all theorists conclude that linear cumulenic atomic
carbon wires should have good conductance. The conductance
does not decrease with growth of chain length, and its low-bias
values fall in the approximate range of G0 to 2G0. Obviously,
some ﬁne features of transport properties should depend on the
detailed structure of the electrode.
In summary, we can conclude that there is resonable
agreement between the π-electron model and the ﬁrstprinciples electronic conductance calculations.
16313
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