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The atomic structure and electronic transport properties of Cu-metalated carbyne are investigated
by using the non-equilibrium Green’s function formalism combined with density functional theory.
Our calculations show that the incorporation of Cu atom in carbyne improves its robustness against
Peierls distortion, thus to make Cu-metalated carbyne behave as a one-dimensional metal. When
a finite Cu-metalated carbyne chain is connected to two (111)-oriented platinum electrodes, nearly
linear current-voltage characteristics are obtained for both the atop and adatom binding sites. This is
due to the efficient electronic coupling between the Cu-metalated carbyne chain and the Pt electrodes,
demonstrating the promising applications of Cu-metalated carbyne chains as molecular wires in future
electronic devices. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972867]

I. INTRODUCTION

The past decade has witnessed the glorious achievements
made in the field of carbon-based nanoelectronics, which is
regarded as one of the most promising technologies capable of extending Moore’s law.1 Representative carbon-based
nanomaterials, such as carbon nanotubes and graphene, have
been heavily studied by both theorists and experimentalists,
and significant scientific and industrial applications have also
been exploited.2–4 In contrast, carbyne, another member of
the carbon family, has made very limited progress,5–8 though
many interesting physical applications have been suggested in
theory.9–11 This is closely related to its atomic and electronic
structures. The infinite sp-hybridized carbyne can have two different structures: cumulene with equalized double bonds and
polyyne with alternating triple and single bonds. Cumulene is
a metal with a half-filled conduction band, while polyyne is
a semiconductor with a finite band gap caused by the bond
length alternation. Although the Peierls distortion makes the
polyynic structure being at the minimum of the potential
energy and stretching enhances the Peierls transition,12 zeropoint atomic vibrations eliminate the distortion and restore the
cumulenic structure.13 Electrical transport measurements of
finite monatomic carbon chains have confirmed that the measurement conditions, including strain, have a decisive influence on their conductivity.14,15 Furthermore, even when an
ohmic behavior is observed in unstrained carbon chains, the
measured conductivity is still much lower than the predicted
theoretical value, illustrating the key role of the contacting
leads.15 Recently, Cu-metalated carbyne was synthesized on
the Cu(110) surface under ultrahigh vacuum conditions.16
The introduction of metal atoms allows the regulation of the
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physical and chemical properties of carbyne itself,5,17–19 which
will provide more potential utilities in nano/molecular electronics. Considering the fact that only the geometric structure
and the density of states (DOS) of Cu-metalated carbyne on
the Cu (110) surface were investigated using density functional theory (DFT) calculations,16 more detailed studies on
the atomic structure and electronic transport properties of
free-standing Cu-metalated carbyne are highly desirable in
order to facilitate its applications in nano/molecular electronic
devices.
Here we investigate the structural and electronic transport properties of Cu-metalated carbyne monatomic chains by
employing the non-equilibrium Green’s function formalism
combined with density functional theory (that is, the so-called
NEGF + DFT approach).20–29 Our calculations show that the
incorporated Cu atom does not alter significantly the C−−C
bond length but improves the robustness of Cu-metalated carbyne to the electron-phonon perturbations and thus makes it
an ideal one-dimensional metal. A finite Cu-metalated carbyne chain connected to two Cu electrodes does not conduct
well because of the symmetry mismatch between the π-type
energy bands of the molecule and the s-type bands of bulk
copper around the Fermi level. However, the transmission is
much enhanced and the current increases linearly following
the increase of the applied bias when platinum electrodes are
used. This illustrates the intrinsic high conductive capacity of
Cu-metalated carbyne and the vital role of the electronic coupling at the molecule-electrode interfaces in determining the
transport properties.
II. CALCULATION METHOD

In this work we use the SIESTA code30 to compute the
atomic structure of Cu-metalated carbyne chains and the quantum transport code SMEAGOL27–29 to study their electronic
transport properties when contacted with Cu and Pt electrodes.
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SIESTA is an efficient DFT package, which makes use of
improved Troullier–Martins pseudopotentials for describing
the atomic cores and adopts a finite-range numerical orbital
basis set to expand the wave functions of the valence electrons.20,31 While a double-zeta plus polarization (DZP) basis
set is used for C and Cu, two different types of basis functions are used for Pt, respectively, in the bulk and at the
surface. In more detail, a DZP basis is used for the Pt surface atoms, while a single-zeta plus polarization (SZP) basis is
used for the bulk. The exchange-correlation functional is at the
level of the generalized gradient approximation (GGA) within
the Perdew-Burke-Ernzerhof (PBE) formulation.32 Geometry optimization is performed by standard conjugate gradient
relaxation until the atomic forces are smaller than 0.02 eV Å 1 .
SMEAGOL is a practical implementation of the NEGF
+ DFT approach, which employs SIESTA as the DFT platform.27–29 We use an equivalent cutoff of 250.0 Ry for the real
space grid. The charge density is integrated over 16 energy
points along the semi-circle, 16 along the line in the complex plane, 400 along the real axis, while 16 poles are used
for the Fermi function (the electronic temperature is 300 K).
The convergence criterion for the density matrix is set to be
1 × 10 4 . We always consider periodic boundary conditions
in the plane transverse to the transport. The unit cell of the
extended molecule comprises a finite Cu-metalated carbyne
chain and ten Cu(111) or Pt(111) atomic layers with a (3 × 3)
in plane supercell. The current-voltage (I–V ) characteristics
of the junction is calculated as
2e
I=
h

+∞
T (V , E)[ f (E − µL ) − f (E − µR )]dE,

(1)

−∞

where T (V, E) is the bias-dependent transmission coefficient of the junction, f (E) is the Fermi function, and
µL/ R = E F ± eV/ 2 is the local Fermi level of the left/right
electrode with E F being the Fermi energy. Then, the
total transmission coefficient T (V, E) of the junction is

evaluated as
T (V , E) =

1


T (~k; V , E)d~k,

Ω2DBZ

(2)

2DBZ

where Ω2DBZ is the area of the two-dimensional Brillouin
zone (2DBZ) in the transverse directions. The k-dependent
transmission coefficient T (~k; V , E) is obtained as
R+
T (~k; V , E) = Tr[ΓL GRM ΓR GM
],

(3)

where GRM is the retarded Green’s function matrix of the
extended molecule and ΓL (ΓR ) is the broadening function
matrix describing the interaction of the extended molecule
with the left-hand (right-hand) side electrode. Here, we
calculate the transmission coefficient by sampling 11 × 11
(3 × 3) k-points in the transverse 2DBZ when Pt (Cu) is used
as the electrode material.
III. RESULTS AND DISCUSSION

We start our studies from the investigation of the atomic
and electronic structures of an infinite free-standing Cumetalated carbyne monatomic chain. After geometry optimization, the lattice vector of the Cu-metalated carbyne
monatomic chain is determined to be a = 4.93 Å with a C−−C
bond length of 1.29 Å and a C−−Cu bond length of 1.82 Å
(Fig. 1(a)). These are both slightly shorter than those in the
Cu-metalated carbyne chain on Cu(110).16 It should be noted
that the optimized C−−C bond length in the Cu-metalated carbyne chain is almost the same as that in the clean cumulene
chain calculated at the same level (Fig. 1(b)). In contrast, the
metalated Cu atoms significantly modify the band structure
of the cumulene chain. For the clean cumulene chain placed
along the z-axis, there is only one filled energy band below
the Fermi level which is composed of the carbon 2s and 2pz
atomic orbitals. Furthermore, there are two degenerate π-type

FIG. 1. The atomic and band structures of infinite freestanding Cu-metalated carbyne (a) and clean carbyne in
the cumulenic form (b).

244702-3

Tu et al.

energy bands across the Fermi level, which are, respectively,
composed of the carbon 2px and 2py atomic orbitals. Since
a carbon atom provides 4 valence electrons, the two π-type
energy bands are half-filled. Thus, the clean cumulene chain
is prone to Peierls distortion, which results in dimerization.
When one Cu atom per unit cell is incorporated, there are still
two degenerate π-type energy bands intersecting the Fermi
level. One is composed of the C 2px and Cu 3dxz atomic orbitals
and the other of C 2py and Cu 3dyz , the corresponding wavefunctions calculated at the Γ point are shown in Fig. 2(a).
However, the Fermi level cuts across these two energy bands
at the k-point 0.75π/a. As a result, the Cu-metalated carbyne
chain is more robust against distortion than the clean cumulene one due to the much enlarged cell needed to split the
bands at or near the edge of the Fermi distribution.33 Then
it can be expected that its low-bias conductance can reach
2 G0 (G0 = 2 × 102 /h is the conductance quantum) when
contacted with appropriate electrodes. Considering that the
local density of states (LDOS) of the Cu atom below and
around the Fermi level is dominated by the Cu 3d atomic
orbitals (Fig. 2(d)), charge transfer from Cu to C occurs in the
Cu-metalated carbyne chain. This is corroborated by the population analysis. The Mulliken charges of the Cu and C atoms
are calculated to be 0.42 e and 0.21 e (e = 1.60 × 10 19 C),
respectively. The electronic state of Cu in carbyne is thus considerably different from that in bulk copper and in the clean Cu
monatomic chain.34 Compared with that of bulk copper, the
d-bands in the Cu monatomic chain are shifted upwards but
are still below the Fermi level. However, in the Cu-metalated
carbyne chain, the energy bands contributed by the Cu 3dxz
and 3dyz atomic orbitals extend to 0.19 eV above the Fermi
level.
Then we move to investigate the electronic transport properties of finite-length chains. As shown in Fig. 3(a), one
Cu-metalated carbyne chain composed of 6 carbon and two
copper atoms is sandwiched between two (111)-oriented Cu
electrodes through a 4-atom copper cluster arranged in a
pyramid configuration at each side. The bond length between
the apex Cu atom and the binding C one is optimized to be
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1.86 Å. A sharp transmission peak centered at the Fermi level
appears in the equilibrium transmission spectrum [Fig. 3(b)],
with the peak value of 1.88 approaching the maximum value
of two. Around the Fermi level there are still four more transmission peaks centered at 0.41 eV, 0.46 eV, 0.66 eV, and
0.79 eV (energies are taken from E F = 0). By looking at the
LDOS projected onto the atomic orbitals of the apex Cu atoms
and of C in the chain, we can conclude that the transmission
peaks centered at E F , 0.41 eV and 0.79 eV, are dominated
by the Cu 3dxz /3dyz , 4px /4py , and C 2px /2py atomic orbitals,
respectively. In contrast the transmission peaks centered at
0.46 eV and 0.66 eV are mainly contributed by the Cu 3dz2 ,
4pz , and C 2pz atomic orbitals. Because the microscopic configuration of the interface between the Cu electrode and the
Cu-metalated carbyne chain may affect the junction transport
significantly, we construct another junction model in which the
Cu-metalated carbyne chain binds to the Cu electrode through
one Cu adatom (see Figure S1 in the supplementary material).
As we can see, the overall shape of the equilibrium transmission spectra of these two junction models is very similar in
the energy range from 1 eV to 1 eV. To be specific, they
share almost the same energy positions of the four transmission peaks below the Fermi level and the same peak value of
1.88 at the Fermi level. This indicates that the low-bias electronic transport properties of the Cu-metalated carbyne chain
connected with the Cu electrodes have no obvious selectivity
on the binding sites of the Cu(111) surface.
The sharp peaks appearing in the equilibrium transmission spectra and the LDOS around the Fermi level indicate
that the electronic coupling between the Cu-metalated carbyne chain and the bulk Cu electrodes is not very strong. This
is not a surprising result. Because Cu is a noble metal, its
energy bands around the Fermi level are dominated by the Cu
4s atomic orbital.35 In contrast, the energy bands of the Cumetalated carbyne chain around the Fermi level are π-type.
This is also confirmed by the calculated I-V characteristics
of the junction. As shown in Fig. 3(f), the electric current
through the junction exhibits a noticeable saturation when
the bias voltage exceeds 0.2 V, namely, when the contribution

FIG. 2. The wavefunctions ((a)-(c)) of
the infinite Cu-metalated carbyne calculated at the Γ point for the three energy
bands around the Fermi level (labelled
i-iii in Fig. 1(a)) and the LDOS projected
onto the Cu 3d/4s (d) and C 2s/2p (e)
atomic orbitals. Due to the high symmetry, the plots of LDOS for the Cu
3dxz and 3dyz , 3dxy , and 3dx2 −y2 atomic
orbitals in (d) and those for the C 2px
and 2py atomic orbitals in (e) overlap
with each other.
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FIG. 3. (a) The optimized atomic structure of the Cu-metalated carbyne chain
sandwiched between two Cu electrodes
through a pyramidal Cu cluster at each
side; the equilibrium transmission spectrum (b) and LDOS projected onto the
3d (c) and 4p (d) orbitals of the apex Cu
atom and the 2p orbitals of the bonding C
atom (e); and the calculated I-V curve (f).
Due to the high symmetry, the plots of
the Cu 3dxz and 3dyz , 3dxy and 3dx2 −y2
atomic orbitals in (c), those of the Cu 4px
and 4py atomic orbitals in (d), and those
of the C 2px and 2py atomic orbitals in
(e) overlap with each other.

of the transmission peak at the Fermi level has been fully taken
into account.
With the intention of achieving better contacts and thus
exploring fully the low-bias transport properties of Cumetalated carbyne chains, we replace the (111)-oriented Cu
electrodes with (111)-oriented Pt ones. This is because bulk
platinum is a transition metal and its energy bands around the
Fermi level are dominated by the Pt 5d atomic orbitals.35 It has
also been shown experimentally that strong Pt−−C bonds can
be formed at the molecule-Pt interfaces and independent Pt
atoms can act as nucleation sites for the formation of carbyne
chains.36,37 As shown in Fig. 4(a), the Cu-metalated carbyne
chain composed of six carbon atoms and two copper atoms is
assumed to bind at the atop site of the Pt(111) surface, and the

Pt−−C bond length is optimized to be 1.92 Å. Just as expected,
the equilibrium transmission spectrum shows a plateau with
the value greater than unity in the energy range from 0.85 eV
to 0.05 eV, superimposed with five sharp peaks. By comparing
the LDOS of the binding Pt and C atoms and that of Cu atoms
in the metalated carbyne chain, we can conclude that the transmission around the Fermi level is mainly contributed by the Pt
5dxz /5dyz , C 2px /2py , and Cu 3dxz /3dyz atomic orbitals. The
transmission peaks centered at EF , 0.32 eV and 0.68 eV, are
dominated by the Pt 5dxz /5dyz , C 2px /2py , and Cu 3dxz /3dyz
atomic orbitals, while those at 0.54 eV and 0.80 eV originate from Pt 5dz2 , C 2pz , and Cu 3dz2 . Furthermore, the
transmission coefficient at EF is calculated to 1.81, and the
transmission coefficient minimum in the plateau is still as high
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FIG. 4. (a) The optimized atomic structure of the Cu-metalated carbyne chain
connected to two Pt electrodes at the atop
sites; the equilibrium transmission spectrum (b) and LDOS projected onto the 5d
orbitals of the bonding Pt atom (c), the
2p orbitals of the bonding C atom (d) and
the 3d orbitals of the Cu atom (e); and the
calculated I-V curve (f). Due to the high
symmetry, the plots of the Pt 5dxz and
5dyz , 5dxy and 5dx2 −y2 atomic orbitals
in (c), those of the C 2px and 2py atomic
orbitals in (d), and those of the Cu 3dxz
and 3dyz , 3dxy and 3dx2 −y2 in (e) overlap
with each other.

as 1.14 (this value is taken in a transmission valley located at
0.13 eV). Thus, due to the much stronger electronic coupling
between the Pt 5d and the C 2p atomic orbitals, Pt appears
as a more appropriate electrode material to reveal the intrinsic 2G0 conductance of Cu-metalated carbyne chains. We also
calculate the I-V curve of the Cu-metalated carbyne chain connected with Pt electrodes [see Fig. 4(f)]. Clearly, the I-V curve
shows a linear dependence at low bias voltages, and the current values are also greater than that with the Cu electrodes
[Fig. 3(f)].
In order to investigate the effects of the binding configuration on the transport properties of Cu-metalated carbyne
chains connected with Pt electrodes, we have inserted one
Pt adatom between the Pt(111) surface and the chain (see

Figure S2 in the supplementary material). It can be seen from
the equilibrium transmission spectrum displayed in Fig. S2(b)
that, although the two transmission peaks dominated by the Pt
5dz2 and C 2pz atomic orbitals are still positioned at 0.54 eV
and 0.80 eV, significant changes occur for the transmission
peaks assigned to the Pt 5dxz /5dyz , C 2px /2py , and Cu 3dxz /3dyz
atomic orbitals. In details, the transmission peak appearing at
0.68 eV for the atop site completely disappears for the adatom
site, the one centered at 0.32 eV for the atop site shifts to
0.21 eV for the adatom one, the one at EF for the atop site
becomes a much broadened shoulder for the adatom site and
the transmission coefficient at the Fermi level is also reduced
to 1.22. However, the calculated I-V curves for these two junction models show a much similar behavior because the electric
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current through the junction is an integral of the transmission
spectrum in the bias window. Therefore, the strong electronic
coupling between the Cu-metalated carbyne chain and the Pt
electrodes manifests the excellent conducting ability of Cumetalated carbyne chains though the binding configurations
do somewhat mediate their interactions.
IV. CONCLUSION

We have investigated the atomic structure and electronic
transport properties of Cu-metalated carbyne monatomic
chains using the NEGF + DFT approach. Our calculations
show that, in contrast to clean carbyne that is prone to the
Peierls distortion and thus can be a metal or a semiconductor
depending on the application conditions, Cu-metalated carbyne always preserves its metallic character due to charge
transfer between the incorporated Cu atom and the neighboring carbon atoms. Since two degenerate π-type energy
bands intersect the Fermi level, Cu-metalated carbyne can act
as highly conductive molecular wires. This is demonstrated
with a finite Cu-metalated carbyne chain connected to two
(111)-oriented Pt electrodes, for which a broad transmission
plateau appears around the Fermi level and nearly linear I-V
curves are obtained for both the atop and adatom binding sites.
These findings are helpful in facilitating the applications of
carbyne in future nano/molecular electronics.
SUPPLEMENTARY MATERIAL

See supplementary material for the atomic structures and
electronic transport properties of a finite Cu-metalated carbyne
chain connected to (111)-oriented Cu and Pt electrodes at the
adatom site.
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