
ar
X

iv
:1

10
3.

20
95

v1
  [

co
nd

-m
at

.m
es

-h
al

l] 
 9

 M
ar

 2
01

1
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Monoatomic chains of molybdenum encapsulated in single walled carbon nanotubes of different chiralities
are investigated using density functional theory. We determine the optimal size of the carbon nanotube for
encapsulating a single atomic wire, as well as the most stable atomic arrangement adopted by the wire. We
also study the transport properties in the ballistic regimeby computing the transmission coefficients and tracing
them back to electronic conduction channels of the wire and the host. We predict that carbon nanotubes of
appropriate radii encapsulating a Mo wire have metallic behavior, even if both the nanotube and the wire are
insulators. Therefore, encapsulating Mo wires in CNT is a way to create conductive quasi one-dimensional
hybrid nanostructures.

PACS numbers: 31.15.A-, 73.23.Ad, 73.63.Fg. 72.80.Ga
Keywords: Density functional theory, transition-metal nanowires, carbon nanotubes, transport properties

I. INTRODUCTION

Miniaturization is one of the most important goals in mod-
ern electronics. Besides the gain achieved with the reduction
of size and energy consumption in general, approaching the
scale of nanometers also means that new and exciting prop-
erties arise due to quantum confinement effects. At this size
regime in which it is possible to reduce dimensionality and
even one atom more or less can make a difference, the geo-
metrical and electronic structures and related propertieslike
magnetism, transport, optics, hardness, etc. are, in general,
different to those of the macroscopic material. Thus, the seek
for low-dimensional systems with potential technologicalap-
plications is a matter of intense research in nanoelectronics
and spintronics.

Low-dimensional transition-metal systems have been ex-
tensively investigated due to their interesting electronic and
magnetic properties coming mainly from the geometry-
dependent unfilledd band andsp-d hybridization effects.1

For instance, transition-metal surfaces and interfaces are two-
dimensional systems whose growth and properties are rel-
atively well controlled and characterized at present.2–4 The
ultimate goal however in reducing the dimensionality in
transition-metal structures is the monoatomic wire, whichcan
be considered an ideal system to investigate quantum effects.
Thus the fabrication of stable transition-metal monoatomic
wires is a challenge that is being extensively researched atthe
moment.

Nanotubes are natural quasi one-dimensional nanostruc-
tures with promising applications as building blocks in
nanoelectronics.5 There is a wide variety of nanotubes de-
pending on the constituent elements, wall size and chiral-
ity. Since they provide space available for encapsulating dif-
ferent kinds of nanostructures, nanotubes have opened new
prospects for the design of quasi one-dimensional hybrid
nanosystems by filling them with such nanostructures (clus-
ter arrays, wires).6 An important aspect of the encapsulation
into carbon nanotubes, which has technological implications,

is that it prevents the wires inside from degradation (like
oxidation) at ambient conditions. Carbon nanotubes (CNT)
have already been filled with transition metals7–15,17 and
other elements like germanium,18 iodine19 or lanthanum.20

Several reliable techniques have been developed to synthe-
size such quasi one-dimensional nanostructures inside car-
bon nanotubes, such as annealing metal nanowires confined
in nanotubes based on the Rayleigh instability (instability
of liquid cylinders due to surface tension), using fullerene
cages and catalytic decomposition of precursors, using arc-
discharged procedures, etc. In most cases however, either one-
dimensional arrays of clusters or wires with transversal sec-
tion larger than a single atom were produced, although Guan
et al. managed to generate a single atomic chain of iodine
longer than 10 nm.19 In the particular case of Mo, the group
of Dresselhaus has done an interesting study. In their first
experimental work15 the authors concluded that monoatomic
wires were formed inside CNTs. In their second work16, cal-
culations were performed for finite transversal section Mo bcc
wires, and the experimental data were reinterpreted conclud-
ing that the encapsulated wires had such finite transversal sec-
tion instead of being monoatomic. Later, in a most recent ex-
perimental work,17 they have shown that the arrangements of
encapsulated Mo can be controlled to some extend by varying
the reaction conditions. Whether monoatomic Mo wires can
be encapsulated or not in CNTs remains still an open question.

From the theoretical point of view, there are still few ab-
initio studies of these types of quasi-one dimensional hy-
brid systems. Both Yanget al.21 and Ivanovskayaet al.22

have studied within density functional theory (DFT)23 differ-
ent transition metal nanowires (Ti, Fe, Co, Zr) inside carbon
nanotubes with the aim of exploring their structural arrange-
ment, electronic properties and magnetic behavior. Tao et al.17

investigated finite transversal section Mo wires encapsulated
in CNTs.

In a recent work24 we investigated with the codes SIESTA25

and SMEAGOL26 the electronic structure and transport prop-
erties of free-standing single atomic chains of molybdenum.
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TABLE I: Insertion energy of the ground state of the Mo wire encapsulated inside zigzag and armchair nanotubes of different radii.

zigzag nanotubes armchair nanotubes
chirality radius (̊A) Insertion Energy (eV) chirality radius (̊A) Insertion Energy (eV)

(7,0) 2.82 -1.775 (4,4) 2.79 -1.355
(8,0) 3.21 -2.566 (5,5) 3.46 -2.751
(9,0) 3.60 -2.789 (6,6) 4.14 -2.771
(10,0) 3.98 -2.791 (7,7) 4.81 -2.544
(11,0) 4.38 -2.642 (8,8) 5.49 -2.447
(12,0) 4.77 -2.530
(13,0) 5.16 -2.472

The ground state of the periodic monoatomic Mo wire was
found to be made of tightly bonded dimers which were non-
magnetic. The formation of the dimers was due to the strong
covalent bond made between pairs of Mo atoms, necessary to
achieve a closed-shell electronic configuration (the Mo atom
has exactly a half filled valence configuration). We found
that such dimerization of the molybdenum atomic wires has
dramatic effects on their electronic and transport properties.
While equidistant wires were found to be metallic and have
a very high zero-bias conductance, dimerized wires showed a
large gap which made them insulators. We hence found that
these chains show a metal-to-insulator transition as a function
of the intra-dimer distance.

Although long single atomic molybdenum wires can not be
grown in a free-standing environment, they could be synthe-
sized in the inner hollow of a carbon nanotube, which would
stabilize them. It is therefore important to survey this possibil-
ity as well as to analyze the electronic behavior and transport
properties of the resulting one-dimensional hybrid nanostruc-
tures. This is the aim of the present work, in which we have
investigated monoatomic chains of molybdenum encapsulated
in single walled carbon nanotubes of different chiralities. We
have determined the optimal size of the carbon nanotube for
encapsulating a single atomic wire, as well as the most stable
atomic arrangement adopted by the wire inside. We have ob-
tained insight on the bonding between the Mo chain and its
host by analyzing the band-structures and densities of states.
Finally, we have studied the transport properties in the ohmic
regime by computing the transmission coefficients and tracing
them back to electronic conduction channels of the wire and
the host.

The rest of the paper is organized as follows. In next section
we give the details of our theoretical approach. In Section III
we present and discuss the structural properties of encapsu-
lated wires. Electronic and transport properties are presented
in section IV. The main conclusions are summarized at the
end.

II. DETAILS OF THE DFT APPROACH

Our calculations of the electronic structure were performed
with the DFT code SIESTA.25 We calculated the exchange
and correlation potential with the generalized gradient ap-
proximation (GGA) as parametrized by Perdew, Burke and

Ernzerhof27 and the additional non-collinear (NCL) GGA im-
plementation by Garcı́a-Suárezet al.28 We replaced the atomic
cores by nonlocal norm-conserving Troullier-Martins29 pseu-
dopotentials, which were factorized in the Kleinman-Bilander
form30 and generated using the atomic configuration4d5 5s1

5p0 with cutoff radii of1.67, 2.30 and2.46 a.u., respectively,
in the case of Mo, and2s2 2p2 with cutoff radii of 1.25 and
1.25, respectively, in the case of C. This electronic configura-
tion for Mo was the same as that used by Zhanget al.31 in their
study of Mo clusters. These authors concluded that the use of
the semicore4p6 states worsens the results for bulk Mo struc-
ture and that the4d5 5s1 5p0 configuration is a better choice
for clusters larger than the dimer. We also included nonlinear
core corrections for Mo, generated with a radius of 1.2 a.u, to
account for the overlap of the core charge with the valenced
orbitals and to avoid spikes which often appear close to the
nucleus when the GGA approximation is used. We tested that
this pseudopotential reproduced accurately the eigenvalues of
different excited states of the isolated Mo atom. The pseu-
dopotential of C is the same as the one used by Garcı́a-Suárez
et al. in their study of nanotube-encapsulated metallocene
chains.32,33

SIESTA employs a linear combination of pseudoatomic or-
bitals to describe the valence states. The basis set of Mo in-
cluded double-ζ polarized (DZP) orbitals, i.e. two radial func-
tions to describe the5s shell and another two for eachd state
of the4d shell, plus a single radial function for eachp state of
the emptyp shell. For C, we used a double-ζ (DZ) basis with
two radial functions to describe the2s shell and another two
for eachp state of the2p shell. SIESTA also uses a numerical
grid to compute the exchange and correlation potential, and
to perform the real-space integrals that yield the Hamiltonian
and overlap matrix elements. We defined such grid with an en-
ergy cutoff of 200 Rydberg. We also used 100k points along
the direction of the nanotube, which were found to be enough
to converge the energy of the system and the band structure.

We also smoothed the Fermi distribution function that
enters the calculation of the density matrix with an elec-
tronic temperature of 300 K and used a conjugate gradient
algorithm,34 to relax the atomic positions until the interatomic
forces were smaller than 0.005 eV/Å. Finally, we performed
careful tests for particular cases to ensure the quality andsta-
bility of the basis set and the real space energy cutoff em-
ployed. We found that the results were hardly modified when
the DZP basis of Mo was replaced by a triple-ζ doubly po-
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FIG. 1: (Color online) Ground state of a Mo wire inside (a) a (9,0)
zigzag nanotube and (b) a (5,5) armchair nanotube.

larized basis set. The basis set used for C has been validated
in previous works.32,33 Similar results were also obtained by
considering an electronic temperature of 100 K.

We used SMEAGOL26 to compute the conductance in the
ohmic regime. This code is a flexible and efficient imple-
mentation of the non-equilibrium Green’s functions formal-
ism (NEGF) and is specially designed to calculate the trans-
port properties of nanoscale systems. SMEAGOL obtains the
Hamiltonian from SIESTA and calculates the density and the
transmission with the NEGF. Using the Landauer formula35

and expanding the transmission coefficientsT (E, V ) at low
energy and low voltage, the low-voltage differential conduc-
tance can be shown to be equal to

G(V ) =
dI

dV
≃ G0T (EF, 0) (1)

whereT (EF, 0) stands for the zero-voltage transmission eval-
uated at the Fermi level, andG0 = 2 e2/h is the conductance
quantum. Therefore, the zero-voltage transmission evaluated
atEF provides an estimate of the differential conductance in
the ohmic regime. Notice that in a ballistic one-dimensional
periodic system the zero-voltage transmission coefficientat a
given energy just counts the number of bands at this energy,
i.e. the number of transmission channels.

III. STRUCTURAL PROPERTIES

The ground state of a periodic monoatomic Mo wire in
a free-standing configuration is formed by tightly bonded
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FIG. 2: (Color online) Insertion energy as a function of the nanotube
radius for the ground state of the Mo wire encapsulated inside dif-
ferent zigzag and armchair nanotubes without (a) and with (b) BSSE
corrections, as discussed in the text.

dimers with a separation between atoms of 1.58Å and an
inter-dimer distance of 3.01̊A, which leads to a lattice con-
stant of 4.59Å.24 The dimer formation comes from the exact
half filling of the Mo electronic shells. Therefore, strong co-
valent bonds are made and the resulting wire is non-magnetic.
The free-standing chains have an energy gap of about 1.5 eV
around the Fermi level, which makes them insulators.

We have simulated Mo wires inside single-walled carbon
nanotubes with zigzag and armchair chiralities of different
radii. All the armchair nanotubes(n, n) are metallic, while
zigzag nanotubes(n, 0) can behave as a metal or as an insu-
lator, depending on whethern/3 is an integer or not. Exhaus-
tive calculations have been performed by testing both dimer-
ized and equidistant encapsulated monoatomic Mo wires with
different concentrations (i.e. different separations between
Mo dimers in the dimerized chains and between atoms in the
equidistant chain) inside the nanotube. We always found the
dimerized wires to be the most stable ones for every nanotube.
Among zigzag nanotubes, which have a lattice constant of
4.29Å, the ground state was formed by a dimerized Mo wire
unit cell per unit cell of the (9,0) nanotube. This meant thatthe
length of the Mo wire was compressed a 6 % with respect to
the free-standing configuration. Among armchair nanotubes,
which have a lattice constant of 2.48Å, the ground state had
a dimerized Mo wire unit cell per 2 unit cells of the (5,5) nan-
otube, which led to a Mo wire stretched an 8 % with respect
to the free-standing configuration. We illustrate in Fig. (1)
such configurations for the (9,0) zigzag nanotube as well as
for the (5,5) armchair one. Encapsulated dimerized Mo wires
with concentrations other than these ones, as well as equidis-
tant Mo wires, which were much higher in energy, are revised
at the end of this section.

We define the insertion energy of the Mo wire inside the
nanotube as the difference between the energy of the whole
system (ECNT+nMo), and the energy of the isolated carbon
nanotube (ECNT) plusn times the energy of an isolated Mo
atom (n is the number of Mo atoms in the cell). Finally, we
divide byn in order to normalize.

EI(Mo) =
ECNT+nMo − ECNT − nEMo

n
. (2)
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FIG. 3: (Color online) Diffusion energy barrier (a) and length of
the Mo dimer (b) as a function of the nanotube radius for Mo wires
encapsulated inside different zigzag and armchair nanotubes.

Since we are using localized pseudoatomic orbitals in the
basis set, the calculation of the insertion energy must takeinto
account the basis set superposition error (BSSE).36 This er-
ror arises due to the different dimension of the Hilbert spaces
associated to the whole system and each of its constituents
taken separately. To avoid this error, we have considered the
ghost atom method, which consists in including ghost atoms,
i.e., pseudo-atomic orbitals without any atomic potential, in
the positions of the missing atoms to complete the Hilbert
space. The use of ghost atoms has been shown to be very
efficient for correcting the BSSE in other systems like, for in-
stance, benzene adsorbed on carbon nanotubes37 or pentacene
physisorbed on gold (001).38 We plot in Fig. (2) the inser-
tion energy as a function of the nanotube radius for different
zigzag and armchair nanotubes with and without the BSSE
correction. We have found that the BSSE correction has 2 ef-
fects in our calculations. On one hand, since the energy of
each separated component decreases when its Hilbert space is
enlarged, the absolute value of the insertion energy decreases.
On the other hand, the BSSE moves the radius for which the
minimum insertion energy is obtained to lower values. There-
fore, the BSSE correction is essential to produce correct re-
sults, and all our calculations have taken it into account.

Fig. (2)(b) and Table I show that the insertion energy
mainly depends on the diameter of the nanotube, and is in-
dependent of its chirality. The thinnest nanotubes that were
found to be able to encapsulate a Mo wire were the (7,0) and
the (4,4), both of which have a radius around 2.8Å. Thinner
nanotubes deform a lot upon Mo insertion and lose their sym-
metry. The minimum in the insertion energy was achieved
for (9,0) and (5,5) nanotubes, with radii around 3.5Å. For
thicker nanotubes the bonding between the wire and the nan-
otube slowly disappears and the insertion energy increases
asymptotically towards a constant value, due to the bonding
between Mo atoms. This asymptotic limit corresponds to a
Mo wire with interatomic distances close to the free-standing
case, i.e., without interactions with the nanotube.

The energy of the wire inside the carbon nanotube also
varies as the wire is moved along the axis of the nanotube.
We define the diffusion energy barrier as the maximum en-
ergy referred to the ground state energy that the wire has to
overcome when moving along the nanotube, normalized per
Mo atom. This energy barrier has an essential importance
in fixing the encapsulated wire, since a too low energy bar-
rier would allow the Mo atoms to move under small forces
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FIG. 4: (Color online) Insertion energy as a function of the average
distance between adjacent Mo atoms for dimerized Mo wires ofdif-
ferent concentrations encapsulated inside (9,0) and (5,5)nanotubes.
Each point Mon@mCNT corresponds ton Mo atoms insidem car-
bon nanotube cells, where a zigzag cell corresponds to a zigzag unit
cell and an armchair cell corresponds to 2 armchair unit cells. The
vertical dashed line corresponds to the free standing configuration.

or thermal agitation, possibly breaking the chain. Further, the
Mo atoms are expected to leave the chain just as liquids leave
a straw. To obtain this energy barrier we have calculated the
energy of the system when the Mo wire is displaced along the
carbon nanotube from its relaxed structure, without relaxing
again. In Fig. (3)(a), we plot the height of the energy barrier
for all of the previous systems. As expected, the value of the
energy barrier decreases rapidly when increasing the radius
of the nanotube, as the interaction between the nanotube and
the wire tends to disappear. We have surprisingly found that
chirality in this case plays a role, since armchair nanotubes
present a much lower energy barrier. This energy barrier be-
comes sizeable only for armchair nanotubes with radii shorter
than 3Å, as shown in Fig. 3(a). Interestingly, although the
modulus of their insertion energy is about 1 eV lower than
that of the system with the optimal radius (see Fig. 2), the for-
mation of the structure with these short radii is still exother-
mic. Therefore, we expect that encapsulated Mo chains could
be seen experimentally in zigzag nanotubes with radii of the
order of 3Å. It is also relevant to note that the energy barrier
in zigzag nanotubes is insensitive to their metallic or insulat-
ing nature. It is not easy to deduce specific numbers for the
atom mobility even assuming an Arrhenius-type law for it,
τ = τ0exp(−Ebarrier/KBT ), since we do not know the typ-
ical time τ0 for activation. For a typical experimental setup,
we would useτ ∼ few days∼ 106 seconds. Introducing
this number, as well as a slowτ0 ∼ 10−10 seconds in the
equation above gives temperatures for a working device be-
low ∼ 150K. Hence, we predict that the experiments should
be performed at moderately low temperatures.

The structure of the chain is also affected by the nanotube.
In Fig. (3)(b), we plot the length of the encapsulated Mo
dimers as a function of the nanotube radius, with the length
of the dimer in the free-standing Mo wire marked by a dashed
line. For short nanotube radii, the Mo dimers are compressed
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FIG. 5: (Color online) Insertion energy for different equidistant Mo
wires inside (9,0) and (5,5) carbon nanotubes.

by the effect of the nanotube potential. However, they enlarge
towards a constant value when the nanotube gets thicker. This
constant value for the dimer length is 1 % longer for armchair
nanotubes than in the free-standing case, meanwhile inside
zigzag nanotubes the dimer length is compressed a 5 %. The
Mo dimer length does not converge to the same value as in
the free-standing case since we impose a lattice constant con-
dition to commensurate with the lattice constant of the nan-
otube.

Dimerized Mo wires of different concentrations have also
been simulated inside (9,0) and (5,5) carbon nanotubes. We
have studied systems with a numberm of nanotube cells vary-
ing from 2 to 5 (where a zigzag cell corresponds to one zigzag
unit cell and an armchair cell corresponds to 2 armchair unit
cells), andn Mo atoms in a dimerized structure. We plot in
Fig. (4) the insertion energy of these arrangements, labeled
as Mon@mCNT, as a function of the average distance be-
tween adjacent Mo atoms. The minimum in the insertion en-
ergy per Mo atom is found for Mo2@1CNT, for both (9,0)
and (5,5) carbon nanotubes. Then, Mo wires tend to resemble
as much as possible the free-standing one (dashed line). In-
creasing the concentration leads to wires with an inter-dimer
distance close to the dimer length, which introduces a high re-
pulsion and leads to a rapid increase in the insertion energy.
On the other hand, when the Mo concentration is decreased,
the insertion energy increases asymptotically to the valueof
an isolated dimer inside the carbon nanotube.

Encapsulated equidistant Mo wires of the type
Mo2@1CNT, which have a high Mo concentration, are
not stable inside carbon nanotubes since they tend to dimer-
ize. However, if the Mo concentration is decreased, the energy
barriers that the nanotube produces might make the system
metastable. We have therefore simulated equidistant Mo
wires of different concentrations inside (9,0) and (5,5) carbon
nanotubes (Mon@mCNT), composed byn equidistant Mo
atoms insidem nanotube cells, in a similar way as we did
with the dimerized wires. The results for the insertion energy
are shown in Fig. (5). The insertion energy depends mainly
on the distance between Mo atoms and is not much affected
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FIG. 6: (Color online) Band structure, orbital-projected densities
of states and transmission channels of the system formed by aMo
dimerized wire encapsulated inside a (9,0) carbon nanotube, com-
pared with those of its constituents separately.

by the type of nanotube, being a bit lower in the case of zigzag
nanotubes. In case of encapsulated equidistant Mo wires
with an interatomic distance between Mo atoms shorter than
around 3Å we found that the Mo atoms tend to dimerize and
the wire is not able to retain its equidistant arrangement. We
also found that the insertion energy increases as the distance
between Mo atoms is increased, and becomes positive for
Mo-Mo distances larger than 3.25̊A. Therefore, equidistant
Mo wires encapsulated inside carbon nanotubes could be
achieved with an interatomic distance between 3.00Åand
3.25 Å, which corresponds to the range where the insertion
energy is negative. However, these values are more than 2 eV
higher than in the dimerized arrangement.

Unlike the dimerized Mo wires, the equidistant wires are
magnetic, with an antiferromagnetic (AFM) coupling between
adjacent Mo atoms and a magnetic moment of around 5µB
per Mo atom. A ferromagnetic (FM) state can also be found,
with an energy difference per Mo atom between the FM and
the AFM which is larger than 300 meV for the structures with
negative insertion energy and that asymptotically decreases
towards zero as the distance between Mo atoms increases.

IV. ELECTRONIC STRUCTURE AND TRANSPORT
PROPERTIES

We have calculated the band structure, densities of states
and transmission channels of the Mo2@1CNT for different
thicknesses and chiralities. Figs. (6) and (7) show the results
for the cases corresponding to the (9,0) and (5,5) nanotubes,
respectively. To clarify the discussion, we have also calcu-
lated the above properties for the empty nanotube and the iso-
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FIG. 7: (Color online) Band structure, orbital-projected densities
of states and transmission channels of the system formed by aMo
dimerized wire encapsulated inside a (5,5) carbon nanotube, com-
pared with those of its constituents separately.

lated Mo wire with their geometries fixed to those within the
Mo2@1CNT systems. The ground state of the free-standing
Mo wire exhibits aspz band below the Fermi level (z is the
direction of the wire) that leads to a transmission channel be-
tween -2 and -1 eV.24 This band is preserved when the wire is
compressed (Fig. (6)) or stretched (Fig. (7)) inside the carbon
nanotubes. However, it moves up in energy as a consequence
of the encapsulation, eventually reaching the Fermi level.This
leads to a low-bias total conductance of 3G0 due to 3 trans-
mission channels at the Fermi level, one from thespz band of
the Mo wire and two others from thep bands of the carbon
nanotube.

In order to analyze in more detail the bonding between the
Mo wire and the CNT, which is related to the displacement
of some bands and has important implications in the trans-
port properties, we have calculated the change in the elec-
tronic charge of the Mo atoms encapsulated in the different
nanotubes investigated. We take as reference the charge in
the ground state of the infinite free-standing Mo wire. The
results are shown in Fig. (8). We note that, inside very thin
nanotubes, Mo tends to lose charge, meanwhile the charge
transfer changes its sign when the nanotube radius increases,
leading to a maximum for (10,0) and (6,6) nanotubes. For
nanotubes with large enough radii, the charge transfer tends to
0 as the interaction between the wire and the nanotube disap-
pears. Therefore, Mo wires inside (9,0) and (5,5) nanotubes,
which correspond to the most stable configurations, increase
their charge. We have also calculated the charge variation in
each cartesian orbital. We have found that thedxz, dyz and
d3z2

−r2 orbitals are only slightly affected by the encapsula-
tion; px, py, dxy anddx2

−y2 (which are transversal orbitals)
increase their charge, ands and pz (which are longitudinal

FIG. 8: (Color online) Charge variation per Mo atom with respect to
the Mo wire in the free-standing configuration for the encapsulated
Mo wire as a function of the radius of the nanotube (∆Q, solid line).
The charge variation is decomposed in the longitudinal orbitals,px,
py, dxy anddx2

−y2 (∆QT,, dashed line) and the longitudinal or-
bitals,s andpz (∆QL, dotted line).

FIG. 9: (Color online)∆V as a function of thez coordinate for the
dimerized structures Mo2@1CNT and Mo2@2CNT. The chirality of
the nanotube is (10,0).

orbitals) lose charge, which is consistent with thespz band
crossing the Fermi level (see Figs. (6) and (7)). Fig. (8) also
shows the charge variation in the transversal and longitudinal
orbitals separately. The charge transfer towards Mo transver-
sal orbitals is favored by the encapsulation, decreases linearly
as the nanotube radius increases and is still present for rela-
tively large nanotube radii. On the other hand, Mo longitudi-
nal orbitals lose charge for small nanotube sizes, but this loss
rapidly disappears (exponentially) when the nanotube radius
increases. The excess of charge in the transversal orbitalsand
its disappearance for large CNT radii can be explained as an
effect of the bonding between these orbitals and thep orbitals
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FIG. 10: (Color online) Charge density around the Fermi level for the dimerized Mo wire (a) and the zigzag (10,0) nanotube(b) (keeping fixed
the structural configurations they have in the hybrid nanostructure) and both of them in the hybrid nanostructure (c).

from the C atoms, which is reflected in the strong hybridiza-
tion between them.

We have also analyzed the change in the electrostatic poten-
tial at the nanotube walls when the Mo wire is introduced33.
Such potential could be able to trap electrons,39,40produce en-
tangled electrons pairs and tailor the interaction betweenstatic
and flying qubits41. To estimate this change, which is related
to charge transfer, structural modification and hybridization
between the Mo atoms and the nanotube, we have calculated
the electrostatic potential at the walls of the nanotubes with
and without the Mo wire and subtracted one from the other,
i.e.∆V (z) = Vwith(z)−Vwithout(z). We note that this poten-
tial only depends on thez coordinate due to the axial symme-
try. We plot in Fig. (9)∆V (z) for 2 dimerized Mo wires with
different concentrations inside a (10,0) carbon nanotube.As
expected, clearly defined wells appear around the dimers, with
a valley in the position of each Mo atom due to the presence of
more negative charge at these points. The absolute maximum
in ∆V (z) appears at the middle point between dimers. For
Mo2@2CNT,∆V (z) has enough room to reach nearly zero,
meanwhile for Mo2@1CNT this is not possible.

The displacement of thespz band from the Mo wire to-
wards the Fermi level is concomitant with the charge varia-
tion of these states, as illustrated in Fig. (8) and discussed
above. Therefore, regardless of the chirality of the system, if
the nanotube radius is small enough to produce a noticeable
charge variation in the longitudinal orbitals, thespz band of
the Mo wire will enter the Fermi level and contribute to the
conduction (see Figs. (6) and (7)). By calculating the band
structure and transmission channels of each structure, we have
found that thespz band enters the Fermi level for zigzag nan-
otubes up to the (10,0) and for armchair nanotubes up to the
(6,6), which means that there is a transition radius around 4.2
Å. This implies that, if the nanotube has an appropriate ra-
dius, when the insulator dimerized Mo wire is encapsulated,
the resulting system has metallic behavior, even if the nan-
otube is also an insulator. As an example, we plot in Fig. (10)
the density of states in real space integrated around the Fermi
level for the dimerized Mo wire inside the zigzag (10,0) nan-
otube, and we compare it with the corresponding density of
states of its isolated constituents. Since both the isolated nan-
otube and Mo wire are insulators, there is no density of states

around the atoms as illustrated in the picture. However, when
the hybrid quasi one-dimensional system is formed, a notice-
able amount of density of states is present. This density of
states is delocalized through the whole system (both C atoms
and Mo atoms) and results from the hybridization between the
spz band of Mo with thep bands of C around the Fermi level.
These states make the hybrid system conductive at low bias
voltage. Therefore, encapsulating Mo wires in CNT is a way
to create conductive quasi one-dimensional hybrid nanostruc-
tures from their insulating constituents.

V. CONCLUSIONS

We have investigated monoatomic chains of molybdenum
encapsulated in single walled carbon nanotubes of different
chiralities. The electronic structure and the optimal atomic ar-
rangement have been calculated using the DFT code SIESTA
with the generalized gradient approximation. We have also
used the non-equilibrium Green’s functions formalism as im-
plemented in the SMEAGOL code26 to calculate the conduc-
tance in the ohmic regime.

We have found that the insertion energy mainly depends on
the diameter of the nanotube, and is independent of its chi-
rality. The thinnest nanotubes able to encapsulate a Mo wire
were the (7,0) and the (4,4), both of them with a radius around
2.8 Å. Among zigzag nanotubes, which have a lattice con-
stant of 4.29Å, the ground state was formed by a dimerized
Mo wire unit cell per unit cell of the (9,0) nanotube. This
meant that the length of the Mo wire was compressed a 6 %
with respect to the free-standing configuration. Among arm-
chair nanotubes, which have a lattice constant of 2.48Å, the
ground state had a dimerized Mo wire unit cell per 2 unit cells
of the (5,5) nanotube, which led to a Mo wire stretched an 8
%. These nanotubes, which are the optimal for encapsulating
Mo wires, have radii around 3.5̊A.

We have also calculated the diffusion energy barrier, which
decreases rapidly when the radius of the nanotube is in-
creased. We have demonstrated that chirality in this case plays
a role, since armchair nanotubes present a lower energy bar-
rier. A too low diffusion energy barrier could hamper however
the experimental production of such structures since the wire
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would be able to move easily along the nanotube under me-
chanical or thermal perturbations.

Finally, we have shown that the bonding between the
transversal orbitals of Mo and thep orbitals of the C atoms
upon encapsulation leads to electronic charge transfer towards
those Mo transversal orbitals. We have found that this trans-
fer is still present for relatively large nanotube radii. The spz
band of the insulator free-standing dimerized Mo wire was
preserved when the wire was compressed or stretched inside
the carbon nanotubes but it moved up in energy as a conse-
quence of the encapsulation, eventually reaching the Fermi
level and contributing with thep bands of the CNT to a low-
bias total conductance of 3G0. The spz band crossed the
Fermi level for zigzag nanotubes up to the (10,0) and for arm-
chair nanotubes up to the (6,6). This implies that, if the nan-
otube has an appropriate radius, like the (9,0) or the (5,5),
when the insulator dimerized Mo wire is encapsulated the re-

sulting system has always metallic behavior, even if the nan-
otube is also an insulator. Therefore, encapsulating Mo wires
in CNTs can lead to metallic nanostructures comprised of
parts which are insulating on their own.
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