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Structure and electronic properties of molybdenum monoatomic wires encapsulated in carbon
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Monoatomic chains of molybdenum encapsulated in singléediaarbon nanotubes of different chiralities
are investigated using density functional theory. We aweitee the optimal size of the carbon nanotube for
encapsulating a single atomic wire, as well as the mostestaoimic arrangement adopted by the wire. We
also study the transport properties in the ballistic regijmeomputing the transmission coefficients and tracing
them back to electronic conduction channels of the wire &edhibst. We predict that carbon nanotubes of
appropriate radii encapsulating a Mo wire have metallicavédr, even if both the nanotube and the wire are
insulators. Therefore, encapsulating Mo wires in CNT is & weacreate conductive quasi one-dimensional
hybrid nanostructures.

PACS numbers: 31.15.A-, 73.23.Ad, 73.63.Fg. 72.80.Ga
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I. INTRODUCTION is that it prevents the wires inside from degradation (like
oxidation) at ambient conditions. Carbon nanotubes (CNT)

e . . ; ; - 715,17
Miniaturization is one of the most important goals in mod- Nave already been filled w_ltr;g]t_rar?sg{gn metals ":‘Tgod
ern electronics. Besides the gain achieved with the reatucti Other elements like germanium,iodine™ or lanthanun.

of size and energy consumption in general, approaching th\S‘,.everaI reliable techniques have been developed to synthe-

scale of nanometers also means that new and exciting proglze such quasi one-dimensional nanostructures inside car
erties arise due to quantum confinement effects. At this sizB°N hanotubes, such as annealing metal nanowires confined

regime in which it is possible to reduce dimensionality and'" Nanotubes based on the Rayleigh instability (instabilit
even one atom more or less can make a difference, the ge

gf liquid cylinders due to surface tension), using fullexen
metrical and electronic structures and related propelities c2ges and catalytic decomposition of precursors, using arc
magnetism, transport, optics, hardness, etc. are, in gener

discharged procedures, etc. In most cases however, either o
different to those of the macroscopic material. Thus, tlekse

dimensional arrays of clusters or wires with transversal se
for low-dimensional systems with potential technologiapd tion larger than a single atom were produced, although Guan
plications is a matter of intense research in nanoeleatsoni

et al. managed to generate a single atomic chain of iodine
9 .
and spintronics. longer than 10 nm? In the particular case of Mo, the group
Low-dimensional transition-metal systems have been ex

of Dresselhaus has done an interesting study. In their first
; 15 :
tensively investigated due to their interesting electzcaid experimental work the authors concluded that monoatomic

magnetic properties coming mainly from the geometry-

wires were formed inside CNTSs. In their second wWérlkcal-
dependent unfilled! band andsp-d hybridization effectd culations were performed for finite transversal section Mo b
For instance, transition-metal surfaces and interfacesnar- .

wires, and the experimental data were reinterpreted cdnclu
dimensional systems whose growth and properties are re!.[]g that the encapsulated wires had such finite transvezsal s
atively well controlled and characterized at presehtThe ion instead of be7|ng monoatomic. Later, in a most recent ex-
ultimate goal however in reducing the dimensionality in perimental work” they have shown that the arrangements (.)f
transition-metal structures is the monoatomic wire, witiah encapsulated Mo can be contralled to some extend by varying

be considered an ideal system to investigate quantum effectLhe rneactlonl ctor&dltrlf’)]nf.invgr,lﬁ:[h?rrr:oirrloa'i(i)"rnlﬁ Mo rv]wres (t;?r;\
Thus the fabrication of stable transition-metal monoatomi °€ €ncapsuiatedorno S remains stilf an open questio

wires is a challenge that is being extensively researchéieat ~ From the theoretical point of view, there are still few ab-
moment. initio studies of these types of quasi-one dimensional hy-
Nanotubes are natural quasi one-dimensional nanostru€rid systems. Both Yangt al? and Ivanovskayt al?2
tures with promising applications as building blocks in Nave studied within density functional theory (DT iffer-
nanoelectronicd. There is a wide variety of nanotubes de- €Nt transition metal nanowires (Ti, Fe, Co, Zr) inside carbo
pending on the constituent elements, wall size and chiralP@notubes with the aim of exploring their structural argng
ity. Since they provide space available for encapsulatifigd Ment, electronic properties and magnetic behavior. Tab'éta
ferent kinds of nanostructures, nanotubes have opened nefivestigated finite transversal section Mo wires encapsdla
prospects for the design of quasi one-dimensional hybridh CNTs.
nanosystems by filling them with such nanostructures (clus- In arecent work? we investigated with the codes SIES?FA
ter arrays, wiresy.An important aspect of the encapsulation and SMEAGOI2® the electronic structure and transport prop-
into carbon nanotubes, which has technological implicesjo erties of free-standing single atomic chains of molybdenum
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TABLE I: Insertion energy of the ground state of the Mo wireapsulated inside zigzag and armchair nanotubes of diffealii.

zigzag nanotubes armchair nanotubes
chirality | radius @) | Insertion Energy (eV)| chirality | radius @) | 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 wasErnzerho# and the additional non-collinear (NCL) GGA im-
found to be made of tightly bonded dimers which were non-plementation by Garcia-Suaretzal 22 We replaced the atomic
magnetic. The formation of the dimers was due to the strongores by nonlocal norm-conserving Troullier-Mar&hpseu-
covalent bond made between pairs of Mo atoms, necessary tiopotentials, which were factorized in the Kleinman-Bilan
achieve a closed-shell electronic configuration (the Manato form®° and generated using the atomic configuratigh 5s'
has exactly a half filled valence configuration). We found5p® with cutoff radii of 1.67, 2.30 and2.46 a.u., respectively,
that such dimerization of the molybdenum atomic wires hasn the case of Mo, ands? 2p? with cutoff radii of 1.25 and
dramatic effects on their electronic and transport progert 1.25, respectively, in the case of C. This electronic configura-
While equidistant wires were found to be metallic and havetion for Mo was the same as that used by Zhanal 2! in their
a very high zero-bias conductance, dimerized wires showed study of Mo clusters. These authors concluded that the use of
large gap which made them insulators. We hence found thahe semicorep® states worsens the results for bulk Mo struc-
these chains show a metal-to-insulator transition as aifumc ture and that thed® 5s! 5p° configuration is a better choice
of the intra-dimer distance. for clusters larger than the dimer. We also included noaline
Although long single atomic molybdenum wires can not becore corrections for Mo, generated with a radius of 1.2 a.u, t
grown in a free-standing environment, they could be syntheaccount for the overlap of the core charge with the valehce
sized in the inner hollow of a carbon nanotube, which wouldorbitals and to avoid spikes which often appear close to the
stabilize them. Itis therefore important to survey thisgiois-  nucleus when the GGA approximation is used. We tested that
ity as well as to analyze the electronic behavior and trarispothis pseudopotential reproduced accurately the eigeesalti
properties of the resulting one-dimensional hybrid nammst ~ different excited states of the isolated Mo atom. The pseu-
tures. This is the aim of the present work, in which we havedopotential of C is the same as the one used by Garcia-5uare
investigated monoatomic chains of molybdenum encapsllateet al. in their study of nanotube-encapsulated metallocene
in single walled carbon nanotubes of different chiralitiéee ~ chains3?:33
have determined _the optima_l siz_e of the carbon nanotube for gjesTA employs a linear combination of pseudoatomic or-
encapsulating a single atomic wire, as well as the mostestablyta|s to describe the valence states. The basis set of Mo in-
atomic arrangement adopted by the wire inside. We have ohsyded double: polarized (DZP) orbitals, i.e. two radial func-
tained insight on the bonding between the Mo chain and it§jons 1o describe thas shell and another two for eachstate
host by analyzing the band-structures and densities @sstat qf the 4 shell, plus a single radial function for eaglstate of
Flnelly, we have sf[udled the transport properties in the|0hm the emptyp shell. For C, we used a doubleDZ) basis with
regime by computing the transmission coefficients andigci g radial functions to describe tis shell and another two
them back to electronic conduction channels of the wire ang,, eachp state of the2p shell. SIESTA also uses a numerical
the host. grid to compute the exchange and correlation potential, and
The rest of the paper is organized as follows. In next sectiofy perform the real-space integrals that yield the Hamiéton
we give the details of our theoretical approach. In Sectibn | and overlap matrix elements. We defined such grid with an en-
we present and discuss the structural properties of eneapsgrgy cutoff of 200 Rydberg. We also used 0points along
lated wires. Electronic and transport properties are ptese  the direction of the nanotube, which were found to be enough

in section IV. The main conclusions are summarized at thQO converge the energy of the System and the band structure.

end. e .
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
Il. DETAILSOF THE DFT APPROACH algorithm34to relax the atomic positions until the interatomic
forces were smaller than 0.005 ef\//FinaIIy, we performed
Our calculations of the electronic structure were perfarme careful tests for particular cases to ensure the qualitystard
with the DFT code SIESTA? We calculated the exchange bility of the basis set and the real space energy cutoff em-
and correlation potential with the generalized gradient apployed. We found that the results were hardly modified when
proximation (GGA) as parametrized by Perdew, Burke andhe DZP basis of Mo was replaced by a trigleloubly po-
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FIG. 2: (Color online) Insertion energy as a function of tla@otube
radius for the ground state of the Mo wire encapsulated éndit

ferent zigzag and armchair nanotubes without (a) and witBESE
corrections, as discussed in the text.

dimers with a separation between atoms of 1%6and an
inter-dimer distance of 3.0A, which leads to a lattice con-
stant of 4.59.2¢ The dimer formation comes from the exact
half filling of the Mo electronic shells. Therefore, strongc
142 & 496 A valent bonds are made and the resulting wire is non-magnetic
(b) The free-standing chains have an energy gap of about 1.5 eV
around the Fermi level, which makes them insulators.
FIG. 1: (Color online) Ground state of a Mo wire inside (a) &}9 We have simulated Mo wires inside single-walled carbon
zigzag nanotube and (b) a (5,5) armchair nanotube. nanotubes with zigzag and armchair chiralities of différen
radii. All the armchair nanotube3:, n) are metallic, while
izgéii;zag nanotube@, 0) can behave as a metal or as an insu-
or, depending on whether/3 is an integer or not. Exhaus-
e calculations have been performed by testing both dimer

larized basis set. The basis set used for C has been validat
in previous works?33 Similar results were also obtained by

considering an electroeryc temperature of 100 K. _ ized and equidistant encapsulated monoatomic Mo wires with
We used SMEAGOE to compute the conductance in the igerent concentrations (i.e. different separationsaleen

ohmic regime. This code is a flexible and efficient imple- 4 gimers in the dimerized chains and between atoms in the

mentation of the non-equilibrium Green’s functions formal equidistant chain) inside the nanotube. We always found the

ism (NEGF) and is specially designed to calculate the ransgimerized wires to be the most stable ones for every nanotube
port properties of nanoscale systems. SMEAGOL obtalnsthg\mong zigzag nanotubes, which have a lattice constant of

Hamiltonian from SIESTA and calculates the density and thg, 59 & "the ground state was formed by a dimerized Mo wire
transmission with the NEG_F' _Usmg th_e_Landauer forula unit cell per unit cell of the (9,0) nanotube. This meant that
and expanding the transmission coefficieRl(sr, V) at low a4 of the Mo wire was compressed a 6 % with respect to

energy and low voltage, the low-voltage differential coadu e free-standing configuration. Among armchair nanotubes
tance can be shown to be equal to which have a lattice constant of 2.48 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
uated at the Fermi level, ar@ — 2¢2/h is the conductance folr the (5,5) armchair one. Encapsulated dimerized Mo Wire_s
with concentrations other than these ones, as well as equidi

guantum. Therefore, the zero-voltage transmission etedua Mo wi hich h hiaher i ised
at Er provides an estimate of the differential conductance inant Mo wires, which were much higher in energy, are revise

the ohmic regime. Notice that in a ballistic one-dimensionaat e end_ of this section. oo
periodic system the zero-voltage transmission coeffi@atat We define the insertion energy of the Mo wire inside the
given energy just counts the number of bands at this energ ,anotube as the difference between the energy of the whole
i.e. the number of transmission channels. ystem €ent+nio), and the energy of the isolated carbon
nanotube Font) plusn times the energy of an isolated Mo

atom @ is the number of Mo atoms in the cell). Finally, we
I1l. STRUCTURAL PROPERTIES divide byn in order to normalize.

G(V) = j—é ~ GoT(Er,0) (1)

whereT (Er, 0) stands for the zero-voltage transmission eval

The ground state of a periodic monoatomic Mo wire in

. . e X _ EonTinMo — Eont — 1 B
a free-standing configuration is formed by tightly bonded Er(Mo) = .

n

)
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Since we are using localized pseudoatomic orbitals in the Average Mo-Mo distance (A)

basis set, the calculation of the insertion energy mustitike . . .
ror arises due to the different dimension of the Hilbert gsac distance between adjacent Mo atoms for dimerized Mo wirefifof
associated to the whole system and each of its constituenE%rent concentrations encapsulated inside (9,0) and @&sgtubes.

. . . ach point Mg, @mCNT corresponds to Mo atoms insiden car-
taken separately. To avoid this error, we have considered t on nanotube cells, where a zigzag cell corresponds to agrigait

ghost atom method, which consists in including ghost atomsee| ang an armchair cell corresponds to 2 armchair uniscélhe

i.e., pseudo-atomic orbitals without any atomic poteniial  yertical dashed line corresponds to the free standing asafiign.
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 i

or thermal agitation, possibly breaking the chain. Furttrer
stance, benzene adsorbed on carbon nanctlibegentacene g b y g d

hvsisorbed Id 28 lot in Fi he i Mo atoms are expected to leave the chain just as liquids leave
physisorbed on go (.OO"'We plotin Fig. Q) the INser- 5 straw. To obtain this energy barrier we have calculated the
tion energy as a function of the nanotube radius for differeng gy of the system when the Mo wire is displaced along the
zigzag and armchair nanotubes with and without the BSSE, 151 nanotube from its relaxed structure, without relgxi
correction. We have found that the BSSE correction has 2 ef'gain. In Fig. [(B)(a), we plot the height of the energy barrie
fects in our calculations. On one hand, since th_e ENergy Yor all of the previous systems. As expected, the value of the
ea::h separhated copwponelnt de}crhea_ses when its Hilbert spacgferqy barrier decreases rapidly when increasing the sadiu
enlarged, the absolute value of the insertion energy dsesea ¢ yhe nanotube, as the interaction between the nanotube and

O_n fthe other h"’?”d’ the BS.SE moves the radius for which thg, e ire tends to disappear. We have surprisingly found that
minimum insertion energy is obtalneq to lower values. Therechirality in this case plays a role, since armchair nanatube
fore, the BSSE correctlo.n is essential to. produce correct represent a much lower energy barrier. This energy barrier be-
sults, and all our calculations have taken it into account. comes sizeable only for armchair nanotubes with radii giort
Fig. (2)(b) and Table | show that the insertion energythan 3A, as shown in Fig. 3(a). Interestingly, although the
mainly depends on the diameter of the nanotube, and is irmodulus of their insertion energy is about 1 eV lower than
dependent of its chirality. The thinnest nanotubes thaewerthat of the system with the optimal radius (see Fig. 2), the fo
found to be able to encapsulate a Mo wire were the (7,0) anghation of the structure with these short radii is still exath
the (4,4), both of which have a radius around 2.8Thinner  mic. Therefore, we expect that encapsulated Mo chains could
nanotubes deform a lot upon Mo insertion and lose their symbe seen experimentally in zigzag nanotubes with radii of the
metry. The minimum in the insertion energy was achievecbrder of 3A. It is also relevant to note that the energy barrier
for (9,0) and (5,5) nanotubes, with radii around &5For  in zigzag nanotubes is insensitive to their metallic or iasu
thicker nanotubes the bonding between the wire and the nafihg nature. It is not easy to deduce specific numbers for the
otube slowly disappears and the insertion energy increasegom mobility even assuming an Arrhenius-type law for it,
asymptotically towards a constant value, due to the bonding = T0exp(— Eparrier/ KT, since we do not know the typ-
between Mo atoms. This asymptotic limit corresponds to dcal time 7, for activation. For a typical experimental setup,
Mo wire with interatomic distances close to the free-stagdi we would user ~ few days~ 10° seconds. Introducing
case, i.e., without interactions with the nanotube. this number, as well as a slowy ~ 10710 seconds in the
The energy of the wire inside the carbon nanotube als@quation above gives temperatures for a working device be-
varies as the wire is moved along the axis of the nanotubdow ~ 150K. Hence, we predict that the experiments should
We define the diffusion energy barrier as the maximum enbe performed at moderately low temperatures.
ergy referred to the ground state energy that the wire has to The structure of the chain is also affected by the nanotube.
overcome when moving along the nanotube, normalized pein Fig. (3)(b), we plot the length of the encapsulated Mo
Mo atom. This energy barrier has an essential importancdimers as a function of the nanotube radius, with the length
in fixing the encapsulated wire, since a too low energy barof the dimer in the free-standing Mo wire marked by a dashed
rier would allow the Mo atoms to move under small forcesline. For short nanotube radii, the Mo dimers are compressed
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by the effect of the nanotube potential. However, they gl "Gl R "Gl

towards a constant value when the nanotube gets thickes. ) ) ) .

constant value for the dimer length is 1 % longer for armer  F!G: 6 (Color online) Band structure, orbital-projecteendities

nanotubes than in the free-standing case, meanwhile insiogé states and transmission channels of the system formed\by a
) tubes the di | i ’ da5%. T imerized wire encapsulated inside a (9,0) carbon nanpttdra-

zlgzag nanotubes e dimer length IS COMpressed a 5 %. TG qq with those of its constituents separately.

Mo dimer length does not converge to the same value as i

the free-standing case since we impose a lattice constant co

dition to commensurate with the lattice constant of the Nanpy the type of nanotube, being a bit lower in the case of zigzag
otube. nanotubes. In case of encapsulated equidistant Mo wires
Dimerized Mo wires of different concentrations have alsowith an interatomic distance between Mo atoms shorter than
been simulated inside (9,0) and (5,5) carbon nanotubes. Wground 3A we found that the Mo atoms tend to dimerize and
have studied systems with a numbeof nanotube cells vary-  the wire is not able to retain its equidistant arrangemere. W
ing from 2 to 5 (where a zigzag cell corresponds to one zigzagiso found that the insertion energy increases as the distan
unit cell and an armchair cell corresponds to 2 armchair unibetween Mo atoms is increased, and becomes positive for
cells), andn Mo atoms in a dimerized structure. We plot in Mo-Mo distances larger than 3.2% Therefore, equidistant
Fig. (4) the insertion energy of these arrangements, ldbeleMo wires encapsulated inside carbon nanotubes could be
as Mo, @mCNT, as a function of the average distance be-achieved with an interatomic distance between 3etd
tween adjacent Mo atoms. The minimum in the insertion en3.25 A, which corresponds to the range where the insertion
ergy per Mo atom is found for M@ 1CNT, for both (9,0) energy is negative. However, these values are more than 2 eV
and (5,5) carbon nanotubes. Then, Mo wires tend to resemblgigher than in the dimerized arrangement.
as much as possible the free-standing one (dashed line). In-Unlike the dimerized Mo wires, the equidistant wires are
creasing the concentration leads to wires with an interedim magnetic, with an antiferromagnetic (AFM) coupling betwee
distance close to the dimer length, which introduces a legh r adjacent Mo atoms and a magnetic moment of aroupd 5
pulsion and leads to a rapid increase in the insertion energper Mo atom. A ferromagnetic (FM) state can also be found,
On the other hand, when the Mo concentration is decreasedith an energy difference per Mo atom between the FM and
the insertion energy increases asymptotically to the vafue the AFM which is larger than 300 meV for the structures with
an isolated dimer inside the carbon nanotube. negative insertion energy and that asymptotically dee®as
Encapsulated equidistant Mo wires of the typetowards zero as the distance between Mo atoms increases.
Mo.@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, theggner ~ |V. ELECTRONIC STRUCTURE AND TRANSPORT

barriers that the nanotube produces might make the system PROPERTIES
metastable. We have therefore simulated equidistant Mo
wires of different concentrations inside (9,0) and (5,5poa We have calculated the band structure, densities of states

nanotubes (Mp@mCNT), composed by. equidistant Mo  and transmission channels of the M@1CNT for different
atoms insidem nanotube cells, in a similar way as we did thicknesses and chiralities. Figg] (6) ahH (7) show theltesu
with the dimerized wires. The results for the insertion gger for the cases corresponding to the (9,0) and (5,5) nanotubes
are shown in Fig.[{5). The insertion energy depends mainlyespectively. To clarify the discussion, we have also calcu
on the distance between Mo atoms and is not much affecteldted the above properties for the empty nanotube and the iso
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FIG. 7: (Color online) Band structure, orbital-projecteendities
of states and transmission channels of the system formed\by a
dimerized wire encapsulated inside a (5,5) carbon nanptcdra-
pared with those of its constituents separately.

Mo,@1CNT

lated Mo wire with their geometries fixed to those within the
Mo,@1CNT systems. The ground state of the free-standing
Mo wire exhibits asp, band below the Fermi levek(is the
direction of the wire) that leads to a transmission chaneel b
tween -2 and -1 e¥ This band is preserved when the wire is
compressed (Figl6)) or stretched (FId. (7)) inside theaar
nanotubes. However, it moves up in energy as a consequence B ' K ' R e
of the encapsulation, eventually reaching the Fermi |eMais AN g ®
leads to a low-bias total conductance of:3 due to 3 trans-
mission channels at the Fermi level, one fromipgband of
the Mo wire and two others from the 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 e s R 8 2 16
of some bands and has important implications in the trans-
port properties, we have calculated the change in the eleg;|G. 9: (Color online)AV as a function of the coordinate for the
tronic charge of the Mo atoms encapsulated in the differengimerized structures M@1CNT and Me@2CNT. The chirality of
nanotubes investigated. We take as reference the charge tife nanotube is (10,0).
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 chargebitals) lose charge, which is consistent with the band
transfer changes its sign when the nanotube radius inareaserossing the Fermi level (see FigEl (6) abd (7)). Hig. (8 als
leading to a maximum for (10,0) and (6,6) nanotubes. Foshows the charge variation in the transversal and longialdi
nanotubes with large enough radii, the charge transfestend orbitals separately. The charge transfer towards Mo temsv
0 as the interaction between the wire and the nanotube disapal orbitals is favored by the encapsulation, decreasearlin
pears. Therefore, Mo wires inside (9,0) and (5,5) nanotubess the nanotube radius increases and is still present for rel
which correspond to the most stable configurations, inereagtively large nanotube radii. On the other hand, Mo longitudi
their charge. We have also calculated the charge variation inal orbitals lose charge for small nanotube sizes, but tisis |
each cartesian orbital. We have found thatdhe, d,. and  rapidly disappears (exponentially) when the nanotubeusadi
ds,2_,» orbitals are only slightly affected by the encapsula-increases. The excess of charge in the transversal oraitdls
tion; p., py, dzy @andd,2_,» (Which are transversal orbitals) its disappearance for large CNT radii can be explained as an
increase their charge, andandp. (which are longitudinal effect of the bonding between these orbitals andsitbebitals

- Mo,@2CNT

&

AV (meV)
3

3
;

-80
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FIG. 10: (Color online) Charge density around the Fermillemethe dimerized Mo wire (a) and the zigzag (10,0) nanot(ijegkeeping fixed
the structural configurations they have in the hybrid namogdre) and both of them in the hybrid nanostructure (c).

from the C atoms, which is reflected in the strong hybridiza-around the atoms as illustrated in the picture. Howeverpwhe

tion between them. the hybrid quasi one-dimensional system is formed, a notice

otefile 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
sp. band of Mo with thep bands of C around the Fermi level.

d These states make the hybrid system conductive at low bias

to charge transfer, structural modification and hybridirat voltage. Therefor_e, encap_sulatln_g Mo WIres In C.NT IS a way

between the Mo atoms and the nanotube, we have calculatdd create cond_u<_:t|ve quasl 0ne-§j|men5|onal hybrid nanostr

the electrostatic potential at the walls of the nanotubek wi tUres from their insulating constituents.

and without the Mo wire and subtracted one from the other,

i.e. AV (2) = Viith (2) — Vawithout (2). We note that this poten-

We have also analyzed the change in the electrostatic p
tial at the nanotube walls when the Mo wire is introduted
Such potential could be able to trap electré®produce en-
tangled electrons pairs and tailor the interaction betvetetic
and flying qubité!. To estimate this change, which is relate

tial only depends on the coordinate due to the axial symme- V. CONCLUSIONS
try. We plot in Fig. [9)AV (z) for 2 dimerized Mo wires with
different concentrations inside a (10,0) carbon nanotutze. We have investigated monoatomic chains of molybdenum

expected, clearly defined wells appear around the dimetts, wi encapsulated in single walled carbon nanotubes of differen
avalley in the position of each Mo atom due to the presence ofhiralities. The electronic structure and the optimal dtoan-
more negative charge at these points. The absolute maximupgngement have been calculated using the DFT code SIESTA
in AV (z) appears at the middle point between dimers. FOKyith the generalized gradient approximation. We have also
Mo, @2CNT, AV (z) has enough room to reach nearly zero, sed the non-equilibrium Green’s functions formalism as im
meanwhile for Mg@1CNT this is not possible. plemented in the SMEAGOL coé&to calculate the conduc-

The displacement of thep. band from the Mo wire to- tance in the ohmic regime.
wards the Fermi level is concomitant with the charge varia- We have found that the insertion energy mainly depends on
tion of these states, as illustrated in Figl (8) and disalissethe diameter of the nanotube, and is independent of its chi-
above. Therefore, regardless of the chirality of the system rality. The thinnest nanotubes able to encapsulate a Mo wire
the nanotube radius is small enough to produce a noticeablgere the (7,0) and the (4,4), both of them with a radius around
charge variation in the longitudinal orbitals, thg. band of 2.8 A. Among zigzag nanotubes, which have a lattice con-
the Mo wire will enter the Fermi level and contribute to the stant of 4.29A, the ground state was formed by a dimerized
conduction (see Figs[J(6) and (7)). By calculating the bandvio wire unit cell per unit cell of the (9,0) nanotube. This
structure and transmission channels of each structureawes h meant that the length of the Mo wire was compressed a 6 %
found that thesp. band enters the Fermi level for zigzag nan- with respect to the free-standing configuration. Among arm-
otubes up to the (10,0) and for armchair nanotubes up to thehair nanotubes, which have a lattice constant of 248e
(6,6), which means that there is a transition radius arouid 4 ground state had a dimerized Mo wire unit cell per 2 unit cells
A. This implies that, if the nanotube has an appropriate raof the (5,5) nanotube, which led to a Mo wire stretched an 8
dius, when the insulator dimerized Mo wire is encapsulated%. These nanotubes, which are the optimal for encapsulating
the resulting system has metallic behavior, even if the nanMo wires, have radii around 3A.
otube is also an insulator. As an example, we plot in Figl (10) We have also calculated the diffusion energy barrier, which
the density of states in real space integrated around theiFer decreases rapidly when the radius of the nanotube is in-
level for the dimerized Mo wire inside the zigzag (10,0) nan-creased. We have demonstrated that chirality in this cases pl
otube, and we compare it with the corresponding density o& role, since armchair nanotubes present a lower energy bar-
states of its isolated constituents. Since both the islage-  rier. Atoo low diffusion energy barrier could hamper howeve
otube and Mo wire are insulators, there is no density of statethe experimental production of such structures since the wi
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would be able to move easily along the nanotube under mesulting system has always metallic behavior, even if the nan
chanical or thermal perturbations. otube is also an insulator. Therefore, encapsulating Meswir
Finally, we have shown that the bonding between than CNTs can lead to metallic nanostructures comprised of
transversal orbitals of Mo and theorbitals of the C atoms parts which are insulating on their own.
upon encapsulation leads to electronic charge transfertisv
those Mo transversal orbitals. We have found that this trans
fer is still present for relatively large nanotube radii.€ldp,
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-
guence of the encapsulation, eventually reaching the Fermi This work was supported by the Marie Curie network
level and contributing with thg bands of the CNT to a low- NanoCTM, by the Spanish Ministry of Education and Sci-
bias total conductance of Gy,. The sp, band crossed the ence in conjunction with the European Regional Development
Fermi level for zigzag nanotubes up to the (10,0) and for armfund (Projects FIS2008-02490/FIS and FIS2009-07081), and
chair nanotubes up to the (6,6). This implies that, if the-nanby Junta de Castilla y Lebn (Project GR120). VMGS thanks
otube has an appropriate radius, like the (9,0) or the (5,5the Spanish Ministerio de Ciencia e Innovacion for a Juan de
when the insulator dimerized Mo wire is encapsulated the rela Cierva fellowship.
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