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Received 00th January 2014, Metallic oxide compounds have interesting appli@asi in catalysis, in optoelectronics, and ac

Accepted 00th January 2014 sensitive detectors. One of these, Ru@ also an excellent material for charge storage.
Composite core—shell nanowires formed by an inneuliating SiQ wire serving as scaffold to
an external Ru@nanotube have promising uses. Electronic structaleulations reveal an

www.rsc.org/ interesting modification of the electronic bandusture of the external oxide shell induced by
the presence of the Sj@ore. The small changes in the interatomic distanioc RuQ as it
adapts to the underlying core lead to some bandssarg the Fermi level, and to an
enhancement in the metallicity of the system. Asbasequence, a substantial increase of the
conductance of the wires is predicted when the amitp SIQ@RuO, wires are
accommodated between two gold electrodes. Thetrsaghests that the small strain occurrino
as metal-oxide wires adapt to the insulating coemn de used to tailor the electrical
conductance.
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Metallic oxide compounds have attracted increasitigntion affect its structure and electronic propertiesq@aspared to the
due to their wide applicability range as catalystsin properties of empty Rufhanotube?). Indeed, we find that the
optoelectronicS® and as highly sensitive detectérsy name electronic structure of the RyGhell suffers changes in the
just a few. Additionally, a large variety of metalloxides region near the Fermi energy, which lead to a sulbist
exhibits enhanced paramagnetic, ferromagnetic, a@dhancement of the conductance. This finding suggesiew
antiferromagnetic behaviors, which can be combinddyered method to modify the electronic and conducting prtips of
heterojunctiond. The study of nanostructured metallic oxidesnetal-oxide nanowires and nanotubes, by preparitare:shell
such as monolayers, surfaces, nanoclusters andub@sd’® nanocomposite wire with the thin metal oxide skalrounding
has arisen as an area with promising technologigplications. an inner SiQ core.

It is important to notice the advances in the stwdytheir

electronic, magnetic and optical properties, whiah be tuned, Si0:@Ru0: (4/12)

depending on the targeted functionality, by introdg
structural defects or just by doping. As a consaqagthe step SIDE
from laboratory research towards design and fatioicaof <
devices is nowadays getting closer.

A paradigmatic example of metallic oxide compouisd
ruthenia, Ru@ which has a low resistance and high thermal
and chemical stabilities at ambient conditions]dyiey a good
material for applications such as corrosion-reststdectrodes

for chlorine or oxygen evolutioh;*?or as a catalytic agent for e
photodissociation of watéf. Ruthenia is an extraordinary Si0:@Ru0: (12/16)
material for charge storatfe that possesses the highest SIDE FRONT

measured efficiency. Employing cores of an inexpens
material acting as its scaffolding becomes an ideay to
reduce the content of the expensive metal ruthenkotiowing
this line, cylindrical fibers and nanowires have ebe
synthesized formed by a thin Ru&hell surrounding the inner
solid core formed by a Sihanowire®® This has motivated us
to study small diameter composite SERuUQ nanowires with
the purpose of assessing their electronic and auimdu
prop_ertles. _MOSt low diameter Sﬂo nanowires have Figure 1. Side and front views of the two optimized S@RuQ
semiconducting charactét. The constraints imposed on th&anowire models used in the present study. O, 8iRum atoms are
surrounding Ru@shell by the Underlying core may Someho%presented by red, yellow and pink spheres, ré¢ispbc
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Figure 2. GW+BSE-corrected DFT band structure diagramei(red to the Fermi energy) for the pure Rm@notubes with 12 and 16 functional
units per unit cell (extracted frdf) in comparison with those for the composite FERuUQ (4/12) and (12/16) nanowires, along the directic -
parallel to the nanotube axis. Two different viesfshe band diagram are given for each nanowisplaying wide and narrow energy windows
respectively. Projected densities of states foiSi@ core and the RuGhell are also included for the S@RuQ nanowires.

and excitonic effects. The Ry@hell has to adapt itself to the
presence of the inner SjCore, and this leads to important
modifications in the electronic properties of the@R tube.
Those modifications are a consequence of the smalct
changes in the outer shell of the nanocomposité agapts to
the underlying core. The structural changes ardlsing their
AN effects on the electronic structure are strong.ctEdaic
< {;j_; ;ﬂ_%i“ﬂ’g%‘&i? transport calculations have then been performedhinvithe

SiO2@RuOz2 (4/12) (unit cell x8)

SIDE VIEW SECTION VIEW

[
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) Fisher-Lee approath by placing finite portions of the

! SIO@RuUG, nanowires between two gold electrodes. In this
way, we map electrical conductance versus eneggating the
transport properties with the electronic-structukepromising
result is the prediction of a drastic increasehia tetallicity of
the external Ru® shell and a sizable enhancement of th.

SiO2@Ru0: (12/16) (unit cell x8)

SIDE VIEW SECTION VIEW electronic transport, compared to the isolated Roé@notube.
L) This occurs due to the presence of the core wirkiciw
T \i &N E y modifies the band structure of the external Rs@ell, thereby

COCTUT R - 't{‘_?, g inducing multiple band-crossings with the Fermidiev
,;.X?Lrw vy ] We have studied two SE@RuQ, nanowires with different

Toaannnn i

7 o pd b eh by

diameters. The nanowires have been constructed Ro@®,
nanotubes and SHO nanowires investigated in previous
works® The thin composite wire was formed from a SiO

nanowire with four Si@Q units per cell confined inside a RpO
nanotube of twelve RuQunits per cell, and the thick wire wa.:
Figure 3. Side and section views of fragments of the . ®BuQ formed from a Si@Q nanowire with twelve SiQunits per cell
(4/12) and (12/16) nanowires between gold elecsoudéh the shape of confined inside a Rufnhanotube of sixteen Ry@nits per cell.

a truncated pyramid. The length of the nanowirgrfrants is eight | the following, these two composite nanowiresl Wi called
times the unit cell. O, Si, Ru and Au atoms areresented by red, (4/12) and (12/16) nanowires, respectively. To e the
green, pink and yellow spheres, respectively. structures, the starting geometries were thermaatiyealed by
using a simulation method, which combines molecular
dynamics (MD) and slow cooling quenching, impleneehtn
FIrReBALL (seé® and references therein), a DFT code that uses a
localized-basis set for the electronic wave funddio This

We present first-principles calculations of theustural,
electronic and transport properties of SWRUG, nanowires.
Density functional theory (DFT) has been used tonoige the
geometric structures of these wires. The electrenergy band
structures of the nanowires have been improved dptyang
many-body techniques to account for self-energyections
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Figure 4. Calculated electrical conductance, ipubits, as a function of the energy, for the otiedi SIQ@RuQ (4/12) and (12/16) nanowire
fragments of Figure 3 accommodated between gotdreltes (panels A and B, respectively).

technique has been successfully applied for obtgirglobal shell. Nevertheless, the small dilatation of theeratomic
minimum energy structures of other one-dimensidikal- distances in the shell Ry@ompared to isolated RyQvires
system&>® (further details in ESI). To improve the interacti leads to important modifications of the electror@and-
between the core and shell parts of the composite, the structure.
structures obtained from the previous MD procesewsed as The electronic band-structures for the optimized
starting geometries in a steepest-descent reogttioiz carried SiO,@RuG (4/12) and (12/16) nanowires have been obtaine”
out with the plane-wave-based wBcF code?® which starting with the standard DFT electronic struciame applying
implements a perturbative treatment of van der Waahany-body corrections by combining the quasi-pEtiGW
interactions within the DFT+D approd&th(see ESI). During approacf?® to account for the exchange-correlation self
the whole structural optimization process all atomsre energy, and the Bethe-Salpeter (BSE) equétioro account
allowed to relax, and the lattice parameter pdrdite the for excitonic effects (electron-hole interaction ithe
nanowire axis was fully optimized. Additionally, iorder to unoccupied and excited states. For this purpose,Ydmso
evaluate the robustness of the structures obtaismmie tests simulation packag@has been used (see details in ESI).
were carried out by heating the system up to T=5@0H the Figure 2 shows the GW+BSE—corrected DFT bandture
nanowires were found to be stable (full descriptio&Sl). diagrams (where E = 0 is taken at the Fermi energy}hat
Figure 1 shows the optimized S@RuQ (4/12) and figure, the band structures parallel to the nanetaltis are
(12/16) nanowire structures. The Rushell has to adapt to thecompared to those for the pure isolated Rn@notubes in their
presence of the inner SjCrore, and this results in a slighbwn lowest energy equilibrium structure, along thigh-
change of the average shell radius, which increbge®% and symmetry linel' - X —» I'. The bands of the two pure RuO
5% for the SIQ@RuUQ, (4/12) and (12/16) wires, respectivelynanotubes (left columns in both A and B panels)il@kha
with respect to the starting Rg@anotubes. A measure of thepronounced dispersion along this high-symmetry. libose
shell-core interaction can be obtained as £E(SIG@RuG) nanotubes behave as indirect gap semiconductohsgaips of
- [E(SIO,) + E(RuQ)]. Here E(SIQ@RuUQ) is the total energy nearly zero magnitude. On the other hand, the poesef the
per unit cell of the composite nanowire; E(8i@nd E(Ru@) SiO, core induces substantial changes on the bandtsteuof
are the energies of the SiGore and Ru@shell fragments with the RuQ shell. Focusing on the energy region between -1 cv
exactly the same structure that these have in tdmposite and +1 eV around the Fermi level, a region domuohae RuQ
wire. The values of the interaction energy per ggit are -0.7 states, there is a modest splitting of bands treewongested
and -1.1 eV for the (4/12) and (12/16) nanowireg.ndticing in pure Ru@. A consequence is that the lowest unoccupied
that the unit cells of those two nanowires haved® 84 atoms, bands become stabilized and cross the Fermi larel, the
respectively, those energies reveal a quite snma#iraction highest occupied bands become destabilized andcatss the
between core and shell. For this reason,@igpears to provide Fermi level. In this way, the composite S@RuG, nanowires
an efficient and quite inert scaffold to suppo# thetal oxide  develop multiple band-crossings with the Fermi gperight
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column in both A and B panels), drastically inciegstheir
metallicity and conducting character. In the SRuUG, (4/12)
nanowire, two previously occupied and two previgusinpty
bands cross the Fermi level. The two previouslyupad bands
that now cross the Fermi level are degeneratearpthximity
of the X point, and the same occurs with the twevjmusly
empty bands. This builds up a promising scenani@fdancing
the conductance by the activation of new channals
electronic transport. Two of the crossing bandsoggh
previously unoccupied) display a parabolic behaviorthe
crossing region, a signature of free-electron-likehavior,
which increases substantially the mobility of thenduction

In addition, to address the influence of the wieadgth on the
conductance pattern we have carried out calculation a (4/12)
SiIO@RuUG nanowire fragment between the same two gold
electrodes with a wire length of ten unit cellsbe compared with
the results for a (4/12) SU@RuQ nanowire fragment with a length
of eight unit cells shown in Figure 4. The conabusiis that the
conductance patterns of the two nanowire fragmentith nanotube
fengths of eight and ten unit cells — are pradticéile same for the
energy window between -1.5 and 1.5 eV, which gueem
converged results with respect to the nanowiretkeng

Consequently, the enhancement of the conductancetchdme
attributed to the presence of the inner Sire; that is, to the

electrons. Similarly, in the SK@®RUQ, (12/16) nanowire, three changes in the electronic band structure arisiggnfithe small

previously occupied bands and one previously entppnd
cross the Fermi energy near the X point. As in ttkeer
composite wire, the previously empty band showsalpalic
free-electron-like behavior in the crossing regitm.addition,
previously empty bands also cross the Fermi levetha I'
point.

It is interesting to point out that stand&#®T calculations
using the local density approximation (LDA) to eaolge and
correlation (that is, without many-body correctiprdeliver
band structures very similar to those in FiguraviZh the same
main features and only minor specific differendasparticular,
the enhancement of metallicity due to the bandssing the
Fermi level is also predicted (see ESI).

To understand better
underlying the drastic metallicity enhancement, \wave
calculated the GW+BSE-corrected DFT projected dgnsf
states (PDOS) onto the separate ;St@re and Ru@shell, for

elongation of the interatomic distances in the Relell needed to
accommodate to the core. Additional effects indrepsthe

conductance may be the slight structural rearraegésnof the
nanowire fragments sandwiched between the Au eldesy;

especially at the contact regions; and that, evenguasi-static
equilibrium, electrons available from the Au eleds redistribute
the internal electronic charge of the nanowire lwihe chemical
potentials of electrodes and nanowire tending fgnahfter the

contacts are formed). Nevertheless, those effeetexpected to be
small compared to the main effect discovered h#rat is, the
changes in the band-structure of the nanotubes.

Conclusions

the origin of the mechanism

In summary, we have shown in this communicatioa th
reaches of the synergistic effect of core-shell ,8B®uG
nanowires. Such effect enhances significantly thetaitic

Page 4 of 5

both SIQ@RuUQ; (4/12) and (12/16) nanowires. The PDOS afgature of the external RyGshell, which in turn results in
shown also in Figure 2. The electronic bands inréggon near improved electronic conductance of the system. &Heghly
the Fermi level come exclusively from the Ru€hell. The conductive and stable core-shell nanostructurebs wétluced
electronic states of the inner Si@ore play no role in the Ru-content open up the pathway for cost-effectipgliaations

electronic conduction of the composite wires. Thsulating
SiO, core just acts as a scaffold to support the Rekell.
However, it plays an indirect role in the enhancetmaf the

metallicity of the Ru@ shell by inducing a slight dilatation of
the interatomic distances in the Ruéhell, and of the shell

radius, which modifies the band structure of theemal layer,
yielding multiple band-crossings with the Fermidév

The electronic transport properties of the S#RuQ nanowires
have been investigated by using the Fisher-Lee rGiggction
method’ (further details in ESI). For that purpose, we heslaxed

portions of the Sig@RuG nanowires between two gold electrode

The electrodes have the form of truncated pyrarmgidsvn on gold
surfaces. The nanowires had a length of eightastis, long enough
to minimize the structural and electronic effectssiag from the
coupling with the electrodes, which could broadke electronic
levels of the nanotube. The optimized structures fbe
electrode/nanowire/electrode systems are shownigaré& 3. The
conductance of the nanowires is plotted in Figues 4 function of

in diverse fields such as nanoelectronics and releatalysis.
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