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Controlling the positions of the encapsulated atoms in endohedral metallofullerenes may help in designing
functional devices for molecular electronics. Ab initio calculations performed here show that both the positions
of the La atoms and the electronic transport through@@s,—metal nanojunctions are largely influenced by

the metallic leads, which act both as chemical and as transport functionalizers of the molecule. The calculations
also indicate that the transport properties for this kind of molecular nanobridge can be modulated by the total
charge present in the nanodevice, especially formiwlecule-tip or surface-molecule-tip nanostructures.

1. Introduction following: the all-electron DunningHuzinaga full double:
lecul | . . o ¢ basis set for C! the Hay-Wadt pseudopotential and doulde-
Molecular electronics aims at using Just one or a few paqjg set for L&? and the Christiansen and co-workers pseudo-
molecules to perform the basic functions of digital electronics potential and minimal basis set for Au and Z&IThe corre-
in .o.rder to meet the ever-increasing needs for.speed ,amdsponding contractions are (9s5p)/[3s2p], (5s5p3d)/[3s2p2d],
eff|C|ency_ at reasonable costs dema_mded_ by |nfor_mat|0n (3s3p4d)/[1slpld], and (4s4p)/[Lslp] for C, La, Au, and Al,
technologleé_—lexampIe; of mollecular wires, diodes, SW'tChes'hrespectively. To reduce the computational cost, only the-gold
and storagg eement§ lave afeadY been propos_ed to dot folecule distance has been varied, while the molecular and
corresponding transmission, processing, manipulation, and stor e geometries, as well as the relative orientation between
age Qpergnon%*.?Endoheqlral metaIIofu_IIer(_enes (EMs) are, in each other, have been kept fixed in the calculations. The
principle, interesting candidates for fabricating useful molecular molecular geometries correspond to DFT-optimized structures
electronics devices because they combine fullerene-like with o otaq La@Cao molecules withDag and Dn symmetry.
metallic propertie§.Actually, it has been observed recently that The binding energy is calculated by subtracting the energy of

EM thin films act as f|<_e|d-effect tranasto?salthough their the separated metal structures and molecule to that of the-metal
transport properties as single molecules remain unexplored. Themolecule cluster at the minimum of the PEC
fact that the metal atoms inside the fullerene cage of some EMs 5, 5 Transport Calculations. The conductan(;e and current

are rather free to mogLelzat room temperaftié,and that they | qitage profiles have been calculated with the ALACANT
are positively charge - suggests that EMs could be used in code, interfaced with the Gaussian03 package. ALACANT
molecular nanodevices if the movement of the La atoms could implements self-consistent non-equilibrium Green’s function

be restricted, taking. advantage. of their. charged nature, as(NEGF) technique® at the DFT level to evaluate the current
suggested by theoretical calculatid@This kind of control has of a nanojunction from first principle®-2° More precisely, the

recer_ltly b_eer! achi(_aved experimentally b_y exohedral chemical conductance at zero bias is calculated by means of Landauer’s
functionalization with an electron-donating molecule on the formulas

outer surface of the [80]fullerene cage in @G and
Ce@GCg.141°A further step in the above direction is taken here, 2¢?
where ab initio calculations show that the rather free movement G=G,T= Y T 1)
of the La atoms in Lg@GCgo can be hindered by just placing
the molecule between two metal electrodes, which act as athat relates the conductan@Geawith the transmission probability
couple of exohedral functionalizers that are also key for the T for electrons to go from one electrode to the other, the
electronic transport properties of the nanojunction. It will be proportionality constant(s,, being the so-called conductance
shown that this can be used to design useful EM-based quantum. The transmission probability can be calculated from
nanodevices.

T(E) =TI (BGEEG(E)] (2)
2. Computational Details

) ) where the system Green'’s function matrices are evaluated from
2.1. Potential Energy Curves.The potential energy curves

(PECs) shown in this work have been calculated with the & — i _EF_Ss®En?

Gaussian03 packatfeat intervals of 0.25 A for the metal G (E+i0)S—F ~Z(E) ®)
molecule distance using the Koh&ham Density Functional by dividing the whole (infinite) system in two parts: a (finite)
Theory*”*8 (DFT) with the B3LYP exchange-correlation func-  cluster region comprising the molecule and a small portion of
tional 1920 The basis sets and pseudopotentials used are thethe metal electrodes with FoclE) and overlap matricesS)
defined over the corresponding atomic basis set of the cluster,
*E-mail: aj.perez@ua.es. and two semi-infinite (L for left and R for right) regions that
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contribute through the corresponding self-energy matrig#s)
=3® 4+ 2 These are evaluated with a parametrized tight-
binding Bethe lattice model with the coordination number and
effective parameters appropriate for the type of electrades.
can be obtained from the latter by using the following
relationship

rL,R = i[z(ﬂ% - Z(L_%] 4)

To guarantee the correct coupling between the two parts (cluster
+ semi-infinite regions), we performed a self-consistent process

that uses the density matrix obtained at one cycle

2

P=-= [ Im[G(E)dE ®)

to re-evaluateF and, from this,G&) at the next one until the
modification inP is appropriately small. The value of the Fermi
energy Er, is determined by fixing the total number of electrons
in the cluster, given by

Tr[PY +q (6)
to a prescribed value, wit = —q being the excess charge
imposed on it.
For finite bias, the currentis evaluated from
_2e w2
I =5 Jowe T(E, V,)dE ©)

at bias steps of 0.2 V between 0 and 2 V. In the above
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e_xpression,T(E, V) Qenotes the transmission probability at a Figure 1. Top left: geometry of a cluster representing &@Cso—
given energy and bias voltage. It is also evaluated from eqs 2 go|d nanojunction where the La atoms, and the C atoms under which

and 3, but in the self-consistent process the out-of-equilibrium
density matrix must be evaluated from

__l —+oo — < _
P=-—[.[s'G(®S]dE ®)

where the so-calletbsserGreen’s function matrix is given by

©)

wheref_ andfr are the Fermi distribution functions on the left

G (B) =GB () I (E) + fo(E) THENC(E)

the former are placed, are aligned with both surface normals (atom-
on-top structure); from top to bottom: side view, front view, top view.
Top right: geometry of a cluster with the same relative orientation of
the La atoms with respect to the gold surfaces, but with two hexagons
facing them (hexagon-on-top structure); from top to bottom: side view,
front view, top view. Bottom: potential energy curves for,@Cs,—

gold clusters representing nanojunctions with several orientations of
the La atoms with respect to the metal surfaces for atom-on-top (solid
lines, light shaded symbols) and hexagon-on-top (dotted-dashed lines,
dark shaded symbols) structur&srepresents the distance between the
nearest carbon (hexagon face) to the gold surface for the atom-on-top
(hexagon-on-top) structure. The side view of each structure (the gold

and right electrodes, respectively. The interested reader mayatoms have been removed for simpicity) are depicted at the right of

find further details on the implementation of the method in refs
26—29.

3. Results and Discussion
It is well known that the transport properties of a molecular

nanodevice depend on the interrelationship between its spatial,
and electronic structures, which are the subjects of the next two

sections.

3.1. Metallic Leads Hinder the Movement of the La Atoms
in La,@Cgo—Gold Nanobridges.As mentioned already in the
previous section, the geometry of the @Cso—metal nano-
bridges is analyzed here by means of DFT calculations.

each curve, except for the two most stable ones, which correspond to
those depicted above with both La atoms being nearest to each surface.
The first three geometries, from top to bottom, correspond to atom-
on-top structures where the £&a segment is oriented at 9(triangles
down), 7% (triangles up), and 6§diamonds) with respect to the surface
normal. The last two geometries correspond to adientation of the
La—La segment for the atom-on-top (light shaded squares) and the
exagon-on-top (dark shaded squares) structures, respectively.

both La atoms are simultaneously located below one of the 20
carbon atoms joining three hexagons of the [80]fullerene cage,
while in the Dy, configurations they are aligned with, axes

passing through six-membered carbon rings. A question arises
as to which extent the aforementioned movement of the La

However, the “large” size of the corresponding clusters prevents atoms is influenced by the presence of the metallic leads when
a complete DFT study of all of the structures that may be presentthe nanobridge forms and how stable is the latter.

in the formation of the nanojunction. For this reason, a small

The answer can be found after inspecting Figure 1, where it

but representative number of structures have been consideredis clearly seen that the presence of the metal surfaces at each

which are described next.

We start by noting that, for an isolated A@GCsp molecule,
both La atoms move between &Quivalent Dsy configurations
through intervenind,, configurations placed a few kcal/mol
above the formet?:3931n each of these 1D34 configurations,

side of the molecule in the nanojunction breaks the degeneracy
of the D3y molecular configurations depending on the relative
orientation between the La atoms and the metal contacts. The
top-left panel of this figure depicts a @ Cgg—gold nanobridge
(hereafter termed atom-on-top) structure where the [80]fullerene
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cage is oriented with two of the above-mentioned 20 carbon
atoms facing each a gold surface modeled by a two-slab structure
of 10 gold atoms representing the (111) surface of an fcc crystal
with a lattice constant of 4.0786 A. For this relative orientation
between the fullerene cage and the electrodes, the 20 carbon:
mentioned above can be groupedtineesets leading to three
groups of isoenergetiDsg molecular configurations that differ

in the relative orientation between the La atoms and the metal
surfaces. This is illustrated by the corresponding PECs plotted
in the bottom panel of Figure 1: light shaded circles, diamonds,
and up triangle curves correspond to structures with angles of
0°, 66°, and 7% between the LaLa segment and the surface
normals, respectively. Two addition@b, molecular configura-
tions complete the study of the atom-on-top structure, where
the relative orientation between the [80]fullerene cage and the
metal surfaces is the same as in the thizg molecular
configurations already commented on. In the first one (down
diamonds), the two La atoms lie parallel to both surfaces while
the second one (light-shaded squares) represents an intermedia
configuration between the two most stalidlgy atom-on-top
geometries. As mentioned above, tbig configuration would

be a transition state between two equivalegf configurations

for an isolated La@ Cgp molecule, but this is not the case once
the molecule binds to the metallic electrodes. This results
indicate that, the closer to both surfaces the La atoms are, the
larger the stabilization found is, also breaking the role as a
transition state of theD,y-like configurations. The metal
molecule bond has an important electrostatic contribution;
compare the amount of charge transferred to the metal surfaces
derived from a Mulliken population analysis: 1.5, 1.3, 1.0, 0.5,
and 0.0 electrons, with the binding energies: 89.2, 85.6, 68.5,
38.2, and 27.5 kcal mol, corresponding to the minimum of
each atom-on-top curve (solid lines, light-shaded symbols). We
note also in passing that the metaholecule interaction is quite
strong, with the most stable structure having a binding energy
of around 90 kcal mot.

The electrostatic origin for this stabilization indicates that it
must be similar for other orientations between the [80]fullerene
cage and the metallic electrodes because it basically depend:
on the relative positioning of the La atoms with respect to the Figure 2. Geometries of additional clusters: tinolecule-surface
former. This s cor_1f|rmed by additional PECs performed with (tc?p left), tip—molecule-tip (top right), molecule Fsl?Jrface modeled by
a different orientation of the [80]fullerene cage, where now one 35 510ms (bottom left) and molecule surface modeled by 10 atoms
of the hexagon rings is placed in front of each gold surface (pottom right).

(hereafter termed hexagon-on-top structure), as illustrated in the

top-right panel of Figure 1. Apart from thz configuration of the molecular nanobridge. The data plotted in Figure 1 also
where both La atoms are placed along @exis that coincides  suggest that the La atoms, despite having a clear preference to
with the surface normals (dark shaded circles, dotted-dashedbe oriented perpendicular to the metallic surfaces, have some
lines), an intermediatBsq-like geometry (dark-shaded squares, chance to slightly change their orientation at room temperature
dotted-dashed lines) with the t&.a line tilted 2T with respect to angles below 20 This is also the case when the contact
to the surface normal has been considered. Again, the mostgeometry changes from surface to tip, as indicated by additional
stable structure found is that with the two La atoms placed calculations where just one (Figure 2, top left panel) or both
nearest to both metallic surfaces. The above results are in(Figure 2, top right panel) surface models of the metal electrodes
agreement with DFT calculations on 4@ Cgo(Si,H4(CH,)),13 are substituted by 10-atom (111) tips for the atom-on-top
and recent experimental evidence pointing at a restricted structure aR = 2.75 A. The lowest energy corresponds, again,
positioning of the La atom in La@z molecules adsorbed on  to the cluster with the LaLa segment lying parallel to the tip
Cu(111) surface® The latter is explained as the combined [111] direction, with binding energies of 84.3 and 78.6 kcal/
effect of electrostatic interactions and the restricted orientation mol for the surfacemolecule-tip and tip—molecule-tip

of the adsorbed molecules with respect to the copper sutface. geometries, respectively. The next two most stable configura-
This seems to also be the case for the La@®@u(111) tions also correspond to the same orientation between the
nanobridges, although the fullerene cage seems to have soméanthanum atoms and the metal contacts already found for the
rotational freedom because the most stable atom-on-top andsurface-molecule-surface clusters (see Figure 1), with hg-
hexagon-on-top structures differ by just 2.4 kcal niol like and the nextDsy most stable configurations being,
However, we will see in the next section that the orientation of respectively, 3.8 and 20.7 kcal/mol above the ground state for
the fullerene cage has little impact on the transport properties the tip—molecule-surface clusters, while they are 2.7 and 17.0
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kcal/mol less stable in the case of the -tipolecule-tip R LR

structures. Thus, the energy ordering of the relative lanthanum

metal contact position is independent of the actual contact e
. o

geometry for the three kinds of clusters analyzed here: sutface &

molecule-surface, tip-molecule-surface and tip-molecule-

tip.

Because the charge transfer between molecule and metal i<
important to both the binding and transport properties (see next
section) of La@&—gold molecular nanodevices, additional
calculations have been done enlarging the size of the metal pari
to 22 atoms, yet only one metal surface has been considered t« 4
keep the calculations computationally affordable: see Figure ©
2. The Mulliken charge transferred to the metal atoms is found
to be 1.2 and 0.9 electrons for angl€sahd 7, respectively, 0
between the LalLa segment and the surface normals, both E-EfeV
calculated at a molecutemetal distance oR = 2.75 A. Similar 5
calculations with a 10-atom metal cluster (see also Figure 2)
lead to 0.8 and 0.4 electrons transferred to the metal atoms. _ |
This results indicate that thebsoluteamount of charge transfer g 1
could be slightly larger than that reported above, but that the
relative amount, which depends on the orientation of the La CIENELE
atoms, is correct giving further support to the relative ordering %5~ 4 0
found for the structures analyzed. This will also not alter the E-EpfeV
main conclusions derived from the transport properties analyzedrigure 3. Electron transmission profiles (left) and correspondify
in the next section. curves (right) of several L@ Cgo—gold nanojunctions whose geometry

3.2. Electronic Transport is Dominated by a LUMO- i’a_ggf’mﬁd in the insfts 0‘; t“‘i‘/goését;‘)rﬁ: ﬁ;og-zr:]-tcc))r?%tru;trug. o

: : . . iddle: hexagon-on-top structure. . hex -on- uctu
Derived Resonancelt has been shown ln_the prec_edlng sectlo_n charged with %\n excesg of two electrons (solid Iige); hexagon-on-top
that the presence of gold surfaces restricts the internal motioneira; structure with Al electrodes (dotted line).
of the La atoms, which prefer being simultaneously close to

both surfaces. Now we explore the transport properties of part of the electrode has been included in the cluster, once the
La,@Cgo—metal nanojunctions for the most stable structures method achieves self-consistency by imposing overall charge
found previously. However, before commenting on the results neutrality?® However, computational limitations prevent a
obtained several technical issues are worth being mentioned.fyrther study about the influence that the size of the metal leads
The DFT Fock matrix describing the cluster region is evaluated jhcluded in the cluster region has on theV curves, but in

with the same combination of exchange-correlation functional, any case it should affect each of the structures analyzed here in
pseudopotentials, and basis sets used to obtain the PEC of they similar way, thus being irrelevant for the differences found
previous section. The cluster region used in the transportin their current-voltage characteristics. In summary, the actual
calculations involving metal surfaces comprises the@@so positions of the resonance peaks with respect to the Fermi level
molecule (placed at the distance corresponding to the minimum could be slightly different than those reported in Figures 3 and
energy of the PEC) and the 7 gold atoms in the first slab of the 5 put this will not change the main conclusions derived from
10-atom surface model. The three atoms in the second slab havehem.

been removed from the cluster region in the transport calcula-  The electron transmission profiles ahi¥ curves plotted in
tions to lower the computational load. This limited description  Figure 3 correspond to the atom-on-top (top panel) and hexagon-
in the ab initio part of the electrodes could influence the results on-top (middle panel) structures. To better understand them, it
in two ways. First, the location of the minima in the PEC and is necessary for one to relate the resonances appearing at each
the amount of charge transfer between molecule and electrodeside of the conductance gap around the Fermi level with the
at the minimum could be markedly different between the one- molecular orbitals they come from. The assignment can be
and two-slab models for the electrodes. Therefore, additional unambiguously done by comparing the spatial form and the
PECs using the above seven atoms/one-slab model of the goldelative energies of molecular orbitals in the isolated molecule
surfaces for the most and least stable structures of Figure 1 havewith transport channels of the nanojunction, both reported in
been performed to check this. The results indicate that the Figure 4 for the most stable atom-on-top structure shown in
distance at which the minimum of the PEC is located is not Figure 1. The resemblance of the spatial form and the relative
altered, with minor changes also in the amount of charge energies between orbitals and transport channels indicate that
transfer: the overall Mulliken population for the gold atoms the leftmost (rightmost) peak in the conductance gap is a
obtained for the one-slab PECs is 1.1 and.2 electrons for HOMO-derived (LUMO-derived) resonance. It is now easy to
the most and least stable structures, respectively. These musinterpret the profiles plotted in Figure 3: the charge transferred
be compared with the values 1.5 and 0.0 electrons of the two- from the molecule to the electrode places the Fermi level close
slab model: thealifferencein charge between both structures is to the HOMO-derived resonance. The extremely oriented form
almost the same for the one-and two-slab models. The secondf the LUMO along the LaLa segment explains the rather
issue is related to the appropriate size of the metal electrodegood interaction with the metal contacts, leading to a rather
that must be included in the cluster for a correct description of wide resonance with perfect transparency olabits maximum.

the out-of-equilibrium electrostatics when calculating the current. The positioning of the resonance peaks is almost the same for
In the NEGF formalism, there is no need to solve Poisson’s both atom-on-top and hexagon-on-top structures, yet the width
equation to account for this correctly, provided that a significant is slightly lower in the latter, which is probably due to an overlap

0
E-EfeV

2 LI L B B

— Au(0=-2)
..... Al (Q=0)
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Figure 4. Left, from top to bottom: spatial form of the transport
channels corresponding to the transmission peak®&t5,—0.05, and
0.95 eV with respect to the Fermi level shown in the top panel of Figure
3. Right, from top to bottom: spatial form of HOM&L, HOMO, and
LUMO orbitals of an isolated L# Gso molecule Dsq symmetry) with
orbital energies 0f-0.2266,—0.2196, and—0.1728 Hartree, respec-
tively.

2 I 1 T I I T I I 1 T I I I T I I I

GIG,

E-E/eV

Figure 5. Electron transmission profiles of several atom-on-top
La,@Cso—gold nanojunctions differing in the structure of the metal
contacts: surfacesurface (solid line), surfacetip (dotted line), and
tip—tip (dashed line). The pictures shown represent the cluster region
used in the transport calculations. The metablecule distance has
been fixed at 2.75 A.

loss caused by an increase of 0.25 A of the moleetietal

Paez-Jim@mez

estimates for the HOMOGLUMO gap of La@GCgp, ranging
between 0.9 and 1.5 eV depending on the specific experimental
techniques and conditions us&ds3®

3.3. Field-Effect Transistors from La,@ Cgo—Metal Nano-
bridges. As already mentioned in the Introduction, A@&Cso
thin films have been reported to function as field-effect
transistorg, a kind of function that their molecular electronic
counterparts may also develop, as suggested by the bottom panel
of Figure 3. This shows the conductance aid curves
corresponding to the hexagon-on-top structure when the whole
system is charged with an excess of two electrons (solid line),
which mimics the result of using a gate electrode. We note in
passing that the relation between the magnitude of the gate
potential and the total charge accumulated in the nanobridge
depends on the capacitance, which, in turn, depends on the
whole molecular bridgemetallic gate setup. Without such
information, it is not possible to relate the charge in the bridge
with the gate potential needed to develop it and thus we are
only considering here theotentialuse of this system as a field-
effect transistor. Alternatively, the value of two electrons chosen
for the excess charge is a reasonable one taken into account
previous experimental work on molecular transis#rg? It also
leads to noticeable modifications of the transmission and current
profiles: the charging process shifts the resonance peaks
downward with respect tBr, thel—V characteristics reflecting
the corresponding changes in the electron transmission profiles,
which qualitatively agree with the experimental results obtained
for the thin film. The bottom-left panel of Figure 3 explores
the changes on the conductance properties caused by using a
more electropositive metal, aluminum, for the contacts. The
electron transmission profile shown (dotted line) corresponds
to the same hexagon-on-top structure used in the middle panel
of the same figure. It is immediately apparent that the amount
of charge transferred to the metal electrodes is much lower than
that observed for gold, bringing the LUMO resonance much
closer to the Fermi level. Furthermore, the change in the metal
does not alter the good transmission properties of the LUMO-
derived resonance, which still provides 3 énductance at its
maximum peak.

The “on” to “off” conductance ratio for the two L& Cgo—
Au(111) nanobridges shown in Figure 3, calculated from the
conductance at the Fermi level (off) and at the peak maximum
(on), vyields values of 31 and 24 for the atom-on-top and
hexagon-on-top structures, respectively. This seemingly small
value is caused by the relatively “high” conductance at the Fermi
level: 0.032 @ and 0.041 Gfor the atom-on-top and hexagon-
on-top structures, respectively. This has been discussed previ-
ously by Lang® for the model case of the Nal molecule and is
related to the long tails of the resonances involved. Inspired by
Lang, a way to increase the epoff ratio for Lao@GCgo—gold
nanobridges is proposed here that takes advantage of the small
overlap of the HOMO-derived resonance with the metal contacts
(see Figure 4). This consists of changing the geometry of the
metal contacts from surface to tip to reduce the HOMfetal
overlap even more. This, however, is a more realistic situation
considering that the molecular nanobridges are usually con-
structed using scanning probes or breakjunction setups. The
electron transmission profiles plotted in Figure 5 indicate that
this is a step in the right direction: the conductance peaks for
the HOMO and other resonances below it decrease dramatically
when the surfaces are substituted by tips, increasing the “on”
to “off” conductance ratio by an order of magnitude, now being

distance (see Figure 1). The calculated conductance gap for theca. 130 for both the tipmolecule-tip and tip-molecule-

structures,~1 eV, is in good agreement with experimental

surface geometries considered.
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4. Conclusions

In this work, the potential use of endohedral fullerenes as

the key component of molecular nanodevices has been ad-

dressed. The ab initio calculations performed using th@lGy,
molecule as a prototype lead to the following conclusions:

e The presence of the metal leads alters the internal motion

of the La atoms significantly, which instead of rotating almost
freely at room temperature in the isolated molecule are
constrained to sit near the metal contacts.
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level.
To summarize, ab initio calculations indicate that the internal
movement of La atoms in L&Cg is hindered when the

Structure TheorySchaefer, H. F., I, Ed.; Plenum Publishing Company:
New York, 1977; Vol. lll.

(22) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270-283.
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charge-transfer process, leading to an electronic nanodevice (24) Palacios, J. J.; Pez-Jimi@mez, A. J.; Jacob, D.; Louis, E.; San-

whose transport properties are highly influenced by the total
charge present in it, with large emwff conductance ratios for
tip—molecule-tip or tip—molecule-surface geometries of the
nanobridge.
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