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We present a first-principles numerical implementation of Landauer formalism for electrical transport in
nanostructures characterized down to the atomic level. The novelty and interest of our method lie essentially on
two facts. First of all, it makes use of the versatileussiangs code, which is widely used within the quantum
chemistry community. Second, it incorporates the semi-infinite electrodes in a very generic and efficient way
by means of Bethe lattices. We name this method the Gaussian embedded cluster(@EBbY. In order to
make contact with other proposed implementations, we illustrate our technique by calculating the conductance
in some well-studied systems such as metdlit and Au) nanocontacts and C-atom chains connected to
metallic (Al and Au) electrodes. In the case of Al nanocontacts the conductance turns out to be quite dependent
on the detailed atomic arrangement. In contrast, the conductance in Au nanocontacts presents quite universal
features. In the case of C chains, where the self-consistency guarantees the local charge transfer and the correct
alignment of the molecular and electrode levels, we find that the conductance oscillates with the number of
atoms in the chain regardless of the type of electrode. However, for short chains and Al electrodes the even-odd
periodicity is reversed at equilibrium bond distances.
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[. INTRODUCTION trodes or the way the molecule binds to the electrodes is,
however, a major problem in itself. Furthermore, even if
Molecular- and atomic-scale electronic devices are atthese important details were known, implementing Landau-
tracting an ever-increasing interest due to the impact they arer's formalism still requires knowledge of the electronic
expected to make in the world of nanotechnology. The numstructure, and this is a formidable task as well.
ber of experimental and theoretical works in this particular Calculations based on tight-binding or semiempirical
area of research, generically known as moleculamodeld?~**have been, and still are, very popular since these
electronics’ is growing exponentially. The design of devices models capture the atomic-scale character in some detail and
at the molecular and even atomic scale poses new challengage easy to implement. However, they do not allow for struc-
that require new theoretical and experimental techniques ttural relaxations to be performed. Most importantly, these
be developed. Scanning tunneling microscof8TM) is  simple models, in general, do not yield correct values for the
probably the pioneer of the experimental techniques in thisocal electronic charges. In other words, the chemical poten-
research area. It can be used not only in the tunneling regimigal is not uniform across the entire system in equilibrium.
to image adsorbat&3 but also in the contact regime to build While imposing local charge neutrality is a straightfoward
few-atom nanoscopic contaétsSTM can also be used to improvement on these models for metallic nanoconstric-
investigate the electrical properties of nanotibmsd DNA  tions!**there does not exist any simple modification in the
molecule§ with one or both of their ends attached to a suit-case of more complex systems such as metal-molecule-metal
able electrode. In addition to STM, mechanically control-heterostructure¥’ A way around this problem is to perform
lable break junctions have also revealed themselves as powelf-consistent first-principles calculations that, at least at a
erful tools to study electrical transport in metallic mean-field level, guarantee the uniformity of the chemical
nanobridgeSor individual molecule&:° potential. However, most numerical implementations com-
The basics to calculate the zero-bias conductdba# a  monly used to carry ouab initio electronic calculations are
nanoscale contact had been established by Landauer in hether restricted to finite systems, such as the Gaussian
pioneering work® long before these systems were common-codel® or require the infinite system to be periodic such as
place. In Landauer’s formalisr® is simply given by the the siEsTA codel’ None of these methods is suitable to ad-
guantum-mechanical transmission of the electrons aroundress the systems studied here, which are both infinite and
the Fermi energ}* The value of this transmission is essen- nonperiodic. Finally, a perhaps more serious difficulty is the
tially determined by the region where the number of chan-ntrinsic nonequilibrium character of electrical transport.
nels available for conduction is the smallest. In molecular- or In recent years several proposals have appeared to tackle
atomic-scale nanocontacts the region of relevance is the maihis problem:®-23 Most are based upon density functional
ecule and/or the few atoms forming the nanoscopic bridgéDF) theory. In addition to the well-known virtues of the DF
between electrodes. The transmission is thus strongly depetheory, it presents the additional advantange that Landauer’s
dent on the particular molecule, the detailed atomic arrangetheoretical framework does not need to be modified since the
ment of the electrodes in the contact region, and the chemic®F theory is still a single-particle description of the many-
nature of them. Knowing the atomic arrangement of the elecbody problem. In the pioneering works of Lang and co-
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workers, Tsukada and co-workers, and Guo and
co-workerd®1924-2&he electrodes were described within the
jellium approximation. Jellium models are still used
today*?"?8as they are convenient in one way: They provide
featureless contacts that represent generic situations. As men-
tioned below this is one major feature of our model too.
However, the jellium model presents serious drawbacks.
How can the differences observed experimentally between,
for instance, Al and Au electrodes, be taken into account by
means of a jellium? Furthermore, this approach is not satis-
factory when one is trying to describe, for instance, STM
experiments where the detailed atomic structure of the tip
determines, to a large extent, whether or not the STM can
resolve the topography or molecular structure of the adsor-
bate. FIG. 1. Schematic view of a cluster where phantom atoms from
Recent approaches, which essentially differ only on thdhe Bethe lattices are shown.
numerical implementation, intend to incorporate the atomic — . o
structure of the electrodes in the DF calculafi8R22329.3qt trate the possibilities of our method by investigating elec-
is pertinent noting here that in most of these studies a perifonic transport in Al and Au nanocontacts. These systems
odic structure beyond a given point within the leads is as@ve been the subject of exten§|ve studies in the past by
sumed. Efficient transfer matrix techniqi® make this means of tight-binding metklozgf‘gg and, more recently, by
reasonable assumption tractable, but it forces one to considgt€ans ofab initio methods?#*%% e show that, even in
a very specific type of leadtypically a finite-section t_hese_ syste_ms_ where charge transfer is app_arently unessen-
Wire?0:22.29.3% an infinite surfac®). Using a jellium model tial, tllght.—blnd_mg methods may fail to provide a correct
for the electrodes is harmless but it lacks the minimumduantitative picture. It turns out that the conductance in the

atomic detail that is crucial to describe, e.g., contact with®@Se of Al nanocontacts is strongly dependent on the detailed
molecules. However, employing well-defined specific elec-atomic structure. In the case of Au nanocontacts, on the con-

trodes is not desirable either since their own electronic strudary, the results are more universal as confirmed by experi-
ture can interfere with the interpretation of the results. FofMents. Next, we choose a system with somewhat appealing
instance, the appearance of gaps in the conductance closefgftures: carbon-atom chains. As shown in Ref. 24 these

the Fermi energy for perfectly conducting systems such a§nains, when contacted by Al electrodes, exhibit a conduc-
Au chains can only be considered an artifact due to the unt@nce that oscillates with the number of atoms in the chain.

physical electrode mod&h® Furthermore, actual nanocon- Heré we address this problem by taking proper account of

tacts are not expected to have high symmetry. As explaineH‘e binding to the electrodes and investigate how the results
below these difficulties are circumvented in our method. ~ depend on the type of electrodel or Au).

Recently®® we have presented an alternative to tie _ The rest of the paper is qrg.amzed as follows. In Sep. I we
initio methods mentioned above. Close in spirit to that pre_dlscuss the main characteristics of our method. Section Ill is
sented in Refs. 20 and 22, the main differences and advaisievoted to an extensive discussion of the results. Finally, we
tages with respect to them are the use of the stargapds- ~ €nd the paper by summarizing the main features of the
1aN98 code to carry out the DF calculation of the relevantMethod and the most remarkable resd@sc. IV).
transport region and the description of the electrodes bulk by
means of appropriate Bethe latticds® The GAUSSIAN9S Il. THE GAUSSIAN EMBEDDED CLUSTER METHOD

code provides a versatile method to perfom first-principles .
P P princip In previous work® we have presented a method to study

calculations of clusters, incorporating the major advance- . . . :
ments in the field in terms of functionals, basis sets, pseudot-ranSport in atomic-scale and molecular devices that is based

potentials, etc. On the other hand, the Bethe lattices are twd®" standdarijﬁ (_?_l;]‘f’mtuT chemlsr;t_ryhcrillculg)’;\tlons W'thﬁhesds' ted
fold convenientii) They reproduce the essential features of/AN98 Code: IS scheme, which nas been recently adopte

the bulk density of states an@i) their directional self- by other groups(see, e.g., Refs. 36is taken here a step

energies can be easily calculat@ge the Appendix In Ref. further. A DF calculation of the region that includes the mol-

33 these ideas were applied to investigate electrical transpo?f:UIe or set of atoms forming the contact hetween eleqtrodes
of a Cy, molecule in between Al electrodes. Here we de_and a significant part of the electrodes is perforrtssk Fig.

scribe in detail an improvement to our previous approch, 1). As far as transport is concemned, the HamiltorganFock

which can be summarized in that we now incorporate selfmatrix F) of this central cluster or supermolecule contains
consistently the semi-infinite electrodes into the conductanci€ relevant information since it embraces the region with the
calculation within thesaussiangs code. This requires work- Smallest number of channels for conduction. However, ac-
ing with Green’s functions from the very start. The methodcording to the usual theoretical transport schefflés, asso-
has some resemblance with the cluster Bethe lattice methddated Green'’s functions are unsuitable for the evaluation of
developed to investigate the physical propertiefectronic ~ the current(note that they simply have polesThe retarded
structure, phonons, ejcof disordered systens.We illus-  (advanceyl Green’s functions associated wihneeds to be
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extended to include the rest of the semi-infinite electrodes: sistent way than in the method discussed previously B us
R L o since it effectively removes finite-size effects in the self-
G'@(e)=(elS—F+i6) *-[elS—F—-3"@(¢)]7 L. consistency. It is interesting to note that the applicability of
(1) this approach, which we hereafter name the Gaussian embed-
ded cluster methodGECM), goes well beyond the present
study. In fact it could be a powerful tool whenever an infinite
Sr(a) ) —$r(a) &r(a) media has to be describétbr instance, adsorption of mol-
FO=2R (42 7o), @ ecules on solid or liquid surfaces
where3 (3,) denotes a self-energy matrix that accounts The conductance can now be simply calculated through
for the part of the rightleft) semi-infinite electrode that has the expressioff

not been included in the DF calculatioB. is the overlap 5
matrix andl is the unity matrix. The added self-energy ma- G= 2e Tr [T] (4)

trices can only be explicitly calculated in ideal situations, h

which, in principle, limits the desired applicability of the .

procedure above. For instance, in Refs. 22 and 30 the authovdrere Tr denotes the trace over all the orbitals of the cluster
consider finite-section wires as electrodes. As a result of thiand T is the transmission matrix, which, in turn, is given by
choice gaps appear in the conductance of otherwise perfectly

conducting central clusters. In _order to overcome this type of T=1 662 (5)
problem, we choose to describe the bulk electrode with a

B.ethg lattice tight-binding model with the appropriate COOr\ here the matrice§ r and ", are given byi (ik—iﬁ) and
dination numbers and parametdsee the Appendix The = ..  «, . . .
advantage of choosing a Bethe lattice resides in that it reprd{>L —>L), respectively. In order to single out the contribu-
duces fairly well the bulk density of states of any metallic tion of |nd|\{|dL_JaI chanr_1e|s to the current one can diagonalize
electrode, avoiding this way the appearance of spurious rdD® transmission matrix. It turns otsee below that only a
sults. In addition to this the self-energy matrices that appeai€"V channels give a non-negligible contribution to the cur-
in Eq. (1) can be calculated iteratively in a simple wésee rent. The symmetry of each.chan.nel was identified by look-
the Appendix for more detailsFor each atom of the outer "9 at its weight on the atomic orbitals of the central atom of
planes of the cluster, we choose to add a branch of the CajP’® constriction or the C chain. _ _

ley tree in the direction of any missing bulk atdincluding . Finally, it is worth pointing out that if the current in the
those missing in the same planén Fig. 1 the directions in finite-bias regime has to be obtained, one should simply in-

which branches are added are indicated by smaller atoms thifidrate in energy the expression above with appropriate
represent the first atom of the branch in that direction. AgFermi distribution functions. Note, however, that a new defi-
suming that the most important structural details of the elecPition of the density matrix generalized to nonequilibr-

trode are included in the central cluster, the Bethe lattice®!™ needs to be used in the calculation of the Green's

should have no other relevance than that of introducing dUnctions. Apart from this, the Landauer-type expressin
featureless reservoir. remains valid as long as one does not give up the single-

In our present approach the self-consistent process do&articlg description. In this work we are concerned with' basic
not stop once the finite central cluster has been solved. Ir2Nd Still open aspects of transport in the systems studied and
stead, we reformulate theaussiangs code to proceed with We Will focus on the linear regime.
the self-consistency of the now infinite system. More specifi-
cally, once self-consistency for the finite cluster has been IIl. RESULTS
almost attained, we calculate the Green’s function as ex-

plained above. Then, the density matrix is obtained from the For all the DF calculations we have used the Becke’s
Green’s function according to three-parameter hybrid functional using the Lee, Yang, and

Parr correlation function#l (B3LYP) together with the
- 1 (e A semilocal shape consistent pseudopote(8&PBP and basis
n=-— ;ﬁwlm[G (€)]de, (8)  sets of Christiansen and co-worké?s*! We have selected
this combination of exchange-correlation functional and
whereeg is the Fermi level fixed by the condition of overall pseudopotential for two reasons: First, the B3LYP is one of
charge neutrality in the cluster. The integral in E§) is  the most accurate and certainly the most popular among the
calculated along a contour in the complex plane as explainedgradient-corrected exchange-correlation functionals; second,
in Refs. 20,22, and 23 with an efficient automatic numericathe SCPP of Christiansen and co-workers provides accurate
integration scheme of Pez-Jordaet al®” The density matrix  results for a wide variety of atoms while retaining the sim-
is now used to recalculate the matrix elements of the Fock’plicity of a minimal basis set’*? Needless to say, there is
operator and the process is repeated until self-consistency i® need to restrict the calculations to a minimal basis set
achieved. We note that in this method the standard eigersince the Bethe lattice can be constructed for any basis set. It
value problem, inherent to theaussiANgg code, is replaced is only a matter of computational convenience that we have
by the calculation of Green’s functions. In the end thedone it so. Nevertheless, in some cases, we have checked
Green’s functions describe an infinite system in a more conthat better basis sets and the use of other exchange-

In this expression
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correlation functionals do not modify the main conclusions
of our work.

In all cases we have investigated the influence of the num-
ber of electrode atoms included in the DF calculation on the
conductance. In general, the results do not vary qualitatively
with the cluster size, allowing us to extract some general
conclusions. However, at a quantitative level, this is not al-
ways the case, particularly for Al nanocontacts. Finally we
note that, although most of the calculations were carried out
taking the bulk interatomic distances for the electrode atoms,
in some cases we investigated the effectalofinitio relax-
ations.

A. Metallic nanocontacts

A complete theoretical study of electrical transport in me-
tallic atomic contacts requires a realistic modelization of the
formation process of these nanocontacts. Some structural
studies using molecular dynamftégor Al and ab initio re-
laxations for Al (Ref. 44 and Na(Ref. 45 have been re-
ported. This is, however, a problem beyond the scope of this
work. Here we consider archetypical atomic structure models
that are likely to appear in the last stages of the formation
process of atomic contacts before the break-up: single-atom
contacts and atomic wires. More specifically, our first struc-
ture consists of two opposite pyramids grown in {081
direction and “glued” by a single atorfsee Fig. 2 Single-
atom contacts have been studied in the past with modified
tight-binding models?® We find to our surprise that, even in
this simple case, ouab initio results are qualitatively differ-
ent from those obtained with these models, particularly for
Al. Our second structure is similar to the previous one, but
with a chain of three atoms instead of a single atsee Fig.

3). Finally we have studied the same chain between two
(111) surfaces with the chain placed on top of a surface atom
(see Fig. 4. A similar geometry has been recently studied
with ab initio techniques for Au and Al. Our results agree
with what has been reported for Al using a jellium model for
the electrodes but not entirely with what has been obtained
for Au.2230

1. Aluminum

Figure 5(top panel shows the conductance versus energy
for a single-atom Al contact. We have considered s3(3
basis set and bulk interatomic distances. Cufegs(b), and
() correspond to cluster@), (b), and(c) in Fig. 2, respec- _ FIG. 2 AFomic structure of the single-atom c_ontact model con-
tively. In all the clusters the contact between electrodes ocsidered in this work. The number @01 planes increases by one
curs through a single atom, but the number@d2) planes from (a) to (¢) in both_electrod(_es |ncre_as_|ng the size of the pyramids
explicitly included in the DF calculation for each pyramid and t.he corrgspondlng atomic detail in the electrode bulk. Inter-
increases fron(a) to (c) (remember that Bethe lattices are atomic bulk distances have been considered for the whole cluster.
always attached to the outer planes as in Fjgltlis impos-
sible to know the actual atomic structure of the metallic con-neck. However, from our results we see that, at least, the nine
tact in detail unless relaxation calculations are performedgentral atoms must be explicitly considered in this example.
but we do not expect the detailed geometry away from the This is in contrast to the conclusions drawn in Ref. 13 by
neck to be important. In fact, as Fig. 5 shows, the conducC€uevaset al. using a modified tight-binding model. Further-
tance does not change significantly fraim to (c), apart more, the value oG around the Fermi level is=3 which is
from minor changes in the fine structure. This is a clearemarkably different from the value they obtained. This dis-
indication that, to a good extent, the conductance is deterrepancy is due to a combination of facts. First, the hopping
mined by the atomic structure in the narrowest region of theparameters that reproduce bulk properties in tight-binding
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FIG. 3. Atomic structure of the first atom-chain constriction
model considered. The number @01) planes increases by one
from (a) to (c) in both electrodes, increasing the size of the pyra-
mids and the atomic detail in the electrode bulk. The distance be-
tween pyramid apex atoms is 4.8 A.

models are not adequate for atoms with low coordination F|G. 4. Atomic structure of the second atom-chain constriction
numbers, these being typically smaller than dhie initio model considered. The number of atoms in th&l) electrode sur-
ones. Second, there are non-negligible contributions fronfiace increases fronfa) to (c) in both electrodes, increasing the
next-nearest-neighbor hoppings in Al. This is clearly seen iratomic detail of the surface. The distance between planes is 9.1 A
the bottom panel of Fig. 5 where the contributions to theand the positions of the atoms in the chain have been optimized.
total current of the main individual channels for the cluster

(c) are depicted. As shown in the figure, a channel associated .
with second-nearest-neighbor hoppingabeled o) can model we have chosen a separation of 4.8 A between apex

give a contribution of almost one conductance quanGm atoms of the pyramids. The conductance changes gppreciably
(Go=2¢€%h) at the Fermi level. The main contributiongt oM (@ to (b) in Fig. 6, but not from(b) to (c). (This de-
comes from two degeneratg ,p,-like channels f,,) pendence is similar to that in the smgle-a}tom contdntthe
that account for almost two conductance quar@2Thez  Seécond case we have chosen a separation of 9.1 A between
axis has been chosen along the main symmetry axis of thelanes and we have performed aln initio relaxation of the
cluster) In addition, there are two channels that hayg, ~ chain atom positiongonly the surface layer is included in
character &) with non-negligible contributions at the Fermi the DF calculation where the number of atoms increases
energy that add approximately Gg and 0.15, to the total  from 7 to 35. Here the conductance does not depend too
conductance, respectively. None of this seems consistemtuch on the number of surface atofisee Figs. @), (b),
with the tight-binding results for a similar geometry. and(c)]. In all cases there are oscillations as a function of the
The conductance of the three-atom chain shows a differenergy, which, as the bottom panels in Figs. 6 and 7 show,
ent behavior from the one in the previous example and preappear mostly in ther channels. This is reminiscent of the
sents the same features for the two-electrode models considehavior of the transmission in a Fabry-Perot interferometer
ered(see top panels in Figs. 6 angl For the first electrode due to scattering at the interfaces. These results are similar to
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FIG. 5. Top: Conductance versus enelgermi energy set to FIG. 6. Same as in Fig. 5, but with three Al atoms forming a
zerg of the single-atom Al contact seen in Fig. 2 for the three casesinear chain between the electrodsse Fig. 3.
shown there. Bottom: Individual contribution of the different active

conduction channels fdc). The labels indicate the orbital nature of

the channels. The primed label is associated with second-nea1re§f’lct varit_es Iittl_e fr_om(a) to _(C)_' We note again that, contrary
neighbor hoppings. to the tight-binding predictiont’ the conductance at the

Fermi energy surpassé€, in all the curves. As concerns the
the ones reported in Ref. 21 where a jellium model was usefontribution of the individual channels we note that the ma-
to describe the Al electrodes. jor contribution (almost a conductance quantuimssp,dg
In the three cases considered there is no trace of possib@haracter ¢). Two degenerate channelsry(,7,) of p,d;

conductance quantization. A general trend that can be ot&ndp,d_; charactermainly d) give around 0.26, quanta
served in our results for the chain is that the onset of theach. This should be expected since dharbitals contribute
transmission through ther channels occurs close to the significantly to the density of states in bulk atoms and the
Fermi energy’ This makesG strongly dependent on small number of near neighborgight of the central atom in this
variations in the positions of the atoms in the chain and ortluster is almost the bulk coordination number of an fcc
the atomic structure of the electrodes close to the chain. Thistructure(twelve). Of the two channels that give a significant
might explain why the experimental conductance histogramgontribution at rather high energiéabove 2.0 ey one has
fOI’ AI are mUCh n"|70re irregular than those fOI’ A&Be beIOV)/. szdo Symmetry b—) and the other Corresponds to Second_
and other metal$: However, there are many open questionsegrest neighbors.
regarding the details of the conductance steps for Al that ¢ js interesting to compare the single-atom contact results
illustrate the necessity of performing both relaxation and,. A| and Au. As noted above, whereas in the case of Al
conductance calculations at the same tffhe. there was a very important contribution to the current at the

Fermi level coming from second-nearest-neighbor hoppings,

2. Gold : : : ; : :
in Au this was only appreciable at high energies. This cannot
We have repeated the conductance calculations for thke understood in terms of the respective atomic radii, which

same structures considered above, but now consisting of Aare very similar (1.43 A and 1.45 A for Al and Au,
atoms(we have used a hered6s6p basis set In principle,  respectivel§’), but rather it is due to the character of the
only the electron of the $orbital is expected to contribute to wave functions at the Fermi level in each case. Namely,
the conductance at the Fermi energy which should make thenhile in Al the density of states &g mainly comes fronp
analysis of conductance simpler. As Fig. 8 shows, the conerbitals that are rather extended, in Au the wave function at
ductance around the Fermi energy for the single-atom corthat energy mainly has character and is more localized.
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FIG. 7. Same as in Fig. 6, but here the pyramids have been FIG. 8. Top: Conductance versus enefermi energy set to
substituted by(111) surface planes. The number of atoms includedzerg of the single-atom Au contact seen in Fig. 2 for the three cases
in the planes aréa) 7, (b) 19, and(c) 35 (see Fig. 4. shown there. Bottom: Individual contribution of the different active

~conduction channels fafc). The labels indicate the orbital nature

On the other hand, the conductance around the Fermi g4 indicates second nearest neighbors.
ergy for the three-atom Au chain shows clearly an upper
limit of G, (see top panels in Figs. 9 and)1and it does not 047 _ _ ]
change qualitatively with the cluster size. Nevertheless, th#orks by Lang and Avouri&*?’In their calculations semi-
exact value at the Fermi energy is elusive, changing by a#finite jellium models were used to describe the metal elec-
much as 20% from cluster to cluster. We have not been ablgsodes and a pseudopotential for the C cores. The self-
to verify whether the conductance curves for larger clustersonsistent density functional procedure they ugssk Refs.
converge to a given one, but all the curves present a chara24 and 27 for detai)spredicted an oscillatory behavior in the
teristic behavior: Above the Fermi energy the conductance isonductance at the Fermi level with maxinf@inima) in
fairly constant while below it oscillates and vanishes rightthose chains that had an odedver) number of electrons.
above thed channel contribution. The channel decomposi-This oscillatory behavior differs from that corresponding to a
tion analysis is quite simple: A singkep,do-like channel ¢)  closed-shell electronic structure and s, hybridization of
contributes around the Fermi energy. Nevertheless, it is stilinear C chains. In this situation each C atom added to the
difficult to explain from our results the robustness of thechain provides twesp orbitals that contribute to the mo-
quantization observed in the experiméritthat does not de- |ecular orbitals(MO's) and twop orbitals that contribute to
viate fromG, by more than a small percentage over a largethe correspondingr MO’s. With a closed-shell electronic
range of stretching force. Large-scale structural studies alongtructure and aevennumber of C atoms there is a partially
with conductance calculations are also desirable here in ordgifled 7 shell, and the chain could be considered to be intrin-
to make a precise quantitative comparison with experimentssically a conductor. On the other hand, if the chain has an
Recentab initio works®° for Au nanocontacts have par- odd number of C atoms, the and o shells are completely
tially addressed this problem. However, as already pointegijled and we would have a semiconductor. Thus, one would
out, the electrode model considered there seems to introdueg(pect that chains with aavennumber of C atoms would
serious difficulties in the interpretation of their conductanceprovide higher conductances than chains wittoddnumber
results. of C atoms** However, if we consider an open-shell elec-

_ tronic structure for the C chain, or if the edge C atoms are
B. Carbon chains bonded to a metal surface, the MO’s can be filled in a dif-

The conductance of C-atom chains attached to Al elecferent way, which may lead to @nversionof the aforemen-
trodes has been calculated from first principles in previougioned trend, that is, chains with aud number of C atoms
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FIG. 9. Same as in Fig. 8, but with three Au atoms forming a FIG. 10. Same as in Fig. 9, but here the pyramids have been
linear chain in between the electrodsge Fig. 3. substituted by(111) surface planes. The number of atoms included
in the planes aréa) 7, (b) 19, and(c) 35 (see Fig. 4.

having a partially filledw shell while chains with areven
number of C atoms having this shell completely filled. The 1. Al electrodes

first scenario, i.e., an open-shell electronic structure, is actu- The discussion about the conductor or semiconductor
ally the ground state for isolated linear C chains, while thezharacter of C chains given in the preceding section can be
second one explains the findings of Lang and Avouris for theasily extended to the conductance of these chains once they
conductance of C chains attached to Al electrddéin this  have been contacted to semi-infinite electrodes. Note that the
second situation the details of the bonding region betweegscillatory character of the conductance at the Fermi level
the C and metal atoms is of primary importance. This in-yjth the number of C atomsa in the chain found in these
volves knowing the geometry of the contact, the C-metakystems can be understood as a consequence of the oscilla-

under interest. This, however, cannot be easily deduced by

using a jellium model to describe the leads.
For this reason, we have applied the method described in
the previous sections to these kind of systems. More pre-
cisely, we have calculated the conductance for C chains start-
ing with three C atoms attached to Al and AQ01) fcc
electrodes. The distance between C atoms was fixed to that
used in Refs. 24 and 27, i.e., an equal spacing of 2.5 a.u.
between C atoms. The description of the electrode surface
was reduced to four metal atoms describing a hollow site
(see Fig. 11in the center of which the C chain was attached.
The importance of the C-Al surface distance was analyzed
by making two sets of calculations for each C chain. In the
first set this distance was kept fixed at a reference value of
2 A, while in the second one the distance between the C
chain and the metal electrode was that which provided the
minimum energy of the corresponding cluster. The results are FIG. 11. Atomic structure of a {chain attached to hollow sites
discussed next. between(001) fcc Al surfaces.
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FIG. 12. Top: conductance versus ene(§grmi energy here set (n=3—7) attached to Al electrodes. Bottom: charge transferred to
the C chain.

to zerg of C, linear chains §=3-5) attached to Al at the equi-

librium C-Al distance (1 A). Bottom: the same at a distance C-Al ) L )
of 2 A maxima(minima) located an odd (ever) (see Fig. 13 Nev-

ertheless, at the equilibrium distance, where the C-Al surface

(reflected in Fig. 12 The oscillations inG(E) come from distance is smaller (1 A) and the transferred charge from
two degenerater channels, thus explaining the maximum the metal to the C chain is larger, the situation has changed
value of 25, (the only exceptions being the;Gand G and now the maxima are located on chains with an even
chains where additionat channels appear around the Fermi number of C atomsthe only exception being again the, C
energy. The number of peaks is given by the numbernof chain as Fig. 13 shows. However, one would expect that the
orbitals in the chain, which, in turn, depends on the numbeinfluence of the bonding region, a local effect, would become
of C atoms present in the chain. The positioning of the Fermless important as the size of the C chain increases. This is
level near the center of these pedpartially filled 7 shel) ~ what is actually found in the conductance of a larger number
or between peakécompletely filled 7= shel) would deter- of atoms, such as those presented in Fig. 14, where we plot
mine the oscillatory trend with. On the other hand, both the G(E) for n=14,15 and forn=30,31 and a distance C-Al
exact position of the conductance peaks with respect to theurface of 1 A. In both cases the chains witrodd give
Fermi level and their average size are governed by the didarger values foiG(eg) than those withn even. The same
tance between the edge of the C chain and the Al electrod®ehavior is found for the same chains attached to Al elec-

After inspection of Fig. 12, where we plot th&(E) for  trodes at a distance of 2 A, but has not been included in the
the two sets of calculations mentioned at the beginning ofigures for simplicity. It is worth noting that, strictly speaking
this section, it is evident that at a distance of 2 A betweerat zero temperature, the peaksG{E) and thus the oscilla-
the edge C atom and the Al metal surface we end up with th&ons inG(eg) are expected to survive in the thermodynamic
same situation found by Lang and Avoutf€’ namely, limit n—oc. This effect will disappear when the temperature
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zerg of C, linear chains = 14,15) attached to Al electrodes. Bot- FIG. 15. Top: conductance vs ener(iermi energy here set to
tom: the same fon=230,31. zerg of C, linear chains §=3—5) attached to Au at equilibrium

C-Au distance (1.5 A). Bottom: the same at a distance C-Au of

becomes of the same magnitude as the peaks width, whefe A
G(ep) will be the average value for the odd- and even-

chains. appear twom channels, except for thesGand G chains.

However, the narrowing of the conductance peaks makes
2 AU electrodes critig:al _the alignment of the Fermi level. With respect to the
' oscillations of G(eg), we observe the same tendency irre-
Another key point in the conductance of nanocontacts ispective of the C-Au distance, that is, maxima located at
the nature of the metal used in the electrodes, which has be@gld. This is also a consequence of the weaker bond between
thoroughly discussed in previous sections. This is especiallfu and C and the lesser amount of charge transferred from
the case when the chemical bond between the molecule ariie former to the latter.
the metal contact changes markedly as reflected in Fig. 15 as
compared to Fig. 12. There we sha®(E) for the same
systems previously analyzed for Al but with Au instead using  |n summary, we have developed a methodology to self-
a Sdé basis set. When we move from Al to Au the bonding consistently calculatab initio transport properties in atomic-
between the C chain and the metal surface weakens. Thigale systems based upon theussiANgg code. This pro-
reflects in a sharpening of the conductance peaks and in thédes the possibility to apply the most standard quantum
amount of charge transferred from the metal to the C chaighemistry tool to the study of transport through molecules,
(compare Figs. 16 and 13The equilibrium distance between an interdisciplinary subject of increasing interest. We have
the edge C atom and the Au surface is also typically larger ithosen to study two systems that illustrate the capabilities of
this case: 1.5 A for all the chains. As for Al, there also our approach: metallic constrictions of simple and noble

IV. CONCLUDING REMARKS
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3 15 1 APPENDIX
o,
5 In this appendix we discuss how self-energies for Bethe
& 1r 1 lattices(BL's) with no symmetry can be calculated. Symme-

try can be broken due to the spatial atomic arrangement, the
orbitals on the atoms that occupy each lattice site, or both.
05 ] When no symmetry exists the self-energy in an arbitrary di-
rection cannot be obtained by rotating that for a given direc-
tion as done in Ref. 34. Instead, the following procedure has
g to be followed. The method is valid for any basis set or
n lattice. Let 7 be theN nearest-neighbor directions of the

lattice we are interested in al*ilj,i the interatomic interaction

matrix in these directions. The self-energies associated with
each direction have to be obtained from the following set of
- 2N coupled self-consistent equations:

n
w
~
[5,]
o
~

1.6 T T T T T

14 b

2y

V[EL-Ep-(37-30)1"W1,  (Ala
1.2

5

VAIEL-Eo-(S+-2)1V;,  (Alb)

wherei=1,... N and;iz — 7. Elis the energy times the
identity matrix,E, is a diagonal matrix containing the orbital
0.8 | T IeveIs,\A/Ti is the interatomic interaction in the direction,

Charged transferred (e)

and 3. and 37 are the sums of the self-energy matrices
, , , , entering through all the Cayley tree branches attached to an

0.6 : 3 . .
2 3 4 5 6 7 8 atom and their inverses, respectively, i.e.,
n
N
FIG. 16. Top: conductance at the Fermi level gflbear chains i-r= Z 2,.', (A2a)

(n=3-7) attached to Au electrodes. Bottom: charge transferred to i=1

the C chain.
N

metals and C chains with a reactive electrdéé) and an 2_=i:1 E:i' (AZb)

“inert” (Au) electrode. In the first case, we have shown that
assuming local charge neutrality, as commonly done in semithis set of N matricial equations has to be solved itera-
empirical methods, may lead to qualitatively incorrect re-tively. It is straightforward to check that, in cases of full
sults. On the other hand, the metal-C-chain—metal systesymmetry, it reduces to the single equation discussed in Ref.
illustrated how the chemistry of the contact may determine34.
electrical transport and therefore the incorrectness of ascrib- The tight-binding parameters, which include only nearest-
ing a behavior to a given molecule without consideration ofneighbor interactions, used in these calculations are given in
the specific electrode/molecule chemistry. One should speaRable I. The table reports data not only for the metals taken
instead, of electrical transport characteristics of the wholes electrodes in the present waikl and Au) but also for
electrode-molecule-electrode system. two additional metal$Ti and W) commonly used in experi-
ments and/or calculations. All were obtained through fittings
to the electronic bulk band structures calculated by including
second- or even third-nearest-neighbor interactf§ne. the
case of hexagonal-close-packed Ti we took as nearest neigh-
Part of this work was supported by the Spanish CICYTbors six out-of-plane and six in-plane neighbors, as actual
under Grants Nos. 1FD97-1358 and PB96-0085, and bjnteratomic distances differ in less than 2%The densities
the Generalitat Valenciana under Grants No. GV00-151-0bf states on bulk atoms are shown in Figs. 17 and 18. Al-
and GV00-095-2. Discussions with L. Pastor-Abia, J. M.though some of the features of the actual density of states
Paez-Jorda J. C. Sancho, N. Agra, P. Serena, A. Hasmy,(DOS) are not reproducedas it commonly occurs in the
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TABLE I. Tight-binding parameter&n rydbergsg used in the calculation of the density of states and self-energies of the Bethe lattices for
the metals commonly taken as electrodes, namely, aluminum, gold, titanium, and tugigstaist two not considered in the present work
Orbital on-site energies are representecepwhile nearest-neighbor interactions are denotea;hyThe electronic configurations taken in
each case are: Al-a §83p?), Al-b (3523p?3d°), Au-a (5d%s?), Au-b (5d'%s'6p®), Ti-a and Ti-c (3124s24p?), Ti-b (3d24s?) and W
(5d*6s6pY). Actual lattices are face-centered cubic for Al-a, Al-b, Au-a, Au-b, Ti-b, and Ti-c, hexagonal-close-packed for Ti-a, and
body-centered-cubic for W. The parameters were obtained by fitting the bulk electronic band structures given in Ref. 48. The Fegmi level
corresponding to these parameters is also given.

Parameter Al-a Al-b Au-a Au-b Ti-a Ti-b Ti-c w
e 0.35512 0.506 58 0.419 96 0.510 34 0.881 00 0.736 09 1.072 96 0.616 16
€p 0.886 53 1.056 86 - 1.280 39 1.15042 - 1.381 06 1.463 04
edxy - 1.736 44 0.229 63 0.275 29 0.694 49 0.651 65 0.691 43 1.12072
€, - 1.736 44 0.229 63 0.275 29 0.686 17 0.651 65 0.691 43 1.12072
edyZ - 1.736 44 0.229 63 0.275 29 0.686 17 0.651 65 0.691 43 1.12072
edxziy2 - 1.644 57 0.229 30 0.255 42 0.694 49 0.637 35 0.672 93 1.043 50
€d,2 2 - 1.644 57 0.229 30 0.255 42 0.698 28 0.637 35 0.672 93 1.043 50
Ussr —0.048 52 —0.062 25 —0.066 82 —0.069 31 —0.068 09 —0.06353 —0.079 60 —0.073 15
Uspo —0.08296 —0.089 14 - 0.085 43 0.076 76 - 0.11204 —0.004 19
Usdo - 0.08741 —0.03868 —0.05282 0.04883 —0.04223 —0.04567 —0.07323
Uppor 0.193 17 0.164 91 - 0.171 66 0.098 83 - 0.175 87 0.374 60
Uppr 0.06339 —0.009 99 - —0.01084 —0.016 46 - —0.003 86 0.087 30
Updo - —0.17352 - —0.093 05 0.066 92 - —0.05580 —0.23996
Updm - 0.044 72 - 0.01008 —0.027 18 - 0.03158 —0.06160
Udde - —0.164 16 —0.04391 —0.048 72 —0.052 11 —0.043 37 —0.047 94 —0.187 62
Udda - 0.077 76 0.033 67 0.024 94 0.028 62 0.039 07 0.035 42—-0.065 43
Udds - —0.012 79 —0.008 74 —0.004 62 —0.006 03 —0.004 62 —0.009 85 0.069 17
€r 6.98 8.24 6.84 7.16 7.83 8.02 7.89 10.45
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FIG. 17. Density of states for the Bethe latticeg@fAl and (b) spond to results obtained with spd basis and the hcp and bcc
Au obtained with the parameters of Table I. Continuous lines cordattices for Ti and W, respectively. In the case of Ti two further
respond to results obtained withsgd basis while broken lines to curves are given that correspond to the fcc lattice witpd basis
those obtained with eithersp (Al) or asd (Au) basis. The Fermi  (broken ling or asd basis(chain ling. The Fermi level was set at

level was set at zero energy. Zero energy.
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Bethe lattice approximatigrthe overall results are satisfac- of Au by means of thepdbasis(see Fig. 17 and Table.lIn

tory. The major discrepancy is noted for Ti since in this metalthe case of Au and Ti, the reduced basis gives an exces-
the Fermi level in the crystalline case lies in a valley of thesively narrow conduction band. Finally, we note that in the
DOS® In the calculations reported in this work the basis  case of Ti there are no major differences between the DOS
was used for Al. We have described the electronic structuréor the fcc and hcp lattices.
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