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Electronic conductance through organic nanowires
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Quantum-mechanical-based methods are used to obtain the current-\ol¥ggeharacteristic curves of a
molecular nanowire bridging two metallic electrodes. The effect of the molecular electronic structure and
mechanism of coupling to the metallic contacts on these curves is investigated for conjugated sulfur-based
compounds, oligothiophen. The molecular nanowire is connected to two Au clusters, mimicking the electrodes.
The electronic structure of the molecules in the wire was determined a&irigitio-like calculations. The
Hamiltonian matrix elements associated with these molecules were calculated via the density functional theory
and the extended Hiickel theory methods. The effect of the number of Au contact atomd-dhdheres was
also investigated using two models; single-atom contact at each electrode and three-atom contact, through the
hollow site of the A11l) plane, at each electrode. We have also investigated the influence of the number of
thiophen rings in the wire on the conductance properties. The shapes of the corfMitaarves are in
agreement with the available experimental data.
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I. INTRODUCTION semiconductors. Molecules in the latter category possess de-

A molecular nanowire normally refers to a system com-localized electrons, providing relatively simple systems to
posed of a molecule bridging two electron reservoirs. TheStudy and control, such as conjugated polymers, including
emerging field of molecular electronics is concerned withPolyacetylene, polyaniline, polypyrrole, and polythiophene.
constructing information-processing devices by couplingTheir electrical, optical, and other properties, derived from
single molecules, with electronic functionalities, togethertheir delocalizedn frameworks, in conjunction with their
and connecting the resulting nanowire to external electrodesynthetic and processing advantages as organic polymers,
The design of such a system poses several theoretical, corhave led to real applications as a new generation of advanced
putational, and experimental challenges. Aviram and Ratnemmaterials. Conjugated oligomers are also interesting materi-
were the first to propose sophisticated molecule-based sygds and have received a great deal of attention. We have
tems analogous to diodes and triodes. Since their proposalghosen oligothiophens due to their multiple potential techno-
such systems have indeed been synthesized, and some tetggical applications. Oligothiophens consist of less than ten
niques to connect them to external electrodes have been déiophen thiol(TT) ring molecules. Many oligothiophens are
veloped. Electronic transport through single, or at most aised in novel electrical or optical devicEsThey are used in
few, molecules adsorbed on an Au surface was observed withiophen-based electronic components and devices, such as
scanning tunneling microscog8TM), where the tip served transistors® electroluminescent devicé$, photovoltaic
as a counterelectrod€. STM can be used not only in the cells?® energy storage devicé$, and electrochromic
tunneling regime to image adsorbates but also in the conta¢tevices?®. The most important application of these materials
regime to build few-atom nanoscopic contattsln addition  is in molecular electronics.
to the STM, mechanically controllable break junctions have The most common way of connecting conjugated mol-
also provided powerful tools to study the electronic transporecules to an electron source/drain is by making a TT-
in metallic nanobridges or individual molecuf&d? substituted molecule, i.e., a TT molecule in which a hydro-

Connecting a few molecules, or even a single molecule, tgen atom in its end group has been replaced by an S atom,
conducting electrodes forms the basis of a lively researcland attaching this to an Au electrode via sulfur-gold
activity in this field. Examples of nanowires include those(S-Au) binding. In computational modeling of molecular
constructed from aromatic dithiold,carbon sphere¥,car-  nanowires, the main task has been to provide insight into
bon nanotube¥; and alkene thiol&® how the molecule-to-metal electronic coupling and the ge-

Molecular wires studied in recent years can be broadlyometry of the metal contacts affect the flow of current
divided into two categories; those basedrealkane chains through the wire.
which have a largé~6 eV or greaterband gap separating In this paper, we report on first-principles-like calculation
their highest occupied molecular orbitéiOMO) and their  of the |-V characteristic curves of a molecular nanowire
lowest unoccupied molecular orbitdLUMO), and those composed of a number of TT moleculéings), as shown
based on conjugated molecules that have a band gap ethematically in Fig. 1. Furthermore, we have also computed
~2-4 eV. Members of the first category are relatively insu-the density of state®©OS) and the transmission function of
lating and are useful for synthesizing insulating layers, whilethe nanowire and the electrodes, and have investigated the
those in the second category behave very similar to ordinargffect of the contact geometry and the number of TT mol-
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leads been propose#-2°In this model, shown in Fig. 1, the wire is
1 attached to two atomic clusters representing parts of the two
metallic leads, which are themselves modeled as two perfect
semi-infinite crystals of the corresponding metal. The mol-
ecules together with the two atomic clusters at the ends form
a cluster-molecule-clusteiCMC) system, and this system
will be referred to as the central cluster. The electronic struc-
ture of this central cluster must be resolved in detail since the
Au Au conductance is mainly determined by the narrowest part of
the whole syster®® We do this via the application of the
DFT method.

Consequently, the overall Hamiltonian of the nanobridge
is decomposed into

ﬁ:ﬁL+ﬁR+|:|C+\A/’ (3)
FIG. 1. Schematic illustration of a molecular nanobridge, com- ~ . )
posed of a conjugated moleculTT) chemisorbed onto Au elec- WhereHc describes the CMC, in the absence of the leads,

trodes via the thiol terminal group. The electrodes and the centrfNd fgr this reason we refer to our method as first-principles-
cluster are shown. like, H__g describe the left and right leadslectrodey re-

spectively, andV provides the coupling between the leads
ecules on these properties, as well as onltiecurves. The and the central cluster, given ¥y
voltage drop due to molecular contact with the electrodes has - N
also been computed, employing the electrostatic potential V=2 v;(dfef +H.c), (4)
differences in the presence and absence of an electric field. i
The paper is organized as follows. In Sec. Il we presenjyhere y;; are the hopping matrix elements describing the

the essential computational techniques employed to obtaigonnection between the molecular orbitals of the central

:230(;]02?l:ﬁ;agfeect’:g?ﬁ:glt?jétﬁreecﬂ)?nalg_lEIEOSV'gf;r;h:SC:rTgrgilusteréT and the lead orbitaléiT and are obtained by reex-
y ressing the molecular orbitals of the central cluster via a

ample_of an oligothiophen. Sections v anq V present th({bwdin transformatioff in terms of atomlike orbitals.
numerical results, together with the concluding remarks. In our implementation of this model, our central cluster

Il. DETAILS OF THE COMPUTATIONAL consists of the wire and two Au clusters, each composed of
TECHNIQUES 12 Au atoms, at both ends. We have considered two cases:

_ ) one, the wire coupled, via the S atom, to a single Au atom,

A. General consideration and two, the wire coupled to two groups of three Au atoms.

It is known that conjugated molecules are conductiveSingle-atom contacts of a different sort also arise in me-
when connected to metallic leads. However, their electricathanically controllable break junctiof®CBJs in which a
resistance is large, so that they cannot be simply used inotched wire is made to break at the notch, resulting in two
electronic devices. For this purpose, their resistance shoulglean rough fracture surfaces. The surfaces are then brought
be lowered. A crude expression to calculate the resistance ®&ck into contact, resulting in a point contact due to the

a molecule is given &} roughness of the surfaces. The conductance through this
JE— point is then determinetf.
R~ (12.91kQ)exd0.7245/Ey(eV)L(A)], (1) The current, for a constant bias voltayebetween the

. . metallic leads, is given by the Landauer expressfosince
where thel. is the length of the molecul&, is the band gap the Hamiltonian ?n Eq.}(/3) does not conriain inelastic

energy, and 12.9kQ) is the quantum of resistance. It should "
be emphasized that the value of this quantum does not Sin§_catter|ng
ply refer to the resistance of a molecule, but rather to its 2e [* -~
as-measured resistance, i.e., when it is attached to two elec- = Ff deTr{tt'}[f(e-eVi2) - f(e+eVi2)],  (5)
trodes. The internal resistance of a molecule has, as yet, not '°O
been measured. From Eg), we can obtain the approximate where f is the Fermi function and is the energy- and
value of the resistance of a 2TT system, and this turns out t@oltage-dependent transmission matrix givertby
be
2 _ o172 ~T ~1/2
Rorr ~ 3.385 MO, @ t(e,V) =2I'"“(e - eVI2)G(e, V)[g (e +eVI2)  (6)

which is quite considerable. However, this value is still in theand the scattering-rate matricBgg are given by

range for molecules that can be considered as suitable for use fL e |m(§L =), (7)
in electronic device$® R ' '

To compute the current through an organic moleculein which the3, g represent the self-energies, containing the
bridging two metallic electrodes, a rather simple model hasnformation on the electronic structure of the leads and their
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coupling to the central cluster. These can be expressed astip. Previousab initio studie$® had shown that the tip atoms
. tended to arrange themselves in planar structures that in-
2 r(€) =0cLRILR(E)DL R (8)  cluded the S atom, as shown in Fig. 1. Then to adapt this

with & being the hopping matrix which describes the Connec_procedure to the real conditions, a coupling factor is used as

tion between the central cluster and the leadsgngare the a fitting pargmeter, affecting the coupl_ing matrix eIe_ments
Green’s functions of the uncoupled leads, i.e., the semitie,rm @ndHyr and the corresponding elements in the
infinite crystals. We calculated the self-energies of theoverlap matrixS;. A coupling factor of 0.5 was used in those
contact-molecule coupling using the geometry of the contactstudies. This number is adopted mainly on intuitive geo-
molecule connection. The off-diagonal block of metrical grounds, indicating that the central cluster ends up
ESF matrix gives the coupling matrix, whe@andF are, in a planar shape whose volume is about 50% of what it
respectively, the overlap and the Fock matrices, &risl the would be if the ideal continuum were able to hypothetically
energy. TheSandF matrices were obtained from tieauss- ~ connect to the molecule. This means that half of the con-
IAN 98 software. It is evident that the contributions of the left tinuum is in direct contact with the central cluste?® We

and right leads are taken into account g and 3z A also employed the same procedure. The for Au can be
question about the self-energies of the left and right leadgpproximated by diagonal matrices with each element pro-
that may arise is the reflections at the lead-gold cluster intePortional to the local DOS of the Au atori$and were ob-
faces. It is believed that using the self energies approximatained from a theoretical estimation based on the use of tight-
tion for gold contacts is justified because of two reas¢hls:  binding approximatiori"

for bulk gold it is known that around the Fermi energy the ~We have used the self-energies in E) because the
local density of states is approximately independent ofTT+Au system does not include the infinite gold contacts,
energy! and(2) the transport properties of the molecule arewhich effectively turn the isolated molecule into an open
determined by the molecular levels near the Fermi level angystem. This formulation is one of the standard procedures to
the core levels contribute to the total number of electrons bytudy the current through organic molecules connected to
remaining full in the bias range of interest. metallic leads.

To include the scattering process, another self-energy ma- For the description of the Au reservoifteads, a basis
trix, represented b;Ep,33 which reflects the broadening of With the atomlike 8, 6s, 6p orbitals, and for the central
the energy levels due to coupling to molecular vibrations, iscluster the LANL2DZ basis for all atorfs**were used. The
necessary. However, since we have focused on coherent BfFT-based calculations were performed using the B3LYP
ballistic transport, we have s&,=0.33 This means that we method”*via the GAUSSIAN 98 software?®
simply calculated the transmission from thecontact to the The 2TT system in the nanowire has four H atoms, eight
R contact obtaining a ballistic transport. Consequently, theC atoms, and four S atoms. In our calculations we included
current in our model is higher than when the scattering prothe Is orbital of the hydrogen, thes2p orbitals of the car-
cess is taken into account. The Green’s function of the cenPon, and the 88p3d orbitals of the sulfur. The matriced

tral cluster is given by andSwere computed via the DFT method. For each Au atom
A o R we included nine orbitalsdbs6p and the hopping matritor
Gu(e,V) =[el-Hc -3, (e-eVI2) - Sg(e+eVi2)] L. coupling matriy for each atom was obtained from DFT-

9) based calculations of th_e central c_Iuster.

It should be emphasized that different approaches can be

used, and indeed have been used, for computing the Hamil-

B. Density functional based calculations tonian matrix. These approaches can be listed in two catego-

) ries, i.e., theab initio and semiempirical methods. In tlad
Quantum chemistry methods can be used to compute thgjtio approach, Hartree-FoakdF) or DFT methods can be

elements of Eq(9), and one particular approach is to use theyseqd to compute the electron-electron interactions. In other
Kohn-Sham (KS) Hamiltonian for the central clusté?, \yords, in these methods the correct Hamiltonian of the sys-
which in the atomic basis set is represente&’by tem is used without including any experimental data other
than the values of the fundamental physical constants. The

A Ho Hiv Hir ab initio methods are, however, time consuming since they

Hys = |:||v||_ |Z|MM |Z|MR , (10)  involve the evaluation of the two-electron integrals. Semi-
- -~ - empirical molecular quantum-mechanical methods use a
Hre Hrm Hrr Hamiltonian simpler than the correct molecular Hamiltonian.

In these methods, some parameters are used whose values
re adjusted to fit the experimental data or the resultsbof

- itio calculations. Therefore, in these methods, the matrix
to He in Egs. (4) and (9), andH g andHy g are as-  elements are computed on the basis of rules obtained from a
signed toovc g and o, gc, respectively, in Eq(8). These combination of theory and experimental observations.
coupling matrices should hypothetically represent the cou-

pling to a geometrically and electronically perfect con- C. Extended Hiickel theory (EHT) method

tinuum, but in real situations, such as in a break junction A more general and simple method is the EHT which uses
experiment, the molecule is connected through a nanoscopall the valence orbitals of the atoms as the basis functions,

where I:iMM represents the matrix elements of the central
cluster, 2TT molecule plus two Au clusters, and is assigne
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e.g., sulfur requires two2and four 2 orbitals as the basis. Recent experiments have suggested that the binding to a
The atomic orbitals can be approximated by the Slater-typ&ollow site is energetically more favoralffewhile others
orbitals which allow for an efficient computation of the over- suggest this to be true for a single-atom connectfo@on-
lap matrixS; =(i [j), wherei andj refer to the orbitals of the sequently, the geometry of a molecule-metal contact is, as
central cluster. In the EHT, the Hamiltonian is described viayet, not well understood.

We performed quantum-mechanical based calculations,

Hii=-V (1D via B3LYP/LANL2DZ, for the 2TT+Au system. For lighter
and atoms, both the 6-31++G valence trigjebasis set aug-
mented with polarization functions and the LANL2DZ were
Hy = oS (Hy + Hy), i # ] 1y used : :
U 2 A R T ’ The S-C bond in the 2TT+Au system is 1.787 A larger

S than the corresponding bond in the 2TT which is 1.733 A.
where the valence orbital ionization energi¢sare used t0  gince there is no direct experimental information regarding
approximate the diagonal elements, and the off-diagonal ekhe geometry of the molecule and its attachment to the leads,
ements are proportional to the overlap, with the constant usune overall geometry of the central cluster was relaxed with-
ally taken to bec=1.75. Consequently, the Hamiltonian and ot additional constraints in the calculations, resulting in the
the overlap matrices can be obtained using these methodsay, atoms protruding out of the molecular plane. In the

In this paper, the geometry of all molecules was optimizetb 1T+ Au system, the HOMO s located at —9.623 eV, and
using the B3LYP/6-31++G method!®*' The conductance the LUMO at -8.341 eV, and the gap is, therefore, 1.282 eV,
properties of the 5, 5bi (thiophen thio), or 2TT, molecule \yhjch is less than the gap for the 27T, i.e., 2.362 eV. This
was obtained using the DFT method to study the effect of thgequction is due to the substitution of the H atoms with the
nanowire on the conductance properties, the nonequilibrium
Green’s functiofNEGP), as well as the EHT, methods were
used?? IV. COMPUTATION OF THE CONDUCTANCE

PROPERTIES OF A 2TT MOLECULE

I1l. COMPUTATION OF THE ELECTRONIC STRUCTURE 5 Herelwe {eréoré O_n the CaA|CU|<'|:ltI0n 3f tlhéI/ .Cutr)V?S fo::j ah
OF THE 5, 5'-bi (thiophen thiol) (2TT) MOLECULE TT molecule bridging two Au electrodes. It is believed that

a critical factor in determining the resistance of a molecular

The electronic structure of a 2TT molecule is presented amterconnect is the location of the Fermi energy of the me-
an example of the oligothiophens considered. This moleculéallic contacts relative to the energy levels of the molecule
contains two S-H terminal groups which covalently bond tobridging then?® Figure 2 is a schematic representation of the
the Au electrodes by removing an H atom from each of theenergy levels of the molecule relative to the Fermi levels of
S-H groups. These types of molecules have been widelyhe Au contacts. The Fermi level alignment in this figure was
studied experimentally due to their use in molecularlocated using the total DOS of the extended molecule, mol-
junctions?®® In the 2TT rings ther electrons are delocalized, ecule plus a few Au atoms. From the plot of energy-number
and this is the main reason for the electronic conductancenf electrons the Fermi energy can be located so as to yield
The S atom contains free electrons which participate in thehe correct number of electrons in molecule. This method is
ring resonance. For reliability and control of electrical con-succinctly described in Ref. 33. We obtained the value of
tacts in a metal-molecule heterojunction, the organic mol—9.32 eV, coming in the middle of the HOMO and LUMO
ecules are usually functionalized by thiol groups at one otevels of the molecule given before.
both ends. However, although the role of the S atom in de- The location of the coupling of the S atom can be at the
termining the current has been recognized, it has not beemollow site or at a single surface atddt’->°To understand
fully understood. the effect of contact atoms on conducting properties, we ex-

There are many experimental results about Au electrodeamined these two options. Since the conductance is mainly
connected to organic molecul&s®*444°and we have used determined by the narrowest part of the bridge, we consid-
Au electrodes so as to be able to compare our results with thered only the detail of the central cluster. For each option, we
available experimental and theoretical data. assumed that the molecule stood perpendicular to the metal

The 2TT molecule is symmetrical with a Cs point group. surfaces.
When it is attached to electrodes, it is important to know the The calculated current-voltage curve, obtained via(By.
position of the Fermi level of the electrodes vis-a-vis theis shown in Fig. 3. From this figure it can be observed that
HOMO-LUMO gap of the bridging molecule. We have cal- the current for the case of single-atom contact is approxi-
culated the energy levels of a single 2TT via the DFTmately 17% smaller than the corresponding current for the
method. The HOMO and LUMO of the 2TT are bothlike, case of hollow-site contact. This is not a large value, but
and their gap turns out to be 2.362 eV. The HOMO is locatedorms an appreciable difference. It seems that if the sulfur
at —10.5274 eV, and the LUMO is located at —8.1912 eV.atom sits directly on top of an Au atom, the overlap of the
This gap is in the range for conjugated molecules, and thusulfur p, orbital with thes orbital of the Au atom tends to
the 2TT can be conductive. The Fermi level of the moleculezero, and this reduces the current. Usually, theoretically de-
is located at —10.527 eV. termined values of the current are more than 2, or more,
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LUMO levels
| FIG. 2. Schematic diagram for
2362V the energy levels of the 2TT mol-
o oo T .. ecule, and the relative positions of
Fermi level of left contact Fermi level of right contact Fermi level of the Au contacts.
HOMO levels
2IT Molecule diagramlevels

orders of magnitude larger than the measured vatugse
shape of our computeldV curve is similar to the available
experimental results, obtained for the oligothioph&Bther
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FIG. 3. (a) Thel-V curve for the 2TT molecule. Broken line for
single atom contact and solid line for hollow site contdb). The

computational studies confirm these resettsVe have also
obtained thd-V characteristic curve for a 4TT system, and
this will be reported in the next section. From Fig. 3, it is
clear that the computeldV curve does not follow an Ohmic
pattern. This is a characteristic feature of molecular wires.
The 2TT molecule is a symmetric molecule and we expect
that itsl-V curve to be also symmetric with respect\e0.
Figure 3 clearly shows the symmetrical structure of our com-
putedl-V curve. It should be noted that symmetric molecules
can give rise to asymmetrieV curves as well. However, as
has been demonstrated experimentzf? 26 these arein-
ducedasymmetries due to, for example, the presence of ad-
ditional molecules, asymmetrical electrode surfaces>%tc.
The symmetry of the current with respect to the voltage in-
version is important for the behavior of a molecule as a
rectifier>?

We computed the voltage drop along the 2TT molecule
via a simplified DFT-based method in which the difference
between the electrostatic potential at finite and zero biases is
taken into accourit® Figure 3 also shows the variations of
this voltage drop, showing that it is significant. It has a sym-
metric structure about the zero point. The voltage drop is
important in nonequilibrium deviced:>®

V. COMPUTATION OF CONDUCTANCE PROPERTIES
OF OTHER OLIGOTHIOPHENS

In this section we investigate the effect of increasing the
number of rings in oligothiophen, i.e., the length of the mo-
lecular wire, on thd-V curves and other properties. For this
purpose, we employed the NEGF method in conjunction
with the EHT method®4? which predicts the one-particle
energy levels for a conjugated molecule, to obtain the Hamil-
tonian matrix for the molecule-contact system in order to
compute thel-V curves and other properties, such as the
DOS, the transmission function, and the conductance spec-
tra. We considered five oligothiophens consisting of 1TT,
2TT, 3TT, 4TT, and 5TT rings. In the previous section, the
results of the 2TT-based wire were obtained via the DFT
method. Here we have recomputed these results, together

voltage drop through the 2TT molecule calculated under 2 V apWith those pertinent to the 1TT-, 3TT-, 4TT-, and 5TT-based

plied voltage bias. The horizontal axis Zs (The curves obtained
using DFT based calculation.

wires, via the combined NEGF and EHT methods. In all our
calculations, we assumed that the oligothiophens were at-
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tached, via single-atom contact, to the(Ail) surface. Ex- between the Au orbitals and the HOMO of the oligothiophen,
perimental |-V curves are available for some of thesethere appear peaks in the transmission graphs. It is interest-
oligothiopheng'? and we have been able to compare our redng to note from Fig. 4) that the transmission near the
sults with these. HOMO-LUMO gap in the 1TT-based nanowire is greater
The structure of all the oligothiophens were optimized atthan in the other size wires, in contrast to what one might
the B3LYP/6-31++G level of theory as implemented in expect.
GAUSSIAN 98programi® The DOS and transmission diagrams ~ The LUMO in all the above systems is also coupled with
of these systems are shown in Fig. 4. The Fermi energies fdhe Au states. But it is clear that the contribution from these
these systems lie in their HOMO-LUMO band gaps. Theto the transmission is smaller than the contribution from
HOMO for all these oligothiophens becomes broader due ttlOMOs’ combination with the Au states.
their coupling to the Au contacts, and this broadening en- The transmission through all these systems resembles
hances the electronic transmission. Thé curves pertinent closely the DOS for these systems. For the 1TT molecule,
to the five oligothiophen nanowires are shown in Fig. 5. It isthis resemblance is stronger. If the 1TT molecule connects to
important to note that for all the systems the transmission i®ne Au contact stronger than the other Au contact, then the
strongest in the region where the Au states have coupled witheaks in the DOS diagram should be wide and the transmis-
the molecular states. In the region where there is a resonans@&on peaks should be narrow, which should be the case for
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FIG. 5. Calculated-V charac-
teristic curves for the molecules in
Fig. 5 (calculated using the EHT
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asymmetric wave functions pertinent to the 1TT, 3TT, andmay not be a universal result and that it may not manifest
5TT systems. But, we see that the DOS and the transmissidtself in other molecular wires.
diagrams do not show such a behavior, and this implies that Experimental results are available for the 4TT-based mo-
the 1TT molecule was connected to both Au contactdecular wire?3 The shape of our calculatéeV curve for this
strongly. This behavior, i.e., the strong connectivity to bothwire, shown in Fig. 5, is similar to the experimental curve
contacts, is also observed for other oligothiophens. By inbut the magnitude of the computed current is larger than the
creasing the system’s length, the size of the flat region in thexperimental value. Since we cannot accommodate all of the
DOS diagrams, which is a measure of the HOMO-LUMO factors influencing the value of the current, such as the vari-
band gap, decreases progressively from the 1TT to the 5T®us molecular conformations, the electronic structure of the
oligothiophen, as expected for such systems, due to bettenolecules and the geometry of the molecule-electrode con-
overlap of thep orbitals which gives ther orbitals. tact, we do not expect the calculated values to be in very
Another interesting question that we have explored congood agreement with the experimental values. The aim of
cerns the effect of the number of sulfur atoms in the wire this work, and other works such as ours, is to find some clues
which bind strongly to Au leads, on its conductance properabout the parameters which influence the current through the
ties. In the five systems considered in this paper, it seems thatolecular wires, as such results will help in designing
the number of S atoms affects the conductance propertiemolecule-based electronic devices.
One expects that by increasing the numbermoélectrons, The conductance spectra corresponding tol thecurves
the system becomes more conductive. The sulfur atomsn Fig. 5 are shown in Fig. 6. We expect that by increasing
however, partially insulate the-electron states of the mol- the number of TT rings in the wire, the HOMO-LUMO gap
ecules, leading to a decrease in their conductivity. Similato become smaller. Figure 6 shows this expected behavior,
results have been obtained for phenyl dittol. with the conductance increasing as a result. This increase is
All the systems considered here show nonlinear behaviodue to the resonance tunneling through the molecular states.
in their I-V curves. The conductance characteristics and th&@he peaks in Fig. 6, which were observed at energies corre-
conductance spectra for these systems are shown in Fig. §ponding of the molecular energies of the thiophen systems,
These curves were obtained via a modified version ofvere due to this resonant tunneling. It is clear that by in-
Huckel-IV method, the details of which can be found creasing the number of rings the number of peaks increases
elsewheré?® An interesting point in Fig. 5 is the region because of an increase in the number of the molecular states,
around the zero voltage in tHeV curves. For the systems and the same applies for the resonant tunneling. The width of
with an odd number of TT rings, the current increasesthe peaks show that the broadening of the molecular levels
smoothly, but for the systems with an even number of TTwas due to the Au contacts.
rings, the current seems to stay constant. The reason could be To sum up, we have computed th&/ characteristics of a
due to the stronger coupling of the 1TT, 3TT, and 5TT sys-set of thiophen thiol(TT)-based nanowires, using first-
tems to the Au contacts compared with the coupling of theprinciples-like methods. We have found that th¥ curves
2TT and 4TT systems. We should emphasize that this resufor all the TT-based systems were non-Ohmic in character.
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—=—1TT ——2TT ——3TT

dI/dV (LAIV)

FIG. 6. Conductance in molecules in Fig. 5 as
a function of the bias potential applied to the Au
contacts(calculated using the EHT methpd

—X—4TT  —o—STT

We considered two modes of contact between the wire andlso, the presence of the sulfur atoms critically affected the
the Au electrodes; single-atom contact, and contact to thealue of the current.
hollow site of the Ai111) plane. It seems that the former  For future research, it is worthwhile to explore the role of
contact geometry was more effective for the conduction. Theéhe molecular conformations and the effect of local disorder
experimental results also show that contacts are indeed mone the leads, as well as the role of the temperature and pres-
likely to be atomically terminatet: sure. A further useful study can be to test the effect of elec-
We also found that the length of the molecular wire wastron donating and electron withdrawing groups on the rings
an important factor influencing the conductance propertieshemselves.
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