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Quantum-mechanical-based methods are used to obtain the current-voltagesI-Vd characteristic 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 usingab initio–like calculations. The
Hamiltonian matrix elements associated with these molecules were calculated via the density functional theory
and the extended Hückel theory methods. The effect of the number of Au contact atoms on theI-V curves was
also investigated using two models; single-atom contact at each electrode and three-atom contact, through the
hollow site of the Aus111d 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 computedI-V curves are in
agreement with the available experimental data.
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I. INTRODUCTION

A molecular nanowire normally refers to a system com-
posed of a molecule bridging two electron reservoirs. The
emerging field of molecular electronics is concerned with
constructing information-processing devices by coupling
single molecules, with electronic functionalities, together
and connecting the resulting nanowire to external electrodes.
The design of such a system poses several theoretical, com-
putational, and experimental challenges. Aviram and Ratner1

were the first to propose sophisticated molecule-based sys-
tems analogous to diodes and triodes. Since their proposals,
such systems have indeed been synthesized, and some tech-
niques to connect them to external electrodes have been de-
veloped. Electronic transport through single, or at most a
few, molecules adsorbed on an Au surface was observed with
scanning tunneling microscopesSTMd, where the tip served
as a counterelectrode.2,3 STM can be used not only in the
tunneling regime to image adsorbates but also in the contact
regime to build few-atom nanoscopic contacts.4–7 In addition
to the STM, mechanically controllable break junctions have
also provided powerful tools to study the electronic transport
in metallic nanobridges or individual molecules.8–13

Connecting a few molecules, or even a single molecule, to
conducting electrodes forms the basis of a lively research
activity in this field. Examples of nanowires include those
constructed from aromatic dithiols,12 carbon spheres,14 car-
bon nanotubes,15 and alkene thiols.16

Molecular wires studied in recent years can be broadly
divided into two categories; those based onn-alkane chains
which have a larges,6 eV or greaterd band gap separating
their highest occupied molecular orbitalsHOMOd and their
lowest unoccupied molecular orbitalsLUMOd, and those
based on conjugated molecules that have a band gap of
,2–4 eV. Members of the first category are relatively insu-
lating and are useful for synthesizing insulating layers, while
those in the second category behave very similar to ordinary

semiconductors. Molecules in the latter category possess de-
localizedp electrons, providing relatively simple systems to
study and control, such as conjugated polymers, including
polyacetylene, polyaniline, polypyrrole, and polythiophene.
Their electrical, optical, and other properties, derived from
their delocalizedp frameworks, in conjunction with their
synthetic and processing advantages as organic polymers,
have led to real applications as a new generation of advanced
materials. Conjugated oligomers are also interesting materi-
als and have received a great deal of attention. We have
chosen oligothiophens due to their multiple potential techno-
logical applications. Oligothiophens consist of less than ten
thiophen thiolsTTd ring molecules. Many oligothiophens are
used in novel electrical or optical devices.17 They are used in
thiophen-based electronic components and devices, such as
transistors,18 electroluminescent devices,19 photovoltaic
cells,20 energy storage devices,21 and electrochromic
devices.22. The most important application of these materials
is in molecular electronics.

The most common way of connecting conjugated mol-
ecules to an electron source/drain is by making a TT-
substituted molecule, i.e., a TT molecule in which a hydro-
gen atom in its end group has been replaced by an S atom,
and attaching this to an Au electrode via sulfur-gold
sS-Aud binding. In computational modeling of molecular
nanowires, the main task has been to provide insight into
how the molecule-to-metal electronic coupling and the ge-
ometry of the metal contacts affect the flow of current
through the wire.

In this paper, we report on first-principles-like calculation
of the I-V characteristic curves of a molecular nanowire
composed of a number of TT moleculessringsd, as shown
schematically in Fig. 1. Furthermore, we have also computed
the density of statessDOSd and the transmission function of
the nanowire and the electrodes, and have investigated the
effect of the contact geometry and the number of TT mol-
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ecules on these properties, as well as on theI-V curves. The
voltage drop due to molecular contact with the electrodes has
also been computed, employing the electrostatic potential
differences in the presence and absence of an electric field.

The paper is organized as follows. In Sec. II we present
the essential computational techniques employed to obtain
the conductance properties. Section III provides the compu-
tation of the electronic structure of a 2TT system as an ex-
ample of an oligothiophen. Sections IV and V present the
numerical results, together with the concluding remarks.

II. DETAILS OF THE COMPUTATIONAL
TECHNIQUES

A. General consideration

It is known that conjugated molecules are conductive
when connected to metallic leads. However, their electrical
resistance is large, so that they cannot be simply used in
electronic devices. For this purpose, their resistance should
be lowered. A crude expression to calculate the resistance of
a molecule is given by23

R, s12.91kVdexpf0.7245ÎEgseVdLsÅdg, s1d

where theL is the length of the molecule,Eg is the band gap
energy, and 12.91kV is the quantum of resistance. It should
be emphasized that the value of this quantum does not sim-
ply refer to the resistance of a molecule, but rather to its
as-measured resistance, i.e., when it is attached to two elec-
trodes. The internal resistance of a molecule has, as yet, not
been measured. From Eq.s1d, we can obtain the approximate
value of the resistance of a 2TT system, and this turns out to
be

Rs2TTd , 3.385 MV, s2d

which is quite considerable. However, this value is still in the
range for molecules that can be considered as suitable for use
in electronic devices.23

To compute the current through an organic molecule
bridging two metallic electrodes, a rather simple model has

been proposed.24,25In this model, shown in Fig. 1, the wire is
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-clustersCMCd 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
conductance is mainly determined by the narrowest part of
the whole system.26 We do this via the application of the
DFT method.

Consequently, the overall Hamiltonian of the nanobridge
is decomposed into

Ĥ = ĤL + ĤR + ĤC + V̂, s3d

where ĤC describes the CMC, in the absence of the leads,
and for this reason we refer to our method as first-principles-

like, ĤL,R describe the left and right leadsselectrodesd, re-

spectively, andV̂ provides the coupling between the leads
and the central cluster, given by26

V̂ = o
i j

vi jsd̂i
†ĉj

† + H.c.d, s4d

where vi j are the hopping matrix elements describing the
connection between the molecular orbitals of the central

clusterĉj
† and the lead orbitalsd̂i

† and are obtained by reex-
pressing the molecular orbitals of the central cluster via a
Löwdin transformation27 in terms of atomlike orbitals.

In our implementation of this model, our central cluster
consists of the wire and two Au clusters, each composed of
12 Au atoms, at both ends. We have considered two cases:
one, the wire coupled, via the S atom, to a single Au atom,
and two, the wire coupled to two groups of three Au atoms.
Single-atom contacts of a different sort also arise in me-
chanically controllable break junctionssMCBJsd in which a
notched wire is made to break at the notch, resulting in two
clean rough fracture surfaces. The surfaces are then brought
back into contact, resulting in a point contact due to the
roughness of the surfaces. The conductance through this
point is then determined.28

The current, for a constant bias voltageV between the
metallic leads, is given by the Landauer expression,29 since
the Hamiltonian in Eq. s3d does not contain inelastic
scatterings26

I =
2e

h
E

−`

`

deTrht̂t̂†jffse − eV/2d − fse + eV/2dg, s5d

where f is the Fermi function andt̂ is the energy- and
voltage-dependent transmission matrix given by26

t̂se,Vd = 2ĜL
1/2se − eV/2dĜC

r se,VdĜR
1/2se + eV/2d s6d

and the scattering-rate matricesĜL,R are given by

ĜL,R = ImsŜL,Rd, s7d

in which theŜL,R represent the self-energies, containing the
information on the electronic structure of the leads and their

FIG. 1. Schematic illustration of a molecular nanobridge, com-
posed of a conjugated molecules2TTd chemisorbed onto Au elec-
trodes via the thiol terminal group. The electrodes and the central
cluster are shown.
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coupling to the central cluster. These can be expressed as

ŜL,Rsed = v̂CL,RgL,Rsedv̂L,RC, s8d

with v̂ being the hopping matrix which describes the connec-
tion between the central cluster and the leads andgL,R are the
Green’s functions of the uncoupled leads, i.e., the semi-
infinite crystals. We calculated the self-energies of the
contact-molecule coupling using the geometry of the contact-
molecule connection. The off-diagonal block of
ES-F matrix gives the coupling matrix, whereS and F are,
respectively, the overlap and the Fock matrices, andE is the
energy. TheSandF matrices were obtained from theGAUSS-

IAN 98 software. It is evident that the contributions of the left
and right leads are taken into account viaSL and SR. A
question about the self-energies of the left and right leads
that may arise is the reflections at the lead-gold cluster inter-
faces. It is believed that using the self energies approxima-
tion for gold contacts is justified because of two reasons:s1d
for bulk gold it is known that around the Fermi energy the
local density of states is approximately independent of
energy31 ands2d the transport properties of the molecule are
determined by the molecular levels near the Fermi level and
the core levels contribute to the total number of electrons by
remaining full in the bias range of interest.32

To include the scattering process, another self-energy ma-
trix, represented bySp,

33 which reflects the broadening of
the energy levels due to coupling to molecular vibrations, is
necessary. However, since we have focused on coherent or
ballistic transport, we have setSp=0.33 This means that we
simply calculated the transmission from theL contact to the
R contact obtaining a ballistic transport. Consequently, the
current in our model is higher than when the scattering pro-
cess is taken into account. The Green’s function of the cen-
tral cluster is given by

ĜC
r se,Vd = fe1̂ − ĤC − ŜLse − eV/2d − ŜRse + eV/2dg−1.

s9d

B. Density functional based calculations

Quantum chemistry methods can be used to compute the
elements of Eq.s9d, and one particular approach is to use the
Kohn-Sham sKSd Hamiltonian for the central cluster,30

which in the atomic basis set is represented by30

ĤKS = 3 ĤLL ĤLM ĤLR

ĤML ĤMM ĤMR

ĤRL ĤRM ĤRR

4 , s10d

where ĤMM represents the matrix elements of the central
cluster, 2TT molecule plus two Au clusters, and is assigned

to ĤC in Eqs. s4d and s9d, and ĤsL,RdM and ĤMsL,Rd are as-
signed to v̂CL,R and v̂L,RC, respectively, in Eq.s8d. These
coupling matrices should hypothetically represent the cou-
pling to a geometrically and electronically perfect con-
tinuum, but in real situations, such as in a break junction
experiment, the molecule is connected through a nanoscopic

tip. Previousab initio studies30 had shown that the tip atoms
tended to arrange themselves in planar structures that in-
cluded the S atom, as shown in Fig. 1. Then to adapt this
procedure to the real conditions, a coupling factor is used as
a fitting parameter, affecting the coupling matrix elements

ĤsL,RdM and ĤMsL,Rd and the corresponding elements in the
overlap matrixSij . A coupling factor of 0.5 was used in those
studies. This number is adopted mainly on intuitive geo-
metrical grounds, indicating that the central cluster ends up
in a planar shape whose volume is about 50% of what it
would be if the ideal continuum were able to hypothetically
connect to the molecule. This means that half of the con-
tinuum is in direct contact with the central cluster.30,33 We
also employed the same procedure. ThegL,R for Au can be
approximated by diagonal matrices with each element pro-
portional to the local DOS of the Au atoms,33 and were ob-
tained from a theoretical estimation based on the use of tight-
binding approximation.31

We have used the self-energies in Eq.s9d because the
2TT+Au system does not include the infinite gold contacts,
which effectively turn the isolated molecule into an open
system. This formulation is one of the standard procedures to
study the current through organic molecules connected to
metallic leads.

For the description of the Au reservoirssleadsd, a basis
with the atomlike 5d, 6s, 6p orbitals, and for the central
cluster the LANL2DZ basis for all atoms34–36were used. The
DFT-based calculations were performed using the B3LYP
method37,38 via theGAUSSIAN 98 software.39

The 2TT system in the nanowire has four H atoms, eight
C atoms, and four S atoms. In our calculations we included
the 1s orbital of the hydrogen, the 2s2p orbitals of the car-
bon, and the 3s3p3d orbitals of the sulfur. The matricesH
andSwere computed via the DFT method. For each Au atom
we included nine orbitals 5d6s6p and the hopping matrixsor
coupling matrixd for each atom was obtained from DFT-
based calculations of the central cluster.

It should be emphasized that different approaches can be
used, and indeed have been used, for computing the Hamil-
tonian matrix. These approaches can be listed in two catego-
ries, i.e., theab initio and semiempirical methods. In theab
initio approach, Hartree-FocksHFd or DFT methods can be
used to compute the electron-electron interactions. In other
words, in these methods the correct Hamiltonian of the sys-
tem is used without including any experimental data other
than the values of the fundamental physical constants. The
ab initio methods are, however, time consuming since they
involve the evaluation of the two-electron integrals. Semi-
empirical molecular quantum-mechanical methods use a
Hamiltonian simpler than the correct molecular Hamiltonian.
In these methods, some parameters are used whose values
are adjusted to fit the experimental data or the results ofab
initio calculations. Therefore, in these methods, the matrix
elements are computed on the basis of rules obtained from a
combination of theory and experimental observations.

C. Extended Hückel theory (EHT) method

A more general and simple method is the EHT which uses
all the valence orbitals of the atoms as the basis functions,
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e.g., sulfur requires two 2s and four 2p orbitals as the basis.
The atomic orbitals can be approximated by the Slater-type
orbitals which allow for an efficient computation of the over-
lap matrixSij =ki u jl, wherei and j refer to the orbitals of the
central cluster. In the EHT, the Hamiltonian is described via

Hii = − Vi s11d

and

Hij =
c

2
SijsHii + Hjjd, i Þ j , s12d

where the valence orbital ionization energiesVi are used to
approximate the diagonal elements, and the off-diagonal el-
ements are proportional to the overlap, with the constant usu-
ally taken to bec=1.75. Consequently, the Hamiltonian and
the overlap matrices can be obtained using these methods.

In this paper, the geometry of all molecules was optimized
using the B3LYP/6-31+ +G** method.40,41The conductance
properties of the 5, 58-bi sthiophen thiold, or 2TT, molecule
was obtained using the DFT method to study the effect of the
contact geometry. To study the effect of the length of the
nanowire on the conductance properties, the nonequilibrium
Green’s functionsNEGFd, as well as the EHT, methods were
used.42

III. COMPUTATION OF THE ELECTRONIC STRUCTURE
OF THE 5, 58-bi (thiophen thiol) (2TT) MOLECULE

The electronic structure of a 2TT molecule is presented as
an example of the oligothiophens considered. This molecule
contains two S-H terminal groups which covalently bond to
the Au electrodes by removing an H atom from each of the
S-H groups. These types of molecules have been widely
studied experimentally due to their use in molecular
junctions.43 In the 2TT rings thep electrons are delocalized,
and this is the main reason for the electronic conductance.
The S atom contains free electrons which participate in the
ring resonance. For reliability and control of electrical con-
tacts in a metal-molecule heterojunction, the organic mol-
ecules are usually functionalized by thiol groups at one or
both ends. However, although the role of the S atom in de-
termining the current has been recognized, it has not been
fully understood.

There are many experimental results about Au electrodes
connected to organic molecules,23,33,44,45and we have used
Au electrodes so as to be able to compare our results with the
available experimental and theoretical data.

The 2TT molecule is symmetrical with a Cs point group.
When it is attached to electrodes, it is important to know the
position of the Fermi level of the electrodes vis-a-vis the
HOMO-LUMO gap of the bridging molecule. We have cal-
culated the energy levels of a single 2TT via the DFT
method. The HOMO and LUMO of the 2TT are bothp like,
and their gap turns out to be 2.362 eV. The HOMO is located
at −10.5274 eV, and the LUMO is located at −8.1912 eV.
This gap is in the range for conjugated molecules, and thus
the 2TT can be conductive. The Fermi level of the molecule
is located at −10.527 eV.

Recent experiments have suggested that the binding to a
hollow site is energetically more favorable,46 while others
suggest this to be true for a single-atom connection.12 Con-
sequently, the geometry of a molecule-metal contact is, as
yet, not well understood.

We performed quantum-mechanical based calculations,
via B3LYP/LANL2DZ, for the 2TT+Au system. For lighter
atoms, both the 6-31+ +G valence triple-z basis set aug-
mented with polarization functions and the LANL2DZ were
used.

The S-C bond in the 2TT+Au system is 1.787 Å larger
than the corresponding bond in the 2TT which is 1.733 Å.
Since there is no direct experimental information regarding
the geometry of the molecule and its attachment to the leads,
the overall geometry of the central cluster was relaxed with-
out additional constraints in the calculations, resulting in the
Au atoms protruding out of the molecular plane. In the
2TT+Au system, the HOMO is located at −9.623 eV, and
the LUMO at −8.341 eV, and the gap is, therefore, 1.282 eV,
which is less than the gap for the 2TT, i.e., 2.362 eV. This
reduction is due to the substitution of the H atoms with the
Au atoms, making the molecule conductive.

IV. COMPUTATION OF THE CONDUCTANCE
PROPERTIES OF A 2TT MOLECULE

Here we report on the calculation of theI-V curves for a
2TT molecule bridging two Au electrodes. It is believed that
a critical factor in determining the resistance of a molecular
interconnect is the location of the Fermi energy of the me-
tallic contacts relative to the energy levels of the molecule
bridging them.23 Figure 2 is a schematic representation of the
energy levels of the molecule relative to the Fermi levels of
the Au contacts. The Fermi level alignment in this figure was
located using the total DOS of the extended molecule, mol-
ecule plus a few Au atoms. From the plot of energy-number
of electrons the Fermi energy can be located so as to yield
the correct number of electrons in molecule. This method is
succinctly described in Ref. 33. We obtained the value of
−9.32 eV, coming in the middle of the HOMO and LUMO
levels of the molecule given before.

The location of the coupling of the S atom can be at the
hollow site or at a single surface atom.12,47–50To understand
the effect of contact atoms on conducting properties, we ex-
amined these two options. Since the conductance is mainly
determined by the narrowest part of the bridge, we consid-
ered only the detail of the central cluster. For each option, we
assumed that the molecule stood perpendicular to the metal
surfaces.

The calculated current-voltage curve, obtained via Eq.s5d,
is shown in Fig. 3. From this figure it can be observed that
the current for the case of single-atom contact is approxi-
mately 17% smaller than the corresponding current for the
case of hollow-site contact. This is not a large value, but
forms an appreciable difference. It seems that if the sulfur
atom sits directly on top of an Au atom, the overlap of the
sulfur pz orbital with thes orbital of the Au atom tends to
zero, and this reduces the current. Usually, theoretically de-
termined values of the current are more than 2, or more,
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orders of magnitude larger than the measured values.51 The
shape of our computedI-V curve is similar to the available
experimental results, obtained for the oligothiophens.43 Other

computational studies confirm these results.51 We have also
obtained theI-V characteristic curve for a 4TT system, and
this will be reported in the next section. From Fig. 3, it is
clear that the computedI-V 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 its I-V curve to be also symmetric with respect toV=0.
Figure 3 clearly shows the symmetrical structure of our com-
putedI-V curve. It should be noted that symmetric molecules
can give rise to asymmetricI-V curves as well. However, as
has been demonstrated experimentally,52,23,26 these arein-
ducedasymmetries due to, for example, the presence of ad-
ditional molecules, asymmetrical electrode surfaces, etc.52

The symmetry of the current with respect to the voltage in-
version is important for the behavior of a molecule as a
rectifier.52

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 account.53 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 devices.54,55

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 theI-V curves and other properties. For this
purpose, we employed the NEGF method in conjunction
with the EHT method,56,42 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 theI-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
with those pertinent to the 1TT-, 3TT-, 4TT-, and 5TT-based
wires, via the combined NEGF and EHT methods. In all our
calculations, we assumed that the oligothiophens were at-

FIG. 2. Schematic diagram for
the energy levels of the 2TT mol-
ecule, and the relative positions of
Fermi level of the Au contacts.

FIG. 3. sad The I-V curve for the 2TT molecule. Broken line for
single atom contact and solid line for hollow site contact.sbd The
voltage drop through the 2TT molecule calculated under 2 V ap-
plied voltage bias. The horizontal axis isZ. sThe curves obtained
using DFT based calculation.d
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tached, via single-atom contact, to the Aus111d surface. Ex-
perimental I-V curves are available for some of these
oligothiophens,43 and we have been able to compare our re-
sults with these.

The structure of all the oligothiophens were optimized at
the B3LYP/6-31+ +G** level of theory as implemented in
GAUSSIAN 98program.39 The DOS and transmission diagrams
of these systems are shown in Fig. 4. The Fermi energies for
these systems lie in their HOMO-LUMO band gaps. The
HOMO for all these oligothiophens becomes broader due to
their coupling to the Au contacts, and this broadening en-
hances the electronic transmission. TheI-V curves pertinent
to the five oligothiophen nanowires are shown in Fig. 5. It is
important to note that for all the systems the transmission is
strongest in the region where the Au states have coupled with
the molecular states. In the region where there is a resonance

between the Au orbitals and the HOMO of the oligothiophen,
there appear peaks in the transmission graphs. It is interest-
ing to note from Fig. 4sbd that the transmission near the
HOMO-LUMO gap in the 1TT-based nanowire is greater
than in the other size wires, in contrast to what one might
expect.

The LUMO in all the above systems is also coupled with
the Au states. But it is clear that the contribution from these
to the transmission is smaller than the contribution from
HOMOs’ combination with the Au states.

The transmission through all these systems resembles
closely the DOS for these systems. For the 1TT molecule,
this resemblance is stronger. If the 1TT molecule connects to
one Au contact stronger than the other Au contact, then the
peaks in the DOS diagram should be wide and the transmis-
sion peaks should be narrow, which should be the case for

FIG. 4. Calculated density of
states sDOSd and transmission
function for the 1TT, 2TT, 3TT,
4TT, and 5TT moleculesscalcu-
lated using EHT methodd.
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asymmetric wave functions pertinent to the 1TT, 3TT, and
5TT systems. But, we see that the DOS and the transmission
diagrams do not show such a behavior, and this implies that
the 1TT molecule was connected to both Au contacts
strongly. This behavior, i.e., the strong connectivity to both
contacts, is also observed for other oligothiophens. By in-
creasing the system’s length, the size of the flat region in the
DOS diagrams, which is a measure of the HOMO-LUMO
band gap, decreases progressively from the 1TT to the 5TT
oligothiophen, as expected for such systems, due to better
overlap of thep orbitals which gives thep orbitals.

Another interesting question that we have explored con-
cerns the effect of the number of sulfur atoms in the wire,
which bind strongly to Au leads, on its conductance proper-
ties. In the five systems considered in this paper, it seems that
the number of S atoms affects the conductance properties.
One expects that by increasing the number ofp electrons,
the system becomes more conductive. The sulfur atoms,
however, partially insulate thep-electron states of the mol-
ecules, leading to a decrease in their conductivity. Similar
results have been obtained for phenyl dithiol.33

All the systems considered here show nonlinear behavior
in their I-V curves. The conductance characteristics and the
conductance spectra for these systems are shown in Fig. 6.
These curves were obtained via a modified version of
Hückel-IV method, the details of which can be found
elsewhere.33 An interesting point in Fig. 5 is the region
around the zero voltage in theI-V curves. For the systems
with an odd number of TT rings, the current increases
smoothly, but for the systems with an even number of TT
rings, the current seems to stay constant. The reason could be
due to the stronger coupling of the 1TT, 3TT, and 5TT sys-
tems to the Au contacts compared with the coupling of the
2TT and 4TT systems. We should emphasize that this result

may not be a universal result and that it may not manifest
itself in other molecular wires.

Experimental results are available for the 4TT-based mo-
lecular wire.43 The shape of our calculatedI-V curve for this
wire, shown in Fig. 5, is similar to the experimental curve
but the magnitude of the computed current is larger than the
experimental value. Since we cannot accommodate all of the
factors influencing the value of the current, such as the vari-
ous molecular conformations, the electronic structure of the
molecules and the geometry of the molecule-electrode con-
tact, we do not expect the calculated values to be in very
good agreement with the experimental values. The aim of
this work, and other works such as ours, is to find some clues
about the parameters which influence the current through the
molecular wires, as such results will help in designing
molecule-based electronic devices.

The conductance spectra corresponding to theI-V curves
in Fig. 5 are shown in Fig. 6. We expect that by increasing
the number of TT rings in the wire, the HOMO-LUMO gap
to become smaller. Figure 6 shows this expected behavior,
with the conductance increasing as a result. This increase is
due to the resonance tunneling through the molecular states.
The peaks in Fig. 6, which were observed at energies corre-
sponding of the molecular energies of the thiophen systems,
were due to this resonant tunneling. It is clear that by in-
creasing the number of rings the number of peaks increases
because of an increase in the number of the molecular states,
and the same applies for the resonant tunneling. The width of
the peaks show that the broadening of the molecular levels
was due to the Au contacts.

To sum up, we have computed theI-V characteristics of a
set of thiophen thiolsTTd-based nanowires, using first-
principles-like methods. We have found that theI-V curves
for all the TT-based systems were non-Ohmic in character.

FIG. 5. CalculatedI-V charac-
teristic curves for the molecules in
Fig. 5 scalculated using the EHT
methodd. The Fermi energies for
1TT, 2TT, 3TT, 4TT, and 5TT
molecules are −9.83, −8.60,
−9.12, −8.48, and −9.65 eV,
respectively.
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We considered two modes of contact between the wire and
the Au electrodes; single-atom contact, and contact to the
hollow site of the Aus111d plane. It seems that the former
contact geometry was more effective for the conduction. The
experimental results also show that contacts are indeed more
likely to be atomically terminated.12

We also found that the length of the molecular wire was
an important factor influencing the conductance properties.

Also, the presence of the sulfur atoms critically affected the
value of the current.

For future research, it is worthwhile to explore the role of
the molecular conformations and the effect of local disorder
in the leads, as well as the role of the temperature and pres-
sure. A further useful study can be to test the effect of elec-
tron donating and electron withdrawing groups on the rings
themselves.
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