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By applying nonequilibrium Green’s function and first-principle calculation, we investigate the transport
behavior of a prototype of a molecular device. The intermolecular interaction and molecule-electrode coupling
effects are analyzed in detail, through which we can gain insight into the complexities within a molecular
device such as intermolecular charge transport contributions and the imperfect molecule-electrode contact.
The existing discrepancy between theory and experiment is discussed.

I. Introduction

In recent years, progress in microfabrication and self-assembly
techniques1 has made it possible to design a single-molecule
device. The electronic transport properties of single-molecule
junctions or molecular devices have attracted much attention
because of their novel physical properties and potential for
device application, including single-electron characteristics,2

negative differential resistance,3 electrostatic current switching,4-6

etc. Various kinds of single-molecule junctions or molecular-
monolayer junctions, such as atomic wires,7 short organic
molecule wires,8-10 long-chain polymers,11 carbon nanotubes,12

and fullerenes,13 have been reported.
1,4-Dithiolbenzene (DTB) is one of the systems most

intensely studied as a prototype of molecular transport theory14-24

since the self-assembled monolayer (SAM) measurement for
the device with DTB was reported.8 However, the calculated
I-V characteristics were more than 2 orders of magnitude larger
than the experimental results of Reed et al.8 It is suggested that
the most plausible origin of the discrepancy between calculations
and the experiment lies in the contact. At present, it is difficult
to manipulate the contact between molecule and electrode and
investigate its influence on the electron transport experimentally.
To understand the observed experimental results, the effects of
various geometry contacts on electron transport were studied.
Emberly and Kirczenow25 considered a junction between two
DTB molecules with perpendicular phenyl rings, and found that
such an arrangement will strongly reduce the conductance.
Stockbro and co-workers26 calculated theI-V characteristics
of DTB coupled to two Au(111) surfaces via either thiol or
thiolate bonds. They found that theI-V spectrum and conduc-
tance are qualitatively different for the different bonds between
molecule and Au(111) surfaces. However, the calculated dif-
ferential conductance is several orders of magnitude higher than
the experimental values. Xue and Ratner27 have also investigated
the effect on molecular transport due to the different structural
aspects of metal-molecule interfaces. Their results show that
the presence of the additional hydrogen end atom at the top
metal-molecule contact substantially affects the electronic
processes in the molecular junction and reduces conductance

and current. Recently, Liu et al.28 investigated the effects of
lateral interactions on the conductance of two benzene molecules
connected in parallel to semi-infinite leads. They found that
intermolecular interaction occurs indirectly through the Au
electrodes and leads to an increase in conductance. A recent
work by Delaney and Greer ascribes the discrepancy to the
electron correlation effects in molecules.29

In this work, we consider a possible configuration for the
SAM: two cofacial benzenes sandwiched between semi-infinite
gold electrodes. One contact between one molecule and the
electrode is a strong chemical bond through the thiol end group,
while a certain distance exists between the electrode and the
other end of the molecule, where the strong S-H bond has not
been cleaved. For the second molecule, the contact situation is
just reversed, as shown in Figure 1. We believe that in the
molecular self-assembly monolayer, the transport behavior
depends on the intermolecular interaction as well as the
molecule-electrode contact. In this work, we present a detailed
theoretical study on the device structure shown in Figure 1,
which consists of (i) the intermolecular charge transport channel
and (ii) the imperfect molecule-electrode contact, where both
the intermolecular distance and the interelectrode distance are
varied, and we make a detailed analysis between this config-
uration with the perfect one-molecule device. Under the
experimental conditions, the perfect contact is not guaranteed
at this stage; thus, the device configuration we proposed exists
in the real situation. In fact, the measured conductance for a
single molecule is derived from the total conductance divided
by the number of molecules in the SAM, under the following
assumptions. (i) There is no intermolecular transport channel,
and the quantum interference between different channels is
neglected: in fact, for the case of packed conjugated mol-
ecules,30-32 the interaction through the delocalizedπ-orbital
could strongly mask the individual contribution from the
presumably isolated molecule. (ii) The case in which one
molecule is bonded with one electrode is much easier to be
realized in experiment than with both electrodes; namely, the
electron transport from one end can be very efficient, but when
one moves to another end, the electron would either tunnel to
another electrode or jump to a neighboring molecule, which is
probably connected to another electrode. In such situations, the
I-V curve is still symmetric as demonstrated in the experiments
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of Reed et al.,8 but the conductance is expected to be much
smaller than the single molecule with the perfect contact. By
applying the first-principles methods to simulate different
intermolecular distances and different interelectrode separation,
we can gain a deeper understanding of the transport behavior
in the real situation in the molecular electronic device.

In this paper, the first-principles electron transport theory is
applied to calculate the transmission coefficient and the current-
voltage curves. Recently, there have been several first-principles
theoretical studies of electron transport in organic molecules
under finite bias conditions,18,20,21,33-36 which differs mainly in
their description of semi-infinite electrodes and their interaction
with the molecules in the contact region. The method we use
here is a first-principles nonequilibrium Green’s function-based
electronic transport package, Transiesta-c, developed by Brand-
byge and co-workers.36 The method is based on density
functional theory and can treat the molecule-electrode system
self-consistently under finite bias conditions.

We first investigated the transmission coefficient, the pro-
jected density of the state, and the molecular electronic state
within the environment of the electrode under zero bias and
then illustrated the current-voltage behaviors, and their depen-
dence on the intermolecular and interelectrode distances. We
highlight the importance of intermolecular electron transport.

II. Computational Procedure

The first-principles nonequilibrium Green’s function method
has been described in detail in ref 36. Here we will present
only the technical details specific to our calculations. Figure 1
shows the device setup for simulation: two DTB molecules
spanning the gap between the electrodes. The Au electrode is
cleaved on the (111) surface. The end group of the molecule
contacting the electrode is positioned in the FCC site of the Au
surface, as shown by Gronbeck et al.,37 while the S-H bond
has not been cleaved for the other (nonbonding) end. The
distance from this end group to the electrode depends on the
electrode-electrode separation. The distance between the mo-
lecular planes of the two DTBs (d) has been first chosen to be
3.6 Å, a typical value for phenyl ring stacking. The electronic
structure is calculated via self-consistent DFT with local density
approximation. Core electrons are modeled with Troullier-
Martins38 nonlocal pseudopotentials, while the valence electrons

are expanded in a SIESTA localized basis set. We use the double
ú + polarization basis set for the organic molecule, and a single
ú for the Au atom.

We use periodic boundary conditions for the DFT calculation
in the contact region, a supercell consisting of two layers of 4
× 4 Au and the two molecules. It is reported that taking two
layers of gold in the self-consistent cycle is enough to avoid
the finite size effect.6,26,36Furthermore, in the literature, a 3×
3 supercell has been used.6,26 Our 4 × 4 supercell is large
enough to avoid any interaction with molecules in the next
supercell. As a result, there is no effect of the surface on the
geometry of the contact region, while the remainders of
electrodes are described by bulk parameters. These are deter-
mined from separate calculations for the bulk phase of gold
employing the same model. Using a Green’s function technique,
the electronic structure of the semi-infinite electrode can be
projected into the third and fourth Au layers.

In this approach, the molecular vibration effects have been
neglected. As we know, in bulk materials the transport behavior
is dominated by the carrier scattering with phonons, while in a
meso-scale system the ballistic transport becomes important.
The molecular electronic system is on the order of nanometers,
falling in the ballistic transport range. We have fixed the
molecular geometry; in other words, we have assumed that the
electron transport through the device is so quick that there is
no time for the molecules to deform. This is also generally
assumed in many other investigations.6,16,19,21-23 The molecular
vibration effects under bias have been discussed by Alavi et
al.39 in the single-molecule configuration.

III. Results and Discussion

In panels a and b of Figure 2, we show the projected partial
density of states (PDOS), namely, the density of states of the
combined system projected onto all the molecule subspace, and
the transmission coefficientT(E,Vb) for the bimolecular systems
(shown in Figure 1) as a function of electron energy at zero
bias (Vb ) 0). As a comparison, in Figure 2c, we give the
transmission coefficient of the single-DTB molecule configu-
ration for the same electrode-electrode distance. Here, the
distance between left and right electrodes is 10.65 Å, corre-
sponding to a horizontal intermolecular distance (a) of 0.5 Å.
The energy origin is set to be the Fermi level of the system.
From panels a and b of Figure 2, it is clearly seen that theT(E)
and the PDOS are strongly correlated, especially in the location
of their peaks. The transmission curve consists of a series of
peaks, and shows the same qualitative features as the projected
PDOS. It is known that the PDOS represents the discrete energy
levels of the isolated molecule, which include the effects of
energy shift and line broadening due to the molecule-electrode
coupling. The transmission is determined by the electronic
structure of the molecule and the coupling: the peak corresponds
to the resonant transmission through the molecular states. When
comparing panels b and c of Figure 2, we find that more
transmission peaks appear in the bimolecular systems, which
means that more transmission channels are open in this system
than in single-molecule systems. Moreover, peak values and
their positions are different in single-molecule and bimolecular
systems. All these indicate that the intermolecular interaction
may play an important role in electronic transport for the
bimolecular system presented here. The intermolecular coupling
may involve two types of interactions: direct molecule-
molecule interaction between benzene molecules and indirect
interaction through the gold surfaces. From ref 28, it is known
that for the system with two parallel molecules in a plane, the

Figure 1. Configuration of the device in our simulation. The periodical
boundary conditions are applied in thex and y directions, and the
electrode extends along thezaxis to infinity. Atoms in the region within
the two white lines are included in the self-consistent cycle, including
two layers of 4× 4 Au atoms from the (111) surface, while the
remainder of the electrodes are described by employing bulk Hamil-
tonian parameters and self-energy (energy shifted according to the
applied bias) on gold atoms in the third and fourth layers.
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dominant interaction between the molecules is an indirect one
through the Au electrodes. However, for the system with two
carbon chains connected in parallel between two flat metal
electrodes, both direct and indirect interactions are responsible
for the conductance.7 It is thus intriguing to investigate the
evolution from a single molecule to the present bimolecular
systems, shown in Figure 1, which is different from either ref
28 in which only one end of both molecules is covalently
connected to one side of the metal surface or ref 7 in which
both ends of the pair of atomic wires are connected to both
sides of the metal surface.

To understand the origins of the peaks in transmission curves,
we analyze the molecularly projected self-consistent Hamiltonian
(MPSH), which is the molecular part extracted from the whole
self-consistent Hamiltonian for the contact region (two layers
of Au electrode in the left with the molecule and another two
Au layers on the right-hand side; see ref 26). Thus, it contains
the molecule-electrode coupling effects because during the self-
consistent iteration, the electron density is for the contact region
as a whole.

Panels a1-a3 of Figure 3 show three frontier molecular
orbitals of the MPSH for the single-molecule system, while
panels b1-b6 of Figure 3 show six frontier molecular orbitals
of the MPSH for the bimolecular system. The MPSH does not
include the self-energy of the electrodes. The imaginary part of
the self-energy broadens the transmission peaks, while the real
part gives a rigid shift of the peak relative to the MPSH states.
In general, the stronger the coupling between the molecule and

the electrode, the broader the corresponding transmission peak.
In fact, the density distributions of the orbitals can reveal
information about the coupling between the molecule and the
solid surface as well as between molecules in a picturesque way.
For a cofacially separated conjugated molecule pair, the frontier
molecular orbitals will split. The magnitude of the splitting is
dependent on the relative position of the interacting molecules.40

With respect to the bimolecular system presented here, orbitals
40 (panel b5) and 41 (panel b6) originate from the two splitting
components from the HOMO (Figure a3) of the original DTB
molecule, which is readily seen from their orbital distributions.
These two MPSH orbitals have a high density on the sulfur
atom, which means much stronger molecule-electrode interac-
tion. These correspond to the two broad peaks, centered at-0.72
and -1.06 eV (splitting ) 0.34 eV), respectively, in the
transmission curve. Similarly, we find that orbitals 37 (panel
b1) and 39 (panel b4) originate from the HOMO-2 of the single
DTB molecule, both having a vanishingly small effect on the
coupling of the sulfur atom to the electrode. It explains the two
narrow peaks centered at-1.5 and-2.29 eV (splitting) 0.79
eV), due to the weak molecule-electrode interaction. Very
similar situations occur for orbitals 36 (panel b2) and 38 (panel
b3), splitting from the HOMO-1 of the single molecule. These
orbitals present large density weights at sulfur, with result-
ing broad transmission peaks at approximately-2.04 and
-2.56 eV (splitting) 0.42 eV). It is noted that the sizes of the
splitting vary from orbital to orbital. In fact, the splitting is
determined by both the intermolecular coupling and the
molecule-electrode interaction: the orbital energies are the
MPSH states. From the point of view of intermolecular coupling,
the splitting is proportional to the overlap of the interacting
orbitals. From Figure 3, it is seen that the HOMO-2 (orbitals
37 and 39) presents a large electron cloud in the interact-
ing (cofacially overlapping) regions; thus, it presents a large
orbital spitting. Thus, the MPSH analysis has revealed that the
intermolecular interaction effect is remarkable on the elec-
tronic structures as well as the transmission peaks. We note
that the quasi-probability density analysis in the literature can
also take into account the self-energy contribution, which might
be more advantageous as it contains the openness of the
system.41

Figure 2. PDOS (a) and the transmission coefficients (b) for the DTB
bimolecular device. For comparison, the transmission coefficient for
the single DTB with one end coupled to Au(111) electrodes with the
same electrode separation of 10.65 Å is depicted (c).

Figure 3. Frontier orbitals of the MPSH. Plots a1-a3 are the HOMO-
2, HOMO-1, and HOMO, respectively, for a single DTB molecule in
the device. Plots b5 and b6 are the two splitting components of the
HOMO, plots b1 and b3 the splittings of the HOMO-1, and plots b2

and b4 the splittings of the HOMO-2. These can be readily seen from
the shapes of the corresponding orbitals.
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For the bimolecular system, there are two possible electron
transport pathways: (a) electron moving directly from the left
electrode directly to the DTB molecule and then tunneling to
the right electrode and (b) electron moving from the left
electrode to one molecule and then hopping to another molecule,
which is covalently bonded with the right electrode, and finally
to the electrode. Lang and Avouris have shown that the
conductance for a pair of atomic wires is strongly dependent
on the wire separation.7 They found that both direct and indirect
interwire interactions are important. Indeed, as pointed out by
Liu et al., the indirect intermolecule interaction via the electrode
where both molecules are attached comes into play in increasing
the conductance.28 In our case, the indirect intermolecular
interaction is negligible, because the two molecules in question
are covalently linked to different electrodes. Here, all the
intermolecular effects come from direct interaction.

In Figure 4, we illustrate the effect of the distance between
two electrodes on transmission coefficientT(E,Vb) for the
bimolecular system at zero bias (Vb ) 0). With an increase in
the electrode separation, the extent of primary tunneling from
the molecule to the electrode (first pathway) is reduced
drastically, which results from the increase in the barrier between
the S-H end of the molecule and the metal surface. However,
for the second pathway, the reduction is mainly due to
decreasing intermolecular overlap. It is interesting to note that
the two broad transmission peaks, at-0.72 and-1.06 eV,
merge gradually, and become one small peak eventually. This
can be understood from the interaction of molecular orbits.

When the distance between two electrodes is increased, the size
of the intermolecular overlapping region is reduced, and then
the HOMO splitting becomes smaller. At the same time, the
likelihood of intermolecular hopping between the two DTB
molecules is reduced. We will further discuss this behavior in
more detail in the followingI-V curve section.

We now turn to investigating current-voltage (I-V) char-
acteristics for different distances between the two electrodes.
For each bias, the electronic structure is determined self-
consistently under the nonequilibrium conditions. The current
is calculated by the Landauer-Bu¨ttiker formula:42 I ) ∫µL

µR

T(E,Vb) dE, where µL and µR ) (eVb and T(E,Vb) is the
transmission probability for electrons incident at an energyE
through a device under a biasVb. Since the device structure is
symmetric, theI-V curve is also symmetric with respect to the
bias polarity.

To reveal the effects of intermolecular interaction on transport,
we first compared the current dependence on the electrode
separations for the monomolecule and bimolecule situation; see
Figure 5. For a fixed electrode separation, we can define the
relationship∆I ) Ib - Im, whereIb and Im are the current of
the bimolecule and monomolecule devices, respectively. This
represents the pure current flow throw the intermolecular
pathway (b), shown in the insert of Figure 5. We note that with
the increase in the electrode separation, the magnitude of the
current from the single-molecule pathway (a) is decreased
remarkably. The inset of Figure 5 clearly depicts the intermo-
lecular current for pathway b. In Figure 6, we depict the ratio
of the current through intermolecular transport to the total
current as a function of electrode separation. It is evident that
with the increase in electrode separation, the percentage of the
intermolecular pathway increases rapidly from 30 to 100%. The
intermolecular interactions have induced orbit splitting. These
additional orbits offer electron transport channels. We can see
that the splitting of HOMO introduces a transmission peak close
to Fermi energy in Figure 2b; according to the Landau-Bu¨ttiker
formula, when this transmission peak enters into the bias
window, it would contribute to the total current.

Finally, we display theI-V curves for different electrode
separations in Figure 7. It is worth noting in particular that the
features and the magnitude of the current-voltage (I-V) curves
for electrode separation at 12.11 Å are in agreement with the

Figure 4. Dependence of the transmission coefficients on the electrode
separation for (a) 10.65, (b) 11.15, and (c) 11.63 Å, corresponding to
horizontal intermolecular distances (a) of 0.5, 1.0, and 1.5 Å,
respectively.

Figure 5. Comparison of bimolecule and monomolecule device
currents, as a function of electrode separation. The bias is fixed at 0.6
V. The vertical distance of the molecular plane for the bimolecule
system is 3.6 Å. The current value for the monomolecule device is
obtained as described in ref 43, namely, the sum of two monomolecule
devices. The solid line is for the bimolecule device, and the dotted
line is for the sum of two monomolecule devices. The inset shows
their difference.
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experimental results. For instance, whenVb ) 2 V, the
experimental current value is∼0.1 µA,8 while the calculated
value is 0.5µA. We stress that the device configuration shown
in this work is probably the real situation in the SAM structure.

IV. Conclusion

We have investigated from first-principles nonequilibrium
Green’s function the transmission properties of electrons in a
cofacially separated two-molecule device system. The intermo-
lecular interaction has been analyzed in detail. The transmission
features have been assigned to the frontier orbital splittings. The
result shows that the intermolecular interaction plays a critical
role in determining the electron transmission. The calculated
current-voltage (I-V) characteristics can be comparable to
those of the experiment. These results will be helpful in
understanding further the real situation in the molecular
electronic device.
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