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Abstract
The effects of spin–orbit coupling on the conductance of molecular devices made with Au
electrodes are investigated using a fully self-consistent ab initio approach, which combines the
non-equilibrium Green’s function formalism with density functional theory. In general, we find
that the extent to which spin–orbit interaction affects the transport depends on the specific
materials system investigated and on the dimensionality of the electrodes. For one-dimensional
electrodes contacting benzene–dithiol molecules the spin–orbit coupling induces changes in the
low-bias conductance up to about 20%. These originate mostly from changes in the electrode
band structure. In contrast when three-dimensional electrodes are used, the bands near the
Fermi level are only weakly modified by spin–orbit coupling and most of the variations are due
to symmetry changes at the molecule–electrode interface. For this reason strongly coupled
systems, such as Au atomic nanowires sandwiched between Au (100) surfaces and
benzene–dithiol molecules bonded at the Au (111) hollow site, are rather insensitive to
spin–orbit effects. In contrast, in junctions where the coupling between the molecule and the
electrodes is weaker, as in the case of benzene–dithiol bonded to Au (111) at adatom positions,
the transmission coefficient at the Fermi level can be modified by as much as 14%.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years molecular devices have attracted continuously
growing attention, and molecular electronics is now believed
to be one of the most promising solutions for tackling the lim-
itations of silicon-based microelectronic device miniaturiza-
tion [1, 2]. Due to the high conductivity and chemical inert-
ness, gold (Au) is widely used as the electrode material for
constructing molecular devices. In order to make stable con-
nections between the molecule and the gold electrodes, appro-
priate terminal groups such as thiol, pyridine and amine are
often employed [3–7].

First-principles theoretical calculations are a powerful
tool for the development of molecular electronics. They

3 Author to whom any correspondence should be addressed.

can guide the design of molecular devices and improve their
performance. In particular they are useful in understanding
the often controversial experiments. In some cases, for
instance, there is no consensus on the experimentally
measured single-molecule conductance, with values differing
by more than two orders of magnitude reported for the
same molecule [3–5, 8, 9]. At present, the most widely
used theoretical approach combines the non-equilibrium
Green’s function (NEGF) formalism [10, 11] with density
functional theory (DFT) [12, 13], that is, the NEGF + DFT
approach [14–19]. Within the NEGF + DFT framework
several research groups have developed a number of software
packages for calculating electron transport in molecular
devices, most of which are based on local orbital and
pseudopotential implementations of DFT [17–19]. Since
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relativistic effects become more important with increasing
atomic number, scalar relativistic (SR) corrections to the
band structure of the Au electrodes have been included via
the pseudopotentials. However, so far, these neglect spin–
orbit (SO) interaction completely.

Such deficiencies of many current transport calculations
contrasts the common belief that SO coupling should in
principle always be included when computing properties
of molecules and solids containing heavy elements. For
example, SO interaction significantly affects the stability of
the D3h isomer of Au3 [20], and it is also found to play an
important role in the band structures of one-dimensional (1D),
two-dimensional (2D) and three-dimensional (3D) Au [21].
Furthermore, by comparing the fully relativistic (here
we denote as fully relativistic—FR—calculations explicitly
including SO interaction) and the SR transmission coefficients
of Pt monatomic nanowires, it was demonstrated that SO
effects could be quite important in predicting the ballistic
conductance of nanojunctions [22]. From this analysis it
emerges that the investigation of electron transport through
molecular devices made with Au electrodes in the presence of
SO interaction is an important question to be addressed.

It is well known that the steady-state current through a
two-terminal molecular device is influenced by the quantum
nature of the molecule, the geometry-dependent molecule–
electrode coupling and the electronic properties of the
electrodes near the Fermi level [23]. Therefore, although
the SO interaction in individual organic molecules composed
of light elements (H, C, N and S) is expected to be
tiny, SO interaction might still have a significant influence
on the conductance of molecular junctions made with Au
electrodes. In fact both the band structures of Au electrodes
and the interaction between the electrodes and the molecule
can be largely modified by SO coupling. Importantly,
its effect will be magnified in low-dimensional electrodes
such as Au monatomic chains, where the Fermi surface is
formed by electronic states with a very well-defined orbital
symmetry. Note that, low-dimensional electrodes may become
important for future integrated circuits based on molecular
devices [24–30], since their size is comparable to that of the
molecules embedded in the device.

In the following sections we will first introduce the main
theoretical tool for our investigation and then we present our
results. We will start by discussing the SO effects over the
band structure of 1D and 3D Au electrodes, and then we will
proceed in investigating a number of two-probe devices. We
will begin by looking at Au quantum point contacts, for which
a substantial amount of experimental data is available. Then
we will move to benzene–dithiol (BDT) molecules sandwiched
between Au monatomic chains, and finally we will consider
the same molecule now attached to Au (111)-terminated three-
dimensional electrodes. In this last case we will consider three
different bonding geometries, namely: (1) BDT attached to the
Au (111) hollow site, (2) an asymmetric geometry where BDT
is attached to the hollow site of one electrode and to an adatom
of the other, and (3) a BDT molecule attached to adatoms of
both the electrodes.

2. Computational method

The conductance at zero bias is calculated by using a
fully self-consistent NEGF + DFT approach, which has been
extensively described elsewhere [14, 19, 31]. The retarded
Green’s function of the extended molecule, which comprises
the molecule itself and several atomic layers of its neighboring
electrodes, is defined as

GR(E) =
[
(E + iη) S − H −

∑
L
−

∑
R

]−1
, η → 0+

(1)
where H and S are respectively the Hamiltonian and the
overlap matrix of the extended molecule, and the self-energy
matrices �L and �R incorporate the effect of the two semi-
infinite electrodes. Due to the analytic properties of the
retarded Green’s function GR, the density matrix of the
extended molecule can be efficiently calculated by integrating
the Green’s function along a contour in the upper half energy
plane [31]:

D = i

2π

(∫

C
G(z) f (z − EF) dz − 2π ikT

∑
zn

G(zn)

)
+c.c.,

(2)
where EF is the Fermi energy of the electrode, T is the
temperature (300 K in our calculations) and zn = EF + i(2n +
1)πkT are the poles of the Fermi distribution f (E−EF). Then,
the Kohn–Sham Hamiltonian matrix of the extended molecule
is calculated from the density matrix of equation (2). Both
the electrostatic and the exchange–correlation corrections are
included [14], so that the influence of the charge distribution
of the electrodes is considered completely. By iterating the
equations (1) and (2) with the newly constructed Kohn–Sham
Hamiltonian until self-consistency is reached, we can obtain a
non-equilibrium self-consistent final Kohn–Sham Hamiltonian
matrix and the Green’s function. This is then used for
calculating the transport. Thus the density of states (DOS)
and the transmission coefficient as a function of energy are
calculated as

DOS(E) = i

2π
trace((GR − GA)S), (3)

T (E) = trace(�LGR�RGA), (4)

where �L,R = i(�L,R − �+
L,R) are the broadening

function matrices of the electrodes. The low-bias molecular
conductance is related to the transmission coefficient at the
Fermi level by G = (e2/h)T (EF). In the case of translational
invariance along the direction perpendicular to the transport the
transmission coefficient is k-dependent and must be averaged
over the transverse 2D Brillouin zone [19].

A development version [32] of the SIESTA package [33],
in which SO interaction in DFT is included via the
pseudopotentials obtained from a relativistic ab initio
calculation, is employed for both the FR and SR case. We
use the Perdew–Zunger version of the local spin density
approximation (LSDA) for the exchange and correlation
potential [34], although LDA with self-interaction corrections
(SIC) is more suitable for NEGF + DFT calculations [35–37].
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Figure 1. SR and FR band structures of 1D and 3D fcc Au: (a) energy bands for the 1D Au monatomic chain calculated both with and without
considering SO interaction; (b) energy bands for bulk fcc Au. The Fermi energy is set to zero.

Unfortunately at present there is no non-collinear formulation
of the SIC, which therefore cannot be used together with
SO coupling. Both the scalar and the SO part of the
pseudopotentials for the atomic cores are generated by
using the well-known procedure introduced by Kleinman and
Bylander [38–40]. The wavefunctions of the valence electrons
are expanded in terms of a finite range numerical basis set. By
means of extensive optimization, a user-defined double ζ plus
polarization (DZP) basis set is constructed for the H, C and S
atoms, and a single ζ plus polarization (SZP) basis set is used
for Au. The on-site approximation to the SO matrix elements is
employed to reduce the computational effort, and it is justified
by the fact that the radial part of the SO pseudopotential is very
short-ranged. The details of the implementation in the SIESTA
code can be found in [32]. The transport is calculated using
a development version of the Smeagol package [19] including
SO interaction.

3. Results and discussion

3.1. Band structures of Au

First we examine the band structures of Au in both its bulk
3D fcc structure and in the form of a 1D free-standing linear
monatomic chain, where the Au–Au bond lengths are taken
to be 2.884 Å and 2.733 Å respectively [41]. The band
structure for the 1D chain is shown in figure 1(a) (note that,
as a convention, we align the chain along the z-direction).
When SO interaction is neglected, both the orbital angular
momentum and spin are good quantum numbers, thus the
bands can be labeled by the integer eigenvalues m of the z-
component of the orbital angular momentum Lz . Because of
the restricted space symmetry, only two atomic orbitals with
the same value of m along the chain axis can interact with each
other and form a band. The m = 0 bands (red) are composed of
the 6s and 5dz2 atomic orbitals, and the band energy increases
when going from � to X . In addition to the spin degeneracy,
the |m| = 1 bands (green) are doubly degenerate. They are

composed of the orthogonal orbitals 5dxz and 5dyz respectively
and the band energy decreases from � to X . Among all of the
1D energy bands, the |m| = 2 bands (blue) are the narrowest
ones due to the smallest overlap of the 5dxy or 5dx2−y2 atomic
orbitals between two neighboring atoms. These are also doubly
degenerate and the energy increases when going from � to
X . To summarize, when SO interaction is neglected, there
is only one m = 0 band crossing the Fermi energy, so that
there are only two spin-degenerate conduction channels that
can contribute to the zero-bias conductance.

When the SO interaction is switched on, the energy bands
can no longer be distinguished by the magnetic quantum
number m, since neither the orbital angular momentum nor the
spin are good quantum numbers. Thus the energy bands are
labeled by the half-integer eigenvalues m j of the z-component
of the total angular momentum Jz . As we can see from
figure 1(a), there are now three |m j | = 1/2 bands (red), two
|m j | = 3/2 bands (green) and one |m j | = 5/2 band (blue).
All of the six energy bands are doubly degenerate due to time-
reversal symmetry. The m j = 1/2 ones are composed of three
orbitals with different symmetry, namely the 6s and 5dz2 for
spin-up and the 5dxz + i5dyz for spin-down. In contrast the
m j = −1/2 band is formed from 6s and 5dz2 orbitals for
spin-down and from 5dxz − i5dyz for spin-up. Similarly, the
orbital composition for the m j = 3/2 band is 5dxz + i5dyz

for spin-up and 5dx2−y2 + i5dxy for spin-down, while that of
the m j = −3/2 band is 5dxz − i5dyz for spin-down and
5dx2−y2 − i5dxy for spin-up. Finally, the m j = 5/2 band is
formed only by the orbitals 5dx2−y2 + i5dxy for spin-up, while
the m j = −5/2 one is formed only by the 5dx2−y2 − i5dxy

orbital for spin-down.
Since the conductance of a molecular device is critically

dependent on the band structures of the electrodes near the
Fermi level, we now focus our attention on the difference
between the SR and FR energy bands near EF. A close look
at our results for the Au 1D monatomic chain shows that
SO coupling increases the number of conduction channels at
the Fermi level from two for the SR case to four for the FR
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case, since now the |m j | = 3/2 band touches the Fermi level
near �. Furthermore, in the SR case the band crossing EF is
composed of only the 6s and 5dz2 atomic orbitals, while in the
FR case the two bands crossing EF are composed of 6s and
all the five 5d symmetries. In addition, at about 2 eV below
EF, there is a 1 eV energy gap for the FR case, so that we
expect the transmission coefficient of a molecular device with
Au monatomic chain electrodes to vanish in that energy range.

The SR and FR band structure of 3D fcc Au are shown
next in figure 1(b). As one can see, also in this case there
are significant differences between the SR and FR bands, in
particular well below EF, where the contribution of the filled
5d shell to the DOS is most relevant. However, when compared
to the 1D case, the changes at EF appear minimal, due to
the predominantly s-character of the Au Fermi surface. Our
calculations are fully consistent with previous results reported
in the literature [21, 42].

3.2. Transport property: Au quantum point contacts

In the previous section we have shown that the number of
transport channels at the Fermi level in 1D chains increases
from 2 to 4 when the SO interaction is switched on. This seems
to pose an intriguing puzzle. In fact the overwhelming majority
of quantum point contact measurements report a ballistic
conductance for Au breaking junctions before the rupture point
of 2G0 (here we adopt the definition G0 = e2/h) [6, 25, 26],
i.e. they are compatible with two scattering channels at the
Fermi level (one spin-degenerate scattering channel). In order
to understand this apparent disagreement we investigate the
transport through a Au point contact model in which a 3-atom-
long Au monatomic chain is sandwiched in between Au [100]
electrodes formed in the shape of a pyramid (see figure 2(a)).
This model is sufficiently realistic. In fact, although freely
suspended gold monatomic chains up to seven or eight atoms
long can be created, the probability for the formation of chains
of two and three atoms is actually much larger [26], and
therefore this is one of the most probable configurations to
dominate the experimental conductance histograms.

The transmission coefficients as a function of energy
calculated either with or without SO coupling are presented
in figure 2(b). In the SR case there is a large transmission
plateau at T ∼ 2 around and above the Fermi level. This
means that the low-bias conductance of G = 2G0 is stable
against fluctuations of the position of EF, in good agreement
with experiments. The transmission is then reduced at energies
0.38 eV below the Fermi level, it approaches zero at around
EF − 0.66 eV and then finally has a rapid increase reaching
T = 5.52 at EF − 1.12 eV. These low energy features are due
to the interaction of the s-electrons with the d-manifold and are
perfectly consistent with previously published work.

Importantly, the introduction of SO interaction does not
change the transmission around EF, indicating that SO does
not play an important role in the low-bias transport properties
of Au quantum point contacts. However, because of the SO
coupling the first transmission peak below the Fermi level
shifts from EF − 1.12 eV to EF − 0.64 eV and its amplitude
reduces from 5.52 to 2.98. This already demonstrates that

one should expect a low-bias conductance of G = 2G0 in
Au quantum point contacts, regardless of whether or not SO
is considered. Again this is in good agreement with the
experimental data [6, 25, 26].

In order to get a deeper insight into the conductance
of Au quantum point contacts, we analyze the contributions
to the transport of each of atomic orbitals forming the Au
trimer sandwiched between the electrodes. This is realized
by using our previously developed projection method based on
scattering states [43]. The results are given in the figures 2(c)
and (d) where we plot the orbital decomposition of the
transmission coefficient as a function of the energy. In the SR
case, Au atomic orbitals of 6s and 5dz2 symmetry dominate the
transmission around EF, with a contribution to T (EF) of about
82.8%, and the remaining 17.2% originating from the 5dxz and
5dyz orbitals. This situation is reversed at the first transmission
peak below the Fermi level (at EF − 1.12 eV) where the
5dxz and 5dyz symmetries make the main contribution. The
inclusion of SO coupling does not change the overall picture
and the transmission around EF is still dominated by Au atomic
orbitals with |m j | = 1/2, while the |m j | = 3/2 provides only
a tiny contribution. This result could not have been anticipated
from a simple consideration of the bands of an infinite gold
monatomic chain as shown in figure 1. Such a difference
originates mainly from the shortness of the nanocontact—a
gold trimer is far from infinite.

3.3. Transport property: BDT connected to two Au monatomic
chains

We now turn our attention to study the effects of SO coupling
on the conductance of molecular devices using Au electrodes.
Although SO interaction has little effect on light elements, it
can influence the charge distribution and the conductance of
the molecule through the molecule–electrode coupling. BDT
is chosen as the central molecule and it is attached to Au
electrodes through the two S atoms of the thiol group. Our
aim is simply to demonstrate the effects of SO coupling on
the transport properties of molecular devices through a number
of examples. We do not intend here to provide an exhaustive
analysis of transport across BDT molecules connected to Au
for which a rather extensive literature already exists [44–50].

With this in mind we first investigate the conductance of
BDT connected to two semi-infinite 1D Au chains, here the
Au–S–C bond angle is optimized to be 104.2◦ (see figure 3(d)).
The transmission coefficients as a function of energy calculated
with and without SO interaction are shown in figure 3(a).
As one can notice, although the FR-calculated T (E) above
EF is almost the same as that of the SR calculations, below
EF the two differ sensibly from each other. In the FR case,
T (E) shows a number of sharp transmission peaks and a
large transmission gap at around −2 eV. More importantly, the
transmission coefficient at EF is increased from 1.88 for the
SR case to 2.20 for the FR one. All of these differences can be
traced back to the effects of SO coupling on the energy bands
of the gold monatomic chain and to the molecule–electrode
interaction. In the SR case, there is only one energy band
crossing the Fermi level, so that the transmission coefficient
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Figure 2. Au quantum point contact transport calculation: (a) geometrical structure of the model Au point contact investigated;
(b) transmission coefficient as a function of energy calculated with and without SO coupling; (c) SR transmission coefficient projected onto
the atomic orbitals of the gold trimer; (d) FR transmission coefficient projected onto the atomic orbitals of the gold trimer.

of the device at EF is undoubtedly equal or less than two,
since it is limited by the number of conduction channels in
the electrodes. In contrast, in the FR case, there are two
energy bands crossing the Fermi level so that the transmission
coefficient can be as large as 4. Although the T (EF)’s in the
SR and FR case differ by only 17%, it is important to note that
for the FR calculations T (EF) exceeds SR, the upper bound of
2 set by the number of scattering channels in the electrodes.
Below EF, the SO coupling causes band splitting and anti-
crossing, which makes the transmission display a multitude
of peaks near the band edges. In particular, for energies at
around EF − 2 eV there exists an energy gap opening due to
SO coupling, thus no propagating states are present and the

transmission also shows a gap. In contrast, above EF the only
energy band present is of s-character, the SO coupling does not
affect it and the device transmission is not affected either.

Again in order to gain a deeper insight into the con-
ductance mechanism, we project the transmission coefficient
over the molecular orbitals of BDT. The contributions of the
HOMO-2, HOMO and LUMO to the transmission for both the
SR and FR calculations are shown in figures 3(b) and (c), re-
spectively. Regardless of the SO interaction the HOMO-2 state
dominates the transmission at EF, while the LUMO contributes
a transmission peak centered at about 4 eV above EF. In con-
trast, the contribution of the HOMO is rather different in the
SR and FR case, due to its particular orbital character. In fact,

5
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Figure 3. Transport calculations for a BDT molecule connected to two semi-infinite Au monatomic chains: (a) SR and FR transmission
coefficients as a function of energy; (b) SR transmission coefficient projected onto the HOMO-2, HOMO and LUMO of the central molecule
including the benzene backbone and the two anchoring S atoms; (c) FR transmission coefficient projected onto the HOMO-2, HOMO and
LUMO; (d) optimized geometry of benzene connected to two semi-infinite Au monatomic chains; (e) scattering states at the Fermi level
calculated without SO coupling; (f) scattering states at the Fermi level calculated with SO coupling; (g) charge density isosurfaces of the
HOMO-2, HOMO and LUMO of the central molecule.

Figure 4. Transport calculations for a BDT molecule attached to two 3D Au electrodes at the Au (111) hollow site: (a) optimized geometry;
(b) SR and FR transmission coefficients.

while (see figure 3(g)) both the HOMO-2 and the LUMO are
π -type molecular orbitals, composed both of C and S pz or-
bitals (the transport is along the z-axis), the HOMO is of σ -
type and it is mainly composed of S py orbitals.

For SR calculations the scattering channels in the Au
electrodes at EF are composed of 6s and 5dz2 atomic orbitals,
which can interact strongly with the pz orbitals of S. For this
reason, the transmission coefficient at the Fermi level is mainly
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Figure 5. Transport calculations for a BDT molecule attached asymmetrically to two 3D Au electrodes at the Au (111) hollow site on one side
and to a Au adatom on the other side: (a) optimized geometry; (b) SR and FR transmission coefficients.

composed from the HOMO-2, as shown in figure 3(e). In
contrast the HOMO cannot interact with the m = 0 band of
the Au monatomic chain, so that it contributes only with a very
sharp transmission peak below EF. The situation is different
for FR calculations. In this case the wavefunctions of the Au
electrodes at EF also include the 5dyz orbital besides the 6s and
5dz2 ones. These interact strongly with the HOMO, so that it
can contribute to the transmission at EF. The corresponding
conduction channel isosurface is given in figure 3(f).

We then conclude that in this 1D example the inclusion
of SO coupling is rather important both from the qualitative
and quantitative points of view. At the qualitative level,
the conductance is limited in the SR case by the number of
conduction channels in the electrodes, and in the FR case by
the molecule–electrode coupling. At the quantitative level, SO
coupling enhanced the transmission coefficient at EF from 1.88
to 2.20.

3.4. BDT connected with 3D Au electrodes

Next we analyze the transport properties of a BDT molecule
connected to two semi-infinite 3D Au electrodes. Here, we
consider three types of contact configurations. In the first one
BDT is symmetrically attached to the hollow site of the two
Au (111) surfaces (see figure 4(a)), and the distance between
the S atom and the plane of the gold surface is optimized
to be 1.90 Å [37]. The transmission coefficients are shown
in figure 4(b) for both SR and FR calculations. Clearly,
for this junction the SO coupling only slightly affects the
overall transport properties, and especially at the Fermi level
the transmission coefficient is the same regardless of the SO
interaction. This can be easily understood, by recalling that SO
does not change either the frontier molecular orbitals of BDT
or the band structures of bulk Au around EF by very much.

In the second binding configuration BDT is asymmetri-
cally attached to two Au (111) surfaces, namely at the (111)
hollow site on one side and to an adatom on the other side
(see figure 5(a)). Here, the distance between S and the plane
of the Au surface is kept at 1.90 Å at the hollow site, while
the distance between S and the Au adatom is optimized to be
2.39 Å [37]. The transmission coefficients as a function of en-
ergy for this junction are shown in figure 5(b). Although the
FR transmission almost perfectly follows the SR transmission
above the Fermi level, below EF the effects of SO interaction
become more substantial. The transmission peak just below EF

is increased by about 14.3%, and the shoulder at slighter lower
energies becomes more pronounced, indicating that SO cou-
pling causes splitting of molecular orbitals due to the presence
the Au adatom.

Finally in the third configuration BDT is symmetrically
attached to Au adatoms at both the Au (111) surfaces of the
electrodes (see figure 6(a)). Here the distance between the S
and the terminating adatom is the same as that in figure 5(a).
In contrast to the previous two junctions, the inclusion of SO
coupling now has a significant influence on the transmission,
as one can see from figure 6(b). Clearly, the SO coupling
significantly affects the transmission in the energy range from
−1.80 eV to −3.0 eV. For example, the peak centers of the
double-peak structure are located at −2.56 eV and −2.32 eV
in the SR case, but they move to −2.64 eV and −2.22 eV in the
FR one. Such a shift can be traced back to the modifications of
the band structure of bulk Au due to SO coupling. In fact, as
one can see in figure 1(b), it is the energy range from −1.8 eV
to −6.0 eV where SO coupling modifies the band structure of
bulk gold significantly.

However for this bonding geometry also around EF, the
SO coupling affects the junction transmission. The relative
changes in transmission generated by SO coupling can be

7
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Figure 6. Transport calculations for a BDT molecule attached to two 3D Au electrodes at Au adatoms: (a) optimized geometry; (b) SR and
FR transmission coefficients; (c) (TFR − TSR)/TSR as a function of energy; (d) projected transmission coefficient onto the Au adatoms and the
S atoms of the thiol groups.

quantified by the quantity (TFR − TSR)/TSR. This is the
difference between the transmission coefficient calculated by
using the FR, TFR, and that calculated by using the SR
corrections, TSR, and normalized by TSR. This quantity is
plotted in figure 6(c) where one can observe modifications as
large as 50% in the energy range [−1.0, 0.4] eV. These changes
persist at the Fermi level where the transmission coefficient is
increased from 1.09 (SR case) to 1.24 (FR case), a net change
of 13.8%.

Projected transmission analysis shows that the two gold
adatoms play a crucial role in the transmission of the junction,
as presented in figure 6(d). For the specific double-peak

structure at the Fermi level, the LUMO and the LUMO + 1
state of the central C6H4S2Au2 molecule make the main
contributions for both the SR and FR calculations. Although
SO coupling does not split molecular orbitals further, it does
change the separation among the frontier molecular orbitals
of the C6H4S2Au2 molecule. For instance, the gap between
LUMO and LUMO + 1 is decreased from 0.20 eV in the SR
case to 0.17 eV in the FR case. This is the main reason for the
increase of the transmission coefficient at the Fermi level.

An interesting final question is why the SO coupling
affects the conductance so differently in Au quantum point
contacts as compared to BDT junctions bridged with adatoms
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on both sides of the junction. Such a difference is rooted
in two main factors, namely the spacing among the relevant
molecular orbitals, and the coupling strength between the
central molecule (Au3 and C6H4S2Au2) and the electrodes.
For Au3, the SO coupling does cause the splitting of the
molecular orbitals. However the energy levels of the frontier
molecular orbitals are very dense, with a spacing of the order
of 0.03 eV. Furthermore the coupling between Au3 and the two
gold electrodes is very strong and the SO interaction does not
change the bonding nature of the frontier molecular orbitals.
Therefore, for all these reasons the SO coupling cannot affect
the low-bias conductance of the gold quantum point contact
(at least for short chains). In contrast the picture is totally
different for C6H4S2Au2. In this case the separation among
the frontier molecular orbitals is rather large (for example the
LUMO + 1 is about 0.17 eV higher than the LUMO). The
coupling between C6H4S2Au2 and the electrodes is relatively
weak, as it can be clearly deduced from the sharp peaks
appearing in the transmission plot. Thus, the energy shift and
the broadening caused by the interaction between C6H4S2Au2

and the electrodes are small and the effects arising from the
SO-induced modification of the electronic structure of the
C6H4S2Au2 molecule are magnified.

4. Conclusion

In this paper we use BDT as a benchmark molecule to study
the influence of SO interaction over the electronic transport
properties of molecular devices contacted to Au electrodes.
In general we find that the effects of SO interaction are
more pronounced in devices with electrodes having reduced
symmetry, where the modification of the electrode band
structure due to SO are magnified. In contrast, the transmission
in devices made by 3D electrodes is less sensitive to the SO
corrections to the band structure although, even in this case,
changes in the low-bias transmission up to 13% can be found
for geometries where the molecule is only weakly bound to the
electrodes.
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