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Abstract
We investigate the transport properties of a biphenyl-dithiol molecule sandwiched between
electrodes made of metal Y (Y = Cu, Ag and Au) using the non-equilibrium Green’s function
method based on a density functional theory. The electrode metal Y has an influence on the
coupling between the molecule and electrodes, and thus on the transmission peak height. For
the transmission TY at the Fermi energy, we obtain TCu ∼ TAg < TAu. As a result, the current
value at low bias voltage for the junction system with Ag or Cu electrodes is smaller than that
for Y = Au. At high bias voltage, on the other hand, the current value of an Ag electrode
system becomes larger than the others due to the higher transmission peak around −1.5 eV
below the Fermi energy. Besides this, it is shown that the transmission peak value for all the
electrode metals can be expressed generally as a function of a ratio of the coupling between the
two phenyl rings to the peak width of the projected density of states with respect to a
corresponding molecular orbital.

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

1. Introduction

Transport properties have been investigated theoretically
and experimentally for a wide variety of junction systems
composed of a molecule and metal electrodes [1–3]. Their
functionalities, which are related to molecular devices [4] and
spintronics [5], have also been theoretically discussed. It is
well known that such transport properties are very sensitive
to the constituent materials. Therefore, it is useful for future
research to organize the dependence of the transport properties
on constituent materials.

Already, the electrode metal dependence of the transport
properties for a benzene-based molecule has been theoretically
investigated [6–9]. In [6], the transport properties of an α,α′-
xylyl-dithiol molecule sandwiched between Au electrodes
were compared with those of a system with Ag electrodes. For
a system with Au electrodes, a larger transmission at the Fermi
energy has been obtained. Besides this, it was reported that a
system with Ag electrodes has a weaker interaction between
the molecule and the electrode.

Recently, the transport properties of a biphenyl-dithiol
(BPD) molecule sandwiched between Au electrodes, as shown

in figure 1(a), were theoretically investigated [10–13]. The
transport properties of this system strongly depend on the
dihedral angle between the two phenyl rings of a BPD
molecule, since the coupling between molecular orbitals
(MOs) on the phenyl rings strongly depends on them. In [14],
the end-group atom dependence of the transport properties for
a biphenyl-based molecular system was investigated. As the
end-group atom, O, S, Se and Te were studied. It has been
shown that an end-group atom has an influence on not only
the coupling between MOs on the phenyl rings but also the
interaction between molecule and electrode. In the system
with the O atom, which has a weaker molecule–electrode
interaction and a stronger coupling between the MOs on the
phenyl rings, a larger transmission at the Fermi energy has been
obtained. In [15], it has also been reported that the transmission
peak value strongly depends on the distance between the
molecule and the electrode, and thus on the molecule–electrode
interaction4. In this way, the transport properties of a
4 The electron scattering inside a biphenyl-based molecule strongly depends
on the interaction between the phenyl rings, as shown in [10–14]. This
scattering becomes more pronounced with increase in the molecule–electrode
interaction. The mechanism of this phenomenon is reported in [15].
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Figure 1. (a) Atomic structure for a BPD molecular junction system.
(b) MO levels of an isolated BPD molecule (left), accompanied by
MO levels of a half-fragment of a BPD molecule (right). Details of
the labels, such as σ1 and π1, are given in the text.

biphenyl-based molecular junction system strongly depend on
the molecule–electrode interaction. In these previous reports,
however, only Au was used as the electrode metal that has an
influence on a molecule–electrode interaction. It is of interest
how the transport properties depend on the electrode metal.

In the present study, we theoretically investigate the
electrode metal Y dependence of the transport properties of
a BPD molecular system and then the relation between the
transport properties and the molecule–electrode interaction is
discussed. As the electrode metal Y, Cu, Ag and Au are
studied.

2. Calculation method

In order to study the transport properties, we employ the
non-equilibrium Green’s function method based on a density
functional theory (NEGF/DFT) [14]5. We briefly describe
this method in the following. For convenience, the system is
separated into three parts: a semi-infinite left lead (left region),
a scattering region, which includes the molecule and part of
the atomic layers in the left and right electrodes, and a semi-
infinite right lead (right region). Then, the Hamiltonian matrix
H is given as

H =
( HL HLS 0

HSL HS HSR

0 HRS HR

)
. (1)

This Hamiltonian HS of the scattering region is calculated self-
consistently within the NEGF/DFT calculation. The overlap
matrix S is written in the same form as equation (1). The
Green’s function G(z) is defined by G(z) = (zS−H)−1, where
z is an arbitrary complex number. Then, the retarded Green’s
function for the scattering region, Gr

S(ε), is calculated as

Gr
S(ε) = [ε+SS − HS − �r

L(ε) − �r
R(ε)]−1, (2)

�r
L(ε) = (ε+SSL − HSL)Gr

L(ε)(ε+SLS − HLS), (3)

5 The transport properties are calculated using the ASCOT code, which was
developed within the RSS21 project supported by MEXT of the Japanese
government. For the details of this code, see [14].

Table 1. Cutoff radius rc of the pseudo-atomic orbitals and number
of the primitive orbitals for s, p and d orbitals (ns, np and nd) used in
the calculations.

rc (au) ns np nd

Cu 6.0 2 1 1
Ag 6.0 2 1 1
Au 6.0 2 1 1
S 5.5 2 2 2
C 4.0 2 2 —
H 4.0 2 2 —

Table 2. Distance d between the end-group atom S and Y surface in
the junction system and the transmission T (εF) at the Fermi energy
εF of the electrode.

d (Å) T (εF)

Cu/BPD/Cu 1.591 0.0179
Ag/BPD/Ag 1.760 0.0170
Au/BPD/Au 1.631 0.0525

�r
R(ε) = (ε+SSR − HSR)Gr

R(ε)(ε+SRS − HRS), (4)

where Gr
L/R(ε) = (ε+SL/R − HL/R)−1 is the surface Green’s

function for the left/right region. The transmission spectrum
T (ε) is then evaluated as

T (ε) = 4 Tr
[
Im{�r

L(ε)}Gr
S(ε) Im{�r

R(ε)}Ga
S(ε)

]
, (5)

where Ga
S(ε) and �r

L/R(ε) are the advanced Green’s function
for the scattering region and the retarded self-energy of the
left/right regions, respectively.

In the NEGF/DFT method, the electronic states of the
electrodes are taken to be those of bulk fcc Cu, Ag and
Au. For a basis set, we employ the pseudo-atomic orbitals,
whose cutoff radius rc and number of primitive orbitals are
summarized in table 1 [16]6. We use the PW91 functional
parameterized by Perdew and Wang for the exchange–
correlation term Vxc(r) [17] and the Troullier–Martins type
of atomic pseudopotentials (see footnote 6) [18]. The energy
cutoff for the real space mesh is 100 Ryd.

The molecular structure is optimized using Gaussian 03
(PW91PL/LANL2DZ) [19]. The optimization was carried out
for an isolated molecule whose S atoms were terminated with
H atoms. Then those H atoms were removed and the molecule
was sandwiched between metal electrodes. In all the junction
systems treated here, the molecule sits upright on the Y(111)
surface with the (3 × 3) periodicity and the S atom of each
end is located at a hollow site. The distances d between
the S atom and the Y surface are set to be those shown in
table 27.

6 The pseudo-atomic orbitals are calculated using the CIAO code, which was
developed within the RSS21 project.
7 The distance between the S atom and the Y surface was optimized using
the periodic superlattice system consisting of five layers of Y with the (3 × 3)
periodicity and a BPD molecule. In this calculation, we used the PHASE code,
which is a program package for first-principles total energy calculations based
on the density functional theory with a plane wave basis set, developed within
the RSS21 project.
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Figure 2. (a) Transmission spectrum T (ε) for the junction system of the BPD molecule. (b) PDOS with respect to BPD-MOs. The labels,
such as π2-B (A), indicate the name of a constituent fragment MO shown in figure 1(b), and the bonding (B) or anti-bonding (A) state.
The d states of the electrode exist below the energy indicated by the arrows.

3. Results and discussion

First, we study the molecular orbital (MO) levels of an isolated
BPD molecule. Since the MOs of a BPD molecule are
composed of MOs of two equivalent fragments consisting of
one phenyl ring and one S atom, we first calculated the MOs
of a fragment. Those fragment MOs (f-MOs) are generally
classified into σ -type and π -type due to their symmetries.
Here, we classify them further for convenience [14]. The σ -
type orbital which has great weight on the ring-connecting
C atom is named c-type. π -type orbitals that localize in the
phenyl ring, especially in the four non-connecting C atoms, are
named u-type. It is noted that both c-type and u-type orbitals
have much smaller weight on the S atom than the other f-MOs.
Eventually, all the f-MOs are classified into the four types.
Orbitals of the same type are distinguished by the numbering,
as shown in figure 1(b). The MO levels of a BPD molecule
are shown in the left part of figure 1(b). The labels, such as
π2-B (π2-A), indicate the orbital name of a fragment and the
bonding (B) or anti-bonding (A) state. It is noted that the
mixing of different orbital types, such as σ and π , is quite
small. The BPD-MOs consisting of c-type orbitals are shifted
out of the energy range shown in figure 1(b), because a c-type
orbital has great weight on the ring-connecting C atom and
the coupling energy is very large. As a result, there appear
just ten BPD-MOs in this energy range. The energy splittings
� of these orbitals show quite different dependence on the
MO symmetry, as shown in the figure. The MOs consisting
of π -type orbitals have a large splitting, while the others do
not. The small splittings of the latter orbitals reflect the weak
interaction between the f-MOs due to the small weight on the
ring-connecting C atom. The π1-type and π2-type orbitals also
exhibit quite different energy splittings.

Next, the electrode metal Y dependence of the transport
properties of a BPD molecular junction system is investigated.
Figure 2(a) shows the transmission spectrum for Y = Cu, Ag

and Au. For all Ys, the transmission spectrum has one broad
peak around ε − εF ∼ −1 eV and one narrow peak around
ε − εF ∼ 2 eV. There are many sharp peaks below the energy
indicated by the arrows, because the d states of the metal
electrodes are located in this energy region. Figure 2(b) shows
the projected density of states (PDOS) with respect to the
BPD-MOs shown in figure 1(b). The dotted lines indicate the
contributions of σ -type MOs. The dotted–dashed lines are for
u-type MOs and the solid lines are for π -type MOs. For all
Ys, the PDOS with respect to the π2-B-type MO have a peak
around ε − εF ∼ 2 eV. For Y = Ag and Au, the PDOS with
respect to the π1-type and σ1-type MOs have a peak around
ε−εF ∼ −1 eV. For Y = Cu, the PDOS with respect to the π1-
type and σ1-type MOs have a peak at ε−εF ∼ −1 eV and a few
peaks below −2 eV. From the comparison between the PDOSs
and the transmission spectrum, it is found that the transmission
around ε − εF ∼ 2 eV arises from π2-B-type MO. Besides
this, we find that the transmission around ε − εF ∼ −1 eV
mainly arises from the π1-type MO. For Y = Ag and Au, the
π0-type MO partially contributes to the transmission around
ε − εF ∼ −1.5 eV. The σ1-type MO does not contribute to the
transmission, since its level splitting is nearly zero, as shown
in figure 1(b).

Here, we investigate a relation between PDOS peak
energies, transmission and MO states. The PDOS peak width
for the u-type MO is very narrow, indicating that the interaction
between the u-type MO and the electrode is nearly zero. This
reflects the fact that the weight on the S atom of the MO is quite
small [14]. Therefore, from the peak energy of the PDOS with
respect to the u-type MOs, we can estimate a general energy
level of the BPD-MOs with respect to the Fermi energy for
each Y, that is mainly determined by the vacuum level and the
charge transfer between a molecule and the electrodes. From
this, we find that the MOs for Y = Cu are located in the lower
energy side and the MOs for Y = Au are located in the higher
energy side. As a result, for Y = Cu, the π1-type and σ1-
type MOs strongly hybridize with the d states of the electrodes
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and then several peaks appear in the PDOSs, considering the
fact that the d states of the metal electrodes are located at
ε − εF < −2.9 eV for Ag and ε − εF < −1.5 eV for Cu and
Au. It is found that the system with Y = Au has the largest
transmission at the Fermi energy, as shown in table 2. This is
a result of the difference in a PDOS peak energy for the π1-
type MOs, which mainly contributes to the transmission at the
Fermi energy. Meanwhile, the transmission at the Fermi energy
for Y = Cu is almost equal to that for Y = Ag, although the
PDOS peak energies for the π1-type MOs are different. This is
because the PDOS with respect to the π1-type MO for Y = Cu
spreads over a wider energy range.

Next, we discuss transmission peak values. This value
depends on the coupling between MOs on the phenyl rings
and the interactions between the molecule and the electrode,
which are defined for each MO [15]. The coupling between
MOs on the phenyl rings is estimated from the level splitting
� shown in figure 1(b). The molecule–electrode interaction is
estimated from a PDOS peak width (W ) shown in figure 2(b).
Namely, a broader PDOS peak means a stronger interaction
between a MO and an electrode [20]. From this, we find that
the interaction between the π1-type MO and the electrode for
Y = Au is stronger than that for Y = Ag. For the π1-type
MO in the case of Y = Cu, we cannot estimate the interaction
from the PDOS peak width, since the π1-type MOs hybridize
with the d state of the Cu and, as a result, the PDOS has a
multi-peak structure. However, we expect the interaction for
the π1-type MO to also be stronger than that for Y = Ag,
because the PDOS peaks spread over a wide energy range. It
is also found that for all Ys, the interaction between the π2-
type MO and the electrode is weaker than that between the
π1-type MO and the electrode. There is a report that for a Au
electrode system, a transmission value at the peak center of
the PDOS can be expressed well as T (x) = 4x2/(4x2 + 1),
where x = �/W .8 According to this equation, a larger W
and a smaller � give a smaller transmission value. Figure 3
shows x versus the transmission value at the peak center of the

8 T (x) is obtained from an analysis for a simple one-dimensional chain
model [13], which is an effective model for a BPD molecular junction system.
The details are reported in [15].
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Figure 4. I–V curve for a BPD molecular junction system with
Y = Cu, Ag and Au.

PDOS, extracted from figures 1 and 2. Each value agrees well
with the ideal value T (x) except for the π1-type MO in the
case of Y = Cu and the π1-B-type MO in the case of Y = Ag.
From this relation, we can understand how the transmission
peak values are determined, as follows: the transmission value
at ε − εF ∼ 2 eV is 1, since the peak width of the PDOS with
respect to the π2-B-type MO is narrow and then x is large. The
transmission peak value around ε − εF < −1.5 eV for Y = Ag
is larger than that for Y = Au, since the peak width of the
PDOS with respect to the π1-type MO for Y = Ag is narrower.
As described above, the π1-type MO in the case of Y = Cu and
the π1-B-type MO in the case of Y = Ag does not agree with
T (x). This discrepancy can be understood as follows: (i) for
the π1-type MO in the case of Y = Cu, the PDOS has a multi-
peak structure, since the MO strongly hybridizes with the d
state of Cu. This result in an underestimate of the peak width
W and an overestimate of x . Comparing the transmission peak
value with T (x) with a smaller x , we would obtain a better
agreement. (ii) For π1-B-type MO in the case of Y = Ag, the
transmission at the peak center of the PDOS with respect to
π1-B-type MO partially arises from the π0-type MO, as shown
in figure 2. In such a case, it is difficult to extract fairly the
contribution of one MO to the transmission. In this way, it
is found that the relation between a transmission value and x ,
suggested for a Au electrode system, is applicable for different
metal electrodes.

Finally, we investigate the transport properties under finite
bias voltage via self-consistent calculation. In figure 4, we
show the electrode metal Y dependence of the I –V curve.
For Y = Au, we obtain a linear behavior in a bias range of
0 V < V < 1.5 V and the current value saturates around
V = 1.5 V. For Y = Cu, we observe a linear behavior in a
bias range of 0 V < V < 1.5 V and a smaller current value
than that for Y = Au is obtained. This arises from the smaller
transmission around the Fermi energy. For Y = Ag, we also
obtain a smaller current value than that for Y = Au in a bias
range of 0 V < V < 1.5 V for the same reason as for the case
of Y = Cu. In a bias range of V > 1.5 V, we obtain larger
current values for Y = Ag than for Y = Au, since for Y = Ag
higher transmission is obtained around ε − εF ∼ −1.5 eV, as
shown in figure 2.
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The change in the transmission spectrum on changing the
electrode metal has not been reported from any experiments.
As discussed above, this change arises from the difference
in the PDOS peak energy and that in the strength of
the molecule–electrode coupling. Here, it is noted that
recent developments in experiments can give high resolution
differential conductance with high reproducibility [21]. Such
a differential conductance can be treated as an approximate
transmission spectrum around the Fermi energy. We expect
that from it, the electrode metal dependence of the transmission
spectrum reported in the present paper would be confirmed.

4. Conclusions

In summary, we have studied the transport properties of a BPD
molecule sandwiched between metal electrodes (Y = Cu, Ag
and Au) using an NEGF/DFT method and the electrode metal
effects have been investigated. By changing the electrode
metal, the PDOS peak energy and the coupling between
the molecule and the electrodes are changed. For Y = Ag,
we observe a larger transmission peak value than that for
Y = Au, since the interaction between the molecule and the
Ag electrodes is weaker than that for Au electrodes. The
transmission at the Fermi energy εF is smaller than that for
Y = Au. This is because, in the system with Y = Ag, MO
levels below εF are located far from εF and the transmission
peak is narrower. At high bias voltage, the current value for
Y = Ag is larger than that for Y = Au, because the system
with Y = Ag has a higher transmission peak around ε − εF ∼
−1.5 eV. For Y = Cu, we obtain almost the same transmission
value at εF as for the system with Y = Ag, although the PDOS
peak energies for the π1-type MO are different. This is because
the interaction between the molecule and the Cu electrodes is
stronger than that for Ag electrodes. Besides this, it is found
that the expression T (x) = 4x2/(4x2 + 1), where x = �/W ,
for evaluating a transmission peak value is general for all Ys
considered here.
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