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Abstract

In this paper, electrical switching behavior of an Au/para-terphenyl/Au
junction is investigated using a combination of the tight-binding and
nonequilibrium Green function calculations. The electrodes are at-
tached to the polymer along their [111] direction. It is found out that
the current flow across the polymer can be controlled by means of op-
positely rotating the electrodes about the junction’s axis which suggests
that the molecular junction can be switched between its ON and OFF
states for different amounts of twist. The HOMO-LUMO gap of the
polymer gets widened up as a result of twist, in consequence of which
the electrons get hindered from tunneling.
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1 Introduction

In a pioneering experiment, Reed and Tour [1] fabricated a molecular device
composed of a number of benzene rings sandwiched between two gold leads.
In order to control the electric current through the device, they attached two
electron-donating (NH2) and electron-withdrawing (NO2) side groups to one of
the central benzine rings which projected outward from the chain on opposite
directions. Upon application of an electric field the side groups were capable
of blocking the current flow by twisting the polymeric chain. Hence, the re-
searchers turned the molecular device into an electrical switch which could be
turned to ON and OFF state simply by applying specific biases.

Inspired by these findings of Reed and Tour [1], many research groups
conducted their investigations toward better understanding and more devel-
opment of the molecular switches. Jiang et al. [3] modeled the experimen-
tal work of Ref. [1] using density functional calculations and gave a de-
tailed description of the effect of torsion on the electronic structure of a
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Figure 1: Atomic structure of a PTP molecule sandwiched by two fcc-Au
electrodes along the [111] direction. Bond lengths are given within the text.
In panel (b) the right electrode is rotated clockwise 90◦ about the device’s axis
causing a uniform twist in the central region. The graphic is generated using
XCRYSDEN [2].

2′−amino−4−ethynylphenyl−4′−ethynylphenyl−5′−nitro−1−benzenethiol
junction. They calculated the variations in the energy gap between the highest
occupied and the lowest unoccupied molecular orbital (HOMO-LUMO gap) of
the polymer as a function of the torsion angle and reported that twisting the
polymer chain widened the energy gap and, consequently, blocked the pass-
ing electric current. These results were also confirmed by calculations carried
out by Xia and co-workers [4] where a 4, 4′ − biphenyl molecule with dithio-
carboxylate and thiol as anchoring groups were used as the molecular device.
They showed that by keeping one of the rings fixed and twisting the other
with different torsion angles the device would behave as a switch. Similar elec-
tronic structure calculations were performed by Majumder et al. [5] with the
electron withdrawing (−NO2,−CN) and electron donating (−NH2,−CH3O)
as side groups.

Alternatively, in this work we propose that the current flow across the
barrier can be controlled by means of oppositely rotating the electrodes about
the junction’s axis. In this method, the torsion can be applied mechanically
[6] and the side groups will be needed no more. The example structure that
we consider here is a para-terphenyl (PTP) molecule anchored by thiol groups
that is sandwiched by two Au electrodes.
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2 Calculation Method

Fig. 1 shows a PTP molecule sandwiched from sides by two fcc-Au electrodes.
The polymer is functionalized by substituting its ending hydrogen atoms by S
groups to provide a good contact with the metallic electrodes. The Hamilto-
nian of the system can be decomposed as:

H =

⎡
⎢⎣

HL HLC 0
HCL HC HCR

0 HRC HR

⎤
⎥⎦ (1)

where HL, HC and HR are respectively Hamiltonians of the left electrode, the
polymer and the right electrode. Having determined the system’s Hamiltonian
(Eq. 1), the Green function of the central region can be expressed as [7]

GC = {ω − HC − ΣL − ΣR} . (2)

Here ω = (E+iη+)I, where E is the injection energy of the tunneling electrons
and iη+ is an infinitesimal imaginary term. The electrode self-energies are
defined as

Σα = HCα (ω − Hα)−1 HαC

= HCαGαHαC (3)

where Gα (α = L/R) is the surface Green function of the isolated left/right
electrode. After calculating the system’s Green function in Eq. 2, the trans-
mission probability through the barrier can be calculated as a function of the
incident electrons’ energy and the applied electric bias using the relation

T (E, Va) = Tr
[
ΓLGCΓRG†

C

]
(4)

where the coupling terms ΓL and ΓR can be calculated through the expression

Γα = −2�Σα. (5)

It can be seen in Eq. 3 that for calculating the self-energies we need surface
Green functions of the isolated electrodes. There are a number of methods
available for calculating the surface Green function of an electrode. In this
paper we have chosen the efficient method proposed by Lopez-Sancho et al.
[8]. According to their well-tested algorithm in order to calculate the surface
Green function, the electrode must be divided up into super-layers in such a
way that each super-layer solely interacts with its adjacent super-layer [9]. The
super-layer and its interaction Hamiltonians are calculated using the Slater-
Koster tight-binding algorithm [10, 11].
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Figure 2: Twisting the device widens up the energy gap in the electronic den-
sity of states of the polymer (a) and as a result reduces the electric transmission
(b). Zero of the energy is shifted to the Fermi level.

3 Numerical Details and Results

In this work we aim to control the current flow across the organic molecule of
Fig. 1 by applying specific twists to the device through oppositely rotating the
leads about the junction’s axis. Para-terphenyl in its undoped ground state is
a semiconductor with π bands closet to the Fermi energy. The carbon-carbon
bond lengths of the molecule are set equal to 1.4 Å. The remaining C-H, C-S,
and S-Au bond lengths in the molecular contact of Fig. 1 are respectively
chosen as 1.1, 1.7, and 2.3 Å.

In PTP it is mainly the delocalized π– electron system that allows the
incident electrons within the allowed energy window to tunnel through the
polymer. Thus, for reasons of simplification, within the barrier region we
model the Hamiltonian by taking into account only the pz electrons which
would not be an extreme approximation. The Hamiltonian is parametrized
using the Slater-Koster algorithm [10] and the related tight-binding parameters
are extracted from [12, 13].

We expect that applying twist would widen up the energy gap at the Fermi
level by extending the bond lengths and changing their orientations. In Fig. 2a
variations in the density of states of the device is compared for three different
torsion angles. With twisting the junction its electronic density of states,
through getting localized, evolves toward widening up the energy gap where
we see that for a twist of 90◦ the energy gap is increased up to about 1.0 eV. So
as to have an estimate of the electron transmission through the barrier we have
plotted the transmission spectra of the junction for the same torsion angles
in Fig. 2b. There can be seen that twisting the device causes a remarkable
reduction in its transmission.

Using the Landauer–Bütiker formula [7] Eq. 4 can be integrated within the
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Figure 3: Current flow across the Au/PTP/Au junction is plotted versus the
applied bias for different degrees of twist. The device effectively acts as an
electric switch.

allowed energy window to give the magnitude of the current tunneling across
the barrier:

I(Va) =
2e2

h

∫ +∞

−∞
T (E, Va) [f(E − μL) − f(E − μR)] (6)

where h is the Planck’s constant, f is the Fermi-Dirac distribution function,
and μL/R is the chemical potential of the left/right lead. From the equation
above we expect that only the electrons with incident energy in the range
[−V a/2, +V a/2] contribute to the total current. Hence, a qualitative analy-
sis of the transmission spectra of Fig. 2b in this energy window reveals the
switching capability of the junction under application of twist.

Results of the current calculations of the device as a function of the applied
bias is plotted in Fig. 3 for different degrees of twist. The switching (ON/OFF)
ratio can well be compared to the values reported in the preceding works [3, 4]
where generally the electron donating and withdrawing sidegroups were used
to control the current flow by rotating the attached phenyl ring.

4 Conclusions

In summary, we studied electrical switching properties of an Au/PTP/Au junc-
tion under application of a uniform twist. The twist was supposed to be applied
through nanomechanical rotation of one of the electrodes about the junction’s
axis. Tight-binding calculations were used to build up the device’s Hamil-
tonian and the electronic transport calculations were performed by means of
the nonequilibrium Green function technique. We found out that for specific
torsion angles the device acted as a molecular switch.
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