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Abstract: Using Density Functional Non-Equilibrium Green’s Function (DFT-NEGF) method we perform a detailed study of
the transport properties of a nove light-driven molecular switch. We consider two isomers of Azo-benzene moleculular wires,
Cis and Trans, sandwiched between two Au (1 0 0) dectrodes. It has been found that the conductance of the cis isomer is
sgnificantly smaler than that of the trans one. Thus, whenever the Azo-benzene is made to flip from the cis conformation to
the trans conformation, the wire is predicted to switch from a weakly conducting to a highly conducting state. The transmission
coefficients T (E) of the two-probe system at zero bias have aso been analyzed.
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I ntroduction

Organic molecules as functional units for electronic
gpparatus applications have been attracted more
attention because they represent the ultimate
miniaturization of electronic systems and a possible
goal of nanoedectronics [1-11]. The recent significant
advances [1-11] predict a brilliant future for molecular
eectronics. Electronic devices that switch between high
and low resistance states are at the heart of the modern
information technology. As miniaturization of this
technology continues to progress the long-standing
fundamental problem of identifying and understanding
the smallest physical systems that are capable of
switching behavior is attracting growing interest [3, 8-
11]. Switching between on and off states can be

performed by applying an external bias or by using a
scanning tunneling microscope tip to manipulate the
system [3, 8-11]. However, since these methods impose
severe limitations in device applications [8, 9] thus they
are not ideal and it is reasonable to find alternative
methods, such as those based on fast, light-driven
processes. The azo-benzene molecular wire considered
here is one such candidate for an optoelectronic device.
This novel molecular wire has two conformations, trans
and cis, as represented in Fig. 1. The molecule can
switch reversibly from one structure to another under
photoexcitation, with the structural change occurring on
an electronically excited state [9].

Figure 1. Optimized geometric structures of two isomers of an Azo-benzene molecular wire, (8) Trans isomer and (b) Cis

isomer.
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In the present work, we investigate the electron
trangport phenomena through the cis/trans isomer of an
azo-benzene single molecular wire sandwitched
between two semi-infinite gold (1 0 O) leads.
Furthermore, the considered molecular wire has
been functionalized by replacing a hydrogen ended
atom with an S group to provide a good contact
with gold electrodes. To contribute to the
knowledge about the mechanism of switching
behaviour in single molecular devices, in the
current research we present a detailed first-
principles anaysis of the |-V characteristics of the
azo-benzene molecular wire. The light-driven
molecular switch that we describe should be
amenable to experimental study with presently
available techniques. Thus our findings also raise
the prospect of bridging the gap that has persisted
in this field between theory and experiment since
molecular switching was first observed. The
organization of the Letter is as follows. We start with a
brief description of the density functional based non-
equilibrium Green’s function method (Section 2), and in
Section 3 we report our main results for the
transmission functions of the different structures and
discuss their implications, together with an analysis of
the molecular levels important for eectron transmission.
In Section 4, the results are summarized.

Computational details

The calculations have been performed using a recently
deve oped first-principles package SMEAGOL [12, 13],
which is based on the combination of DFT (as
implemented in the well-tested SIESTA method [14])
with the NEGF technique [15, 16]. SMEAGOL is
capable of fully self consistently modeling the electrical
properties of nano-scale devices that consist of an
atomic scale system coupling with two semi-infinite
electrodes. Such nano-scale devices are referred to as
two-probe systems and they are divided into three parts
for theoretical calculations: left and right electrodes, and
a central scattering region. The scattering region
actually includes a portion of the semi-infinite
electrodes. The simulation procedure of such two-probe
systems can be described briefly asfollows.

Firstly the electronic structure of two electrodes is
caculated only once by SMEAGOL to get a sdf-
consistent potential. This potential will be shifted
rigidly relative to each other by the externa potential
bias and provides natural real space boundary
conditions for the Kohn-Sham (K-S) effective potential
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of the central scattering region. Then from the Green's
function of the central scattering region, it can obtain
the density matrix and thereby the eectron density.
Once the dectron density is known, the DFT
Hamiltonian matrix, which is used to evauate the
Green's function, can be computed using the above
boundary conditions by means of standard methods.
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whereH,; is DFT Hamiltonian and&, and &, are

the sdlf-energies respectively for the left and right lead.
This procedure is iterated until sef-consistency is
achieved. Moreover, the current through the atomic
scale system can be calculated from the corresponding
Green's function and sdf-energies using Landauer-
Buttiker formula [17]

I(\/)=2Fe(‘§dE[f| (E-m)- f.(E- m)T(EV) (2

Where mand m are the electrochemical potentials of
theleft and right electrodes respectively, i.e.,

m-m =eV, (3

and f,, f, arethe corresponding eectron distribution of

the two electrodes. T (E,V) is the transmisson
coefficient at energy E and bias voltage V , which is
given by

T(EV) =Tr[Im&, (E)GR(E)Im&, (E)GA(E)] (4)

where GR(E) and G”(E) are the retarded and
advanced Green's function of the central region. Based
on the eigenchannel decompasition of the conductance,
this total transmission T (E) can be decomposed into

nonmixing eigenchannels T_(E) [18] as
TE=aT.(E) ©

In our DFT calculation, the local-density approximation
(LDA) to the exchange-correlation potential [19] is
used. Only valence electrons are considered in the
calculation, and the wave functions are expanded by
localized numerical (pseudo)atom orbitals (PAO's) [20].
The atomic cores are described by norm-conserving
pseudo potentials [21].

The structural mode for our theoretical analysis is
illustrated in Fig. 2. In this two-probe system, Azo-
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benzene couples with two atomic scale Au (1 0 0)
electrodes which extend to reservoirs at +co where
the current is collected. Three Au atomic layers
have been chosen for the electrode cell in the z-
direction. In the centra scattering region the Azo-
benzene couples with three atomic layers to the
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left/right side. These atomic layers in the central
scattering region are large enough [22] so that the
perturbation effect from the scattering region is
screened and they are denoted as surface-atomic
layers.

Figure 2. A schematic representation of the Azo-benzene molecular wire attached between two Au (1 0 0) electrodes. (a) The
ground state of the transisomer, (b) ground state of the cisisomer.

Results and Discussion

The recent theoretical results of eectron transport
through molecules [20-33] indicate that the current at
low bias is carried by molecular orbitals and implies a
strong orientation-dependence of the molecular wire’s
conductance [11, 29]. These effects have been found in
semi-empirical [25, 30] and density functional [11, 27]
transport calculations. Thus, it is reasonable to expect
them to result in a significant change in conductance
when two isomers of an Azo-benzene wire which their
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orbitals are orientated differently, switches between a
cis and atrans conformation, and our calculations show
this to be the case. Since DFT-NEGF calculations have
been successful in explaining the experimental current-
voltage characteristics of a variety molecular wires [30,
31, 33, 34] we adopted this approach here.

In Fig. 3, we show the calculated current of the
molecular wire in its ground state conformation for two
isomers of the Azo-benzene. It can be seen that the
trans isomer has a higher current intensity than the cis
isomer at a bias of about 1.0 V. Thus, whenever the
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deviceis madeto flip from a trans conformation to a cis
conformation, by photoexcitation, this molecular wire is
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predicted to switch from a highly conducting to a
weakly conducting state, and vice versa.

Figure 3. Cdculated current for the ground state Azo-benzene isomers. At 1.0 V the molecule is in the “on” state when the
molecule has the trans conformation and “off ”” state when the molecule has the cis conformation.
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This large difference in conductance between these
conformations can be understood within Landauer
theory [17] by considering the transmission
probabilities, T (E), for electrons to scatter through the
molecular wire, taking account of conformational
effects. Fig. 4 shows the zero bias transmission spectra
of the two-probe systems for both the cis and trans
isomers. They have a region of strong transmission
immediately at the Fermi energy, where electrons
incident from one of the electrodes can transmit across
the molecule to the other electrode significantly. There
are specified energy regions where, eectrons incident
from one of the electrodes can transmit across the Azo-
benzene to the other electrode significantly. These
energy regions are known as “significant energy
regions” (SERs) [35] because incident electrons in these
regions contribute most significantly to the transmission
spectra. The transmission peaks below the Fermi energy
can be attributed to the highest occupied molecular
orbitals (HOMO) of the Azo-benzene and those above
to the lowest unoccupied molecular orbitals (LUMO).
The Fermi energy lies nearest the HOMO, so the onset
of current is due to dectron transmission through the
HOMO. Indeed due to a strong overlap between the first
HOMO molecular orbital and the atomic orbitals on the
Au atoms.

For trans conformation, at zero bias voltage, the HOMO
is partly occupied and therefore pinned to the Fermi
energy. Hence, due to the charge transfer from the
molecule to the gold the molecule becomes slightly
positively charged. Consequently there is a strong
overlap between the first HOMO molecular orbital and
the atomic orbitals of the Au atoms. This results in the
strong (broad) transmission due to the firss HOMO
immediately below the Fermi energy in figure 4 and in
the large current value seen for this conformation in
figure 3.

Regarding the cis conformation, the molecular orbitals
are oriented differently and their overlap with the
orbitals on the Au surface atoms is weaker. As shown in
figure 4 the Fermi energy lies also, nearest the HOMO
but, in contrast to the trans conformation the
transmission spectra is weaker due to the weak overlap
between the first HOMO molecular orbital and the
atomic orbitals of the gold atoms. This results in the
weak transmission due to the first HOMO bdow the
Fermi energy in figure 3 and in the small current value
seen for the cis conformation in figure 3.

We now show, for the trans conformation, that the
increases in the current can be understood by studying
the changes of coupling between the molecular orbitals
in the Azo-benzene and incident states in the electrodes
under various external biases. As mentioned above, a
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large transmission coefficient indicates a strong
coupling between the electrodes and the molecule, and
the evolution of transmission curves with external
biases can help us understand how the changes of the
coupling between the eectrodes and molecule
determines the |-V characteristics in the system. As it
can be seen from figure 4 we can divide the whole
energy region into two kinds of regions according to
whether T (E,V ) = 0 or not in them [35]. In the regions
where T (E, V) is not zero, the incident electrons can
transmit across the molecule, and they are known as
transmission regions. In the other regions where T (E,
V) is zero, the incident eectrons cannot transmit across
the molecule, and they are known as transmission
intervals [35]. It can be seen that the transmission
interval near the Fermi energy under zero bias is
broadened by increasing the voltage biases. It can be
explained by the relative shift of the energy regions of
the left and right electrodes.

As mentioned above the current, I, is obtained from

I(V)=2fdfdafl(E- m)- f,(E- m)T(EV) where

Mo and pr are the eectrochemical potentials of the
left/right eectrodes. The region between p. and pr is
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called the bias window or integral window [35], as
ddimited in figure 4 with the vertical dashed lines.
Thus, the current is determined by T (E, V ) in the bias
window and is further only determined by the
transmission regions in the bias window because T (E,
V ) is zero in the transmission interval and has no
contribution to the current.

It can be seen also from figure 4 that with the external
bias increasing from 0.0V to 1.0 V, the new
transmission region broadens rapidly since the electrons
in the higher energy regions of the left electrode can
transmit across the molecule to the lower energy regions
of the right eectrode in an increasingly wider energy
region. As a result, the broadened transmission
coefficient spectrum indicates a strong coupling
between the molecular orbitals in the Azo-benzene and
the incident states from the electrodes, thus the current
increases with increases of the bias voltage. Thus, we
arrive at the prediction that a wire as simple as Azo-
benzene can be made to switch through its interaction
with a suitable electrode. The on state corresponds to
the trans isomer of the Azo-benzene, whereas off state
corresponds to the cisisomer.

Figure 4. Transmission function under zero bias as function of the injection energy of eectron of the isomers of the Azo-
benzene wires coupled to Au (1 0 0) electrodes. The solid curves indicate T (E) of the trans-Azo-benzene while the dashed
curvesrepresent the T (E) of the cis-Azo-benzene. All energy is relative to the Fermi energy of the electrode.
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Conclusion

We investigated the |-V characteristics of a novel light-
driven molecular switch by Density Functional Non-
Equilibrium Green’s Function method, and presented a
realistic theory of its switching behaviour. We
considered two isomers of the Azo-benzene molecular
wire sandwiched between two Au (1 0 0) electrodes.
We found that trans conformation of the two-probe
system show highly conducting, on condition, at around
1.0 V while the cis conformation show weakly
conducting, off condition, there. Thus, whenever the
Azo-benzene is made to flip from the cis conformation
to the trans conformation, the wire is predicted to
switch from a weakly conducting to a highly conducting
dtate. In the cis conformation, due to the different
orientations of the two z-bonds of the molecule, orbitals
on different bonds have different conformations.

The transmission coefficients T (E) of the two-probe
system at zero bias are analyzed, and it suggests that the
variation of the coupling between the molecular orbitals
with external bias leads to switching behaviour. The
switching mechanism that we have introduced here
relies on the various orientation of the molecular
orbitals in the wire thus should be broadly applicable.
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