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A light-sensitive molecular switch based on single azobenzene molecule has been proposed recently �C.
Zhang, M. H. Du, H. P. Cheng, X. G. Zhang, A. E. Roitberg, and J. L. Krause, Physical Review Letters 92,
158301 �2004��. Here we investigate the stability of the molecular switch under finite bias. Using a first-
principles method that combines the nonequilibrium Green’s function technique and density functional theory,
we compute the current-voltage curves for both trans and cis configurations of the azobenzene molecule
connected to two gold leads between bias voltages of 0 and 1 V. We find that the current through the trans
configuration is significantly higher than that through the cis configuration for most biases, suggesting that the
molecular switch proposed previously is stable under the finite bias. A negative differential conductance �NDR�
is found for the cis configuration at 0.8 V. Analysis of the band structure of the leads and the molecular states
reveals that the transmission through the highest occupied molecular orbital state of the molecule is suppressed
significantly at this bias voltage, which causes the NDR.
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I. INTRODUCTION

Electronic devices based on single molecules have been
considered as one of the most promising technologies to ex-
tend today’s semiconductor-based electronics.1–10 Many po-
tentially useful molecular electronic devices have been
proposed.2,3,11–15 Most prominent among these is a single-
molecule switch13–15 since a switch is a critical element of
any modern design of logical and memory circuits. In a pre-
vious work,14 we proposed a light-driven molecular switch
consisting of a single azobenzene molecule connected to two
semi-infinite Au leads via two linker S atoms. The azoben-
zene molecule has two stable configurations: the trans and
the cis states. In the linear response regime, the trans con-
figuration was shown to have a significantly higher conduc-
tance than the cis configuration. Since the molecule can be
switched reversibly from one configuration to the other by
photoexcitation,16–18 it is a promising candidate for the light-
driven molecular switch. In this paper we will examine the
stability of this switching behavior under a finite bias volt-
age.

Applying a finite bias voltage Vb, the Fermi energies deep
in both leads are shifted by ±Vb /2, respectively, which
changes the electrostatic potential and correspondingly the
effective single-particle potential in the device area. We in-
clude a sufficiently large proportion of the leads into the
active device region. The electronic potential deep in the two
leads far away from the device region is, then, not affected
by the electron interactions in the device area. The nonlinear
transport characteristics are computed using first-principles

methods,15,19–21 which combine the nonequilibrium Green’s
functions technique of quantum transport22,23 with the den-
sity functional theory �DFT� of the device electronic
structure.24

II. THEORETICAL APPROACH

Transport studies deal with open systems that are con-
nected to two �or more� external reservoirs. Within the re-
gime of coherent transport, this is studied using the scatter-
ing theory introduced by Landauer and Buttiker.25,26 In this
approach, the transport system under study is divided into
three parts—left lead, right lead, and the scattering region or
the device area—which also includes portions of two elec-
trodes to take into account of the molecule-lead coupling and
the lead screening effect. Applying a finite bias voltage shifts
the Fermi energies of the two leads relative to each other
Vb=�R−�L �without losing generality, we assume that �R
��L�, where �R and �L are the Fermi energies of right and
left leads, respectively. The bias voltage enters the calcula-
tion via shifts in the electrostatic potential in the left lead by
the amount of −Vb /2 and the right lead by Vb /2, which
forms the boundary condition for studing the charge and po-
tential response of the device region.20 The electronic struc-
ture of the leads is obtained through two separate lead cal-
culations, from which we obtain two self-energy terms, �L
and �R, due to the left and right leads, respectively, using
standard procedures.27,28 A self-consistent procedure based
on DFT is used to calculate the effective single-particle po-

PHYSICAL REVIEW B 73, 125445 �2006�

1098-0121/2006/73�12�/125445�5�/$23.00 ©2006 The American Physical Society125445-1

http://dx.doi.org/10.1103/PhysRevB.73.125445


tential in the device area. We outline briefly the procedure of
calculations below.19,20

The most important physical quantity in the framework of
DFT is the electron density. Given the electron density � in
the device area, the effective potential Vef f and the Hamil-

tonian ĤCen of the device area can be computed as a func-
tional of the density. Once we know the effective potential,
the nonequilibrium Green’s function G� can be calculated as

G� = f+Gr�LGa + f−Gr�RGa, �1�

where f+ and f− are Fermi-Dirac distribution functions for
right and left leads, respectively. The retarded and advanced
Green’s functions are calculated as

Gr�a� =
1

E − H� Cen − ��L
r�a� + �R

r�a��
. �2�

The spectral width functions �L and �R are defined as

�L�R� � i��L�R�
r

− �L�R�
a � . �3�

The electron density is related to G� by a simple relation

� =
1

2	i
� G��
�d
 . �4�

The procedure is repeated until the self-consistency is
achieved.

After reaching self-consistency, the transmission probabil-
ity as a function of the bias voltage and the energy can be
computed using the Caroli formula19,20,29

T�
,Vb� = Tr��L�
,Vb�Gr�
,Vb��R�
,Vb�Ga�
,Vb�� . �5�

At zero temperature, the current can be expressed as an in-
tegral of the transmission probability,

J =
2e

h
�

�L

�R

d
T�
,Vb� . �6�

III. APPLICATION TO Au/S/AZOBENZENE/S/Au
SYSTEM

The azobenzene molecular switch consists of two Au
nanowires connected by a single azobenzene molecule as
shown in Fig. 1�a�. The contacts between the molecule and
two nanowires are provided by CH2S groups. We neglect
possible bias voltage-induced structural change of the mol-
ecule and take the same configuration as in the previous
work,14 where we use a fully quantum calculation to opti-
mize the structure of the device area; the interlead distances
were found to be 18.16 Å for the trans and 16.23 Å for the
cis configuration, respectively. The band structure of the wire
is shown in Fig. 1�b�. The 5.3 eV Fermi energy �5.7 eV for
bulk system� is due to the artificial construction of the gold
wire and the model we use to calculate the band structure.
However, all calculations are performed consistently within
the model. Note that only one band is crossing the Fermi
level.

In this work, for nonequilibrium approach, we use the
BPW91 parameterization of the exchange-correlation

functional.30 The chosen pseudopotential is CEP-31G with
corresponding Gaussian basis set for the azobenzene
molecule31 and LANL1MB for gold leads.32

The nonequilibrium first-principles approach allows the
self-consistent calculation of the electrostatic potential as a
function of the external bias. As an example, we show in Fig.
2 the difference in the electrostatic potentials between 0 and
1 V for the cis configuration. The y axis is along the current
direction and the x-z plane is parallel to the N double bond,
cutting through the midpoint of the Au unit cell. The drop in
the electrostatic potential across the switch area can be seen
clearly in the figure.

The current through the system is calculated with Eq. �6�,
as an integral of the electron transmission probability over
energy. The effects of external bias voltage on the current
through the switch enter in two ways. First, the upper and
lower limits of the integral change with increasing bias volt-
age so that more possible channels enter the integral. Second,
the bias voltage may change the transmission probability at
each energy: As the external bias changes, the effective
Kohn-Sham potential in the device region changes due to the
change of electron density distribution, which modifies both
the wave-function character and the energy level of the “mo-
lecular orbital;”33 in addition, the external bias shifts the
Fermi energies of the two leads in opposite directions so that

FIG. 1. �Color online� Panel �a� is the device structure of the
molecular switch that consists of two gold leads and an azobenzene
molecule. Top: the trans configuration. Bottom: the cis configura-
tion. �b� Band structure of the model quasi-one-dimensional gold
wire. Note that only one band goes across the Fermi energy.
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the individual molecular orbitals couple to different energy
channels in both leads as a function of the applied bias. All
of these effects are taken into account in the first-principles
treatment. In Fig. 3, we show the transmission probability,
calculated from Eq. �5�, as a function of both energy and bias
voltage for the cis configuration.

I-V curves through both the trans and cis configurations
are shown in Fig. 4. For bias voltages below one volt, the
current through the trans configuration is significantly higher
than the current through the cis configuration. This difference
is about two orders of magnitude for bias voltages below
0.3 V, suggesting that the switching behavior is stable under
a small bias voltage. Another interesting feature in Fig. 4 is

that between 0.72 and 0.8 V, the current through the cis mol-
ecule decreases significantly with increasing voltage. The
differential conductance, defined as the derivative of the cur-
rent with respect to the bias voltage, is shown in Fig. 5 and is
clearly negative at 0.8 V for the cis molecule. The zero-bias
differential conductance of the trans configuration is two or-
ders of magnitude higher than that of the cis, in agreement
with the linear response study.14

The weak negative differential conductance has been un-
derstood as due to the off alignment of the resonant state and
the Fermi level of electrodes in the semiconductor
heterostructure,34 and as the off-alignment of density of
states of the scanning tunneling microscope �STM� tip and
the substrate in an STM experiment.35 For elastic transport
through one-dimensional molecular junctions, NDR is more
frequently observed and can have different mechanisms,36–38

including a vibronic one.37,38 Normally, as the bias voltage

FIG. 2. �Color online� The difference in electrostatic potential
between 0 and 1 V biases for the cis configuration. The x-z plane is
parallel to the N2 bond, cutting through the midpoint of the Au unit
cell.

FIG. 3. �Color online� Transmission probability as a function of
energy and the external bias voltage for the cis configuration.

FIG. 4. �Color online� Current as a function of bias voltage for
both trans and cis configurations. The top line represents the current
for trans and the bottom line is for cis.

FIG. 5. �Color online� The differential conductance as a function
of bias voltage for both trans and cis configurations.
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increases, more transport channels enter the integral of Eq.
�6�, which increases the current. However, the electron trans-
mission probability is determined by the wave-function char-
acter of the electron channels in the leads, the wave-function
character of the molecular orbital and their coupling strength.
If a mismatch between a conduction channel in the leads and
a molecular orbital occurs due to the energy shifts induced
by the bias voltage, electron transmission in the correspond-
ing energy range can be significantly suppressed. Such a de-
crease in the electron transmission may not be compensated
by the increase in the number of channels. Figure 6 clearly
indicates such an example. We plot the transmission as a
function of energy for bias voltages 0.64, 0.72, 0.8, and
0.88 V. The Fermi energy of leads at zero bias is −5.72 eV.
Then, the integration windows ��L ,�R� in Eq. �6� for those
bias voltages are �−6.04,−5.40�, �−6.08,−5.36�, �−6.12,
−5.32�, �−6.16,−5.28� eV, respectively. From
0.64 to 0.72 V, the transmission through the highest occu-
pied molecular orbital �HOMO� state decreases a little bit.
However, the HOMO state is not included in the energy win-
dow at 0.64 V, and transmissions at other energies within the
window at 0.64 V see little change; thus, the wider energy
window at 0.72 V gives a higher current than that at 0.64 V.

At 0.8 V, the external bias changes the HOMO state signifi-
cantly. The energy of the HOMO state shifts from −6.1 to
−5.8 eV, and the transmission through this state is drastically
suppressed, which decreases the total current and yields a
NDR.

Another important feature we can see from the Fig. 6 is
that the bias voltage has little effect on the position of the
lowest unocuppied molecular orbital �LUMO� state, while
the HOMO state shifts at certain bias voltages. The reason is
that the LUMO state is more localized in the molecule. A
simple quantum chemical calculation shows that the LUMO
state of the azobenzene molecule is mainly localized around
NvN double bond. Our previous study14 showed that
around the energy of HOMO state, there are significant den-
sity of states at both two benzene rings and two unit cells of
leads connected to the molecule while the density of states at
NvN double bond is low. Thus, the shift of the Fermi en-
ergy of leads has significant effects on the HOMO state.

IV. SUMMARY

We present a study of the transport properties of
Au/S/Azobenzene/S/Au system under finite bias using a
first-principles method that combines the nonequilibrium
Green’s function techniques and static-DFT treatment of the
device electronic structure. Our calculation shows that for
bias voltages below one volt, the current through the trans
configuration is significantly higher than that of the cis con-
figuration, and suggests that the light-sensitive switching be-
havior is stable under small bias voltages. We also found that
at 0.8 V, a negative differential conductance results from a
shift in the energy of the HOMO state of the molecule.
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