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T
he field of molecular electronics has
seen a growing interest among the
research community in the past 10

years. It has attracted scientists from phys-
ics, chemistry, materials science, electronic
engineering, and biology due to its interdis-
ciplinary appeal and the prospect of mak-
ing innovative devices and sensors. Since
the first seminal idea of Aviram and Ratner
of a molecular p-n junction,1 functioning
molecular rectifiers,2 conductance
switches,3 and logic gates4 have all been
made with molecules. Although some re-
ports have raised controversy,4 mainly be-
cause the underlying mechanism for the
observed phenomena was not fully under-
stood, the field is making progress toward
functioning devices. Future applications in-
clude sensors for biological and medical
diagnosis,5,6 disposable electronics, opto-
electronic devices, and spin-sensitive appli-
cations.7

One interesting class of molecules is
that of photoswitching complexes whose
geometry undergoes reversible changes
between different states when acted upon
by light. In particular, molecules that switch
between states with different conducting
properties are appealing candidates for use
in organic opto-electronics. In this work the
energetics and the transport properties of
one of these molecules, namely, dithie-
nylethene, are investigated theoretically
with a combination of density functional
theory (DFT) and the nonequilibrium
Green’s functions (NEGF) method for elec-
tron transport. We find that the low bias
conductances of the two accessible dithie-
nylethene geometries differ by a factor of
about 20, suggesting that molecular opto-
electronic switches with a large on/off ratio
can be made with dithienylethene. Away

from the low-bias regime, a detailed analy-
sis of the transmission coefficient as a func-
tion of the applied voltage has revealed that
the current�voltage characteristics are
largely determined by a subtle molecular
orbital rehybridization driven by the elec-
tric field. As such, a precise evaluation of the
nonequilibrium charge density at any given
bias becomes necessary and allows us to ra-
tionalize our results in comparison to previ-
ously published work. In particular, we dem-
onstrate that extrapolations of finite bias
currents from the linear response transmis-
sion may be largely misleading and provide
unrealistic on/off current ratios.

Photoswitching dithienylethene deriva-
tives change their conformation in solution
from a closed to an open structure under
visible light (400�700 nm) and reverse un-
der UV conditions (�400 nm). Several stud-
ies, both experimental8�13 and
theoretical,12�17 have recently appeared,
but a consensus over the mechanism of the
switching and its effects over the electron
transport properties seems to be far from
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ABSTRACT Photoswitching molecules are attractive candidates as organic materials for optoelectronics

applications because light impulses can switch them between states with different conducting characteristics.

Here, we report a fully self-consistent density functional theory calculation of the electron transport properties

of photoswitching dithienylethene attached to Au leads in both the open and closed conformations. The molecule

is found to be a good conductor in both conformations, with the low-bias current for the closed one being about

20 times larger than that of the open. Importantly, the current�voltage characteristics away from the linear

response are largely determined by molecular orbital rehybridization in an electric field, in close analogy to what

happens for Mn12 molecules. However, in the case of dithienylethene attached to Au, such a mechanism is effective

also in conditions of strong electronic coupling to the electrodes. This makes the dithienylethene family an

intriguing materials platform for constructing highly conducting organic optoelectronics switches.

KEYWORDS: density functional theory · nonequilibrium Green’s function
theory · self-consistent · molecular electronics · opto-electronics · electron
transport · molecular conduction · photoswitching · polarization · rehybridization
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reach. For instance, Dulic et al. reported the quenching
of the closing reaction17 when the molecule is attached
to the electrodes and found, with break-junction experi-
ments, that the conductance of the closed molecule is
3 orders of magnitude larger than that of the open one.
On the other hand, several experimental works have
demonstrated reversible switching for different varia-
tions of dithienylethene molecules connected to
one8,10,13 and two gold contacts9,11 and have reported
a ratio between the current for the closed and open
conformations of 25,9 16,10 and 13113 for different ex-
perimental setups. In these experiments, the molecule
experiences both photophysical and mechanical stress,
which may influence the switching reaction differently
due to the experimental technique used.

A number of theoretical works have dealt with these
experimental findings. Li et al. calculated non-self-
consistent current�voltage characteristics (I-V) by inte-
grating the zero-bias transmission function over a bias
window.16 They found a low bias conduction ratio be-
tween the two configurations ranging between 20 and
40 depending on the anchoring site. The same ap-
proach was used by He et al. to find a conduction ratio
of 91 and 177 for two different anchoring sites.13

Zhuang and Ernzerhof18 used a tight-binding Hamilto-
nian for the electrodes and a model voltage profile for
the electrostatic potential and reported a conduction
ratio of about 100 at 1.0 V. Kondo et al.19 calculated the
transmission function for the two forms of the mol-
ecule and found a large difference at 0 V. Tsuji et al.20

performed a NEGF-DFT calculation for the open and
closed forms of a diarylethene molecule attached to
gold leads and found a switching ratio of about 3 or-
ders of magnitude. To the best of our knowledge, how-
ever, there is still no report of a fully self-consistent cal-
culation of the I-V characteristics of the two different
states of dithienylethene.

RESULTS AND DISCUSSIONS
Our analysis of the switching reaction between the

open and the closed conformations is presented first.
This is based on DFT calculations of both the ground
state and the first excited state as a function of the re-
action coordinates. We then proceed to discuss the re-
sults of the electronic transport calculations for both
conformations when the molecule is attached to Au
electrodes, forming a two-probe junction. In particular
and at variance with the previously published literature,
we perform fully self-consistent calculations at finite
bias with realistic electrodes.

Opening/Closing Reaction. To investigate the switching
properties, the total energy of dithienylethene in its
gas phase is calculated for a range of values of the reac-
tion coordinate between those of the closed and the
open forms of the molecule. We define as reaction co-
ordinate the distance between the two carbon atoms in
the central benzene ring of dithienylethene, because

these are involved in the opening and the closing of

the molecule (see Figure 1). In the calculations, the two

C atoms defining the reaction coordinate are kept fixed,

while all the other atoms of the molecule are allowed

to relax to their lowest energy configuration. The gas

phase is simulated by placing the molecule in a 25 � 25

� 25 Å3 supercell, which is large enough to avoid inter-

actions with its periodic replicas. The atomic positions

are then relaxed using the conjugate gradient scheme

until the forces are smaller than 0.002 eV/Å.

A challenge when performing atomic relaxation cal-

culations is associated with selecting a good initial con-

figuration. In fact, if the initial atomic positions are far

from the lowest energy configuration, the relaxation re-

quires many steps, or it might not even converge. Thus,

in absence of experimental data for the two end struc-

tures of the opening/closing reaction, we construct the

initial condition by starting from known configurations

of organic molecules such as benzene and thiophene.

Then the initial structure for each intermediate geom-

etry along the reaction path is generated by a linear in-

terpolation between the atomic positions of the open

and closed isomer. The interpolation is defined as

where R� i,k are the coordinates of the ith atom in the

kth geometry, k � 0, 1, 2, ..., Nstep and Nstep is the num-

ber of geometries explored between those of the open

and closed isomers.

The calculated total energy as a function of the reac-

tion coordinate is presented in Figure 2 (solid black line

and crosses). Note that there is a robust potential en-

ergy barrier of about 1.5 eV (17000 K) separating the

open configuration from the closed one, although the

total energies of the two configurations at their relative

equilibrium positions are rather similar. This demon-

strates that both configurations are stable against ther-

mal fluctuations, so that one expects the molecule to re-

Figure 1. Two geometrical configurations of the dithie-
nylethene molecule investigated in this work. The reaction
coordinate is defined as the distance between the two cen-
tral C atoms involved in the bond breaking during the open-
ing reaction. The values for the reaction coordinate are 3.3
Å for the open molecule (below) and 1.5 Å for the closed one
(above). Color code: light gray (light blue) H, dark gray small
balls (yellow) C; dark gray large balls (pale yellow) S.

Rbi,k ) RRbi,closed + (1 - R)Rbi,open, ∀R ) k
Nstep

(1)
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main in a given configuration unless an electronic

excitation is produced.

Also shown in Figure 2 are results extracted from

the literature for three alternative photoswitching com-

plexes. The first is the molecule investigated both ex-

perimentally and theoretically by Hania et al.12 (Figure

2a). This has two phenyl groups at each end of the mol-

ecule, and the two central C atoms opposite to the at-

oms involved in the opening/closing reaction are re-

placed by a cyclopentene unit. The second is the

molecule investigated by Dulic et al.17 (Figure 2b) and

differs from the previous one by having terminating

thiophene instead of the phenyl groups. The third is a

diarylperflourocyclopentene investigated by Staykov

and Yoshizawa15 (Figure 2c) that has methyl groups at-

tached to the carbon atoms involved in the opening/

closing reaction. In all three cases the authors con-

cluded that the opening/closing reaction is driven by

the occupation of excited states during the irradiation.

Although slightly different molecules were investi-

gated in these previous works compared to the present

one, the obtained potential energy profiles are rather

similar, indicating that the switching reaction is mostly

driven by the central part of the molecule.

To obtain deeper insight into the mechanisms of

the reaction, it is useful to investigate the energy pro-

file along the reaction path for some exited states. This

is not an easy task in standard DFT. However, as a first

approximation, we calculate the total energy as a func-

tion of the reaction coordinates for an electronic config-

uration, where one electron is promoted from the high-

est occupied molecular orbital (HOMO) to the lowest

unoccupied molecular orbital (LUMO).21

The calculated energy profile for such an excited

state is also presented in Figure 2, and it indicates that

the open molecule should be able to relax into the

closed one when excited with a single photon excita-

tion. This is because the total energy of the excited state

is larger than that of the ground state along the entire

reaction path and, furthermore, the energy of the

closed molecule in the excited state is lower than that

of the closed isomer.

Our findings are, thus, in qualitative agreement

with experiments,12 although the computed photon en-

ergy for the transition is underestimated. We trace this

disagreement back to the inability of the GGA to posi-

tion correctly the empty molecular orbitals with respect

to the occupied ones, that is, to the DFT gap problem.

Improvements may be expected after self-interaction

removal,22,23 for instance, by using hybrid exchange-

correlation functionals such as B3LYP,24 which has been

shown to give excitation energies in closer agreement

Figure 2. Total energy as a function of reaction coordinate for the dithienylethene molecule investigated in this work (cal-
culated data points are marked with “�”; the black solid line is a guide for the eye) and the first excited state (blue dotted
line) along the path defined by the reaction coordinate. The excited state is obtained by promoting an electron from the
HOMO to the LUMO. We also show results for three related molecules investigated previously in the literature by Hania et
al.12 (red dash-dot curve), Dulic et al.17 (green dashed line), and Staykov et al.15 (magenta solid line). The geometries of these
molecules are presented in a, b, and c, respectively.
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with experiments in most cases. Our calculated energy
difference between the ground state and the first ex-
cited state is 2.18 eV for the open isomer and corre-
sponds to an optical excitation in the visible part of the
spectrum (568 nm), whereas the closing reaction oc-
curs only under UV light.

Another piece of information we extract from Fig-
ure 2 is that the opening reaction does not seem to be
accessible with a single optical excitation of the type in-
vestigated here. This suggests that further excitations
are necessary to move the molecule into an electronic
state with minimum at the open coordinates. Our re-
sults are then consistent with the idea that the ring-
opening reaction involves a multiphoton process, in
agreement with earlier work.12,16,14

Transport Properties. The I-V characteristics, up to 3 V,
for both the closed and the open molecules and for
the two different anchoring distances of the open con-
figuration (see section Computational Methods for ex-
planation) are presented in Figure 3. Also shown in the
inset is the ratio between the current for the closed
and the open isomer Iclosed/Iopen. We calculate the cur-
rent only for positive bias, because the molecule is an-
chored approximately symmetrically to the leads and,
therefore, the current at negative bias is almost identi-
cal (except for the sign).

In Figure 3 a recent NEGF-DFT calculation by Tsuji
et al.20 for a diarylethene molecule attached to gold
leads in the closed conformation is also shown.

The most striking feature emerging from the figure
is the large Iclosed/Iopen ratio. This is quite pronounced
(Iclosed/Iopen � 20) at low bias, but it still persists as the
bias increases up to 3 V. In fact, we note that, for bias
voltages exceeding 0.8 V, the Iclosed/Iopen ratio saturates

to around a value of 5. It is also important to observe

that little differences are found in the I-V for the two an-

choring distances of the open geometry, demonstrat-

ing that our result is rather independent from the an-

choring distance. To compare our calculations with

existing literature,13,16 we also perform a non-self-

consistent evaluation of the I-V, where the current is

simply obtained by integrating the zero-bias transmis-

sion function over an increasingly large bias window.

This is shown in Figure 4. We note that the I-V of the

closed molecule is rather similar to its self-consistent

counterpart (see Figure 3). In contrast, that for the open

isomer is remarkably different for voltages above 0.5 V.

As a consequence, the non-self-consistent Iclosed/Iopen ra-

tio is similar to the self-consistent one at small bias (up

to about 0.5 V), but differs substantially in the high bias

region. In particular, in the non-self-consistent calcula-

tions, there is a crossover between the I-V curves of the

open and closed molecules at around 1.2 V, so that

the high bias Iclosed/Iopen ratio becomes smaller than 1

beyond such a voltage. We then have to conclude that

T(E, V) of the open molecule must display a rather se-

vere bias-dependence, which is not taken into account

in the non-self-consistent calculation. This dependence

is examined next.

The transmission functions as a function of energy

and for different bias voltages are presented in Figures

5 and 6, respectively, for the closed and open isomer. In

general and for both the molecular configurations we

find that the peaks in T(E, V) associated to the various

molecular levels are rather broad, indicating a strong

electronic coupling between the molecule and the elec-

trodes. This strong coupling limit is the one where the

NEGF-DFT formalism is expected to perform better.25

Going into more details and starting from the closed

molecule (Figure 5), we observe that T(E, V � 0) has a

Figure 3. Self-consistent I-V characteristics for the closed
and open molecules sandwiched between two Au elec-
trodes. In the figure, we also present the calculation of Tsuji
et al.20 for a diarylethene molecule attached to gold leads in
the closed conformation. For the open molecule, the cur-
rent is evaluated for two different anchoring distances, as
discussed in the text. The ratio between the current for the
closed and the open molecule at the large anchoring dis-
tance is shown in the inset.

Figure 4. Non-self-consistent I-V characteristics for the closed
and open molecules sandwiched between two Au elec-
trodes. This is obtained by integrating the zero-bias trans-
mission function over an increasingly large bias window. The
inset shows the ratio between the calculated current for
the closed and open molecule.
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large peak centered just below the Fermi level (EF) of

the electrodes. This means that the zero-bias transmis-

sion and, therefore, the conductivity are rather large.

Such a peak has only a modest shift when the bias is ap-

plied, and already for V � 1 V it is completely posi-

tioned within the bias window. As the bias is further in-

creased, no new peaks enter the bias window, so that

one expects the current to increase only moderately.

This explains the I-V curve of Figure 3. Furthermore, be-

cause in this case T(E, V) is dominated by a single peak,

whose position and width change only marginally with

bias, we expect that the non-self-consistent I-V is a

good approximation for the self-consistent one, as it is

indeed confirmed by our calculated curves.

Note that the exact position of the first transmis-

sion peak, corresponding to the molecule HOMO, can

be affected in DFT by the self-interaction error, intrin-

sic to the local and semilocal approximations of the ex-

change and correlation functional.26 This shortfall can
be corrected by subtracting the spurious self-
interaction, a procedure that usually improves the
agreement between the calculated I-V and experi-
ments. The main effect of self-interaction removal is
that of downshifting in energy the occupied part of the
molecular spectrum. This is somehow equivalent to ap-
plying a gate to the entire system. Because the same
corrections apply to both the open and closed mol-
ecules, we expect that our main result will remain un-
changed, except for a shift of the current onset from
zero to larger biases.

In contrast, the situation for the open molecule ap-
pears rather different. At V � 0 the transmission coeffi-
cient shows a broad peak, approximately 1 eV wide, po-
sitioned at about 0.3 eV below EF. Only the far tail of
this peak crosses EF and therefore the zero-bias conduc-
tance is small, approximately 20 times smaller than the
same for the closed isomer (see the inset of Figure 3).
Our results are therefore in close agreement with the
non-self-consistent calculations of Li et al., who ob-
tained an Iclosed/Iopen ratio of 31 for the same molecules
as those considered here.16 In contrast, the current cal-
culated by Zhuang and Ernzerhof with a tight-binding
model Hamiltonian for the leads is �10 �A at 1 V for the
closed molecule (this is similar to ours), but that for
the open molecule is much smaller for voltages up to
1.5 V.18 As a consequence, the Iclosed/Iopen ratio calculated
by Zhuang and Ernzerhof is much larger and peaks to
400 for V � 0.5 V.

Comparing our results with Tsuji et al.,20 we obtain
a similar current for the closed conformation (Figure
3), while their result for the open conformation is con-
siderably smaller (not shown). One should keep in mind,
however, that the molecule they investigated is not
identical to ours.

Because the peak in T(E, V � 0) for the open mol-
ecule of Figure 6 is much broader than that for the
closed isomer, one might expected that at sufficiently
large biases the dominant current will be that associ-
ated to the open isomer. This is precisely what happens
if the calculation is carried out non-self-consistently
(see Figure 4). However, when the nonequilibrium
charge density is recalculated at every bias step, the
situation changes dramatically. In fact, the broad trans-
mission peak narrows considerably as the bias grows
and it remains almost pinned at the lower boundary of
the bias window (i.e., at the lowest of the chemical po-
tentials of the two electrodes). Therefore, for all the val-
ues of the bias voltage considered, the current re-
ceives contributions only from the tail of the
transmission coefficient, so that the current does not
grow much with bias.

The sharpening of the peak in T(E, V) of the open iso-
mer with bias is investigated by calculating the pro-
jected density of states (PDOS) of the two isomers. This
is obtained from the non-Hermitian part of the Green’s

Figure 5. Transmission coefficient as a function of energy
for the open isomer and two different anchoring distances
at different bias voltages. The vertical lines denotes the bias
window.

Figure 6. Transmission coefficient as a function of energy
for the open isomer and two different anchoring distances
at different bias voltages. The vertical lines denote the bias
window.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 5 ▪ 2635–2642 ▪ 2010 2639



function, so that it corresponds to the nonequilibrium

charge density at a given bias, and it is presented in Fig-

ures 7 and 8, respectively, for the closed and open mol-

ecules. As a matter of notation, we denote with C1 the

left-most carbon atom of the molecule, with C4 the

right-most carbon atom, and with C2 and C3 the two

central carbon atoms not involved in the opening/clos-

ing reaction (see Figure 1 for illustration). For both the

closed and the open isomers, one can clearly identify a

one to one correspondence between peaks in the PDOS

and those in T(E, V � 0). Importantly, the transmission

peak heights are directly related to the electronic cou-

pling between the given molecular orbital and the

electrodes.27,28 In particular, if there is an identical elec-

tronic coupling with both the leads, one expects T � 1

at the maximum of each peak.

In contrast, if a molecular state is coupled unevenly,

then the height of the corresponding transmission peak

is reduced, until it reaches zero when the electronic

coupling with one of the leads vanishes. From Figures

5 and 6 one can immediately deduce that at V � 0 all

the molecular levels involved are essentially equally

coupled to the leads. For the closed molecule such a

situation is maintained even after the bias is applied,

mainly because the relevant molecular level receives or-

bital contribution from all C1, C2, C3 and C4, that is, it is

delocalized over the entire molecule. Note also that the

relative contribution of atoms symmetrically placed

with respect to the molecule axis (for instance C1 and

C4) is different at finite bias, reflecting the potential drop

within the molecule. In contrast, the broad peak in

transmission of the open isomer originates from the

overlap of a number of molecular orbitals. As the bias

increases, the PDOS shows that different atoms contrib-

ute differently to the various peaks. This indicates that

the molecular levels involved in the transport develop a

different spatial localization, that is, that they localize

in space and polarize. As such, the initially broad peak

under bias fragments in a number of more narrow

peaks, whose spectral contributions to T(E) overall

decrease.

We then conclude that the reduction in height of

the transmission peak of the open isomer is due to the

localization of the molecular orbitals responsible for the

transport under bias, with the consequent develop-

ment of a progressively more uneven electronic cou-

pling with the leads. This is analogous to what has al-

ready been found for Mn12 attached to Au surfaces.28 In

the case of Mn12, however, the molecule is only weakly

coupled to the electrodes. As a consequence, the rehy-

bridization is abrupt at certain critical voltages and gen-

erates negative differential resistance (NDR). Note that

orbital rehybridization is by no means a sufficient con-

dition for NDR. Here, in fact, we demonstrate that, al-

though the same mechanism for rehybridization is pos-

sible also in the strong coupling regime, no NDRs are

found. The main difference between the present case

and that of the Mn12 molecule, is that here the HOMO

always remains at the edge of the scattering region. As

a consequence, the current is associated to the trans-

mission of the tail of the HOMO resonance only. This

changes little with bias because a reduction of the

HOMO width is compensated by a relative shift of its

center toward the edge of the bias window. For Mn12

at the NDR, the HOMO is already completely within the

bias window, so that a reduction of its width results in

a reduction of the current.

Before concluding this section, we briefly analyze

the electrostatic potential across the scattering region

at finite bias. This is reported in Figure 9 where we plot

the planar average �V of the difference in the electro-

static potential calculated at 0.5 and 0.0 V (the planar

average is taken along the plane perpendicular to the

transport direction). The figure demonstrates that the

potential drop occurs entirely across the molecule,

while it is constant in the metallic electrodes. This reas-

sures us that the scattering region is large enough for

the electron screening to be correctly described.

Figure 7. Projected density of states for four C atoms of the
closed isomer at different applied bias. The atom labels C1,
C2, C3, and C4 are defined in Figure 1. The vertical lines define
the bias window.

Figure 8. Projected density of states for four C atoms of the
open isomer at different applied bias. The atom labels C1, C2,
C3, and C4 are defined in Figure 1. The vertical lines define
the bias window.
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CONCLUSIONS
In conclusion, we have performed a fully self-

consistent calculation of the electronic transport prop-
erties of the two forms of dithienylethene attached to
Au leads and analyzed the mechanisms of conduction,
polarization, and switching. The switching reaction for a
photoswitching dithienylethene molecule was simu-
lated with potential energy calculations along the
switching path in both the ground state and in an ap-
proximation to the first excited state. Our results indi-

cate that the switching between the open and the
closed form of the molecule can only be triggered by
photonic excitations due to a high potential energy bar-
rier separating the states. We conclude that the switch-
ing from the open to the closed isomer can be initi-
ated with a single photon excitation, while the reverse
reaction requires excitations to higher states. We next
move our attention to the transport and find a conduc-
tance ratio of about 20 for the two configurations for
small applied bias voltages. A marked difference in the
currents persists up to high voltages, although the ratio
reduces to about 5. We attribute this difference in con-
ductance to changes in the alignment of the transmis-
sion peaks with respect to the Fermi level in the two
forms of the molecule at zero bias. The difference re-
mains at applied bias due to the polarization of the mo-
lecular orbitals in the open form of the molecule, and
the resulting suppression of the corresponding peaks in
the transmission function. From this analysis we con-
clude that the polarization of the molecular orbitals is
of paramount importance. Therefore in order to get
even qualitatively correct results for the conductance
under finite bias a self-consistent approach is necessary.
Although this paper deals with only one specific sys-
tem, it is reasonable to expect that our conclusion is
generally valid for calculations of molecular conduc-
tance at finite bias.

COMPUTATIONAL METHODS
We performed electronic structure and geometry optimiza-

tion calculations with the DFT code SIESTA.29 SIESTA utilizes
norm-conserving, nonlocal Troullier-Martins pseudopotentials30

for the core electrons, together with an efficient numerical
atomic orbital basis set31 for the valence electrons. The
exchange-correlation energy functional is approximated with
the PBE32 form of the generalized gradient approximation (GGA).
The electronic transport calculations were carried out with the
SMEAGOL code,33�35 that interfaces the NEGF scheme for
transport,27,33�36 with the DFT numerical implementation con-
tained in SIESTA.

In a transport calculation, the system is divided into three
parts: a left lead, a scattering region, or a scattering center (SC)
and a right lead. The SC is defined as the region of space where
scattering takes place, that is, where the electrostatic potential
deviates from that of the electrodes (periodic). This typically con-
tains the molecule of interest and a number of atomic layers of
the leads large enough for the electron screening to be effective.
SMEAGOL then calculates the SC Green’s function

that enters into a self-consistent procedure leading to the non-
equilibrium charge density in the scattering region and the elec-
trostatic potential drop.33�35 In eq 2, H(V) is the Hamiltonian of
the SC (a functional of the charge density), V is the applied po-
tential (bias), E is the energy, and 	
 (
 � L, R) are the energy-
and bias-dependent self-energies of the electrodes.35 The latter
describe the interaction of the SC with the electrodes and estab-
lish the appropriate boundary conditions to the problem. Once
the self-consistent procedure is converged, the transmission
function can be evaluated from the Landauer-Büttiker formula
as

where �
(E, V) � i(	
 � 	

†) is the broadening matrix for lead 
.

The transmission function of eq 3 can be integrated over the bias
window to yield the current I(V)

Our calculations then proceed as follows. First, the equi-
librium structures of the two molecular configurations in
vacuum are found by coordinate optimization. The molecule
is subsequently inserted into the scattering region, which
consists of five layers of Au[100] (3 � 3 atoms per layer) on
each side of the molecule. For the electrodes, we assumed
the experimental value of the Au bulk lattice parameter. Fur-
ther, we chose to anchor the molecule to the leads at the hol-
low site of the (100) surface, since this is the energetically
preferred site. The distance between the Au surface and the
S end atom, the anchoring distance, was also calculated by
relaxation and found to be 1.93 Å for the closed molecule, in
agreement with earlier results.13,16,18 In regard to the open
molecule, the relaxed anchoring distance was found to be
somewhat smaller, 1.81 Å. We performed conduction calcula-
tions for the open molecule with both anchoring distances
in order to facilitate comparison. We used a double � plus po-
larization orbital basis set for all the atoms in the molecule.
In contrast, the Au atoms in the leads were treated at the
level of single � orbitals for the 5d electrons and double � or-
bitals for the 6s electrons plus a 6p polarization orbital. Be-
cause the scattering region is quite large (110 atoms), the
conduction calculations become rather time consuming.
Therefore, we also employed a smaller basis for the Au at-
oms, consisting of only double � 6s orbitals. Previous calcula-
tions show that such a reduced basis can indeed reproduce

Figure 9. Planar average of the difference between the
potential profiles calculated at 0.5 and 0 V. The black
dashed vertical lines indicate the positions of the elec-
trode surfaces.

G(E, V) ) [E + i0+ - H(V) - ΣL(E, V) - ΣR(E, V)]-1 (2)

T(E, V) ) Tr[ΓL(E, V)G(E, V)ΓR(E, V)G†(E, V)] (3)

I(V) ) 2e
h ∫-∞

∞
T(E, V)[f(E - µL) - f(E - µR)]dE (4)
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reasonably well the I-V characteristics calculated with a full
Au spd basis set up to about 2 V,37 and we come to a similar
conclusion (see Supporting Information).
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Gust, D.; Moore, T. A.; Moore, A. L.; Li, J.; Sankey, O. F.;
Lindsay, S. M. Switching of a Photochromic Molecule on
Gold Electrodes: Single-Molecule Measurements.
Nanotechnology 2005, 16, 695–702.

14. Guillaumont, D.; Kobayashi, T.; Kanda, K.; Miyasaka, H.;
Uchida, K.; Kobatake, S.; Shibata, K.; Nakamura, S.; Irie, M.
An Ab Initio MO Study of the Photochromic Reaction of
Dithienylethenes. J. Phys. Chem. A 2002, 106, 7222–7227.

15. Staykov, A.; Yoshizawa, K. Photochemical Reversibility of
Ring-Closing and Ring-Opening Reactions in

Diarylperfluorocyclopentenes. J. Phys. Chem. C 2009, 113,
3826–3834.

16. Li, J.; Speyer, G.; Sankey, O. F. Conduction Switching of
Photochromic Molecules. Phys. Rev. Lett. 2004, 93, 248302.

17. Dulic, D.; van der Molen, S. J.; Kudernac, T.; Jonkman, H. T.;
de Jong, J. J. D.; Bowden, T. N.; van Esch, J.; Feringa, B. L.;
van Wees, B. J. One-Way Optoelectronic Switching of
Photochromic Molecules on Gold. Phys. Rev. Lett. 2003, 91,
207402.

18. Zhuang, M.; Ernzerhof, M. Mechanism of a Molecular
Electronic Photoswitch. Phys. Rev. B 2005, 72, 073104.

19. Kondo, M.; Tada, T.; Yoshizawa, K. A Theoretical
Measurement of the Quantum Transport through an Optical
Molecular Switch. Chem. Phys. Lett. 2005, 412, 55–59.

20. Tsuji, Y.; Staykov, A.; Yoshizawa, K. Orbital View Concept
Applied on Photoswitching Systems. Thin Solid
Films 2009, 518, 444–447.

21. Gunnarsson, O.; Lundqvist, B. I. Exchange and Correlation
in Atoms, Molecules, and Solids by the Spin-Density-
Functional Formalism. Phys. Rev. B 1976, 13, 4274–4298.

22. Korzdorfer, T.; Mundt, M.; Kummel, S. Electrical Response
of Molecular Systems: The Power of Self-Interaction
Corrected Kohn-Sham Theory. Phys. Rev. Lett. 2008, 100,
133004.

23. Pemmaraju, C. D.; Archer, T.; Sánchez-Portal, D.; Sanvito, S.
Atomic-Orbital-Based Approximate Self-Interaction
Correction Scheme for Molecules and Solids. Phys. Rev. B
2007, 75, 045101.

24. Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98,
5648–5652.

25. Toher, C.; Sanvito, S. Efficient Atomic Self-Interaction
Correction Scheme for Nonequilibrium Quantum
Transport. Phys. Rev. Lett. 2007, 99, 056801.

26. Toher, C.; Filippetti, A.; Sanvito, S.; Burke, K. Self-Interaction
Errors in Density-Functional Calculations of Electronic
Transport. Phys. Rev. Lett. 2005, 95, 146402.

27. Datta, S. Electronic Transport in Mesoscopic Systems;
Cambridge University Press: Cambridge, England, 1995.

28. Pemmaraju, C. D.; Rungger, I.; Sanvito, S. Ab Initio
Calculation of the Bias-Dependent Transport Properties of
Mn12 Molecules. Phys. Rev. B 2009, 80, 104422.

29. Soler, J. M.; Artacho, E.; Gale, J. D.; Garcia, A.; Junquera, J.;
Ordejón, P.; Sánchez-Portal, D. The SIESTA Method for Ab
Initio Order-N Materials Simulation. J. Phys.: Condens.
Matter 2002, 14, 2745–2779.

30. Troullier, N.; Martins, J. L. Efficient Pseudopotentials for
Plane-Wave Calculations. Phys. Rev. B 1991, 43, 1993–2006.

31. Anglada, E.; Soler, J. M.; Junquera, J.; Artacho, E. Systematic
Generation of Finite-Range Atomic Basis Sets for Linear-
Scaling Calculations. Phys. Rev. B 2002, 66, 205101.

32. Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77,
3865–3868.

33. Rocha, A. R.; Garcia-Suarez, V.; Bailey, S. W.; Lambert, C. J.;
Ferrer, J.; Sanvito, S. Spin and Molecular Electronics in
Atomically Generated Orbital Landscapes. Phys. Rev. B
2006, 73, 085414.

34. Rocha, A. R.; Garcia Suarez, V. M.; Bailey, S. W.; Lambert,
C. J.; Ferrer, J.; Sanvito, S. Towards Molecular Spintronics.
Nat. Mater. 2005, 4, 335–339.

35. Rungger, I.; Sanvito, S. I-V Curves of Fe/MgO (001) Single-
and Double-Barrier Tunnel Junctions. Phys. Rev. B 2008, 78,
024430.

36. Datta, S. Quantum Transport, Atom to Transistor;
Cambridge University Press: Cambridge, England, 2005.

37. Toher, C.; Sanvito, S. Effects of Self-Interaction Corrections
on the Transport Properties of Phenyl-Based Molecular
Junctions. Phys. Rev. B 2008, 77, 155402.

38. Kokalj, A. Computer Graphics and Graphical User
Interfaces As Tools in Simulations of Matter at the Atomic
Scale. Comput. Mater. Sci. 2003, 28, 155–168, code
available from http://www.xcrysden.org/.

A
RT

IC
LE

VOL. 4 ▪ NO. 5 ▪ ODELL ET AL. www.acsnano.org2642


