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We theoretically investigate the electronic charge transport in a molecular system composed of a
donor group �dinitrobenzene� coupled to an acceptor group �dihydrophenazine� via a polyenic chain
�unsaturated carbon bridge�. Ab initio calculations based on the Hartree–Fock approximations are
performed to investigate the distribution of electron states over the molecule in the presence of an
external electric field. For small bridge lengths �n=0–3� we find a homogeneous distribution of the
frontier molecular orbitals, while for n�3 a strong localization of the lowest unoccupied molecular
orbital is found. The localized orbitals in between the donor and acceptor groups act as conduction
channels when an external electric field is applied. We also calculate the rectification behavior of
this system by evaluating the charge accumulated in the donor and acceptor groups as a function of
the external electric field. Finally, we propose a phenomenological model based on nonequilibrium
Green’s function to rationalize the ab initio findings. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3020353�

I. INTRODUCTION

Electronic transport through single molecules is cur-
rently a subject of intense study mainly due to its potential
application for new electronic devices such as molecular
rectifiers.1–4 The ability of molecules to develop strong rec-
tification when attached to donor and acceptor groups was
first proposed in the seminal work of Aviran and Ratner.5

Other proposals of molecular rectifiers, diodes, and field-
effect transistors have also been reported in the literature.6 In
particular, push-pull with a � or � bridge have been studied
with special attention on the effects of the bridge length on
the transport properties.7 Recently, it was pointed out that
systems with donor and acceptor groups spaced by a carbon
� bridge have strong rectification for relatively long bridges,
thus operating as molecular field-effect transistors.8 In addi-
tion it was observed that � bridges are more favorable to
rectification than � bridges.9,10 In contrast to the results pre-
sented in Ref. 11, here we show that the system
dinitrobenzene�D�-bridge-dihydrophenazine�A� has a strong
current rectification even for small � bridges, thus resulting
in a very robust rectification compared to similar proposals
reported in the literature.

We focus our analysis on the frontier molecular orbitals
�FMOs� �highest occupied molecular orbital �HOMO� and
lowest unoccupied molecular orbital �LUMO�, in particular�
and the charge distribution in the molecule, since they can
provide complementary information regarding electronic

transport in the molecule.11 It is important to mention that an
analysis of the HOMO/LUMO frontier orbitals does not al-
ways provide the actual tendency of the electron flow. For
instance, in the present system for n=0 and n=1, we find a
uniform distribution of the FMOs with high level energies
�typically −1 eV�, which in a first analysis would predict no
effective flow of electrons in the molecule and a uniform
charge distribution. In fact, we will see that a strong asym-
metry in the charge distribution is observed in the system
studied here even for a small bridge length. By increasing the
bridge length between the donor and acceptor, a localized
HOMO and LUMO conduction channel becomes evident in
the charge versus voltage curves, thus leading to sharp steps
typically observed in resonant level models.

In order to understand electronic transport behavior of
the system, we have developed a formulation based on non-
equilibrium Green’s function that describes transport through
localized levels coupled to a donor and to an acceptor of
electrons. This theoretical approach allowed us to gain fur-
ther insight and a clear physical interpretation of the rectifi-
cation effects obtained from ab initio calculations.

The paper is organized as follows. In Sec. II we intro-
duce the adopted methodology with a brief description of the
computational package used and the formulation based on
the nonequilibrium Green’s function. In Sec. III we present
our results and the corresponding discussion, and in Sec. IV
we make the final remarks.

II. METHODOLOGY

Two theoretical approaches are adopted in our study: �i�
ab initio calculations and �ii� nonequilibrium Green’s func-
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tion. In the first one we use the GAUSSIAN98 package,12 which
encompasses Hartree–Fock �HF� in its numerical procedure.
We have used the HF/6-31G and HF /6-31G� and the results
obtained are in agreement so we adopted the HF/6-31G,
which has been successfully applied for determining elec-
tronic structure in these types of systems.13 We have used HF
instead of density functional theory because hybrid
exchange-correlation functionals, local density approxima-
tion, and generalized gradient approximation, are well
known to overestimate the polarizabilities of quasilinear sys-
tems and do not reproduce the localization of the molecular
orbitals and inversion behavior observed with HF-based
methods.14–17 The effects of an external electric field and its
interplay with charging accumulation in the donor/acceptor
group are considered in part �i�. Additionally, we determine
the charge accumulated �Q� in the acceptor group as a func-
tion of the external electric field �Q-V curve�. In the second
part ��ii� above� we develop a simple model consisting of
multiple electronic levels coupled to a donor and to an ac-
ceptor group. By adjusting phenomenological coupling pa-
rameters, we fit the equilibrium Q-V curve obtained in �i�
with a nonequilibrium I-V curve determined via Green’s
functions. Surprisingly, both HF and transport calculations
lead to similar results; therefore, this agreement reveals that
charge localization can provide valuable information about
transport properties of the present system. However, a gen-
eral extension of this equivalence to other systems is not
straightforward.18

The computational approach of connecting ab initio re-
sults with nonlinear Green’s function has been successfully
used in previous works.19,20 Our transport model is based on
a ballistic resonant tunneling transport from a donor to an
acceptor of electrons through localized levels weakly or
strongly coupled to the reservoirs �see Fig. 1�a��. This ap-
proach can be done by ignoring molecular charging effects
because of the fast electronic switching on the molecular
structure and because the transport is only associated with
the molecular electronic structure.21 Figure 1�b� shows sche-
matically the nonequilibrium system used to generate an I-V
curve that resembles the equilibrium Q-V curve. Three levels
�E1 ,E2 ,E3� of different widths are coupled to a left and to a
right lead via tunneling barriers. The left and right Fermi
energies are denoted by EF

L and EF
R, respectively. These ener-

gies are related via EF
L −EF

R=eV, where V is the left-right
�bias� voltage and e the electron charge �e�0�. Deep levels
are narrow while the level closer to the top of the tunneling
barriers is broad. The narrow levels give rise to sharp steps in
the characteristic I-V curve whenever these levels match the
emitter chemical potential �the donor for positive and the
acceptor for negative bias�. On the other hand, the broad
level contributes to a linear increase in the current even
though it remains above the emitter Fermi energy for the bias
voltages used. Therefore this broad level is responsible
for the nonzero slope of the plateaus in the I-V curves dis-
cussed below.

The system is described by the following Hamiltonian:

H = HL + HR + HM + Hhib,

where HL, HR, and HM are the Hamiltonians of the donor, the
acceptor, and the molecule, respectively. The term Hhib ac-
counts for the hybridization of molecular orbitals to the
donor/acceptor orbitals. This term gives rise to a charge cur-
rent in the presence of bias voltages. Indeed, these terms read

HL/R = �
�

E�c�L/R
+ c�L/R,

HM = � Endn
+dn,

Hhib = �
�n

�tc�L
+ dn + t�dn

+c�L + tc�R
+ dn + t�dn

+c�R� ,

where E� and En are the leads and the molecular levels,
respectively. To calculate the electronic current in this sys-
tem, we use the following equation:

IL/R = − e�dNL/R/dt� = − ie��NL/R,H�� ,

where NL/R is the total number of operators for electrons in
the donor �L� or acceptor �R�. The notation �¯� denotes

FIG. 1. �Color online� �a� Sketch of the resonant tunneling system used to
model the donor-bridge-acceptor system shown in �b�. Three levels are
coupled to a left �l� and to a right �r� electron reservoir via asymmetric
tunneling barriers. In the presence of a bias voltage the left and the right
Fermi energies, EF

L and EF
R, respectively, differ from each other, thus gener-

ating a current when resonances are matched.
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some nonequilibrium thermodynamic average and �¯� de-
notes a commutator. Following the standard procedure of
nonequilibrium Green’s functions,22,23 the current is given by

IL/R = 2e� dET�E��fL/R�E� − fR/L�E�� ,

where T�E�=Tr	�LGM
r �RGM

a 
 and fL and fR are the left and
right Fermi distribution functions, respectively, given by

fL/R�E� =
1

1 + exp��E − �L/R��/�kBT�
.

�L and �R denote the chemical potentials and kB the Boltz-
mann constant. The parameters �L and �R give the tunneling
rates between left/right and the molecule �bridge�. In a ma-
trix notation they are given by

�� = �
�1

� 0 0 ¯

0 �2
� 0 ¯

0 0 �3
�

¯

] ] ] �

� ,

where �
L or R. The molecular retarded Green’s function
GM

r is given by

GM
r = �EI − HM − �r�−1,

where I is the identity matrix and �r=−i��L+�R� /2=
−i� /2 is the tunneling self-energy. This quantity is assumed
to be energy independent �wideband limit�. In a matrix nota-
tion this Green’s function can be written as

GM
r = �

E − E1 + i�/2 0 0 ¯

0 E − E2 + i�/2 0 ¯

0 0 E − E3 + i�/2 ¯

] ] ] �

�
−1

.

This function is appropriate for describing many nonin-
teracting levels weakly coupled to reservoirs. The advanced
Green’s function is the complex conjugate of GM

r , i.e., GM
a

=GM
r�

. We assume a linear bias-voltage �eV� drop along the
system. So �L=�L

0 and �R=�R
0 −eV, where �L

0 and �R
0 are

the left and right chemical potentials. The levels En are given
by En=En

0−x eV, where x accounts for bias-voltage drop
asymmetry. Asymmetries in the voltage drop can happen, for
instance, when the molecular levels are more coupled to the
donor than to the acceptor or the opposite. In particular, for a
symmetric drop we have x=0.5. It is important to mention
that molecular rectifiers based on asymmetries of the leads-
to-molecule coupling have been predicted, for instance, in a
carbon conjugated-bond bridge24 and in the “tour wire.”25

The main role of the asymmetry of the potential drop relies
on the fact that the molecular levels can line up either with
the left- or the right-lead Fermi level differently depending
on the sign of potential energy eV.

The parameters in the transport model, used to fit the
numerical ab initio results, are En, x, and �. Basically, En and
x give the resonance positions on the I-V characteristic
curve, while � provides the intensity of the current.

III. RESULTS AND DISCUSSION

Figure 2 shows the HOMO and LUMO energies for dif-
ferent bridge lengths �n=0,1 , . . . ,10�. As the bridge in-
creases the HOMO �LUMO� energy increases �decreases�
asymptotically to a value slightly above 8.0�−1.7� eV. This
is a general behavior of quantum confined systems that has
its energies reduced whenever the confinement length in-
creases. This suppression leads to a more efficient electron

transport reaching a limiting value. In Fig. 2 �inside panels�
we plot the FMOs for n=0 �I�, n=1 �II�, and n=6 �III�. This
is a relevant quantity to consider since it provides informa-
tion about the charge distribution along the molecule for the
molecular ground state. We note that when the bridge in-
creases, the orbitals tend to localize on the acceptor �donor�
side for LUMO �HOMO�. This indicates that in the presence
of an electric field, the charge will be predominantly accu-
mulated on one side of the system, as is shown below.

In Fig. 3�a� we show the charge accumulated �Q� in the
acceptor as a function of external electric field �Q-V curve�.
For positive electric field the charge is accumulated in the A
group and depleted in group D, thus generating a polariza-
tion in the molecule. For negative fields the electron flow is
reversed with depletion in the acceptor side. Interestingly,
there is an asymmetry from positive to negative fields, which
becomes more pronounced for n=2 and 3. This asymmetry
in the charge response is closely related to the orbitals illus-
trated in Fig. 2. Within the FMOs, localization allows the
identification of the electronic flow direction because mo-
lecular structures with FMO delocalized over the structure
indicate no particular flow direction. Therefore this system
can potentially operate as a single bidirectional molecular
field-effect transistor.

We note that for n=2 and 3 the electrons in D group do
not respond to relatively small positive fields. The onset of
electron transport from D to A starts around 4 V/nm and then
becomes much stronger than its negative counterpart, thus
revealing a considerable rectification. The strength of the
charge accumulation is larger for positive bias since we are
imposing a flow in a direction, which has more FMOs avail-
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able to populate. This simple picture, though, does not pro-
vide a qualitative explanation for the resonances in the Q-V
curve seen at 4 V/nm and around 14 V/nm for n=3. These
resonance matches in the Q-V curve become more evident
when the bridge length is increased.

Figures 3�b� and 3�c� show Q-V curves for bridge
lengths ranging from 4 to 10. The Q-V curves reveal reso-
nances and plateaus, which is typical for systems with levels
coupled to donor and to acceptor leads.26 In addition to the
Q-V curves, also we present the I-V characteristic curves for
two selected bridge values, n=4 and 10 �Fig. 4�. These re-
sults reveal that an equilibrium quantity such as the charge
accumulation Q can provide, in this case, information about
nonequilibrium quantities such as I. The current was calcu-
lated here via Green’s formulation previously presented and
applied to a model system illustrated in Fig. 1. The I-V
curves were generated considering levels of different widths
coupled to both donor and acceptor via asymmetric tunneling
barriers. Differences in the widths can be understood by not-
ing that higher levels are closer to the top of the tunnel bar-
riers. The corresponding wave functions tend to overlap
more strongly with the donor and acceptor electron wave

function, which is equivalent to a stronger coupling and con-
sequently a broadening of those levels �longer lifetime�. On
the other hand, deep levels are more localized, thus resulting
in narrower levels. While the broad levels give rise to the
nonzero slope of the plateaus, the narrow ones result in the
sharp steps observed in Fig. 4. The numerical fitting param-
eters adjusted to best fit the I-V with the Q-V curves are the
energy levels En

0, the coupling parameters �n
L/R, and x. Their

values are listed in Table I.
Related studies have been made by Mujica et al.27 where

current versus voltage curves, including tunneling and Cou-
lomb repulsion, were examined using a Hubbard model
treated at the HF level. The results showed negative differ-
ential resistance associated with increased localization of the
molecular resonances. Zahid et al.28 found a similar effect by

FIG. 2. �Color online� �Left� HOMO �top panel� and LUMO �bottom panel�
energies for the molecular structures with bridges n=0, . . . ,10 and �right�
charge distribution of FMO for n=0 �I�, n=1 �II�, and n=6 �III�.

FIG. 3. �Color online� �a� In n=0 and n=1, negative external electric field
D←A �E−� when the A group is in a potential of reverse polarization.
Positive external electric field D→A �E+� when the A group is in a potential
of forward polarization. For the same applied potential the charge accumu-
lation is greater than the negative one exhibiting a typical rectifier signature.
In n=2 and n=3 prominent rectifications of E− and E+ with resonance
in the E+ region; �b� negative external electric field
D←A �E−� when the A group is in a potential of reverse polarization.
Positive external electric field D→A �E+� when the A group is in a potential
of forward polarization followed by resonances with intense saturation val-
ues. �c� Decrease in the rectification potential generated with a weak cou-
pling because of the noninteracting DA groups.
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using a master equation applied to a prototypical benzene
molecule and further showed a strong correlation between
the molecule-electrode coupling. Also, a theoretical/
experimental study of symmetric molecules has been done,29

showing the same qualitative results as we describe here, i.e.,
�i� small rectification behavior for forward and reverse bias
and �ii� the same microampere current level at small
voltages.

IV. CONCLUSIONS

We have reported ab initio results for a single molecule
system that exhibits rectification due to strong push-pull cou-
pling. For small bridge lengths �n=0–3� we found a homo-
geneous distribution of the FMO, while for n�3 there was a
strong localization of the LUMO orbitals. Interestingly, the
localized orbitals between the donor and acceptor groups act

as conduction channels when an external electric field is ap-
plied. The unusual charge transfer of these molecules under
an external electric field is remarkably different from those
of conjugated compounds of similar size. Also, the depen-
dence of the D and A groups from their traditional role of
electron flow opens up the possibility of exploiting very in-
teresting molecular devices involving a new manifold of ex-
cited states now accessible in an unusual manner.

It is important to point out a recent study30 where the
unusual I-V characteristics of acyclic cross-conjugated mol-
ecules were found to be caused by quantum interference. In
our work we find that there are two different electrical be-
haviors for small and large bridges. The nonequilibrium/
equilibrium characteristics reveal an induced charge transfer
highly dependent on molecular resonances.

ACKNOWLEDGMENTS

A.S.-S. is grateful to a CNPq fellowship. F.M.S. ac-
knowledges IBEM agency. A.G.S.F. and J.M.F. acknowledge
the FUNCAP and CNPq agencies. J.D.N. and V.F.P.A. ac-
knowledge the FAPESPA agency. A.G.S.F., J.M.F., and
J.D.N. acknowledge the Rede Nanotubos de Carbono/CNPq.
This research was supported in part by the Division of Ma-
terials Science and Engineering, U.S. Department of Energy
and the Center for Nanophase Materials Sciences �CNMS�,
sponsored by the Division of Scientific User Facilities, U.S.
Department of Energy under Contract No. DEAC05–
00OR22725 with UT-Battelle, LLC at Oak Ridge National
Laboratory.

1 D. M. Cardamone, C. A. Stafford, and S. Mazumdar, Nano Lett. 6, 2422
�2006�.

2 C. Joachim, J. K. Gimzewski, and A. Aviram, Nature �London� 408, 541
�2000�.

3 L. Venkataraman, J. E. Klare, C. Nuckolls, M. S. Hybertsen, and M. L.
Steigerwald, Nature �London� 442, 904 �2006�.

4 Y. Y. Liang, Y. X. Zhou, H. Chen, R. Note, H. Mizuseki, and Y. Kawazoe,
J. Chem. Phys. 129, 024901 �2008�.

5 A. Aviram and M. A. Ratner, Chem. Phys. Lett. 29, 277 �1974�.
6 H. B. Akkerman, P. W. M. Blom, D. M. de Leeuw, and B. de Boer,
Nature �London� 441, 69 �2006�.

7 H. Mizuseki, N. Igarashi, C. Majumder, R. V. Belosldov, A. A. Farajian,
and Y. Kawazoe, Thin Solid Films 438–439, 235 �2003�.

8 A. Saraiva-Souza, C. P. De Melo, P. Peixoto, and J. Del Nero, Opt. Mater.
�Amsterdam, Neth.� 29, 1010 �2007�.

9 A. S. Martin, J. R. Sambles, and G. J. Ashwell, Phys. Rev. Lett. 70, 218
�1993�.

10 O. Kwon, M. L. McKee, and R. M. Metzger, Chem. Phys. Lett. 313, 321
�1999�.

11 F. Remacle and R. D. Levine, Chem. Phys. Lett. 383, 537 �2004�.
12 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 98, Revision

A.7, Gaussian, Inc., Pittsburgh, PA, 1998.
13 S. U. Lee, R. V. Belosludov, H. Mizuseki, and Y. Kawazoe, J. Phys.

Chem. C 111, 15397 �2007�.
14 Z.-L. Cai, K. Sendt, and J. R. Reimers, J. Chem. Phys. 117, 5543 �2002�.
15 A. Dreuw, J. L. Weisman, and M. Head-Gordon, J. Chem. Phys. 119,

2943 �2003�.
16 S. Grimme and M. Parac, ChemPhysChem 292, 1439 �2003�.
17 D. J. Tozer, J. Chem. Phys. 119, 12697 �2003�.
18 H. Haug and A.-P. Jauho, Quantum Kinetics in Transport and Optics of

Semiconductors, Springer Series in Solid-State Sciences, Vol. 123
�Springer, New York, 1996�.

19 A. Saraiva-Souza, R. M. Gester, M. A. L. Reis, F. M. Souza, and J. Del
Nero, “Design of a Molecular �-Bridge Field Effect Transistor
�MBFET�,” J. Comput. Theor. Nanosci. �in press�.

20 D. B. de Lima, M. A. L. Reis, F. M. Souza, and J. Del Nero, J. Comput.

FIG. 4. �Color online� Two selected curves comparing the charge distribu-
tion �dots� in the acceptor group for �a� n=4 and �b� n=10 and the current
�solid full line�.

TABLE I. Numerical parameters used in the transport model to better fit the
ab initio calculations.

Physical meaning Quantity/values n

Tunneling rates between the levels
and the donor/acceptor �0=2.15 meV 4

�1
D=0.8�0, �1

A=0.8�0

�2
D=�0, �2

A=�0

�3
D=170�0, �3

A=�0

�0=2.15 meV 7
�1

D=�0, �1
A=0.8�0

�2
D=�0, �2

A=�0

�3
D=150�0, �3

A=150�0

�0=2.15 meV 10
�1

D=�0, �1
A=0.8�0

�2
D=2�0, �2

A=�0

�3
D=150�0, �3

A=150�0

Level energies E1
0=2.65, E2

0=7.81, E3
0=15 eV 4

E1
0=1.98, E2

0=4.35, E3
0=11 eV 7

E1
0=1.54, E2

0=3.4, E3
0=11 eV 10

Potential asymmetry parameter x=0.68 4
x=0.6 7
x=0.6 10

204701-5 Single molecule rectifier with strong push-pull coupling J. Chem. Phys. 129, 204701 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1021/nl0608442
http://dx.doi.org/10.1038/35046000
http://dx.doi.org/10.1038/nature05037
http://dx.doi.org/10.1063/1.2951986
http://dx.doi.org/10.1038/nature04699
http://dx.doi.org/10.1103/PhysRevLett.70.218
http://dx.doi.org/10.1016/S0009-2614(99)00885-4
http://dx.doi.org/10.1016/j.cplett.2003.11.072
http://dx.doi.org/10.1021/jp074294n
http://dx.doi.org/10.1021/jp074294n
http://dx.doi.org/10.1063/1.1501131
http://dx.doi.org/10.1063/1.1590951
http://dx.doi.org/10.1063/1.1633756
http://dx.doi.org/10.1166/jctn.2008.035


Theor. Nanosci. 5, 1445 �2008�.
21 A. Bannani, C. Bobisch, and R. Moller, Science 315, 1824 �2007�.
22 R. Landauer, IBM J. Res. Dev. 1, 223 �1957�.
23 R. Landauer, Philos. Mag. 21, 863 �1970�.
24 A. Saraiva-Souza, B. G. Sumpter, V. Meunier, A. G. Souza Filho, and J.

Del Nero, J. Phys. Chem. C 112, 12008 �2008�.
25 J. Taylor, M. Brandbyge, and K. Stokbro, Phys. Rev. Lett. 89, 138301

�2002�.
26 F. M. Souza, J. C. Egues, and A. P. Jauho, Phys. Rev. B 75, 165303

�2007�.
27 V. Mujica, M. Kemp, A. Roitberg, and M. Ratner, J. Chem. Phys. 104,

7296 �1996�.
28 F. Zahid, A. W. Ghosh, M. Paulsson, E. Polizzi, and S. Datta, Phys. Rev.

B 70, 245317 �2004�.
29 B. Muralidharan, A. W. Ghosh, S. K. Pati, and S. Datta, IEEE Trans.

Nanotechnol. 6, 536 �2007�.
30 G. C. Solomon, D. Q. Andrews, R. P. Van Duyne, and M. A. Ratner, J.

Am. Chem. Soc. 130, 7788 �2008�.

204701-6 Saraiva-Souza et al. J. Chem. Phys. 129, 204701 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1166/jctn.2008.035
http://dx.doi.org/10.1126/science.1138668
http://dx.doi.org/10.1080/14786437008238472
http://dx.doi.org/10.1103/PhysRevLett.89.138301
http://dx.doi.org/10.1103/PhysRevB.75.165303
http://dx.doi.org/10.1063/1.471396
http://dx.doi.org/10.1103/PhysRevB.70.245317
http://dx.doi.org/10.1103/PhysRevB.70.245317
http://dx.doi.org/10.1021/ja801379b
http://dx.doi.org/10.1021/ja801379b

