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Low-bias negative differential conductance controlled
by electrode separation∗

Xiao-Hua Yi(衣晓华), Ran Liu(刘然), Jun-Jie Bi(毕俊杰),
Yang Jiao(焦扬), Chuan-Kui Wang(王传奎), and Zong-Liang Li(李宗良)†

School of Physics and Electronics, Shandong Normal University, Jinan 250014, China

(Received 27 July 2016; revised manuscript received 1 September 2016; published online 25 October 2016)

The electronic transport properties of a single thiolated arylethynylene molecule with 9,10-dihydroanthracene core,
denoted as TADHA, is studied by using non-equilibrium Green’s function formalism combined with ab initio calculations.
The numerical results show that the TADHA molecule exhibits excellent negative differential conductance (NDC) behavior
at lower bias regime as probed experimentally. The NDC behavior of TADHA molecule originates from the Stark effect
of the applied bias voltage, by which the highest occupied molecular orbital (HOMO) and the HOMO-1 are pulled apart
and become localized. The NDC behavior of TADHA molecular system is tunable by changing the electrode distance.
Shortening the electrode separation can enhance the NDC effect which is attributed to the possible increase of coupling
between the two branches of TADHA molecule.

Keywords: molecular junctions, negative differential conductance, electrode distance

PACS: 85.65.+h, 73.63.–b DOI: 10.1088/1674-1056/25/12/128503

1. Introduction
Negative differential conductance (NDC) in a nanoscale

device has attracted increasing attention[1–6] for its promis-
ing applications in electronic devices such as switch,[7–10]

amplifier,[11–13] memory,[14–16] and so on. The NDC be-
haviors have been observed in molecular devices based on
single molecules[17,18] and on self-assembled monolayers
(SAMs).[19,20] Generally, the NDC effects are rather small
and often in relatively high bias regime.[16,17,21,22] However,
the low-bias NDC behavior is very desirable since the con-
figuration of molecular junction may be deformed by high
bias voltage, especially at room temperature as we just in-
vestigated experimentally and theoretically. However, low-
bias NDC molecular device is scarcely found in experiment.
Recently, Perrin et al. have detected a pronounced NDC ef-
fect in a single thiolated arylethynylene molecule with 9,10-
dihydroanthracene core, denoted as TADHA, in very low bias
regime. They found that the applied voltage pulls the en-
ergy of the two arms of the molecule apart, which causes the
current to decrease and results in the NDC behavior. They
also detected that the NDC feature can be tuned by the elec-
trode distance with shorter electrode separation, resulting in
larger NDC feature.[23] In order to understand the mechanism
of NDC behavior of TADHA molecule, according to den-
sity functional theory and using non-equilibrium Green’s func-
tion (NEGF) formalism, we investigate the electronic transport
properties of TADHA molecular junction here. The effects of
electrode distance on geometric structure and NDC behavior

of TADHA are studied systematically. Our numerical results
show that compressing the electrode distance to further bend
the molecule shortens the distance between the two branches
of TADHA molecule, and consequently enhances the conduc-
tivity and NDC behavior of the molecule as probed experimen-
tally.

2. Theoretical model and computational details
The molecular junction consists of a TADHA molecule

sandwiched between two gold electrodes by the two terminal
S atoms anchoring on two gold tips respectively. The whole
system is divided into three regions: the extended molecule
(consisting of the bare molecule and several surface layers
of gold atoms), and two periodic semi-infinite electrodes. A
4×4×3 unit cell is used to construct the periodic electrodes
(see Fig. 1). The geometric structure of the bare TADHA
molecule was optimized first in the SIESTA package with a
maximum force of 0.02 eV/Å (1 Å = 0.1 nm).[24,25] After con-
structing the molecular junction, the extended molecule was
optimized again. The relative positions of the Au atoms on
each side were frozen, but the distance between the two Au
clusters was relaxed during the subsequent geometric opti-
mization. When performing the stretch and compression pro-
cesses, the distance (D) between the two electrodes is ad-
justed. For each distance, the atoms of the TADHA molecule
are relaxed by performing geometric optimization, and the
gold electrodes are fixed. Then the electrode distance is elon-
gated or compressed by adjusting the fixed Au atoms a little,
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and the structure of TADHA molecule in the extended sys-
tem that is just optimized is taken as the initial geometry in
the next optimization step.[26–29] In the SIESTA computations,
the core electrons are represented by Troullier–Martin type
norm-conserving pseudopotentials.[30] The Perdew–Burke–
Ernzerhof exchange–correlation functional[31] is used for the
generalized gradient approximation.[32] To save computa-
tional effort, a single-zeta plus polarization basis set for the
Au atoms and a double-zeta plus polarization basis set for the
other atoms are employed.

Au S HC

Fig. 1. (color online) Schematic structure of TADHA molecular junc-
tion.

The electronic transport properties are investigated by ap-
plying the NEGF method implemented in the TranSIESTA
module of the SIESTA package. The current through the
molecular junction is calculated according to the Landauer–
Buttiker formula[33]

I =
2e
h

∫
T (E,V )[ f (E −µL)− f (E −µR)]dE, (1)

where T (E,V ) is the transmission probability of incident elec-
trons with energy E through the molecular junction under bias
voltage V , f (E) is the Fermi–Dirac function of the electrodes,
µL and µR are the electrochemical potentials of the left and
right electrode, respectively.

3. Results and discussion
Figure 2(a) shows the ground state energies of TADHA

molecular junctions with different values of electrode distance
(D). Here we set the energy of the molecular system with in-
finite electrode distance as the reference energy. From the fig-
ure one can see that the minimum energy which corresponds
to the equilibrium electrode distance occurs at D = 2.47 nm.
When elongating the two electrodes, the ground state energy
of the molecular junction first increases slowly, and then from
2.84 nm, the energy begins to quickly increase until the molec-
ular junction is broken at about 3.05 nm, while for com-
pressing the electrode distance from the equilibrium point,
the system energy increases slowly. The insets of Fig. 2(a)
show the geometric configurations of the TADHA molecu-
lar junctions with different electrode distances. According to
our calculation we find that the 9, 10-dihydroanthracene core

of the TADHA molecule exhibits a dihedral of about 131.2◦

at the equilibrium distance, which is smaller than the dihe-
dral of bare TADHA molecule which is 143.6◦. The dihe-
dral is gradually enlarged by stretching the electrodes (see
Fig. 2(b)). When the electrode distance is stretched to 2.82 nm,
the dihedral is 163.2◦, while further elongating the electrodes,
the 9, 10-dihydroanthracene core of the TADHA molecule
is quickly converted into the plane feature, i.e., the dihedral
sharply increases to about 180◦. Thus further elongation of
the electrode distance quickly enhances the ground state en-
ergy of the TADHA molecular junction due to the strong cou-
pling between the terminal S atoms and the gold electrodes.
From Fig. 2(b) one can find that when stretching or com-
pressing the molecular junction, the dihedral of the 9, 10-
dihydroanthracene core is very easy to adjust since it needs
no more than 0.5 nN to move the two electrodes. Specifically,
when the dihedral is less than 140◦, the maximum force to
stretch or compress TADHA molecular junction is only about
0.1 nN. However, after the 9, 10-dihydroanthracene core is
flattened by stretching electrodes, the force needed to further
stretch the molecular junction is sharply increased to more
than 1.0 nN. Figure 2 also shows that when the electrode dis-
tance is elongated to about 3.05 nm, the TADHA molecular
junction is broken. Just before the molecular junction is bro-
ken, the stretching force rises up to a maximum value of about
1.9 nN, which is obviously larger than the broken force of
weak coupling systems, such as alkane diamine molecular sys-
tem whose broken force is only about 0.7 nN.[29,34]
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Fig. 2. (color online) Elongating and Compressing process of TADHA
molecular junctions. (a) Ground state energies of TADHA molecular junc-
tions with different values of electrode separation (D). The insets corre-
spond to the configurations of three different distances, where B corresponds
to the distance with the minimum energy, (b) Electrode force and dihedral
angle of 9, 10-dihydroanthracene core versus electrode distance.

The electronic transport properties with TADHA molec-
ular junction at the equilibrium distance are then investi-
gated. The current and the differential conductance of TADHA
molecular junction each as a function of applied bias voltage
are shown in Fig. 3(a). As the figure shows, the behaviors of
the current and the differential conductance are approximately
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symmetric with respect to the positive and negative bias. At
about ±0.25 V, the current shows peak values, at which the
differential conductance shows zero value. Then with the in-
crease of the bias, the differential conductance enters into a
negative regime. The peak NDC value occurs at about 0.35 V,
which is a little higher than the experimental exploration,[23]

but lower than the common event.[16,17,21,22] In order to un-
derstand the NDC behavior of TADHA molecular junction,
we show transmission spectra in Fig. 3(b) with bias voltages
V = 0.0, 0.25, and 0.50 V. From the figure one can see that
with the increase of the bias voltage, the transmission peak
at about −0.2 eV is split into two transmission peaks. One
peak shifts to near Fermi level and gradually enters into the
bias window, the other peak shifts to the lower energy area and
apart from the bias window. Simultaneously, the heights of the
two split transmission peaks are suppressed by the bias volt-
age. Thus the height of the peak and the width of the bias win-
dow are competitive in the contribution to the area below the
transmission curve in the bias window which is proportional to
the current flow based on Eq. (1). Figure 3(b) shows that when
the bias is increased from 0.25 V to 0.5 V, the mean height of
transmission spectra in the bias window is suppressed to about
1/4, which thus induces the current to decrease with increasing
bias, thus resulting in the NDC behavior of TADHA molecular
junction.
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Fig. 3. (color online) Electronic transport properties of TADHA molec-
ular junction with D = 2.47 nm. (a) Current and differential conduc-
tance each as a function of applied bias voltage. (b) Transmission spec-
tra under different bias voltages.

To understand the split of the transmission peak and the
NDC behavior of the TADHA molecular junction in detail, we
present the molecular projected self-consistent Hamiltonian
(MPSH) eigenstates which are related to these peaks in Fig. 4.
The MPSH is the self-consistent Hamiltonian of the TADHA
molecule with the influence of the gold electrode.[35,36] It con-
tains the molecule–electrode coupling effects but does not con-
tain the Hamiltonian of the gold electrode, so the MPSH eigen-
states are not perfectly consistent with the eigenstates of the

extended molecular system nor the positions of the transmis-
sion peaks. According to our calculations we find that these
transmission peaks relate to two molecular orbitals, i.e., the
highest occupied molecular orbital (HOMO) and the HOMO-
1. At zero bias, these two molecular orbitals are both delocal-
ized and almost degenerated, so they contribute a high trans-
mission peak. When the bias voltage is applied, the degener-
ation of the two orbitals is destroyed due to the Stark effect
of the bias. The HOMO is enhanced by the applied bias and
enters into the bias window with the increase of the bias volt-
age, and the HOMO-1 is suppressed and apart from the bias
window. Simultaneously the delocalized spatial distributions
of the orbitals are also destroyed by the applied bias, with the
HOMO localized on the right branch of the TADHA molecule
and the HOMO-1 localized on the left branch of the TADHA
molecule. It is obvious that with the separations and localiza-
tions of HOMO and HOMO-1, the single molecular orbital is a
disadvantage for the electronic transport. Fortunately, the two
orbitals are localized on two different branches of the TADHA
molecule respectively, thus the transmission peaks related to
the two orbitals can also occur due to the coupling of the two
orbitals.[35,36] From Fig. 4 one can see that the spatial distribu-
tions of the HOMO and HOMO-1 present little changes, with
the bias voltage enhanced from 0.25 V to 0.5 V, obviously,
which is a disadvantage for the NDC effect. However, the gap
between the HOMO and HOMO-1 is widened distinctly with
the increase of the bias, which weakens the coupling between
the two orbitals and consequently suppresses the transmission
spectra and transmission peaks remarkably as figure 3 shows.
Thus, although the bias window is widened by applying the
voltage, the area below the transmission curve in the bias win-
dow decreases with the increase of the bias from 0.25 V, thus
further resulting in the NDC behavior of TADHA molecule.

The influences of electrode separations on electronic
transport properties and on NDC behaviors are then investi-
gated. Figure 5 shows the currents and the differential con-
ductances of TADHA molecular junction with different elec-
trode distances. As Perrin et al. probed in the experiment,[23]

the conductivity and the NDC feature of the molecular sys-
tem are tunable by mechanically controlling the electrode dis-
tance. Specifically, shorter electrode separation results in not
only higher conductivity, but also larger NDC effect. How-
ever, when increasing the electrode separation, the NDC be-
havior becomes weak. When the 9, 10-dihydroanthracene core
is flattened by stretching the electrodes, the NDC behavior ap-
proximately disappears. In particular, from the current curve
of D = 2.96 nm one can see that the TADHA molecular junc-
tion exhibits a slight rectifier behavior due to the asymmetric
connection of the two interfaces between the molecule and the
two electrodes.
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Fig. 4. (color online) Molecular orbitals contributing to the NDC behavior of TADHA molecular junction.
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Fig. 5. (color online) (a) Currents and (b) differential conductances
each as a function of bias voltage for TADHA molecular junctions with
different electrode separations.

To further elucidate the distance effect on the NDC be-
havior of TADHA molecular junction, we show the transmis-
sion spectra in Fig. 6. Comparing Fig. 3(b) with Fig. 6(a)
one can see that when shortening the electrode distance, the
transmission spectra are enhanced, however, the position of
the transmission peak is shifted very slightly. This is be-
cause when compressing the electrodes, the dihedral of 9, 10-
dihydroanthracene core of TADHA molecule is reduced by the
pressure of the electrodes, which consequently shortens the
distance between the two branches of the TADHA molecule
and further strengthens the coupling between the two branches
which can be exhibited by the spatial distribution of MPSH
eigenstates. From Fig. 7 one can clearly see that the spatial
distributions of HOMO and HOMO-1 are obviously delocal-
ized from one branch to the other branch, with the electrode
distance compressed from 2.47 nm (see Fig. 4) to 1.90 nm at
0.25 V, i.e., the coupling between the two branches is strength-
ened by HOMO and HOMO-1, which consequently enhances
the conductivity of the molecular system. On the contrary,
when the 9, 10-dihydroanthracene core is flattened by stretch-
ing the electrodes, the distance between the two branches
seems to be lengthened somehow, which further weakens the
coupling between the two branches by the obstruction of the

non-conjugated segment in the 9, 10-dihydroanthracene core,
as an example one can see from Fig. 7 that the spatial dis-
tributions of the HOMO and HOMO-1 are only localized on
one branch of the TADHA molecule for the electrode dis-
tance of 2.96 nm at 0.25 V, and the intervals between the
eigenstates and the farther electrodes are obviously larger than
those of small-electrode-distance molecular junctions. Thus
in Figs. 6(b) and 6(c), the heights of the transmission peaks
of V = 0.0 V and ±0.25 V are suppressed and only similar to
the peaks of V = 0.50 V, which further suppresses the NDC
behavior of TADHA molecular system.
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Fig. 6. (color online) Transmission spectra of TADHA molecular junc-
tion with the electrode separation D = 1.90 nm (a) and 2.06 nm ((b) and
(c)).
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4. Conclusions
Using the density-functional theory and non-equilibrium

Green’s function method, the current–voltage characteristics
and NDC behaviors of TADHA molecular junctions are dis-
cussed systematically. At the equilibrium electrode distance,
the TADHA molecule presents a bending dihedral angle at
non-conjugated segment of 9, 10-dihydroanthracene core. The
TADHA molecule shows pronounced NDC behavior in lower
bias regime due to the bias voltage pulling the HOMO and
HOMO-1 apart. The conductivity and the NDC behavior
of the molecular system can be enhanced by compressing
the electrode distance, because the compressing of electrodes
forces the TADHA molecule to bend more, thus strengthening
the coupling between the two branches of the molecule. The
elongating of the molecular junction will flatten the dihedral of
the molecule and eliminate the NDC behavior of the TADHA
molecular system.
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