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We report a first-principles study of electrical transport and negative differential resistance (NDR) in a single
molecular conductor consisting of a borazine ring sandwiched between two Au(100) electrodes with a finite
cross section. The projected density of states (PDOS) and transmission coefficients under various external
voltage biases are analyzed, and it suggests that the variation of the coupling between the molecule and the
electrodes with external bias leads to NDR. Therefore, we propose that one origin of NDR in molecular
devices is caused by the characteristics of both the molecule and the electrodes as well as their cooperation,
not necessarily only by the inherent properties of certain species of molecules themselves. The changes of
charge state of the molecule have minor effects on NDR in this device because the Mulliken population
analysis shows that electron occupation variation on the molecule is very small when different external biases
are applied.

I. Introduction

An important goal in molecular electronics is to use molecular
devices to realize the elementary functions in electronic circuits,1

such as storage, rectification, and amplification. Negative
differential resistance (NDR) phenomenon in molecular conduc-
tors, which is characterized by a decreasing current through the
junction at an increasing voltage bias, has gained widespread
interest from molecular electronics researchers because NDR
is the basic principle of several electronic components, such as
the Esaki diode and resonant tunneling diode,2,3 and the resonant
tunneling diode can be used as the basis of memory, switching,
and logic functionality.3

Thus far NDR effects have already been observed from a
large number of measurements with different methods in
different molecules, and different details of the current-voltage
characteristics have been discovered.4-14 However, the corre-
sponding physical mechanisms governing the NDR effects in
most of this experimental work are seldom mentioned. A lot of
theoretical work on NDR has also been performed,15-19 and
several mechanisms based on charge transfer and conformational
change have been proposed.15-18 In particular, Seminario et al.
studied the electronic structure and geometry structure of the
isolated phenyl-ethynylene oligomers (OPEs) and tried to
explain the NDR mechanism found experimentally in OPEs by
Reed and co-workers.4 They proposed that NDR in these
molecules is caused by the change of the electronic charge state
of the molecule under increasing biases and the subsequent
change of the molecular conformation due to the change of the
charge state.15 When the molecules are singly reduced, the
lowest unoccupied molecular orbital (LUMO) is quite delocal-
ized and electrons can transmit through it easily. When the
molecules are neutral or doubly reduced, the LUMO is very
local and the electron transmission will be blocked. However,
calculations done by Stokbro et al. on OPEs which are connected

by two electrodes show that the NDR is related to rotations of
the middle phenyl ring of the molecules but charging effects
are not important.19 NDR effects have also been obtained
theoretically in atomic wires20 and clusters.21 These studies
suggest that NDR cannot be associated only with the molecule
studied, but the role of the electrodes must also be taken into
consideration. Obviously, despite much experimental and
theoretical research on NDR, the physical picture governing the
NDR effects in molecular devices has not been well understood,
and further theoretical investigation is still necessary.

A popular model system to understand the electrical transport
properties of the metal-molecule-metal system is the benzene
molecule.22-24 Borazine is isoelectronic with benzene and shows
a larger energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) than the benzene ring does.25 More interestingly, NDR
has been reported in the borazine ring in Bai’s theoretical
research,26 while the mechanism governing NDR in it is not
yet clearly clarified.

To contribute to the knowledge about the mechanism of NDR
in single molecular devices, in the current research we present
a detailed first-principles analysis of theI-V characteristics of
the borazine ring sandwiched between two Au(100) electrodes
with a finite cross section. Our results suggest that NDR is
mainly attributed to the changes of the coupling between the
molecular orbitals in the borazine and the incident states of the
electrodes under external bias and is not caused by the changes
of the charge state of the molecule since the electron occupation
variation on the molecule is very small when different external
biases are applied.

This paper is organized as follows: In section II we give a
brief description of the calculation method (the TranSIESTA-C
package27-29) and the simulation model. Section III presents
calculations of theI-V curve of the thiolate-bonded borazine
molecule together with an analysis of the projected density of
states (PDOS) and Mulliken population which are important
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for analysis of electron transmission. A short summary is given
in section IV.

II. Calculation Method and Simulation Model

The TranSIESTA-C package is used in this work to study
the transport properties of a two-probe system. TranSIESTA-C
combines the well-tested electronic structure calculation method
SIESTA29 and the NEGF (nonequilibrium green function)
technique30,31 to simulate electrical transport in molecular
devices under a nonequilibrium situation. The principles and
technique details of this method can be found in the listed
references.27,28,32

A two-probe molecular device consists of three parts: the
left electrode, the scattering region, and the right electrode.
Figure 1 shows the studied system model: A dithiolborazine
molecule sandwiched between two Au(100) contacts. The
dithiolborazine molecule together with two layers of the surface
atoms in the left and three layers of surface atoms in the right
that interact with the molecule are chosen as the scattering
region. The remaining parts are the left and right electrodes (see
Figure 1). The sulfur atoms, adopted as the alligator clips to
provide chemical and geometrical stability between the molecule
and Au electrodes, are positioned symmetrically above the Au-
(100) hollow sites. The molecular geometry is obtained by
primarily optimizing the geometry of the free molecule with H
atoms attached to the sulfur atoms. Then, we place the molecule
between the electrodes with an initial Au-S distance of 2.1
Å33 and relax the extended molecule (dithiolborazine+ four
layers of gold atoms in each electrode) to determine the final
Au-S distance and equilibrium dithiolborazine coordinates by
DMol.34 Since the Au basis35 range (3.5 Å) only extends to the
two neighboring gold electrode layers, we take four gold layers
for the electrode unit cell to ensure that only atoms in the
nearest-neighbor electrode cells in thez direction have interac-
tions, which is a requirement of the TranSIESTA-C package in
choosing the electrode cells. Thus, an electrode unit cell consists
of 18 Au atoms.

The system subjected to an external bias is highly in
nonequilibrium. The left- and right-moving carriers have
significantly different chemical potentials, and the electrostatic
potential is a function of position in the molecule. Therefore, a
full self-consistency method to describe it is necessary. In the
TranSIESTA-C code a full self-consistency procedure of the
electronic structure of the scattering region is performed before
the transmission function and the current are calculated under
each bias voltage. The electronic structure of the two electrodes
is calculated only once before the self-consistency procedure
of the scattering region starts, and the self-consistent potential
in the electrodes will be shifted rigidly relative to each other
by the external voltage biases.23 A SIESTA localized basis set
is used to expand the valance electron wave functions, and the
core electrons are modeled by standard nonlocal norm conserv-

ing pseudopotential.36 To calculate the electrostatic potential
distribution (Kohn-Sham potential) in the scattering region, the
electron density is required, and it is calculated by the density
matrix which is constructed via NEGF technique. The potential
in the semi-infinite electrodes provides natural real space
boundary conditions for the Kohn-Sham potential of the
scattering region. The coupling of the scattering region with
the electrodes is taken into account by self-energies. The Kohn-
Sham potential includes contributions from Hartree, exchange,
correlation, the atomic core, and any other external potentials.
The procedure is iterated until the convergence criterion 10-4

is achieved for both the Hamiltonian and the charge density.
We calculate transport properties within the coherent transport

regime. Two other effects, i.e., electronic correlations37,38 and
molecular vibrational modes, which might be important for
transport, are neglected in the current work.

III. Results and Discussions

Figure 2 shows theI-V curve of the system. TheI-V curve
is not quantitatively equal in the positive and negative bias parts
due to the unsymmetrical electronic structure of dithiolborazine
along thez direction and the corresponding unsymmetrical
coupling to the left and right electrodes. However, the two parts
of theI-V curve with positive and negative bias are qualitatively
similar, namely, they both exemplify NDR behavior. In
particular, we only focus on the positive bias part of theI-V
curve. We will show that the appearance of a platform in 0.2-
0.6 V and NDR in 1.4-2.0 V in theI-V characteristics can be
understood by studying the changes of coupling between the
molecular orbitals in the dithiolborazine and incident states in
the electrodes under various external biases.

Figure 3 shows the zero bias transmission spectra of the
system and the projected density of states (PDOS) of the
molecule. In the zero bias transmission spectra, there are two

Figure 1. Computational cell used for determining theI-V characteristics of dithiolborazine coupled to Au(100) electrodes with a finite cross
section (we chose a supercell with a large enough vacuum layer around the electrode in thex andy directions so that the device has no interaction
with its mirror images). The region within two black lines is the scattering region, and the remaining parts are the left and right electrodes. The gold
electrodes extend toz ) (∞.

Figure 2. Current of the open system as a function of external voltage
biases.
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energy regions, [-1.6,-0.6] and [-0.1,1.6], where electrons
incident from one of the electrodes can transmit across the
molecule to the other electrode significantly. We refer to these
two energy regions as “significant energy regions” (SERs)
because incident electrons in these regions contribute most
significantly to the transmission spectra. It is important to
emphasize that the SERs in the electrodes are determined by
the characteristics of both the molecule and the electrodes.
Different molecules sandwiched between the same electrodes
may give different SERs. To understand why incident states in
these two energy regions can transmit across the molecule
significantly, we calculated the projection of the density of states
of the combined system onto all the dithiolborazine basis orbitals
(PDOS). The PDOS is calculated by

whereΨ(E) is the eigenstate of the whole system andψm(E) is
the contribution of the basis orbitals of the molecule toΨ(E),
{φ} are the nonorthogonal basis set of the system, andci andcj

are expanding coefficients. The sum overi only runs over the
basis orbitals of the molecule, and the sum overj runs over all
the basis orbitals of the whole system. The PDOS will give us
information on how much the basis orbitals in the molecule
contribute to the eigenstate of the whole open system and how
strongly the molecule couples with the electrodes at a certain
energy E. The PDOS is shown in Figure 3b. We note that,
corresponding to theT-E curve, there are also two energy
regions [-1.6,-0.6] and [-0.1,1.6] where the PDOS takes a
comparatively large value. A strong coupling makes incident
electrons at a certain energy easily transmit across the molecule,
and this will give rise to a large transmission coefficient at this
energy. This is clearly shown by comparison of the transmission
spectra and PDOS spectra shown in Figure 3a and b. As a
consequence, a large transmission coefficient indicates a strong
coupling between the electrodes and the molecule, and the

evolution of transmission curves with external biases can help
us understand how the changes of the coupling between the
electrodes and molecule determines theI-V characteristics in
the system. Therefore, the voltage dependence of the transmis-
sion function will be studied next.

Now we divide the whole energy region into two kinds of
regions according to whetherT(E, Vb) ) 0 or not in them. In
the regions whereT(E, Vb) is not zero the incident electrons
can transmit across the molecule, and we call them transmission
regions. In the other regions whereT(E, Vb) is zero the incident
electrons cannot transmit across the molecule, and we call them
transmission intervals.

The current in the system is calculated by the Landauer-
Büttiker formulaI ) (2e/h)∫T(E, Vb)dE, which is transmission
spectra dependent. We will now show the changes of the
transmission function under various biases in a three-dimen-
sional plot (Figure 4). We see that the transmission interval near
the Fermi energy under zero bias is broadened and doubled at
increasing biases. It can be explained by the relative shift of
the SERs of the left and right electrodes. Figure 5 illustrates
how the SERs in the left and right electrodes are shifted under
external biases.

Figure 5a shows the SERs in the left and right electrodes
(denoted by light gray boxes) and the transmission regions (dark
gray boxes) at zero bias. When external bias is applied the
electrochemical potential in the left/right electrode (µL(Vb),
µR(Vb)) will be shifted. For instance, whenVb ) 1(V), eVb )
µL(Vb) - µR(Vb) ) -1 (eV), whereµL(Vb) ) Ef + eVb/2 and
µR(Vb) ) Ef - eVb/2. When the external bias is 0.2 V, the SER
is shifted by-0.1 eV in the left electrode and 0.1 eV in the
right electrode (see Figure 5b). The displacement of SERs in
the left/right electrode reduces the transmission regions from
[-1.6,-0.6] and [-0.1,1.6] to [-1.5,-0.7] and [0.0,1.5] and
the transmission interval is broadened from [-0.6,-0.1] to
[-0.7,0.0], respectively (see Figures 5b and 4). At 0.6 V, due
to the further displacement of SERs in the left/right electrode,
except for further reduction of the transmission regions, a new
transmission region [-0.4,-0.3] arises in the original zero bias
transmission interval (see Figure 5c). This is because the bottom
part of the higher SER of the left electrode now aligns with the
top part of the lower SER of the right electrode. In later
discussions we will see that theI-V characteristics above 0.6
V are mainly determined by the changes of this new transmis-
sion region under various biases. With similar analysis of the
displacement of SERs in the left and right electrodes under
various external bias we can understand why the transmission
curves evolve in the way plotted in Figure 4.

Now let us see why the current curve is like this: a platform
in 0.2-0.6 V, a rise in 0.6-1.4 V, and NDR in 1.4-2.0 V.
The current,I, is obtained fromI ) (2e/h)∫µL

µRT(E, Vb)dE,
whereµL(Vb)/µR(Vb) are the electrochemical potentials of the
left/right electrodes. The region betweenµL and µR is called
the bias window or integral window, as shown in Figure 4 with
the dashed lines and Figure 5 with black boxes, respectively.
Thus, the current is determined byT(E, Vb) in the bias window
and is further only determined by the transmission regions in
the bias window becauseT(E, Vb) is zero in the transmission
interval and has no contribution to the current. It can be seen
from Figure 4 or Figure 5b and c that with the external bias
increasing from 0.2 to 0.6 V, no additional transmission region
will be included into the bias window, though the bias window
at 0.6 V is much larger than that at 0.2 V. As a result, the current,
I, will not increase from 0.2 to 0.6 V. Thus, a platform appears
in this voltage range. As the external bias further increases, the

Figure 3. (a) Transmission coefficients under zero bias as a function
of energy. (b) The corresponding PDOS. All energy is relative to the
Fermi energy of the open system.

P(E) ) 〈ψm(E)|Ψ(E)〉
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new transmission region broadens rapidly since the electrons
in the higher SER of the left electrode can transmit across the
molecule to the lower SER of the right electrode in an
increasingly wider energy region. As a result, the current
increases quickly until 1.4 V. After 1.4 V the whole range of
the lower SER in the right electrode overlaps with part of the
higher SER in the left electrode. This can be seen in Figure 5e,
and it can also be clearly identified in Figure 4. Figure 4 shows
that the width of the new transmission regions in the bias
window always remains unchanged after 1.4 V, although it
moves to the right with increasing bias. Another important point
to note is that the transmission coefficients in the new
transmission region are getting smaller and smaller. This is why
the current in voltage range 1.4-2.0 V decreases rapidly, and

NDR appears in this voltage range. From the earlier discussion
we know that a smaller transmission coefficient indicates a
weaker coupling between the molecular orbitals in the dithiol-
borazine and the incident states from the electrodes. Thus, NDR
appears as a combination of two facts that the coupling of the
molecular orbitals in the dithiolborazine to the incident states
from the electrodes decreases39 and the transmission regions in
the bias window does not get wider with increasing biases. We
are aware that in Figure 5 we only focus on the two SERs
nearest the Fermi level since other energy regions that have a
contribution to the transmission coefficients are out of the bias
window with an external voltage of less than 2.0 V. After 2.0
V other transmission regions enter the bias window significantly
and the current increases again.

Figure 4. Three-dimensional plot of the bias dependence of the transmission spectra. Regions between the dashed lines are the bias window, and
the transmission curves in these regions are shown with thick solid lines. Energy is relative to the Fermi energy of the open system.

Figure 5. Displacement of SERs in the left and right electrodes and transmission regions under various external bias: (a) 0, (b) 0.2, (c) 0.6, (d)
1.4, and (e) 2.0 V. (Light gray boxes) SERs in the left and right electrodes. (Dark gray boxes) Transmission regions. (Black boxes) The bias
window. To show the dark gray boxes, the black boxes are half filled. All energy values are in eV and relative to the Fermi energy. (Black solid
line) Fermi level of the whole open system.
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Theoretical studies by Seminario et al., based on studies of
isolated molecules, propose that the molecules change their
charge state when external bias is applied and that this leads to
NDR.15,16 In the present work we deal with an open metal-
molecule-metal system and the charge on the molecule is not
fixed when external voltage bias is changed. From a Mulliken
population analysis we obtain the net charge on the molecule
under various biases (see Figure 6). We find that there is a
noticeable charge transfer (about 0.78 e) from the electrodes to
the molecule at equilibrium (zero bias). This acts not only to
align the Fermi level of the molecule and the electrodes, but
also to build up a Schotky-barrier-like structure through the
formation of an interface dipole.24 Note that only slightly
additional charge is drawn out of the molecule after external
bias is applied, as shown in Figure 6 (less than 0.1 e in 0.0-
2.0 V). Thus, our calculations indicate that charging effects on
NDR in this device are not important. This is in agreement with
theoretical studies of reference.19

IV. Conclusion

In conclusion, we studied theI-V characteristics and NDR
in dithiolborazine coupled to Au(100) electrodes with a finite
cross section. Our study shows that the NDR in this device is
determined by displacement of the SERs under various external
biases. There is no direct relation between NDR and the charge
state of the molecule because the additional electron transfer
between the molecule and the electrodes is negligible after
various biases are applied.

The SERs describe the coupling of the incident states in the
electrodes and the molecular orbitals in the functional molecule
and are determined by features of both the molecule and the
electrodes. Thus, a molecule may display different transport
behaviors in different situations, for instance, with a different
selection of electrodes. Our further study shows that dithiol-
benzene sandwiched between Au(100) electrodes with a finite
cross section also displays NDR behavior. All these remind us
that in the design of molecular devices the information of the
electrodes must also be taken into consideration very seriously.

In this work the choice of electrodes with a finite cross section
might be somehow artificial. However, our starting point is to
model a nanowire electrode. Generally, the atomic structure of
a nanowire cannot easily be known, so we choose such an
artificial model, which is often chosen this way by others (see,
for example, refs 20,40, and 41). It is important to clarify
whether NDR is mainly from the molecule or mainly from the
electrodes. In the system studied here NDR is mainly derived
from the functional molecule. There are at least two relevant
theoretical studies to support this point of view. The first one
is by Guo and co-workers,40 who used the same electrodes but
chose silicon clusters as the molecule, and no NDR appears

there. The second one is Bai et al.,7 who chose a more realistic
electrode with a Au(111) surface structure for the same
molecule, and they also got the NDR. However, theI-V
characteristics there are not quite the same and the peak-to-
valley ratio of the current is much smaller than that in the present
work. This might be due to the different band structures of the
electrodes and the different couplings between the molecule and
electrodes. Therefore, electrodes with finite cross sections may
be more beneficial for the occurrence of NDR, which is also
suggested by Guo et al.20 However, this may present a challenge
for experimentalists.
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