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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 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? NDR effects have also been obtained
theoretically in atomic wireé® and clusterd! These studies

An important goal in molecular electronics is to use molecular
devices to realize the elementary functions in electronic ciréuits,
such as storage, rectification, and amplification. Negative ) .
differential resis%ance (NDR) phenomenon Iic’n molecular cc?nduc- suggest that NDR cannot be associated only with the mole(_:ule
tors, which is characterized by a decreasing current through theswd'?d' bqt the rolg of the elect(odes must also pe taken into
junction at an increasing voltage bias, has gained Widespreadcons'd?rat'on' Obviously, despite “.“‘Ch _experlmentgl and
interest from molecular electronics researchers because NDRU'€0retical research on NDR, the physical picture governing the
is the basic principle of several electronic components, such asNPR effects in molecular devices has not been well understood,
the Esaki diode and resonant tunneling diddeand the resonant and further theoretical investigation is still necessary.
tunneling diode can be used as the basis of memory, switching, A popular model system to understand the electrical transport
and logic functionality? properties of the metalmolecule-metal system is the benzene

Thus far NDR effects have already been observed from a molecule??24Borazine is isoelectronic with benzene and shows
large number of measurements with different methods in a larger energy gap between the highest occupied molecular
different molecules, and different details of the currentltage orbital (HOMO) and the lowest unoccupied molecular orbital
characteristics have been discoveteH. However, the corre- (LUMO) than the benzene ring do&sMore interestingly, NDR
sponding physical mechanisms governing the NDR effects in has been reported in the borazine ring in Bai's theoretical
most of this experimental work are seldom mentioned. A lot of researck® while the mechanism governing NDR in it is not

theoretical work on NDR has also been perforried? and yet clearly clarified.
several mechanisms based on charge transfer and conformational To contribute to the knowledge about the mechanism of NDR
change have been proposéd'® In particular, Seminario etal.  jn single molecular devices, in the current research we present

studied the electronic structure and geometry structure of the 3 getajled first-principles analysis of theV characteristics of
isolated phenyl-ethynylene oligomers (OPEs) and tried 10 the porazine ring sandwiched between two Au(100) electrodes
explain the NDR mechanism found experimentally in OPEs by yjith a finite cross section. Our results suggest that NDR is
Reed and co-workers.They proposed that NDR in these mainly attributed to the changes of the coupling between the
molecules is caused by the change of the electronic charge statenjecular orbitals in the borazine and the incident states of the
of the molecule under increasing biases and the subsequentecirodes under external bias and is not caused by the changes

cEange of tgg mc;:eculﬁr conflorm?tion due to tlhe cr(;angz ofr;[he of the charge state of the molecule since the electron occupation
charge state: W en the molecules are singly reduced, the |, ation on the molecule is very small when different external
lowest unoccupied molecular orbital (LUMO) is quite delocal- biases are applied

ized and electrons can transmit through it easily. When the . . . . .
This paper is organized as follows: In section Il we give a

molecules are neutral or doubly reduced, the LUMO is very | . e .
local and the electron transmission will be blocked. However, brief des7c:r2|pt|on of the c_alcula_tlon method (the_ TranSIESTA-C
calculations done by Stokbro et al. on OPEs which are connectedP@ckagé’ =) and the simulation model. Section Ill presents
calculations of thd—V curve of the thiolate-bonded borazine
*To whom correspondence should be addressed. E-mail: zzeng@ molecule together with an analysis of the projected density of
theory.issp.ac.cn. states (PDOS) and Mulliken population which are important
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Figure 1. Computational cell used for determining theV 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 amdlyedirections 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 to= Z-oo.

. . . . 12 T T
for analysis of electron transmission. A short summary is given /\\

in section IV. 8
/NS

Il. Calculation Method and Simulation Model 4 /

The TranSIESTA-C package is used in this work to study 0
the transport properties of a two-probe system. TranSIESTA-C
combines the well-tested electronic structure calculation method
SIESTA® and the NEGF (nonequilibrium green function)
techniqué®s! to simulate electrical transport in molecular ® /"'\ /
devices under a nonequilibrium situation. The principles and| 4, /
technique details of this method can be found in the listed \ /
referenced’ 28.32 -16

A two-probe molecular device consists of three parts: the
left electrode, the scattering region, and the right electrode, 2 15 A 05 0 05 1 15 2
Figure 1 shows the studied system model: A dithiolborazine Vp (V)
molecule sandwiched between two Au(100) contacts. The Figure 2. Current of the open system as a function of external voltage
dithiolborazine molecule together with two layers of the surface biases.
atoms in the left and three layers of surface atoms in the right . . .
that interact with the molecule are chosen as the scattering'"9 pseudopotentidf To calculate the electrostatic potential
region. The remaining parts are the left and right electrodes (seedistribution (Kohn-Sham potential) in the scattering region, the
Figure 1). The sulfur atoms, adopted as the alligator clips to €l€ctron density is required, and it is calculated by the density
provide chemical and geometrical stability between the molecule Matrix which is constructed via NEGF technique. The potential
and Au electrodes, are positioned symmetrically above the Au- N the semi-infinite electrodes provides natural real space
(100) hollow sites. The molecular geometry is obtained by Poundary conditions for the KohrSham potential of the
primarily optimizing the geometry of the free molecule with H  Scattering region. The coupling of the scattering region with
atoms attached to the sulfur atoms. Then, we place the moleculd€ electrodes is taken into account by self-energies. The-Kohn
between the electrodes with an initial AG distance of 2.1 Sham potential includes contributions from Hartree, exchange,
A3 and relax the extended molecule (dithiolborazihdour correlation, the atomic core, and any other external potentials.
layers of gold atoms in each electrode) to determine the final The procedure is iterated until the convergence criteriorf 10
Au—S distance and equilibrium dithiolborazine coordinates by 1S achieved for both the Hamiltonian and the charge density.
DMol.?* Since the Au bas# range (3.5 A) only extends to the We calculate transport properties W|th|r_1 the coherent transport
two neighboring gold electrode layers, we take four gold layers f€gime. Two other effects, i.e., electronic correlatidri$and
for the electrode unit cell to ensure that only atoms in the Molecular vibrational modes, which might be important for
nearest-neighbor electrode cells in thdirection have interac-  transport, are neglected in the current work.
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. Figure 2 shows thé—V curve of the system. Thie-V curve

The system subjected to an external bias is highly in is not quantitatively equal in the positive and negative bias parts
nonequilibrium. The left- and right-moving carriers have due to the unsymmetrical electronic structure of dithiolborazine
significantly different chemical potentials, and the electrostatic along thez direction and the corresponding unsymmetrical
potential is a function of position in the molecule. Therefore, a coupling to the left and right electrodes. However, the two parts
full self-consistency method to describe it is necessary. In the of thel—V curve with positive and negative bias are qualitatively
TranSIESTA-C code a full self-consistency procedure of the similar, namely, they both exemplify NDR behavior. In
electronic structure of the scattering region is performed before particular, we only focus on the positive bias part of the/
the transmission function and the current are calculated undercurve. We will show that the appearance of a platform in-0.2
each bias voltage. The electronic structure of the two electrodes0.6 V and NDR in 1.4-2.0 V in thel —V characteristics can be
is calculated only once before the self-consistency procedureunderstood by studying the changes of coupling between the
of the scattering region starts, and the self-consistent potentialmolecular orbitals in the dithiolborazine and incident states in
in the electrodes will be shifted rigidly relative to each other the electrodes under various external biases.
by the external voltage biasésA SIESTA localized basis set Figure 3 shows the zero bias transmission spectra of the
is used to expand the valance electron wave functions, and thesystem and the projected density of states (PDOS) of the
core electrons are modeled by standard nonlocal norm conserv-molecule. In the zero bias transmission spectra, there are two

Current (uA)
N

I1l. Results and Discussions
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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.

energy regions,§1.6,-0.6] and [-0.1,1.6], where electrons
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evolution of transmission curves with external biases can help
us understand how the changes of the coupling between the
electrodes and molecule determines Ith&/ 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 whethd¥E, V) = 0 or not in them. In
the regions wherd (E, V) is not zero the incident electrons
can transmit across the molecule, and we call them transmission
regions. In the other regions wWheFéE, V) 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
Buttiker formulal = (2e/h) S T(E, Vp)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 (),

incident from one of the electrodes can transmit across the ,.)) will be shifted. For instance, whev, = 1(V), e\h =
molecule to the other electrode significantly. We refer to these 1 (Vo) — ur(Ve) = —1 (eV), whereu (V) = Er + eW/2 and

two energy regions as “significant energy regions” (SERS)
because incident electrons in these regions contribute mos

fMR(Vb) = Er — eW/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

significantly to the transmission spectra. It is important 10 (ight electrode (see Figure 5b). The displacement of SERS in

emphasize that the SERs in the electrodes are determined byne |efyright electrode reduces the transmission regions from
the characteristics of both the molecule and the electrodes. —1.6-0.6] and [-0.1,1.6] to [-1.5~0.7] and [0.0,1.5] and

Different molecules sandwiched between the same electrodeshe transmission interval is broadened from0[6,~0.1] to
may give different SERs. To understand why incident states in |_g 7 0.0, respectively (see Figures 5b and 4). At 0.6 V, due

these two energy regions can transmit across the moleculey, the further displacement of SERs in the left/right electrode,
significantly, we calculated the projection of the density of states gy cept for further reduction of the transmission regions, a new
of the combined system onto all the dithiolborazine basis orbitals {5 ,smission region{0.4—0.3] arises in the original zero bias

(PDOS). The PDOS is calculated by

P(E) = B"(B)W(E)T

mol. all

=D aB®d(M) ¢E)(T
| ]

whereW(E) is the eigenstate of the whole system aff{E) is
the contribution of the basis orbitals of the moleculeH¢E),
{¢} are the nonorthogonal basis set of the system caaddc;

are expanding coefficients. The sum ovemly runs over the
basis orbitals of the molecule, and the sum guwems over all

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 the-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, arise in 0.61.4 V, and NDR in 1.42.0 V.
The current,l, is obtained froml = (2e/h)fﬁfT(E, Vp)dE,

the basis orbitals of the whole system. The PDOS will give us whereu (Vi)/ur(Vs) are the electrochemical potentials of the
information on how much the basis orbitals in the molecule left/right electrodes. The region betwegn and ur is called
contribute to the eigenstate of the whole open system and howthe bias window or integral window, as shown in Figure 4 with
strongly the molecule couples with the electrodes at a certainthe dashed lines and Figure 5 with black boxes, respectively.
energy E. The PDOS is shown in Figure 3b. We note that, Thus, the current is determined B{E, V;) in the bias window
corresponding to thd—E curve, there are also two energy and is further only determined by the transmission regions in

regions [-1.6-0.6] and [-0.1,1.6] where the PDOS takes a

the bias window becausHE, V) is zero in the transmission

comparatively large value. A strong coupling makes incident interval and has no contribution to the current. It can be seen
electrons at a certain energy easily transmit across the moleculefrom Figure 4 or Figure 5b and c that with the external bias
and this will give rise to a large transmission coefficient at this increasing from 0.2 to 0.6 V, no additional transmission region
energy. This is clearly shown by comparison of the transmission will be included into the bias window, though the bias window
spectra and PDOS spectra shown in Figure 3a and b. As aat 0.6 V is much larger than that at 0.2 V. As a result, the current,
consequence, a large transmission coefficient indicates a strond, will not increase from 0.2 to 0.6 V. Thus, a platform appears
coupling between the electrodes and the molecule, and thein this voltage range. As the external bias further increases, the
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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.

new transmission region broadens rapidly since the electronsNDR appears in this voltage range. From the earlier discussion
in the higher SER of the left electrode can transmit across the we know that a smaller transmission coefficient indicates a
molecule to the lower SER of the right electrode in an weaker coupling between the molecular orbitals in the dithiol-
increasingly wider energy region. As a result, the current borazine and the incident states from the electrodes. Thus, NDR
increases quickly until 1.4 V. After 1.4 V the whole range of appears as a combination of two facts that the coupling of the
the lower SER in the right electrode overlaps with part of the molecular orbitals in the dithiolborazine to the incident states
higher SER in the left electrode. This can be seen in Figure 5e, from the electrodes decrea%tand the transmission regions in
and it can also be clearly identified in Figure 4. Figure 4 shows the bias window does not get wider with increasing biases. We
that the width of the new transmission regions in the bias are aware that in Figure 5 we only focus on the two SERs
window always remains unchanged after 1.4 V, although it nearest the Fermi level since other energy regions that have a
moves to the right with increasing bias. Another important point contribution to the transmission coefficients are out of the bias
to note is that the transmission coefficients in the new window with an external voltage of less than 2.0 V. After 2.0
transmission region are getting smaller and smaller. This is why V other transmission regions enter the bias window significantly
the current in voltage range 2.0 V decreases rapidly, and and the current increases again.
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1 T there. The second one is Bai et ‘alho chose a more realistic
0.9 N electrode with a Au(111) surface structure for the same
s 08 R R molecule, and they also got the NDR. However, theV
§_ 0.7 - : characteristics there are not quite the same and the peak-to-
3 0.6 - valley ratio of the current is much smaller than that in the present
° 0.5 work. This might be due to the different band structures of the
g 04r electrodes and the different couplings between the molecule and
g 03r electrodes. Therefore, electrodes with finite cross sections may
|~ o2 be more beneficial for the occurrence of NDR, which is also
01r ; ; ; ] suggested by Guo et #lHowever, this may present a challenge
0 0 05 1 15 5 for experimentalists.
Vy, (V)
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