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The influence of external voltage on the charge transport properties of benzene-1,4-dithiolate molecular junction

has been investigated. Variations of the geometric and electronic structures for the molecule caused by the applied

voltage are calculated at ab initio level. Based on the numerical results, we find that the energy shift and expansion

coefficients in the end-site of the molecule for the frontier molecular orbitals show nearly linear dependence on voltage

in the interested voltage interval.

The charge transport properties of the molecular junction are then studied by

employing the elastic scattering Green’s function method. It is shown that the voltage has an obvious effect on the

I — V characteristic of the molecular junction, particularly the shape of the conductance curves. The I — V curves are

consistent with the experimental measurement quite well.
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1. Introduction

Recently rapid developments of the molecu-
The available ad-

vanced nanometer technologies!!! make it possible to

lar electronics are witnessed.

measure electronic transport properties of a single
molecule.2=% In 1997, Reed et allf! measured the
conductance of a single molecular wire using benzene-
1, 4-dithiolate at room temperature with a mechan-
ically controllable break junction, and found that
the conductance—voltage curve showed step-typed be-
haviour. Most recently, Xu et all”l determined the
conductance of a single molecule connected to two gold
electrodes by repeatedly forming thousands of gold—
molecule-gold junctions. Nazin et all® elucidated the
precise atomic structure and local electronic proper-
ties of organic—metal interfaces in unprecedented de-
tail. In addition, formal theories to describe charge
transport properties of molecular devices have been

developed by several groups.®—14

We applied the hybrid density functional theory
in combination with the frontier orbital bonding con-
cept to describe the chemical absorption and com-
pute the coupling constant.21~17 We have shown
that good agreement between theory and experiment
can be achieved for I — V characteristics of molecular
junction measured by Reed.['21%] However, the cal-
culations mentioned above are based on the approx-
imation that the influence of the external voltage is
neglected, namely, linear charge transport theory is
formulated. It is well known that organic molecules
have sensitive response to the applied field. There-
fore, one can expect that external voltage may have
an obvious influence on charge transfer characteris-
tics of the molecular junction, especially, in the region
of higher voltage. In the present work, we investigate
the I —V characteristic of the molecular junction with
the influence of external voltage, which is taken as a

development of the previous studies.[!2~18]
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2.Elastic scattering theory

The molecular junction is schematically shown in
Fig.1.

normally be considered as a one-dimensional pro-

Electron transport through a molecule can

cess. We assume that the molecule is aligned along
the z-direction, which is also the direction of cur-
rent transport. Energy states in the conduction band
of the reservoir can be expressed as a summation,
E =FE,,+ E, + E,, in the effective mass approxi-
mation, where F. is the conduction band edge and is
used as energy reference. The parabolic dispersion re-

lation for the energy states in metal is assumed here.

'LSD—27reZ Z f(Eey+E, —eV)[L -
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where f(FE) is the Fermi distribution function, f(E) =
1

el(E—Er)/ksT] 4 1~
working temperature, kg Boltzmann constant and T}/

Here Ep is the Fermi energy, T

transition matrix element describing the scattering

process from initial state |I) to final state |I'), which
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The electrons in the reservoir are assumed to be all in

equilibrium at a temperature 7" and Fermi level Fg.
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Fig.1. Molecular junction.

When an external voltage V' is applied, the tun-
nelling current density from source (S) to drain (D)
is

F(Bay + ED)]|Tu(EL V)| S(EY - BL), (1)

is a function of external bias and the injection energy
along the z axis. The § function represents the elastic
scattering process. There is a corresponding term for
reverse tunnelling for the case of high temperatures.
The net current density from S to D can thus be writ-

ten as[19:20]

T(EL V)| §(EY - EL). (2)

If three-dimensional electron systems are taken as reservoirs, Eq.(2) can be evaluated by

hS

€

where m* is the electron effective mass.

For the three-dimensional system, the current is
I = Ai, where A is the effective injection area, A ~
7r,. Here rs, is defined as 73, = [3/(47N3q)]*/3, and
(2m*Er)3/2)(31%T).
The conductance G is obtained by

the density of electrons is N3q =

ol

Based on the elastic scattering Green’s function

theory, the transition matrix element can be expressed
asl12:16,18]

=YuYrn Z M, (5)

2_577

:rl’l(Evv)
n

where

Yy = chadfa, Yin = Zcﬁl’dﬁN: (6)
@ B

2em*kpT 71 { 1+ exp[(Er + eV — E,)/ksT]
=———— [ In

1+ exp|(Br — B-)/ksT]

} (T(E., V) nfy(B)nDy(B.)dE., 3)

represent the couplings between molecular end-sites
and the reservoirs; c;o(cgj) (I € 4, I’ € j) is the in-
teraction between orbital «(8) of the molecule and
the outmost band i(j) of the reservoirs, {di,} and
{dsn} are expansion coefficients. |n) is the eigenstate
of the Hamiltonian of a finite system that consists of
the molecule sandwiched between two gold clusters:
Hln) = ey n).
elements (1| ) (n| N) describes the delocalization of

The product of two overlap matrix

orbital 7. If we assume that metallic states interact
with the molecular states in the same manner, i.e.
Yy = Yig for all [ and Yyny = Ypn for all I/, the

transition matrix element becomes

1 N

Z—&‘n

T(E,V)

where z = E +il, E is the energy at which the scat-
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tering process is observed, and I, is the level broaden-
ing of the energy state |n). The interference between
different scattering channels in a short molecular wire
is probably negligible, since energy spacing between
molecular orbitals for a short molecule is considerably

large. The transition intensity can then be written as

=ZIT(E,V)|3,

—Z stYSNI nINH [(1]m)]? (8)

r+ry
I', is the imaginary part of the self-energy,20—22]
which can be determined by
Fn(E) :AS + Ap
=mY5[(Um)* Y 8(E - EY)
2
+aYEN| (I N)* Y S(E - EY)
2
=mYis|(L|n) *n®(E)
+7Ypy|(n| N)[*n (B), (9)
where
n(E) = p1aris- (10)

For a symmetrical molecule with identical metal con-
tacts, one has Y15 = Ypn and [(1|n)|* = |(n|N)|?, and

the level broadening becomes

Iy(E) = 2rY{5|(1|n)|*n(E). (11)

3. Results and discussion

It is well known that organic molecules are sys-
tems easily influenced by external electric field. When
a field is applied, the geometry of the molecule and
then the electronic structure will be changed. There-
fore, the transition intensity is field-dependent as de-
scribed by Eq.(8), and the current through the molec-
ular junction varies as a nonlinear function of the ap-

plied voltage.

3.1. Geometric structure of the molecular sys-

tem

First, we perform the geometry optimization of
the bare molecule benzene-1,4-dithiol (CgHgS2) imple-
mented by Gaussian 98.123] Because the hydrogen of
the two thiols will be desorbed when the bare molecule
is adsorbed on a gold surface, we remove the hydro-
gen atoms of the two thiols while we sandwich the bare

molecule between the two equilateral triangles of the

gold clusters, then we keep the two equilateral trian-
gles parallel and direct the faces to each other and op-
timize the extended molecule composed of three parts.
The three gold atoms are used to simulate the interac-
tion between the molecule and the gold (111) surface.
The optimized structure is shown in Fig.2(a). Apply-
ing different strengths of the electric field to the sys-
tem, we perform geometric optimizations again. Fig-
ure 2(b) is the structure of the molecular system when
applying a voltage of 5V between the two gold clusters.
In the figures, the bond lengths are shown in the cor-
responding positions. Comparing Fig.2(a) with 2(b),
one can conclude that the effect of the field is very
little on the structure of the benzene ring, but it is
larger on the bonds of Au—-S and S—C, especially on
the bonds of Au-S at the anode side.

}«2.338-+|

j«2.338-]

(b)

}«2.283+]|
V=5V

Fig.2. Geometric structure of the molecular system

(unit: nm).

3.2. Electronic structures of the molecular sys-

tem

It is noted that the conductance of a molecule is
mainly determined by the molecular orbitals near the
highest occupied molecular orbital (HOMO) and es-
pecially near the lowest unoccupied molecular orbital
(LUMO) because the Fermi level lies in the gap of
HOMO and LUMO. Therefore, we only describe the
variation of eight energy levels near the HOMO and
LUMO. At the same time, the variation of Fermi en-
ergy of the system is also described. The Fermi energy

can be determined by

*° 1
N(EF) :LdemP(E)a (12)

where

sy Y
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is the energy density. Here I' is a factor of energy

broadening, which is about several kgT.

3 LUMO+3
LUMO+2
T LUMO+1 |
> LUMO
S~
:;6 =5 Fermi energy =
& HOMO
-6 HOMO-1 .
L HOMO-2
HOMO-3
-7t ) ) L 1 1
0 1 2 3 4 5
Voltage/V

Fig.3. Variation of the energy level and Fermi energy

of an extended molecule.

Figure 3 shows the trend of variation of energy

levels of the extended molecule following the voltage
applied. It can be seen that the general trends of
the energy levels are not similar to each other with
the increase of the applied bias. HOMO has a lit-
tle ascending trend, while LUMO and LUMO+1 de-
cline distinctly. Therefore, the width of energy gap
between HOMO and LUMO decreases rapidly as the
bias increases. LUMO+2, LUMO+3, HOMO-1 and
HOMO-2 come up obviously. Fermi energy does not
change much but only becomes a little lower. All these
changes are important to the conductance property of
the molecular system.

The energy density of the system for different
voltages is displayed in Fig.4, from which one can
see that the variation of the bias not only results in
the change of peak values of energy density, but also

causes the changes of peak positions.
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Fig.4. Variation of energy density of the system with different bias.

3.3. Nonlinear charge transfer properties of the

molecular junction

It is noted that only the frontier molecular or-
bits will provide an efficient charge transfer chan-
nels at lower bias.?*! With the calculated results
shown above, we give an approximate model for
the energy shift and charge distribution of fron-

tier molecular orbitals caused by the applied volt-

age. Namely, we assume that the energy levels of
LUMO, LUMO+1,LUMO+2, LUMO+3 and Fermi
energy take a linear shift versus the bias; and the
expansion coefficients (1|n) and (n|N) for a molecu-
lar orbital |n) are also linearly dependent on the bias.
Then we can investigate the effect of applied bias on
the charge transfer behaviour of the molecular junc-

tion.
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Fig.5. Current and conductance of the molecular

junction. (a) with considering the influence of exter-

nal voltage, (b) without considering the influence, and

(c) the experimental data taken from Ref.(6).

The current and conductance properties of
benzene-1,4-dithiol are shown in Fig.5. Comparing

Fig.5(a) with Fig.5(b), one can observe the follow-

ing effects on conductance of the molecular junction,
caused by external voltage: (1) the slope of the tran-
sition is smoothed, (2) the plateau of conductance is
narrowed, and (3) the value of conductance at high
voltage is lowered. Furthermore, the bias in lower
regime has little influence on the current and conduc-
tance of the molecular junction, which is reasonable
and also supports the validity of linear charge trans-
fer theory in lower voltage regime. When the influence
of the voltage is included, the onset of the conductance
is at a lower voltage because the energy of LUMO is
pushed down with increasing voltage. It is noted that
the curve of conductance given in Fig.5(a) agrees well
with experimental measurements. This demonstrates
the validity of our model for describing the influence of
the voltage on current and conductance of the molec-

ular junction.

4. Conclusion

We have shown that the external voltage has an
obvious influence on the I — V characteristic of a
molecular junction, which results from the variation of
geometric and electronic structures caused by the volt-
age. Taken benzene-1,4-dithiolate molecular junction
as an example, it is observed that the influences on the
conductance can be summarized as follows: (1) the
slope of the transition between two steps is smoothed,
(2) the plateau of conductance is narrowed, and (3)
the value of conductance at high voltage is lowered.
The I — V curves are consistent with the experimen-

tal measurement quite well.
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