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We used the self-consistent method-based density functional theory (DFT) and non-equilibrium Green’s
function (NEGF) to simulate molecular transport. Our numerical calculations for the organic molecular
measurement made by Reichert et al. (Phys. Rev. Lett., 2002, 88: 176804) and for the alkanedithiols
measurement made by Xu et al. (Science, 2003, 301: 1221) met the related experimental values quite
well. This means that the first-principles calculations based on DFT and NEGF can well explain the
conduction measurements of some large molecules. The numerical study reveals the fact that molecular
conduction does not obey the classic law; in stead it illustrates the quantum behavior. We designed
active molecular transistors controlled by the gate bias with high working frequency. They may be the

next generation electronic devices.
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1 Introduction

Significant advances have been made in silicon-based
CMOS devices in the past half century. It is expected
that the minimization of semiconductor devices will ap-
proach the quantum and economic limit within 10 to 15
years. The search for prospective candidates for silicon-
based semiconductor devices has become a worldwide ef-
fort. The suggestion that organic molecules may be the
next generation devices was initially put forward by Avi-
ram and Ratner in the 1970s [1]. In the recent decade
the experimental and theoretical achievements in molec-
ular conduction were made due to the developments of
nano-technology, such as scanning tunneling microscopy

(STM), atomic force microscopy, self-assembled mono-
layer methods, mechanically controllable break junction
(MCBJ), etc. The current—voltage I-V characteristics
of molecular devices show profound potential for appli-
cations, including the negative differential resistance and
switches, etc. Several experimental groups have reported
measurements of the I-V characteristics of some organic
small molecules [2—10]. These developments have at-
tracted great interest in modelling and understanding
the capabilities of the molecular conductor from the ba-
sic scientific and applied point of view [11—23].
Microminiaturization of electronic devices to the
molecular scale brings a new complication to the
transport study compared with macroscopic systems:
the treatment of the contacts between the microscale
molecule with the discrete energy levels and the macro-
scopic electrode with the continuous band structure. For
devices of molecular dimension, the contact becomes an
important part of the device, and the measured elec-
tronic characteristics depend on the coupling in detail.
The treatment of molecular devices requires the inclu-
sion of the semi-infinite gold contacts under bias, which
combines the theory of quantum transport with the elec-
tronic structure theory from the first-principles calcu-
lations. And the organic molecule and the macroscopic
electrodes should be treated on an equal footing, with the
whole open system, lead-molecule-lead, calculated self-
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consistently. The first effort for the first-principles cal-
culation of the molecular conduction was made by using
the Lippman—Schwinger equation and the jellium model
for the semi-infinity leads [12]. The plane wave repre-
sentation in their calculation was very large to treat the
local interface coupling, which prevented the method in
the use of the large molecules.

Taylor et al. [13] adopted the density functional the-
ory (DFT) associated with the non-equilibrium Green’s
function (NEGF) method to deal with transport problem
of the nanotube system. The method successfully de-
scribes the transport behavior of the open system at the
level of the electronic structure calculation, and soon was
used in the study of the molecular circuit. In Taylor’s
work, the DFT calculation of the electronic structure
was made with the quantum chemistry software Siesta,
while Damle [14, 15] and Xue [16] applied the commer-
cial quantum chemistry software Gaussian 98 to do the
same work. Both Taylor and Xue used tight-binding pa-
rameters obtained by fitting accurate augmented-plane-
wave calculation of band-structure to describe contacts
of quasi-1-D leads. Damle obtained the data from the
DFT calculation of the finite gold cluster first, then cal-
culated the surface Green’s function (SGF) of 3-D lat-
tice by the tight-binding method. Following Damle et al.
[14, 15] we adopted 3-D lattice, based on the DFT tight-
binding model, to deal with electrodes [24]. We used
the standard quantum chemistry software Gaussian 03
[25], of which the convergency is improved to a large ex-
tent, to calculate the electronic structure for both the
organic molecule and the macroscopic electrodes and co-
operated with the NEGF theory to build the electronic
transport theory of the open system. Originally, both
Siesta and Gaussian softwares were designed only for the
self-consistent calculations of the isolated system, used in
quantum chemistry. Now the self-consistent calculations
should be extended to the open system in the molecular
circuit [12—16, 24].

2 Theory of quantum transport in the first-
principles calculations

In the computation of molecular conduction, the sulfur
atom is usually used to connect the organic molecule and
the gold lead, sitting on the hollow position of its three
nearest-neighboring surface gold atoms. The separation
between the gold surface and the sulfur atom is about
2.0 A. The metal/molecule/metal system is partitioned
into two parts: the molecule bridging the junction of
the gold electrodes, and the lead part, two semi-infinite
Au leads (source and drain). The external applied bias
drives the system out of equilibrium, and the current
through this system is measured at different bias. The
calculation is made self-consistently by using DFT coop-

Hao CHEN, Front. Phys. China, 2009, 4(3)

erated with NEGF formalism.
The retarded Green’s function of the molecule is de-
fined as:

GY = (EYSy — Fy —2f —3f)~* (1)

where Gﬁ[, Swr, Far are the retarded Green’s function,
overlap matrix, and Fock matrix of the molecule part,
respectively. ET denotes energy plus an infinitesimal
imaginary part (usually 107° or 107%). The retarded
self-energy Lt (XF) of the left (right) side, describing
the contribution from the semi-infinite lead, is calculated
from SGF gf (¢¥)

S F = (B Syi — Fari)gF(E* Sins — Fin) (2)

with ¢ = 1,2. The coupling matrices Sys; and Fy,; are
extracted from the DFT calculation for the extended
molecule, which includes three sulfur-nearest-neighbor
gold atoms on each side. As an improvement, one may
include several gold atoms in the molecule, and move
the molecule-lead interface inside the gold electrode in
the cost of the more computational times.

In the calculation, the lead is treated as a three-
dimensional one with the semi-infinite periodic bulk lat-
tice. The SGF in the transversal k space representation
is calculated iteratively by the tight binding method in
the gold FCC (111) direction:

(98)~1 = BTS00 — Foo — (ETSo1 — Fon)

gR(E*SS, - F) (3)

where Spo, Foo represent the overlap and Fock matrix of
the surface layer in k space representation, and Sy1, Fo1
represent the counterparts between the surface layer and
the nearest layer. They are all calculated by the DFT
method through Gaussian 03. The SGF in the real space
is obtained from the Fourier expansion:

gfij = gf("'i - rj) = ]1[ Zgl{felk.(mim) (4)

k
where N is the number of points in the 2-D Brillouin
zone, or the number of unit cells in the lead surface (usu-
ally, 11 x 11 unit cell is enough).

The density matrix of the open system is the essen-
tial function of the whole self-consistent scheme. It
can be achieved by the integration of the Keldysh non-
equilibrium Green’s function G<(F)

o= [ T AB[iG=(B)/ @)

— 00

()
(6)

with the advanced Green’s function G4 = (GF)T. The
Fermi distribution of the left (right) lead in equilib-

rium f;(E) =1/(e T 1), with the chemical potential

—iG< =GR ([T + f2I2)GY,



Hao CHEN, Front. Phys. China, 2009, 4(3)

1 1
w = FEf — 2eV and po = Ey + 2eV. The Fermi level

Ey of the bulk Au is set as a “common fitting parame-
ter” around the value of the work function (5.31 eV) of
the gold FCC structure in (111) direction to explain the
experimental results. In our work, Ey is —5.1 eV [15, 16,
24]. The zero point of the electrical potential is set at
the symmetrical center of the lead-molecule-lead system.
The broadening function of the left (right) lead I'y (I2),
which denotes the finite lifetime of electrons, is a real
symmetry matrix:

. [«R A
Iie) =112 00— 21 (7)

In the calculation, the density matrix is partitioned
into two parts:

p = p°d+ pd

(8)

where the equilibrium state contribution is obtained from
the integration along the real axis from —oo to Enyi, (be-
low the bottom energy of the molecule valence band)
and the one along the semicircle from Ep;, to E in the
complex contour, respectively (at zero temperature for
simplicity)

Ermin E
pl=—1I, (/ —i—]{ ) dEGE, (E)/n
— 00 Emin

pred = /°° AEGE, (f1Ih + f2T2)G4,/(27)

9)

(10)
It is noted that the second part of Eq. (9) is the con-
tribution from the valence electrons and its first part is
from the deep core level electrons, which can be inte-
grated by using —in to replace the self-energy. To check
the accuracy of the density matrix, the electron number
of the molecule is the touchstone

N = Tr(pSn) (11)

The molecule connected to the contacts under bias has
to keep neither the integer number of electrons, nor the
neutral states. There are some charges transferred be-
tween the molecule and the metal electrodes. The abso-
lute value of the transferred charges |dn| for most metal-
molecule combinations is usually much less than 1, and
the charges transferred are accumulated on the contact
surface. Getting the density matrix accurately, we can
calculate the total current for coherent transport

I= 2; /_ O:o dET(E)[f2(E) — f1(E)]

2e / h dETr (I GRIGY) [ f2(E) — f1(E))]

. (12)

—o0
where T'(E) is the transmission function.
The molecular density of states (DOS) is connected to
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the imaginary part of the retarded Green’s function:

DOS = —Im Tr(GE Sm) /7 (13)

In the whole calculation, the inner cycle of Gaussian
03 for the isolated molecule is replaced by the cycle for
the lead-molecule-lead open system under bias based on
NEGF.

3 Molecular current: two-order discrepancies
between theory and experiments

The first experiment, which proved the conductivity of
the organic molecule benzene, was made by Reed et al.
in 1997 [2], 23 years after the original idea of molec-
ular rectifier was proposed by Aviran and Ratner in
1974 [1]. The experiment successfully measured the I-
V' characteristic and the differential conductance for the
benzene-1,4-dithiolate molecule. Then, electron trans-
port through the phenyl dithiol (PDT) attracted inten-
sive experimental and theoretical interest. The main
theoretical approach is made in the level of the first-
principles calculation in terms of DFT combined with
the NEGF method. A great effort has been made the-
oretically to simulate the experimental -V curve and
conductance gap [12, 14—16, 24|, and reproduces the
shape of the -V curve. Among many theoretical ef-
forts, we built a program with the NEGF formalism as
the subroutines of the Gaussian03 software DFT pro-
gram to realize the first-principles study of the numerical
calculation for the organic molecule. Figure 1 illustrates
the calculated results for PDT with different distances
between the sulfur atom and Au(111) surface (a) 2.0 A
and (b) 2.1 A, where the sulfur atom sits on the hol-
low position of three nearest-neighbor surface gold atoms
[24]. All of the theoretical results for I-V curves of PDT
recover only the shape of the experimental current, not
the current magnitude. In fact, the reported experimen-
tal values for PDT current are two-order smaller than the
theoretical results. The reason for the two-order discrep-
ancy is still an open question. It is not clear where the
discrepancy comes from. It is from the theoretical side
or the experimental one? Fortunately, there are several
large organic molecules where the experimental measure-
ments of molecular conductance were recovered by the
DFT-NEGF-based first-principles calculations.
Reichert et al. [8] measured electron transport through
two types of conjugated molecules, asymmetric and sym-
metric, consisting of several phenyl rings by using the
mechanically controlled break junctions. Due to the fact
that their measurements were stable and re-producible,
their work attracted much attention and received many
citations. To investigate the transport behavior of the
above organic molecules theoretically, we optimized the
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Fig. 1 -V (dashed) and differential conductance (solid) curves of PDT system. The distance between the sulfur atom and

the Au (111) plane is (a) 2.0 A, (b) 2.1 A.

geometrical structures of the two molecules, and ob-
tained the structure consisting of coplanar phenyl rings,
with the significant 7 orbital overlap. Then we calcu-
lated the I-V curves at room temperature and low tem-
perature (30 K) through the asymmetric molecule 1,4-
Bis ((2’-para-mercaptophenyl)-ethinyl) - 2-acetyl-amino-
5-nitro-benzene (called rod 1) and symmetric molecule
9,10-Bis((2-para-mercaptophenyl)-ethinyl)-anthracene
(called rod 2).

The current through the Au-rod 1-Au junction and
its numerical differential conductance dI/dV at room
temperature are given in Fig. 2 [26]. A small plateau
around 0.5 V is found at 30 K as indicated by the arrow in
Fig. 2. The I-V characteristics are asymmetrical because
of the geometrical asymmetry. The calculated current
agrees with the measurement very well, especially for
bias around +1.0 V [8, 27]. The corresponding DOS and
transmission spectrum are shown in Fig. 3. The system is
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Fig. 2 The current (dashed—dotted curve) through the Au-rod
1-Au and its corresponding numerical differential conductance at
30 K (solid curve) and 300 K (dashed curve). The inset shows the
molecule connecting to the Au leads. The direction of the electric
field is given in the figure and the down-arrow indicates the small
plateau in conductance. For visibility, the conductance at 30 K is
offset by +0.1 ps.
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Fig. 3 The DOS and transmission spectrum of rod 1 without
bias and at RT (300 K). The dashed lines indicate the position of
fermi level. The arrows stand for the HOMO and LUMO of the
junction.

called the HOMO-based junction, because the fermi level
is close to HOMO level. Although the fermi level lies in
the gap between HOMO and LUMO, its DOS near the
fermi level is nonzero. The nonzero density of states,
stemming from the tail of occupied states and the hy-
bridization of the molecular orbital with the energy band
states of Au leads, provides the electrons and holes driven
by the external bias. The self-interaction correction
(SIC) in DFT calculation with the continuous exchange-
correlation approximation opens conduction-gaps in -V
characteristics, which is consistent with the experiments
for organic molecular conduction [28].

We also calculated the current through rod 2 and de-
pict the results in Fig. 4. Since the current is very sensi-
tive to the contact of the molecule-electrodes junctions,
the different binding site for a molecule between the elec-
trodes, its orientation, and the atomic scale geometry of
the molecule-electrode coupling can influence the mea-
surement significantly. Figure 4 gives an example, in
which we calculate the current with different couplings
to the gold leads. The coupling is determined by the
sulfur atom and gold surface separation directly. The
solid curve shows the case where the separation between
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Fig. 4 The current through the Au-rod 2-Au, with the sulfur
atoms at the para position. The solid curve represents the case
where molecule is coupled to the two leads equally and the dashed
curve stands for the current where its couplings are different.

the sulfur atom and its neighboring electrode surface is
2.0 A. The calculation presents a symmetrical curve due
to the identical couplings. If we fix the gold electrodes
and shift the molecule to the left electrode by 0.12 A, an
asymmetrical curve (dashed) is presented. The asymmet-
rical measurement occurs frequently in the experiments
because of the difficulty in control of the contact between
the molecule and the electrode. In order to reveal the
distinctive feature, the conductance histogram or statis-
tical analysis is widely used [30, 31]. The topological
effect of rod 2 is further studied, as reported by Mayor
et al. [32] Its geometrical structure, called rod 3, is pre-
sented in the inset of Fig. 5. The sulfur atoms connect
electrodes through the meta positions and the separation
between S atom and gold surface is 2.0 A. The connection
of the meta position changes the electronic structure sig-
nificantly. Figure 6 illustrates the molecular orbitals of
HOMO and LUMO for both isomers, which is important
for the transport property. It is found that the HOMO
and LUMO of the para position substituted molecule are
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extensive, which facilitates the current to flow, while for
meta substitution, the HOMO and LUMO are localized
and the current is insensitive to the bias.
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Fig. 5 The topology effect of the Au-rod 3-Au. The inset shows
the geometrical structure where the sulfur atoms are in the meta
position of the compound.

4 Quantum properties of molecular wires and
devices

In molecular electronics the classic theory does not
work; electron transport obeys the quantum theory, one
of which is the quantum length dependence of con-
ductance of oligothiophene-CHs molecules. The cal-
culated I-V characteristics of (n)T1DTs, PPh(n)DTs,
and PA(n)DTs are shown in Fig. 7 with multiple thio-
phene rings (a) or benzene rings (b), (¢) [33]. For the
oligomer with 2 benzene rings, n = 2, PA(2)DT and
PPh(2)DT are the same molecule, called naphthalene
dithiolate (NaDT) [34]. Before the transport calcula-
tions, the optimum structures of (n)T1DTs molecules are
achieved from the density functional theory. (n)T1DTs
with a small conductance gap have a bigger current than
the other two oligomers. Their length dependence of con-

Fig. 6 HOMO (left) and LUMO (right) orbitals of two isomers with sulphur atoms in the para position (top panel) and meta

position (bottom panel) respectively.
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ductance is unusually non-classical under low bias [Fig.
7(a)]: the long oligomers have large conductance, which
is well consistent with the experiment results [35], where
the authors measured I-V curves for 3T1DT and 4T1DT
in the bias regime below 1 V and found that the con-
ductance of 3T1DT is smaller than 4T1DTs’. Not only
does our calculated length dependance of conduction
for oligomer (n)T1DTs agree with the experiment re-
sult, but it also shows a complicated oscillated behav-
ior of the length dependance of conduction for the bias
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Fig. 7 I-V characteristics of the three oligomers. (a) (n)TDTs
show the unusual length dependence in the low bias regime,
V < 1.2 V, and the oscillated length dependence at the high bias.
(b) PPh(n)DTs show a classical-like length dependence. The in-
set illustrates the Magoga’s exponential law at low bias V = 0.4
V. (c¢) PA(n)DTs present the classical-like length dependence at
the low bias regime V' < 1.2 V and the unusual quantum length
dependence at the high bias. The inset illustrates the Magoga’s
exponential law at low bias V =10.4 V.
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above 1.2 V. Of course, the discrepancy of the absolute
magnitude of the current between the calculation and the
experiment is quite obvious, about two orders apart. It
is also an open question, like the case of benzene current
discussed in Section 3.

PPh(n)DTs illustrate the classical-like length depen-
dence under voltage less than 3 V [Fig. 7(b)], and Ma-
goga’s exponential law [36] G = Gpe 7L qualitatively
under low bias V' = 0.4 V [inset of Fig. 7(b)]. Figure
7(c) shows a different conductance length dependence
for PA(n)DTs. Under small bias voltage (V = 0.4 V),
Magoga’s conductance exponential law is still satisfied
[inset of Fig. 7(c)], which is consistent with the recent
experiment results [37]. But at high bias, the exponential
law breaks down; some longer molecules have higher con-
ductance than shorter ones, which illustrates an irregu-
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Fig. 8 DOS as a function of energy of the three oligomers
with the gold contacts (shifted vertically for visibility). (a) For
(n)T1DTs, the increase in the number of thiophene ring results
in an increase of the value of DOS at Er and a reduction of the
HOMO-LUMO gap. (b) For PPh(n)DTs, with the increase of
benzene ring, DOS at Eg decreases and and the HOMO-LUMO
gap increases. (c) For PA(n)DTs, with the increase of benzene
ring, both DOS at Er and the HOMO-LUMO gap decrease.
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lar conductance oscillation with respect to the molecular
length.

The investigation for non-equilibrium transport of
electrons in molecular electronics is based on the molecu-
lar orbital theory, while the distribution of the molecular
levels determines the transport property. Coupling be-
tween the molecule and Au electrodes plays an important
role in electronic transport, which expands the discrete
molecular levels to a continuous spectrum of density of
stats (DOS). Figure 8 illustrates the DOS of equilibrium
for the three types of oligomers sandwiched between two
gold electrodes, which dominates the molecular transport
behavior.

To investigate the exponential law of the alkanedithi-
ols, we calculated their -V characteristics. The results
are plotted in two figures, Fig. 9(a) and (b) [38]. The
small applied bias (less than 0.2 V) keeps the exponen-
tial law valid, where only tunneling transmission occurs
without resonant transmission. In the tunneling regime,
the I-V curves will keep linear. At a given bias, the
current decreases sharply when the number of methy-
lene in alkane increases, which is just the exponential
decay law [39, 40]. The resistance of the lead-molecule-
lead system conforms with Magoga’s exponential law,
R = Rgpexp(yL). Although the measured values of the
conductance damping factor v are in accordance with
each other, the contact resistance R is a bit contro-
versial. The measured values of Ry in the past years
dispersed in a large region. The situation has improved
in recent years, with the measured values of the contact
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Fig. 9 -V characteristics of the n-alkanedithiols for (a) n =
2,4,6 and (b) for n = 6,8,10,12. Putting the results into two
plots is for clarity.
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resistance Ry reduced from the early values of 107 Q
[41—43] to the recent values of 10* Q [10, 44, 45]. In
Fig. 10 our calculated value of the contact resistance Ry
is in good consonance with the result of Ref. [10]. This is
another good example of the calculated results conform-
ing with the experiments in molecular electronics.

10"

10

10

Resistance /
=

¢ Tao
O Calculated

3
0 2 4 6 8 10 12
Number of carbons

—_

Fig. 10 Semilog of the resistance versus the number of
methylenes in alkanedithiols. Our calculated results (circles) are
in good agreement with the results of Ref. [10] (diamonds).

5 Molecular transistors

Finding new active molecular devices has been one of
the main goals in the study of molecular electronics. Or-
ganic molecules can be used as the electronic switch to
control their electronic transport properties by electrical
or photo signals.

Reed et al. [46] reported a molecular switch con-
sisting of three aromatic phenyl rings in series. The
middle ring of the molecule 2/-amin0—4—ethynylphenyl-
4'-ethynylphenyl-5"-nitro- 1-benzenethiol rotates with re-
spect to the side benzene rings. The dipole composed of
donor NH, and acceptor NOg, attached to the middle
benzene, is driven by the external field to switch the
molecule between on and off states. We calculated its
switch behavior and illustrated the effect of the molecu-
lar configuration on the switch current [47]. The energy
levels of the isolated molecule corresponding to the differ-
ent rotations are illustrated by the inset of Fig. 11. With
leads attached, the self-energy effect and the charge effect
cause the molecular energy levels to be broadened and
shifted. In Fig. 11 the I-V curves are steep for a < 30°,
since both HOMO and LUMO are responsible for the
rising of current. From 30° to 60°, the switch effect due
to the rotation is more apparent than the case a < 30°.

We designed a bistable molecular switch, triggered be-
tween two molecule configurations by using an applied
electric field [48]. The switch has two chiral states that
The
molecular switch is a stator-rotor switch, consisting of
the stationary bridge (stator) and the -NHy donor group
(rotor). The Coulomb interaction between the donor and
the two hydrogen atoms at the low part of the stator

share very similar electronic structure originally.
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causes two stable states for the system. The charging
effect, which changes the electronic structures in differ-
ent way, causes the I-V curves to be distinguishable.
Figure 12 presents the configuration of the molecular
switch, which has good switch performance with large
ratio Istatcl/IstatcO-

. Or —a—
oS : o ol
[ A ol —A— G0’
: s —v— 90
30 " <
- o 4}
< o L L L L
%’ 20k %D —6F _H ~H H H
E =
O —8r =
10 . . . . .
A -30 0 30 60 90 120
‘\‘L‘_ ""--‘__ L «
g = e
0 fv—v—v—v— =A== —r—F——9—9—9—2—1
" 1 " 1 " 1 " 1
—4 -3 -2 -1 0

Voltage / V

Fig. 11 -V curves of 2/-amino-4-ethynylphenyl-4’-ethynylph-
enyl-5’-nitro-1-benzenethiol with gold contacts through sulfur
atoms from both sides corresponding to a = 0°, 30°, 60°, and
90°. The inset shows the corresponding energy levels of the iso-
lated molecule.
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Fig. 12 [-V characteristics for donor -NH2, and their geometries
of two states.

The goal of our research was to build the molecu-
lar transistor used in the CPU of the computer. The
molecular transistors should work at very high frequency.
We designed several kinds of molecular devices to meet
the requirement [49]. They are all driven by the trans-
verse electric field, and work without any configuration
variations. To present the possibility of organic molec-
ular devices controlled by the gate bias, the I-V char-
acteristic of several molecular transistors are illustrated
with the electron number deviation from the equilibrium
state. Figure 13 shows the -V curve for three-fused-ring
thiophene (a) and seven-fused-ring thiophene (b). The
pentacene-dithiol (Fig. 14) and five-number-anthracene-
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dithiol (Fig. 15) also illustrated the good controllable
property with good potential as the next generation elec-
tronic devices.
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Fig. 13 I-V curves of two fused-ring thiophenes corresponding to
the different transverse field: 3-fused-ring thiophene (a), 7-fused-
ring thiophene (b). The inset shows the a electron number devi-
ation from the equilibrium state with the modulation of bias.
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Fig. 14 -V curves of pentacene-dithiol corresponding to the
different gate bias. The inset shows the variation of « electron
number relative to that in equilibrium with the change of bias.

The numerical results show that it is possible to con-
trol the current through the molecular devices by the
gate bias. Organic molecules consisting of the phenyl
ring present the strong potential to be molecular tran-
sistors with high operation frequency.
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Fig. 15 [-V curves of anthracene-dithiol corresponding to the
different gate bias. The inset shows the transfer characteristic
curves of anthracene-dithiol and pentacene-dithiol corresponding
to the Vg = —0.2 V.

6 Summary

We used the self-consistent method based on DFT and
NEGF to simulate molecule transport. We expected to
solve transport problem from the first-principles calcula-
tions in order to predict the transport characteristics of
organic molecules and identify the experimental results
from the theoretical point of view. We used Gaussian 03
to obtain the electronic structure and at the same time,
with breaking the self-consistent iteration cycle inside
Gaussian, to replace the density matrix of the isolated
molecule with the density matrix of the open system,
and run self-consistent iteration until the density matrix
converges within an acceptable accuracy.

Although there are still two-order discrepancies of
molecular conduction between theory and experiments
for the simplest conjugated molecule, the benzene-1,4-
dithiol, after 10 years effort [8], we have made some ad-
vances to approach the open question in the study of
molecular conduction. Our numerical calculations for
the organic molecular measurement made by Reichert et
al. [8] and for the alkanedithiols measurement made by
Xu et al. [10] meet the related experimental values quite
well. Tt is important evidence: the first-principles calcu-
lations based on DFT and NEGF can explain the mea-
surements of some large molecules. For the single ben-
zene, the distance between two electrodes is very small,
which makes the conduction measurement very difficult.
It is expected that the improved experiments may over-
come the two-order discrepancies of benzene conduction
between theory and experiments.

The study of the quantum properties of molecular
wires and the design of molecular transistors are in-
teresting research areas, which may lead to the birth
of the next generation electronic devices. Besides the
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study of the inelastic current—voltage spectroscopy of
single molecule [22, 23], the self-interaction correction in
DFT [50], and molecular spintronics [51] have achieved
much advances in recent years. We expect the significant
progress in the active direction.
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