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We use a self-consistent method to study phenyl dithiol transport from the first-principles calculations. The
calculated current and differential conductance are supported by the famous experimental results [Reed et al.,
Science 278, 252 (1997)]. We investigate the coupling effects between the sulfur atom and the metal surface
by adjusting their distance in a very small range, and find that the charge carriers responsible for the initial rise
of the current can be changed from holes to electrons. We calculate the /-V behaviors of the naphthalene-dithiol
and anthracene-dithiol dressed by the gold electrodes. The numerical results present the quantum behaviors that
are in agreement with the recent experiments for the anthrylacetylene by Zareie et al. [Nano Lett. 3, 139

(2003)].
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I. INTRODUCTION

Recently, the search for new active molecular devices be-
comes a worldwide effort as these devices represent the ul-
timate size limit of functional devices. The current-voltage
(I-V) characteristics of the molecular devices show profound
potential for applications, including the negative differential
resistance and switches, etc. Several experimental groups re-
ported measurements of the /-V characteristics of small num-
bers of molecules.'”'3 These developments attracted much
attention from the semiconductor industry, and caused a
great interest in modelling and understanding the capabilities
of the molecular conductor from the basic scientific and ap-
plied point of view.'4-3!

Traditionally, electronic transport phenomena are studied
in the context of bulk semiconductor devices, the theoretical
description of which is largely built on two premises, the
effective-mass approximation and the Boltzmann transport
equation. The situation changes dramatically for the molecu-
lar devices. At the molecular scale, the effective-mass ap-
proximation breaks down and the electronic structure of the
system must be taken explicitly into account. Microminiatur-
ization of the electronic devices to the molecular scale brings
another complication in the transport study compared with
macroscopic systems, the treatment of contacts. In macro-
scopic transport, the details of contacts are usually not im-
portant. However, for the devices of molecular dimension,
the contact becomes an important part of the device and the
measured electronic characteristics depend on the details of
the coupling between the molecule and the macroscopic
electrode with the band structure. In a word, transport in
molecular devices is different from that in semiconductor
devices in two aspects, (1) the effect of the electronic struc-
ture and (2) the effect of contact. The rigorous treatment of
molecular devices requires the inclusion of the semi-infinite
gold contacts under bias. This calls for combining the theory
of quantum transport with the theory of electronic structure
starting from the first-principles calculations.

From the theoretical point of view, it is a serious chal-
lenge to accurately predict quantum transport properties of

1098-0121/2005/72(15)/155408(10)/$23.00

155408-1

PACS number(s): 73.23.—b, 85.65.+h, 31.15.Ar

molecular devices in the first-principles level. The macro-
scopical electrodes and the organical molecule should be
treated on an equal footing, with the whole open system,
lead-molecule-lead, calculated self-consistently. Di Ventra'd
adopted the jellium model to deal with semi-infinity leads
and Lippman-Schwinger equation to deal with the electronic
structure, while Xue,'® Damle,'”!® and Taylor'?! adopted
density functional theory (DFT) calculations for the central
molecule and the basic group of the semi-infinity leads asso-
ciated with nonequilibrium Green’s function (NEGF) to deal
with the transport problem. In Taylor’s work, the quantum
chemistry software Siesta provided the DFT calculation,
while in the calculations of Damle and Xue the sophisticated
quantum chemistry software GAUSSIAN9S did the same work.
Both Taylor and Xue used tight-binding parameters obtained
by fitting accurate augmented-plane-wave calculation of
band structure to describe contacts of quasi-one-dimensional
(quasi-1D) leads. Damle obtained the data from the finite
cluster first, then resumed these data according to the lattice
symmetry, and finally calculated the surface Green’s function
(SGF) of the three-dimensional (3D) lattice. Following
Damle et al.''® we adopt 3D lattice, based on DFT tight-
binding model, to deal with electrode. We use the standard
quantum chemistry software GAUSSIANO3,> of which the
convergency is improved to a large extent, to calculate the
electronic structure for both the organic molecule and the
macroscopical electrodes and cooperate with the nonequilib-
rium Green’s function theory to build electronic transport
theory of the open system. At present the Gaussian software
is designed only for the self-consistent calculations of the
isolated system, used in the quantum chemistry. So it should
be developed to deal with the quantum transport problem of
the open system.!3-2!

The paper is organized as follows. In Sec. II, we give a
detailed description of the theoretical formulism and the
computational details. We use our code to study the transport
characteristic of molecular devices such as phenyl dithiol
(PDT), the naphthalene-dithiol, and the anthracene-dithiol in
Sec. III. Finally, we summarize our work and give our ex-
pectations for the future work.
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II. THEORETICAL FORMULA AND COMPUTATIONAL
DETAILS

For the lead-molecule-lead system, coupling between the
molecule and the leads plays a crucial role in quantum trans-
port. Being computationally tractable, the whole system is
partitioned into the molecule part and the lead part so that
these two parts are dealt with separately. The nonequilibrium
Green’s function theory provides a powerful method to give
a full description of transport phenomena.

The retarded Green’s function satisfies the matrix equa-
tion

> (E*S; ) — Fi,k)Gf,j(E) =0 (1)
k

where E* denotes energy plus an infinitesimal imaginary part
(usually 107 or 1079), S represents the orbital overlap ma-
trix, and F the Fock matrix.

After partitioning Eq. (1) into the molecule part and the
lead part, we obtain the Dyson equation

GR = (E*Sy - Fy = 38381, ()

where Gﬁ,S w»Fy are the retarded Green’s function, overlap
matrix and Fock matrix of the molecule part, respectively.
SR(EE), the retarded self-energy of the left-hand (right-hand)
side, is calculated from SGF gf(g%),

Ef =(E"Sy;— FMi)gf(EJrSiM - Fin) (3)

with i=1,2. The coupling matrices S,,; and Fy,; are extracted
from the DFT calculation for the extended molecule (mol-
ecule with three Au atoms on each side).

In our calculation, the lead is considered as a truly three-
dimensional one with the semi-infinite periodic bulk lattice.

The SGF in k space representation is calculated iteratively in
the gold FCC (111) direction

R\ _ R +
(87)™" = E*Soo— Foo— (E*So1 = For)g (E*Sh - Fiy). (4)

where Sy, Fo represent the overlap and Fock matrix of the

surface layer in k space representation, and Sy, Fy; represent
the counterparts between the surface layer and the nearest
layer. They are all calculated by DFT method through
GAUSSIANO3. The SGF in the real space is obtained from the
Fourier expansion

- -1 R it(rer
giij = gf(ri - r]) = ]T]Z gl;etk (r; f,)’ (5)
k

where N is the number of points in the two-dimensional (2D)
Brillouin zone, or the number of unit cells in the lead surface
(usually, 11X 11 unit cell is enough).

The density matrix of the open system is the essential
function of the whole self-consistent scheme. It can be
achieved by the Keldysh Green’s function

p= f ’ dE[-iG=(E)2], (6)
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The advanced Green’s function G*=(GR)', f,(f,) is the
Fermi distribution of the left (right) lead in equilibrium.
FAE)=1/(e BT 1 1) with p,=E,;~5eV, py=Ep+%eV, and
the Fermi level of the bulk Au E,. 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';(I'y), which denotes the finite lifetime of
the electron, is a real symmetry matrix

Ty =iEf) -2l (8)

With the help of the total density of states (DOS), the Fermi
energy is accurately determined from the correct number of
electron inside the molecule. Unfortunately, the DOS inside
the highest occupied molecular orbital and/or lowest unoccu-
pied molecular orbital (HOMO-LUMO) gap is quite small,
making the precise location of the Fermi energy very sensi-
tive to level broadening. So treating Ey as a “fitting param-
eter” around the value of the work function (5.31 eV) of the
gold FCC structure in (111) direction may be a reasonable
approximation at this stage of research work, when trying to
explain the experimental [-V curve. In our work, E; is
=5.1eV.

In the calculation the density matrix is partitioned into
two parts

p=pi+p™, ©)
where the equilibrium state contribution is obtained from the
integration along the real axis from — to E, (below the
bottom energy of the molecule valence band) and the one
along the semicircle from E), to u; in the complex contour,
respectively (at zero temperature for simplicity),

l EI; M
peq:—_lml<J +é )dEGf,[(E)i|, (10)
au —oo E,

1 Mo
pred = gy f dEGRT,G4,. (11)
Ky

It is noted that the second part of Eq. (10) is the contribution
from the valence electrons and its first part is from the deep
core level electrons, which can be integrated by using —i# to
replace the self-energy. Without the density matrix evaluated
accurately, the I-V curve will be trustless. To check the ac-
curacy of the density matrix, the electron number of the mol-
ecule is the touchstone

N=Tr(pS,). (12)

The molecule connected to the contacts under bias must keep
neither the integer number of electrons, nor the neutral states.
There are some charges transferred between the molecule
and the metal electrodes. The absolute value of the trans-
ferred charges |6n| for most metal-molecule combinations is
usually much less than one and the charges transferred are
accumulated on the contact surface. Getting the density ma-
trix accurately, we can calculate the total current for coherent
transport,
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_ 2; dET(EV)fAE) - f(E)]

—00

= %Jx dE Tr(FlGRF2GA)[f2(E) —f] (E)]’ (13)

—0

where T(E,V) is the transmission function.
The molecular DOS is connected to the imaginary part of
the retarded Green’s function,

1
DOS =— — Im Tr(GX.S,)). (14)
a

In the calculation mentioned above, the inner cycle of
GAUSSIANO3 is replaced by the cycle containing lead-
molecule-lead open system under bias based on NEGF. The
procedure for solution is summarized step-by-step as fol-
lows:

(1) For a particular device with contacts, all the matrices
are expressed in the appropriate basis. The ab initio Hamil-
tonian matrix is obtained using GAUSSIANO3.

(2) Then compute the contact self-energy functions.

(3) For the self-consistent procedure, start with a guess
for the density matrix of the molecule. The guess may be
obtained from the converged density matrix of GAUSSIANO3
calculation for the isolated molecule.

(4) Calculate the density matrix using Eq. (9).

(5) Feedback the density matrix to Gaussian’s main rou-
tine with the “field” option to present the electrical field
along the transport direction due to the bias applied to the
molecule, one obtains a new density matrix.

(6) Tterate step (4) and (5) until one obtains the converged
density matrix within the acceptable accuracy, then use this
matrix to calculate the terminal current and the DOS of the
molecule.

In this paper, we adopt density functional theory with
B3PWO1 exchange-correlation potential and LANL2DZ ba-
sis to calculate the electronic structure and the Hamiltonian.
The basis set associates with the effective core potential
(ECP) which are specially suited for the fifth-row (Cs-Au)
elements with considering the Darwin relativistic effect.

III. RESULTS AND DISCUSSIONS

The phenyl dithiol is one of the most intensively studied
systems experimentally and theoretically for electron trans-
port through molecules. Although great effort has been made
theoretically to simulate the experimental /-V curve and con-
ductance gap,"'>!7 there is a big gap between the calcula-
tions and the experimental results, which needs further im-
provement.

With PDT connected to two gold leads, there are two
kinds of geometric configurations usually. The sulfur atom
sits directly on the top position of a surface gold atom or the
hollow position of three nearest-neighbor surface gold at-
oms. As a conventionally accepted picture the latter is
adopted in this paper, and the coupling between the organic
molecule and the gold leads is obtained exactly from the
DFT numerical calculation for the supermolecule, which in-
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FIG. 1. (Color online) An open system, lead-PDT-lead. In the
lead’s calculation, three Au layers are used whose atom numbers are
3, 22, 3, respectively. The sulfur atom of PDT sits on the hollow
position of three nearest neighbor gold atoms.

cludes three nearest-neighbor gold atoms of the sulfur atom
on each side. The perpendicular distance between the sulfur
atom and the Au FCC (111) surface plane is 2.0 A, a usually
acceptable distance. Figure 1 shows the PDT dressed by the
gold electrodes. In the gold lead the parallel planes ABC are
aligned in Au (111) direction, starting from the surface and
extending to the infinite sequence ABCABC, etc., with lattice
parameter 2.883 79 A. We use 28 gold atoms as the calcu-
lated model (Fig. 1).'® Seven atoms in the central hexagon of
plane B, which are the nearest neighbors of three gold atoms
in surface A, other 15 atoms around in plane B, which only
play an auxiliary role to decrease the edge effect, and three
gold atoms in plane C, which are the nearest neighbors of the
central gold atom in plane B, for reducing the edge effect.
The model is calculated by DFT method to extract the ma-
trixes Sop, Foo» So1» and Fy, in Eq. (4). By using the tight-
binding method, the SGF is achieved by Egs. (4) and (5) for
three gold atoms in surface A of the semi-infinite gold lead.
The self-energy functions, which describe the influence of
the electrodes on the central molecule, provide the important
contribution to the self-consistent calculations of the open
system. They are calculated by DFT and the tight-binding
(for SGF) calculations [Eq. (3)], but not self-consistently ob-
tained themselves in the open system, to avoid very heavy
calculations. The more accurate calculation shows the self-
energy functions are mainly determined by the distance be-
tween the S atom and Au surface, the charge effect is sec-
ondary. In the calculations, only zero temperature is
concerned with for simplicity and the finite temperatures will
not change the results in essence.

The lowest unoccupied molecular orbital, the highest oc-
cupied molecular orbital, and the related levels nearby of the
isolated PDT are labelled in Fig. 2(a). Compared to the
HOMO and LUMO positions of the isolated molecule (in the
figure, HOMO is at —=6.72 ¢V, LUMO is at —=5.02 eV), both
broadened HOMO and sharp LUMO are shifted in the lead-
PDT-lead system. The situation is well expected since the
LUMO of isolated PDT is localized on the phenyl ring, while
its HOMO is delocalized over the molecule. It is reasonable
since the states localized on the ring have little interaction
with contacts that results in the longer lifetime of electrons,
with small broadening and the sharp peaks in the DOS. In
the HOMO-LUMO gap of the molecule-electrode system
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FIG. 2. (Color online) DOS (solid) and T (dashed) as functions of energy of PDT system with V=0 V. The horizontal lines show the
energy levels of the isolated PDT. The distance between the sulfur atom and the Au FCC (111) surface plane is (a) 2.0 A, (b) 2.1 A.

there are many small states, called as the metal-induced gap
states (MIGS), which are due to the hybridization of the
metal surface states with the molecule states. The Fermi level
E/-5.10 eV) is almost in the center of the HOMO-LUMO
gap. The alpha electron number of the isolated PDT given by
Gaussian is 26. Twenty of them are valence electrons, which
give the main contribution to the current and the other six are
deep core level electrons. In the open system of the closed-
shell PDT the theoretical calculation shows the alpha elec-
tron number is over 25.8 and the beta electron number is the
same. The charges transferred from the molecule to the metal
electrodes |&n| is less than 0.2. The fact that the number of
states below the Fermi energy is equal to the number of
electrons in the molecule does not require the electron num-
ber to be equal to an integer number. As mentioned above, a

10 —

Bias=4.0V

DOSandT

molecule connected to the circuit does not remain exactly
neutral. It picks up a fractional charge depending on the
work function of the metal and the distance between S atom
and Au contact surface. The introduction of self-energy func-
tions results in shift and broadening of energy levels, and the
appearance of MIGS in the HOMO-LUMO gap. Despite the
shift of HOMO is not small (0.7 eV), the broadening of en-
ergy levels tend to keep the system neutral.* At the begin-
ning of the iteration process the initial guessed Fock matrix,
which is the converged Fock matrix of the isolated molecule,
does not keep the system electrical-neutral (the system often
loses or gains more than one electron) without meeting the
converged condition. With the iteration converged, the sys-
tem reaches the state near the electrical-neutral condition.

FIG. 3. (Color online) DOS
and T of the lead-PDT-lead sys-
tem with bias V=4.0 V. The dis-
tance between the sulfur atom and
the Au (111) surface plane is
2.0 A.
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FIG. 4. (Color online) I-V (dashed) and differential conductance (solid) curves of the PDT system. The distance between the sulfur atom

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

In comparison with Fig. 2, which shows the DOS and T of
PDT connected to two leads in equilibrium at bias V=0V,
Fig. 3 illustrates the positions of the peaks of DOS and T in
nonequilibrium at bias V=4.0 V, that shows the peaks float
up with the bias. In fact, with the bias below 3.0 V, the
energy levels do not shift much since u, does not get across
the LUMO, charging effects have not come into the picture.
When the bias exceeds 3.0 V and u, begins to get across the
LUMO, the electrons start to fill the LUMO, with the energy
levels above the LUMO floating up due to the charging ef-
fect. Since the energy levels below the HOMO are always
occupied by electrons, so the shift effect of energy levels is
not apparent. The adjustment of energy levels also tries to
keep the molecule system neutral.

Figure 4(a) illustrates the I-V curve of PDT with the per-
pendicular distance of the S atom in the hollow position to
Au (111) plane d=2.0A as a function of bias from
-5.0 V to +5.0 V, using the self-consistent method, in order
to compare it with the experimental results. In the low bias
region from —0.5 V to +0.5 V, the molecule is in the linear

< 1e0- e
E’ —— SCMopen 4

) - - - SCMiso 2
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FIG. 5. (Color online) I-V of PDT dressed by two Au contacts
with SCMiso (dashed) and SCMopen (solid).

response region due to the HOMO-LUMO gap with small
DOS and small T(E,V), and the current rises slowly. The
transport behavior is confirmed by Fig. 2(a). Outside the lin-
ear response region, the increasing current becomes visible
in Fig. 4(a). For the bias larger than 3.0 V, the current has a
steep rise due to the contributions from both HOMO and
LUMO. For the bias is close to 5.0 V, the rise of current
becomes slow due to the lack of the states above —3.0 eV.
The I-V curve is symmetric for the positive and negative bias
since the PDT molecule is symmetric for the left and right
electrodes.

This transport picture is well described with full details by
the differential conductance (dI/dV), which is defined as the
derivative of the current with respect to the external bias and
accurately reflects the relationship between the current and
the bias. In the linear response region, there is a conductance
gap within 1.0 V, in consonance with the very small current.
Outside this region, the differential conductance goes up
continuously in agreement with the rapid rise of the current.
With the bias approaching to 5.0 V, there is a drop in the
differential conductance corresponding to the diminution of

anthracene-dithol
naphthalene-dithiol
single PDT ;

®
o
1

Current(uA)

80 -

T T T T T 1
-3 -2 -1 0 1 2 3

Voltage(V)

FIG. 6. (Color online) I-V curves of three molecule structures,
anthracene-dithiol (dotted), naphthalene-dithiol (dashed), single
PDT (solid). The distance between the sulfur atom and the Au (111)
plane is 2.0 A.
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FIG. 7. (Color online) DOS and T of naphthalene-dithiol corresponding to the different biases. The distance between the sulfur atom and

the Au (111) plane is 2.0 A.

slope of the current curve. The differential conductance
curve is supported by the experiment.! The molecule resis-
tance makes the potential decline evenly distributed almost
in the whole PDT, not just concentrated around the atoms.

Figure 5 compares the current curves obtained by the self-
consistent method for the lead-molecule-lead open system
under bias (SCMopen) with that for the isolated molecule in
equilibrium (SCMiso), which was used for the benzene
derivatives.”® The SCMiso adopts the bulk Au DOS to con-
struct SGF with only diagonal elements?’ and the self-
consistent cycle of the isolated molecule inside Gaussian,
without considering the charge transfer effect. Despite the
SCMiso current (dotted line) presents the conductance gap,
the invariant current slope does not lead to the experimental
differential conductance, and the value of the current is al-
most twice as large as that of the SCMopen (solid line). With
SCMiso, the transferred electron number |n| > 3.0 shows it
is a crude approximation. Compared with the SCMiso, the
SCMopen illustrates the full theoretical consideration and the
advantages of small current and experiment favorable differ-
ential conductance.

Though the distance between the sulfur atom and Au
(111) surface plane 2.0 A is usually acceptable, the experi-
mentally available distance is still neither clear nor fixed.

According to our calculation, the current behavior is not sen-
sitive to small variation in the distance, for example, from
1.9 A to 2.2 A. The calculated results for the distance d
=2.1 A are shown in Fig. 2(b) and Fig. 4(b), comparing with
the result at 4=2.0 A in Fig. 2(a) and Fig. 4(a). In Fig. 2(b),
the broadened HOMO is closer to E; than the broetdened
LUMO with the change in distance. With d=2.1 A, the
transferred charges |dn| from the molecule to the metal are
also less than 0.2. In Fig. 4(b), the current value descends in
comparison with Fig. 4(a), due to the decreased coupling
between the molecule and the lead. But the behavior of the
curve agrees with that in Fig. 4(a) qualitatively. The differ-
ential conductance, which describes the details of current, is
not the same as the one in Fig. 4(a).

With the variation in the distance between the S atom and
Au contact surface from 2.0 A to 2.1 A, the initial rise of the
current all occurs at 3.0 V, but the charge carrier responsible
changes from hole to electron. At the higher bias, both elec-
tron and hole contribute to the current. Our results can be
compared with that of experiment qualitatively in the shape.
The difference between theory and experiment is only the
order. The reasonable explanation may be that we adopt
chemical bond to describe the interaction between S atom
and Au contact surface. In experiments the sulfur atom is
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FIG. 8. (Color online) The same as Fig. 7 for anthracene-dithiol.

absorbed on surface of the gold lead by so-called self-
assembly, which may have weaker coupling than the real
chemical bond, that we adopted in our calculation. This may
be the main reason that the measured current is smaller than
the calculated results. In our calculation the S— Au coupling
is fully involved in the supermolecule, therefore we treat the
organical molecule as the device to save the computer time
(basis LANL2DZ has 22 orbitals for each gold atom).
People realize that a single molecule is the smallest con-
ceivable entity that could be individually designed and ma-
nipulated in the electronic devices as an active unit. As a
single molecule device, PDT has virtues of small volume and
good stability. But in the range of small bias, its response to
external field is not sensitive enough. Therefore, we want to
search for a molecule with better qualities. Many people ap-
plied benzene derivatives with the donor or/and acceptor to
achieve the goal.’>?? Another way is to search for the mol-
ecules with different configurations. As an example, the ben-
zenes in parallel connection may present an improved de-
vice. Figure 6 presents the -V characteristics, respectively,
for the single PDT (solid line), naphthalene-dithiol (dashed
line), and anthracene-dithiol (dotted line) from —3.0 V to
+3.0 V with the distance parameter 2.0 A by the SCM pro-
gram (the configuration of the two molecules are optimized
in LANL2DZ basis set). The dashed line illustrates the typi-
cal potential barrier behavior, while the dotted line shows a

complicated behavior with higher current value. According
to the classical view, the naphthalene-dithiol (the anthracene-
dithiol) can be roughly regarded as the two (three) same
resistances in parallel connection. So, the current of the
naphthalene-dithiol (the anthracene-dithiol) should be about
twice (three) times as much as that of the single PDT. How-
ever, the numerical calculation shows that the current value
for naphthalene-dithiol or anthracene-dithiol is much larger
than the classical value. It is a unique quantum (nonohmic)
effect in molecule devices. The results are supported by the
recent experiment results,>* and can be explained by DOS
curves and transmission function curves. In Fig. 7, the verti-
cal lines denote the discrete energy levels of the isolated
naphthalene-dithiol. HOMO-1 is -6.63 eV, HOMO is
—6.61 eV, LUMO is —4.43 eV, and LUMO+1 is =2.11 eV.
When the molecule is coupled to contacts, the four peaks,
shifted and broadened, in the figure are HOMO, LUMO,
LUMO+1, and LUMO+2 from the left to the right. The
peak of DOS is continuously shifted to the high energy with
bias increased, because the Fermi level is close to the LUMO
in equilibrium, electrons fill the LUMO and the charging
energy causes the energy levels to float up with the bias
rising. The relative positions between HOMO, LUMO, and
E; makes the molecular device have the potential-barrier-like
transport behavior, the linear I-V behavior appears after the
conductance gap, for both the positive and negative biases.
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FIG. 9. (Color online) I-V curves of four molecule structures,
benzothiophene (dashed line), naphthalene-dithiol (dotted line),
thiophene (dashed-dotted line), and single PDT (solid line). The
distance between the sulfur atom and the Au (111) plane is 2.0 A.

In Fig. 8, four molecular levels of the isolated anthracene-
dithiol are labelled in the different figures to avoid crowd,
—-6.46 eV, —6.40 eV, —4.06 eV, and -2.52 eV from HOMO
—1 to LUMO+1. When anthracene-dithiol is connected to
two leads, HOMO is shifted to —=7.20 eV, LUMO to —4.9 eV
and LUMO+1 to -3.25 eV with E close to the LUMO. At
equilibrium the Fermi level is near the LUMO, with bias
increasing from zero w, grows up and fills the LUMO, the
charge interactions drive the molecular levels and DOS
peaks of anthracene up until u, reaches across the HOMO
(bias V=2.4 V) and wants to empty the HOMO, where the
charge losing effect is dominant over the charge gained one
and the molecular levels start to go down, especially for the
LUMO."8
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'3 ]
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o
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For molecular transport, not only benzene ring but also
thiophene ring are the devices we focus on. A transistor fully
composed of organic material was made by polythiophene in
199435 In the following, we use thiophene and ben-
zothiophene as an example to show some other complicated
transport behaviors in the molecular devices. Thiophene and
benzothiophene are all closed shell systems, whose valence
electron number are 18, 26 respectively. Thiophene has a
pentagon structure, whose bonds have different length. The
S—C bonds are long bonds, 1.672 A. The length of the
other C—C bonds are 1.377 A, 1.377 A, 1.432 A. When
thiophene is combined with benzene in parallel, the molecule
of the quinoidic structure has strong current. The bond length
of benzene changes from 1.395 A to 1.405 A, while the
length of the S—C bond is 1.830 A, and the length of the
C—C bonds are 1467 A, 1.405A, 1467 A in the
thiophene. The SCMopen results show that the transport ca-
pacity of thiophene, the single pentagon structure, is better
than PDT, the single hexagon structure. Accordingly, the cur-
rent value of benzothiophene is larger than that of
naphthalene-dithiol. Figure 9 describes the I-V curves of
PDT, thiophene, naphthalene-dithiol, and benzothiophene,
respectively. At the same bias, the current value of thiophene
(benzothiophene) is almost twice as much as that of PDT
(naphthalene-dithiol). The DOS and transmission function of
thiophene and benzothiophene in Fig. 10 explain the trans-
port results. The shifted and broadened molecular energy lev-
els satisfy the equation [FM+Ef(Ef)+E§(Ef)]l/1=ESM¢. The
real part of the energy level describes the shift of the energy
level, while its imaginary part describes broadening. The ar-
rowheads in Fig. 10 denote the four levels from HOMO-1
to LUMO+1 of the isolated thiophene and benzothiophene.
The calculation shows that in the lead-molecule-lead system,
the HOMO position of thiophene is —7.24 eV, LUMO is
—3.73 eV and LUMO+1 is -2.35 eV, while the HOMO po-
sition of the benzothiophene is —7.07 eV, its LUMO is

benzothiopheIDloeS il

FIG. 10. (Color online) The energy levels of thiophene and benzothiophene. The horizontal line shows the energy levels of the isolated
thiophene (benzothiophene). The solid line shows the broadened DOS of thiophene (benzothiophene) and the dashed line shows the
transmission coefficients of thiophene (benzothiophene). The distance between the sulfur atom and the Au (111) plane is 2.0 A.

155408-8



AB INITIO STUDY OF MOLECULE TRANSPORT...

—4.79 eV and LUMO+1 is —2.56 eV. The small peaks inside
HOMO-LUMO gap in Fig. 10 are MIGS. Compared to the
single PDT, the LUMO of thiophene is not localized on its
ring (the LUMO peak of PDT is much sharper than that of
thiophene), it participates in transport and makes its transport
capacity better than that of the single PDT. So is the ben-
zothiophene.

In a word, our results show that the current control can be
realized not only by benzene derivatives but also by structure
controlled assembly molecules. At present, the task of pack-
ing a large number of functional molecular devices together
is the main goal in the nanoelectronic regime. Understanding
the behavior of the functional molecular group is a signifi-
cant step in the design of molecular devices.

IV. SUMMARY

We use the self-consistent method based the DFT and the
nonequilibrium Green’s function to simulate molecule trans-
port. We expect to solve the transport problem from the first-
principles theory in order to predict the transport character-
istics of some molecules and identify the experimental
results from the theoretical point of view. We use GAUSS-
IANO3 to obtain the electronic structure and at the same time,
we break the self-consistent iteration cycle inside Gaussian,
by replacing 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 accept-
able accuracy. By using the self-consistent method, we study
the transport characteristics of PDT, the results are supported

PHYSICAL REVIEW B 72, 155408 (2005)

by the experiment. The study also shows that these results
are not sensitive to a very small variation in the distance
between the S atom and Au (111) surface plane, in spite of
the different transport essence. We continue to investigate the
influence on the transport due to the change in molecule
structure. The numerical calculations identify that the
benzene-rings in parallel connection (naphthalene-dithiol and
anthracene-dithiol) show a unique quantum (nonohmic) ef-
fect. The SCM can also be used in other areas, for example,
to deal with spintronic devices.*® Therefore, it owns a bright
foreground. At this stage of research work, we only focus on
the coherent transport at zero temperature. Further improve-
ments in the future work should consider the noncoherent
transport at nonzero temperatures essentially in longer mol-
ecules such as DNA chains.
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