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Effect of the atomic configuration of gold electrodes on the electrical
conduction of alkanedithiol molecules
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The nonequilibrium Green’s function approach in combination with density-functional theory was used to
perform ab initio quantum-mechanical calculations of the electrical conduction of single alkanedithiol mol-
ecules sandwiched between two gold electrodes. The atomic configuration of the gold electrodes was varied in
the vicinity where the molecule attaches, using configurations most likely to occur in break-junction experi-
ments. The zero-voltage conductance is shown to depend strongly on the detailed atomic configuration of the
electrodes. The transmission coefficients reveal nonresonant tunneling, which is enhanced by localized states.
For certain electrode configurations, good agreement with conductance measurements [B. Q. Xu and N. J. Tao,

Sci. 301, 1221 (2003)] is obtained.
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I. INTRODUCTION

Understanding the transport of electrons through indi-
vidual organic molecules currently attracts much interest due
to the potential importance to molecular electronics.!? De-
spite significant efforts, theoretical predictions for the elec-
trical conductance of single organic molecules are often in
strong disagreement with experimental findings, with theo-
retical conductances usually several orders of magnitude
larger than the experimentally measured values. Although
there are many questions regarding the accuracy of the vari-
ous theoretical approaches, it is likely that some of the low
experimental conductance values are due to contaminants at
the electrode-molecule interfaces or are caused by structur-
ally nonideal electrode surfaces.? To determine the electrical
conductivity of self-assembled molecular layers, sandwiched
between two metal electrodes, a number of different experi-
mental techniques have been employed, comprising me-
chanically controlled break junctions,4 microfabricated
structures,”’ crossed wire geometries,® atomic force
microscopy,”!? and contacting self-assembled monolayers
with a mercury drop.!'"!® The conductances of single mol-
ecules, chemically bonded between two metal electrodes,
have recently been measured by Cui et al.,'*!> Xu and Tao,'¢
Xu et al.,'” Reichert et al.,'® Weber et al.,'® and Haiss et al.?°
Out of the experimental techniques suitable for single mol-
ecule conductance measurements, probably the most promis-
ing one is the technique where individual molecular junc-
tions are created by repeatedly moving a gold scanning
tunnel microscope (STM) tip into and out of contact with a
gold substrate in a solution containing the sample
molecules.'®!7:20 This technique, which we will call in the
following the STM break-junction technique, largely elimi-
nates possible electrode-molecule interface contamination by
forming fresh electrode interfaces during junction breakage
to which single molecules can attach almost instantly. The
disadvantage of this STM break-junction technique is
that the molecule is attached to electrode surfaces of
unknown atomic configuration. A number of different
theoretical approaches have been used to calculate the
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electrical conduction of single molecules sandwiched be-
tween two electrodes.”'"?7  State-of-the-art approaches
are self-consistent first-principles quantum-mechanical
calculations.?*~2® In particular, Brandbyge et al.?’ have de-
veloped the TRANSIESTA code, which interfaces the SIESTA?
electronic structure package for molecules in such a way that
the density matrix of the system can be calculated self-
consistently when the system is in nonequilibrium, i.e., sub-
jected to an external bias voltage. In this ab initio approach
the charge transfer between the molecule and the electrodes
as well as the voltage drop along the molecule and electrode
surfaces are calculated in a parameter-free, self-consistent
manner.

This paper theoretically investigates the dependence of
the electrical conductance of single alkanedithiol molecules
on the atomic configuration of the two Au electrodes. Plau-
sible electrode configurations are assumed that are likely to
occur in STM break-junction experiments where one repeat-
edly opens and closes a junction. The theoretical results are
compared to the experimental findings of Xu and Tao.'®

II. THEORY

In the calculation to be reported below, the first-principles
computer code TRANSIESTAC?”?8 (a later version of TRANSI-
ESTA), which is based on the Keldysh nonequilibrium
Green’s function technique combined with density-functional
theory is employed. The mathematical method on which the
code is based can be summarized as follows.

The electrical current / through a single molecule that
bridges two metal electrodes is given by3°

[=%fdET(E,(I)b)[f(E_ML)_f(E_MR)]» (1)

where f is the Fermi-Dirac distribution characterizing the left
(L) and right (R) metal electrodes, u; and up are the
chemical potentials of the left and right electrodes, and ®,, is
the applied bias voltage across the electrodes where
®,=(u;,—ug)/e and E is the energy of the incident elec-
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trons. The transmission coefficient T(E,®,) in Eq. (1) is
given by?27:283031

T(E,q)b) = Tr[Im EL(E)G+(E,<D},)Im ER(E)G(E,(I);,)]
(2)

where 2, and X are the bulk self-energies used to map the
infinite left and right electrodes onto finite electrodes.*® The
Green’s function G(E,®,) of the system is given by

G(E,®,) =[ES - H(D,) -3, - 3], (3)
where
2L/R = VL/RgL/R Vi (4)

Here S is the overlap matrix. The Hamiltonian H,. describes
the contact region, i.e., the “extended molecule.” The ex-
tended molecule consists of the molecule itself as well as
that part of the left and right electrodes where all the screen-
ing takes place, i.e., usually the first two atomic layers of
each metal electrode. V; and Vj, are the interactions between
the extended molecule and the semi-infinite electrodes. The
Green’s functions g“/® of the isolated left and right semi-
infinite leads are determined by the Hamiltonians H; and Hp.
For H., H;, and Hy, single-electron Hamiltonians are chosen
where the effective electron interaction potentials are ex-
pressed in terms of the density-functional theory, containing
both the Hartree and the exchange-correlation potentials. The
electron density is obtained by employing the Keldysh non-
equilibrium Green’s function technique,* and the calculation
is performed self-consistently without any adjustable param-
eters. The density matrix p to calculate the effective electron-
interaction potential is given by?’

p= 71_7 f dE[f(E = u)G Im 2, G* + f(E = pg) G Im 2xG*].

)

III. RESULTS AND DISCUSSIONS

Experiments carried out recently, using the STM break-
junction technique!® where molecules attach to freshly
cleaved gold contacts, seem to give reliable electrical con-
ductance measurements of single molecules. These measure-
ments, contrary to others, are not affected by possible atomic
contamination at the molecule-electrode interfaces. In the
STM break-junction experiment by Xu and Tao,'® a gold-
coated STM tip is repeatedly pushed into and pulled out of
the surface of a gold film. During pullback, just before the
gold contact breaks, a chain of gold atoms forms and mol-
ecules are supposed to attach across the breaking gold chain.
When the gold chain breaks, the conductance changes from
the quantum conductance value, Gy=2¢*/h=1/(12.9 kQ), of
the gold chain to the lower conductance value of the attached
molecule. The molecule conductance can be measured for a
short time before the thiolated molecule disconnects under
increasing strain. As the S atom of the thiol group is thought
to bind more strongly to gold than gold to gold, a dithiolated
molecule most likely pulls out short chains of gold atoms
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FIG. 1. (Color online) Au electrode configurations 1-4 used to
calculate the conductance of a single 1,6-hexanedithiol molecule.

from both electrodes during the junction separation process,
possibly creating chain and/or conelike features. It is impor-
tant to note that according to break-junction experiments car-
ried out by Untiedt et al.,3* the number of Au atoms forming
a gold chain is most likely one or two, while forming gold
chains containing more than three Au atoms seems highly
unlikely.

TRANSIESTAC was used to calculate the zero voltage con-
ductances and transmission coefficients T(E,®,) of
alkanedithiol molecules [-S-(CH,)y-S-] (N=4,6,8,10)
placed between two (111) Au electrodes where the cone
and/or chain structure of the electrodes was varied. Plausible
atomic configurations were chosen that might form when a
gold junction breaks and molecules attach to the freshly
cleaved break-junction electrodes. Figures 1-4 (produced
with MOLEKEL?®) show the 16 different electrode configura-
tions investigated, separated into four groups where the
bridging molecule in this case is a 1,6-hexanedithiol. In the
first group in Fig. 1, the left S atom is directly placed above
a hollow-site on the (111) Au surface, while the right S atom
is either placed above the opposite hollow site on the right
(111) Au surface or connected via a chain of one, two, or
three Au atoms. In the second group (Fig. 2), for configura-
tions 5-7, the left S atom is bonded to a single Au atom,
which is placed above a hollow site of the (111) Au surface,
while in configuration 8, the left S atom is connected via a
chain of two Au atoms. The number of Au atoms in the chain
that connects the right S atom to the opposite hollow-site on
the right (111) Au surface varies from one to three. In the
third group (Fig. 3), the left S atom is placed above the
hollow site formed by a triad of Au atoms sitting on the (111)

FIG. 2. (Color online) Au electrode configurations 5-8 used to
calculate the conductance of a single 1,6-hexanedithiol molecule.
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FIG. 3. (Color online) Au electrode configurations 9-12 used to
calculate the conductance of a single 1,6-hexanedithiol molecule.

Au surface. The right S atom is connected either directly or
via a chain of one, two, or three Au atoms to the opposite
hollow site of a triad of Au atoms that sits on the right (111)
Au surface. Finally, in the last group (Fig. 4), the left S atom
is connected to a gold atom, which is placed above the hol-
low site of a triad of Au atoms. The right S atom is connected
to the right electrode in configuration 13-15 via a chain of
one, two, or three Au atoms placed above the hollow site of
a triad of Au atoms sitting on the right (111) Au surface.
Configuration 16 is similar to 14 but has an additional Au
atom placed between the left S atom and the left conelike
electrode.

In an experiment by Xu et al.,'” it was shown that the
conductance of a 1,8-octanedithiol molecule that is co-
valently bonded to two Au electrodes does not change no-
ticeably with the tensile stress applied to the molecule during
a break-junction experiment. Therefore, electrode-molecule-
electrode equilibrium structures were used in the calcula-
tions. The equilibrium positions of the atoms were deter-
mined as follows using the relaxation mode of the
TRANSIESTAC code. First, the geometry of the molecule was
optimized as a free molecule with single Au atoms terminat-
ing the S atoms. The distance between the S (or Au) atom
above a hollow site on the (111) Au surface was calculated
by “relaxing” the position of the S (or Au) atom. The cone-
like structure formed by a triad of Au atoms on the (111) Au
surface, with one S (or Au) above its hollow site, was deter-
mined by relaxing this four-atom structure. The residual
forces in these relaxation calculations were <0.05 eV/A.
The distance between Au atoms in a chain was found by
minimizing the total energy of an infinite Au chain. All re-

FIG. 4. (Color online) Au electrode configurations 13—16 used
to calculate the conductance of a single 1,6-hexanedithiol molecule.
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FIG. 5. Calculated electrical conductance values of a single 1,6-
hexanedithiol molecule for the different electrode configurations
1-4 of group I (Fig. 1), 5-8 of group II (Fig. 2), 9-12 of group III
(Fig. 3), and 13—16 of group IV (Fig. 4). The dashed line indicates
the experimental conductance value found by Xu and Tao.'® G, is
the quantum conductance.

sults shown in this paper are for a double-zeta basis set,
whereas a double-{ plus polarization basis set was used in a
few cases to check that the accuracy of the calculation was
sufficient.>* Norm-conserving Troullier-Martins pseudopo-
tentials were applied.?® For the exchange-correlation poten-
tial, the local-density approximation was used, employing
the Perdew-Zunger parametrization.3

Figure 5 displays the calculated zero voltage conductance
values of a single 1,6-hexanedithiol molecule for the four
different groups of electrode configurations shown in Figs.
1-4. Large conductance values are found for the first group
of configurations, where the S atom(s) or chains of Au atoms
are directly placed above hollow-sites on the (111) Au sur-
faces. Smaller conductance values are found for the third and
fourth groups (Figs. 3 and 4), where the S atom(s) or Au-
chains are placed above the hollow site of traids of Au atoms
sitting on the (111) Au surfaces. The largest conductance
value is obtained for configuration 3 (Fig. 1), where the S
atom on the left is directly placed above a hollow site on the
left (111) Au electrode surface and where a chain of two Au
atoms connects the right S atom to the opposite hollow site
on the right (111) Au surface. The smallest conductance
value, about 11 times smaller than the largest one, is found
for configurations 5 and 13. Here, a one-atom chain connects
the S atom on both sides to a hollow site on the (111) Au
surface or to a hollow site of a triad of Au atoms that sits on
the (111) Au surface. The dashed line in Fig. 5 corresponds
to G=1.2X1073G,, which is the 1,6-hexanedithiol conduc-
tance value measured by Xu and Tao.'® The experimental
conductance of G=1.2X 107G, agrees well with configura-
tions 7, 10, 14, and 15, which seem to be plausible configu-
rations expected to be formed in STM break-junction experi-
ments.

In order to obtain a more quantitative theoretical estimate
for the relative probability of each of the configurations of
gold atoms in the electrodes, realistic molecular-dynamics
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FIG. 6. Measured'® and calculated resistance of single al-
kanedithiol molecules vs the number N of carbon atoms in the
molecule.

simulations would be required that are computer-time inten-
sive. Simulations closely related to this problem have been
performed to study the evolution of the breaking process of
metal nanowires without a bridging molecule.’’* These
studies indicate that just before breakage only certain elec-
trode tip configurations prevail. The experimental data of Xu
and Tao,'® which are obtained by statistical averaging over
many contact breaking events, show predominantly a single
conductance value for an alkanedithiol molecule with a
spread of about +15%, suggesting a single prevailing elec-
trode configuration when breakage occurs.

Using the electrode configuration 14 displayed in Fig. 4,
the zero voltage conductance of 1,4-butanedithiol (N=4),
1,8-octanedithiol (N=8) and 1,10-decanedithiol (N=10)
were calculated. The results are shown in Fig. 6 where the
resistance (i.e., the inverse of the conductance) is shown as a
function of the number N of C atoms in the alkanedithiol
molecules. As can be seen, the resistance increases exponen-
tially with the number of C atoms, i.e., R ~exp(8N), where
B=1.24/C atom. Although the calculated and experimentally
found resistances agree very well in the case of the 1,6-
hexanedithiol molecule, the calculated values are about three
times larger than the measured values given by Xu and Tao'®
for the 1,8-octanedithiol and 1,10-decanedithiol molecules.
No measured value is given by Xu and Tao!® for the 1,4-
butanedithiol molecule. It is interesting that the above value
for B is also close to the value found by Wold and Frisbie®-!?
in self-assembled monolayers of alkanethiols at low AFM
loads (B~ 1/C atom). A theoretical value of =0.95/C atom
for alkanethiols was obtained by Kaun and Guo® based on
an ab initio quantum-mechanical code similar to the one
used in this paper. The exponential increase of the resistance
with the length of the molecule is not obvious when one uses
a density-functional Hamiltonian, but can be understood eas-
ily by using a simple tight-binding Hamiltonian.*'*?

As an example, Fig. 7 displays the transmission coeffi-
cient T(E,®,=0) versus the energy E—Ey of the incident
electrons for the configurations 1 and 14 of Figs. 1 and 4,
where E is the Fermi energy. Figure 7 shows large trans-
mission peaks below —4 eV and above 13 eV. These are due
to resonance transmission through HOMO (highest occupied
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Transmission coefficient T

FIG. 7. Transmission coefficient T(E,®,=0) defined in Eq. (2)
versus energy E—FEp of incident electrons for electrode configura-
tions ‘1’ and ‘14’ of Fig. 1 and 4 for a single 1,6-hexanedithiol
molecule.

molecular orbital) and LUMO (lowest unoccupied molecular
orbital) molecular energy levels that are broadened due to the
interaction of the molecule with the two Au-electrodes. As
can be seen, the Fermi level E lies in the HOMO-LUMO
gap with the HOMO closer to the Fermi level than the
LUMO. Additional states, which govern the small conduc-
tion values at zero bias voltage, are produced in the HOMO-
LUMO gap. The resonance features of these additional states
are most pronounced for electrode configuration 1, where the
left and right S atoms are directly bonded to the (111) Au
surface of the electrodes and are much weaker for configu-
ration 14 where the S atoms connect via cone and/or chain-
like structures to the (111) Au-electrodes surfaces.

Figure 8 shows the transmission coefficient T(E,P,=0)
for alkanedithiols with N=4, 6, and 8 for electrode configu-
ration 14 versus the incident electron energy E—Ef in the
range from -2 to 2 eV. Although the value of the transmis-
sion coefficient depends strongly on the number of C atoms
in an alkanedithiol molecule, the shape of the transmission
coefficients as a function of E—Ej does not vary significantly
as seen in Fig. 8. This is in contrast to the strong variations
around E—-E;=0 for different electrode configurations as il-
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FIG. 8. Transmission coefficient T(E,®,=0) for

1,4-butanedithiol, 1,6-hexanedithiol, and 1,8-octanedithiol versus
E—-Epr in the range from -2 to 2 eV for the elctrode configuration
14 of Fig. 4.
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lustrated in Fig. 7. Kaun and Guo*® have shown that, in the
case of alkanethiols, the features in the transmission coeffi-
cients near E—Er=0 originate from states localized near the
S atom site, which leads to nonresonant conductance that
causes the exponential increase in resistance with the length
of the molecule. The same is true in the case of alkanedithiol
molecules for different electrode configurations studied in
this paper.

IV. CONCLUSION

In summary, our results indicate that conductance data
obtained from STM break-junction experiments, where
single molecules can attach to freshly cleaved Au surfaces
and where the electrode atomic configuration is most likely
cone and/or chainlike, can be modeled using first-principles
quantum-mechanical TRANSIESTAC calculations. The calcu-
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lated results reveal that the zero-voltage conductance is
strongly dependent on the details of the atomic configuration
of the electrodes. Although the calculated conductance of
alkanedithiol molecules agrees well for certain model elec-
trode configurations with the experimental data of Xu and
Tao,'0 it is very difficult to establish a direct comparison
between experiment and theory since the real geometry of
the electrodes is unknown. Furthermore, our results show
that the calculated resistance increases exponentially with the
length of the molecule in accordance with experimental data.
The transmission coefficients of the alkanedithiol molecules
indicate a nonresonant tunneling process enhanced by local-
ized states.
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