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Abstract We present current—voltage (/-V') curves for a
chain of six Au atoms and for benzene-1,4-dithiol between
two Au (111) surfaces computed using a self-consistent, non-
equilibrium, Green’s Functions approach in conjunction with
adensity functional theory (DFT) description of the extended
molecule. The solutions are expanded in Gaussian basis sets.
In an attempt to improve the description of the molecule-
surface bond, we consider one- and two-layer clusters of
metal atoms in the extended molecule. To avoid non-physi-
cal charging of the bulk metal clusters we add a shift to the
diagonal elements of the Fock Matrix of the metal atoms in
the DFT treatment; this can be viewed as correcting the self-
energies or shifting the Fermi level. The Aug cluster with
the full minimal basis set represents a compromise between
accuracy and cost. The Auz1(12/19) two-layer cluster results
are of about the same quality as the one-layer Auy; cluster,
but allows one to study more binding sites. Using a dou-
ble zeta basis set for three of the top-layer Au atoms of the
Ausz((12/19) cluster yields result similar to the all minimal
basis set, while using all double zeta atoms yields inferior
results.

Keywords DFT - Greens Functions -
Current—voltage curves - Molecular electronics

1 Introduction

Several programs [1-10] have been developed to compute
current—voltage (/-V') curves for molecular junctions. While
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the different codes have many similarities, they also have
many differences, and, at the present time, it is not clear
as to the best method for the calculation of /-V curves.
In the approach that we are using, the bridging molecule
and some metal atoms from each metal surface are treated
as an extended molecule that are coupled to the two semi-
infinite electrodes. The coupling between the bulk contacts
and the extended molecule is determined at the tight-binding
level [11] using a metal cluster that includes the metal atoms
in the extended molecule and all of its neighbors in the first
and second layers. The effect of all other layers is accounted
for using a recursive Green’s function procedure which is
performed once during the calculation of the self-energies.

Recently we showed [12] that the approach we use cor-
rectly predicted a reduction in the current flow with the addi-
tion of electron withdrawing substitutents, an effect that other
approaches have missed. While the approach we use has
many desirable features, it also has some limitations. Since
we are explicitly treating only one layer of the metal atoms,
we are unable to model the difference between a hollow
site on a (111) face with and without an atom in the sec-
ond layer. In addition, since the tight-binding self-energies
are mapped onto the basis functions in the density functional
theory (DFT) description of the extended molecule, only a
minimal basis set can be used for the metal atoms in the
extended molecule that are coupled to the bulk. While min-
imal basis sets are expected to capture the qualitative fea-
tures of the bonding, often larger basis sets are required to
accurately describe the bonding. Thus it is desirable to move
beyond the single layer of metal atoms described using only
a minimal basis set.

As has been previously noted [13], using a minimal metal
set that was optimized for the free Au atom leads to nonphys-
ical charging of the metal atoms in the extended molecule. It
has been found that it is possible to avoid most of the charg-
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ing by removing the most diffuse s, p, and d basis functions
from the metal basis set. Because the basis set convergence is
more rapid for a description of the solid than for the descrip-
tion of a molecule, the diffuse functions are less important
for the description of a solid, which permits the truncation
while still giving a reasonable description of the surface. This
basis set truncation for the solid is supported by optimization
of the basis set for a metal cluster, where the diffuse func-
tions are much more contracted than those found in basis sets
optimized for the metal atoms [14]. In other words, the dif-
fuse functions from the atom optimization are not suited for
the treatment of the solid. After truncation of the basis set,
some small charging of the explicit metal atoms still occurs
even when no bridging molecules are present. In the previ-
ous work, the metal cluster was made completely neutral by
adding a small shift to the DFT Hamiltonian elements associ-
ated with the metal basis functions, i.e. shift x S (metal basis
functions only), where S is the overlap matrix.

We are investigating several extensions to the approach
that we use to treat the solid, for example, replacing the tight
binding with a DFT treatment and extending our treatment
of the solid to include more than one layer of metal atoms in
the extended molecule with all of the layers coupled to the
bulk. In this work we consider a simplified approach where
we continue to have only one layer of metal atoms coupled to
bulk, but add a second layer of atoms on top of those coupled
to the bulk. This approach allows the use of an arbitrary basis
set on the top layer, but larger basis sets can lead to nonphys-
ical charging, as found previously. Therefore, in addition to
studying two layers, we also address the question of adding a
shift to the metal atoms in the DFT Hamiltonian to eliminate
any unwanted charging even if the shift becomes large for
some basis sets. We use two systems to test our extensions:
a chain of six Au atoms between two Au(111) surfaces and
benzene-1,4-dithiol between two Au(111) surfaces.

2 Methods

We use the same basic approach as described in previous
work, namely, the /-V curves are computed using the self-
consistent, non-equilibrium, Green’s function approach as
implemented by Xue, Datta, and Ratner [1, 15-18], but mod-
ified for the hybrid integration [19]. Using this approach, the
bridging molecule is described using an all-electron basis set,
while the contacts are described using an effective core poten-
tial (ECP). We consider two systems that we have studied
previously [14,20] and the reader is referred to the original
work for more details. The first system is a chain of six Au
atoms between two Au(111) surfaces, while the second sys-
tem is benzene-1,4-dithiol between two Au(111) surfaces.
In both sets of calculations, a cluster of metal atoms from
each metal surface is included in the extended molecule cal-
culation. The geometries of the Au atoms in the clusters used
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Fig. 1 The two-layer cluster used in some of the /-V calculations.
The 19 bottom layer Au atoms (colored blue in the online version) use
the Lanl1 minimal basis set while the top layer atoms use either minimal
or double zeta atoms

to model the Au(111) surfaces are taken from the bulk. For
the six Au atom chain, the positions of the six Au atoms
in the chain and their height above the surface are opti-
mized with the assumption that the chain atoms are above
the threefold hollow. For the benzene-1,4-dithiol system, the
geometry of the free benzene- 1,4-dithiol, with thiol (SH) end-
groups, is optimized at the B3LYP/6-31G* level of theory
[21-23]. After removing the terminal H atoms, the symmetry
of the —-SCgH4S— subunit is very close to D, and we ideal-
ize the geometry to produce Dj;, symmetry. The —-SCgH4S—
fragment is connected to two Au(111) surfaces, with the C»
axis of the molecular fragment perpendicular to the surfaces
and the S atoms placed above a threefold hollow at a distance
of 1.905 A above the Au surface.

The metal clusters used to describe the surface are one-
layer treatments including 6 or 21 gold atoms and a two-layer
Au31(12/19) cluster containing 12 Au atoms in the top layer
and 19 Au atoms the second layer. The one-layer clusters are
the same as used previously [13] and the two-layer cluster
is shown in Fig. 1. The extended molecule is coupled to the
semi-infinite gold (111) surface with the Au cluster atoms
removed, whose effects are included as self-energy opera-
tors through a recursive Green’s function procedure. (n.b.
in the two-layer calculations, only the 19 second layer Au
atoms are coupled to the semi-infinite gold (111) surface.)
The coupling between the bulk contacts and the extended
molecule is determined using a tight-binding approach [11],
where cluster atoms and their nearest neighbors are coupled
directly to the extended molecule.

Most of the /-V calculations are performed using the
pure BPWO1 [24,25] functional, while a few test calcula-
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tions are performed using hybid [21] functionals, namely
the B3LYP [22] or the B3PW91 [21] functionals. The « and
B spin densities are constrained to be equal in the /-V cal-
culations.

The surface Au atoms are described using the Los Alamos
11 valence electron ECP [26], and denoted Lanll. Two dif-
ferent Au minimal basis sets are used. In the full minimal
basis, three primitive functions are used for the s, p, and d
orbitals, i.e. (3s3p3d)/[1slpld], while in the small minimal
basis set, the most diffuse s, p, and d primitives are deleted,
that is a (2s2p2d)/[1s1pld] set. These are the same two sets
compared in our previous work [13]. We denote these two
minimal basis sets as M2G or M3G to signify if there are
two or three Gaussian primitives describing the orbitals. In
the two-layer calculations, the same minimal basis set is used
for both the layers. The Au chain is also described using the
Lanl1l ECP and the associated basis set, but with the double
zeta (DZ) contraction. The same Lanl1/DZ basis set is used
for three or all of the top layer atoms in some of the two-
layer clusters. In addition to the Lanl1/DZ treatment of these
top layer atoms, the Los Alamos 19 valence electron ECP,
denoted Lanl2 [27], is used in some two-layer calculations.
When benzene-1,4-dithiol is used as the bridging molecule,
the C and H are described using the 6-31G* basis, while
S uses the 6-31+G* basis set [23]. The hybrid integration
scheme is used and the C Is, S 1s, 2s and 2p, and Au 3s
and 3p orbitals (when the Lanl2 ECP is used) are consid-
ered as core orbitals. We use a temperature of 0K for the
Au chain and 300K for benzene-1,4-dithiol in the Green’s
function calculations. The DFT parts of the calculations are
performed using Gaussian 03 [28], while all of the Green’s
function parts are performed using the code described previ-
ously [1,13,15-19].

For each choice of cluster size and Au basis set, a shift
is optimized to eliminate any charging of the bare cluster.
The shift is larger for the M3G basis set than the M2G
set, for example for the Aug cluster the values are 0.1457
and —0.0456 Ey,, respectively. However, the shift varies only
slightly with cluster size, for example for Aug and Auy using
the M3G basis set the shifts are 0.1457 and 0.1486 E,, respec-
tively. This shift is then used in the /-V calculations with
the bridging molecule. Clearly the shift is independent of the
bridging molecule. Note that for the two-layer clusters, the
charge on the entire cluster is eliminated, but there can be
some charge separation between the layers, especially if two
different basis sets are used.

3 Results and Discussion
3.1 The Aug chain

In Fig. 2 we plot the results obtained for the M2G Aug and
Auz1(12/19) cluster models of the surface using pure and
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Fig. 2 A comparison of the pure and hybrid functionals for the Aug
chain. The M2G basis set is used for the surface Au atoms, while the
six Au chain atoms use the Lanll DZ basis set

hybrid functionals. The ideal (as given by the quantum of
conductance) -V curve is also plotted to show the theoreti-
cal maximum for a single channel. All of the computed /-V
curves are similar up to a bias of about 0.7 V. The hybrid func-
tionals yield a slightly smaller current than the pure BPW91
functional, but the difference is not very large; the differences
are especially small for the Aug cluster. For the Au chain, the
hybrid and pure functionals yield results that are more simi-
lar than those found previously for benzene-1,4-dithiol [20]
between two Au(111) surfaces. It is also interesting to note
that using the hybrid functional lowers the current for both
the Au chain and for benzene-1,4-dithiol, but for the benzene-
1,4-dithiol this improves agreement with experiment, while
for the Au chain this makes the results in poorer agreement
with the ideal case. This suggests that if one is testing func-
tionals for the calculation of /-V curves a variety of systems
should be used before drawing any definitive conclusions
about the quality of a given functional for the calculation of
I1-V curves.

InFig. 3 we plot the BPW91 results for Auz;(12/19), Auoy,
and Aug using the two different minimal basis sets. For the
M2G basis set, the Aug cluster yields the smallest current,
while the Auz((12/19) cluster yields the largest. Compared
with the M2G basis set, using the M3G basis set significantly
increases the current for the Aug cluster, increases the Aup;
cluster results, and decreases the current for the Auz;(12/19)
cluster. It is interesting to note that using the M3G basis
set improves the results for the two one-layer clusters, but
degrades the two-layer Ausz;(12/19) results. Excluding the
Aug M2G results, there is reasonable agreement among the
different basis sets and different clusters.

In Fig. 4 we compare our Auz;(12/19) results with calcu-
lations where the central three Au atoms (i.e. those closest to
the chain) use the Lanl1 DZ basis set. These two DZ calcula-
tions differ in the choice of the minimal basis set for the other
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Fig. 3 A comparison of BPW91 results for the Aug chain as a function
of basis set and cluster size. The six Au chain atoms use the Lanll DZ
basis set in calculations
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Fig. 4 A comparison of the Aug chain results for the Auz;(12/19)
cluster using 3 DZ(Lanl1) atoms in the top layer with the best results
obtained using the minimal basis sets for the Aus; clusters. In the two-
layer cluster, the first and second layers use the same minimal basis set,
while the six Au chain atoms use the Lanll DZ basis set

Au atoms. The 3DZ+M3G calculations yields very similar
results to the case where all of the Au cluster atoms use M3G
basis set. However, the 3DZ +M2G calculations yields sig-
nificantly smaller currents. Apparently removing the diffuse
primitive functions from the minimal basis set, but retaining
them on the DZ cluster atoms leads to some imbalance in the
basis set that degrades the results.

Overall the results obtained for the Au chain support using
either the one-layer Auy; or the two-layer Auz;(12/19) clus-
ter with either the M2G or M3G basis set, but for the Aug
cluster, the M3G set clearly yields superior results. Improv-
ing the basis set of the three Au atoms nearest to the Au chain
does not significantly improve the results if the M3G set is
used for the other Au atoms in the cluster and degrades the
result when the M2G basis set is used.

@ Springer

Fig. 5 The I-V curves for benzene-1,4-dithiol between two Au(111)
surfaces as a function of Au basis set and cluster

3.2 benzene-1,4-dithiol

In Fig. 5 we plot the /-V curves for the Aug and Aup;
one-layer clusters and Aus;(12/19) two-layer cluster using
the M3G and M2G minimal basis sets. The computed /-V
curves for this system are about two orders of magnitude
larger than the break junction experimental results [29], as is
found for all high-level treatments. In this regard, we should
note that another experiment [30] finds the conductance to
be about two orders of magnitude larger than that found
in the break junction experiment. Unfortunately this sec-
ond experiment does not directly measure the /-V curves
and is performed in solution. The large difference between
theory and experiment is also true of other systems stud-
ied by several different experimental groups. However, the
shape of the /-V curve for the benzene-1,4-dithiol is sim-
ilar to those observed for other systems. Therefore, despite
the uncertainty in the total current in the experiment of Reed
and co-workers [29], we believe that the shape of the exper-
imental /-V curves is correct and therefore we compare our
computed results with the shape of the experimental curve.
While the Aug and Auy; M2G results in Fig. 5 are in reason-
able agreement with each other, they are not in good agree-
ment with the shape of the experimental curve [29]. (Note
that the present Aug and Auy; M2G results differ somewhat
from our our previously reported values since the shifts are
determined for each cluster separately in the present work.)
Using the M3G basis set has a dramatic effect on the Aug
and Auy; /-V curves, while the two curves are still similar
to each other, both curves now appear more like experiment
in shape, namely the current is rather flat near a zero bias
and then grows rapidly. For the experiment the growth is
near a bias of about 1V, while in the calculations it occurs
near 1.5 V. Note, however, that the current in both computed
curves is still about two orders of magnitude larger than in
experiment.
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Fig. 6 The I-V curves for benzene-1,4-dithiol with the two-layer
Aus;(12/19) cluster

The two-layer Auz(12/19) cluster results are somewhat
different from the one-layer clusters. The Auz(12/19) M2G
results are similar to the Aug and Auy; M3G results. The
Auz((12/19) current does increase a bit faster than for the
one-layer clusters, but it is clear that the Au3;(12/19) M2G
results are more similar to the Aug and Auy; M3G results than
to the Aug and Auy; M2G results. Using the M3G basis set
in conjunction with the two-layer Auz;(12/19) cluster makes
the computed /-V curve less like experiment, since it has
an initial rapid increase in current with bias for small biases.
However, the Auz;(12/19) M3G curve levels out and by about
1V looks more like the Aug and Auy; M3G results than the
Aug and Aup; M2G results. These calculations show some
of the same trends as observed for the Aug chain, namely the
Aug and Aup; results improve with the basis set is changed
from M2G to M3G, while the Au3;(12/19) results appear to
be degraded by the same basis set change.

In Fig. 6 we compare the M2G and M3G results for the
two-layer Auz;(12/19) cluster with those obtained by replac-
ing some or all of the top layer Au atoms with a DZ contrac-
tion. Using the DZ/Lanl1 valence description for the three
Au atoms closest to the S atom with the remaining 9 surface
and 19 second layer Au atoms using M3G contraction
(3DZ+M3G) yields an /-V curve very similar to the M3G
case, which is similar to the case of the Aug chain. Using
the M2G basis set in conjunction with three Lanl1 DZ atoms
(3DZ+M2G) yields a curve that rises a bit faster at low biases
and then falls below the M3G and 3DZ + M3G curves at about
1.5V. Using the Lanll DZ basis for all of the top layer Au
atoms and the M2G for the second layer (All DZ) yields
an /-V curve that is very strange, rising very rapidly in the
0-0.5V range then dropping significantly, remaining very
flat till 2'V and then rising again.

It is known that the Lanll approach removes the node in
the 6s orbital and hence affects the 5d—6s exchange energy.

Using the Lanl2 approach adds the Ss orbital to the valence
space and corrects many of the problems found in the Lanll
approach. Replacing all of the top layer atoms with a DZ
Lanl2 ECP description of the Au atoms (keeping the second
layer as M2G) yields an /-V curve that is as strange as the
all DZ(Lanl1) results. The fact that the three DZ atom result
appears superior to the all DZ atoms is probably related to
polarization of charge for the “edge” Au atoms, which is
expected to be smaller for case with the minimal basis set
since the basis set allows less polarization of these atoms.
This problem of the edge atoms is similar to the problem
of using the full minimal basis set on the edge atoms in the
single layer treatments [13].

It is rather disappointing that using 3DZ atoms does not
lead to any improvement and that using all DZ atoms yields
very strange result. As previously noted, without any shift
the M3G basis set has a much larger charging of the cluster
than the M2G set. With this in mind, we modified the DZ
basis by scaling the outermost s, p, and d exponents by 1.5
and recontracting the basis set. This change, however, did not
significantly affect the results, suggesting that the problems
associated with the DZ basis sets is not due to the diffuse-
ness of the basis set. In addition, we should note that part
of the problem with using DZ basis set could be due to the
formation of a dipole moment since the two layers are treated
differently. Thus while adding the shift removes the charging
it does not eliminate any polarization of the charge between
the layers. However, considering the approximate nature of
the shift, it did not seem worthwhile trying to impose other
constraints to improve the two layer results.

3.3 Transmission

Expanding the cluster from Aug to Auy; and expanding the
basis set from M2G to M3G brings the computed /-V curves
into better agreement with experiment for benzene- 1,4-dithiol
and into better agreement with the ideal case for the Aug
chain. The improvement in the description of the /-V curves
with basis set expansion can be quite dramatic. It is inter-
esting to determine the origin of these changes, and in this
regard, we plot the zero bias transmission coefficient for Aug
and Auy; clusters for the Aug chain and benzene-1,4-dithiol,
see Fig. 7. The Fermi level has been shifted to OeV. We first
consider the Aug chain, where the best result is obtained for
the Auy; M3G treatment. In this case, the transmission coef-
ficient is smooth and large near the Fermi level. For the M2G
basis set, the transmission coefficient is less smooth and while
it is large near the Fermil level, there is a significant dip at
about 0.5eV above the Fermi level. For the Aug cluster, the
result obtained using the M3G basis set is smoother than the
Auy; M2G calculation, but not as smooth as the Auy; M3G
result. The Aug M2G result is clearly different from all of

@ Springer



Theor Chem Account (2008) 119:429-435

434
' ' 'Au6 chain ' ' '
Aug-M2G
Au,,-M2G
=
g benzene-1,4-dithiol
g Aug-M2G
=
Aug-M3G
]L/\_./"——
Au,,-M2G
Au,,-M3G
2.0 0.0 2.0
Energy, eV

Fig. 7 Zero bias transmission coefficient for Aug and Auy; clusters
for the Aug chain and benzene-1,4-dithiol. The Fermi level has been
shifted to 0 eV

the other curves, which is consistent with the small current
obtained using this treatment.

Turning to the benzene-1,4-dithiol case; the Auy; M3G
transmission curve is flat from about —1.5 to —0.7 eV, then
it decreases to a very small value. The Auy; M2G is similar,
except for the plateau that raises the value from about —0.7
to 0.5eV. This increases the transmission coefficient in the
region near the Fermi level and leads to the rapid increase in
current at small biases in the M2G treatment that is absent in
the M3G treatment. The Aug M3G approach yields a trans-
mission coefficient close to zero near the Fermi level and
hence the slow increase in the current at small biases as
observed for the Auy; M3G calculation. However, the small
Aug cluster results in a single peak at about —1.2eV, com-
pared with the broad region found for the Auy; cluster; this is
probably aresult of the small size of the Aug cluster. The Aug
M2G calculation has a bump slightly above the Fermi level
that leads to the rapid increase in the current at low biases.

For the two systems studied in this work, increasing the
cluster size and improving the basis set tend to eliminate
structure in the transmission curves. Associated with these
changes is an improvement in the /—V curves. On this basis,
we conclude that our Auy; M3G is our best calculation. We
also conclude that the Aug M3G calculation is a reasonable
level, especially for preliminary calculations.

4 Conclusions

We have tested some extensions to our tight-binding/Green’s
Functions/DFT approach for the calculation of /-V curves.
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Using the full minimal basis set (M3Q), i.e., not deleting the
diffuse primitives, requires a large shift to avoid the artificial
charging. On the basis of our results for two systems stud-
ied, we conclude that the Auy; M3G is our best calculation,
despite having to use a larger shift. The Aug M3G approach
appears to be an excellent compromise between cluster size
and accuracy and is a good choice for preliminary calcula-
tions or when the Auy; M3G is prohibitively expensive. The
use of the M3G basis set for the Auz;(12/19) cluster actually
degrades the results relative to the M2G set, suggesting that
it would be better to use the M2G basis set for this two-layer
cluster. In this regard we note that the Auz((12/19) M2G
results are much more similar to the Aug and Auy; M3G
results than are the Auz;(12/19) M3G results. While the two-
layer is more expensive than the one-layer treatments, it does
allow one to study the difference between the threefold hol-
low with or without an atom in the second layer. Attempts to
improve the description of the metal-briding molecule bond-
ing by using a double zeta contraction of the Au atoms at
the adsorption site does not show any significant differences
from using the minimal basis set and making all of the atoms
in the top layer double zetaresults in very strange /—V curves.
At the present time it does not appear that using a two-layer
cluster with only the bottom layer coupled to the bulk offers
amechanism of using larger basis sets on the top layer. While
adding a shift can be used to eliminate the charging of the
cluster, the fact that the two layers in the Auz(12/19) cluster
are treated differently can lead to some charge polarization
between the two layers. We would not be surprised if this is
the origin of why the Aus1(12/19) behaves differently from
the one-layer clusters with respect to the M2G and M3G basis
sets, and why improving the basis set on the top layer seems
to lead to more problems than it solves.

While the results presented here give some insights into
how to improve our treatment, suggesting, for example, that
the Aug cluster with the M3G basis set may be a superior
zeroth order treatment than the Aug M2G that we have used
in previous work, it is clear that there is still significant room
for improvement. In this regard we note that we continue to
explore additional methods of improving the treatment of the
coupling of the metal clusters to the bulk.
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