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Recent experimental studies demonstrated that self-assembled molecules sandwiched between metallic con-
tacts can perform logic functions based on negative differential resistance (NDR). To understand the mecha-
nism of NDR, the electronic structure and transport properties of one such junction, ferrocenyl alkanethiolate
attached to a gold surface and probed with a scanning tunneling microscope tip, are investigated by large scale
ab initio calculations. The I-V characteristics show strong NDR features at both positive and negative biases,
in good agreement with the experimental data. The voltage-dependent transmission, potential drop profile, and
molecular level alignment under bias suggest that the ferrocenyl group acts like a quantum dot and that the
NDR features are due to resonant coupling between the highest occupied molecular orbital and the density of
states of gold leads. The strength of the individual NDR peaks can be tuned by changing the tunneling distance

or using suitable spacer layers.
DOI: 10.1103/PhysRevB.74.195430

I. INTRODUCTION

Ever since the concept of using individual molecules as
functional electronic devices was first proposed in the
1970s,! having individual molecules perform the basic func-
tions of conventional electronic components became the goal
of molecular electronics. Recently, this field has experienced
dramatic growth, due to the emerging need for alternate
routes toward smaller, faster, and cheaper integrated circuits.
Key electronic components, such as wires, diodes, and tran-
sistors, have been successfully demonstrated, all based on
single or self-assembled molecules sandwiched between
electrodes. For self-assembled molecules on a single-crystal
surface, the substrate serves as one of the electrodes. A vari-
ety of methods are used to form the contact with the other
electrode, such as a scanning tunneling microscope (STM)
tip?~® and atomic-scale break junctions.”® A number of novel
and promising characteristics for these types of molecular
devices have been reported. For example, negative differen-
tial resistance (NDR) (Refs. 3 and 9) and molecular memory
effects'®!! have been demonstrated on a system of phenyl-
ethylene oligomers functionalized with different side groups.
Recently, a ferrocene-based molecular wire with nearly per-
fect conductance was reported by Getty et al.'? The ballistic
conductance thus reaches the criteria for real applications of
molecular electronic devices. NDR has also been observed
for ferrocenyl-undecanethiolate self-assembled monolayers
(Fc-C,S-SAM) on Au(111) surface.!>14

Self-assembled molecular systems with NDR are promis-
ing devices, due to their utility in fast switching logic and
simplicity in integration. However, in many cases the NDR
mechanisms have not been unraveled either from experi-
ments or from theory, hampering the development of mo-
lecular devices. In many cases, theoretical understanding of
the electron transport properties and of the underlying NDR
mechanisms is critical for the design of such devices. For
ferrocenyl-alkanethiolate SAM on Au(111) surface, the re-
dox effect, i.e., a change of the charge state with bias, has
been suggested as an explanation of the NDR.!* However,
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resonant tunneling may also play an important role. Another
possibility is some level of bond breaking when a large bias
is applied," resulting in a change of the atomic structure of
the molecule or a change at the molecule-substrate interface.

In this paper, we study the electronic and transport prop-
erties of ferrocenyl-pentanethiolate SAM on Au(111). The
atomic structures of CsS and Fc-CsS on the Au(111) surface
and their saturation coverages are determined by total-energy
calculations. Our nonequilibrium quantum transport calcula-
tions for geometry-optimized structures show NDR features
at both negative and positive biases, in good agreement with
the experimental data.'3> The mechanism responsible for the
NDR is uncovered by analyzing the molecular level align-
ment, transmission spectra under bias, and charge transfer
between the molecule and the STM tip.

II. CALCULATIONS

The calculations use a massively parallel real-space mul-
tigrid implementation'® of density-functional theory (DFT).!”
Due to the relatively large sizes of the supercells, the k-space
sampling is restricted to the I'" point. The exchange and
correlation terms are represented by the generalized gradient
approximation (GGA) in Perdew, Burke, and Ernzerhof
form.'® The electron-ion interactions are described by nonlo-
cal, ultrasoft pseudopotentials.'® A partial core correction is
added to the Au and Fe pseudopotentials in order to account
for the nonlinearity in the exchange-correlation term.?’ The
wave functions and localized orbitals are described on a grid
with spacing of 0.20 A. A double grid technique?' is em-
ployed to evaluate the inner products between the nonlocal
potentials and the wave functions, thereby substantially re-
ducing the computational cost and memory without losing
accuracy.

III. RESULTS AND DISCUSSION

A. Atomic structure

First, the equilibrium structures of the adsorbed molecules
on the Au(111) surface are investigated by total-energy cal-
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_FIG. 1. (Color online) Atomic structures of (a) CsS-Au(111)
(\3 X \3)R30° (b)_FC CsS- -Au(111) (\3X \3)R30° and (c)
Fc-CsS-Au(111) (V21 X17).

culations. The gold substrate is simulated by a six-layer slab.
For each of the structures, the molecule is anchored with a
sulfur atom to the Au(111) surface and all the atoms are
relaxed using first-principles forces. For the adsorption of
alkanethiolate on the Au(111) surface _two structural models
have been reported. One is a (\3 X \3)R30° reconstruction
with low molecular coverage.?> The other is a c(4 X 2) re-
construction with high molecular coverage.?® Since the mo-
lecular density for the ¢(4X2) structure is too high when
ferroceryl heads are present, we only consider the
(V3 X y3)R30° structure, see Fig. 1(a). Our calculations show
that the fcc hollow site is favorable and that the molecular
axes are tilted by 27° with respect to the surface normal.
These results are in agreement with recent theoretical
work?*?3 and experiments.?

In the case of Fe-CsS on Au(111), our calculations for the
(\3%3)R30° Fc superlattice [Fig. 1(b)] show that the re-
pulsive interaction between the neighboring ferrocenyls is
very strong, resulting in a positive adsorption energy. To de-
termine the saturation coverage, we calculated adsorption en-
ergies for a number of different structures and coverages.
Among_the structures that were considered, two molecules
per (V21 X \7) unit cell is the maximum coverage for which
the adsorption energy is still negative (=0.3 eV per molecule
in this case). For this coverage, the optimized tilt angle of the
molecular axis is 15°. Clearly, the ferrocenyl head greatly
decreases the molecular packing density on the Au(111) sub-
strate.

B. Electron transport

The nonlinear /-V characteristics are evaluated using the
nonequilibrium Green’s function (NEGF) methodology?®?’
in a basis of optimal localized orbitals.?®* The atom-
centered orbitals are optimized variationally in the equilib-
rium geometry. Four orbitals for hydrogen, six for carbon,
eight for sulfur, and ten for iron and gold atoms are used, all
with the radius of 4.50 A. The Hartree potential is obtained
by solving the Poisson equation with boundary conditions
matching the electrostatic potentials of the left and right gold
leads, respectively. The surface Green functions are calcu-
lated with a transfer-matrix technique in an iterative
scheme.?” A self-consistent calculation is carried out for each
bias, which is critical in order to obtain correct /-V charac-
teristics at large biases.>! Due to the efficiency of our O(N)
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FIG. 2. (Color online) Schematic views of the Au-SCs-Fc-Au
system, where d is the distance between the molecule and the STM
tip, and of isosurfaces of the HOMO and LUMO orbitals at zero
bias. Both the HOMO and the LUMO are localized on the
ferrocenyl head.

methodology,?®? we are able to include 372 atoms and a

total of nearly 4000 electrons in the calculations.

Figure 2 shows a schematic view of the system, together
with the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). In our NEGF
calculations, the conductor part includes eight layers of Au
on the left, the molecule, and seven layers of Au on the right.
As described above, the ferrocenyl pentanethiolate is an-
chored with a sulfur atom to the Au(111) surface (left part in
Fig. 2). For simplicity, we model the STM tip as another
Au(111) surface (right part in Fig. 2) in the calculations. The
effects of the shape of the STM tip will be investigated in the
future. In experiments, the distance d between the molecule
and the STM tip is determined by the setpoint current. The
lower the current, the larger the distance, since the magni-
tude of the tunneling current depends exponentially on d.

The transmission in the molecular junction is mainly de-
termined by molecular orbital(s) with energy levels near the
Fermi level of the metal leads in contact with the molecule.
These orbitals are usually either the HOMO or the LUMO.
Their isosurfaces are plotted in Fig. 2. Clearly, both the
HOMO and the LUMO are localized on the ferrocenyl head.

After the potential profile is self-consistently determined,
the transmission spectrum under the external applied bias V
can be calculated by

2
T(EV) = Z T (B GHE)an(E)GAE)),

where G are the advanced and retarded Green functions of
the conductor, and I';  are the coupling functions to the left
and right leads, respectively.

The calculated transmission spectra T(E, V) are shown in
Fig. 3, with the Fermi level of the gold substrate at zero bias
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FIG. 3. (Color online) Calculated transmission spectra T(E,V)
for the Au(111)-SCs-Fc-Au(111) junction with d=3.39 A. The
two white lines are the chemical potentials of the two leads,
mp=Ep+eV/2 and ur=Er—eV/2, as functions of the applied bias
voltage.

chosen as the energy zero. The two white lines show the
chemical potentials of the left and right leads, with u;—ug
=V being the effective applied bias. We note that the trans-
mission peak from the HOMO resonance is always near the
lower chemical potential for both positive and negative bi-
ases. This is because the bias-induced potential drop across
the molecular junction is very different for positive and
negative biases. At a negative bias, the largest potential drop
occurs across the vacuum between the molecule and the right
electrode (STM tip), see Fig. 4(b). This indicates that the
electrons on the left side of the junction (the Au substrate)
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FIG. 4. (Color online) Potential drop along the molecule for (a)
bias=1.8 V and (b) bias=—1.8 V.
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FIG. 5. Current-voltage characteristics of the Au(111)-SCs-
Fc-Au(111) junction with d=3.39 A.

can move into the molecule to effectively screen the applied
field. However, at a positive bias, we find that the potential
drops mainly in the carbon chain region of the molecule, as
shown in Fig. 4(a). As a result, the average potential around
the ferrocenyl head is always aligned with the lower chemi-
cal potential. The HOMO, which is localized on the ferroce-
nyl, is thus pinned by the lower chemical potential.
The current through the molecular junction is given by

o0

(V)= T(EV)[np(E = py) = np(E - ug) JdE,

—00

where ny is the Fermi-Dirac distribution and T(E,V) is the
transmission coefficient at bias V.

The I-V curve calculated with the STM-molecule distance
of d=3.39 A is shown in Fig. 5. The NDR features are at
-1.6, -0.4, 0.2, and 1.2 V, compared with the experimen-
tally observed NDR at —1.6 and 1.6 V. Tunneling through
the ferrocenyl head is responsible for these features, since the
calculated I-V curve without the ferrocenyl, i.e., for pen-
tanethiolate on Au(111), does not show NDR behavior. This
is in good agreement with experiments.'3!4

All of the NDR features can be understood in terms of
resonant tunneling between the two top occupied levels and
the gold density of states. In the density of states (DOS) of
bulk gold, the first peak below the Fermi energy is at around
—0.2 eV and the second one is at —1.2 eV. When the HOMO
level is aligned with one of these peaks, the current reaches
its maximum and NDR appears. Figure 6 illustrates the NDR
mechanism at 1.2 V by plotting the DOS of the gold leads,
the average potential, and the energy positions of the top two
occupied orbitals. These orbitals are localized on the ferro-
cenyl by potential barriers. One barrier is near the Au-
molecule interface, while the other is in the vacuum region
between the ferrocenyl and the STM tip. Therefore the fer-
rocenyl acts like a quantum dot. As shown in Fig. 6, at the
bias of 1.2 V the HOMO level is aligned with the peak in the
DOS of left lead. As a result, a current maximum appears.
For negative bias, the NDR can be understood in a similar
way, except that the resonant coupling is between the HOMO
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FIG. 6. (Color online) The NDR mechanism for the Au(111)-
SCs-Fc-Au(111) junction at 1.2 V. The left and right panels are
densities of states (DOS) of bulk gold. The horizontal dashed lines
in the DOS plot mark the left and right chemical potentials. The
middle panel shows the average potential in the molecular junction.
The horizontal solid lines in that panel mark the energies of the
HOMO and the level just below the HOMO. These orbitals domi-
nate the transmission.

and the right lead. Charge transfer between the molecule and
the right lead also plays an important role in determining the
position of the NDR. At a negative bias, charge transfer leads
to an internal electric field that cancels out part of the applied
external bias. As a result, the NDR appears at a higher volt-
age for negative bias than for the positive one, because there
is no charge transfer for positive bias.

The calculated value of the current in Fig. 5 is about 50
times bigger than that of the STM measurement. This is
mainly due to the unknown distance d between the STM tip
and the molecule. In order to investigate the effect of this
distance on electron transport, we carried out calculations for
different values of d.

Figure 7 shows the I-V curves for positive bias at dis-
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FIG. 7. Current-voltage characteristics of the Au(111)-SCs-Fc-
Au(111) junction as a function of the STM-molecule distance.
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tances of 2.01, 3.39, and 4.34 A, respectively. Their overall
shapes are similar and the NDR positions are at about same
biases. However, the absolute value of the current decreases
exponentially with an increase of the distance. For example,
at the bias of 0.6 V, we can fit the current by I(d)=I,e
with the decay constant $=0.90. The distance also affects the
shape of the NDR region, or its “strength.” Specifically, the
NDR at 1.2 V is enhanced with increasing d. This indicates
that a low current setpoint in the STM experiment is impor-
tant for the observation of NDR at large biases. However, an
increase of the distance has the opposite effect on NDR at
low bias; the peak at 0.2 V is attenuated with increasing d.
This result can explain why the low bias NDR is not seen in
the STM experiment, because a high current setpoint would
be needed for its observation. This “NDR tuning” effect can
be utilized in the design of molecular devices, for example,
by introducing spacer layers, which would adjust the strength
of the NDR and the working current for optimal device per-
formance.

Obviously, the length of the alkane chain plays a major
role in determining the magnitude of the current. For com-
putational reasons, our calculations were performed on fer-
rocenyl pentanethiolate, while the experiment used ferroce-
nyl undecanethiolate. However, we performed a few
calculations for ferrocenyl undecanethiolate, from which we
learned that a current of the same magnitude as in the ex-
periment would be obtained at STM distance of 3.01 A.
Nevertheless, the shape and the major features of the
distance-dependent /-V curves remain similar to those of fer-
rocenyl pentanethiolate.

Apart from the distance and length effects, the unknown
molecule-gold contact geometry and chemistry could par-
tially explain the remaining discrepancies between theory
and experiment. For example, if the molecule is attached to
an atomic protrusion rather than an atomically flat surface,
the magnitude of the current would be substantially
lower.3>33 If the STM tip has a locally protruding atom or
group of atoms, the transmission would also be affected. For
positive bias, the position of the NDR should not vary with
the shape of the STM tip, since it is due to a feature in the
density of states of the Au substrate. For the negative bias,
however, its position may change if the STM tip assumes a
different shape, since the local density of states would be
altered. In addition, other variables, such as temperature or
local disorder near the contact can alter the value of the
current measured in experiment.

IV. SUMMARY

In summary, we investigated theoretically the geometry,
electronic structure, and quantum transport properties of
ferrocenyl-alkanethiolate self-assembled monolayers on
Au(111) by large-scale first-principles calculations. The cal-
culated NDR features at large biases are in good agreement
with experiment. We find that the HOMO is always localized
at the ferrocenyl head. It is pinned to the lowest chemical
potential of the electrodes. Resonant tunneling through the
top two occupied orbitals dominates the /-V characteristics,

195430-4



RESONANT COUPLING AND NEGATIVE DIFFERENTIAL...

with NDR effects being due to features in the density of
states of the gold surface. The magnitude of the current and
of the strength of the NDR are dramatically affected by the
distance between the molecule and the STM tip. In practical
devices, spacer layers will have a similar effect and can be
used to tune the performance of the device.
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