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Electronic properties of 1-4, dicyanobenzene and 1-4, phenylene diisocyanide molecules contacted
between Pt and Pd electrodes: First-principles study
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Using first-principles calculations, we study the electronic properties of 1-4, dicyanobenzene and 1-4, phe-
nylene diisocyanide molecules sandwiched between two Pt(111) and Pd(111) electrodes. For these metal-
molecule-metal systems, we calculate the total and local density of states and the charge transfers. Our results
suggest that the tunneling is the dominant mechanism of charge transport. By inducing a shift of the Fermi
level of about 2 eV via an additional gate electrode, the electronic transmission could be significantly increased
through the metal-1-4, phenylene diisocyanide-metal systems, but a higher voltage would be required in the

metal-1-4, dicyanobenzene-metal devices.
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I. INTRODUCTION

Molecular electronics is an emerging field of research
which seeks to use individual molecules to perform functions
in electronic circuitry that are now performed by traditional
semiconductor devices.! Individual molecules are hundreds
of times smaller than the features presently attained by semi-
conductor technology. Because it is the area taken up by each
electronic element that matters, molecular electronic devices
could be significantly smaller than their semiconductor-based
counterparts. The dramatic reduction in size and the sheer
enormity of entities offered by chemical synthesis are the
main benefits of molecular electronics.

Among the different categories of potential candidates for
novel molecular devices, disubstituted benzene molecules
have been the subject of numerous investigations from both
the theoretical>”'? and experimental''~'* points of view. The
substitution of the end groups in the benzene structure has
two distinct effects: (i) it introduces new molecular states
that are end-group related and (ii) it determines the
molecule-electrode interaction through the end-group bond.”
Several recent theoretical investigations have concentrated
on benzene dithiolate, which may be viewed as a benchmark
system.’~® The interest in benzene dithiolate is partly due to
the strong bond formed by sulfur with noble metal surfaces.
Nevertheless, other disubstituted benzene molecules, espe-
cially coupled to technologically relevant metals for the
semiconductor industry such as Pt and Pd,!3-16 are increas-
ingly important. In a seminal conductivity study on 1-4, di-
cyanobenzene (DCB) connected to electrodes described by
the jellium model, Lang and Avouris’ found that the density
of states (DOS) of a DCB molecule presents a sharp reso-
nance just above the Fermi level. The corresponding orbitals
do not present a significant amplitude on the anchoring
groups, indicating a weak interaction between the molecule
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and the electrodes. As the local density of states (LDOS) on
the benzene ring displays a sharp peak close to the Fermi
level, the molecular device would have a high electronic
transmission if the Fermi level could be shifted electrostati-
cally with a gate electrode. Such a system is a good candi-
date for a molecular-field-effect transistor.>!” Clearly,
through clever engineering of the molecular architecture,
unique device characteristics could be obtained.

Many methods have been proposed to investigate the
transport properties of molecular devices.'® For all of them,
the determination of the electronic structure is a key element.
In particular, the relative position of the frontier (highest oc-
cupied and lowest unoccupied) molecular orbitals and the
Fermi level of the metallic electrodes is of utmost impor-
tance. Among the various approaches, density-functional
theory!® (DFT) gives accurate results with an acceptable
computational cost. By using DFT, we study 1-4, dicy-
anobenzene and 1-4, phenylene diisocyanide (PDI) mol-
ecules sandwiched between two Pt(111) and Pd(111) elec-
trodes. Our goal is twofold: (i) to explore the particularities
of the electronic structure of the DCB and PDI molecules in
contact with the closest-packed surfaces of two experimental
relevant materials and (ii) to bridge a gap in the fundamental
understanding of the bonding of -CN and -NC groups to
metal surfaces. We investigate the DOS, the LDOS, and the
charge transfers (CT). We find that the coupling between the
molecules and the electrodes is predominantly of physical
type, indicating that tunneling is the dominant conduction
mechanism.

II. TECHNICAL DETAILS

Our DFT calculations are carried out with the ABINIT
package.”’ The exchange-correlation energy is evaluated
within the generalized gradient approximation of Perdew,
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Burke, and Ernzerhof.?! Only valence electrons are explicitly
considered using norm-conserving pseudopotentials to ac-
count for core-valence interactions.?> The wave functions are
expanded in plane waves with a kinetic energy cutoff of
35 hartree. For all the calculations, we use a Gaussian
smearing?? with a width of 0.01 hartree. We use a
Monkhorst-Pack grid of 2 X2 X 1 k points for supercell cal-
culations.

Our device models consist of a molecule (DCB or PDI)
anchored between two metal (Pt or Pd) electrodes consisting
of clusters including 26 atoms, derived from the (111) sur-
face of the metal. We consider both top and hollow positions
for the bonding of the molecule to metal surfaces, as illus-
trated for the case of DCB and Pt in Figs. 1(a) and 1(b),
respectively. As we find that the hollow geometry is not
stable (i.e., the metal-DCB-metal systems have the tendency
to relax so that the N atom is always on top of a metal atom),
we only consider the top configuration hereafter.

The metal-molecule-metal systems are confined into a pe-
riodic tetragonal supercell of sides a=b=14 A (allowing for
10 A vacuum between the molecules). The values of the
third axis of the tetragonal cell are c=18.69 A for Pt-DCB-
Pt, c=18.84 A for Pd-DCB-Pt, c=18.68 A for Pt-PDI-Pt,
and ¢=18.57 A for Pd-PDI-Pd. These values result from the
following procedure.

We first perform a structural optimization of the isolated
molecule and of the bulk metals. The equilibrium lattice con-
stants are found to be 4.04 and 3.98 A for Pt and Pd, in good
agreement with the experimental values of 3.92 and 3.89 A,
respectively. Then, we optimize the distance between the
molecule and the electrode, while keeping the orientation of
the N-N axis perpendicular to the surface. For the DCB mol-
ecule, we find an optimal distance of 1.91 and 2.04 A for Pt
and Pd, respectively. In the case of the PDI molecule, we
obtain 1.89 and 1.90 A for Pt and Pd, respectively. Finally,
the atomic positions the metal-molecule-metal systems are
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FIG. 1. (Color online) Device models used in our calculations
for the Pt-DCB-Pt systems. The Pt, N, C, and H atoms are repre-
sented in gray, blue, yellow, and light blue, respectively. The DCB
molecule is attached to the Pt(111) surfaces in either (a) top position
or (b) hollow position. Similar models are used for the Pd(111)
surfaces and for the PDI molecule (for which the positions of atoms
3 and 4 are switched).

relaxed until the forces are lower than 0.025 eV/A while
keeping the cell fixed. This procedure closely mimics the
way in which the molecular devices are fabricated in the
experiments.”* As a result, the molecules may change their
geometry due to the interaction with the metal surfaces.
The pictures representing molecular structures and the
charge densities were realized using the XCRYSDEN code.?
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FIG. 2. DOS for (a) Pt-DCB-
Pt, (b) Pd-DCB-Pd, (c) Pt-PDI-

Pt, and (d) Pd-PDI-Pd (solid
line). In each plot, the DOS of
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the corresponding isolated mol-
ecules (dotted line) and (111)
metal clusters (dashed line) are
also reported.
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III. RESULTS
A. Density of states

We first analyze the relative position of the energy levels
of the molecule with respect to the metal. In Fig. 2, the DOS
of the metal-molecule-metal systems, the metal clusters, and
the isolated molecules are compared for the four combina-
tions of DCB or PDI molecules and Pt or Pd electrodes. The
energies are expressed relative to the Fermi level (Ep=0) for
the metal-molecule-metal systems and the metal clusters.
The deepest energy levels of the molecules are aligned with
the corresponding level in the metal-molecule-metal systems.

The PDI has a gap between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of 3.6 eV, which is slightly smaller than the
HOMO-LUMO gap of 3.9 eV obtained for DCB. The Fermi
level of the electrodes lies in the HOMO-LUMO gap of the
molecules, close to the LUMO level.

In order to explore the properties of the states close to the
Fermi level for the four metal-molecule-metal systems, we
compute their LDOS:

p(r,E) = E |¢i(r)|25(Ei -E),

where i; denote the eigenstates of the system and E; the
corresponding eigenvalues. In general, although the LDOS
does not fully determine the conductivity, the regions where
the LDOS is depressed are expected to be barriers for elec-
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FIG. 3. (Color online) Amount of the LDOS (expressed in per-
cent of the total LDOS) located on the molecule for the (a) Pt-DCB-
Pt, (b) Pd-DCB-Pd, (c) Pt-PDI-Pt, and (d) Pd-PDI-Pd systems. The
latter is decomposed into the contributions of the HOMO-3 (green),
HOMO-2 (pink), HOMO-1 (yellow), HOMO (red), and LUMO
(blue) orbitals of the isolated molecules (DCB or PDI). These con-
tributions are added up one on top of the other, so that the remain-
ing white region in the LDOS peaks has another origin (either it is
the contribution of other orbitals of the isolated molecules or it does
not correspond to one of these orbitals at all). The LDOS is calcu-
lated using Gaussians with a half-width of 0.06 eV to represent the
6 functions.
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FIG. 4. (Color online) Contour plot of the HOMO and LUMO:
(a) and (c) for the isolated DCB molecule and (b) and (d) for the
Pt-DCB-Pt system (see text). The isosurfaces correspond to elec-
tronic densities equal to one-tenth of the maximal values (i.e., 1.4
and 1.7 X 1073 e/A3 for the HOMO and the LUMO, respectively).

tronic transmission, while large values of the LDOS indicate
a high tunneling probability. It was pointed out that the
molecule-electrode coupling plays the most important role in
the transport properties.”® It is sufficient that the same orbital
has significant weights at both metal contacts in order to
obtain significant values for the conductivity.

By artificially dividing the supercell, we separate the
LDOS on the metal from that on the molecule. The amount
of the LDOS located on the molecule is reported in Fig. 3.
By projecting the eigenstates of the system on selected orbit-
als of the isolated molecules, it is possible to quantify their
respective contributions to the LDOS on the molecule. The
results of such projections on the HOMO-3, HOMO-2,
HOMO-1, HOMO, and LUMO orbitals of the isolated mol-
ecules (DCB or PDI) are reported in Fig. 3.

In the energy range considered in Fig. 3 (from —4 to
1.5 eV), two states (one above and the other below the Fermi
level) are essentially located on the molecule (75% or more
of the total LDOS) for all the systems. The one above Ej
originates mostly from the LUMO of the isolated molecules
(blue peak located at 0.47, 0.56, 1.08, and 1.14 eV for Pt-
DCD-Pt, Pd-DCB-Pd, Pt-PDI-Pt, and Pd-PDI-Pd, respec-
tively). The one below E comes mostly from the HOMO-1
of the DCB molecule (yellow peak located at 3.61 and
3.56 eV for Pt-DCD-Pt and Pd-DCB-Pd, respectively) or the
HOMO-3 of the PDI molecule (green peak located at 3.27
and 3.29 eV for Pt-PDI-Pt and Pd-PDI-Pd, respectively).
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Note that the relative position in energy of these two states of
the systems is almost unchanged compared to the isolated
molecules.

All the other states between —4 and 1.5 eV are essentially
located on the metal. In particular, a series of peaks (indi-
cated in red) can be associated to the HOMO of the isolated
molecules. The position and the height of these peaks vary
significantly from one system to another and may be respon-
sible for the different behavior between DCB and PDI sys-
tems when a positive gate bias is applied (see discussion
below). In particular, note that the peaks that appear around
-2 eV in the metal-PDI-metal systems are significantly
larger than in the metal-DCB-metal systems. In the Pt-
PDI-Pt system, these peaks are slightly higher than those in
the Pd-PDI-Pd system.

All the peaks in Fig. 3 also include contributions other
than those of the HOMO, HOMO-1, HOMO-2, HOMO-3,
and LUMO orbitals of the isolated molecule (the white
parts). These can be the contributions of other orbitals of the
isolated molecules or they may not correspond to one of
these orbitals at all. Our analysis reveals that for all the peaks
that we have discussed so far such contributions are in fact
negligible. Indeed, they do not affect significantly the shape
of the total LDOS compared to the isolated molecules. As an
example, we report the LDOS integrated over an energy
range of 0.07 eV around the peaks located close to —2.87 and
0.47 eV (largest red and blue peaks) for the Pt-DCB-Pt sys-
tem in Figs. 4(b) and 4(d), respectively. The projections on
the orbitals of the isolated molecules in Fig. 3 show that
these peaks originate essentially from the HOMO (red) and
LUMO (blue), for which the LDOS are also illustrated in
Figs. 4(a) and 4(c), respectively. The LDOS on the molecule
for the full system is similar to that of the isolated molecules.
Noticeably, the coupling to the electrodes is negligible. The
conclusions drawn from this example are also true for all the

other peaks that we have discussed so far. As a consequence,
we expect that tunneling will play an important role in the
transport of electrons at small bias.

If a gate potential is applied to the device, the energy
levels are shifted and the conduction mechanism may
change. This effect can be analyzed through the LDOS by
varying the gate bias as reported in Fig. 5. Two directions are
considered for the representation of the LDOS: along the
N-N axis of the system and the same direction but 1 A away
from the benzene plane. The former provides information
only about the states with o symmetry around the N-N axis,
the 7r states being captured by the latter.

We first focus on the o states. As expected, for all four
systems, the LDOS on the benzene ring is negligible and
remains essentially unchanged upon biasing the devices with
a gate electrode. On the contrary, LDOS is quite important
on the contact atoms for bias values ranging between —1 and
1 eV. Note that the two peaks located on the contact atoms
are separated by a region in which the LDOS is close to zero.
Interestingly, for higher bias values (close to +2 eV), these o
states disappear. The LDOS on the contact atom (3) is
slightly higher for the DCB devices than for the PDI ones,
whereas for atom (4) it is the contrary. In all cases the N
atom [(3) for DCB and (4) for PDI] displays a higher LDOS
than the C atom [(3) for DCB and (4) for PDI].

When moving away from the benzene plane, 7 states also
appear and hence the LDOS may become significant on the
benzene ring. In particular, the LUMO-like peak (in blue in
Fig. 3), which has a 7 character as illustrated in Fig. 4(c),
produces an enhancement of the LDOS for a gate bias of
about —0.5 and —1 eV for the DCB and PDI systems, respec-
tively. In Fig. 5, since only integer values are considered
(which is somewhat arbitrary), this contribution appears for
both 0 and —1 eV gate biases for the DCB systems and only
for —1 eV gate bias for the PDI systems. A further increase
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of the gate bias to —2 eV results in a strongly diminished
LDOS for all systems. The same is also true for a positive
bias of 1 eV. In the case of the DCB systems, it remains so
even for a 2 eV bias, while for the PDI systems, the LDOS
on the benzene rings becomes again important. This can di-
rectly be related to the position of the principal HOMO-like
peaks (in red in Fig. 3) slightly higher in energy for the PDI
systems than for the DCB devices.

B. Charge transfer

We now turn to a discussion of the CT that may occur
between the molecules and the electrodes. As shown in Fig.
4(c), the LUMO of the isolated molecule is divided in two
parts: the first is completely delocalized on the benzene ring
and the second is located on the contact atom, labeled 3 in
Fig. I (i.e., the N atom in the case of DCB and the C atom in
the case of PDI). The node between the two parts suggests
that the electron transfer will take place between the contact
atom and the electrode, leaving the electric charge of the
benzene ring unchanged.

The CT is obtained by summing the charge densities in
the metallic clusters and the isolated molecule and substract-
ing this quantity from the charge density of the metal-
molecule-metal system. The contour maps in the benzene
plane?’ and in the plane passing through the N-N axis and
perpendicular to the former are reported in Fig. 6.

For all systems, the CT is close to zero for the atoms of
the benzene ring. At variance, the largest CT occurs between
the contact atoms (i.e., atoms 2 and 3 following the notation
of Fig. 1). Besides, the spatial distribution of the CT between
these two atoms tends to indicate that no covalent bond is
formed between the molecule and the surface.

IV. CONCLUSIONS

We have studied the electronic properties of the DCB and
PDI molecules sandwiched between Pt(111) and Pd(111)
electrodes using a DFT approach. We have found that the
coupling between the molecules and the metal electrodes is
predominantly of physical type. As a consequence, the cou-
pling between the orbitals of the molecule and those of the
metallic contacts is small. This indicates that mechanisms
such as tunneling may play an important role in the conduc-
tivity at small bias, in agreement with the experimental find-
ings. If a gate potential is applied to the system, the LDOS in
the center of the benzene ring may significantly be increased.
This is obtained for a negative bias of about 1 eV for both
DCB and PDI systems, while for a positive bias of 2 eV, the
increase of the LDOS can only be achieved in the PDI sys-
tems.
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FIG. 6. (Color online) Contour plot of the charge transfer for (a)
Pt-DCB-Pt, (b) Pd-DCB-Pd, (c) Pt-PDI-Pt, and (d) Pd-PDI-Pd sys-
tems. Taking advantage of the symmetry of the systems, the charge
transfer is represented both in the benzene ring plane (Ref. 27) (left
part) and in the plane passing through the N-N axis (dashed line)
and perpendicular to the former plane (right part). The size of pro-
jection for each plane area is 10X 40 AZ. Positive, null, and nega-
tive values are represented in red, black, and blue lines. The outer-
most curve correspond to 75 and —11X 1075 ¢/A3. The values are
multiplied by four at each successive curve.
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