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Clarifying the nature of interactions between metal
electrodes and organic molecules still represent one of the
challenging problems in molecular electronics that needs
to be solved in order to optimize electron transport through
a molecular device. For this purpose, electronic properties
at metal-molecule interfaces were studied by combining
experimental and theoretical methods. Applying a novel
electrochemical approach, strictly two-dimensional Pd
islands were prepared on top of 4-mercaptopyridine
self-assembled monolayers (4MP-SAMs) which, in turn,
were deposited on (111)-oriented Au single crystals.
Electron spectroscopy together with density functional
theory calculations revealed strong interactions between
the molecules and the islands due to Pd-N bonds,
resulting in a drastically reduced density of states (DOS)
at the Fermi level Er for a nearly closed Pd monolayer, and
even non-metallic properties for nanometre-sized islands.
Similarly, a significantly reduced DOS at Er was observed
for the topmost Au layer at the Au-SAM interface due
to Au-S interactions, suggesting that these effects are

rather general.
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properties of small organic molecules because they offer the

prospect of fabricating ultra-high density electronic circuits as
components for molecular computers’, which will be an important
issue for forthcoming nanotechnology (for a review see, for
example, ref. 2). Molecular electronics is predicted ‘to approach
reality’ (ref. 3) due to the success of many sophisticated experiments
revealing a variety of fascinating aspects of charge transport
through organic molecules. Even the possibility of molecular
spintronics has been discussed®.

Much effort has been spent to elucidate the electrical properties
of single molecules®™, groups of molecules arranged within
nanoscaled areas'™'?, and extended molecular layers”*"”. Charge
transport has been investigated by local-probe techniques (such as
scanning tunnelling microscopy), break-junction techniques, and
by fabricating nanoscaled, as well as microscaled, junctions with
an organic layer sandwiched between two metallic electrodes. One
of the most fundamental factors determining the flow of charge
across the metal-molecule-metal junctions, however, is still not
well understood: the role of the contact between the molecule(s)
and the outside world represented by the metal leads'**°. Although
experimental hints can be found for modified energy levels of
organic molecules due to their chemical interaction with the metal
support®', the impact of the molecules on the electronic structure
of the metal electrodes at the metal-molecule interface has not yet
been established. However, from the damping of standing electron
waves at Cu(111) step edges induced by a molecule, a lowering
of the local density of electronic states in the metal has been
proposed®. Similarly, a reduced DOS at Ej has been predicted for
various metal surfaces (Au, Pd, Rh) with submonolayer coverages
of sulphur on the basis of density functional theory (DFT)
calculations™ 2, thereby representing one of the typical chemical
bonds used to attach a variety of different molecules to the
corresponding metal electrodes.

There has been tremendous interest in using the electronic
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Figure 1 Morphology of the metal-molecule—metal junction after different steps of preparation. Scanning tunnelling microscopy images were taken from the SAM on
top of the Au single crystal a, before (scan range 10 nm x 10 nm) and (d—f), after the deposition of Pd islands using an electrochemical approach: d, island size 4.9 nm, scan
range 100 nm x 100 nm; e, island size 9.0 nm, scan range 103 nm x 103 nm; f, 0.7 ML, scan range 100 nm x 100 nm. b, The ordered array of molecules visible in a is
modelled. Here, the open circles represent the Au atoms at the surface of the Au(111) single crystal. The molecules are illustrated as ellipsoids (grey) each centred on top of
three Au atoms forming a hollow site containing the S atom of the molecule. The rhomboid (red) describes the unit cell of the ordered array of molecules. ¢, A schematic
diagram of the Pd islands on top of the SAM assuming 3 Pd atoms bound to each N atom (Au: yellow; S: red; C: dark grey; H: light grey; N: green; Pd: blue). This way, the
topmost Au layer, with a (111)-orientation and the hexagonally close-packed Pd islands also resulting in a (111)-orientation, were expected to show an epitaxial relationship

promoted by the organic molecules.

Here, we present experimental evidence for a significantly
reduced DOS at Ep, for both metals in a metal—self-assembled
monolayer-metal junction, resulting from strong chemical
interactions between the molecular layer and its bottom electrode
(Au single crystal), as well as its top electrode (Pd islands of
monoatomic height). The latter electrode was prepared either
as nanometre-sized islands (4.9 nm, 9.0 nm) or as a nearly
closed monolayer (0.7 ML), which enabled us to explore the (size
dependent) electronic properties of a metal lead during the early
stage of contact formation.

All of the samples were prepared by an electrochemical
approach®?, which combined elements of currentless and
electrodeposition. Briefly, a 4MP-SAM was deposited on top of
a Au(111) single crystal, forming extraordinary large domains of
ordered structures® (Fig. la) with lattice constants a = 0.47 £
0.05 nm, b =2.2+0.3 nm, and y = 75+ 3°, which is in
good agreement with the values reported earlier®. Interpreting
each characteristic structure as a 4MP molecule, a model for
the molecular packing on top of the Au surface is proposed
in Fig. 1b (¢ =0.50 nm, b =2.07 nm, y = 77°) assuming a
threefold coordination with Au atoms around each S atom. This
assumption results in a unit cell with two columns of parallel-

oriented molecules, followed by a column of rotated molecules
in accordance with the experimental results. In a second step, the
complexation between the Pd*" ions and the ring nitrogen of the
4MP molecules was achieved by immersing the SAM-covered gold
electrode into a solution containing the metal ions. Finally, by a
subsequent potential scan in the negative direction, the complexed
metal ions were reduced to Pd’, allowing the Pd atoms to form
strictly two-dimensional metal islands of monoatomic height and
variable size on top of the SAM***® (see Fig. 1d-f).

The Pd islands are modelled, in Fig. 1c, assuming that the Pd
atoms form a hollow site of three-fold symmetry containing the N
atom of the molecule. Consequently, the hexagonally close-packed
topmost Au layer corresponding to the (111) crystal orientation,
and the hexagonally close-packed Pd islands corresponding to
the highest density of atoms in a two-dimensional arrangement,
are expected to show an epitaxial relationship promoted by the
organic molecules (see below). It should be emphasized that, after
depositing the Pd islands, the order of the 4MP molecule array
disappears, pointing to local stress within the organic layer induced
by the interaction between the molecules and the metal islands.

Figure 2a summarizes the wultraviolet photoelectron
spectroscopy (UPS) valence-band spectra obtained from the
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Figure 2 UPS spectra acquired from Pd-covered samples after subtracting the
contribution due to the support, thus only representing the properties of the Pd
contacts. a, The results measured in the normal direction on different island sizes
and the 0.7 ML sample. b, Angular-dependent spectra for a 0.7 ML film.

different samples, after subtracting the contribution arising from
the support (measured under identical conditions on the sample
shown in Fig. la), in comparison to a clean Pd bulk reference
sample. Three characteristic features can be recognized at binding
energies Ey of 1.8, 2.4 and 3.1 eV, which are common to all
three island sizes but which differ significantly from the bulk Pd
spectrum. The latter clearly shows a high intensity at the Fermi
energy (Egz = 0), which is drastically reduced in the nearly closed
Pd monolayer, or even absent in the nanometre-sized islands.
This indicates a size-induced metal-non-metal transition in the
electronic DOS. For oriented layers, however, such a conclusion
based on photoemission has to be critically tested, because angular-
dependent photoionization cross-sections might prevent the
detection of all of the electronic states. To analyse the influence
of such effects, angular-dependent measurements were performed
on the 0.7 ML film (Fig. 2b). Here, all of the characteristic features
in the valence-band structure are found to be independent of the
detection angle, proving that it is correct to interpret the UPS
spectra in terms of the electronic DOS.

This conclusion is further corroborated by core-level
spectroscopy on the Pd-3d doublet. Although the Pd-3d binding-
energy range interferes with the Au-4d emission from the support,
the Pd contribution can be well separated by subtracting the
spectrum acquired from the pure SAM on Au. The result of such
a procedure is shown in Fig. 3, where the Pd-3ds;, spectrum
measured on 9-nm islands is compared to spectra of a bulk Pd
reference sample as well as of the 0.7 ML Pd film, respectively.
Identical binding-energy positions are found for all of the samples,
providing evidence again for the reduced chemical state (Pd°)
of the Pd atoms deposited on top of the SAM. On the other
hand, characteristic differences exist with respect to the line
shape. Focusing first on the lower spectra in Fig. 3, a well-
pronounced asymmetry towards higher binding energies can be
recognized for the bulk sample (solid line), reflecting the creation of
electron-hole pairs during the photoemission process in the
vicinity of Eg. Such a large asymmetry reflects a high DOS at Ex
(ref. 30), confirming the UPS results presented in Fig. 2. In contrast,
the line-shape acquired from the 9 nm Pd islands (Fig. 3, bottom
curve, circles) is highly symmetric, thereby indicating a vanishing
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Figure 3 Pd-3d;,, core-level spectra measured with monochromatized X-rays.
The solid line represents bulk Pd, whereas the open symbols reveal the results
obtained for 9 nm Pd islands (bottom curve) as well as for a 0.7 ML Pd film

(top curve).

DOS at Eg. Hence, the spectra presented in Fig. 2 can be interpreted
in terms of the electronic DOS, thus allowing the comparison to
band-structure calculations (see below).

It is worth mentioning that the spectrum for the 0.7 ML
film also exhibits an increased intensity visible at higher binding
energies. This, however, does not reflect an intrinsic asymmetry of
the Pd-3d lines. Rather, it indicates the presence of a chemically
shifted component, which can easily be identified as PdO. Hence,
Pd oxidation starts only in the case of a metallic behaviour of these
contacts (non-zero DOS at E;), whereas non-metallic nanometre-
sized islands exhibit an enhanced stability against oxidation.

Self-consistent periodic DFT calculations were carried out
as described elsewhere’ using the Vienna ab initio simulation
package ‘VASP’ (ref. 32). Briefly, the exchange—correlation effects
were treated within the generalized gradient approximation using
the PBE functional®. The ionic cores were described using the
projected augmented wave (PAW) method*, and the Kohn-Sham
one-electron valence states were expanded in a basis of plane waves
with a cutoff energy of 400 eV.

The DFT results obtained for a fully relaxed, non-interacting,
densely packed monolayer of Pd atoms are summarized in Fig. 4
(curve (1)). In this case, a nearest-neighbour distance of 0.263 nm
is obtained, leading to a DOS that basically consists of three
pronounced peaks, a finite DOS at E; and a bandwidth of
4.7 eV for the occupied electronic states. If compared to the
experimental spectrum measured for the 0.7 ML film (curve (5)),
the calculated bandwidth of the free monolayer is apparently
significantly overestimated. Additionally, the large discrepancies in
the peak positions are striking.

Assuming, however, a heteroepitaxial growth of the Pd film
with respect to the Au crystal promoted by the SAM, a nearest-
neighbour distance of 0.288 nm is expected for the Pd atoms in
the ideal case. On the other hand, the missing molecular order
between the metal islands after Pd deposition indicating local
stress fields, suggests the presence of a reduced lattice parameter.
Thus, the DFT calculations were repeated for a free Pd monolayer
with a fixed nearest-neighbour distance of 0.280 nm, resulting
in a DOS as included in Fig. 4 (curve (2)). Obviously, a much
better agreement is achieved between theory and experiment with
respect to the bandwidth, as well as for the position of the two
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Figure 4 Electronic DOS as calculated within DFT for a Pd monolayer together
with experimental results for a 0.7 ML film deposited on top of the SAM. Curve
(1) shows the DFT results for a free, relaxed Pd monolayer. Curves (2) and (3) have
been calculated on the basis of an expanded lattice parameter (representing
heteroepitaxial growth on top of the SAM) without (2) and with (3) chemical
interaction with the supporting SAM. Curve (4) is obtained by convolution of (3) with
a lorentian reflecting the finite lifetime of the photoionized atoms, followed by
convolution with a gaussian representing the experimental energy resolution.

characteristic features found at higher binding energies. However,
theory still expects a high DOS peak close to the Fermi level, which
is definitely not present in the experimental data. This discrepancy
can be better understood by analysing the symmetry of the single-
particle wavefunctions related to this peak. Here, we find 4d,.
orbitals extending to a high degree in the normal direction, thus
representing those electronic states that most probably interact with
the underlying molecules.

Consequently, the DFT calculations were modified to include
Pd interactions with the ring nitrogen according to the model
shown in Fig. 1lc. This modification finally leads to a DOS
distribution (Fig. 4, curve (3)), which, after taking into account
the finite energy resolution of the experimental setup as well as
the generally observed broadening of the spectroscopic features due
to the finite lifetime of the photoionized states (Fig. 4, curve (4)),
agrees reasonably well with the experimental results. Hence, clear
indications are obtained for chemical interactions between the 4MP
molecules and the Pd monolayer, leading to a shift towards higher
binding energies of the involved states by more than 1 eV. This,
by itself, results in a significant reduction of the DOS at E; by
a factor of 4 (compare curves (2) and (3)) having consequences
for any charge transport across the metal-molecule interface. The
agreement between the simulated and the experimental spectrum
might even be improved by taking into account not only the
ring nitrogen but the complete organic molecule including its Au
support. This, however, is beyond the scope of the present work,
but will be investigated in more detail in future studies.

There is still another important point to note. Similar chemical
interactions with the SAM are also expected for the nanometre-
sized Pd islands, which should consequently reveal a reduced, but
non-zero, DOS at E;. This clearly contrasts with the spectroscopic
findings of a non-metallic behaviour in the size range below
10 nm, suggesting the importance of additional effects, such as size-
dependent interactions with the underlying SAM or bonding, to
the nitrogen, of molecules close to the perimeter of the Pd islands.
Unfortunately, a full ab initio treatment of such systems is not
possible yet owing to the huge number of atoms involved.

Turning now to the second interface in the metal-SAM-metal
junction, that is, to the contact area between the SAM and its Au
support, we find 21.4% of the Au surface covered with sulphur
atoms according to the structural model presented in Fig. 1b,c.
Assuming that the Au-S bonds are dominating the interface
properties, DFT results from the literature can be used to estimate
the influence of the organic molecules on the electronic properties
of the support. In this case, for 25% of a Au(111) surface covered
with sulphur atoms, a significantly reduced DOS at E is predicted
for a 4-ML slab of Au (ref. 23), resulting in a calculated reduction
to 56% of the bulk value for the topmost Au layer (J. A. Rodriguez,
private communication).

To unravel the electronic structure of the topmost Au layer,
which is in direct contact with the SAM, angle-resolved UPS
measurements were carried out on the sample shown in Fig. 1a.
The corresponding results are summarized in Fig. 5 where, in part
a, the valence-band structures of the reference systems, that is, the
pure molecules deposited as a thin layer on top of a Si wafer, and a
clean Au single crystal are shown. When comparing the valence-
band shape of both reference samples, the insulating behaviour
of the molecules becomes obvious with a HOMO-LUMO gap
of at least 4 eV. Consequently, within a binding-energy range of
0—4 eV, photoelectrons emitted from the Au—SAM sample can
safely be assigned to originate only from the Au support. This,
on the other hand, allows us to interpret angle-resolved spectra
within this binding-energy range (Fig. 5b) as representation of
the surface region of the Au support. As can be seen in Fig. 5,
a decrease in the DOS at E is observed for increasing detection
angles (corresponding to an increasing surface sensitivity). Taking
into account the thermally induced broadening of the Fermi edge
according to the Fermi function, as well as the finite energy
resolution of the electron energy analyser, the decrease in intensity
at Er as a function of the detection angle can be estimated as shown
in Fig. 5c¢ (squares). Assuming that the topmost atomic layer is
affected most by the contact to the SAM, and approximating that
the second layer has nearly bulk properties, the measured intensity
at E;p can be interpreted as (angle-dependent) superposition of
the intensity arising from bulk-like (buried) Au, and the intensity
emitted from the modified top layer. Taking into account a mean
free path value of 0.68 nm (ref. 35) for photoelectrons emitted
from the Fermi edge, and fitting the experimental data with a
standard formula® for angle-resolved photoemission (Fig. 5¢, solid
line), a decrease to 46% of the value of bulk Au is derived, which
agrees reasonably well with the expectations based on the DFT
calculations as mentioned previously.

Thus, modifications of the electronic structure of the metal
electrode are also found at the Au-S interface, suggesting that
such modifications of the metallic contacts, induced by strong
chemical bonds to organic molecules, are a general phenomenon.
Comparing the reduction of the DOS at E; for both metals, a
decrease by a factor of about 2 is found at the Au-S interface,
whereas according to our DFT calculations at the Pd—N interface,
a factor of 4 is expected. Experimentally, for Pd, the interaction
between the molecules and the metal overlayer even results in
non-metallic behaviour (vanishing DOS at E;) if the diameter of
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Figure 5 Photoemission results (hv = 40.8 eV) related to the Au-SAM interface. a, Shows the valence-band structure of the organic molecules deposited as a thin layer
on a silicon wafer, together with a spectrum measured on a clean Au single crystal both serving as reference systems. The top spectrum has been measured on a Au bulk
sample, the bottom spectrum on a thin film of 4-MP molecules. b, Enlarged view of the binding-energy range close to £ showing a decreasing intensity at £ for increasing
detection angles (increasing surface sensitivity). ¢, The corresponding intensity values (full squares) for increasing detection angles normalized to the intensity of the Au
reference measured under normal incidence. Using these data and assuming a two-layer model, a DOS decrease by more than a factor of 2 can be extracted for the topmost
Au layer as compared with bulk Au. The horizontal error bar indicates the (maximum) uncertainty in detection angle induced by a possible misalignment of the sample surface
with respect to the manipulator system of the electron spectrometer. The vertical error bar reflects the standard deviation of the corresponding intensities at £: obtained by a
fitting procedure while taking into account the thermally induced broadening of the Fermi function and the finite energy resolution of the electron energy analyser.

the metal electrode is reduced to a value of the order of 10 nm.
Nanometre-sized metal probes, on the other hand, have been
used in experiments® to characterize the transport properties of
groups of molecules. Based on the present results, a principal
problem with such measurements has to be considered: due
to interactions with the molecules, a metallic nanocontact can
turn non-metallic, as observed above for the Pd islands. The
consequence on electron transport at low bias voltages immediately
becomes clear by considering”™* tunnelling processes between
the two metal electrodes through the organic molecules with a
HOMO-LUMO gap. Close to zero bias, the (small) conductance
G of such a metal-molecule-metal junction can be expressed*>****
as G(Eg) = G, (Er)e " with G, representing the so-called contact
conductance, y the tunnel junction inverse decay length which is
a function of the HOMO-LUMO gap of the molecule(s) as well as
the effective mass of the tunnelling electrons, and L the distance
between the leads. The properties of the metal electrodes are taken
into account*>* by means of the contact conductance G,(Ez)
which, to first-order approximation (that is, according to the Fermi
golden rule) should be proportional to the electronic DOS at the
Fermi level at the surface of the two metal pads. Thus, any distinct
reduction of the DOS at E; of the two electrodes will result in a
reduced contact conductance, which, in the case of the small Pd
islands with non-metallic properties, might even add another large
tunnelling resistance to the total resistance of the junction.

For higher voltages applied to the junction, the effect of a
reduced DOS at E;. for both electrodes may be even stronger. In that
case, energy levels assigned to molecular orbitals can be adjusted to
match continuum states in the electrode materials, resulting in high
transmission coefficients (of the order of 1) for charge transport
through the molecules. In this situation, a drastically increased
contact resistance, as compared with the undisturbed electrode
material, might even dominate the transport properties of the
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whole junction. Of course, this rather qualitative picture requires a
full theoretical treatment to understand all of the consequences on
the transport properties, which is beyond the scope of this article.
On the other hand, the observation of vanishing metallic properties
of nano-sized electrodes attached to a group of organic molecules
might open a new perspective of realizing single electron tunnelling
through an ‘organic quantum dot), which could lead to the design
of organic single-electron transistors as attractive components of
future molecular electronics devices.

These results are expected to have a strong impact on future
studies trying to establish and control all of the factors relevant
for electrical transport in nanoscaled organic systems, a necessary
requirement for the development of molecular electronics.

METHODS

The chemical state of the samples was analysed by X-ray photoelectron
spectroscopy (XPS) using monochromatized X-rays (1,486.6 eV) as provided
by a commercial photoemission system (Fisons ESCALAB 210). The electronic
structure of the Pd islands was determined using UPS carried out with
non-polarized He-II radiation (40.8 eV) from a gas discharge lamp and setting
the angular acceptance of the energy analyser to its maximum value (£12°).
Radiation damage to the SAM, as induced by secondary electrons*, was
avoided by reducing the photon flux of both sources, and by the small spot size
(<1 mm) of the two photon beams (XPS, UPS), allowing a certain sample
position to be probed for times less than 1 h, followed by moving to a new
position. During these probing times, no measurable decrease of the
corresponding core-level or valence-band intensities, or changes in their line
shapes, were detected.

It is worth mentioning that, for the current metal-molecule—metal
junction, photoemission experiments carried out with synchrotron radiation at
an undulator beamline immediately resulted in the destruction of the
molecular device as shown by vanishing Pd-3d core-level intensities.
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