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Abstract The interaction of ferrocene-Z1;dlithiol (FDT) with two parallel Ag(111) surfaces
has been theoretically studied at density-functionallleviene effect of surface defects on the
energetic and electronic structure was investigated. Tdatrenic transport properties are studied
with the non-equilibrium Green'’s function approach. Theagtion geometry has a strong effect
on the electronic levels and conductivity. The presenceoifitpdefects strongly enhances the
molecule-surface interaction but has a surprisingly seiédict on the density of states near the
Fermi energy. The FDT-surface bond is particularly stroegrriterraces or steps and leads to
significant shifts of the molecular orbitals relative to tip@s phase. For all considered defect
types except the single adatom the electronic conductiityugh the FDT molecule is decreased

compared to adsorption on perfect surfaces.

PACS 73.20.-r, 71.15.Mb, 73.63.Kv



I. INTRODUCTION

Binding of molecules to a metallic surface is one of the loagding key issues relevant in
fields like catalysi§ corrosioR, friction® or photochemistry; By identification of relevant model
systems that are accessible to quantitative simulati@ighhinto many detailed mechanisms has
been made possible in recent years.

Details of the binding of molecules to metallic surfacestout to be also of high relevance to
electron transport through single molecdleat may eventually be functionalized as molecular
conductors or even as switches inducing conformationahgds by external electric fields or
light®. This is due to the fact that in absence of additional exoitat e.g. by light, only the small
section of the molecular energy spectrum in the immediaighberhood of the Fermi level of
metallic electrodes is of relevance to electric transguaugh the molecule. In a many electron
system consisting of molecule plus electrodes an intriggterplay between binding strength,
local coordination, density of states (DOS) close to therfréavel, overlap of wave functions and
conductance exists, and our understanding of this intgrplaery incomplete. Although metal
electrodes are usually crystalline at a microscopic lebe,situation is complicated by the fact
that defects at the electrode surfaces like point defeactsteps must be taken into account. The
study presented here in fact emphasizes their importanoally; as we will discuss at the end
of this paper, the question arises whether conducting aneconoducting molecules of the same
sort, but with different coordinations on the metal surfa@n be present. In this case, also lateral
interactions between the adsorbed molecules must be takeraccount, which is beyond the
scope of the present study.

In a recent study we investigated the adsorption of ferreckd-dithiol (FDT) at the perfect
Ag(111) surfacé This system was chosen since ferrocene based moleculist exremarkably
large conductance without activation threshdfisind a high structural flexibility with respect to
rotation of the two cyclopentadienyl (Cp) rings. This wastmdran investigation of FDT based
molecules acting as molecular wires between silver eldeso

In this study, we investigate the adsorption of FDT betw&enpgerfect and defective Ag(111)
surfaces using density functional theory. As possible @efég vacancies, single adatoms (tip
configuration), small islands, and monoatomic steps haee beken into account. Based on the
experience from our previous study we consider the molesuttace contact via the sulfur atoms.

In most cases we considered S-H dissociation, i.e. a dittialas adsorbed. This situation was



found to be only slightly more stable than molecular adsompon perfect Ag(111) surfacébut
lead to much better overlap between the molecular orbitadsthe silver levels near the Fermi
energy. For one case (side-on adsorption of FDT on smakrsilands) we also investigated

molecular adsorption.

II. TECHNICAL DETAILS

Our calculations were performed within density functiotredory employing the generalized
gradient approximation for the exchange correlation fiametl as given by Perdew and Wafd'*
as implemented in the VASP code!®. Plane-waves in combination with the projector augmented
wave methotf!” have been used in order to expand the Eigenstates.

Most of the computational parameters were the same as beddri the previous study The
number of plane-waves was limited by a cut-off energy of 4904d| calculations were carried
out without spin polarization. Surfaces were modeled wnitihie supercell approach. The basic
model is at x 4 slab of the primitive Ag(111) surface unit cell with four atix layers and 18\of
vacuum. Brillouin zone integrations were performed usirig & 3 x 1) Monkhorst-Pack gritf or
equivalent sets of special k-points when the cell size netéalbe modified. Smearing according
to the scheme of Methfessel and Paxfomith a smearing width decreased to 0.05eV compared to
the previous studyhas been employed. The positions of all atoms have beerecklantil forces
on each atom were smaller than 0.02 A&VDensities of state (DOS) have been extracted from the
relaxed structures using P4VASP

With the present computational setup the calculated Ag lattice constant is 4.3 slightly
overestimating the experimental value of 469as typical for gradient corrected functionals. The
calculated surface energy is 0.344 eV/atom.

In order to model adsorption of FDT between two Ag electroaesbenefit from the period-
icity along the surface normal. Rather than defining an eddetdistance arbitrarily, we used the
corresponding cell parameter as a variational parametaurigalculations. In this way, we could
obtain an optimal bonding between the two sulfur atoms of D the two sides of the silver
slab.

The transport properties calculations were done with ti@Siesta packade It combines the
non-equilibrium Green’s function (NEGF) formaligfrwith density functional theory which is

implemented in the SIESTA coéfe We use the Perdew-Burke-Ernzerfiafxchange-correlation



functional and 400 Ry energy cutoff to define real-space gnidHe density manipulation. A TZP
basis set was used for the iron atom and DZP basis set wasarsalitidther elements. ;8states
were added as valence in the pseudopotential of Fe.

Regarding the transport calculations the system was dividedhree regions, namely left and
right semi-infinite electrodes and a central scatteringoregontaining the FDT molecule and the
Ag surface atoms. As surface we define the first three Ag Isayegreas the next layers correspond
to the bulk. Our test calculations have shown that a furthereiase of the number of layers in the
surface does not change the results significantly. Takityancount that the left and right leads
are in equilibrium and can be described with self-energigsand S, we can define the Green

function of the scattering region in the presence of thedesed
N N N ~ ~ —1
G(z) = <zS —Hlp -5 — ER> , 1)

whereS, H are overlap matrix and DFT Hamiltonian, respectively= ¢ + i6 with § — 0. This

allow us to evaluate the density matrix
p= / a:G(Fy + T )G, @)

wherel' ) r = (315 — ETL/R) and to calculate the transmission spedti@) = ', GT zG'.
Since the DFT Hamiltonian depends solely on the densityirjaguations (1) and (2) can be

iterated until reaching self-consistency.

lll. RESULTS AND DISCUSSION
A. Structure and stability

In the following the results of structure optimizations ferrocene dithiolate adsorption be-
tween two parallel Ag(111) surface with and without defents described. Defects are isolated
Ag vacancies, Ag adatoms, small Ag islands, and monoatorapss The calculated interaction
energies are summarized in Table I. The reaction eneryigd°®* and A E*M°! were obtained

from the following reactions:

AE™° = E(Fe(C,H,SH), : Ag) — E(Fe(C,H4SH),(g)) — E(Ag) (3)
AEMoRt — E(FQ(C5H4S)2 tAg) + E(Ha(g)) — E(Fe(C5H4SH)2(g)) — E(Ag)



Surface model E, Apthclat Apthicl A7 Rg 4,

Ag 4 x 4 x 4 parallel 240 —-0.29 -0.23 8.9 2.59,2.59/
2.58,2.58,2.56

Ag 4 x 4 x 4 perpendicular 247 —0.36 —0.36 10.3 2.58,2.61/2.56

Ag 4 x 4 x 4 Ag defect para. 3.14 —1.03 8.7 2.60,2.72

Ag 4 x 4 x 4 Ag defect perp. 2.91 —0.80 9.9 2.55,2.62/2.79

Ag 4 x 4 x 5+(1 x 1) adatom (tip) 2.42 —0.31 10.8 2.43

Ag 4 x 4 x 5+(2 x 2) side-on 3.24 —1.13 —0.40 10.3 2.47,2.52
Ag 4 x 4 x 5+(2 x 2) centered 2.79 —0.68 11.2 2.70, 2.85

Ag6 x 4 x 2+(4 x 4x1)step  3.01 —0.90 11.0 2.55, 2.59

TABLE I: Calculated dithiolate binding energiéss, reaction energied Ethiclat | A pthiol (ev/) optimized

Ag-interlayer (contact) distanc& 7, nearest S-Ag distancés (A).

According to our definition, negative values AfF) denote stabilization of the total system due
to adsorption. In these calculations the same vectors weed tor the cells of the surface-
adsorbate system, the corresponding bare surface, andallaged molecular species. The gas-
phase molecules were fully optimized as described eérliEne interaction energy;, between
ferrocene dithiolate and the surface is calculated witlbtreedical Fe(GH,S), in its triplet ground
state as reference. The hydrogen atoms removed from the @wtslwere assumed to desorb as
H, from the surface. For each surface model the lattice pasmatong the surface normal was
numerically optimized.

Perfect Ag(111) surfaces could be adequately modeled usidgad x 4 slab. Two adsorption
modes were considered, with the fivefold axis of the Cp Ahgarallel and perpendicular to the
Ag(111) surface (Figs. 1 a) and b), respectively). In the fitede only the S atoms of FDT are
in close contact with the surface atoms, while in the secoodawlso interaction via the Cp rings
is possible. When comparing the relative energies of the twdas one has to bare in mind that
DFT approaches tend to underestimate dispersion interschetween aromatic rings and metal
surfaces (see e.g. R&). Within the assumed error bars of the methods the reactiengees
AE™elat - 36 eV and—0.29 eV, are indistinguishable. However, changes in configonai

interactions of the Cp-Rings are seen partly by broadenintgsiDOS structure (see below).



To simulate singlédg vacancies, two silver atoms were removed from the first and the fourth
layer of thed x 4 x 4 slab. We chose identical lateral positions for the two vasin order to
increase the symmetry of the model. Test calculations fegldhat the choice of the defect po-
sition has only a small effect on the stability (less tharB@®¥). The calculated defect formation
energy (with respect to gas-phase Ag atoms) is 3.19 eV/A§\@Plevel. Due to its high forma-
tion energy, this type of defect is rather unlikely underemmental conditions (low temperature).
Nevertheless, the genereation of point defects duringapegjon cannot be completely ruled out
because part of the energy is regained by putting the atokndrathe surface either as single atom
or at steps (see below).

Structures close to those described for the perfect suwace chosen as starting points for the
adsorption study between defective surfaces. After ogation, it was found that the sulfur atoms
of FDT bind to the Ag surface in two-fold coordination neag tracancy. Different from the planar
surface, where the two adsorption modes are energetidailiag there is a clear preference for
adsorption with the Cp axis parallel to the defective surfdéer this configuration the reaction
energyA Ethelat is decreased from 0.29 eV (perfect surface) te-1.03 eV (Table I). The structure
with the Cp axis perpendicular to Ag(111) is less stable bg @\2

The Ag(111) surface withingle adatomsis modeled with &l x 4 x 5 slab. On both sides of the
slab a single silver atom was added at a lattice site aboveuttiece at the same lateral position.
This Ag atom is bound to thé x 4 x 5 slab by—1.95 eV. This reduces the effective Ag formation
energy for a single vacancy (previous paragraph) on Ag(fid.1)24 eV.

The most stable structure of FDT adsorbed between two sgfaith single adatoms is shown
in Fig. 1c): The molecule is rotated so that the sulfur atomesim close contact with the silver
adaton®?. Although the distance between the Ag slabs has been ogiiiniao, the sulfur atoms
are not exactly on-top of the Ag adatoms. The S-Ag distand@2, is the shortest compared with
all other configurations tested. However, the interactioargy A £"i°% = —(.31 eV is similar
to that on the non-defective surface (Table I). Althoughrgegcally not the most favourable
configuration, the low coordination of the S—atoms for tluafgyuration, which is smaller than in
all other configurations tested, leads to significant slfthe DOS with dramatic consequences
in transport, as we will show below.

The4 x 4 x 5 slab was also the basis for the studyswhll islands on the Ag(111) surface. Four
silver atoms in & x 2-arrangement were added on both sides of the slab in a syiomwealy. The

FDT molecule was placed between the two islands of paralt&hses in two ways, with the sulfur



atoms above the centers of the islands (Fig. 1d) and at asidassition (Fig. 1e). The side-on
adsorption turned out to be the most stable geometry of afigarations considered in this study.
The interaction energp £thiolat — 113 eV is lower by 0.45 eV than that for adsorption on the
island centers (Table I). The side-on adsorption allowsweesurfaces to come relatively close
to each other. The interlayer distandeZ, 10.3A, is the same as for the Cp-axis-perpendicular
adsorption mode between perfect surfaces.

A similar side-on adsorption structure was also studiedtfier non-dissociated ferrocene
dithiol. Its stability A E*t! = —(.40 eV, is similar as for adsorption between two perfect suace
The large energetic difference between molecular and cstsal forms of FDT at step island and
vacancy sites clearly favors dissociation of the S-H bomddedected Ag surfaces, contrary to the
perfect surfacé In order to study possible intermediates, the two hydragjems were removed
from ferrocene dithiol and adsorbed at adjacent Ag surfem@s The most stable configuration
was more stable than molecularly adsorbed FDT by 0.26 evVh@méfective surface there is a
preference for dissociative adsorption. We have not caledlthe activation barriers for hydrogen
abstraction, but it is assumed that the barriers are maggdatge due to the exothermicity.

As an example for a one-dimensional surface defect, we eduéiDT adsorption at a

monoatomic step. A surface supercell was constructed applying the transdtion matrix

to the primitive surface unit cell. The slab consisted ofrfatomic layers with 24
4 —4

atoms each in @x 4 rectangular arrangement. From each of the two outermostda&/atoms were
removed. For a fixed inter-layer distanté&’ the lateral position of the FDT molecule was varied
stepwise. This was necessary since the gradient-basedipgiion routines implemented in VASP
do not allow to find the global minimum from an arbitrary stagtpoint. After a systematic search,
the minimum structure shown in Fig. 1f was found. Similartte2 x 2 island, the FDT prefers to
bind to the step edge in a two-fold configuration. The reaatioergyA E*helat — (.90 eV is not

as low as for the side-on island adsorption in the previoudehwaith four Ag adatoms. Although
this difference may be an indication of a site dependenchkepirteraction energy, it can also be
due to the finite size of the model (see Fig. 1f), which prevéim molecule from taking the same
optimal side-on position as on the smaller Ag island (Fig. ¥ indication of the latter effect
is the interlayer distancAZ = 11.0 A, which is close to the (less favorable) centered adsamptio

configuration on the x 2 island.



B. Electronic structure

In this section a direct view on the electronic structurenefadsorbed FDT molecule will first
provide direct evidence for molecular adsorption. Sinceaveeinterested in the conductive prop-
erties of this molecule adsorbed between two Ag electradedpcus on the immediate vicinity
of the Fermi level of Ag. For electrical conductance, the agupied molecular states play no
role, since they are more than 2 eV higher in enérgys we will show, changes in coordination
and molecular orientation result in subtle modificationghe projected density of states close
to the Fermi level, but in substantial differences in thedwartive properties. These are quanti-
fied by calculations using the non-equilibrium Green’s fisrttechnique as implemented in the
TranSIESTA code.

As an example, the density of states (DOS) projected onterdiit parts of the molecule are
shown in Fig. 2a) and b) for the parallel and perpendicul@ogation geometry on defect—free
surfaces, respectively (cf. with Fig. 1). As is clearly ségrthis figure, the DOS, starting at the
Fermi-energy £, zero point) down to -3 eV, is mainly determined by molecuelamtributions. In
this energy range, the DOS projected onto different orbiddsurface and subsurface silver atoms
has a comparatively small weight. However, thie-states of Ag(111) contribute significantly to
the total DOS starting around -3eV beldvy: (not shown).

These projected DOS turn out to be fully consistent with thsuanption of molecular adsorp-
tion of the FDT biradical, as demonstrated also in this figie shifting the energy scale of the
occupied molecular orbitals of the isolated radical rigidhd adjusting it at the HOMO, we ob-
tained the energy levels indicated by the bars in Fig. 2b3oAte location of the main electronic
density of the isolated radical is consistent with the propms carried out for the adsorbed case.
The relative shifts found here are only a few tenth of an edicating a relatively weak contribu-
tion of theser-derived molecular orbitals to the bonding of the molecdlbis is even valid for
the S-derivedr orbitals (HOMO-3 and HOMO-4).

As an extreme case, part of these states have even an effactivbonding character. This
is exemplified by the PDOS of the Fe state located at apprdgigna2.8 eV as shown in Fig. 3
Here the center position of this state is plotted as a funaidhe binding energy of the molecule.
Although the molecular binding varies by a factor of morentBathe position of this peak stays
constant within+0.05 eV except for the adsorption on top of a single Ag adatom (@ipfigu-

ration), where a shift by-0.2 eV was found. Here the bond by the S atom can only be singly



coordinated, whereas is all other cases a doubly coordirtaiad was found. The small Ag-S
adsorption length for the singly coordinated configuratompared to the other configurations
(Tab. 1) is a direct consequence. Thus there is a small infliby coordination in this electronic
state, but not of binding strength.

There is, however, sensitivity to the local coordinatiomther parts of the PDOS, as obvious
from the peak separation to the next peak at higher energghwtepends much more on con-
figuration both in the projections on the Fe and on the Cp ririgss is particularly true close
to the Fermi level for all configurations, and can be seen, algo in Fig. 2 for the main part of
the Fe3d-derived level that is only a few tenth of an eV below the Feemergy (red curve). For
the geometry with the Cp axis parallel to the surface the aofstbie main Fe3d peak is at—0.2
eV, while in the perpendicular adsorption geometry thissbmsat—0.5 eV. Since the interaction
of the Cp-rings with the substrate is higher for latter comfigion, the PDOS of the C—-atoms
(blue curve, cf. with HOMO-5 and HOMO-6) around -2.8 eV is ddened and the peaks in the
DOS are less pronounced. Broadening seems to be in part alsecthy a varying extent of (still
small) deformation of the molecule, as seen from a compaagahe different defect configura-
tions. The smallest half widths are observed for the FDT md&adsorbed at step sites. This
configuration seems to allow a configuration closer to itgstoded molecular geometry than the
other configurations.

The fact that the projections on both the Fe— and the C—sthtagye in a similar way demon-
strates that the electronic states are extended over thie idroocene molecule in this range of

energies. This is important in context with electrical coctdnce discussed below.

C. Electronic transport

As mentioned, only the occupied electronic states closegd-ermi level are relevant for elec-
trical transport in our case. These states, largely defiged the HOMOSs of the isolated radical,
are clearly modified by the different bonding configuratiomgestigated here. As expected for
orbitals with (slight) bonding character, there is a geheosvnward shift in energy as a function
of increasing binding energy, which in most cases, howaserisible only as a change of peak
shape of the dominant Fe3d-derived main peak. Thus the D@% aepends both on binding
strength and on coordination. Fig. 4a) shows this effeatgtarily for the projection of the DOS

onto the Cp-rings within a small interval arout: for all configurations investigated. Projec-
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tions onto S and Fe atoms have the same tendency. As seerhigofigtire, there is a significant
variation of the electron density in the vicinity &f- depending on the local atomic configuration.
This variation is, as expected, directly correlated with binding energy, of the molecule, as
long as the bonding character is similar. As explained abingis the case for all configurations
tested except the adatom (tip) configuration, which will sedssed separately below. In order to
demonstrate this correlation, we integrated the PDOS o€Cthé-e- and S-states over20 meV
aroundE'r and plotted the result in Fig. 4b as a function of the bindingrgy to the Ag surface
for all configurations except the adatom configuration. Anadt linear dependency is seen, with
some deviations for the step— and vacancy—configuratiotihelse two configurations, the molec-
ular axis of FDT is almost perpendicular to the surface sbdtmall conformational changes in the
molecule compared to the other configurations must be eggethese may explain the observed
deviations, since already for the adsorption on perfediasas the perpendicular configuration
turned out to be more sensitive to interactions of the Cpsrimigh the contact environment. As
already mentioned, the S bond in the adatom (tip) configumas only singly coordinated, and
therefore does not fit into this scheme. A high DOSFatis seen in this configuration, which
is due to the chemical shift induced by the low coordinatiébrthe S—atom. This causes high
electronic transmissions close to unity as we show below.

In order to demonstrate how different chemical environmelgtermine transport properties,
the transmission curves for the above mentioned configuratiave been computed using Tran-
SIESTA. The same geometries as those determined as theuwmaitifigps with minimal energies by
VASP were used for these calculations. The quality of theiggpotential and basis sets for Fe, C
and H during Siesta/TranSiesta calculations have beesdteatefully by comparing the electronic
structure of the molecule with all-electron calculatioasédd on Gaussian-type TZVP basis set
using CRYSTAL cod&?°. Also, we have compared the binding energy and the potentraks
of FDT with respect to the Cp-Cp-distance obtained with SiasthVVASP, and good agreement
was found. The pseudopotential and basis sets for Ag and & taken from other theoretical
works®©-31,

Nevertheless, a direct comparison with full ab initio cétions, and especially the prediction
of electric transport, which concentrates on a small seabiothe energy spectrum around the
Fermi energy, is still a challenge. Therefore, it was quétieséying to see that the projected DOS
of the FDT molecule obtained by both methods agree quite a®Bhown for the adsorption on the

perfect Ag(111) surface (perpendicular orientation)dmedidatom contact structure in Fig. 5a) and
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b), respectively. These two examples represent the casesghy and doubly coordinated S-Ag
bonds. The increase of the DOJat— 0.7eV and below as well as the slight increase in the DOS
at £ for the perfect surface are reproduced by both methods. Eleser agreement is obtained
for the adatom structure: apart from the bandwidth in thegneiindow shown, also the sharp
peak in the DOS aEr, responsible for high transmission, is reproduced by batnSIESTA
and VASP. There are, of course quantitative differencesiénrelative intensities and the peaks
obtained by VASP are energetically broader. However, ttaditgtive agreement should allow to
see trends in transmittance as a function of coordinationchadsorption strength.

This was done in Fig. 5c), where we plotted the transmissairnthie Fermi energy for the
different configurations versus binding energy. Althoulgére is no perfect correlation between
transmission and binding energy, there is evidently a tatale trend of decreasing conductivity
with increasing interaction strength. It turns out that ttesmittance for adatom configuration
corresponds to one conductance quantum, as expected faylpa sdbordinated bond. In this case
no degeneracy is expected so that only one conductancealhamffective at small potential dif-
ferences between the Ag contacts. This means that this coafign has a fully delocalized state
throughout the molecule that extends into the Ag substiatbat an effective coupling is possi-
ble. For the doubly coordinated configurations the matclmgditions seem to be less perfect,
resulting in significantly lower transmission probabdgij which for some configurations are still
as high as 0.2. If changes in the density of statdsgplay the dominant role in the transmittance,
too, a similar dependence on binding energy as for the DOSIdhesult. Indeed, such a trend
is found, as shown in Fig. 5, where transmittance is plotted tog scale. This may indicate that
tunneling processes already play some role, but more ddtgulantitative investigations will be
necessary before this conclusion can be safely drawn.

Recently we performed transport experiments on this systmden ultra-small Ag contacts,
and found a stepwise onset of conductance at a value p25 This is close to the calculated
conductance value for a single FDT molecule in between peAg(111) contacts. However, the
contacts used are far from an ideal single cryétaind adsorption is expected to first happen on
the energetically most favorable sites, which are the defiées according to our calculations.
From the anti-correlation between binding energies andlgctance found in our calculations,
these adsorption configurations are expected to exhibdueiance values orders of magnitude
lower than those measured. A way around this discrepancyovio@ithe simultaneous adsorption

of many molecules, but this is highly improbable. Howevhrs discrepancy can be solved by
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the following scenario: In experiment the stepwise incedasypically observed only after longer
exposure times of FDT to the contacts. This means that theyetieally most favorable sites
can be saturated before significant conductance is obser&ddorption of highly conductive
molecules on energetically less favored sites would thestddglized by a non-zero concentration
of FDT molecules already present on the surface. Thus higtweiance through single molecules
would be only possible by collective stabilization. Thiggresting scenario still has to be veryfied

by further experiments and calculations.

IV. SUMMARY AND CONCLUSIONS

Using density functional calculations at GGA level, we c#dted binding energies of fer-
rocene dithiol bound to defective Ag(111) surfaces. Zametsional defects (Ag vacancies and
adatoms), one-dimensional defects (steps), and two-diimeal defects (small Ag islands) were
taken into account. Ferrocene dithiolate preferably biodsvo low-coordinated Ag atoms close
to vacancies and at islands and steps. The dissociatedldithform is much more stabilized than
the molecular dithiol form. Thus we conclude that S-H bonssdciation will occur at steps or
islands. The strong S-Ag interaction leads to increasettisglof molecular levels, decreases the
overlap with the metal levels near the Fermi energy and,lfinedduces significantly the elec-
tronic conductivity. From our calculations we concludetthighly conducting single molecules
need collective stabilization by a significant amount of AiDdlecules saturating the energetically
more favorable, but much less conducting sites on an Agreléet Therefore, our future investi-
gations will aim at the effect of lateral interaction betwessorbed ferrocene dithiol molecules

on the preferred adsorption site and electronic structure.
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List of figures:

Fig.1. (Color online) Optimized structures of FDT between thg(111) surfaces: (a) Cp axis
parallel to defect—free (111), (b) Cp axis perpendiculadtdl]. (c) Adsorption on single adatom,
(d) centered o2 x 2 terraces, (e) side-on thiex 2 structure and (f) at steps. The Ag vacancy

structure is not shown.

Fig.2. (Color online) Projected density of states (DOS) efeéhergetically optimized configu-
rations of FDT adsorbed between two perfect Ag(111) susfadéne Cp—Fe—Cp axis is close to
the parallel orientation with respect to the Ag(111) swefat(a), perpendicular in (b) (see also
Fig. 1a) and b)). The bars in b) show the peak positions of D€ molecule (not the biradical)
in the gas phase after a rigid shift to the topmost state. Tinebers at the bars correspond to the

occupied Kohn-Sham orbitals. Corresponding isosurfaeesteswn on the right.

Fig.3. (Color online) Left: Projected Fe—DOS of FDT betwewo fperfect and defective
Ag(111) contacts. The numbers in the legend are relatedgo i Right: Peak positions of
the Fe—peak versus the binding energy for different adeorpgieometries. The color code

corresponds to the legend, too.

Fig.4. (Color online) (a) Density of states, projected orite Cp rings close to the Fermi
energy for the different adsorption configurations lis,edAB.l. (b) Correlation between DOS
for the different adsorption geometries with a doubly camated bond and the binding energy
E,. Here the DOS, obtained with VASP and projected onto the cutde was integrated over
+20meV aroundEr). For better visibility the data point for the tip-configtiom states is not

shown.

Fig.5. (Color online) PDOS of the FDT molecule in between getrf(a) and adatom (b)
contacts calculated by both SIESTA (solid line) and VASPsfdal line). For better visibility
the SIESTA data were re-scaled (res.) and shifted. c) shbevsransmission probability as a

function of the binding energy. The transmission for the stenfiguration has not been calculated.
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FIG. 1. Optimized structures of FDT between two Ag(111) surfacesCfaaxis parallel to defect—free
(111), (b) Cp axis perpendicular to (111). (c) Adsorption on sing@d, (d) centered ol x 2 terraces,

(e) side-on the@ x 2 structure and (f) at steps. The Ag vacancy structure is not shown.
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FIG. 2: Projected density of states (DOS) of the energetically optimizedgeoafions of FDT adsorbed
between two perfect Ag(111) surfaces. The Cp—Fe—Cp axis is cldbe fmarallel orientation with respect
to the Ag(111) surface in (a), perpendicular in (b) (see also Fig.rdépg). The bars in b) show the peak
positions of the FDT molecule (not the biradical) in the gas phase after a hifidkcsthe topmost state. The

numbers at the bars correspond to the occupied Kohn-Sham orbitates@anding isosurfaces are shown

on the right.
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FIG. 3: Left: Projected Fe—DOS of FDT between two perfect and dgfesg(111) contacts. The numbers
in the legend are related to Fig. 1. Right: Peak positions of the Fe—peaks\ttiess binding energy for

different adsorption geometries. The color code corresponds to thedetpo.
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FIG. 4: (a) Density of states, projected onto the Cp rings close to the Faargyefor the different adsorp-
tion configurations listed in Table 1. (b) Correlation between DOS for thergifft adsorption geometries
with a doubly coordinated bond and the binding enefiyy Here the DOS, obtained with VASP and pro-

jected onto the molecule, was integrated o¥@0meV aroundE'r). For better visibility the data point of

the tip-configuration states is not shown.
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FIG. 5: PDOS of the FDT molecule in between perfect (a) and adatomofitacts calculated by both
SIESTA (solid line) and VASP (dashed line). For better visibility the SIES&#advere re-scaled (res.) and
shifted. c) shows the transmission probability as a function of the bindinggnEhe transmission for the

step configuration has not been calculated.
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