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What do energy level alignments at metal-organic interfaces reveal about the metal-molecule bonding strength? Is it permissible
to take vertical adsorption heights as indicators of bonding strengths? In this paper we analyse 3,4,9,10-perylene-tetracarboxylic
acid dianhydride (PTCDA) on the three canonical low index Ag surfaces to provide exemplary answers to these questions. Specif-
ically, we employ angular resolved photoemission spectroscopy for a systematic study of the energy level alignments of the two
uppermost frontier states in ordered monolayer phases PTCDA. Data are analysed using the orbital tomography approach. This
allows the unambiguous identification of the orbital character of these states, and also the discrimination between inequivalent
species. Combining this experimental information with DFT calculations and the generic Newns-Anderson chemisorption model,
we analyse the alignments of highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) with respect to the
vacuum levels of bare and molecule-covered surfaces. This reveals clear differences between the two frontier states. In particular,
on all surfaces the LUMO is subject to considerable bond stabilization through the interaction between the molecular -electron
system and the metal, as a consequence of which it also becomes occupied. Moreover, we observe a larger bond stabilization for
the more open surfaces. Most importantly, our analysis shows that both the orbital binding energies of the LUMO and the overall
adsorption heights of the molecule are linked to the strength of the chemical interaction between the molecular 7-electron system
and the metal, in the sense that stronger bonding leads to shorter adsorption heights and larger orbital binding energies.

1 Introduction structure is not so well controlled, sometimes not even known,
and it is therefore often difficult to establish the link between
The alignment of molecular energy levels at metal-organic in-  electronic and geometric structures on the basis of the avail-
terfaces is important for the engineering of organic electronic able experimental data.
devices and has been studied in great detail for many years. Of course, there is also a large body of experimental work
A large body of experimental data has been assembled, and  focussing on interface structures '8-2 , but in our view the sys-
powerful models have been developed that describe the phe-  tematic connection between electronic and geometric struc-
nomenology well """, ture of these interfaces has not been investigated sufficiently so
It is clear that ultimately the energy level alignments will  far gince the majority of previous works, including our own,
be determined by the atomistic structure of the interface. Ev-  haye — with a few notable exceptions (e.g.2!22) — focussed on
idently, this link will always be taken into account automat-  jsher electronic or atomic structure, at the expense of the re-

ically when the electronic properties in general and energy  gpective other. Here we attempt a discussion of both aspects
level alignments in particular are calculated with atomistic  op the same footing.

first- principles methods, such as density functional theory, al-
beit within the error of the chosen functional. However, in
many experiments on energy level alignments, the interface

To approach this goal, we study in this paper the electronic
structure of the 3,4,9,10-perylene-tetracarboxylic acid dianhy-
dride (PTCDA) molecule on the three canonical low index
Ag surfaces. This material system PTCDA/Ag(hkl) is ide-
ally suited to attempt a comprehensive and unified view of
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Fig. 1 Structure models of monolayer PTCDA phases. (2)
Brickwall phase of PTCDA/Ag(110)242%, (b) Herringbone phase of
PTCDA/Ag(110)%7-30, (¢) T-phase of PTCDA/Ag(100)3!. (d)
Herringbone phase of PTCDA/Ag(111)32. For HB/Ag(111), only
one of six symmetry-equivalent domains is shown. A- and
B-molecules are marked in red and blue, respectively.

Below, we present electronic structure data in the form of
energy level alignments of the two uppermost frontier orbitals
of PTCDA in four different bonding configurations on three
Ag surfaces, also resolving different surface species within the
unit cell where applicable with the help of the orbital tomog-
raphy technique. On this basis we attempt a comprehensive
discussion of interfacial energy level alignments in the light
of atomistic interface structures. Thereby, our goal is relat-
ing the observed energy level alignments to measured inter-
face structures and ultimately to the molecule-substrate bond-
ing strengths found at the respective interfaces.

Our aim is developing a conceptual understanding of inter-
face structure, energy level alignment and chemical bonding
and their interplay, using PTCDA/Ag(hkl) monolayers as an
illustrative examples. Therefore, the discussion includes both
empirical findings, first-principles calculations and a generic
model of chemisorption in order to provide the sought-after
conceptual insight. We believe that, although results and dis-
cussion presented here are specific to PTCDA/Ag(hkl), they
nevertheless reveal trends that can be generalized to other
molecule/metal combinations, in particular those which, like
PTCDA on silver, can be classified as weakly chemisorbing.

2 Experimental and theoretical methodology

2.1 Experiment

Because of the limited bias range of scanning tunneling spec-
troscopy (STS) around the Fermi level and because of the
residual tip influence on the STS spectra, we have chosen pho-
toelectron spectroscopy (PES) as our experimental method.
However, there are two shortcomings of standard PES: Firstly,
in a photoemission experiment with fixed detection angle at
which the photoelectrons are collected, transition probabilities
may emphasize or suppress certain states, depending on ex-
perimental conditions and molecular arrangement. Therefore,
individual experimental energy distribution curves (EDC) can-
not be interpreted as a density of states (DOS). Secondly, be-
cause it is an ensemble averaging method, it is not straight-
forward to distinguish (purely experimentally, without com-
ponent fitting) between different surface species of the same
adsorbate. However, we know that some of the monolayer
structures which PTCDA forms on low index silver surfaces
contain two non-equivalent molecules in the unit cell, which,
moreover, have been proven to exhibit different HOMO (high-
est occupied molecular orbital) and LUMO (lowest occu-
pied molecular orbital) binding energies>’->3*. The question
hence arises how these different binding energies can be mea-
sured in PES, without any input from theory.

It has been shown recently that the above-mentioned short-
comings of PES can be partially overcome by performing an-
gle resolved PES?83538  Collecting photoelectrons in the
complete half-space above the sample surface, ‘accidental’
suppressions or enhancements of the photoelectron intensitiy
can be excluded. Moreover, because the angular (i.e. in-plane
momentum k; and k) distribution of photoelectrons is related
to the Fourier transform of the emitting orbital, molecules
with different orientations on the sample surface can be dis-
tinguished. If the different surface species in a given unit
cell also differ by their in-plane orientations (and this is the
case for the PTCDA phases in question), the orientation of
the Fourier transform, can be used to distinguish the differ-
ent surface species from each other. In this way, the energy
level alignments of individual surface species can be deter-
mined33’36’38.

Our angle resolved photoemission spectroscopy (ARPES)
experiments were carried out at the Helmholtz-Zentrum Berlin
(BESSY II storage ring, Beamline U125/2-SGM). All experi-
ments were conducted at room temperature under UHV con-
ditions with a base pressure < 2 x 107 mbar. The Ag(100),
Ag(110) and Ag(111) samples were cleaned by several cy-
cles of Ar-ion sputtering and annealing up to 800 K. PTCDA
molecules were evaporated from a Knudsen cell onto Ag(100),
Ag(110) and Ag(111) samples at room temperature. Before
loading the molecular material into the Knudsen cell, it was
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Table 1 Structure parameters of the ordered monolayer phases of PTCDA on low index surface of silver that are studied in this work. Cf.

ref.27:31.32,34

PTCDA
monolayer number of molecules orientation
phase unit cell in unit cell of molecules
a1=119 A, ap=119 A
86.7°
BW/Ag(110) commensurate 1 along[001]
a1=21.23 A, a,=11.65 A
91.08° A: along[001]
HB/Ag(110) incommensurate 2 B: along [110]
a1=16.34 A, a,=16.34 A
90° A: along[001]
T/Ag(100) commensurate 2 B: along [110]
a1=19.0 A, ax=12.6 A _
89° A: along[011]
HB/Ag(111) commensurate 2 B: misaligned by 17°

purified by repeated re-sublimation. The evaporation flux was
calibrated with a quartz microbalance before and controlled
by a quadruple spectrometer during deposition, allowing high
reproducibility of total adsorption doses of PTCDA.

After deposition, surface order was checked with low en-
ergy electron diffraction (LEED). LEED experiments were
done with a multi-channel plate LEED, using typical beam
currents of 1 nA to prevent the molecular film from being dam-
aged by the electron beam.

In our ARPES experiments the samples were illuminated
with 35 eV photons under an incident angle of 40° with respect
to the surface normal using in-plane polarized light. The pho-
toelectrons were recorded with a toroidal electron analyzer.
This analyzer allows the simultaneous detection of photoelec-
trons emitted with polar angles between +80°, with kinetic en-
ergy differences up to 2 eV and without any change of the inci-
dent light polarisation. Its energy resolution is approximately
150 to 200 meV in the present experimental conditions. To
collect photoelectrons in the full hemisphere above the sam-
ple surface, the sample was rotated around its surface normal
in steps of 1°. The range of azimuthal rotation was chosen for
each particular experiment, taking into account the symmetry
of used Ag surface, and in order to avoid artifacts caused by
absorption of the reflected ultra violet beam inside the ana-
lyzer. Additionally, the photon energy was varied in different
experiments in the range of (30-35) eV to improve the beam
focusing and suppress reflection-caused artifacts. For more
details on the toroidal analyzer see>°.

Converting the polar and azimuthal photoelectron take-off
angles into parallel momentum (ky,k,), we obtain a three-
dimensional data cube of the PE signal / (EB,kx,ky). This data
cube can be deconvoluted using the expected momentum maps
¢ (ky, ky) of gas phase molecules 3. The ¢ (ky, ky) can be deter-

mined as squares of the Fourier transform of real space orbitals
as predicted by density functional calculations of the gas phase
molecule>3%, In this way, experimental orbital projected par-
tial densities of states can be derived .

2.2 Theory

All theoretical results presented in this work have been ob-
tained within the framework of density functional theory
(DFT) using the generalized gradient approximation (GGA)*
to account for exchange-correlation effects.

In order to calculate constant binding energy (CBE) mo-
mentum maps of an isolated PTCDA molecule (insets in
Fig. 2), which are necessary for the k-space deconvolution
of experimental ARPES I(Eg,ky,k,) data cubes to obtain
experimental partial densities of states (PDOS) of HOMO
and LUMO on the different Ag surfaces, we utilized the
plane wave code ABINIT#!. The all-electron potentials were
replaced by extended norm-conserving, highly transferable
Troullier-Martins pseudo potentials*? using a plane wave cut-
off of 50 Ryd. We employed a super cell approach with a box
size of 50 x 50 x 22 Bohr® and I" point sampling of the Bril-
louin zone. The geometry of the free molecule was optimized
by using GGA*° for exchange-correlation effects.

For the computation of theoretical PDOS (Fig. 7), charge
density profiles (Fig. 4.3), work functions (Table 3, Fig. 8) and
adsorption energies (Fig. 12) of PTCDA on Ag(110), Ag(100)
and Ag(111) we employed a repeated slab approach using the
VASP code®**. The substrate was modeled by 6 metallic
layers with an additional vacuum layer of ~ 15 A. In addition,
for each surface we performed calculations of a freestanding
molecular layer and the bare Ag substrate, using the same ge-
ometry, energy cut-off and k-point grid as for the PTCDA/Ag

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Experimental CBE momentum maps obtained at the
indicated binding energies Ep corresponding to maximum intensity
of the HOMO (left panel) and LUMO (right panel) for four PTCDA
monolayer phases. Insets show calculated CBE maps summed for A
and B molecules in the corresponding structures. Note that in some
cases differences in Eg between A and B molecules are already
obvious (e.g. panel d, see main text).
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Fig. 3 Experimental partial density of states (PDOS) of HOMO and
LUMO in (a) BW/Ag(110)3%, (b) HB/Ag(110)%7, (c) T/Ag(100),
and (d) HB/Ag(111)>® monolayer phases of PTCDA, based on
I(Eg, ky, ky) data cube deconvolution in k-space (see text for more
details). In (b-d), the red (blue) curves correspond to molecules A
(B). Binding energy zero corresponds to the Fermi level.

systems. The projector augmented waves (PAW)*> approach
was used, allowing for a relatively low kinetic energy cut-off
of about 350 eV. We employed a Monkhorst-Pack 6 x 6 x 1
grid of k-points for PTCDA/Ag(110) and a 3 x 3 x 1 grid
for PTCDA/Ag(100) and PTCDA/Ag(111)*®, and a first-order
Methfessel-Paxton smearing of 0.2 eV*’. To avoid spurious
electrical fields, a dipole layer was inserted in the vacuum re-
gion*®. For the Ag lattice constant we used a GGA optimized
value of 4.16 A. During the geometry optimization of the in-
ternal atomic positions we fixed the height of the carbon atoms
of the molecule at the experimentally obtained value above
the surface and allowed for relaxations of the other atoms of
the molecule as well as the two topmost layers of the metal
substrate. Van der Waals interactions which are ill-described
in standard GGA functionals**—2 were accounted for by the

empirical correction scheme according to Grimme>3.

In order to determine the work functions Cbgkl and P
of bare and molecule-covered surfaces, respectively, we
have computed laterally averaged electrostatic (no exchange-
correlation contributions) potentials as a function of the z-
coordinate normal to the surface. The contribution to the
work function change that arises from the bond dipole be-
tween PTCDA and the substrate, A®yqnq, Was calculated from
the charge density difference between the interacting system
(pwot(r)) and the corresponding separated systems (Pmor(7),
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psubstrate(r )) via
Ap(r) = pot(r) = (Pmot (1) + Psubstrate (1)) (1)

where for the calculation of Pyl (1) and Psypsrate (7) the atoms
were frozen in the geometry of the py(r) calculation. Solving
the one-dimensional Poisson equation for this charge density
difference we obtained changes in the potential induced by
the bond dipole formation upon adsorption (red-blue dashed
line in Fig. 8a). The second contribution to the work function
change A®yepg, due to the bending of the molecule upon ad-
sorption, was calculated as the difference of the laterally aver-
aged electrostatic potential above and below the freestanding
PTCDA monolayer (dashed cyan line of Fig. 8b)>*.

3 Results

3.1 Surface structures

In this paper, four different monolayer films have been inves-
tigated. These are the herringbone (HB) phase on Ag(111)
32 | the T-phase on Ag(100)3!, the brickwall (BW) phase on
Ag(110)%#26 and the HB phase on Ag(110)273. Structure
parameters of these phases are summarized in Table 1 and
the corresponding unit cells are plotted in Fig. 1. While the
BW/Ag(110) monolayer consists of parallel molecules and
has one molecule per unit cell, the HB/Ag(110), HB/Ag(111)
and T/Ag(100) monolayers have two differently oriented
PTCDA molecules in their unit cells.

We denote the two differently oriented molecules in these
three monolayer films as A and B according to following no-
tation (see Fig. 1): (1) for HB/Ag(110), the A-molecule is
the one oriented along [001], i.e. the one with the same ori-
entation as in the BW/Ag(110), while the B-molecule is ori-
ented along [110], i.e. perpendicular to A; (2) for T/Ag(100),
the choice of A and B is arbitrary, because both molecules in
the unit cell are identical by symmetry; (3) for HB/Ag(111),
the A-molecule (also referred to as the aligned molecule3*)
is almost perfectly aligned along [101]; the B-molecule (also
referred to as misaligned>*) is rotated 17° away from [101],
yielding a rotation of 77° relative to the A-molecule’>. Energy
levels of the HB/Ag(111)333*33 the HB/Ag(110)%’ and the
BW/Ag(110)3® have been reported before. Here, we present
new data for the T/Ag(100) and discuss systematic trends be-
tween all four surfaces.

3.2 Angle resolved photoemission spectroscopy

Fig. 2 shows cross sections through measured data cubes
I(EB, ky,ky), i.e. constant binding energy (CBE) momentum
maps, at binding energies Ep near to those of the HOMO and
the LUMO for the respective films. Since molecules with dif-
ferent in-plane orientations are present in the films (except

for BW/Ag(110)), the experimental CBE momentum maps
have to be compared to superpositions of calculated ¢ (ky, k)
maps for the respective orientations. The corresponding su-
perpositions are shown as insets in Fig. 2. It can be seen
that the measured distributions fit well to the predicted ones.
While only one molecular orientation is present in the map of
BW/Ag(110)3738 | the maps of T/Ag(100) and HB/Ag(110)?’
can each be decomposed into two nearly perpendicular ori-
entations. The map HB/Ag(111) has multiple orientations 33,
due to the combination of two molecular types with altogether
6 domains (three rotational domains, each of which has an ad-
ditional mirror domain associated with it) .

Close inspection reveals that the experimental intensities for
the different molecular orientations within one film may peak
at different binding energies. For example, this can be ob-
served in Fig. 2d where at the given binding energy the side
lobes on the left and the right (one orientation) are stronger
than the corresponding peaks at the top or the bottom (the
other orientation). Therefore, in deconvoluting the data cube
for each film in k-space and energy we have to take the possi-
bility of differential binding energy shifts between molecules
of different orientations into account. This can be achieved by
minimizing the quantity 3333

// dkdky(I(Eg, ky,ky)—
(a*(En ) (ks ky) +® (En)9® (kerky))) P,

allowing the deconvolution of the angle-dependent PES sig-
nal I(Eg,ky,ky) into contributions §* (ky,k,) of A-molecules
and d)B(kx,ky) of B-molecules, thereby experimentally deter-
mining the PDOS a* (Eg) and a® (Ep) for A- and B-molecules
separately.

Such (ky,ky, Eg)-deconvolution has already been reported
for BW/Ag(110)38, HB/Ag(110)%7 and HB/Ag(111)33. Their
experimental PDOS are displayed in Fig. 3a, b, and d, together
with the new data for T/Ag(100) in Fig. 3c. In Table 2 all
binding energies are listed. On all surfaces studied here, the
LUMO is filled by charge transfer from the metal upon adsorp-
tion®. The binding energies in Table 2 are in good agreement
with the literature where they exist (see table caption).

4 Discussion

4.1 Differential shifts of orbital binding energies

Before analysing the average orbital binding energies on the
three surfaces in comparison, we briefly discuss the binding
energy differences between A- and B-species on one and the
same surface. Fig. 3 and Table 2 show that for HB/Ag(110)
and HB/Ag(111) A- and B-molecules have slightly differ-
ent binding energies. If the same analysis is carried out for

This journal is © The Royal Society of Chemistry [year]
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Table 2 Binding energies of electronic levels for different ordered monolayer phases of PTCDA. These should be compared to the following
literature values: BW/Ag(110): HOMO 1.8 eV, LUMO 0.6 eV 59; HB/Ag(111): HOMO 1.6 eV, LUMO 0.3 eV59; Bulk values: HOMO 2.52
eV, LUMO -1.26 eV 0-62,

PTCDA HOMO [ HOMO | LUMO | LUMO | averaged | averaged | LUMO-HOMO | HOMO LUMO
monolayer of A of B of A of B HOMO LUMO gap A-B offset | A-B offset
phase V) V) V) V) V) V) V) V) V)
BW/Ag(110) | 1.93 0.75 1.93 0.75 1.18
HB/Ag(110) | 1.89 1.85 0.69 0.60 1.87 0.645 1.225 0.04 0.09
T/Ag(100) 1.69 1.70 0.46 0.47 1.695 0.465 1.23 -0.01 -0.01
HB/Ag(111) | 1.56 1.60 0.13 0.30 1.58 0.215 1.365 -0.04 -0.17

Adsorption height (A)

2.56 2.81 2.86
: 275 129
O »
>
L 0.51
)
2
£ 1.0
o
(@)
£
S 15 5
B HOMO
20{ ¢
VY BW/Ag(110) HB/Ag(110)  T/Ag(100) HB/Ag(111)

Fig. 4 Experimentally observed orbital binding energies of HOMO
and LUMO as a function measured average adsorption height of the
carbon skeleton of PTCDA. Binding energy zero corresponds to the
Fermi level. The plot is based on adsorption height data for
BW/Ag(110)2357 T/Ag(100)23 and HB/Ag(111)%%. For the
incommensurate HB/Ag(110) phase, no adsorption height data is
available. This is indicated by the grey shading.

T/Ag(100) (Fig. 3c), we find that a*(Ep) and a®(Ep) are es-
sentially identical. Since in this structure both molecules are
located on the same lattice sites and the square symmetry of
the unit cell implies that both molecules also have identical
neighbourhoods, it is reassuring that the deconvolution in k-
space yields identical HOMO and LUMO peak positions for
A- and B-molecules. This result confirms the validity of the
deconvolution process.

Remarkably, for HB/Ag(110) the molecule that is aligned
with a high symmetry direction of the substrate has the larger
HOMO and LUMO binding energies, while for HB/Ag(111)
the opposite is true. Note that the A/B splittings in
HB/Ag(110) and HB/Ag(111) are small in relation to the
binding energy shifts from surface to surface. It has been
shown that intermolecular interactions play a dominant role
for differential shifts of HOMO and LUMO within one surface
structure. In particular, for HB/Ag(110) the split is mainly
due to electrostatic intermolecular interactions?’, while for
HB/Ag(111) a combination of intermolecular and molecule-
substrate effects was proposed as the origin of the split>°.

4.2 Empirical relations, surface reactivity and work
function

We start our analysis of PTCDA/Ag interfaces with stating
empirical observations: The openness of the surface seems
to control orbital binding energies Eg of HOMO and LUMO,
because in the sequence (111) — (100) — (110), i.e. from
the most close-packed to the most open surface, Ep increases.
At the same time, the surface openness appears to influ-
ence the molecular adsorption heights, which decrease in
the same sequence from 2.86+0.01A°% via 2.814+0.02A to
2.56+0.01A%57 As a consequence of these two tenden-
cies, adsorption heights and orbital binding energies are also
linked, in the sense that smaller adsorption heights go along
with larger orbital binding energies (cf. Fig. 4). The question
arises whether this link between surface openness on the one
hand and adsorption height and orbital binding energies on the
other is a mere conincidence, or whether there is a physical
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mechanism behind it? Similarly, is it permissible to connect
the adsorption height to the chemical interaction strength at
the interface?

These questions bring us to the issue of surface reactivity
which might be the controlling factor behind both adsorption
height and energy level alignment and determine the chemical
bonding strength. In non-solid state chemistry the reactivity
between a pair of educts is determined by the relative ener-
gies of the frontier orbitals, which are summarised by their re-
spective ionisation potentials (/) and electron affinities (ED).
These energies are based on the vacuum level as the common
alignment level. For molecules adsorbing on and reacting with
solid surfaces, like in the present case, this reference level be-
comes problematic. For different surfaces of the same solid, as
considered here, the general belief is that more open surfaces
are more reactive due to more bonding possibilities. For inter-
actions with small molecules this seems reasonable, however,
for larger molecules with spatially delocalized frontier orbitals
it is not so obvious why an open surface should be more re-
active. There is, however, a direct relationship between the
openness of a surface and its work function, the latter often
being considered as the solid state equivalent of the ioniza-
tion potential of the gas phase. Due to the finite size of the
sample crystal its reference is, however, not the vacuum level
at infinity but rather the maximum of the potential created by
the surface dipole due to the spill out of charge from the sur-
face. As such, it is not an absolute but rather will vary with
the approach of the molecule and the various interactions it
makes with the surface. This complicates the analysis of sur-
face reactivity and bonding strengths and how they influence
observables such as adsorption height and energy level align-
ments.

Before analysing the role played by the work function for
energy level alignment, chemical bonding strength and ad-
sorption height in detail in sections 4.5 to 4.8, let us attempt
a first analysis of what determines both the adsorption height
and the energy level alignment.

4.3 What determines molecular adsorption heights?

At an intuitive level, the general tendency of a larger adsorp-
tion height for higher work function metal surfaces can be eas-
ily understood, because for a given material the work function
of a metal surface is determined by the electron spill out in
front of the surface. Electrons spill out of the metal surface
further the more close-packed the surface is. This can be seen
in Fig. 5 where laterally averaged electronic charge density
profiles, as calculated in DFT are plotted as a function of z.
The more extended the spill out, the larger is the work func-
tion. If we assume that the adsorption height is in zeroth order
determined by the contact distance between the surface and
the molecule (i.e. if the molecule floated above the surface in

1.000;

__0.100}

p (A®

0.010

0.001

3 2 4 0 1 2 3

Fig. 5 Logarithmic plot of laterally averaged electronic charge
densities of the Ag(111) (green), Ag(100) (red), and Ag(110)
(black) surfaces (colour coding as in Fig. 6), calculated by
DFT-GGA and plotted versus the z-coordinate normal to the surface.
The grey box indicates the averaged positive charge background.

contact), we would expect larger adsorption distances for sur-
faces with larger work function, as is indeed observed. More-
over, a comparison of Fig. 5 with Fig. 4 shows a remarkable
agreement in the sense that both the adsorption height and the
spill out for Ag(110) are noticably smaller than for the other
two surfaces, where the corresponding values are more similar
but still show the expected tendency.

However, when the molecule approaches the surface the
so-called pushback effect, hybridization of metal states with
molecular orbitals and charge transfer will modify the spill out
profile above the bare surface. This reorganization depends
on the chemical character of the molecule and the balance be-
tween chemisorption and physisorption for the given interface
and may well have a decisive influence on the resultant adsorp-
tion height. For this reason, the molecule is not just floating
in contact on the unmodified spill out cloud, and hence the
above mentioned relation between the work function and the
adsorption height cannot be understood fully in these simple
terms. Indeed, it was shown in ref.%3 that on the three dif-
ferent Ag surfaces spatial charge reorganization and buckling
of both molecule and surface occur to very different degrees.
Hence, the molecule does react chemically with the surface,
and judging from the structural and electronic data this reac-
tion is strongest for the Ag(110) and weakest for the Ag(111)
surface (the different degree of reaction is also indicated by
the different lateral structures that are formed by PTCDA on
the three surfaces; it should also be noted in this context that
lateral structures may also have a secondary effect on the ad-
sorption height, too63).64

The importance of a chemical reaction is also indicated
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by comparing the adsorption heights of PTCDA on the three
close-packed noble metal surfaces Ag(111), Cu(111), and
Au(111). The analysis in ref.”® has shown that the adsorp-
tion distances, if corrected by the van der Waals radii of the
substrates, obey a linear relationship with the work function
of the bare substrate (see also Fig. 6). Assuming that the van
der Waals radii, which for Ag and Au were derived from the
volume of metallic liquids %>, while the value for Cu is based
on X-ray data®-%7, take into account the expanse of the charge
spill out for a given surface geometry at least to some extent,
one would expect nearly constant reduced heights for the three
surfaces if the molecules just floated on top of the spill out
layer. But one observes substantially shorter reduced adsorp-
tion distances for Ag and Cu (in that order) than for Au. This
indicates that on Ag and Cu there is a chemical reaction going
on, i.e. the simple picture of the charge spill out controlling
the adsorption height is incomplete. However, it is remarkable
that the degree of deviation from this floating picture is again
controlled by the work function. A natural explanation for this
will be given in section 4.8.2.

4.4 What determines orbital binding energies?

The simplest situation is the so-called vacuum level align-
ment or Schottky-Mott regime, in which the frontier energy
level alignments at an organic-metal interface can be predicted
from the value of the bare metal work function CI>8k1 and the
molecular electron affinity E(’)" and ionization potential Iy as
E]};UMO — (I)gkl _E(x)A and E}I;IOMO — q)gkl —I.

Vacuum level alignment denotes the situation that arises
when the vacuum level of the molecule E9, to which Iy and
Ej' are referenced, is aligned to the vacuum level E/! in front
of the surface, to which its work function <I>gkl is referenced.
In other words, as the molecule approaches the surface, its
vacuum level EMY ‘rides’ on the electrostatic potential out-
side the crystal, which for distances d of the order of the lin-
ear crystal dimensions L converges to a common level, but for
intermediate distances a < d < L, where a is a typical inter-
atomic distance, acquires a characteristic value E for each
surface orientation. The vacuum level alignment approxima-
tion is justified by the fact that if the molecule is not interacting
too strongly with the metal and no molecule-induced surface
dipole is set up, i.e. for d >> a, the energy required to move
an electron from the metal through the surface into the neutral
molecule is <I>’5kl — E{)*, while the transfer of one electron from
the neutral molecule through the surface into the metal needs
In— Cbgkl . In the vacuum level alignment regime we would ex-
pect the binding energies of the molecular states to increase
linearly with decreasing substrate work function. This trend,
but not perfectly linearly, is indeed observed in Fig. 3.

However, at most organic-metal interfaces, including the

ones studied here, the situation in considerably more complex.

First, the pushback effect will influence the metal’s charge
spill out and in this way induce an interface dipole, with the re-
sult that a step occurs between the vacuum levels of the metal
and the molecular layer. This modifies the overall work func-
tion of the system. Note that despite breaking the vacuum
level alignment the molecular energy levels may under certain
circumstances still remain pinned to the vacuum level (see be-
low). Secondly, further changes in the work function and the
level alignment will be instigated by a possible charge trans-
fer between metal and molecular layer. In the present case of
PTCDA on Ag surfaces, we know that charge transfer is taking
place, albeit to different degrees for the three surface orienta-
tions, because the affinity level (LUMO) becomes occupied
on adsorption.

Charge transfer at metal-organic interfaces is often dis-
cussed in terms of an induced density of interface states (IDIS)
and a molecular charge neutrality level (CNL) 16 the idea be-
ing that by the interaction with the substrate (hybridization,
chemical bonding) the discrete molecular levels are broadened
into a continuous IDIS. The charge state of the molecule is
then determined by the integration of the IDIS up to the com-
mon Fermi level of metal and organic layer. Thereby the CNL
defines the position of the common Fermi level at which the
interacting molecular layer would remain charge neutral. In
this model, the level alignment is determined by the equilibra-
tion of the chemical potential across the organic-metal inter-
face. Initially, the neutral molecule approaches the surface and
the pushback effect leads to the formation of a specific step
between the vacuum levels of substrate and molecular layer
and the corresponding level alignment at the interface. If af-
ter this initial step the Fermi level of the metal and the CNL of
the charge neutral molecular layer are not aligned, then charge
will flow into or out of the IDIS until the chemical potentials
in the metal and the molecular layer are equilibrated. This
charge flow will create an additional interface dipole that tends
to bring the CNL and Fermi level in the metal into line; how
closely they actually are able to align depends on the size of
the IDIS. If the IDIS is sufficiently large, the molecular layer
can provide or accept enough charge to bring the metal Fermi
level in line with itself. This is the so-called Fermi level pin-
ning regime, in which the energy levels of the molecule are
pinned to the Fermi level irrespective of the work function of
the metal.

In reality, the behaviour of most systems will be found
somewhere in between the two limiting cases of Fermi level
pinning and vacuum level pinning. To quantify their be-
haviour, it is customary to define the so-called screening pa-
rameter SMO = dEMO /d®, where ENO is the binding energy
of either HOMO or LUMO. For vacuum level pinning S = —1,
i.e. the level in question follows the work function, although
there may be a step in the vacuum level due to the pushback
effect, while Fermi level pinning has S = 0 (We note that our
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Fig. 6 Reduced adsorption heights &Y% = d,, — rg’l‘fxme, where d,

is the adsorption height of PTCDA’s carbon backbone and rg’l‘m’tme
is the van der Waals radius of the metal substrate, plotted versus
measured work functions. The plot is an extended version of the one
presented in reference °®. Work function data are taken from: solid
triangle - ref. %8, open circle - ref. %%, open pentagon - ref. ’°, open
star - ref.”!, open hexagon - ref.”2, open square - ref. 7>, solid square
- ref. ™, solid circle - ref.75, open downward triangle - ref.”®, solid
star - ref. >, solid rhombus - ref.”?, open triangle - ref.”®, open
rhombus - ref.”. Height data are taken from: ref. 2378982 The
following van der Waals radii were used for calculating the reduced
adsorption heights: Ag - 1.72 A, Au-1.66 A, Cu- 1.4 A%,

convention of defining binding energies of levels below the
Fermi level as positive leads to negative S-parameters). The
so-called ‘Schottky-Mott limit’ corresponds to § = —1 and the
absence of the pushback effect. Note that values § < —1 are
impossible in the IDIS model, as this would mean that with
respect to the metal Fermi level the orbital shifts faster than
the vacuum level, but in the above model charge transfer will
always screen the effect of the work function on the binding
energy of the level, never amplify it.

In section 4.7 we will analyse the S-parameters for HOMO
and LUMO and find that both levels behave differently. The
behaviour of the LUMO actually falls outside the bounds of
the IDIS model.

4.5 Work function

In the two previous sections we have seen that the work func-
tion is a central quantity both for determining the adsorption
height and the energy level alignment at an organic-metal in-

HOMO_______LUMO

| | Ag(110)
n ’/\/\/\__’_\(
8 T T T T T T T
- | | Ag(100)
5 /\
3
-Q T T T T T T T
9 | Ag(ith)
o
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Fig. 7 Calculated partial densities of state (PDOS), projected onto
the PTCDA molecule, for the three commensurate structures
BW/Ag(110), T/Ag(100) and HB/Ag(111). For details of the DFT
calculations, refer to section 2.2. Vertical bars indicate the
experimental binding energies, averaged between A and B
molecules where applicable.

terface. For this reason, we now turn to a detailed analysis
of work functions in the PTCDA/Ag system. Fig. 6 contains
reported experimental work functions of the three bare Ag sur-
faces, together with the reduced adsorption heights of PTCDA
(carbon skeleton) on these surfaces. One observes a strong
experimental scatter of measured work functions, reflecting
the sensitivity of this area-averaged quantity to surface prepa-
ration. Yet, the tendency that the work function of bare Ag
surfaces increases in the sequence (110) — (100) — (111) is
clear. However, for a quantitative analysis of the HOMO and
LUMO energy level positions the experimental work function
data is not of sufficient accuracy. We therefore turn to theory.
It has been shown before that theory is able to predict reason-
ably accurate values of the work function224°. Moreover, as
Fig. 7 shows, DFT predicts HOMO and LUMO level positions
in good agreement with experiment, such that experimental
data on level positions and theoretical data on work functions
can be combined for the purpose of the present discussion. Be-
cause the HB/Ag(110) interface is incommensurate, we have
no work function data from theory. This film is therefore ex-
cluded from the following discussion.

Table 3 contains calculated work functions for bare and
PTCDA-covered Ag(hkl) surfaces. The work function of the
bare substrates has been determined at the bottom surface of
the PTCDA/Ag slab. We observe the expected tendency of
increasing work function with atomic density in the sequence
(110) — (100) — (111) for the bare Ag surfaces.

On all three surfaces DFT predicts an increase of the
work function as a PTCDA monolayer is adsorbed. For
BW/Ag(110) this is illustrated in Fig. 8. Table 3 also shows
how the work function change on adsorption A® can be par-
titioned between different mechanisms. Firstly, there is the

This journal is ©@ The Royal Society of Chemistry [year]
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Fig. 8 (a) Black line (left axis): Charge density profile of the six
layer Ag(110) slab with adsorbed PTCDA in BW structure (right).
Blue and red histograms (left axis) indicate the difference in charge
density between the interacting and non-interacting systems
(multiplied by a factor of 100 with respect to the black curve). Red
indicates electron accumulation, blue electron depletion. The
red-blue dashed line (right axis) is obtained by integrating the
charge difference twice; it shows the laterally averaged electrostatic
potential as a function of z. Note that the red-blue dashed line does
not include the bend dipole, because the non-interacting reference
layer exhibits the same molecular distortion as the interactinf layer.
(b) Laterally averaged electrostatic potential for BW/Ag(110) (black
line) and for a free-standing BW layer of PTCDA (dashed cyan line)
in the adsorption geometry, including molecular distortions,
referenced to the Fermi level Ef.

Table 3 Work functions and potential steps from DFT. ®j: work
function of Ag(hkl), determined at the bottom side of PTCDA/Ag
slab; ®: work function of PTCDA/Ag(hkl); ADyponq: work function
change due to electron density rearrangements upon adsorption
(bond dipole); ADye,q: potential difference below and above the
PTCDA layer for the PTCDA/Ag(hkl) system (dipole due to
molecular distortion); A®,, potential difference below and above
Ag layers for the PTCDA/Ag(hkl) system. Note that

ADPpond + APpend + A‘I’Ag ~ & — P by definition.

Ag(110) T Ag(100) T Ag(TTT)

DFT eV) (eV) V)
[on 4.05 4.23 4.40
o} 4.23 4.49 4.70

b - P, 0.18 0.26 0.30
A®pond 0.52 0.46 0.51
ADpeng -0.35 -0.23 -0.17
ADy, 0.01 0.04 -0.03

change of the work function Ady,,q due to electron density re-
distributions (pushback effect and charge transfer). In all three
cases, charge is transferred from the metal to the molecule.
The ensuing bond dipole tends to increase the work function.
The effect is of similar size for BW/Ag(110) and HB/Ag(111),
and slightly smaller for T/Ag(100). For BW/Ag(110) the ori-
gin of the bond dipole is illustrated schematically in Fig. 8§,
where the laterally averaged adsorption-induced charge rear-
rangement is shown, as calculated with DFT. One clearly sees
signatures of both the pushback effect (charge depletion of the
metallic spill out in the plane of the molecule, by ¢ bonds,
and below the molecule, by the m-lobes of the total electron
density) and the charge transfer into the LUMO (charge accu-
mulation in the m-lobes of the LUMO, both below and above
the molecular plane). Twofold integration of this charge re-
arrangement over z yields the electrostatic potential, which
shows a step through the PTCDA layer. This step A®yqpg cor-
responds to the bond dipole>*.

Since the sizes of the bond dipoles are determined by the
combined action of three factors (amount of charge transfer,
adsorption height, areal density of molecules), it is difficult to
predict A®y,,q by inspection. BW/Ag(110) has the strongest
charge redistribution, while HB/Ag(111) exhibits the high-
est areal density and the largest adsorption distance??. Ap-
parently, the larger adsorption height and areal density for
HB/Ag(111) together balance out the larger charge redistri-
bution for BW/Ag(110), such that the Ady,q in these two
cases are similar. For T/Ag(100) the areal density is lower
than for HB/Ag(111) at a similar adsorption height, and there
is less charge redistribution than for BW/Ag(110). Together,
this leads to a slightly lower bond dipole for T/Ag(100).

Secondly, the work function is changed by the dipole mo-
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ment of the adsorbed molecule. In the present case this
dipole is exclusively due to adsorption-induced bending of the
molecule. For the associated A®yq,q the situation can indeed
be clearly related to structural distortions of the molecule:
The distortion of PTCDA increases from HB/Ag(111) via
T/Ag(100) to BW/Ag(110), and so does the bend dipole and
hence A®yenq. For BW/Ag(110) ADypq is indicated in Fig. 8b.
Note that it has opposite sign compared to APy,,g, because
the distortion is such that the negative partial charges on the
carboxylic oxygen atoms move closer to the surface. The op-
posite orientations of the bond and bend dipoles can be seen
by comparing Fig. 8 a and b.

Taking A®yonq and Ady,g together, the increase of the
work function is largest for HB/Ag(111) and smallest for
BW/Ag(110), thus the spread of the work functions of the
three Ag surfaces is increased by PTCDA adsorption. In com-
parison to the work function changes directly related to the
molecule (A®peng and APyng), the changes due to substrate
surface buckling, which determine APy, are neglegible (Ta-
ble 3).

4.6 Electronic structure: The questions

In sections 4.3 and 4.4 we have seen that both adsorption
height and energy level alignment are subject to complex pro-
cesses at the interface. In the following we analyse how, de-
spite these complexities, both quantities appear correlated, as
observed in section 4.2 and Fig. 4. In particular, we ask two
questions:

e [s there a way in which we could associate the frontier
electronic structure of the molecules at the interface di-
rectly to an adsorbate-substrate bonding strength?

e How is the electronic structure of the frontier orbitals re-
lated to pertinent structural properties of the interface,
most notably the adsorption height?

Regarding the first question we have to define what pre-
cisely is meant by adsorbate-substrate bonding strength. Large
molecules like PTCDA interact with metals via different
mechanisms: Next to the van der Waals interaction, there may
be local chemical bonds between reactive atoms (such as the
carboxylic oxygen atoms in PTCDA) and the substrate. Fi-
nally, there is the interaction between the extended 7-electron
system and the metal. Evidently, the van der Waals interaction
is not relevant in the context of the above question, because it
does not change the electronic structure of the adsorbate and it
exhibits only a weak dependence on the substrate orientation,
mainly via the adsorption height. Since local covalent bonds
tend to involve molecular states with larger binding energies,
their influence on the electronic structure in the energy region

of the frontier orbitals is also small. However, we can antici-
pate that any chemical interaction of the molecular 7-electron
system with the metal will affect the frontier electronic struc-
ture. Therefore, one may ask whether the latter can be re-
lated to the adsorbate-substrate bonding strength in this inter-
action channel. In the following discussion, the term bonding
strength therefore refers to the strength of the chemical inter-
action between the molecular 7-system and the metal. We will
refer to this as ‘r—metal interaction’ or ‘r—metal bonding’.

Before addressing the above questions, we turn to an analy-
sis of the experimentally observed energy level alignments of
HOMO and LUMO at the three surfaces. This will offer first
insights into the answer to question one.

4.7 Energy level alignments of HOMO and LUMO

Using the experimental data displayed in Fig. 3 and Table 2 in
conjunction with the theoretical work function data discussed
in section 4.5 (Table 3), we now analyse the energy level align-
ments of HOMO and LUMO relative the vacuum levels E/*/

vac,0
and E"¥ of the three bare and adsorbate-covered surfaces. It
turns out that there are subtle differences in the behaviour of
HOMO and LUMO, in spite of the superficial appearance of a
nearly rigid shift relative to the Fermi level visible in Fig. 3.
However, before looking at this data, we construct the ex-
pected energy level alignment, using PTCDA gas phase and
bulk data from the literature. The result is displayed in the
centre of Fig. 9, in comparison with the actual alignment for
HB/Ag(111) (left) and the gas phase (right). While this con-
struction places the HOMO within 0.5 eV of the experimental
binding energy (measured against Ef), the LUMO is found
1.7 eV above the Fermi level. Now it is well-known that upon
adsorption at a metal surface the HOMO-LUMO gap as mea-
sured in photoelectron spectroscopy and inverse phototelec-
tron spectroscopy will be reduced from the value for the bulk,
due to screening effects of the charged final states, similar to
what is observed in the transition from the gas to the con-
densed phase (cf. Fig. 9 right and middle). This moves both
the HOMO and the LUMO closer to the Fermi level than pre-
dicted by the construction in Fig. 9. However, one would ex-
pect the screening to affect HOMO and LUMO roughly sym-
metrically, at variance with what is observed. While the effect
on the HOMO is of the order 0.5 eV, the LUMO experiences a
massive stabilization by almost 2 eV. This is an indication that
HOMO and LUMO are implicated in the surface bonding in
different degrees. We will come back to this in the context of
bond stabilization in section 4.7.3.

4.7.1 HOMO In Fig. 10a the orbital binding energies of
the HOMO are plotted in a scheme in which the vacuum lev-
els of the three bare surfaces E\/}go are aligned. Remark-
ably, this reveals that the hypothetical ionization energies
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Fig. 9 Energy level alignment of HOMO and LUMO for
HB/Ag(111). Right: gas phase PTCDA, left: experimentally
observed alignment on Ag(111) (this work, Fig. 3 and Table 3). The
expected level scheme of (bulk) PTCDA in contact with Ag(111)
(middle) has been constructed from interface dipoles O — @gkl
(this work), the bulk ionisation energy of PTCDA %983 and its bulk
energy gap®1-3*. The gas phase scheme (right) has been constructed
by adding (subtracting) 1.2 eV to the ionization potential (from the
electron affinity), to account for the polarization in the bulk state.
The value for the polarization has been taken from references 85,86,

Iy = Eg OMO,kt + Cbgkl of the adsorbed PTCDA are identical
(Io = 5.95 eV) for all three Ag surfaces to within 55 meV, in
spite of HOMO binding energies (measured with respect to the
Fermi level) ranging from 1.58 to 1.93 eV (spread 350 meV).
This essentially means that different HOMO binding energies
Eg OMOMKL 1 the three metal surfaces are precisely offset by
different bare metal work functions Cbgkl. Note that I, differs
from the ionisation energy of the molecule in the bulk, which
according to Fig. 9 is approximately 6.8 eV. The behaviour of
the HOMO in Fig. 10a corresponds to vacuum level pinning
with SHOMO — GEHOMO /g, ~ —1 (Note that the index 0 de-
notes the fact that S is evaluated for the vacuum level of the
bare surface).

The finding of Fig. 10a would therefore suggest a weak in-
teraction of the PTCDA HOMO with the metal. In particu-
lar, the ionization energy of the adsorbate is affected only un-
specifically (i.e., in the same way on all three surfaces) by the
adsorption. This is surprising, since charge transfer from the
metal to the molecule and molecular distortions are all differ-
ent on the three surfaces and could therefore influence the ion-
ization energy differently. Moreover, also the final state effect
of core hole screening after photo-ionization of the HOMO
may be expected to be surface-specific, as smaller adsorption
heights should favour screening and thus reduce the ioniza-
tion energy. Finally, for the relevant molecule-surface adsorp-
tion distances, the electrostatic potential in front of the sur-
face itself varies rapidly as a function of z. Hence, the ad-

sorption height should influence the ionization energy (smaller
adsorption height should lead to an increase of I). The re-
markable finding then is that in the end all of these factors
conspire to emulate a hypothetical weak-interaction situation
across all surfaces: One universal hypothetical ionization en-
ergy Iy (hypothetical because referenced to Cbgkl ) is sufficient
to largely explain the true line-up of the HOMO with respect
to the Fermi level on all three surfaces.

4.7.2 LUMO A close view at Table 2 reveals that the
LUMO binding energy increases in the sequence HB/Ag(111)
— T/Ag(100) — BW/Ag(110) more rapidly than the HOMO
binding energy. Since in the same sequence AP = P — P de-
creases, we have plotted in Fig. 10b level positions aligned at

the vacuum levels of the molecule-covered surfaces EM!, and

indeed we find that I’ = EEUMO’W + @ {5 nearly identical
for all three surfaces (I’ = 4.95 eV), within 65 meV, in spite of
LUMO binding energies (measured with respect to the Fermi
level) ranging from 0.215 to 0.75 eV (spread 535 meV).

I’ corresponds to the ionization potential of the occupied
LUMO. Thus, Fig. 10b shows that the ionization energy from
the filled LUMO is largely independent of the substrate sur-
face on which PTCDA is adsorbed (it should be noted here
that I’ is not strictly related to the electron affinity E4 of the
neutral molecule, which according to Fig. 9 is ~ 3 eV). The
near identity of the ionization energies I’ from the LUMO for
different surfaces is remarkable, because the different amounts
of charge transfer, different adsorption heights and ensuing
different degrees of hybridisation and charge reorganization,
and the different molecular distortions all have an influence
on the orbital. Yet, this is what is observed, and this indi-
cates that as far as removing an electron from the filled LUMO
into the vacuum is concerned, there does not appear to be too
much difference between the three surfaces. Accordingly, for
the negatively charged molecule we observe approximate pin-
ning of the LUMO to the vacuum level of the PTCDA -covered
surface, STUMO — dEé;UMO /d® ~ —1.1. In other words, the
LUMO seems related to @ as the HOMO is related to ®.

4.7.3 Bond stabilization of the LUMO Looking at
Fig. 10, we see that depending on whether alignment at Eé’éf
(right) or Eé’ﬁo (left) is considered, the HOMO either par-
tially follows the Fermi level or stays pinned to the vacuum
level. In other words, its S-parameter is always larger than
—1 (SHOMO ~ 0.7 > —1) or equal to —1 (SHOMO ~ 1),
On the other hand, the LUMO shifts in the opposite direction
than the Fermi level as the work function is decreased. While
this effect is small for alignment at EMA (SLUMO ~ 1 1),
it is substantial for alignment at E™ leading to a value of
SI(;UMO ~ —1.5 < —1. In the language of the IDIS model, this
corresponds to a situation in which the effect of the work func-
tion on the binding energy of the level is amplified instead of

screened. Such a behaviour lies outside the bounds of the IDIS
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Fig. 10 HOMO and LUMO positions in PTCDA monolayers on
Ag(111), Ag(100) and Ag(110). Binding energy data are taken from
Table 2, work function data from Table 3. (a) Vacuum levels of the
bare surfaces Elefcl,o are aligned. (b) Vacuum levels of the molecule

hkl -
covered surfaces Ex; are aligned.

model.

Hence, there must be an additional mechanism beyond that
of the IDIS model that influences the LUMO binding ener-
gies when switching between the different substrate surface
orientations. We suggest this to be bond stabilization: 1t is
a well-known effect that orbitals which are implicated in the
chemical bonding of a molecule to a surface move to higher
binding energies, i.e. are stabilized relative to other orbitals by
their participation in the bonding®’. Note that the Fermi level
rather than the vacuum level is the correct reference energy
for bond stabilization, since the electron needs only be lifted
to the level of the lowest unoccupied states of the system, i.e.,
just above the Fermi level, to escape from the state in question
and thus break the bond.

At this point we turn back to Fig. 9, which, as we have dis-
cussed at the beginning of the current section, indicates a mas-
sive bond stabilization of the LUMO relative to the HOMO on
all three surfaces. In the light of this, the observed behaviour
of the LUMO in Fig. 10a indicates a differential bond stabi-
lization of the LUMO, i.e. a bond stabilization that increases in
the sequence (111) — (100) — (110), in addition to the over-
all bond stabilization found on all Ag surfaces. This reveals an
increasing strength of chemical 7—metal bonding of PTCDA
in the same sequence, as also suggested by, e.g., adsorption
heights. Moreover, the observation that only the LUMO shows
an S-parameter § < —1, while the HOMO’s S-parameters are
found in the range between 0 and —1, indicates that of the

two frontier orbitals the LUMO is more strongly involved in
surface bonding.

4.8 Relation between orbital binding energies, 7—metal
bonding strengths and adsorption heights

The different behaviours of HOMO and LUMO show clearly
that primarily the latter is involved in the 7—metal interaction
of the molecule to the surface. We now finally turn to the
two questions which we have posed before: In which way is
the electronic structure, most notably the orbital binding en-
ergies of the relevant frontier orbitals, related to the chemi-
cal m—metal bonding strength and the adsorption height? To
approach these questions we employ the canoncial Newns-
Anderson (NA) model of chemisorption for a conceptual dis-
cussion of the interaction between the LUMO of PTCDA and
the three Ag surfaces. As we will see, the NA model allows
a surprisingly realistic estimate of the 7—metal chemisorption
energy for PTCDA/Ag.

4.8.1 Chemical bonding strength due to 7—metal inter-
action

4.8.1.1 The model Hamiltonian The NA model is a
generic model to understand the basic phenomenology of
chemical adsorption. Newns®® adapted Anderson’s model
Hamiltonian®, which was originally introduced to describe
magnetic impurities in metals, to the problem of the chemical
interaction of an adsorbate with a metal surface. In the NA
model, the adsorbate and the metal surface are represented by
a single local orbital at energy &, and a single band gg, re-
spectively. The interaction between the two is captured by
hybridisation matrix elements Vks. Furthermore, it is essen-
tial to take the electron-electron interaction within the local
orbital into account. To this end, a parameter U that quantifies
the Coulomb repulsion between two electrons in the local or-
bital is introduced: While the first electron in the local orbital
has a binding energy &,, the second one has the binding energy
& + U. The two-particle interaction term Un_gsngs, where ng
is the number of electrons with spin ¢ in the local orbital,
complicates the solution of the NA model considerably. For
this reason, Newns introduced the Hartree-Fock (HF) approx-
imation, in which the two-particle interaction is replaced by
U{n_s)ns, where (n_g) is the average occupancy of the local
level with electrons of spin —¢. This leads to two coupled
Hamiltonians, one for each spin ¢, in which the energy of the
local orbital becomes &5 = &, + {n_s)U. A full discussion of
the HF solution of this classical problem is given in the orig-
inal paper by Newns®® and in many other sources®*°!. Here
we focus on those aspects which are relevant in the present
context.

4.8.1.2  Classification of possible solutions. There are sev-
eral types of solutions of the NA Hamiltonian which can best
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Fig. 11 Spectral functions of solutions of the Newns-Anderson
model (U = 0, semi-infinite one-dimensional chain,
nearest-neighbour interaction only). (a) A single localized state
below the band (parameters: V = 0.5, eg =0, & = —0.9). (b) A pair
of localized states, one below the band, the other above (V = 1.0,

&g =0, & = —0.5). (c) A resonance in the occupied part of the band
(V=0.1, &g =0, & = —0.3). All energies are expressed in units of
W /2. Note that in the three panels the DOS-scale is different.
Chemisorption energies are: (a) AE = —2.0, (b) AE = —2.1, (c)

AE = —0.62. Note that in all cases AE < —2¢&,. The deviation from
—2¢, is due to the perturbation of states in the metal band (level
repulsion away from the local state/resonance), expressed through
the integral in equation (4).

be visualized in energy level diagrams such as in Fig. 11. The
diagrams were drawn on the basis of a HF solution of the NA
Hamiltonian under the assumption of a tight binding band de-
rived for a semi-infinite one-dimensional chain, interacting at
its ‘surface’ with a local orbital; in spite of its simplicity, this
1D model captures the physical phenomenology well.

The different types of solutions are: (a) One single local-
ized state appears, either above the upper band edge or below
the lower band edge of the metal (Fig. 11a). (b) A pair of lo-
cal states appears, one above, the other below the metal band
(Fig. 11b). (c) No truly local state but a local resonance in
the metal band appears; electrons in this resonance have a fi-
nite life time, since they can transfer to the metal band and
thus escape into the metal (Fig. 11c). Situation (a) prevails for
&g outside the band, or for intermediate hybridization when
& is inside the band but close to the band edge. Situation
(b) is found for large hybridisation V > W, where W is the
width of the metal band, and it corresponds to the splitting of
the local orbital &5 into a bonding and an anti-bonding state,
similar to what is observed for chemical bond formation be-
tween atoms. This situation is often discussed in the context
of interaction with a d-band (strong chemisorption). Finally,
situation (c) occurs if the level &5 is located inside the metallic
band, reasonably far from the band edges, and the hybridisa-
tion is weak (V < W, weak chemisorption). Situation (c) is
the situation which we encounter in the case of PTCDA ad-
sorption on Ag surfaces, if we identify the local level &5 with
the LUMO of PTCDA. Indeed, we observe in experiment that
the LUMO with binding energies between 0.3 and 0.9 eV be-
low the Fermi level is degenerate with the sp-band of Ag, it is
only slightly broadened into a resonance (the typical FWHM
in Fig. 3 is 0.5 eV, compared to a sp-band width W of the or-
der 10 eV), and there are no signs of it splitting into a bonding
and an anti-bonding state.

4.8.1.3 Initial position of the local level. Next we have to
address the issue of the local level’s position on the energy
axis. The relevant level positions before hybridisation are the
&s. However, because of the existence of U these level posi-
tions €; depend on the occupancy of the level with electrons
of opposite spin —c. This occupancy can be calculated from
the spectral function pg(€) of the local level after hybridisa-
tion. The HF approximation of the NA Hamiltonian therefore
requires a self-consistent solution. Mostly one is interested in
non-magnetic solutions for which (n_s) = (ns). While such
solutions always exist, they are not always the ones with the
lowest energy (if magnetic solutions exist, they have lower en-
ergy®). Only if the Coulomb repulsion U = 0 can we use the
bare level energy &, as an input for the solution of the hybridi-
sation problem. This has been done in Fig. 11.

The position of the bare level g, is, far away from the sur-
face, determined by the alignment of the vacuum levels of the
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bare surface and the gas phase molecule, as discussed above.
But if, as is the case in the present system, the LUMO finally
ends up below the Fermi level, the level energy & will be
stabilized by the electrostatic attraction between the charged
molecule and the induced image dipole in the metal surface.
The affinity level g, of the initially isolated molecule will thus
follow the one-electron image potential as the molecule ap-
proaches the surface®’. Hence, the position of &, on the en-
ergy axis is determined by the electron affinity of the isolated
molecule (vacuum level alignment) plus the image charge at-
traction.

4.8.1.4 Chemisorption energy. In the literature, the chem-
ical binding energy in the NA model is less often discussed
than the resultant density of states. But, of course, within
its bounds the model allows a precise calculation of the
chemisorption energy ®®. In the NA model, the chemisorption
energy is given by®®

AE = lz Smg—U<ng><ng>]

mao ,occ.

- [ZZekchf[SaﬂL(f—l)UH- b

k,occ. 2

The first term is the total energy of the perturbed (i.e. hy-
bridized) system (quantum numbers m and ¢ summed over
all occupied states), while the last term gives the total energy
of the non-interacting system, where we assume that the local
level is initially either empty (f = 0), singly (f = 1) or dou-
bly occupied (f = 2); for the LUMO (HOMO) f =0 (f =2),
respectively. In the first sum the term U(ng)(n_q) is sub-
tracted to avoid double counting, because in the &, this term
is contained twice. The above equation can be expressed more
compactly as 38

U

AE = TAEY ~Ulig) o)1 et =D | @)

where AE!9 is the difference between occupied one-particle
energies of the perturbed and unperturbed systems. This ex-
pression can be evaluated, using the calculus of residues in the
complex plane, to yield®?

1[0 Ale)
AE'" = g5 — gy + f/ tan"! ——— (e 4
lo 0 ;ﬂ: ” 8—86—/\(8) ()

where & is the bottom of the band (the integration is carried
out up to the Fermi level which is set to zero) and A(g) is
a hybridisation-weighted density of states function and A(¢)
its Hilbert transform. Equation (4) shows that there are two
contributions to the energy change on chemisorption: Firstly,
if a localized state € splits off from the bottom of the band,
this will lead to an energy gain of &4 — & per spin. Secondly,
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Fig. 12 (a) Chemisorption energy of a single orbital calculated
within the framework of the Newns-Anderson model (U = 0,
semi-infinite one-dimensional chain, nearest-neighbour interaction
only), as a function of unperturbed level position &,, for various
hybridisation parameters V in the range V = 0to V = 1.5 in steps of
0.3. Hybridisation parameters below V ~ 0.7 (for & = 0)
correspond to solutions of type (c) in Fig. 11 (local resonance). All
energies are expressed in units of W /2. The grey rectangle indicates
the parameter region of the zoom in panel b. (b) Zoom into the
diagram of panel a, with axes in absolute energies. W =10eV has
been used as a rough estimate for the width of the Ag sp-band. Red
triangles show the chemisorption energies of DFT-GGA calculations
for HB/Ag(111), T/Ag(100) and BW/Ag(110), in which the
adsorption heights of the carbon backbones have been fixed to the
experimental heights, whereas the positions of the remaining atoms
are relaxed. The &, values are taken from the PDOS-LUMO peak
positions in Fig. 7. Chemisorption energies are: HB/Ag(111):

-0.04 eV, T/Ag(100): -0.87 eV, BW/Ag(110): -2.08 V. For
comparison, the total binding energies including van der Waals are:
HB/Ag(111): -4.13eV, T/Ag(100): -4.83 eV, BW/Ag(110):
-5.71eV. Note that as expected the van der Waals binding energy
decreases slightly with increasing openness of the surface:
HB/Ag(111): -4.09eV, T/Ag(100): -3.96eV, BW/Ag(110):
-3.63eV.
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all metal levels will slightly be perturbed, in such a way that
each new eigenvalue &,,s is bounded by two old ones g, one
above and one below (interpolative property of the perturbed
solution), leading to an overall energy change that is expressed
by the integral in equation (4) .

The integral in equation (4) can by evaluated analytically
for the case of a 1D tight binding band, which yields a semi-
elliptic |Vak|>-weighted density of states A(g). We discuss the
results of this evaluation for the initially empty LUMO (f =
0). Disregarding U for simplicity, i.e. &5 = &, chemisorp-
tion energies are plotted in Fig. 12a as a function of the ini-
tial LUMO position & for a range of different hybridisation
parameters Vy. One clearly sees that for positions &, below
the Fermi level, the (one-electron) chemisorption energy |AE |
rises with the unperturbed binding energy &, of the LUMO.

The explanation of this behaviour is straightforward: As
&, moves below the Fermi level, two electrons can drop from
the Fermi level into the initially empty LUMO. This is seen
very clearly in the limit of V,x — 0, whence the chemisorption
energy becomes just twice the binding energy of the LUMO
(Fig. 12a). For non-zero Vi the chemisorption energy |AE|
at a given level position &, increases from |2g,|. The reason
is that all metal states below the resonance are pushed down
ever so slightly. In sum, this yields an appreciable contribu-
tion to the chemisorption energy. It is evident from Fig. 12a
that this effect is largest for LUMO positions &, close to the
Fermi level, because by level repulsion all metal states below
the resonance are pushed down, and this means that as the res-
onance moves deeper into the occupied part of the band, the
bonding contribution of the metal states as a whole decreases,
as a decreasing mumber of metal states are pushed down and
an increasing number are pushed up. However, Fig. 12a un-
ambiguously shows that in the parameter range that we are
interested in, in which the LUMO survives as a well-defined
resonance, the link in the NA model between the binding en-
ergy of the LUMO and the chemisorption energy of adsorbate
remains valid. In particular, the fully occupied LUMO reso-
nance remains bonding at all positions below the Fermi level.
Fig. 12a also reveals that in the case of non-zero hybridisation
there is a non-zero chemisorption energy even if g, is located
above the Fermi level. On the one hand, this is again a conse-
quence of level repulsion (in this case all occupied metal states
are lowered in energy), and on the other hand the broadening
of the LUMO means that part of its density of states becomes
occupied even before the peak moves below the Fermi level.

In Fig. 12a it is evident that the non-perturbed level position
&, of the LUMO determines the chemisorption energy. But, of
course, this initial level position is experimentally not acces-
sible, since we only know the position of the resonance of the
perturbed system. However, turning to Fig. 11, we observe
that as long as resonance is clearly observed (small hybridisa-
tion) the shift of the resonance away from &, is small. Hence

a EA
EVac

EVa(:

m
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b Epot“ "~.':

Ny

Fig. 13 Schematic view of LUMO binding energy alignment,
molecular adsorption height and 7—metal bonding strength in the
Newns-Anderson model (not to scale). (a) The LUMO level of the
molecule follows the one-electron image potential in front of the
surface. This is shown for a high-work function metal (green,

e.g. Ag(111)) and a low work function metal (black, e.g. Ag(110)).
(b) The sum of attractive and repulsive energies shows stronger
bonding and shorter adsorption height for the low-work function
metal, which also has the larger LUMO binding energy (panel a).
For a more detailed discussion, cf. text.
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we can roughly read off the non-perturbed €, from the experi-
mental LUMO position.

In Fig. 12b we have replotted Fig. 12a on an absolute en-
ergy scale, estimating the Ag sp-band width as W = 10eV. To
compare the chemisorption energies calculated according to
equation (4) in the one-dimensional tight binding case to the
chemisorption energies of the PTCDA/Ag system, we have
added the results of DFT-GGA calculations for HB/Ag(111),
T/Ag(110) and BW/Ag(110) to Fig. 12b. Note that the plotted
energies exclude the contributions of the van der Waals inter-
action, since we are interested in the chemical component of
the PTCDA/Ag interaction only. Because neglecting the van
der Waals interaction usually results in too large adsortion dis-
tances for highly polarizable m-conjugated molecules on metal
surfaces, we have in these calculations fixed the PTCDA car-
bon backbones to the experimental positions (4). In this way,
one expects a realistic result for the chemisorption energies.

Fig. 12b shows that the NA model reproduces the trend ob-
served for the chemisorption energies of PTCDA on the three
Ag surfaces remarkably well. In particular, the correlation
between the LUMO binding energies €, and the chemisorp-
tion energies is also present in the DFT calculation. The fact
that this correlation is steeper in the case of the DFT is ex-
pected, because the DFT calculations, in which relaxtions of
the oxygen (and hydrogen) positions are allowed, also include
the contributions of local bonds to the chemisorption energies,
and we know from the increasing distortion of PTCDA that
these get stronger in the sequence (111)—(100)—(110) 3.
We can thus conclude that in spite of its simplicity the NA
model does predict the trend of the chemisorption energies for
PTCDA on the three Ag surfaces correctly. The insight into
the bonding mechanism offered by this simple model calcu-
lation can therefore be transfered to the PTCDA/Ag system.
In essence, this means that the chemisorption energy of the
n-system of PTCDA on Ag surfaces can be approximatively
read off from the LUMO binding energy, as predicted by the
NA model.

4.8.2 Adsorption height Finally, we consider a
gedankenexperiment which helps us to establish a connection
between the LUMO binding energy, the chemisorption energy
of the 7-system and the adsorption height>®. Imagine that the
molecule approaches the surface from far away. As discussed
above, the molecular vacuum level rides on the potential
outside the metal surface (vacuum level alignment). At large
distances between molecule and surface there is only the van
der Waals attraction between the two, which has no bearing on
the present argument. Also, we assume that hybridization is
weak, such that the LUMO orbital is essentially unperturbed.

As the molecule approaches the surface, the affinity level
EA (LUMO) moves down (Fig. 13), because of image charge
stabilization, although the affinity level is still empty *°. At the

position z; when E” aligns with the Fermi level of the metal,
an electron can be moved from the metal to the molecule at no
energy cost. Once this electron has been moved, the molecule
is charged, and there will be a real attraction between molecule
and metal. When moving the charged molecule closer to the
metal, energy is released until the molecule reaches its equi-
librium position zy above the surface. The energy released
up to zg, which in this gedankenexperiment is the chemisorp-
tion energy, can be calculated as the integral over the force
along the path. The further away z; is from zg, the larger is
the chemisorption energy, because the distance range z; — zo
over which the otherwise identical image force is integrated is
longer. According to Fig. 13a the point z; will be determined
by the electron affinity of the molecule and the work function
of the metal.

Three things should be noted: First, in this gedankenexper-
iment the bond stabilization of the LUMO that was discussed
earlier is primarily effected by the image charge attraction
(Fig. 13a). Secondly, the gedankenexperiment recovers the
result of the NA model (for negligible hybridisation), namely
that the chemisorption energy corresponds to the LUMO bind-
ing energy relative to the Fermi level. Thirdly, as Fig. 13b
shows, while an earlier onset of the charge transfer will lead
to a deeper potential well of the sum potential between attrac-
tive (image charge) and repulsive (Pauli repulsion) branches, it
will in itself not necessarily lead to a shorter bond length, and
thus also not to a differential bond stabilization of the LUMO
for surfaces with lower zy. However, if it is taken into ac-
count that a smaller work function, which in the first place
leads to an earlier charge transfer (i.e. larger z;, see Fig. 13a),
also implies a later onset of Pauli repulsion, it becomes clear
that the deeper potential will also have its minimum at shorter
adsorption distance zp and hence will yield a differential bond
stabilization of the LUMO (Fig. 13b). Thus, a larger LUMO
binding energy not only indicates a stronger 7—metal chem-
ical bonding, but it also correlates with a smaller adsorption
distance.

5 Conclusion

We have presented a systematic analysis of the electronic
structure of PTCDA monolayers on Ag surfaces, with special
emphasis on the link to the geometric interface structure. This
has been achieved by comparing the molecular level align-
ments for the three canonical low index surface orientations
of Ag, on which PTCDA forms structurally distinct monolay-
ers. In particular, we have discussed the connection between
molecular adsorption height, orbital binding energies and 7—
metal bonding strength, i.e. the strength of the chemical bond
between the molecular 7-system and the metal. The concep-
tual discussion, employing experimental data, first- principles
calculations and a generic model, has allowed the rationaliza-
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tion of the essential experimental observations for the system
under study. It is anticipated that many of the results have
validity beyond this specific material system. However, we
stress that the analysis presented here is limited to adsorbates
whose chemical interaction with the substrate is weak. For
more strongly interacting systems the behaviour is expected
to differ substantially. For example, the current analysis disre-
gards the contribution from d-bands completely. For Ag sur-
faces this is justified, because of the relatively deep-lying d-
bands. For Cu, on the other hand, the d-bands may well play
a more prominent role.

We also note again that the 7—metal interaction on which we
have focussed here because it is directly connected to the en-
ergy level alignment of frontier orbitals (after all, these are 7-
orbitals) is only one of several interaction types with which the
PTCDA molecule interacts with the Ag substrate. The inter-
action of the molecule with the surface furthermore includes
the van der Waals interaction as well as contributions from lo-
cal chemical bonds between the carboxylic oxygen atoms and
the substrate. In fact, the largest contribution to the overall
adsorption energy is the due to the van der Waals interaction,
and the local chemical bonds have been dicussed extensively
in references?>’. Since in ab initio calculations it is diffi-
cult to partition the total chemical interaction into contribu-
tions due to the m—metal interaction and the local bonds, it
is an interesting finding of the present work that in the weak
chemisorption limit the 7—metal bonding can be extrapolated
from the relevant experimental orbital binding energies.

Our analysis has shown that for PTCDA on Ag surfaces the
LUMO plays a pivotal role in the 7—metal interaction, while
the HOMO is rather more passive. In particular, we find that at
the interface the LUMO of PTCDA is subject to massive bond
stabilization, and that this varies between the different inter-
faces which we have studied in a way that cannot be accounted
for in the common model of energy level alignment at metal-
organic interfaces, i.e. the model based on an induced density
of interface states (IDIS). The behaviour of the HOMO, in-
cidentally, can be explained on the basis of the IDIS model.
The Newns-Anderson model of chemisorption reveals that the
orbital binding energy of the LUMO scales with the 7—metal
chemisorption energy, because the latter is to a large extent
determined by the energy gain due to the charge transfer of
electrons from the Fermi level of the metal into the stabilized
LUMO. Within the same model we can also identify a causal
link between the differential bond stabilization of the LUMO
and the adsorption height. This means that the overall adsorp-
tion height of PTCDA on Ag surfaces is primarily determined
by the interaction of the molecular 7-system with the metal,
not by the functional groups. The local bonds lead to a ver-
tical distortion of the molecule, but they have only a minor
influence on its overall adsorption height®?. Finally, we have
seen that the central property which controls a surface’s reac-

tivity towards an extended adsorbate (and thus quantities such
as adsorption height, bond stabilization and chemical interac-
tion strength) is the work function. It is interesting to note
here that because of their generally small work functions (a
global property) open surfaces, which due to their undercoor-
dination (a local property) exhibit a large surface reactivity to-
wards small adsorbates, do the same for extended adsorbates.

In summary, we have argued that for weakly chemisorbed
m-conjugated molecules the here observed relationships be-
tween overall adsorption height, frontier orbital binding en-
ergies and r—metal bonding strength can be understood from
very general principles and constitute the ‘normal (canonical)
case’. With hindsight, it is not surprising that these quanti-
ties are closely related, because all of them are connected to
the molecular m-electron system. In this context it is note-
worthy that in the case of heteromolecular hybrid interfaces,
in which differerent molecular species (e.g. donor and accep-
tor molecules) form mixed monolayers on the metal substrate,
this canonical relationship is broken, as has been discussed in
detail elsewhere 22939 However, as has been shown in ref-
erence 2%, the same concepts as developed here still apply to
mixed monolayers, but due to a more complex situation the
outcome is different.
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