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Abstract

®

CrossMark

The successful implementation of nanoscale materials in next generation optoelectronic
devices crucially depends on our ability to functionalize and design low dimensional materials
according to the desired field of application. Recently, organic adsorbates have revealed an
enormous potential to alter the occupied surface band structure of tunable materials by the
formation of tailored molecule-surface bonds. Here, we extend this concept of adsorption-
induced surface band structure engineering to the unoccupied part of the surface band
structure. This is achieved by our comprehensive investigation of the unoccupied band
structure of a lead (Pb) monolayer film on the Ag(1 1 1) surface prior and after the adsorption
of one monolayer of the aromatic molecule 3,4,9,10-perylene-tetracarboxylic-dianhydride
(PTCDA). Using two-photon momentum microscopy, we show that the unoccupied states of
the Pb/Ag(111) bilayer system are dominated by a parabolic quantum well state (QWS) in the
center of the surface Brillouin zone with Pb p, orbital character and a side band with almost
linear dispersion showing Pb py /, orbital character. After the adsorption of PTCDA, the Pb
side band remains completely unaffected while the signal of the Pb QWS is fully suppressed.
This adsorption induced change in the unoccupied Pb band structure coincides with an
interfacial charge transfer from the Pb layer into the PTCDA molecule. We propose that this
charge transfer and the correspondingly vertical (partially chemical) interaction across the
PTCDA/Pb interface suppresses the existence of the QWS in the Pb layer. Our results hence
unveil a new possibility to orbital selectively tune and control the entire surface band structure
of low dimensional systems by the adsorption of organic molecules.

Keywords: band structure engineering, metal-organic hybrid interfaces, two-photon

momentum microscopy, photoemission tomography

(Some figures may appear in colour only in the online journal)

1. Introduction
One of the most important challenges for next generation

optoelectronic and spintronic applications is to reveal novel
ways to design the properties of the active functional layers

4 Present address: Department of Physics, University of Ziirich, Winterthur-
erstrasse 190, 8057 Ziirich, Switzerland

1361-648X/19/134005+10$33.00

as well as of the interfaces between these layers and metallic
contacts. In particular, interfaces between different materials
are of utmost importance for the overall device performance
as they determine the structural properties of the active layers
as well as the charge and spin injection efficiency from the
metallic contacts into the active materials. In this context,
organic semiconductors have emerged as a highly intriguing
class of materials which can be functionalized by chemical
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synthesis on a single molecular level. This opens the pos-
sibility to design the interactions between the organic mat-
erials and metal surfaces and thereby to control the interfacial
properties of these so called metal-organic hybrid interfaces
or, in case of surfaces with non-trivial spin properties, metal—
organic spinterfaces [1].

For this reason, extensive experimental and theoretical
efforts were devoted to study prototypical organic molecules
containing different functional groups or metallic centers
adsorbed in monolayer films on noble metal surfaces [2—11].
This resulted in a comprehensive understanding of metal—
organic hybrid systems and paved the way towards controlling
the structural and electronic properties of molecular mono-
layer films on surfaces, for instance by alkali metal doping
of organic monolayer films [12-15] or by the formation of
heteromolecular systems containing two different types of
molecules [16-21]. More recently, it was even demonstrated
that the adsorption of organic molecules can lead to a severe
modification of the occupied part of the surface band structure
of topological insulators or Rashba-type surface alloys [22—
26]. In particular, it was shown for a PbAg, surface alloy that
only local o-like bonds between functional molecular groups
and surface atoms are strong enough to alter the surface band
structure. These findings open a new possibility to engineer
the surface band structure by tailored bonds between function-
alized organic molecules and surface atoms.

In this work, we extend this concept of adsorption-induced
surface band structure engineering to the unoccupied part of
the surface band structure. This is an important step towards
the functionalization of the charge and spin carrier dynamics
of surfaces which is directly linked to the band structure and
band dispersion of the unoccupied states. From the manifold
of different materials, metallic bilayer systems consisting
of thin metallic films grown on metallic surfaces are ideally
suited for our study since they reveal a variety of different
surface bands with different orbital character [27-32]. In par-
ticular, the spatial confinement of electrons in such metallic
monolayer films on fce(1 1 1) surfaces can lead to the exist-
ence of quantum well states (QWSs) in the unoccupied part of
the surface band structure.

For our study, we have chosen a monolayer film of lead
(Pb) grown on Ag(111) as model system. The structural
properties of this bilayer system have already been character-
ized by Ast et al [33] who demonstrated that Pb monolayer
films can be grown in long-range ordered commensurate
superstructures on the Ag(111) surface. The formation of
homogeneous high quality monolayer films is an important
prerequisite for the subsequent adsorption of organic mole-
cules. As prototypical organic adsorbate, we use the aromatic
molecule 3.4,9,10-perylene-tetracarboxylic-dianhydride
(PTCDA). This molecule was previously employed to suc-
cessfully manipulate the geometric and electronic properties
of a Rashba-type surface alloy by the formation of local o-like
molecule-surface bonds [25, 34]. Here, we first investigate the
band structure of the Pb monolayer structure on the Ag(111)
surface. Using two-photon momentum microscopy (2PMM),
we are able to show that the unoccupied band structure of the
Pb monolayer film on Ag(111) consists of an electron-like

QWS with p, orbital character as well as of an almost linear
side band with py/y orbital character. After the adsorption of
one monolayer of PTCDA on the Pb—Ag bilayer system, only
the QWS with p,-orbital character is suppressed while the
Pb side band with py /,-character is almost unaffected by the
molecular adsorption. The suppression of the QWS band can
be directly correlated to an interfacial charge transfer from the
metallic bilayer films into the molecular layer and the corre-
spondingly chemical molecule-metal bond between PTCDA
and the Pb surface. Our results hence suggest that the adsorp-
tion of organic molecules can even lead to an orbital selective
manipulation the individual sub bands of metallic thin films
by the formation of (at least partial) chemical bonds between
the molecule and the surface.

2. Experimental details

2.1. Sample preparation

All experiments and the sample preparations were performed
under ultra-high vacuum conditions with base pressure better
than 5 x 107'° mbar. The surface of the (11 1)-oriented
silver crystal was cleaned by repeated cycles of argon ion
bombardment and subsequent annealing at a temperature
Of Tgample = 730 K. The quality of the Ag(111) surface was
verified by measuring the surface state at the I'-point of the
surface Brillouin zone (SBZ) as well as by the low surface
defect density monitored by photoemission electron micros-
copy. The PTCDA monolayer film on the Pb—Ag bilayer
system was prepared in two subsequent steps. First, more than
one monolayer of Pb was deposited onto the clean Ag(111)
surface at room temperature. Subsequent sample annealing at
Tsample = 450 K leads to a desorption of Pb atoms from the
second Pb layer and to the formation of a homogeneous well-
ordered Pb monolayer film on Ag(111). The success of the
sample preparation was confirmed by low energy electron dif-
fraction and momentum resolved photoelectron spectroscopy.
The PTCDA monolayer film was subsequently deposited
onto the annealed Pb monolayer film at room temperature.
The molecular coverage was controlled by the evaporation
time and molecular flux of the evaporator. Both parameters
were calibrated beforehand using the monolayer structure of
PTCDA/Ag(111) as a reference.

2.2. Momentum microscopy

The momentum resolved photoemission experiments were
performed with a momentum microscopy system with disper-
sive energy filter, i.e. with a photoemission electron micro-
scope operated in k-space mode [35-37]. This photoemission
detector allows us to record the complete angular (momentum)
distribution of the photoelectrons above the surface as a func-
tion of their kinetic energy in a fixed experimental geometry.
The occupied valence band structure was recorded with the
He-I emission line of a non-monochromatized helium dis-
charge source with an angle of incidence of 65° with respect
to the sample surface normal. For the 2PMM experiments,
we used the second harmonic (SHG, Aw = 3.1 eV) of a
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Figure 1. (a) Structural model of the lateral order of the Pb
monolayer film on the Ag(11 1) surface adapted from the
experimental results of [33]. The Ag atoms of the substrate surface
are shown as gray balls, the Pb atoms as green balls. The unit cell of
the commensurate Pb/Ag superstructure is marked by black arrows,
the one of the primitive Ag(1 1 1) and Pb superstructure by red

and blue arrows, respectively. Momentum resolved photoemission
data of the Pb monolayer film are shown in panels (b)—(d). A

band structure cut along the M' I' M-high symmetry direction is
displayed in (b), a Fermi surface map in (c) and a constant energy
map at E — Er = —1.4 eV (Eg = 1.4 eV) in panel (d). In both
momentum maps, the surface Brillouin zone of Ag(11 1) is included
as red hexagon, the ones of the mirror domains of the Pb monolayer
film as blue and green hexagons.

commercial titanium sapphire laser oscillator system with a
pulse width of 30 fs of the SHG radiation and a repetition rate
of 80 MHz. The light polarization of the SHG radiation was
changed between s and p using a A/2 wave plate. All experi-
ments were performed at room temperature.

3. Results

We start our discussion with the characterization of the geo-
metric and electronic properties of the Pb monolayer film on
Ag(111). The lateral and vertical order of this metallic bilayer
system was already characterized by Ast et al [33] and their
results are summarized in the structural model in figure 1(a).
In this model, the Pb atoms are shown in green, the Ag sub-
strate atoms in gray. In the monolayer film, all Pb atoms
adsorb on top of the Ag(111) surface and do not penetrate
into the Ag(111) surface, i.e. they do not form a PbAg; sur-
face alloy underneath the Pb monolayer film [33, 38]. Most
importantly, the vertical corrugation of the Pb film is smaller
than 0.09 A pointing to a very homogeneous morphology
of the Pb monolayer film. The lateral arrangement of the Pb
atoms can be described by a long range ordered hexagonal
superstructure (marked with black arrows in figure 1(a)) on
the Ag(111) surface with the commensurate superstructure

matrix (4, —2;2,6). Most interestingly, the atomic rows of the
Pb superstructure are rotated by 4.5° with respect to those of
the Ag surface atoms leading to the formation of two sym-
metry equivalent mirror domains.

In addition, first band structure investigations of the Pb
monolayer structure on the Ag(111) surface have also been
conducted previously by Ast et al [33] but only along one
high symmetry direction of the SBZ, i.e. along the I" K-direc-
tion of the Ag SBZ. Ast et al were able to identify two sets of
Pb derived bands with different orbital character (the corre-
sponding photoemission data are not shown here). The band
structure in the center of the SBZ is dominated by an electron-
like-band with a large homogeneous linewidth I" while two
additional bands with rather small homogeneous linewidth
I" were observed close to the edge of the SBZ. The orbital
character of these different Pb derived bands was obtained
in conjunction with a tight binding calculation of a free Pb
layer. While the bands with small linewidth were assigned
to bands of the free-standing Pb layer with py/, orbital char-
acter, the broad band in the center of the SBZ was attributed to
p--orbitals of Pb. Thereby, the linewidth broadening was taken
as a sign for a hybridization of the p, -like orbitals of Pb with
sp states of the Ag(1 1 1) surface.

In order to obtain a complete picture of the valence band
structure of the Pb monolayer film on Ag(111), we recorded
additional momentum microscopy data of the valence band
structure throughout ih/e > entire SBZ. The yet unexplored band
structure along the M I" M-high symmetry direction of the
substrate SBZ is shown in figure 1(b). In the following, all
high symmetry directions will be refereed to the SBZ of the
Ag(111) substrate. In addition, the Fermi surface as well as a
constantenergy (CE)mapat E — Er = —1.4eV (Eg = 1.4eV)
are included in figures 1(c) and (d). In both CE maps, the SBZ
of the primitive unit cells of both rotated Pb domains are shown
as blue and green hexagons, the SBZ of the Ag(11 1) surface
as red hexagon. Upon the adsorption of Pb, the Shockley sur-
face state of the Ag(111) surface vanishes and is replaced
12// a set of two new bands with distinct dispersion along the
M I' M-direction labeled as Pb; and Pb,. The band Pb; is
located in the center of the SBZ, Pb, can only be observed
for larger momenta between 0.8 and 1.5 A~!'. All other fea-
tures can be attributed to the sp-bands of the Ag(111) sur-
face. Besides the different band dispersion, the most striking
difference between Pb; and Pb, is the significantly different
linewidth I" of both bands. While the linewidth of Pb, is com-
parable to the one of the Ag sp-bands, Pb; reveals a signifi-
cantly larger linewidth. This is even better visible in the CE
maps in figures 1(c) and (d). For both energies, Pb; only shows
an almost homogeneous intensity distribution in the center of
the SBZ with no intensity right at the T’ -point. In contrast,
Pb, appears as a well-defined hexagonal emission feature in
momentum space which increases its diameter in momentum
space with increasing binding energy.

Our experimental findings of the valence band structure of
the Pb monolayer film on Ag(111) are in line with the pre-
vious results by Ast et al [33]. This does not only confirm the
high quality of our ultrathin Pb films on Ag, but also allows
us to identify the origin of the experimentally observed band
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structure. In analogy to Ast et al [33], we asign Pb, to a band
of the free-standing Pb layer with py, orbital character and
Pb; to a hybrid band formed by a mixture of Pb p, orbitals
and Ag sp-states. In contrast to the results by Ast et al, we
only observe one Pb-derived band with p, /y -orbital character
along the M'T M-direction. However, this observation is most
likely an intrinsic effect of the electronic properties of the free-
standing Pb layer and caused by the different arrangement of
Pb atoms along the crystallographic high-symmetry d1rec-
tions of the Pb monolayer film associated with the MTM
and the I’ K-directions of the Pb SBZ.

We now turn to the unoccupied part of the Pb—Ag band
structure which was investigated by 2PMM using a photon
energy of 3.1eV. The two-photon excitation process is illus-
trated by two sets of blue arrows in the schematic diagram
of the surface projected band structure of Ag(111) [39] in
figure 2(a). In this plot, the gray area represent the three-
dimensional (3D) valence band continuum of the Ag bulk
bands and the white area the L-band gap in the center of the
SBZ. The solid orange line indicates the dispersion of the
Shockley surface state [40, 41]. Due to the low photon energy,
our 2PMM experiment is only able to access the unoccupied
bands in the energy and momentum region marked as blue
area in figure 2(a).

We start our discussion with the 2PMM data of the Ag(1 1 1)
surface which have been recorded as a reference. Figure 2(b)
shows a band structure cut though our 3D 2PMM data stack
along the M T M- -high symmetry direction of the Ag SBZ.
We observe two spectroscopic signatures with parabolic dis-
persion despite the existence of the L-band gap in the entire
probed energy and momentum region. Hence, both features
cannot be assigned to bands of the unoccupied Ag(1 1 1) band
structure. Instead, they are attributed either to the Mahan cone
formed by a direct (resonant) sp—sp bulk transition [42] or to
the occupied part of the Shockley surface state (labeled SS in
figure 2(b)) which can be observed in our 2PMM data due to
a strongly detuned transition.

The 2PMM signal changes significantly upon the adsorp-
tion of the Pb monoﬁlayfer on Ag(111). The corresponding
2PMM cut along the M I' M-direction recorded with p-polar-
ized light is shown in figure 2(c). In analogy with our VUV-
photoemission data discussed above, the Shockley surface
state of Ag(111) vanishes upon the adsorption of Pb and is
replaced by a set of new Pb-derived bands arising in the L-band
gap. The Pb derived band in the center of the SBZ exhibits a
parabolic free electron-like dispersion with an effective band
mass of m* =~ m, and its band bottom at E — Eg = 2.38 eV.
As we will discuss below, this band can be attributed to a QWS
of the Pb layer. At larger momenta, we observe two branches
of a Pb derived side band which cross the high energy cutoff
(Fermi edge, E — Er = 3.1 eV) at ==£0.5 A~! and show an
almost linear dispersion. In addition, the Mahan cone-like fea-
ture of the resonant transition between two Ag sp bulk bands
is also still visible in our 2PMM data.

The dispersion of the unoccupied band structure of the
Pb-Ag bilayer system is very similar to findings for a Pb
monolayer film on Cu(111) [27]. However, the orbital char-
acter of these unoccupied bands has not been investigated

(a)
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Figure 2. (a) Schematic diagram of the electronic band structure

of the Ag(111) surface. The shaded area represents the three-
dimensional (3D) valence band continuum. The orange line
represents the 2D Shockley surface state. The two sets of blue
arrows illustrate possible two-photon transition and the accessible
band structure range of the 2PMM experiment is marked as blue
area. Band structure cuts along the M' I M-direction of the Ag SBZ
are shown in (b) for the bare Ag(111) surface, in (c) and (d) for a
Pb monolayer film on Ag(111). All 2PMM data were recorded with
a photon energy of fuw = 3.1 eV, the light polarization was varied
between p- (panels (b) and (c)) and s-polarized light (d). For the Pb
monolayer film, two exemplar CE maps are displayed in (e) and (f)
(recorded with p-polarized light).

experimentally so far. Therefore, we repeated our 2PMM
experiment with s-polarized light to suppress bands with a
strong orbital contribution perpendicular to the surface, i.e.
with a strong p, orbital character. The corresponding band
structure cut along the same high-symmetry direction as dis-
cussed before is shown in figure 2(d). A direct comparison of
the band structure cuts recorded with different light polariza-
tions reveals that the parabolic Pb-derived QWS is only visible
for p-polarized excitation. This clearly points to a dominant p,
orbital character of this band. In contrast, both branches of
the linear side band can be observed independent of the light
polarization which is consistent with an in-plane py,,-like
state. This assignment is further supported by the azimuthal
intensity distribution of both bands in the CE maps shown in
figures 2(e) and (f). The parabolic band around the T'-point
reveals a ring-like shape in figure 2(e) with a homogeneous
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azimuthal intensity distribution and hence shows the charac-
teristic emission pattern expected for a free electron-like state.
We consequently assign this band to the QWS of the Pb mono-
layer film, in line with the previous finding of a similar QWS
for the Pb—Cu(1 1 1) bilayer system [27]. The linear side band
shows a strong azimuthal intensity modulation in figure 2(f).
This points to a clear dependency of the electronic properties
on the crystallographic in-plane direction of the Pb—Ag bilayer
system and consequently to an in-plane character of this band.
Accordingly, we attribute the linear side band to py /y-orbitals
of the Pb layer. This conclusion is fully supported by tight
binding calculations of the Pb—Ag(1 1 1) bilayer system which
predict the existence of a Pb py,y band with a similar band
dispersion in the unoccupied part of the Pb—Ag band structure
[33] as observed in our 2PMM experiment.

Most interestingly, the spectroscopic signature of the
Mahan cone transition of the Pb—Ag bilayer film is also fully
suppressed in the 2PMM data recorded with s-polarized
light. This is clearly different for the bare Ag(111) surface,
for which the Mahan cone transition between occupied and
unoccupied sp bulk bands can be observed independent of
the light polarization. This experimental observation strongly
suggests a mixing of Pb p, orbitals with the Ag sp-bands upon
the adsorption of Pb on Ag(111). A similar signature of a
strong hybridization between Pb p, and Ag sp states was also
observed in the occupied valence band leading to an unusually
broad linewidth of the Pb; band in figures 1(b)—(d).

We now turn to the adsorption induced modifications of
the unoccupied band structure of the Pb monolayer film on
Ag(111). The band structure of a PTCDA monolayer film on
the Pb-Ag(1 1 1) bilayer along the M' T M-direction is shown
in figure 3(a). We find that the Pb derived side bands of pyy
character as well as the Mahan cone feature are still clearly vis-
ible even though their intensity is significantly attenuated upon
the adsorption of PTCDA. A dedicated analysis allows us to
further quantify possible modifications of these spectroscopic
features. Both branches of the Pb side band are described by
linear functions, the Mahan cone feature by a parabolic curve.
The band dispersions resulting from this analysis procedure
are shown figure 3(b) as red solid lines together with refer-
ence curves extracted from the 2PMM data of the bare Pb
monolayer film (shown as blue solid lines in figure 3(b)). Our
quantitative analysis reveals an identical dispersion of the Pb
side band prior and after the adsorption of one monolayer of
PTCDA. This observation is not surprising when considering
that the frontier molecular orbitals of m-conjugated adsorbates
such as PTCDA preferentially hybridize with surface bands
with orbital character perpendicular to the surface. In contrast,
the bottom of the Mahan cone parabola shifts 140 meV to
higher final state energies. While this shift suggests a modifi-
cation of the band structure of the Pb—Ag bilayer system, our
experimental result cannot be directly correlated to an energy
shift of a particular band. The reason for this is that the Mahan
cone feature is due to a resonant transition between occupied
and unoccupied bands of the Pb—Ag bilayer system. Hence,
any change in the energy position of the Mahan cone can
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Figure 3. (a) Band structure cut along the M T' M-direction of a
PTCDA monolayer film on the Pb monolayer (p-polarized light).
(b) Band dispersion of the Pb side bands as well as of the Mahan
cone feature prior (blue solid lines) and after (red solid lines) the
adsorption of PTCDA on Pb/Ag(111). The band dispersions were
extracted from the 2PMM data. (c¢) CE map of the PTCDA/Pb
interface at E — Er = 2.5 eV recorded with p-polarized light. The
corresponding CE map of the Pb monolayer film is shown in (d) for
comparison. Additional radial intensity profiles extracted from both
CE maps along a high symmetry direction are displayed in (e) for
PTCDA/Pb/Ag(111) and in (f) for Pb/Ag(111).

either be caused by a change in the binding energy position of
the initial or the final state of this direct transition.

The most severe modification of the unoccupied Pb—Ag
band structure is the suppression of the parabolic Pb-derived
QWS in the center of the SBZ. This band is no longer vis-
ible in the band structure cut in figure 3(a) nor in the CE map
at E— Ep =25 eV in figure 3(c). The corresponding CE
map of the bare Pb monolayer film on Ag(111) is included
in figure 3(d) for comparison. The CE map of the pristine Pb
monolayer film reveals a disc-like feature in the center of the
SBZ which reflects the emission pattern of the band bottom
of the parabolic QWS band superimposed with the ring-like
emission feature of the Mahan cone. After the adsorption of
PTCDA, the ring-like emission of the Mahan cone is still vis-
ible in figure 3(c) while the intensity right at the I'-point is
suppressed by the adsorption of PTCDA. This reduction of
intensity at the T'-point can be observed even more clearly
in the radial line profiles extracted from the CE maps of the
PTCDA monolayer film on Pb/Ag(111) (figure 3(e)) and of
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Figure 4. Total photoemission yield of a monolayer film PTCDA
on a monolayer Pb on Ag(11 1) (upper spectrum) and PTCDA of a
monolayer PTCDA adsorbed on the bare Ag(11 1) surface (lower
spectrum). The experimental data points are shown as circles, the
Gaussian functions of our dedicated fitting model as red and blue
curve. The envelop of the fitting model is superimposed onto the
experimental data as solid green line.

the bare Pb monolayer film on Ag (figure 3(f)). The adsorp-
tion of PTCDA results in a clear dip in the otherwise dome-
like intensity profile of the CE map of the Pb/Ag(1 1 1) bilayer
system right at the T'-point. All these observations are con-
sistent with an adsorption-induced suppression of the Pb
derived QWS state with p,-orbital character in our 2PMM
data.

Our 2PMM data provide conclusive evidence that the inter-
action between PTCDA and the Pb—Ag(1 1 1) bilayer system
is strong enough to alter Pb-derived bands with p,-orbital
character. To gain insight into the mechanism behind the
adsorption-induced modification of the unoccupied Pb—
Ag(111) band structure, we now turn to the energy level
alignment of the occupied molecular orbitals with respect to
the substrate bands. The latter can provide a clear view onto
the charge redistribution across the PTCDA-Pb interface. The
most essential informations about the energy level alignment
can already be deduced from the total photoelectron yield
which is shown in the upper panel of figure 4 for a PTCDA
monolayer film on the Pb monolayer on Ag(111). As a refer-
ence, a similar spectrum of a PTCDA monolayer film on the
bare Ag(111) surface is included in the lower part of figure 4.
At first glance, both photoemission spectra reveal an almost
identical line shape. Both spectra exhibit two spectroscopic
features at very similar binding energies. For the PTCDA/
Ag(111) interface, the origin of these molecular features has
already been extensively investigated both experimentally and

theoretically [2, 43—45]. The maximum at larger binding ener-
gies of ~1.6eV is the spectroscopic signature of the highest
occupied molecular orbital (HOMO) while the second feature
right at the Fermi energy is derived from the lowest unoc-
cupied molecular orbital (LUMO) of the free molecule. The
latter becomes particularly occupied on the Ag(11 1) surface
due to a (partial) chemical interaction between PTCDA and the
surface resulting in an interfacial charge transfer from the sur-
face into the LUMO of PTCDA. For the PTCDA/Pb interface,
we hence propose a similar energy level alignment: we assign
the spectroscopic feature at larger binding energies (Eg ~ 1.6
eV) to the emission signal of the PTCDA HOMO, the one
right at the Fermi energy to the one of a LUMO derived state.

Using a dedicated fitting model, we find only marginal
quantitative differences between the energy level alignment
of the PTCDA/Ag(111) and of the PTCDA/Pb interface. All
molecular features are described by Gaussian functions and
the best fitting model is shown in figure 4 underneath the
experimental data. The binding energy of the HOMO level
(red curve) of the PTCDA/Pb interface is Eg = 1.54 eV
and hence shifted by 50 meV towards smaller binding ener-
gies compared to the PTCDA/Ag(111) interface. For both
adsorbate systems, the spectroscopic LUMO feature is cut by
the Fermi edge pointing to a partial charge transfer into the
molecule. However, the LUMO binding energy for PTCDA/
Pb/Ag(111)is only Eg = 0.15 eV which is 150 meV smaller
compared to the reference system PTCDA/Ag(111). This
suggests a weaker charge redistribution between PTCDA
and Pb and hence points to a weaker chemical interaction
between PTCDA and the Pb layer compared to PTCDA and
the Ag(11 1) surface.

To further confirm the charge transfer from the Pb mono-
layer film into the PTCDA LUMO, we now focus on the
momentum resolved photoemission yield of the LUMO-
derived feature for both adsorbate systems. The recorded
CE maps are shown in figure 5(a) for PTCDA/Pb/Ag(111)
and in figure 5(b) for PTCDA/Ag(111). In both CE maps,
the molecular emission features reveal an overall intensity
increase from negative to positive momenta (from left to
right in figures 5(a) and (b)). This is not an intrinsic feature
of the molecular emission pattern, but can be explained by the
experimental geometry of the momentum microscopy setup
leading to a linear dichroism in the photoemission signal [46].
Apart from this momentum dependent intensity variation,
both CE maps exhibit six well defined emission maxima in
momentum space which are arranged in a hexagonal pattern
around the T"-point of the SBZ. The width of the momentum
space maxima in azimuthal and radial directions are almost
identical for both adsorbate systems suggesting indeed that
both emission pattern can indeed be assigned to the same
molecular orbital, i.e. to the LUMO of PTCDA.

Most interestingly, the hexagonal emission pattern of
the PTCDA/Pb interface is rotated by 30° with respect to
the one of PTCDA/Ag(111). This observation strongly
suggests a different in-plane (azimuthal) orientation of
the PTCDA molecules on both surfaces. Such character-
istic differences in the emission pattern can be explained
in the framework of photoemission tomography (PT) which
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Figure 5. Momentum resolved photoemission yield of the LUMO feature (blue Gaussian curve in figure 4) is shown in (a) for PTCDA/
Pb/Ag(111) and in (b) for PTCDA/Ag(111). The theoretical simulations of the momentum space pattern of the LUMO calculated in the
framework of photoemission tomography are included in (c) and (d). The simulations are based on density functional theory calculations
of a free PTCDA molecule and are symmetrized according to the orientation of the PTCDA molecules on the respective surfaces and the
p3ml-symmetry of the Ag(111) substrate. The corresponding structural model of the PTCDA/Pb/Ag(111) interface is shown (e), the one

of PTCDA/Ag(111) monolayer film in (f).

allows one to directly correlate the emission pattern of
molecular films to the emitting molecular orbitals as well
as to the orientation of the molecules on the surface [43,
47, 48]. In the simplest cases, the PT simulations are based
on molecular orbital wave functions obtained by density
functional theory (DFT) for a single molecule in the gas
phase. The simulated emission pattern hence only reflects
one single molecular orientation on the surface. For highly
symmetric surfaces, however, the azimuthal alignment of
all molecule within the unit cell as well as all structurally
equivalent orientations due to rotational and mirror domains
of the surface have to be considered [43, 49]. Following
the established procedure for highly symmetric fcc(11 1)
surfaces [43], we modeled the characteristic emission pat-
tern of the PTCDA LUMO for both adsorbate systems. The
resulting CE maps are shown in figures 5(c) and (d). The PT
simulation for PTCDA/Ag(111) is based on the structural
model by Kraft et al [44] which is illustrated in figure 5(f).
The PTCDA monolayer film reveals two PTCDA molecules
per unit cell which are rotated by 60° (molecule A, dark
blue circles) and 137° (molecule B, light blue circles) with
respect to the [—1 1 0] direction of the Ag(1 1 1) surface. Our
simulation hence reveals strong emission maxima along the

T M- direction of the SBZ which perfectly resembles the
experimental observation, in analogy with a previous PT
study of PTCDA/Ag(111) [43].

For PTCDA on the Pb—Ag(111) bilayer, the best agree-
ment between the PT simulation and the momentum resolved
photoemission yield was obtained for structural model
shown in figure 5(e). This structural arrangement of the
PTCDA molecules was obtained by a counter clockwise
in-plane rotation of the well-known PTCDA superstructure
on Ag(111) by 15°. The corresponding azimuthal orienta-
tion of both structurally inequivalent PTCDA molecules on
Pb are 75° and 152° with respect to the [—1 1 0] direction of
the Ag(111) surface for molecule A (dark blue circles) and
B (light blue circles), respectively. The different azimuthal
orientation of PTCDA on both surfaces is caused by the ten-
dency of elongated molecules to align along high symmetry
directions of the substrate. In the case of the Pb/Ag(111)
interface, the hexagonal lattice of the Pb atoms is rotated by
4.5° with respect to the Ag(1 1 1) surface grid. Consequently,
our experimental findings suggest that PTCDA forms a
herringbone structure on Pb with one molecular species
(molecule B, light blue circles) oriented with its long molec-
ular axis perpendicular to rows of Pb surface atoms. Most
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importantly, the different orientation of PTCDA on the Pb
monolayer and the bare Ag(1 1 1) in conjunction with our PT
analysis allows us to unambiguously assign the spectroscopic
feature at the Fermi energy of the PTCDA/Ag interface to the
LUMO of PTCDA molecules on the Pb monolayer film. This
interfacial charge transfer from the Pb layer into PTCDA
monolayer film hence points to an at least partial chemical
interaction between the PTCDA molecule and the Pb surface.
In the following, we will discuss the correlation between this
partially chemical interaction and the adsorption induced
modification of the Pb QWS.

4. Discussion

Our comprehensive investigation of electronic properties of
a Pb monolayer film on Ag(111) prior and after the adsorp-
tion of PTCDA has revealed an intriguing modification of the
unoccupied Pb/Ag(111) band structure upon the adsorption
of PTCDA. The unoccupied band structure of the bare Pb
monolayer film consists of a linear side-band with in-plane
px/y orbital character as well as a parabolic QWS with p,
orbital character. After the adsorption of a PTCDA mono-
layer film on the Pb surface, the spectroscopic signal of the
Pb QWS is complete suppressed while no change of the band
dispersion of the Pb side band with in-plane orbital character
can be observed. The modification of the unoccupied Pb/
Ag(111) band structure coincides with an interfacial charge
transfer from the Pb surface layer into the LUMO of PTCDA
molecules located on the Pb/Ag(111) bilayer system. This
interfacial charge reorganization is a clear fingerprint of an at
least partial chemical interaction between the PTCDA layer
and the underlying Pb surface. We believe that this (at least
partial) chemical interaction is the origin for the adsorption
induced suppression of the QWS in the unoccupied part of the
Pb/Ag(111) band structure.

The most straight forward explanation for the suppression
of the QWS in our 2PMM data would be an energetic shift of
the QWS band due to a direct hybridization of the QWS with
molecular orbitals of PTCDA. Energy shifts of surface bands
towards the vacuum level energies have already been observed
for the Shockley surface state of noble metal surfaces after the
adsorption of organic adsorbates [10, 50-52]. These observa-
tions revealed a clear trend: the magnitude of the energy shift
of these hybrid surface states or inferface states increases with
decreasing bonding distance between the organic adsorbate
and the metallic surface [50]. For the PTCDA/Pb/Ag(111)
interface, the vanishing intensity of the QWS could only be
expained by an energy shift of at least AEqws = 0.72¢eV.
According to model simulations by Armbrust et al [50], such
a large energy shift should coincide with a bonding distance of
2.70 +0.15 A between the carbon backbone of PTCDA and
the Pb atoms. This bonding distance is significantly smaller
than the vertical distance between weakly chemisorbed
PTCDA molecules and the Pb atoms of a PbAg, surface alloy
(3.14+0.04 A determined by the normal incidence x-ray
standing waves technique [34]). Hence, we propose that the
vanishing intensity of the QWS in our 2PMM experiments is
most likely not due to an energy shift of the QWS to larger

intermediate state energies, but caused by a true suppression
of the QWS of the Pb layer.

For the pristine Pb monolayer on Ag(11 1), the formation
of a QWS is due to a confinement of electrons within the Pb
layer in the direction perpendicular to the surface [30]. In
analogy to the quantum mechanical model system of a particle
in a box, the electrons in the Pb layer with energies inside the
L- band gap are confined between the vacuum barrier on the
vacuum side and the projected bulk band gap of the Ag(111)
crystal on the metal side. Upon the formation of a PTCDA/Pb
interface, the interaction and the charge redistribution between
PTCDA and the Pb layer results in a severe modification of the
potential barrier on the vacuum side. In particular, we suspect
that the partial chemical character of the vertical PTCDA-Pb
bonding and a corresponding mixing of Pb and PTCDA states
lifts the confinement of the former QWS electrons in the Pb
layer and is hence responsible for suppression of the QWS
of the Pb monolayer film. In contrast, the vertical chemical
interaction does not affect the Pb states with an in-plane
orbital character. This is mainly due to the low spatial overlap
of these Pb derived states with the most frontier orbitals of
PTCDA with dominant p, orbital character. This prevents a
direct hybridization between molecular orbitals and in-plane
states of Pb. The latter is however required for an adsorption
induced manipulation of the surface band structure.

Hence, our results provide evidence that the vertical, par-
tial chemical interaction between the prototypical molecule
PTCDA and the Pb monolayer on Ag(111) is responsible
for the orbital selective modification of the unoccupied band
structure of the metallic bilayer system. We expect that this
phenomena is not exclusive for the Pb/Ag bilayer system
but may also occur in other metal-organic hybrid interfaces
consisting of organic adsorbates and low dimensional bilayer
structures.

5. Summary

In our work, we have studied the unoccupied band structure of
a Pb monolayer film on the Ag(1 1 1) structure prior and after
the adsorption of the prototypical organic molecule PTCDA
by 2PMM with different light polarizations. We find that the
unoccupied states of the pristine Pb monolayer film reveal
two characteristic Pb derived bands of different orbital char-
acter: (i) a parabolic QWS band with p, orbital character in
the center of the SBZ and (ii) a side band at larger momenta
with Pb py,y orbital character. The QWS band is caused by
the vertical confinement of electrons in the Pb layer. After the
adsorption of PTCDA, we observe characteristic changes in
the unoccupied Pb band structure. While the spectroscopic
signal of the Pb QWS is fully suppressed by the adsorption
of PTCDA, the Pb side band is completely unaffected by the
presence of PTCDA. Using linear VUV-photoemission, we
find that the modification of the unoccupied Pb states coin-
cides with an interfacial charge transfer from the Pb layer into
the LUMO of PTCDA pointing to an at least partial chemical
interaction between PTCDA and the Pb layer. We propose that
this vertical interaction across the PTCDA/Pb interfaces leads
to a mixing of PTCDA orbitals with Pb states. The latter lifts
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the confinement of electrons to the Pb layer which, in turn,
suppresses the existence of QWS in the Pb layer. This opens
the possibility for an orbital selective manipulation of the
electronic properties of ultrathin metallic films by the adsorp-
tion of organic molecules.

In conclusion, our findings hence clearly show that the
established concept of band structure engineering of occupied
states by adsorption of organic molecules can be extended to
the unoccupied band structure. This opens the possibility to
fully control the properties of charge and spin carriers at sur-
faces by rational design of metal-molecule surface bonding.
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