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Hybridization-related modifications of the first metal layer of a metal-organic interface are difficult to
access experimentally and have been largely neglected so far. Here, we study the influence of specific
chemical bonds (as formed by the organic molecules CuPc and PTCDA) on a Pb-Ag surface alloy. We find
that delocalized van der Waals or weak chemical z-type bonds are not strong enough to alter the alloy,
while localized o-type bonds lead to a vertical displacement of the Pb surface atoms and to changes in the
alloy’s surface band structure. Our results provide an exciting platform for tuning the Rashba-type spin

texture of surface alloys using organic molecules.
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Interfaces formed between organic molecules and
metal surfaces are the essential building block of a
variety of novel electronic and spintronics devices. For
example, hybrid interfaces control the efficiency of
charge injection that limits the performance of organic
light-emitting diodes [1] and organic photovoltaic cells
[2]; they also determine the efficiency of spin injection
across interfaces formed with ferromagnetic metals, as
found in organic spin valves [3]. Along these lines, the
search for better-performing, next-generation molecular-
based devices has motivated extensive experimental and
theoretical efforts focusing on the adsorption properties
of small prototypical molecules on highly crystalline
metal surfaces. These studies have provided a clear
understanding of the correlation between the strength
of interface hybridization and the growth of the organic
molecules as well as their electronic properties, mainly
described in terms of the energy level alignment at the
interface [4—15].

On rather inert surfaces like gold, the molecule-substrate
interaction is determined by weak van der Waals forces and
the energetic positions of the molecular levels is hardy
affected by the substrate [10,16—18]. On more reactive
noble metal surfaces such as silver or copper, the additional
chemical interactions at the interface start to influence the
properties of the molecular film. This often leads to the
formation of chemical bonds between the organic adsorbate
and the substrate. Chemical z bonds coincide with
charge transfer from the substrate into the former lowest
unoccupied molecular orbital (LUMO) of the molecule
[7,9,12,16,17,19,20]. On the other hand, chemical ¢ bonds
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are more localized and lead to geometric distortions of the
molecular body [8,20-22].

Crucially, in all these studies, possible modifications of
the electronic and geometric properties of the first layer of
substrate atoms were neglected. While this assumption
might be justified for inert surfaces with weak molecule-
substrate interactions, ab initio studies predict that
it does not even hold for slightly more reactive noble
metal surfaces such as Ag [20]. Recent developments in
molecular spintronics also indicate that the deposition
of aromatic organic molecules on the strongly reactive
surfaces of ferromagnetic metals leads to a change in the
local magnetic properties of the atoms hybridized with
the molecule, such as exchange interaction, magnetic
moments, and magnetocrystalline anisotropy [23,24].
In general, a direct experimental determination of the
changes in the local structural and electronic properties of
the metallic substrate remains still very challenging. It
would, however, be of paramount importance, for example
in the case of heavy metal-noble metal surface alloys,
where the Rashba-type spin splitting of the surface states
strongly depends on the vertical displacement of the heavy
metal atoms.

In this Letter, we present an experimental approach
to access the modification of structural and electronic
properties of a Pb-Ag surface, resulting from hybridization
with different adsorbate molecules. We discuss two cases
exhibiting fundamentally different behavior caused by the
functional groups of the molecules that form preferentially
7- or o-type chemical bonds. Because of the intrinsic nature
of the Pb-Ag surface, the Pb atoms can be used as tracers,
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whose relative position with respect to the Ag atoms can be

determined experimentally with high accuracy (< 0.04 A)
by using the normal incidence x-ray standing waves
(NIXSW) technique. The chemical sensitivity of this
technique allows us to distinguish the adsorption height
of the metallic tracer atoms from the host atoms and to
measure the molecule-substrate bonding distance. A
detailed analysis of the NIXSW data is outside the scope
of this Letter and will be published elsewhere [25]. To
access the modifications in the electronic surface band
structure of the metal surface, we employ the uniqueness
of momentum microscopy [26,27]. This experimental tool
for photoelectron spectroscopy provides two-dimensional
momentum space emission patterns in constant binding
energy (CBE) cuts through the band structure in the entire
accessible momentum range. For molecular emission
signals, the photoemission distribution of these CBE maps
can be used to assign spectroscopic photoemission features
to the emitting molecular orbital [28].

The Pb-Ag surface alloy formed on a Ag(111) surface is
part of a wide class of long-range ordered surface alloys,
which have attracted great attention in the field of
spintronics due to a spiral spin texture of hybrid surface
states caused by the Rashba-Bychkov effect [29-34]. For
the pristine Pb; Ag, surface alloy on Ag(111), each third
silver atom in the first silver layer is replaced by Pb leading
to the formation of a long-range ordered surface alloy with
the well-known (\/§ X \/§)R30° superstructure [29,30].
Vertically, the Pb;Ag, alloy layer shows a significant
buckling and a vertical displacement of the Pb atoms
due to their significantly larger size compared to Ag [30],
as illustrated in Fig. 1(a). Thereby, the vertical displacement
of the Pb atoms is the decisive parameter that determines
the spin texture of the Rasha-type spin splitting of the
surface states of the Pb-Ag alloy [30,31,35,36]. In agree-
ment with a previous LEED-IV study [30], all Pb atoms are
located 0.42 4 0.02 A above the plane of the Ag surface
atoms, which are at the vertical position of the Ag lattice
planes of the bulk crystal.

As organic adsorbates, we have chosen the two proto-
typical organic molecules copper-II-phthalocyanine (CuPc)

(@)  Pb,Ag/Ag(111) (b) CuPc

FIG. 1.

and 3.,4.,9,10-perylene-tetracarboxylic-dianhydride (PTCDA).
They are of particular interest since they interact
differently with metallic surfaces. While CuPc interacts only
via its delocalized 7z system with noble metal surfaces
[4,9,16,19,37], PTCDA reveals a 7 bond and additional local
o-like bonds formed between the oxygen atoms of the
anhydride end groups and metallic surface atoms [4,20,38].
Hence, interfaces between CuPc and PTCDA, respectively,
and the Pb; Ag, surface alloy are ideal models to reveal how
geometric, electron, and spin-specific properties of metal
surfaces are altered by 7 and ¢ bonding between molecules
and surfaces.

Panels (b) and (c) of Fig. 1 show the vertical adsorption
geometry of the monolayer CuPc and PTCDA films,
respectively, deposited on the Pb; Ag, surface as determined
by NIXSW. Within the experimental uncertainty, CuPc does
not influence the vertical displacement of the Pb tracer atoms
and the Ag surface atoms. The molecular body is found in an
almost flat adsorption configuration at an adsorption height
of 3.76 4+ 0.02 A. This adsorption height is significantly
larger than on the pristine Ag(111) surface (3.08 + 0.02 A)
[19] and even exceeds the van der Waals bonding distance of
the molecule and the silver surface. This indicates that CuPc
does not interact with the Ag surface atoms. In contrast,
the bonding distance between the molecular body and the
Pb atoms is smaller than the corresponding van der Waals
distance, indicating a nonvanishing delocalized = bond
between CuPc and the Pb atoms.

For the adsorption of PTCDA, our results are clearly
different. We find an additional vertical displacement of all
Pb atoms of 0.08 = 0.02 A which is uniform for the entire
molecular film. At first glance, this is surprising since we
find two distinct adsorption sites A and B for PTCDA with
two clearly different adoption heights. The latter finding is
further supported by high-resolution core level spectros-
copy that proves the existence of two (chemically) inequi-
valent molecular contributions to the Cls core level yield
[25]. For adsorption site A, the PTCDA backbone is found
at a smaller adsorption height than CuPc indicating a
stronger z bonding to the surface, for the other site B, it
is at almost the same adsorption height pointing to a similar

PTCDA Site B

Model of the vertical adsorption geometry of the buckling of the pristine Pb-Ag surface alloy (a), as well as of CuPc (b) and

PTCDA (c) adsorption on the Pb-Ag surface alloy as determined by NIXSW. For CuPc only one or two atoms are shown for each
species while both structurally inequivalent PTCDA molecules (A, B) are shown in a side view on its shorter side.
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z-bonding strength across the interface. Most noticeable,
all oxygen species of the functional anhydride end groups
are located below the molecular plane for both PTCDA
adsorption sites pointing to an M-like distortion of PTCDA.
This adsorption configuration is well known for more
reactive noble metal surfaces on which PTCDA forms
local o bonds to the metal surface via its oxygen end groups
[20]. In analogy, the down bending of the oxygen atoms is
clear proof for the formation of local ¢ bonds between
PTCDA and the atoms of the surface alloy. Since the
vertical distance between the oxygen atoms of PTCDA and
the Ag surface atoms is significantly larger than the typical
O-Ag bonding distances, we must conclude that PTCDA
bonds locally to Pb atoms of the surface alloy. These o
bonds are hence responsible for the additional vertical
displacement of the Pb atoms. These experimental results
confirm the theoretical predictions by Bauer et al. [20],
who proposed a vertical relaxation of surface atoms due
to the formation of local bonds across metal-organic
interfaces.

After the geometrical modifications of the surface, we
now discuss the changes in the band structure of the
Pb;Ag, alloy induced by CuPc and PTCDA as detected
by momentum microscopy. The right part of Fig. 2(a)
shows the CBE map of the bare surface alloy recorded at
the Fermi energy, and is compared to the CBE map of the
clean Ag(111) surface on the left side. The circular band in
the center of the surface Brillouin zone is magnified in the
inset of Fig. 2(a). This Pb-Ag hybrid surface state shows
a Rashba-type spin splitting into two concentric circles
[29,32], that results from the strong spin-orbit coupling of
the Pb atoms. In addition, a second Pb-Ag hybrid surface
state evolves at the —M point of the Ag(111) surface
Brillouin zone having a band gap at Er [29,32].

These Pb-Ag bands can be used as fingerprints of the
influence of the molecule-substrate interaction on the
electronic properties of the first metal layer. In our
experimental geometry, we take advantage of the gracing
angle of incidence of the vacuum ultraviolet radiation (65°
with respect to the sample normal) that leads to a strong
asymmetry in the molecular emission pattern due to the
linear dichroism in the angular distribution [39]. Hence, in
the forward direction of the incoming light, all CBE maps
of molecular orbitals exhibit much stronger molecular
features (positive momenta, see Supplemental Material
[40]) while almost no signal from the molecules can be
detected in backward emission directions [negative
momenta, left side of our CBE maps in Figs. 2(b)-2(d)].
As we are most interested in the metallic band structure
underneath the molecular film, we will only use that half of
the CBE map recorded for backward emission for discus-
sing adsorption-induced changes of the electronic proper-
ties of the first metal layer. The right parts of the CBE maps
in Figs. 2(b)-2(d) are replaced by CBE maps of appropriate
reference systems, as discussed in the following.

(@) Ag(111)

Pb,Ag,

E,=1.5eV

Pb.Ag,

Pb/Ag(111)

(d) pTCDA

(c) pTCDA

E, = 1.5eV E, = 1.5eV

FIG. 2. Constant binding energy maps of the Fermi surface of
the pristine Pb-Ag surface alloy (a), of the HOMO regions of
CuPc (b) and PTCDA (c),(d). The left halves of (b), (c), and
(d) show the emission of the substrate bands underneath the
molecular film; the right halves show the band structure of the
pristine Pb-Ag surface alloy (b), (c) and of a Pb monolayer film
on Ag(111) (d), respectively. The insets of panels (c) and (d) show
magnified momentum space regions around the symmetry
equivalent —A points highlighted with identical color in the
corresponding CBE maps. The momentum space curvature of
both reference systems is modeled by B-spline functions
(red dotted lines in lower insets) that are superimposed onto
the momentum space curvature of the PTCDA covered
Pb-Ag surface alloy (red dotted lines, upper insets).

We start with the discussion of CuPc/Pb;Ag, and the
CBE maps at Ez = 1.5 eV in Fig. 2(b). All features of the
pristine Pb; Ag, alloy band structure [right part of the CBE
map in Fig. 2(b)] are also clearly visible for the CuPc
covered surface [left part of the CBE map in Fig. 2(b)]. A
quantitative analysis of the dispersion of the Pb-Ag Rashba
state reveals no energy shift caused by CuPc. We thus
conclude that the band structure of Pb; Ag, is not changed
by the adsorption of CuPc, in agreement with our NIXSW
results revealing no additional vertical displacement of the
Pb atoms.

The situation is significantly different in the case of
PTCDA adsorption. This is evident from the left part of the
CBE shown in Fig. 2(c) which shows the surface band
structure underneath the molecular film at Ez = 1.5 eV.
Here, the Pb-Ag surface state in the center of the Brillouin
zone vanishes completely, and the Pb-Ag hybrid bands
close to the —M points of the Ag(111) Brillouin zone are
replaced by new emission features. This becomes clear
when considering the momentum space regions around the
—M points which are enlarged in the insets of Fig. 2(c). The
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band structure of the surface alloy (lower inset) is replaced
by an elliptically shaped band at the —M point which is
surrounded by two bands with a hyperbolic curvature in
momentum space (upper inset). When comparing our
results to CBE maps of different Pb-Ag metallic surfaces,
we find the best agreement (see Supplemental Material
[40]) with the band structure of a pristine Pb monolayer
film adsorbed on Ag(111) [41] shown in the right part
of Fig. 2(d). The corresponding enlarged momentum
space region close to the —M point is shown in the inset
of Fig. 2(d). For comparison, the momentum space curva-
ture of the Pb monolayer film is modeled by B-spline
functions (dotted red lines) and superimposed onto the
momentum space region of the PTCDA covered surface.

The correspondence between the momentum space
signatures of the PTCDA/Pb;Ag, interface and the
Pb-monolayer film on Ag(111) indicates that the adsorption
of PTCDA causes a strong modification of the electronic
properties of the Pb;Ag, surface, which effectively results
in a change of the surface band structure from “Pb-Ag
alloy—like” to “Pb-Ag monolayer—like.” This transition
occurs uniformly for the entire molecular film since all
photoemission signatures of the bands of the Pb-Ag alloy are
replaced by new emission features of Pb-Ag monolayer—like
bands, similar to the homogeneous vertical displacement
of all Pb atoms of the surface alloy.

Hence, the following picture emerges for the modifica-
tion of the geometric and electronic properties of the
Pb, Ag, surface alloy: For the adsorption of CuPc, we find
clear indications for a delocalized = bond between the
molecule and the surface which leaves the vertical dis-
placement of Pb atoms and the Pb-Ag band structure
unaffected. In contrast, the formation of # bonds of
different strength and additional ¢ bonds between two
structurally different PTCDA molecules and the Pb-Ag
surface results in a significant vertical displacement of all
Pb atoms and in a band structure transition from Pb-Ag
alloy—like to Pb-Ag monolayer—like. Because of the exist-
ence of two different types of bonding (7 and ¢ bonding),
it is not unambiguously clear which of them is responsible
for the modifications of the substrate properties.

To investigate this aspect, we study the charge reorgani-
zation across these different interfaces using momentum
microscopy. This will allow us to gain insight into the
strength of the delocalized z bonds formed at the
CuPc/Pb;Ag, and PTCDA/Pb;Ag, interface. Figure 3
shows the total ultraviolet photoemission (UPS) yield
extracted from the momentum microscopy data of both
interfaces. For CuPc, only one molecular feature is visible
in the valence band range at Ez = 1.5 eV. According to the
CBE map recorded at this binding energy and shown in
the left column of Fig. 3, this state can be assigned to
the highest occupied molecular orbital (HOMO) of CuPc
and is found at almost the same energy position as
for CuPc/Ag(111) [19]. More importantly, no second
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FIG. 3. UPS spectra of a monolayer film CuPc (lower spec-
trum) and PTCDA (upper spectrum) adsorbed on a Pb-Ag surface
alloy. As reference, the UPS spectrum of the pristine Pb-Ag is
shown in the middle. The left column shows constant binding
energy maps of the momentum resolved photoemission intensity
record at the HOMO binding energy (Ez = 1.5 eV); the right
column at the Fermi energy. In all CBE maps containing
molecular features, the left half of the CBE maps show the
theoretical calculations of the momentum space distribution of
the corresponding molecular orbitals calculated for free mole-
cules; the right half shows the experimental data. All data
are obtained at room temperature using a momentum microscope
and illumination by a helium discharge light source
(hw = 21.22 eV).

molecular signal is found right at the Fermi energy. This
indicates a vanishing charge reorganization between CuPc
and the surface alloy, and a negligible chemical interaction
across the interface. Hence, the 7 bonding between CuPc
and the surface alloy is driven purely by van der Waals—like
forces and physisorption.

The UPS data for PTCDA are more complex and reveal
three distinct molecular features at Ep = 2.5, 1.5, and
0.1 eV. By inspection of the corresponding CBE maps, the
first two signals are assigned to the HOMO levels of both
structurally inequivalent PTCDA molecules at sites B and
A, in agreement with a previous study of PTCDA on Bi-Ag
surface alloy [42]. However, most remarkable is that a
molecular contribution close to the Fermi level is visible
in the UPS data for PTCDA/Pb;Ag,. In analogy to the
adsorption of PTCDA on more reactive noble metal surfa-
ces, we assign this state to the LUMO of PTCDA, which
becomes at least partially populated due to charge reorgani-
zation across the metal-organic interface [9,12,16]. Based on
the significantly lower adsorption height of PTCDA at site
A, we conclude that charge transfer into the z-type LUMO
only occurs for PTCDA molecules at that site, but not for
those at site B. Therefore, only this type of PTCDA molecule
forms a chemical 7 bond with the surface alloy. The PTCDA
molecule at adsorption site B forms a van der Waals—like 7
bond, similar to the one for CuPc/Pb,;Ag,.
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Based on our experimental findings, we have substantial
evidence that the band structure transition and the vertical
displacement of Pb atoms is only the result of local ¢ bonds
between the oxygen atoms of PTCDA and the Pb atoms
of the first surface layer. (i) The band structure transition
occurs uniformly for the molecular film, in analogy to the
homogeneous vertical displacement of the Pb atoms and
the down bending of the oxygen atoms observed for both
structurally inequivalent PTCDA species on site A and B.
In particular, this homogeneity of substrate modifications
excludes the chemical 7 bond between PTCDA and the
surface Pb;Ag, alloy as a driving mechanism as it only
occurs for one PTCDA species (site A). Instead, they are the
result of o bonds between the oxygen atoms of PTCDA and
the Pb atoms of the modified Ag(111) surface. (ii) Any
change of the vertical position of the alloy atoms Pb should
first of all result in a reduction or an enhancement of
the spin splitting of the Pb-Ag hybrid state and not in the
formation of new bands [30,31,35,36]. Only additional ¢
bonds can severely change the local chemical environment
of the heavy metal atoms leading to the formation of novel
bands. In our case, the Pb atoms are surrounded by
Ag atoms in the surface plane as well as below the surface
plane. Upon adsorption of PTCDA, the formation of local
(o-like) O-Pb bonds induces an additional interaction
partner above the surface. This leads to a significantly
different chemical environment in the surface plane and
perpendicular to the surface plane, which in turn changes
the vertical displacement of the Pb atoms and leads to a
band structure transition from Pb-Ag alloy-like to Pb-Ag
monolayer-like.

In conclusion, we were able to reveal a clear connection
between the bonding mechanism and strength across metal-
organic hybrid interfaces and the resulting modifications
of the geometric and electronic properties of the metallic
substrate. For weak van der Waals—like interactions or even
delocalized (weak) chemical z bonds between the organic
adsorbate and the substrate surface, the vertical displace-
ment of surface atoms of the first metal layer and the
corresponding band structure remains unchanged. In con-
trast, local, o-like bonds between functional groups of the
adsorbate and the Pb atoms of the surface alloy can strongly
modify the geometric and electronic properties of the
substrate surface. Our findings demonstrate the potential
of organic molecules to functionalize surfaces by the
appropriate choice of functional groups forming local
interface bonds. In particular, for heavy metal-noble metal
surface alloys, a site specific interaction of functionalized
molecular groups could be the key to enhance, reduce, or
suppress the Rashba-type spin splitting of surface states.
This approach can open a new route to functionalize
surface structures with distinct spin textures by organic
molecules.
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