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Site-specific electronic and geometric interface structure of Co-tetraphenyl-porphyrin
layers on Ag(111)
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We present a combined multimethod experimental and theoretical study of the geometric and electronic
properties of Co-tetraphenyl-porphyrin (Co-TPP) molecules adsorbed on a Ag(111) surface. Scanning tunnel-
ing microscopy (STM) topographs reveal that Co-TPP forms highly regular arrays with a square unit cell.
Hereby, the Co-TPP molecules do not occupy a unique adsorption site on the Ag(111) atomic lattice. The
central Co atom of the Co-TPP is found to reside predominantly above fcc and hcp hollow sites of the
substrate, as determined from the photoelectron diffraction patterns. A strong adsorption-induced deformation
of Co-TPP involving a saddle-shaped macrocycle is evidenced by high-resolution STM images and quantified
by near-edge x-ray absorption fine-structure measurements. By scanning tunneling spectroscopy we resolved
discrete molecular electronic states and mapped the pertaining spatial charge-density distribution. Specifically,
we discuss the interaction of orbitals originating from the Co-metal center with the porphyrin macrocycle and
show that the varying adsorption sites induce a modulation in the Co-TPP lowest unoccupied molecular orbital.

These findings are corroborated by density-functional-theory calculations.
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I. INTRODUCTION

The control of large organic molecules and their supramo-
lecular assembly on well-defined substrates currently attracts
considerable interest!? as it plays a crucial role in various
fields in science and technology, ranging from heterogenous
catalysis>* to molecular spintronics,’ electronics,®’ and
optoelectronics®® based on organic thin films'® or single-
molecule contacts.!'~!3 Especially metalloporphyrins exhibit
an intriguing variety of functional properties, which are ex-
ploited in both biological and artificial systems.!*!> Accord-
ingly, these versatile molecules are promising building
blocks to assemble functional nanostructures on surfaces,
specifically opening up new opportunities to build sensors
and nanoscale optical and magnetic materials.'%!”

Hereby, two interrelated features are the key to the por-
phyrins’ functional properties. First, the central metal ion
plays the role of an active site. Besides the coordination to
the porphyrin macrocycle, it can interact with a supporting
surface and/or bind additional axial ligands.'®!® Accordingly,
the electronic structure of the metal center, which is codeter-
mined by the underlying substrate atoms, dictates the func-
tional properties, steering, for example, the catalytic reactiv-
ity or magnetic behavior. This represents a key issue in the
emerging field of surface-confined coordination chemistry,
aiming at the control of the interplay between lateral metal-
ligand interactions and surface bonding.?0?!

Second, the rotational degrees of freedom of the chosen
meso-substituents and the flexibility of the porphyrin macro-
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PACS number(s): 68.43.—h, 73.20.—r, 33.15.Bh, 81.16.Dn

cycle allow for a conformational adaptation of the molecule
to its local environment.?>"2% Accordingly, the interaction of
metalloporphyrins with a substrate can induce modifications
of the molecular configuration,?’~3? such as a distorted mac-
rocycle with a shifted position of the metal center. This, in
turn, might evoke a change in chemical reactivity, induced
charge transfer or altered magnetic properties.>> Thus it is of
fundamental interest to comprehensively characterize the
molecule/substrate interface. This includes a quantitative de-
termination of the internal conformation of the molecule, ef-
fects of the registry of the molecule to the substrate atomic
lattice, and the electronic level alignment at the interface.

Whereas scanning tunneling microscopy (STM) is well
suited to image porphyrins on conducting
substrates,?’3034-41 and scanning tunneling spectroscopy
(STS) can furthermore characterize the electronic structure
of the adsorbed porphyrins,*>* precise information on the
molecular conformation is often elusive to STM measure-
ments as both geometric and electronic contributions influ-
ence the STM images. To tackle this issue, we complement
the local STM results by photoelectron diffraction (PED) and
near-edge x-ray absorption fine-structure (NEXAFS) mea-
surements as well as density-functional-theory (DFT) calcu-
lations.

By focusing on Co-tetraphenyl-porphyrin (Co-TPP) on
Ag(111), this paper addresses an  archetypical
metalloporphyrin/metal interface with unprecedented detail.
To this end, Sec. IIl A presents STM results on the self-
assembly of Co-TPP/Ag(111). Information on the chemical
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state and on the registry of Co-TPP to the Ag(111) surface
lattice is given in Sec. III B. Section III C describes the
adsorption-induced adaptation of the molecular conforma-
tion. Subsequently, the electronic structure of the Co-TPP/
Ag(111) interface is discussed in depth in Sec. IIT D.

II. EXPERIMENTAL SECTION

All STM experiments were performed in a custom-
designed ultrahigh-vacuum apparatus comprising a commer-
cial low-temperature STM (Ref. 44) based on a design de-
scribed in Ref. 45. The system base pressure is below 2
% 10710 mbar.

The Ag(111) single-crystal surface was cleaned by re-
peated cycles of Ar* sputtering (800 eV) followed by anneal-
ing to 730 K. Subsequently, Co-TPP was deposited by or-
ganic molecular-beam epitaxy from a quartz crucible held at
625 K. Typical evaporation rates are roughly 0.02
monolayer/min (one monolayer corresponds to a densely
packed molecular film). Co-TPP was thoroughly degassed
prior to any experiments resulting in a background pressure
in the 107!° mbar range during deposition. In our experi-
ments we used both Co-TPP acquired from a commercial
supplier (Sigma-Aldrich) and Co-TPP synthesized by the
Ruben group at INT Karlsruhe.*® Only the latter could be
applied for high-quality experiments, as the commercial Co-
TPP contained up to 50% of H,-TPP, as determined by x-ray
photoelectron spectroscopy (XPS) and confirmed by STM
measurements.

After dosing Co-TPP at room temperature, the sample
was cooled down and transferred into the STM, where con-
stant current images were recorded at 7~ 6 K using electro-
chemically etched tungsten tips. In the figure captions V,
refers to the bias voltage applied to the sample and [ to the
tunneling current. Differential conductance data (dI/dV
spectra and maps) were obtained by lock-in technique with a
typical bias modulation amplitude of 18 mV rms and a fre-
quency of 969 Hz (spectra) and 2.97 kHz (maps). The feed-
back loop was open for point spectroscopy and closed for
dl/dV mapping.

The NEXAFS data were taken at the HE-SGM beamline
at BESSY II in Berlin. The carbon K edge was recorded in
the partial electron yield mode (retarding voltage 200 V)
with a monochromator grid with 1500 lines/mm and slit
widths of 200 wm corresponding to an energy resolution of
approximately 0.4 eV. All spectra have been referenced
against a characteristic peak (285 eV) in simultaneously re-
corded spectra of a contaminated Au grid. For each incidence
angle an average of four spectra is presented. To concentrate
on the information related to the Co-TPP adsorbate layer, we
processed the raw data by subtracting the signal of the bare
crystal, resulting in a pre-edge intensity of O, then corrected
for the nonconstant transmission through the beamline and
finally normalized the edge jump to one at an energy of 330
eV.

The PED experiments were performed at the ALOISA
beamline*’ of the Elettra Synchrotron Light Source in Tri-
este, Italy. The PED polar scans have been measured by col-
lecting the photoemission signal as a function of the polar
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emission angle by rotating the electron analyzer in the scat-
tering plane for different orientations of the surface azimuth.
The incidence angle of the photon beam was kept fixed at 4°
with the polarization in the transverse magnetic condition
and the surface normal in the scattering plane.

The Co 2p;;, photoemission core line has been selected
for the PED measurements with a kinetic energy of 260 eV
(photon energy of 1040 eV), in order to have a good com-
promise between photon flux, energy resolution, and PED
signal-to-noise ratio. The angle-resolved intensity (6, ¢)
was measured for polar angles 6 up to 68° and for azimuthal
angles ¢ over a range of 64°, including the two nonequiva-

lent symmetry directions [112] and [211] of the underlying
Ag substrate. The sample was kept at about 170 K during the
measurements, in order to minimize radiation damage due to
secondary electron emission. No difference in the XPS spec-
tra of Co, C, and N has been detected after 12 h of illumi-
nation of 1 keV x-rays.

The deposition of Co-TPP*® has been monitored by means
of a quartz microbalance. In contrast to the sample prepara-
tion for the STM measurements, where mainly submono-
layer coverages of Co-TPP were applied, the synchrotron
experiments are based on coverages of one monolayer or
more. To prepare a fully saturated monolayer, a Co-TPP
multilayer was deposited and subsequently reduced to a
single monolayer by thermal desorption of the multilayer
(annealing at 250 °C for 300 s). For the Co-TPP/Ag(111)
system, this procedure yields the same monolayer structure
as direct deposition.*®

Reflection high-energy electron diffraction (RHEED) pat-

terns have been collected in situ along the [112] and [110]
directions of the substrate. Care has been taken to avoid film
damaging by RHEED primary and secondary electrons, so
RHEED exposures prior to x-ray measurements were always
kept as short as possible.

We performed DFT calculations using the local-density
approximation (LDA) as the exchange-correlation func-
tional, because there is a fundamental problem regarding the
description of the interaction between aromatic molecules
and noble-metal surfaces when applying the generalized gra-
dient approximations, which would otherwise be more accu-
rate. Calculations in LDA have yielded good results regard-
ing the adsorption of large 7r-orbital molecular systems, due
to approximate compensation for the lack of van der Waals
interactions by the LDA tendency to overestimate binding
energies.*-!

We used the VASP code (Ref. 52) for the calculations. The
Kohn-Sham orbitals were expanded in a plane-wave basis up
to a cut-off energy of 37 Ry and the core-valence interaction
was treated with the projector-augment wave method.>*>*
The substrate was modeled with three layers of Ag, of which
the uppermost was allowed to relax, and we saturated the
opposite side with hydrogen at the fcc sites. The difference
of the asymptotic potential at the opposite sides of the slab
was treated with an electrostatic dipole in the vacuum region
of ~10 A between the molecule and the saturating hydrogen
atoms. We relaxed the structure with a (2X2) mesh of
Monkhorst-Pack k points and analyzed the electronic struc-
ture with a (4X4) mesh. The occupation numbers were
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FIG. 1. (Color online) Co-TPP assembly on Ag(111): (a) large-
scale topographic STM image. Every protrusion corresponds to a
Co-TPP molecule (V,=-0.48 V and =97 pA). The red square
marks the unit cell. (b) Detailed image showing submolecular res-
olution. Besides the molecular main axis (three aligned maxima,
dashed line) four dimmer protrusions corresponding to the phenyl
groups can be identified (V,=-0.9 V and /=0.12 nA). The mo-
lecular packing is described by a square unit cell with side length
a=14.05+0.2 A. (c) Structural model of the unit cell. (d) Super-
position of the Ag(111) atomic lattice (V,=—13 mV and I
=4.9 nA) and the Co positions (red dots) in a Co-TPP array ex-
tracted from an STM image. This figure highlights the azimuthal
orientation of the Co-TPP domain depicted in (b) relative to the
Ag(111) atomic lattice (nearest-neighbor distance ay=2.89 A) and
indicates the higher-order coincidence structure of the overlayer
(see text for discussion).

broadened with the Fermi-Dirac distribution of 50 meV
width.

The lateral size of the supercell was chosen to be rectan-
gular with dimensions 20.56 X 20.35 A2 containing 56 sub-
strate atoms per layer; this corresponds to the experimental
case of an isolated molecule at the substrate. We studied
three atomic geometries where the Co atom at the center of
the molecule was placed on-top, hcp and bridging the sub-
strate atoms in the topmost layer; in the latter case we fixed
the lateral coordinates of the Co atom, practically freezing
the lateral position of the molecule.

III. RESULTS AND DISCUSSION

A. Self-assembled Co-TPP arrays: Ordering and registry
to the Ag(111) substrate

Figure 1(a) shows an STM image of a highly ordered
Co-TPP array self-assembled after room-temperature deposi-
tion. Due to the high mobility of Co-TPP on Ag(111) at room
temperature, these islands reach extensions of several hun-
dreds of nanometers, even at coverages well below one
monolayer. Figure 1(b) highlights the molecular ordering.
We observe a square unit cell (side length a
=14.05+£0.2 A and angle 90° *2°) which agrees with ear-
lier room-temperature results of Co-TPP on Ag(111) (Ref.
55) and Au(111).4° In contrast to these studies, the submo-
lecular resolution allows us to determine the orientation of
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the Co-TPP within the layers and to precisely determine the
dimensions of the unit cell and its orientation relative to the
underlying Ag(111) atomic lattice [cf. Fig. 1(d)]. These STM
images exhibit distinct intramolecular features that show a
voltage-dependent contrast (see Sec. III D). We use the elon-
gated protrusion dominating the images at negative bias volt-
ages to define the main axis and associate the four smaller
lateral protrusions with the meso-groups,>>?° an assignment
confirmed by the molecular dimensions (side length
~12 A). The twofold symmetric appearance signals that the
molecules’ conformation after adsorption differs from that of
the free species (where the macrocycle has a fourfold sym-
metry) and points to a new conformation characterized by a
nonplanar macrocycle deformation. This adsorption-induced
distortion of Co-TPP will be discussed in a quantitative man-
ner in Sec. III B and is assigned to a saddle-shaped macro-
cycle geometry. The imaging characteristics of Co-TPP sum-
marized in Fig. 1 are in line with observations of Co-TPP on
Cu(111),%7% Au(111),°° and other metalloporphyrins on
Ag(111) (Ref. 33) and complete earlier room-temperature
data of Co-TPP on Ag(111).%

The main axes of the molecules within one island are all

aligned in parallel [Fig. 1(b)] and follow the (112) high-
symmetry directions of the Ag(111) substrate, as inferred by
imaging the atomic lattice. Thus, three possible azimuthal
orientations of Co-TPP on Ag(111) exist, which are all ob-
served in the experimental data.

In addition one diagonal of the unit cell is aligned with

the Ag(111) (110) close-packed directions and the other di-

agonal with the (112) directions. Accordingly, six possible
domains of Co-TPP assemblies exist and are observed in the
experiments. Hereby, we deal with three domains rotated
each by 120° and their respective mirror domains. Figure
1(c) depicts a structural model of the unit cell and its azi-
muthal orientation relative to the Ag(111) atomic lattice for
the domain present in Fig. 1(b). A close inspection of Fig.
1(c) reveals that the phenyl legs of neighboring molecules
are oriented in a T-type manner. Such a T-type geometry,
where the H atom of one ring points toward the center of the
adjacent ring is well characterized by calculations for ben-
zene dimers.’”>8 This arrangement is known to induce attrac-
tive interactions and thus stabilizes the molecular assembly.”®
At the same time, this coupling mechanism also explains the
occurrence of six domains. With respect to an arbitrary Co-
TPP molecule, which follows one of the three possible ori-
entations, an adjacent molecule has two equivalent positions:
it can be laterally offset either to the right or to the left of the
main axis. In contrast, a related pyridyl-terminated porphyrin
species (TPyP) assembles in a more complex arrangement
exhibiting two different molecular orientations per unit
cell.?

It is important to note that the unit-cell dimensions pre-
vent a commensurate order of the Co-TPP layer on the
Ag(111) lattice. This is directly visualized in Fig. 1(d), where
an STM image taken on a bare Ag(111) patch resolving the
atomic lattice is superimposed on a topograph highlighting
only the central part of Co-TPP molecules in an island.
While the absolute translational position of the two images is
arbitrary, the azimuthal orientation and the length scale are
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FIG. 2. (Color online) RHEED patterns (15 keV) taken after Co-TPP deposition at room temperature and postannealing to 525 K. (a) The
1/4 spots point to a superstructure with a fourfold substrate periodicity along the [112] direction of the Ag substrate. (0,0) indicates the spot

of the reflected specular beam. (b) The 1/7 spots of the superstructure along the [110] direction.

identical. It indicates that the Co-TPP molecules occupy
varying positions on the Ag lattice, in agreement with the
unit-cell parameters determined from many images. Never-
theless, the unit-cell parameters do not deviate strongly from
a coincidence fit: the molecules on the diagonals of the unit
cell are separated by 19.9 A and occupy nearly identical
sites, which are, however, different for the two diagonals [see
Fig. 1(c)]. The impact of this noncommensurate adsorbate
structure on the electronic structure at the interface will be
addressed in Sec. III D in some more detail. It should be
noted that noncommensurate overlayers are often character-
ized by long-range height modulations apparent in topo-
graphic STM images, so-called Moiré patterns.?>° This ef-
fect is also observed for the present system, however, it is
very subtle (cf. Sec. III D).

The ordering and the azimuthal orientation of the Co-TPP
arrays relative to the Ag(111) substrate determined on a local
scale by STM are confirmed by space-averaged reflection
RHEED experiments. The RHEED patterns reported in Fig.

2 clearly show three intensity maxima along the [112] direc-
tion between principal spots of the Ag substrate, indicating a
superstructure with fourfold periodicity and a somewhat dis-
torted sevenfold periodicity along [110]. These superstruc-
ture spots can be related to the square unit cell observed by
STM, whose diagonals are oriented along (112) and (110)
directions. Assuming a precise sevenfold periodicity along

the [110] direction we obtain an intermolecular distance of
7ay=20.23 A, where a;=2.89 A is the nearest-neighbor
distance for Ag atoms. A perfect fourfold periodicity along

[112] yields 4 /3a,=20.01 A. These values are very close to
the experimentally determined length of the diagonals of
19.9 A. However, these observations do not reveal anything
about the absolute positions of the Co-TPP molecules with
respect to the Ag atomic lattice. Therefore, in addition to the
information on the ordering discussed so far, we performed a
detailed PED study to get further insights into possible ad-
sorption sites of Co-TPP within the highly ordered molecular
arrays on Ag(111).

B. Photoelectron diffraction on Co-TPP/Ag(111)

In order to obtain the PED patterns, XPS of the Co 2p;,
peak have been collected at different emission angels, sam-
pling the angular distribution of the outgoing photoelectrons

in the azimuthal range including the two nonequivalent [211]

and [112] symmetry directions and a polar-angle range ex-
tending from 0° to 68° with respect to the surface normal. A
typical XPS spectrum taken with a photon energy of 1040 eV
is shown in Fig. 3(a). It was recorded on about three mono-
layers of Co-TPP/Ag(111) to identify components stemming
from the first layer contacting the substrate and the adjacent,
rather decoupled layers. Clearly, the spectrum shows differ-
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FIG. 3. (Color online) (a) Co 2ps/, x-ray photoelectron spectrum on Co-TPP/Ag(111) taken at a coverage of roughly three monolayers
(dots) together with the best fit based on three Gaussian functions and a linear background (see text for details). (b) Plot of the 2D PED
pattern of the measured anisotropy of the Co 2p3,, emission (kinetic energy of 262 eV) from the Co(0) peak. The experimental polar range
extends from 0° to 68° with respect to the surface normal. The blue lines highlight the main features. The Kikuchi lines are marked by the
blue band. (c) Simulated anisotropy y for Co atoms in both fcc and hep stacking sites and in substitutional sites in the first two layers of the

underlying Ag representing the best fit (see text for discussion).
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ent components and cannot be described by a single peak.
Following earlier assignments, we discriminate three spectral
features and consider these peaks as follows: the peak at
778.2 eV binding energy can be ascribed to Co-TPP mol-
ecules of the first monolayer or/and with metallic Co atoms
at equal energy [Co(0), labeled Co], the main peak at 780.5
eV originates from the Co-TPP molecules in second and
third layers [labeled Co(IT)], and the broad peak at 783.8 eV
arises from the multiplet structure observed in Co
compounds.*** Accordingly the binding-energy difference
between Co(0) and Co(II) peaks equals 1.82 eV, in excellent
agreement with the value of 1.80 eV reported in Ref. 48,
possibly reflecting the substrate core-hole screening effects
which lower the measured binding energies. To extract the
PED pattern corresponding to the Co(0) emission from the
Co center in the Co-TPP monolayer, the spectra were fitted
with peak positions and widths fixed and equal to the aver-
age values, obtained over extended polar and azimuthal
angles, and only the peak intensity was varied.

We first discuss the effect of excess Co-TPP coverage on
the single-layer PED pattern. In principle we might expect
the monolayer PED pattern to be distorted due to scattering
of the outgoing photoelectrons in the following layers. Yet a
poorly ordered overlayer hardly superimposes additional dif-
fraction features, but rather smears out the monolayer dif-
fraction signal. A fully ordered crystalline overlayer with
square symmetry, on the other hand, would impose a PED
pattern with lower orientational symmetry (sixfold or 12-
fold), simply because of focusing the PED intensity in the
directions of nearby cobalt centers. As such a symmetry low-
ering has not been observed, we assume that excess coverage
Co-TPP molecules do not significantly alter the monolayer
PED pattern.

The experimental PED pattern containing the modulations
anisotropy, due to the electron diffraction, has been obtained
as x(0,p)=1(0, p)/I,(¢p)— 1, where 0 is the polar angle mea-
sured from the surface normal, ¢ is the azimuthal angle, and
Iy(¢) is the nondiffractive part of the polar scan signal ob-
tained as an average of the polynomial fit of polar scans for
each angle ¢.

The resulting PED pattern corresponding to the Co signal
from the first monolayer is reported in Fig. 3(b). The main
features are the clearly manifested threefold symmetry and
the absence of isotropic bands in the azimuthal direction,
indicating that the Co centers occupy highly symmetric sites.
Moreover, the presence of so-called Kikuchi lines is a signa-
ture of photoelectron emission from inside the crystal and
thus indicates that probably some Co atoms reside inside the
crystal in a metallic state. The presence of metallic Co atoms
might be due to Co-releasing impurities in the molecular
powder and/or to Co atoms detached from the porphyrin
macrocycle during the postgrowth annealing. As such in-
duced defects were never observed in the STM experiments,
the amount of subsurface Co is expected to be rather low.

In order to find the relative position of the Co atoms with
respect to the underlying Ag lattice, we compared the experi-
mental PED patterns with the simulated ones. The simulated
X values have been obtained using the MSCD package.’® The
structural models used for the simulation include about 60
atoms, where one Co atom is placed in a high-symmetry site
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FIG. 4. (Color online) Top and side views of the interface struc-
tures of the emitting Co atom (blue circle) placed a distance d above
a three layer Ag(111) slab (gray balls) for each model considered in
the simulated PED anisotropies.

of a Ag(111) cluster: on-top, bridge, fcc, and hcp stacking
positions were considered (see Fig. 4). The distance d be-
tween the Co atom and the Ag surface layer has been varied
between 2 and 3 A, which enables a direct comparison with
theory. The N atoms of the porphyrin macrocycle were not
included in the structural models. This simplification is jus-
tified, since the polar range (6,,,,=68°) does not cover the
angles where any forward focusing effects along the Co-N
bond direction are expected. Moreover, multiple scattering
effects due to the N atoms are clearly weaker as compared to
Ag, due to the big difference in the atomic number and thus
in the scattering cross-section (Zy=7 vs Z,,=47). In order to
discriminate between possible arrangements of Co-TPP on
Ag(111), we compared the anisotropy functions xg, calcu-
lated for different adsorption sites, including multiple sites,
with the experimental data (x.,). This comparison is based
on the following reliability factor R:

E (Xexp - Xsim)2
TS, 2 2 o
2 (X(zaxp + ngim)

Multiple configurations for the Co atom residing at a dis-
tance d over the on-top and bridge sites of the (111) Ag
lattice did not yield any satisfactory agreement with the ex-
perimental PED pattern. In fact, the obtained reliability R
factors were consistently found above the value of R=1.%!
Also the overall visual resemblance of the performed simu-
lations with the experimental data was rather poor which
permitted us to exclude both structural models from further
considerations.
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The two hollow adsorption sites (i.e., fcc and hep types)
on the other hand proved to be a much better choice for the
simulation model. For pure hcp and fcc model sites consid-
erably lower R factors (minimum value R;.=0.7 and Riep
=0.9) were obtained for best-fit values of dg,=2.4+0.1 A
and dy,,=2.5%+0.1 A. We further note that the same Co-TPP
overlayer may geometrically provide both “hollow” adsorp-
tion sites for the central Co atoms. We indeed find further
improvement of the simulated PED pattern with the experi-
ment by including both fcc and hep sites in equal shares
(Riee4nep=0.67). Further reduction in the R factor could be
probably achieved by fine tuning of several site related pa-
rameters (e.g., relative share of the fcc/hep sites, spatial dis-
placements from the high-symmetry site, vertical displace-
ment d), yet such calculation intensive analysis is beyond the
reach of the present work. We hence conclude that Co atoms
predominantly reside at or close to threefold hollow sites,
2.5+0.1 A above the topmost Ag layer, whereas adsorption
in the on-top and bridge sites may be excluded.

We furthermore checked also if part of the measured PED
pattern may originate from the Co atoms diffusing into the
substrate. Such Co PED pattern has been modeled by placing
substitutional Co atoms in the Ag sites of the two outermost
layers. The resulting y pattern has been combined with the
one of the Co-TPP overlayers (with relative intensity 1:5) to
yield the best fit with R=0.58. The corresponding PED pat-
tern giving best overall agreement is presented together with
the experimental data in Fig. 3. As we are not simulating
absolute intensities but y modulations and since the electron
scattering of the Co emitter inside the crystal is much differ-
ent from the scattering in the overlayer, it is not possible to
estimate the true amount of Co atoms diluted in the bulk
from the relative weights in the modulation function Y.

As described above, the STM measurements and the
RHEED patterns evidence the formation of a Co-TPP layer
phase with an almost square unit cell on the Ag surface. Here
it should be emphasized that one possible way to construct
such a unit cell by placing two Co centers along one diagonal
of the square on the on-top sites of the substrate and accord-
ingly the other two on the bridge sites, can be discarded after
this PED analysis, as it shows no considerable contribution
from the Co placed on-top and bridge sites. However, a unit
cell exhibiting perfect fcc positions on one diagonal of the
square and precise hcp positions on the other one is not con-
sistent with the angles and dimensions determined by our
STM data. We therefore conclude that real Co positions
might deviate from the exact hollow sites and rather display
a quasi-fcc or/and quasi-hcp registry with the underlying
Ag(111) lattice. There is full agreement between STM,
RHEED and PED experiments that the structures cannot be
explained by a unique adsorption site of Co-TPP on Ag(111),
a finding that has implications for the spatial modulation
within the Co-TPP layers observed by STS (vide infra).

C. Molecular conformation

After discussing the packing scheme of Co-TPP on
Ag(111), we now proceed to quantify the adsorption-induced
deformation of the molecules. As mentioned in Sec. III A,
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FIG. 5. (Color online) Adsorption-induced deformation of Co-
TPP. (a) Pseudo-three-dimensional rendering of a high-resolution
STM image suggesting a saddle-shaped macrocycle distortion and
alternately rotated phenyl groups (V,=-0.7 V and I=0.46 nA).
The model represents the geometry consistent with the NEXAFS
data displayed in (b). The scheme introduces the angles pyacro and
Opheny1- (b) Carbon K edge NEXAFS spectra of one monolayer Co-
TPP on Ag(111) exhibiting strong dichroism. The different angle
dependences of peaks A and B evidence molecular moieties with
different orientation with respect to the substrate. (c) Deconvolution
of the leading edge into spectral parts originating from the macro-
cycle (green) and the phenyl groups (blue). (d) The angular depen-
dence of the two moieties yields a nonplanar macrocycle (Pmacro
=30°) and rotated phenyl groups (Oyheny1=45°).

the twofold symmetric appearance of Co-TPP [cf. Fig. 1(b)]
points to a conformational adaptation on adsorption. High-
resolution images achieved by scanning the Co-TPP using an
STM tip modified by a residual gas molecule [cf. Fig. 5(a)]
allow us to resolve even more details. Besides the three
maxima along the molecular main axis, structures originating
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from the phenyl groups are resolved. Following the study of
Fe-TPP molecules on Ag(111),3 the two outer maxima along
the main axis are tentatively assigned to two opposite up-
ward bent pyrrole rings expressing the saddle-shaped macro-
cycle distortion described by an angle pp....,» Whereas the
central protrusion originates from the Co. In addition, the
outline of the molecule indicates that the phenyl legs are not
oriented perpendicular to the molecular core, but alternately
rotated by a given angle 6., around the C-C bond con-
necting them to the macrocycle, as it was observed for a
different tetraarylporphyrin species on Ag(111).?° As pure
STM imaging without any additional calculations is gener-
ally insufficient to determine the molecular conformation due
to contribution from both electronic and geometric effects,
we quantify the adsorption-induced distortion of Co-TPP/
Ag(111) by angle-dependent NEXAFS spectroscopy, a tech-
nique sensitive to the orientation of molecular orbitals with
respect to the substrate.®®> This combined STM-NEXAFS ap-
proach was successfully applied to resolve the adsorption
structure of Co-TPP (Ref. 43) and H,-TPyP (Refs. 63 and
64) on Cu(111).

The carbon K edge spectra of a submonolayer of Co-TPP
on Ag(111) are dominated by four peaks in the 7 region
(peak A, 284.3 eV; peak B, 285.2 eV, 287.3 eV; and 288.8
eV) and a broad o structure [Fig. 5(b)]. The spectra exhibit
a pronounced linear dichroism in dependence of the inci-
dence angle « with a being defined between the electric field
vector of the linearly polarized x-ray beam and the surface
normal. The comparison to the data set from the Co-TPP
multilayer (not shown) highlights that here the peaks are
broadened by the interaction with the substrate. Furthermore,
the linear dichroism of peaks A and B changes remarkably
from the multilayer sample to the monolayer sample. Thus, a
pronounced conformational adaptation is imposed on the
molecules by the adsorption on the Ag surface. For the quan-
tification of the conformation we proceed to decompose the
spectra in parts stemming from the different molecular
groups. To this end we focus on the leading edge of the 7"
range, where the separation of the spectral features is most
reliable. Based on earlier reports we mimicked the typical
C 1s NEXAFS spectral shape of the phenyl groups®>®¢ [Fig.
5(c), blue curve] and that of the macrocycle®’ [Fig. 5(c),
green curve] and then fitted the experimental spectrum [Fig.
5(c) solid curve] with a combination of these two compo-
nents plus an additional peak at higher energies to fit the
higher level excitations. For the four spectra with different
incidence angle the spectral shape of the two components
was kept constant, thus only the three fitting parameters were
used to fit the whole series of spectra. Here we have assumed
that all Co-TPP molecules adopt uniform adsorption geom-
etries as corroborated by our STM topographs.

The angular dependence of the intensities of the two moi-
eties is given in Fig. 5(d) and is best described by theoretical
curves for orientation angles ¥ppeny=45° for the phenyl
groups and Yp..o=30° for the macrocycle, where the orien-
tation angle vy is defined between the surface normal and the
dipole moment of the corresponding 7 resonance.

These findings indicate a marked distortion of Co-TPP
upon adsorption, in line with the STM results [cf. Figs. 1(b)
and 5(a)]. Combining the angles determined by NEXAFS
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with the symmetries observed in the high-resolution STM
images yields the following conformation for Co-TPP on
Ag(111). The macrocycle adopts a saddle-shape deformation
where one pair of opposite pyrrole rings is tilted upwards by
an angle py ..o Of 30° while the other pair bends down by
30°. Moreover, the phenyl legs are rotated by the dihedral
angle Gppenyr Of approximately 45° out of the surface plane.
This value is in perfect agreement with the dihedral angle of
45° suggested for Au-TPP on Au(111).%8

It should be noted that the dihedral angles of the phenyl
groups are related to the macrocycle distortions, as these
moieties are coupled by steric interactions. Our results are
consistent with recent theoretical predictions correlating the
rotation of the phenyl groups with the macrocycle distortion
of a free-base TPP.% A structural model of Co-TPP in this
adsorption geometry is included in Fig. 5(a).

Confirming with this experiment the surface-induced con-
formational adaptation of the molecules, we address their
electronic properties in the following section.

D. Electronic structure at the Co-TPP/Ag(111) interface

A comparison of the STM topographs reproduced in Fig.
6(b) reveals a strong bias dependence of intramolecular fea-
tures. There are marked differences between images reflect-
ing occupied and unoccupied electronic states obtained at
negative and positive bias voltages, respectively. For in-
stance, an elongated protrusion, resulting from the three
maxima discussed in the last section, dominates the images
at negative voltages [V,=-575 mV, Fig. 6(b) left panel].
Upon tunneling into the unoccupied states [V,=925 mV, cf.
Fig. 6(b) second panel from the left], we resolve bright lobes
localized over the four mesabridge carbons. Increasing the
bias voltage the four protrusions are observed on locations
shifted outwards toward the phenyl legs [V,=2.38 V, Fig.
6(b) right panel].

This changing appearance indicates contributions of dif-
ferent electronic channels to the tunneling current arising
from the local density of states (LDOS) associated with
given molecular orbitals (MOs).?” We thus explored the per-
taining electronic properties by STS. Figure 6(a) compares a
spectrum taken on the bare Ag(111) surface, which is domi-
nated by the steplike increase just below the Fermi level (Ef)
(V,=—67 mV) representing the onset of the surface state
with a spectrum on a Co-TPP molecule. The spectrum taken
on the Co-TPP molecule shows distinct features absent for
the reference spectra on the bare metal. There are four energy
regions of interest, which we discuss in detail. Starting at
high positive voltages, around 2.3 V, we detect a shoulder in
the spectrum (turquoise bar). Around 1 V a broad peak domi-
nates the spectrum (blue bar). At negative bias voltages, we
observe a prominent peak at —600 mV (red bar). Finally,
around —1.8 V, a faint feature (inset) can be visualized by
directly comparing a spectrum taken on the macrocycle with
a spectrum taken in the center of the molecule. Before dis-
cussing the nature of these electronic states resolved in the
spectrum, we explore their spatial distribution by mapping
the corresponding charge density. Figure 6(c) shows dI/dV
maps taken together with the STM topographs shown in Fig.
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FIG. 6. (Color online) Molecular electronic states of Co-TPP/
Ag(111). (a) Tunneling spectra of the bare Ag(111) surface (gray)
and over a Co-TPP molecule (red). While the spectrum on Ag(111)
only shows the steplike increase around —67 meV related to the
onset of the surface state band, three spectral features marked by the
colored bars can be easily recognized on Co-TPP (HOMO: —-0.6 V,
red; LUMO: ~1 V, blue; and LUMO+1: ~2.2 V, turquoise). A
faint signal around —1.8 V (HOMO-1) can only be detected by
directly comparing a spectra taken on the macrocycle and in the
center of Co-TPP (inset). (b) Contrast change in STM topographs
for tunneling at specific sample bias voltages as indicated by the
colored bars. (c) Visualization of the spectral density of molecular
orbitals by dI/dV mapping. The colored bars indicate to which
spectral feature in (a) the dI/dV maps correspond. The ovals in the
right panel mark the positions of the phenyl groups. (d) Tunneling
spectra at three positions on a molecule as indicated in the inset
(offset for clarity). These spectra confirm the laterally varying den-
sity of states presented in (c) (stabilized at V,=1 V and [
=0.25 nA, see text for further discussion).

6(b). The respective bias voltages were chosen in a way to
represent the three peak positions identified above. It is ob-
vious that the state at =575 mV exhibits a twofold symmetry
and features a protrusion at each pyrrole group on the main
axis, resulting in a characteristic two-lobe structure in the
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dI/dV map [left panel Fig. 6(c)]. This charge density extends
beyond the geometrical structure of the superimposed mo-
lecular model. Also for the unoccupied states [the two right
panels in Fig. 6(c)], the twofold symmetry is preserved. The
latter is, however, less pronounced, because the maps are
dominated by four protrusions that are separated by dark
lines crossing the center of the molecule. For the state around
2.3 V the weight is shifted to the location of the phenyl
substituents. It should be noted that the twofold symmetry of
the state at —575 mV is also observed in spectra recorded
after stabilizing the tip at a bias voltage, where the molecular
core shows a fourfold symmetry [Fig. 6(d)]. Accordingly, a
pure topographical origin of the two-lobe structure in the
dI/dV maps can be excluded.”®

The above observations can be rationalized by contrasting
them with results from a closely related system, Co-TPP on
Cu(111). By comparing dI/dV charge-density maps to ex-
tended Hueckel calculations for an isolated Co-TPP mol-
ecule, we assigned in a previous study spectral features to
specific molecular orbitals of the Co-TPP.** Following this
procedure, we assign the broad structure around 1 V to the
degenerate lowest unoccupied molecular orbital (LUMO) or-
bitals of Co-TPP. The state at —575 mV is the highest occu-
pied molecular orbital (HOMO), which contains some con-
tribution from the Co d states (vide infra). The feature at
—-1.8 V is labeled HOMO-1.

The data also reveal that the molecular HOMO carries
different weight on upward and downward bent pyrrole
groups, respectively. This explains the macrocycle’s elec-
tronic asymmetry reflected in the twofold symmetric topog-
raphy and substantiates the NEXAFS interpretation of a con-
formational adaptation.

Accordingly, analogous to the Co-TPP/Cu(111) case,*’ we
can resolve and spatially map specific molecular states. In
the following, we focus on the key features of the electronic
structure of Co-TPP on Ag(111) and relate them to prior
studies on similar systems. To this end, Fig. 7 compares two
electronic states for a mixed Co-TPP/H,-TPP matrix. The
topographic image [Fig. 7(b)] clarifies the local structure of
the matrix: in the top two rows, each central Co-TPP mol-
ecule has two H,-TPP neighbors. The dI/dV map [Fig. 7(a)]
taken at the HOMO energy (—550 meV) shows only the
characteristic two-lobe contrast for the Co-TPP, the H,-TPP
molecules are invisible at this energy.”! This clearly indicates
that the HOMO of Co-TPP is related to Co d states and not
to a pure porphyrin macrocycle state, as it is absent for the
H,-TPP. This finding is supported by recent STS studies
comparing metalloporphyrin species with H,-TPP (Refs. 55
and 71) and by photoemission experiments on Co-TPP and
H,-TPP/Ag(111).*® The question is whether we can clarify
the character of the involved Co states. Up to now, this state
was detected for several Co-porphyrin species in contact
with a metal surface and related to the Co d> orbital 324248
Whereas an early interpretation, assuming a planar porphyrin
macrocycle, assigned the signal to enhanced tunneling medi-
ated by the pure Co d” orbital,*? a recent study relates it to a
new valence state evoked by an interaction of the Co d? or-
bital with Ag sp states.*® Both views are in line with the
results presented in Ref. 32, which shows for Co-TBrPP mol-
ecules on Cu(111) that the Co-related HOMO is only de-

245403-8



SITE-SPECIFIC ELECTRONIC AND GEOMETRIC...

Co-TPP H,-TPP

50 mV
topo

d) 1.0 Co-TPP
z H,-TPP
aaa—
80.6—
o
Doa
5]
(]
oz
s

0.0

e) 8 T T -
8 . In‘ ....... dz,z "hep
< \ ———d,
8. 0 — by
87 —
= 2] 1 o d.
Bl el e

T T
-2 -1 0 1 2
energy [V]

FIG. 7. (Color online) Metal contribution to specific molecular
electronic states. (a) dI/dV map representing the density of states
corresponding to the HOMO of Co-TPP taken on a mixed
Co-TPP/H,-TPP array represented in the topographic STM image
in (b). The spectral electron density originates from Co states, as the
corresponding signature is absent for the free base species. Never-
theless, the apparent intensity is peaked on two opposite pyrrole
rings (see overlaid model). By contrast, the LUMO+ 1 orbital rep-
resented by the dI/dV map in (c) localized on the phenyl groups is
not affected by the metal center [(a)—(c): /=0.6 nA]. (d) Calculated
density of states projected on the nitrogen p, orbitals in H,-TPP and
Co-TPP; only the latter shows the metal-related feature at ~0.7 eV
below the Fermi level. (e) Density of states projected on different d
orbitals of the central Co atom. At the same energy where the peak
on the macrocycle is observed [compare (d) and (a)], d,, and d,,
states dominate. The lateral position of the molecules is close to hep
sites.

tected for molecules in a planar conformation, while the very
same molecules exhibiting a saddle-shape macrocycle defor-
mation, and accordingly a presumably larger Co-surface
separation, exhibit no signal in the corresponding energy
window. However, our spatially resolved two-lobe structure
clearly indicates that the involved orbital cannot be of pure
Co dﬁ character, as the charge density related to the HOMO
orbital is not localized on the Co center, but on two opposite
pyrrole rings [cf. Fig. 7(a)]. This points to considerable in-
teractions of the Co d levels with the 7 system of the por-
phyrin macrocycle presumably mediated by Co states of d,,
and d,, symmetries. The twofold symmetry then reflects the
underlying geometric saddle-shape distortion. The finding of
a considerable coupling of electronic metal states with orbit-
als of the porphyrin ligand close to the Fermi level is of
importance, as it drastically affects the electronic and mag-
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netic properties of the molecule/substrate system.>3>

Our experimental observations are corroborated by DFT
calculations of Co-TPP/Ag(111) and H,-TPP/Ag(111) super-
cells. Here we focus on two findings most relevant in view of
our discussion (the complete account of our extensive DFT
modeling will be published elsewhere). In Fig. 7(d) we com-
pare the calculated projected densities of states (PDOS) on
the N atoms in the macrocycle of Co-TPP/Ag(111) with
H,-TPP/Ag(111). Importantly, the first pronounced feature in
the occupied region only exists for Co-TPP and not for the
free-base counterpart, whence it must be related to states of
the Co center. This finding, together with the energy position
of this spectral feature, allows us to assign it to the HOMO
observed in the ST spectra and dI/dV maps of Co-TPP. The
key point is that the Co-related density of states is indeed
observed on the nitrogen positions of the macrocycle, a find-
ing corroborating the suggested interaction of Co d states
with the electronic system of the porphyrin macrocycle.
Completive, the PDOS projected on the different orbitals of
the central Co atom [cf. Fig. 7(e)] shows strong contribution
of Cod,, and d,, states in the relevant energy interval. An-
other aspect of Fig. 7(d) provides a strong indication that our
calculations describe the system well. The experimental find-
ing that the spectral weight related to the LUMO orbital is
upshifted when going from H,-TPP to Co-TPP or other
metalated species®>371:72 is successfully reproduced in the
PDOS displayed in Fig. 7(d).

Up to now we have shown that the HOMO observed for
Co-TPP/Ag(111) is a state originating from Co d,, and d,,
orbitals interacting with the 7 system of the porphyrin, based
on C and N atoms of the macrocycle. On the contrary, the
LUMO orbital is mainly a porphyrin macrocycle state with
minor contribution from the Co center. However, this contri-
bution induces an energy shift of the LUMO of metallopor-
phyrins compared to the free base species while the symme-
try of the LUMO is preserved.’3>>’! As shown in Fig. 7(c),
the LUMO+1 orbital around 2.3 V is not affected by the
metal center. The state is localized on the phenyl legs and
thus indistinguishable for Co-TPP and H,-TPP. An inspec-
tion of Fig. 7(b) reveals that at very low-bias voltages a
central protrusion dominates the STM images in agreement
with recent room-temperature observations.” This points to
a prominent contribution of Co states near the Fermi level
(ER) to the tunneling current. As the protrusion is right at the
Co center, the Co di orbital might play a decisive role for the
observed contrast. Indeed, our DFT calculations [cf. Fig.
7(e)] reveal that the PDOS related to the dﬁ states is smeared
out over a large energy range and reaches to E. This broad-
ening might explain why no obvious feature in the dI/dV
spectra can be assigned to the df orbital. As a matter of fact,
spectra taken above the Co center [compare Fig. 6(d)] show
a higher intensity in the energy range between the HOMO
and Ep than their counterparts measured at off-center
positions.

So far we discussed the character, i.e., the origin and the
spatial variation in the charge density related to specific mo-
lecular orbitals of Co-TPP/Ag(111). Now we want to briefly
address another important issue, which is the energy-level
alignment of these molecular orbitals relative to the Fermi
level of the metal support. In general (cf. Refs. 10 and 74),
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the energy of a molecular level with respect to the Fermi
level Ep (Epp) is determined by the metal work function ¢
[i.e., the energy difference between E and the vacuum level
(VL) of the bare metal], the interface shift A¢ of the VL and
the binding energy of the molecular level relative to the VL
[i.e., the ionization potential (IP) for occupied levels or the
electron affinity (EA) for the unoccupied levels]: Eyjo=¢
+A¢+(EA or —IP). The comparison of the energy-level
alignment for a given molecular species on different metal
substrates points to the interaction strength of the molecule
with the substrate. A strong interaction might pin the molecu-
lar levels to Eg, thus resulting in identical binding energies
E\jo for different substrates, but differing values for EA and
IP. Very weak interactions would be expressed by an align-
ment relative to VL, thus resulting in similar values of EA
and IP for different substrates while FE,;o might vary
strongly.

For our case, i.e., Co-TPP/Ag(111), all the relevant pa-
rameters are known. We identified the binding energies of the
molecular levels relative to the Fermi level in our STS spec-
tra (HOMO-1: —1.8 ¢V, HOMO: -0.6 eV, LUMO: 1 eV,
and LUMO+1: 2.3 eV), the work function of bare Ag(111)
¢=4.6 eV and A¢p=-0.7 eV are known from literature.*®
Accordingly, we can calculate the binding energies relative
to the VL (HOMO-1: -5.7 ¢V, HOMO: —-4.5 eV, LUMO:
-2.9 eV, and LUMO+1: —-1.6 eV, compare Fig. 8). It is
instructive to compare these values with results from Co-
TPP and Ni-TPP on Au(111). Scudiero et al.** observed elec-

dl/dV [arb. units]
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FIG. 8. (Color online) Diagram illustrating the energy-level
alignment discussed in the text. The left part represents one mono-
layer of Co-TPP on Ag(111). The right part provides a tentative
comparison with Co-TPP/Au(111), Ref. 42, assuming an identical
work-function change.

tronic Co-TPP states at binding energies of —1.2 eV,
—-0.1 eV, and 1.7 eV relative to the Fermi level of Au(111).
We now translate these values to binding energies relative to
the VL. Hereby we use the known work function of Au(111)
¢=5.2 eV and a A¢ of —0.7 eV. This value A¢ for one
monolayer Co-TPP on Au(111) is not determined experimen-
tally, but as the cases of Co-TPP/Ag(111) (Ref. 48) and Co-
TPP/Cu(111) (Ref. 75) yield the identical value of Ag¢=
—-0.7 eV, we assume this is a reasonable assumption to de-
scribe interface effects at Co-TPP/noble-metal junctions. The

FIG. 9. (Color online) Spatial variation in the
LUMO for Co-TPP/Ag(111). (a) Topographic
STM image of the edge of a Co-TPP array. The
colored dots mark the positions where the spectra
represented in (b) were taken. (b) Series of STS
spectra taken on the meso-carbon position for 20
Co-TPP molecules. The LUMO feature exhibits a
spatial variation, that is clearly visualized as a
superstructure, or Moiré-like pattern, in the
dI/dV map of the LUMO displayed in (c) [(a)
and (c): V,=1.1 V and 1=0.17 nA]. The second
molecule from the top of the line is defective. (d)
Variation in the LUMO onset energy and nearly
constant FWHM of the LUMO. (e) Calculated

density of state projected on the nitrogen p, or-
bital for three different positions of the Co-TPP
on Ag(111). The variation in the LUMO signature
is reproduced by these calculations (see text for
discussion).
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FIG. 10. (Color online) (a) Local view on a specific part of the
LUMO superstructure by dI/dV maps [compare Fig. 9(c)]. In some
regions of the superstructure a clear checkerboard-type intensity
variation is observed, where the two molecules on one diagonal of
the unit cell are bright, while the two others appear dim (I
=0.6 nA). Due to the shifted LUMO onset and the varying inten-
sity, this contrast inverts in a relatively small-energy window cor-
responding to 200 mV. This checkerboard structure is related to the
noncommensurate structure of the Co-TPP arrays (compare Fig. 1
and see text for further discussion). The white square marks the unit
cell of the Co-TPP overlayer. (b) dI/dV map on a larger area: the
LUMO modulation does not constitute a regular checkerboard
structure (I=0.3 nA and V,=1 V, low-pass filtered).

resulting binding energies relative to the VL amount to
-5.7 eV, -4.6 eV, and -2.8 eV. These values are strikingly
close to our energies for the HOMO-1, HOMO, and
LUMO, which indicates that the energy-level alignment fol-
lows the VL, thus indicating rather weak Co-TPP/substrate
interactions for both Ag(111) and Au(111) surfaces. In addi-
tion, the binding energies of the HOMO-1 and the LUMO
are reasonably close to the IP (=52 eV) and EA
(=2.9 eV) reported for H,-TPP molecules,’® confirming that
these states are mainly porphyrin macrocycle orbitals includ-
ing only minor contributions from the metal center. The ob-
servation of nearly identical peak positions for HOMO-1
and LUMO in Co-TPP and Ni-TPP on Au(111) reported in
Ref. 42 supports this interpretation.

Up to now, we only focused on intramolecular variations
in the electronic structure of Co-TPP/Ag(111). Now we ad-
dress the dependence of the electronic structure of a mol-
ecule on the location within an island. Figure 9 summarizes
the observation of a spatial modulation of the LUMO within
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a densely packed layer. Taking spectra at identical positions
(meso-carbon), but on different molecules, the tunneling
spectra exhibit pronounced differences in the LUMO signa-
ture. The onset energy, as well as the relative intensity varies
considerably from molecule to molecule while the overall
full width at half maximum (FWHM) of the peak stays
roughly constant [cf. Fig. 9(d)]. The resulting superstructure
is most clearly visualized in dI/dV maps [cf. Fig. 9(c)] and
shows similarity to a Moiré pattern. It should be noted that
this effect is strongest for the LUMO orbital, very weak for
the HOMO and absent for the LUMO+1 orbital on the
phenyl legs.

Figure 10(a) shows a detailed view on the LUMO struc-
ture by comparing dI/dV maps taken at three different ener-
gies across the LUMO peak. We see that the contrast inverts
within an energy range of only 200 meV. This effect is
readily explained by the shifted onset energy in combination
with the intensity variation in the LUMO. More interestingly,
on this local scale, we observe a checkerboard structure with
“bright” and “dim” molecules, i.e., the two molecules on one
diagonal of the square unit cell appear bright, whereas the
other two are dim. This contrast variation agrees nicely with
the different registry of the molecules in the unit cell with the
Ag(111) lattice [compare Fig. 1(c)]. Accordingly we suggest
that the LUMO variations directly reflect the varying cou-
pling of the Co-TPP to the Ag(111) surface. As the FWHM
of the LUMO is roughly constant, we exclude a changing
splitting of nearly degenerate states within the broad LUMO
peak as origin for the superstructure. Such a hybridization
effect would demand considerable molecule-substrate inter-
actions, which is not consistent with our findings. We rather
suggest that slight modifications of the Co-TPP-Ag bond
length or subtle variations in the molecular conformation
change the interface electronic structure. Indeed, the calcu-
lated density of states projected onto the p, orbital of the N
atoms of the macrocycle [cf. Fig. 7(e)], evaluated for Co-
TPP molecules relaxed starting from on-top, hcp, and bridge
adsorption sites, reveals a shift of the LUMO orbital as a
function of the adsorption site. The energy of the feature
related to the HOMO on the other hand is nearly identical for
the three positions. The calculated structures reveal slight
variations in the molecular geometry for the three positions
(Apmacro: £4° and ABypen: +8°), going in hand with a
variation in the vertical distance of the Co center to the out-
ermost Ag layer from 2.8 to 2.9 A. These values are in rea-
sonable agreement with the 2.5 A deduced from the PED
analysis presented in Sec. III B.

An alternative explanation of the superstructure based on
intermolecular interactions’” or screening’® seems unlikely,
as the molecule-molecule distances are constant within the
precision of our analysis and the LUMO is located on the
macrocycle and not on the terminal groups, which might be
more sensitive to intermolecular interactions. If the Co-TPP
arrays constituted a perfect coincidence lattice with only two
different adsorption sites, we would expect the superstructure
to be a perfect checkerboard lattice of “bright” and “dim”
molecules on a large scale. However, the checkerboard struc-
ture is only well developed on a very local scale, as it can be
clearly seen in Figs. 9(c) and 10(b). In-between stripes ex-
hibiting the checkerboard order, there are extended regions
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without pronounced contrast variations, i.e., where no
“bright” molecules are observed. This observation supports
our statement of the Co-TPP arrays being noncommensurate
with the Ag(111) atomic lattice. In contrast to the typical
ordering principles for organic overlayers on metal
substrates,’® no low-index coincidence structure can describe
the Moiré-type pattern observed for Co-TPP/Ag(111). This
peculiar behavior of the Co-TPP is presumably related to the
flexibility of the employed porphyrin unit. While we do not
intend to speculate on an assignment of a given molecular
contrast to a specific adsorption site on the Ag(111) substrate,
it is reasonable to assume that the regions of less pronounced
contrast within the superstructure [cf. Fig. 10(b)] are related
to the quasi-hcp and quasi-fcc adsorptions sites, which give
the strongest contribution to the PED pattern (compare Sec.
III B).

IV. CONCLUSIONS

In summary, we presented a multimethod characterization
of an archetypical porphyrin-noble-metal interface in exquis-
ite detail. The combined approach allows us to capture com-
prehensively interrelated aspects that determine the geomet-
ric and electronic structure of the monolayer phase. The
intermolecular Co-TPP interactions prevent the Co-TPP in
densely packed molecular arrays from locking into unique
adsorption sites of the underlying Ag(111) lattice. Accord-
ingly, local STM observations reveal a Moiré-type contrast
in the Co-TPP layers and space-averaging photoelectron dif-
fraction patterns can only be modeled by including quasi-fcc
and quasi-hcp adsorption sites. The resulting superstructure
is directly reflected in variations in the LUMO of Co-TPP as
evidenced by STS data. This site-specific modification of the
LDOS assigned to the LUMO is supported by DFT
calculations.

Furthermore the conformational adaptation of Co-TPP
upon adsorption on Ag(111) was quantified by NEXAFS
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measurements. We find a saddle-shape deformation of the
porphyrin macrocycle that is reflected in a twofold symmet-
ric appearance of the Co-TPP in high-resolution STM images
and apparent in the corresponding molecular orbitals as vi-
sualized by STS mapping. Both PED and DFT agree on a
distance between Co centers and underlying substrate in the
2.5-3 A range, consistent with the molecular deformation.

This knowledge of the geometric and electronic structure
of the Co-TPP/Ag(111) interface is a prerequisite to rational-
ize the functionality of Co-TPP or related metalloporphyrin
arrays on both simple and complex interfaces.”®® In addi-
tion, the information gained will be helpful to assess geomet-
ric shape and electronic properties of metalloporphyrin moi-
eties in more intricate island or layer structures, respectively,
in nanostructures or supramolecular architectures based on
metalloporphyrin derivates with reactive
meso-substituents.®!'~” More general, our experiments char-
acterize a model system of an adsorbed flexible molecule and
thus help to understand and predict the behavior of related
species on other surfaces.
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