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Lateral adsorption geometry and site-specific electronic structure of a large organic chemisorbate
on a metal surface
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A combined study of scanning tunneling microscopy (STM) and density functional theory (DFT) reveals that
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) adsorbs on Ag(111) at bridge sites in two nonequiva-

lent orientations, one nearly aligned with the [101] substrate axis and the other 18° misaligned. Site-specific
spectroscopy reveals that molecules in the two configurations exhibit subtle differences in their electronic
structure. DFT-based STM simulations trace these back to the influence of distinct local adsorption geometries
on the chemical molecule-substrate and molecule-molecule interactions.
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The mechanisms controlling the ordering of large organic
molecules on metal surfaces are currently investigated inten-
sively. The chemical interaction of the adsorbate with the
metal is a key issue, as it determines equilibrium interface
structures as well as kinetic processes that govern the order-
ing process. Two-dimensional ordered layers of large
m-conjugated adsorbates on metals display a rich variety of
incommensurate, coincident, and commensurate structures,’
calling for a detailed analysis of the chemical and/or physical
adsorbate-substrate bonding and its balance with intermo-
lecular interactions. Ultimately, this demands experiments at
the single molecule level, because nonequivalent adsorption
sites with distinct properties often coexist in a single phase
of a large adsorbate.

Here we present a detailed study of bonding and structure
of a complex adsorbate at the single molecule level. Our
model system is the interface of the prototypical 3,4,9,10-
perylene-retracarboxylic-dianhydride (PTCDA) molecule
with the Ag(111) surface. On Ag(111), PTCDA forms flat
lying commensurate monolayers arranged in a herringbone
pattern?) with a surface unit cell containing two molecules in
well-defined but nonequivalent adsorption configurations.
We precisely determine the two different adsorption geom-
etries by high-resolution imaging, and we investigate by
scanning tunneling spectroscopy (STS) their influence on the
respective electronic structures. From this analysis we can
clearly differentiate the influence of molecule-substrate inter-
actions on the properties of the adsorbate from the influence
of molecule-molecule interactions, and thus develop a com-
prehensive understanding of this model chemisorbate.

PTCDA is a large m-conjugated organic model molecule
for organic epitaxy’> and complex chemisorption
phenomena.*> Some details of the adsorption, e.g., the geo-
metric distortion of the molecules, have already been
revealed.* Site-specific properties, however, have been inevi-
tably missed so far by standard spectroscopic or structural
techniques, since they average over the two nonequivalent
molecules in the monolayer.

Experiments have been performed with a scanning tunnel-
ing microscope at 10 K. The Ag(111) surface was prepared
by sputter-anneal cycles. PTCDA was evaporated at 720 K
onto Ag(111) at 300 K, followed by annealing at 550 K. At
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PACS number(s): 68.37.Ef, 68.43.Bc, 68.43.Fg, 73.20.Hb

submonolayer coverage, the surface exhibits large PTCDA
islands and areas in which the clean silver surface is
exposed.’

We start with the adsorption geometry. Determining bond-
ing sites of large adsorbates on metal surfaces is an experi-
mental challenge. Direct site imaging in scanning tunneling
microscopy (STM) is usually impossible because appropriate
tunneling conditions for substrate and adsorbate differ too
much.®” Moreover, the achievable resolution on the adsor-
bate is often reduced by the molecule-substrate interaction,?
which tends to exclude the most interesting (since strongly
interacting) systems from study. Here we show that by ad-
justing the bias voltage online just before the tip reaches a
PTCDA island, it is possible to resolve both the substrate
lattice and the internal molecule structure in one image, cf.
Fig. 1(a).

Images like Fig. 1(a) allow the determination of molecu-
lar adsorption sites. To this end, equidistant lattice lines are
fitted to the Ag atoms in the left part of the image,!' under
the additional constraint that these lines must be commensu-
rate with the PTCDA superstructure.>3 If the so determined
Ag lattice [Fig. 1(a) inset] is extended into the PTCDA re-
gion [Fig. 1(b)], (Ref. 12), one finds by inspection that the
centers of all molecules are located at or close to bridge sites
of the Ag surface. The error of this assignment by inspection
is 0.7 A. Tt is possible, however, to reduce this by a more
sophisticated analysis (see below). Figure 1(b) also shows
that molecules of type A are almost perfectly aligned with

the [101] Ag lattice direction, while type-B molecules are

rotated by 18+2° with respect to [011].

To record high-resolution images like Fig. 1(a) we have
purposely picked up a molecule by a defined protocol. Acci-
dental changes in the tip configuration occurring at the volt-
age step could therefore lead to a systematic lateral offset
between both parts of the image, invalidating the adsorption
site determination. However, repetition of the experiment
displayed in Fig. 1(a) always led to the same Ag/PTCDA
lattice registry. Moreover, the thus determined adsorption site
is confirmed by density-functional theory (DFT) theory, as
we will show now.

Calculations have been carried out with SIESTA (Refs. 4,
13, and 14). The Ag substrate is modeled by three atomic
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FIG. 1. (Color online) (a) STM micrograph (186 A X 186 A):
Ag(111) atomic structure (left) and PTCDA/Ag(111) (right) at
10 K. Scan direction: bottom to top (fast), left to right (slow).
Marked scan line (arrow 1): scanning parameters were changed
from U=-10 mV (left) to U=-1.5 V (right) at constant /=6.6 nA
(tip retraction from ~3.0 to 7.8 A). Inset: 27 A X 21 A region from
(a) including fitted lattice lines, cf. text. (b) Image section as
indicated by the white frame in (a), including Ag grid lines (red,
green, blue/shades of gray). Experimental (left) and simulated
(right) (s-tip) images, the latter inserted into the experimental image
with maximum correlation (cf. text). Thin yellow (light gray) lines:
PTCDA/Ag(111) supercell (Ref. 2). Red (dark gray) circles (radius
0.7 A): molecule centers. Black dots: Ag positions underneath the
simulated image. (c) Ball-and-stick model corresponding to (b),
showing DFT-optimized adsorption sites. Schematic representations
of free molecule LUMO and HOMO in blue (left) and green (right).
White dots give centers of corresponding lobes. Shortest O-H
bridges are shown as solid (O on type A) and dotted lines (O on
type B); details in text.

layers.!> The adsorption site is determined by total energy
minimization. To this end, a monolayer with the correct su-
perstructure is placed on the Ag lattice and fully relaxed.
While internal molecular bond lengths, vertical positions of
individual atoms, the overall height of the molecule, and the
molecular orientations inside the supercell easily converge
into a total energy minimum, the relaxation of the lateral
registry is much slower. Therefore, the layer was placed in
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FIG. 2. (Color online) PTCDA/Ag(111): (a) Experimental
(background-subtracted) and simulated dI/dV spectra, recorded on
molecules of type A (red, full line) and B (blue, dashed line), cf.
dots in (b). Tip height during STS: approx. 7.5 A. Experimental
spectra recorded with sensitized tip (Ref. 16) are shaded. Green
(dash-dotted) spectrum: Ag(111). (c) dI/dV image recorded in the
left flank of L1 (I=1.8 nA, modulation 288 Hz/20 meV). (d) Cal-
culated free molecule HOMO.

six different positions and orientations with respect to the Ag
lattice.'* The configuration in which both molecules are lo-

cated on bridge sites, one nearly aligned to [101] (2° off —

type A), the other 17° misaligned versus [011] (type B), has
the lowest energy.'* This structure fully agrees with experi-
ment.

Having established the two distinct adsorption geometries
[Fig. 1(c)], we now analyze their site-specific electronic
properties. Figure 2(a) displays experimental and simulated
STS spectra.14 We observe a resonance (L1) at ~—1.7 eV, a
broader level (L2) at ~—0.3 eV (crossing the Fermi level
Ep), and a continuum L3 above E (Ref. 16). L1 corresponds
to the highest occupied molecular orbital (HOMO) of free
PTCDA, as comparison of its spectroscopic image with the
calculated free molecule HOMO [Figs. 2(c) and 2(d)] and a
spectral decomposition of the corresponding feature in the
simulated STS prove. Judging from its sharpness, L1 mixes
less with metal states than L2, which is derived from the
lowest unoccupied molecular orbital (LUMO) of free
PTCDA. Hence we can conclude that chemical substrate
bonding is mainly effected by the LUMO, which forms the
bonding hybrid L2 with metal states and accepts charge from
the metal, with little back donation from the molecule to the
metal. We note the strong reduction of the LI1-L2 gap if
compared to the optical HOMO-LUMO gap of bulk PTCDA
(2.3 eV) (Ref. 17) or the transport gap (3.8 eV) (Ref. 18).

Incidentally, the very different behavior of LUMO
(strongly mixing and broad) and HOMO (rather sharp) is
related to the spatial properties of their respective wave func-
tions [cf. Fig. 1(c)]: For A molecules, the lobes of the
HOMO align with interstitial positions of the substrate,
whereas the four outer lobes of the LUMO sit above sub-
strate atoms, thus facilitating orbital mixing.

Most importantly, experimental spectra in Fig. 2 reveal
site-specific differences for L1 and L2. For L2 this is not too
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surprising, since this orbital is implicated in the substrate
bond and therefore affected directly by the different bonding
orientation. However, it is not clear why L1 with its smaller
participation in the chemisorption bond is also affected. A
DFT analysis shows that this is primarily a result of intermo-
lecular interactions: Turning to Fig. 1(c), we find that H
bonds between two molecules of type A have a length of
2.36 A (solid lines), while equivalent bonds between type-B
molecules have a length of 2.55 A (dotted lines). Bonds be-
tween O atoms on A and H atoms on B have a length of
2.15 A (solid lines), while bonds between O on B and H on
A have a length of 2.04 A (dotted lines). The 1° distortion of
the PTCDA unit cell from rectangular shape (enforced by
substrate commensurability?) is the origin of these subtle
modifications. In the rectangular unit cell of an undistorted
herringbone layer both molecules and their H bonds would
be fully equivalent.

These differences in the O-H bond distances are respon-
sible for an upward shift by 120 meV of the A-type L1 as
compared to the B-type L1. The interaction with the Ag sub-
strate, on the other hand, causes a L1 shift of similar size in
the opposite direction (resulting from the different lattice
alignments of A and B). In our DFT-LDA calculation, the
latter effect overcompensates the splitting due to the O-H
bonds, yielding a different order of type-A and type-B L1
features than found in experiment, where the type-A LI is
40 meV above type-B LI. The balance of these two effects
may simply be too subtle to be fully described by our DFT-
LDA calculations, which show a tendency to overbond.'*
Nonetheless, the observed ordering of L1 levels, together
with the clear trends in the calculation, indicates that the
intermolecular interaction is the dominant cause determining
the relative energy positions of the L1 levels of both types of
molecules.

The different bonding also shows up as different image
contrast. Such contrast differences are apparent in Fig. 1,
where the aligned molecule has sharper internal contrast. On
the basis of the calculated structure (but with the molecule
constrained to the experimental heightlS), we have simulated
STM images, using a Tersoff-Hamann approach,'® for quan-
titative comparison with experiment. To this end, the energy-
resolved local density of states at the tip position, i.e., several
angstrom above the molecules, is calculated by decomposing
each wave function close to the molecular layer (where the
DFT wave functions are reliable) into plane waves and ex-
trapolating the latter into the vacuum. From all plane-wave
components, the wave function can be evaluated at any se-
lected height, giving the information required to obtain the
tunneling current for various tip symmetries and heights®
and to evaluate constant current z trajectories.

Figure 3 shows measured and calculated STM images at
characteristic tunneling conditions. The agreement between
experiment and theory is very good for a broad range of
tip-sample distances, sample biases, and tips. In the bias
range from —1.0 to 0.5 V the LDOS is dominated by the
LUMO-like L2 (cf., also, Figs. 1 and 2), while at larger
negative biases a V-like feature corresponding to the
HOMO-like L1 [Figs. 2(c) and 2(d)] becomes visible [Figs.
3(b) and 3(c)]. The experimental images in Figs. 3(c)-3(e)
show contrast between the two inequivalent molecules: For
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FIG. 3. (Color online) PTCDA/Ag(111): (a—e) Experimental
(right) and calculated (left) STM images (23 A width). Experimen-
tal tip heights determined from current-distance curves. (f) Experi-
mental and simulated corrugation as indicated by corresponding
bars in (e).

increasing tip-sample distances, the internal structure for the
misaligned molecule is lost more rapidly [Fig. 3(c)], showing
that image contrast is determined by both molecule and sub-
strate. In the simulation this contrast difference is also
present [cf., for example, solid profiles in Fig. 3(f)], but it is
much harder to make out in the simulated topographs [Figs.
3(c)-3(e)]. Small differences between A and B molecules in
the metal-to-molecule charge transfer, which is responsible
for the contrast difference, are difficult to resolve because of
quantum confinement effects in the three-layer slab.

Finally, simulated images can be used to refine the ad-
sorption site determination. Figure 1(b) shows a direct com-
parison of a measured STM image (left) and a calculated one
(right). The calculated image has been inserted with maxi-
mum image correlation into the experimental one by a sub-
pixel mathematical correlation routine. In this way the mea-
sured and simulated molecules are brought into registry.
Because the simulated image has the positions of Ag atoms
[black dots in Fig. 1(b)] corresponding to exact bridge ad-
sorption attached to it, any deviation between the experimen-
tal Ag grid and the Ag positions in the calculated image gives
a measure of the observed molecules’ deviation from the
experimental bridge site. We find this error to be 0.2 A and
can finally assign both molecules to a bridge site.

In summary, we have resolved the lateral interface struc-
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ture of an archetypal organic chemisorbate and its electronic
structure by high-resolution imaging and spectroscopy in
conjunction with DFT. Conventional methods of adsorption
site determination, since they are based on tip-induced ma-
nipulations, are limited to solitary molecules’ or molecules at
the border of adsorbate islands,>' which are generally not
representative of molecules within islands. In contrast, the
method introduced here is also applicable to molecules in-
side compact layers. The very different behavior of the
LUMO (strongly mixing, broad, metallic) and the HOMO
(rather sharp) on adsorption can be understood from the local
adsorption geometry. For the two inequivalent monolayer
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molecules, both states exhibit subtle differences: For the
bonding LUMO, this variation results directly from different
alignment with the Ag substrate, while for the weaker bond-
ing HOMO the influence of the substrate is mediated by the
distortion of the unit cell from orthogonality. This demon-
strates a delicate interplay between adsorbate—adsorbate and
adsorbate—substrate interactions for this chemisorbate.
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