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Plane-wave final state for photoemission from nonplanar molecules at a metal-organic interface
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In recent years, the method of orbital tomography has been a useful tool for the analysis of a variety of
molecular systems. However, the underlying plane-wave final state has been largely expected to be applicable
to planar molecules only. Here, we demonstrate on photoemission data from the molecule Cgy adsorbed on
Ag(110) that it can indeed be a valid approximation for truly three-dimensional molecules at a metal-organic
interface. A comparison of the experimental data supported by density functional theory (DFT) calculations
of the full interface and simulations of the photoemission process with a more exact final state enables the
determination of the adsorption geometry and orientation of the Cgy molecules in a monolayer on the Ag(110)
surface. Additionally, charge transfer into the molecules is used to confirm the lifting in degeneracy of the #,

molecular orbitals as predicted by DFT calculations.
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I. INTRODUCTION

Angle-resolved photoelectron spectroscopy (ARPES) is a
well-established technique for the determination of electronic
bands and energy levels within a system. It is a powerful
investigative tool due to the connection between the photo-
electrons and the electronic structure of the sample, which
enables the extraction of structural [1-3], electronic [4-6], and
chemical information [7,8]. A common theoretical description
of the final state is the use of a plane wave. However, this
approximation has generally been expected to be suitable
exclusively for planar molecules [9]. Due to a lack of data
on this topic, the applicability of the plane-wave final state
beyond these constraints is still an open question.

Our study presents a comprehensive scheme to examine
this issue on the example of a monolayer of the nonplanar and
nearly spherically symmetric fullerene Cgy on Ag(110). We
focus on the applicability of the plane-wave approximation
when the molecules are interacting with the metal surface.
Thicker films will be discussed in a related paper in which
molecule-molecule interactions are dominant and molecu-
lar bands appear in the valence region [10]. In that case,
molecule-molecule interactions are dominant and molecular
bands appear in the valence region.

Fullerenes have been the target of extensive fundamental
research over the past decades and abundant applications
are envisioned for its various derivatives [11-13]. Cg is
an organic electron acceptor [14] that is resistant against
mechanical and environmental strains [15] and is already
being used in devices [16—18]. Previous photoemission efforts
shed light on photoemission intensity resonances induced by
the geometric shape of Cgo [19,20] and the electronic band
dispersion in high-quality thin films [21]. The experimental
data on the Cgp/Ag(110) interface are supported by density
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functional theory (DFT) calculations and simulations of the
photoemission matrix elements. We expect that our approach
on this model system can be transferred to investigate and
understand other metal-organic interfaces.

II. EXPERIMENTAL DETAILS

Experiments were conducted at the NanoESCA beamline
of the Elettra synchrotron in Trieste, Italy. A single layer of
commercially available Cgyp (99.9% purity, Sigma-Aldrich)
was evaporated on an Ag(110) substrate that had previously
been cleaned by several cycles of argon ion bombardment
with subsequent thermal annealing. The molecules were de-
posited from a homemade thermal evaporator at a rate of
40 min per monolayer that had been determined from previ-
ous x-ray photoemission and low-energy electron diffraction
(LEED) experiments. Followed by another annealing step of
the sample at 300 °C for 5 min to increase the homogeneity
of the film, the successful preparation of the Cgy monolayer
was verified by LEED. The evaporation and all consecu-
tive measurements were performed with the sample at room
temperature.

Figure 1(a) shows the LEED pattern of the resulting
sample surface for an electron kinetic energy of 12 eV.
The Ag(110) surface promotes the assembly of molecules
in an ordered superstructure, which is reproduced by a
(1.67,2/1.67, —2) superstructure matrix as indicated in the
picture (red circles). This corresponds to a Cgy nearest-
neighbor spacing of 94% of the bulk value at room temper-
ature [22].

Angle-resolved photoemission experiments on the sample
were carried out with a photoemission electron microscope in
a k-space imaging mode (k-PEEM) with an energy resolution
of ~100 meV [23]. The photoemission intensity in the valence
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FIG. 1. (a) LEED pattern of a single monolayer of Cg on an
Ag(110) substrate with a primary electron energy of 12 eV. Positions
of constructive interference to be expected with a (1.67,2/1.67, —2)
superstructure matrix are indicated by red circles. (b) Corresponding
exemplary energy distribution curve (EDC) with right-circularly
polarized light at a photon energy of E,, =42 eV (red dots). The
EDC is fitted by the black line with the individual fit components
represented by dashed blue lines.

region at binding energies from 5 eV below to 0.5 eV above
the Fermi level was recorded under illumination with right-
circularly polarized light using photon energies between 20
and 140 eV. The light polarization was chosen to suppress the
higher harmonics of the undulator source.

Figure 1(b) depicts an exemplary energy distribution curve
(EDC) at a photon energy of 42 eV (red dots). The inten-
sity from the silver substrate is suppressed by the adsorp-
tion of the C¢p monolayer. At binding energies larger than
~4 eV, however, the silver 4d bands dominate the photoe-
mission spectrum. Four features within the scanned range can
be attributed to Cg, as indicated by the symmetry labels.
Note that due to the high symmetry of Cgp, each of these
molecular orbitals would be several times degenerate for the
isolated molecule. While the symmetry is disturbed by the
presence of the substrate and adjacent molecules, the lifted
degeneracy cannot be straightforwardly resolved within the
energy resolution. It therefore only increases the width of
the features. As illustrated in Fig. 1(b), molecular features
whose energy separation is below the resolution limit are
accordingly summarized under a shared moniker indicating
their combined symmetry. We have tentatively assigned the
molecular emissions around 4.3, 3.2, 1.8, and 0.2 eV to the
8us 8 + hg, hy, and 1y, orbitals of Cep. A modest amount of
charge transfer from the substrate into the molecules’ lowest
unoccupied molecular orbital (LUMO) (¢1,) can be identified
by the increased photoemission intensity right at and below
the Fermi edge, a property frequently observed in similar
systems [24,25].

III. THEORY

Ab initio simulations of the ground-state electronic struc-
ture or, ideally, of the entire photoemission process, can yield
insights not immediately accessible from the experimental
data alone. Consequently, DFT calculations have been per-
formed on an isolated Cgy molecule using Gaussian 09W [26]
with a 6-31G+ basis set relying on the linear combination
of atomic orbitals (LCAO) and the Becke three-parameter
Lee-Yang-Parr (B3LYP) functional [27,28]. The resulting ini-
tial states were subsequently used in quantifying the matrix

elements of Fermi’s golden rule together with final states in
the independent atomic center approximation (IAC) in a one-
step model of photoemission. The computational scheme is
similar to methods already described in the literature [25,29—
31]. The photoemission intensity 1,1(/2) at wave vector k of a
molecular orbital n is described as the coherent superposition
of all atomic contributions,
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with the interaction operator € - 7 of the incoming electromag-
netic field and the partial initial and final states v, , and V¢ 4
at atom a, respectively.

The final state is analogously the coherent superposition of
partial final states s , at each atomic site a,
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with spherical Bessel functions j;, spherical harmonics Y} ,,,
inelastic damping D,, and phase shift 8! from the potential of
the emitting atom a. The interaction operator is taken from the
known geometry and light polarization in the experiment. The
intensity of molecular orbitals which cannot be energetically
separated in the experiment are incoherently summed up after
the matrix element calculation. For comparison, we have
also calculated photoelectron momentum maps (PMMs) by
approximating the final state by a plane wave following the
approach in Ref. [4].

Additionally, we have performed calculations for mono-
layers of Cgy adsorbed on the Ag(110) surface with the
VASP code [32]. We have employed a repeated slab approach,
where the substrate was modeled by five metallic layers,
and a vacuum layer of ~15 A between the slabs. To avoid
spurious electrical fields, a dipole layer was inserted in the
vacuum region [33]. Exchange-correlation effects have been
approximated using the generalized gradient approximation
(GGA) [34]. We used a Monkhorst-Pack 10 x 10 x 1 grid of
k points for calculations with one molecule per cell [35], and
a6 x 6 x 1 grid for those with three molecules per cell. With
the projector augmented-wave approach [36], this enabled
using a kinetic energy cutoff of about 500 eV. The supercell
geometry has been constructed according to the experimental
LEED structure shown in Fig. 1(a). During the geometry
optimization, the atomic positions of the molecular layer and
the first two metallic layers were allowed to relax. In order to
account for van der Waals (vdW) interactions, we employed
the vdW-surf method according to Tkatchenko and Scheffler
[37] during the geometry optimization.

IV. RESULTS AND DISCUSSION

Ahead of the data evaluation, the acquired PMMs were
corrected for experimental artifacts. Afterwards the photoe-
mission intensities of each recorded feature were extracted
with a fitting procedure (see Supplemental Material for details
[38]). Figure 1(b) displays an exemplary fit of an EDC for a
single (k,, ky)-tuple at a photon energy of 42 eV. The entirely
fited PMM of the A, orbital is displayed in Fig. 2(a) for
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FIG. 2. (a) Fitted PMM intensity for emissions from the h,
orbital excited with E,, =42 eV. (b) Adsorption geometry of Ce
on Ag(110), showing the three inequivalent Cgy molecules per unit
cell in different colors. The unit cell is indicated by red lines.

light incidence toward positive k, values. The sudden drop in
intensity at high kj is not caused by the finite photoemission
horizon, but by the limited extent of the multichannel plate
detector.

As apparent in the fitted PMM (and likewise in the raw
data), the intrinsic patterns are essentially twofold symmet-
ric. In contrast to the bulk structure [39], this suggests that
there is only one unique azimuthal orientation of Cgy present
on the Ag(110) surface at room temperature. Unlike planar
molecules [40], the three-dimensional geometry of Cgq results
in a considerable photoemission intensity redistribution for
varied photon energies.

We have relaxed the structure of the Cg/Ag(110) interface
in the c(4 x 4) cell starting from five different molecular
orientations, and four different adsorption sites, and computed
the resulting adsorption energies according to

Esystem — Egp — nEnpol

Eadsorption = n ’ 3)

where Egygem, Esub, and Ep are the ground-state energies
of the whole system, the silver substrate, and the molecule,
respectively, while n denotes the number of molecules per
unit cell. The results are listed in Table I. The orientation
labels specify what part of the molecule lies parallel to the
substrate. In the case of 6-6 and 5-6 the bridges between
two hexagon faces (6-6) or a hexagon and a pentagon face
(5-6) lie parallel to the [001] direction of the substrate. The
6-6 (90°) configuration is rotated by 90° with respect to

TABLE I. Calculated adsorption energies of Cg in a c(4 x 4)
surface unit cell of Ag(110) for five initial Cgy orientations and four
adsorption sites: H = hollow, T = top, SB = short bridge, LB =
long bridge.

6-6 6-6 (90°) Pentagon Hexagon 5-6
H —2.06 —1.90 —-1.72 —1.88 —-1.93
T —1.52 —1.34 —1.13 —1.16 —1.40
SB —1.21 —1.43 —1.45 —1.58 —1.50
LB —1.83 —1.39 —-1.72 —-1.72 —1.81

the 6-6 configuration. Similarly, in the hexagon (pentagon)
orientation, a hexagon (pentagon) face of Cgy lies parallel
to the substrate. As can be seen, the edge 6-6 orientation at
the hollow site (H) has the most favorable adsorption energy,
followed by the 5-6 (H), 6-6 rotated (H), and hexagon (H)
configurations. Note that all other configurations are even less
favorable in adsorption energy.

While on the basis of Table I alone it cannot be safely con-
cluded that Cgg is exclusively in the 6-6 edge configuration,
the twofold symmetry of the PMMs rules out the hexagon and
6-6 rotated configuration. Furthermore, simulated PMMs of
the 5-6 configuration (not shown) are also not in agreement
with the experimental PMMs, leaving just the 6-6 configu-
ration. Based on the results of Table I, we have calculated
the Cgp/Ag(110) interface for the experimentally determined
(1.67,2/1.67, —2) superstructure. This cell contains three in-
equivalent Cg molecules per surface unit cell, all of them with
6-6 orientation [see Fig. 2(b)]. The geometry relaxation results
in an adsorption energy of —2.71 eV per molecule. It should
be noted that although only one Cgy molecule is positioned at
the most favorable hollow site while the other two are close
to the long bridge sites, the average adsorption energy per
molecule indicates a more stable structure compared to the
larger c(4 x 4) cell. This is because of increased intermolecu-
lar interactions for the more densely packed molecules in this
cell and by the fact that the 6-6 (LB) configuration is only
slightly less favorable than the 6-6 (H) one.

Starting from the relaxed adsorption geometry, photoe-
mission matrix elements have been computed for several
molecular configurations on the substrate. In agreement with
the geometry relaxation, a decent match between experiment
and simulation is only achieved for the 6-6 orientation. The
simulated PMMs for this geometry are compared to the re-
spective measurement in Fig. 3. The left column shows the
8s + hy orbital of the experiment [Fig. 3(a)], the calculation
with a plane-wave final state [Fig. 3(c)], and with a IAC-based
final state [Fig. 3(e)]. An analogous comparison is displayed
for the experimental [Fig. 3(b)], plane-wave-based [Fig. 3(d)],
and TAC-based [Fig. 3(e)] PMM:s of the &, orbital. Both types
of calculations reproduce the goggle-shaped features of the
experiment fairly well, with only small differences in the rel-
ative intensities between both simulation methods. In general,
the IAC-based simulations manage to reproduce the relative
intensities at different k slightly better. This largely decent
agreement between simulation and experiment is maintained
at other photon energies (see Supplemental Material [38] for
a comparison at £, = 32, 50, and 60 eV).

Since the IAC-based simulations are computed with an iso-
lated molecule, this permits an assertion about the hybridiza-
tion and the molecular deformation upon adsorption. Even
though there is some charge transfer from the substrate into
the organic monolayer, the hybridization with neighboring Cg
molecules and the Ag(110) substrate is evidently not strong
enough to substantially alter the character of these valence
orbitals. Neither is there any atomic displacement on the silver
surface large enough to affect the PMM. This conclusion is
consistent with the well-established rigidity of Cgo [41].

DFT calculations of the relaxed molecule on the silver
surface performed with the VASP code predict the charge
transfer into the molecules that is confirmed by the experiment
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FIG. 3. Experimental PMM (top) in comparison to simulations
with final states based on the plane-wave approximation (middle)
and the IAC approximation (bottom) at 40 eV photon energy. The
left column shows the g, + h, orbitals, and the right column the A,
orbitals. Both types of simulations fit well to the experimental data
with only minor deviations in intensity.

[see Fig. 1(b)]. Furthermore, while the symmetry breaking
upon adsorption does not influence the g, + hs and h, pho-
toemission, it is not entirely without significance: The calcu-
lations reveal a small energetic redistribution of the formerly
threefold degenerate 71, which lifts the degeneracy of the three
orbitals, shown in Fig. 4(a). Integrating the fractional occupa-
tion of the three components results in a relative occupation
of 39%, 31%, and 30% with respect to each other.

With this knowledge, further photoemission calculations of
the #;, can be conducted and correlated to the experiment.
Figure 4(b) shows the measured photoemission intensity at
40 eV compared to the fitted [Fig. 4(c)] with simulations of

(a’) tlu
A].O 1 1 1 Il 1 1 1 1 1 -
E —— component1  ----- component 1 (occup!ed)
o —— component2  ----- component 2 (occupied)
g 0.8 component 3 component 3 (occupied)
el
-
& 0.6 1 L
n
S 0.4 [
=
+ 0.2 L
®
Q — by
0.0 777I T T T ~ T T T T T
0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2
binding energy (eV)
(b) tu (c) t1u
L1 T R R PR TP RPUN PR | 1,
J P =
2 4 SR > N B
— ] [ ] P [ ]
oé » . Q“
<0 R0 Yot
< ] L] K o
9] 1 © A
&
LA B B B T T T LI
-2 0 2 -2 0 2
ko (1/A) ke (1/A)

FIG. 4. (a) Calculated projected density of states (DOS) of the
Ceo/Ag(110) system, demonstrating the degeneracy lifting of the #,,
orbitals upon adsorption. Comparison of the PMM of the measured
11, orbital (b) to an IAC-based simulation (c) for a photon energy of
40 eV.

the #;, with the IAC approximation. The fractional occupation
numbers have been taken into account by multiplying the
PMMs of the three components by their respective factor.
Note that the relatively small charge transfer into the ¢, [see
Fig. 1(b)] results in a low signal-to-noise ratio, making the
quantitative analysis more demanding.

The PMM shows a goggle-shaped feature with increased
intensity towards higher |k,| and from low to high k, values.
The drop in intensity around k, = 1.7 A~! and ky, =0 is
also visible in both PMMs. Even though the match between
experiment and theory is not as good as for the g; + h, and
hy under these conditions, the general shape and intensity
distribution fits moderately well, corroborating the DFT result
from the relaxed molecule.

In conclusion, we have demonstrated that despite previous
reservations [9], the plane-wave final state can be success-
fully applied in photoemission calculations for nonplanar
molecules at a metal-organic interface. Our comparison of
simulations with the plane-wave final state with an IAC final
state and the experiment shows a decent agreement. We have
characterized the Cgp/Ag(110) interface through photoemis-
sion in a combined approach of state-of-the-art measurements,
intricate data evaluation, and theoretical simulations. The
adsorption site, deformation, and orientation of Cgy were
computed and the latter confirmed experimentally. The weak
hybridization between substrate and molecules has been re-
vealed and DFT calculations of the redistributed density of
states of the formerly degenerate #,, have been verified in the
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experiment. The molecules are only negligibly distorted upon
adsorption and do not hybridize significantly with each other.
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