Chapter 1
The Structure of Molecular Orbitals
Investigated by Angle-Resolved Photoemission

Peter Puschnig, Georg Koller, Claudia Draxl, and Michael G. Ramsey

Abstract In this contribution, it is shown how the combination of angle-resolved
photoemission spectroscopy (ARPES) with ab-initio electronic-structure calcula-
tions within the framework of density-functional theory (DFT) leads to insights into
electronic and structural properties of organic molecular layers well beyond con-
ventional density-of-sates or E (k) investigations. In particular, we emphasize the
rather simple, but for many cases sufficiently accurate, connection between the ob-
served angular dependence of the photocurrent with the spatial distribution of the
molecular orbital from which it is arising. After discussing the accuracy and limi-
tations of this approach, which is based on a plane-wave approximation of the final
state, three examples are presented. The first utilizes the characteristic angular pat-
tern of the highest occupied molecular orbitals (HOMO) in a pentacene multilayer
film in order to measure the molecular tilt angle in the film. In the second example,
the nature of two closely spaced molecular emissions from a porphyrin thin film is
unambiguously identified as HOMO and HOMO-1, and the molecule’s azimuthal
alignment is determined. Finally, for a monolayer of para-sexiphenyl on Cu(110), it
is demonstrated how the real-space distribution of the filled LUMO and the HOMO
of para-sexiphenyl can be reconstructed from the angular dependence of the pho-
tocurrent.
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1.1 Introduction

Electronic orbitals are the prime determinants of the respective compounds’ chem-
ical, electronic, and optical properties. Therefore, the knowledge of energetic posi-
tions, ordering, and spatial extent of molecular orbitals is of great interest. However,
the valence bands of large conjugated molecules consist of a multitude of closely
spaced molecular states, which makes their correct assignment challenging both ex-
perimentally and theoretically.

Experimentally, energy positions of molecular orbitals in organic molecular lay-
ers can be studied by ultra-violet photoemission spectroscopy (UPS) [1] or by scan-
ning tunneling spectroscopy (STS) [2-7]. UPS has the advantage that accessible
binding energies are not limited to a few electron volts from the Fermi level as in
STS. However, UPS spectra of thin molecular layers on metals often show only
weak and rather broad features and are, therefore, not always conclusive. Also, UPS
data depend on the experimental geometry, molecular orientation, and photon en-
ergy, which further complicates the assignment of the measured peaks. Moreover,
experimental techniques which are probing the spatial structure of individual or-
bitals are rare, and the interpretation of experimental data is commonly difficult and
requires guidance from theory [8]. Here, scanning tunneling microscopy (STM) has
proven to be a powerful technique for mapping orbital structures of rather complex
molecules [2]. However, strong bonding interactions with the substrate make the
interpretation of the images in terms of orbital structures problematic [9].

Angle-resolved photoelectron spectroscopy (ARPES), on the other hand, is the
technique to study the band structure of solids by measuring the kinetic energy of
the photoemitted electrons versus their angular distribution [10]. Particularly, many
questions in nanophysics and interface engineering are often addressed by this ex-
perimental technique which, in combination with density-functional-theory calcu-
lations, leads to important physical insight. Recently, however, it has been shown
that ARPES provides an alternative route to obtain information regarding the spatial
structure of individual molecular orbitals [11-14]. By making certain assumptions
about the photoemisson transition matrix element, ARPES intensity maps can also
provide useful information regarding orbital structures. Specifically, it has become
possible to obtain the one-dimensional wave functions of quantum-well states on
nano-structured gold surfaces [13, 15], and the two-dimensional spatial electron
distribution in the frontier orbitals of organic m-conjugated molecules adsorbed at
metallic surfaces [12, 14].

In this contribution, we review the recent progress in measuring the spatial struc-
ture of molecular orbitals by using angle-resolved photoemission spectroscopy. By
comparing measured ARPES data with simulations of the photoemission intensity
based on density-functional theory, we demonstrate the strength of this method
which lies in the direct and easy-to-apply connection between the measured an-
gular dependence of the photocurrent and the Fourier transform of the molecular
orbital from which electrons are emitted. First, we will give a brief account on the
theoretical description which is based on the one-step model of photoemission. The
implication of using a plane wave for the final state will be shown, and the lim-
its of this approximation will be discussed. Then, three examples for molecular
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films consisting of highly oriented multi-layers of w-conjugated molecules down
to monolayers adsorbed at metallic surfaces will be given: First, results for a pen-
tacene multilayer film are shown for which the tilt angle of the molecules could
be determined from a comparison between the ARPES data and momentum maps
of the free molecule. Second, data for a monolayer of tetraphenyl porphyrine on
Cu(110) demonstrate the strength of the method in identifying of molecular or-
bitals and determining azimuthal molecular orientations. Finally, for a monolayer
of para-sexiphenyl on Cu(110) it is demonstrated how ARPES momentum maps of
the former lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) are utilized to reconstruct real-space distributions of the
respective orbitals.

1.2 Theory

Photoemission spectroscopy is commonly applied to study the band structure of
solids by measuring the kinetic energy versus angular distribution of the photoemit-
ted electrons. Here we show that this experimental technique can also be used to gain
information on the spatial electron distribution in molecular orbitals [12]. In angle-
resolved photoemission spectroscopy (ARPES), schematically depicted in Fig. 1.1,
an incident photon of energy hw excites an electron from a bound initial state, de-
scribed by wave function v; and energy E;, to a final electron state vy with kinetic
energy Eyi,. Because energy and momentum parallel to the surface are conserved
during the photoemission process, the measurement of the emitted electron’s energy
and momentum probes the band structure of solids. Thus, ARPES is commonly used
to study band dispersions, Fermi surfaces and many-body correlations in a wide
range of materials [16].

1.2.1 One-Step Model of Photoemission

A theoretical description of the angle-resolved photoelectron intensity is generally
rather involved, and attempts to compute it in a quantitative manner are rather
scarce. Within this work, photo-excitation is treated as a single coherent process
from a molecular orbital to the final state which is referred to as the one-step model
of photoemission (PE). The PE intensity 7 (6, ¢; Exin) is given by a Fermi golden
rule formula [17]

10, ¢; Exin) X ZK%‘(@, ®; Exin)|A - P|1/fi)|2 X 8(E; + @ + Exin — hw). (1.1)

Here, the polar and azimuthal emission angles defined in Fig. 1.1 are denoted by
0 and ¢, respectively. The photocurrent I is given by a sum over all transitions
from occupied initial states i described by wave functions v; to the final state ¥ ¢
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Fig. 1.1 (a) Schematic energy level diagram of a photoemission experiment showing the energy
of the initial state, E;, the Fermi level Ef, the vacuum level Ey,c, and the final-state energy Ef.
(b) In angle-resolved photoemission spectroscopy, an incident photon with energy iv and vector
potential A excites an electron from the initial state v; to the final state ¥ characterized by
the kinetic energy Fyi, and the momentum vector k. The polar and azimuthal angles 6 and ¢,
respectively, define the direction of the photoemitted electron

characterized by the direction (0, ¢) and the kinetic energy of the emitted electron.
The delta function ensures energy conservation, where @ denotes the sample work
function. The transition matrix element is given in the dipole approximation, where
p and A, respectively, denote the momentum operator and the vector potential of the
exciting electro-magnetic wave.

Plane-Wave Approximation

The difficult part in evaluating Eq. (1.1) is the proper treatment of the final state.
In the most simple approach, it is approximated by a plane wave (PW) only char-
acterized by the direction and wave number of the emitted electron. This has al-
ready been proposed more than 30 years ago [18] with some success in explaining
the observed PE distribution from atoms and small molecules adsorbed at surfaces.
Using a plane-wave approximation is appealing since the evaluation of Eq. (1.1)
renders the photocurrent /; arising from one particular initial state i proportional
to the Fourier transform 1/71- (k) of the initial-state wave function corrected by the
polarization factor A - k:

|1//i(k)|o<7m. (1.2)
Thus, if the angle-dependent photocurrent of individual initial states can be selec-
tively measured (as it can for organic molecules where the intermolecular band
dispersion is often smaller than the energetic separation of individual orbitals), a
one-to-one relation between the photocurrent and the molecular orbitals in recip-
rocal space can be established. This allows the measurement of the absolute value
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of the initial-state wave function in reciprocal space and, via a subsequent Fourier
transform, a reconstruction of molecular orbital densities in real space.

Limitations of the Plane-Wave Approximation

It has been observed rather early that the plane-wave final-state approximation
had problems in describing the photoemission intensity of some large polyatomic
molecules and/or certain experimental geometries [19, 20]. This led to the conclu-
sion that the plane-wave final-state approximation should not be used and nour-
ished the development of the so-called independent-atomic-center (IAC) approxi-
mation [21]. In the TAC approximation, the initial state is decomposed into atomic
eigenfunctions which build up the initial molecular orbitals, while the final state is
composed of scattering solutions of the atomic Schrodinger equation at the final-

state energy Ey = %kz. The transition matrix element is then given by a coherent
sum over these initial and final states, respectively. Thus, the IAC expression for the
photoelectron wave function A with kinetic energy Eyin at the detector position R
can be written in the following form [21]:

AR, Exin) =YY Canme™® Y " MIN, (Exin)Yiu(R).  (13)
o nlm LM

Here, the initial orbital ¥; (r) is expressed as a linear combination of atomic orbitals
@a.nim centered at the position Ry, where nlm represent the principal and angular-
momentum quantum numbers of the orbital and « the atomic center on which it
resides:

lﬂ(l') = Z Z Coz,nlm¢a,nlm (l' - Roz)' (] 4)

o nlm

The matrix elements M £%m in Eq. (1.3) are dipole matrix elements between the
atomic wave functions ¢y, and solutions of the Schrédinger equation in an atomic
potential at the energy Eyi, and angular momentum L M.

The goal of the remaining part of this section is to shed light on the relation be-
tween the TAC and the simpler PW approach and to hint towards possible limitations
of the latter. It was already noted by Grobman that expression (1.3) can be consid-
erably simplified if the initial molecular orbital is comprised of atomic orbitals of
the same chemical and orbital character. A specific example of such a situation is
given by a w molecular orbital of a planar polyatomic molecule. Then the coeffi-
cients Cy, 1, are only non-zero for atomic p, orbitals and only one term remains of
the sum over nlm:

AR, Exin) =Y _ Ca2p. €™ > MIM (Exin) YLu (R). (1.5)
o LM

In the above expression we have also omitted the atomic index « in the transition
matrix elements since they do not depend on the position of the atom but only on the
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type of atomic orbital which is assumed to be 2p, for all contributing atoms. Thus,
the sum over the final-state angular-momentum quantum numbers LM, the atomic
factor, which we abbreviate as

Nap, (Exin, R) =Y M3 (Exin) YL (R), (1.6)
LM

can be put in front of the summation over atoms « and we are left with the simplified
expression for the photoemission amplitude at the detector:

AR, Exin) = Nap, (Exin, R) Y Co2p. ™R (1.7)

o

As has been noted by Grobman [21] the term Nz, (Exin, Ié) acts only as a weakly
varying envelope function while the main angular dependence of the photoemission
intensity is dominated by the last term in Eq. (1.7), which is closely related to the
Fourier transform of the initial molecular orbital. By taking the Fourier transform
(FT) on both sides of Eq. (1.4) we see that the FT of the initial molecular orbital

¥ (K) can be written as

U (K) = pop. (K) Y Caap.e™Re. (1.8)

Here, we have introduced the FT of a p, orbital, ¢» ».(K), whose angular part is
simply given by the spherical harmonic, Y1o(6, ¢) o cos8 [18].

Equivalence of IAC and PW Approximation

For large m conjugated molecules, the main angular dependence will be determined
by the last term in Eq. (1.7). By combining Eqgs. (1.7) and (1.8) we see that the
IAC produces a result which is in fact very similar to the PW final-state assumption,
compare Eq. (1.2), provided that the initial molecular orbital is composed of atomic
orbitals of the same type as is the case for planar w conjugated molecules:

Nap, (Exin, R)

AR, Eyin) = ( =
. 2. (K)

) x ¥ (K). (1.9)

Last but not least we note that the prefactor, Nzp_/ 1}2 p. can be shown to become
completely independent of the emission direction (6, ¢) for the special case where
the polarization vector A of the photon is exactly parallel to the emission direc-
tion k. For this particular geometry the photoemission intensity resulting from the
IAC, which is the square of A(R, Exip), reduces exactly to the intensity emerging
from the plane-wave final-state assumption. This observation has already been made
by Goldberg for the photoemission cross section from atoms [22]. Moreover, due to
the overall weak angular dependence of the envelope factor N2,_ /2. , the Fourier
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transform of the initial molecular orbital v/ (k) continues to provide a good descrip-
tion of the angle-dependent PE intensity also when the direction of the polarization
vector deviates from the emission direction. Hence it is expected that the difference
between the PW result, Eq. (1.2), and the IAC expression, Eq. (1.8), only grows
weakly with the deviation from the above mentioned condition.

Summary of Theoretical Consideration

From what was said above, the plane-wave final-state assumption can be expected
to be valid if the following conditions are fulfilled: (i) 7 orbital emissions from large
planar molecules, (ii) an experimental geometry in which the angle between the po-
larization vector A and the direction of the emitted electron Kk is rather small, and
(ii1) molecules consisting of many light atoms (H, C, N, O). The latter requirement is
a result of the small scattering cross section of light atoms and the presence of many
scattering centers expected to lead to a rather weak and structureless angular pattern
[11, 23]. With these conditions satisfied, a one-to-one mapping between the PE in-
tensity and individual molecular orbitals in reciprocal space is possible, providing a
valuable tool for the investigation of organic molecular films and monolayers. This
will be demonstrated with several examples in the following sections.

1.3 Photoemission Experiments

Presently, there are a number of display-type analyzers that are capable of obtaining
angular-dependent photoemission intensity maps suitable for our approach [24]. Our
ARPES experiments are performed at room temperature using a toroidal electron-
energy analyzer described elsewhere [25] attached to the TGM-4 beamline at the
synchrotron radiation facility BESSY II. This toroidal electron analyzer allows si-
multaneous collection of photoelectrons in a kinetic energy window of 0.8 eV over
a polar angle 6 range of 180° in the specular plane. Azimuthal scans are then made
by rotating the sample around the surface normal in 1° steps for > 180° of azimuthal
angle ¢. The angular emission data are then converted to momentum k| using the

formula k| = /2m, Exin/ h2sin6 [10%_1] to create the momentum maps. The photon
incidence angle is o« = 40°, and the polarization direction is always in the specular
plane. A photon energy of hv = 35 eV is used throughout.

1.4 Results

In this section, we demonstrate the viability of the simple plane-wave final-state ap-
proach in conjunction with initial-state orbitals taken from density-functional the-
ory for a number m-conjugated organic molecules. First, we present data for the
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Fig. 1.2 (a) Chemical structure of pentacene and its highest molecular orbital (HOMO) calculated
from density-functional theory. (b) Three-dimensional Fourier transform of the pentacene HOMO
orbital, yellow (blue) showing an isosurface of a constant positive (negative) value. The red hemi-
sphere illustrates a region of constant kinetic energy as explained in the text. (¢) Absolute value of
the pentacene HOMO Fourier transform on the hemisphere indicated in panel (b)

well-known molecular semiconductor pentacene in a multilayer thin film. Here, we
focus on the emission from the HOMO and show that ARPES momentum maps—
when compared to calculations—allow for a precise determination of the molec-
ular tilt angle. As a second example, we compare ARPES momentum maps of a
monolayer of tetraphenyl porphyrine with calculations of the PE intensity allowing
for an identification of the HOMO and HOMO-1 and the determination of the az-
imuthal molecular orientation. Thirdly, we demonstrate that in certain cases the PW
final-state approach enables a reconstruction of real-space orbitals. Here, we show
ARPES data of a monolayer of para-sexiphenyl bonded to the Cu(110) surface. Not
only are we able to reconstruct a real-space image of the HOMO but we also show
that the PE intensity at the Fermi level that appears on adsorption has the orbital
structure of the lowest unoccupied molecular orbital (LUMO).

1.4.1 Determination of Molecular Orientations

Pentacene is a planar aromatic molecule consisting of five linearly edge-fused
phenyl rings, and has been extensively studied due to its interesting opto-electronic
properties. Its electronic structure, in particular the intermolecular HOMO disper-
sion, has been analyzed by means of both photoemission experiments [26-28] and
calculations within the framework of density-functional theory [29-31].

To illustrate the relation between the measured PE intensity and the FT of
the emitting orbital, we calculate the electronic structure of an isolated pentacene
molecule using DFT [32]. The resulting HOMO orbital is depicted in Fig. 1.2a, and
its corresponding three-dimensional FT in Fig. 1.2b. Because the momentum maps
are measured at constant binding energy, we evaluate the FT on a hemisphere of ra-
dius k =/ (2m/h?) Exi, (indicated in red). The value of the FT on that hemisphere
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Fig. 1.3 (a) Geometry of the (002) plane of pentacene crystal structure exhibiting flat lying
molecules with a tilt angle of 8 = 26°. (b) Simulated Fourier transform of the pentacene HOMO
of a molecule with a tilt angle of B = 26°. (¢) Same as (b) but for a tilt angle of § = —26°

for a kinetic energy of 29.8 eV is shown in Fig. 1.2c. We observe four main inten-

sity maxima centered around (ky = 1.15, ky =1.2) A" and symmetrically located
around the I" point (normal emission). For emission planes parallel (perpendicular)
to the long (short) molecular axis, i.e., in the xz and yz planes, respectively, a van-
ishing photoemission intensity is predicted. This fact is reflecting the nodal structure
of the pentacene HOMO orbital.

When the molecule is vacuum deposited on the p(2x1) oxygen reconstructed
Cu(110) surface, its long axis orients parallel to the oxygen rows, resulting in crys-
talline pentacene(022) films [33] as depicted in Fig. 1.3a. When comparing the the-
oretical results of Fig. 1.2 with the experimental ARPES data of a multilayer of
pentacene grown on a Cu(110)-(2x1)O substrate, one has to consider the orienta-
tion of the molecules in this multilayer film. From X-ray diffraction pole-figure
measurements [33], the contact plane is determined to be the (022) crystallite ori-
entation. As visualized in Fig. 1.3, this surface termination exhibits molecules with
their long axis parallel to the surface but the 7 face tilted out of the surface plane
by an angle of 8 = 26°. When this tilt angle is taken into account in the calculation
of the Fourier transform, the four main lobes described above are shifted in y direc-
tion. This is illustrated in Figs. 1.3b and c, which show the pentacene HOMO of a
molecule with a tilt angle of 8 = 26° and § = —26°, respectively.

In the multilayer film, an effective average of the two molecular orientations,
+26° and —26°, is to be expected due to the two-fold symmetry of the substrate
surface. In Fig. 1.4, we therefore compute an average of the results for § =26° and
B = —26°. Figure 1.4 also shows an experimental momentum map, at the HOMO
energy of a pentacene multilayer using a toroidal electron-energy analyzer at the
synchrotron radiation facility BESSY II [25]. As a function of the momentum vector
parallel to the molecular axis, k,, there is a pronounced intensity maximum of the

photoemission intensity centered at 1.15 A1, as observed previously [28]. In the

. e —1 .
momentum maps, we see that these intense features extend about 0.8 A~ in ky

direction, and, in addition, there are weaker intensity lobes at about the same k,
value around ky ~ £2 A", The comparison between the simulated momentum
map (Fig. 1.4a) and the measurement (Fig. 1.4b) is very satisfying. In particular, the
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Fig. 1.4 (a) The sum of the data shown in Figs. 1.3b and c corresponding to the experimental
situation where both tilts will be present. (b) Experimental photoemission intensity at a constant
binding energy corresponding to the pentacene HOMO from the multilayer of pentacene as de-
scribed in the text. (¢) Experimental (symbols) vs. theoretical (lines) line scans at k, = —1.1 A as
indicated by the white dashed line in (a) and (b). Simulations for three different tilt angles f are
shown, 20° (brown, dashed), 25° (black, solid), 30° (orange). (d) Difference between experiment
and simulation expressed as the sum of squared differences versus pentacene tilt angle 8

maxima at the k, = 0 line are clearly found to originate from the tilt angle of the

molecules. Both the strong maxima at ky, = 0 and the weak peaks at ky, =2 AT

result from the out-of-plane tilt angle of the pentacene molecules. Clearly, the FT
approach describes the PE intensity well and therefore allows molecular orientations
to be determined.

In order to emphasize the sensitivity of the PE intensity on the tilt angle we show
a line scan along ky, at constant k, = —1.1 A as indicated by the white dashed line
in Fig. 1.4a. These plots are shown in Fig. 1.4c where we compare the experimental
line scan (symbols) with our simulated PE intensity for three different tilt angles 8 of
the pentacene molecule. Clearly, the simulation result for 8 = 25° is in better agree-
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ment with the measurement than the computations for 20° and 30°, respectively.

In particular, the peak position of the maxima around k, ~ £2 A" are shifted to
lower (higher) values by decreasing (increasing) the tilt angle. But also the shape of
the main feature centered around ky = 0 is reproduced better by the simulation for
B =25°. To quantify the quality of the simulations for various tilt angles 8 we also
show the sum of the squared differences between the experimental line scans and the
simulated ones in Fig. 1.4d. The curve shows a minimum at 8 = 24° which is very
close to the value of 26° obtained from X-ray pole-figure measurements on these
pentacene multilayer films [33] and assuming the bulk structure from Mattheus and
co-workers [34]. Thus, we estimate the accuracy of the ARPES approach to deter-
mine molecular tilt angles better than 5°. Compared to alternative methods, such
as NEXAFS, the ARPES approach has the added advantage that rather than giving
an average orientation, multiple orientations are immediately apparent and can be
resolved. Moreover, ARPES works at low photon energies, minimizing damage to
the sample, and does not require a tunable photon source.

1.4.2 Identification of Molecular Orbitals

In this section, it is demonstrated how ARPES momentum maps can be utilized to
identify molecular states of organic molecules adsorbed on metallic surfaces be-
yond a simple comparison of calculated orbital energies with energy-distribution
curves measured by UPS. As an example, we choose porphyrines which are of in-
terest as versatile materials for organic electronics due to their tendency to form
m—n stacked layers. In particular, thin films of tetraphenyl porphyrin, C44H30Ny,
(H>TPP) deposited on the oxygen reconstructed Cu(110)-(2x1)O surface have been
shown to produce well-ordered, epitaxially aligned porphyrin thin films [35].

As can be seen from Fig. 1.5a, HyTPP molecules consists of a highly conju-
gated porphyrin skeleton (macrocycle) in which two hydrogen atoms are attached
to two out of four nitrogen atoms sitting in the center of the molecule. The macro-
cycle is surrounded by four phenyl rings which are tilted out of the porphyrin plane.
Figure 1.5 shows the optimized geometry of an isolated HyTPP molecule as ob-
tained from DFT by using a generalized gradient approximation [36] for exchange-
correlation effects together with a density-of-states plot (b) and orbital pictures of
the HOMO (c) and HOMO-1 (d). At the GGA-DFT level, the two highest occu-
pied orbitals, the HOMO and HOMO-1, are separated by 0.4 eV followed by two
closely spaced states at about 1 eV binding energy. The LUMO is separated from the
HOMO by a GGA-DFT gap of about 1.7 eV. Focusing on the HOMO and HOMO-1,
we observe distinct nodal patterns which should also be reflected in the respective
momentum maps thereby allowing for a clear distinction of these two orbitals. For
instance, the HOMO is both symmetric about the xz plane and about the yz plane,
while the HOMO-1 is anti-symmetric about these two planes, i.e., exhibits nodal
planes in the xz and yz planes.
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Fig. 1.5 (a) Chemical structure of tetraphenyl porphyrine with two hydrogen atoms saturating the
bonds at the center of the molecule (H, TPP). (b) Density of states of an isolated H» TPP molecule
as obtained from density-functional theory and a generalized gradient approximation for the ex-
change-correlation potential. (¢) and (d) are corresponding orbital pictures of the HOMO and HO-
MO-1 separated by 0.4 eV
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Fig. 1.6 (a) Experimental photoemission intensity (color coded) of a HoTPP film as a function
of binding energy E; and momenta k, and ky, respectively. Two ‘horizontal” sections at constant
binding energies, —1.38 and —1.55 eV, as well as two ‘vertical’ sections at k, = 0 and at an angle
of —22° from k, are shown. Panels (b) and (c) display those constant binding energy momentum
maps corresponding to E, = —1.38 and —1.55 eV, respectively. Panels (d) and (e) are simulated
momentum maps corresponding the HyTPP HOMO and HOMO-1, respectively

In Fig. 1.6, ARPES data of a thin film of HyTPP on Cu(110)-(2x1)O with a
nominal thickness of 6 A are compared to simulated momentum maps of the iso-
lated molecule. By using 35 eV photons and the toroidal electron-energy analyzer
at BESSY II, an energy window from about —1.0 to —1.8 eV below the Fermi level
has been scanned. Further, by collecting electrons with a polar angle span from —70
to +70° and by azimuthally rotating the sample around 180°, a comprehensive data
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Fig. 1.7 (a) Band map of a H,TPP film in the xz emission plane. (b) Same as (a) but for an
emission plane rotated by —22° with respect to the yz plane as indicated by the ‘vertical’” sections
through the three-dimensional data cube shown in Fig. 1.6. (¢) Energy-distribution curves (EDC)
integrated over the whole k,—ky plane (black line) as well as for the emission planes shown in (b)
and (c), respectively

set of the photoemission intensity, /, as a function of binding energy E} and parallel
momenta components k, and k, has been measured. These ARPES data are visual-
ized in Fig. 1.6a in which the intensity is color-coded and several sections through
the data are shown. On the one hand, two ‘vertical’ sections show the energy and
polar angle distribution of the photocurrent for fixed azimuths of the emission plane.
These tomographic sections are displayed separately in Fig. 1.7 and are discussed
in more detail below. On the other hand, Fig. 1.6a also features two ‘horizontal’
sections at constant binding energies (CBE), namely at £, = —1.38 and — 1.55¢eV.
For clarity, these CBE momentum maps are also displayed in panels (b) and (c) of
Fig. 1.6, respectively. Although quite close in energy, i.e., only 170 meV, the az-
imuthal intensity distribution appears different. While the map at —1.55 eV exhibits
minima along the k, = 0 and k, = 0 directions, the intensity along these directions
has clearly increased for the momentum map at —1.38 eV. This is indicative of
the distinct symmetries and nodal patterns of the HOMO-1 and HOMO of H,TPP
mentioned earlier.

Indeed, the calculated momentum maps of the isolated molecule’s HOMO and
HOMO-1 displayed in panels (d) and (e) of Fig. 1.6 also reflect the orbitals’ symme-
try and their nodal patterns. In addition, also the (ky, ky) positions of the intensity
maxima can be compared to the measured maps.! This comparison lets us con-
clude that the HOMO of the adsorbed H, TPP is centered at an energy of —1.38 eV

INote that the intensity maxima close to the substrate’s [001] direction are due to a measurement
artifact, i.e., a reflection of the primary photon beam into the detector.
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whereas its HOMO-1 has a peak at a binding energy of —1.55 eV. It is also evident
from the ‘vertical’ sections in Fig. 1.6a that the HOMO and HOMO-1 resonances
are observed over several tenth of an eV and are, therefore, overlapping in energy.
Hence, both momentum maps at —1.38 and —1.55 eV show contributions from
both HOMO and HOMO-1 and the symmetry and nodal patterns cannot be seen as
clearly as in the computed, pure maps. But how could we separate these two orbital
resonances and assign to them the above mentioned binding energies?

The key are those ‘vertical’ sections through I (Ep, ky, ky) which can be chosen
in such a way as to highlight characteristic features of the respective molecular
orbitals. For instance, the HOMO is expected to have maxima along k, as indicated
by the white dashed line in panel (b), while the HOMO-1 has a nodal plane in
this direction. Therefore, ARPES scans along this azimuth project out contributions
of the HOMO. Similarly, the HOMO-1 has intensity maxima for an emission plane
rotated by 22° with respect to the ky axis (dashed line in panel (c)), while the HOMO
has almost vanishing intensity along this azimuth. Hence, this azimuth serves as a
fingerprint for the HOMO-1. As can be seen from Fig. 1.6a, this allowed us to assign
the energies of —1.38 eV and —1.55 eV to the center of the HOMO and HOMO-
1 emissions and determine their energy width to be about 0.5 eV. For clarity, the
ARPES band maps at the above mentioned azimuthal directions are also reproduced
in Fig. 1.7. Panel (c) of this figure also shows the corresponding energy-distribution
curves (EDC) integrated over all polar angles, i.e. parallel momentum values, along
the k, axis (red line) and the 22° azimuth with respect to the k, axis (blue line).
Also, these EDCs exhibit different energy peak positions allowing the HOMO and
HOMO-1 to be separated. In contrast, an EDC integrated over the full polar and
azimuthal angle dependence, i.e., integrated over the ky—k, plane (black line), yields
a broad and featureless peak with no possibility to discern the contributions from
the two involved orbitals. In summary, the characteristic (ky, ky)-dependences of
molecular emissions allows their energy position and width to be determined beyond
the limit of energy resolution. Our data also show that emission planes not carefully
chosen may emphasize or suppress particular molecular orbitals due to selection
rules inevitably involved in any photoemission process.

We conclude this section by discussing the azimuthal alignment of the HyTPP
molecules with respect to the Cu(110)-(2x1)O substrate. Tacitly, we have been as-
suming throughout this section that the molecule’s (x, y) coordinate frame is ro-
tated by 45° with respect to the principal substrate directions as already indicated
in Fig. 1.6 and visualized more clearly in Fig. 1.8. Indeed, there is evidence for
such an alignment from X-ray diffraction pole-figure measurements of 370 A thick
film of HyTPP/Cu(110)-(2x1)O [35]. For these thicker films, the X-ray diffraction
showed the (5103) net plane of the triclinic H TPP polymorph crystal structure to
be parallel to the substrate surface. In this plane, the porphyrin macrocycle is al-
most parallel to the substrate surface. Moreover, the epitaxial relationships revealed
that the molecules are oriented such that the central hydrogens attached to the nitro-
gen atoms are pointing towards a 45° direction with respect to the [001] substrate
axis [35] as also indicated in Fig. 1.8. In addition to this evidence derived from a
370 A thick film, also the ARPES data for the 6 A film reveal the identical align-
ment. As can be seen from Fig. 1.6, the chosen azimuthal orientation maximizes the



1 The Structure of Molecular Orbitals Investigated by Angle-Resolved 17

Fig. 1.8 Top (a) and side view (b) showing the azimuthal alignment of H, TPP adsorbed on the
Cu(110)-(2x1)O substrate. The substrate’s [001], i.e., the oxygen row direction, and [1-10] direc-
tions are indicated as well as the (x, y) coordinate frame of the molecule which is rotated by 45°
about the substrate’s principal axes. Copper atoms are colored dark blue, oxygens red, carbons
dark brown, nitrogens light blue, and hydrogens light brown

agreement with the calculated momentum maps for both the HOMO and HOMO-
1. Thus, ARPES maps do not only allow molecular emissions to be identified but
also enable azimuthal alignments of extremely thin films, down to monolayers, to
be determined.

1.4.3 Reconstruction of Molecular Orbitals in Real Space

We continue by demonstrating the viability of the plane-wave approach for both
reciprocal space mapping as well as real-space reconstructions of relatively com-
plicated molecular orbitals. Here, we show that this approach allows reconstruction
of the orbitals of para-sexiphenyl bonded to the Cu(110) surface. Not only are we
able to reconstruct a real-space image of the HOMO but we also show that the PE
intensity at the Fermi level that appears on adsorption has the orbital structure of the
lowest unoccupied molecular orbital (LUMO).

When deposited on a Cu(110) substrate, sexiphenyl (6P) molecules align with
their long molecular axes parallel to the [1-10] azimuth of Cu(110) [37], i.e., parallel
to the copper rows and, upon saturation, form a well-ordered monolayer. A struc-
tural motif of this adlayer together with the underlying Cu(110) substrate is dis-
played in Fig. 1.9a. Here, we show the primitive surface unit cell of the saturated
adlayer indicated by the blue arrows. This structure has been deduced from both
low energy electron diffraction [38] and the STM in Fig. 1.9b. This typical room
temperature STM image of a saturated monolayer of sexiphenyl on Cu(110) was
obtained with a bias voltage 0.19 V.

In Fig. 1.9c, we show the angle-dependent photoemission of the sexiphenyl
monolayer adsorbed on Cu(110) with the emission plane parallel to the long molec-
ular axis. Comparison with equivalent photoemission data for the clean Cu(110)
surface identifies the two features indicated by the red arrows as stemming from
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(1/A)

k[1-1o1

Fig. 1.9 (a) Schematic representation of the para-sexiphenyl (6P) monolayer on the Cu(110) sur-
face. The long molecular axis is oriented parallel to the [1-10] direction of the Cu(110) surface,
the primitive surface unit cell of the adlayer is indicated by blue arrows. (b) STM image of the 6P
monolayer on the Cu(110) surface. The substrate [1-10] direction is indicated by the arrow, and the
equivalent centered surface unit cell [c(2x22)] of the 6P adlayer is marked as the blue rectangle.
(¢) Angle-resolved photoemission intensity from the 6P monolayer on Cu(110) with an emission
plane parallel to the long molecular axis. The dashed line indicates the Fermi level and arrows
point at features that we identify as originating from the sexiphenyl HOMO and LUMO. Between
0 and —2 eV, the intensity scale has been magnified for clarity

molecule. The state slightly below the Fermi level is tentatively attributed to the
partially filled LUMO, while the newly appearing emission with a binding energy
of 1.9 eV is likely due to the sexiphenyl HOMO. The fact that the peaks are at po-
sitions in k, direction which reflect the main spatial periodicity of the sexiphenyl
HOMO [39] and LUMO, respectively, is already the first indication for this assign-
ment.

A proof of this assignment can be given by measuring k,—k, momentum maps
at the constant binding energies corresponding to these features appearing upon
adsorption, i.e., at 0.3 and 1.9 eV below the Fermi level. Momentum maps at these
two binding energies are shown in Fig. 1.10 and compared to the calculated FTs of
the HOMO and LUMO from an isolated 6P molecule (Figs. 1.10c and d). The main

.. . e —1 . . T
characteristics, maxima at k)I:IOMO ~ £1.45A reflecting the spatial periodicity set
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Fig. 1.10 Measured photoemission intensities (left column) compared to calculated Fourier trans-
forms (right column). (a) Photoemission momentum map (square root of the intensity) from a 6P
of sexiphenyl on Cu(110) at a binding energy of 0.3 eV corresponding to the 6P LUMO. (b) Same
as in (a) but for a binding energy of 1.9 eV corresponding to the 6P HOMO. (c) Absolute value of
the Fourier transform of the 6P LUMO calculated for an isolated molecule within DFT. (d) Same
as in (c) but for the sexiphenyl HOMO. Characteristic features in the computed Fourier transforms
are indicated by the white arrows as described in the text

by the length of one phenyl ring (277 / k)IfOMO ~ 4.3 A) [39], are observed in the data
as well as in the calculation. Also, the width Ak, , which is inversely proportional to
the length of the molecule, appears consistent in the PE data. The same holds for the
extension in y direction, Aky, which is related to the width of a phenyl ring. We take
these findings as strong evidence that the molecular feature observed at a binding
energy of 1.9 eV can indeed be attributed to the sexiphenyl HOMO and, moreover,
that its character is preserved even in a strongly interacting monolayer on a metal
surface. In a similar manner, we are able to unambiguously assign the intensity close
to the Fermi level to an emission from the filled LUMO (Fig. 1.10a and c). This
emission thus indicates electron transfer from the metal into the former LUMO of
the isolated molecule: as was the case for the HOMO, the nodal structure of the
LUMO is found to be preserved on adsorption. Thus, we see that PE momentum
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Fig. 1.11 Molecular orbitals reconstructed from photoemission data compared to DFT orbitals.
(a) The 6P LUMO reconstructed from the PE momentum map at a binding energy of 0.3 eV.
(b) LUMO of an isolated 6P molecule from DFT. (¢) The HOMO of sexiphenyl reconstructed from
the momentum map at a binding energy of 1.9 eV. (d) LUMO of an isolated 6P molecule from
DFT. Experimentally determined orbitals are displayed as density plots where red (blue) colors
indicate positive (negative) values isolines are added for clarity. The DFT orbitals are represented
as isosurface plots using the same color code. The molecular backbone is indicated by black lines

maps provide fingerprints of molecular states allowing for their unique identification
even in cases where there is a rather strong bonding interaction.

The ability to reproduce the PE momentum maps with Fourier transforms of the
initial-state wave functions encouraged us to reconstruct real-space images of the
molecular orbital densities from the experimental photoemission data. According to
Eq. (1.2) we take the square root of the PE data and divide it by the polarization fac-
tor |A - K| o< | sin6 cos x — cos 6 sin x |. Restricting the data to positive &, values and
considering the incidence angle y = —40° of the p-polarized photons, this function
has a maximum for a take-off angle 8 = 50° and a minimum value of 0.64 at normal
emission. Before performing the inverse FT of the processed PE data we mirror the
data to the negative k, plane and change their sign (or leave it unchanged) according
to the parity of the wave function which is even (odd) for the HOMO (LUMO). By
the latter procedure we restore phase information on the wave function to facilitate
the comparison with calculated orbitals. The inverse Fourier transforms of the PE
data for the adsorbed sexiphenyl HOMO and LUMO are compared with the DFT
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calculated orbitals of the isolated molecule in Fig. 1.11. Spatial periodicities and
nodal structure are well-conserved across theory and experiment. Because the res-
olution Ax in the reconstructed images is inversely proportional to the plane-wave
cut-off kmax (thus Ax = m/kmax), kinetic energies of around 30 eV as used in our
experiments lead to Ax ~ 1 A.

Compared to the DFT orbitals, both the HOMO and LUMO electron densities
obtained from photoemission are more weighted around the center of the molecule,
a distinction we tentatively attribute to the interaction with the Cu surface. Indeed, in
sexiphenyl charge transfer salts the local distortions and the transferred electrons are
located around the center of the molecule [40]. Furthermore, although STM images
typically do not match molecular orbital images exactly, an STM image of a mono-
layer of sexiphenyl adsorbed on Cu(110) does show an electron density distribution
that is weighted towards the center of the molecules (Fig. 1.9). Nonetheless, we
feel that improvements in the PE signal-to-background ratio are necessary before
any strong conclusions can be reached concerning the extent of orbital distortion
introduced by the metal surface.

1.5 Conclusion

We have demonstrated that the simple relation between the photoemission inten-
sity and the Fourier transform of the molecular orbital can be a valuable tool for
the investigation of organic molecular films and their interfaces with metallic sur-
faces. We envision a wide applicability of the presented approach for studying the
valence-band electronic structure of organic molecular films, particularly with the
latest generation of angular-resolved display-type electron spectrometers. This may
not only lead to a renaissance of angle-resolved photoemission spectroscopy in the
field of organic electronics, but it also provides stringent tests for further develop-
ment of accurate electronic-structure calculations.
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