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The frontier orbitals of molecules, i.e., quantum (a)
mechanical single-electron wave functions @(r)
of the highest occupied and lowest unoccupied
states, are the prime determinants of molecules’
chemical, optical, and electronic properties. Al-
ready in 1977, the later Nobel prize laureate Ken-
ichi Fukui noted that ”If we could experimentally
obtain any knowledge of orbital patterns, chemis-
try would be profoundly affected” [1]. It took until
the early 2000s until the first experiments have
reported the observation of orbital densities of
molecules, i.e., the absolute value of I@l, employ-
ing diverse techniques ranging from electron mo-
mentum spectroscopy [2], tomographic imaging
using intense femto-second laser pulses [3], and
scanning probe microscopy [4]. While the former
two techniques could only be applied to compara-
bly small molecules, such as NH, or N, in the gas phase, the
latter has found wide-spread applications for larger 7z-conju-
gated molecules, such as the organic semiconducting mol-
ecule pentacene (CH,,), adsorbed on weakly interacting
surfaces. However, imaging of orbital densities with STM
comes also with certain limitations, including the need for
decoupling layers, the use of cryogenic temperatures, and
a sensitivity of the orbital images on the configuration of the

tip.

This article concentrates on another powerful technique,
photoemission orbital tomography (POT) [5,6], that is based
on angle-resolved photoemission spectroscopy and has
been shown to yield orbital densities of molecules adsorbed
on more strongly interacting substrates while at the same
time being applicable at elevated temperatures. It has led to
a wide variety of applications, ranging from the reconstruc-
tion of molecular orbitals in two and three dimensions [7,8],
the identification of surface reaction products [9], to the trac-
ing of orbital images on a femtosecond time scale [10].

In POT, measured photoemission angular distributions from
oriented films of organic molecules are connected with the
molecular orbitals from which the electrons have been emit-
ted. As illustrated in Fig. 1, the observed angular depend-
ence can be visualized as a hemispherical cut through the
three-dimensional Fourier transform of the initial state or-
bital. This finding is based on a Fermi’s golden expression
which is at the heart of the one-step model of photoemission
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It describes the transition probability between an initial
N-electron ground state ¥ with energy E' to the final
state, consisting of N — 1 electrons in some bound state j
and the one liberated electron with momentum k, with en-
ergy E! triggered by the light field with frequency @ and
vector potential A. Under certain assumptions, including the
sudden and the plane-wave final state approximations [11],
and discussed elsewhere in more detail [5,6,12], the transi-
tion matrix element can be simplified to
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FIG. 1. lllustration of photoemission orbital tomography. (a) Light in the extreme
ultraviolet regime illuminates an oriented molecular film leading to the emission
of electrons with momentum k. The photoelectron angular distribution is de-
scribed by a hemispherical cut through the momentum space orbital (b) leading
fo the momentum map depicted in (c).
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This relation shows that the photoelectron angular distribu-
tion is proportional to the Fourier transform of the Dyson orbit-
al D(n), defined by the overlap of the Nand (N - 1)-electron
wave functions [13], modulated by the weekly angle-de-
pendent polarization factor A - k. Often, these Dyson orbit-
als can be replaced by readily available Kohn-Sham orbitals
l//].(r) and, using this approximation, Eqg. 2 has found many
interesting applications [6].

Here, we concentrate on two examples. In the first, it is
demonstrated how measured momentum maps, i.e., pho-
toemission angular distribution maps which — according to
Eq. 2 — are proportional to the orbital density in momentum
space |Fly;l(k.k,)1? can be transformed to real-space
orbitals via an iterative procedure which also retrieves the
lost phase information. This has first been demonstrated
for monolayers of the organic dye molecule perylene-tetra-
carboxylic dianhydride (PTCDA) and the organic semi-con-
ducting molecule pentacene, respectively, adsorbed on a
Ag(110) surface and has led to two-dimensional images of
the molecular orbitals [7]. Fig. 2 summarizes how this meth-
od has also been extended to yield truly three-dimensional
orbital images reconstructed from experimental photoemis-
sion data [8].

To this end, so-called photoemission initial state scans are
performed, where a series of momentum maps for a se-
lected initial state energy is recorded by varying the photon
energy, where a careful calibration of the photon flux is es-
sential. As illustrated in the top row of Fig. 2 for the HOMO
and LUMO of PTCDA, this leads to the orbital density in
momentum space data on hemispheres of increasing radii
k=23 J/hw —| E;1-® . In the next step (middle panel), the
phase information is retrieved using a numerical procedure
that only demands y/(r) to be spatially confined, for instance,
to a region defined by the van der Waals size of the mole-
cules. Indeed, this turns out to be sufficient to yield a stable
solution for the iteratively recovered phase information. Fi-
nally, imposing 7z-symmetry of the orbital and extending the
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FIG. 2. lllustration of the reconstruction of mo/ecular orb/tal in
three dimensions [8]. Experimental momentum maps for the high-
est occupied molecular orbitals (HOMO) an the lowest unoccupied
molecular orbital (LUMO) of the molecule perylenetetracarboxylic
dianhydride (PTCDA) are recorded for a series of different photon
energies (top). After recovering the phase information employing
an iterative, numerical scheme (middle) [7], an inverse Fourier
tfransform leads to threedimensional orbital images (bottom) re-
constructed from experimental data.

data to the negative k direction accordingly, an inverse Fou-
rier transform yields the reconstructed orbitals in real space
which are depicted in the bottom panel of Fig. 2. While the
so-obtained orbital images compare well with computed or-
bital images from quantum chemical calculations, it should
also be noted that a closer inspection of the photon-energy
dependent data reveals systematic deviations from the ex-
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pectations based on a plane wave final state that have been
studied in more detail in a recent publication [14].

The second example portrays the recent extension of
POT to the time domain. By combining time-resolved pho-
toemission using high laser harmonics and a momentum
microscope, the full momentum-space distribution of tran-
siently excited electrons has been measured leading to
tomographic imaging of excited state orbitals on a femto-
second time scale [10]. In this proof-of-principle experiment,
PTCDA molecules are deposited on an oxygen-covered
Cu(100) surface, thereby forming a well-ordered monolayer
structure with two perpendicularly oriented molecules in the
surface unit cell (Fig. 3a). It is important to note that the ox-
ygen-coverage passivates the metal substrate and thereby
decouples the molecules electronically from the underlying
substrate. This is essential since it increases the life time
of the optically excited state that is populated by the pump
laser which is tuned to excite a transition from the HOMO
to the LUMO in the PTCDA molecule. The pump pulse is
followed by a probe pulse of 21.7 eV, obtained through la-
ser high-harmonic generation, leading to the emission of
electrons, which are detected in a time-of-flight momen-
tum microscope resulting in a four-dimensional data cube
I(E, k, k, t). In addition to dependencies of the measured
intensity /on the initial state energy E, and parallel momenta
components k_and ky, respectively, the data also depends
on the time delay t between pump and probe pulses.

Experimental momentum maps for selected time delays
are depicted in Figs. 3b and 3c for initial energies of E, =
+0.45 eV and E, = -2.18 eV as measured relative to the
Fermi edge. The state below the Fermi edge shows virtu-
ally no dependence t, and can be explained by emissions
from the HOMO as evidenced by the simulated momentum
maps depicted in Fig. 3e. On the other hand, the emissions
originating from 0.45 eV above the Fermi are characteristic
of the LUMO of PTCDA as verified by the corresponding
simulations in Fig. 3d. The data clearly shows the transient
population of the LUMO, i.e., no signal for negative delay
times, a rise of the intensity according to the pump inten-
sity followed by an exponential decay after the pump pulse
with a life time of = 250 fs. The data clearly showcases the
capability of time-resolved POT in identifying excitation
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FIG. 3. (a) Monolayer structure of PTCDA on an oxygen-passivat-
ed Cu(100) surface. (b) Experimental momentum maps obtained
at selected delay times tp and at E, = +0.45 eV above the Fermi
edge. (c) Same as for (b) but at E, = -2.18 eV, i.e., below the Fer-
mi edge (intensity reduced by a factor 1850). (d) Two-dimensional
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cuts through the Kohn-Sham LUMO of gas-phase PTCDA (left)
and corresponding theoretical momentum maps including polari-

zation factor plotted for two orientations 0° and 90° (middle) and
their sum (right). (e) Same as for (d) but for the HOMO.
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mechanisms by tracing electrons not only in time but also
in (momentum) space. We expect that future experiments
of this type will enable studies of molecular electron transfer
processes at surfaces and interfaces with unprecedented
detail. Moreover, an extension to attosecond time resolu-
tion seems feasible. The availability of momentum-space
information relaxes pertinent requirements on energy reso-
lution, allowing in turn for an increase in time resolution. In
this way, the temporal and spatial evolution of electronically
excited states should become resolvable by photoemission
tomography even before the nuclei start to move.

Acknowledgments

This work is supported by the Austrian Science Fund project
| 4145, the Doctoral Academy NanoGraz and by the Euro-
pean Research Council (ERC) Synergy Grant, project ID
101071259.

[1] K. Fukui, Int. J. Quantum Chem. 12, 277 (1977).

[2] C. E. Brion, G. Cooper, Y. Zheng, |. V. Litvinyuk, and |. E. McCarthy,
Chem. Phys. 270, 13 (2001).

[3] J. ltatani, J. Levesque, D. Zeidler, H. Niikura, H. Pepin, J. C. Kieffer, P.
B. Corkum, and D. M. Villeneuve, Nature 432, 867 (2004).

[4] J. Repp, G. Meyer, S. M. Stojkovic, A. Gourdon, and C. Joachim, Phys.
Rev. Lett. 94, 026803 (2005).

[5] P. Puschnig, S. Berkebile, A. J. Fleming, G. Koller, K. Emtsev, T. Seyller,
J. D. Riley, C. Ambrosch-Draxl, F. P. Netzer, and M. G. Ramsey, Science
326, 702 (2009).

[6] P. Puschnig and M. Ramsey, in Encyclopedia of Interfacial Chemistry,
edited by K. Wandelt (Elsevier, Oxford, 2018) pp. 380 — 391.

[7] D. Luftner, T. Ules, E. M. Reinisch, G. Koller, S. Soubatch, F. S. Tautz,
M. G. Ramsey, and P. Puschnig, Proc. Nat. Acad. Sci. U. S. A. 111, 605
(2014).

[8] S. WeiB, D. Luftner, T. Ules, E. M. Reinisch, H. Kaser, A. Gottwald, M.
Richter, S. Soubatch, G. Koller, M. G. Ramsey, F. S. Tautz, and P. Puschnig,
Nature Communications 6, 8287 (2015).

[9] A. Haags, X. Yang, L. Egger, D. Brandstetter, H. Kirschner, F. C. Boc-
quet, G. Koller, A. Gottwald, M. Richter, J. M. Gottfried, M. G. Ramsey, P.
Puschnig, S. Soubatch, and F. S. Tautz, Science Advances 8, eabn0819
(2022).

[10] R. Wallauer, M. Raths, K. Stallberg, L. Minster, D. Brandstetter, X.
Yang, J. Gidde, P. Puschnig, S. Soubatch, C. Kumpf, F. C. Bocquet, F. S.
Tautz, and U. Hofer, Science 371, 1056 (2021).

[11] M. Dauth, M. Wiessner, V. Feyer, A. Schéll, P. Puschnig, F. Reinert, and
S. Kiimmel, New J. Phys. 16, 103005 (2014).

[12] A. M. Bradshaw and D. P. Woodruff, New J. Phys. 17, 013033 (2015).
[13] A. I. Krylov, J. Chem. Phys. 153, 080901 (2020).

[14] C. S. Kern, A. Haags, L. Egger, X. Yang, H. Kirschner, S. Wolff, T.
Seyller, A. Gottwald, M. Richter, U. De Giovannini, A. Rubio, M. G. Ramsey,
F. C. Bocquet, S. Soubatch, F. S. Tautz, P. Puschnig, and S. Moser, Phys.
Rev. Research 5, 033075 (2023).




