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Fig. 1 Relationship between molecular orbitals in real space and reciprocal space and measured momentum maps (k-maps).

(a) Structural formula and calculated HOMO of pentacene; (b) FT of pentacene HOMO, in which hemisphere with radius &=
N 2meEk;n/h is shown in gray; (c) absolute value of HOMO’s FT on hemisphere
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Fig. 2 Schematic sketch of final state with damped plane wave

in z direction. Above z, final state is treated as a pure

plane wave, and below z, it is exponentially damped

[reprinted with permission from Ref. [29] (©American

Physical Society)]
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Fig. 3 Geometry factor and its influence on theoretical HOMO of pentacene wilh different polarizations of incident light. (a) ARPES

geometry with y-z being incidence plane, angle of incidence a=65",

0(¢) being polar (azimuth) angle of photoelectrons, and £,

being in-plane component of momentum vector £; (b) calculated distribution of geometry factor; (¢) product of geometry factor

and squared FT of theoretical pentacene HOMO, with kinetic energy being 30 eV
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Fig. 4 Different molecular orientations and corresponding theoretical k-maps. (a) Brickwall phase on Ag(110), real-space distribution

and k-map of PTCDA LUMO; (b) herringbone phase on Ag(110) and T-phase on Ag(100), k-map constructed by two perpendicular

orientations; (c¢) theoretical HOMO k-map contributed by two pentacene molecules with out-of-plane tilt angles of £ 26°
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Fig. 6 POT deconvolution procedure for PTCDA/Ag(110). (a) Experimental band map and integrated energy distribution curve
(reprinted from Ref. [43], under Creative Commons license CC BY 3.0); (b) pDOS for four orbitals deconvoluted by POT,

measured k-maps and corresponding calculated orbitals (reprinted from Ref. [48], under Creative Commons license CC BY 4. 0)
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Fig. 7 Tterative wave function reconstruction for HOMO of PTCDA molecule. (a) Initial step with random phase, FT to real space,
confinement box (green rectangle), FT back to k-space and resulted new phase; (b)-(d) results after 2, 50, 250 iterations,
including reconstructed orbital in k-space and real space [reprinted with permission from Ref. [50] (OPNAS)]
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Fig. 8 Real-space orbital reconstruction of PTCDA LUMO. (a) LUMO illustrated in k-space with two hemispherical cuts (kinetic

energies of 29.7 eV and 58. 1 eV); (b) simulated and measured k-maps at various photon energies; (¢) 3D images of LUMO in

top view and side view (reprinted from Ref. [35], under Creative Commons license CC BY 4. 0)
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Fig. 9 Intermolecular dispersion in PTCDA layer on Cu(100). (a) Experimental and simulated band map, in which dashed line shows
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band dispersion, and horizontal lines indicate energies where corresponding k-maps in (b) are measured; (b) simulated k-map for
LUMO of isolated PTCDA, and comparisons between experimental (left halves) and simulated (right halves) k-maps [reprinted
with permission from Ref. [29] (©American Physical Society)]
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Abstract

Significance Development of nanotechnology in the last few decades have witnessed the miniaturization of semiconductor devices
and new challenges such as building a quantum computer using novel physical phenomena. On the fundamental level, however, many
aspects in the understanding of physical properties at interfaces between materials are still in the exploration stage, and precise
experimental and theoretical descriptions of complex surface structures are always difficult but crucial for practical applications. In the
subfield of organic electronics that studies the solid-molecule interfaces, such as in organic light-emitting diode (OLED) displays or
organic solar cells, the frontier orbitals of molecules are prime determinants of chemical, optical and electronic properties in the
devices.

For a long time, physicists and chemists have dreamed of experimentally imaging molecular orbitals, which contain information
on the spatial distribution of the electrons at a certain energy. To date, experimental methods for this purpose include femtosecond
laser spectroscopy and scanning probe microscopy, which have gained widespread interest but also have some limitations. For
example, high-order harmonic generation process based on ultrashort laser pulses is limited to the study of simple gas-phase
molecules, and methods based on scanning probe microscopy require extremely low temperature to prevent molecular diffusion. In
comparison, photoemission orbital tomography (POT) is based on angle-resolved photoemission spectroscopy (ARPES) at room
temperature with less restricted experimental conditions. As a combined experimental and theoretical technique, POT focuses on
establishing a direct link between the photoelectron angular distribution and the initial-state molecular orbital structure. By using a
relatively simple plane-wave approximation, one can perform accurate analysis of the angle-resolved photoemission spectra for

n-conjugated molecules on surface to study their respective properties.

Progress Since POT deals with the photoemission experimental data, the correct description should be Dyson orbitals. Because of
the fact that Dyson orbitals closely resemble one-electron Kohn-Sham orbitals calculated from density functional theory (DFT), the
simple one-electron picture is often used. By approximating the final state of photoelectrons by a plane wave, it can be shown that the
photocurrent arising from one particular initial state, appearing as an intensity map (so-called k-map) in momentum space, is
proportional to the Fourier transform (FT) of the initial state wave function (Fig. 1). This tomographic relationship can be refined by
taking two additional aspects into consideration: the first is to treat the final state with a damped plane wave in the z direction (Fig. 2),

and the second is to include a modulating term of polarization-dependent geometry factor (Fig. 3). Experimentally, it is favorable to
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obtain a large detectable momentum-space range for the applications of POT. Suitable ARPES apparatuses include photoemission
electron microscope, NanoESCA , toroidal electron analyzer, and time-of-flight momentum microscope.

The accuracy and precision of the POT method have been proved by accumulating results in the past decade and several
applications are introduced. Agreement between experimental ARPES results and calculated k-maps can be well utilized to determine
the molecular orientation, if all orientation domains are properly considered. On the other hand, one could also infer the molecular
orientations by comparing the measured k-maps with the theoretical ones based on the single molecule (Fig. 4). POT, being capable
of mapping the angular distribution of the wave function for each peak in conventional photoemission spectra, is an ideal technique to
unambiguously identify the energy levels of molecular orbitals (Fig. 5). If multiple molecular orbitals coexist in a small energy
window, POT can provide an orbital-by-orbital characterization via deconvolution and create benchmark for ab initio electronic
structure theory (Fig. 6). Efforts have also been made to regain the lost phase information of orbital in the FT process (Fig. 7) and
even reconstruct the orbital in real space (Fig. 8). Quantitative studies using POT have covered topics such as intra- and
intermolecular band dispersion (Fig. 9), delocalized mn-states and localized o-states, nonplanar molecules, electron-phonon coupling

(Fig. 10), aromaticity, and the list continues.

Conclusions and Prospects The overall experimental simplicity of POT and the convenience to approach molecular orbital and
its Fourier transform under the plane-wave final state approximation are key reasons for the wide application of the technique. Albeit
not applicable to some data from photoelectron diffraction and circular dichroism experiments, this approximation can provide a new
perspective to study physical processes such as orbital hybridization by analyzing the discrepancy between theory and experiment.
Future research on POT will improve the theoretical basis of the technique by implementing the time-dependent density functional
theory (TDDFT), providing more accurate predictions of the photoelectrons’ momentum distribution. In combination with ultrafast
lasers, POT has great potential to be extended into the time domain. For example, real-time observation of molecular orbitals in
momentum space during excitation processes (Fig. 11) or chemical reactions will greatly improve the understanding of ultrafast
dynamics. With the help of advanced momentum microscopy, such as spin-resolved ARPES and NanoARPES, it is likely to further
enhance the characterization capabilities of POT in momentum and real spaces and expand its application in materials science, physical

chemistry, and nanophotonics.

Key words spectroscopy; organic nanomaterials; photoelectron spectroscopy; solid-molecule interfaces; molecular orbital;

tomography; ultrafast pump-probe spectroscopy
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