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ABSTRACT

Ultra-violet photoemission spectroscopy is a widely-used experimental technique to investigate the
valence electronic structure of surfaces and interfaces. When detecting the intensity of the emitted
electrons not only as a function of their kinetic energy, but also depending on their emission angle,
as is done in angle-resolved photoemission spectroscopy (ARPES), extremely rich information about
the electronic structure of the investigated sample can be extracted. For organic molecules adsorbed
as well-oriented ultra-thin films on metallic surfaces, ARPES has evolved into a technique called
photoemission tomography (PT). By approximating the final state of the photoemitted electron as
a free electron, PT uses the angular dependence of the photocurrent, a so-called momentum map or
k-map, and interprets it as the Fourier transform of the initial state’s molecular orbital, thereby gaining
insights into the geometric and electronic structure of organic/metal interfaces.

In this contribution, we present kMap.py which is a Python program that enables the user, via
a PyQt-based graphical user interface, to simulate photoemission momentum maps of molecular
orbitals and to perform a one-to-one comparison between simulation and experiment. Based on the
plane wave approximation for the final state, simulated momentum maps are computed numerically
from a fast Fourier transform (FFT) of real space molecular orbital distributions, which are used as
program input and taken from density functional calculations. The program allows the user to vary a
number of simulation parameters, such as the final state kinetic energy, the molecular orientation
or the polarization state of the incident light field. Moreover, also experimental photoemission
data can be loaded into the program, enabling a direct visual comparison as well as an automatic
optimization procedure to determine structural parameters of the molecules or weights of molecular
orbitals contributions. With an increasing number of experimental groups employing photoemission
tomography to study molecular adsorbate layers, we expect kMap.py to serve as a helpful analysis
software to further extend the applicability of PT.
Program summary
Program Title: kMap . py
CPC Library link to program files: https://doi.org/10.17632/tnrm9jcccc.1
Developer’s respository link: https://github.com/brands-d/kMap/
Code Ocean capsule: https://codeocean.com/capsule/5788845
Licensing provisions: GPLv3
Programming language: Python 3.x
Nature of problem: Photoemission tomography (PT) has evolved as a powerful experimental method
to investigate the electronic and geometric structure of organic molecular films [1]. It is based on
valence band angle-resolved photoemission spectroscopy and seeks an interpretation of the angular
dependence of the photocurrent, a so-called momentum map, from a given initial state in terms of
the spatial structure of molecular orbitals. For this purpose, PT heavily relies on a simulation platform
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which is capable of efficiently predicting momentum maps for a variety of organic molecules, which
allows for a convenient way of treating the effect of molecular orientations, and which also accounts
for other experimental parameters such as the geometrical setup and nature of the incident photon
source. Thereby, PT has been used to determine molecular geometries, gain insight into the nature of
the surface chemistry, unambiguously determine the orbital energy ordering in molecular homo- and
heterostructures and even reconstruct the orbitals of adsorbed molecules [1-4].

Solution method: kMap . py is a Python program that enables the user, via a PyQt-based graphical user
interface, to simulate photoemission momentum maps of molecular orbitals and to perform a one-to-
one comparison between simulation and experiment. Based on the plane wave approximation for the
final state, simulated momentum maps are computed numerically from a fast Fourier transform (FFT)
of real space molecular orbital distributions [2] which are used as program input and which are usually
obtained from density functional calculations. The user can vary a number of simulation parameters
such as the final state kinetic energy, the molecular orientation or the polarization state of the
incident light field. Moreover, also experimental photoemission data can be loaded into the program,
enabling a direct visual comparison as well as an automatic optimization procedure to minimize the
difference between simulated and measured momentum maps. Thereby, structural parameters of the
molecules [2] and the weights of molecular orbitals to experimentally observed emission features can
be determined [3].
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1. Introduction

In the last decade, photoemission tomography (PT) has evolved
as a powerful technique in surface science to analyze the spatial
structure of electron orbitals of organic molecules by utilizing
data from angle-resolved photoemission spectroscopy (ARPES)
experiments [1,2]. When approximating the final state of the
photoemitted electron as a plane wave, it has been demon-
strated [3,4] that the angular distribution of the photocurrent is
related to the Fourier transform of the initial molecular orbital.
As a combined experimental/theoretical approach, PT seeks an
interpretation of the photoelectron angular distribution over a
wide angular range, so-called momentum maps, in terms of the
molecular orbital structure of the initial state as computed with
density functional theory. Although the underlying simplification
has led to some controversy in the community [5,6], PT has found
many interesting applications. These include the unambiguous
assignment of emissions to molecular orbital densities [4,7-10],
the deconvolution of spectra into individual orbital contributions
beyond the limits of energy resolution [11,12] or the extraction
of detailed geometric information [2,10,13-15].

On the experimental side, there has been significant progress
in photoemission spectrometers and excitation sources. This in-
cludes spin-sensitive detectors, photoemission momentum mi-
croscopes, or time-resolved photoelectron spectrometers to be
combined with laser excitations sources for pump-probe experi-
ments [16]. With the increasing number of experimental groups
employing photoemission tomography to study adsorbate layers,
the need for an appropriate analysis software has grown. With
kMap.py we provide a Python program that enables the user,
via a PyQt-based graphical user interface (GUI), to simulate pho-
toemission momentum maps and to perform a one-to-one com-
parison between simulation and experiment. Moreover, it also

allows the user to vary a number of parameters in the simulated
momentum maps, such as molecular orientation and/or weights
of orbitals, and to run an automatic optimization procedure to
minimize the difference between simulation and experiment,
a procedure known as deconvolution [11]. Compared to other
recently announced programs or computational schemes for sim-
ulating angle-resolved photoemission experiments [17-19], the
focus of kMap . py lies on molecular systems rather than extended
two-dimensional materials.

The paper is organized as follows. In Section 2, we briefly
review the theoretical background of photoemission tomography,
before in Section 3 we discuss the main computational methods
as implemented in kMap . py. Section 4 presents the results of a
few benchmark applications of kMap.py, and finally Section 5
discusses possible future directions for the further development
of photoemission tomography.

2. Theoretical background
2.1. Photoemission tomography

Two assumptions lie at the heart of the photoemission to-
mography technique allowing one to interpret the angular dis-
tribution of the photoemitted electrons as Fourier transforms of
the initial state orbital. The first states that the initial state is
considered to be a single-electron state. While such a molecular
orbital interpretation has proved invaluable for understanding
many-particle systems and is frequently and successfully used in
particular in the field of organic semiconductors, from a quantum
mechanical, many-body point of view, “a single electron” in a
many-electron system is an object whose observability may be
questioned on fundamental grounds [20,21]. Indeed, the funda-
mental quantity to be observed turns out to be the Dyson orbital
rather than a molecular orbital. However, in many circumstances
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Fig. 1. Definition of the experimental geometry with respect to the Cartesian
coordinate frame (x, y, z), where x and y are parallel to the surface and z is along
the surface normal. The plane of the incident photon beam (red) is defined by
the polar angle o and the azimuthal angle . The two principal polarization
directions, in-plane (A,) and out-of-plane (A;), respectively, are indicated. The
emitted electron (blue) is characterized by the wave vector k and the polar and
azimuthal angles 6 and ¢ leading to the parallel wave vector components given
in Egs. (2) and (3), respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

these two different orbital concepts can be expected to lead to
essentially identical momentum space orbital densities [22].

A theoretical description of the angle-resolved photoelectron
intensity is generally rather involved, and attempts to com-
pute 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
I(ky, ky; Exin) is given by Fermi’s golden rule [23]

I(kes ky: Exin) 0¢ > [(@f(kes ky: Euin)|A - PI%)

1

x 8 (Ei + @ + Exin — ho) . (1)

| 2

Here, k. and k, are the components of the emitted electron’s wave
vector parallel to the surface, which are related to the polar and
azimuthal emission angles 6 and ¢ defined in Fig. 1 as follows,

ke = ksin6 cos ¢ (2)
ky = ksin® sin¢, (3)

where k is the wave number of the emitted electron, thus Eyj, =
%, where f is the reduced Planck constant and m is the electron
mass.

The photocurrent of Eq. (1) is given by a sum over all transi-
tions from occupied initial states i described by wave functions ¥;
to the final state ¥y characterized by the direction (6, ¢) and the
kinetic energy of the emitted electron. The delta function ensures
energy conservation, where @ denotes the sample work function,
E; the binding energy of the initial state, and hw the energy of
the exciting photon. The transition matrix element is given in the
dipole approximation, where p and A, respectively, denote the
momentum operator of the electron and the vector potential of
the exciting electromagnetic wave.

The difficult part in evaluating Eq. (1) is the proper treatment
of the final state. Here, the second assumption of photoemission
tomography comes into play. In the simplest approach considered
here, the final state is approximated by a plane wave (PW),
which is characterized only by the direction and wave number of
the emitted electron. This has already been proposed more than
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30 years ago [3] 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) renders the photocurrent I; arising from
one particular initial state i proportional to the Fourier trans-
form ¥;(k) of the initial state wave function corrected by the
polarization factor A - k:

Ik, ky) o JA - K2 - | (k)| . (4)

Thus, if the angle-dependent photocurrent of individual initial
states can be selectively 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 re-
lation between the photocurrent and the molecular orbitals in
reciprocal space can be established. This allows the measurement
of the absolute value of the initial state wave function in recip-
rocal space. Note that in some cases, even a reconstruction of
molecular orbital densities in real space via a subsequent Fourier
transform and an iterative phase retrieval algorithm has been
demonstrated [2,24-26].

Regarding the applicability of the plane wave final state ap-
proximation, it has been argued [4,27] that it can be expected
to be valid if the following conditions are fulfilled: (i) 7 orbital
emissions from large planar molecules, (ii) an experimental ge-
ometry in which the angle between the polarization vector A
and the direction of the emitted electron k is rather small, and
(iii) 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 is
expected to lead to a rather weak and structureless angular pat-
tern [28,29]. With these conditions satisfied, a one-to-one map-
ping between the PE intensity and individual molecular orbitals
in reciprocal space is possible.

2.2. Initial state

The evaluation of Eq. (1) demands the knowledge of the real
space distribution of ¥;(x, y, z) of the initial state. As mentioned
above, a common approach is to approximate the initial molecu-
lar orbitals by the Kohn-Sham states which are obtained from
a self-consistent calculation within the framework of density
functional theory (DFT). Thus, the Wj(x,y,z) are given as the
eigenfunctions of effective single-particle Schrodinger equations,
i.e., the Kohn-Sham equations [30], which, in atomic units, are
given by:

1
[_EA + Vere(x, y, 2)] Yi(x,y,z) = E¥(x,y, z) (5)

Here, Veg(x, y, z) is the Kohn-Sham potential comprising the ex-
ternal potential due to the atomic nuclei, the Hartree potential
and the exchange-correlation potential. More details about DFT,
which is outside the scope of this contribution, can for instance
be found in Refs. [31,32]. In the context of kMap. py, the Kohn-
Sham orbitals are orbitals of a finite molecule or cluster of atoms,
thus any DFT implementation suitable for such a non-periodic
boundary situation can be applied. As explained in Section 3.3, the
only additional requirement is that the DFT code must be able to
write out the Kohn-Sham orbital on a regular three-dimensional
grid.

3. Computational details
3.1. Computation of momentum maps

As can be seen from Eq. (4), the computation of the intensity
of the photoemission angular distribution, the momentum map
Ii(k, ky), consists of two terms, namely (i) the Fourier transform
of the2 molecular orbital ¥(Kk) and (ii) the polarization factor
|A - K|
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Fig. 2. (a) Chemical structure of pentacene and its highest occupied molecular orbital (HOMO) calculated from density functional theory. (b) Three-dimensional
Fourier transform of the pentacene HOMO orbital, yellow (blue) showing an isosurface with a constant positive (negative) value. The red hemisphere illustrates a
region of constant kinetic energy (30 eV) as explained in the text. (c) Absolute value of the pentacene HOMO Fourier transform on the hemisphere indicated in
panel (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.1.1. Discrete Fourier transform

Fig. 2 illustrates the calculation of the first term for the case
of the highest occupied molecular orbital (HOMO) of pentacene
(Cy2H14) [4]. Panel (a) depicts an isosurface representation of the
HOMO ¥(x,y, z) in real space, which is provided on a regular
three-dimensional grid. Typically, some space, here 4 A, is added
in each Cartesian direction in order to safely encompass also the
tails of the molecular orbital. In this example a box with a size
of Ly x L, x L, ~ 12.9959 x 22.1318 x 8.0 A3 and a grid spacing
of Ax ~# Ay ~ Az =~ 0.2 A has been chosen, which leads to a
three-dimensional array of dimensions ny x ny, x n, = 65 x 111 x
41.

The next step involves a discrete three-dimensional Fourier
transform for which the function numpy.fft.fftn from the
NumPy package for numeric calculations is used [33]. A subse-
quent shift of the zero-frequency component to the center of
the array using numpy . fft.fftshift results in the li/(kx, ky, k;)
which is depicted in Fig. 2b. Note that in this isosurface represen-
tation, the yellow and blue surfaces depict constant positive and
negative values, respectively, of the real part of ¥(k, ky, k;). The
respective grids in momentum space are given by the following
definitions:

2
Aky = T ky=sx+ (—ny+1,—n,+ 3, ..., 1y
X
Ak
—3,n—1) — (6)
2
T
Aky = —, ky=s,+ (-ny+1,-n,+3,....n,
y
Ak
—3,ny—1)—y (7)
2
2
Akz = T, kz :Sz+(_nz+]7_nz+37“~vnz
Z
Ak,
—3,n,—1) 22 (8)

Note that sy, s, and s, are additional shifts of half the grid spacing
depending on whether the number of grid points is an even or an
odd number, thus

Ak

sy = [mod(ny, 2) — 1] 5 9)
sy = [mod(ny, 2) — 1] ATky (10)
s, = [mod(ng, 2) — 1] Akz. (11)

2

It is important to note that in order to increase the resolution in
k-space, the number of grid points can be conveniently increased
by zero-padding the real-space array ¥(x,y, z) during the dis-
crete Fourier transform. Thereby, one enlarges the effective box
size Ly x L, x L, such that the resulting resolution in momentum
space, that is Aky, Ak, and Ak,, is typically in the order of ~
0.15 A-L

In order to obtain the desired momentum map I(k,, k,) shown
in Fig. 2c for the pentacene HOMO, a hemispherical cut through
the three-dimensional discrete Fourier transform ¥ (ky, ky, k), as
illustrated in Fig. 2b by the red surface, has to be computed.
Selecting a final state kinetic energy Ey, fixes the radius of this
hemisphere by the following relation
2m
h—zEkm =k =k 4k + 1. (12)
For interpolating the data on this hemisphere, a regular two-
dimensional grid, denoted as «, and «,, with a default grid spacing
of Ak = 0.03 A~ is set up and the corresponding z-component
k, is determined according to

2m

Ky = hTEkin—Kf—I{;. (13)
Then, the RegularGridInterpolator from the SciPy Python
package [34] is used to compute the interpolation leading to the
two-dimensional array ¥(y, ky, kz(kx, ky)) depicted in Fig. 2c.
Note that only the absolute value of this complex-valued array
¥ needs to be interpolated. The result of this interpolation is
exemplified in Fig. 2c.

The program also allows one to vary the orientation of the
molecule with respect to the coordinate frame (x, y, z) introduced
in Fig. 1. To this end, we use the three Euler angles ¢, ¢ and v/
and the corresponding rotation matrix R is given in Box [. In this
convention, (i) ¢ represents a rotation around the z-axis, then (ii)
¥ represents a rotation about the new x’-axis and finally (iii) vy
represents a rotation around the current z’-axis. Fig. 3 illustrates
the effect of these three rotations for various combinations of ¢,
9 and .

In order to obtain the momentum maps for the rotated
molecule, rather than rotating the full three-dimensional or-
bital either in real or momentum space, we simply rotate the
hemisphere used to cut through the three-dimensional Fourier
transform ¥ (ky, ky, k,) (compare Fig. 2b) by applying the trans-
formation

Ky Kx
/ pT

ky | =R -| & |. (15)
’

K} Kz
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R COS ¢ COS Y — sin ¢ cos ¥ sin Y sing cos Yy + cosg cos P sinyy  sinv sin
R=| —cosgsiny —singcos® cosyy —singsiny +cosgcosvcosyr sindcosyr |, (14)
sin ¢ sin —cos ¢ sin ¥ cos v
Box 1.

»=30°,9=0°, »=0°

=0°"9=-45, =0°
Y

=90 ,9=-45", v=60°

« (1/A) K

0
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Fig. 3. Influence of molecular orientation on the appearance of the momentum maps. The upper row shows the effect of the three Euler angles ¢, ¢ and v on the
orientation of the molecule exemplified for pentacene for three different sets of Euler angles. Here, the red arrows indicate the fixed coordinate frame (x, y, z) while
the rotated one (x',y’, z") is depicted in blue. The lower row shows the corresponding momentum maps. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Then, the interpolation to the primed grid is executed by utilizing
the RegularGridInterpolator as described above. Fig. 3 illus-
trates this procedure for the HOMO of pentacene for three sets of
Euler angles ¢, ¢ and .

3.1.2. Polarization factor

As a result of the plane-wave approximation for the final state,
the effect of the polarization A of the incoming photon field
can be accounted for by a polarization factor P(«y, ky) given by
(compare Eq. (4))

2
P(ky, ky) = |AXKX + Ayky + Az (kx, Ky)| . (16)

Here, A,, Ay and A, are the components of the polarization vec-
tor, which is identical to the direction of the incoming photon’s
electric field vector, and «y, xy and «, are the components of the
electron’s final state momentum vector evaluated on an identical
grid as in Eq. (13). When defining the direction of the incident
photon field by the two angles « and B, then, depending on
the type of polarization, either in-plane polarization (p) or out-
of-plane-polarization (s) as illustrated in Fig. 1, the following
expressions can be derived for P:

P, = |ix cOsar c0s B + Ky cosa sin B + «; sina|” (17)
Py = |—kysin B+« cosﬂ|2 (18)

If experimental momentum maps are measured in a geometry
where the emitted electrons are collected always in the plane
of incidence and the full azimuthal angular dependence of the

photocurrent is obtained by rotating the sample around the sub-
strate normal, e.g. when using the toroidal electron energy ana-
lyzer [35], then the corresponding polarization factor simplifies
to

. 2
Pp=‘,/xf+fc}?cosa+/<zsina . (19)

Examples for the polarization factors P, Ps and 13,,, respectively,
are shown in Fig. 4.

One obvious limitation of the plane-wave final state approx-
imation is that it results in identical angular distributions of
the emitted electrons for excitation with left-handed and right-
handed circularly polarized light, respectively. In contrast, such a
circular dichroism in the angular distribution (CDAD) has been
observed experimentally and accounted for theoretically by a
more sophisticated and computationally much more demanding
approach which requires no assumption for the final state [36].
However, as suggested in Ref. [17] a simplistic approach to in-
troduce a handedness, and therefore a CDAD signal, is to in-
troduce an empirical damping factor, e¥*=%), in the final state
which mimics the inelastic mean free path A = 1 of the emit-
ted electron [37]. In this case, the polarization factor for right-
handed (C;) and left-handed (C_) circularly polarized light is
given by

1
PC+=E

+ (kxsin B — ky, cos B)y sina (20)

(Pp + y?sin? a) + %Ps
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Fig. 4. The effect of the polarization factor |A-k|?> on the momentum maps for an angle of incidence o = 45° and an incidence plane with 8 = 60°. The upper
row illustrates this polarization factor for in-plane polarization (P,), out-of-plane polarization (Ps) and for in-plane-polarization in the geometry the toroidal electron
energy analyzer (ﬁp). Here, the green dashed lines indicate positions where |A - k|*> vanishes owing to A L k. The lower row shows corresponding full momentum
maps for the HOMO of pentacene as resulting from Eq. (4). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

1 1
Pe =5 (P + y*sin* ) + P

— (kx Sin B — Ky cos B)y sina (21)

Thus, the CDAD signal which is proportional to Pc, — Pc_ be-
comes [17]

(22)

Note that obviously Pcpap vanishes if y 0, that is, when
the inelastic mean free path A — oo. By default, the inelas-
tic mean free path is calculated from the “universal curve” as
follows

C1
A= e ~+ ¢2+/ Exins
Ekin
In this empirical formula [38], Exi, must be inserted in [eV] and
A is given in [A].

Pcpap = +2(ky sin B — ky cos B)y sina.

¢; = 1430, ¢, = 0.54. (23)

3.2. Orbital deconvolution

One interesting application of photoemission tomography has
become known as orbital deconvolution [11,39]. Here the energy
and momentum dependence of ARPES data is utilized to decon-
volute experimental spectra into individual orbital contributions.
This can provide an orbital-by-orbital characterization of large
adsorbate systems, allowing one to directly estimate the effects
of bonding on individual orbitals.

The idea is quite simple and involves a least squares minimiza-
tion procedure. The experimental ARPES data can be viewed as
a data cube, lexp(ky, ky, Ep), that is, the photoemission intensity
is measured as a function of the two momentum components
parallel to the surface, ky and ky, and the binding energy Ej.

The deconvolution of the experimental data cube then consists
of minimizing the squared differences between the experimental
and simulated momentum maps,

2
n
XA(wr, wy, o we) =Y [Iexp(kx, Ky, Ep) = Y wi(Ep)i(ke, ky)}

ke ky i=1

(24)

by adjusting the n weights w; of all orbitals i with the simu-
lated momentum maps I;(kx, k) that are allowed to contribute to
the measurement data. Since the minimization is performed for
each binding energy E;, separately, one thereby obtains an orbital
projected density of states given by the weight functions w;(Ep).
Example data and the corresponding analysis will be presented
in Section 4.

In a similar way, a least squares minimization can be used to
determine the orientation of the molecule by adjusting the Euler
angles ¢, ¥ and . Thus, one demands the sum of squared differ-
ences between an experimental momentum map and a simulated
momentum map to be minimized with respect to the orientation
of the molecule:

K@ 0.9) =Y [ewplks Ky, Eo) — wilk, ky: 0. 0. 9)]"  (25)
ky,ky

Example data and the corresponding analysis will also be pre-
sented in Section 4.

For the optimization problems defined in Eqgs. (24) and (25),
we make use of the Python package LMFIT-py [40], which allows
for a quite flexible implementation as demonstrated in Section 4.
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3.3. Computation of molecular orbitals

As mentioned in Section 2.2, the initial state ¥;(x, y, z) is com-
monly obtained from a DFT calculation. As an example, we pro-
vide below an input file for the computation of the HOMO orbital
of pentacene when employing the open source high-performance
computational chemistry code NWChem [41]:

1 charge 0
2 geometry nocenter
3 C 1.40861257 0.0 0.0
4 C —1.40861257 0.0 0.0
5 C 1.40791076 —2.46779313 0.0
6 C —1.40791076 —2.46779313 0.0
7 C 1.40791076  2.46779313 0.0
8 C —1.40791076 2.46779313 0.0
9 C 1.41043423 —4.94193362 0.0
10 C —1.41043423 —4.94193362 0.0
11 C 1.41043423  4.94193362 0.0
12 C —1.41043423  4.94193362 0.0
13 C 0.7286844 —1.22661113 0.0
14 C —0.7286844 —1.22661113 0.0
15 C 0.7286844 1.22661113 0.0
16 C —0.7286844 1.22661113 0.0
17 C 0.72768117 —3.67894381 0.0
18 C —0.72768117 —3.67894381 0.0
19 C 0.72768117  3.67894381 0.0
20 C —0.72768117  3.67894381 0.0
21 C 0.71646676 —6.11814601 0.0
22 C —0.71646676 —6.11814601 0.0
23 C 0.71646676  6.11814601 0.0
24 C —0.71646676  6.11814601 0.0
25 H 2.49673472 0.0 0.0
26 H —2.49673472 0.0 0.0
27 H 2.49613711 -2.46811675 0.0
28 H —2.49613711 -—-2.46811675 0.0
29 H 2.49613711 2.46811675 0.0
30 H —2.49613711 2.46811675 0.0
31 H 2.49794688 —4.9403758 0.0
32 H —2.49794688 —4.9403758 0.0
33 H 2.49794688  4.9403758 0.0
34 H —2.49794688  4.9403758 0.0
35 H 1.2479695 —7.06588298 0.0
36 H —1.2479695 —7.06588298 0.0
37 H 1.2479695 7.06588298 0.0
38 H —1.2479695 7.06588298 0.0
39 end
40 start
41 basis
42 * library 6—31G«
43 end
44
45 dft
46 xc B3LYP
47 convergence nolevelshifting
48 mult 1
49 maxiter 2000
50 end
51
2 task dft energy

4 memory total 1000 mb

56 DPLOT
57 TITLE pentacene_MO_73
58 GAUSSIAN

59 LimitXYZ

60 —6.49794688 6.49794688 64
61 —11.06588298 11.06588298 110
62 —4.0 4.0 40

63 spin total

64 orbitals view; 1; 73
65 output 5A_MO_73

66 END

67

68  task dplot

Here, lines 3-38 define the geometry of the molecule, lines
41-43 the basis set, and lines 45-52 the exchange-correlation
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functional and further settings for the self-consistency cycle. The
DPLOT block in lines 56-68 results in the output of the Kohn-
Sham orbital with the number 73, which is the HOMO of pen-
tacene, on a three-dimensional real-space grid with 64 x 110
x 40 intervals for a rectangular box with limits [—6.49794688,
6.49794688], [—11.06588298, 11.06588298] and [—4.0, 4.0] in x,
y and z-direction, respectively. Note that all lengths in this input
file are given in [A].

The resulting output file for the HOMO orbital of pentacene is
a so-called cube-file which is listed below:

1 Cube file generated by NwWChem
2 pentacene_MO_73

3 36 —12.279342 -20.911492  —7.558906

4 65 0.383729 0.000000 0.000000

5 111 0.000000 0.380209 0.000000

6 41 0.000000 0.000000 0.377945

7 6 6.000000 2.661892 0.000000 0.000000
8 6 6.000000 —2.661892 0.000000 0.000000
9 6 6.000000 2.660566  —4.663453 0.000000
10 6 6.000000 —2.660566  —4.663453 0.000000
11 6 6.000000 2.660566 4.663453 0.000000
12 6 6.000000 —2.660566 4.663453 0.000000
13 6 6.000000 2.665334  —9.338900 0.000000
14 6 6.000000 —2.665334  —9.338900 0.000000
15 6 6.000000 2.665334 9.338900 0.000000
16 6 6.000000 —2.665334 9.338900 0.000000
17 6 6.000000 1.377014  —2.317959 0.000000
18 6 6.000000 —1.377014  —2.317959 0.000000
19 6 6.000000 1.377014 2.317959 0.000000
20 6 6.000000 —1.377014 2.317959 0.000000
21 6 6.000000 1.375118 —6.952196 0.000000
22 6 6.000000 —1.375118 —6.952196 0.000000
23 6 6.000000 1.375118 6.952196 0.000000
24 6 6.000000 —1.375118 6.952196 0.000000
25 6 6.000000 1.353926 —11.561620 0.000000
26 6 6.000000 —1.353926 —11.561620 0.000000
27 6 6.000000 1.353926 11.561620 0.000000
28 6 6.000000 —1.353926 11.561620 0.000000
29 1 1.000000 4.718144 0.000000 0.000000
30 1 1.000000 —4.718144 0.000000 0.000000
31 1 1.000000 4.717015 —4.664064 0.000000
32 1 1.000000 —4.717015  —4.664064 0.000000
33 1 1.000000 4.717015 4.664064 0.000000
34 1 1.000000 —4.717015 4.664064 0.000000
35 1 1.000000 4.720435 —9.335957 0.000000
36 1 1.000000  —4.720435  —9.335957 0.000000
37 1 1.000000 4.720435 9.335957 0.000000
38 1 1.000000  —4.720435 9.335957 0.000000
39 1 1.000000 2.358320 —13.352583 0.000000
40 1 1.000000  —2.358320 —13.352583 0.000000
41 1 1.000000 2.358320 13.352583 0.000000
42 1 1.000000  —2.358320  13.352583 0.000000

43 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00

44 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00

45

Here, lines 3-42 define the box size, real space grid and the
molecular structure where length units are now atomic units, that
is Bohr. The actual data points of the real-valued three dimen-
sional array for ¥(x, y, z) on a regularly spaced 65 x 11 x 41
grid starts in lines 43 and continues until the end of the file (not
shown).

It should be noted that, as a related effort but independent of
kMap . py, the authors have also set up a database of molecular
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Fig. 5. (a) Geometry of the (022) plane of the pentacene crystal structure exhibiting molecules oriented with their long molecular axis parallel to the surface plane
and with a tilt angle of &¢. (b) Sum of least squares x? according to Eq. (25) as a function of the molecular tilt angle ©. The best fir for ¢ is indicated by the red
dot. (c) Comparison of experimental (right half) and simulated momentum maps (left half) for four exemplary tilt angles ¥ = 0°, 10°, 20° and 30°. Note that the
simulated momentum maps are calculated as superpositions of +¢ and —¥. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

orbitals for prototypical organic w-conjugated molecules which
is based on the atomic simulation environment (ASE) [42] with
NWChem as a calculator. This “Organic Molecule Database” [43]
can be accessed via a web-interface from which cube files con-
taining the necessary input for kMap . py can be downloaded, but
there exists also a direct link in kMap . py allowing for a comfort-
able import of molecular orbitals from this online database.

4. Applications
4.1. Pentacene tilt angle in a multilayer film

In this subsection we illustrate how the minimization of
Eq. (25) can be used to determine the molecular orientation in
molecular films by photoemission tomography [4]. Specifically,
we consider a pentacene multilayer which is formed when the
molecule is vacuum deposited on a p(2 x 1) oxygen reconstructed
Cu(110) surface. Thereby its long axis orients parallel to the
oxygen rows, resulting in crystalline pentacene(022) films [44] as
illustrated in Fig. 5a. In this film, the molecular planes are tilted
out of the surface plane by an angle of +v.

The momentum map of the HOMO of pentacene, already intro-
duced in Fig. 2, can indeed be used to determine the tilt angle ©
of the molecule. As can be seen from Fig. 5b and c, the simulated
momentum maps are quite sensitive to this tilt. Already a visual
comparison of the simulated maps for various angles of ¢ =
0°, 10°, 20° and 30° with the experimental data (Fig. 5¢) reveals
that the best agreement can be found for a tilt angle somewhere
between 20° and 30°. Indeed, the minimization of x? according
to Eq. (25) leads to an optimal value of ¥, = 22.7°. Note that
in the simulated maps superpositions of tilts for +¢ and —v
have been considered to account for the two-fold symmetry of
the measured momentum maps, and that in the minimization of
x? also a k-independent constant has been included in the op-
timization to respect background emissions in the experimental
data. The so-obtained value is in good agreement with a value
of ¥yay = 26° determined from an x-ray diffraction structure
solution for pentacene crystal [44]. The present value also agrees

with a previously determined one from photoemission tomogra-
phy [4], where only linescans through momentum maps but not
the full two-dimensional momentum maps have been used in the
minimization of x2.

4.2. Orbital deconvolution of the M3-emission of PTCDA/Ag(110)

In this subsection, we demonstrate the capabilities of kMap . py
to perform an orbital deconvolution as described in Section 3.2.
To this end, we use the prototypical case of the molecule PTCDA
(3,4,9,10-perylene-tetracarboxylic-dianhydride) adsorbed on a
Ag(110) [11]. For a monolayer of PTCDA/Ag(110), photoemission
experiments have revealed a molecular emission centered around
an energy of E, ~ —3.4 eV below the Fermi energy, which has
been termed the “M3 feature” in Ref. [11]. The M3-emission has
been shown to originate from four molecular orbitals which are
closely spaced in energy, denoted as orbitals C, D, E and F. Using
the prescription described in Section 3, the momentum maps for
these four orbitals can be calculated based on isolated molecule
DFT results for PTCDA [43]. Using photons incident with a = 40°,
the polarization factor P, suitable for the toroidal electron energy
analyzer geometry, and a final state kinetic energy of the emitted
electron Ey, = 27.2 eV, the four momentum maps depicted in
Fig. 6 have been obtained.

The experimental data set, that is, the photoemission inten-
sity lexp(Ky, ky. Exin) as a function of the two parallel momentum
components k, and k, and the kinetic energy Ey;, of the emitted
electron, is provided over an energy range from about 26.9 to
27.5 eV with a spacing of AEy, = 0.025 eV. For each kinetic
energy slice, first the experimental data leyp(kx, ky, Exin = const)
and the simulated momentum maps [;(ky, k) are interpolated to
the same k-grid using the RegularGridInterpolator. Then
the minimization of Eq. (24) is performed with LMFIT-py [40]
leading to the four weights wc, wp, wg and wg plotted in the
lower part of Fig. 6. In order to account for a background in the
experimental data, a simple, k-independent background has been
included in the optimization procedure. The resulting depen-
dence wj(Ep) can be interpreted as an orbital-projected density
of states and is known as the orbital deconvolution which has
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Fig. 6. Orbital deconvolution of the M3-emission of PTCDA/Ag(110). The top row shows the momentum maps of four PTCDA’s orbitals denoted as C, D, E and F.
Minimizing Eq. (24) separately for each kinetic energy Eyi, leads to the orbital weights w¢, wp, wg and wr plotted in the lower part of the figure.

already been described for the M3-feature of PTCDA/Ag(110) in
Ref. [11].

5. Conclusion and outlook

Arguably, the most direct method of addressing the electronic
properties in general and the density of states in particular is
ultra-violet photoemission spectroscopy. Recent applications of
angle-resolved photoemission spectroscopy for large aromatic
molecules have shown that the angular distribution of the pho-
toemission intensity can be easily understood with a simple
plane wave final state approximation. Over the last decade, the
method of orbital or photoemission tomography has emerged
and developed as a combined experimental/theoretical approach
seeking an interpretation of the photoemission distribution in
terms of the initial state wave functions. This paper presents
the open source python-based program kMap.py which comes
with an easy-to-use graphical user interface in which simulated
momentum maps can be directly compared with experimental
ARPES data. Among various applications, kMap . py can be used to
unambiguously assign emissions to particular molecular orbitals,
and in particular, to deconvolute measured spectra into individ-
ual orbital contributions (Section 4.2), and to extract detailed
geometric information (Section 4.1). Other applications currently
available in kMap . py, but not demonstrated herein, would be the
precise determination of the charge balance and transfer at the
organic/inorganic interfaces [45].

For the future, we envision further developments and applica-
tions as well as a growing number of potentially interested users
of kMap . py. On the experimental side, there has been significant
progress in photoemission spectrometers and excitation sources
which boost experimental momentum space imaging of the elec-
tronic properties. This includes spin-sensitive detectors, photoe-
mission momentum microscopes, time-resolved photoelectron
spectrometers to be combined with laser excitations sources for
pump-probe experiments. The latter will open a completely new
window into the photoemission from excited states above the

Fermi level and their time evolution [16]. Understanding these
new experimental results will require appropriate simulations
tools as provided by kMap . py.

Future directions for developments in kMap.py include the
reconstruction of real space orbital distributions from measured
momentum maps. The necessary numerical retrieval of the phase
information has been demonstrated already in a number of publi-
cations [24,46-48] and should be straight-forward to implement
also into kMap . py. A more fundamental aspect of photoemission
tomography concerns the underlying approximation of the final
state as a plane wave which certainly has known limitations [5].
Here, it will be desirable to provide computationally tractable
alternatives which go beyond the plane-wave approximation also
within the simulation platform kMap. py.
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