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ABSTRACT: A methodology implemented to compute
photoionization cross sections beyond the electric dipole
approximation using Gaussian type orbitals for the initial state
and plane waves for the final state is applied to molecules of
various sizes. The molecular photoionization cross sections
computed for valence molecular orbitals as a function of
photon energy present oscillations due to the wave-like nature
of both the outgoing photoelectron and of the incoming
photon. These oscillations are damped by rotational and
vibrational averaging or by performing a k-point summation for
the solid state case. For core orbitals, the corrections
introduced by going beyond the electric dipole approximation are comparable to the atomic case. For valence orbitals,
nondipole corrections to the total photoinization cross sections can reach up to 20% at photon energies above 1 keV. The
corrections to the differential cross sections calculated at the magic angle are larger, reaching values between 30% and 50% for
all molecules included. Our findings demonstrate that photoelectron spectroscopy, especially angle-resolved, on, e.g., molecules
and clusters on surfaces, using high photon energies, must be accompanied by theories that go beyond the electric dipole
approximation.

■ INTRODUCTION

Photoelectron (PE) spectroscopy, known also as photo-
emission in the solid state community, is a characterization
technique which probes the occupied electronic structure of
materials by measuring the kinetic energy of electrons emitted
upon photoionization. Considering that occupied electronic
states with different atomic contributions have different
probabilities of ionization depending on the energy of the
ionizing radiation, PE spectra measured at different photon
energies provide insight into the contribution of different
atomic states to molecular orbitals (MOs) or electronic energy
bands.1,2 These insights are relevant, for example, in the field of
molecular electronics and spintronics, where the nature of the
frontier orbitals plays an important role on the functioning of
devices.3,4

From a computational perspective, the comparison between
calculated and measured PE spectra is widely used to asses the
quality of a particular electronic structure method.5,6 Usually,
the computed electronic structure is directly compared to PE
spectra measured at low photon energies. References 7−18
constitute several examples of this practice applied at different
levels of theory, from density functional theory (DFT) and the
GW approximation to Dynamical Mean Field Theory
(DMFT).

The inclusion of photoionization cross sections in
constructing theoretical PE spectra becomes important for
materials composed of metal atoms and their ligands, such as
organo-metallics, transition metal complexes, and transition
metal oxides. In these cases, the photoionization probability of
metal states differs substantially from the photoionization
probability of ligand states, especially at larger photon
energies.1,2 For these types of materials, photoionization
cross sections can be taken into account in the calculated PE
spectrum either by assuming a simple Gelius model2 and
multiplying each projected density of states (PDOS) with the
corresponding atomic photoionization cross section or by
computing the actual photoionization cross section for each
particular state. The former method, although very simple, has
been quite successful in reproducing valence PE spectra of
reasonably large organic molecules with metal atom
centers19−22 or of periodic transition metal oxides,23,24 by
making use of either calculated or tabulated dipole atomic
photoionization cross sections.25−27 The later method involves
the direct calculation of transition matrix elements between
occupied molecular orbitals and a suitably chosen final state. In

Received: May 14, 2019
Published: September 11, 2019

Article

pubs.acs.org/JCTCCite This: J. Chem. Theory Comput. 2019, 15, 5483−5494

© 2019 American Chemical Society 5483 DOI: 10.1021/acs.jctc.9b00470
J. Chem. Theory Comput. 2019, 15, 5483−5494

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

U
PP

SA
L

A
 U

N
IV

 o
n 

N
ov

em
be

r 
1,

 2
01

9 
at

 1
0:

46
:4

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JCTC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jctc.9b00470
http://dx.doi.org/10.1021/acs.jctc.9b00470
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


contrast to the atomic case, where the spherical symmetry of
the effective Coulomb potential allows computing rather
accurate wave functions for the continuum states, molecular
systems are more challenging. Within the electric dipole (ED)
approximation, equations for computing molecular photo-
ionization cross sections have been implemented for different
types of initial and final state wave functions. Dyson orbitals
have been successfully employed in combination with plane
waves (PWs),28−31 Coulomb waves,28 or B-splines32 to
compute photoionization cross sections of organic molecules
and molecular ions. Another approach has been to use B-
splines to describe both initial and continuum states and
compute dipole photoionization cross sections of a series of
small molecules.33−36 For solid state materials, time-reversed
low energy electron diffraction (LEED) states have been
successfully used to compute angle-resolved photoemission
spectra (ARPES).37−42

Besides dipole photoionization cross sections, another
important role in the theory−experiment comparison may be
played by nondipole (ND) effects, especially at large photon
energies and for delocalized states. The results by Panda et
al.23 constitute one example of theory−experiment differences
which could be explained by the fact that ND effects were not
included in the calculation. In ref 23, the spectrum calculated
for NiO with an accurate electronic structure method matches
well the experimental valence band PE spectrum at low photon
energy (2 keV), but the theory−experiment comparison
becomes gradually worse at higher photon energies (4 and 6
keV). Since ND effects are expected to increase with photon
energy, they could explain why the differences between theory
and experiment become larger as the photon energy is
increased. The efforts in ref 23 represent a high kinetic energy
(HIKE) approach that has the obvious advantages of being less
surface-sensitive and, hence, yielding better bulk-like features.
However, a problem with HIKE measurements is concerned
with the interpretation as it is less than obvious how relevant
the electric-dipole approximation is.
In the case of atomic photoionization, there are many

studies that go beyond the electric dipole approximation, and
we refer the reader to refs 43−52 for different perspectives and
overviews. ND corrections to the photoionization cross
sections of atomic orbitals increase linearly with photon
energy and are quite small, reaching up to 5−10% at a photon
energy of 12 keV.53

In the case of molecules, there are several experimental
studies which investigate nondipole effects in molecular
photoionization by determining photoelectron angular dis-
tributions and nondipole asymmetry parameters. Among the
studied molecules we note H2,

54 N2,
55,56 N2O,

55 CO,56 Br2,
57

and BrCF3.
57

When it comes to theoretical studies, first order corrections
to the electric dipole approximation have been implemented at
several levels of theory and applied to compute nondipole
photoelectron angular distributions and asymmetry parame-
ters. In particular, the random phase approximation (RPA) has
been applied to determine nondipole effects in the photo-
ionization of N2

58 and CO.56 At the DFT level of theory, we
mention the implementation of Toffoli and Decleva using B-
splines,59,60 which has been employed to compute the
nondipole asymmetry parameters of N2,

61 CF4,
62 SF6,

59 and
C60,

63 at photon energies up to 200 eV above the ionization
threshold. Finally, we mention the work of Seabra et al.64 who
calculated ND differential cross sections and corrections for

photon energies up to 5 keV for four small molecules (HF,
H2O, NH3, and CH4), using Dyson orbitals for the initial state
and a PW for the final state. In ref 64, the full field operator has
been used to determine the magnitude of ND corrections to
molecular photoionization, which were found to reach up to
40%.
In the present study, we aim to estimate the magnitude of

ND corrections for molecules of various sizes, including large
systems such as C60. We apply a previously developed
methodology53 based on the expression beyond the dipole
approximation obtained by List et al. for the photoabsorption
cross section.65 Using Gaussian type orbitals (GTOs) for the
initial state and PWs for the final state, we compute the dipole
and nondipole photoionization cross sections as a function of
photon energy up to 12 keV for a set of 17 molecules of
various sizes, from diatomic molecules to C60. We find that,
overall, the corrections to the dipole approximation can be very
large, especially for high photon energies and angle-resolved
cases. Hence investigations that aim to obtain information
both on bulk and surface (e.g., adsorbed molecules or atoms)
in the same experiment, where high kinetic energy is required,
must be accompanied by a theory that goes beyond the electric
dipole approximation.

■ THEORY
Starting from the expression for the photoabsorption cross
section derived by List and co-workers:65
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we obtain an equation for the photoionization cross section
where the final state of the photoelectron is described as a
PW.53

In eq 1, ℏ, e, ε0, c, and me are the reduced Planck constant,
the elementary charge, the vacuum permittivity, the light
velocity in vacuum, and the electron mass, respectively; ω is
the angular frequency of the electromagnetic field; the
summation is over all many-body final states |n⟩, and the
nondipole transition matrix element is computed between the
ground state |0⟩ and the final state |n⟩; {γn} are the relaxation
parameters for the set of excited states and which correspond
to their inverse finite lifetimes; k represents the wave vector
corresponding to the electromagnetic field; rj is the position
vector of electron j; N is the total number of electrons; ϵ is the
polarization direction; and ωn0 is the transition angular
frequency corresponding to the energy difference between
the final and initial states.
Employing a frozen orbital approximation as described in ref

53 and replacing the single particle final state by a PW with
wave vector ke, the expression for the photoionization cross
section becomes53
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where we here consider a transition from the ground state to a
specific final state |f⟩ that is characterized by an electronic
transition from occupied orbital χi to a free-electron state. As a
result, the index j has been dropped when moving from a
many-body description to using single electron states, and
initial state χi is an occupied molecular orbital expressed as a
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linear combination of atomic orbitals (AO), denoted ϕμ.
Representing further each AO as a linear combination of
GTOs, the final expression for the photoionization cross
section becomes53
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where cμ is the coefficient of ϕμ in the linear combination, the
first summation (μ) is over all atomic orbitals which contribute
to the ionized molecular orbital, and the second summation (l)
is over all primitives used to describe atomic orbital ϕμ, where
gμL is a GTO with l = lx + ly + lz.

53

The dipole approximation is straightforwardly retrieved by
setting k to zero in eq 3. We note that by using the full field
operator in eq 3, the photoionization cross sections are gauge
origin independent.65,66

■ COMPUTATIONAL DETAILS
The ground state structures of the molecules in Figure 1 were
optimized with use of the Gaussian 16 quantum chemistry

software67 using the B3LYP68 functional in combination with
the universal Gaussian basis set (UGBS) by de Castro et
al.69−77 in its Cartesian Gaussians variant. The ground state
Kohn−Sham (KS) molecular orbitals were used in eq 3 to
compute rotationally averaged photoionization cross sections
within and beyond the electric dipole approximation. These
cross sections were determined for each molecule using the
computational setup in Figure 2b, where the photon wave
vector (k) was rotated to directions generated by the Lebedev

quadrature of order n = 194.78 For each configuration, the
integral over the polarization direction was performed as
described in ref 66, by representing the transition moment in
the photon reference frame, with the photon wave vector on
the z-axis and the polarization direction in the xy-plane. In this
reference frame, the direction of the photoelectron wave vector
was generated via the Lebedev quadarture of order n = 194,
while its norm ke was determined from energy conservation.
The total photoionization cross section was obtained by taking
the average of all configurations (194 × 194) weighted by their
corresponding Lebedev weights. The cross section calculated
this way corresponds to performing angle-integrated photo-
electron spectroscopy measurements of a gas-phase system,
and it will be referred to as rotationally averaged cross section
throughout this work.
In addition, a differential cross section was calculated with

the same procedure but keeping the angle between the photon
and photoelectron wave vectors fixed at θ = 54.7° (magic
angle, MA). In this case, the photoelectron direction was not
generated by the Lebedev quadrature but by rotating ke around
k by 360° with a step of 5°. This corresponds to a gas-phase
photoionization experiment where the detector is placed at θ =
54.7° with respect to the photon beam. The cross section
computed with this procedure will be referred to as the
differential cross section.
In the case of the N2 molecule, a vibrationally averaged cross

section was computed as follows: (1) The vibrational
frequency of the N−N stretching mode was determined at
the B3LYP68 level of theory and using the UGBS basis
set.69−77 (2) Several configurations (denoted i) of the N2
molecule were obtained by stretching or contracting the N−N
bond from its calculated equilibrium value of 1.109 Å. The
specific bond lengths considered were Q i=0.986, 1.008, 1.030,
1.052, 1.074, 1.096, 1.118, 1.140, 1.162, 1.184, and 1.206 Å.
(3) The ED and, respectively, ND photoionization cross
sections (σi) were calculated for each configuration i using the
computational setup of Figure 2c. (4) The vibrationally
averaged value of the cross section was obtained by weighing
each σi with the probability density Q( )s i

2ψ| | , where Q( )s iψ is
the value of the nuclear wave function corresponding to the
N−N stretching vibration at the N−N bond length Q i.
Finally, to model the effects of a periodic crystal, a k-point

summation was performed in the case of the [Ni(H2O)6]
2+

molecular ion, which represents a molecular model for the NiO
crystal, since the chemical building block of bulk NiO is an
octahedron of O atoms with a Ni atom in the center. The
nominal charge of bulk NiO is Ni2+ and O2−, which is captured
by the Ni and O atoms in [Ni(H2O)6]

2+. The k-point
summation was performed by constructing a k-dependent
electronic wave function ψkz for each molecular orbital χi
determined with the B3LYP functional and the UGBS basis
set:

c er r R( ) ( )k i
ik A

1

NAO
z Z∑ψ ϕ= −

μ
μ μ

= (4)

where ϕμ is the μth atomic orbital centered at the atom site R,
cμi represents the contribution of ϕμ to molecular orbital χi, and
Az is the z coordinate of R. The index z indicates that only
periodicity in the z-direction was considered. This approximate
treatment of the NiO band structure was made to illustrate the
importance of nondipolar effects of the angular integrated

Figure 1. Molecules studied in the present work: (a) nitrogen, (b)
oxygen, (c) fluorine, (d) chlorine, (e) hydrofluoric acid, (f) carbon
monoxide, (g) water, (h) ammonia, (i) methane, (j) formaldehyde,
(k) ethene, (l) 3-hexylthiophene, (m) hexaaquanickel(II) ion, (n)
benzene, (o) C60 fullerene, (p) nickel phthalocyanine, and (q) zinc
porphyrin.
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photoemission experiments of solids and how k-space
summation influence the calculated cross sections.
By replacing χi in eq 2 with ψk from eq 4, a photoionization

cross section was determined using the computational setup
from Figure 2a for each kz in the interval [−2π/a, 2π/a] which
corresponds to the first Brillouin zone of a face-centered cubic
lattice. Here, a = 4.143 Å represents the NiO lattice constant,
i.e., 2× the B3LYP calculated Ni−O bond length in the
[Ni(H2O)6]

2+ complex. Considering that NiO is an insulator,
all occupied bands are below the Fermi level and do not cross
it, so the k-point summation must be performed over the full
interval. However, to qualitatively asses the effects of k-point
summation, we additionally tested two other smaller intervals,
[−π/a, π/a] and, respectively, [−π/2a, π/2a]. The k-point
summation was performed by generating 100 equidistant kz
values in the given interval and calculating a cross section for
each of them. The final value of the photoionization cross
section was determined as the sum of the cross sections
obtained for each kz, divided by the number of k-points
included.
Finally, for all molecules included in this study, ND

corrections were computed from the rotationally averaged
and, respectively, differential dipole (σED) and nondipole
(σND) cross sections using the following equation:

100 (%)ND
ND ED

ND

σ σ
σ

Δ =
| − |

(5)

All cross sections and corrections were calculated for the
photon energy range between 10 eV and 12 keV.

■ RESULTS AND DISCUSSION
In the following, the features of the photoionization cross
sections as a function of photon energy for the core and
valence molecular orbitals of the N2 molecule are thoroughly
analyzed. The oscillations observed in the cross sections are
explained, alongside several damping mechanisms, where the k-
point summation is performed for the [Ni(H2O)6]

2+ molecular
ion. The magnitude of the ND corrections to the total and
differential cross sections is reported for all included molecules
in several photon energy windows.
We begin by discussing the electronic structure of the N2

molecule since it will be relevant in explaining the behavior of
the photoionization cross sections as a function of photon
energy. For completeness, we depict in Figure 3 a schematic
representation of the well-known electronic levels of N2 with

hybridized atomic orbitals forming bonding and antibonding
molecular orbitals. In the case of the core levels, the atomic 1s
wave functions give rise to a pair of almost degenerate MOs
(separated by only ∼0.05 eV in our calculation), denoted 1σg
and 1σu* in Figure 3, where the asterisk marks the antibonding
MO. In the case of the valence, the 2s AOs hybridize to form
the nondegenerate MOs (separated by ∼17 eV in our
calculation) 2σg and 2σu* which are both occupied, while the
2p AOs result in partially nondegenerate MOs where only the
bonding counterparts are occupied.

Photoionization of Core Levels. Figure 4a shows the
dipole photoionization cross section as a function of photon
energy calculated for the bonding (blue) and antibonding
(orange) core (1s) MOs of N2. The setup used for the
calculations is depicted in the inset, with the N−N bond
placed parallel to the z-axis, the photon wave vector in the y-

Figure 2. (a) Fixed computational setup used to compute the dipole and nondipole photoionization cross sections of [Ni(H2O)6]
2+. (b)

Computational setup for rotational averaging. The k wave vector is rotated to directions generated via the Lebedev quadrature. Each configuration
is then combined with photoelectron directions generated via the Lebedev quadrature in the photon reference frame. The arrows mark several
directions generated for the ke wave vector obtained at order n = 14 of the quadrature. (c) Computational setup for vibrational averaging. (d)
Illustration of the NiO crystal, alongside an experimental setup to measure photoemission. Red and yellow spheres symbolize O and Ni atoms,
respectively.

Figure 3. (a) Molecular orbital diagram for the N2 molecule (not to
scale). The antibonding molecular orbitals are marked with an
asterisk. (b) Illustration of the occupied molecular orbitals of N2
represented using a wave function iso-surface absolute value of 0.02
au. Positive surfaces are represented in blue, while negative surfaces
are in yellow.
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direction, and the photoelectron wave vector in the z-direction,
parallel to the polarization direction.
As the figure shows, the individual cross sections for the two

core orbitals present oscillations as a function of photon
energy. The photon energies corresponding to the minima of
the antibonding MO 1σu* are listed in Table 1. These minima

occur when the wavelength corresponding to the photo-
electron fits an integer number of times the distance between
the two N atoms. In the case of the bonding orbital 1σg, the
minima are shifted by half a period with respect to the minima
of 1σu*, as will be shown more rigorously in the following. As a
result, the total cross section (dashed line in Figure 4a,b) for
the core MOs, obtained as the sum of the bonding and
antibonding counterparts, does not present any oscillations
and is basically identical to the N 1s atomic photoionization
cross section.53

To further explain the oscillatory behavior of the cross
sections in Figure 4a, we assume a simplified description of the
1σu* molecular orbital as a linear combination of two 1s GTOs,
each centered on one of the N atoms in the molecule:

ce ce1 x y z x y z b
u

( ) ( )2 2 2 2 2 2
σ* = −α α− + + − [ + + − ]

(6)

where c is a linear combination coefficient which we assume,
for simplicity, includes the normalization constant, α is the
orbital exponent defining the GTO, and b represents the N−N
bond length. To simplify the expression, we have considered

that one of the N atoms is placed at the origin, while the other
is at coordinate b on the z-axis.
To compute the ED photoionization cross section for this

molecular orbital, we must compute transition matrix elements
of the type:

e c e e c e e1 ik z x y z ik z x y z b ik z
u

( ) ( )e e e
2 2 2 2 2 2

σ⟨ *| ⟩ = ⟨ | ⟩ − ⟨ | ⟩α α− + + − [ + + − ]

(7)

where we have set the photon wave vector k = 0 and
considered the computational setup in the inset of Figure 4a,
where the photoelectron wave vector is in the z-direction.
The transition matrix elements from eq 7 involve integrals

which can be computed analytically, as shown in the
Supporting Information of ref 53. Applying the appropriate
formulas, the transition matrix element becomes

i
k
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From eq 8, it becomes clear that the dipole photoionization
cross section will have minima at photon energies where ke is
such that the term in parentheses is zero:

e k
n

b
1

2ik b
e

e
π= ⇔ =

(9)

where n is an integer.
The same derivation can be performed for a simplified

bonding orbital:

ce ce1 x y z x y z b
g

( ) ( )2 2 2 2 2 2
σ = +α α− + + − [ + + − ]

(10)

with the final solution:

e k
n

b b
1

2ik b
e

e
π π= − ⇔ = +

(11)

Comparing eqs 9 and 11, the positions of the minima for
bonding and antibonding orbitals differ by half a period and,
therefore, the total cross section obtained as the sum of the
two presents no oscillatory behavior.
Figure 4b shows the ND cross sections of the same core

orbitals, 1σg and 1σu*, as a function of photon energy. By
placing the molecule perpendicular to the photoelectron wave
vector, as shown in the inset of Figure 4b, the oscillations due

Figure 4. (a) Calculated ED cross sections of the 1s MOs of the N2 molecule in a fixed setup, depicted in the inset, where the molecule is parallel to
the photoelectron wave vector. (b) Calculated ND cross section of the 1s MOs of the N2 molecule in a fixed setup, depicted in the inset, where the
molecule is parallel to the photon wave vector. (c) ND correction for the N 1s states in the N2 molecule (black solid line) compared to the N atom
(dotted orange line) calculated using ED and ND cross sections averaged over possible photoelectron directions as performed in ref 53.

Table 1. Photon Energy (ℏω) Positions of the Minima
Observed in the ED Photoionization Cross Sections of the
Antibonding 1σu* Molecular Orbital (Figure 4a), alongside
the Kinetic Energy (KE), Wave Vector (ke), and Wavelength
(λe) Corresponding to the Photoelectrona

ℏω (keV) KE (keV) ke (Å
−1) λe (Å) n

0.52 0.13 5.84 1.076 1.03
0.88 0.49 11.34 0.554 2.00
1.49 1.10 16.99 0.370 3.00
2.35 1.96 22.68 0.277 4.00
3.45 3.06 28.34 0.222 5.00
4.79 4.40 33.98 0.185 5.99
6.38 5.99 39.65 0.158 7.02
8.21 7.82 45.30 0.139 7.98
10.29 9.90 50.97 0.123 9.02

aThe last column is obtained by dividing the N−N equilibrium bond
length (1.109 Å) with λe.
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to the photoelectron are suppressed. In this configuration, the
N−N bond can be said to be “invisible” from the point of view
of the photoelectron. What is meant by this can be clarified
using the simplified expressions for the core orbitals from eqs 6
and 10, modified to account for the fact that the N−N bond is
now parallel to the y-axis. The ED matrix elements computed
using these orbitals result in a zero cross section for the
antibonding orbital and a nonoscillating cross section identical
to the atomic case for the bonding orbital. In the ND case, if
the molecule is additionally placed parallel to the photon
propagation direction, the minima observed in the photo-
ionization cross section are due solely to the photon wave
vector. This is further shown in Table 2 which lists the photon

energy positions of the minima of 1σg and 1σu*. These photon
energies correspond to situations where k = π/b (in the case of
1σg) and, respectively, k = 2π/b (in the case of 1σu*).
When the molecule is placed in a random orientation with

respect to the ke and k wave vectors, a combination of the two
effects discussed above is observed, with minima resulting from
the wave-like nature of both the photoelectron and of the
photon. In all setups, however, the oscillations vanish once the
bonding and antibonding contributions are summed up and
the total cross sections, both ED and ND, are identical to the
atomic case after taking into account the fact that four
electrons occupy the molecular core levels vs two in the atomic
case. The ND correction is, therefore, equal to the ND
correction obtained for the atom, as illustrated in Figure 4c.
Oscillations in the photoionization cross sections have been

first predicted by Cohen and Fano,80 who calculated the dipole
photoionization cross section of a H2 molecule using Slater
type orbitals for the initial state and a free-field spherical wave
for the final state and found that coherent photoemission from
the two identical centers leads to an interference pattern. In the
case of the N2 molecule, the oscillations predicted for the core
orbitals by the method employed here are in agreement with
the Cohen−Fano (CF) model,79 as illustrated in Figure 5. The
experimental data shown in Figure 5 were measured using a
high resolution soft X-ray spectrometer that could resolve the
very small energy difference between the 1σg and 1σu* X-ray
photoelectron spectroscopy (XPS) peaks.79 As shown in the
figure, the oscillations observed experimentally are shifted with
respect to our results and the CF model. This difference likely
arises because of the plane wave (free electron) approximation
used to describe the photoelectron wave function. This
approximation is especially crude around the photoionization
threshold, where the kinetic energy of the photoelectron is not
high enough to be able to neglect the Coulomb potential of the
ionized atom. As the photon energy and, consequently, the
photoelectron kinetic energy is increased, the plane wave
approximation becomes more accurate, as discussed in detail
for atomic photoionization in ref 53. In the case of molecules

and solids, possible multiple scattering mechanisms may play a
role. This is illustrated in Figure 5, where the random phase
approximation (RPA) result of Liu et al.,79 accounting for
scattering by the neighboring N atom, is able to reproduce the
experiment. In solids, multiple scattering events must be
considered to replicate the experimental extended X-ray
absorption fine structure (EXAFS).81−83

Photoionization of Valence Levels. In the case of
valence molecular orbitals, as anticipated by the description of
the N2 electronic structure, the oscillatory behavior of the
photoionization cross section persists because the bonding and
antibonding MOs are nondegenerate or partially unoccupied,
so that their separate contributions cannot be summed up.
Figure 6a shows the calculated ND photoionization cross
section for the 3σg MO of the N2 molecule, in a fixed setup
where the bond-axis of the molecule is parallel to the
photoelectron wave vector ke. Similar to the case of core
orbitals, the cross section has minima for photon energies
where the ke and k vectors are such as to zero out the
transition matrix elements. The analysis is slightly more
complicated than in the case of the 1s MOs because the 3σg
MO involves a linear combination of p-type GTOs, but the
principle is the same.
Oscillations in the intensity of peaks in the valence PE

spectra of materials have been experimentally observed notably
in the vibrationally resolved spectra of small molecules36 and in
the gas-phase spectra of C60 and C70.

84,85 Rather than
vanishing at certain photon energies as our fixed setup
model predicts, the relative intensities of the C60 HOMO
and HOMO-1 peaks oscillate around an “equilibrium” ratio,85

suggesting the existence of certain damping mechanisms. In
gas-phase measurements, the molecules are free to rotate and
vibrate, while in solid state photoemission experiments, the
atoms are part of a periodic crystal. From eqs 9 and 11, it is
clear that by altering the distance between the two atoms, as
for example during a stretching vibrational mode, the photon
energy positions of the cross section minima will shift, resulting
in an average cross section with quenched oscillatory behavior.

Table 2. Photon Energy (ℏω) Positions of the Minima
Observed for the ND Photoionization Cross Sections of the
1σg and 1σu* Molecular Orbitals (Figure 4b), alongside the
Photon Wavelength (λ)a

MO ℏω (keV) λ (Å) n

1σg 5.59 2.218 0.5
1σu* 11.17 1.110 1.00

aThe last column is obtained by dividing the N−N equilibrium bond
length (1.109 Å) with λ.

Figure 5. Ratio of the rotationally averaged ND cross sections
calculated for the 1σg and 1σu* core MOs of N2 (blue line) as a
function of the magnitude of the photoelectron wave vector shown in
comparison to previous theoretical (red and black lines) and
experimental (squares) data from ref 79. The previous theoretical
data is obtained using the interference model proposed by Cohen and
Fano (CF) (red)80 or using the random phase approximation (RPA,
black), including the effect of photoelectron scattering by the
neighboring N atom.79
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This is illustrated in Figure 6b which depicts the zero point
vibrational average calculated for the N2 3σg molecular orbital.
The molecule was kept in a fixed orientation with respect to
the photon and photoelectron wave vectors, but the N−N
bond was allowed to stretch and contract, as described in the
Computational Details section. Figure 6b shows that, at high
photon energies, the oscillations in the photoionization cross
section are completely damped, while at low photon energies,
they retain a relatively large amplitude. The reason for this is
the fact that the photoelectron kinetic energy depends on the
squared magnitude of the photoelectron wave vector. Small
changes in ke from its “ground state” value result in shifts of the
order of tens of electronvolts at low photon energies, but the
shifts are of the order of hundreds of electronvolts in the high
photon energy region.
Besides molecular vibrations, another damping mechanism is

represented by molecular rotations. To model the influence of
rotations on the photoionization cross section, we rotated
independently the photon and photoelectron wave vectors to
directions generated via the Lebedev quadrature, as described
in the Computational Details section. The averaged ND cross
section obtained for the 3σg MO of the N2 molecule is shown
as a function of photon energy in Figure 6c. As it can be seen
from the figure, in this case the oscillations have almost
completely vanished. Note that the rotationally averaged cross
section is approximatively three times smaller than the

vibrationally averaged value. This is due to the fact that the
rotationally averaged cross section includes an average over
possible photoelectron directions, not included in the fixed
computational setup.
The results in Figure 6 show that the minimum values of the

cross section of the valence electron photoemisson, that appear
at regular intervals shown in Figure 6a, should be possible to
detect experimentally. They are detectable for N2 and in fact
for any diatomic molecule, or molecular system that can have
extinction effects resulting from eqs 8 and 9. However, an
experimental difficulty one would have to overcome is naturally
the effect of rotations and vibrations that smooth out the
minima (Figure 6b,c).
The last mechanism for damping out minima of the cross

section of valence states is related to solid state measurements.
Here the photoionized system is an ordered crystal, with
valence states described by Bloch states. To model this
situation for a cluster calculation, we have constructed a “poor
man’s” variant of a periodic structure and a Bloch state, as
described in the Computational Details section. Figure 7 shows
the results obtained for one of the valence molecular orbitals of
the [Ni(H2O)6]

2+ complex, which represents a molecular
model for the NiO crystal. Note that in this complex the Ni
atom sits in an octahedral cage of O atoms precisely analogous
to Ni atoms in bulk NiO. Also the nominal charge of the Ni
and O atoms are the same in the two models. Figure 7a depicts

Figure 6. (a) Calculated ND photoionization cross-section for the 3σg orbital of the N2 molecule in a fixed setup, depicted in the inset, where the
molecule is parallel to the photoelectron wave vector. (b) Vibrationally averaged ND cross section of the same orbital, computed for the same fixed
setup. (c) Rotationally averaged ND cross section of the 3σg MO.

Figure 7. (a) Calculated ND photoionization cross section of one of the molecular orbitals of the [Ni(H2O)6]
2+ complex in a fixed setup, depicted

in the inset, where the out-of-plane pair of Ni−O bonds is parallel to the photoelectron wave vector. (b) Average of data from Figure 7a, obtained
after k-point summation over three different k-point intervals (for details see text). The subscript α indicates that only the spin up orbital is shown.
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the ND cross section as a function of photon energy calculated
in a fixed setup, depicted in the inset, while Figure 7b depicts
the cross section obtained after k-point summation. The cross
section in Figure 7a, which may be viewed as the cross section
at the Γ point, presents a large number of minima related to
the wave-like nature of the photon and photoelectron. A k-
point summation performed over the full interval
[−2π/a, 2π/a] leads to an almost complete suppression of
the oscillatory behavior. If the summation is performed on a
smaller interval, the oscillations remain present but are
damped. This would correspond to a metallic situation,
where some of the bands cross the Fermi level.
ND Corrections. Tables 3, 4, and 5 list the maximum ND

corrections calculated for the highest occupied molecular

orbital (HOMO) of all molecules in Figure 1 on three photon
energy intervals, below 1 keV, between 1−5 keV, and between
5−12 keV. Two corrections have been calculated, one using
the roationally averaged ND and ED cross sections and one
using differential cross sections computed at the magic angle θ
= 54.7°.
Although rotational averaging strongly reduces the oscil-

latory behavior previously discussed, the oscillations are in fact
not completely removed and they can be observed
experimentally, as for example in refs 85, 84, and 36.
Korica et al.84,85 observed relative intensity oscillations as a

function of photon energy in the valence PE spectra of the C60
and C70 fullerenes. The observed oscillatory behavior was
related to the fact that the wavelength of the emitted
photoelectron matched the diameter of the fullerene cage.
This is the same mechanism as described in the Photo-
ionization of Valence Levels section for the N2 molecule. A
comparison between the measured data for C60 from ref 85
and the corresponding values computed using ND differential
cross sections as a function of photon energy is shown in the
Supporting Information, Figure S1. Although the photon
energy is low and the plane wave approximation for the final
state is less reliable, the theoretical and experimental results
compare quite well, suggesting that the experimentally
observed oscillations are mainly due to the effect discussed
in the Photoionization of Valence Levels section. However,
depending on the system and the type of measurements,
additional effects, such as transitions between vibrational
levels,36 or multiple scattering79 can also play a role.
While the ED cross sections have minima due only to the

wave-like nature of the photoelectron, the ND cross sections
are influenced by both the photon and the photoelectron.
Besides the magnitude of the two wave vectors, also their
relative directions will affect the photon energy position of the
cross section minima. Compared to atomic photoionization,
where the magnitude of the ND corrections was influenced
only by (1) the magnitude and (2) the direction of the

Table 3. Maximum ND Corrections for the HOMO Orbital
of the Diatomic Molecules (a)−(f) from Figure 1 Computed
Using Rotationally Averaged Cross Sections (3rd Column,
ΔND) and Using Differential Cross Sections at the Magic
Angle (4th Column, ΔND

MA)

molecule ℏω range (keV) ΔND (%) ΔND
MA (%)

N2 <1 0.6 15
1−5 3 28
5−12 16 41

O2 <1 0.4 13
1−5 6 31
5−10 12 43

F2 <1 0.6 12
1−5 11 27
5−12 9 43

Cl2 <1 0.6 8
1−5 6 27
5−12 13 42

HF <1 0.3 12
1−5 3 30
5−12 7 43

CO <1 0.5 13
1−5 3 25
5−12 6 39

Table 4. Maximum ND Corrections for the HOMO Orbital
of the Molecules (g)−(k) from Figure 1, Calculated Using
Rotationally Averaged Cross Sections (3rd Column, ΔND)
and Using Differential Cross Sections at the Magic Angle
(4th column, ΔND

MA)

molecule ℏω range (keV) ΔND (%) ΔND
MA (%)

H2O <1 0.4 13
1−5 3 31
5−12 7 44

NH3 <1 0.3 12
1−5 2 27
5−12 5 38

CH4 <1 0.7 16
1−5 4 33
5−12 10 43

CH2O <1 0.6 13
1−5 4 30
5−12 8 44

C2H4 <1 0.3 13
1−5 4 35
5−12 8 45

Table 5. Maximum ND Corrections for the HOMO Orbital
of the Molecules (l)−(q) from Figure 1, Calculated Using
Rotationally Averaged Cross Sections (3rd Column, ΔND)
and Using Differential Cross Sections at the Magic Angle
(4th Column, ΔND

MA)

molecule ℏω range (keV) ΔND (%) ΔND
MA (%)

C6H6 <1 2 13
1−5 9 34
5−12 13 46

[Ni(H2O)6]
2+ <1 0.5 13

1−5 9 37
5−12 11 44

3HT <1 0.6 12
1−5 5 28
5−12 9 43

C60 <1 3 14
1−5 12 37
5−12 14 47

ZnP <1 4 15
1−5 9 26
5−12 7 38

NiPc <1 5 19
1−5 19 34
5−12 17 47
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resulting vector K = ke − k,53 ND corrections for valence
molecular orbitals are additionally affected by (3) the shift in
photon energy position of the cross section minima. Due to the
remaining oscillatory behavior in the cross sections after
rotational averaging, the ND corrections themselves display
oscillations, as depicted in Figure 8 for the 3σg and 1πu orbitals

of the N2 molecule. Additionally, because of the mathematical
relation between the magnitude of the photoelectron wave
vector and the photoelectron kinetic energy, as discussed in the
Photoionization of Valence Levels section, the largest ND
corrections may not necessarily be observed at the highest
photon energy. At low photon energies (<1 keV), where the
magnitude of the photon wave vector is small, the ED and ND
cross sections are very similar. At high photon energies, where
the amplitudes of the oscillations are strongly reduced, the ND
corrections are less affected by the shift in photon energy
position of the cross section minima. However, in a midrange
photon energy region, where the photon wave vector is large
enough but where the magnitude of the photoelectron wave
vector is small enough, all three mechanisms discussed above
will give rise to differences between the ED and the ND cross
sections. The photon energy range where this happens
depends on the particular system and molecular orbital.
This is to some extent illustrated in Tables 3 and 5, where

the maximum ND corrections for the rotationally averaged
cross sections of F2 and NiPc are obtained mid-range. On the
other hand, this effect is clearly visible in Figure 8, where the
maximum correction obtained for the rotationally averaged
cross section of the 3σg orbital is obtained at approximately 8.5
keV (marked with an arrow in the figure). It is expected that
this effect would be even more pronounced in the absence of
damping mechanisms, as, for example, for fixed-in-space
molecules86 or molecules deposited on surfaces.
The rotationally averaged ND corrections are generally

small. At low photon energies, below 1 keV, the corrections are
smaller than 1% for all systems, except in the case of the larger
molecules, with delocalized HOMO orbitals, i.e., benzene
(C6H6, 2%), C60 (3%), ZnP (4%), and NiPc (5%). The
corrections increase with photon energy reaching up to 19% in
the case of NiPc.

The ND corrections obtained using differential cross
sections at the magic angle are comparatively large for all
systems. Corrections to the differential photoionization cross
sections have been calculated before by Seabra et al.64 for HF,
H2O, NH3, and CH4. When taking into account the different
basis set used, 6-311G(d,p) (Seabra and co-workers) vs UGBS
(this work), we reproduce the results obtained in ref 64. This is
illustrated in the Supporting Information, Figure S2, in the case
of the HOMO-1 orbital of NH3, where the ND correction to
the differential cross section has been computed using the
UGBS and the 6-311G(d,p) basis sets as a function of photon
energy.
The ND corrections calculated for differential cross sections

at a fixed angle θ = 54.7° between the photon and
photoelectron wave vectors present oscillations as a function
of photon energy related to the cross section minima, as
discussed before. This is clearly visible in the correction to the
differential cross section of the 3σg orbital of N2, shown in
Figure 8. In contrast to the case of the rotationally averaged
cross sections, the corrections for the differential cross section
steadily increase with photon energy in a similar manner for all
systems, and the main difference between molecules and
orbitals is due to the type of oscillatory behaviorsee, for
example, the difference between 3σg and 1πu in Figure 8. The
fact that the ND corrections to the differential cross sections
are much larger than the corrections to the rotationally
averaged ones suggests that ND effects will especially affect
angle-resolved PE spectra, even at photon energies as low as 1
keV. Once again, ND corrections are expected to be even
larger for systems where the damping mechanisms discussed in
the Photoionization of Valence Levels section are missing, such
as fixed-in-space molecules or molecules adsorbed on surfaces.

■ CONCLUSIONS

We have applied a methodology to compute molecular
photoionization cross sections beyond the electric dipole
approximation using the full field operator in combination with
GTOs and PWs to describe the initial and final states,
respectively. The methodology is computationally inexpensive
and can be easily applied to large systems, such as the C60
fullerene or transition-metal phthalocyanines. The molecular
photoionization cross sections display oscillations related to
the wave-like nature of the incoming photon, as well as of the
outgoing photoelectron. The oscillatory behavior vanishes
when the bonding and antibonding molecular orbitals are
degenerate and their corresponding cross sections can be
summed up. This is the case for core orbitals, but not for
valence orbitals, where the bonding and antibonding counter-
parts are either nondegenerate or partly filled. However, the
oscillatory behavior of the cross sections is damped by
rotational and vibrational averaging (gas-phase and liquid),
or by k-point summation (solid state). The ND corrections for
the localized core orbitals are very similar to the atomic case,
reaching up to 5−10% at 12 keV, depending on the orbital
type. The ND corrections to rotationally averaged cross
sections of valence orbitals reach up to ∼20%, as in the case of
the HOMO orbital of NiPc. Due to the oscillatory behavior of
the cross sections, above a certain photon energy threshold, the
maximum correction is not necessarily obtained at the highest
photon energy. ND corrections become much larger when
angle-resolved calculations are performed. Keeping the angle
between the photon and photoelectron wave vectors fixed at θ

Figure 8. Calculated ND corrections to the rotationally averaged
photoionization cross sections (solid line) and to the differential cross
sections (dashed-dotted lines) of the 3σg (in orange) and 1πu (in
blue) molecular orbitals of the N2 molecule. The differential cross
sections are computed at the magic angle θ = 54.7°.
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= 54.7° results in corrections of approximately 50% in the cases
of C60 and NiPc at photon energies between 5−12 keV.
In this investigation we find that the cross section of both

core and valence orbitals can reach distinct minimum values
for specific energies, which should be possible to detect
experimentally. We have pointed to some observations in the
literature, and we show here that both rotational and
vibrational effects diminish these conspicuous minimum
values. Hence an experiment that could suppress these effects,
either by reaching low temperature or by studies of
chemisorbed molecular species, would be highly interesting.
Here angle resolved photoemission spectroscopy (ARPES)
might also offer an interesting experimental way to detect
distinct minima of the cross sections, since in these
experiments smearing of the minima due to a summation of
different k-points (Figure 7b) is avoided. In the case of core
spectroscopy these minimum values would have to be detected
by means of two-photon experiments, where one photon first
kicks out an electron, creating an open shell, and then a second
photon is used to detect the cross section minima of the
remaining occupied core orbital.
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(38) Braun, J.; Minaŕ, J.; Ebert, H. In Hard X-ray photoelectron
spectroscopy (HAXPES); Woicik, J., Ed.; Springer International
Publishing: 2016; pp 159−174.
(39) Keqi, A.; Gehlmann, M.; Conti, G.; Nemsǎḱ, S.; Rattanachata,
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