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usive conical intersection in the
dissociative photoionization of methyl iodide

Jesús González-Vázquez, ab Gustavo A. Garćıa, c David V. Chicharro, d

Luis Bañares de and Sonia Marggi Poullain *d

The valence-shell dissociative photoionization of methyl iodide (CH3I) is studied using double imaging

photoelectron photoion coincidence (i2 PEPICO) spectroscopy in combination with highly-tunable

synchrotron radiation from synchrotron SOLEIL. The experimental results are complemented by new

high-level ab initio calculations of the potential energy curves of the relevant electronic states of the

methyl iodide cation (CH3I
+). An elusive conical intersection is found to mediate internal conversion from

the initially populated first excited state, CH3I
+(~A 2A1), into the ground cationic state, leading to the

formation of methyl ions (CH3
+). The reported threshold photoelectron spectrum for CH3

+ reveals that

the n5 scissors vibrational mode promotes the access to this conical intersection and hence, the transfer

of population. An intramolecular charge transfer takes place simultaneously, prior to dissociation. Upon

photoionization into the second excited cationic state, CH3I
+(~B 2E), a predissociative mechanism is

shown to lead to the formation of atomic I+.
1 Introduction

Radiationless electronic relaxation processes govern the
dynamics following absorption of UV light in many isolated
molecules.1 In particular, radiationless transitions between
electronic states of the same multiplicity, referred to as internal
conversion (IC), constitute a universal rst step in the photo-
induced dynamics of polyatomic systems leading aerwards
to a variety of outcomes including dissociation or isomeriza-
tion. The topology characterizing the potential energy surfaces
of the electronic states involved directly determines the effi-
ciency and the associated timescale of this type of process. For
instance, IC in prebiotic molecules is oen mediated by the
presence of conical intersections leading to an efficient fast
decay back into the ground state in a sub-picosecond timescale,
preventing thus any photodamage (see for instance2,3). Biolog-
ical systems need indeed a certain exibility to access conical
intersections allowing for a fast decay and thus surviving pho-
todamage, as seen for instance in canonical DNA bases and
pairs (see ref. 4 and references therein). In contrast, IC in other
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molecular systems, such as alkyl radicals, occurs between
bound electronic states where no curve crossing is located.5,6 It
takes place then through the overlap of the wavefunctions
associated with highly-excited vibrational levels of two elec-
tronic states. This leads to a remarkably slow transfer of pop-
ulation followed in some cases by a statistical dissociation from
vibrationally hot ground state. This type of mechanism is
revealed by Boltzmann-type translational energy distributions
characterizing the fragment products. In these cases, the long
reaction time allows for intramolecular vibrational energy
redistribution (IVR), adding further complexity to the associ-
ated dynamics. Here, in a joint experimental and theoretical
investigation, an elusive conical intersection (CI) is revealed to
mediate IC from the rst excited state into the ground state of
ionic methyl iodide (CH3I

+). As evidenced by the threshold
photoelectron spectrum measured for the methyl ion (CH3

+),
and supported by new high-level ab initio calculations, the
scissors vibrational mode of the methyl group promotes the
access to such CI, facilitating the transfer of population.

Methyl iodide photoinduced dynamics has attracted a lot of
interest over the years. It has indeed served as a proof-of-
concept of experimental techniques such as ion imaging7 and
velocity map imaging (VMI).8 A variety of methodologies,
including experiments employing nanosecond lasers and slice
imaging for dynamics9,10 and stereodynamics,11,12 femtosecond
time-resolved experiments,13–16 experiments based on Coulomb
explosion imaging17,18 or, more recently, attosecond transient
absorption spectroscopy (ATAS),19,20 along with high-level ab
initio calculations and semiclassical multidimensional trajec-
tory calculations, including spin–orbit coupling and surface
Chem. Sci., 2024, 15, 3203–3213 | 3203
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hopping, have been employed to disentangle the photodisso-
ciation dynamics upon UV photoexcitation18,21 and even to
quantum-control the photodynamics by creating light-induced
conical intersections and light induced potentials using
intense ultrafast laser pulses.22–24 Although its photoionization
and dissociative photoionization have received much less
attention, recent experiments on the photodissociation of the
methyl iodide cation (CH3I

+) from excited states reached by UV
two-photon absorption,25 and by XUV one-photon absorption,26

in combination with VMI have been reported, the latter in
a time-resolved fashion in the femtosecond timescale involving
IR femtosecond laser probe pulses.

Early work on methyl iodide photoionization includes
photoelectron photoion coincidence experiments27–29 and time-
of-ight spectroscopy,30 as well as the measurement of high-
resolution photoelectron spectra.31 The ionization potential of
CH3I has been determined to be 9.54150 ± 0.00003 eV,32 which
is associated to the photoionization into the low component of
the spin–orbit splitted CH3I

+(~X 2EJ) (J = 3/2, 1/2) ground state.
The measured photoelectron spectrum using HeIa radiation
features indeed two narrow peaks associated with the photo-
ionization into vibrationally cold CH3I

+(~X 2E3/2,1/2).31,33 A second
band in the 12–13 eV photon energy range is assigned to ioni-
zation into CH3I

+(Ã 2A1). The ro-vibrational structure of this
loosely bound state, which has been investigated in detail,31,34–39

is dominated by the C–I stretching mode (n3), superimposed on
the symmetric C–H stretch (n1) and the umbrella mode (n2). A
third band lying at higher energies between 14.0 and 16.5 eV is
observed in the reported photoelectron spectra and assigned to
photoionization into the second excited cationic state,
CH3I

+(~B 2E). The Ã cationic state is not stable and yields mainly
CH3

+ fragments with an appearance threshold of 12.248 ±

0.003 eV.40 This dissociation channel has been proposed to take
place through IC into the ground state of the cation.26,28 The
dissociation dynamics was later suggested to occur through
a loose transition state, lacking a reverse activation barrier,
while a long lifetime on the 10−7 s timescale was estimated.30

More recently, Bodi and co-workers discussed, based on high-
resolution spectroscopy, the role of Rydberg states in the
photoionization in the Franck–Condon gap between the
cationic ground and rst excited states.40 The appearance
thresholds for the I+ fragment and the H-atom loss channel
yielding CH2I

+, were determined at 12.87 eV and 12.74 eV,
respectively.28 Major formation of these two ionic fragments, I+

and CH2I
+, occurs upon photoionization into the ~B excited state

manifold. Direct dissociation in this state manifold would lead
to the H-atom loss while IC into the Ã state has been proposed to
lead to I+ formation.29,41

Theoretical works include vertical excitation energies asso-
ciated with the valence-shell photoionization into different
excited states, using the outer valence Green function method
(OVGF)42 and later using the many-body Green function
approach.33 Locht et al.43 carried out complete active space self-
consistent eld (CASSCF) calculations of vertical excitation
energies and partial potential energy curves for the rst elec-
tronic states of the cation. All these calculations were performed
by neglecting the spin–orbit coupling. In a more recent
3204 | Chem. Sci., 2024, 15, 3203–3213
investigation, we have shown how the spin–orbit coupling
signicantly alters the landscape based on the potential energy
curves and thus the expected dynamics.25 A second set of
calculations, including full dimension on-the-y trajectory
calculations on the Ã 2A1 state have been later reported to
explore the role of an IR probe pulse aer one-photon XUV
absorption.26

The present work reports experimental results using the
double imaging photoelectron photoion coincidence (i2

PEPICO) technique upon one-photon ionization by tunable
synchrotron radiation along with high-level ab initio calcula-
tions. The major formation of CH3

+ from the CH3I
+(Ã 2A1)

excited state is shown to occur through an elusive CI mediating
the IC into the CH3I

+(~X 2E) ground state. This transfer of pop-
ulation appears to be promoted by the n5 scissors vibrational
mode. In addition, the formation of I+ and CH3

+ following
ionization into the B band is shown to occur through a predis-
sociative mechanism. Theoretical support in the form of
complete active space perturbation theory (CASPT2) calcula-
tions taking into account the spin–orbit components and
including a larger active space, in comparison with previous
calculations,26 are presented to extract insight into the dissoci-
ation dynamics upon valence-shell photoionization.

The manuscript is organized as follows. In Section 2, the
experimental and theoretical methods are described, while in
Section 3, the experimental and theoretical results including the
measured threshold photoelectron spectra and the photoion–
photoelectron kinetic energy correlation diagrams are pre-
sented along with the computed potential energy curves. The
different fragmentation mechanisms are discussed based on
the experimental and theoretical results. Finally, the main
conclusions of this work are summarized in Section 4.

2 Methods
2.1 Experimental

Experiments were performed at the DESIRS beamline of the
French synchrotron SOLEIL,44 on the permanent end-station
SAPHIRS,45 employing the double imaging photoelectron pho-
toion coincidence (i2 PEPICO) spectrometer DELICIOUS III.46

Synchrotron photons emitted from an undulator were dispersed
by a 6.65 m normal incidence monochromator. A 200 lines per
mm−1 grating was used and the monochromator slits were set
to provide a photon energy resolution ranging between ∼4 meV
at 12.0 eV to 8 meV at 17 eV photon energy with an estimated
photon ux of 5 × 1012 photons per s−1. Spectral purity was
ensured by means of a gas lter lled with Ar or Ne47 to remove
high harmonics emitted from the undulator. The absolute
photon energy scale was calibrated separately within an accu-
racy of 1 meV using the absorption lines of Ar in the gas lter.
Methyl iodide (Sigma Aldrich) was placed in a bubbler at−15 °C
(no carrier gas used) and expanded through a 50 mm diameter
nozzle and collimated by two skimmers (Beam Dynamics,
1.0 mm diameter) to form a continuous molecular beam.

The molecular beam crossed the synchrotron light at a right
angle in the center of DELICIOUS III, and all electrons and ions
produced were extracted and accelerated in opposite directions
© 2024 The Author(s). Published by the Royal Society of Chemistry
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by an electric eld. A velocity map imaging (VMI) and a modi-
ed Wiley-McLaren time-of-ight (TOF) imaging spectrometers
were employed to detect electrons and ions, respectively.
Photoelectron energy spectra (PES) and angular distributions
were obtained from the electron VMI image by Abel inversion
using the pBasex algorithm48 while the full ion 3D momentum
distribution was extracted from the ion time-of-ight (TOF) and
the 2D arrival position onto the corresponding position-
sensitive detector. The coincidence scheme yielded electron
images, and thus a photoelectron spectrum (PES) correlated to
a particular ion momentum, which in turn produced the
photoelectron and photoion kinetic energy correlation diagram
(KECD). The mass resolving power M/DM was sufficient to
separate the CH2I

+ fragment ion (m/z= 141) from the parent ion
CH3I

+ (m/z = 142).
Measurements at two xed photon energies, i.e. 14 eV and

15.5 eV, were performed rst, and a scan between 12.0 eV and
17.0 eV with steps of 25 meV was then carried out plus an
additional scan of the A band with a 2.5 meV step. While the
photoelectron and photoion KECDs constitute the main result
for a dissociative photoionization measurement at a xed
photon energy, the scan is analyzed to obtain for each ion, the
coincident electron signal as a function of the ion and electron
kinetic energy, and the photon energy. Such 3D histograms are
here condensed to 2D and 1D representations by integration
over a limited bandwidth of the electron energy along constant
ionic states, reducing the electron energy distribution to
threshold photoelectron spectra (TPES), as detailed elsewhere.49

This allows extraction of 2D energy correlation diagrams as
a function of ion kinetic and cationic state, as well as 1D TPES
by integration over all ion kinetic energies. The photon energy
scale has been calibrated with the O2 autoionizations lines50 in
the photon energy scans.
Fig. 1 Time-of-flight mass spectrum of CH3I obtained upon photo-
ionization at hn = 14.0 eV (blue curve) and 15.5 eV (red curve). Peaks at
m/z = 142, 141, 127 and 15 correspond to the parent ion, CH2I

+, I+ and
CH3

+, respectively. The peak at m/z = 18 corresponds to photoioni-
zation of residual water.
2.2 Theoretical

All calculations were performed using the OpenMOLCAS51,52

suite including the extended multi-state complete active space
self-consistent eld second-order perturbation theory (XMS-
CASPT2) analytical gradients.51 The energy of the different
electronic states was obtained using a complete active space
self-consistent eld (CASSCF)/XMS-CASPT2 protocol with an
ANO-RCC53 basis set contracted to VTZP with a Douglas Kroll
Hamiltonian.54 All valence orbitals were included in the active
space, i.e. the two lone pairs of the I and the bonding and
antibonding orbitals for both the C–I and the C–H bonds, giving
a total of 10 orbitals, CAS(11,10). For the XMS-CASPT2 calcula-
tion, an imaginary shi of 0.2 was employed and the ionization-
potential-electron-affinity (IPEA) shi was removed. The nal
energy was obtained including the spin–orbit coupling in an
atomic mean eld interaction approximation55 with the per-
turbed modied CASSCF (PM-CASSCF) electronic wave-
functions. Concerning the optimization procedure, the Franck–
Condon geometry was calculated using many-body second-
order perturbation theory and the rest of the geometries with
the XMS-CASPT2 for the spin-free states. One-dimension
potential energy curves were calculated along the C–I distance
© 2024 The Author(s). Published by the Royal Society of Chemistry
while the rest of the coordinates were relaxed following the
gradient of the rst doublet at XMS-CASPT2. The present
calculations, named hereaer CASPT2(11,10), were compared
thoroughly with previous calculations carried out by using the
same methodology but a smaller active space, i.e. CAS(5,4),
named hereaer CASPT2(5,4),26 and by using multireference
conguration interaction (MRCI) with an active space CAS(5,4),
hereaer MRCI(5,4).25

In order to estimate the semiclassical photoelectron spec-
trum, several geometries mimicking the harmonic ground state
were obtained using a Wigner distribution on the Franck–
Condon geometry and the energies and Dyson amplitudes were
obtained with the previous protocol. Similarly to the case of the
spin–orbit couplings, the Dyson amplitudes were calculated in
the frame of perturbed modied CASSCF. Finally, in order to
consider the effects of the other degrees of freedom, stationary
points were optimized considering the spin–orbit numerical
gradients in a modied version of the Atomic Simulation
Environment56 with the FIRE optimizer,57 where a new calcu-
lator was created. Similarly to the SHARC method58 in a recent
implementation,59 the spin–orbit gradient was estimated by
averaging the gradient of the different spin-free states. In this
approximation, successfully tested for this molecule,26 the
variation of the spin–orbit operator with the nuclei coordinates
and the non-adiabatic elements were neglected for the gradient
calculation. In the case of degeneration points, an effective
gradient was obtained by constraining the energy difference
between the spin–orbit states. This was done by optimizing at
the same time the square of the energy difference between the
two electronic states and the lowest electronic state (projecting
out the previous contribution).

3 Results and discussion

The time-of-ight mass spectra (TOFMS) upon photoionization
of CH3I at hn = 14.0 eV and 15.5 eV are displayed in Fig. 1. Four
Chem. Sci., 2024, 15, 3203–3213 | 3205
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main peaks are observed in both TOFMS. Besides the dominant
parent ion CH3I

+ at m/z = 142, photoionization leads mainly to
the formation of CH3

+, as reected by the peak at m/z = 15. Two
additional peaks are observed corresponding to the formation
of CH2I

+ (m/z = 141) and I+ (m/z = 127). The small structure
lying around m/z = 18 is associated with the photoionization of
residual water present in the reaction chamber.

The KECDs obtained for (CH3
+, e), (I+, e), and (CH2I

+, e)
photoion–photoelectron coincident events are depicted in Fig. 2
and 3 following photoionization at hn = 14.0 eV and 15.5 eV,
respectively. The corresponding KECD associated with the
(CH3I

+, e) coincident events is not shown, rst because as a non-
dissociative event only the photoelectron image has relevant
information, and second because the parent ion formation is
mostly related to the ionization into CH3I

+(~X 2E3/2) and CH3I
+(~X

2E1/2) in their respective vibrational ground states, leading to the
emission of photoelectrons with high kinetic energy ($4 eV).
The extraction eld used here does not allow for a full 4p
detection of such high energy photoelectrons.

The formation of CH3
+ following photoionization at hn =

14 eV is characterized by a single structure centered at ∼1.6 eV
photoelectron kinetic energy (eKE) (see Fig. 2a), which arises
from photoionization into CH3I

+(Ã 2A1). At hn = 15.5 eV, two
structures are recovered in the corresponding KECD (see
Fig. 3a). The dominant structure, centered at eKE of ∼2.5 eV,
reects photoionization into the ~A cationic state, while the
second broad structure, with eKEs in the range 0–1.5 eV, can be
attributed to photoionization into the CH3I

+(~B 2E) state mani-
fold. We note that the extraction eld used in Fig. 2 and 3 allows
full transmission of electrons with a maximum eKE around
2.5 eV. The dominant structure in Fig. 3(a) associated with the
photoionization into the Ã state is therefore highly affected by
electrons ying outside the detector. Fig. 3 should indeed be
employed to focus on the dynamics upon photoionization in the
~B state. Fig. 2b depicts the KECD for production of I+ and shows
a structure peaking at 1.1 eV with a tail down to 0 eV. The main
peak would reect photoionization into vibrationally excited
CH3I

+(Ã 2A1), while the tail would highlight the beginning of
photoionization into the second ~B cationic excited states. At hn
Fig. 2 Electron–ion kinetic energy correlation diagram, Eion vs. eKE, for
excitation at photon energy 14 eV. The color bar shows the scale (in arb

3206 | Chem. Sci., 2024, 15, 3203–3213
= 15.5 eV, a main broad contribution is observed ranging from
0 to 1.5 eV, along with a minor contribution peaking at ∼2.5 eV.
Similarly to the results at hn = 14 eV, the former reects major
photoionization into the ~B states manifold and the latter
highlights photoionization into the Ã state prior to dissociation.
Finally, the KECDs depicted in Fig. 2c and 3c for (CH2I

+, e) show
a structureless continuum. The respective maximum eKE
corresponds directly to a binding energy equal to the reported
appearance threshold recently reported by Bodi et al.60 at
∼12.6 eV, while slightly below the value measured by Eland and
coworkers (∼12.74 eV).28 The H-atom elimination seems there-
fore to be open from both the upper part of the Ã state and from
the ~B manifold of states.

The photoion kinetic energy, Eion, distributions character-
izing the dissociative photoionization channels leading to CH3

+

and to I+ show Boltzmann-type distributions peaking at
threshold energies. This would indicate indirect dissociation
mechanisms for both channels following photoionization,
allowing for a considerable sharing of the available energy
between the different degrees of freedom. The Eion distribution
for the methyl cation, depicted in Fig. 2a and 3a, is considerably
narrow, characterized by a full-width at half-maximum (FWHM)
around 0.13 eV, corresponding to a kinetic energy release (KER)
∼0.15 eV. Similar Eion distributions and mean kinetic energies
for CH3

+ between 0.1 eV and 0.2 eV s were reported by Powis.29

These ion kinetic energy distributions reect the slow dissoci-
ation from C–I bond cleavage in the cationic ground state
following internal conversion from the Ã state. The I+ fragment
is characterized by small photoion energies, as observed in
Fig. 2b and 3b, but by a larger corresponding KER, up to 1.0 eV,
although always peaking at threshold energies. The FWHM
increases considerably with the photon energy, in agreement
with reported mean kinetic energies29 below 0.1 eV at 14 eV
photon energy up to 0.17 eV around 15.5 eV. The Eion distri-
bution for I+ reects an indirect dissociation mechanism
leading to a considerable transfer of energy from translational
into ro-vibrational degrees of freedom. The kinetic energy
distributions for CH2I

+ from Fig. 2c and 3c ranges however from
0 to ∼30 meV which corresponds to a KER up to 4 eV due to the
(a) (CH3
+, e), (b) (I+, e), and (c) (CH2I

+, e) coincident events following
itrary units) for (b) and must be ×6 for (a) and ×2 for (c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electron–ion kinetic energy correlation diagram, Eion vs. eKE, for (a) (CH3
+, e), (b) (I+, e), and (c) (CH2I

+, e) coincident events following
excitation at photon energy 15.5 eV. The color bar shows the scale (in arbitrary units) for (a) and (b) and must be ×2.25 for (c).
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low co-fragment (H atom) mass leading to a high mass factor.
Taking into account these kinetic energies, the position reso-
lution of the apparatus does not allow resolving the expected
Gaussian kinetic energy distribution associated to direct
dissociation for the H-atom loss following ionization in the B
band.

The TPES measured for the parent ion as well as for the three
fragments in the photon energy region between 12.0 and 17.0 eV
are depicted in Fig. 4. The corresponding breakdown diagram
depicted in Fig. 5 shows good agreement with previous results.28

A small signal for the formation of the parent ion is observed at
the lower photon energies disappearing at ∼12.25 eV, in coin-
cidence with the threshold for CH3

+ formation. This feature,
arising in the Franck–Condon (FC) gap between the ground and
the rst excited state of the cation, is assigned to photoioniza-
tion into CH3I

+(Ã 2A1). Bodi et al.40 already reported and dis-
cussed in detail this photon energy region. Non-FC
photoionization into vibrationally excited CH3I

+(~X 2E3/2,1/2)
competing with the photoionization into the Ã state was
Fig. 4 Threshold photoelectron spectra (TPES) for the four ions
observed in the TOFMS obtained with a combined (electron plus
photon) energy resolution of 50meV. The different curves correspond
to the parent ion, and the CH2I

+, I+ and CH3
+ fragment ions as indi-

cated with m/z = 142, 141, 127 and 15, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
discussed in terms of the role of Rydberg states and subsequent
autoionization, based on the mechanisms described by Guyon
et al.61 and Chupka et al.62 We note that, as observed in Fig. 4
and in agreement with the literature,28 above the fragmentation
threshold, photoionization into the excited Ã and ~B cationic
states leads to complete fragmentation, i.e. no parent ions
survive.

The CH3
+ fragment shows a threshold at 12.25 ± 0.03 eV, in

agreement with the high-resolution value of 12.248 ± 0.003 eV
reported by Bodi et al.40 Although the long range/low resolution
of the TPES shown in Fig. 4 does not allow us to resolve the C–I
stretching vibrational progression on the parent cation, it
unexpectedly shows a series of peaks lying between 12 and 13 eV
unrelated to this progression. In order to explain the origin of
this structure, a zoom on the A band is presented in Fig. 6
recorded with a 2.5 meV energy step, in the form of a 2D energy
correlation diagram showing the CH3

+ signal correlated to
threshold photoelectrons as a function of the center-of-mass
kinetic energy release (CoM-KER) and the photon energy. The
associated threshold photoelectron spectrum is plotted as
a white curve, obtained by integrating the CH3

+ signal associ-
ated with a CoM-KER below 25 meV. The gure shows a long
Fig. 5 Fragment abundance as a function of the photon energy (eV).
The measured data correspond to photon energy steps of 0.25 meV.

Chem. Sci., 2024, 15, 3203–3213 | 3207

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04065h


Fig. 6 CH3
+ signal correlated to threshold photoelectrons (eKE < 15

meV), as a function of centre-of-mass kinetic energy release (CoM-
KER) and photon energy. The photon energy axis corresponds to the
ionization energy since only threshold electrons are considered. The
associated threshold photoelectron spectrum is plotted as a white
curve, obtained by integrating the CH3

+ signal associated with a CoM-
KER below 25 meV. The n5 vibrational mode of the CH3I

+ parent ion
with respect to the adiabatic ionization energy of the A band from
Karlsson et al.31 is depicted in the figure. The first dissociation limit,
from Bodi et al.,40 DL1, corresponding to the production of methyl
cation in its electronic ground state plus I(2P3/2) is also shown, along
with the limits converging to vibrationally excitedmethyl cations in the
out-of-plane bending, n2, mode. The represented slope is only
qualitative.
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vibrational progression corresponding to excitation of the n3 C–I
stretching mode in the CH3I

+ parent ion. This agrees with the
previous high-resolution PES from photoionization using the
HeI radiation from Karlsson et al.31 that reported a broad
continuum with superimposed vibrational progressions related
with the preferred C–I stretching mode (294.2 cm−1), in
combination with the n1 and n2 vibrational modes. Locht et al.43

also reported the TPES in this energy region and obtain
a structureless band, while no vibrational activity was resolved,
perhaps due to their higher experimental temperature—room
temperature (RT) with respect to the currently measured
molecular beam temperature of 70 K—although Bodi et al.40

observe vibrational structure in their RT TPES recorded with an
effusive beam up to 12.3 eV. Interestingly, on top of the C–I
stretching progression, Fig. 6 shows a modulation of the CoM-
KER with the photon energy, i.e., cationic state, with colder ions
being produced at periodic intervals that are consistent with the
presence of dissociation limits converging towards the forma-
tion of CH3

+ vibrationally excited in the out-of-plane bending
mode. This modulation is also seen in the 1D TPES plotted
alongside, especially when correlated with the production of
translationally cold fragments (CoM-KER < 25 meV). The exci-
tation of the out-of-plane bending motion in the methyl cation
n2 (1404 cm−1) is analogous to the n5 scissoring mode in the
3208 | Chem. Sci., 2024, 15, 3203–3213
parent ion (1394 cm−1), which is intriguing since this would not
directly reect the FC factors expected in direct ionization,
although Lee and Kim39 reported combination bands involving
this vibrational mode in their high-resolution spectroscopic
study of the Ã 2A1 state. The data in Fig. 6 suggests indeed
a certain vibrational selectivity for production of CH3

+ which is
perhaps not seen in earlier works due to the different sample
temperature, and the lack of the fragment KER information.
Note that, with respect to the xed photon energy PES of
Karlsson et al.,31 a potential difference could be the effect of
autoionizations in the shape of the photon energy scans.
However, extracting the TPES at different electron kinetic
energy bandwidths to separate indirect from direct ionization,
did not point towards the presence of autoionizations.63 The
TPES obtained here for different resolutions and CoM-KERs are
compared in the supplementary information to the ones
previously reported in the literature. The TPES appears to be
considerably sensitive to the translational energy of the CH3

+

fragment, which is expected because, as seen in Fig. 6, trans-
lational cold ions are produced close to the dissociation limits.
The vibrational selectivity for production of CH3

+ along with the
role of the n5 CH2 scissors mode in the parent ion will be dis-
cussed in more detail below, in conjunction with the theoretical
calculations carried out in the present work.

The threshold for I+ formation is observed at 12.85± 0.03 eV,
while the one for CH2I

+ is at 12.82 ± 0.03 eV, in qualitative
agreement with Eland and co-workers.28 Both values are asso-
ciated to photoionization into highly-vibrationally excited
CH3I

+(Ã 2A1). The appearance of I+ correlates to a remarkable
drop in the CH3

+ yield. Formation of CH2I
+ is observed between

13.2 and 13.5 eV in the FC gap between the Ã and ~B cationic
excited states, while photoionization into CH3I

+(~B 2E) is
observed in the measured TPES for the three fragment ions as
a structureless band lying between 13.5 and 16.0 eV.

Table 1 shows the calculated vertical excitation energies
(VEEs) at the FC geometry of the CH3I neutral ground state for
the three levels of theory used thus far, i.e., a comparison of the
present results at CASPT2(11,10) with those reported previously
at CASPT2(5,4)26 and MRCI(5,4)25. The norms of the Dyson
orbitals calculated at CASPT2(11,10) and CASPT2(5,4) levels of
theory are also included. Experimental VEEs are also included
in Table 1.

The rst ionization threshold calculated at CASPT2(11,10) in
the present work is located at 9.33 eV, which is in reasonable
agreement with the experimental value of 9.54150 ±

0.00003 eV.32 The spin–orbit splitting between the two rst ionic
states is found to be 0.56 eV, in line with the value of 0.628 ±

0.008 eV found experimentally.31 The rst excited state of the
cation, CH3I

+(Ã 2A1), is located at 12.53 eV in the present
calculations. Above the Ã 2A1 state, a series of states are present
lying from 14.44 eV to 15.39 eV (labeled states 4–9 in Table 1).
States 6, 7 and 8 (at 15.09, 15.10 and 15.13 eV, respectively) show
large Dyson norms, i.e. large ionization probabilities, compared
to states 4, 5 and 9 (at 14.44, 14.54 and 15.39 eV, respectively).
Although the VEEs of the rst three electronic states are very
similar at CASPT2(11,10) and CASPT2(5,4), the consideration of
the C–H bonds in the active space, CAS(11,10), seems to be very
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vertical excitation energies (VEEs) together with the norms of the Dyson orbitals of the CH3I
+ at the Franck–Condon geometry of the

neutral parent molecule ground state, CH3I(~X), at three levels of theory. Present work: CASPT2(11,10). Previous work: CASPT2(5,4) (ref. 26) and
MRCI(5,4) (ref. 25). Experimental VEEs are also included (from ref. 31)

CH3I
+ State

Experimental
VEE (eV)

CASPT2(11,10)
VEE (eV) Dyson CASPT2(5,4)26 VEE (eV) Dyson MRCI(5,4)25 VEE (eV)

~X 2E3/2 9.54 9.33 0.951 9.22 0.951 9.10
~X 2E1/2 10.02 9.89 0.954 9.81 0.952 9.78
Ã 2A1 12.5 12.53 0.949 12.34 0.974 12.37
4 14.44 0.002 14.50 0.006 14.43
5 14.54 0.004 14.61 0.003 14.57
6 14.7 15.09 0.854 15.15 0.002
7 15.10 0.313 15.53 0.001
8 15.4 15.13 0.553 15.75 0.002
9 15.39 0.001 16.31 0.001

Fig. 7 Simulated photoelectron spectrum. The Dyson norm for the
different states was calculated for a harmonic Wigner distribution in
the neutral state and convoluted with a Gaussian function (FWHM =
0.25 eV). The different bands are assigned (from left to right) to the
spin–orbit split ground state, ~X 2E3/2 and ~X 2E1/2, and to the first and
second electronic excited states, ~A 2A1 and ~B 2E, of the cation. The
experimental photoelectron spectrum measured using HeIa radia-
tion31 is represented in the inset. The structure observed in the two first
peaks corresponds to vibrational activity, which is absent in the
simulated spectrum.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 3

:0
8:

06
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
important to properly describe the higher electronic states. This
can be seen when comparing the norms of the Dyson orbitals
obtained at CASPT2(11,10) and CASPT2(5,4) for the states
labeled 4–9 in Table 1, which correspond to the ~B 2E manifold.
In addition, we notice that the use of MRCI(5,4) is much less
efficient to recover the dynamical electron correction in
comparison with the CASPT2 method.

The calculated dissociation energies at CASPT2(11,10) are
shown in Table 2. Experimental appearances energies obtained in
this work are also included in Table 2. Asymptotic energies of
12.21 eV and 12.73 eV correspond to the appearance of the CH3

+

and I+ fragment cations, respectively. These values are in good
agreement with the reported experimental appearance thresh-
olds,28,40 which are found at 12.25 eV and 12.74 eV. These energies
are far from being accessible aer photoionization into the spin–
orbit split ~X 2E3/2,1/2 ground state of CH3I

+. As observed experi-
mentally, the parent cation can dissociate only aer photoioni-
zation into the Ã or ~B excited states. In general, we have observed
that the dissociation energies mentioned above do not signi-
cantly vary neither with the active space chosen, nor with the
method employed to correct the CASSCF energies.

In order to estimate the vibrational broadening associated with
the photoionization process, we have calculated the semiclassical
photoelectron spectrum, which is depicted in Fig. 7. The simu-
lated spectrum is in very good agreement with the experimental
photoelectron spectra reported using HeIa radiation31 as well as
synchrotron radiation at 85 eV.33 Two narrow peaks are observed
at 9.16 and 9.75 eV, corresponding to the ionization into the ~X 2E3/
Table 2 Theoretical dissociation limits estimated at three levels of theory
MRCI(5,4) (ref. 25). Experimental appearances energies from this work fo

Dissociation
Experimental appearances
energies

I(2P3/2) + CH3
+ 12.25

I+(3P2) + CH3 12.85
I(2P1/2) + CH3

+

I+(3P1) + CH3

I+(3P0) + CH3

I+(1D2) + CH3

I+(1S0) + CH3

CH2I
+(~X 1A1) + H 12.82

© 2024 The Author(s). Published by the Royal Society of Chemistry
2 and ~X 2E1/2 ground state wells. We note that the simulated
spectrum was convoluted with a Gaussian function (FWHM =

0.25 eV) to reproduce a certain width for these two peaks. The
. Present work: CASPT2(11,10). Previous work: CASPT2(5,4) (ref. 26) and
r the three main dissociation channels are also included

CASPT2(11,10) CASPT2(5,4)26 MRCI(5,4)25

12.21 12.09 12.12
12.73 12.95 12.30
13.14 13.05 13.15
13.51 13.23
13.84 13.16
14.49 14.15

16.21
12.73
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bimodal structure observed experimentally is associated to
vibrational activity and cannot be observed in the simulation. The
second band, corresponding to the photoionization into CH3I

+(Ã
2A1) spans from 11.6 to 13.2 eV. Finally, a third band can be
observed from 13.0 to 16.4 eV assigned to the B band. Table 1
shows that this band is composed by several electronic states
ranging from 14.44 to 15.39 eV.

The present potential energy curves (PECs) calculated at the
CASPT2(10,11) level of theory as a function of the C–I bond
distance are displayed in Fig. 8. The color scale represents the
Dyson norm of the corresponding electronic state with respect
to the neutral ground state of the molecule, reecting directly
the ionization probability. In agreement with previous work,26

a large Dyson norm characterizes the photoionization into the
ground and rst excited states of CH3I

+. The Dyson norm
associated to the second excited state reveals the shape of the
potential energy curve. While a main repulsive shape of elec-
tronic states constituting the B band is initially observed, the
Dyson norm highlights the existence of a bound state in the
diabatic picture, associated with the ~B 2E state. According to
Fig. 8, no direct ionization into the large number of repulsive
electronic states crossing this bound state is expected. The
formation of I+ upon photoionization in this absorption band
must occur in a classical predissociative mechanism, through
a non-adiabatic crossing between the initially populated bound
state and the repulsive states leading to the C–I bond cleavage.
This could not be observed in the previous calculations,25,26

which primarily focused on the photodynamics in the Ã state
and did not contain the bonding and antibonding orbitals for
the C–H bonds in the active space. Moreover, taking into
Fig. 8 Ab initio potential energy curves for the methyl iodide cation at
the XMS-CASPT2 level of theory including spin–orbit coupling at PM-
CASSCF and relaxing the methyl moiety in the ground state of the
cation. The energy origin is taken at the vibrationless electronic ground
state of neutral CH3I. The color scale represents the Dyson norm of the
corresponding electronic state with respect to the neutral ground
state of the molecule, reflecting the ionization probability. Green:
higher ionization probability. Blue: lower ionization probability. The
Franck–Condon region associated with the one-photon ionization
from the ground state is shown in grey while the equilibrium dC–I is
represented by a vertical black line.

3210 | Chem. Sci., 2024, 15, 3203–3213
account the role of these orbitals to properly describe the
ionization into this state, we would expect a repulsive shape of
the ~B 2E state along the C–H bond distance and hence a direct
dissociation for the H-atom elimination pathway, yielding
CH2I

+(~X 1A1) + H.
While similar dynamics are oen expected for methyl halides

(CH3X with X = F, Cl, Br and I), the PECs characterizing the
cationic methyl iodide (see Fig. 8) reect large differences. A fast
dissociation leading to the formation of methyl cations following
one-photon ionization into the Ã 2A1 excited state has been re-
ported for methyl chloride and methyl uoride.64–66 The corre-
sponding potential energy curves present indeed a repulsive
shape. We note that the high spin–orbit coupling characterizing
the iodine atom with respect to the small coupling for uorine
and chlorine atoms modies the energy difference between the
two dissociation limits, lying really close in CH3Cl and CH3F. The
spin–orbit coupling may therefore play a decisive role in the
dissociation dynamics in the Ã 2A1 cationic state of methyl iodide.

A search of stationary points was carried out following the
procedure described in Section 2.2 and a conical intersection
between the upper component of the spin–orbit split ground
state of CH3I

+, ~X 2E1/2, and the rst excited state Ã 2A1 was found.
Its geometry is depicted in Fig. 9 along with the corresponding
potential energy, while the arrows shown in the chemical
structure indicate the vector associated with the calculated non-
adiabatic coupling between the Ã and ~X states at the 2E1/2/

2A1 CI
(referred henceforth to as non-adiabatic vector). The geometries
and potential energies at the Franck–Condon region, associated
with one-photon vertical ionization from the ground neutral
state, as well as at the minimum of the Ã 2A1 cationic state are
also depicted. If the spin–orbit coupling is not taken into
account in the calculations, the ~X 2E3/2 and ~X 2E1/2 electronic
states are degenerate and the CI would not exist. This implies
that standard theoretical methods cannot be employed to locate
and optimize the geometry of this elusive CI, while the novel
procedure used here allows us to identify it. As observed in
Fig. 9, this spin–orbit conical intersection is located at a large
C–I distance (dC–I = 3.412 Å). A C–I distance of 2.113 Å charac-
terizes the geometry at the Franck–Condon region associated
with the ground state of neutral methyl iodide, while a longer
C–I distance of 2.599 Å is found at the minimum of the cationic
rst excited state, Ã 2A1. Besides, the I–C–H angles change
considerably between the two stationary points. Interestingly,
the methyl moiety appears to be somehow rotated at the CI, and
the original C3v symmetry is broken. Based on the geometrical
modications required, the CI appears to be located far away
from the Franck–Condon region (initially populated following
vertical ionization) and also from the energy minimum of the Ã
electronic state. We can assume then that aer one-photon
ionization the molecule may stay trapped in the Ã state for
a considerable time before it decays into the cationic ground
state and further dissociates yielding CH3

+ + I(2P3/2).
The measured photoelectron spectrum28,31 shows a broad

continuum associated with photoionization in the rst Ã 2A1
excited state of the cation while several progressions were
observed on top, attributed to excitation in the n1, n2 and n3

vibrational modes, i.e. the CH3 stretch, the umbrella and the C–I
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04065h


Fig. 9 Potential energy for the first four cationic electronic states and
molecular geometries at three relevant stationary points: (left) the
Franck–Condon region associated with the ground state of the neutral
molecule (dC–I = 2.113 Å); (center) the minimum energy of the ~A 2A1

excited state (dC–I= 2.599 Å); and (right) the conical intersection found
between the ~X 2E1/2 and ~A 2A1 states (dC–I = 3.412 Å). The geometry at
each stationary point is shown along with the corresponding C–I
distance. The three I–C–H angles are equal to 107.8° and to 95.0° at
the FC and at the minimum of the ~A state, respectively, while at the CI
the three angles are equal to 72.1°, 37.2° and 107.8°. The non-adiabatic
vector characterizing the conical intersection is shown as arrows (see
text for details).

Fig. 10 Computed difference in electronic density between the ~A 2A1

and ~X 2E1/2 electronic states at the geometry of the CI found between
the ~X 2E1/2 and ~A 2A1 states (dC–I= 3.412 Å). A higher density in ~X 2E1/2 is
shown in red while a higher density in ~A 2A1 is depicted in blue. The
arrow highlights the direction of the transfer of electronic density
taking place at the CI.
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stretch, respectively. A broad continuum was also obtained in
the photoelectron spectrum measured by one-XUV-photon
ionization in the recent femtosecond XUV-IR pump–probe
experiment.26 In this work, the excitation of the n2 mode in the
methyl fragment is associated with excitation of the CH3I

+ n5

scissors mode, which is not particularly promoted by the ioni-
zation step to the unfavorable Franck–Condon factors in the
one-photon ionization from the neutral ground state. Based on
the literature, the preferred vibrational mode activated in the
ionization step would be indeed the n3 C–I stretch mode. Time-
resolved experiments could even visualize this induced vibra-
tional motion.26,67 The n5 scissors vibrational mode must hence
favor the formation of methyl ions. The geometry at the CI
shows a somehow distorted methyl moiety geometry while the
non-adiabatic vector clearly recalls the scissors vibrational
mode. This mode is therefore promoting the passing through
the CI mediating the internal conversion into the cation ground
state leading to C–I bond cleavage. The vibrational progression
in this particular mode reects the small part of molecules
which, upon one-photon ionization, reach the Ã excited state
with the appropriate vibrational activity to promptly access the
CI and produce methyl cations.

The location of this elusive CI also explains the long lifetimes
estimated for the Ã excited state. Aer one-photon ionization, the
moleculemay stay trapped in this state, since the vibrational activity
induced in the absorption step, in any mode besides n5, does not
directly lead to the geometrical modications required to access the
CI seam. Intramolecular vibrational redistribution (IVR) could then
take place aer internal conversion, and fragmentation would
occur from a vibrationally hot ~X 2E1/2 state. This dissociation
explains the particularly sharp Boltzmann-type distribution
© 2024 The Author(s). Published by the Royal Society of Chemistry
obtained for CH3
+ in Fig. 2(a) and Fig. 6. We note that direct C–I

bond cleavage in the Ã excited state leading to I+ is clearly more
favorable. Once this channel is opened, the branching ratio for
CH3

+ formation decreases considerably as observed in Fig. 6.
The passage through the CI mediating the internal conver-

sion is in addition leading to a charge transfer. While the Ã
excited state of the cation leads to the formation of iodine ions,
I+(3P2), in the asymptotic limit, the cationic ground state is
associated with the formation of CH3

+. Since the CI is located at
large C–I distances, the positive charge is located in the iodine
atom before the transfer of population through the CI.
Following internal conversion, the positive charge is then
located in the methyl group. The charge transfer is mediated by
the conical intersection as it can be visualized in Fig. 10. The
difference in electronic density between the Ã 2A1 and ~X 2E1/2
electronic states computed at the geometry characterizing the
conical intersection is shown. A blue color indicates a positive
difference in density, reecting the regions where a higher
density is found in the Ã state while a higher density in the ~X
2E1/2 electronic state, i.e. a negative difference, is depicted in
red. A higher electronic density is found around the methyl
moiety in the Ã state and around the iodine in the spin–orbit
excited ground state. The passage through the CI is thus
accompanied by a transfer of electronic density from the methyl
moiety into the iodine. This process recalls a classical intra-
molecular single-electron transfer (SET)68,69 or more specically
a twist intramolecular charge transfer (TICT).70–72 In such case,
a twist conformation allows a charge transfer between a donor
and an acceptor moiety. The CI requirements impose also here
a twisted geometry, breaking the C3v geometry, and allowing the
transfer into the ground cationic state and to further dissociate
into methyl cation. While intramolecular electron transfer
occurs in general in large polyatomic systems, involving
aromatic rings facilitating the process, here it takes place in
a prototype small system at a considerably large C–I distance.
4 Conclusions

The valence-shell dissociative photoionization of methyl iodide
(CH3I) has been studied using i2 PEPICO spectroscopy in
combination with highly-tunable synchrotron radiation. The
results are complemented by new high-level ab initio calculations
Chem. Sci., 2024, 15, 3203–3213 | 3211

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04065h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 3

:0
8:

06
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of the potential energy curves. The experimental results consist
on electron–ion kinetic energy correlation diagrams upon ioni-
zation at xed photon energies of 14 and 15 eV as well as
threshold photoelectron spectra—including a zoom of the A
band using a lower step to better resolve the cationic state—and
breakdown diagram following photoionization in the 12.0–17.0
photon energy range. In agreement with the literature, three
main dissociative photoionization channels are identied,
namely the C–I bond cleavage leading to either CH3

+ or I+ and the
H-atom loss producing CH2I

+. Photoionization into the Ã 2A1 rst
excited electronic state leads to complete fragmentation,
producing mainly CH3

+. The reported threshold photoelectron
spectrum and energy correlation diagrams for CH3

+ give direct
information on the internal conversion process and associated
charge transfer between the I and CH3 moieties, leading to the
formation of methyl cations vibrationally excited upon photo-
ionization in the Ã state. It reveals in particular that the n5 scissors
vibrational mode promotes the transfer of population from the
initially populated rst excited state, CH3I

+(Ã 2A1), into the
ground cationic state, which upon dissociation translates into
out-of-plane bending excitation of the CH3

+ fragment. The
geometry and energy characterizing the elusive spin–orbit conical
intersection mediating the internal conversion obtained in
a search for stationary points, along with the non-adiabatic
coupling vector supports the major role of the n5 scissors vibra-
tional mode. The passage through this conical intersection
requiring a major geometrical modication leads to an intra-
molecular electron transfer at a considerably large C–I distance.
Finally, upon photoionization into the second excited cationic
state, CH3I

+(~B 2E), the three cationic fragments are also produced.
Based on the calculated potential energy curves, a predissociative
mechanism leads to the formation of atomic I+ in this band.
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46 G. Garćıa, B. Cunha de Miranda, M. Tia, S. Daly and
L. Nahon, Rev. Sci. Instrum., 2013, 84, 053112.

47 B. Mercier, M. Compin, C. Prevost, G. Bellec, R. Thissen,
O. Dutuit and L. Nahon, J. Vac. Sci. Technol., A, 2000, 18,
2533–2541.

48 G. A. Garćıa, L. Nahon and I. Powis, Rev. Sci. Instrum., 2004,
75, 4989–4996.
© 2024 The Author(s). Published by the Royal Society of Chemistry
49 J. Poully, J. Schermann, N. Nieuwjaer, F. Lecomte, G. Gregoire,
C. Desfrançois, G. Garcia, L. Nahon, D. Nandi, L. Poisson,
et al., Phys. Chem. Chem. Phys., 2010, 12, 3566–3572.

50 E. Nishitani, I. Tanaka, K. Tanaka, T. Kato and I. Koyano, J.
Chem. Phys., 1984, 81, 3429–3437.

51 I. F. Galván, M. Vacher, A. Alavi, C. Angeli, F. Aquilante,
J. Autschbach, J. J. Bao, S. I. Bokarev, N. A. Bogdanov and
R. K. Carlson, J. Chem. Theory Comput., 2019, 15, 5925–5964.

52 F. Aquilante, J. Autschbach, A. Baiardi, S. Battaglia,
V. A. Borin, L. F. Chibotaru, I. Conti, L. De Vico, M. Delcey
and I. F. Galván, J. Chem. Phys., 2020, 152, 214117.

53 B. O. Roos, R. Lindh, P.-A. Malmqvist, V. Veryazov and
P.-O. Widmark, J. Phys. Chem. A, 2004, 108, 2851–2858.

54 M. Reiher and A. Wolf, J. Chem. Phys., 2004, 121, 10945–
10956.

55 B. Schimmelpfennig, AMFI, an atomic mean-eld spin-orbit
integral program, University of Stockholm, 1996.

56 A. H. Larsen, J. J. Mortensen, J. Blomqvist, I. E. Castelli,
R. Christensen, M. Du\lak, J. Friis, M. N. Groves,
B. Hammer, C. Hargus, E. D. Hermes, P. C. Jennings,
P. B. Jensen, J. Kermode, J. R. Kitchin, E. L. Kolsbjerg,
J. Kubal, K. Kaasbjerg, S. Lysgaard, J. B. Maronsson,
T. Maxson, T. Olsen, L. Pastewka, A. Peterson, C. Rostgaard,
J. Schiøtz, O. Schütt, M. Strange, K. S. Thygesen, T. Vegge,
L. Vilhelmsen, M. Walter, Z. Zeng and K. W. Jacobsen, J.
Phys.: Condens. Matter, 2017, 29, 273002.

57 E. Bitzek, P. Koskinen, F. Gähler, M. Moseler and
P. Gumbsch, Phys. Rev. Lett., 2006, 97, 170201.

58 M. Richter, P. Marquetand, J. González-Vázquez, I. Sola and
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