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1 Introduction

Interference effects in molecular photoionization1° as well as
in ionization by electron impac

Physical Chemistry Chemical Physics .

CHEMISTRY

Photoelectron diffraction in methane probed via vibra-
tionally resolved inner-valence photoionization cross
section ratios

Saikat Nandi,® Etienne Plésiat,” Minna Patanen,® Catalin Miron,%¢ John D Bozek,* Fer-
nando Martin,?¢/ Daniele Toffoli,© and Piero Decleva*¢

Vibrationally resolved photoionization of the 2a; orbital in methane has been studied both ex-
perimentally and theoretically, over a wide range of photon energies (40 —475 eV). A vibrational
progression associated to the symmetric stretch mode of the 2aj1 single-hole state was observed
in the experimental photoelectron spectra. Individual vibrational sub-states of the spectra were
found to be best modeled by asymmetric line-shapes with linewidths gradually increasing with
vibrational quantum number. This indicates the occurrence of a pre-dissociation process for the
involved ionic state, discussed here in detail. Finally, diffraction patterns were observed in the
vibrational branching ratios for the first three vibrational sub-states (“v-ratios”) of the experimental
photoelectron spectra. They are found to be in excellent qualitative agreement with those obtained
from ab-initio models. Compared with previous studies of the Ia,” core-shell photoionization of
methane, the period of oscillation of the v-ratios is found to be very different and the phases of
opposite sign. This suggests a strong interplay between the electron diffraction and interference
effects inside the molecular potential.

distinction somewhat becomes blurred. Interference and diffrac-

tion phenomena lie at the foundation of quantum mechanics, the

18-20

or heavy ion scattering former being the analogous of the celebrated Young’s double-slit

have been extensively studied in recent years. Two distinct types
of interference processes have been observed to play an impor-
tant role in molecular photoionization. One originates from co-
herent emission from equivalent centers in a molecule and the
other from the interference of a wave scattered from neighboring
centers with the primary wave. The second process is referred to
as photoelectron diffraction. In the case of ionization from de-
localized molecular orbitals, however, both often coexist and the
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interference 21723, the second traced back to the first confirmation
of the wave-particle duality observed by C. J. Davisson and L. H.
Germer in 192724, The signature of diffraction processes in pho-
toemission from free molecules has been realized only recently,
although it underlies the well-known extended X-ray absorption
fine structure (EXAFS) oscillations in core X-ray absorption, and
becomes an analogous method for structural determination. Al-
though photoemission experiments are more technically demand-
ing than total absorption methods, they afford a broader range of
experimental conditions and choice of observables. Foremost is
the possibility to select a specific ionization channel, from deep
core-shells to outer valence-shells, allowing the choice of most
suitable and well-resolved photoelectron bands. Furthermore,
partial photoelectron cross sections can be obtained for individual
chemically inequivalent atoms in a molecule, which will not be
uniquely identifiable in a total cross section measurement. Many
observables can be followed: partial cross sections, vibrational
branching ratios, asymmetry2> and non-dipole parameters26, up
to full molecular frame photoelectron angular distributions (MF-
PADs)27. Ton state resolved cross section ratios are indepen-
dent of the underlying cross sections of other available ioniza-
tion processes, obviating the problematic baseline due to the very
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rapid decrease of the cross sections with increasing photon en-
ergy, which cannot be avoided in total yield EXAFS data. Finally,
beyond geometrical information, photoemission observables are
deeply connected to the electronic structure of the target, which
is imprinted in the dynamical behavior of the observables.

To extract useful structural information from the photoelectron
diffraction patterns a theoretical modeling framework is abso-
lutely necessary. Unfortunately, no accurate simple analytical
model is presently available, and one has to resort to fully quan-
tum mechanical calculations to retrieve the basic information. Ef-
ficient and reasonably accurate theoretical approaches are avail-
able for this purpose, although their limit of validity still remains
to be evaluated. Clearly, further development of reasonably sim-
ple analytical models11:13:28 would boost the applicability of the
technique as a structural tool. At this stage, however, a basic
understanding is still to be gained from exploring the behavior of
the diffraction patterns in different simple controlled situations to
demonstrate the applicability of the technique and the currently
available computational models.

It has recently been demonstrated that both interference and
diffraction effects appear in vibrational branching ratios (v-
ratios), obtained from the ratios of the intensities of individual
vibrational components (sub-states) within a single electronic fi-
nal state811:28 These studies show significant variations of the
v-ratios around those predicted at the Frank-Condon (FC) level.
Although requiring vibrational resolution, a specific advantage of
the v-ratios is the possibility of studying interference and diffrac-
tion effects in a single ionization channel, and moreover to pro-
vide information on the geometry of both the initial and final
electronic states 2. Such a structural probe can be very sensitive
and can reveal even the very weak diffraction associated with
light hydrogen atoms as was shown for core shell ionization of
CH411. In the present study we have focused on v-ratios from
inner-valence 2q; ionization of methane. The ground-state elec-
tronic configuration of methane is (1a;)? (2a;)? (1t;)°. Tonization
from the outer valence orbital (1r,) leads to a triply degenerate
state 27, which is split into different components, each with dif-
ferent energies in the Franck-Condon region, due to the Jahn-
Teller interaction?®. In contrast, ionization from the 24; orbital
shows an extended, well-resolved vibrational progression, which
appears ideally suited for such study. Photoionization of core level
electrons from the 7/a; orbital in methane have been reported in
30-33_ On the other hand studies involving pho-
toionization of inner-valence, 2a;, orbital in methane are rela-
tively scarce34.

The present work has been carried out to extend v-ratio mea-
surements to the inner-valence region of the CH, molecule by
means of photoelectron spectroscopy using monochromatic X-
rays at high energy resolution. Beyond exploring the general
feasibility of diffraction studies of v-ratios in the valence-shell,
the further aim is to investigate the sensitivity of v-ratios to the
ionization channel, i.e. to the ionized orbital, by comparing the
present results with core, /a; (C ls), ionization previously re-
ported!!. In the previous Ia; case, only the totally symmetric
motion is excited (neglecting recoil effects 11:12:35) by C 15 pho-
toionization. The oscillation period of the diffraction pattern is

several studies
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then determined by the distance between the emitter and the
scattering centers, while the magnitude of the v-ratios remains
sensitive to the change of equilibrium geometry between the neu-
tral and ionic states. Consequently, the oscillation periods in both
la; and 2a; ionization v-ratio profiles are expected to be simi-
lar, with different v-ratio baselines due to the much larger change
of the C-H distance (AR = +0.106 A, present results) in the 2a1’]

ion compared to the minor shortening <AR =—0.048 f\) in the

Ia]_’ cation3®. This is immediately apparent from the 2a; pho-
toelectron spectra exhibiting an extended vibrational structure
with reduced vibrational frequency: 2160 cm~! (present results)
against 3352 cm~! in the Ial’l cation3°,

To verify the extent to which these expectations are borne out,
and our general understanding of diffraction effects in v-ratios,
we have undertaken a joint experimental and theoretical study
of the 2a; photoemission from CH,. A previous analysis 34 of the
vibrational photoelectron spectrum serves as initial guide to this
study.

The following manuscript has been divided into these sections:
an overview of the experimental results and data analysis, details
of the theoretical model, results and discussions, and finally, con-
clusions.

2 Experimental setup

The experiments were carried out at the PLEIADES beamline 37
of Synchrotron SOLEIL, the French national synchrotron radia-
tion facility in Saint Aubin (91). The details of the beamline can
be found elsewhere 38, so only a brief overview of the main com-
ponents is mentioned here. An Apple II-type permanent magnet
undulator with 80 mm period was used to produce the linearly po-
larized synchrotron radiation. It was then monochromatized us-
ing a variable groove depth, variable line spacing plane grating.
Two different gratings, one with 600 lines/mm (high-flux) and
another with 2400 lines/mm (high-resolution) were used in this
study. The methane inner-valence photoelectron spectra (PES)
were recorded at the so-called “magic” angle of 54.7° with respect
to the light polarization vector using a wide-angle lens VG Scienta
R4000 spectrometer. This ensured the photoionization cross sec-
tions to be free from the photoelectron emission anisotropy over
the entire range of incident photon energies.

High purity (99.995%) methane from Air Liquide was used as
target inside a differentially pumped gas cell. The gas cell was
equipped with five electrodes to compensate the plasma poten-
tials present in the interaction region due to an ion density gra-
dient created along the synchrotron radiation beam. Throughout
the entire experiment, the pressure was kept below 1 x 10~> mbar
in the spectrometer chamber to avoid detector saturation at low
photon energies, the pressure inside the gas cell being typically
two orders of magnitude higher than that in the main chamber.
The pass energy for the spectrometer was fixed at either 20 or 50
eV. The curved entrance slit of the analyzer was kept at 0.3 mm
throughout the experiment. The photon bandwidth was adjusted
by changing the width of the exit slit of the monochromator. It
was varied from 7 — 200 um during the experiment to obtain the
desired photon energy resolution along with a suitable photon

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Vibrationally resolved, inner-valence (2a;) photoelectron spectrum of CH,, measured with a photon energy of 100(+0.1) eV. The vibrational
progression corresponds to the symmetric stretching mode in the CH, ion with a 2a; hole. The assignment to the vibrational sub-levels closely
follows that found by Géthe et a/®*. The experimental spectrum was fitted using PCI line shapes as described in the text to conveniently account
for the observed asymmetry which is attributed to predissociation of the cation. The Franck-Condon (FC) factors were calculated using the diabatic
CASSCF/NEVPT2 potentials. The intensities for the FC factors are normalized to the experimental intensity of the v =1 sub-level.

flux. As expected, the photon energy resolution was highest at
the lowest photon energy. At higher energies, where the pho-
toionization cross section and the photon flux both decrease, the
flux was increased by opening the exit slit, thereby degrading the
photon energy resolution. Overall, the photon energy resolution
varied between 2 — 60 meV in the range of excitation energies
used in the experiment. The translational Doppler broadening for
CH, molecules at room temperature was estimated to be within
12 — 66 meV, while the rotational Doppler broadening is expected
to be on the same range3° depending on the electron kinetic en-
ergy and the ionized molecular orbital®. Combining all three
contributions, the total experimental broadening was estimated
to be 13 — 85 meV, throughout the experiment (rotational Doppler
broadening not included). Additionally, the well-known Helium
15! photoelectron line was measured at a few photon energies
to verify the experimental resolution.

3 Data analysis

A typical photoelectron spectrum of the inner-valence (2a; state)
photoionization in methane measured at 100 (£0.1) eV is shown
in Figure 1. This spectrum and others measured at other pho-
ton energies were fitted with the least squares curve fitting macro
package SPANCF32:41:42 for Igor Pro. Post collisional interaction
(PCI) distorted asymmetric line shapes were found to provide the
best fit to the measured spectra. The spectra were analyzed by
keeping the Lorentzian widths for each vibrational line fixed for
all spectra. The Lorentzian widths for v=0, 1, and 2 are estimated
to be 35, 65 and 95 meV, respectively, for all the spectra. Gaussian
widths were allowed to vary with photon energy to accommo-
date the changing resolution but the width for each vibrational
line was fixed to that of the lowest (v = 0) vibrational level for a

This journal is © The Royal Society of Chemistry [year]

given photon energy. The asymmetry for each vibrational level
was fixed at that obtained for the lowest photon energy. Finally
the energy spacing between excited vibrational levels (v > 0) and
the lowest (v =0) one was fixed for all spectra. The spacing be-
tween the first two lines, 0.2677 eV (2160 cm™!), compares well
with the previously reported value of 0.269 eV 34,

The observed asymmetry of the vibrational lines in the 2a; pho-
toelectron spectra of CH, is not attributed to the PCI affect which
occurs in core-shell ionization spectra at photon energies where
the photoelectron is less energetic than the Auger electron. As
Auger decay does not occur here, a different mechanism must
cause the asymmetry. Asymmetry and irregularity of the vibra-
tional structure was already noted in previous work3* and at-
tributed to pre-dissociation caused by the crossing of the potential
energy curves of states lying higher at the equilibrium geometry
(satellite states), becoming lower in energy as the bonds are sym-
metrically stretched. Thus, the coupling between a bound and a
repulsive state can be considered as the onset of pre-dissociation
for the molecular ionic state. In addition to significantly broaden-
ing the spectral lines, the pre-dissociation can also account for the
observed asymmetry. According to previous electron impact ion-
ization measurements“3 carried out above the ionization thresh-
old of the 2a; orbital in CH,, the existence of H* ions in the
corresponding decay channels was also attributed to the possible
opening of a pre-dissociation channel in the excited CH; ions.
Figure 1 clearly shows that the widths of the spectral lines in-
crease continuously with increasing vibrational quantum num-
ber. In fact, for higher vibrational sublevels, the overlap between
neighboring levels becomes significant, indicating the strong in-
fluence of the pre-dissociation in the molecular ion. Conse-
quently, only the first three, i.e., v=0, 1 and 2, levels are suf-
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Fig. 2 Adiabatic (inset) and Diabatic potential energy curves for the symmetric stretching mode in the CH ion with 2a; ! hole state calculated as a
function of interatomic distance. The ‘avoided crossing’ between the 1% and 2" ionic state is clearly visible. The horizontal lines show the calculated
energies of different vibrational sub-levels corresponding to the diabatic potential energy curves. Note the close proximity of the higher vibrational

sub-levels to the satellite state.

ficiently resolved to accurately study the effect of photoelectron
diffraction in v-ratios. The area under each peak was used to de-
scribe the relative intensities rather than the peak height. Poisson
counting statistics was assumed for which the standard error is
the square root of the number of counts. Finally, uncertainties
of the v-ratios for the corresponding vibrational sub-levels were
obtained as the square root of the sum of the squares of the two
uncertainties relative to the area under each peak.

4 Theoretical models

The theoretical model used in our research follows closely the
one earlier employed for the study of la; photoionization in
methanel. It has been described in detail previously*+*° and
has been shown to produce excellent agreement with the experi-
ments; here we limit ourselves to summarize only the main steps.
The method provides a solution of the scattering problem in a
Density Functional Theory (DFT) framework and utilizes a dis-
cretization of both bound and continuum wave-functions in a
multi-center basis of B-spline functions B;(r) multiplied by real
spherical harmonics ¥;,,(0, ¢),

1
Xilm = ;Bi(r)Ylm(Ov(P)'

The bound states are calculated by a conventional generalized
diagonalization of the Kohn-Sham Hamiltonian matrix while the
continuum states are obtained from a least squares approach
within the static exchange approximation.

The SCF initial electronic density of the ground state is first
obtained by a standard Linear Combination of the Atomic
Orbitals (LCAO) approach with the ADF program“®. A transition
state density (half an electron removed from the 2a; orbital)
was employed. The pure LDA exchange-correlation potential is
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employed, with a DZP basis set for C and H atoms taken from
the optimized database included in the ADF package. From
the transition state density, a fixed Kohn-Sham Hamiltonian is
obtained and it is further diagonalized in the B-spline basis both
for the bound and the continuum states (static-exchange DFT
approach). The B-spline basis set comprises a long range expan-
sion around a common origin (one center expansion), with large
angular momenta, to describe the continuum wave-functions
up to the asymptotic coulomb region, where they are fitted to
analytical solutions, and a set of additional functions centered
on the various nuclei, in the spirit of the LCAO approach, which
takes care of the Coulomb singularities at the nuclei, and ensure
fast convergence of the expansion. In the present calculation,
400 splines of order 10 have been employed over an interval up
to Rpax = 25 atomic units (a.u.) for the one center expansion
and maximum angular momentum up to L, = 13. For the
expansion around the hydrogen atoms L,,,, = 1 was employed,
and Ry, = 0.5 a.u. for the radial expansion. Those choices
ensured complete convergence of the calculated cross sections
and branching ratios.

Potential energy curves (PECs) of the symmetric stretching
mode for the ground state and the Za]’I ion were computed at
the CASSCF/NEVPT2 level 4748 with the program MOLPRO%?,
employing an active space comprising the 4 bonding and 4
antibonding orbitals and a cc-PVTZ basis. The energy was
computed for 34 points spanning the interval (0.800—2.500) A
for the C-H distance. As discussed below in more detail,
avoided crossings became apparent in the Zajj state (see Figure
2), and we diabatized the resulting potential energy curves
by switching values between the two states at the crossing
point (R: 1.6 f\) The computed equilibrium distance R,

This journal is © The Royal Society of Chemistry [year]
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(1.1068 A for the ground state and 1.2126 A for the ionic state)
and the first vibrational frequency already reported are in good
Indeed, the
computed elongation in the 2a1’] ion is close to that obtained
by Meyer>°, but significantly smaller than the value of 0.185 A
obtained by Géthe et al.3* using FC analysis of the experimental
spectrum, which appears quite overestimated. With the resulting
PECs, accurate vibrational wave-functions were obtained by
solving the vibrational Schrédinger equation in a basis of 1000
B-splines within a box of 5 a.u.

Electronic dipole matrix elements were computed for 200 pho-
toelectron energies and 64 inter-nuclear distances relative to the
symmetric stretching coordinate. Finally, vibrationally resolved
dipole transition matrix elements were evaluated by integrating
the electronic dipole moments, interpolated for the correct
energy, between initial and final vibrational wave-functions.

agreement with the experimental data available.

5 Results and discussions
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Fig. 3 Vibrational branching ratios for photoionization of 24, orbital lead-
ing to excitation of the symmetric stretching mode in CH} ion as a func-
tion of the photoelectron energy [Photon energy - Vertical binding energy
of 2a; orbital (23 eV)34]. In both panels the solid line corresponds to the
density functional theory (DFT) theoretical results. Note the difference in
scale for experimental and theoretical results, in both the panels.

From the typical spectrum given in Figure 1, both the quality of
the fitting of experimental data and the reproduction of energies
and intensities of the various vibrational sub-states is apparent.
Despite a good general agreement, some deficiencies are clearly
visible. As already mentioned, the asymmetry and irregularity of
the vibrational peaks are a signature of vibronic coupling with
dissociative states that cross the diabatic curve relative to sym-
metric C-H stretching in the 2al_’ cation, noticed and discussed
previously34. The ground state of the CH; ion with a vacancy in

This journal is © The Royal Society of Chemistry [year]
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the 2a, orbital is actually a few eV above the threshold for disso-
ciation into CH3 and H™. Apart from the nonphysical dissociation
C" + 4H along the symmetric stretching, a number of satellite
states with leading configurations: (Ia;)? (2a;)? (12)* (21;) and
(1a;)? (2a;)? (1t;)* (3a;) around 29.2 and 32.1 eV binding energy,
respectively, have been identified3*>!. At the equilibrium
geometry of the neutral molecule, these states lie well above
the Za;] state, however the satellite states are dissociative and
the potential energy curves cross at geometries with larger C-H
bond distances. A clear sign of this crossing was observed when
computing the potential energy curves for the 24, states of the
cation at the CASSCF/NEVPT2 level. The results obtained are
reported in Figure 2, where the avoided crossing between the
first and the second ionic state is clearly visible. At the avoided
crossing the Born-Oppenheimer approximation breaks down.
This indicates a strong vibronic coupling between the electronic
and nuclear coordinates. In this situation, the system initially in
the first excited state can have a non-zero probability for leaking
into the dissociative satellite state.

Now instead of considering the adiabatic surfaces, one can
construct non-adiabatic surfaces that are allowed to cross each
other (see Figure 2), thus leading to a conical intersection as a
result of the corresponding electronic states of same symmetry.
We manually diabatized the potential energy curves for the 2a1’]
configuration by smoothly joining them around the avoided
crossing. The increasing disagreement of calculated energies and
Franck-Condon (FC) factors with increasing vibrational number
is however clearly seen in Figure 1. Despite the amplitude of
the lowest cationic vibrational states lying in the Franck-Condon
region close to the bottom of the curve, their pre-dissociative
nature makes both the experimental and computed v-ratios
quite sensitive to the details of the fitting and the potential
energy curves employed, which is probably the main cause of the
discrepancies between the experimental and computed values
for the v=1/v=0and v=2/v =0 v-ratios.

Figure 3 shows the experimental and theoretical v-ratios as a
function of photoelectron energy. The theoretical results are in
very good qualitative agreement with the experimental values.
The expected oscillations are clearly revealed, and the oscillation
period appears to be correctly reproduced. One should note
that the measurement of v-ratios is free from any normalization
artifacts that might affect the overall trends observed in absolute
cross sections over the photon energy range. In both cases,
for electron kinetic energies below 150 eV, the statistical errors
on the v-ratios are less than 1%. Beyond that, the uncertainty
increases steadily and, at the highest energies, it is as large as
2%. The reason for this may be found in the fact that at higher
photon energies the cross sections decrease sharply, thereby
making collection time for statistically significant number of
counts very long. At the highest photon energy it was around
90 minutes, compared to that of 5 — 8 minutes at lower photon
energies, to collect statistically significant number of counts for
the intense-most v = 1 vibrational sub-state.

While the pronounced oscillation in the v-ratios and the general
behavior of the oscillation in the experimental data are qual-
itatively very well reproduced by the theoretical calculations,

Journal Name, [year], [vol], 1-9 |5
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one should note the different scale for the experimental and
theoretical v-ratios. Theory underestimates the experimental
v =1/v =0 ratios by 20%; in the case of the v =2/v = 0 ratios
the underestimation is close to 40%. In addition, the amplitude
of the oscillation in the experimental data is underestimated
by approximately 10% in the theoretical calculations. Since the
absolute values of the v-ratios, i.e. the baseline, are mainly
determined by the FC factors, which are extremely sensitive to
the change in the C-H distance upon ionization, we attribute
this disagreement mostly to a slightly inaccurate value of our
ab-initio computed surfaces as indicated by the large discrepancy
between the bond elongation presently computed here compared
to that reported previously34.
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Fig. 4 Theoretical vibrational branching ratios [I(v=1) /I(v=0) (panel
a) and I (v =2)/I(v=0) (panel b)] compared between Ia; '""'2 (dashed
line) and 24, (solid line) hole states of methane. The phases correspond-
ing to the different hole states are of opposite sign for both the v-ratios.
Also, the period of oscillation is longer in the case of 2a,". In both the
panels, the scale on the left (right) correspond to the 1a; (2a;) hole state.
Note the difference in scale for the two hole states, in both the panels.

The peak at relatively low photoelectron energy, about 40 €V, is
probably the signature of a shape resonance, although none has
been reported in the total cross section or angular distributions
of CH, photoelectrons. A similar peak, although reversed, is
also apparent in the v-ratios for /a; photoionization!>2 at a
slightly lower energy (see Figure 4 for comparison). It appears
then that v-ratios are extremely sensitive even to rather low
intensity shape resonances. This is due to the fact that as the
resonance appears at slightly different photon energies in two
vibrational channels, it is much enhanced in the v-ratio, as was
observed in CF, 14 A small structure present in the core-shell
photoionization spectrum®, and attributed either to a shape
resonance or the presence of doubly excited states, is too close to

6| Journal Name, [year], [vol.],1—9

threshold to match the present results. Moreover, the presence
of the same features both in /a; and 2a; ionization rules out the
effect of doubly excited states. The experimental v-ratio profiles
exhibit a sharper peak profile than the calculated one, something
that is suggested also in the /a; case. In the absence of a very
fine scan of the low energy region, it is difficult to ascertain the
extent of the disagreement, which could be due to inaccuracies
either of the potential energy curves, or of the electronic wave-
functions, expected to be less accurate at lower kinetic energies.
The oscillatory behavior is expected to be smoother at higher
energy, and indeed the experimental points match quite well the
calculated profiles, especially for the v=2/v =0 ratio (see Figure
3(b)), despite some scattering of the individual values.

The oscillatory structure can be associated to electron diffraction
as the outgoing electron wave scatters from the surrounding H
atoms. In our LCAO representation of molecular orbitals (MOs),
one can see that the 2a; orbital has contributions not only from
the C 2s atomic orbital (AO), but also from the H 1s orbitals. Due
to the extended nature of this MO, the cross-section oscillation
carries also contributions from multi-center interference effects.
Kushawaha et al. studied inner valence photoionization cross
sections of simple hydrocarbons with two C atoms, observing an
oscillatory structure in the ratio of the cross sections of gerade
(g) and ungerade (1) symmetry states®. In their case, the two
carbons can be thought to be like two slits in a Young’s double-slit
experiment, and the oscillatory behavior was explained as
originating from the corresponding interference effects. When
they compared the calculated g/u cross section ratios of different
molecular orbitals, they noticed that in the “pure” double-slit
case, namely C 1s derived MOs, the amplitude of the oscillations
are varying regularly around unity whereas asymmetric oscilla-
tions were found for the C 2s derived MOs. The irregularity was
interpreted to bear information on the AO combination of the C
2s derived MOs, as the H 1s orbitals contribute significantly to
these orbitals, thus breaking the pure double-slit picture.

The theoretical v-ratios for inner-valence photoionization are
compared with those calculated for core-shell photoionization
of methane (see Figure 4). For both the single-hole states, the
symmetric stretching vibrational mode is considered. Surpris-
ingly, the expected similarity in oscillation period for /a; and 2a;
ionization processes is not borne out. Not only is the phase of
the oscillations in v-ratios for /a; and 2a; photoionization found
to be opposite, but also the period of the oscillations is larger
and asymmetric in the case of 2a; compared to /a;. The final
continuum states are very similar for photoionization from both
the inner-shell and inner-valence orbitals. The initial state is,
however, quite different in the two cases, both in shape and in
spatial extension (see Figure 5).

In contrast to the previous study by Kushawaha et al®, in this
case the /a; orbital is centered on the carbon nucleus, effectively
having only a C ls character, and thus, oscillations originate
purely from scattering from surrounding hydrogen atoms. The
2a; orbital includes significant overlap between the carbon 2s
atomic orbital as well as the neighboring s orbitals of the four
hydrogen atoms. The Mulliken population of the DFT LCAO
wavefunction gives very close to 50% for both the carbon 2s
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and the hydrogen ls contributions for the 2a; orbital. The
difference in phase and period thus highlights effects resulting
from electron delocalization over the whole molecule. It is
interesting to speculate on the reason of larger oscillation period
in the 2qa; ionization compared to /a;. The former orbital is more
extended, and closer to hydrogen atoms. Because of the inverse
relationship between bond distance and diffraction oscillation
period, this could lead to the observed pattern.

Alternatively, for photoemission from the /la; orbital, the
path-length difference responsible for the diffraction pattern is
approximately twice the C-H bond length; the ionized electron
wave (originating from a localized core-hole) gets partially
scattered by the surrounding H atoms, and subsequently inter-
fere with the initial wave resulting in the oscillatory structure.
For photoemission from the 2a; orbital, one can consider the
oscillatory structure as a result of the coherent emission from
an orbital delocalized over the entire molecule; the C atom and
the all other surrounding H-atoms act as two coherent sources,
separated by a path-length approximately same as the C-H bond
length. Thus, the change in the dominant mechanism from pure
diffraction in /a; ionization to interference in 2a; ionization,
with the path-length difference being twice as large in the former,
one can observe an increase in the period of oscillation for the
latte~

Fig. 5 Equal density contours of the Ia; orbital (upper) and 2q; orbital
(lower) in CH,. The figures are drawn to the same scale. The differences
in shape and extent of the two molecular orbitals are readily apparent.

As a matter of fact, all these mechanisms are at work in the
2a; ionization, giving rise to a more irregular oscillation pattern
as opposed to the /q; ionization. This immediately rules out any
simple relationship between bond distance and oscillation period,
and calls for a more elaborate simulation for the possible recon-
struction of the geometrical parameters from the diffraction pat-
tern. Naively one assumes each atom as a point source emittet,
and this is generally a reasonable assumption in the case of core
orbitals, but it is a gross simplification in the case of inner-valence
orbitals, as depicted in Figure 5. This does not pose however any
additional challenge when a full simulation, taking properly into
account the initial orbital as well as the continuum, is employed.
The present theoretical model, employing a local DFT potential,

This journal is © The Royal Society of Chemistry [year]
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is sufficiently computationally efficient that future least-squares
simulations appear feasible even for fairly large systems. It re-
mains to be seen if simpler approaches, e.g., modeling the con-
tinuum in First Born Approximation!1-28, or the multiple scat-
tering approach >4, may prove viable for more economic alterna-
tives. If on the other side, even more sophisticated theoretical
approaches, with fuller treatment of many-body effects, are nec-
essary to retrieve full accuracy, that might significantly limit the
scope of the v-ratio diffraction patterns as a tool for structural
investigations.

6 Conclusions

In summary, we have carried out detailed experimental and the-
oretical investigations of the vibrationally resolved 2a; photoion-
ization in CH,. The photoelectron spectra exhibiting a prominent
contribution of the symmetric stretching vibrational mode have
been measured over a wide range of photon energies. The possi-
ble existence of pre-dissociation as seen in terms of spectral line
broadening have been argued by using first-principles theoreti-
cal calculations. The observed oscillations in the v-ratios are at-
tributed to the diffraction of photoelectrons in the molecular po-
tential. A sharp low energy feature may be a signature of a so far
undetected shape resonance. In contrast to previous observations
for 1a; photoionization in CH,, in the present case the period and
shapes of the oscillations are different, and the phases are found
to be of opposite sign. This is ascribed to the delocalized nature
of the initial orbital, and indicates the need for a full quantum
simulation for the reconstruction of the observed profiles, ruling
out a simple relationship with the bond distance. In return, in-
formation on the composition of the relevant molecular orbital is
encoded in the observed oscillations.
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