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Ionization of the I 3d, 4s, and 4p orbitals in methyl iodide (CH3I) has been studied by using synchrotron
radiation to measure the total ion yield and by recording photoelectron spectra with linearly polarized
radiation in two polarization orientations. The complete photoelectron spectrum of CH3I has been
recorded at several photon energies, and bands due to the C 1s, I 3d, 4s, 4p, and 4d atomic-like
orbitals, as well as the molecular orbitals, have been observed and assigned. In the vicinity of the
I 3ds;, and 3d3s, ionization thresholds at 626.8 and 638.3 eV, respectively, the ion yield displays
weak structure in the pre-edge region due to transitions into valence or Rydberg states, and, at higher
energies, a shoulder and a broad maximum attributed to the I 3ds,, — &f and the I 3d3, — ef shape
resonances, respectively. The absorption spectrum calculated using time-dependent density functional
theory, within the Tamm-Dancoff approximation, has allowed assignments to be proposed for the
valence and Rydberg states. The Stieltjes imaging technique has been used to simulate the absorption
spectrum above the ionization threshold and indicates that transitions into the f(I = 3) continuum
channel dominate. This conclusion has been corroborated by a Continuum Multiple Scattering—Xa
(CMS-Xa) calculation. The asymmetric broadening of the photoelectron bands associated with the
I 3d orbital, due to post collision interaction, is taken into account in our experimental analysis.
Experimentally derived photoelectron anisotropy parameters for the I 3d orbital are in good agreement
with the theoretical predictions obtained with the CMS—Xa approach. The I 3d shake-up/shake-
off photoelectron spectrum has been recorded, and assignments have been proposed for several of
the satellites. The M4N45N45 and MsN4sNgs Auger electron yields have been measured, and that
for the MsN45Ny45 decay exhibits a maximum due to interchannel coupling between the 3ds;, and
3ds/, continua. The photoelectron band associated with the I 4p orbital has an unusual appearance.
Based upon previous theoretical work for the analogous Xe 4p orbital, it appears that the initial
I 4p~! hole state decays rapidly through Coster-Kronig and super-Coster-Kronig transitions. This
leads to a redistribution of the spectral intensity associated with the I 4p orbital and results in a
photoelectron spectrum containing a single structured band together with an extended continuum.
Another continuum is observed on the high binding energy side of the peak due to the 4s orbital,
and we assign this to super-Coster-Kronig transitions into the 4p~'4d~"! continuum. Published by AIP
Publishing. https://doi.org/10.1063/1.5035496
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Il. INTRODUCTION

Inner-shell photoabsorption and photoionization studies
of a molecule containing an atom of high atomic num-
ber allow the effect of the molecular environment on the
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spectroscopic properties and photoionization dynamics of the
heavy atom to be investigated. In the present work, the pho-
toion yields and photoelectron spectra associated with the 3d,
4s, and 4p levels of iodine, within methyl iodide (CH3I), are
compared to the corresponding data for xenon. lodine lies
adjacent to xenon in the periodic table, and, for the valence
shell, CH3I is isovalent with Xe. This comparison indicates
that many of the photoionization phenomena that have been

Published by AIP Publishing.
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studied extensively in connection with the Xe 3d, 4s, and 4p
levels also occur for the I 3d, 4s, and 4p atomic-like orbitals
in methyl iodide.

The Xe 3d photoionization and photoelectron spectra have
long been of considerable experimental and theoretical interest
because the energy dependent variations observed in the pho-
toionization partial cross sections and photoelectron angular
distributions are a manifestation of strong electron correlation
effects.'= Early photoabsorption studies,*> performed with
laboratory continuum sources, showed that the 3d spectrum
was dominated by two broad maxima located ~11 eV above
the 3ds/; and 3d3/, ionization thresholds, but that the structure
due to Rydberg excitations was weak. The two intense max-
ima were attributed to the 3ds/ 32 — &f shape resonances.'-
The photoelectron spectra,®’ measured with monochromatic
Al Ko radiation, exhibited a doublet due to the spin-orbit split
3d main-lines, together with some weak peaks ascribed to
shake-up satellites.

Later experiments employing synchrotron radiation
allowed improved spectra to be recorded and for the ionization
process to be studied in greater detail. Specifically, photoab-
sorption® and total ion yield'®'> measurements revealed
additional structure and facilitated assignments of the excited
states. Of particular interest was an investigation of the pho-
toionization partial cross sections and photoelectron angular
distributions for the two spin-orbit (3ds2, 3d3/2) components. '3
Both of the partial cross sections exhibited a peak due to
the 3d — &f shape resonance, but that for the 3ds;, channel
contained an additional broad maximum that was not pre-
dicted in early calculations.'>~'® However, more sophisticated
theoretical approaches,'~ taking into account many-electron
correlations, relativistic effects, and relaxation of the ionic
core, revealed that the additional peak is due to interchannel
coupling between the 3ds,, and 3d3,, continua. These theoret-
ical investigations demonstrate that Xe 3d ionization, due to
the influence of strong electron correlation effects, provides
an ideal means of studying the redistribution of continuum
intensity.

Our experimental and theoretical investigations focus on
the photoionization of methyl iodide in the photon energy
range encompassing the I 3dsy, 3 ionization thresholds and
the I 3ds/» 32 — &f shape resonances. It is of interest to ascer-
tain whether the atomic ionization processes described above
for the Xe 3d subshell are observed for the I 3d subshell of the
iodine atom within CH31. We have measured the total ion yield
of CH3I from just below the I 3ds/, ionization threshold up to a
photon energy of ~690 eV and interpreted the observed struc-
ture with the aid of predictions obtained using time-dependent
density functional theory (TDDFT) within the Tamm-Dancoff
approximation!” and the Continuum Multiple Scattering—
Xa (CMS-Xa) approach.!®!” The complete photoelectron
spectrum has been recorded at several photon energies, and
peaks due to direct photoionization or Auger emission are
observed and assigned. These spectra include the region con-
taining the features associated with the nominally I 4p3/2‘]
and 4p1/2‘1 hole states. The I 3ds,, and I 3d3/; photoelectron
angular distributions and the I 3ds,>:3d3,, intensity branching
ratio have been evaluated from spectra recorded with linearly
polarized radiation, at two polarization orientations. The
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experimentally determined angular distributions are compared
to the corresponding CMS—Xa predictions. Finally, the I 3d
shake-up/shake-off spectrum has been measured and tenta-
tive assignments for some of the observed structure have been
proposed based upon valence shell excitation and ionization
energies.

In addition to being of fundamental scientific interest, the
present studies on the I 3d level in CH3I are highly relevant
to recent time-resolved experiments performed with Free-
Electron Lasers (FELs).?%>3 A prerequisite to the interpre-
tation of such time-resolved data is a thorough knowledge and
understanding of the spectroscopic properties and photoion-
ization dynamics of the ground state molecule. Time-resolved
photoelectron studies in which the ionization is produced
through the absorption of a UV photon probe the delocalized
valence electrons.2* In contrast, inner- and core-shell orbitals
are strongly localized, and their ionization is element specific
and chemically selective. Halogen atom containing molecules
have proved particularly suitable for pump-probe studies in the
soft X-ray range due to the high photoionization partial cross
sections associated with the inner-shell levels. Taking the I
3d subshell as an example, the fundamental spectroscopic and
dynamical information required to understand the FEL data
includes the spin-orbit resolved photoionization partial cross
sections and angular distributions, and photoelectron spec-
tra encompassing the main-lines and the shake-up/shake-off
satellites.

Il. EXPERIMENTAL APPARATUS AND PROCEDURE

The experiments were carried out on the soft X-ray
undulator-based PLEIADES beamline at the SOLEIL syn-
chrotron radiation facility. Detailed descriptions of the beam-
line and station instrumentation have been reported previ-
ously,?>?® so only a summary is given here.

The permanent magnet, Apple II type, undulator provides
linearly polarized synchrotron radiation in the energy range
35-1000 eV, with the degree of polarization being estimated
to be >99%. The linear polarization can be rotated through
90°, thereby enabling photoelectron angular distributions to
be determined with an electron analyser in a fixed position.
Two prefocussing mirrors are used to deliver the radiation
into a plane grating, modified-Petersen type,”’ monochroma-
tor. The photoion and photoelectron spectra were recorded
with a grating having 600 lines/mm. An exit slit width of
10 um was chosen, resulting in a theoretical optical res-
olution which varies between ~80 meV at hv = 630 eV
and ~100 meV at hv = 750 eV, for the photoelectron spec-
tra encompassing only the I 3d peaks. Alternatively, an exit
slit width of 70 um was chosen, resulting in a theoretical
optical resolution of ~300 meV, for the complete photo-
electron spectra covering the entire energy range (to include
all peaks extending from those due to direct ionization of
the valence orbitals to those due to the carbon KVV Auger
electrons).

Two spectrometers were employed in our experimental
studies: (i) a channelplate detector for measuring the total
ion yield, and (ii) a VG Scienta R4000 analyser for recording
electron spectra.
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The ion spectrometer, described in supplementary
material, was used to record the total yield between 610 and
690 eV, in 50 meV steps. The energy scale was calibrated by
measuring a spectrum of a mixture of CHsI, O,, and Xe in
the energy range 527-680 eV and making use of the estab-
lished transition energies of 530.5 and 539.5 eV for the 2pmx*
and 2po* resonances in 0, and 674.0 eV for the 3ds;, — 6p
Rydberg excitation in Xe.’?

Electron spectra, for emission either parallel or perpen-
dicular to the polarization vector of the linearly polarized
radiation, were recorded with the Scienta analyser. This spec-
trometer, mounted with the electron detection axis lying per-
pendicular to the plane of the electron orbit in the storage ring,
was operated in the transmission mode of the electron lens.
The sample gas was flowed into a differentially pumped cell
which contains a series of electrodes to correct for the plasma
potentials generated along the path of the synchrotron radia-
tion.?’ Spectra were recorded using analyser pass energies of
5, 10, 20, or 50 eV, and a 0.6 mm curved entrance slit, result-
ing in theoretical spectrometer resolutions of 10, 20, 40, or
100 meV, respectively.

The translational Doppler broadening, associated with the
thermal motion of the room temperature CH3I sample, also
contributes to the observed peak width. The linewidth due
to this broadening, AEp, is given by AEp(meV) = 0.7215
(EKE~T/M)1/2, where Ekg is the electron kinetic energy in eV,
T is the absolute temperature of the sample gas, and M is the
molecular mass expressed in atomic units.?’ For the maximum
photon energy, 750 eV, used to ionize the I 3d shell in CHslI,
AEp is ~11.5 meV.

The electron spectrometer employs a camera-based
MCP/phosphor screen detector setup and was operated in pulse
counting mode. In this mode, each illuminated pixel on the
CCD camera has a thresholding applied such that the signal is
proportional to a single electron count. This procedure ensures
good linearity, thereby allowing the number of counts to be
extracted.

For completely linearly polarized radiation, the pho-
toionization differential cross section in the electric dipole
approximation, assuming randomly oriented target molecules
and electron analysis in a plane perpendicular to the photon

propagation direction, can be expressed in the form3°
do o
29 _ T 11+ BPy(cos )], 1
70 = am L1+ BPa(cos 6)] 1)

where o is the angle integrated cross section, 3 is the photo-
electron anisotropy parameter which characterises the angu-
lar distribution, 6 is the photoelectron ejection angle relative
to the polarization axis, and P, is a second order Legendre
polynomial: Py(cos 6) = (3 cos” 6 — 1)/2.

Alternatively, the anisotropy parameter can be expressed
in the experimentally convenient form?®

_ 2(Ipar - [perp)
(Ipar + 2Iperp)’

where I, and Iep are the normalized electron intensities
for parallel (6 = 0°) and perpendicular (6 = 90°) polarization
orientations relative to the electron detection axis, respectively.
All the spectra were normalized to the sample pressure, the

@
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accumulation time, and the photon flux (which was measured
with a photodiode located at the end of the beamline) prior to
processing.

The electron kinetic energy scale was calibrated using the
established binding energies of the Xe 3ds,,3/> lines®! and the
known energies of various Auger lines in Xe.*? The trans-
mission efficiency of the electron analyser was determined,
as described by Jauhiainen et al.,>} and all the plotted spectra
have been corrected for this variation.

lll. THE EFFECT OF POST COLLISION INTERACTION
ON THE |1 3d PHOTOELECTRON PEAK SHAPE

In the present experiment, photoelectron spectra of the I
3dsp, and I 3d3/; levels were recorded in the photon energy
range 630-750 eV, resulting in electron kinetic energies of
~5-120 eV. The initially created 3d hole decays through the
emission of Auger electrons having kinetic energies in the
~350-570 eV range. When the photon energy lies only slightly
above the inner-shell ionization threshold, as in our work, the
slowly departing photoelectron may be additionally influenced
by the Auger electron. The resulting interaction between the
two escaping electrons is termed post collision interaction
(PCI).3*33 Classically, PCI can be described as the change
in the mutual shielding of the two departing electrons. Close
to threshold, where the kinetic energy of the photoelectron is
low, this slowly receding electron shields the doubly charged
ion. Energy is exchanged between the two outgoing electrons,
with the Auger electron gaining energy and the photoelectron
losing a similar amount. PCI results in the photoelectron peak
shape exhibiting a characteristic asymmetry toward low kinetic
energies.

The adoption of a fitting routine to analyze the experimen-
tal photoelectron data, rather than using the integrated signal
within a peak, has two advantages: (i) the fitting can allow
the widths relating to the experimental and core-hole broad-
ening to be extracted, and (ii) the background intensity can
be modelled more accurately and the associated contributions
removed from further analysis. The effect of the PCI distor-
tion on the shape of the I 3d photoelectron peaks was taken
into account in our analysis by incorporating the approximate
line shape described by Armen et al.3® A full description of
the fitting routine, and the procedure used to obtain the global
error function, is described in the supplementary material. The
error bars shown in our figures represent the standard error on
the fitting parameters.

IV. THEORETICAL TECHNIQUES

A. Calculation of the absorption spectrum
using the TDDFT method

The absorption spectrum of CH3I was computed using
TDDFT within the Tamm-Dancoff approximation.!” In this
approximation, the coupling matrix (usually denoted B) of
the TDDFT equations is assumed to be zero, and as a con-
sequence only occupied to virtual transitions are included,
with the virtual to occupied transitions being neglected. In
our calculations on CH3l, the single excitation space was lim-
ited to include just excitations from the five iodine 3d orbitals


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-023837
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-023837
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to the full virtual orbital subspace.’” The calculations used
the CAM-B3LYP exchange-correlation functional®® with an
augmented quadruple zeta plus polarization basis set.’* The
calculations do not include relativistic effects. We denote the
computed spectrum, due to excitation or ionization of an I 3d
electron, as I 3ds;~!. The I 3d3/,~! spectrum is then generated
by shifting the computed I 3ds,~! spectrum by +11.48 eV.
This energy shift corresponds to the I 3d spin-orbit splitting
measured in the present experiment. The ionization threshold
relative to the lowest energy transition (3d — ¢*) in the neu-
tral molecule is computed using a ASCF approach.*’ Using this
approach, the energy difference is determined to be 6.77 eV.
Combining this value with the TDDFT calculations gives ion-
ization energies of 627.17 eV for I 3dsp ! and 638.65 eV
for 13ds/;~!. For comparison, our corresponding experimental
results, discussed below, are 626.8 and 638.3 eV. The spectrum
above the ionization threshold is simulated using the Stieltjes
imaging technique*! with the discrete transition energies and
intensities computed using TDDFT. The spectrum below the
ionization threshold is generated by convoluting the calculated
intensity at each transition energy with a Gaussian of 0.5 eV
(FWHM). The spectrum for the pre-threshold region is com-
bined with that for the post-threshold region to generate the
total spectrum.

B. Calculation of the | 3d photoionization partial
cross section and the photoelectron anisotropy
parameter using the CMS—Xa approach

Photoionization partial cross sections and photoelec-
tron anisotropy parameters were calculated by following the
method and details as previously described,*> and subse-
quently modified,*> in our earlier investigations of methyl
iodide.

Briefly, electric dipole photoionization matrix elements
are calculated using the CMS—Xa method.*> A model molec-
ular potential having the molecular volume partitioned into
overlapping spherical regions centred on each atomic centre,
all enclosed within an outer spherical region centred on the
I atom, is first constructed. The asymptotic form is adjusted
to have the correct long range ion-electron Coulombic inter-
action. Continuum electron wavefunctions are then generated
using multiple scattering equations with a symmetry adapted
spherical harmonic angular basis, truncated for these calcula-
tions at Inax = 8 (outer sphere), 7 (I atoms), 6 (C atoms), and 4
(H atoms). Using the orthogonal set of bound orbital functions
available from the Xa potential, the one-electron (frozen core)
dipole matrix elements for specific ionization channels of inter-
est are then calculated, from which the photoionization partial
cross section and the photoelectron anisotropy parameter (o
and () are obtained.

V. RESULTS AND DISCUSSION

A. Experimental total ion yield and calculated
absorption and photoionization spectra

Figure 1 shows the total ion yield spectrum of CH3l
recorded in the vicinity of the I 3d ionization thresholds. The
yield, which is generally similar to the electron energy loss
spectrum measured by Hitchcock and Brion,** exhibits a broad
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FIG. 1. (a) The experimental total ion yield (blue) of CH3I recorded in the
photon energy range 610—-690 eV using parallel linearly polarized radiation.
The theoretical absorption spectrum (green) calculated using the TDDFT
method and the photoionization cross section (black) calculated using the
CMS-Xoa approach are also shown. The I 3ds; and I 3d3/; ionization thresh-
olds at 626.8 and 638.3 eV, respectively, are marked. (b) Expanded sections of
the spectra showing the threshold region in greater detail. The arrows denote
the positions of resonances. The measured and predicted excitation energies
of these resonances are given in Table I. In (a) and (b), the lowest tick on the
y axis corresponds to the true zero of the experimental yield measurement.

maximum at ~656 eV and a shoulder at ~644 eV. The separa-
tion (~12 eV) between these features is comparable to the I 3d
spin-orbit splitting (11.48 eV) determined in the present study.
The shoulder and maximum can be attributed to the 3ds, — ef
and 3ds;, — ef shape resonances, respectively, based on the
corresponding observed*>!1%-134 and predicted!? processes
in Xe.

The experimental ion yield (Fig. 1) exhibits several fea-
tures in the pre-edge region which are not evident in the earlier
electron energy loss spectrum of CH3I.** Somewhat similar
structure has been observed in the Xe 3d absorption> and ion-
ization!!12 spectra, and attributed to excitation of the 3ds,, 3/
electrons into p-type Rydberg orbitals. Figure 2 shows the
peaks appearing in our ion yield below the ionization thresh-
olds in greater detail. The TDDFT results (Fig. 2) have been
plotted after convoluting the spectral intensity at a particular
excitation energy with a Gaussian of 0.1 eV (FWHM), allow-
ing the individual contributions to be discernible, and after
convoluting with a Gaussian of 0.5 eV (FWHM), to provide a
better match with the experimental spectrum. The convoluted
data illustrate that a single broadening is not optimal for all of
the bands appearing in the spectrum. The observed variation
in the experimental peak width may be a consequence of the
different lifetimes of the excited states. Orbital plots for some
of the low lying excited states are also shown in Fig. 2. Overall,
the computed spectrum is in good agreement with the exper-
imental measurements, particularly in the pre-edge region. It
should be noted that the experimental total ion yield shown in
Fig. 1 includes contributions from valence shell ionization in
addition to the contribution from the I 3d shell, whereas both
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624.2 eV
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619 620 621 622 623 624 625 626 627
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theoretical results are associated with the I 3d shell only. This
accounts for the vertical shift evident between the experimental
and calculated spectra.

Our calculations neglect an explicit description of rela-
tivistic effects and there will also be some error associated with
the use of the CAM-B3LYP exchange-correlation functional
for the transitions from the inner-shell orbitals.*> Therefore, it
is possible that the close agreement between the calculated and
experimental excitation energies arises in part from a cancella-
tion of errors. The energies of the excitations from the different
d orbitals are not degenerate, and the energies shown in Fig. 2
and listed in Table I correspond to the energy of the peak of
the bands resulting from the convolution with the Gaussian
functions. Oscillator strengths are also given in Table I.

The first band, labeled as peak 1 in Fig. 1(b), is com-
puted to lie at 620.4 eV compared to the experimental value of
620.35 eV. This band arises from transitions from the 3ds,
orbital into the lowest unoccupied ¢*(a;) molecular orbital,
which has antibonding character along the carbon-iodine
(C-D) axis. In a similar manner, peak 5, observed at 631.95 eV,
is attributed to the 3dsp, — o%(a;) transition. As the I 3d
spin-orbit splitting is 11.48 eV, bands due to excitations
involving the 3ds;, orbital are embedded in the 3ds~!
continuum.

The next distinct band, due to excitation from the I 3ds,
orbital, in the experimental spectrum is probably an unresolved
doublet with maxima at ~624.1 eV (peak 2) and 624.8 eV
(peak 3). Our theoretical predictions (Table I) indicate that the
maximum at 624.1 eV arises from transitions into two p-type
orbitals lying perpendicular (pe) and parallel (pa;) to the C-I
bond. The calculated excitation energies for these two Rydberg
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FIG. 2. The experimental total ion
yield (blue) of CH3zI in the I 3ds/, thresh-
old region. The theoretical (TDDFT)
absorption spectrum is shown after con-
volution of the calculated spectral inten-
sity at a particular excitation energy with
a Gaussian of 0.1 eV (FWHM) (black)
to allow the individual contributions to
be discernible, and after convolution
with a Gaussian of 0.5 eV (FWHM)
(green) to provide a better match with
the experimental spectrum. Plots of the
valence and Rydberg orbitals, together
with the corresponding calculated tran-
sition energies associated with excita-
tion from the I 3ds/, orbital, are shown.
In the orbital plots, the carbon-iodine
bond lies horizontally with the methyl
group on the left; iso-surface values of
0.02 a.u. for the o* orbital and 0.03 a.u.
for the Rydberg orbitals are used.

624.9 eV

625.9 eV/626.1 eV

626.7 eV

transitions are 624.2 and 624.4 eV, respectively. The higher
energy side of this doublet is predicted to have contributions
from transitions into orbitals that have Rydberg d character.
Finally, there is tentative evidence in the experimental spec-
trum of a peak at 625.4 eV (peak 4). The nature of the orbitals
for the higher energy bands becomes increasingly complex to

TABLE I. Excitation energies and proposed assignments for structure in the
total ion yield of CH3I due to valence and Rydberg states belonging to series
(i) converging onto the 3ds, ionization threshold and (ii) converging onto the
3d3/, ionization threshold.

Excitation energy (eV)

Spectral

feature ~ Experimental Theoretical® Assignment

Q)

1 620.35 620.4(0.0025) 3ds;p — 0*(ay)

2 624.1 624.2(0.0006)/624.4(0.0005)  3ds;, — 6pe/6pa;

3 624.8 624.9(0.0001) 3dsp, — d

4 625.4 3ds/, — unassigned

3dsp IE - 626.8° 626.17 3dsp — o
644.4 3d5/2 — ef

(i)

5 631.95 631.9(0.0025) 3ds;p — 0*(ay)

6 635.7 635.7(0.0006)/635.9(0.0005)  3d3,, — 6pe/6pa;

7 636.4 636.4(0.0001) 3dzp — d

3ds; IE 638.3° 638.67 3d3p — o
656.0 3d3/2 — ef

40scillator strengths are given in the parentheses and represent the sum of the
contributions to the spectral band from the different 3d orbitals.
PJonization energies (IEs) measured in the present experiment.
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assign in the calculated spectrum, so an accurate description
of the predicted and observed structure is no longer feasible.

The assignments for peaks 6 and 7, due to excitations
originating from the 3ds/, orbital, are analogous to those given
for peaks 2 and 3.

The TDDFT calculations show that the continuum inten-
sity arises from transitions to f orbitals. Figure 3(a) illus-
trates two typical orbitals corresponding to the discrete states
which contribute significant oscillator strength to the contin-
uum. These orbitals have features which are characteristic of
an f orbital localized around the iodine atom. The basis set
used in the calculations contains basis functions with angular
momenta up to and including / = 5(h) functions. Removing
the higher angular momentum basis functions from the basis
set has the effect of removing transitions to these states from
the calculations. This allows the nature of the states contribut-
ing to the continuum to be examined. Figure 3(b) shows the
computed continuum region when the / = 4(g) and ! = 5(h)
basis functions have been removed, and also when the
[ = 3(f), 4, and 5 basis functions have been removed. When
the g and h functions are removed, there is only a minor loss
in intensity, suggesting that these states do not make a signifi-
cant contribution to the continuum. In contrast, the intensity in
the continuum is reduced almost to zero when the f functions
are removed, thereby showing that transitions to these states
make the dominant contribution to the continuum. Note that
the apparent higher intensity, around 630 eV, associated with
the curve having the / = 3, 4, and 5 basis functions removed
compared to that having only the / = 4 and 5 basis functions
removed, and that having all the functions present, is an arte-
fact of the spline fitting used in the Stieltjes image fitting
procedure.

The I 3d photoionization cross section of CHsl, calcu-
lated using the CMS—Xa approach, is shown in Fig. 1(a). The
split 3dss, 32 threshold is simulated by repeating the calcula-
tion (which neglects spin-orbit interaction) assuming the two
experimental ionization energies and then summing these cross

(a)

T T I T T
(b) = All basis functions

=== g and h basis functions removed
=== f, g and h basis functions removed [

Intensity

630 632 634 636 638 640
Photon energy, eV

FIG. 3. (a) Two orbitals, typical of those involved in the transitions which
give rise to the oscillator strength in the continuum. The TDDFT calculations
indicate that these orbitals have features characteristic of an f orbital local-
ized around the iodine atom (an iso-surface value of 0.03 a.u. is used). (b)
Theoretical absorption spectra, calculated using TDDFT, as a function of the
employed basis set.
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sections with an appropriate statistical weighting. It is evident
that, apart from a small energy offset of a few eV, the CMS-Xa
calculation captures the f-wave shape resonance in the cross
section(s) very effectively. In comparison with the TDDFT
results, it is seen that while the latter captures the near-edge
structure well, the TDDFT calculations are unable to include
enough of the high energy excitations to provide a reliable
estimate of the intensity in the continuum region, which starts
to fall away. In contrast, the continuum multiple scattering
CMS-Xa approach provides a good account of the shape of
the photoionization cross section above threshold but omits
the resonances around threshold.

These CMS-Xa cross section results are examined more
closely in Figs. 4(a) and 4(b) which display the cross section
decomposition into partial /-wave contributions. It is evident
that the / = 3(f) wave makes the dominant contribution to the
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FIG. 4. (a) Photoionization cross section of the I 3d level in CH3I, calculated
using the CMS—Xa approach, decomposed into partial /-wave contributions,
and expanded around the I atom. (b) Photoionization cross sections expanded
to highlight the weaker /-wave contributions. (c) Photoionization cross sec-
tions decomposed into contributions made by symmetry adapted combinations
of the angular basis functions. (d) The symmetry adapted eigenphase sums.
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I 3d photoionization cross section, as expected for an atomic-
like process, and in accord with the TDDFT results. In Fig. 4(c)
we present an alternative decomposition of the cross section
into symmetry adapted combinations of the continuum angular
basis functions. In this view, it is seen that the aj, a;, and e
symmetry continua maintain an approximate 1:2:4 weighting
across the whole energy range. This reflects the number of f-
wave m substates of each symmetry type, suggesting that these
substates each may make similar overall contributions to the
ionization.

The theoretical spectrum displays a peak at a kinetic
energy of ~20.5 eV above the ionization threshold, readily
attributable to the expected 3d — &f shape resonance. The
eigenphase sums [Fig. 4(d)] identify, for both the a; and e con-
tinua, a sharp phase rise of ~r radians at this energy, providing

Electron kinetic energy, eV
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FIG. 5. (a) The electron spectrum of CH3I recorded at a photon energy of
614.0 eV using parallel (blue) and perpendicular (green) linearly polarized
radiation. Most of the structure is due to direct photoionization. (b) The elec-
tron spectrum of CH3I recorded at a photon energy of 666.2 eV using parallel
(blue) and perpendicular (green) linearly polarized radiation. Most of the struc-
ture in the spectrum recorded with perpendicular linearly polarized radiation
is associated with the My5N45023, MgsNysV, MysNysNys, MysNo3Nys, and
MysNNys5 Auger transitions. The numbered peaks in (a) and (b) are identified
in Table II.

J. Chem. Phys. 149, 144302 (2018)

a signature indication of the presence of shape resonances in
both of these partial channels. It should be noted, however,
that apart from the region around 650 eV where the / = 1
component is the second most dominant partial wave, / > 3
partial waves make significant contributions, thereby under-
lining some molecular character existing in the ionization
process.

B. Photoelectron spectra
1. Overview of the complete spectrum

Figure 5(a) shows the photoelectron spectrum of CH3l,
measured at a photon energy of 614 eV, for parallel and per-
pendicular linearly polarized radiation. This energy lies below
the I 3d ionization thresholds and the spectrum is dominated
by bands due to ionization of the C 1s and I 4d levels. The
photoelectron bands associated with the valence shell are rel-
atively weak. Bands due to direct photoionization can be
assigned using the previously reported binding energies of
the C 15(291.3 eV*), T 45(195.4 eVO31), T 4p(~129 eV*©),
I 4d(58.3 eV - 4dsp, 56.7 eV - 4dsp?), and valence**8
orbitals. Some weak structure associated with the I 4d and
C 1s shake-up/shake-off transitions is also discernible.

A section of the spectrum recorded at a photon energy of
666.2 eV, which lies above the I 3d ionization thresholds, is
plotted in Fig. 5(b). The additional structure occurring in this
spectrum arises from various Auger decay channels associated
with the M4 and M5 subshells. The photoelectron peaks due
to the I 3ds/2, 32 levels are not included in Fig. 5(b) and will be
discussed in Secs. V B 3 and V B 4. Table II provides a sum-
mary of the photoelectron and Auger electron bands appearing
in the experimental spectrum. Peaks due to direct ionization or
shake-up/shake-off transitions are referenced with respect to
their binding energy, whereas those due to Auger transitions

TABLE II. Energies and assignments of the bands observed in the electron
spectra of CH3I shown in Fig. 5.

Electron kinetic Binding
Spectral feature energy (eV) energy (eV) Assignment
1 ~220-265 CKVV
2 316-366 C 1s shake-off
3 ~355-363 M5sNjNys
4 294-316 C Is shake-up
5 ~365-373 My4NjNys
6 291.3 Cls
7 ~413-426 M;5N23Nys
8 ~426-437 M4Nj3Nys
9 193.8 I4s
10 ~488-500 M5Ny5Nys
11 ~500-512 M4Ny5Nys
12 129.0 I4p
13 ~530-545 My5Ny5V
14 ~546-554 M5Ny5023
15 ~556-564 MyNy5023
16 76-102 I 4d shake-off
17 62-76 1 4d shake-up
18 58.3 14d3p
19 56.7 14dsp
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are referenced with respect to their electron kinetic energy.
The electron peaks arising from Auger decay of the My and
Ms subshells, and their associated angular distributions, are
discussed in detail by Forbes et al.*’

2. Photoelectron bands associated with the I 4s
and | 4p orbitals

Figure 6(a) shows the region of the photoelectron spec-
trum encompassing structure associated with the I 4s and I 4p
orbitals in greater detail. Our spectrum is broadly in accord
with those measured by Gelius® and by Svensson et al.’!
using Al Ka radiation, but is of improved quality and cov-
ers a wider binding energy range. The anomalous appear-
ance of the photoelectron bands is similar to that observed in
Xe 6731

The earliest indication of the unusual behavior of the Xe
4p orbital was found in the absorption spectrum®*>! where
lines were observed converging onto what was considered to
be the 4p5 2p;,» ionization threshold, whereas none were evi-
dent converging onto the 4p> 2Py threshold. Confirmation of
this anomaly was provided by the photoelectron spectrum®7-3!
which, instead of exhibiting a well-resolved spin-orbit dou-
blet associated with the 4p orbital, showed a single struc-
tured peak in the vicinity of the expected 4p> 2Ps, ionization
limit, together with a continuous intensity distribution which
extended up to a second peak, which was associated with the
45 'S limit.

This anomalous intensity distribution is a consequence of
strong electron correlation, resulting in a breakdown of the sin-
gle particle model of ionization.’> Under such circumstances,
the two-step model of Auger decay,> where photoionization
forms a well-defined core hole and the subsequent emission of
the Auger electron is considered to be an independent process,
becomes invalid. Instead, the inner-shell hole state transforms

Electron intensity
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FIG. 6. (a) Photoelectron spectrum of CH3I, recorded at a photon energy of
614.0 eV, using parallel (blue) and perpendicular (green) linearly polarized
radiation, in the binding energy range encompassing structure due to the I 4s
and I 4p orbitals. (b) The corresponding photoelectron anisotropy parameter.
A 10-point moving average has been applied to the anisotropy parameter
spectrum to improve the signal-to-noise ratio.
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rapidly, through Coster-Kronig and super-Coster-Kronig pro-
cesses, into excited states having configurations with two
excited electrons. Coster-Kronig>* and super-Coster-Kronig>>
transitions correspond to Auger decays in which one, or both,
respectively, of the holes in the final ionic state belongs to the
same principal shell as the initial vacancy. Such processes have
very high transition rates.

To provide the framework required to interpret our pho-
toelectron spectra of the I 4s and 4p levels in CH3l, we
give a brief summary of the theoretical studies performed
by Wendin and Ohno>®>’ on the corresponding Xe 4s and
4p levels. For the initially formed 4p~! state, the following
decay mechanisms were considered>®>’ (using the nomencla-
ture adopted in previous discussions®®-%): 4p~! — 4d~15p~!
+ kl electron, Coster-Kronig transition; 4p~! — 4d~!5s7! +
kl electron, Coster-Kronig transition; 4p~' — 4d=2 + kl elec-
tron, super-Coster-Kronig transition; and 4p~! — 4d=2 + 4f
electron, giant-Coster-Kronig transition (where k denotes a
discrete or continuum orbital). The calculations showed that
the dominant decay process yields 4d~2kl electron configura-
tions and that the peak observed in the vicinity of the expected
4p’ 2Ps, threshold should be attributed to a group of satel-
lites with electron configurations 4d2kf, of which 4d—24f %P5,
is the strongest component. This peak was predicted to have
only 38% of the spectral intensity associated with the unper-
turbed 4p photoionization, and its binding energy is shifted
with respect to that calculated for the unperturbed state. The
other decay mechanisms listed above are responsible for the
continuum observed between the peaks due to the 4d241 %P5,
and the 4s 'S, states.

For the initially formed 4s~! state, the decay mecha-
nisms considered>®>’ were 457! — 4p~'4d~! + Kkl electron,
457! — 4p~'5s7! + Kkl electron, and 4s! — 4p~!5p~! + kI
electron.’®>° Although these interactions lead to a shift in the
binding energy of the peak associated with the 4s orbital with
respect to the unperturbed value, most of the spectral inten-
sity (~80%) remains in a single peak. Thus, this peak may be
characterized as being due to a reasonably well defined hole
of mainly 4s character. The remaining part of the 4s intensity
was predicted to appear in the super-Coster-Kronig 4p~'4d~!
continuum.>®>’ This prediction could not be verified because
the experimental spectrum did not extend to sufficiently high
binding energies.

The photoelectron band shapes associated with the I 4p
and I 4s orbitals in CH3I are similar to those discussed above
in relation to the corresponding orbitals in Xe, and thus simi-
lar configuration interactions and decay mechanisms appear to
apply. We obtain binding energies of 129.0 and 193.8 eV for
the maxima of the peaks due to the 4p and 4s orbitals, respec-
tively. The 1 4p peak shows some hints of structure on the
high binding energy side. The analogous structure observed
on the Xe 4p peak was associated with multiplets within the
(4d~24f)3/, configuration.’® A fitting of the peak due to the
I 4s orbital, with a Voigt profile, results in a Lorentzian of
2.43 eV (FWHM), representing the hole state level width, and
a Gaussian of 0.56 eV (FWHM), representing the experimen-
tal resolution. Thus, the level width of the peak due to the I
4s orbital is similar to that (2.7 eV3!) for the corresponding
Xe 4s peak. Our spectrum shows a continuum in the binding
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energy range ~200-250 eV. We attribute this continuum to the
decay of the I 4s hole state into the 4p~'4d™" continuum, via
super-Coster-Kronig transitions, as predicted for the 4s hole
state in Xe. %7

Figure 6(b) shows the g parameter, evaluated using
Eq. (2), as a function of the binding energy in the region of
the I 4s and 4p photoelectron peaks. It is evident that the value
of the B parameter associated with the continuum occurring
on the high binding energy side of the principal peak due to
the 4p orbital is similar to that in the peak. The same behavior
is observed for the 8 parameter corresponding to the 4s peak
and that of the continuum appearing at higher binding ener-
gies. At a photon energy of 614 eV, we obtain a 3 value of 2.0
for the I 4s peak (by integrating between binding energies of
~188-200 eV). We obtain 8 values of 1.4, 1.1, 1.3, and 1.0
at photon energies of 614, 620.1, 656, and 666.2 eV, respec-
tively, when we evaluate the intensity around a small energy
range containing the I 4p line. These values are similar to those
measured by Becker er al.®° for the 4s and 4p orbitals in Xe
in the vicinity of the Xe 3d threshold. It was suggested®® that
the variations in the Xe 4s 3 parameter, close to the 3d edge,
might be due to interchannel coupling between the 4s and 3d
subshells. A similar type of coupling might be the cause of the
variations we observe in the S values for the I 4p peak in the
vicinity of the I 3d threshold.

3. Photoelectron bands associated
with the | 3d5/2,3/2 orbitals

Figure 7 shows the photoelectron spectrum of CHjsl,
recorded at a photon energy of 665.6 eV, in the binding energy
region encompassing the two peaks associated with the I 3ds/,
and 3dj;, electrons. The bands exhibit a characteristic tail-
ing toward higher binding energy due to PCI. For both of the
spin-orbit split states, the peak binding energy, intensity,
parameter, and level width of the hole state were extracted by
performing a weighted least-squares fit to the spectra (see the
supplementary material).

The binding energies of the I 3dsp3pn levels in
CH3I have not been reported previously. We recorded the
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FIG. 7. Photoelectron spectrum of CH3I, recorded at a photon energy of
665.6 eV, using parallel (blue) and perpendicular (green) linearly polarized
radiation. The two bands are due to ionization of the I 3ds;, and I 3d3; levels.
The asymmetric band shapes are the result of post collision interaction.
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photoelectron spectrum of a mixture of CH3I and Xe, in the
binding energy range containing the I 3d and Xe 3d peaks.
There are several earlier measurements of the Xe 3ds; 3
binding energies.®3!®! Those of Svensson et al.’! were used
to calibrate our binding energy scale and resulted in ener-
gies of 626.8 and 638.3 eV, with an estimated uncertainty
of +£0.4 eV, for the I 3ds, and I 3dsz,, ionization thresholds,
respectively. This uncertainty is related to the spread in the
previously reported Xe binding energies®3!%! available for use
as calibrations rather than to any limitation in our experimen-
tal instrumentation. The I 3d photoelectron spectra also allow
the spin-orbit splitting to be determined. We obtain a value of
11.48 + 0.01 eV from an analysis of our spectra recorded at
thirteen photon energies.

Level widths between 440-520 meV and 450-500 meV
were obtained from our fitting procedure for the I 3ds;, and
3ds hole states in CHsl, respectively. These values are in
reasonable accord with those of I's;, = 510 + 30 meV and
'3, = 490 + 30 meV for the corresponding 3d hole states in
Xe.?

Figure 8 shows the experimentally derived I 3ds,; and I
3ds,, photoelectron anisotropy parameters. The predictions of
the (non-relativistic) CMS—Xa. calculations, which have been
plotted using the experimental ionization energies of 626.8
and 638.3 eV, are in good agreement with the measured val-
ues. The S parameter is predicted to be negative near threshold
and then to rise rapidly as the photon energy increases to reach
a maximum close to unity ~15 eV above threshold. The pho-
ton energies at which these maxima occur, ~640 and 655 eV
for the 3ds, and 3ds, orbitals, respectively, approximately
coincide with those for the predicted 3ds;, — ef and 3d3;
— &f shape resonances. At higher energies, the experimental
and calculated S parameters gradually decrease. Our theo-
retical work indicates that the dip around hv = 700 eV may
be associated with a (weak) extended X-ray absorption fine
structure type oscillation occurring in the a; symmetry con-
tinuum function [Fig. 4(c)]. The localization of the initial 3d
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FIG. 8. The experimentally derived photoelectron anisotropy parameters for
the 13ds/, (green) and I 3d3/; (blue) levels in CH31. The error bars represent the
standard error of the 8 parameters extracted from the fit. The corresponding
theoretical (CMS—Xa) photoelectron anisotropy parameters are plotted for the
13ds/, (magenta) and I 3d3,, (cyan) levels using the experimental ionization
energies.
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electrons, approximating a single site emitter, allows a simple
in-phase—out-of-phase interference pattern to emerge, result-
ing from on-axis back-scattering from the methyl group. This
back-scattering is most pronounced for a; symmetry outgoing
waves due to the axial electron continuum density between the
carbon and iodine atoms.

4. | 3d shake-up/shake-off spectrum

Figure 9(a) shows the photoelectron spectrum of CHj3l,
recorded at a photon energy of 740 eV, in the binding energy
range encompassing the peaks associated with the T 3ds,~!
and 13ds, ! states, and the structure due to shake-up/shake-off
satellites. Most of the distinct satellite structure is associated
with the 3ds, ! state, as the analogous features associated with
the 3ds;~! state are hidden by the main-line corresponding to
the 3ds,~! state.

We start our interpretation of the satellite structure by con-
sidering peaks which can be assigned to shake-up processes
accompanying 3ds/, ionization. Features observed at binding
energies of 642.8 and 644.5 eV [labeled 3 and 4 in Fig. 9(b)],
corresponding to energies of 4.5 and 6.2 eV above the main-
line at 638.2 eV, are tentatively assigned to 3d3, ionization
accompanied by the 2e — ¢* and 2e — 6s excitations, respec-
tively. In the valence shell absorption spectrum of CH3l, the
bands due to the 2e — 0™ and 2e — 6s transitions are observed
at ~4.8 and 6.2 eV,5>% respectively.

At higher energies, peaks observed at 647.9, 650.8, and
653.0 eV [labeled 5-7 in Fig. 9(b)], corresponding to energies
of 9.6, 12.5, and 14.7 eV above the main-line, are tentatively
assigned to 3ds; ionization accompanied by excitation of
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FIG. 9. Photoelectron spectra of CH3I, recorded at a photon energy of 740 eV,
using parallel (blue) and perpendicular (green) linearly polarized radiation, in
the binding energy range encompassing structure due to the I 3ds/; 3/, main-
lines and the associated shake-up/shake-off satellites. Panel (a) shows the
entire spectrum. Panel (b) shows an expanded view, highlighting the structure
due to the shake-up/shake-off satellites. Possible assignments for the num-
bered peaks are given in the text. Panel (c) shows the photoelectron anisotropy
parameter, where a 10-point moving average has been applied to improve the
signal-to-noise ratio. The dip on the {3 values at binding energies around 632 eV
is an experimental artefact caused by the low electron intensity.
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another electron from the 2e, 3a;, or le orbitals, respectively,
into a Rydberg orbital. Vertical ionization energies of ~9.5,

12.5, and 14.7 eV have been reported48 for the )N( 2Exp, A ZA4,

and B ZE states, respectively.

Two features, labeled 1 and 2 in Fig. 9(b), are analogous to
peaks 3 and 4 but involve 3ds/, ionization. Peak 1 at 633.0 eV,
and the shoulder (peak 2) at 636.5 eV, can be assigned to shake-
up satellites, where 3ds/, ionization is accompanied by the
excitation of an electron from the outermost 2e orbital into the
6s Rydberg orbital, and by excitation from the 2e orbital into

a high lying Rydberg orbital connected with the X 2E3/, limit,
respectively.

In addition to these shake-up satellites, a continuum asso-
ciated with shake-off transitions starts at a binding energy of
~634 eV and extends to at least 670 eV.

Figure 9(c) shows that the § parameters associated with
the satellite structure are similar to those of the main-lines.

5. Measurements of the Ms;N45N,5 and MyN45N 45
Auger electron yields

A simple, indirect method of determining the relative pho-
toionization cross sections of the I 3ds;, and I 3d3/, orbitals
in CH3I is through a measurement of the MsNysNys and
M4Nys5Nys Auger electron yields.!? As, for example, the first
step in the M5NysNy5 Auger decay is the formation of the
I 3ds,~! hole state, the MsNasNus Auger electron yield is
directly proportional to the I 3ds/, photoionization partial cross
section. In our experiment, the MsN4sN4s and M4Ny5Nys
yields were determined by selecting an electron kinetic energy
window, with a width of ~10 eV, centred at ~497 and 507 eV,
respectively [Fig. 5(b)]. These windows omit the peak due
to the transition into the 'Sy final state*® but ensure that all
of the detected Auger electron signal is associated with the
selected decay. The yields shown in Fig. 10 were recorded
using perpendicular linearly polarized radiation. At photon
energies close to the I 3ds;, and 3ds/, ionization thresholds
at 626.8 and 638.3 eV, respectively, direct photoionization
of the I 4p orbital can lead to a small contribution from

Normalized Auger yield

Il Il Il Il
620 630 640 650 660 670
Photon energy, eV

FIG. 10. The M4Ny45Nys (blue) and M5N,45Nys (green) Auger electron yields
of CH31 recorded with perpendicular linearly polarized radiation.
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electrons whose kinetic energies overlap with those of the
Auger electrons due to the My45N45N45 transitions. Hence, the
Auger electron signal remains finite at threshold. This over-
lap in kinetic energies only occurs near threshold and does
not affect the shape of the yields in the regions of interest
containing the shape resonances.

Our M5Ny5N4s Auger electron yield shows a peak at
644.0 eV, corresponding to the 3ds/, — &f shape resonance, fol-
lowed by a broad maximum centred at ~657.4 eV. In contrast,
the M4Ny5Ny5 yield displays a single peak at 655.7 eV associ-
ated with the 3d3», — &f shape resonance. The photon energies
corresponding to the positions of the shape resonances in the
Auger electron yields coincide well with those observed in the
total ion yield. The overall shape of the Auger electron yields
measured in the present experiment for the I 3d level in CH3l is
similar to that of the corresponding yields determined for the
Xe 3d level'? and that of the calculated Xe 3d photoionization
partial cross sections.!=

In xenon, the theoretical work showed that the second
(higher energy) maximum in the Xe 3ds;, photoionization
partial cross section was the result of interchannel coupling
between the 3ds, and 3ds/, continua.!=® Specifically, the cou-
pling mixes a small amount of the continuum wavefunctions
representing the 3d3;, channels with those representing the
3ds;y channels.! However, this mixing does not occur only
between states of the same energy. Thus, the second maxi-
mum in the calculated 3ds;, cross section does not occur at
exactly the same energy as the maximum in the 3d3; cross
section.! In xenon, the second maximum is observed at an
energy ~3 eV higher than that of the peak in the 3d3, cross
section. '3

Given the similarity between the Xe MysNy5N45 Auger
electron yields'? and those for the I MysNysNys transition
measured in the present experiment, it appears reasonable to
suggest that interchannel coupling between the I 3ds, and I
3ds/, continua is responsible for the maximum observed at
657.4 eV in the M5NysNy5 yield. In CH3l, the second max-
imum in the M5N4s5Ny5 yield is shifted to higher energy by
~1.7 eV compared to the position of the peak in the M4N45N45
yield.

VI. SUMMARY

The total ion yield of CH3I has been measured using syn-
chrotron radiation in the vicinity of the 1 3ds, 3/, thresholds and
exhibits broad maxima associated with the 3d — ef shape reso-
nances. The corresponding theoretical absorption cross section
indicates that, above the ionization threshold, transitions into
the f(I = 3) continuum channel dominate.

The complete photoelectron spectrum of CH3I has been
recorded at several photon energies, and bands due to the C
Is, I 3d, 4s, 4p, and 4d atomic-like orbitals, as well as the
molecular valence orbitals, have been observed and assigned.
The photoelectron band associated with the I 4p orbital has an
unusual appearance due to the rapid decay of the 4p~! hole state
through Coster-Kronig and super-Coster-Kronig transitions.

The experimentally derived S parameters for the I 3d
orbital have been compared to the corresponding theoret-
ical results, calculated using the CMS—Xa approach, and
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a satisfactory agreement has been found. The I 3d shake-
up/shake-off spectrum has been recorded, and some of the
satellite structure has been assigned. The 8 parameters associ-
ated with the shake-up/shake-off satellites are similar to those
characterizing the main-lines.

The MsN45N45 and M4N4sNys5 Auger electron yields have
been measured in the photon energy range encompassing the
3d — &f shape resonances. Each yield curve exhibits a maxi-
mum associated with the corresponding continuum resonance,
but that for the M5N4sNy5 decay contains an additional maxi-
mum due to interchannel coupling between the 3ds,, and 3d3.,
continua.

SUPPLEMENTARY MATERIAL

See supplementary material for descriptions of the ion
spectrometer and the photoelectron peak fitting procedure and
for a discussion of the I 3ds/,:3d3,, branching ratio.
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