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Auger electron angular distributions following excitation or ionization of the I 3d level
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Auger electron spectra following excitation or ionization of the I 3d level in CH3I have been
recorded with horizontally or vertically plane polarized synchrotron radiation. These spectra
have enabled the Auger electron angular distributions, as characterized by the β parameter, to
be determined. The I 3d photoionization partial cross section of CH3I has been calculated with
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the Continuum Multiple Scattering approach, and the results show that in the photon energy
range over which Auger spectra were measured, the I 3d cross section exhibits an atomic-like
behaviour and is dominated by transitions into the εf continuum channel. In this limit, the
theoretical value of the alignment parameter (A20) characterizing the core ionized state in an
atom becomes constant, independent of photon energy. This theoretical value has been used to
obtain the Auger electron intrinsic anisotropy parameters (α2) from the β parameters extracted
from our normal (non-resonant) molecular Auger spectra. The resulting anisotropy parameters
for the M45N45N45 transitions in CH3I have been compared to those calculated for the
corresponding transitions in xenon, and the experimental and theoretical results are in good
agreement. Anisotropy parameters have also been measured for the M45N1N45, M45N23N45 and
M45N45O23 transitions. For the M45N1N45 and M45N23N45 Auger decays in CH3I, the
experimentally derived angular distributions do not exhibit the strong dependence on the final
ionic state that is predicted for these transitions in xenon. Resonantly excited Auger spectra
have been recorded at 620.4 and 632.0 eV, coinciding with the I 3d5/2 → σ* and 3d3/2 → σ*
transitions, respectively. The resulting Auger electron angular distributions for the M 4N45N45
and M5N45N45 decays were found to exhibit a higher anisotropy than those for the normal
process. This is due to the larger photo-induced alignment in the neutral core excited state.
For a particular Auger transition, the Auger electron kinetic energy measured in the
resonantly excited spectrum is higher than that in the normal spectrum. This shift, due to the
screening provided by the electron excited into the * orbital, has been rationalized by
calculating orbital ionization energies of I 3d excited and I 3d ionized states in CH3I.
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I.

INTRODUCTION

Conventional Auger electron spectroscopy, where a core ionized atom or molecule is created
by an electron beam or a resonance line photon source, has yielded a wealth of information on
electronic energy levels and lifetimes, and on the associated decay mechanisms.1,2 The
subsequent use of synchrotron radiation as the ionization source, due to its tunability and
polarization properties, has resulted in Auger spectroscopy becoming an increasingly
sophisticated and versatile technique.3-8 To date, the majority of the experiments employing
synchrotron radiation have been performed on molecules composed of low atomic number
elements, especially carbon, nitrogen and oxygen. Auger decay following core excitation or
ionization in these systems involves valence electrons. When heavier atoms are present in the
molecule, Auger decay can involve inner-shell, inner-valence, and outer-valence electrons,
and the processes become far more complex.

The tunability of synchrotron radiation has been exploited in the closely related technique of
resonant Auger spectroscopy,3-8 where photoabsorption at an energy just below a core level
ionization threshold initially leads to the formation of a neutral excited state lying far above
the ground state. This intermediate state may decay through an Auger transition to produce a
singly charged ion, with the kinetic energy of the ejected electron being determined by the
difference between the neutral intermediate and the final ionic state energies.

One of the early investigations to take advantage of the continuous wavelength coverage
afforded by synchrotron radiation concerned a study of the competition between Auger
emission and molecular dissociation in core excited HBr.9 Specifically, the photon energy was
chosen to excite the Br 3d → σ* transition, where σ* corresponds to a low energy antibonding
orbital which is unoccupied in the neutral ground state. Although electronic relaxation is
usually faster than dissociation, in this particular case the timescale for dissociation is similar
to that for Auger emission (a few fs). Thus, due to the fast dissociation of the core excited
parent molecule, the electron spectrum was found to contain peaks associated with
autoionizing atomic bromine. A subsequent study of the corresponding I 4d → σ* transition
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in CH3I10 provided no evidence of atomic Auger decay. Instead, the photoelectron spectrum
exhibited peaks due to molecular autoionization. These pioneering studies on HBr and CH3I
prompted extensive experimental and theoretical investigations on HCl and other closely
related halogen containing molecules. In particular, the Cl 2p → σ* and Cl 2p → Rydberg
excitations were studied in detail.11-19 More recent studies have shown (Ref [20] and
references therein) that the competition between Auger decay and neutral dissociation is a
more general phenomena, but the rapid separation of atoms in the hydrogen halide systems
enhances its effects.

While the tunability of synchrotron radiation has been used to advantage in many Auger
electron studies, much less use has been made of its polarization properties. Plane polarized
radiation allows the angular distributions of the Auger electrons to be measured, and these
provide additional information to help characterize the Auger transitions. Auger electron
angular distributions have been measured in several small molecules composed of low atomic
number elements (Ref [21] and references therein). In these studies, K-shell excitation into a
state of well defined symmetry, Σ or Π, preferentially selects molecules whose axes lie
parallel or perpendicular, respectively, to the photon polarization vector.22 Thus, the
photoabsorption process creates an ensemble of core excited molecules with partially aligned
axes. This molecular alignment results in an anisotropic Auger electron angular distribution.22

A different alignment mechanism, namely the non-statistical population of magnetic
sublevels, may lead to anisotropic Auger electron angular distributions in atoms and
molecules.23,24 In the present work, the effects of this latter type of alignment are explored in a
molecular system, CH3I. Auger transitions are usually considered within a two-step model,25
where the decay of the core excited or core ionized atom is assumed to be independent of the
formation process. Within this framework, the angular distributions of Auger electrons
produced by plane polarized radiation, assuming electric dipole photoabsorption by randomly
oriented target atoms, may be written as26-29
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dWJi → J f ( )
d

=

WJTi → J f
4π

1 +  P2 (cos  )

(1)

where WJTi → J f is the total Auger decay rate between initial and final states having total angular
momentum Ji and Jf, respectively, θ is the angle between the momentum of the ejected Auger
electron and the polarization axis of the plane polarized radiation (the alignment axis), β is a
parameter describing the Auger electron angular distribution for that particular transition, and
P2(cosθ) is the Legendre polynomial of second order. If the photoexcitation/photoionization
and Auger decay are considered as two separate steps, the β parameter can be factored into
two components:27,28

 = A20 2

(2)

where A20 is a parameter reflecting the alignment of the core excited/ionic state produced by
the photoabsorption in the first step, and α2 is the intrinsic anisotropy parameter for the Auger
transition.

If the total angular momentum of the core ionized state is greater than ½, the photo-induced
atomic inner-shell vacancy can be aligned.23,24 This alignment usually results in the Auger
electron angular distributions being anisotropic.23,24 The alignment parameter characterizes
the anisotropy of the decaying state as a result of a non-statistical population of magnetic
sublevels. These populations are proportional to the photoionization partial cross sections
σ(JM), where J is the total angular momentum of the intermediate state and M denotes a
particular magnetic sublevel. If the cross sections differ, which is usually the case, then
alignment will occur, and the degree of alignment will vary with photon energy. The
anisotropy parameter for a specific Auger channel depends on the total angular momentum of
the initial and final states, and on the Auger decay matrix elements, and is independent of the
photon energy.3,27 Auger electron angular distributions have been studied extensively for the
rare gases3,4,23,24,29-38 and compared with theoretical predictions.4,24,27,28,39-46
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Berezhko et al28 have performed a theoretical study of the photoionization induced alignment
in core hole states in a range of rare gas atoms. The results from their calculations, which
consider photoionization of an electron having an initial angular momentum l, show that the
degree of alignment depends on the relative strengths of the photoionization cross sections
into the two dipole allowed l → l – 1 and l → l + 1 continuum channels. In general, the l → l
+ 1 channel dominates the ionization process and the resulting alignment is rather small.
However, higher values of alignment were predicted close to the ionization threshold, due to
potential barrier effects,47 and in energy regions affected by a Cooper minimum, 48 where the l
→ l – 1 channel dominates.

In the present work, we have recorded Auger electron spectra, using horizontally or vertically
polarized radiation, following resonant or non-resonant excitation/ionization of the I 3d level
in CH3I. The spectra are dominated by peaks due to the M 45N45N45 transitions, but structure
due to other Auger decay channels is also discernible. The spectra have allowed the Auger
electron angular distributions to be determined and these experimental values are compared to
predictions for the corresponding transitions in Xe. Iodine lies adjacent to xenon in the
periodic table, and, for the valence shell, CH3I and Xe are isovalent.

An atomic picture description of the ionization and subsequent Auger decay relevant to our
work on CH3I appears reasonable based on the binding energies of the constituent atoms.
Most of the atomic orbitals of I are well isolated from those of CH3. In particular, the binding
energies of the C and H orbitals are: C 1s ~290 eV, C 2s/2p ~10 – 20 eV, and H 1s ~13 eV,
while those of I are: 3d (M45) ~630 eV, 4d (N45) ~60 eV, and 4s/4p (N1/N23) ~195/130 eV.
Thus, the 4d and more tightly bound I orbitals should not be involved significantly in the
molecular bonding, and should behave fairly atomically. Within the two step model of the
Auger process, the first step in an Auger transition such as M 45N45N45 involves the I M45N45
electron-hole interaction, and this should be quite atomic-like, even in a molecule. Any
molecular behaviour would be due to the interaction between the escaping N 45 Auger electron
and the molecular charge distribution of the valence electrons and nuclei.
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Additional support for our interpretation of the Auger electron angular distributions in terms
of the magnetic sublevel populations is provided by our Continuum Multiple Scattering
calculations which show that, except in a small energy region close to I 3d ionization
threshold, the molecular axes in the ionized state are essentially unaligned across the photon
energy range considered in the present study.

Our results show that the Auger electron angular distributions, following resonant or nonresonant excitation/ionization of the I 3d level in CH3I, can be interpreted in a manner usually
applied to atoms. The molecular environment does not appear to modify significantly either
the I 3d excitation/ionization dynamics49 or the magnetic sublevel populations in the
intermediate state from those expected of the analogous atomic processes. The alignment
responsible for the Auger electron anisotropy observed in our work therefore differs from the
molecular axis alignment22 leading to the anisotropies determined in previous studies on small
molecules (Ref [21] and references therein).
II.

EXPERIMENTAL APPARATUS AND PROCEDURE

The Auger electron spectra were recorded with a VG Scienta R4000 hemispherical electron
energy analyser mounted on the soft X-ray undulator-based PLÉIADES beamline at the
SOLEIL synchrotron radiation facility. Detailed descriptions of the beamline and station
instrumentation have been reported previously50,51 so only a summary is given here.

The 80 mm period Apple II permanent magnetic undulator was selected for the present
experiment. This undulator emits radiation in the energy range 35 – 1000 eV and allows the
plane of polarization to be chosen to lie either parallel or perpendicular to the electron orbital
plane in the storage ring. The beamline employs a modified Petersen type monochromator52
operating in the so-called fixed focus mode. The Auger electron spectra were recorded using a
grating having 600 lines/mm together with an exit slit width of 70 μm. This combination
results in a theoretical optical resolution of ~300 meV at 614 eV and ~340 meV at 666.2 eV.
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The electron spectrometer was mounted in a fixed position with the electron detection axis
lying perpendicular to the orbital plane in the storage ring. Photoionization occurs within a
differentially pumped cell which incorporates a series of electrodes that allows compensation
of the plasma potentials.53 The Auger spectra were recorded, using either horizontally or
vertically polarized radiation, with an analyser pass energy of 50 eV and a 0.5 mm curved
entrance slit, resulting in a spectrometer resolution of 62.5 meV.
The translational Doppler broadening leads to a linewidth, ΔED, given by ΔED(meV) = 0.7215
(EKE.T/M)½, where EKE is the kinetic energy of the electron in eV, T is the absolute
temperature of the sample gas, and M is the molecular mass expressed in atomic units. 53 For
an electron kinetic energy of 500 eV, which is appropriate to that of an Auger electron
produced in the M45N45N45 decay in CH3I, this corresponds to a Doppler width contribution of
~23 meV.

Eq (1) is valid for 100% plane polarized radiation. In our study, the degree of polarization was
determined by recording spectra encompassing the photoelectron peak due to ionization of the
I 4s orbital, using horizontally and vertically polarized radiation, and assuming that β = 2 for
this transition. The degree of polarization (P) for non-completely plane polarized radiation
was estimated by using the modified electron angular distribution formula54
d  total  

=
1 + ( 3P cos 2 + 1) 

d
4π  4


(3)

where σtotal is the angle integrated cross section and the other symbols are as defined in Eq (1).
At a photon energy of 646 eV, which lies near the middle of the range relevant to the present
work, we obtain P = 0.991 ± 0.005. Hence, the assumption that completely plane polarized
radiation enters the electron spectrometer appears reasonable.
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The angular distribution parameters β were obtained from spectra recorded with the plane of
polarization either parallel (θ = 0°) or perpendicular (θ = 90°) to the electron detection axis.
Thus, Eq (1) can be rewritten in the more familiar form as:

=

2( I par − I perp )

(4)

( I par + 2 I perp )

where Ipar and Iperp are the normalized (to sample pressure, photon flux, and acquisition time)
electron intensity for parallel and perpendicular polarization orientation, respectively. For the
instrumentation arrangement on the PLÉIADES beamline, parallel and perpendicular
orientations correspond to vertically and horizontally plane polarized radiation, respectively.

To confirm the correct operation of the beamline and spectrometer for electron angular
distribution measurements, photoelectron spectra of the Xe 3d level were measured over a
photon energy range extending to ~120 eV above threshold. The β parameters derived from
these spectra were in good agreement with established values.55

The Auger electron kinetic energy scale was calibrated by recording Auger spectra due to the
M45N45N45 transitions in xenon and using the known energies.56

The transmission efficiency of the electron analyser, at a particular kinetic energy, was
determined as described by Jauhiainen et al. 57 This efficiency is required to normalize the
M45N45N45 and M45N45O23 Auger electron spectra used to evaluate the I 3d 5/2 : I 3d3/2
branching ratio (the partial photoionization cross section of the 3d 5/2 orbital divided by that of
the 3d3/2 orbital).
III.

AUGER ELECTRON PEAK FITTING PROCEDURE

The peaks associated with the Auger electrons were fitted using the procedure described in
the Appendix. This procedure allowed the intensity and the angular distribution parameter (β)
due to an individual transition to be derived through a weighted non-linear least-squares fit
procedure.58 The use of a fitting routine to analyse the experimental spectra, rather than
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simply integrating the signal corresponding to a specific peak, allows (i) the intensities of the
overlapping transitions to be separated, and (ii) the final state broadening to be extracted. The
Auger electron peak shape resulting from a normal transition exhibits a characteristic tailing
on the high kinetic energy side, due to post-collision interaction (PCI).4 This asymmetry was
incorporated into our fitting by employing the analytical line shape formula given by Armen
et al.59

In our fitting of the normal Auger electron bands, initial state level widths of 461 and 473
meV were used for the 3d5/2-1 and 3d3/2-1 states, respectively. These widths were obtained by
averaging the widths extracted from the fits to the I 3d photoelectron peaks for photon
energies between 655 and 750 eV.49 These widths, together with the instrumental broadening,
resulted in level widths of 461 ± 3 meV and 455 ± 12 meV for the doubly ionized final states
associated with the M45N45N45 and the M45N45O23 Auger decays, respectively.

For resonant Auger transitions, if the photon bandwidth is narrower than the level width of the
neutral excited state (3d5/2-1σ* or 3d3/2-1σ* in our case), then the initial state width can be
neglected and replaced by a Gaussian representing the photon bandwidth.7 We are not aware
of any reported lifetimes of the relevant core excited valence states. Our fitting procedure
includes a Lorentzian for the final, singly ionized state (e.g. 4d-2σ*), as this state may decay
further by additional Auger transitions. Final state broadening is usually neglected in the
analysis of resonant Auger spectra involving only valence electrons due to the expected long
lifetimes of the corresponding final states. Our fitting of the 3d5/2-1 and 3d3/2-1 spectra yields
final state level widths of 480 and 469 meV, respectively. It is notable that the final state level
widths extracted for the non-resonant Auger decay are similar to those extracted for the
resonant Auger decay.
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IV.

RESULTS AND DISCUSSION

A.

Overview

An electron spectrum spanning the energy range covering all possible Auger decay channels
connected with the I 3d5/2 and 3d3/2 core-holes, recorded at a photon energy of 666.2 eV, is
plotted in Fig. 1. A spectrum covering a wider kinetic energy range has been assigned and
discussed in detail by Forbes et al,49 so only those features associated with Auger transitions
are considered here.

Non-resonant (normal) Auger spectra were measured at photon energies of 635.8, 640.0,
646.0, 656.0, 666.2 and 680.0 eV. Resonantly excited Auger spectra were measured at photon
energies of 620.4 and 632.0 eV, coinciding with the 3d5/2 → σ* and 3d3/2 → σ* transitions,
respectively.49 The assignments of the observed Auger electron band structure in CH3I are
based on those given by Werme et al,56 Aksela et al,60 and Pulkkinen et al61 for the
corresponding bands in xenon.

B.

Auger electron band structure

1.

M45N45N45 transitions

Auger electron spectra encompassing the M4N45N45 and M5N45N45 decay channels in CH3I are
shown in Fig. 2 (non-resonant spectrum recorded at a photon energy of 666.2 eV, and
resonantly excited spectra recorded at photon energies of 620.4 and 632.0 eV, using vertically
and horizontally polarized radiation). Each of the M4N45N45 and M5N45N45 Auger electron
bands was fitted with 6 peaks, as shown in Fig. 3 for the normal spectrum.

The background on the high electron kinetic energy side of the Auger spectra shown in Fig. 2
is higher for that recorded with vertically polarized radiation than for that recorded with
horizontally polarized radiation. This background contains a contribution from the low
electron kinetic energy tail of the peak due to direct ionization of the I 4p orbital (having an
ionization energy of 129.0 eV49). Since the photoelectron anisotropy parameter for the I 4p
orbital has a value of 1.0 at 666.2 eV,49 the tail from the corresponding photoelectron peak
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provides a higher background contribution in the spectrum recorded with vertically polarized
radiation than in that recorded with horizontally polarized radiation. This background
contribution appears to be taken into account satisfactorily in the fitting procedure (Fig. 3),
and is therefore unlikely to influence the experimentally derived β values.

The electron kinetic energies derived from the fitting procedure are listed in Table I. The twohole final state configuration 4d-2 gives rise to nine terms60 but not all of these transitions were
resolved in our spectra (Table I). The assignments for the peaks in CH3I have been made by
analogy with the Xe Auger peaks assigned previously by Aksela et al.60 Our analysis yields
electron kinetic energies of 494.72 and 506.20 eV for peaks 2 and 8, respectively, due to the
unresolved 1D2 and 1G4 states. These values result in a M4 – M5 spin-orbit splitting of 11.48
eV, which is similar to that of 11.45 eV for the corresponding splitting in iodine vapour. 60

Table II lists the Auger electron kinetic energies for the corresponding states following
resonant excitation at 620.4 (3d5/2 → σ*) and 632.0 eV (3d3/2 → σ*), although in this case the
final states are singly ionized with an electron promoted into the σ* valence orbital. Hence, in
Table II, the states are denoted, for example, as 4d-2(3F4)σ*. The Auger electron kinetic
energies, following resonant excitation at 620.4 or 632.0 eV, are shifted to higher energy by
~7.62 eV compared to the corresponding values in the normal Auger spectrum (Table I). See
Supplementary Material for fits of the resonantly excited Auger spectra.
2.

M45N45O23 and M45N45V transitions

Auger electron peaks due to the M45N45O23 transitions appear in the kinetic energy range
~545 – 565 eV (Fig. 4). The structure observed in our spectra resembles to some extent that
occurring in the I2 spectrum60 and that for the corresponding transitions in Xe. 61 Based on the
calculated M45N45O123 spectrum in Xe,61 the two pairs of doublets we observe at kinetic
energies of ~550 and 560 eV in CH3I, probably correspond to the M45N45O23 transitions. In
our fitting, five peaks are allocated to each of the M4N45O23 and M5N45O23 transitions,
following the assignments of the analogous structure in xenon. 60,61 The electron kinetic
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energies derived from this fitting to the normal Auger spectrum recorded at a photon energy
of 666.2 eV are listed in Table III. In the resonantly excited spectrum recorded at a photon
energy of 620.4 eV (not shown), a peak appearing at an electron kinetic energy of 558.35 eV
probably corresponds to the unresolved contributions from peaks 28 and 29 (Table III). Thus,
the M45N45O23 peaks are shifted by ~6.9 eV to higher energy in the resonantly excited Auger
spectrum.

The broader and weaker structure occurring between ~530 and 545 eV (Fig. 4) probably
arises from transitions (M45N45V) involving the molecular valence orbitals. Note that the
relatively intense peak at ~537.8 eV in the spectrum recorded at a photon energy of 666.2 eV
contains a contribution from photoelectrons emitted from the I 4p level. 49 A section of the
electron spectrum, which should not be affected by direct ionization, recorded at a photon
energy of 646.0 eV, is also shown in Fig. 4. Three broad peaks are observed at kinetic
energies of 534.5, 538.7 and 542.1 eV which we associate with Auger decays involving the
valence orbitals.

In order to obtain a better understanding of the Auger decays in CH3I involving the iodine Oshell, the atomic populations of the valence orbitals were determined by using the Gaussian09
package with the MP2/3-21G basis set.62 The results indicate that the two components of the
2e (HOMO [highest occupied molecular orbital]) valence orbital are essentially nearly pure
iodine px and py atomic orbitals. This is consistent with photoelectron studies which show that
the observed (628 meV) spin-orbit splitting in the (2e)-1 band is similar to that (629 meV) for
atomic iodine.63 Furthermore, the photoelectron angular distribution associated with the 2e
orbital exhibits an energy dependence reminiscent of that predicted for the atomic I 5p Cooper
minimum.64

Our calculations also show that there is no I 5s atomic-like molecular orbital in CH3I. The I 5s
orbital can interact with the C, and possibly the H, atomic orbitals in all the molecular orbitals
of a1 symmetry. The 1a1 and 2a1 valence orbitals may be regarded as a σ/σ* pair formed by
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the interacting I 5s and C 2s/2p z atomic orbitals, and the 3a1 (HOMO-1) orbital may be
characterized as a C – I σ-bonding orbital. These characterizations of the valence shell
molecular orbitals in terms of the atomic contributions are in accord with those reported by
Pernpointner et al.65 Plots of the valence orbitals are available in Supplementary Material.
These predictions rationalize the evident similarity between the M 45N45O23 transitions in CH3I
and the corresponding transitions in Xe, and also indicate that the structure observed between
~530 and 545 eV should be attributed to the M45N45V transitions.
3.

M45N23N45 transitions

Fig. 5 shows the non-resonant (666.2 eV) and resonant (620.4 eV) Auger spectra in the
electron kinetic energy range 410 – 440 eV. The observed structure is associated with the
M45N23N45 transitions. The resonantly excited spectrum recorded with vertically polarized
radiation (not shown) is dominated by a peak due to photoionization of the I 4s level.
However, this peak is absent in the spectrum recorded with horizontally polarized radiation
because the β parameter for the 4s electron is ~2. Aksela et al 60 and Tulkki et al44 have
calculated the Auger electron energies and relative line intensities for the M45N23N45
transitions in xenon. However, correlating these theoretical results with the bands observed in
CH3I is difficult due, at least in part, to inconsistencies in the predicted ordering of the final
states.44,60
Forbes et al49 have shown that the photoelectron band associated with the I 4p orbital in CH3I
has an unusual appearance. Instead of a well resolved spin-orbit doublet, due to the 4p5 2P3/2
and 2P1/2 ionization limits, the spectrum exhibits a single structured peak together with an
extended continuum. This anomalous intensity distribution was ascribed to the rapid decay of
the inner-shell hole state through Coster-Kronig and super-Coster-Kronig processes, as
previously observed66 and predicted67 for the 4p orbital in xenon. It is likely that the numerous
excited states responsible for the continuum associated with the I 4p photoelectron band in
CH3I also account for the continuum underlying the Auger electron peaks due to the
M45N23N45 transitions.
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The normal Auger spectrum recorded at a photon energy of 666.2 eV appears to show five
peaks due to the M5N23N45 transitions and four peaks due to the M4N23N45 transitions (Table
III). In the resonantly excited spectrum recorded at 620.4 eV, two peaks are observed at
431.39 and 432.11 eV. These correspond to peaks 38 and 39, associated with the M5N23N45
transitions, shifted to higher kinetic energies by 7.67 and 7.64 eV, respectively.
4.

M45N1N45 transitions

The electron kinetic energy range ~350 – 380 eV encompasses Auger electron bands due to
the M45N1N45 transitions. Fig. 6(a) shows the normal spectrum (666.2 eV) and the resonantly
excited spectra (620.4 and 632.0 eV) recorded with horizontally polarized radiation. In the
corresponding spectra recorded with vertically polarized radiation, structure is observed due
to photoionization of the C 1s level and the associated satellite states. However, the β
parameters for the C 1s main-line and the shake-up spectrum are close to 2, whereas the β
parameters associated with the M45N1N45 Auger electrons are approximately zero. Hence, a
comparison between the spectra recorded with vertically or horizontally polarized radiation
allows the Auger electron peaks to be distinguished. In the normal Auger electron spectrum,
we associate two broad peaks with each of the M4N1N45 and M5N1N45 transitions. The
electron kinetic energies corresponding to these four peaks are given in Table III. In the
resonantly excited spectrum recorded at a photon energy of 620.4 eV, the peaks observed at
363.7 and 367.8 eV correspond to peaks 44 and 45 shifted by 7.3 and 7.4 eV, respectively, to
higher kinetic energy. Similarly, in the resonant spectrum recorded at 632.0 eV, peaks 46 and
47 are shifted by 7.4 and 7.2 eV, respectively, and appear at kinetic energies of 375.3 eV and
377.7 eV.

In regard to the possible assignment of the doublet associated with the M5N1N45 transitions, it
is conceivable that the more intense component occurring at the higher kinetic energy (360.4
eV) should be associated with the 3D3 and 3D2 states which, in xenon,44 are calculated to have
high relative intensities, whilst the weaker component, observed at 356.4 eV, should be
associated with the 3D1 and 1D2 states which are predicted to have lower relative intensities. 44
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5.

M45 Auger electron and I 3d5/2,3/2 photoelectron branching ratios

The Auger electron spectra were used to obtain the M4N45N45:M5N45N45 and the
M4N45O23:M5N45O23 branching ratios. These ratios are plotted in Fig. 7, together with that for
the I 3d5/2:3d3/2 photoelectrons.49 The three branching ratios exhibit a similar variation as a
function of energy, as expected.
6.

Shift in Auger electron kinetic energies between normal and resonantly excited

spectra
Our experimental results show that the Auger electron kinetic energies associated with the
M45N45N45, M45N23N45 and M45N1N45 transitions are shifted to higher energy by ~7.6, 7.7 and
7.3 eV in the resonantly excited spectra compared to the corresponding energies in the normal
spectra. A shift is also observed, albeit a smaller one (6.9 eV), for the M 45N45O23 transitions.
These shifts arise from the screening provided by the electron excited into the σ* orbital. We
have calculated the orbital ionization energies of the methyl iodide ion with a hole in the I 3d
shell, and also those of neutral methyl iodide having a 3d electron excited into the σ* orbital.
The transitions energies were determined using a Δ self-consistent field approach with the
ground and excited state energies computed using density functional theory with the B3LYP
exchange-correlation functional68 with the 6-311G** basis set. The maximum overlap
method69,70 was used to prevent variational collapse in the calculation of the core excited
states. All calculations were performed with the Q-Chem software package.71 A summary of
the relevant energies is given in Table IV, with full details of additional energies and orbital
plots being available in Supplementary Material.
Using our experimental value of 626.8 eV for the ionization energy of the 3d 5/2 orbital,49 and
the calculated ionization energy of 78.1 eV for the N 45 orbital in ionized CH3I with a 3d hole,
results in an estimated Auger electron kinetic energy of 470.6 eV for the M5N45N45
transitions. Similarly, using our experimental value of 620.4 eV for the excitation energy of
the 3d5/2 → σ* transition, and the calculated ionization energy of 70.5 eV for the N 45 orbital in
CH3I with a 3d electron excited into the σ* orbital, leads to an estimated Auger electron
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kinetic energy of 479.4 eV for the M5N45N45 transitions. The resulting shift, based on our
calculated ionization energies, is 8.8eV, compared to the experimental value of 7.6 eV. Thus,
our theoretical orbital ionization energies in 3d excited and 3d ionized CH3I provide a
reasonable estimation of the shift, although the estimated kinetic energies are lower than the
experimental values by ~25 eV. The same procedure for the M5N23N45 and M5N1N45
transitions results in estimated shifts of 8.7 and 8.8 eV, respectively. Hence, our theoretically
estimated shifts for the M5N45N45, M5N23N45 and M5N1N45 transitions are about the same. For
the M5N45O23 transition, our estimated shift (8.2 eV) is smaller, in accord with the smaller
observed shift (6.9 eV). Therefore, the predicted and measured shifts in the Auger electron
kinetic energies appear to follow the same trends.
C.

Auger electron angular distributions

The theoretical investigation carried out by Berezhko et al28 shows that, in the non-relativistic
limit, the alignment resulting from inner shell photoionization of an atomic d orbital can be
expressed as34
−2 2 (1 + 72 γ)
5 7 (1 + γ)
−1 (1 + 72 γ)
A20 (D3/2 ) =
5 (1 + γ)
2
2 R 3d→ p
γ=
2
3 R 3d
→ f
A20 (D5/2 ) =

(5)
(6)
(7)

where R3d → εp and R3d → εf are radial dipole matrix elements for the photoionization of the 3d
electron into the p and f continua, respectively.

For the non-spherical potential of a molecule, a considerably larger number of partial waves is
expected to contribute to the cross section and angular distribution. Fig. 8(a) shows the
photoionization cross section for CH3I, calculated using the methods described previously,72
along with the theoretical partial wave composition of the photoelectron obtained by
expanding around the I atom.49 Apart from the region near threshold, Fig. 8(a) shows that the l
= 3 partial wave dominates the total I 3d photoionization cross section. Thus, the
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photoionization process appears to be essentially atomic-like. In general, the l = 3 cross
section is expected to be much larger than the l = 1 cross section, except close to threshold
where the l = 3 component is suppressed by the centrifugal barrier in the effective potential.47

Using the same photoionization calculation, the spatial distribution of molecular axes, I(θ), in
the I 3d-1 ionized state can be evaluated from a rotation of the molecular frame dipole matrix
elements into the lab frame, and integration over all azimuthal orientation and all electron
emission directions. The alignment of molecular axes can be expressed as a distribution
having the form:73

I ( ) = 1 + ion P2 (cos ion )

(8)

where βion is the normalized angular distribution parameter, P2(cosθion) is the Legendre
polynomial of second order and θion is the angle between the polarization axis of the plane
polarized radiation and the molecular axis (the C – I axis in CH3I). The results of our
calculation, plotted in Fig. 8(b), show that, apart from in a small energy range close to
threshold, the molecular axes in the ionized state are not aligned to any significant extent.

In our analysis of the Auger electron angular distributions, following excitation or ionization
of the I 3d electron in CH3I, we assume that the process can be considered as an atomic
phenomenon, and that Eqs (5) – (7) are applicable. This assumption is supported by (i) the
observation that the 3d electron density is localized on the I atom, and well isolated from the
delocalized molecular orbitals, and (ii) the calculated negligible molecular axis alignment in
the ionized state, apart from close to threshold. The dominance of the l = 3 component in the
photon energy range encompassed by the present measurements results in γ → 0. In this
limit,28
A20(D5/2) = −0.21

and

A20(D3/2) = −0.20

(9)

where these values of the alignment parameter refer to plane polarized radiation with the
quantization axis parallel to the electric vector of the radiation. Our convention is different to
that used in the earlier theoretical work, and requires that the values of A20 reported by
Berezhko et al28 be multiplied by −2 to be compared with the present values. Berezhko et al28
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show that much larger values of the alignment parameter may be reached in the vicinity of the
ionization threshold. In the limit γ → ∞, A20(D5/2) = −0.75 and A20(D3/2) = −0.70. The values
of the alignment parameter given in Eq (9) have been used to evaluate the Auger electron
intrinsic anisotropy parameter (α2), following I 3d photoionization, using Eq (2), where the β
parameter is obtained from our fitting of the Auger electron spectra. Berezhko et al 28 have
also shown that the degree of alignment due to a vacancy in the 3d 5/2 subshell of xenon
reaches a fairly constant value once the energy is more than a few eV above the ionization
threshold. The alignment due to a vacancy in the 3d 3/2 subshell would be expected to exhibit a
similar energy dependence. Thus, the use of the limiting values of A20, given in Eq (9), for the
evaluation of the I 3d Auger electron intrinsic anisotropy parameters appears reasonable.

For photoexcitation by plane polarized radiation from an atomic ground state having J = 0 to a
state having J = 1, A20 has an energy independent value of − 2 .41 Ignoring the effects of the
rotational structure of the molecule, we can use this atomic value to obtain the α2 parameters
from the β parameters extracted from our resonantly excited Auger spectra recorded at photon
energies of 620.4 and 632.0 eV.
Fig. 9 shows the β parameters derived from our normal Auger spectra for the M 45N45N45
transitions. It is evident that, for a particular final state, the values, in general, show little
variation with photon energy. However, a few of the values obtained from the spectra
recorded at 646.0 eV depart from those recorded at the other photon energies. This
discrepancy, particularly for the M4 Auger peaks, may be due to the low near-threshold I 3d3/2
ionization cross section.49 The low cross section results in a low Auger electron yield, and
hence in a less reliable fit to the associated spectra. The observed independence of the Auger
electron β parameters on photon energy is consistent with the expectation that the alignment
does not vary significantly across the photon energy range over which these measurements
were taken. Our values for the α2 parameters, obtained by averaging the β parameters for a
specific final state over several photon energies, and using A20(D5/2) = −0.21 and A20(D3/2) =
−0.20, are listed in Table I. The theoretical α2 parameters for the M45N45N45 transitions in
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xenon, calculated by Chen42 using the multiconfiguration Dirac-Fock model, are also given in
Table I. Although we are unable to resolve all the final states, the overall agreement between
our results for the iodine M45N45N45 transitions in CH3I, and those predicted for xenon, is
good.

This good overall agreement is not unexpected because the initial and final states involved in
the M45N45N45 transitions in Xe are essentially the same as those involved in the
corresponding transitions in CH3I. The Auger decay matrix elements contain an energy
dependence associated with the Auger electron kinetic energy. However, for a particular
transition, the Auger electron kinetic energy in xenon is similar to that in CH3I. Hence, this
energy dependence may not significantly affect this comparison.
Our results are in reasonable accord with those obtained by Karvonen et al 29 for the normal
M45N45N45 spectrum in xenon, although there are some significant discrepancies.

For transitions leading to a two-hole final state with total angular momentum J = 0, the Auger
electron is characterized by a single partial wave, irrespective of the coupling scheme. 34
Under these conditions, α2 = −1 for the M4N45N45 1S0 and 3P0 states, and α2 = −1.069 for the
M5N45N45 1S0 and 3P0 states. Using our β value of 0.172±0.011 for the M4N45N45 1S0 state,
together with the theoretically predicted α2 value of −1.0, results in A20 = −0.172±0.011,
which is in reasonable accord with our assumed theoretical value of −0.20. Our β value for the
M5N45N45 1S0 state results in a value of A20 which is in slightly poorer agreement with the
theoretical prediction.
For our 3d3/2,5/2 → σ* resonantly excited Auger spectra, there are no experimental or
theoretical α2 parameters with which to compare our results (Table II). In general, the Auger
electron angular distributions following resonant excitation are more anisotropic than those
associated with non-resonant ionization. This reflects the higher degree of alignment induced
in the photoexcited neutral state.
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Fig. 10 shows the β parameters for the five peaks used to fit the M4N45O23 and the M5N45O23
transitions. Again, unfortunately, there are no theoretically predicted α2 parameters to help
assess our results.
Theoretical values for the α2 parameters associated with the M4N23N4542 and the M5N23N4542,44
transitions in xenon have been reported and the results from these two calculations are in good
agreement with each other. However, it is not straight forward correlating these predictions
with the experimental data shown in Fig. 5. The experimental results indicate that the β
parameter is slightly positive throughout most of the electron kinetic energy range covered by
the M45N23N45 transitions apart from in the two regions containing the doublets. In contrast,
the theoretical values for xenon exhibit a marked dependence on the final state.
Similar comments can be made for the β parameter associated with the M45N1N45 transitions
in CH3I (Fig. 6) for the resonantly excited spectrum recorded at a photon energy of 620.4 eV.
The experimental data show that β is close to zero across the entire band structure whereas the
theoretical predictions for xenon, although in good agreement with each other, predict widely
ranging values.42,44
V.

SUMMARY

Synchrotron radiation has been employed to record the normal and resonantly excited Auger
electron spectra associated with the I 3d level in CH3I. These spectra have been measured
with horizontally and vertically plane polarized radiation, thereby allowing the β parameters
to be determined. In the photon energy range over which spectra were recorded, the I 3d
photoionization cross section in CH3I appears very atomic-like and is dominated by
transitions into the εf continuum. Under these conditions, the theoretical value of the
alignment parameter characterizing the intermediate, core ionized, state of an atom remains
constant, independent of the photon energy. This theoretical value has been used to obtain the
Auger electron intrinsic anisotropy parameters from the measured β parameters.
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Our experimentally derived α2 parameters have been compared with the corresponding
predictions for Xe 3d. For the M45N45N45 decay, the I 3d Auger spectra are very similar to
those measured for Xe 3d, and our α2 parameters are in accord with those calculated for the
corresponding transitions in xenon. The Auger electron spectra associated with the I 3d
M45N23N45 and M45N1N45 transitions generally resemble those for the corresponding
transitions in xenon and molecular iodine, but some differences are apparent. Our
experimental α2 parameters for these two transitions do not exhibit the marked dependence on
the final ionic state that is predicted in xenon. The Auger electron spectrum due to the I 3d
M45N45O23 transitions shows little molecular character, and resembles that due to the
corresponding transitions in xenon. This is consistent with our calculations which show that
the outermost 2e orbital retains a strong iodine 5p lone-pair character. The Auger electron
kinetic energy associated with a specific transition in the normal spectrum is shifted to higher
energy in the resonantly excited spectrum. The observed shift has been verified using
calculated transition energies for I 3d excited and I 3d ionized CH3I.
SUPPLEMENTARY MATERIAL
See supplementary material for fits of the resonantly excited Auger electron spectra, orbital
plots, and orbital ionization energies of I 3d excited and I 3d ionized CH3I.
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APPENDIX
A.

Fitting the normal Auger spectrum

The overall lineshape associated with a normal (non-resonant) Auger transition arises from
three contributions:

(i) The initial state level width that can be distorted by PCI between the photoelectron and the
subsequently emitted Auger electron in the field of the positively charged ion. The effect
of PCI broadening can be taken into account by implementing an approximate line shape in
the analysis of the CH3I M45 Auger electron peaks. The PCI broadening peak shape, PPCI
(Ekin), can be expressed using an analytical formula given in Armen et al:59

P

PCI

öæ exp éë2C arctan (2(E kin - E 0 )2 G)ùû ö
æ G öæ
πC
÷
÷ç
(E , E ,G,C) = ç ÷çç 2
÷
0
2
ç
÷
sinh(πC)
è 2π øè 14 G + (E kin - E ) ø
è
ø
kin

0

where Ekin, E0 and Γ refer to the photoelectron kinetic energy, peak position and corehole width, respectively. C is a fitting parameter, which describes the distortion of the
Lorentzian line shape and is dependent on photoelectron excess energy.
(ii) The final state (symmetrical) level width, Γ f, that is represented by a Lorentzian profile,
LAuger(Ekin, Γf)


f



1


LAuger ( E kin ,  f ) =    f

 2π   (  ) 2 + ( E kin − E 0 ) 2 


 2


(iii) The total instrumental broadening: a Gaussian due to the convolution of the Gaussian
broadenings associated with the spectrometer (62.5 meV) and the Doppler contribution
(23 meV). This corresponds to a Full Width at Half Maximum (FWHM) of the
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instrumental broadening of 66.6 meV. The photon resolution does not play a role and the
associated peak shape is given by:

 − ( E kin )2 
1

G ( E kin ,  ) =
exp 
 2 2 
 2π



The peak shape for a specific normal (non-resonant) Auger transition can therefore be
expressed as:
P( E , ,  ,  , , C, E ,W
f

kin

0

T
i→ f

,) =

T
Wi →
f

4π

(1 +  P (cos ) )  ( P
2

*LAuger (E kin ,Gf ) *G(E kin ,s )

PCI

( E kin , E 0 , , C )

)

where the amplitude of the peak is related to the angularly resolved differential cross section:
dWJi → J f ( )
d

=

WJTi → J f
4π

1 +  P2 (cos  )

T
where Wi®
is the total Auger decay rate for a particular transition between intermediate and
f

final ionic states, β is the electron angular distribution parameter, P2(cosθ) is the Legendre
polynomial of second order and θ is the Auger electron ejection angle relative to the
polarization axis of the plane polarized radiation.

The fitting function for a non-resonant Auger group, connected with a single core hole, is
therefore:

I M (E ,q ,s j ,G , GM ,C j , E ,W
kin

i

f
j

i

0
j

T
i® f , j

,b j ) =

j max

å P(E
j=1

kin

T
,q ,s j ,Gfj ,GM ,C j , E 0j ,Wi®
,b j )
f ,j
i

here j is used to denote the peak number in an Auger group and jmax denotes the total number
of peaks within the group. Mi is used to indicate whether the intensity of a particular Auger
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group, connected with a particular intermediate state, is either a M 5 (3d5/2-1) or a M4 (3d3/2-1)
core hole.

The functional form used to fit the Auger spectra, at a given photon energy, can therefore be
expressed as:
T
I(E kin ,a,b,q ,s j, j ' ,Gfj, j ' ,GM ,C j, j ' , E 0j, j ' ,Wi®
, b j, j ' ) = a + bE kin
f , j, j '
i

j max

+ å I M (E ,q ,s j ,G j max ,GM ,C j , E ,W
5
5
j=1
kin

f

0
j

T
i® f , j

,b j ) +

j 'max

åI

j'=1

M4

T
(E kin ,q ,s j ' ,Gfj ' ,GM ,C j ' , E 0j ' ,Wi®
,b j' )
f , j'
4

The double indices of j and j' are used to denote the number of peaks in the M5 and M4 Auger
groups, respectively. The coefficients a and b are used to describe a linear energy dependent
background, which can be used to remove superfluous counts not associated with the Auger
decay process.

The peak intensity, for the total spectrum at a particular photon energy, was fitted to the
spectra recorded with vertically or horizontally plane polarized radiation using θ = 0° or θ =
90°, respectively. The global minimization function was then constructed from the two
separate minimization functions, associated with each of the vertically and horizontally
polarized spectra.

In the fitting routine, both of the widths in the peak shape (associated with the total
instrumental broadening and the final state broadening) were constrained to be equivalent for
all peaks regardless of the intermediate core-hole state and for both polarization states, such
f
that s j =...= s j max and Gfj =...= G j max for θ = 0° and θ = 90°.

Bounds were placed on the fitting parameters to ensure they had physically significant values.
For example, the widths, peak intensities and peak positions were constrained to be positive
and the β parameter value was constrained to lie between -1 and 2.
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Finally, we note that the width associated with the total instrumental broadening and that
associated with the intermediate state core-hole broadening were not treated as fitting
parameters but were held fixed during the weighted least squares fitting routine. The exact
values used were based on the extracted width from fits of the 3d 5/2 and 3d3/2 photolines and
from estimates of the beamline resolution.
B.

Fitting the resonant Auger spectrum

For resonant Auger transitions, if the photon bandwidth is narrower than the level width of the
neutral excited state (3d5/2-1σ* or 3d3/2-1σ* in our case), then the initial state width can be
neglected and replaced by a Gaussian representing the photon bandwidth. 7 As a resonantly
excited state is being prepared and there is no photoelectron produced during initial
photoexcitation, the effects of PCI are not considered here.

The total lineshape for a specific Auger transition is therefore given by the convolution of two
contributions:

(i)The total instrumental broadening: a Gaussian due to the convolution of the Gaussian
broadenings associated with the spectrometer (62.5 meV), the Doppler contribution (23
meV) and the photon bandwidth (~300 meV).
(ii)The final state (4d-2σ*) level width that is represented by a Lorentzian profile. The total
lineshape used in our fitting is based on the notes described in Ref [58]. Since the
lineshape is given by a convolution of a Gaussian profile G (x, s ) and a Lorentzian profile
L (x, g f ), we simply use a Voigt lineshape V (x, s , g f ) in our fitting routine:
¥

V (x,s ,g ) = ò G(x ',s )L(x - x ',g f )dx '
f

-¥

G( x,  ) =

 − x2 
1
exp  2 
 2π
 2 
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L (x,g f ) =

gf / π
(g f ) 2 + x 2

Here g f is the Half Width at Half Maximum (HWHM) of the Lorentzian profile connected
with the final state level width and s is the standard deviation of the Gaussian profile related
to the total instrumental broadening. The HWHM, a , is 155~meV and is related to s by

a = s 2ln 2 . In terms of electron kinetic energy, Ekin , x = Ekin – E0, where E0 is the central
kinetic energy of an Auger peak. There is no closed form for the Voigt profile, but it is related
to the real part of the Faddeeva function, w(z) by:

V (x,s ,g f ) =

z=

Re[w(z)]

s 2p

x + ig f

s 2

The peak shape for a specific resonant Auger transition can therefore be expressed as:

P

Res

( E , ,  ,  , E ,W
kin

f

0

T
i→ f

,) =

T
Wi →
f

4π

(1 +  P (cos ) ) V ( E

kin

2

, E 0 , ,  f )

where the amplitude of the peak is again related to the angularly resolved differential cross
section. The total fitting function for a given resonant Auger group, containing multiple peaks
and terms associated with background electron intensity, is given by:

I (E ,a,b,q ,s k ,g , E ,W
kin

f
k

0
k

T
i® f ,k

k max

T
, bk ) = a + bE + å P Res (E kin ,q ,s k ,g kf , Ek0 ,Wi®
, bk )
f ,k
kin

k=1

here k is used to denote the peak number in a particular resonant Auger group and kmax
denotes the total number of peaks within the group. At a given photon energy, the above
function form was fitted to the spectra recorded with vertically or horizontally plane polarized
radiation, simultaneously. This made use of a global minimization function constructed, in a
manner similar to that described in relation to the normal Auger spectra, from the individual
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functions associated with the vertically and horizontally polarized spectra. In addition, bounds
were placed on the fitting parameters to ensure they had physically significant values and the
width associated with the total instrumental broadening was held fixed during the fitting
routine.
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Table I
Experimental Auger electron kinetic energies and intrinsic anisotropy parameters for the iodine M 45N45N45
transitions in CH3I, and calculated intrinsic anisotropy parameters for the M45N45N45 transitions in Xe.
Transition

M5N45N45

Final state

1
1
1

D2
G4

3

M4N45N45

S0

P1

3

P0

3

P2

3

F3

Peak number

Auger
electron
kinetic
energy (eV) a

β (expt) b,c

α2 (expt) c,d

α2 (calc) e

1

489.65

0.151±0.022

-0.718±0.103

-1.069

2

494.72

0.059±0.004

-0.279±0.018

3

495.60

0.173±0.012

-0.822±0.058

4

496.33

0.076±0.011

-0.364±0.052

5

497.60

0.013±0.004

-0.061±0.017

-0.131
-0.719
-0.748
-1.069
-0.389
0.331

3

F2

3

F4

6

499.04

-0.072±0.004

0.345±0.019

0.378

1

S0

7

501.13

0.172±0.011

-0.862±0.053

-1.000

8

506.20

0.038±0.003

-0.191±0.014

9

507.06

0.150±0.018

-0.750±0.089

10

507.87

-0.079±0.011

0.393±0.053

11

509.06

-0.104±0.006

0.521±0.031

12

510.70

0.500±0.0.77

-2.502±0.385

1
1

D2
G4

3

P1

3

P0

3

P2

3

F3

3

F2

3

F4

-0.222

0.050
-0.653
-0.799
-1.000
0.378
0.432
0.738
-0.826

a

Auger electron kinetic energies obtained by fitting the spectrum recorded at a photon energy of 666.2 eV.

b

The average β parameter for the M5 (3d5/2-1) core hole was obtained by averaging the values obtained at six
photon energies (635.8, 640.0, 646.0, 656.0, 666.2 and 680.0 eV). The average β parameter for the M4 (3d3/2-1)
core hole was obtained by averaging the values obtained at three photon energies (656.0, 666.2 and 680.0 eV).

c.

The quoted uncertainty is due only to electron counting statistics and peak fitting, and does not take any
systematic errors into account.

d

The experimental α2 parameters were obtained from the experimental β parameters using theoretical values
A20(D5/2) = −0.21 and A20 (D3/2) = −0.20.

e

Calculated α2 parameters for the M45N45N45 transitions in xenon.42
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Table II
Experimental Auger electron kinetic energies and intrinsic anisotropy parameters for the iodine M 45N45N45
transitions in CH3I following resonant excitation at 620.4 eV (3d5/2 → σ*) or 632.0 eV (3d3/2 → σ*).

Transition and

final

Peak number

state

Auger electron kinetic

β (expt) a

α2 (expt) a,b

energy (eV)

I 3d5/2-1σ* → 4d-2σ* c
4d-2(1S0)σ*

13

497.26

0.741±0.056

-0.524±0.040

4d ( D2+ G4)σ*

14

502.36

0.520±0.016

-0.368±0.011

4d ( P0,1)σ*

15

503.26

0.624±0.044

-0.441±0.031

4D ( P2)σ*

16

503.98

0.241±0.037

-0.170±0.026

4d-2(3F2+3F3)σ*

17

505.28

0.042±0.015

-0.030±0.011

18

506.66

-0.189±0.015

0.134±0.011

4d-2(1S0)σ*

19

508.70

0.595±0.042

-0.421±0.029

4d-2(1D2+1G4)σ*

20

513.82

0.260±0.014

-0.184±0.010

4d ( P0,1)σ*

21

514.69

0.507±0.061

-0.359±0.043

4d ( P2)σ*

22

515.51

-0.253±0.036

0.179±0.025

4d ( F2+ F3)σ*

23

516.68

-0.234±0.026

0.165±0.018

4d-2(3F4)σ*

24

518.29

0.534±0.159

-0.378±0.112

-2 1

1

-2 3

-2 3

4d ( F4)σ*
-2 3

I 3d3/2σ* → 4d σ*
-2

-2 3
-2 3
-2 3

a

3

d

The quoted uncertainty is due only to electron counting statistics and peak fitting, and does not take any
systematic errors into account.

b

The experimental α2 parameters were obtained from the experimental β parameters using A20 = − 2 .

c

Auger electron kinetic energies and β parameters obtained by fitting the resonantly excited spectrum recorded at
a photon energy of 620.4 eV.

d

Auger electron kinetic energies and β parameters obtained by fitting the resonantly excited spectrum recorded at
a photon energy of 632.0 eV.
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Table III
Auger electron kinetic energies for the iodine M45N45O23, M45N23N45 and M45N1N45 transitions in CH3I

Transition

Peak number

Auger electron kinetic energy (eV)

M5N45O23

25

547.82

26

548.74

27

549.46

28

551.10

29

551.87

30

558.02

31

558.69

32

559.29

33

560.79

34

561.55

35

415.6

36

417.0

37

421.1

38

423.72

39

424.47

40

430.3

41

432.36

42

433.80

43

434.73

44

356.4

45

360.4

46

367.9

47

370.5

M4N45O23

M5N23N45

M4N23N45

M5N1N45

M4N1N45
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Table IV
Orbital ionization energies for I 3d ionized and I 3d excited states in CH3I

Ionization energy (eV)
Orbital
I 3d ionized statea

I 3d excited stateb

N1

199.31

191.65

N23

154.41

146.85

N45

78.10

70.46

1a1

28.05

20.37

2a1

31.20

23.50

1e

21.62

14.17

3a1

20.80

12.99

2e

18.71

11.68

a

The ionized state corresponds to a hole in the I 3d shell

b

The neutral excited state corresponds to an I 3d electron excited into the * orbital
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Figure captions
Figure 1
The normal Auger electron spectrum of CH3I recorded at a photon energy of 666.2 eV using
horizontally polarized radiation. Most of the structure is associated with the M45N45O23,
M45N45V, M45N45N45, M45N23N45 and M45N1N45 Auger transitions, although some very weak
features are due to direct ionization of the I 4p, I 4s, and C 1s levels.

Figure 2
Auger electron bands due to the M45N45N45 transitions in CH3I recorded with vertically (blue)
and horizontally (red) polarized radiation. The normal spectrum (a) was measured at a photon
energy of 666.2 eV. The resonantly excited spectra [(b) and (c)] were measured at photon
energies of 620.4 eV (3d5/2 → σ* transition) and 632.0 eV (3d3/2 → σ* transition). The
energies for the peaks numbered 1 – 24 are given in Tables I and II.

Figure 3
Normal Auger electron bands due to the M45N45N45 transitions in CH3I recorded with
vertically (a) and horizontally (b) polarized radiation at a photon energy of 666.2 eV. The raw
and the fitted data are shown (see text for details). The energies for the peaks numbered 1 – 12
are given in Table I.

Figure 4
The normal Auger spectrum of CH3I showing bands due to the M45N45O23 and M45N45V
transitions. The spectrum (red) was recorded at a photon energy of 666.2 eV using
horizontally polarized radiation. The energies for the peaks numbered 25 – 34 are given in
Table III. A section of the spectrum (black) recorded at a photon energy of 646.0 eV using
horizontally polarized radiation is also shown.

Figure 5
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(a) Auger electron bands due to the M45N23N45 transitions in CH3I recorded at 666.2 eV using
vertically (blue) and horizontally (red) polarized radiation, and at 620.4 eV using horizontally
(green) polarized radiation. The energies for the peaks numbered 35 – 43 are given in Table
III. (b) The angular distribution parameter for the M45N23N45 transitions derived from the
vertically and horizontally polarized spectra measured at 666.2 eV. A 10-point moving
average has been applied to improve the signal-to-noise ratio. β values are omitted in regions
of low electron intensity.

Figure 6
(a) Auger electron bands due to the M45N1N45 transitions in CH3I recorded with horizontally
polarized radiation. The normal spectrum [red] was measured at a photon energy of 666.2 eV.
The resonantly excited spectra were measured at photon energies of 620.4 eV [cyan] (3d5/2 →
σ* transition) and 632.0 eV [orange] (3d3/2 → σ* transition). The energies for the peaks
numbered 44 – 47 are given in Table III. (b) The angular distribution parameter [black]
(smoothed) for the M5N1N45 transition derived from the vertically [blue] and horizontally
[red] polarized spectra measured at 620.4 eV. A 10-point moving average was applied to
improve the signal-to-noise ratio. β values are omitted in regions of low electron intensity.

Figure 7
Branching ratios for the M4N45N45:M5N45N45 (green) and the M4N45O23:M5N45O23 (blue)
Auger transitions, and the I 3d5/2:3d3/2 (red) photoelectrons.

Figure 8
(a) The calculated (CMS – Xα) I 3d photoionization cross section of CH3I decomposed into l
– wave components, and expanded around the I atom. (b) The calculated, normalized, angular
distribution parameter (βion) characterizing the spatial distribution of molecular axes in CH3I
in the I 3d-1 ionized state

Figure 9
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The angular distribution parameters for the M45N45N45 transitions in CH3I derived from the
normal Auger spectra recorded with vertically and horizontally polarized radiation.

Figure 10
The angular distribution parameters for the M45N45O23 transitions in CH3I for the normal
Auger spectra recorded at photon energies of 646.0 eV (green), 656.0 eV (red) and 666.2 eV
(blue) with vertically and horizontally polarized radiation.
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