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The one-center approach for molecular Auger decay is applied to predict the angular distribution of
Auger electrons from rotating and fixed-in-space molecules. For that purpose, phase shifts between
the Auger decay amplitudes have been incorporated in the atomic model. The approach is applied
to the resonant Auger decay of the photoexcited C 1s→2� resonance in carbon monoxide. It is
discussed how the symmetry of the final ionic state is related to features in the angular distributions
and a parametrization for the molecular frame Auger electron angular distribution is suggested. The
angular distribution of Auger electrons after partial orientation of the molecule by the
�→�-excitation process is also calculated and compared to available experimental and theoretical
data. The results of the one-center approach are at least of the same quality as the available
theoretical data even though the latter stem from a much more sophisticated method. As the
one-center approximation can be applied with low computational demand even to extended systems,
the present approach opens a way to describe the angular distribution of Auger electrons in a wide
variety of applications. © 2009 American Institute of Physics. �DOI: 10.1063/1.3042153�

I. INTRODUCTION

Auger electron spectroscopy is a standard tool in the
investigation of surfaces and a fundamentally important
method for research of the electronic structure of matter. One
of the most demanding open questions in molecular Auger
spectroscopy is to understand the angular distribution of Au-
ger electrons. There is a particular deficiency in the field of
surface Auger spectroscopy, where only those Auger elec-
trons can be investigated, which are emitted toward the de-
tection system and away from the surface. Thus, it is very
important to understand the angular distributions of Auger
electrons for the physics of condensed matter and surfaces
samples. This has been early recognized and applied to de-
termine geometries of adsorbates on surfaces1 and is still of
major importance for surface electron spectroscopy �see Ref.
2 for a recent review on surface Auger electron spectroscopy
that mentions this point�.

Studies with free molecules remove the solid state ef-
fects and give a deeper insight into the dynamics of the mo-
lecular Auger decay itself. Measurement of the angular dis-
tribution of Auger electrons for molecules in the gas phase,
which are partially oriented due to the excitation process, is
now a routine task �see, e.g., Refs. 3–5�. Much more detailed
information can be obtained from the angular distributions of
Auger electrons from “fixed-in-space” molecules in the gas
phase. Here the molecular axis orientation at the moment of

creating the hole is defined by the direction of an energetic
molecular fragment �recoil ion�, which is detected in coinci-
dence with the Auger electron.6,7 This new level of sophisti-
cation calls for a deeper theoretical analysis and the devel-
opment of generally applicable theoretical methods that
provide the angular distribution of Auger electrons from
molecules, including fixed-in-space molecules.

Theoretical approaches describing the angular distribu-
tion of the Auger electrons from molecules8–20 have been
worked out within the two-step approximation, which treats
the hole formation and the Auger decay independently.21–23

In the set of papers in Refs. 12–17 it was shown that �i� the
angular distributions of Auger electrons from rotating mol-
ecules of arbitrary symmetry, �ii� the spatial orientation of
molecular ions after the Auger decay, and �iii� angular cor-
relations between the direction of the Auger emission and the
molecular ion orientation can be treated within the same gen-
eral framework. Their formalism—recently summarized in
Ref. 24—explicitly takes into account possible coherences
between states of the decaying molecule. The key parameters
of this theory are the “anisotropy parameters,” expressed in
terms of Auger decay amplitudes, and the “order
parameters,” 25 describing the anisotropy of the molecular
ensemble before the Auger decay. The latter depends on the
symmetry of the molecule and on the dynamics of its exci-
tation. In the simplest case of photoinduced resonant Auger
decay of a linear molecule in an initially unpolarized � state,
the order parameters can be found explicitly without dy-
namic calculations.16 For the resonant Auger decay of such a
molecule, within the two-step approximation, the anisotropy
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parameters are the only dynamic quantities to describe the
angular distribution of Auger electrons for both fixed-in-
space and rotating molecules. Therefore, this case is ideal for
analyzing the influence of the dynamics of Auger decay on
the angular distribution of Auger electrons.

In a recent work on the resonant Auger decay of the core
to the Rydberg excited water molecule, Hjelte et al.26 applied
the more advanced one step model to represent the angular
distribution of Auger electrons. This work provides indica-
tions that the one step model is required in this particular
case, where the direct photoionization channel is of similar
intensity as the Auger channel. However, the requirement to
represent the one step model in both the vibrational and the
continuum channel part of the theoretical simulation is very
demanding. Thus, it was not possible to reproduce the ex-
perimental spectrum with an accuracy that allowed definitive
conclusions on this point.

Numerous methods have been used in calculations of
molecular Auger decay amplitudes. The first approach was
the one-center approximation,27,28 which has been widely ap-
plied to describe normal29–34 and resonant35–38 Auger elec-
tron spectra of the KVV-type. It was also successfully ap-
plied to L2,3VV Auger spectra37,39–41 where it was shown to
provide interesting insight into the strong orientational pref-
erences of this electronic process.42–47 Numerous authors ap-
plied scattering methods10,26,48–55 or the Stieltjes imaging
technique.56–59 Furthermore, several approaches exist that es-
timate Auger transition rates from population analyses.60–65

There are much less publications, where the decay ampli-
tudes are applied to obtain the angular distribution of Auger
electrons.10,13,16,17,20,66 One of these papers treats the reso-
nant Auger decay of the photoexcited C 1s→2� CO
molecule.17 In this work, bound parts of the core-hole state
and the final state were represented by the multireference
configuration-interaction �CI� method using standard quan-
tum chemical programs based on Gaussian basis
functions.54,55 The Auger continuum channel was obtained
by solving the Lippmann–Schwinger equation in a basis set
of atom-centered Gaussian functions. It was then expanded
in a one-center expansion up to l=6 in order to extrapolate to
the asymptotic behavior of the continuum channels. Further
details on this approach are given in Refs. 13, 16, and 17.
The C 1s−12� resonance of the CO molecule represents the
only case for which reliable results are available for angular
distributions of Auger electrons from both theoretical and
experimental works.

The main purpose of this paper is to show that the com-
paratively simple one-center approximation provides good-
quality angular distributions of Auger electrons in the mo-
lecular Auger decay. This approximation assumes that all
molecular valence orbitals can be described as a linear com-
bination of the atomic valence orbitals. The transition matrix
elements are then transformed from the basis of the molecu-
lar orbitals to a basis of the atomic valence orbitals. All ma-
trix elements that contain atomic orbitals not belonging to
the atom at which the Auger decay happens are neglected
and the remaining interatomic Auger transition matrix ele-
ments are taken from atomic calculations. The one-center
approximation27,28 was shown to describe spherically aver-

aged intensities of molecular Auger decay processes quite
well �see Ref. 38 and references therein�. More detailed re-
cent comparisons34 even indicate that these quantities are of
the same accuracy as the generally much more demanding
alternatives. A new aspect in applying the one-center ap-
proximation to the angular distribution of Auger electrons is
that relative phases of the decay amplitudes are required.
Potential difficulties for the one-center approximation lie in
the fact that it neglects scattering effects of the Auger elec-
tron from the non-core-hole atoms in the molecule and, fur-
thermore, cuts the angular expansion of the continuum chan-
nels. A justification for the latter fact is that the more
advanced calculations in Refs. 12–17 indicate that the largest
part of the angular distribution is properly represented by
such a short expansion of the continuum channels: In Refs.
13, 16, and 17 the absolute values of the anisotropy param-
eters for all investigated final molecular states in the Auger
decay of the K-hole in HF, HF+, and CO molecules, sharply
drop down after the first five values, which are only allowed
in the simplest version of the one-center model. As shown
below, these most significant values are properly obtained
with the one-center approximation.

This manuscript is organized as follows. Section II pre-
sents a formalism of the angular distributions of Auger elec-
trons in the resonant molecular Auger decay, including a con-
venient parameterization for the molecular frame Auger
electron angular distribution �MFAAD� and outlines the
main steps in their calculation within the one-center approxi-
mation. The method is applied in Sec. III to the resonant
Auger decay of the photoexcited C 1s→2� CO molecule.
These results are compared to experimental data and other
theoretical calculations. Summary and concluding remarks
are given in Sec. IV. Within this article atomic units are used
throughout unless indicated otherwise.

II. THEORY

A. Basic equations

In this paper we consider the resonant Auger decay of a
linear molecule initially in the 1� state as a two-step process:
photoexcitation in the inner shell by linearly polarized radia-
tion to the 1� state �step 1� and subsequent Auger decay
�step 2�. The MFAAD is given by an expansion,12–14 adapted
to our case in the form

Imol��,�� = �
K

�
�,��=�1

����	���


AK�����	 4�

2K + 1
YK��−�

� ��,�� , �1�

where Ylm�� ,�� is a spherical harmonic in the Condon–
Shortley phase convention, ����	��� is the density matrix of
the Auger decaying state in the molecular frame, and �����
is the projection of the orbital angular momentum of the 1�
state on the molecular axis, which is chosen as the z axis of
the molecular frame. The xz plane is spanned by the molecu-
lar axis and the electric field. The dynamics of the Auger
decay is contained in the anisotropy parameters AK�����
specific for each final molecular state f ,
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AK����� =
1

2�
�

ll�mm�
�f

�− 1�m�	�2l + 1��2l� + 1��l0,l�0�K0�


�lm,l� − m��K� − ���V��→�f,l�m�V�→�f,lm
� , �2�

where l and m are the orbital angular momentum of the Au-
ger electron and its projection on the molecular axis, respec-
tively; � f is the projection of the orbital angular momentum
of the molecular ion in the final state. The standard notation
is used for the Clebsch–Gordan coefficients. V�→�f,lm

de-
notes the Auger decay amplitude �independent on spin pro-
jections� in the molecular frame

V�→�f,lm
= �� f,lm

�−��Ĥ − E���S,Sf
, �3�

where Ĥ is the molecular Hamiltonian and E is the total
energy of the Auger decaying �core-hole� state. The sub-
scripts S and Sf symbolize that the amplitude in Eq. �3� de-
pends on the total spins of the initial molecular and the final
molecular ion states and �−� indicates that the asymptotic
form of the continuum wave function is outgoing. Note that
the rank K in Eq. �1� is limited by the number 2lmax, where
lmax is the largest orbital momentum component of the Auger
electron. Generally, lmax is restricted only due to the decrease
in the decay amplitude �3� with increasing l.

In the particular case of a quantum mechanically pure
Auger decaying state, described by some state vector �i� �i.e.,
����	���= ��� � i��i ���� expression �1� can be written in an
alternative contracted form. In our case, only core-excited
states with zero projection of the angular momentum on the
direction of the electric field E are excited, �i�= ��E=0�. The
reflection symmetry with respect to the xz plane gives
��E=0 ��=1�= ��E=0 ��=−1� and after some algebra Eq.
�1� simplifies to

Imol��,�,�n� = N��n��
�f

�

lm�

V�→�f,lm
Ylm��,��
2

, �4�

where the factor N��n�=2���E=0 ��=1��2 does not depend
on the direction of the Auger emission in the molecular
frame, but only on the angle �n between the molecular axis
and the polarization of the incoming photon beam. The an-
gular distribution of Auger electrons from a photoexcited
free rotating molecule is of the form8

I��� =
I0

4�
�1 + �P2�cos ��� , �5�

where I0 is the integral intensity of the Auger line �Auger
transition rate�, � is the angle between the Auger electron
emission and the electric field of the incident light, P2�cos ��
is the second Legendre polynomial, and � is the asymmetry
parameter of the angular distribution of Auger electrons. The
parameters of the angular distribution �5� are expressed in
terms of the anisotropy parameters as

I0 = 4�A0�11� , �6�

� = −
1

5

A2�11� + 	6A2�− 11�
A0�11�

. �7�

B. Parametrization of the MFAAD

A discussion of MFAADs �1� and �4� is simplified by
establishing a set of their independent parameters. The reso-
nant Auger decay is a particular case of photoionization.
Therefore, it is instructive to take a general parametrization
for the molecular frame photoelectron angular distribution
�MFPAD�,67

Iph��,�;�n� = F00��� + F20���P2
0�cos �n�

+ F21���P2
1�cos �n�cos �

+ F22���P2
2�cos �n�cos 2� , �8�

and find restrictions on the parameters due to the resonant
character of the process. In Eq. �8�, PL

N�cos �n� is the associ-
ated Legendre polynomial and FLN��� are in general inde-
pendent functions of �.

By using standard density matrix and statistical tensor
formalism,25,68,69 Eq. �1� can be reduced to form �8� with

F00��� =
2

3 �
K=0



AK�11�PK
0 �cos �� , �9�

F20��� = −
2

3 �
K=0



AK�11�PK
0 �cos �� = − F00��� , �10�

F21��� = 0, �11�

F22��� = −
1

3�
k=2



AK�− 11�	�K − 2�!
�K + 2�!

PK
2 �cos �� . �12�

Equation �8� is then simplified considerably for the MFAAD,
giving

Imol��,�;�n� = 3
2sin2 �n�F00��� + 2F22���cos 2�� . �13�

It is explicitly seen that the azimuthal �-dependence of the
MFAAD is only due to coherent mixing of terms with dif-
ferent projections of the decaying state ���� on the mo-
lecular axis,17 which are contained in F22���. A further rela-
tion can be deduced for the special case of � f =0.
Substituting Eq. �2� into Eqs. �9� and �12�, applying the
Clebsch–Gordan expansion for spherical harmonics, evaluat-
ing the sum over K, and using the symmetry of the Auger
decay amplitudes with respect to the xz plane, we finally
obtain

F00��� = 2� fF22���, for � f = 0, �14�

where � f is the spatial parity of the molecular ion � f =0
state. As a result, for the MFAAD only one independent
function of � is left,

Imol��,�;�n� = 3F00���sin2 �n�cos2 � for � f = �+

sin2 � for � f = �−.
�
�15�

A few conclusions follow from Eq. �13�. Only a maxi-
mum of two independent functions, F00��� and F22���, de-
scribe the �-dependence of the MFAAD in contrast to
MFPAD �8� with generally four independent functions. The
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dependence of the MFAAD on the direction of the polariza-
tion, i.e., on the angle �n between the polarization and the
molecular axis, is factored out, in contrast to the general case
of photoionization, described by Eq. �8�. The shape of the
MFAAD does not depend on the angle �n, which gives only
a general modulation, with the strongest signal for the polar-
ization perpendicular to the molecular axis and a vanishing
signal when they are parallel. This natural result follows
from the fact that the Auger magnetic substates with the pro-
jections �= �1 are not excited in the latter case due to the
selection rule. The �n-independent part of the MFAAD in Eq.
�13� is equivalent to Eq. �8� of Bonhoff et al.17 MFAAD �13�
is symmetric with respect to the transformation �n→�−�n.
This is the result of the sharp absolute value of the projection
���=1. Any deviation from the �n→�−�n symmetry would
indicate a contribution of the photoionization channel with
�=0 �through the term with the Legendre polynomial
P2

1�cos �n� in Eq. �8��. This gives a method of revealing a
background of the direct photoionization, or of an overlap-
ping Auger resonance with �=0.

C. Method of calculation

In order to represent the Auger decay amplitude �3� in
the one-center approximation we write them in the form

V�→�f,lm
= exp i�l Alm�, �16�

where �l is the phase shift of the Auger electron in the chan-
nel with orbital angular momentum l. In consistence with the
atomic model underlying the one-center approximation, this
phase shift is chosen to be independent of the magnetic
quantum number m. In Eq. �16� we have introduced the am-
plitudes

Alm� = �AS��fSf
��lm�Ĥ − E���� , �17�

where �� and ��fSf
are the intermediate �core-hole� and

final state many-electron wave functions, respectively, and
AS designates an antisymmetrization and spin-adaptation
operator.29,36 ��lm is the regular continuum wave function of
the Auger electron with the energy �,

��lm�r� = r−1R�l�r�Ylm��r,�r� . �18�

For the present purpose of resonant Auger decay, ��lm is an
atomic continuum wave function emitted from a C+ cation
with the kinetic energy of about 270 eV. In Eq. �18�, the
vector r corresponding to the spherical coordinates r, �r, and
�r defines the position of the Auger electron with respect to
the center of the core-hole atom, and R�l�r� is the real radial
continuum wave function with the asymptotic form

lim
r→

R�l�r� =	 2

�k
sinkr +

1

k
ln�2kr� + �l� , �19�

where k=	2�. Note that the thus defined phase shift �l auto-
matically includes the Coulomb phase shift and the phase
due to the short-range part of the potential. As described
below, the phase shift �l is found by fitting the radial part of
the calculated atomic continuum wave function R�l�r� to the
asymptotic form of Eq. �19�.

With the amplitudes from Eqs. �16� and �17� and the
phase shifts �l of the Auger channels, the anisotropy param-
eters AK����� can be calculated according to Eq. �2�. The
MFAAD and the asymmetry parameter can be found then
from Eqs. �9�, �12�, �13�, and �7�, respectively. Alternatively,
if only the shape of the MFAAD is to be found for a fixed-
in-space molecular axis, Eqs. �4� and �16� can be used.

III. C 1s\2� PHOTOEXCITED CO AUGER
DECAY

Here we apply the above described method to the angu-
lar distributions of Auger electrons in the resonant Auger
decay of the C 1s→2� excited CO molecule. The corre-
sponding angle integrated Auger decay spectrum of this mol-
ecule has been successfully treated by the one-center
approximation.5,35,70

A. Calculational details

The Auger decay amplitudes in Eq. �17� are obtained
from the wave functions of the intermediate and final elec-
tronic states as described previously.29,31,36 In order to assess
the sensitivity of the angular distributions on details of these
wave functions, two different orbital sets were employed:
The Hartree–Fock orbitals of the neutral ground state and
those of the C 1s-core-ionized state. Unless stated other-
wise, all calculations were done at the equilibrium bond dis-
tance of the CO ground state re=1.1283 Å.71 The orbitals
were represented with the cc-pVTZ basis set72 and virtual
valence orbitals were obtained as described in Ref. 38. The
ground, core-excited, and final states were represented by CI
wave functions including all possible configurations with the
occupation pattern �1�22�2val10�, �1�22�1val11�, and
�1�22�2val9�, respectively, where “val” stands for the va-
lence orbitals �3�4�1�5�2�6��. A projection of the mo-
lecular orbitals on the atomic 1s, 2s, and 2p orbitals is per-
formed as described earlier.36,38 In any case these projected
orbitals represent more than 98% of the density of the mo-
lecular orbitals. As the one-center approximation employs
only the carbon 2s and 2p contributions of these orbitals, the
Auger channels with angular momenta l up to 2 �s, p, and d�
are possible in the present case.

The phase shifts �l needed for the calculation of the an-
gular distributions of Auger electrons were obtained with the
ATSP package.73 s, p, and d continuum electron wave func-
tions were calculated for different terms of the carbon ion C+

configurations ��1s22s22p2�, �1s22s12p3�, and �1s22s02p4��
and different total orbital angular momenta and spin quantum
numbers of the final state �C++electron�. For the rather high
Auger electron energies of interest �260–275 eV�, the phase
shift differences were found stable and not sensitive to the
ionic state, the global quantum numbers, details of the bound
orbitals, and the fitting range of the phase shifts. The latter
was chosen to be about 4–8a0. Within 4° the above
differences have the values �p−�s=208°, �d−�s=95°, and
�d−�p=−113°, which were used in the present calculations.
The major contribution to these differences comes from the
short-range potential: the differences between the Coulomb
phase shifts are −13°, −19°, and −6°, respectively.
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B. Final states and spherically averaged intensities

Table I presents the line intensities of the 13 relevant
final states for the main structures in the resonant Auger
spectrum as obtained with the present calculations and the
theoretical results of Bonhoff et al.17 and of Botting and
Lucchese.53 The first two columns show the terms and lead-
ing configurations of the final CO+ states. There and in the
following, configurations are given with respect to the lead-
ing configuration of the neutral ground state
�1�22�23�24�21�45�2�. The states are numbered according
to their energies. This numbering is unambiguous for the first
three states but due to curve crossings at about the equilib-
rium bond distance, already the ordering of the states �4�2�,
�5�2�, and �6�2�− depends strongly on details of the calcu-
lation such as the bond distance or the chosen configuration
and orbital spaces. As discussed before in Ref. 70 the
�10–12�2� states show a series of avoided crossings at about
the equilibrium bond distance. As they have the same terms,
the leading configuration of the states is a strong function of
the parameters of the calculation. A more detailed analysis of
the final states74 shows that the by far largest part of their
intensity is due to a diabatic state with the leading configu-
ration �4�−15�−1�1�+�2�1�. This configuration interacts with
configurations of the type �1�−22�1� �i.e., �1�−2�3�−�2�1�,
�1�−2�1��2�1�, and �1�−2�1�+�2�1�� and the configuration
�4�−15�−1�3�+�2�1�. In these configuration notations the
terms in brackets indicate the coupling of the two holes
which couple with the 2� electron to the 2� term. Note that
the �10–12�2� states are all strong mixtures of these con-
figurations and that the �4�−15�−1�1�+�2�1� configuration
contributing most to the Auger intensity is mostly hidden in
this configuration mixing.

Table I shows that the different theoretical approaches
provide essentially similar results for the transition rates. The
present one-center approximation results tend to provide

larger transition rates than the other works. We assign this
effect to the use of the initial state atomic transition integrals
of Chen et al.,75 which tended to overestimate true Auger
transition rates.37,44 However, variations in the approxima-
tions for the bound part of the wave functions such as the use
of different orbital sets in the present work or the use of
different numbers of channels in the work of Botting and
Lucchese53 cause changes in the transition rates for about
20%. This is the same order of magnitude as the differences
between the one-center and the multichannel approaches.
Thus, from the present results, but also from preceding
investigations,27,31,35,76,77 it can be stated that the treatment of
the continuum channels via the one-center approximation
does not cause larger uncertainties in calculated Auger tran-
sition rates than other inherent approximations within all
presently available approaches. In Secs. III C and III D we
will investigate whether this holds also for the predictions of
the angular distribution of the Auger electrons.

C. Angular distributions from fixed-in-space molecules

It is implied in the following that the origin of the mo-
lecular frame coincides with the carbon atom and the z-axis
points in the direction of the oxygen atom. Discussing the
MFAADs, one has to keep in mind that in practice only
dissociative states with sufficiently high energies of the frag-
ments can be experimentally studied by the Auger electron—
ion recoil coincidence technique. Among the states listed in
Table I only those which give rise to spectator-type Auger
decay �5�2�, �6�2�−, �8�2�, �9�2�−, �13�2�, and �10–12�2�
are dissociative.78 In other cases, to observe the MFAADs,
the molecule should be fixed in space by other means, e.g.,
by adsorption on a surface.1

The MFAADs are completely determined by the sets of
anisotropy parameters AK�11� and AK�−11� or by the func-
tions F00��� and F22���. In Table II we have listed the non-

TABLE I. Auger transition rates of the C 1s→2� excited state of CO to the indicated states of CO+ as
calculated with the present approach in comparison with other theoretical works. Leading configurations are
given with respect to the ground state configuration of the CO molecule. All values in 10−3 a.u.

Term Leading configuration I0
a I0

b I0
c I0

d I0
e

�1�2�+ �5�−1� 0.154 0.133 0.188 0.114 0.107
�2�2� �1�−1� 0.575 0.646 0.399 0.360 0.360
�3�2�+ �4�−1� 0.031 0.032 0.090 0.073 0.073
�4�2� �5�−22�1� 0.290 0.210 0.263 0.169 0.176
�5�2� �1�−15�−12�1� 0.160 0.171 0.141 0.129 0.103
�6�2�− �1�−15�−12�1� 0.051 0.049 0.059 0.048 0.037
�7�2�+ �1�−15�−12�1� 0.191 0.218 0.175 0.154 0.129
�8�2� �1�−15�−12�1� 0.134 0.141 0.165 0.140
�9�2�− �1�−15�−12�1� 0.093 0.100 0.092 0.081
�10�2� �1�−22�1� f 0.314 0.235 0.584 0.459
�11�2� �1�−22�1� f 0.316 0.269 0.154 0.136
�12�2� �4�−15�−12�1� f 0.040 0.197
�13�2� �1�−22�1� 0.029 0.040

aThis work, CO ground state orbitals.
bThis work, orbitals of the C 1s ionized state of CO.
cTheoretical values from Bonhoff et al. �Ref. 17�.
dTheoretical “two channel” values from Botting and Lucchese �Ref. 53�.
eTheoretical “five channel” values from Botting and Lucchese �Ref. 53�.
fThese 2� states show significant configuration mixing �see the text�.
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vanishing anisotropy parameters calculated in the one-center
model for the 13 transitions considered in the present work.
As noted by Bonhoff et al.,16,17 the anisotropy parameters up
to K=4 are dominant. In our model, which includes only s,
p, and d continuum channels, the anisotropy parameters with
K�4 are strictly zero.

Note that for the final states with projections � f �2 ��
and � states�, the nondiagonal anisotropy parameters
AK�−11� vanish in our model. This is seen from Eq. �2�,
where one of the decay amplitudes will turn to zero because
of the conservation of the angular momentum projection and
the restriction l , l��2. Therefore, the function F22��� in Eq.
�13� vanishes and the MFAADs become cylindrically sym-
metric with respect to the molecular axis. Although this is a
model dependent result, in view of a general decrease in the
contributions with increasing l, it is reliable and consistent
with the results of Bonhoff et al.17 that MFAADs became
essentially cylindrically symmetric for � f �2, i.e., � and �
final states.

Figure 1 compares the three-dimensional �3D� spherical
plots of the MFAADs obtained in our one-center model with
the calculations of Bonhoff et al.,17 where the anisotropy
parameters were presented for the seven lowest final states.
The agreement between the two theoretical results in general
is very good. The existing discrepancies are not due to the
smaller number of the anisotropy parameters AK �K�4� in
our model: this was checked by truncating the number of
these parameters given by Bonhoff et al.17 from Kmax=8 to
Kmax=4. Rather, the deviations are due to the different mod-
els for the calculations of the decay amplitudes. While the
approach of Bonhoff et al.17 described the physical details of
the Auger process more accurately, it is very much more
laborious.13 Additionally, it contains numerically delicate and
computationally demanding steps as the representation of a
multicenter continuum wave function with a square inte-
grable Gaussian basis, transformations from the multicenter
basis set to a one-center expansion, and the diagonalization
of a large CI-expansion for several final states. It is notice-
able from Fig. 1 that the major differences in the MFAADs
obtained in the two models are located in the direction of the
oxygen atom. Possibly, it reflects the lack of rescattering of
the Auger electron wave by the oxygen atom in our one-
center model. Nevertheless, the angular distributions ob-
tained in the present work and by Bonhoff et al.17 are re-

markably similar and in face of the still very limited
theoretical and experimental materials available so far, the
differences between the results must be considered as
marginal.

The MFAADs for the remaining six states of the mani-
fold are shown in Figs. 2 and 3 as 3D spherical plots together
with graphs of the MFAADs as functions of the polar angle �
for various fixed values of the azimuthal angle �. Some char-
acteristic features of the MFAADs for different final states
are seen clearly in Figs. 1–3, revealing the stereodynamics of
the Auger decay.17 The MFAADs corresponding to the Auger
decay to the 2� states show a “butterflylike” pattern concen-
trated either in the same plane as the electric field for the 2�+

states, or in the normal plane for the 2�− states, in accor-
dance with Eq. �15�. This form is due to the fact that the
outgoing channels have exclusively px and dxz �py and dyz�
characters for the 2�+ �2�−� final states. The p contribution
reflects the participation of 2s-character on the valence or-
bital from which an electron is extracted in the Auger pro-

TABLE II. Anisotropy parameters for the Auger decay of the C 1s−12� resonance in 10−5 a.u.

K �1�2�+ �2�2� �3�2�+ �4�2� �5�2� �6�2�− �7�2�+ �8�2� �9�2�− �10�2� �11�2� �12�2� �13�2�

AK�11�
0 1.2257 4.5740 0.2473 2.3053 1.2755 0.4035 1.5208 1.0661 0.7390 2.4976 2.5179 0.3176 0.2283
1 0.1893 −0.6159 −0.0971 −3.1081 −0.6663 −0.2095 −0.7355 −0.3312 −0.2809 −3.4106 −3.1135 0.4071 0.0000
2 0.8289 −3.7386 0.1050 3.5077 −0.2730 −0.0095 −0.7203 −0.8882 −0.5418 1.1083 0.7956 0.3894 −0.3260
3 −0.1893 −0.2338 0.0971 −1.4937 0.6663 0.2095 0.7355 0.3312 0.2809 −0.3875 −0.0970 −0.0805 0.0000
4 −2.0546 2.9172 −0.3523 1.1497 −1.0025 −0.3940 −0.8006 −0.1779 −0.1972 0.2078 0.1482 0.0283 0.0979

AK�−11�
2 −2.1636 −4.5813 −0.4619 0.3230 ¯ 0.8275 −3.3985 ¯ 1.7296 −0.1737 0.3824 0.0038 ¯

3 −0.3456 −0.3878 0.1774 0.2548 ¯ −0.3824 1.3428 ¯ −0.5128 −0.1358 0.6111 0.0137 ¯

4 −3.2487 4.5913 −0.5571 −0.3367 ¯ 0.6229 −1.2658 ¯ 0.3118 0.1217 −0.1253 −0.0083 ¯

FIG. 1. �Color online� The MFAADs of the seven lowest final states. Num-
bers �1�–�7� designate the results of the present investigation and correspond
to the numbers of the CO+ states in Tables I and II. Labels �a�–�g� mark the
corresponding results of Bonhoff et al. �Ref. 17�. The electric field vector
points in the x direction of the molecular frame, which is shown in the inset.
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cess while the d contribution reflects the corresponding 2p
character of this valence orbital. The d character �butterfly-
like shape� of the continuum channels shows that the
2p-character participates more effectively.

The shapes of the MFAADs for the final 2� states differ
crucially for the participator decay �state �2�, see Fig. 1� and
the spectator decay �state �4�, see Fig. 1 and states �10–12�,
see Fig. 2�. A detailed explanation of the MFAADs of the 2�
final states is more involved than for the 2� states. Alto-
gether, five channels s, pz, dx2−y2, dz2, and dxy are populated in
the decay to these final states. For the participator transition,
the latter channel is populated via the decay of the core-
excited state with preferential occupation of the 2�x orbital
to a 2� final state of CO+ with the 1�y hole. Due to symme-
try reasons, the channels corresponding to this component of
the “2�y” final state do not interfere with those of the degen-
erate “2�x” component. The form of the MFAAD for the
latter component depends strongly on the channel interfer-
ence of the remaining channels, which contain s, p, and d
characters. Thus, the result for the MFAAD for the 2� final
state from a theoretical method is heavily dependent on its
ability to represent the channel amplitudes and their phase
shifts.

For the spectator transitions to the 2� states �4� and
�10–12�, the MFAAD is dominated by transitions in which
one electron is staying in the 2� orbital while the actual
Auger decay takes place for valence electrons such that a 1�+

or 1� valence configuration is obtained for the orbitals occu-
pied in the ground state configuration. In this case, the dxy

and dx2−y2 channels are only weak and the largest part of the
Auger decay is due to the s, pz, and dz2 channels with
�-symmetry. Accordingly, all of these MFAADs are essen-
tially symmetric with respect to rotation about the molecular
axis. It is particularly remarkable, that there is a very strong
preference for emission of the Auger electron in the direction
opposite to the oxygen atom. Such a preference indicates
significant interference effects between the nonorthogonal
decay amplitudes for the s and pz channels �as mentioned
above, �p−�s=208°�.

The MFAADs for the 2� and 2� final CO+ states �8� and
�13� presented in Fig. 3 are cylindrically symmetric, as dis-
cussed above, and concentrated in the equatorial plane of the
molecular frame.

D. Angular distributions from rotating molecules

The results for the asymmetry parameter � for the Auger
decay of the C 1s−12� resonance to the considered final
states of the molecular ion CO+ are collected in Table III. We
compare our results with theoretical values of Bonhoff et
al.17 and the asymmetry parameters measured by Hemmers
et al.3 and by Kukk et al.5 In view of the discussion of the
MFAADs, it is not surprising that our calculations give re-

FIG. 2. �Color online� MFAADs �Eq. �13�� from the present one-center
calculations for the �10–12�2� final states of CO+. The numbers correspond
to those in Tables I and II. Right column: 3D spherical plots. Left column:
the MFAADs as a function of � for various fixed values of �. Solid line:
�=0°, dotted line: �=30°, dashed line: �=60°, dashed-dotted line: �
=90°. The orientation of the CO molecule and the direction of the electric
field E are chosen as shown in Fig. 1.

FIG. 3. �Color online� As in Fig. 2 but for �8�2�, �9�2�−, and �13�2� final
states.
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sults generally close to those of Bonhoff et al.17 Both ap-
proaches are in good accordance with the experimental data
available.

Positive values of � correspond to the preferential emis-
sion in the direction of the electric field, while negative val-
ues of � indicate preferential Auger emission in the plane,
normal to the electric field. The � values are near to zero for
the 2� and 2� final states, when the Auger electron is ejected
in a symmetric fashion. It was already recognized and ex-
plained by Bonhoff et al.17 from symmetry reasons that the �
parameter is always −1 for decay into 2�− final states �states
�6� and �9��. It follows also directly from Eq. �15� �lower
part�, which shows that the Auger electrons are not emitted
in the direction of the electric field vector, i.e., electron flux
Eq. �5� vanishes at �=0°.

For a comparison of the calculated � values with the
experimental data, the bond length dependence of these val-
ues was investigated with the present approach and CO
ground state orbitals. The calculated asymmetry parameters
turned out to be extremely weak functions of the CO bond
distance: � values calculated at about the inner and outer
probability maxima of the �=2 state of the core-excited state
at r=1.08 Å and r=1.25 Å do not change by more than
0.01 units. The only exceptions are for the transitions to
the �10–12�2� and the �3�2�+ states. The former states
change their character substantially due to the avoided cross-
ings of the diabatic states in this region.70 Thus, such
changes are expected. However, the � value averaged over
the �10–12�2� states is again essentially bond distance
independent.

The most prominent transitions in the resonant Auger
electron spectrum of the C 1s−12� excited CO molecule are
the participator transitions to the states numbered �1�–�3�.
The present theoretical approach and that one of Bonhoff et

al.17 predicted very similar � values for the �1�2�+ final state
which are about 0.05 units smaller and larger, respectively,
than the experimental values. For the more intense �2�2�

state the asymmetry parameter � of Bonhoff et al.17 is by
about 0.3 larger than the experimental values, while the
present approach is only about 0.05 units below these data.

For the particular transition to the �3�2�+ state it has
been mentioned before by Kukk et al.5 that the measured
�-parameter is influenced by direct photoionization which
has a large �-parameter of 1.8�2�.5 This admixture increases
the asymmetry parameter and explains the relatively large
difference between the value of �=0.97�2� published by
Kukk et al.5 and the value of �=1.10 of Hemmers et al.3 As
the high resolution data of Kukk et al.5 contained less
contributions of direct photoionization than the data of Hem-
mers et al.,3 they are probably the best numbers to compare
with the theoretical data from this work and also from
Bonhoff et al.17

For this �3�2�+ state, our theory shows an unusual in-
crease of the transition rate as well as the � value with the
bond distance. For re=1.1283 Å �r=1.25 Å�, these values
amount to I0=31 �a.u. �I0=63 �a.u.� and �=0.830 ��
=0.926�. The intensity and asymmetry parameter change can
be attributed to the special character of this participator tran-
sition. For the comparable N 1s−11�g→B2�u

+�2�u
−1� transi-

tion of the N2 molecule it was shown79 that it changes from
a participator transition at about equilibrium bond distance to
a spectator transition at larger bond distances. The same also
holds true for the CO molecule. With increasing bond length,
the �1�−15�−12�1� configuration that dominates the �7�2�+

state gains weight in the wave function of the �3�2�+. Simul-
taneously also the transition rate and asymmetry parameter
increases. Thus, our calculated value of �=0.830 at the equi-

TABLE III. Asymmetry parameters from the present approach and from prior work.

N Term � a � b � c �exp
d �exp

e

�1� 2�+ 0.730 0.731 0.820 0.79 0.78�2�
�2� 2� 0.654 0.649 0.997 0.67 0.70�2�
�3� 2�+ 0.830 0.851 1.170 1.10 0.97�2�
�4� 2� −0.373 −0.412 −0.535 �−0.5
�5� 2� 0.043 0.058 −0.051
�6� 2�− −1.000 −1.000 −1.000
�5�+ �6� f −0.209 −0.197 −0.366 �−0.3
�7� 2�+ 1.189 1.179 1.000 �0.6
�8� 2� 0.167 0.160
�9� 2�− −1.000 −1.000
�8�+ �9� f −0.311 −0.321 �−0.15
�4�–�9�f First spectator 0.005 0.061 −0.050 −0.22�2�
�10� 2� −0.055 −0.093
�11� 2� −0.138 −0.245
�12� 2� −0.251 0.011
�13� 2� 0.285 0.294
�10�–�13�f Second spectator −0.090 −0.100 −0.14�3�
aThis work, CO ground state orbitals.
bThis work, orbitals of the C 1s-ionized CO molecule.
cTheoretical value from Bonhoff et al. �Ref. 17�.
dExperimental value from Hemmers et al. �Ref. 3�.
eExperimental value after excitation in the �=0 band of the CO 1 s−12� state from Kukk et al. �Ref. 5�.
fIntenstiy averaged �-values. �av=�i��i�I0�i� /�iI0�i�.
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librium bond distance of the CO ground state should be cor-
rected by an appropriate averaging over the vibrational mo-
tion. If this is taken into account the � value increases to
0.87.

On the basis of these considerations, the calculated value
��=1.170� of Bonhoff et al.,17 for which the same correc-
tions apply, must overestimate the actual value. Thus, the
quite good agreement of the theoretical value �=1.17 of
Bonhoff et al.,17 with the experimental result, �=1.10, of
Hemmers et al.3 looks as an artifact. The probably more
appropriate value is �=0.97�2� of Kukk et al.5 which is in
reasonable agreement with the present vibrationally cor-
rected result, �=0.87.

A comparison of the spectator region is more difficult as
the individual final states cannot be detected experimentally
due to overlap in the transitions. One particular case is that
of the dissociative states �5�2� and �6�2�−. They form al-
most energetically degenerate, parallel curves and, thus, pro-
vide a single and broad band in the resonant Auger spectrum
that cannot be resolved experimentally. The same also hap-
pens for the �8�2� and �9�2�− states. Kukk et al.5 provided
upper and lower bounds for some groups of these states.
According to this, the � value of the �4�2� state should be
smaller than −0.5. This is consistent with the results of Bon-
hoff et al.17 �−0.535� but not with the present values that are
around −0.4. The intensity averaged � value for the �5�2�
and �6�2�− states is measured to be larger than −0.3 by Kukk
et al.5 which is consistent with the present theory ��=
−0.209 and �=−0.179 for CO ground state and C 1s−1 or-
bitals, respectively� but not with the results of Bonhoff et
al.17 ��=−0.366�. For the remaining states Kukk et al.5 pre-
dicted the � value of the �7�2�+ state to be larger than 0.6
and the intensity averaged value of the �8�2� and �9�2�−

states of less than −0.15. Both numbers are consistent with
the present calculations ��=1.18 and �=−0.32, respectively�
and with the asymmetry parameter of Bonhoff et al.17 for the
�7�2�+ state �1.00�. However, for the intensity averaged
asymmetry parameter of states �4–9� which all contribute to
the first spectator structure, Kukk et al.5 reported a value of
�=−0.22�2�. The corresponding theoretical value of the
present work is 0.03 and that of Bonhoff et al.17 is −0.05.
The latter number should be lowered by about 0.05 as the
calculations of Bonhoff et al.17 did not include the �8�2� and
�9�2�− states which have, in average, a negative contribution
to the asymmetry parameter. While this indicates a slightly
smaller error of the latter theory, we would like to mention
that the experimental averaged asymmetry parameter of the
second spectator structure shows a rather unexpected prop-
erty: If the excitation energy was tuned to the maximum of
the v=1 vibrational peak of the core-excited state, a value of
�=−0.12�2� was obtained for the averaged asymmetry pa-
rameter. Such a strong variation is not reported for any of the
other �-values in the work of Kukk et al.5 This is rather
puzzling as direct photoionization plays only a minor role for
these spectator states and as the present theoretical results
indicate that the bond length dependence of the asymmetry
parameters is essentially negligible. It may be anticipated
that the theoretical approaches do not perform similarly well
for spectator transitions. However, the intensity averaged

�-value of the second spectator group ��10–12�2� and
�13�2��, ��−0.10, agrees rather well with the number of
Kukk et al.,5 �=−0.14�3� for v=0. For this transition the
experimental numbers are also much less dependent on the
excitation energy. Kukk et al.5 reported an averaged � value
of −0.12�3� for v=1.

IV. SUMMARY AND CONCLUSIONS

We have presented a simple approach to MFAADs based
on the one-center approximation. The model incorporates
atomic phase shifts into the one-center model of the Auger
decay to describe the complex amplitudes. The method is
very practical for calculations of the Auger electron angular
distributions, since the absolute values of the Auger decay
matrix elements are tabulated for many key cases.32,75 Fur-
thermore, the phase shifts can be obtained by standard
atomic codes, especially as they do not require advanced
atomic models for the high energy Auger electrons.

The theoretical framework of MFAADs is reformulated
in a form that is appropriate for the one-center approxima-
tion. A parametrization of the MFAAD in the photoinduced
resonant Auger is suggested, which is a particular case of the
photoelectron molecular frame angular distribution, however
with a reduced number of parameters. The angular distribu-
tions show features specific to final ionic molecular states.

The new one-center approach to MFAAD was applied to
the benchmark example of resonant Auger decay: The pho-
toexcited C 1s−12� resonance in carbon monoxide. The an-
isotropy parameters were calculated, which define the angu-
lar distributions of Auger electrons for both rotating and
fixed-in-space molecules. The calculated Auger electron dis-
tributions from the fixed-in-space molecule are in good
agreement with the preceding theoretical benchmark results
of Bonhoff et al.17 A qualitative interpretation of the
MFAADs is given, indicating that for the case of the C 1s
→2� excited CO molecule, transitions to 2� final states are
most sensitive to inherent parameters of a theoretical model.

The theoretical and experimental asymmetry parameters
��� of the angular distribution of Auger electrons from the
partially oriented photoexcited C 1s→2� CO molecules are
critically compared to each other. For the isolated and there-
fore well defined participator transitions the present theoret-
ical results deviate from the most reliable experimental data
by less than 0.1. This is smaller than the deviation of the
theoretically more advanced method of Bonhoff et al.17

which is about 0.3. While the present results show a bit
larger deviations ��0.2� for the first group of spectator tran-
sitions, they perform very well for the second group of spec-
tator transitions. Thus, as other theoretical asymmetry pa-
rameters are not available, the one-center approximation was
unexpectedly found to provide MFAADs of so far un-
matched accuracy for this benchmark case. If this is not an
artifact, it means that a proper determination of the con-
tinuum wave functions in the nonspherical molecular field
and backscattering of the Auger electron is less important for
this property than so far undetermined error sources in the
otherwise very advanced and reliable scattering approach in
Refs. 12–17. It must be noted that the theoretical prediction
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of a molecular Auger electron spectrum on the latter level of
theory is by orders of magnitude more demanding than at the
level of the one-center approximation. Thus, the one-center
approach is applicable to extended systems such as
liquids,33,80 extended molecules,41,81–83 and surfaces,84,85

which are all far outside of the scope of comparable scatter-
ing approaches. With the additional capability of predicting
angular distributions of Auger electrons, the one-center ap-
proximation could become the presently missing tool that
allows one to interpret the information contained in the an-
gular distribution of Auger electrons of, e.g., surface samples
in material science.2

These results have several important consequences that
demand further, partially already ongoing work. The present
results should be verified with other theoretical and experi-
mental methods. The MFAADs of fixed-in-space molecules
and of adsorbates seem to offer reasonable possibilities for
an experimental test. In particular, the second spectator
group of transitions from the present study is a promising
candidate for such experiments as the corresponding final
states are rapidly dissociating. To reveal the range of its va-
lidity, the present approach should be also checked against
asymmetry parameters of resonant Auger spectra using con-
sistently detected experimental data. For this purpose, new
experimental data may be necessary, as the present investi-
gation indicated possible error sources in older, less resolved
experiments. A generalization of the presented approach is
currently developed which allows treating the resonant and
normal Auger decay of other elements and of different angu-
lar momenta in the core holes.
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