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Photoionization and Auger decay of the 3d vacancy state of atomic strontium: Electron-electron
correlations
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The 3d photoionization and subsequent normal Auger decay processes in atomic strontium have been
investigated. To understand the electron spectra following photoionization of a 3d electron, a series of ab initio
computations, based on the multiconfiguration Dirac-Fock method, were performed. From the calculated
photoionization and Auger decay amplitudes the relative photoionization cross sections were derived, together
with the total and partial Auger decay widths and relative Auger intensities. Emphasis was placed on the effects
of electron-electron correlations in the 3d hole state. The theoretical predictions were compared to the high-
resolution synchrotron radiation-induced photoelectron and Auger electron spectra.
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I. INTRODUCTION

Many detailed investigations exist for core photoioniza-
tion and subsequent normal Auger decay processes in free
alkaline earth metal atoms (see, e.g., Refs. [1-7]). In the past,
the main motivation for these studies arose from the high
sensitivity of the core ionized states to the effects of electron-
electron correlations. In most of these spectra, a strong influ-
ence could be assigned to the relaxation (“collapse”) of the
unoccupied ground state orbitals in the course of the ioniza-
tion process. These investigations showed, in particular, that
configuration interaction has to be taken into account in or-
der to understand the complexity of the core-level photoelec-
tron and Auger electron spectra.

In our previous work [7], the Ba 4d photoionization and
the subsequent Auger decay process resulting in valence
double hole state (v=2) were studied by performing a series
of multiconfiguration Dirac-Fock (MCDF) calculations. We
noticed that although we were able to generate, within cer-
tain configuration expansions for the 4d hole state, the struc-
tures seen in the photoelectron spectrum (PES), the predic-
tions for the subsequent Auger electron spectrum (AES)
failed drastically. This was because the details of the AES
appeared to be more sensitive to the orbital collapse follow-
ing 4d ionization than those of the PES. By performing the
MCDF calculations for the 4d hole state in two steps, first
with smaller configuration expansion to obtain good approxi-
mations for the inner-shell orbitals and then expanding the
configuration set and keeping the inner-shell orbitals frozen
from the first calculation, the theoretical AES was found to
be in good agreement with the spectrum observed experi-
mentally. Similar effects of relaxation and the collapse of the
4d orbital can be expected for the Auger decay of the 3d hole
state of strontium following 3d photoionization.

Up to the present, only very few experimental or theoret-
ical results have been reported for Sr 3d photionization and
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subsequent Auger decay processes. In the 1970s, Mehlhorn
et al. [1] investigated experimentally the Sr3d AES using
electron excitation. However, the resolution and statistics of
that spectrum were modest, which did not allow any precise
analysis of the Auger decay. We recently measured synchro-
tron radiation-induced Sr 3d PES and modeled it using the
MCDF calculations [6]. However, our calculations in Ref.
[6] did not adequately reproduce the structures seen in the
PES. With respect to our previous study, in this paper we
have recalculated the Sr 3d PES using slightly different con-
figuration expansions in the 3d hole state. In order to better
see the effects of electron-electron correlations in the 3d hole
state, we have also studied in detail the subsequent Auger
decay processes resulting in the 4p~2, 4s™' v=!, 4p~! !, and
v~2 final ionic configurations.

II. EXPERIMENT

The experiment for gas phase Sr3d PES, induced with
photon energy of 255 eV, has been discussed in Ref. [6]. The
AES measurements were carried out at the gas phase beam-
line 1411 at MAX II storage ring in Lund, Sweden [8,9]. A
resistively heated oven was used to produce an intense
atomic beam of Sr in the collision area. The operating tem-
perature of the oven was in the range of 450-530 °C, cor-
responding to a Sr vapor pressure of about 1073—1072 mbar
in the crucible. The ejected Auger electrons were recorded
with a rotatable SES-100 hemispherical electron analyzer at
the emission angle of 54.7° relative to the polarization axis
of the linearly polarized light. The energy scale and transmis-
sion correction [10] of the analyzer were determined using
the well known Xe N, ;00 Auger [11] and Xe 4d photoelec-
tron lines [12].

The actual measurements were performed in three parts.
First, the photon energies 190 and 210 eV were used to mea-
sure the respective kinetic energy ranges of 60-110 and
95-135 eV of the AES. Different photon energies were cho-
sen for different energy ranges to avoid overlap of the Sr
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photoelectron lines with the AES. No changes in the relative
Auger electron intensities were observed between the mea-
surements in the kinetic energy range of 95—-110 eV, which
was recorded in both measurements. Instrumental resolution
of about 250 meV at full width of half-maximum (FWHM)
was used in these measurements. In addition, the region of
the 4p~'v~! final ionic states of the Auger decay (Ej
=95-110 eV) was recorded using the photon energy of
200 eV with the instrumental resolution of about 50 meV at
FWHM.

III. THEORY

The relative photoelectron and Auger electron intensities
have been calculated using a two-step model. In this model
the primary 3d photoionization of the Sr atom is assumed to
take place independently of the Auger decay of the 3d hole
states. The ground, 3d hole, and final ionic states of the Au-
ger decay are described within the multiconfiguration Dirac-
Fock method. In this method, using the rotational symmetry
of atoms, the atomic state functions (ASFs) with given total
angular momentum (JM) and parity (P) are approximated by
a linear combination of pure jj-coupled configuration state
functions (CSFs) of the same symmetry:

U (PIM) = 2, ¢, ®(PIM). (1)

The relative photoionization cross section from Sr ground
state i to the 3d hole state 8 can be expressed, within the
frozen core approximation, as

1
0slUp) =302 | [naladrVleli)Pde,  (2)
Lj

where n,l,j, refers to the 3d;,, and 3ds;,, subshells. The first
term is

2

0pUp) = (2j,+ 1) , 3)

E 2 C,BvciaﬁXVYa
v«

with X, referring to the photoionized 3d hole state configu-
ration associated with CSF ®,(J5) and Y, referring to the
same parent configuration after coupling the 3d orbital from
the ground state CSF ®(J;). Using linearly polarized light
for the photoionization, the relative 3d photoelectron inten-
sities are directly proportional to the relative photoionization
cross sections given by Eq. (2) if the photoelectrons are de-
tected at the magic angle of 54.7° with respect to the polar-
ization vector of the incident light.

Using the magic angle to detect the emitted Auger elec-
trons following the 3d ionization, the relative Auger intensity
corresponding the Auger decay from 3d hole state S to final
ionic state f of the Auger decay can be obtained as

T 8)Qp(J p) @)
PgJp)

In Eq. (4), P4(Jp) is the total decay rate, or equivalently, the
total decay width of the 3d hole state 3, and

nsp(Jpd g) =
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TABLE 1.
calculations.

Configurations used in bound state MCDF

Ground state
3d"045%4p5(4d? 4d"5s"
4d'6s',5s5%,55'6s',5p%,65%)
3d photoionized state
3d%4s%4pSad?
3d%45%4pS(4d?,4d'5s"
4d'6s',5s5%,55'6s',5p%,65%)

step 1:
step 2:

Final ionic states of
the Auger decay

A: 3d'045%4p0
B: 3d"45%4p3(4d", 551, 5pt ,65)
C: 3d"045'4p0(4d",5s")
D 3d"045%4p*(4d% ,4d'5s",55%,5p?,65%)
2
Tiplpdp) =27 2 | 2 2 cpuepMfy (3)
Ipja | w0 v

is the Auger rate. In Eq (9), Mg

=(D,(J) elsja:J4[V[P,(Jp)) is the Coulomb matrix ele-
ment where, on the left side, a continuum electron |€,,j,) is
coupled to the final ionic (N—1 electrons) CSF to form a
N-electron scattering state with one electron in the con-
tinuum. For more detailed theoretical description of the
photoionization and the Auger decay processes see, e.g., Ref.

[3].

IV. CALCULATIONS

In the present work, all the bound state ASFs were gen-
erated within the MCDF method using the GRASP92 package
[13]. The Dirac-Coulomb Hamiltonian was applied in order
to define the self-consistent field (SCF) in the computations.
Calculations were performed separately for the ground, 3d
hole, and final ionic states of the Auger decay using the
configuration sets presented in Table I. The relative photo-
ionization intensities [Eq. (2)], the total (P) and partial Au-
ger decay widths, as well as the relative Auger intensities
[Eq. (4)] were determined in the framework of the RATIP
package [14,15].

In the MCDF method, a full SCF computation is not often
successful if large wave function expansions are involved
and especially if some of the orbitals are sensitive (collapse)
to an inner vacancy. Because of this difficulty, the calculation
of the Sr 3d hole state ASFs was performed in two steps, in
a way similar to what was done previously for Ba in Ref. [7].
A first series of computations for the Sr3d hole state was
already reported in Ref. [6], but the agreement with the ex-
perimental PES was not good. By applying these 3d hole
state expansions, the structures of the AES resulting in the
final ionic states A and B deviated drastically from the ex-
perimental observations. Due to these discrepancies in the
calculated spectra, the 3d hole state ASFs were regenerated
with respect to Ref. [6] using slightly different configuration
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FIG. 1. Experimental (upper part) and calculated Sr3d PES
(lower part). For visual comparison with the experiment, the calcu-
lated spectrum is plotted using linewidths obtained from the experi-
mental spectrum (dashed line).

sets in order to affect the SCF central field potential and thus
to generate somewhat better valence orbitals (4d, 5s, 5p, and
6s). First, the step 1 configuration set was used to find good
approximations for the inner-shell orbitals (1s to 4p) when
the 4d orbitals were present. Second, step 2 configuration set
was used with fixed inner-shell orbitals 1s to 4p from the
step 1 calculation. In total, using the step 2 configuration set,
88 ASFs were obtained for the 3d hole state with total angu-
lar momentum values 3/2 and 5/2. The relative photoelec-
tron intensities were calculated using the photon energy of
255 eV to generate the continuum orbitals €.

In the final ionic states of the Auger decay, in addition to
the the configuration sets A-D presented in Table I, the CSFs
with all possible total angular momentum values from the
configurations 3d"45%4p%442, 3d'%45%4p%4d' 55",
3d"045%4p55s2, 3d"%45%pS5p?, 3d"%4s'4p34d°,
3d"%4s'4p>4d'5s', 3d'%4s'4p>5s?, and 3d'%4s'4p5p? were
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also included in the calculation. This was done in order to
determine the total Auger decay widths of the 3d hole states.
In total, 471 final states for the Auger decay were obtained
by using these configuration sets.

V. RESULTS AND DISCUSSION
A. Photoionization

The calculated Sr3d PES is presented in Fig. 1 in com-
parison with the experimental spectrum [6]. The four stron-
gest photoelectron lines are marked in the figure using the
numbers 1-4. Lines 1 and 2 are associated with the transi-
tions from ground state to the 3d hole states with total angu-
lar momentum value J=5/2, and lines 3 and 4 with the value
J=3/2. The 3d hole state corresponding to line 1 is domi-
nated by the configuration 3d°4s*4p%4d'5s' while in the
other states (lines 2-4), the strongest contributions arise from
the configuration 3d°4s24p®5s2. The relative photoelectron
intensities for lines 1-4 are also listed in the first column of
Table II in comparison with experimental findings. The
present calculation gives quite a good description for the
Sr 3d photoionization process as is seen by comparing the
results to the experimental spectrum. The main lines 1-4 of
the PES are especially well reproduced, except for some
small discrepancies in the relative intensities. At larger bind-
ing energies (E,> 145 eV), the calculation cannot, however,
predict completely the experimentally observed satellite
structure. The shake-up effect, omitted in the PES calcula-
tions, can explain part of the discrepancy between theory and
experiment. The calculated overlap integrals between the
ground state 5s and 3d hole state 65 orbitals predict shake-up
transitions with intensities of about 9% of the main peak
intensity. According to our calculations, these shake struc-
tures appear at binding energies of about 150 and 152 eV.

B. Total and partial Auger decay widths

Table II shows the calculated total Auger decay widths for
the 3d hole states 1-4 in comparison with the experimental
results obtained by least-squares fitting of the PES. Overall,
the total decay widths are in good agreement to the experi-
mental findings and they are also almost the same for the
states 1-4. However, according to our calculations, large dis-
crepancies from these values were obtained for the 3d hole
states corresponding to the weak peaks in the PES at binding
energies E, > 145 eV. The strongest contributions to the total

TABLE II. Relative photoelectron intensities [Q g, Eq. (2)] for the transitions from the Sr ground state to the 3d hole states 1-4 (see Fig.
1). Total Auger decay widths P for the states 1-4 and their partial Auger decay widths to the final states A-D.

Relative photoelectron intensity

Total Auger decay width (meV)

Partial Auger decay width (meV)

Initial state MCDF Expt. MCDF Expt. A B C D
1 0.339 0.501 82.36 75+10 0.0038 3.75 0.37 13.23
2 1.000 1.000 82.53 75+10 0.0613 3.64 0.66 12.72
3 0.379 0.335 78.89 75+10 0.0354 2.96 0.48 13.58
4 0.444 0.666 80.15 7510 0.0082 4.04 0.70 13.41
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Auger decay widths originate from Auger decay to the
3d"%45%p%nin'l’ and 3d'°4s'4pnin’'l’ final ionic states
(=60-65 meV), but they do not belong to the investigated
energy region. These final states are omitted from the analy-
sis since they are overlapping strongly with second step Au-
ger transitions, which does not allow a precise analysis of the
first step Auger intensities.

Table II shows also the calculated partial Auger decay
widths to the final ionic states A-D for the initial states 1-4.
They were determined as a sum over Auger rates [Eq. (5)]
from the corresponding initial states to the associated final
ionic states. Within the states 1-4 there are some minor dif-
ferences in the partial Auger decay widths arising from the
decay to the final ionic states B-D, but the decay to the final
state A (v=2) clearly differs from this finding. For instance,
the partial Auger decay width due to the transition to the final
state A for the state 2 (0.0613 meV) is about 15 times larger
than the corresponding values for the state 1 (0.0038 meV).
Similar behavior can also be obtained between the states 3
and 4, but the effect is not so strong. These anomalies in the
partial Auger decay widths to the final state A are due to the
fact that this decay is described mainly by the distribution of
the configuration 3d°4s>4p®4d® in the 3d hole state expan-
sion, whereas in the Auger decay, where only one or no
valence orbitals are involved (final states B-D), the distribu-
tion of the configurations 3d°4s?4p®4d'5s' and 3d°4s*4p°5s>
is more important. The main reason for the strong contribu-
tion from configuration 3d°4s*4p%4d® to the decay to the
final state A is certainly the partial collapse of the 4d orbital
in the photoionization of a 3d electron. This gives rise to a
large effective interaction strength [16] of the form
X*(3ded,4d4d) and, hence, to a large Auger amplitudes
[cfpcﬁ,,]\/l;‘é’ in Eq. (5)]. In addition, if several strongly con-
tributing " configurations and especially 3d°4s*4p%(4d,5s)?
are included in the 3d hole state expansions, large Auger
amplitudes with negative and positive signs are created,
which may lead to destructive or constructive interferences
and which are noticeable especially for the initial states 1-4.
These effects are also responsible for the discrepancies in the
total Auger decay widths of the 3d hole states corresponding
to the weak peaks in the PES at E, > 145 eV. They are simi-
lar to an earlier finding in case of Ba [7], and they also
appear in Auger decay to the final states B-D, but the effects
are smaller.

C. Auger intensities

The AES to the final ionic states A-D, calculated accord-
ing to Eq. (4), are shown in Fig. 2 in comparison with the
experimental spectrum. The bands corresponding to the Au-
ger decay to the final states A-D are marked on the figure
using the notations AES-A through AES-D, respectively. For
more detailed analysis of the AES, we also show one by one
the AES originating from the 3d hole states 1-4. We have not
included on the figure the Auger transitions corresponding to
the decay to the final states 3d'°4s%4p®nin’l’ and
3d"%4s'4p°nin'l’ (E,~0-60 eV). The experimental spec-
trum is a combination of two separate spectra measured at
photon energies of 190 and 210 eV, whereas in the calcula-
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FIG. 2. Experimental (solid line) and calculated (vertical bars)
Sr3d AES to the final states A-D. The AES originating from the
initial states 1-4 are shown one by one. For visual comparison with
the experiment, the calculated AES is plotted using linewidths ob-
tained from experiment (dashed line). The intensities at the energy
region E;=120-135 eV have been multiplied by factor of 10 in
each spectrum.

tion, the photon energy 255 eV was used. The relative 3d
photoionization cross sections should not be affected signifi-
cantly by the photon energy differences between different
AES measurements (190 and 210 eV) or between AES and
PES (255 eV) measurements, since all the photon energies
used are well over the 3d ionization threshold thus, the di-
pole matrix elements in Eq. (2) can be expected to be nearly
the same for all transitions regardless of the photon energy
used [17].

Despite small discrepancies in the relative intensities of
the photoelectron peaks and photon energies used, the
present calculation predicts the main features of the AES-A
through AES-D bands with good accuracy. In AES-A, the
calculation even predicts the intense structure at E;
~ 131 eV arising from the decay of the 3d hole states corre-
sponding to the weak satellite states in the PES. The intensity
distributions of the AES-B (see also Fig. 3), AES-C, and
AES-D are also in good overall correspondence to the ex-
periment. However, there are some small discrepancies be-
tween the calculation and experiment in AES-B at E;
~103 eV, where some structures are missing from the cal-
culated one. In AES-D, the calculation predicts, instead, a
slightly too strong line at £, ~72 eV. In addition, the relative
intensities of the spectra AES-A through AES-D seem to
differ a bit from the experimental results, as can be seen from
Table III. This discrepancy in the relative intensities is likely
caused by the fact that a rather small wave function expan-
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FIG. 3. Experimental (solid line) and calculated (vertical bars)
AES-B. For visual comparison with the experiment, the calculated
spectrum is plotted using linewidths obtained from experiment
(dashed line).

sion had to be used for the representation of the final states,
especially in order to describe the final levels for the band
AES-D.

Table IIT displays the contributions from the initial states
1-4 to the bands AES-A through AES-D. Obviously, the
AES-A shows the strongest deviation from the other bands.
While the total intensity of the other three bands (AES-B,
AES-C, and AES-D) amounts to almost 80% from decay of
the main 3d hole states 1-4, the corresponding value in
AES-A is only 55%. There are also large deviations in the
contribution of different initial states in the AES-A intensi-

TABLE III. Relative intensities of the spectra AES-A through
AES-D and the contributions from the initial states 1-4 (see Fig. 1)
to the intensities of the corresponding spectra.

Relative Auger intensities

AES-A AES-B AES-C AES-D

MCDF 0.004 0.292 0.047 1.000
Expt. 0.012 0.495 0.039 1.000

Contributions from the different initial states
to the Auger decay (%)
Initial state

1 0.9 12.2 7.7 12.6

2 422 354 39.1 35.7

3 9.6 11.2 11.3 15.1

4 2.6 17.7 19.7 17.2

Other states 44.7 23.5 22.2 19.5
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ties. For instance, state 2 contributes about three to five times
more in the intensity of the bands AES-B through AES-D
than the state 1, while the corresponding value in AES-A is
about 50. When states 3 and 4 are compared, state 4 contrib-
utes slightly more in bands AES-B through AES-D than state
3 but in AES-A, state 3 gives about a four times larger con-
tribution. As discussed above, the different decay properties
of the initial states to the final state A are caused by the
interference effects in the Auger amplitudes.

Although there were only some small differences in the
partial Auger decay widths within the initial states 1-4 to the
final states B-D, the intensity distributions of the correspond-
ing spectra AES-B through AES-D are quite different, as is
seen from Fig. 2. This reflects the importance of interference
effects in the Auger decay processes as well, where not only
the outer valence orbitals are involved (AES-A). However,
the effects are more complicated than in the case of AES-A
due to the open shell structure in the final states.

VI. CONCLUSIONS

High-resolution experimental studies combined with
MCDF calculations for photoionization cross sections and
Auger transition rates have allowed us to resolve and to un-
derstand the effect of electron-electron correlations in the
Sr 3d hole state in detail. The 4d orbitals experiencing the
collapse contribute drastically to the properties of the 3d hole
state wave functions. This leads to the intensity redistribution
in the photoionization and also affects the Auger decay prop-
erties of the photoionized 3d states. The Auger rates are
strongly modified by the interference effects created by the
correlated 3d hole states especially in the Auger decay result-
ing in the v=2 hole state. This effect is similar to what was
obtained for Ba 4d Auger transition resulting in the v=2 hole
state [7]. In addition to the study for Ba, the Auger transi-
tions resulting in the 4p~2, 45! v~!, and 4p~! v™! final ionic
states were also investigated, revealing the importance of
interference effects even in Auger transitions where only one
or no valence orbitals participate. A complete agreement be-
tween the computations and the experiments cannot be
achieved, but the main properties of the investigated pro-
cesses can be understood well. Similar effects can also be
expected in the corresponding transitions of Ba. However,
the effects cannot be assumed to be exactly the same in Ba,
since in Ba, in addition to the 5d orbitals, the 4f orbitals also
experience strong relaxation.
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