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Total and partial (4d ', 4f ', 5s ', 5p ', Sd ', 6s ') cross sections of atomic Ba, La, and Ce have

been determined by absorption and photoelectron spectroscopy in the range of the giant

4d~(4f, ef) resonances. Many electron theories that take polarization and relaxation effects into

account describe the gross features of the spectra but in many cases fail to reproduce the exact ener-

gy positions, line shapes, and amplitudes of the resonances in the cross sections of the main and sa-

tellite lines.

I. INTRODUCTION

The large resonance structures caused by the
4d '(4, e)f excitations have attracted great interest in
studies of photoionization of Ba and the lanthanide ele-
ments. The first absorption spectra of the lanthanide
metals were obtained by Zimkina et al. ' These exciting
results initiated numerous detailed investigations by
solid-state absorption, ' photon emission, " and electron
spectroscopy. The interpretation in terms of atomic
4d '(4, e)f transitions ' was corroborated by the
agreement between the absorption spectra of the solids
and free atoms. ' " ' Thanks to recent improvements in
the experimental techniques' the difhculties encountered
in photoelectron studies of free lanthanide atoms have
been overcome. Electron energy distributions and partial
cross sections have been reported for atomic Ba, ' ' Ce,
Sm ' and Eu. ' Photoelectron spectroscopy is a very
effective probe of the many electron dynamics and there-
fore well suited for stringent tests of the various theoreti-
cal approaches. The elements Ba, La, and Ce occupy key
positions for the understanding of the 4d '(4, e)f giant
resonances. In the ground state the "collapse" of the 4f
orbital is expected to occur between Ba and La.
From spectroscopic data we know that the first 4f elec-
tron gets bound in Ce. Excitations from Cs, Ba, and La
3d levels lead to 4f wave functions localized within the
inner well of the double-well potential. The Xe and
Cs 4d resonances are well characterized as atomic
4d 'ef shape resonances. ' ' ' ' The potential barrier
keeps low-energy f orbitals outside the core region. The
4d 'ef maximum is centered at energies e exceeding the
barrier height. For 4d excited Ba, the inner well of the
effective potential, based on a configuration-average
Hartree-Fock model, is deep enough to hold a "col-
lapsed" 4f orbital. '- '"' Term-dependent calculations
show that the 4f wave function resides in the inner po-
tential well for the 4d 4f P, D states but not for the
4d 4f 'P, state. Hence the Ba 4d giant resonance is best
characterized as a shape resonance also. On passing to

La and Ce, the maximum gets narrower and shifts to-
wards the ionization threshold. The character of the ex-
cited electron wave function is expected to change from
ef type to (4, F)f type. Strong many-electron interactions
lead to a rather complicated and fascinating situation.

The importance of the Ba, La, and Ce sequence is un-
derscored by the numerous calculations based on
different theoretical models. Total and partial cross sec-
tions have been obtained in the Hartree-Fock (HF) ap-
proximation, the random-phase approximation with ex-
change (RPAE), the (relativistic) time dependent
local density approximation (RTDLDA), and the
local-density-based random-phase approximation
(LDRPA). ' ' ' For a comparative discussion of
the theoretical approaches the reader is referred to the re-
cent articles by Crljen and Wendin. '" An excellent
compilation of recent review articles on giant resonances
has been edited by Connerade et al.

II. EXPERIMENT

For the photoabsorption measurements the atomic
metals were maintained inside a resistance heated tubular
furnace mounted behind the exit slit of the
HASYLAB toroidal grating monochromator (TGM).
The metals were contained in Ta tubes. The tempera-
tures ranged from 1000 to 2200 K which according to va-

por pressure data correspond to pressures between 0.1

and 0.5 mbar. The length of the vapor column was ap-
proximately 50 cm. Thin carbon windows together with
a differential pumping stage separated the vapor region
from the ultrahigh vacuum of the monochromator. He,
Kr, or Xe buffer gas prevented the metal atoms from
reaching the windows. The buffer gas also served to
suppress higher-order background. The storage ring
DORIS was used as a light source. The resolving power
achieved with the TGM was E/DE=800. The spectra
were recorded photoelectrically. Earlier experi-
ments ' ' were hampered with the di%culties encoun-
tered in determining reliable relative absorption cross
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sections from photographically registered spectra. The
density of the atoms in the vapor column has not been
determined. Therefore only relative cross sections have
been obtained.

For the photoelectron spectra the synchrotron radia-
tion emitted by the electron storage ring BESSY was
used. The radiation was monochromatized by a toroidal
grating monochromator (TGM 2, E /hE =330). The
monochromatic photon beam (approximately 10"
photons/s) was focused on the interaction zone, where it
crossed the atomic beam emanating from a furnace heat-
ed by indirect electron bombardment. The density of
the atoms in the interaction region is estimated to be
=10" atoms/cm . The kinetic energy of electrons em-
erging from the interaction zone was determined by a cy-
lindrical mirror analyzer (angular acceptance 0.8% of 4m,
energy resolution hE =0.74% of the pass energy). 57

Only electrons emitted at angles close to the magic angle
of 54 44'+1' relative to the principal axis of polarization
of the incoming light were accepted by the analyzer. The
relative partial cross sections were determined from a
series of photoelectron spectra taken at different photon
energies, from constant-ionic-state spectra (CIS), where
the photon energy and the pass energy of the electron
analyzer were scanned simultaneously and from
constant-final-state spectra (CFS), where the photon ener-

gy was scanned while the analyzer energy was fixed. All
spectra were normalized to the incoming photon Aux and
corrected for the energy-dependent bandpass of the elec-
tron spectrometer.
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III. RESULTS AND DISCUSSION
FIG. 1. Photoelectron spectra of atomic Ba, La, and Ce tak-

en at photon energies in the range of the 4d giant resonance.

A. Photoelectron spectra of atomic Ba, La, and Ce

The photoelectron spectra of atomic Ba, La, and Ce
displayed in Fig. 1 give a survey of the photo and Auger
lines emerging upon photoionization in the energy range
of the 4d giant resonances. At the evaporation tempera-
ture of 800 II only the ground-state Ba, [Xe]6s ('So), is
populated. Therefore all structures in the Ba spectrum
are due to excitations out of the ground state. The well-
resolved, spin-orbit split Sp

' and 4d ' photoelectron
lines are easily detected. The prominent main lines are
accompanied by a number of satellite lines which overlap
the spin orbit doublets. There is a weak 6s ' photoelec-
tron line at the low-energy end of the spectrum. A host
of Auger lines and the Ss ' photoelectron lines occupy
the center part of the spectrum. Ionization energies and
assignment of the photoelectron lines are summarized in
Table I. The assignment is based on optical data and
the (Z+1) model. Our ionization energies agree well
with other experimental data. ' '

Next we turn to the Ce spectrum shown in the bottom
part of Fig. 1. Instead of sharp 5s ', Sp ', and 4d
photoelectron lines we see broad structured bands. Only
to a small extent this can be attributed to the fact that at
the evaporation temperature of 1800 K in addition to the
Ce ground state [Xe]4f5d6s ('G4) the Ce states
[Xe]4f5d6s ( Fz, HJ, GJ) and [Xe]4f5d 6s( HJ) are
populated. The main effect rests with the multiplet split-

ting of the 4d, Sp, and 5s hole states caused by the in-
teraction of the core hole with the collapsed 4f wave
function. The multiplet lines overlap and give rise to the
broad photoelectron and Auger maxima. The ionization
energies and a tentative assignment are presented in
Table II.

There is no 4f electron in the La configurations
[Xe]5d6s ( DJ ) and [Xe]5d 6s( FJ ) populated at the eva-
poration temperature of 1840 K. The 5d wave function
has a small overlap with the core holes and therefore the
multiplet splitting caused by the interaction of the core
hole with the valence electrons should be small also.
Based on this, the La photoelectron spectrum is expected
to be similar to the Ba spectrum, e.g. , show well resolved,
spin-orbit split 4d ' and Sp

' photoelectron lines. How-
ever, the experimental spectrum of atomic La given in
the center part of Fig. 1 looks much more like the Ce
spectrum than the Ba spectrum. This experimental result
can be explained by assuming that a collapsed 4f orbital
becomes occupied in the final hold state. As for atomic
Ce the 4f electron would cause a complicated multiplet
structure of the La photoelectron and Auger lines.

In order to test this idea, we performed model calcula-
tions using the multiconfiguration Dirac-Fock (MCDF)
code by Grant et al. '. In a first step we confirmed that
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TABLE I. Ionization energies of atomic Ba, [Kr]4d' Ss 5p 6s ('So). The 6s ' energy from optical
data (Ref. 27) has been used for calibration. The uncertainties are approximately +0.2 eV.

r (eV)

107.7
106.0
105.3
103.1
102.0
101.0
99.5
98.4

Ba II electron
configuration

[Kr]4d3/25s'Sp 6s7s
[Kr)4d3/35s'Sp 6s6p
[Kr]4d, /2 Ss'Sp 6s7s
[Kr]4d, /, 5s Sp 6s6p
[Kr]4d, /25s'5p 6s4f
[Kr]4d'3/35s'Sp 6s'
[Kr]4d', /25s'Sp 6s4f
[Kr]4d &/3 Ss 'Sp 6s '

Core
hole

4d-'
I (eV)

31.1
29.1

29.1

26.2
26.2
24.7
22.7

Ba II electron
configuration

[Kr]4d' 5s'Sp', /, 6s7s
[Kr]4d' Ss'Sp', /26s7s
[Kr]4d ' Ss'Sp', /36s6p
[Kr]4d ' Ss'Sp3, /36s6p

[Kr]4d ' 5s'5p', /36s'

Core
hole

37.9 [Kr)4d' Ss5p 6s' 5.2 [Kr]4d' Ss'5p 6s 6s

the mixing between the configurations [Xe]5d6s and
[Xe]4f6s6p for the La ground state is negligible. In-
creasing the nuclear charge by one unit, thus stimulating
a core hole, lowers the energies of the states with 4f 6s6p
valence configuration with respect to the energies of the
states with 5d 6s valence configuration. Configuration
mixing becomes important as is borne out by the results
obtained for the ground state of this Ce+-like ion. For
simplification only those states of the above valence
configurations most strongly admixed to the Ce+-like
ground state were taken into account in the subsequent
calculation of the La 4d ' multiplet. For comparison
the Ba 4d ' multiplet and the La 4d '5d6s multiplet,
i.e., without configuration mixing, have also been calcu-
lated. The results are displayed in Fig. 2. In order to
limit the numbers of lines, only the states with the

highest J values (J=4,5) are given for the La 4d ' mul-
tiplets.

The experimental results for atomic Ba and La and for
La metal are included in Fig. 2. The Ba 4d ionization
energies and the spin-orbit splittings are well reproduced
by the calculation [Fig. 2, (a) and (b)]. The calculated La
4d '5d6s multiplet fails to describe the experimental
4d ' spectrum of atomic La, but is very close to the
4d ' spectrum observed for La metal. In agreement
with the calculations, the spectrum of La metal shows
two prominent lines separated by 2.8 eV. Extra-atomic
screening is responsible for the atom-to-metal shift of the
4d binding energy by about 9 eV. ' These findings are
consistent with the well-known stabilization of the Sd
level in the solid rare earths. Taking final-state
configuration interaction into account, there is reasonable

TABLE II. Ionization energies of atomic La, [Xe]5d6s ', [Xe]5d'6s and Ce, [Xe]4f5d6s ',
[Xe]4fSd 6s The (5d, 6s. )

' energy from optical data (Ref. 27) has been used for calibration. The un-

certainties are approximately +0.3 eV. Only the strongest line structures in the photoelectron spectra
(Fig. 1) are listed here.

I (eV)

115.7
113.2
110.3

44.4
42.4

La II r (eV)

122.0
119.3
116.8

45.6
43.9
42.2

Ce II Core hole

29. 1

26.6
24.8

10.5

6.0

[Xe]4f6p

[Xe]Sd '
[Xe]Sd6s
[Xe]6s'

29.8
27.2
25.5

19.3
16.9
1 1.7
10.0
8.7

6.2

[Xe](Sd, 6s )'7s
[Xe](Sd,6s )'6p
[Xe]5d6s '('D )

[Xe]Sd'6s('F )

[Xe]4f5d6p

[Xe]4f'6p

[Xe]4f5d'
[Xe]4f5d 6s
[Xe)4f6s '

(5d, 6s )
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agreement between the calculated [Fig. 2(f)] and the ex-
perimental atomic spectrum [Fig. 2(e)] with respect to the
energies, the energy spread, and the fourfold structure.

In all photoelectron spectra of Fig. 1 a background can
be observed. The background indicated by the broken
line has been subtracted for the determination of the par-
tial photoionization cross sections. Recent ion yield spec-
tra ' show that the 4d '(4, e )f excitations of Ba, La,
and Ce mainly result in triply charged ions. Hence elec-
trons emitted in the last steps of the multistep autoioniza-
tion and Auger decay constitute part of the background.
There is also N4 &

double Auger emission buried in the
background, since after background correction the 4d
intensity is systematically higher than the total intensity
of the clearly perceptible N45023023, N4, 0, V, N45023 V,
and N450z3N67 Auger lines. V stands here for "valence
electron, " e.g. , 045 or P, . For Ce also the N45N67 V
Auger lines, which span a large energy range, contribute
to the background.

Gp
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B. Partial and total photoionization cross sections
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FIG. 2. Ba and La 4d ' energy levels calculated by
multiconfiguration Dirac-Fock method (Ref. 61) (b, d, and f )

For comparison experimental results for atomic Ba and La and
solid La (Ref. 62) are included (a, c, and e ).

The sum of all partial photoionization cross sections
(4d ', 5s ', 5p ', and 6s '

) is given by the open circles
in the upper part of Fig. 3. The partial cross sections are
obtained from the main line and the satellite lines. The
absorption spectrum has been normalized to the experi-
mental total photoionization cross section at the low en-
ergy end and at the maximum at h v=110 eV. The nor-
malization at the low-energy end eliminates the uncer-
tainties due to the considerable errors involved in posi-
tioning the absorption spectra relative to the origin of the
abscissa. The absorption spectrum in Fig. 3 is in good
agreement with a recent total ion yield spectrum. This
corroborates our normalization procedure. Our total
photoionization cross section closely follows the absorp-

I NO 0! ~ ~ ~O s~0, losel a,+ R a

90.0 100.0 1 ]0.0 120.0 130.0 140.0

Phot. on viiergy (ev)

FIG. 3. Top: Experimental photoabsorption cross section
(+) (Ref. 55) and theoretical photoionization cross sections
( ) LDRPA (Ref. 49), and TDLDA [ ———(Ref. 48) and

(Ref. 70)] of atomic Ba. The sum of the partial cross
sections is given by the open circles. The arrows mark the posi-
tion of the 4d ' ionization limits determined from the main
photoelectron lines. Center: Ba 4d ' partial cross section
determined from the photoelectron lines (G ) and the Auger
lines ( ~ ) together with an Auger CFS spectrum (+). The re-
sults of LDRPA ( ) (Ref. 49), HFR (. ) (Ref. 38), and
RPAE [ ———(Ref. 51) and ——— (Ref. 47)] calculations
are included. Bottom: Experimental 5s '

( ), Sp
[O, +(CIS)], and 6s '

( ~ ) partial cross sections of atomic Ba.
The corresponding theoretical partial cross sections LDRPA
( ) (Ref. 49), TDLDA (

———) (Ref. 48), and RPAE
( —~ —~ —.) (Ref. 45) are given for comparison.

tion over the whole energy range. This demonstrates that
the summation of the 4d ', 5s ', 5p ', and 6s ' partial
cross sections includes all important channels contribut-
ing to the 4d '(4, e)f resonance. The experimental par-
tial cross sections are presented in the center and the bot-
tom part of Fig. 3. The 4d ' partial cross section has
been determined directly by the detection of the corre-
sponding photoelectrons and indirectly by the detection
of the N45 Auger electrons emitted upon the decay of the
4d ' hole states. The indirect Auger cross section has
been normalized to the direct photoelectron cross section
in the photon energy range between 115 and 135 eV. The
CFS spectrum represents the energy dependence of the
N4 5 Auger intensity.
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Only relative cross sections could be determined in our
experiments. The absolute cross sections in Fig. 3 refer
to the theoretical spectra. In order to facilitate compar-
ison the experimental spectra have been normalized to
the theoretical spectra by multiplying by the factor which
gives the best agreement for the total photoionization
cross section and the 4d ' partial photoionization cross
section. In the range of overlap the results reported by
Becker, Bizau et al. , and Bizau agree with our data
presented in Fig. 3.

The oscillator strength of the Ba 4d giant resonance is
concentrated above the 4d ' ionization limits deter-
mined from the 4d ' photoelectron main lines. The ar-
rows in the upper part of Fig. 3 indicate the energy posi-
tions of these ionization limits. The 4d ' photoioniza-
tion clearly dominates the resonance. Therefore the Ba
4d resonance can be interpreted as a 4d 'ef atomic
shape resonance similar to that of Xe and Cs (see Refs.
16, 21, and 31-40).

The partial Ss ', Sp ', and 6s ' photoionization
cross sections are resonantly enhanced in the range of the
shape resonance. From Fig. 3 it is very clear that the
Ss ', Sp ', and 6s ' partial cross sections peak at pho-
ton energies well below the energy of the maximum of the
total and partial 4d ' photoionization cross section.

Except for the structures in the energy range between
105 and 120 eV LDRPA (Ref. 49) and TDLDA (Refs. 48
and 70) calculations describe the experimental total pho-
toionization spectrum very well. The structures can be
ascribed to two electron excitation processes, where in
addition to the 4d electron an outer 6s or Sp electron is
excited. Especially, processes involving the promotion of
Sp electrons into the Sd shell are expected to substantially
contribute to the peak located between 115 and 120 eV.
Configuration interactions in the ground state e.g.

6 2 4 2 2
~ g. ~

Sp 6s -Sp Sd 6s, and in the final state can be envisaged
to be the main mechanism. A corresponding peak has
been observed in the spectra of Ba+ and Ba + (Ref. 71)
and the Ba halides (Ref. 72). The experimental 4d
cross section is best reproduced by the LDRPA calcula-
tions. The RPAE results ' are closer to the experi-49 51,47

mental spectrum at threshold but markedly overshoot it
in the maximum. The LDRPA (Ref. 49) and the
TDLDA (Ref. 48) calculations are in reasonable agree-
ment with the experimental Sp

' partial cross section.
In contrast to this, the calculations by far overestimate—

1 —
1the Ss and 6s cross sections. Similar discrepancies

have been found for Xe and Cs. ' ' ' The calculations
do not include two-electron channels that lead to correla-
tion satellites in the experimental spectrum. ' In anal-
ogy to Xe we expect final-state configuration interaction
between the 5&Sp 6z and 5& Sp Sd6z configurations to
transfer a considerable fraction of the Ss ' electron oscil-
lator strength to the two-electron satellites. Also
ground-state configuration interaction between the
5& Sp 6s and Ss Sp Sd 6z is likely to contribute to the
satellite intensity. In the experimental Ss ' partial cross
section part of this satellite intensity is missing because
only the strongest satellites could be disentangled from
the background and the Auger lines superimposed.

Figure 4 displays a series of photoelectron spectra tak-

h v = 887eV

hv = 94.

h v = 99.2eV

80.0 60.0 40.0 20.0 0.0

Ionization energy (ev)

FIG. 4. Photoelectron spectra of atomic Ba taken at photon
energies in the range of the fine structure below the giant reso-
nance.

en at photon energies below the giant resonance (see Fig.
3). For the low-energy spectra, weak satellite lines are to
be seen above the Sp

' and the Ss ' photoelectron lines.
Tuning the photon energy to the multiline absorption
band centered at 94 eV, the electron emission is strongly
enhanced in the ionization energy range from 40 to 50
eV. The absorption band has been ascribed to
4d '4f (3D, ) and 4d '6p excitations. ' ' " ' Res-
onant N4~023023 Auger decay of these excited states
gives rise to the additional electron emission. The reso-
nant Auger decay leads to similar Sp final state
configurations as the Ss ' satellite emission. In the spec-
trum taken at 99.2 eV, i.e., above the 4d ' ionization
limit, the normal N45023023 Auger emission emerges be-
tween 50 and 60 eV on the ionization energy scale. This
corresponds to kinetic energies of the Auger electrons be-
tween 40 and 50 eV. Due to the screening by the bound
excited electron, the kinetic energy of the electrons emit-
ted upon the resonant Auger decay is approximately 5 eV
higher. Tuning the photon energy through the
(4d 4f ( D, ), 4d 6p ) resonance causes a dramatic

—1 3 —1

change of the Sp3/2 to Sp1/z branching ratio. Similar
effects have been observed and discussed for atomic Xe

21,77 —79and Cs. ' The enhancement of the satellite intensity
and the change of the Sp3/2 to Sp, /2 branching ratio has
also been observed by Bizau.
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2. La

For atomic La, the absorption spectrum, the 4d
5s ', Sp ', and (Sd, 6s )

' partial cross sections and the
sum of these partial cross sections are displayed in Fig. 5.
The normalization between the experimental absorption
spectrum, the photoionization data, and the theoretical
cross sections has been performed in the same way as de-
scribed for atomic Ba. The arrows in the upper part of
Fig. 5 mark the position of the ionization limits derived
from the main photoelectron lines. The total photoion-
ization cross section and the 4d ' partial cross section
peak above these limits. Compared to Ba the maxima
have moved closer to the limits. The 4d ' partial cross
section dominates the giant resonance. As for Ba the
4d ' cross section has been determined from the

64.0

48.0

32.0

16.0

0.0

. 48.0

36.0

. 24.0

12.0

0.0

12.0

strength of the 4d ' photoelectron lines and the strength
of the N45023023 Auger lines. The photon energy depen-
dence of the %450&3023 intensity is given by the CFS
spectrum. The Auger spectra have been normalized to
the photoelectron data in the region of overlap. The
5p ', 5s ', and (Sd, 6s) ' partial cross sections are res-
onantly enhanced in the range of the giant resonance.
These outer-shell partial cross sections peak at photon
energies below the peak energy of the total and 4d ' par-
tial cross section. The cross sections indicate that the in-
terchannel coupling is stronger than in the case of Ba.
The close similarity to the Ba spectra is a clear evidence
that the character of the resonance has been conserved
when going from Ba to La. The total photoionization
cross section and the 4d ' partial cross section are very
well described by the LDRPA calculations. The results
of the pioneering HS calculations' for the total cross sec-
tion and those of RTDLDA (Ref. 80) for the 4d ' partial
cross section differ considerably from the experimental
curves. In contrast to the case of a Ba both calcula-
tions ' underestimate the Sp ', Ss ', and (Sd, 6s)
partial cross sections, respectively. Peak position and
shape of the experimental spectra are much closer to the
LDRPA spectra than to the RTDLDA (Ref. 80) spec-
tra.

The spectra in Fig. 5 do not display prominent struc-
tures which could be ascribed in two electron excitation
processes. Still there is a clue that two electron excita-
tions contribute to the absorption. Figure 6 shows the
partial cross sections for the two low-energy photoelec-
tron lines (see Fig. l) tentatively assigned to LaIt final
states [Xe](516s) and [Xe]4f6p. There is a coupling to
the giant resonances for both lines but their cross sections
peak at different energies. In order to determine the reso-
nance energies, the experimental points have been ap-
proximated by a superposition of Fano-type pro-

s 30, 81 —87

5p —1 9.0

6.0

100.0 110.0 120.0 130.0 140.0 150.0

3.0

0.0
JB (5d, 6s) ' "a

~ ~

La II:[Xe]4f6p

1.0
0.8
0.6
0.4

Phot. on energy (eV)

FIG. 5. Top: Experimental photoabsorption cross section
( . ) and theoretical photoionization cross sections LDRPA
( ) (Ref. 49), HS ( ———.) (Ref. 10) of atomic La in com-
parison to the sum of the partial photoionization cross sections
( o ). The arrows mark the position of the 4d ' ionization
thresholds determined from the main photoelectron lines.
Center: La 4d ' partial cross section determined from the pho-
toelectron lines (o ) and the Auger lines (~ ) together with an
Auger CFS spectrum (+). The results of LDRPA ( ) (Ref.
49) and RTDLDA ( ———) (Ref. 80) calculations are included.
Bottom: Experimental 5s '

( ), 5p ' [0+(CIS)], and
(5d6s) '

(~ ) partial cross sections of atomic La. The corre-
sponding theoretical cross sections LDRPA ( ) (Ref. 49)
and RTDLDA ( ———

) (Ref. 80) are given for comparison.

LaII: [Xe](5d,6s)~

0.2
0.0
0.6
0.4

I

100.0 110.0 120.0 130.0 140.0 150.0
0.0

Phot. on energy (eV)

FIG. 6. Partial (Sd6s) ' photoionization cross sections of
atomic La. Bottom: main photoelectron line La II, [Xe](5d6s ) .
Top: satellite line La tt, [Xe]4f6p. The dotted lines represent
an approximation to the data points by a superposition of
Fano-type profiles.
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OP(h V)=Oh I + g O., P „

hv —hv„
qa, n +

n

hv —hv„
I „/2

'2

2

s U rn

a bsorp t. i on

64.0

48.0

32.0

P denotes the photoionization channel. The sum extends
over all resonances n characterized by a resonance energy
h v, and a halfwidth I „. The asymmetry parameters qp „
and the interacting cross section cr, z„depend on the
photoionization channel and the resonance. The nonin-
teracting background is given by o.

b ~. Note that in the
case of many interacting continua and resonances this pa-
rametrization represents a considerable simplification and
therefore can only be considered as an empirical method
to describe the spectra. The curves obtained by the
fitting procedure are included in Fig. 6. The parameters
are listed in Table III. Here we are mostly interested in
the fact that for the La II channel [Xe](5d6s) the dom-
inant resonance lies at 117.3 eV, i.e., close to the peak po-
sition of the total and 4d ', 5p ', and Ss partial cross
sections, whereas for the La II channel [Xe]4f6p the
strongest resonance is located at 121 eV. A possible ex-
planation could be that multiple electron excitations in-
volving the transfer of valence electrons into the 4f orbit-
al are responsible for the resonance. Both spectra in Fig.
5 indicate the existence of another resonance at 124 eV.
The existence of this resonance is corroborated by the
weak shoulder at =—130 eV in the absorption spectrum
and the 4d ' partial cross section. This resonance is a
further candidate for multielectron excitation.

3. Ce

The absorption spectrum of atomic Ce (Ref. 54) and
the sum of the 4d ', Ss ', 5p ', 4f ', and (5d, 6s)
partial cross sections are given in the upper part of Fig. 7.
As for Ba and La the absorption has been normalized to
the sum of the partial cross sections. The 4d ' spectra
have been determined in the same way as for Ba and La.
The relative experimental spectra have been put on an ab-
solute scale by normalizing the experimental 4d ' partial
cross section to the 4d ' cross section calculated within
the RTDLDA. In order to correct for discrepancies be-
tween theory and experiment in respect to energy posi-
tions and relative strength of the partial cross sections we
(i) shifted all theoretical cross sections except the 4f
partial cross section by 4.7 eV towards higher energies,
(ii) multiplied the theoretical 4f ', 5s ', 5p ', and
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48.0

24.0

12.0

0.0

5p
—1

16.0

12.0

8.0

4.0

100.0 110 0 120.0 130.0 140.0 150.0 160.0
00

(5d, 6s )
' partial cross sections by a factor of 2.

These operations result in good agreement between the
RTDLDA spectra and the experimental spectra. The
TDLDA calculations describe the 4f ' and 5s ' par-

Phot. on energy (eU)

FIG. 7. Top: Experimental photoabsorption cross section
( ~ ) and the sum of the partial photoionization cross sec-
tions (0 ) of atomic Ce. The arrows mark the position of the
4d ' ionization limits determined from the main photoelectron
lines. Center: Ce 4d ' partial cross section determined from
the photoelectron lines (0) and the Auger lines (~ ) together
with an Auger CPS spectrum (+) and 4f ' partial cross section
( ). The results of RTDLDA ( ) (Ref. 80) and TDLDA
( ———) (Ref. 48) calculation are included. Bottom: Experi-
mental Ss '

( ), Sp
' [0,+(CIS)], and (Sd6s) '

( ~ ) partial
cross sections of atomic Ce. The corresponding theoretical
cross sections RTDLDA ( ) (Ref. 80) and TDLDA
( ———

) (Ref. 48) are given for comparison. Except the 4d
partial cross section, all theoretical cross sections have been
multiplied by a factor of 2 and with the exception of the 4f
partial cross section all have been shifted towards higher photon
energies by 4.7 eV.

TABLE III. Parameters determined by approximating the La spectra in Fig. 6 by a superposition of
Fano profiles according to Eq. (1) with 0 b p =0.

h v„(eV)
La Ir [Xe](Sd,6s)'

q o, q (Mb)
La II [Xe]4f6p

q cr, q (Mb)

101.6
117.3
121.0
124

1.0
4.4
3.6

12

—2.9
0.22
0.87

0.27

—1.7

0.21

0.57
0.42
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tial cross sections reasonably well, whereas for the 4d
and 5p

' cross sections theory still deviates from the ex-
perimental results. Along the series Ba, La, and Ce the
outer shell partial cross sections systematically increase.
For La and Ce the calculations underestimate the cou-
pling between the 4d '(4, e)f excitations and the outer-
shell ionizations. From Fig. 7 one can deduce an approx-
imate value of 4 for the ratio between the 4d ' cross sec-
tion and the 4f ' cross section. The TDLDA calcula-
tions predicted a value of 8 for the same ratio. Earlier
measurements indicated an even greater discrepancy be-
tween theory and experiment, but this was due to a too
low 4d cross section. The outer-shell ionization is
mainly concentrated close to the 4d ionization thresholds
whereas the 4d ionization prevails towards higher en-
ergies. Total ionization and 4d ' cross section display
the profile characteristics for shape resonances. The
5p ' CIS spectrum shows structure not only below the
resonance, but also on the high-energy slope. A fit ac-
cording to Eq. (1) yields resonance positions at 120.1,
122.3, 123.8, 126.5, and 130 eV. Excited state multiplet
splitting ' and multiple electron excitations are possible
explanations. Close to the ionization thresholds we ex-
pect 4d' 4f ~4d 4f -type transitions to contribute.
This expectation is based on the strong resonant enhance-
ment of the 4f ' photoelectron lines in this energy
range. The partial cross sections of the 4f ' photoelec-
tron lines listed in Table II are given in Fig. 8. The up-
permost curve represents the cross section of the two
lines assigned to Ce II final states [Xe](5d,6s) 6p, 7s.
The bottom curve has been obtained by summing all lines
ascribed to Cell final states [Xe]4f(5d, 6s) (see Table
II). The data have been approximated by a superposition
of Fano-type profiles [Eq. (1)]. The parameters are sum-
marized in Table IV. The low-energy resonances
(hv=106 eV; 110.1 eV) coincide with strong absorption
lines of atomic Ce. ' ' The resonances at 120.1 and
122.3 eV have their counterpart in a marked shoulder in
the absorption spectrum, which spans the energy range
from 120 to 124 eV. The latter resonances preferentially
decay into the 4f~el continuum. The asymmetric
profiles are readily explained by the interference of
4d —+4f-type excitations with the 4f~el ionization con-
tinuum. Thus our photoelectron spectra corroborate the

I 1 I
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~ ~ 0.0
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. 6.0
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1.0

~SENT I .g.y
~ '0".~0'
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.. . ..I... . ~
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FIG. 8. Ce (5d6s ) partial photoionization cross section
(bottom) and different 4f ' partial cross sections. The dotted
lines represent the approximation of the data points by a super-
position of Fano-type profiles.

assignment of these resonances to 4d' 4f~4d 4f tran-
sitions. ' The asymmetric resonance profile of the line
assigned to the Ce II final state [Xe]4f5d6p clearly favors
an interpretation in terms of an 4d ~4f excitation, au-
toionizing into the 4f~el continuum. This casts doubts
on our tentative assignment, which is based on the tabu-
lated atomic energy levels. If we do not want to discard
the assignment, we could invoke initial or final state

TABLE IV. Parameters determined by approximating the Ce spectra in Fig. 8 by a superposition of Fano profiles according to Eq.
(1) with o.

b P=O.

hv„
(eV)

r„
(eV)

[Xe]4f(5d, 6s )
2oaq

(Mb)

[Xe]4f5d6p
2Oaq

(Mb)

Ce II states
[Xe]5d 6s

2oaq
(Mb)

[Xe]5d6s '
2oaq

(Mb)

[Xe](5d,6s ) (6p, 7s )
2o.,q

(Mb)

1

2
3
4
5
6
7

106.0
110.1
120.1

122.3
123.8
126.5
130

2.0
2.0
3.3
3.3
3.3
3.3
8

—1.5
—2.2

0.03
0.09
0.27
0.36
0.66
0.21
0.33

3.8

0.21
0.30
3.03

0.45

3.6
2.4

0.03
0.05
0.72
0.24

0.15

5.0
2.2

0.21
0.24
4.65
2.31

0.90

2.8
0.7

0.18
0.78
0.60
0.12
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configuration interactions which result in a rearrange-
ment of the valence electrons and an occupied 4f orbital
in the ionic final state. Similar processes have been dis-
cussed above for atomic La. An essential result of the
photoelectron spectroscopy is the change of the character
of the excitations contributing to the giant resonance
from 4d 4f ty-pe of threshold to 4d ef -ionization at
higher photon energies. It is interesting to note that the
partial cross sections for solid Ce (Ref. 6) are very similar
to those of atomic Ce.
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