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The 4d — f transitions in Xe and Ba and the 4p —d transition in Kr are analyzed in terms of the
effective wave functions and effective local potentials in an energy region where the response of the
system is highly resonant and shows collective behavior. The effective potentials are obtained in the
random-phase approximation with exchange, and the importance of relaxation is investigated. It is
found that the energy dependence of the effective potential is necessary to describe the excitation
spectrum reasonably well. The effects of external screening by adding and removing electrons
(Ba!—-Ba’*) are analyzed and the applicability of the atomiclike model for the 4d — f transitions in

metallic Ba is discussed.

I. INTRODUCTION

The calculation of accurate photoionization cross sec-
tions for atoms provides a good test of our understanding
of atomic structure and dynamics. The effective transi-
tion amplitude for photoionization, accounting for the im-
portant many-body effects (polarization, core relaxation),
can be obtained through an effective wave function for
the excited state, as shown in the two previous papers'? in
this series (hereafter referred to as I and II). From this ef-
fective wave function one can construct a corresponding
local potential which makes it straightforward to under-
stand the dynamics of the one-electron excitation process-
es.

Photoionization of Xe and surrounding elements
(Z =46—70) in the region of the 4d —f excitations has
been extensively studied during the last twenty years (see,
e.g., Refs. 3—10 and references therein). The 4d excita-
tion spectra of the elements from, say, Xe to Sm are
characterized by a giant dipole resonance structure!°—!#
which peaks in the region above the 4d ionization thresh-
old and shows very weak absorption lines in the discrete
energy region. There have been a number of calculations
employing different approaches and approximations. The
existence of a shape resonance in Xe was already shown
by Cooper!® using a Hartree-Fock potential and by Man-
son and Cooper'® using a Herman-Skillman potential.
Subsequently, RPAE (random-phase approximation with
exchange) calculations were very successful in describing
the observed spectra in the 4d absorption region of
Xe,17-19 showing that the collective response of the 4d
shell governs the excitation. Furthermore, with inclusion
of core relaxation effects, the RPAE calculations repro-
duced the general features of the 4d photoionization spec-
tra of Ba and La.!»~2 Recently some other ap-
proaches, such as the time-dependent local-density ap-
proximation??> (TDLDA) and the local-density-based
random-phase approximation!®2¢ (LDRPA) also have
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shown to be very successful in calculations of the pho-
toionization cross section in the 4d energy region of Xe
and Ba (see I and II for further discussion).

The distribution of oscillator strength in the 4d absorp-
tion region of the elements mentioned above, can be quali-
tatively understood in terms of the effective local poten-
tial for the excited f states. Generally speaking, the po-
tential for the excited state, has a two-well struc-
ture.!%1%27-33 For instance, in atomic Xe with a 4d hole,
at low kinetic energies the f electrons are kept away from
the inner well by positive potential barrier, giving a very
small overlap with the 4d wave function. At higher ki-
netic energies, the f orbital penetrates into the inner re-
gion of the potential increasing the overlap with the core
wave function. This leads to an increase in oscillator
strength (delayed onset*) and to a resonance structure in
the cross section.

The shape of the one-electron potential is of critical
importance for the behavior of the photoionization cross
section. The original calculations'®!® were based on
Hartree-Fock  average-of-configuration  (HF,,) or
Hartree-Fock-Slater (Herman-Skillman) potentials, which
represent ground-state potentials."> Wendin and
Starace?’ derived potentials for excited states (4d —4f,5f
in Ba and La) in the LS-dependent Hartree-Fock picture
(HFLS), and showed the connection between the HF,, and
the HF 'P potentials and wave functions in terms of the
response to electron-hole excitations. Crljen and Wendin
subsequently extended this work by treating the excita-
tions within the RPAE, by considering continuum excita-
tions, and by investigating other systems and transitions
(preliminary results were reported in Ref. 34). Among
other things, it was found that in the HFLS and RPAE
schemes, the effective one-electron potential may show an
important energy dependence in the resonance region.
The depth of the inner well as well as the height of the
barrier can be subject to changes, leading to changes in the
overlap and consequently in the transition amplitude.
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Wendin et al.?”»* only considered the frozen-core ap-

proximation. However, relaxation effects were known to
be very important for Ba and La (Refs. 12, 13, 20—23)
(and for the first part of the lanthanide series), and effects
of statically relaxed ion cores were incorporated within
the HF 'P and RPAE schemes in subsequent work.!*
Also, Griffin and Pindzola’' have studied the energy
dependence of the effective f potential for 4d —e¢f HF 'P
transitions in Ba (and 4d —4f HF 'P transitions in Sb3*
and Xe®T) with inclusion of relaxation effects. As a re-
sult of core relaxation, the inner-well region of the effec-
tive potential is shifted upwards"3! (less attractive poten-
tial), resulting in a strongly enhanced ‘“‘collective” barrier
and a delayed onset of the photoionization cross section.
A general discussion of the effective excitation potential
in various approaches and approximations has been given
in papers I and II (Refs. 1 and 2).

In this paper we first recapitulate the basic formulas for
calculating the effective wave function and the effective
potential for the excited state in HF and RPAE approxi-
mations.

We then present the analysis of the electronic excitation
potential in the 4p—d excitation process in Kr, showing
an energy dependence of the potential over a wide energy
range in the HF,, HF 'P and RPAE approximations.
The energy dependence is of particular importance for
comparison with the semiempirical three-parameter
energy-independent potential of Miller et al.’*% We
demonstrate that a degree of energy dependence is neces-
sary in order to give a good description of the photoioni-
zation cross section.

We also analyze the 4d — f excitations in Xe and com-
pare the RPAE effective potential with the effective po-
tential from an LDRPA type of approach.

Finally, we focus attention on 4d — f excitations in Ba
in different stages of ionization. We show that with in-
creasing ionicity (in going from Ba to Ba'*™ and Ba’"),
the inner well of the effective potential for the f electron
(calculated within the RPAE with a relaxed 4d hole) is al-
most rigidly moving down while retaining its shape. The
effect on the photoionization cross section is that the
overall width of the spectral distribution does not change,
although the ionization threshold moves to higher ener-
gies. We shall also comment on the applicability of the
atomiclike model for the 4d — f excitation in metallic Ba.

1I. EFFECTIVE WAVE FUNCTIONS
AND CORRESPONDING EFFECTIVE
LOCAL POTENTIALS

We base our calculation of the effective wave functions
and the corresponding local potentials on a diagrammatic
and response function analysis of the atomic polarizability
as presented in I and II. A zeroth-order approximation is
defined in terms of single-particle-hole excitations in a
frozen environment, and we let the perturbation expansion
account explicitly for polarization and core-relaxation ef-
fects. The definition of the zeroth-order approximation
leads us to use Hartree-Fock wave functions for occupied
(hole) states and to calculate the excited (particle) states
using the HF V" ~! potential.3® There are typically two

cases of the HF ¥~ —! potential, namely, the HF,, V" ~!
(configuration average potential) and the HFLS (LS-
dependent HF) V¥ ~! potential. The wave functions in
the HF,, V" ~! potential and the HFLS V" ~! potential
are obtained from the Hartree-Fock equations of the
form!?

2
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using the appropriate coefficients in the exchange X;(r)
term.!>3® In Eq. (2.1), Vy(r) is the Hartree electrostatic
potential from the electronic charge distribution; r is ex-
pressed in atomic units and energies and potentials in ryd-
bergs. The wave functions obey the usual normalization
conditions for atomic orbitals, discrete and continuum,
respectively,

wa wlrydr=1,
fow ul(r)dr==8(e—¢') .

(2.2a)
(2.2b)

A local potential giving the wave function in Eq. (2.1)
can be obtained easily by the relation!?"3

X,'(r)
u;(r) ’

Vitn=—2& 4 vyt - 2.3)
since the quantities Vy(r) and X;(r) are available directly
in a HF program. With the help of Eq. (2.3) we can
analyze the contribution of the exchange term to the local
potential. The effective wave function utf(r) for an excit-
ed state in a single-channel excitation process, including
many-body effects within the RPAE as well as relaxation
effects are calculated as described in II, Sec. IV [Eq.
(4.19)]. The effective wave functions are available in nu-
merical form. We find the corresponding effective local
potential by using the relations! %4

wE(r) ] /uf”(r) , (2.4)

2

off d
Vit(r)= F+6i

Vel =v,r+ D (2.5)
r
These relations are also used to obtain the effective poten-
tial in the LDRPA. The potential V;(r) is singular at the
nodes of the wave function. The singularity is charac-
teristic of a particular wave function and energy.

As discussed in II, representation of the RPAE in terms
of an effective one-electron wave function and potential
introduces an operator dependence: The dipole-length and
dipole-velocity formulations will lead to different effective
wave functions and potentials because ground-state
(initial-state) correlations enter in different ways (opposite
sign). In this paper we shall only present RPAE results
based on the dipole-length formulation (RPAE-L).

III. APPLICATION TO EXCITATIONS
IN Kr, Xe, AND Ba

We shall discuss the results of numerical calculations of
the 4d — f ionization of atomic Ba and Xe and the 4p —d
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ionization of atomic Kr at different levels of approxima-
tion. The starting point will be the frozen core HF V'V !
average-of-configuration potential (HF,,) (Ref. 38) which
describes the electron-hole excitation as decoupled from
the rest of the system. Subsequently, a coupling of the
electron-hole excitation to a 'P angular momentum state
will be considered. The result can be obtained from an
HF !'P calculation or equivalently from the Tamm-
Dancoff approximation with exchange (TDAE) many-
body scheme.!* Inclusion of Fermi-sea correlation leads
to the well-known RPAE scheme which has been very
successful in describing the gross distribution of the oscil-
lator strength in strongly interacting regimes. Neverthe-
less, in many cases relaxation effects are important or at
least significant. The effect of relaxation is two-
fold:11>1320 It Jowers the ionization threshold and
broadens the ionization cross section. Here we only take
into account static monopole relaxation by using a relaxed
ionic potential for excited states. We have used the ASCF
method*""#? (change in self-consistent field Hartree-Fock
and Dirac-Fock) to obtain relaxed hole energies.

We shall also present results (effective one-elec-
tron wave functions and potentials) obtained using a
local-density ~ based random-phase  approximation
(LDRPA).!%2®  In comparison with the RPAE, the
LDRPA provides a very simple method for obtaining
quite accurate photionization cross sections of atomic sub-
shells including intershell coupling.

A. Kr

We have analyzed 4p—d excitations in atomic Kr, a
case which has been studied by many workers.*1617:37:43,44
Figure 1 shows photoabsorption cross sections obtained in
different approaches and approximations. It is clear that
these excitations involve many-electron polarization ef-
fects, since one-electron schemes such as Xa, LDA and
HF,, fail to describe the overall shape of the cross section,
placing the bulk of the oscillator strength at too low ener-
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FIG. 1. Kr 4p photoionization cross sections; ( - - - ) experi-
mental measurement of Marr and West (Ref. 45); (——)
RPAE result, frozen 4p hole; (— — —) RPAE result with re-
laxed 4p hole; (----) HF 'P (length) and (- - - - -) HF,, result with
frozen 4p hole; (---) pseudopotential analysis of Miller er al.

(Ref. 37) (average length-velocity dipole operator).

gies. With inclusion of the dipole polarizability of the 4p
subshell through the HF !P potential, the oscillator
strength is shifted to higher energies. Adding Fermi-sea
correlations, which leads to the RPAE, causes redistribu-
tion of the oscillator strength and provides very good
agreement with experimental results. The effective local
potentials for continuum d levels in different approaches
and approximations, are plotted in Fig. 2 (continuum en-
ergy €=0.1 Ry). As seen in the figure, the weakly attrac-
tive potential in the HF,, scheme becomes strongly repul-
sive in the HF 'P scheme. The narrowing of the inner
well, and the barrier in the effective potential are due to
the interaction of the electron-hole excitation with the
remaining electrons in the 4p subshell, i.e., it is a conse-
quence of induced many-electron polarization effects. To
emphasize this feature, the barrier was characterized as a
collective barrier.>* Such barriers also exist in 3p excita-
tion of Ar and 5p and 4d excitations in Xe, Ba, and La, to
mention only a few examples (see, e.g., Refs. 1, 27, 31, and
34).

A consequence of the collective (polarization) barrier in
the HF 'P potential at low kinetic energies, shown in Fig.
2, is to prevent the electron wave function from entering
into the inner region, which makes the oscillator strength
in HF 'P smaller in comparison with the oscillator
strength in HF,, at a given, low, kinetic energy (e=0.1
Ry). The barrier is even more pronounced when Fermi-
sea correlations are taken into account through the
RPAE, giving even smaller oscillator strength. These
considerations depend, of course, on the energy chosen.
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FIG. 2. Effective one-electron potential for Kr (4ped), ener-
gy of excited state €=0.1 Ry. In the barrier region of the effec-
tive potentials calculated in HF 'P and RPAE, there are singu-
larities at » ~0.77 a.u. (at the position of the nodes of effective
wave functions) which are not drawn. Minima of the potential
wells, at » =0.21 a.u. are —34.53 Ry, in HF,, approximation;
—34.40 Ry in HF 'P; —34.26 in RPAE, frozen 4p hole; —33.86
Ry in RPAE, relaxed 4p hole. The figure also shows the
energy-independent local parametrized potential of Miller et al.
(Ref. 37) which has a minimum of —44.28 Ry at » =0.205 a.u.
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In the HF,, approximation the effective potential is al-
most energy independent and at higher energy (e=1 Ry,
for example), the HF,, wave function enters deeply into
the inner region and, because of rapid oscillations, it pro-
duces a smaller overlap with the 4p wave function and
consequently smaller cross section than for lower energy
(at e=0.1 Ry). At an energy of 1 Ry, it produces a small-
er overlap with the 4p wave function than that produced
by the HF 'P and RPAE wave functions, which are kept
further out by the barrier.

As seen in Fig. 3, the barrier in the (RPAE-length) ef-
fective local potential decreases with increasing kinetic en-
ergy. The most rapid decrease of the barrier occurs for
kinetic energies in the range from threshold to just above
the cross section maximum, i.e., before the wave function
has fully penetrated the barrier. At sufficiently high ki-
netic energies, the RPAE collective (polarization) contri-
bution represents a small perturbation of the HF,, poten-
tial for independent electron excitations, and consequently
the oscillator strengths and cross sections become closely
similar. However, there are some important distinctions
to be made regarding the high-energy behavior of the
RPAE length and the HF !P one-electron potentials:*4®
In the HF 'P scheme the polarization contribution de-
creases only very slowly, connected with the reduced
electron-hole overlap and the decrease of the exchange in-
tegral. In the RPAE, however, the interference between
initial- and final-state effects leads to an explicit depen-
dence on the excitation (photon) energy (w~!). As a
consequence, the collective barrier decreases more rapidly
in the RPAE than in the HF 'P approach. This is an
essential feature of the RPAE which gives sum-rule con-
serving cross sections and good agreement with experi-
ment.

With this analysis we can understand the differences
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FIG. 3. Energy dependence of the (4p4d,ed) RPAE-length
local effective potential, frozen 4p hole, for atomic Kr. The
singularities at the position of the nodes of the wave functions
r ~0.77 a.u. are not drawn.
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between the photoionization cross sections in the HF,,,
HF !P and RPAE schemes at various kinetic energies, and
draw conclusions about the importance of collective ef-
fects (polarization; electron-hole ‘“‘exchange”). For in-
stance, we find that exchange effects are more important
at energies close to the ionization threshold and in the
discrete region than at higher energies. In particular, in
the threshold region, weakly penetrating orbitals and a
strongly delayed onset does not mean that exchange ef-
fects (collective effects) are weak. On the contrary, the
change in going from HF,, to HF 'P or RPAE may be
enormous. This means that the coupling schemes for
discrete levels must take into account exchange effects
within the HF P or RPAE even if the discrete spectrum
is very weak due to a delayed onset type of cross section (a
nice example being the 4d —nf excitations in Ba).

In Fig. 2 we have plotted the RPAE effective potential
obtained with the relaxed 4p hole [binding energy
| €45 | =0.98 Ry; HF binding energy for an unrelaxed 4p
hole |e4,| =1.05 Ry]. It is evident that the screening
charge is pulled into the inner region with respect to the
frozen RPAE potential, which raises the inner-well and
barrier regions of the entire potential relative to the vacu-
um (or the fixed bottom of the outer Coulomb well). The
consequence is that the RPAE with relaxation of the 4p
hole will broaden the ionization cross section in compar-
ison with the RPAE without relaxation effects. However,
the agreement with experiment is now worse. Inclusion of
correlation effects may change this. The 4p binding ener-
gy will be effectively pushed back up. The effect on the
potential has not been investigated but it should make the
potential more attractive. This would tend to compensate
the effect of relaxation.

In the light of the work of Miller et al.**%” on a
semiempirical three-parameter potential, the question of
the energy dependence of a potential is an interesting sub-
ject. The semiempirical energy independent potential®®3’
was determined to reproduce the average energy depen-
dence of the B parameter in the angle-resolved photoioni-
zation cross section for kinetic energies in the 0—6 Ry
range. It therefore represents an excited state potential,
different from the ground state potential used for calcula-
tion of the 4p orbital. As seen in Fig. 2 the potential
Miller et al.’’ obtained is close to a HF 'P potential for
low kinetic energy (€=0.1 Ry). On the ground that it
would lead to better fulfillment of the oscillator strength
sum rule they used the average of the dipole-length and
dipole-velocity operators in calculation of the photoab-
sorption cross section. As demonstrated in II, this will
give a cross section reasonably close to the RPAE cross
section, if combined with the HF 'P effective one-electron
wave function. The drastic lowering of the potential bar-
rier with increasing kinetic energy in the RPAE, as shown
in Fig. 3, explains why their photoabsorption cross section
is too high in the region 0.5—3 Ry above the threshold.
The high static barrier keeps the electron wave function
out, resulting in less cancellation in the 4p region. The
consequence is then that in this energy range a high static
barrier produces a larger cross section than a lower bar-
rier. A degree of energy dependence of the parametrized
potential is therefore necessary to obtain a cross section in
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better agreement with experiment. One could even get a
parametrized energy-dependent potential from the first
principle calculation, starting from the RPAE or HF P
approximation. However, to obtain an analytic form of
the effective potential one has to take care of the singular-
ities which are characteristic of specific energies giving
the right wave function and cross section.

B. Xe

The 4d —f excitations in atomic Xe has been studied
by many authors in different approaches and approxima-
tions.!”— 19244 Figure 4 shows partial 4d — f photoioni-
zation cross sections obtained in different approximations.
The HF,, approximation places the bulk of the oscillator
strength at too low energy. The HF !P approximation re-
sults in shifting the oscillator strength to higher energy in
comparison with the HF,, approximation. The reason for
that is a prominent collective barrier which appears in the
HF !P potential at » =1 a.u., as seen in Fig. 5(a) for a ki-
netic energy of 2 Ry of the f electron. In a many-body
language this barrier is a consequence of the strong polari-
zation induced by the electron-hole excitation in the 4d
subshell. In Fig. 5(a) is plotted the RPAE effective poten-
tial for the kinetic energy e=2 Ry, too. In order to
describe the changes in the effective potential over this
wide energy range (Fig. 4) we have to divide it into two re-
gions: the first region extends from threshold to the cross
section maximum, €, ~2 Ry, and the other region ex-
tends from €,, upwards. In the former region, going from
HF 'P to RPAE results in small changes in the barrier
(keeping almost the same area of the barrier) and conse-
quently small changes in the oscillator strength. In the re-
gion of energies higher than ¢,,, the oscillator strength is
smaller in the RPAE than in the HF 'P. This is because
the barrier (i.e., the area of the barrier, which actually
determines the behavior of the wave function) is lower in
the RPAE than in the HF !P, as seen in Fig. 6. The
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FIG. 4. 4d —¢f photoionization cross section for atomic Xe:

(
hole; (---) HF 'P and (----) HF,, on frozen 4d hole; ( - - - ) total
photoionization cross section, experimental result of Haensel
et al. (Ref. 47).
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FIG. 5. Effective one-electron local potential for atomic Xe
(4def), energy of excited f state e=2 Ry, at 0 ~ O ax.
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FIG. 6. Energy dependence of the effective local potential in
atomic Xe. (a) (4def) RPAE, frozen 4d hole; (b) (4def) HF 'P,
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(— — —)e=2Ry;(

Energy € of excited f state: (---

)e=3

) e=1 Ry;
Ry.



1576 ZELJKO CRLJEN AND GORAN WENDIN 35

RPAE wave function will be shifted more into the inner
region of the potential, and the overlap with the 4d
ground-state wave function will be smaller, producing a
smaller oscillator strength than the HF P wave function.

We have also calculated the photoionization spectra
with inclusion of relaxation effects. We have allowed the
Xe atom to screen the 4d core hole by spherical contrac-
tion (monopole relaxation), making the hole potential less
attractive. One can see from Fig. 5(a) that the effective
potential is less attractive in the RPAE with relaxation of
the 4d hole than in the RPAE without relaxation. In-
clusion of relaxation effects does not much change the
shape of the potential: it moves the whole inner part of
the potential upwards by about 1 Ry, so that the depth is
lowered and the barrier raised. As a consequence the f
electrons are prevented from penetrating into the deep
hole region until the energy is considerably increased. As
a result, the cross section is broadened and its maximum
pushed to higher kinetic energy in comparison with the
frozen-core RPAE result.

We have also carried out a single-shell (4d) RPA calcu-
lation based on an LDA basis set. The LDA potential is
similar to the HF,, potential in what concerns the general
shape in the core region. It exhibits a higher barrier than
the frozen HF,, potential, which is, in our opinion, due to
the presence of self-interaction which simulates relaxation
(see I). The effect is that outside of the inner-well region,
the LDRPA potential is strongly repulsive, more than the
RPAE one, as seen in Fig. 5(b).

In Fig. 6 we show the effective one-electron potentials
in the HF 'P and the RPAE with a frozen hole for a set
of energy values. We see that with increasing energy the
barrier decreases, while the bottom of the potential well
changes very slightly. The same conclusion is valid for
the effective potential in the RPAE with relaxation of the
4d hole, apart from the fact that the barrier is higher with
respect to the RPAE without relaxation. Examining the
LDRPA potentials, we have found the same behavior as
in the RPAE with relaxation which accounts for the simi-
lar shape of the cross section in these two schemes at
higher energies. [The similarity with the cross section ob-
tained in TDLDA (Refs. 24 and 25) indicates that the ef-
fective potential for excited states in TDLDA will show
the same energy dependence (see I).] Figure 6 shows that
while the HF 'P potential is monotonically decreasing in
the outer barrier region, apart from the singularities, there
is a bump in the RPAE potential in the barrier region at
about r =2.2 a.u. This coincides with the barrier that al-
ready exists in the HF,, potential. In the HF !'P and
RPAE potentials, a pronounced peak appears at r =1 a.u.,
i.e., at the position at which the HF,, potential has an at-
tractive potential well. These locations correspond rough-
ly to the positions of the maximum amplitude of the 4d
and 5p HF,, orbitals. In this way, the HF,, potential
shows that an excited f electron sees an attractive 4d hole
at r=1 a.u. and feels the repulsion of 5p electrons. On
the other hand, by inclusion of the polarization via the
HF !P approximation, an excited f electron will feel an
additional strongly repulsive interaction with the 4d sub-
shell, which is even more pronounced if Fermi-sea corre-
lations are included. Hence, the shell structure of Xe is

mirrored in the effective potential seen by f electrons,
through the competition between the electrostatic and the
centrifugal contributions. The same effect appears in the
effective potential calculated in the RPAE with the re-
laxed 4d hole and in the LDRPA effective potential.

C. Ba, Ba'*, Ba?t

The character of the f levels in Ba has attracted much
attention in recent years.?”,30:31:48-51 Basically, the effec-
tive potential for the f level in atomic Ba, as well as in
Xe, Cs, and La, shows a structured barrier at about
r=~1—4 a.u. and a shallow potential well of Coulombic
character —1/r in the outer region. In comparison with
Xe, the difference concerns essentially the fact that in Ba,
the inner-well—inner-barrier region has been lowered due
to the greater nuclear attraction. This will, however, have
interesting consequences concerning the localization of f
electrons. The wave function and the energy level of the
excited state depend on the excitation process, i.e., on the
shell from which an electron is promoted to the f level. It
is known>>3! that the 4f wave function, if excited from
the 3d shell in Cs, Ba, and La, will be localized in the
inner potential well. If excited from the 5d shell in
La,3>33 the 4f wave function will have a rather diffuse
character and will be sitting mainly in the outer shallow
potential well. However, the most interesting process is
the excitation from the 4d shell. This excitation process
will involve collective effects leading to a rather compli-
cated situation analyzed in a number of pa-
pers.!11220-2552 The 44 —4f oscillator strength, which
carried almost 80% of the oscillator strength in the HF,,
approximation, was shifted to the continuum in the HF 'P
and RPAE. Moreover, as was shown by Wendin,'>% in
order to describe satisfactorily the 4d—f partial pho-
toionization cross section of Ba, the effects of relaxation,
as well as the relativistic shift of the binding energy had
to be incorporated. In the RPAE with relaxation and rel-
ativistic effects, the oscillator strength distribution then
agrees quite well with experiment, as shown in Fig. 7.
Subsequently, Amusia et al.?! and Kelly et al.?* have
shown that the potential from a statically relaxed ion core
combined with the RPAE or MBPT gives good agreement
with the experimental photoionization cross section for
Ba.

In the following we shall present the general features of
the excited state potential for f electrons in atomic Ba and
ionized Ba (Ba!*,Ba’*). We shall also discuss the depen-
dence of the effective potential on various screening ef-
fects. Intra-atomic screening as well as extra-atomic
screening (metallic Ba) will be analyzed and their influ-
ence on the shape of the excitation cross section will be
demonstrated.

Let us begin by discussing the 4d — f excitation in neu-
tral atomic Ba. An analysis of the effective potential for
excited f states in the discrete energy region in the HF,,
and HF 'P approximations has been given by Wendin and
Starace.?’” They have shown how the strength of the elec-
trostatic interaction in the 'P channel makes the effective
potential seen by HF !P orbitals much narrower, with a
pronounced barrier at 7~ 1 a.u., in contrast to the effec-
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atomic screening of a 5d electron; (----- ) experimental results -9

according to Rabe et al. (Ref. 53). Hatched bars indicate 4d
ionization energies (metal, atom, frozen HF atom).

tive potential for HF,, orbitals. The effect on the photo-
absorption cross section is an upwards shift of the HF,,
‘11-d —4f oscillator strength into the continuum in the HF
P.

In the presence of a 4d hole, the 5d orbital becomes lo-
calized inside the 6s radius, leading to a strong ionic con-
figuration mixing in the 4d ionization process. Wen-
din!>** and Connerade et al.®® found the energy of the
4d°5d* configuration in Ba to be lower than the 4d°6s?
configuration. Physically this means that the creation of
a core hole may cause a drastic redistribution of the elec-
tronic charge, 6s2—5d 6s—5d?, in the outermost region
of the Ba atom, resulting in a prominent satellite structure
in XPS spectra.>® Figure 8 shows the changes of the ef-
fective potential for an f electron at the kinetic energy
€=0,1 Ry, calculated within the RPAE with a relaxed 4d
hole, in different ionic configurations. With increasing
number x of the 5d electrons, 6s2~*5d*, the inner well of
the potential is shifted upwards relative to the vacuum
zero. This is a consequence of the fact that the 5d orbital
in the presence of a 4d hole is more localized than the 6s
orbital, thus increasing the screening of the core hole.
The shape of the inner well (bottom of the well to the top
of the barrier) is almost rigid. Moreover, the energy of
the core level follows the bottom of the inner well in
response to variations in the electronic configuration, as
seen in Table I.

In metallic Ba the ground-state charge density within
the unit cell will relax in about the same way as the
charge distribution in the neutral atom. In addition to
this intra-atomic screening, there will also be the extra-
atomic screening by the 6s5d conduction electrons. The

ra.u)

FIG. 8. Effective one-electron local potential (4d°6s”5d*ef)
RPAE, with relaxed 4d hole, in Ba systems for kinetic energy of
the excited f state €é=0.1 Ry: Ba'~, with extra-atomic screen-
ing of the Sd electron, electronic configuration in outermost
shells y =2, x=1; Ba** denotes configuration with y =0,
x =2; Ba* denotes configuration with y =1, x =1, Ba denotes
y =2, x =0; Ba'* denotes ion with configuration with y =1,
x =0; Ba’* ion, configuration with y =0, x =0.

latter process will screen out the long-range part of the
core-hole potential neutralizing the hole by adding one
unit charge to the unit cell at the site of the core hole. As
already mentioned, in the presence of a 4d hole in atomic
Ba the 5d wave function is localized in the inner atomic
region, with a maximum at nearly the same place as the
5p wave function (at r =1.9 a.u.), as shown in Fig. 9. We
shall therefore model the screening charge in metallic Ba
by a 5d orbital. The effect on the HF,, potential is shown
in Fig. 10. The entire potential is shifted upwards with
respect to the potential without extra-atomic screening.
We note that this potential is rather close to the potential
for an electron in the absence of the core hole, indicating
that the charge distribution in these two configurations,
4d°%55%5p%5d'6s%ef and 4d'°5525p%6s%ef, are quite simi-
lar from the point of view of an f electron.
Involving the Hartree form of the effective potential
2[Z —S(g,r)]

Vier)=——"—"7""—""—,
’

(3.1)

where the electron-electron interaction is represented
through an effective screening charge S (e,r), we can show
how the effective shielding of the nuclear field changes in



1578

ZELJKO CRLJEN AND GORAN WENDIN 35

TABLE 1. The monopole relaxation shift A% of the 4d level for various configurations and ioniza-
tion stages of Ba. All values are in Ry. Vet is the depth of the inner well of the effective potential ob-

tained in RPAE with relaxation effects.

To obtain the 4d-ionization threshold we have assumed the

same relativistic level shift of 0.297 Ry for the center of gravity of the 4d shell in Ba'* and Ba’", as in

the neutral Ba.

Final-state

configuration €44 elF(ASCF) AY e 240
4d°5525p°5d'6s? —8.003 —7.100° 0.903° —6.44
4d°5525p55d? —17.771 —17.236 0.535 —6.60
4d°55%5p%5d'6s! —17.855 —17.385 0.470 —6.80
4d°5525p%6s? —8.003 —17.575 0.427 —7.20
4d°5525p%6s! —8.388 —8.008 0.380 —7.8
4d°5s25p*® —8.856 —8.548 0.308 —8.4

a AY =elF(ASCF) —g4g.
>The effect of extra-atomic relaxation is included.

different situations. For a free neutral atom S(e,r) ap-
proaches Z —1 for large r values, giving the proper
Coulomb tail to the effective potential.

In Fig. 11 we show the difference between S (€,r) calcu-
lated for the excited f state with e=0.1 Ry in the RPAE
with a relaxed 4d hole and a frozen 4d hole, without
extra-atomic screening. Figure 11 shows clearly the in-
crease in effective shielding of the nuclear field as a conse-
quence of pulling the effective charge into the inner re-
gion in a relaxed-hole calculation as compared with a
frozen-hole calculation. With the extra-atomic screening
of the 5d electron, S(e,r) approaches Z for large r. In
Fig. 11 we also show the difference of S (e,7) calculated in
the RPAE with a relaxed 4d hole, with and without
extra-atomic screening. This figure shows the increase of
the shielding of the nuclear field even in the inner poten-
tial region, around the 4d shell at r ~1 a.u. In fact the ef-
fective nuclear charge is close to zero. The inner well and
barrier of the effective potential is raised with respect to
the potential without extra-atomic screening. In addition,
the shape of the barrier is somewhat changed, influencing

Ba

r(a.u)

FIG. 9. HF wave functions for atomic Ba: ( ) 4d
ground state; (— — —) 5p ground state; (----- ) 5d calculated in
the presence of the 4d hole.

the detailed shape and position of the cross section. As a
result, the 4d —f photoionization cross section becomes
shifted upwards in energy and broadened, as shown in
Fig. 7. The 5d screened 4d — f ionization cross section
can be compared with the photoabsorption cross section
of atomic Ba in Fig. 7. Rabe et al.>3 have demonstrated
experimentally that the atomic and metallic cross sections
are practically identical. However, the agreement is clear-
ly poor, and we conclude that the induced charge dis-

].
30 @
€ ——
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<
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-3r HF gy
yAs
-5t
-6}
-7 <«— Ba°
-8 <«— Ba'”
<«— Ba
-9 <«— Ba'*
-— 8024»
! rlau) s

FIG. 10. One-electron local potentials in HF,, approxima-
tion, Ba systems, €=0.1 Ry: Ba® denotes (4d'°6525d%f) HF
potential; for other potentials, with relaxed 4d hole, notation is
the same as in Fig. 8.
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FIG. 11. Difference AS(€,r) between the effective screening
charge S(e,r) calculated in the RPAE for €é=0.1 Ry in atomic
Ba: ( ) the difference between the screening charge calcu-
lated with relaxed and frozen 4d hole; (— — —) the same, cal-
culated with relaxed 4d hole with extra-atomic screening of the
5d electron and relaxed 4d hole, without extra-atomic screening
shows the effect of extra screening of the 5d electron; (----- ) the
sum of the preceding two differences.

placements of the 4d shell in the giant dipole resonance
region are strongly localized and do not induce extra-
atomic relaxation of any importance, in agreement with
previous ideas:!>!3> The f-electron wave packet screens
the core hole and prevents long-range relaxation. On the
other hand, the excitation is not enough localized to
prevent intra-atomic relaxation.

For excitation close to the Fermi level, the f electrons
must necessarily leave the ion core in a fully relaxed state
including extra-atomic screening, in order to give the
correct 4d binding energy (see Fig. 7 and Table I). There
is then a region above the metallic 4d threshold where the
extra-atomic screening must become switched off. This is
a dynamic problem (papers I and II, and Refs. 10, 13, 20,
and 55) which cannot be handled with statically relaxed
potentials. The same is, in principle, also true in the pure-
ly atomic case.

In summary, the extra-atomic screening of the 4d —f
excitations is not relevant in the giant dipole resonance re-
gion. It is, however, relevant for excitations close to the
Fermi level and for determining the 4d binding energy.
The atomic excitation model can also be applied to metal-
lic La as well as to some lanthanides, such as Ce, Gd, Lu,
Eu, and Yb, which do not change the configuration and
density of f levels upon condensation into solids.>

So far we have considered the effective potential for the
f electron in the 4d — f excitation channel in the Ba sys-
tem, having various configurations in the outmost shells
5d and 6s. We shall now briefly discuss the effective po-
tential for an f electron in Ba'* and Ba** ions.

As reported by Lucatorto et al.,”” in Ba!* the continu-
um resonance still dominates the 4d absorption spectrum.
The spectrum of Ba?*, on the other hand, shows an en-
tirely different character. Several strong resonances ap-
pear in the discrete region, while the absorption cross sec-
tion decreases monotonically above the 4d threshold. The
problem has been given considerable attention,’®~%% and is
quite well understood and reasonably well described.

Figure 8 shows the excited f-state potential (4d°¢f) for
€=0.1 Ry in the RPAE. With increasing ionicity, the
whole inner part of the effective potential becomes pulled

down by approximately 0.5 Ry in Ba'* with respect to
neutral Ba. In Ba?* the potential is again pulled down by
about 0.5 Ry with respect to Ba!*. The same also holds
in the HF,, approximation, Fig. 8. By varying the
valence charge distribution, one can therefore monitor the
depth of the potential in the inner-well region.%®

However, the shape of the inner-well-barrier region is
almost rigid because the collective response (induced po-
tential) is localized to the 4d shell and is roughly indepen-
dent of changes in the external environment. Therefore,
for small variations of the external screening with respect
to neutral Ba, the general shape, the center of gravity, and
the width of the 4d-€f oscillator strength distribution will
not vary much even though the 4d ionization threshold in
Ba?* may move up beyond the peak of the average distri-
bution (i.e., the broad peak in neutral Ba, Fig. 7). Since
the core levels follow the bottom of the inner well, the po-
sition of the giant dipole resonance (or any core transition
for that matter, e.g., 3d-4f) will be quite insensitive to
variations in the external screening.®

We also note that the effective local potential mirrors
the shell structure of Ba. As seen in Fig. 8, the first and
second barrier of the RPAE effective potentials are at
nearly the same positions where the maximum amplitudes
of the 4d and 5p wave functions appear.

Finally, one could consider the question whether the
present results may be utilized in solid-state calculations.
The inner-well-barrier region will be nearly the same in
the atom and in the corresponding molecule, solid, or ad-
sorbate, and might be used as inner potential in a pho-
toionization calculation which includes the external poten-
tial with scattering on the neighboring ions. This might
handle photoelectron diffraction effects in giant dipole
resonance regions.®’

IV. SUMMARY

In this paper we have analyzed electronic excitation
processes in many-electron atoms in terms of effective lo-
cal potentials, comparing HF,, potentials with HF P and
RPAE potentials, with and without relaxation effects.
We have demonstrated that the collective response of the
system shows up through an energy-dependent contribu-
tion to the effective potential in the region of space where
the responding (core-excited) shell is situated. This leads
to a repulsive contribution which narrows the inner well
and also leads to a barrier. While in the HF,, approxima-
tion the effective potential is almost independent of ener-
gy over the entire resonance region, in the HF P scheme
and, in particular, the RPAE there is an important energy
dependence for the excitation processes we have con-
sidered.

This energy dependence is more pronounced in the re-
gion close to threshold, where collective effects (polariza-
tion, exchange effects) are more important than at higher
energies (clearly demonstrated by a collective barrier that
appears in the HF 'P and RPAE local potentials). At suf-
ficiently high kinetic energies the induced polarization po-
tentials of the HF 'P and RPAE represent small perturba-
tions of the HF,, potential, the RPAE potential tending
to zero faster than the HF 'P one.?
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We have also compared the effective local potentials
obtained within the RPAE and LDRPA (local-density
RPA). Again we note (cf. Ref. 2) that there are great
similarities between the effect of self-interaction in the
local-density scheme (LDRPA) and relaxation effects in
the HF scheme (RPAE).

We have examined the dependence of the effective f-
electron local potential for 4d —€f excitation processes in
Ba on various intra- and extra-atomic screening effects.
In particular, we have considered the possibility of model-
ing 4d ionization in metallic Ba by adding an extra-
atomic 5d screening electron. The resulting 4d —€f cross
section does not agree well with experiment, however. We
conclude that the 4d response (induced charge) in the res-
onance region is so localized that it does not give rise to
any extra-atomic relaxation of any importance. There-
fore, the atomic excitation model may be used for calcula-
tion of giant dipole resonances in metallic Ba, as well as in
some lanthanides that do not change configuration and
density of f levels upon condensation into solids.’® Actu-
ally, an atomic model with the configuration of the solid

should always be useful.

However, in molecules and ionic crystals (BaF,,BaCl,;
see Ref. 64) and in solids, in general, the scattering of the
photoelectron against the neighboring atoms may lead to
strong interference effects, and the surrounding potential
will then be of great importance. There the effective local
excitation potential, which includes atomic polarization
and relaxation effects and which is capable of describing
giant dipole resonances, might be useful if it can be
matched to the surrounding potential.®®

Finally, we have shown that the change in the ionicity
of the system Ba—Ba?* does not much influence the col-
lective response of the 4d shell. Roughly speaking, it
moves the inner-well-barrier region down in a rigid
manner together with the core levels. As a result, the po-
sition and shape of the giant dipole resonance become
rather insensitive to outer-shell ionization: When the 4d
ionization energy increases and discrete structure appears,
the giant dipole resonance still determines the distribution
of discrete and continuum oscillator strength.

*Present and permanent address: Rudjer Boskovi¢ Institute,
_P.O. Box 1016, 41001 Zagreb, Yugoslavia.
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