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Excitation and decay of the 4d '(4, e)f giant resonances of atomic Sm, Eu, and Gd have been in-

vestigated by photoabsorption and photoelectron spectroscopy. The experimental total and partial
cross sections are compared to those predicted by many-electron theories. Autoionization into the
4f 'el continuum dominates. The character of the giant resonances is closer to that of a 4d '4f
resonance than to that of a 4d 'ef shape resonance encountered for Ba and La.

I. INTRODUCTION

The key features of the rare-earth atoms are due to the
corelike character of the partly filled 4f shell. Even for
the metals the descriptions of the electronic states are
normally based on atomic 4f orbitals spatially localized
around the nucleus. The strong overlap of the 4f and 4d
orbitals has made the 4d '(4, E)f giant resonances an im-
portant proving ground for many-electron processes.
These resonances are excited by the promotion of a 4d
electron into a final state, the character of which varies
between a Ff continuum state and a bound 4f state
[4d~(4, e)f excitations]. The experimental and theoret-
ical endeavors have been briefly outlined in our previous
paper on Ba, La, and Ce. ' For details the reader is re-
ferred to the references quoted therein, especially to the
compilation of recent review articles on giant resonances
which has been edited by Connerade, Esteva, and Karna-
tak. In the investigations on Ba, La, and Ce our interest
was focused on the "collapse" of the 4f orbital. En the
present paper we are mainly dealing with the elements
Sm, Eu, and Gd which occupy the center of the rare-
earth series. The corelike 4f shell is half-filled for Eu and
Gd. Sm is just short of one 4f electron to complete the
4f configuration. The 4f ( S7/2) configuration is so
stable that it is conserved in Eu and Gd metal, whereas,
except for Ce, Yb, and Lu the other rare-earth atoms un-
dergo a valence change upon solidification, whereby one
4f electron is promoted to the 5d band. This also
holds for bulk Sm but not for the Sm surface atoms,
which preserve the 4f configuration of the free Sm
atoms. The exceptional stability of the Eu and Gd
4f ('S7/2) states results in a dramatic simplification of
the spectra, because the coupling of the 4f electrons is
very unlikely to be changed upon excitation. In many
cases the 4f electrons can be treated as spectators.
Therefore the 4d~(4, e)f oscillator strength is concen-
trated in the transitions to a few excited states with
4f ( S7/p) parentage. The reduced complexity of the
spectra singles out Eu and Gd for thorough tests of

theoretical approaches. Total and partial cross sections
have been obtained in the relativistic time-dependent
local-density approximation (RTDLDA) for all three ele-
ments Sm, Eu, and Gd. ' Eu also successfully has been
tackled by the random-phase approximation with ex-
change (RPAE)' and the many-body perturbation theory
(MBPT)."

Figure 1 displays the 4d absorption spectra of the ele-
ments Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, and Tb. ' ' The
experimental procedure has been described in Ref. 1.
The absorption spectra were recorded photoelectrically,
thus avoiding the diSculties encountered in determining
reliable relative absorption cross sections from photo-
graphically registered spectra. Since the density of atoms
in the absorbing vapor column has not been determined,
only relative cross sections have been obtained. The
spectra given in Fig. 1 clearly show the simplification
brought about by the stability of the 4f ( S7/2) state.
The Eu and Gd spectra display only one strong asym-
metric absorption band preceded by a series of weak
lines, whereas the spectra of the neighboring elements are
characterized by a very broad and structured maximum.
These spectra reflect the complex multiplet structure of
the excited 4d (4,e)f" states populated via
4d' 4f" '~4d (4, e)f" excitations and their coupling
to the 5s ', 5p ', 4f ', and 4d ' ionization continua.
To reach a full understanding is a very demanding task.
For the present state of our understanding the reader is
referred to Refs. 1 and 2 and the articles quoted therein.
Photoelectron spectroscopy can considerably contribute
to the characterization of the 4d (4,e)f" states and the
excitation and decay mechanism. In the following sec-
tions we will concentrate on the spectra of atomic Sm,
Eu, and Gd. The photoelectron spectra of the free atoms
have been obtained by the same experimental procedure
and the same experimental setups as described for Ba, La,
and Ce. ' In the last section of the paper we will outline
and discuss the Z dependence of the giant resonances. In
this context we also will come back to the absorption
spectra given in Fig. 1.
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FIG. 1. Photoelectrically detected photoabsorption spectra of Ba, La, and lanthanides (Refs. 12—16). The arrows mark the posi-

tion of the 4d ionization limits determined from the main photoelectron lines (see Ref. 1 and Tables I and II).

II. RESULTS AND DISCUSSION

A. Photoelectron spectra of atomic Sm, Eu, and Gd

Photoelectron spectra taken at photon energies below,
at, and above the 4d giant resonances of atomic Sm, Eu,
and Gd are shown in Fig. 2. At the evaporation tempera-
ture of =—800 K only the ground-state Eu
[Xe]4f 6s ( S7&2) is populated; therefore all photoelec-
tron lines can be ascribed to excitations out of the ground
state. The 6s ', 4f ', Sp ', and Ss ' photoelectron

lines are clearly discernible in the Eu photoelectron spec-
trum taken at h v= 135.2 eV, i.e., below the 4d resonance
(center part of Fig. 2}. The strong 4f ' line is accom-
panied by satellite lines due to a recoupling of the 4f elec-
trons or to a shakeup of a 6s valence electron. The split-
ting of the Sp lines is caused by the Sp spin-orbit in-
teraction and the coupling of the open Sp and 4f shells.
Satellite emission contributes to the high-energy part of
the 5p ' emission. The interaction of the partly 611ed 5s
and 4f shells splits the Ss emission into two lines. Res-
onant N45023023 Auger decay probably is responsible for
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FIG. 2. Photoelectron spectra of atomic Sm, Eu, and Gd taken at photon energies in the range of the 4d giant resonances.

the intensity above Ez =55 eV in the spectrum taken at
h v=135.2 eV.

The 4d ' photoelectron lines can be well observed
in the spectrum taken at h v= 159.6 eV, i.e., above
the giant resonance. Calculations" place the
4d 5s Sp 4f 6s ( D, D) ionization limits at 139.6 and
159.8 eV. In agreement with these calculations we as-
cribe the 4d ' lines detected in our spectra to the
4d 5s 5p 4f 6s ( D) ionic state split by the 4d spin-orbit
interaction. For photon energies above 138 eV the
N45023N~7 Auger decay manifests itself in the electron
spectra. Our tentative assignment of the photoelectron

lines is summarized in Table I. The assignment is based
on the tabulated energy values, ' the multiconfiguration
Hartree-Fock calculations of Pan et al. " and the inter-
pretation of analogous data. '

We started the discussion with Eu because there are
more data available for Eu than for. Gd and Sm and the
semi-closed-shell character of Eu simplifies the interpre-
tation. We will now turn to the electron spectra of Gd
displayed in the bottom part of Fig. 2. At -=1500 K, the
temperature required to generate an atomic Gd beam of
sufficient density, several Cxd [Xe]4f 5d6s ( D~) states
are populated besides the Cxd [Xe]4f 5d6s ( Dz) ground
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TABLE I. Ionization energies of atomic Eu [Kr]4d ' 5s Sp 4f 6s ('$7&2) and Crd

[Kr]4d' Ss Sp 4f'Sd6s ( D2 6). The (Sd, 6s) ' energies from optical data (Ref. 17) have been used
for calibration. The uncertainties are approximately 0.3 eV.

I (eV)

142.5
137.6
50.4
46.5
38.0
35.8

32.5
26.7
17.5
15.4
13.4
10.3

5.8

Eu II

[Kr]4d Ss25p 4f 6s ( D)
[Kr]4d Ss'Sp 4f'6s ( D)
[Kr]4d' 5s5p 4f'6s ( S)
[Kr]4d' Ss5p 4f'6s'('S)

[Kr]4d ' Ss 5p '4f '6s '( P )

[Kr]4d' 5s'Sp'4f'6s'('P)
[Xe]4f 6s7s ('F)
[Xe]4f 6s'('L)

[Xe]4f 6s ('F)

[Xe]4f'6s(' S)

J (eV)

156.6
151.3
55.5
51.5
45.5
43.1

39.3
35.9
29.2
25.3
20.9

17.4
12.5
10.3
6.5

Gd II

[Kr]4d 5s 'Sp 4f '( D)5d 6s
[Kr]4d 5s Sp 4f'( D)516s
[Kr]4d' SsSp 4f'('$)Sd6s'
[Kr]4d' 5sSp 4f'( S)Sd6s

[Kr]4d' 5s Sp'4f'( P)5d6s
[Kr]4d' Ss 5p'4f'( P)5d6s

[Xe]4f ( F)(Sd6s) 7s
[Xe]4f ('L )5d6s'

[Xe]4f ('F)5d6s'

[Xe]4f'('F)6p
[Xe]4f'5d6s(" D)
[Xe]4f'6s ('S)

Core
hole

4d

4f 1

(5d, 6s )

state. ' Cxd and Eu are both distinguished by the stable
4f ( S7&2) state of the 4f shell, which explains the close
similarity of the corresponding electron spectra. The in-
terpretation of the Eu spectrum can be transferred to the
Cxd spectrum. The increased nuclear charge shifts all
lines towards higher ionization energies. The additional
line at 10.3 eV binding energy is attributed to a (51,6s)
satellite emission leaving the ion in an excited GdII
[Xe]4f 6p state. ' The tentative assignment of the Gd
electron lines is included in Table I.

Sm has been evaporated at a temperature of —=900 K
resulting in a population of the Sm [Xe]4f 6s ( Fc)
ground state and the Sm [Xe]4f 6s ( FJ) excited states.
Despite this and the missing of one 4f electron the Sm
electron spectra display the same characteristic features
as the Eu and Gd spectra. This justifies an interpretation
along the same lines. The splitting of the
Sm tI 4f 6s ( P, F, H) states determines the separation
of the 4f '6s photoelectron lines (Ez =9.2 eV; 11.9 eV)
and the 4f '6s7s satellite lines (Ez =16.3 eV; 19.0 eV).
The binding energies are in agreement with those report-
ed by Lee et al. Sp ' emission gives rise to the group
of lines with 25 eV ~E~ ~ 32 eV. The Sp spin-orbit split-
ting and the Sp 4f interaction cau-ses the splitting. Satel-
lite emission contributes to the high-energy part of the
group. The separation of the 5s ' lines is determined by
the interaction of the open 5s shell with the 4f shell. In
analogy to the findings for Eu we tend to attribute the
splitting of the 4d lines in Fig. 2 mainly to the spin-
orbit interaction. Our tentative assignment of the Sm
photoelectron lines is summarized in Table II. The as-
signment in part is based on published binding energies'
and on calculations performed within the "sudden ap-
proximation". ' The photoelectron spectra presented

here confirm those published earlier. The interpreta-
tion presented at that time is consistent with the present
interpretation.

As we will see later on the direct 41 'ef channel con-
tributes much less to the Sm, Eu, and CJd 4d giant reso-
nances than determined for Ba, La, and Ce. ' According-
ly, the Auger decay of the 4d hole states of the ions give
rise to relatively weak structures in the electron spectra
displayed in Fig. 2. Therefore we also expect multistep
and double Auger decays, a major origin of the continu-
ous background, to be less important. Indeed the back-

r (eV)

136.8
135.5
130.9
48.2
45.2
37.9
35.0
31.4
26.9
25.3
19.0
16.3
11.9
9.2
5.7

Sm II

[Kr]4d'5s Sp64f 66s'
[Kr]41'5s'5p'4f 6s'
[Kr]4d Ss'5p 4f'6s
[Kr]4d ' Ss Sp 4f 6s '['F ]
[Kr]4d' Ss5p 4f 6s'['F]

[Kr]41' 5s'5p'4f 6s'
[Kr]41 ' Ss 'Sp '4f 6s '
[Kr]4d ' Ss Sp '4f 6s '
[Xe]4f'6s7s(6P)
[Xe]4f'6s7s( H, F)
[Xe]4f'6s'('P )

[Xe]4f'6s { H F)
[Xe]4f'6s ("F)

Core hole

4d

5p
—I

TABLE II. Ionization energies of atomic Sm
[Xe]4f 6s { Fo ~). The 6s ' energy from optical data (Ref.
17) has been used for calibration. The uncertainties are approx-
imately +0.3 eV.
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ground, indicated by the dashed lines in Fig. 2, in relation
to the photoelectron lines is considerably weaker than en-
countered for Ba, La, and Ce. ' This finding is in good
agreement with the results of recent ion yield measure-
ments. ' Whereas the giant resonances of Ba, La, and
Ce decay to triply and even quadruply charged ions, the
Gd 41~(4,e)f excitation mainly results in doubly
charged ions.

B. Partial and total photoionization cross sections

1. Sm

The experimental total and partial cross sections of
atomic Sm are displayed in Fig. 3. The partial cross sec-
tions comprise the intensity of the main photoelectron
lines and the satellite lines (see Table II). Compared to

absorption

ot
(

. 24.0

12.0

4f 12.0

0
()

110.0 120.0 130.0 140.0 150.0 160.0 170.0

Phot, on energy (eV)
FIG. 3. Top: Experimental photoabsorption cross section ( . ) (Ref. 13) and the sum of all partial photoionization cross sections

(0 o 0) for atomic Sm. The arrows mark the position of the 4d ionization limits determined from the main photoelectron lines.
Center: Sm 4d ' partial cross section determined from the photoelectron lines ( o 0 0 ) and the Auger lines (:::)together with the
4f ' partial cross section (OO, CIS: +++ ). The results of RTDLDA calculations ( ) (Ref. 9) are included. The calculated
4d ' cross section has been multiplied by a factor of 0.5 and shifted by 6 eV towards higher photon energies. Bottom: Experimental
Ss ' (OS), Sp ' (o o o), and 6s (:::)partial cross sections of atomic Sm. The corresponding RTDLDA calculations ( )

(Ref. 9) are given for comparison. The theoretical 4f ', Sp ', and 6s ' cross sections have been shifted by I eV towards higher pho-
ton energies.
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the earlier results ' ' the new results represent a con-
siderable improvement. The 4f ' cross section has been
determined from a constant-ionic-state spectrum (CIS),
the 4d ' cross section has been extended towards lower
energies, and the Ss ' and 6s ' cross sections have also
been determined. The sum of all partial cross sections
displayed in the bottom and center part of Fig. 3 repro-
duces the energy dependence of the absorption cross sec-
tion very well. ' The absorption spectrum given in the
top part of Fig. 3 has been normalized to the sum of the
experimental partial cross sections at. the low-energy end
and at the maximum at h v=134 eV. The normalization
at the low-energy end eliminates the uncertainties due to
the considerable errors involved in positioning the ab-
sorption spectra relative to the origin of the abscissa. "
Only relative cross sections could be determined in our
experiments. The absolute scale in Fig. 3 is based on the
normalization of the experimental 4f ' partial cross sec-
tion to the cross section predicted by RTDLDA calcula-
tions. The theoretical 4f ' cross section, included in
the center part of Fig. 3, has been shifted by 1 eV towards
higher photon energies. The 4d ' partial cross section
has been determined directly from the 4d ' photoelec-
tron lines and indirectly from the N45023N67 Auger lines.
By multiplying the latter values by a factor of 1.3 both
sets of data have been matched in the region of overlap.
For photon energies between 138 eV and 143 eV the
Auger lines merge with the 5s ' photoelectron lines and
therefore no reliable 4d ' cross section could be deter-
mined.

The character of the Sm giant resonance definitely
differs from that of a shape resonance encountered for
Ba, La, and Ce. The Sm 4f ', Sp ', and Ss ' autoioni-
zation channels comprise considerably more oscillator

strengths than the direct 4d ' ionization channel,
whereas for Ba, La, and Ce it is quite the reverse; the
4d ' ionization channel is by far the strongest. The
maximum of the Sm resonance lies below the thresholds
of two of the strongest 4d ionization continua. For Ba,
La, and Ce the resonances peak above the corresponding
thresholds. ' fhe Sm resonances located below h v=140
eV can be well characterized as autoionizing 4d 4f exci-
tations split by spin-orbit and 41 4f int-eractions. Espe-
cially the low-energy resonances are strongly coupled to
the 5p ionization channel (see bottom part of Fig. 3).
The direct 4d ' ionization cross section peaks -=7 eV
above the main resonance. The photon energy depen-
dence of the 4d ' partial cross section resembles that of
a shape resonance. There are two significant discrepan-
cies between the results of the RTDLDA calculations
and the experimental results. Compared with the 4f
cross section the theory overestimates the 4d ' cross sec-
tion by a factor of 2 and places the maximum too close to
the 4f ' resonance. The theoretical 4d ' spectrum
given in the center part of Fig. 3 has been multiplied by a
factor of 0.5 and shifted towards higher photon energies
by 6 eV. This spectrum reproduces the experimental
spectrum fairly well. Shifting the calculated 5p

' and
6s ' partial cross sections towards higher energies by 1

eV results in a reasonable agreement between experiment
and theory. There is no obvious way how the wrong
theoretical partition of the oscillator strengths can be
remedied. Therefore, we consider the above normaliza-
tion to the strongest partial cross section the safest. But
we are weil aware of the probability that the absolute
cross sections obtained that way are too low, because part
of the theoretical 4d ' cross section has been omitted.
The RTDLDA calculations are not expected to repro-

10.0

SmII: Xe 4f56s~ 6H 6F 8.0

y0+
.Sk ~ ~...- ---..I

'.0 ~

0 SmII: Xe 4f~6s~ 6P
-o...$

ooo. .. g. . . .o---g" o..

110.0 120.0 130.0 140.0 150.0 160.0 170.0

Photon energy (ev)
Fl&. 4. partia] photoionization cross sections of the 4f ' main photoelectron lines for atomic Sm. The dotted lines represent »

approximation to the data points by a superposition of Fano-type profiles.
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duce the fine structure. Therefore the resonances at
127.5 eV, 129.6 eV, and 141 eV are missing in the calcu-
lated cross sections.

The partial cross sections of the two main 4f ' photo-
electron lines (see Fig. 2 and Table II) are depicted sepa-
rately in Fig. 4. The experimental data have been ap-
proximated by a superposition of Fano-type profiles:

2hv —hv„
&I, n +

n
o p(hv) =o

b z+go. , p „ 2hv —hv„
I"„/2

2. Eu

The half-filled 4f shell of the Eu [Xe]4f 6s ( S7&2)
ground state and its quasiclosed-shell character have
made the Eu 4d resonance the object of several experi-
mental ' and theoretical " studies. The experimental
absorption spectrum' and our total and partial cross sec-
tions are given in Fig. 5. The partial cross sections
comprise the intensity of the main photoelectron lines

P denotes the photoionization channel. The sum extends
over a11 resonances n characterized by a resonance energy
hv„and a half-width I, . The asymmetry parameters
q~„and the interacting cross section o., z„depend on
the ionization channel and the resonance. The nonin-
teracting background is given by oh~. In the case of
many interacting resonances and continua this parame-
trization represents a considerable simplification and
therefore should be considered as an empirical method to
describe the spectra. The parameters used in the calcula-
tion of the curves presented in Fig. 4 are listed in Table
III. The resonance energies 127.5 eV, 129.6 eV, 133.8 eV,
and 141 eV agree with energies obtained in Hartree plus
statistical exchange (HX) calculations of the
4d' 4f ( Fo) ~4d 4f excitations in intermediate cou-
pling using the Cowan code. ' Double excitation process-
es possibly contribute to the maximum at 156 eV.

In summarizing our results, we can state that the low-
energy resonances are predominantly of 4d 4f character
whereas towards higher photon energies 4d ef transition-s
constitute a major part of the 4d excitations. Upon
solidification Sm changes its ground-state configuration
to [Xe]4f'(5d6s) . Only the surface atoms preserve
the atomic [Xe]4f 6s configuration and display reso-
nance profiles similar to those of the free atoms.

and the satellite lines (see Table I). The results obtained
by RTDLDA, RPAE, ' and MBPT (Ref. 11) calcula-
tions are included in Fig. 5. The RPAE cross section has
been calculated by using the Fano parameters given in
the publication. ' Only relative cross sections could be
determined in the experiments. By normalizing the ex-
perimental 4f ' cross section to the theoretical cross sec-
tions "in the energy range above the resonance, the ab-
solute scale for the cross sections has been established.
For the same reasons as discussed for Sm the absorption
spectrum has been normalized to the sum of the partial
cross sections at the maximum and at the high-energy
end. Except for photon energies below 125 eV this re-
sults in a good agreement of both spectra. The maximum
of the resonance lies between the spin-orbit split
4d '( D) ionization thresholds. The RTDLDA calcula-
tion reproduces the asymmetric profile of the resonance
but places the maximum at a too low energy. The ab-
sorption spectrum calculated by Amusia, Sheftel, and
Chernysheva' describes the experimental spectrum quite
well. The RPAE calculations' are based on the as-
sumption that the resonance is determined by
4d' 4f ( S)~4d 4f excitations and 4d 4f
~4d' 4f eg autoionization decays. Our partial cross
sections, displayed in the center and bottom part of Fig.
5, corroborate that the autoionization into the 4f 'el
continuum prevails by far. The 4f ' partial cross sec-
tion comprises more than two times the oscillator
strength of the 4d ' cross section. The latter almost ex-
clusively has been determined from the N450&3%67 Auger
lines. The 4d ' photoelectron lines could only be evalu-
ated for photon energies more than 10 eV above the reso-
nance. The maximum of the 4d ' cross section is close
to that of the 4f ' cross section. The MBPT 4d ' and
4f ' partial cross sections" are in fair agreement with
the experimental results. The RTDLDA 4f ' and
4d ' partial cross sections almost coincide. The theory
overestimates the 4d ' cross section by more than a fac-
tor of 2. The RTDLDA 4f ' cross section is close to
the experimental spectrum, the main diA'erences being the
too large half width and the too low peak position pre-
dicted by the theory.

The maximum of the 5p
' cross section located at 140

eV is well described by the MBPT" calculations.
Zangwill and Doolen obtained a very similar resonance
only shifted towards lower energies by 2 eV. None of the
theories correctly reproduces the fine structure in the en-
ergy range 132 to 137 eV and the coupling of these exci-
tations to the 4f ', Sp

' and 5s ' ionization channels.

SmII [Xe]4f'6s'{ P)
~„q' (Mb)I „(eV)

TABLE III. Parameters determined by approximating the Sm spectra in Fig. 4 by a superposition of
Fano profiles according to Eq. (1) with cr 6 =0.00 Mb and o.

6 =0.21 Mb.
b, (H, F) b, P

SmII [Xe]4f'6s(6H, 6F )

n h v„(eV) q ,q (Mb) q

127.5
129.6
133.8
141
156

1.8
1.8
4.6
8

8

4.0
2.0
2.0
1.6

0.63
1.02
6.76
1.71
1.35

3.9
3.0

0.08
0.59
2.91
0.47
0.48
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FIR. 5. Top: Experimental photoabsorption cross section { ~ ) (Ref. 12) and theoretical photoionization cross sections,
RTDLDA ( ) (Ref. 9) and RPAF ( —.——.) (&ef. 10) of atomic Eu. The sum of the partial photoionization cross sections is
given by the open circles. The arrows mark the position of the 4d ' photoionization limits determined from the main photoelectron
lines. Center: 4d ' partial cross section determined from the photoelectron lines (C) OO) and the Auger lines (:::)together with
the 4f ' partial cross section (ClCI, CIS: +++). The results of RTDLDA ( ) (Ref. 9) and MBPT ( ———) (Ref. 11) are in-
cluded. Bottom: Experimental 5s ' (ClG), 5p ' (OOO), and 6s (: ) partial cross sections of atomic Eu. The corresponding
RTDLDA ( ) (Ref. 9) and MBPT ( ———) (Ref. 11) calculations are given for comparison.

Both the 4f ' and the Sp
' cross sections display a

prominent resonance at 135 eV. %"ithin the error bars
our results are in good agreement with the partial cross
sections and the electron yield spectrum obtained by
Seeker e~ aI.~"

The 4f 6s2( S)~(4f 6s ( F), 4f66s7s( F), and
4f 6s ( L ) )el partial cross sections are separately plotted
in Fig. 6. All experimental spectra have been approxi-
rnated by a superposition of Fano-type profiles as de-

scribed by Eq. 1. The parameters used are listed in Table
IV. In all three spectra the main resonance can be de-
scribed by a single Pano-type profile with the same reso-
nance energy and half width and almost the same asym-
metry parameter q. The resonance at 13S eV only gives
rise to, in relation to the main resonance, a weak and al-
most symmetric line in the 4f ' ionization channels
leaving the ion in either the 4f 6s ( F) or the
4f 6s7s( R state. In contrast to this in the spectrum of



EXPERIMENTAL STUDY OF ATOMIC 4d GIANT RESONANCES. . . 7015

4f —1

EuII: Xe 4f66s~ 7F

19.2

14.4

4.8

,~ EulI: Xe 4f66s7s 7F
1&

0

1.8

il. .:
, .eo.

~ 0.6

EuII: Xe 4f 6s~ L

.:~
0

0

1.8

0.6

110.0 120.0 130.0 140.0 150.0 160.0 170.0

Photon energy (eV)

FICr. 6. Partial photoionization cross section of different 4f processes for atomic Eu. The dotted lines represent the approxima-
tion of the data points by a superposition of Fano-type profiles.

the 4f 6s ( S)~4f 6s ( L) satellites the strength of this
resonance becomes comparable to the strength of the
main resonance. The assignment of this satellite is tenta-
tive and therefore it is interesting to note, that HX
calculations ascribe a considerable 4d' 4f ( S )

~4d (4f D ) character to the resonance at 135 eV
whereas the main resonance is predominantly caused by
4d' 4f ( S)~4d (4f ( F)) transitions. This favors the
assignment of the satellite to an 4f ( L)6s ion state. A
recoupling of the 4f electrons has also been invoked for

TABLE IV. Parameters determined by approximating the Eu spectra in Fig. 6 by a superposition of
Fano profiles according to Eq. (1) with o-~ ~ =0.

hv„
(eV)

I„
(eV)

Eu n [Xe]4f'6s'(7F)
q o q (Mb)

Eun [Xe]4f 6s7s('F)
q . q' (Mb)

Eutt [Xe]4f 6s'('L)
q o q (Mb)

135.0
139.3

1.5
4.6

4.0
2.0

2.29
13.46

4.0
1.9

0.47
1.48

4.0
2.1

1.45
1.72
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the explanation of a satellite line in the photoelec-
tron spectrum of solid Gd by Cxerken, Barth, and Kunz. 18

But there are still questions because Pan,
Carter, and Kelly" ascribed the small peak at 134.5 eV
in their 4f ' spectrum to the 4d' 4f ( S)6s
~4d 4f ( D)6s 6p transition.

The photoionization cross sections of solid Eu (Refs.
39, 42) with regard to the relative amplitudes differ from
our results on the free atoms. In comparison to the 4f
cross section the 4d ionization is stronger and the
Sp

' channel is weaker in the metal. The solid-state
spectra agree better with the results of the RTDLDA cal-

culations especially in respect to the o (4f)/rr(4d) ratio.
Zangwill attributes the discrepancy between the experi-
mental and the theoretical spectra of the free atoms to
the spherical averaging performed in the RTDLDA.
Solid-state effects seem to suppress open-shell effects and
thus reduce the errors due to the spherical averaging over
the sublevels of all open shells.

3. Gd

In the ground state of Gd the 4f ( S7/2) configuration
is preserved. The additional electron occupies a 5d state.

,+Isum
,(P; absorption

40.0

30.0

20.0

0

10.0

. 32.0

24.0

16.0

~J ~ I a

~ ~ ~ q,
~ Ir

12.0

d, 6s)

0

120.0 130.0 140.0 160.0 170.0 180.0

Photon energy (eV)
FIG. 7. Top: Experimental photoabsorption cross section (. ~ ) (Ref. 14) and the sum of all partial photoionization cross sec-

tions (0 o 0) for atomic Gd. The arrows mark the position of the 4d ionization limits determined from the main photoelectron
lines. Center: Gd 4d ' partial cross section determined from the photoelectron lines (0 o 0) and the Auger lines (:::)together
with the 4f ' partial cross section (ClCl, CIS: +++). The results of RTDLDA calculations ( ) (Ref. 9) are included. The cal-
culated 4d ' cross section has been multiplied by a factor of 0.5 and shifted by 6 eV towards higher photon energies. Bottom: Ex-
perimental 5s ' (GCI), 5p ' (o OO), and (5d, 6s) ' (:::)partial cross sections of atomic Gd. The corresponding RTDLDA ca cu-
lations ( ) (Ref. 9) are given for comparison. The theoretical 4f ', 5p ', and (Sd, 6s) ' cross sections have been shifted by 2 eV
towards higher photon energies.
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5p
—1

4f '
~ 3eV

s) s

eV

Therefore the similarity of the Eu and Gd 4d absorption
spectra (see Fig. 1} is not surprising. Also the total and
partial cross sections of Gd given in Fig. 7 display the
same characteristic features as the corresponding Eu
spectra in Fig. 5. As for Sm and Eu the absorption spec-
trum' has been normalized to the sum of the partial
4f ', 4d ', 5p ', 5s ', and (5d, 6s) ' cross sections.
Both curves are given in the top part of Fig. 7. The nor-
malization results are in good agreement between both
spectra below and in the resonance. Above the resonance
the absorption falls somewhat below the total photoelec-
tron cross section, but the deviations are still within the
error limits. Gd is the first element along the rare-earth
series for which the 4d giant resonance is located below
the 4d ' ionization thresholds determined from the
strongest 4d ' photoelectron lines. As demonstrated in
the center part of Fig. 7 the direct 4d 'Ff ionization
only contributes a very minor part of the resonance. The
4d ' partial cross section has been derived from the
X450$3%67 Auger lines and the 4d ' photoelectron lines.
The giant resonance is almost exclusively due to
4d' 4f ~4d 4f transitions strongly coupled to the
4d' 4f el continuum. Most of the oscillator strength is
concentrated in the 4f ' channel, the 5p ', 5s ', and
(Sd, 6s) ' channels only contain a minor fraction (center
and bottom part of Fig. 7}. Recent ion yield measure-

ments show that photoabsorption in the giant reso-
nance mainly results in doubly charged Gd ions. Mul-
tistep decays of the outer 5p

' and 4f ' hole states are
far less probable than of 4d ' hole states generated by
resonantly enhanced 4d ionization as encountered for Ba,
La, and Ce. Only relative cross sections could be deter-
mined in our experiments. As for Sm the absolute scale
has been established by normalizing the experimental
4f ' cross section to the cross section obtained by
RTDLDA calculations. In order to achieve best agree-
ment between theory and experiment the theoretical
4f ', 5p ', and (5d, 6s) ' cross sections have been shift-
ed towards higher photon energies by 2 eV. The theoreti-
cal 4d ' cross section has been shifted towards higher
energies by 6 eV and multiplied by a factor of 0.5. The
resulting theoretical cross sections are very close to the
experimental 4f ' and 4d ' spectra. Only in the max-
irnum the theory overshoots the experimental 4f ' data.
The (5d, 6s) ' channel is also well described by the
theory. The agreement is less satisfactory for the 5p
cross section. The theory reproduces the main resonance
but falls considerably below the experimental data above
the resonance. As discussed for Sm the absolute cross
sections determined by the above normalization are prob-
ably too low, because of the neglect of part of the theoret-
ical 4d ' cross section. Again, as for Sm and Eu the
theory is not expected to describe the smaller resonances
below the main resonance.

Figure 8 displays several photoelectron spectra taken
at photon energies between 139 and 145 eV, i.e., in the re-
gion of the small absorption lines preceding the main res-
onance. The resonant enhancement of the various photo-
electron main and satellite lines listed in Table I can be
seen very easily. The satellite at 10.3 eV binding energy
tentatively assigned to a 4f ( F}6p final state of the ion
reaches its highest amplitude at hv=141. 4 eV. The 4f

I & ) t 1 t I I

I ~ -7

V

V

hv = 144.1eV -2

50.0 40,0 30.0 20.0 10.0 0.0 I t & I I I

Xe Cs Bo Lo Ce Pr Nd Pm Sm Eu Gd

Ionization energy (eV)

FIG. 8. Photoelectron spectra of atomic Gd taken at photon
energies in the range of the resonance fine structure below the
giant resonance.

FIG. 9. Ratio of the partial cross sections integrated over the
resonance f o(4f)/f o(4d); f o(5p)/f o(4d) as a function of
nuclear charge Z.
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satellites at binding energies of 20.9 and 25.3 eV display
the strongest enhancement at 142.7 eV. Also at this pho-
ton energy between binding energies of 40 and 45 eV a
group of 5p

' satellites reaches its maximal strength.
The counterpart to the 4f ( L)5d6s satellite has also
been detected in the spectrum of solid Gd. ' Like for the
analogous case in Eu 4d' 4f ( S)~4d 4f ( L ) transi-
tions are expected to contribute to the resonance at 142.7
eV.

C. Z dependence of the giant resonance

For Ba and La the giant resonance peaks well above
the 4d ionization limits (see Fig. 1). With increasing
nuclear charge Z the maximum moves closer to the
thresholds and for Gd it is located below the thresholds
of the strongest ionization continua.

The 4d ionization dominates for low-Z elements.
Starting with Ce the 4f ' ionization gains in strength, by
far outweighing the 4d ' ionization for Gd. The ratio of
the partial cross sections integrated over the resonance

fo(4f )Ifo(4d) plotted in Fig. 9 shows a strong in-

crease with Z. Also the f o (Sp)/ f tr(4d) ratio displays a
marked increase with Z. The 4f ' and 5p ' cross sec-
tions peak in the energy region close to the 4d ioniza-
tion thresholds, whereas the 4d ' cross section reaches
its maximum at higher photon energies.

The character of the giant resonances changes from a

4d 'ef continuum resonance in Ba to a bound 4d '4f
resonance in Gd. For the elements inbetween the reso-
nance is of intermediate 4d '(4, e)f character. The mul-
tiplet splitting is the origin for most of the structures
displayed by the spectra. The structures superimposed
on the Ba continuum resonance are due to multielectron
excitations.

Calculations for the whole series have only been per-
formed within the local density approximation. ' Many
of the characteristic features and trends are reasonably
well described by the theory. Deviations in peak posi-
tions and theoretical 4d cross sections which com-
pared to the 4f ' cross section are approximately two
times higher than the experimental one are the main
discrepancies encountered between theory and experi-
ment.
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