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Resonant photoelectron spectra of atomic Eu have been measured in the photon-energy ranges of
the “4d —4f” (110—170 eV) and 3d —4f (1120—1165 eV) excitations. For the “4d —4/ giant res-
onance, the decay process results mostly in Eu* main-line configurations, including some fractional
enhancement directly into the 4d continuum. The 3d —4f excitations, however, are characterized
by competition between the main-line decay channels and channels corresponding to highly excited
(satellite) ionic states. We find that decay after 4d excitation leads predominantly to the 4f continu-
um, whereas several channels participate in the decay following 3d excitation. The observed decay
characteristics are discussed with regard to orbital-collapse phenomena.

I. INTRODUCTION

Inner-shell photoabsorption spectra of atomic transition
metals exhibit “giant resonances” that have been associat-
ed with excitations into partially occupied nd or nf sub-
shells.!~* For the rare-earth metals, these resonances
(“4d —4f”) have attracted increasing attention in both
atomic®~® and solid-state physics.”~! In early work on
rare-earth metals,! the “4d —4f > giant resonances, which
generally occur at or slightly above the 4d threshold, were
ascribed to a multiplet of the discrete 4d —4f excitation
that is raised into the €f continuum by the exchange in-
teraction. Although the description as a discrete reso-
nance raised above its threshold has led to some confusion
with regard to giant resonances in atomic systems,?® the
association of the resonant intensity with 4d excitation to
nf,ef orbitals has been retained.>>?! In a related
development, for atoms just preceding the rare-earth met-
als in the Periodic Table (Z <54), the phenomenon of a
delayed onset in the 4d—e€f continuum has been
described as a shape resonance due to the presence of a
centrifugal barrier in the effective potential for the excited
4d electron.?

While both giant resonances and shape resonances owe
their existence to the presence of a double-well radial po-
tential for the excited or ionized electron, an essential
physical difference between these two resonant phenome-
na is the radial extent of the final-state wave function. ">+
For the 4d —¢€f shape resonance (Z < 54), the final state
is an uncollapsed continuum €f wave function with some
resonant localization inside the potential barrier, whereas
the “4d—4f” giant-resonance state (Z >55) appears
more like a discrete state localized in the inner well of the
potential. >*

Recently, a unified approach?*?* has related both the
“4d —4f” resonances (and giant resonances in general)
and the 4d —¢f shape resonances to the orbital-collapse
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phenomenon; with increasing atomic number the inner
well of the effective potential for an / =3 electron deepens
rapidly, leading to a decrease in both the energy and size
of the 4f orbital as it contracts into the inner well over a
certain range of Z.!'=* In this way, the gradual shift with
increasing Z to more and more discrete localized charac-
ter for the /=3 final-state wave function can be described
within a single picture.

Considering the orbital-collapse picture, calcula-
tions®>?* show that the inner well of the effective poten-
tial becomes deeper as Z (or the effective charge Z ) in-
creases, and thus one expects changes in the resonant
behavior as a function of Z or Zy. At low Z (eg.,
Z =36), no potential barrier exists,> and the /=3
excited-state wave function is governed mostly by the
repulsive centrifugal potential. As the Coulombic attrac-
tion increases at higher Z (e.g., Z =54), an inner well of
the potential is formed, and a potential barrier becomes
prominent.?? In this range of Z the inner well can sup-
port a quasibound state which is trapped by the barrier at
a resonance energy; the result is an atomic shape reso-
nance.?® Increasing Z still further (the rare-earth metals),
the inner well deepens and the previously quasibound state
is pulled lower in energy to near the ionization threshold.
In this way, the / =3 excited state (not n =4, Refs. 2—4)
can exist as an eigenstate of both the inner and outer well
of the double-well potential,>?} and also can couple to
other ! =3 states that are eigenstates only of the outer
well. The excited [ =3 state for the rare-earth metals can
be considered as a hybrid wave function that has appreci-
able electron density in the vicinity of each well.>* This
resonant hybrid state of both discretelike and continuum-
like character results in the so-called “4d —4f > giant res-
onance.?~* Finally, for Z beyond the rare-earth metals,
the inner-well becomes deep enough that the / =3 eigen-
state resides well below the outer well as well as the ioni-
zation threshold;?>2* no further shape- or giant-resonance
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effects can occur.

Experimentally, these effects have been observed in the
isonuclear sequence Ba,Ba‘t,Ba’*, where some resonant
components move gradually closer to and finally below
the 4d threshold with increasing Z.,’ leading one to con-
clude that some intermediate hybrid stage between uncol-
lapsed and collapsed wave functions is possible. We ex-
pect a similar phenomenon to occur in the same atom if
core electrons of different principal quantum numbers
(e.g., 3d or 4d) are excited into the 4f subshell, because of
the accompanying core-hole dependence of Z ..*

The orbital-collapse interpretation of the “4d —4f” gi-
ant resonances has its most important implications for the
decay characteristics of these resonances. The proposed
hybrid character of the final-state wave functions suggests
that the “4d—4f” resonances can behave both like a
shape resonance by tunneling through the potential barrier
and like a discrete (Feshbach) resonance by autoionizing
into neighboring continua. These different behaviors can
be distinguished experimentally by direct determination of
the decay channels of these inner-shell resonances using
photoemission. Such an experiment could provide a very
sensitive probe of the effective potential for / =3 electrons
in the rare-earth metals. In this paper we report the first
such measurements for atomic “4d —4f” and 3d —4f
excitations, which we have studied in atomic Eu, an ele-
ment for which the oscillator strength of the “4d —4f”
excitation peaks above the 4ds,, ionization threshold.
The “4d —4f” data yield comprehensive results on the
relative contributions of discrete autoionization and con-
tinuum shape-resonance decay channels to deexcitation of
atomic giant resonances. In contrast, the 3d —4f excita-
tions are discrete transitions to the partially filled 4f sub-
shell, and therefore lie below their respective 3d ionization
limits. The direct comparison of decay characteristics for
these qualitatively different inner-shell resonances in Eu
can provide a sensitive test of the orbital-collapse descrip-
tion of giant resonances.

The experiment is described briefly in Sec. II, followed
in Sec. III by a discussion of the results. Conclusions ap-
pear in Sec. IV.

II. EXPERIMENTAL

The measurements were made at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) using a time-of-
flight (TOF) electron spectrometer described elsewhere. 2
The Eu vapor was introduced into the spectrometer with a
resistively heated oven that has been used in previous
photoemission experiments.?’” Photons in the energy
ranges of the 4d and 3d excitations were obtained from
SSRL Beam Lines III-1 (grasshopper monchromator) and
III-3 JUMBO), respectively. Calibration of the photon
energy to within 1 eV was accomplished by comparison
with known photoabsorption data’® for the “4d —4f ” res-
onance measurements, and by measuring a Ne 1s—3p
(867-eV photon energy) excitation spectrum for the
3d —4f measurements. The energy levels in Eu relevant
to this work are depicted in Fig. 1.

Monitoring the photoemission intensity at 54.7° relative
to the photon polarization vector provided the relative
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FIG. 1. Energy-level diagram of Eu, indicating the transi-
tions studied. A is autoionization, SR is shape resonance. The
“4d —4f > multiplet structure, which has little importance to
the resonant decay characteristics, is neglected here. Some de-
cay channels have been omitted for clarity.

total-yield spectra shown in Fig. 2 taken in the photon-
energy ranges of the Eu “4d—4f” and 3d —4f excita-
tions. Figure 3 shows photoelectron TOF spectra taken at
selected photon energies. The TOF spectra in Fig. 3(a)
were both taken at Av=138 €V, on the low-energy side of
the “4d —4f > resonance, which peaks at hv=141 eV be-
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FIG. 2. Total-yield spectra of Eu in the photon-energy ranges
of the (a) “4d —4f” and (b) 3d —4f resonances. Solid lines
represent calculations of the multiplet structure as described in
the text.
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FIG. 3. TOF photoelectron spectra of Eu taken with photon
energies of (a) 138 eV near the “4d —4f " resonance, (b) 1126
eV at the maximum of the 3ds,, spin-orbit component of the
3d —4f resonance, compared to a nonresonant spectrum at
hv=1120 eV [lower part of (b)], and (c) 1153 eV at the max-
imum of the 3d;,, component of the 3d —4f resonance. The
Auger peaks in (a) result from decay of Eut 4d~! hole states.
The inset in (a) shows the presence of spin-flip satellites of the
4f peak, whose intensities mimic the 4/ main-line cross section.
The peak assignments in (b) and (c) are discussed in the text and
refer to the ionized electron (e.g., 4f) or to the final-ionic-state
configuration (e.g., 4d ~%4f). In (c) the photon energy exceeds
the 3ds,, threshold, and thus we observe Auger decay from this
Eu* state. The dashed and dotted curves in (c) represent au-
toionization electrons from the decay of Eu*(3d;/A4/) and
Auger electrons from the decay of Eu*(3d5}), respectively.
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tween the 4ds/, and 4d;,, thresholds. The TOF spectra
in Fig. 3(b) were taken at hv=1126 eV right on the peak
of the 3ds,,—4f resonance (top), and off-resonance at
hv=1120 eV (bottom). Finally, in Fig. 3(c) we show a
TOF spectrum at hv=1153 eV, on the 3d;,,—4f reso-
nance. The 4d5/2’3/2 and 3d5/2,3/2 thresholds (137.5,
142.6, 1131, and 1163 eV, respectively) shown in Fig. 2
were derived from 4d and 3d photoelectron kinetic ener-
gies measured at photon energies above each threshold.

III. RESULTS AND DISCUSSION

The total-yield measurements in Fig. 2 are equivalent to
photoabsorption spectra for the “4d —4f”> and 3d —4f
resonance regions. In Fig. 2 we compare the experimental
results with multiplet-structure calculations of the allowed
discrete transitions for both resonances. The calculations
were performed using a program of Cowan,?® and the en-
ergy positions were adjusted to coincide with experimental
values. Our results for 3d —4f excitation are in good
agreement with similar calculations by Thole et al.?’

The calculations show very good agreement with the
3d—4f total-yield spectrum, as one would expect for
purely discrete transitions. However, agreement with the
“4d —4f > data is not as good. Neither the asymmetric
shape nor the extraordinary width of the giant resonance
is predicted by the calculations, indicating some signifi-
cant qualitative difference between the / =3 wave func-
tions reached by excitation from the 3d or 4d orbitals. As
we discuss below, distinctions between the 3d—4f and
“4d —4f > excitations will become even more clear when
we consider the resonant decay characteristics as studied
by photoemission.

Moving on to the photoelectron-spectroscopy results,
Sec. IIT A will first present a description of the available
final-ionic-state channels for the decay of the “4d —4f”
and 3d —4f resonances in terms of decay modes. Using
the decay modes defined in Sec. III A, we then discuss in
Sec. III B the photoemission results in the 4d and 3d ener-
gy ranges.

A. Resonant decay channels

Many photoemission decay channels are allowed fol-
lowing the 3d —4f and “4d —4f” excitations. For dis-
cussion of the “4d-—4f” resonance results, we shall
group the decay channels into two principal decay modes.

(1) In decay mode 1, the “4d —4f” excited state may
resemble a shape resonance. In this decay mode, the 4d
electron experiences a continuum enhancement near
threshold that is related to the presence of a potential bar-
rier for the excited electron. The result is a (main line)
Eu*t 4d ! photoemission final state. Connerade®® has
discussed this channel in the context of a shape-
independent model.*!

(2) In decay mode 2, the “4d —4f” excited state may
resemble an autoionization resonance. In this decay
mode, the excited 4d electron experiences significant in-
terchannel coupling to many continua. The result is
photoemission producing Eu* configurations correspond-
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ing to main lines other than 4d ~!, and their correlation
and spin-flip satellites.

It should be recognized that these simplified descriptions
of decay modes are limited by our incomplete understand-
ing of the decay dynamics of giant resonances, but they
are useful in describing the observed decay character of
the giant resonance. As discussed in Sec. I, the relative
importance of decay modes 1 and 2 to deexcitation of a
giant resonance may signify in some way the effects of or-
bital collapse on the resonant decay process.

For the discrete 3d—4f resonances, decay mode 1
described above would lead to 3ds,, or 3d;,, photoemis-
sion, but is energetically inaccessible for each spin-orbit
component. The remaining decay mode via 3d —4f au-
toionization (decay mode 2) therefore encompasses all
possible Eu™ photoemission final states. For discussion
of the 3d —4f resonances, we divide decay mode 2 ac-
cording to the “spectator” character of the excited 4f
electron, as follows.

(a) The 4f subshell to which the 3d electron was excited
is involved in the decay, resulting in Eu* main-line
(single-hole) configurations. 32

(b) The 4f subshell, including the excited 4f electron,
remains as a spectator to the decay process, resulting in
satellite (double-hole plus excited electron) configurations
of Eu™ containing eight 4f electrons. We shall refer to
these configurations as spectator satellites. **

ORBITAL-COLLAPSE EFFECTS IN PHOTOEMISSION FROM . . .
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The differentiation of decay modes 2 (a) and (b) is possible
in the case of the 3d —4f resonances because the 3d exci-
tation process populates the discrete 4f orbital. In con-
trast, the 4d electron excited in the case of the “4d —4f”
resonance is placed in a hybrid | =3 state, that is not sim-
ply described as n =4.?* In fact, this hybrid state reached
in the “4d—4f” excitation has been described’~* as
similar to a discrete 5f wave function inside the potential
barrier (i.e., at low atomic radial distance r), and similar
to a continuum €f wave function outside the potential
barrier (at high 7). This hybrid character can be con-
sidered a direct consequence of the orbital-collapse
phenomenon moderated by the potential barrier for the
excited electron.

B. Photoemission results

In the “4d—4f” resonance case, the photoelectron
spectra in Fig. 3(a) qualitatively illustrate the dominance
of decay mode 2 over production of Eu* 4d ~! (represent-
ed in the spectra by Auger electrons following 4d photo-
emission) via decay mode 1. Furthermore, we also ob-
serve that autoionization to the 4/ ~! final state is the
dominant decay channel within decay mode 2. The
favored deexcitation channel for the giant resonance is
thus the suger-Coster-Kronig-like decay
4d°4f7(4,ef)—4d '%4f%ed,g), leaving the ion in the same
final state as reached by direct 4f photoemission.’*3
Figure 4 shows the partial cross sections for 4d, 4f, 5p,
and 6s photoemission in the vicinity of the “4d —4f"”
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FIG. 4. Partial cross sections of the 4d (squares, open squares for 4ds,, only), 4f (circles), 5p (diamonds), and 6s (triangles) main-
lines in the vicinity of the “4d —4f > giant resonance. The solid curves represent two-resonance fits with Beutler-Fano profiles. The
dotted line represents the 4ds,, cross section in the shape-independent approximation (Refs. 19 and 30).
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resonance, quantitatively confirming these conclusions. A
similar result for the 4f cross section was obtained from
the corresponding constant-initial-state spectrum of Eu
metal. '

The 4d photoemission cross section measured above
160 eV accounts for less than 25% of the total photoab-
sorption cross section. Auger electrons from decay of
4d-hole states were observed at lower photon energies near
the peak of the giant resonance, and were used to deter-
mine the 4d cross-section near threshold. The data in Fig.
4 show explicitly that photoemission into the 4d continu-
um (decay mode 1) is less likely than decay into the 4f
continuum (decay mode 2), confirming a calculation by
Amusia et al.** The results in Fig. 4 also suggest that it is
useful to picture the / =3 orbital reached by the giant-
resonance excitation as a wave function in which discrete-
like and continuumlike components couple to different
decay channels (decay modes 2 and 1, respectively). In
some sense, the relative contributions of the discrete and
continuum decay-modes determine the degree of orbital
collapse of the excited wave function. In the case of Eu
“4d —4f”, which has considerable discrete decay charac-
ter (decay mode 2), it may be appropriate to consider the
excited state as mostly, but not completely, collapsed. Fi-
nally, the importance of both decay modes 1 and 2 for the
“4d —4f > resonance demonstrates that photoabsorption
spectra of giant resonances are insufficient to test either
calculations based on discrete transitions alone,® or the
shape-independent approximation of the continuum reso-
nance;'*% measurements of partial cross sections are re-
quired.

U. BECKER et al. 34

Turning to the 3d —4f excitations, the spectra in Fig.
3(b) below the 3ds, threshold show that several main-line
and spectator-satellite channels are enhanced on reso-
nance. As mentioned in Sec. I, the removal of a 3d elec-
tron causes a large enough increase in Z s so that the
3ds;,3,2,—4f excitations are discrete, in contrast to the
“4d —4f” resonance.

Comparing peaks in the resonant and nonresonant spec-
tra in Fig. 3(b) to estimated binding energies and intensi-
ties (the former estimated as differences of one-electron
neutral binding energies for the appropriate subshells, and
the latter determined by reference to calculated Auger in-
tensities®”), we propose the following assignments of the
photoemission peaks in the resonant spectrum only. The
first two peaks should correspond primarily to autoioniza-
tion to the 4f and 4d mainlines, respectively. The third
peak contains the 4d ~24f® spectator satellite and the 4p
main line, although the intensity estimates suggest that
the 4d ~24f® satellite will be largest. Based on binding en-
ergies alone, the last two prominent features most likely
are due to spectator transitions to the 4p —'4d ~'4f® and
45 —'4d ~'4f® configurations, respectively. The peaks in
the nonresonant spectrum at hv=1120 eV almost certain-
ly correspond just to main-line Eu* configurations, be-
cause the (highly excited) spectator-satellite cross sections
will be extremely small off resonance. The limited resolu-
tion of the TOF spectra is insufficient to measure the ab-
solute quantitative relationship between autoionization
into the main-line [decay mode 2(a)] and spectator [decay
mode 2(b)] channels, but it does show qualitatively the
competition between the two modes.
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For the 3d;,,—4f excitation, the 3d5,, main-line state
also can be reached by autoionization, and in fact this
channel accounts for almost half of the total intensity at
the 3d;,,—4f resonance [see Fig. 3(c)]. This result is in
good agreement with theoretical predictions for La,*® and
is consistent with the asymmetric line shape of the 3d;,,
resonance in our total-yield spectrum, which arises from
interference between the direct and resonant ionization
contributions. We conclude that autoionization to the
main n =3,4 photoemission final states contributes con-
siderably to the decay of the 3d —4f excitations, especial-
ly for the 3d;/, spin-orbit component.

In Fig. 5 we show the relative intensities of the photo-
emission peaks that primarily correspond to the 4d, 4f,
and 3ds,, main-line channels and the 44 24f%® and
4p ~'ad ~'4f8 spectator satellites (the “4f peak” includes
contributions from the 5s, 5p, and 6s subshells, and the
satellites include some 4p and 4s main-line intensity,
respectively) in the 3d-—4f excitation energy range.
Above the 3d;,, threshold, Auger electrons from the de-
cay of 3ds,, hole states are unresolved from the main-line
and spectator-satellite photoemission peaks, as can be seen
in Fig. 3(c). Therefore, the measurements in Fig. 5 above
1131-eV photon energy should be considered as qualita-
tive results only.

The results in Fig. 5 show that there is no favored de-
cay channel following 3d —4f excitation, in contrast to
the “4d —4f ” resonance, but rather that many continua
participate in the decay of the excited states. Enhance-
ment of the satellites shows that autoionization via specta-
tor transitions [decay mode 2(b)] is competitive in the de-
cay of a 3d hole state. The competition between main-
line [decay mode 2(a)] and satellite [decay mode 2(b)] Eu™
final states can be viewed as a result of the more compact
size of the collapsed wave function for the excited 41 elec-
tron. By virtue of being strongly localized in the inner
well of the potential, the excited resonant state couples
significantly with many continua, producing autoioniza-
tion to both main-line and spectator satellite channels. Fi-
nally, our observations of decay to the 4f ! state corro-
borate findings by inverse photoemission'® as well as by
direct valence-band photoemission obtained recently for
different rare-earth-metal compounds. '®
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IV. CONCLUSIONS

In conclusion we have observed that autoionization to
main-line final states (mostly 4 ~!) is the dominant decay
mode for the “4d —4f” giant resonance in Eu, although
this resonance exhibits some “shape-resonance character”
as well. The decay of the 3d —4f resonances shows com-
petition between autoionization to main-lines and
spectator-satellites. The populations of the different de-
cay channels change dramatically with the quantum num-
ber of the core hole created. This quantitative difference
in decay-channel cross sections is probably related to the
core-level-vacancy dependence of the excited-state poten-
tial and thereby the orbital-collapse phenomenon, which
can modify the /=3 excited-state wave function. The
collapsed 4f wave function following 3d —4f excitation
produces a strong discrete autoionizing resonance by vir-
tue of being completely localized in the inner well of the
atomic potential, whereas the / =3 wave function popu-
lated by the “4d—4f” excitation may be regarded as a
hybrid inner-well eigenstate with some continuum charac-
ter that produces both autoionizationlike (decay mode 2)
and shape-resonance-like decay (decay mode 1). A com-
plete understanding of how these differing intermediate-
state wave functions affect the different decay-channel
probabilities will require further theoretical analysis and
experimental studies. Finally, we expect that the decay
characteristics observed in Eu also will be found in other
rare-earth metals.
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