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Photoion Spectroscopy in the 4d Giant Resonances of the Lanthanides
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The photoion-yield spectra o(X"*) with n =1-4 for seven elements of the lanthanides in the region of
the 4d giant resonances between 100-200 eV were measured. Dramatic changes in the different X"*
signals for increasing Z show the growing influence of the 4/ subshell in the competition between contin-

uum transitions 4d'%— 4d°%¢f and discrete transitions 4d '%4fN— 4d°4fN !

For the analysis of the

spectra the partial photoionization cross sections o(n/) for the subshells 4d, 5s, 5p, and 4f were calculat-
ed with the time-dependent local-density approximation.

PACS numbers: 32.80.Fb, 32.80.Dz

The photoabsorption spectra of the lanthanides in the
region of 100-200 eV are characterized by strong,
board, and asymmetric resonances.!™ These “giant”
resonances, which for many years have attracted the in-
terest of both experimental and theoretical physicists,>
may mainly be described by the excitation of inner-shell
4d electrons to unoccupied 4f levels. The large overlap
between the 44 and 4f wave functions, which causes a
strong coupling of the core-excited and continuum states,
and the distribution of the oscillator strengths over many
resonances due to the multiplet splitting of the open
shells, are the main reasons for the broad features. For a
more detailed analysis of the spectra, however, one has
to take into account that there are distinct differences
between light and heavy lanthanides. Whereas for the
light elements like La (Z=57) or Ce (Z =58) the reso-
nances lie above the 4d ionization limits, the position of
the resonances for increasing Z moves gradually to these
limits, passes them, and for elements with Z = 64 the
main part of the resonances lies below these limits.
Therefore, a better description of the excitation process
is 4d— (ef,4f) with a mutual competition between con-
tinuum and discrete excitations. This competition can be
explained by the position of the 4f wave function in the
effective double-valley potential, which is caused by the
attractive Coulombic field and the repulsive centrifugal
term.® In neutral atoms the collapse of the 4f wave func-
tions from the outer to the inner well takes place be-
tween Ba (Z=56) and La (Z =57)" though the 4f level
is not occupied in the ground-state configuration of La.
The removal of a 4d electron in the core-excited states
should deepen the inner well, but due to a large exchange
interaction the 4d°4f'P, state is shifted to the outer
well.® Therefore, the oscillator strength of the discrete
transitions 4d '°— 44°4f'P| is very small and is trans-
ferred to the continuum transitions 4d '°— 4d°%¢f'P|,
which, due to the centrifugal barrier, gives rise to a
shape resonance similar to that of Xe or Ba.’ For
heavier elements the inner well gradually gets deeper so
that the corresponding 4f wave functions in the core-
excited states can collapse into the inner well and transi-

tions to discrete states 4d'°4fV— 44°4fM*! should
dominate. Autoionization of these discrete states
favors the super-Koster-Kronig transitions 4d°4fV*!
— 4d'°4fN"'ed, g which can interfere with the direct 4f
ionization 4fNV— 4fV " led, g yielding asymmetric reso-
nances with Beutler-Fano profiles.'® For a better under-
standing of these processes, one can study the decay of
these resonances by photoelectron®''"!* or photoion
spectroscopy. We have used monochromatized synchro-
tron radiation, atomic-beam technique, and a time-of-
flight spectrometer to measure for the first time the par-
tial cross sections o(X"*) for the production of
lanthanide photoions X"t with n =1-4 as a function of
the photon energy in the region of the 44 giant reso-
nances.

The experiments were performed at the synchrotron
radiation facility of the 800-MeV electron storage ring
BESSY in Berlin. The synchrotron radiation was
dispersed by a toroid-grating monochromator with a
1200-lines/mm grating. The photon flux was monitored
by a sodium salicylate-coated photomultiplier. The light
was focused on an atomic beam emanating from an
effusion oven, which was heated by electron impact. The
temperatures, which were necessary for the production of
a particle density of about 10'' atoms/cm? in the in-
teraction zone, were in the range of 1400-2000 K. For
the time-of-flight technique, short pulses (120-V ampli-
tude, 1-us width, 25-kHz repetition rate) were applied
which extracted the photoions from the interaction zone.
Setting appropriate time windows, the photoions X"t of
different charge states with n =1-4 could simultaneously
be detected. This method permits an accurate deter-
mination of the ratios of the photoionization cross sec-
tions o(X" ") if the collection efficiency of the differently
charged ions is the same. Test experiments with Xe in
the region between 80 and 180 eV showed good agree-
ment with the results of Holland ez al.'® within the error
limits of 20%. We have measured the photoion yield
spectra o(X" %) of La, Ce, Pr, Nd, Gd, Tb, and Dy in
the region of the 44 giant resonances. As typical exam-
ples, the spectra of La, Nd, and Dy are give in Figs. 1-3.
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FIG. 1. Upper part: Photoion-yield spectra o(La"*) with FIG. 2. Upper part: Photoion-yield spectra o(Nd”"*) with

n=1-4 in the region of the 4d giant resonances between 90
and 160 eV. Lower part: Calculated partial photoionization
cross sections o(n/) for the subshells 4d, 5p, and S5s using
TDLDA (Ref. 15).

These examples were chosen to demonstrate the sys-
tematic trend for increasing Z. For the interpretation of
the spectra, we have calculated the atomic partial photo-
ionization cross sections o(nl/) of the different subshells
with a relativistic version'® of the time-dependent local-
density approximation (TDLDA).!” Relativistic orbital
energies'® and the Gunnarsson-Lundgvist formula'® for
the exchange-correlation function were used in these cal-
culations. The results are shown in the lower parts of
Figs. 1-3.

La.—The spectra o(La"*) with n =1-4 are dominat-

n=1-4 in the region of the 4d giant resonances between 100
and 190 eV. Lower part: Calculated partial photoionization
cross sections o(n/) for the subshells 4f, 4d, 5p, and 5s using
TDLDA (Ref. 15).

ed by the broad shape resonance of the La>* signal (Fig.
1). The weaker La** signal shows similar shape and po-
sition, whereas the La2" signal is narrower and has a
more symmetrical shape. Only a very small La™ signal
is observed. If one looks at the calculated partial cross
sections o(nl) for the subshells 4d, 5p, and 5s in the
lower part of Fig. 1, these features can easily be ex-
plained: The partial cross sections o(n/) are dominated
by the broad o(4d) resonance. The Auger decay of the
4d hole involving Sp or Ss electrons gives rise to the
La3* and La** signals. For example, the following de-
cay path can lead to the production of La3™:

Lat4d®5525p°5d6s%— La?*4d '%5525p*5d6s>— La’t4d '°5525p5(5d ,6s5)" .

This decay explains the corresponding Auger peak in the
photoelectron spectrum.!?® Compared with o(4d) the
partial cross sections o(5p) and o(5s) are narrower,
more symmetrical, and shifted to lower energies. There-
fore, the La?" signal should be mainly connected with
the 5p and S5s ionization. The partial cross sections
o(6s) and o(5d) of the valence electrons (not shown in
Fig. 1) have similar shapes and positions like o(5p) or
o(5s), but are much smaller—only 5% of o(5p). This is
the reason for the small La™ signal.

Nd.— As in the case of La, the triple-charge Nd ions

r

give rise to the strongest signal in the ion-yield spectra
o(Nd"*) with n=1-4 (Fig. 2). The corresponding
Nd** signal is registered with similar shape and posi-
tion. Therefore, these resonances should be explained by
the partial cross section o(4d) although the comparison
shows that the experimental curves have larger widths
which may result from the actual multiplet splittings. In
contrast to La, however, there is a distinct Nd ™ signal,
similar in shape and position to the Nd?* signal, with a
flat slope to higher photon energies, but with a minimum
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FIG. 3. Upper part: Photoion-yield spectra o(Dy"*) with
n=1-3 in the region of the 44 giant resonances between 80
and 180 eV. Lower part: Calculated partial photoionization
cross sections o(nl) for the subshells 4/, 4d, 5p, and 5s, using
TDLDA (Ref. 15).

at the lower-energy part. This signal must be correlated
with the electrons in the 4f subshell of Nd as the calcu-
lated partial cross section o(4f) also shows such a
minimum at the low-energy part and a flat slope to
higher energies.

Dy.—The increasing influence of the 4f subshell is
very convincingly demonstrated by the spectra of Dy
(Fig. 3). Here the dominating signal is the yield of
single-charged Dy ions. This signal has the form of a
Beutler-Fano resonance with a pronounced minimum at
144 ¢V. The Dy?* and Dy** signals have similar reso-
nances without such a minimum. No Dy** signal was
observed within the signal-to-noise ratio of this experi-
ment. The dominating Dy * signal is very well explained
by the calculated partial cross section o(4f). The
Beutler-Fano profile indicates that the discrete transi-
tions 4d'°4f'°— 44°4f'! with subsequent autoioniza-
tion 4d°4f"'— 41'94f%d g dominate the spectra.

Summarizing our results, it is shown that photoion
spectroscopy is a very valuable tool to study the charac-
ter of the 4d giant resonances in the lanthanides.
Whereas for the light elements the continuum transitions
4d'°— 4d°¢f and the subsequent Auger decay of 44 !
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dominate the spectra with strong X3% and X** signals,
for the heavy elements the discrete transitions
4d'°4fN— 44°4fMt! with subsequent autoionization
4d°4fN*'— 441°4fN"led g are the important process-
es yielding strong X * signals. The main features of the
ion-yield spectra o(X"") are well reproduced by the
TDLDA calculations of the partial cross section o(n/)
although there are considerable discrepancies for the ex-
act positions, widths, and amplitudes of the resonances.
The authors thank B. Sonntag and M. Richter for
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