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Abstract. Decay processes in solid gadolinium and europium after 4d — 4f resonance
excitations have been studied by means of Auger and pholoclectron spectroscopy. Several
photon energies covering the whole resonance region were used. Excitations correspond-
ing to the narrow absorption peaks at the low-energy side of the main resonance were
found to decay mostly via autdionization involving S5p or 5s orbitals, However, the
Nj 5 O2,3Ng 7 and N 5Ng 7Ng 7 resonance Auger processes were also found to play a
significant role. Afier exciiations corresponding to the main 4d — 4 giant resonance
the auteionization leading to a 4f~! one-hole state proved to be the strongest decay
channel although the Ny 5Oz 3Ng 7 and Ny sNg 7Ns,» normal Auger transitions were
also observed.

1. Introduction

In rare-carth elements the strong interaction between discrete core-excited 4d — 4f
states and the 4d ionization continua leads to a large enhancement of photoabsorption
cross-section close to the 4d ionization threshold. In this energy region the absorption
spectra contain some narrow peaks and a broad strong maximum which can extend
several eV above the 4d ionization limit [1-8]. Because of the complicated nature
of this giant resonance the Auger and photoelectron spectra of rare-earths undergo
large changes when the excitation energy varies through this resonance region [9-10].

The 4d — 4f resonance excitation in rare-earths can decay through three principal
channels:

(i) the excited electron tunnels through the poteniial barrier Jeading to an excited
jonic state 4d=1 [11] which predominantly decays via a normal Auger process;

(ii) the excited electron takes part in the decay process via autoionization (direct
recombination) leading to electron emission from one of the 3s, 5p, 4f core levels, or
valence band;

(iii) the excited electron remains as a spectator Guring the recombination process
which is then called a spectator resonance Auger process or, in short, a resonance
Auger process.

The autoionjzation processes appear in the photoelectron spectrum as the en-
hanced intensity of the corresponding photopeaks. In resonance Auger decay the
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spectator clectron affects the cutgoing Auger electron and this Jeads to an energy
shift relative to the normal Auger energies [12, 13].

Excitation to the partly filled subshell causes some difficulties in separat-
ing autoionization processes from the corresponding resonance Auger processes.
The strongest Auger processes in rare-earths are N, O, 30,35, N, 0, 2N; ; and
Ny sNg ;Ng 7. In the N, ;O, 30, ; resonance Auger process there are two holes in
the 5p orbital and one extra electron in the 4f orbital in the final state, so it can be
clearly distinguished from the different autoionization processes. The separatjon is
not so straightforward with the N, ;O, ;Ng ; and the N, (N, N, ; resonance Auger
decays. In the NON resonance Auger process one of the 4f electrons takes part in
the decay leading to a 5p~! one-hole final state so the process is phenomenologically
similar to the 5p autoionization process. In the NNN resonance Auger decay two
4f electrons take part in the recombination leading to a 4f~! final state, the pro-
cess thus being phenomenologically similar to the 4f autoionization. The question is
whether the 4f electron that takes part in the decay process is the excited electron
(autoionization) or not (resonance Auger).

The two processes mentioned above can, however, be distinguished in some cases.
According to the Hund rule electrons fill the 4f subshell so that they all have parallel
spins until the subshell is half filled. After that the states involving opposite spin start
to get filled. Thus if the excited 4f electron has an opposite spin as compared with
the electron(s) taking part in the decay process, the 4f subshell is left in an excited
state. This will lead to a lower kinetic energy for the emitted electron compared
with the autoionization (or direct photoionization) process and can be resolved in
the electron spectrum. Gerken e of [14] have discussed this phenomenon in the case
of gadolinium N, (Ng ;N ; resonance Auger process. We would like to generalize
this picture to distinguish a resonance Auger decay involving a 4f electron from the
corresponding autoionization decay. In the resonance Auger process the 4f subshell
is left in an excited state, whereas in the corresponding autoionization decay the
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4f subshell is left in the ground state as in the direct photoemission process. This
difference is illustrated in figure 1.

The purpose of this study i$ to determine the decay channels of the 4d— 4f
giant resonance excitations in solid gadolinium and europium. Especially, we want
to look at the importance of the resonance Auger process which has been found
to be a significant decay channel, e.g. in rare gases [15-18] and some molecuies
[12, 13,18, 20]). Gadolinium and europium are interesting elements because they have
a half-filled 4f subshell and therefore the excited electron will have an opposite spin
compared to the other 4f electrons. This work is an extension to our earlier study
for solid Janthanum [21].

2. Experiment

The measurements were carried out at the MAX synchrotron radiation laboratory in
Lund, Sweden, using the 4.7 m toroidal grating monochromator with a 1200 | mm~!
laminar grating. The bandwidth of the monochromatized light was less than 0.5 eV,
The spectra were recorded with a commercial double-pass cylindrical mirror analyser
applying a constant 20 eV pass energy, giving a spectrometer resolution of about
03 eV

The sample foils were evaporated on a tantalum substrate /n situ from a tungsten
wire. The background pressure during the mecasurements was 4-8 x 107'° mbar
and the purity of the sample was controlled regularly by recording the valence band
photoelectron spectrum. No noticeable contamination was detected.

In order to study the decay channels of the giant resonance excitations we mea-
sured the electron spectra of solid Eu and Gd using photon energies below, at, and
above the giant resonance of each element. The important background estimation
and subtraction procedure is discussed elsewhere [18]. The energy calibration was
based on the binding energies taken from the study of Riviere e af [22]. To deter-
mine the 4d — 4f resonant energies we also recorded the electron yield spectra with
the constant-final-state method, ie. by scanning the photon energy through the range
of the giant resonance and by measuring the intensity of (in this case) 10 eV sec-
ondary electrons. The electron yield spectrum has been shown to be analogous to the
photoabsorption spectrum [23] so it also reveals the sharp absorption fine structure
below the main resonance,

3. Results and discussion

In order to visualize the changes in the intensities of different decay channels the
pure photoelectron spectrum measured with photon energy well below any resonance
energies was compared o the resonance spectra. Intensities were normalized reiative
to the line which has the lowest relative intensity compared to the non-resonant
spectrum. This means that the ‘difference’ spectra do not display the absolute increase
in intensity, only the relative portion of different decay channels. Immediately below
the giant resonance, when the comparison is done relative to the 4f photoline, one
has to bear in mind that the cross-section of this line is not exactly constant there but
undergoes an intensity minimum because of the asymmetric Fano-type behaviour.
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3.1. Gadolinium

As mentioned, the N, (N ;Ng ; resonance Auger process in solid state gadolinjum
has earlier been discussed by Gerken e af [14]. Spin-polarized Auger electron spec-
troscopy has also been used successfully by Taborelli et al {24] to study the final states
of different recombination processes. Recently, Richter ez al [25] have discussed the
decay channels in atomic gadolinium.

The electron yield spectrum from metallic Gd is displayed in figure 2. The main
giant resonance maximum is seen around 149 eV photon energy and smaller maxima
at 138.5 eV, 140 eV and 142 ¢V photon energies. All the smaller maxima are below
the first 4d-ionization energy 142.7 eV {22].
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Figure 2. The electron yield spectrum of Gd.

The background-subtracted electron spectra of Gd measured with photon energies
137 eV, 138.5 eV, 140 eV, 142 eV, 143.5 eV, 145 eV, 149 ¢V and 155 ¢V are shown in
figure 3. The spectra are normalized to the spectrum measured with 130 eV, which
is—as the electron yield spectrum shows—clearly below any resonance excitations.
In the pure photoelectron spectrum we can see a 5 photoemission structure around
45 eV binding energy, a 5p photoemission structure around 30-20 eV binding ener-
gies, a 4f photoline around 8 eV binding energy, and valence photoemission structure
on the right-hand side of the 4f line. The interaction with the partly filled 4f subshell
splits the 55! and 5p~! emission lines into several components. Direct photoemis-
sion from the half-filled 4f orbital leads 1o final states °F, (J =1,...,6) that cannot
be resolved and are thus seen as one intense peak.

From figure 3 we can see that with low excitation energies the intensities of 55
and 5p photolines as well as valence emission increase relative to the 4f photoline,
implying autoionization effects even though the enhancement js probably partly due
t0 a decrease in the cross-section of the 4f photoline. The development of the
relative changes in intensities have the same direction in all of these cases: at first
the intensity begins to increase, being strongest at 143.5 eV photon energy, and then
it decreases so that at the photon energy of 149 eV-—which corresponds to the main
giant resonance—it is the 4f photoline that has increased relative to the others. The
only exception is the spectrum measured with 142 €V photons where the relative
intensities of 3s, 5p and valence emission are suddenly lower than in the previous
spectra.
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Figure 3. The electron spectra of Gd measured with 137 eV, 138.5 eV, 140 eV, 142 eV,
143.5 eV, 145 eV, 149 eV and 155 eV photons. The {ull curve corresponds to the
reference spectrum measured with 130 eV photons.

Let us next look at the different resonance Auger processes in Gd. The normal
Auger spectrum taken with 180 eV photon energy is presented in figure 4. Three
different Auger structures can be resoived in the spectrum: N, 50, 50, 5 structure
around 89 eV, N, O, 3N, ; structure around 110 eV, and N, N ,N; ; super Coster—
Kronig structure around 125 eV kinetic energies [22,26]. The doublet structure
around 132-137 eV originates from direct 5s photoemission.

Already in the spectrum measured with 140 eV photons (figure 3) an intensity
increment can be seen on the left-hand side of the 4f photoline. The increment
relative to the intensity increment of the other structures is strongest with 142 eV
photons, but it is still clearly seen in the spectrum taken with 143.5 eV photons.
This structure is caused by N, ;N; ;Ng - resonance Auger processes, ie. when the 4f
subshell is left in an excited state including five electrons with parallel spins and one
electron with an opposite spin. We obtain an energy shift of 5.5+ 1.0 eV relative to



3342 O-P Sairanen and § Aksela

Q
Q
m *
o i3
T~ LY
=) * 113
w7 Fl -
- : N, 'T'. oy
>|—-8~ N 0.0, & ’N*N-: S
73] . g - s »
(= e v . N B
E i ANy e P .
E o Pt ooy R %
il P o :
8 7 ’-.,: ‘:\“;'""‘ ' T"é'v
= K F
o T T I T T 1 i Y
80 7¢ BD 90 W0 10 120 130 140 BO

KINETIC ENERGY (eV)

Figure 4. The normal Auger spectrum of Gd measured with 180 eV pholons.

the normal NNN Auger energies. To reach an NNN resonance Auger final state a spin-
flip has to take place either during the excitation or during the decay process. The
intensity of NNN resonance Auger transitions obviously does not foliow the shape of
the main giant resonance absorption but is more correlated to the excitation energies
near the third smaller maximum (at 142 eV) in the electron yield spectrum. This is
in good agreement with the results of Gerken er al [14].

In order to study the N, ;O, ;N ; resonance Auger phenomenon we have sub-
tracted the reference spectrum (130 V) from the resonance spectra normalized rela-
tive to the 5p;,, photoline. The ‘difference’ spectra at 140 eV, 142 eV, 1435 eV and
145 eV photon energies are shown in figure 5. Throughout the series the dominating
structure in the spectrum is a strong peak around 28 eV binding energy. It is mainly
caused by autoionization decay through the 5p,,, orbital. It is noticeable that in the
5p autoionization process the decay through 5p),, is much stronger than through
Ps /2 However, there is a broad shoulder on the left-hand side of the autoionization
peak in the spectrum measured with 142 eV photons. A similar shoulder is also
seen in the following spectra although it geits lower and broader. This shoulder is
caused by NON resonance Auger decay processes. Our estimate for the kinetic energy
shift is 2.0 & 0.5 eV which is much smaller than in the case of the NNN resonance
process. The reason for this may be found in the decay mechanism. Likewise in the
5p autoionization process the NON resonance Auger process decays predominantly
through the 5p, ,, spin~orbit component. This means that in the resonance structure
the N, sO,N; » component dominates which gives rise to an apparent energy shift
towards lower kinetic energies and therefore closer to the normal Auger energies.
In the excitation with 143.5 €V and 145 eV photons 4d ionization becomes possible
and some of the excited electrons can escape through the potential barrier causing
the giant resonance. This leads to a normal Auger decay and is responsible for the
broadening of the resonance structure.

The only resonance Auger process that does not involve the 4 subshell,
N, 50,30, 35, can also be distinguished in the resonance spectra (figure 3). It is
seen as a shoulder on the left-hand side of the 55 photopeaks. The structure is, how-
ever, so weak and broad that any energy shift relative to the corresponding normal
Auger is very difficult to determine.
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Figure 5 The <difference’ spectra of Gd measured with 140 eV, 142 eV, 1435 eV
and 145 eV photons when the reference spectrum is normalized relative to the 5pz
photoline.

3.2, Europium

A comprehensive electron-spectroscopic study of europium using electron impact
excitation has been recently presented by Hocking and Matthew [27]. Atomic Eu has
been discussed earlier both experimentally [10, 25, 28] and theoretically [29-32].

The electron yield spectrum from solid Eu is shown in figure 6, It looks very
similar to the electron yield spectrum of Gd, having the main maximum around
140 eV and the smaller maxima at 131.5 eV, 132.9 eV and 134.7 ¢V photon energies.
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Figure 6. The electron vield spectrum of Eu.
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Unlike gadolinium, all the smaller maxima are now above the first 4d jonization
energy 129.2 eV [22].

The background-subtracted electron spectra of Eu measured with photon energies
128 eV, 131.5 eV, 133 ¢V, 134.7 eV, 137 eV and 140 eV are shown in figure 7. The
spectra are normalized to the photoelectron spectrum measured with 120 eV photons
(displayed as a full curve). 55, 5p, and 4f photoemission structures can be seen at 45-
37 eV, 25-19 eV and 2 eV binding energies, respectively. The 4f peak is accompanied
by a satellite structure on the left-hand side and by valence cmission structure on the
right-hand side. Direct photoemission from the 4f orbital leads, like in gadolinium, to
final states °F,; (J = 1,...,6) which cannot be resolved. The sharp peak at 49 eV
binding energy which is seen in some spectra does not originate from curopium, but
probably from MgO impurity attached to the sample during preparation.

140 eV

137 eV

128 eV 134.7 eV

70 61(—} 5l0 4'0 3|D ZiD 1:3 CT 80O 7'0 SIO 5l0 4|D .’;0 210 1:) 6
BINDING ENERGY (eV) BINDING ENERGY {eV)

Figure 7. The eleciron spectra of Eu measured with 128 eV, 131.5 eV, 133 eV, 134.7 &V,

137 €V and 140 eV photons. The full curve corresponds to the reference spectrum
measured with 120 €V photons.

From figure 7 we can see again that with low excitation energies 5s, 5p and valence
autoionization processes are stronger than autoionization through the 4f orbital. The
difference is biggest in the 133 eV spectrum. With higher excitation energies 4f
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autoionization becomes stronger, being the strongest autoionization channel at 140 eV
photon energy which corresponds to the main giant resonance excitation.

The normal Auger spectrum of Fu measured with 160 eV photons is presented
in figure 8. The three different Auger structures can be identified as N, ; O, 50, 4
processes around 83 eV, N, ;O, 3N, ; processes around 105.3 eV, and N, Ng /Ng -
processes around 125 eV kinetic energies. The sharp peak ar 121 eV is the 5§
photoline (~ 39 eV binding energy).
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Figure 8. The normal Auger spectrum of Eu measured with 160 eV photons,

In figure 7, in the spectra from 131.5 eV to 137 eV, we can sce clear intensity
increment on the left-hand side of the 4f photoline. Even though the excitation
energy is above the 4d ionization threshold, the enhancement can be determined
as the N, sNg 7Ny 7 resonance Auger processes (instead of the corresponding normal
Auger processes) because of an energy shift of about 1 eV relative to the normal NNN
super Coster-Kronig energies. The excited electron thus remains in a quasi-bound
state daring the recombination process affecting the outgoing Auger electron. The
enhancement is at its strongest at the excitation energy corresponding to the third
smaller maximum (134.7 eV) in the electron yield spectrum (figure 6). The energy
shift is not so Jarge as in gadolinium which indicates that the excited state has more
continuum-like character in Eu than in Gd.

Some ‘difference spectra’ of Eu when normalization is achieved relative to the
5ps2 photopeak are diplayed in figure 9. As in gadolinium the 5p,,, photopeak
(~ 24.5 eV binding energy) is strong, showing the strength of 5p, ,, component in the
5p autoionization process. With 133 eV photon energy a peak can be distinguished at
26.8 eV binding energy corresponding to 106.2 eV kinetic energy. The peak originates
from N, ;0O, ;N , resonance Auger processes, the energy shift again being about
1 eV. The resonance Auger process is the most intensive decay channel at 134.7 ¢V
excitation energy and is also clearly seen with 137 eV photons. The resonance Auger
structure is much sharper in Eu than in Gd.

The Ny 50O, 30, 3 Auger process is also very clearly seen in the resonance spectra
(figure 7) on the left-hand side of the Ss photopeaks. It seems that this stucture has
also a slight energy shift relative to the normal NOO Auger process (figure 8), but
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Figure 9. The “difference’ specira of Eu measured with 1315 eVl 133 eV, 134.7 &V
and 137 eV photons when the reference spectrum is normalized relative to the 5paj,
photoline.

the broadness of the structure makes any estimations inaccurate. The NOO Auger
transitions are much more intense in Eu than in Gd. Bceause the cxcitation energy is
above the 4 ionization threshold, the excited clectron can escape from the influence
of the Eu atom and the state decays more easily through a process in which the 4f
orbital takes no part.

4. Conclusions

In this work we have studied the decay channels of solid gadolinium and europium
after excitation with different photon energies corresponding to the 4d — 4f giant
resonance area. On the low-energy side of the resonance region, autoionization chan-
nels 4d°4{335s25p®— 4404 7555p® and 4d°4f855>5p®— 4d1°4{755%5p® arc strong but
the N, O, 3Ng 7 and N, ;Ng ;N - resonance Auger processes also give a significant
contribution to the spectra. The energy shift relative to normal Auger energies in
gadolinium was estimated to be 5.5 eV for NNN processes and 2 eV for NON processes.
In europium the energy shift was smaller, only about 1 eV for both.

With excitation enetgies closer to the main giant resonance the decay channels
mentioned above lose their strength and the 4f autoionization process 4d°4f25525p%—
44*%4[ 5552 5p5 becomes more significant, being the strongest decay channel at the top
of the main giant resonance. The strength of different autoionization and resonance
Auger channels implies that the 40 — 4f resonance is discrete in character even
though the excitation energy is above the 4d jonization threshold.
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