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Received 8 August 1991. in final form 23 November 1991 

AbslracL Decay pmcesses in solid gadolinium and europium after 4d - 4t resonance 
acitations have teen studied ty means of Auger and photoelectron rpectrosmpy. Several 
photon energies covering the whole resonance region wre uscd. Excitations mrrespond- 
ing to the narrow absorption peaks at  the low-energy side of the main resonance were 
found to decay mostly ria autoionization involving 5p or 5s orbitals. However, lhe 
N,,5Cb,3N6,1 and N4,SN6,~N6.7 resonance Auger processes were also found to play a 
significant rule. After acitations mmsponding to the main 4d - 4f giant rtsonance 
the autoionization leading to a 4f-’ one-hole statc proved to be the strongest decay 
channel although the N+,502,3N~,, and N,,SNB,,NS,7 normal Auger tmnsitinn~ were 
also observed. 

1. Introduction 

In rare-earth 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 e n e r a  region the absorption 
spectra contain some narrow peaks and a broad strong maximum which can extend 
several eV above the 4d ionization limit [I*]. 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 [%IO]. 

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

(i) the excited electron tunnels through the potential barrier leading to an excited 
ionic state a-’ [U] 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 [Tom one of the Ss, Sp, 41 core levels, or 
valence band; 

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

The autoionization 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 electron affects the outgoing Auger electron and this leads IO 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-earth are N4,502,302,3,  N4,502,3NS,7 and 
N4,5N6,7N6,,. In the N4,502,302,3 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 separation is 
not so straightfoward with the N,,50,,3N,,7 and the N4,5N6,,N6,7 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 N" 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 41 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 el al [I41 have discussed this phenomenon in the case 
of gadolinium N4,5N6,,N6,, 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 
B 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 is 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-lS] and some molecules 
[12,13,19,20]. Gadolinium and europium are interesting elements bccause 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 lanthanum [XI. 

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 I 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 
0.3 eV 

The sample foils were evaporated on a tantalum substrate in srfu from a tungsten 
wire. The background pressure during the measurements was 4-S x mbar 
and the purity of the sample was controlled regularly by recording the wlence 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 et al [22]. lb deter- 
mine the 4d - 41 resonant energies we also recorded the electron yield spectra with 
the constant-final-state method, i.e. 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 rield 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 to the resonance spectra. Intensities were normalized relative 
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 hno-type behaviour. 
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3.1. Gadolinium 
As mentioned, the N4,5N6,,N6,, resonance Auger process in solid State gadolinium 
has earlier been discussed by Gerken et a1 [14]. Spin-polarized Auger electron spec- 
troscopy has also been used successfully by 'lhborelli er a/ [24] to study the final states 
of different recombination processes. Recently, Richter el af [U) have discussed the 
decay channels in atomic gadolinium. 

The electron yield spectrum Erom 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 eV photon energies. All the smaller maxima are below 
the first 4d-ionization energy 142.7 eV 1221. 
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Figure 2. Ihe eleclron yeld spectrum 01 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 eV and 155 eV 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 5s 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 4I line. The interaction with the partly filled 4f subshell 
splits the 5s-' and 5p-' emission lines into several components. Direct photoemis- 
sion from the half-filled 4f orbital leads to final states 7F, ( J  = 1 l . .  . ,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 5s 
and 5p photolines as well as valence emission increase relative to the 41 photoline, 
implying autoionization effects even though the enhancement is probably partly due 
to 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 incrcased relative to the others. The 
only exception is the spectrum measured with 142 eV photons where thc relative 
intensities Of 5s, 5p and valence emission are suddenly lower than in the previous 
spectra. 
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Figure 3. ?he 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 full a w e  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 i!j presented in figure 4. Three 
different Auger structures can be resolved in the spectrum: N,,502,30,,, structure 
around 89 eV, N4,50z,3N6,7 structure around 110 eV, and N4,5N6,7N6,7 super Coster- 
Kronig saucture 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 N4,5N6,7N6,7 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 
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Figure 4. normal Auger speclmm of Gd mcasurcd with 180 eV photons 

the normal NNN Auger energies. Ib reach an N N N  resonance Auger final state a spin- 
Hip has to take place either during the excitation or during the decay process. The 
intensity of N” resonance Auger transitions obviously does not follow 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 a/ [14]. 

In order to study the N.,502,3N6,7 resonance Auger phenomenon we have sub- 
tracted the reference spectrum (130 eV) from the resonance spectra normalized rela- 
tive to the 5p312 photoline. The ‘difference’ spectra at 140 eV, 142 eV, 143.5 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 
5 ~ ~ ~ ~ .  However, there is a broad shoulder on the Icft-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 gets lower and broader. This shoulder is 
caused by NON resonance Auger decay processes. Our estimate for the kinetic energy 
shift is 2.0 5 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,12 spin-orbit component. This means that in the resonance structure 
the N,,,02N,,7 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 eV and 145 eV photons 4d ioni7ation 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 41 subshcll, 
N.,502,302,3, can also be distinguished in the resonance spectra (figure 3). It is 
seen as a shoulder on the left-hand side or the 5s 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 ?he 'differenw' spectra of Gd measured with 140 eV, 142 eV. 143.5 eV 
and 145 eV photons when the reference speclrum is normalized relative 10 the 5 ~ 3 1 2  
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 [IO, 25,281 and theoretically 129-321. 

The electron yield spectrum from solid Eu is shown in figure h It looks ve'y 
similar to the electron yield spectrum of Gd, having the main maximum around 
140 eV and the smaller maxima a t  131.5 eV, 132.9 eV and 134.7 eV photon energies. 

- 
120 125 130 135 140 145 150 155 160 

PHOTON ENERGY (eV) 
Figure 6. Tne electron yield spectrum oI Eu. 
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Unlike gadolinium, all the smaller maxima are now above the first 4d ionization 
energy 129.2 eV [22]. 

The background-subtracted electron spectra of Eu measured with photon energies 
128 ev, 131.5 e v  133 eV, 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). 5s, 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 emission structure on the 
right-hand side. Direct photoemission from the 4f orbital leads, like in gadolinium, to 
final states 7FJ ( 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 europium, but 
probably from MgO impurity attached to the sample during preparation. 

0 - P  Sairanen and S Akseh 

60 50 40 30 20 10 0 
BINDING ENERGY (eV) 

140 eV 

I 

I , , , ,  

70 M) 50 40 30 z’o io b 
BINDING ENERGY (eV) 

Figure 7. ?he eleclmn spectra of Eu measured with 128 eV, 131.5 eV, 133 eV, 134.7 eV, 
137 eV and 140 eV pholons. The futl cume corresponds 10 Ihe reierence spectrum 
measured u i lh  120 eV photons. 

From figure 7 we can see again that with low excitation energies 55, 5p and valence 
autoionization processes are stronger than autoionization through the 41 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 Eu measured with 160 eV photons is presented 
in figure 8. The three different Auger structures can be identified as N4,50z,302,3 
processes around 83 eV, N4,50z,3N,,7 processes around 105.3 e% and N4,5N6,7N6,, 
processes around 125 eV kinetic energies. The sharp peak at 121 eV is the 5s 
photoline (- 39 eV binding energy). 
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Figure 8. The normal Auger spectrum of Eu mesrured with 160 eV pllolons. 

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 N4,5N6,7N6,7 resonance Auger processes (instead of the corresponding normal 
Auger processes) because of an energy shift of about 1 eV relative to the normal N" 
super Coster-Kronig energies. The excited electron thus remains in a quasi-bound 
state during 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 large 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 
5p3/2 photopeak are diplayed in figure 9. As in gadolinium the 5p,/, photopeak 
(-- 24.5 eV binding energy) is strong, showing the strength of 5pII2 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 N4,50z,3N6,7 resonance Auger processes, the energy shift again being about 
1 eV The resonance Auger process is the most intensive decay channel at 134.7 eV 
excitation energy and is also clearly seen with 137 eV photons. The resonance Auger 
structure is much sharper in Eu than in Cd. 

The N,,502,30z,3 Auger process is also very clearly seen in the resonance spectra 
(figure 7) on the left-hand side of the 5s 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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Flpun 9. The 'dilfercnce' speelra of Eu measured wicli 131.5 eV. 133 eV, 134.7 e V  
and 137 eV photons when the reference VpParum is normalized relalive 10 [he 5 p 3 p  
phololme. 

the broadness of the structure makes any estimations inaccurate. The No0 Auger 
transitions are much more intense in Eu than in Gd. Bccause the excitation energy is 
above the 46 ionization threshold, the excited electron can escape from the inlluence 
of the Eu atom and the state decays more easily through a proccss 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 46 - 4f giant 
resonance area. On the low-energy side of the resonance region, autoionization chan- 
nels 4d94f*5sz5p6+ 4d'04f75s5p6 and 4dg4f85s25p6- 4d'04f'5s25p5 are strong but 
the N,,50,,,N,,7 and N4,5N6,7N6,7 resonancc Auger processes also give a significant 
contribution to the spectra. The energy shift relative U) 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 energies closer to the main giant resonance the decay channels 
mentioned above lose their strength and the 4f autoionization process 4d94fd5s25p6- 
4d'04fb5s25p6 becomes more significant, being the strongest dccay channel at the top 
of the main giant resonance. The strength of different autoionization and resonance 
Auger channels implies that the 4d - 4f resonance is discrete in character even 
though the excitation energy is above the 4d ionization threshold. 
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