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Analysis of the Ce 3d-4d 4d Auger spectrum with the use of synchrotron radiation
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We report 3d-4d4d Auger spectra of Ce metal with the use of synchrotron radiation to excite the ini-
tial core hole. By sweeping the excitation energy through the 3d —4f threshold, it has been possible to
excite different initial states selectively, enabling us to analyze the complex spectrum in terms of different

contributions arising from various decay channels.

INTRODUCTION

While the 4d-VV Auger spectral features from the
rare-earth elements have been interpreted! in great detail,
similar analysis has not been performed for the intense
3d-4d4d Auger spectral features. The 3d-4d4d Auger
spectra from the rare-earth elements and their com-
pounds are very complex, spanning a wide energy range
(more than 100 eV) due to the overlapping intensities
from various decay channels and due to the presence of
extensive multiplet interactions between the multiply-
open levels. Thus a 3d core hole (3ds,, or 3d;,,) can de-
cay by the Auger process 3d°4d'°4f"—3d'%4d3%f"+e
[see Fig. 1(a)], leading to two sets of Auger signals
separated by the spin-orbit splitting of the 3d level. How-
ever, the various multiplets arising from 4d8%4f" final
states are spread over an energy substantially larger than
the spin-orbit splitting of the 3d core-hole initial state;
this leads to considerable overlap between the 3d5,, and
3d;,, related Auger features. Further complications
arise from the possibility of a Coster-Kronig transition of
the 3d;,, core-hole state, namely 3d;,,—3ds,x +e,
where x represents a hole in the 4f or (5d, 6s) conduction
band. Such a transition will be followed by a further
Auger decay of the 3ds,, core hole thus generated, but in
presence of an extra (spectator) hole x in the initial and
the final states of the transition. This process is schemati-
cally shown in Fig. 1(b). Signals due to these spectator-
hole Auger transitions are shifted with respect to the nor-
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mal ones due to the presence of various Coulomb interac-
tions. The Auger spectra are further complicated if elec-
trons instead of photons are used as a primary source of
exciting the initial 3d core holes. In this case, the 3d
electrons instead of being ionized may also be resonantly
excited to the 4f level, 3d°4f"—3d%f" ! This 3d
core-hole state (3d5,, as well as 3d;,,) will also undergo
Auger decay,

3d°4d'04f" "1 —3d%4d 4" te

[Fig. 1(c)], contributing different but overlapping Auger
signals due to the presence of an extra (or spectator) elec-
tron in the 4f level of the initial and final states. It
should be noticed that a Coster-Kronig transition of a
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FIG. 1. Schematic representation of the various Auger tran-
sitions for a 3d core hole in the 3d-4d4d spectral region. (a)
Normal 3d-4d4d transition; (b) spectator-hole Auger transition
accompanying 3ds,, core hole following a Coster-Kronig
3d;,, —3ds,,x (x=4f or conduction band) transition; and (c)
spectator-electron Auger transition following a resonant excita-
tion of a 3d electron to the 4f level.
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3d;,, core hole in presence of the resonantly excited 4f
electron,

3d°(3d; )4 " "1 —3d°(3d;s )4 f " +e

on the other hand, leads to a 3d5,, core hole whose decay
produces the normal Auger spectral shape, effectively
transferring intensity from the 3d; ,-related Auger spec-
tra to the 3d5 ,-related Auger spectra. Due to the simul-
taneous presence of so many different processes contrib-
uting intensity in the 3d-4d4d Auger spectral regions of
the rare-earth systems, the resulting spectral features are
very complex, making identification of the various pro-
cesses and the interpretation of the spectral features near-
ly impossible. However, the tunability of a synchrotron
source offers the unique possibility of selectively exciting
specific core-hole configurations, thereby identifying
Auger signals from various decay processes separately.
While there are few studies of Auger transitions in the
rare-earth metals using synchrotron radiation,>® we
know of no report of systematic study of the evolution of
the spectral shapes around the threshold region as a func-
tion of photon energy. However such studies have been
carried out quite extensively for Auger transitions,* ® as
well as for the closely related study of x-ray emission
spectra’ from the 3d transition metals, using synchrotron
radiation. These studies have indeed contributed* °
significantly to understanding the origin of the various
spectral features in the 3d transition-metal case. In the
present report we apply this method in order to interpret
the 3d-4d4d Auger spectral features of Ce metal.

EXPERIMENTAL

The experiments were done at the HE-PGM1 beamline
of BESSY, Berlin. The monochromator resolution was
between 2 and 3 eV depending on the photon energy.
The Auger spectra were recorded with a total resolution
of 0.5 eV, being independent of the monochromator reso-
lution. The samples were made by evaporating thick
films onto a clean iron substrate at room temperature.
The base pressure in the chamber was better than
1X 107! mbar and during the evaporation the pressure
was better than 5X107'° mbar. The cleanliness of the
sample was monitored by recording the photoemission
and Auger signals from oxygen and carbon; no trace of
these signals could be found in the spectra, indicating
very clean samples.

RESULTS AND DISCUSSION

In Fig. 2 we show the Auger spectra of Ce in the
3d-4d4d region recorded with several photon energies be-
tween 878 and 1020 eV. For this purpose, we have nor-
malized all spectra to the same height at the maximum
intensities. The spectra show drastic modifications as the
photon energy is tuned through the range of 860-900 eV;
the spectra with higher photon energies (1010 and 1020
eV) shown in Fig. 2 do not change any further. The spec-
tral changes at lower photon energies are due to the selec-
tive opening of different decay channels. In the inset of
Fig. 2 we show the 3d x-ray-absorption (XA) edge of Ce
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FIG. 2. Ce 3d-4d4d Auger spectra excited with different
photon energies, as indicated. Inset shows the total electron
yield spectrum across the 3d edge as a function of photon ener-
gy.

metal recorded in the total electron yield technique as a
reference of the various photon energies used to excite
the Auger spectra.

The doublet structure of the 3d —4f absorption edge
(inset of Fig. 2) corresponds essentially to the excitation
of the spin-orbit doublet, 3d5,, and 3d;,,. However, it
should be realized here that the states have to be de-
scribed in terms of the multiplets of the 3d°4f2? final
state, which is also responsible for the deviation of the in-
tensity ratio of the two peaks in the absorption spectrum
from the statistical branching ratio of 3:2. The core-hole
decays will be predominantly starting with a 3d°4f? ini-
tial state in the vicinity of the resonant excitation ener-
gies. Thus the Auger spectras recorded with hv=878,
880, and 882 eV correspond to an Auger transition
3d°4d°4f?—3d'%4d® f?+e, which is an Auger transi-
tion in presence of a resonantly excited spectator 4f elec-
tron in the initial and final states. The main features in
the Auger spectra at this photon energy range are the
prominent peak at about 657.5 eV, a broad feature at
about 640 eV, and a very weak shoulder at about 673 eV.
It should be noted that these features are related to the
3ds,, core-hole decay without any contribution from the
3d;,, core-hole decay, since the photon energy is
insufficient to excite any 3d;,, core-hole (see inset of Fig.
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2). Moreover, it should be realized that while we identify
only the prominent peaks and features in the Auger spec-
tra, presence of extensive multiplet interactions in the
multiply-open shells of the Auger process in the rare
earths produce signals over the entire spectral range of
Fig. 2. Beyond the 3d5,, resonant absorption maximum
at about 880 eV, the resonant 3d —4f excitation proba-
bility decreases, leading to a rapid decrease in the intensi-
ty of the related Auger spectral features. This decreasing
Auger spectral intensity with increasing photon energy
beyond 880 eV enables one to observe the otherwise weak
4p-related photoemission feature in the Auger spectral
range, for example in the spectrum recorded with 886 eV
photon energy. These peaks are marked in the figure for
some of the photon energies. Unambiguous identification
of these features is possible since the kinetic energies for
these photoemission signals linearly increase with photon
energy.

Beyond 886 eV photon energy, the spectral shape
changes very rapidly, as is evident from Fig. 2 where the
spectra are shown for every 2-eV increase in the photon
energy. First, the spectrum exhibits a marked broaden-
ing at 888 eV, the broadening persists in the spectra
recorded with 890 and 892 eV photon energies. This
broadening is accompanied by a shift of the main peak by
nearly 3 eV to about 655 eV kinetic energy (Fig. 2). As
the photon energy is increased sufficiently beyond the res-
onant 3ds,,—4f absorption maximum at 880 eV, the
resonant absorption process decreases rapidly relative to
the normal 3d photoionization process. Thus, we should
expect the spectator-electron Auger decay to decrease in
intensity while the intensity of the normal Auger,

3d°(3ds,,)4d %41 —3d%4d%f +e |

shows a relative increase with increasing photon energy
beyond 880 eV. Thus the broadening of the spectral
features at these photon energies is due to the overlap of
the two Auger signals of comparable intensities (the nor-
mal and the spectator-electron 3ds,, Auger). The shift to
lower kinetic energies seen in the spectra with 888, 890,
and 892 eV photon energies (Fig. 2) are attributed to the
emergence of the normal 3ds,, core-hole-induced Auger
transitions. It should be noted that the normal Auger
transition is indeed expected to be at a lower kinetic ener-
gy than the spectator-electron Auger signal, however the
situation here is considerably complicated by the ex-
istence of strong multiplet interactions in the initial and
the final states. Moreover, at these photon energies,
when the normal 3d5,, Auger signal gains intensity, the
Auger transition with a spectator electron related to the
3d;,, hole also superposes the signal as is discussed
below. Beyond 892 eV photon energy, the main peak of
the Auger signal remains at 655 eV, though the broaden-
ing of the Auger spectrum observed at lower photon en-
ergies vanishes. This is due to the vanishing of the
3ds,,-related spectator-electron Auger intensity com-
pared to the normal Auger signal.

Besides the shift of the maximum and the broadening
of the Auger signal, another distinct peak appears at
about 674 eV kinetic energy in the Auger spectra excited
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with 890 eV photon energy (marked A in Fig. 2). This
peak exhibits a pronounced variation in the intensity as a
function of the photon energy across the 3d;,, excitation
threshold. A similar but weaker intensity feature can
also be seen at about 689 eV kinetic energy (marked B in
Fig. 2). These are evidently Auger signals as these do not
shift in energy position with changing photon energy.
Moreover the intensities of these two features nearly van-
ish beyond the resonant absorption energies related to the
3d;,, level. Since the resonant absorption process leads
to a 4f2 configuration as already discussed, these spectral
features at 674 and 689 eV kinetic energies are attributed
to 3d; ,-related spectator-electron Auger transitions. It
should be noted that the more intense 3d;,,-related
spectator-electron Auger signal at 674 eV is at approxi-
mately 16.5 eV higher kinetic energy compared to the
main peak in the 3ds,, related spectator-electron signal
at about 657.5 eV (Fig. 2); this energy difference is com-
parable to the spin-orbit splitting of the Ce 3d core level,
supporting the above interpretation.

For the spectra recorded with photon energies higher
than 904 eV, the distinct spectral features due to the
3d,,, spectator-electron Auger nearly vanish (see Fig. 2),
with a simultaneous shift in the main Auger peak from
657.5 eV kinetic energy for hv=2886 to about 651 eV ki-
netic energy (for Av>906 eV) as shown in Fig. 2. This
main peak at about 651 eV is attributed to the 3ds,,-
related normal Auger signals. This shift of the normal
3ds,, Auger signal compared to the Auger signal with a
spectator electron is about 6 eV towards the lower kinetic
energy and can easily be understood in terms of the vari-
ous electron-electron interaction strengths. Since the ki-
netic energy of the normal Auger transition is given by
the total energy difference,

E(3d°4d'°4f")—E(3d '%4d®f") ,

while that for the Auger transition in presence of a spec-
tator 4 f electron is given by

E(3d°4d'°4f%)—E(3d '°4d%f?) ,

it is easy to see that the average kinetic energy of the
Auger electron in the spectator-electron process will ap-
pear (2U,, — Us;) higher than that of the normal Auger;
here Us; and U, are the Coulomb interaction strengths
between a 4f electron and a 3d and 4d electron, respec-
tively. Using the values of U;, and U,, estimated ear-
lier,!%!! we obtain an average energy difference of 5.3 eV
between these two signals. Thus the energy shift of the
main peak towards lower kinetic energy by approximate-
ly 6 eV for the normal Auger transition is in good agree-
ment with the estimates based on the energetics.

At these photon energies, the 4s photoemission signal
moves through the Auger signal as can be seen in Fig. 2.
The Auger spectral features with high photon energies
(>900 eV) show the existence of the 3d;,,-related
features only as a continuous extension of the spectra to-
wards higher kinetic energy rather than as a separate
peak. However, a weak intensity shoulder can be ob-
served for the spectra recorded with Av=918 eV at about
15 eV higher kinetic energy compared to the main 3ds ,
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normal Auger peak. This energy difference being compa-
rable to the spin-orbit splitting of the 3d core level in Ce,
we attribute this shoulder to the main peak of the normal
3d;,, Auger transition. While the spectral features are
indeed broad, it does, however, appear that the intensity
of the 3d,,,-related Auger peaks compared to 3ds,,-
related features are weaker than what would be expected
on the basis of the degeneracies of the initial core-hole
states. This indicates the presence of the Coster-Kronig
transitions transferring spectral weight from the 3d;,,-
related features to those associated with the 3ds,, initial
hole state. At these photon energies, the spectator-hole
Auger process

3d°(3d;,)4d %4 f ' >3d°(3ds ,)4d P4 fO+e
—3d'%4d® £ +2e

should also contribute some intensity, provided that the
spectator hole in the 4/ level has a lifetime comparable to
the Auger lifetime of the 3d5,, core hole. Once again on
the basis of various Coulomb interactions it can be seen
that the Auger transition in presence of a spectator 4f
hole will have (2U,,—U;,) lower kinetic energy com-
pared to the normal Auger transition. It should be no-
ticed that a similar process,

3d°(3d; ,,)4d °4f*—3d°(3d,,)4d %4 f +e
—3d 04484 f'+2e ,

around the 3d;,,—>4f resonance energy will also be
present, contributing some further intensity to the nor-
mal 3ds,,-related Auger signal. However, it has been

estimated!? that the contribution to the spectator-hole
channel is small in the case of La metal, and we expect it
to contribute similarly small intensity to the 3d-4d4d
Auger spectrum of Ce also. The spectator-hole Auger
transition will be further weakened by the decay of the
spectator hole”® prior to the Auger decay of the 3d core
hole.

As the photon energy is increased further, the spectral
shape becomes slightly broader, as can be seen by com-
paring the Auger spectrum recorded with 1010 eV pho-
ton energy with that recorded with 918 eV (Fig. 2).
These extra features are most probably due to a further
increase in the photoionization cross section of the 3d; ,
core hole beyond the threshold energies relative to the
3ds , cross sections.!® Beyond 1000 eV photon energy we
do not observe any further changes in the Auger spectra.

The above assignments, in particular the spectator-
electron Auger signals related to the 3d;,, core-hole de-
cay, are further supported by the observation of
constant-final-state (CFS) spectrum of these Auger
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FIG. 3. Constant-final-state spectra or the intensity variation
of the two Auger spectral features at 674 eV (peak 4 in Fig. 2)
and at 689 eV (peak B) kinetic energies as a function of photon
energy (see text).

features. Thus we have recorded the intensity variation
of the spectral features at 674 and 689 eV kinetic energies
(peaks 4 and B in Fig. 2) as a function of photon energy
and compared it with that of the background level at
about 698 eV kinetic energy. The difference with respect
to the background level provides a measure of the true
variation of the Auger spectral intensity. These
difference CFS spectra at 674 and 689 eV kinetics ener-
gies are shown in Fig. 3. These exhibit strong variations
in the photon energy range primarily across the
3d;,,—4f resonant excitation, indicating that these
features are indeed due to the 4f? initial and final states.
It should be noted here that even away from the resonant
absorption energies, these features are expected to have
small but finite intensity. This arises from the fact that
the 3d core-hole ionization process in Ce metal produces
both 3d°4f ! and 3d°4f? final states, the latter with lower
probability and arising from core-hole screening.'*

In conclusion, we have recorded the 3d-4d4d Auger
spectral region in Ce metal with different photon energies
across the 3d —4f excitation energies. Using the details
of the spectral variations with the photon energies along
with various energy considerations, it has been possible
to analyze the complex spectrum in terms of different
contributions arising from the normal Auger decay as
well as Auger decay in presence of a spectator electron in
the 4 f level for the 3d5,, and 3d;,, core-hole states.
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