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A two-step model describing the transitions in electron-excited appearance-potential spectrosco-
py (APS) is presented for the 3d thresholds of La and Ce compounds. The model permits a con-
sistent interpretation of APS spectra taken with different modes [soft x-ray APS (SXAPS), Auger-
electron APS, disappearance-potential spectroscopy]. Within this model an investigation has been
performed on La and Ce compounds exhibiting different valencies: LaB4, CeBg, and CeO,. The
spectra are discussed in terms of atomiclike 4f states. The fine structure reflects the multiplet struc-
ture of the excited configurations modified by state-selective excitation probabilities near the thresh-
old and—in SXAPS—by dipole selection rules. The interpretation of the APS data is supported by
comparison with multiplet calculations and core-level electron-energy-loss spectra recorded at low

excitation energy.

I. INTRODUCTION

In the last two decades appearance-potential spectros-
copy (APS) has developed into a sensitive method for the
investigation of electronic properties of solid surfaces.! ™3
The method is based on the core-level excitation of atoms
in a solid by electrons of well-defined energy. The excita-
tion is monitored as a function of incident-electron ener-
gy via the decrease of elastically scattered electrons
[disappearance-potential spectroscopy: DAPS (Ref. 4)]
or by the detection of the various emission products, i.e.,
photons in the case of soft x-ray appearance-potential
spectroscopy (SXAPS) (Refs. 1 and 2) and electrons in the
case of Auger-electron appearance-potential spectroscopy
(AEAPS).>”7 From APS measurements information can
be obtained about core-level binding energies® " !! as well
as properties of the unfilled electronic states near the Fer-
mi energy Ep."?

The APS transition process near the excitation thresh-
old is rather complicated since the excitation leads to an
electronic configuration which differs from the ground
state by the presence of a core hole and two additional
electrons near Ep, i.e., (i) the incident primary electron
and (ii) the excited core electron. The corresponding
spectral shapes are given by a two-particle density of
states which in the case of 3d transition metals could suc-
cessfully be described as the self-convolution of the one-
particle density of states with correlation effects being
generally neglected.!>”!* This simple model cannot be
transferred to rare earths (RE) and rare-earth compounds
since the electronic structure near Ep is dominated by
quasilocalized and highly correlated 4f states and the
two-particle density of states should be completely
different from the self-convolution of the one-particle
density of states. Thus the determination of ground-state
properties from APS data seems to be at first glance rath-
er complicated as compared with similar spectroscopies
such as x-ray absorption spectroscopy (XAS). What
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makes APS, nevertheless, attractive as a spectroscopic
method is its simplicity concerning the experimental set-
up (no need of an energy analyzer); this is discussed in de-
tail below. Furthermore, when applied to 4f systems
APS offers the possibility of studying correlation effects
very directly just because of the fact that two additional
electrons are allowed to occupy the 4f level.

It is the scope of this work to give a new interpretation
of the fine structure of APS spectra of light-RE systems.
We explicitly use a two-step description of the APS
process—the excitation step followed by the decay step.
We have confined our work to compounds of the light
RE’s La and Ce. Among the light-RE elements, La is ex-
pected to be the simplest case for analysis since the
ground state of the La®>" ion in a solid compound is de-
scribed by the noble-gas configuration of Xe with empty
4f levels leading to rather simple multiplet structures of
the excited configurations and the La 5d and 6s valence
electrons are forming the conduction band. So, La com-
pounds are expected to offer a good test of the APS mod-
el presented in this work. Ce offers the advantage of cov-
ering a range of different f counts or valencies: In most
solid compounds Ce is trivalent with typically 0.7—-1.0 4f
electron in the ground state!® 7 but in CeO, it is tetra-
valent with a 4f° ground-state  configura-
tion.'®!” Thus the comparison of the corresponding
spectra is expected to yield detailed information about
the influence of the 4f occupation number on the fine
structure of the APS spectra. Furthermore, La and Ce
compounds have been subject to much theoretical and ex-
perimental work concerning their electronic structure so
that a lot of additional data are available. Nevertheless,
it was necessary for a quantitative explanation of the APS
process to combine the APS results with our own core-
level electron-energy-loss spectroscopy (CEELS) mea-
surements. This combination of data together with mul-
tiplet data makes it possible to analyze the underlying
electronic transitions in great detail allowing the in-
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clusion of multiplet effects in the model. The basic ideas
of the two-step model are presented in the following sec-
tion.

II. THE MODEL

In DAPS the core-level excitation is monitored directly
via the decrease of the current of the quasielastically
reflected electrons.* In SXAPS and AEAPS the excita-
tion is monitored indirectly via the detection of the corre-
sponding emission products which are created in the sub-
sequent decay processes. Although the different APS
spectra agree in gross structures they generally show
different fine structures.” The different APS versions
should therefore not be considered as redundant but as
complementary methods. In particular the combination
of the different data yields detailed information about the
APS process itself.

We have used a two-step model for the APS process in-
volving the excitation step and the decay step. The two-
step model allows a consistent description of the different
APS versions. In terms of this model DAPS gives infor-
mation directly about the excitation step whereas SXAPS
and AEAPS spectra include additional information about
the different channels in the decay step. This will turn
out to be an important aspect concerning the explanation
of the APS fine structure.

Figure 1 schematically shows the APS process with
two different channels of the excitation step [1(a), 1(b)]
and the decay steps for SXAPS [1(c), 1(d)] and AEAPS
[1(e), 1(f)]. In the following we will consider only those
transitions with at least one electron being excited to the
4f level. The two excitation channels which are assumed
then to contribute to the APS intensity are shown in Figs.
1(a) and 1(b). The first one describes a transition with
both the incident and the excited core electron occupying
the 4f level and the second one describes a transition
with one electron occupying the 4f level and the other
electron being excited to an itinerant-electron state. One
of the most important questions to be discussed in this
paper concerns the relative contributions of these two ex-
citation channels to the APS signal.

The dominant decay steps for SXAPS and AEAPS are
shown in Figs. 1(c)-1(f). There are various decay chan-
nels leading to the emission of photons and electrons.
For the interpretation of APS data it seems to be
worthwhile to distinguish between two different types of
decay channels. The first one describes ordinary charac-
teristic x-ray emission and Auger emission processes with
the 4f electrons as spectators. These processes are shown
in Figs. 1(c) and 1(e). The second one describes emission
processes with the excited 4f electrons being actively in-
volved in the transitions. These processes are called x-
ray recombination process?® in the case of photon emis-
sion and direct recombination process?' in the case of
electron emission and are shown in Figs. 1(d) and 1(f).
The different decay channels as well as the excitation
channels will be discussed in more detail below.

Within this paper the interpretation of the APS data
will be performed in terms of atomiclike 4f states. Hy-
bridization due to the coupling of 4 f states with extended
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FIG. 1. Energy-level diagram for the APS two-step model
describing the different excitation channels [(a), (b)] and decay
channels for SXAPS [(c), (d)] and AEAPS [(e), (0] schematical-
ly. In the excitation step a 3d electron is excited near the Fermi
energy Er by an incident electron with energy Ep. Only transi-
tions with at least one electron being excited to the 4f level are
considered here. Due to correlation effects the energy E,, of
the 4f level depends on the number of 4f electrons. For the de-
cay step a distinction is made between two basically different de-
cay channels: one describing characteristic x-ray emission in
the case of SXAPS (c) and Auger. emission in the case of
AEAPS (e) and the other one describing processes with the ex-
cited 4f level being actively involved in the decay processes [(d),
(f)]. The occupied parts ‘of the band structure (shaded areas)
and a second core level with energy E. which is actively in-
volved in the decay processes are included.

states is widely neglected.

According to the two-step model the main section of
the paper (Sec. V) is organized as follows: In Sec. V A the
excitation step is discussed. It will be shown that the
combination of DAPS and CEELS data is well suited to
obtain information about the different excitation process-
es in APS. In Sec. V B the influence of the different decay
channels on the APS fine structure is discussed using
SXAPS and AEAPS data. But first some experimental
details (Sec. III) and aspects of data processing (Sec. IV)
are presented.

III. EXPERIMENTAL

A. Apparatus

The experiments have been carried out in an
ultrahigh-vacuum system with a pressure of about
1X107!° mbar during the measurements. All measure-
ments have been performed within the same recipient
equipped with an x-ray detector for SXAPS and a cylin-
drical mirror analyzer (CMA) for energy-selective elec-
tron detection.

The x-ray detector uses a specially designed CsI-coated
photocathode and the photocurrent is amplified by a mi-
crochannelplate. Different metal foils mounted on a ro-
tary feedthrough have been used as x-ray filters for
SXAPS to suppress selectively certain parts of the x-ray
emission spectrum.

The CMA was used for AEAPS, DAPS, and CEELS.
The energy resolution was about 0.6%. The AEAPS
spectrum of LaBg has been taken with the analyzer ener-
gy held fixed in the region of the La M, sN, sN, s Auger
features and the incident-electron energy has been
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scanned. In DAPS the intensity of the elastically scat-
tered electrons is measured as a function of the primary
energy. The energy of the analyzer had to be scanned
simultaneously with the energy of the incident primary
electrons. The CEELS experiment has been performed in
constant final state mode; in this case the analyzer energy
has been held fixed with the incident-electron energy be-
ing varied.

A commercially available electron gun (LEG22, Vacu-
um Generators) has been equipped with an indirectly
heated cathode and was used as electron source in all ex-
periments.

All spectra have been taken in derivative mode with
lock-in techniques. The modulation voltage has been ap-
plied to the sample in APS and to the cathode of the elec-
tron gun in CEELS.

B. Energy calibration

In order to establish a common energy scale for APS
and CEELS it was necessary to perform a careful energy
calibration concerning the primary electron energy for
APS as well as the loss energy for CEELS.

In a first step the primary energy of the incident elec-
trons has been determined with an isochromat of silver
taken with well-known photon energy. The isochromat
has been taken as edge isochromat? at a photon energy
#iwg=72.7 eV (Ref. 23) using the Al L, ; edge of a 0.75-
um Al foil as absorption edge. The foil has been placed
in front of the x-ray detector. This experiment can be
performed in any SXAPS apparatus equipped with an ap-
propriate absorption foil without the need of further
equipment. It seems therefore to be a convenient method
for an absolute energy calibration in APS and will be dis-
cussed in the following.

The primary energy of the incident electrons measured
with respect to the Fermi energy of the sample is given by
the accelerating voltage U between electron emitter and
sample and a constant energy parameter ¢ 4 including the
work function of the emitter and the mean thermal ener-
gy of the emitted electrons

Ep=elU +d . (1)

¢ can be determined from the isochromat of silver from
the relation

fiwg=eUp+ ¢ g 2)

with eUy denoting the energy position of the Fermi edge
E; in the isochromat and Uy the corresponding ac-
celerating voltage.?* In the case of silver E. can be
determined as the maximum in the derivative of the mea-
sured isochromat.?> The edge isochromat of polycrystal-
line silver is shown in Fig. 2 as a function of the ac-
celerating voltage U. From Up=70.210.2 V it follows
¢b.s=2.51£0.2 eV. This value has been used for absolute
energy calibration of the incident electrons in all APS
spectra.

In a second step the analyzer energy has been calibrat-
ed for energy-loss spectroscopy. The loss energy E; is
the difference between the primary energy Ep and the
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FIG. 2. Edge isochromat of silver taken at the L, ; edge of a
0.75-um Al x-ray filter. The indicated accelerating voltage Uy
corresponds to the position of the Fermi energy. The spectrum
is used to calibrate the incident-electron energy for APS.

final-state energy E of the scattered electrons selected by
the analyzer

The determination of E, has been performed by the
detection of electrons scattered elastically at the surface
of the sample with the incident electrons tuned to ap-
propriate energy.

The energy-loss spectra should be taken at an energy as
low as possible in order to facilitate a meaningful com-
parison with the APS spectra. The energy-loss spectra
shown in this work have been taken at E,=82 eV. A
further decrease in energy would require sampling times
of several days since the signal-to-background ratio at
lower energies is drastically reduced due to an enhanced
background of secondary electrons.

C. Sample preparation

The polycrystalline hot-pressed hexaboride samples
have been cleaned in situ by scraping with a diamond file.
The CeO, sample has been prepared in situ as thin film by
vacuum evaporation of Ce in an oxygen atmosphere of
about 1X107% mbar during evaporation. It is known
that CeO, is reduced to Ce,O; during electron bombard-
ment.?® The spectra of CeO, have therefore been taken
with low incident current density of about 0.1 mA/cm?
and the sample was exposed to an oxygen atmosphere of
2X 107 % mbar during the measurements.?’” The cleanness
of all samples was monitored by AES.

IV. DATA PROCESSING

The raw data have been taken in derivative mode with
lock-in techniques. All spectra are affected by instrumen-
tal broadening resulting from the energy width of the in-
cident electrons and the finite modulation amplitude. In
the energy-loss spectra additional broadening occurs due
to the finite resolution of the energy analyzer. The vari-
ous broadening functions have been determined experi-
mentally and all spectra except the isochromat of silver
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have been deconvoluted with the corresponding resolu-
tion functions by a Fourier transform formalism. Addi-
tionally, a linear background has been subtracted from
the spectra.

Our spectra have been reintegrated numerically and
are given in derivative form only if particular details of
the fine structures are discussed. Accordingly, within
this paper the expression “intensity of the spectrum” al-
ways means the intensities of the reintegrated spectra.

V. RESULTS AND DISCUSSION

A. The excitation step

From La and Ce x-ray emission and isochromat
data?® 730 it is known that the 3d —4f excitation by elec-
tron impact is resonantly enhanced near the excitation
threshold due to formation of quasidiscrete states of the
3d°4f" *2 configuration [Fig. 1(a)] with both the incident
and the excited core electron captured by the 4f level (n
denotes the number of localized 4f electrons in the
ground state). It has been suggested that this excitation
channel might be of importance also in the discussion of
APS spectra.’! ™33 The second excitation channel [Fig.
1(b)] which might contribute significantly to the APS sig-
nal leads to the 3d°4f"*! configuration—known from
our energy-loss spectra and from x-ray absorption
spectroscopy>* 38 —with one electron being excited to
the 4f level and the other one to a band state. There
have been several suggestions concerning the relative
contributions of both excitation channels

3d'%f"e"+e”—3d%4f" e,
3d'%4f " +e ™ —3d%4 "M ler !

to the APS signal”**~*' (v denotes the number of
itinerant electrons). From a comparison of La XAS and
APS data Kanski et al.*® concluded that the low-energy
peak in their SAXPS spectrum reflects the La 3d°4f!
configuration whereas the main peak was attributed to
the 3d°4f? configuration. The interpretation of APS fine
structure from a comparison with XAS data is, of course,
somewhat problematic since in x-ray absorption only
those transitions contribute to the signal which are not
forbidden by dipole selection rules whereas in electron-
excited spectra these restrictions are weakened.?742746
La for example shows a pronounced double-peak struc-
ture in the 3d energy-loss spectrum (Fig. 3) due to ex-
change splitting of the 3d°4f! configuration; but in XAS
the corresponding low-energy peak is completely
suppressed. 34738

For a detailed understanding of the APS excitation
step it is more informative to compare APS data with
corresponding CEELS than with XAS data since both
the APS and CEELS processes—especially at low
energies—are not restricted by dipole selection rules. Of
course, there exist some differences in the excitation pro-
cesses between APS and CEELS leading to differences
with respect to the spectral shapes when exciting the
3d°4f"*! configuration. This will be discussed in the
following.

Since the work of Kanski and Wendin*’ on CEELS of
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FIG. 3. DAPS and CEELS of the La 3d;,, 5,, levels in LaBg.
The spectra are presented on a common energy scale with
DAPS given as a function of incident energy and CEELS as a
function of loss energy. DAPS is given in derivative form and
CEELS in nonderivative form. The La 3d°4f' multiplet struc-
ture (bar diagram) has been taken from Thole et al. (Ref. 38).
Dashed lines indicate the energy positions of the CEELS line
structures.

light RE’s it is known that the shapes of the double-peak
structures of the 3d energy-loss spectra strongly depend
on the final state energy E, of the scattered electrons.
According to Matthew et al.* this dependence is based
on the variation of the cross-section ratio for dipole and
nondipole excitations with varying incident energy. At
rather high E, in the order of or greater than the thresh-
old energy, dipole-allowed transitions are favored and the
CEELS double-peak structure is dominated by the high-
energy peak. On the other hand, when E/ tends towards
zero the cross section for nondipole transitions increases
and the low-energy peak gains more and more intensity.
The CEELS excitation 3d!%4f"¢"+e —3d%4f"*le¥
+e [E,] in the low-energy limit E,—O tends to the
same electronic configuration as the corresponding APS
excitation 3d %4 f"e"+e ™ —3d°4f"t1e"* ! at the thresh-
old. Asin CEELS at low energies APS excitations of this
type should therefore be dominated by nondipole transi-
tions. To decide whether there is a significant contribu-
tion of this type of excitations to the APS signal the APS
data should be compared with CEELS data taken at
sufficiently low final energies E,. We have chosen
E ;=282 eV which is less than 10% of the 3d threshold en-
ergy and low enough to reveal the complete multiplet
structure of the 3d°4f"*! configurations. The compar-
ison of APS and CEELS data is further complicated by
the fact that APS will not reflect the multiplet structure
of the 3d°4f"*! configuration directly because of the
presence of the additional electron probing the density of
the unoccupied extended states,*® i.e., D(E)[1—f(E)].
D (E) describes the one-particle density of states and the
Fermi function f (E) describes the occupation probabili-
ty. Because of the localized character of the 4f level the
total charge of the RE ion is not significantly altered
upon the excitation 3d'%4f"—3d%4f"+! and the density
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of the extended states will not be affected very much by
the excitation step. That part of the APS structure which
is assumed to be associated with the 3d°4f"™*!
configuration should then be given approximately by the
convolution of the 3d°4f" ! multiplet structure with
the density of the unoccupied extended states
D(E)[1—f(E)] and with a Lorentzian describing the
lifetime broadening. According to the ideas mentioned
above the convolution production of the multiplet struc-
ture and the Lorentzian corresponds to our energy-loss
spectrum. Thus, replacing the multiplet structure by the
intensity Igg;s(E) of the energy-loss spectrum, one gets
approximately

I3 E) =T cpp s (E)% {D(E)[1—f(E)]} 4)

where I3 (E) is confined to that part of the APS struc-
ture which is associated with the 3d°4f" ™/ configuration.
At room temperature the density of the unoccupied ex-
tended states in metals is characterized by a sharp rise at
the Fermi energy so that near the excitation threshold
D(E)1—f(E)] may be replaced by a step function.
Then the convolution [Eq. (4)] simply yields the integral
of Icgprs- The derivative gives

d  rn
ICEELS:C—E(IA;SI) (5)

where Icgprs is given as a function of loss energy and

I3 as a function of incident electron energy. For the

3d°4f" 1 spectral features Eq. (5) gives a simple relation
between CEELS and APS concerning the shapes as well
as the energy positions.

If there were any 3d°4f""! features present in the
APS spectrum they should coincide with the CEELS
features if the APS spectrum is given in derivative form
and the CEELS spectrum in nonderivative form. This
comparison is performed in Fig. 3 for the La 3d5,, and
3d;,, levels of LaBs. We have chosen DAPS as the ade-
quate APS version since DAPS is assumed to probe the
APS excitation step in the most direct way. The La
3d°4f! multiplet structure included in Fig. 3 has been
calculated in intermediate coupling by Thole et al.*® For
each spin-orbit level the CEELS spectrum shows a main
line (C,C’) and a smaller narrow line on the high-energy
side (D, D’). The narrow lines are caused by dipole-
allowed transitions corresponding to nominal *D; and
P, multiplet terms which are the only terms containing
considerable 'P, admixture.***’ These lines correspond
with the dominating lines in the x-ray absorption spec-
trum. The two main lines of the energy-loss spectrum are
due to dipole-forbidden transitions corresponding to sets
of 11 and 7 multiplet terms for the 3ds,, and 3d; , levels,
respectively. The derivative of the DAPS spectrum
shows a main line (B,B’) with a pronounced undershoot
and a leading peak (A4, A’) on the low-energy side. In
accordance with the La XAS result of Kanski et al.*® the
leading peaks A, A’ of the APS spectrum coincide in en-
ergy with the 3d'°4f°—3d°4f! dipole-allowed transi-
tions of the CEELS spectrum. But as the most important
fact the CEELS main lines (C, C') clearly have nc coun-
terparts in DAPS. Thus, as a result, the DAPS spectrum
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FIG. 4. DAPS and CEELS of the Ce 3d;,, 5,, levels in CeBg.
The spectra are presented on a common energy scale with
DAPS given as a function of incident energy and CEELS as a
function of loss energy. DAPS is given in derivative form and
CEELS in nonderivative form. The Ce 3d°4f? multiplet struc-
ture (bar diagram) has been taken from Thole et al. (Ref. 38).
Dashed lines indicate the energy positions of the CEELS line
structures.

exhibits no 3d°4f! features that may be associated with
nondipole excitations. According to the ideas mentioned
above these features should be present if there were any
3d°4f! contribution at all. We therefore conclude that it
is not the La 3d°4f! configuration which causes the low-
energy APS peaks, 4, A’ but the 3d°4f? configuration.

In Fig. 4 analogous results are presented for Ce in
CeBg. The spectra again show a double-peak structure
but exhibit a more complex fine structure due to the pres-
ence of the additional 4f electron in the ground state.
And again the correspondence between APS and CEELS
features is rather poor. In particular the low-energy
peaks of the two spectra do not coincide in energy but are
located at markedly higher energies in APS as compared
with CEELS.

Taking both the La and Ce results together it seems to
be very unlikely that there is a significant admixture of
the 3d°4f"*! configuration in the APS spectra. We
therefore assume that the 3d°4f"*? configuration is re-
sponsible not only for the APS main peaks but also for
the low-energy peaks. The double-peak structure of the
APS spectra—in nonderivative form—is then given by
the multiplet splitting of the 3d°4f"*2 configuration
broadened by lifetime effects.

For further insight into the APS excitation process the
multiplet structure of the 3d°4f"*? configuration is
needed. Since no calculated data are available for La or
trivalent Ce the discussion is extended in the following to
tetravalent Ce. It is known that the APS spectrum of
nominally tetravalent Ce in CeO, reflects excitations
3d1%4f%+e~—3d°4f2.2° An additional DAPS measure-
ment has therefore been performed on CeO,. The spec-
trum is given in Fig. 5 in nonderivative form together
with the corresponding 3d°4f? multiplet structure given
as a CEELS result from trivalent Ce in CeBg and as a cal-
culated bar diagram from Thole ez al.,>® both taken from
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FIG. 5. Comparison of the Ce 3d°4f? fine structure as seen
with CEELS of trivalent cerium in CeBy and DAPS of tetra-
valent cerium on CeQO,. The spectra have been adjusted to the
maxima of the 3ds,, structures. The result of an intermediate
coupling calculation of the Ce 3d°4f? multiplet structure from
Thole et al. (Ref. 38) has been included as a bar diagram.

Fig. 4.
According to the two-step model the fine structure of
the spectra should reflect the excitations

DAPS: (CeO,) 3d'%4£°('Sy)+e ™ —3d°4f?,
CEELS: (CeBg) 3d'4f1(*F,,,)+e” —3d°4f>+e~

with different ground states and different transition pro-
cesses but in this special case both leading to the same ex-
cited configuration 3d°%4 f 2. So, if the fine structure of the
DAPS spectrum was determined solely by the multiplet
structure of the excited configuration one would expect
similar fine structures in DAPS and CEELS. But the ex-
perimental results in Fig. 5 display a drastically different
behavior: while the double-peak structure of the CEELS
data agrees quite well with the calculated multiplet struc-
ture the DAPS spectrum is dominated by the high-energy
part of the multiplet structure and the low-energy part is
drastically reduced. We conclude from these data that
the excitation cross sections in APS are strongly term
dependent. From CEELS it is known that state-selective
excitation probabilities play an important role in electron
impact excitation near the threshold***¢ and APS is of
course extremely a near-threshold technique. The
different behavior of CEELS and APS data in Fig. 5 must
then be attributed to the different excitation processes.
We conclude therefore that the excitation probabilities of
the two peaks differ significantly in APS and CEELS. In
CEELS it is the increase of spin-flip processes and other
nondipole transitions near the excitation threshold that
reveals the complete multiplet structure of the excited
configuration. In APS the situation is drastically
different: there is no outgoing electron present in the ex-
cited state and therefore spin-flip processes are impossi-
ble. As a consequence, in the special case of the singlet
ground state ('S,) of Ce** in CeO, only those multiplet
terms containing considerable doublet admixture will
contribute significantly to the APS signal and quartet
states will be effectively suppressed.
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In conclusion the APS spectra of La and Ce com-
pounds are caused by excitations 3d!%4f"+e”
—3d°4f" %2 The fine structure is given by the multiplet
structure of the excited configuration modified by state-
selective excitation probabilities. For a more detailed
analysis multiplet calculations including excitation prob-
abilities have to be performed for the APS excitation pro-
cess.

It is the scope of the following chapter to demonstrate
that-—in the case of SXAPS—the fine structure is not
determined by the excitation step alone but is further
influenced by the APS decay step.

B. The decay step

DAPS, SXAPS, and AEAPS spectra agree in the gross
features but show slightly different fine structures. This
is demonstrated for LaBg in Fig. 6. The spectra are given
in derivative form allowing one to compare the relevant
spectral features in more detail. Normally, in SXAPS the
total x-ray yield is detected as a function of incident ener-
gy. Our SXAPS spectrum has been taken with a 0.75-um
Al foil as x-ray filter to suppress the low-energy photons
that do not contribute significantly to the SXAPS signal
but reduce the signal-to-noise ratio. The resulting shape
of the spectral features is identical with that one obtained
without filter (not shown here). In accordance with the
DAPS result also SXAPS and AEAPS show a double-
peak structure for each spin-orbit level with main peaks
B, B’ and leading peaks A4, A’ on the low-energy side.
The most significant difference between DAPS and
SXAPS concerns the intensity ratio B/ A, respectively
B’/ A’, of the main peak and the leading peak. This ratio
is several times larger in SXAPS than in DAPS for both
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FIG. 6. APS spectra of lanthanum in LaBg given in deriva-
tive form. Dashed lines indicate the energy positions of the
low-energy peaks 4, 4’, and the main lines B, B’. The different
APS versions show different peak-height ratios A/B and
A'/B'.
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spin-orbit levels. On the other hand DAPS and AEAPS
give quite similar spectra. Since, in terms of the two-step
model, the excitation step is the same for all APS spectra
it seems to be the decay step of SXAPS that is responsible
for the differences in the fine structures of SXAPS and
DAPS or AEAPS. We have therefore performed an
analysis of the different x-ray emission channels that con-
tribute to the SXAPS intensity. In the special case of a
4f° ground state there are mainly three channels avail-
able for the SXAPS process:

3d"%4p°4f°+e” —3d 4p°as?

—3d4p°4f 2+t 3 (6a)
3d'95p%4fO0+e~ —3d5pas?

—3d1%p 54f2+hw(5p—>3d) > (6b)
3d04f0+e ™ —3d%4f2—3d 4f iy, s - (6c)

The decay steps of the channels (6a) and (6b) describe
characteristic x-ray emission with the 3d hole converted
into a 4p or 5p hole. The decay step of channel (6¢) de-
scribes the x-ray recombination process where the 3d
hole is filled up with one of the excited 4f electrons. This
channel has been interpreted in x-ray emission spectros-
copies as a resonant bremsstrahlung process. 2%

The total SXAPS intensity is given as the sum of the
emission of these three decay channels

Tsxaps =I4p—3ay T L(sp—zay TLaf—3a) - (M

It has been suggested that the x-ray recombination
channel (6¢c) might produce the dominating part of the
SXAPS intensity.3%%! To clarify this point a detailed
analysis of the SXAPS decay step has been performed
with different metal foils as x-ray filters—a 0.75-um Al
foil and a 0.75-um Fe foil—which discriminate between
the different decay channels. Figure 7 illustrates the
effect of the different filters. The transmission of the
filters is given as a function of the photon energy and the
bars indicate the energy positions of the La and Ce x-ray
lines. The main function of the Al filter is to suppress the
low-energy photons thus improving the signal-to-noise
ratio, and both the characteristic x rays and the recom-
bination x rays are detected. On the other hand the Fe
foil completely suppresses the emission of the x-ray
recombination channel and only the 4p — 3d characteris-
tic emission is detected. The comparison of the
differently filtered SXAPS signals should then reveal in-
formation about the relative contributions of the different
decay channels.

Figure 8 shows the SXAPS results for LaB¢ in deriva-
tive form. The spectrum filtered with the Fe foil has been
smoothed and its intensity has been expanded by a factor
of 45. The following discussion is performed for the
3ds,, level but the conclusions are also valid for the
3d;,, level. The comparison reveals two main results: (i)
The intensity of the SXAPS signal filtered with Al foil is
about 45 times larger than the signal of the spectrum
filtered with Fe foil and (ii) the intensity ratio 4 /B (low-
energy peak/main peak) is different for the differently
filtered SXAPS spectra but seems to be nearly the same in
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FIG. 7. Photon transmission factors for the different metal
foils used in the SXAPS experiments (Ref. 52). The shaded
areas indicate the energy positions of those La and Ce x-ray
lines that contribute to the SXAPS signal.

SXAPS taken with the Fe foil and the AEAPS and
DAPS spectra of Fig. 6.

Combining Eq. (7) with our first result (i) the relative
contributions of the different decay channels (6a)—(6c) to
the SXAPS intensity can be estimated. The measured
SXAPS intensities have been corrected for the different
transmission factors of the filters in the energy region of
the corresponding x-ray emission lines. It follows that
the 4p — 3d emission channel produces only about 5-6 %
of the total SXAPS signal. Assuming now similar inten-
sities for the characteristic emission channels 4p —3d

SXAPS LaBg

B
I /
Al filter J\f %

va

d .
de (Intensity)

Fe filter

| WA R N
830 840 850 860

Incident Energy (eV)

FIG. 8. SXAPS of lanthanum in LaBg taken with different
metal foils as x-ray filters. The spectra are given in derivative
form. Dashed lines indicate the energy positions of the low-
energy peaks 4, A’ and the main lines B, B'. The iron foil
suppresses completely the detection of photons resulting from
the x-ray recombination process 3d°4f2— 3d '°4f'+#w leading
to enhanced peak-height ratios 4 /B and A’'/B’. The spectrum
taken with the iron foil has been smoothed within the deconvo-
lution procedure. The estimated statistical error is indicated by
the error bar.
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and 5p — 3d which is expected from near-threshold x-ray
emission data®> the x-ray recombination emission
4f —3d contributes about 90% of the total SXAPS in-
tensity.

This result is valid only for the intensity of the main
SXAPS peak B. In the region of the low-energy peak A4
the change in intensity between the differently filtered
spectra is much less dramatic. A quantitative analysis
brings about roughly the same intensities for the x-ray
recombination emission and the characteristic x-ray emis-
sion in this energy region. Thus the different peak-height
ratio 4 /B in conventional SXAPS as compared with
AEAPS and DAPS seems to be directly related to the
4 f — 3d emission of the x-ray recombination channel.

Similar conclusions can be drawn from the analogous
CeBg data presented in Fig. 9. The intensity ratio of the
two spectra is about 19; it follows that the x-ray recom-
bination emission contributes about 72% of the intensity
in the energy region of the main peak. This is not quite
as high as for La but, nevertheless, it is high enough to
cause obvious differences in the peak-height ratios 4 /B
of the APS spectra.

From these results we conclude that the fine structure
of the different APS spectra depends on the different
character of the participating decay channels: if only
characteristic emission contributes to the spectrum-—
Auger emission or characteristic x-ray emission—the set
of excited multiplet terms as seen in DAPS is completely
visible also in SXAPS and AEAPS. If, on the other
hand, in conventional SXAPS the signal intensity is dom-
inated by x-ray recombination emission the decay step
serves as a ‘“filter” suppressing certain parts of the excit-
ed multiplet structure. In the following an attempt will
be made to explain this behavior as a consequence of di-
pole selection rules which apply to the x-ray emission
step.

In the case of characteristic emission [(6a), (6b)] the
SXAPS decay step consists of the radiative conversion of
a 3d hole into a 4p or 5p hole. The final state
configuration 3d'%p°4f? offers a variety of multiplet
terms and each one of the excited 3d°p®4f2 multiplet
states can decay via dipole transitions to 3d °p°4f? final
states. Consequently the SXAPS spectrum contains all
the features of the DAPS spectrum. Since the Auger
emission process is not restricted by diple selection rules
all the DAPS features are also visible in AEAPS.

The situation is drastically different in conventional
SXAPS where according to our conclusions the x-ray
recombination channel is the dominating decay channel.
In the special case of a 4f° ground state the x-ray recom-
bination process

3d94f2-—->3d 104f1(2F5/2,7/2)+ﬁw(4f_,3d) (8)

leads to the 4f! final configuration with only two final
states 2Fs,, and *F,, available for the system in the de-
cay step. As a consequence the number of the 3d %412
multiplet states that decay via the x-ray recombination
channel is restricted by dipole selection rules to those
terms that contain considerable 2D, 2F, or *G admixture.
The other terms will decay mainly via Auger transitions
and—with rather low transition probabilities—via
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FIG. 9. SXAPS of cerium in CeBg taken with different metal
foils as x-ray filters. The spectra are given in derivative form.
Dashed lines indicate the energy positions of the low-energy
peaks A, A’ and the main lines B, B’. The iron foil suppresses
completely the detection of photons resulting from the x-ray
recombination process 3d°4f%—3d'%4f2+%w leading to
enhanced peak-height ratios 4 /B and 4'/B’.

characteristic x-ray emission. They do not contribute
significantly to the SXAPS intensity. The fine structure
in (conventional) SXAPS should therefore mainly be
given by the selected part of the 3d°4f? multiplet struc-
ture that contains 2D, 2F, or G admixture.

In the special case of CeO, these conclusions can be
tested independently by a comparison of SXAPS spectra
with suitably chosen x-ray absorption data. With some
restrictions the x-ray recombination process for a 4f°
ground-state system is equivalent to the inverse of an x-
ray absorption process of the kind

3d"4f\°F; ;) +Hiw 4 30— 3d°4f*(?D, °F,*G) ,  (9a)

3d'°4f'CF; )+ o4y _30)—3d°4f*(°D, ’F, *G) . (9b)

The first transition (9a) equals an ordinary x-ray ab-
sorption process of trivalent cerium starting from the
Jj =% ground state. Transition (9b) describes an absorp-
tion process starting from the j=21 state which is
separated from the ground state by the spin-orbit energy
of about 0.3 eV. Both x-ray absorption spectra have been
calculated in intermediate coupling by van der Laan
et al.>* We use a combination of both to perform a mod-
el calculation of the CeO, SXAPS spectrum. To account
for the characteristic emission channel the intensity of
our model spectrum includes a certain amount of the
DAPS intensity leading to
Ioser =1 I CFs )+ ¢, I (2F, ) +c3Ipaps - (10)

model

I(*Fs,,) and I(*F,,,) represent the intensities of the
x-ray recombination channel with final states 4/ (*F; )
and 4f'(®F, ,,) as calculated by van der Laan et al.* for
the absorption process [9(a) and 9(b)] and convoluted
with a Lorentzian of 1.0 eV (full width at half maximum)
to account for lifetime broadening. The intensity ratio of
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FIG. 10. Comparison of the experimental CeO, SXAPS spec-
trum and a model spectrum based on calculated XAS data (Ref.
54) and the experimental DAPS spectrum; for explanation see
text. The calculated 3d;,, structure has been reduced in intensi-
ty by a factor of 0.4.

the transitions involving the *Fs,, and %F, , states is as-
sumed to be roughly the same for the emission process in
SXAPS and the absorption process in XAS. Accordingly
we have chosen ¢; =c¢, =1. c; is taken from a fit of I, 4
to the experimental SXAPS spectrum so that c3/pupg
contributes about 15% to I ,4q-

In Fig. 10 the resulting model spectrum is compared
with our CeO, SXAPS result. A good overall agreement
between the fine structures of the two spectra is revealed
except for some minor details. The model spectrum of
the 3d;,, level had to be reduced in intensity by a factor
of 0.4 to agree with the experimental result. Similarly,
anomalous intensities for the 3d;,, structure have also
been observed in resonant x-ray emission measurements
on Eu (Ref. 55) and TbCo, (Ref. 56) and were attributed
by Cramm et al.® to the conversion of the 3d;,, hole
into a 3d5,, hole in the course of the direct recombina-
tion process 3d3,4f"+!'—>3d?,4f"+e”. A similar
recombination process 3d$,4f" 2 —3d?,4f" 1 te”
seems to act also in SXAPS of Ce leading to reduced
SXAPS intensity for the 3d;, level.

As a further important result, the suppression of the
low-energy APS features in SXAPS (Fig. 10) as compared
with DAPS (Fig. 5) is described correctly by the model
confirming the importance of the x-ray recombination
channel in the decay step of SXAPS. This result does not
depend on the proper choice of the parameters c;.

On the other hand the fine structure as predicted by
the model does not agree in full detail with the experi-
mental result. While the fine structure of the 3d,,, level
is in excellent agreement with the experimental result the
splitting of the 3d5,, main peak into two linelike features
as predicted by the model is not resolved in the experi-
mental result. One should keep in mind that according
to Eq. (10) our simple SXAPS model does not include the
excitation step. State-dependent excitation probabilities
are completely neglected. Differences in the fine struc-
tures between the model spectrum and the experimental
SXAPS result seem to indicate that the excitation step is
important not only for DAPS and AEAPS but also for
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the SXAPS fine structure.

In conclusion the overall agreement between the model
spectrum and the experimental SXAPS result is quite
good supporting the basic ideas of our APS model. For a
more detailed understanding of the APS fine structure
state-dependent excitation cross sections have to be in-
cluded in the model.

VI. SUMMARY AND OUTLOOK

A two-step model for the 3d APS process of light rare-
earth compounds is worked out. The common features
as well as the specific differences in SXAPS, DAPS, and
AEAPS are discussed comprehensively. The close con-
nection between APS and near-threshold CEELS spectra
has been utilized to identify the important APS transition
channels. The two-step description is based on APS data
and near-threshold CEELS data taken from La and both
trivalent and tetravalent Ce compounds yielding detailed
information about the excitation and emission processes
in APS. The 4f levels of the rare-earth compounds have
been treated as discrete levels.

The APS excitation was found to be dominated by the
resonant transition 3d'%4f"€"+e” —3d°4f"*%e” with
both the incident electron and the 3d core electron being
excited to the 4f level. Excitations 3d 104 fngv e~
—3d°4f" T1e”"! with only one electron being excited to
the 4f level and the other one to a band state seem to
have no significant influence on the APS spectral
features. The excited 3d°4f"*? configuration predom-
inantly decays via Auger transitions and—in the case of
the 3d;,, core hole—via the direct recombination pro-
cess 3d3,4f""23d3,4f" " 1+e” where the 3d;,,
hole is converted into a 3ds,, hole. From the competing
x-ray emission processes the recombination process
3d%f"+253d'%4f" T+ 4w is by far the dominating de-
cay process.

The APS fine structure is given by the multiplet struc-
ture of the excited configuration 3d °4f"*2 But only a
selected part of the 3d°4f" *? multiplet terms contributes
to the APS spectra; the major part is suppressed due to
state-selective excitation probabilities which play an im-
portant role in APS near the excitation threshold. In the
case of SXAPS the fine structure may be further
influenced by the decay step due to dipole selection rules.
This is particularly the case for 4f° ground-state systems
such as La compounds and CeO,: only those terms of the
excited 3d°4f? multiplet structure decay via the x-ray
recombination channel that contain considerable 2D, 2F,
or 2G admixture; other terms decay preferentially via
nonradiative transition. As a consequence differences are
observed in the fine structures of SXAPS and DAPS or
AEAPS.

The SXAPS intensity of the 3d,,, core level is reduced
due to the occurrence of the direct recombination chan-
nel 3d$,,4f%—3d?,,4f'+e~ which converts the 3d,,
hole into a 3ds,, hole. These mechanisms explain well
the observed differences in the fine structure of the APS
spectra.

As the most important result, APS has turned out to
be an appropriate tool for the investigation of the elec-
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tronic structure of rare-earth compounds. The APS
structure is related to the ground state of the RE system
via the excitation 3d'4f"+e~—3d°4f"*2.  APS
should, thus, be appropriate to determine ground-state
properties in a way similar to other core-level spectros-
copies such as XPS, XAS, and CEELS with the advan-
tage of a rather simple experimental setup. In terms of
atomiclike 4f states this has already been done success-
fully for y-Ce and the oxides.!* An expansion beyond
the atomiclike description including hybridization effects
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and nonintegral 4f electron counts seems now to be pos-
sible.
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