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Electron-energy-loss spectra of barium, lanthanum, and cerium in the regions of 3d-level exci-
tations have been found to show doublet structures associated with each spin-orbit component.
The relative intensities of the structures vary systematically with excitation energy. One of the
doublet components can in each case be associated with a 3d — 4.f excitation. For the explana-
tion of the second component we propose a process which involves decay of an intermediate

screened 3d%4 /2 state.

Recent detailed investigations of x-ray emission
(XES) from lanthanum' and cerium? have revealed
that apart from the ‘‘normal’® characteristic lines (in-
cluding so-called resonance emission), there appear
additional lines when the initial core-hole states are
excited with electrons whose energies just exceed the
core-hole excitation thresholds. These anomalous
lines, which appear as satellites 2—3 eV below the
M, g bands, were first associated with resonant
bremsstrahlung.!2 In a previous paper® we pointed
out that such an interpretation is inconsistent with
the fact that these lines are present with appreciable
intensity also for excitation energies well off reso-
nance energies. ‘We also presented evidence in the
form of eleciron-energy-loss spectra (EELS) that in
the case of lanthanum the mechanism behind these
emission lines is of the characteristic kind; i.e., the
lines represent electronic transitions between discrete
states of the actual system. In the process of identifi-
cation of the anomalous lines in threshold excited
XES, it is important to establish that the close
correspondence between EELS and XES found for
lanthanum is not accidental. It is also essential to es-
timate the role of the 4/ orbitals in the production of
these lines. For this purpose we compare in this pa-
per EELS data of barium, lanthanum, and cerium.
Although these elements are neighbors in the period-
ic table, their electron structures differ qualitatively.
The transition form barium to lanthanum leads to lo-
calizaion of the 4f orbitals, but they remain unoccu-
pied. With a vacancy in the 34 shell we know that
the 4 f state becomes populated in lanthanum®* (the
energy of the 3d°4f! configuration is clearly lower
than that of 3d °4/°. Such population does not oc-
cur in barium, but 4f orbitals are likely to be local-
ized as in the ground state of lanthanum. Cerium

differs from the two preceeding elements in that it
contains a 4f electron in the ground state. This
leads, for instance, to quite pronounced multiplet
splitting in x-ray-absorption spectra’ (XAS).

The energy-loss data reported here were obtained
with a conventional single-pass cylindrical-mirror
analyzer (EMA) with an integral electron gun. The
spectra were recorded in a constant-final-energy
mode, which means that the pass energy of the CMA
was kept at a constant, arbitrarily chosen value, while
the energy of the primary electron beam was scanned
continuously. There are several advantages with this
mode of operation. First, the energy calibration is
obtained simply by measuring the potential applied to
the electron source. Energy scale distortions which
may plague CMA optics with imperfect focusing and
sample location are thus eliminated. Second, since
the pass energy is kept constant, the energy resolu-
tion is constant throughout a spectrum. Third, the
appearing structures can immediately be classified as
characteristic energy losses, with no risk of confusion
with Auger structures. The energy of the primary
electrons as they hit the sample is given by the po-
tential difference between the electron source and the
sample. With a given analyzer pass energy eV, and a
sample potential V;, the energy of electrons which
will be transmitted through the analyzer is
e(V;+V,) when they are at the sample. This energy
will be referred to as the final energy.

To obtain good energy resolution one should
operate at a low pass energy. However, with decreas-
ing pass energy the analyzer transmission function
also decreases. Another limiting factor is an increas-
ing intensity of secondary electrons towards low ener-
gies. As a compromise to these considerations our
data were recorded at pass energies 100—200 eV.
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A very interesting observation was that the choice
of final energy affected the relative intensities of the
energy-loss structures. We have reported this effect
previously for 34 excitations in lanthanum,? and will
examine it below in the case of barium and cerium.

Figures 1, 2, and 3 show the energy loss spectra of
barium, lanthanum, and cerium, obtained at 100-,
150-, 300-, and 600-eV final energies. The similari-
ties between the three sets of data are evident. In all
cases the energy losses are divided into two groups,
corresponding to exciations of the 3ds/, and 3d;); lev-
els. Each group contains in turn two peaks, which
appear somewhat more distinct for the 3ds/, levels.
There is a clear systematic redistribution of the rela-
tive intensities of these peaks with changing final en-
ergy: at low final energies the low-energy com-
ponents in each doublet tend to dominate. With in-
creasing final energies the high-energy components
gain in relative intensities. We note further that the
relative intensities of the low-energy components are
smaller throughout in the 3d3/; than in the 3ds);,
doublets. The energy range over which the intensity
redistribution takes place increases when going from
barium to cerium.

In Fig. 4 we compare our EELS data with the cor-
responding XAS and XES results from the litera-
ture" 23 for lanthanum and cerium. Barium is not in-
cluded due to lack of data in the literature. Before
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FIG. 1. Electron-energy-loss spectra of barium covering
the region of 3d level excitations.
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FIG. 2. Electron-energy-loss spectra of lanthanum.
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FIG. 3. Electron-energy-loss spectra of cerium.
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FIG. 4. Comparison of electron-energy-loss x-ray absorp-
tion (Ref. 5) and x-ray emission (Refs. 1 and 2) spectra for
lanthanum and cerium. The vertical lines indicate the 3ds),
level binding energies as given by XPS (Ref. 7).

further discussion it should be pointed out that none
of the spectra in Fig. 4 has been shifted in energy
from the position given in the original work. Consid-
ering all difficulties associated with absolute energy
calibration of x-ray spectrometers, there is without
doubt room for small energy adjustments. We know
for instance that the main lines in XES and XAS
spectra of lanthanum reflect the same transitions and
do in fact coincide when recorded with the same in-
strument.® However, since the spectra of cerium are
somewhat complex, we have chosen not to make any
energy alignments here.

Again we recognize similarities between the sets of
lanthanum and cerium data. First of all we note that
all spectral features appear below the 3ds;; XPS bind-
ing energies,” which represent final states without 4/
screening (i.e., 3d %4 and 3d °4f ! configurations in
lanthanaum and cerium, respectively). Next, we see
that both XES spectra, which were excited with elec-
trons of energies about 50 eV in excess of ionization
thresholds, contain one major peak with a shoulder-
like peak at the low-energy side. Within the experi-
mental accuracy the main XES peaks coincide in en-
ergy with the main absorption lines in XAS and also
with the high-energy components in the EELS doub-
lets. In the case of lanthanum the shoulder in XES
does clearly not have any counterpart in XAS. Any
correspondence with the faint peak at 830 eV is ex-

" cluded mainly because of different energy separation
from the main line (4.9 eV compared to 2.8 eV in
XES), and also because of the very different relative

intensity. For cerium the situation is less clear due to
multiplet splitting. In the absorption spectrum one
can distinguish three lines associated with excitation
of the 3ds/, spin-orbit level. One of these lines ap-
pears as a shoulder at the low-energy side of a doub-
let complex. Since the absorption spectrum falls
below the 3d binding energy as noted above, one
should in principle be able to observe the same lines
in XES.? In fact, when excited with high-energy elec-
trons, the 3ds;, emission spectrum does exhibit all
the features of the absorption spectrum.’ Therefore,
it is less obvious in the case of cerium than for lan-
thanum that there appears a completely new emission
line in threshold excited XES. However, considering
the similarities in the development of emission spec-
tra of lanthanum and cerium around threshold exci-
tations, there is good reason to believe that the low-
energy component in XES of cerium in Fig. 4 reflects
a process absent in XAS. Its shape and exact energy
position may be influenced by an underlying struc-
ture corresponding to the shoulder in XAS.

One very important observation that can be made
in Fig. 4, and which has been pointed out previous-
ly,? is the close similarity between the EELS and XES
results for lanthanum. In the case of cerium the
correspondence between EELS and XES structures is
not as obvious as the separation between the two
peaks in EELS is about 0.7 eV larger than in XES.
As pointed out above, the apparent energy separation
between the two peaks in XES may be influenced by
an underlying structure corresponding to the shoulder
in XAS. Thus, considering the similar energy depen-
dence of the low-energy EELS and XES structures
(in both experiments they appear with maximum
relative intensity for excitations close to threshold,
and vanish at high excitation energies), we believe
they originate from basically the same process.

Structures in EELS correspond of course to charac-
teristic excitation processes. To identify energy-loss
spectra it is therefore natural to make comparison
with x-ray absorption data. From Fig. 4 it follows
that the high-energy components in the EELS doub-
lets can be identified with x-ray absorption lines in
lanthanum and cerium. Photoelectron yield measure-
ments on barium'® show that also in this case the
high-energy EELS components (Fig. 1) can be associ-
ated with photoabsorption lines. The low-energy
components in the EELS doublets are, however, ab-
sent in all x-ray absorption spectra.

There are several mechanisms which in principle
can give rise to differences between EELS and XAS
data and could be considered as candidates for the
origin of the low-energy EELS components.

(1) The two methods of course test quite different
sample regions. EELS is extremely surface sensitive,
while XAS in contrast probes the bulk. The low-
energy components in EELS could therefore originate
from excitations at the surface.
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(2) An obvious distinction between EELS and XAS
is that in the latter case only those excitations which
obey the dipole selection rule can be observed. In
EELS the excitations are promoted through Coulomb
interaction between core and projectile electrons.

The energy losses are observed in the beams of back
scattered electrons in a wide space angle. Therefore
no strict selection rules with respect to angular
momentum transfer apply in this case. We note also
that similar divergences between EELS and photoab-
sorption spectra have been observed in, e.g., the ex-
citation spectra of helium, in which case the differ-
ences were explained successfully in terms of dif-
ferent excitation matrix elements.!!-12

(3) An effect which could in principle give doublet
structures in EELS is varying degree of final-state
screening. In the case of 3d level excitations in rare-
earth metals the 34 hole can be screened very effi-
ciently by an additional 4 f electron. Through popula-
tion of a 4f orbital the energy of the system can be
lowered. Detailed examinations of x-ray photoelec-
tron spectra (XPS) of the light rare-earth metals’
have shown that the most intense 3d emission lines
have satellites on their high kinetic energy sides. The
satellites correspond to well screened (relaxed) final
states, including ‘‘shake-down’’ populated 4 orbitals.
In lanthanum for instance the equivalent binding en-
ergy corresponding to the main 3ds), line is 835.8 eV,
while the satellite is centered around 832.5 eV. This
energy is clearly lower than the 3d°4f! energy
(~834.0 eV) observed in XAS. The difference
could be taken as an indication of further relaxation
in the final state corresponding to the XPS satellite.
Within this framework the two energy-loss structures
in each doublet could correspond to well and poorly
screened 3d°4 f! states, respectively.

All these explanations are, however, met by con-
tradicting experimental observations. If the doublet
structures in EELS were due to excitations at and
beneath the surface layer, one would definitely ex-
pect the spectra to be sensitive to the surface condi-
tions. Experimentally we have found (not shown
here) that EELS results on clean metal surfaces (as
judged by Auger electron spectroscopy) are practically
identical with those obtained on purposely oxidized
samples. Next, we note that the similarities between
"the EELS data observed in Figs. 1—3 suggest that the
origin of the doublet structures is unlikely to be mul-
tiplet splitting of one configuration (e.g., 3d°4/"*),
since the multiplet structures of barium and lantha-
num are essentially different from that of cerium.’
Also, if our identification of the low-energy com-
ponents in EELS and XES is correct, the absence of
these structures in XAS can clearly not be due to
vanishing dipole matrix elements for the correspond-
ing transitions. There is another, independent piece
of experimental indication that the origin of the low-
energy components in EELS is more complex than

suggested by any of the above-mentioned mechan-
isms. According to Figs. 1—3 the relative intensities
of these components increase with decreasing primary -
electron energy. Despite this, no 3d excitations are
observed in electron excited APS data at the energies
of the low-energy components.’ In constrast, excita-
tion thresholds are observed at primary electron ener-
gies equal to those of the high-energy EELS com-
ponents.

From the fact that the low-energy lines are not ob-
served in XAS and APS, we draw the important con-
clusion that the lower energy state, which is involved
in the electronic transitions observed via these lines,
is not the ground state of the system, but an excited
state. Threshold excited XES data clearly show!3 14
that this emission appears strongly enhanced under
conditions when it coincides in energy with the 4/
bremsstrahlung emission. This strongly suggests that
the excited lower energy state in XES and EELS is
{M}411, ie., the same as the final state in 4f
bremsstrahlung emission (M represents here the
ground-state configuration of barium, lanthanum,
and cerium, respectively). It appears quite straight-
forward to ascribe the low-energy lines in XES and
EELS to transitions of the type

3d94f"+2"‘3d104f"+1 (1)

(n =0 for barium and lanthanum and n =1 for ceri-
um). '

Of course, the question now arises how these tran-
sitions are involved in the XES and EELS processes.
In XES they may be present as a consequence of
shake-up excitations of 3d°4 f"*2 states which decay
to 3d% "+, This can occur over a wide excitation
energy range. It is more difficult to see how these
transitions can be excited in EELS. Since the
3d'%4 f"*1 state is in all cases an excited state, the ex-
citations reflected by the energy-loss structures could
in principle be the results of two processes, namely,
the primary excitation of 3d'%4 "*! followed by an in-
dependent second excitation to 3d°4f"*2. Such two
step excitation would require either very long-lived
intermediate 3d'%4 f"*! states, or very high primary
current densities to maintain a population of the
3d1% s+ states. None of these requirements is ful-
filled here. The lifetime width of the 3d'%4 f"*! state
is ~1 eV for the three elements corresponding to
lifetimes of ~ 10715 s. With a primary current densi-
ty of ~10 mA/cm? as in the present experiments, a
target section of a typical core level cross section
dimension (o =107'8 cm?) is hit by less than 1 pro-
jectile electron per second. Therefore, double excita-
tions by independent events are negligible.

Since the XES spectra indicate radiative decays of
shake-up states, one would expect to observe struc-
tures in EELS at energies corresponding to excita-
tions of these states, provided they are produced in
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single excitation processes. In the case of lanthanum
the threshold energy for 34°4f? excitation is 836.8
eV as determined by APS. Detailed examinations of
EELS spectra around this energy do not, however,
reveal any structure corresponding to such excita-
tions. From this we conclude that the excitation and
J

decay processes are unseparable and furthermore that
the interaction between projectile electrons and
scattering center does not cease until the scatterers
have returned to their ground state.

The XES and EELS processes enter thus as com-
ponents in one chain of transitions

Bd%v4fm+e} — B4 "2+ o) — Bd0 T bel + hy —3d A" e +hy . Q@)

The brackets indicate complexes of interacting parti-
cles and v” are valence-band electrons. In Fig. 5 we
show some fundamental excitation and emission
processes that we think might account for the ob-
served EELS and XES spectra.!* Figure 5(a)
represents near threshold excitation where the in-
cident electron creates a negative-ion resonance in
the form of a localized 3d°4f? level. The radiative
decay of this level leaves a localized 4f electron and a
photon with 831-eV energy. The decay of the 3d°4f
electron-hole pair thus takes place in the presence of
a localized 4 f electron, which can adjust to the new
potential after the decay has taken place. Excitation
and emission become coherent and inseparable.
Another way to look upon the process in Fig. 5(a)
is in terms of resonant bremsstrahlung, as discussed
by Wendin and Nuroh.!® Figure 5(b) describes exci-
tation of a 3d°4f electron-hole pair in the case where
the projectile goes into a delocalized final state. In
this case the projectile cannot perturb the decay pro-
cess: excitation and decay become independent
processes and emission occurs at ~ 834 eV. This
would, e.g., be the case if the projectile is very fast,
in which case the final-state energy will be high, and
the projectile will leave the interaction region very
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FIG. 5. Diagramatic and real-space pictures of excitation
and emission processes (see text). (a)—(c) Describe x-ray
emission while (e) describes autoionization. (d) Illustrates
our conception of the screened quasilocalized 3d%4 /2 level.
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rapidly. In an intermediate situation where the pro-
jectile leaves the interaction region on a time scale
comparable to the decay time, one can expect to see
two emission lines, at ~831 and ~— 834 eV and with
intensity being transferred from the 831-eV line to
834-¢eV line with increasing energy of the final-state
electron. This is precisely the picture given by the
experimental results in Fig. 1 and suggests that we
are dealing with post-collision interaction!”'® (PCI)
and incomplete relaxation'® types of processes. One
remarkable thing is, however, that experiments show
that the intensity transfer occurs very slowly over a
large range (—~ 500 eV) of final-state energies. We
have no quantitative explanation for how this comes
about. Qualitatively, however, we think this can be
explained in terms of transient response and dynami-
cal screening in the final state. In Fig. 5(a), the in-
cident electron has high-energy £(—~ 800 eV) and
will be fairly poorly screened. After sudden creation
of a localized 3d°4f? excitation, this state has to be
screened by surrounding the excitation with a neu-
tralizing correlation hole, i.e., by displacing one unit
of electronic charge out of the unit cell.

Figure 5(c) shows one contribution to this screen-
ing process, which obviously leads to a coupling
between the processes in Figs. 5(a) and 5(b) and
thus provides one mechanism for intensity transfer
between the 831- and 834-eV lines. This process has
the desired property that it always leads to a screened
3d°4f? intermediate level, with the excess energy car-
ried away by a continuum electron. Figure 5(d)
shows our conception of the dynamically screened in-
termediate level in real space. At threshold energy
the excitation will be introduced adiabatically and no
excess energy has to be carried away. As the final-
state energy is raised, the screening process becomes
transient and we get a picture of a screened inter-
mediate excitation with a wave propagating away with
the excess energy. Decay then takes place in the
same local environment as in the threshold case,
yielding an x-ray emission line at 831 eV. Finally,
the change in potential due to the emission process
can scatter the 4f electron into the correlation hole
and transfer energy and angular momentum to the
receding continuum electron, scattering it into €f.
The €'g wave has large overlap with 4 f over an ener-
gy range of several hundred eV,!> !¢ and that is why
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we think the proposed process might play a part in
feeding intensity into the 831-eV line. We think that
it is essential that there is high probability for the
pickup process to occur, because only then will an
energy loss of 831 eV be detected in EELS. In the
opposite case, the loss would occur at 837 eV, which
is not supported by experiment.

As the final-state energy is raised, the screening
process will be less efficient and the probability for
leaving the system in the configuration shown in Fig.
5(b) will be less and less probable. The process in
Fig. 5(d) will then take over and the 834-eV line will
grow to be the dominant one both in EELS and XES.

Let us finally remark that the time scale of decay is
set by x-ray emission in combination with autoioniza-
tion and Auger processes. Consequently, part of the
EELS intensity should be associated with scattering
together with nonradiative decay, as shown by the
example in Fig. 5(e) (cf. Ref. 18). It follows then
that various autoionization lines should exhibit dou-
ble structures and intensity variations similar to those
seen in EELS.

" In conclusion, the data presented here show that
anomalous structures in EELS similar to those found
previously for lanthanum are also present in the spec-
tra of barium and cerium. Both for lanthanum and

cerium these structures appear to correspond to em-
isssion lines in XES. No XES data are available as
yet for metallic barium. On the basis of our EELS
results and on the general similarities between the
spectroscopic properties of barium and the light rare-
earth metals, we expect the threshold excited 3ds;,
emission spectrum of barium to show a strong line at
~ 782 eV, which decreases in intensity with increas-
ing excitation energy.

Several different possible explanations for the ob-
served structures have been considered and some
have been rejected due to inconsistency with the
combined experimental information. Our final tenta-
tive interpretation suggests that the anomalous struc-
tures in EELS and XES represent transitions between
two excited states of the system. '

It has also come to our attention that observations
similar to those reported here have been indicated
previously in an abstract of a conference report.2
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