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The La’* excited states with a 3d inner hole are investigated by x-ray absorption spectroscopy
(XAS), electron-stimulated x-ray emission spectroscopy (EXES), and characteristic isochromat spec-
troscopy (CIS). The relative energies of these various states are determined and their decay process-
es are considered. It is shown that the levels associated with the La+ 3d°4f"! configuration are well
described in jj coupling. It is shown that the 3d°4f! configuration states decay by direct recombina-
tion of the excited electron and the inner hole and simultaneously by transitions taking place in the -
presence of the extra 4f electron. The emissions already observed by Liefeld et al. close to the 3d;,,
and 3ds,, thresholds are studied and interpreted as f-d discrete emissions from J levels of the
3d°4f? configuration. A nonradiative transition from J levels of this same configuration is also evi-
denced by CIS at the 3d5,, threshold; it is identified as a 3d354f2—3d544f! Coster-Kronig-type
process. The various nonradiative processes transferring a 3d;,, hole to a 3ds,, hole are considered
and their relative intensity discussed. From all of the results it is concluded that final-state-type
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coupling effects are weak in the radiative decay of 3d ~! excited states in La3".

I. INTRODUCTION

Electron-stimulated x-ray emission spectroscopy

(EXES) is a method of investigating the properties of

states with a hole in a core level (x-ray states) created by
the electron bombardment. In solids the x-ray states are
usually ionization states, the inner electron being ejected
into the continuum. In some cases excited x-ray states
may also be present with a lifetime sufficiently long for
their radiative decay to be observable. As an example, it
is now well known that the emission lines observed in the
3d spectra of lanthanides in coincidence with each absorp-
tion line, and called resonance lines (R lines), are due to
the inverse process of absorption, i.e., to the direct radia-
tive deexcitation of the 3d°4f™+! monoexcited states to
the ground state.!~3 As previously emphasized,* the pres-
ence of intense resonant emissions in the spectrum of a
solid shows that the excited electron has a high probabili-
ty of remaining localized on the same atom with the same
spin during the lifetime of the inner hole, and that the in-
teraction between the excited state and the conduction
states remains weak. One expects that such excited x-ray
states must be described in terms of a quasiatomic model,
but very little is actually known of the properties of these
states. In particular, an important point is to determine if
the 3d°4f™ +! excitation states are formed directly by col-
lisional interaction between the incident electron and the
core electron, or if their formation results from a two-step
process: step 1 being iohization and step 2 involving a re-
laxation process with stabilization of the 4f shell.>% We
shall show that the data deduced from x-ray photoemis-
sion spectroscopy (XPS) and x-ray emission and absorp-
tion spectra can resolve this point.

In a system having strongly localized empty states,
emissions other than the R lines can also be observed as a
consequence of the electron-beam excitation. In fact, a
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systematic study of the La and Ce3d—emission spectra
by Liefeld et al.”® as a function of the incident-electron
energy E, showed, for E, close to the 3ds,, and 3d;,,
thresholds, the presence of features located below each
main emission line. They were ascribed to a resonance in
the bremsstrahlung radiation. Since then, various theoret-
ical studies and other interpretations have been proposed
for these emissions.” !¢ We have suggested!® that they are
resonant lines in an excited system having a trapped slow
electron, and we designate them R° lines.

Here, we present an analysis of the La 3d—emission
spectrum in two trivalent compounds, LaF; and La,0;,
with the aim of studying the various excited x-ray states
created in the lanthanides under electron irradiation.
These results are compared with the metal. It is known
that the La 3d-4f photoexcitation spectrum is simple,
offering essentially two intense well-resolved transitions.!”
In the same way, since no f electrons are present in the La
ground state, the 3d-emission spectrum is less complex
than that of other lanthanides.!® It makes La convenient
for a detailed analysis of electron-stimulated excited x-ray
states. La in metallic form has received particular atten-
tion: the position of the empty 4f level has been deter-
mined by continuum-limit spectroscopy’ and bremsstrah-
lung isochromat spectroscopy (BIS);”!° the dependence of
the energy of the 4f level on the electron configuration
has been studied by various appearance potential spectros-
copies (APS) and characteristic-electron-energy—loss spec-
troscopy.!>2°

To identify the various precursor states of each x-ray
emission in the La 3d spectrum between 800 and 870 eV,
and to deduce the various decay processes of these precur-
sor states, we have (i) analyzed the La 3d emission spec-
trum, compared to the photoabsorption, for several values
of the incident-electron energy, E,, from threshold to
several times the threshold value, and (ii) performed the
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isochromats of each emission observable over this range.
We show for the first time that in the case of LaF; and
La,O; each of these emissions takes place from a discrete
excited state. We then deduce new information on the R
lines and the decay processes of electron-stimulated excit-
ed x-ray states in lanthanum for the metal and wide-gap
insulating compounds.

In Sec. II we give a brief description of the experimen-
tal procedure. A concise analysis of present data on the
electronic structure of lanthanum in LaF;, La,0;, and the
metal is given in Sec. III. In Sec. IV we report our results
concerning the 3d%4f! excited states as deduced from
resonant emissions and photoabsorption. The other lines
present in the La3d—emission spectra are considered in
Sec. V. In Sec. VI the bremsstrahlung and characteristic
isochromat spectra are presented. Data deduced from
these spectra on the formation of 3d°4f' and 3d°4f>
states and their radiative and nonradiative decay are dis-
cussed in Sec. VII. The conclusions are presented in Sec.
VIIL

II. EXPERIMENTAL PROCEDURE

LaF; and La,O; samples were prepared by vacuum
deposition on appropriate clean substrates at room tem-
perature at a residual pressure of about 10~ Torr. For
LaF;, spectroscopically pure powdered fluoride was used;
for La,03, spectroscopically pure La was evaporated and
oxidized after deposition under pure dry oxygen. For the
x-ray emissions copper targets were used on which the
fluoride and oxide depositions were made. The absorption
screens were thin layers ~ 100—1000 A thick deposited
onto Al (0.5 um) or Makrofol (2 pm) substrates.

The spectra were analyzed by means of a 50-cm-radius
bent crystal vacuum spectrometer equipped with mica or
beryl slabs, and using a polypropylene-windowed Ar-CH,
gas-flow proportional counter placed behind an adjustable
slit situated on the Rowland circle. The spectral resolving
power available was about 10*.

The absorption spectra were recorded using the brerns-
strahlung radiation emitted by a W target bombarded by
electrons of 1400 eV energy. The x-ray characteristic
emissions were produced by means of an electron beam
and analyzed perpendicular to it. Two types of emission
spectra have been recorded: (i) one type obtained by vary-
ing the Bragg angle at a given energy of the incident elec-
trons (standard x-ray emission), and (ii) one type obtained
by keeping the Bragg angle constant and varying the ener-
gy of the incident electrons by steps of 0.65 eV (charac-
teristic isochromat spectroscopy i.e., CIS).

In CIS only LaF; targets were studied, as the fluoride is
particularly stable and not as sensitive as the ox1de to sur-
face contamination, especially by water vapor.?! Owing to
the voltage across the x-ray-source filament, the energy
resolving power was about 10°.

‘Let us note that to obtain the isochromat of a given x-
ray line, it is necessary to take into account the contribu-
tions from neighboring x-ray lines because a possible over-
lap between their energy distributions may occur. To do
this, we have fitted calculated curves to the emission lines
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“and subtracted the contribution due to the closest lines;

thus corrected intensity curves are obtained.

III. ELECTRONIC STRUCTURE

La trifluoride is a wide-gap insulator: The F~ 2p levels
form the valence band, and La 5d and 6s levels, slightly
mixed with F~ 3s, form the conduction band. The opti-
cal properties of LaF; in the vacuum-ultraviolet region
have already been investigated and compared to those of
the early rare-earth trifluorides, CeF;, PrF;, and NdF;.??
It was shown that in these three compounds the 4f levels
are present in the band gap and are not mixed with the
valence band. This is in agreement with the x-ray photo-
emission spectrum of CeF;, according to which the Ce 4f
level lies about 5 eV above the valence band.2*> Moreover,
no 4f electron is present in LaF;.

When a 3d hole is created in a rare-earth ion, a modifi-
cation of the electronic distribution is expected. Accord-
ing to the equivalent-core approximation, one approxi-
mates the Z element with an inner hole to the Z +1 ele-
ment. Thus by analogy with the Ce compounds one ex-
pects that a normally empty 4f excitation level is present
in the band gap of LaF; several electron volts above the
valence band. A 3d electron has a high probability to be
excited to this empty 4f level, and the 3d°4f! state can
thus be formed by a direct excitation process. The ground
state of the 3d° ion, on the other hand, has the 3d°4f°
configuration, and the formation of the excited ion with a
hole in the valence band, 3d°V~!4f', requires energy.
This explains the presence of high-binding-energy satel-
lites in the La 3d photoemission of LaF;.2* These satel-
lites are due to charge transfer from the valence band to
the empty 4f level by a shakeup process simultaneously
with the creation of a 3d inner hole.

For the sesquioxides one expects the electronic configu-
ration to be similar. But in this case the valence band
arises from the O?~ 2p levels and the valence-band to 4f-
level energy separation is about half that of the tri-
fluorides. However, in the presence of a 3d hole, the emp-
ty La 4f excitation level still lies above the valence band.
In an atomic model the 3d°V ~'4f! configuration is an
excited configuration of the 3d°4f° nonexcited configura-
tion ion, and a charge transfer from the top of the valence
band to the 4f level requires energy. Then the 3d°4f"! ex-
cited state is obtained by direct excitation of a 3d electron
to the empty 4f level. A similar behavior is expected for
other compounds of lanthanum but not for all of them; in
fact, in some Ce compounds the 4f level lies very close to
the valence band and it is difficult to foresee what the
ground configuration of the 3d° La ion will be.

In La metal the empty 4f level is pulled down 1.8 eV
below the Fermi energy by the 3d hole?® and it can be
filled by an electron from the valence band with a stabili-
zation of energy. Indeed, Crecelius et al.’ have observed
a low-binding-energy satellite in the 3d XPS of La metal
3.2 €V below each main 3d peak with an intensity of only
5—6 % of that of the main peak. The formation of the
3d°4f! excited state by ionization and relaxation is thus
possible, but hardly probable, and the excited state is
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essentially formed by a direct process. In Ref. 5 it has
been suggested that the binding energy of the 3ds,, low-
energy satellite (832.4 eV) is related to that of the 3ds,,
absorption, but the value of Fisher and Baun,? which cor-
responds to the low-energy inflexion point of the principal
absorption line was used. Indeed, because the relaxation
process is not governed by dipole-selection rules, the bind-
ing energy of the satellite must be compared to the bari--
center of various J levels associated to the 3d; /24f ! con-
figuration. The agreement is satisfactory between the ex-
perimental value and our calculated value of 831.8 eV (see
Sec. IV A). On the other hand, the 3ds,, principal peak-
satellite separation corresponds to the difference between
the energies of the 3d°4f° and 3d°4f! configurations.
Hence we deduce that the excited 4f level associated
with the 3d°4f! configuration can tunnel into the extend-
ed states in the metal, whereas this type of interaction is
not possible in LaF; and La,0; because the 4f level is
situated in the band gap. The study of La 3d°4f! excited
states in these three materials allows us to determine
which are the solid-state effects due to this interaction.

IV. RESONANT EMISSIONS
AND 3d ABSORPTION LINES

A. Energies

Two intense emission lines are observed in the La 3d
spectrum in coincidence with the two principal 3d photo-
absorption lines (Fig. 1); they are identified as resonant
emissions. Their position is independent of the material
considered to within the experimental precision, +0.1 eV.
Since the La 3d-4f emission and absorption lines are posi-
tioned at the same energy in the metal and the two com-
pounds, we confirm that the interactions between the ex-
cited 4f level and the extended states, possible only in the
metal, must remain weak and the 3d°4f! state retains
strong atomic character in the solid.

These results are in agreement with the well-known fact
that the 3d photoabsorption of the solid lanthanides is
described by atomic transitions of the type 3d1°4fV
—3d%4fN+12617.27 Ag opposed to the 4d case, where the
exchange interaction is the largest, in the 3d photoabsorp-
tion case, the 3d spin-orbit interaction is larger than the
electrostatic interactions, where the exchange integral G'!

" almost pure L-S—coupling character.
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FIG. 1. La 3d spectra in La;O;. (a) Photoabsorption; (b)
emission at 1.2 keV. Dots denote experimental data, solid line
denotes Lorentzian curve.

is even smaller than the direct one F2. Thus the structure
of the La’*3d® 4f! configuration is essentially deter-
mined by the 3d spin-orbit—coupling parameter, and the
term dependence, which is known to be large in the pres-
ence of a strong exchange interaction,?® is not significant
here.

With this in mind, we have performed a calculation in
intermediate coupling followed by a recoupling transfor-
mation from L-S to jj. The parameters used are given in
Table I, together with the percentage compositions of the
levels. It appears that the purity is high in jj coupling, as
previously found for Tm3* 3d photoabsorption.” As a
consequence, we designate the excited states 3d°4f! in
this coupling. In contrast, in the 4d photoabsorption the
percentage of jj-coupling states is low and the levels have
Thus for the
strong peak 2 99.8% P, (L-S) character is predicted,
while its (3,3) (jj) character is only about 45%.%° This
large difference between the 3d-4f and 4d-4f electrostatic

TABLE 1. Calculated baricenter and excitation energies for the La 3d°4f! configuration. The per-
centage compositions are shown for the three radiative levels. The radial parameters are also given.

Energies (eV)

L-S—coupling percentage

Average  Excitation Jjj-coupling percentage
830.3 88.7% ds,fspn+11.1% ds, f 1,2 76.7% 3P+23.0% D
831.8 ‘
834.6 84.5% ds,f1,,+11.3%ds2f s/, 49.5%°D +38.8% 'P
848.5 850.9 95.6% ds,f s 60.9% 'P+27.5% °D

Parameters (meV)

F?=5.985, F*=2.633, G'=3.990, G’=
G°=1.525, £;=6.650, (=80,

2.237
_dspfin

= =0.63
Pa=Py 3n2fsn
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and spin-orbit interactions means that the spectral charac-
teristics of 3d photoabsorption differ from those observed
for the 4d photoabsorption.’!

In addition, we have determined the energy of 20 J lev-
els belonging to the 3d94f ! conﬁguratlon and the bari-
centers of the 3d; ,24f and 3d; /24f configurations (cf.
Table D. These are situated —2.8 and —2.4 eV below the

2 '3 Zyand (= > 2) radiatively decaymg states, respectively,
which are the highest-lying states in each 3ds,, or 3d;,,
range.

Unlike 3d photoemission, 3d photoabsorption is identi-
cal for the three materials. In fact, the photoabsorption is
very strongly dominated by the excitation to the discrete
states and, in this process, the 4f excited electron partially
screens the core hole. The photoemission describes the
ionization and is very sensitive to perturbations which ac-
company the formation of the 3d hole, that is to say,
essentially sensitive to shake up processes involving the
valence electrons.

B. Shape and width

Once the contributions from the other emissions have
been removed, we find that the two resonant emissions
can be fitted by Lorentzian curves for both the metal and
the compounds. In the case of La,0j; irradiated under 1
keV, the full widths at half maximum (FWHM’s) of the
(3,2) and (3,3) emissions are 1.2 and 1.8 €V, respective-
ly. As is well known, a resonant emission of Lorentzian
shape is characteristic of the decay of a discrete atomic
state which falls exponentially with a lifetime of
#/FWHM. Then, one also expects the photoexcitation
lines which correspond to the transitions from the ground
state to these same states to be Lorentz curves.

Indeed, the (3, ) absorption line is a Lorentzian curve
of the same FWHM as the (3, 2) resonant emission. The
(2,2) absorption transition can be fitted by the superposi-
tion of a Lorentz curve of the same FWHM as the (3, )
resonant emission in addition to an arctangent curve; the
latter curve has the same width as the (3,3) line, has a
low amphtude, and is situated on the high-energy side of
the (£,3) maximum at a distance of about +2.2 eV in
the case of the La,0;.

This shows that a weak absorption jump is present at
the 3d;/, threshold. A very faint jump is also observed at
the 3ds/, threshold when the contrast is increased by the
use of a thick sample (Fig. 2); under these conditions the
absorption jump at 3d3,, is strongly enhanced and clearly
identifiable by the presence of a distinct elbow in the
curve. Moreover, the lines are broadened, the (,3) tran-
sition becomes observable, and the cross section decreases

" beyond the 3d;,, threshold as expected in the case of
one-particle behavior. Thus the direct ionization process

is present in the 3d photoabsorption, whereas it is not re- .
vealed in the 4d photoabsorptlon From the ratio between -

the amplitude of the (3,3) line and the 3d;,, absorption
jump we have estimated the probability for direct ioniza-
tion at the 3d;,, threshold to be approximately 9% of
that of the direct excitation. Since the 3ds,, jump is
much lower than the 3d3,, one, one can deduce that joni-
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- FIG. 2. La 3d photoabsorption in La,O; for two.sample
thicknesses: (a) 280 A; (b) 1350 A. Dots denote experimental
data, solid line denotes Lorentzian curve, and dashed line
denotes arctangent curve.

zation takes place essentially towards the 4f continuum
with < character. On the other hand, as already men-
tioned,*? the 3d3,2 ionization energy is relatively close to
the sum of (3,+) excitation and 5p ionization energies.
This concordance can perhaps enhance the transitions to
continuum states beyond the 3d3,, threshold.

The absorption and resonant emission lines have thus
the same Lorentzian shape and the same width to within
the experimental precision. We return to this point in the
discussion.

C. Intensity

The relative intensities of the absorption lines have been
calculated in the same manner as described in Ref. 27.
With the parameters indicated in Table I, the predlcted in-
tensity ratio for the transitions to the (3,7) and (3,2)
states is 0.63, in agreement with the ratio p 4 of areas mea-
sured under the two corresponding absorption lines
(p4=0.61 for La,0,).32 The transition to the (3,3) state
is predicted to be only 1% of the one to the (+,7) state
(Fig. 2). Thus only two intense resonance lines are expect-
ed in the emission spectrum, in agreement with the experi-
ment (Fig. 1).

The ratio pg of the areas measured under the resonant
emissions of Fig. 1 [pg=(3,2)/(3,%)=0.95] is clearly
higher than the ratio p 4 of absorption lines. We had sug-
gested that this result was due to the existence of discrete
nonradiative transitions of Coster-Kronig type taking
place between the J =1 level with a 3d;,, hole and the
La** ion with a 3ds,, hole.*? Indeed such decay process-
es are in competition with the (3,5) resonant emission
and can contribute to decrease its intensity. We shall
show that other processes can modify pg.
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The evaluation of py is more difficult than that of p4
and the Spl ,2-3d3 , characteristic line is superimposed on
the (2 . 2) R line in the metal (cf. Sec. V A). Nevertheless,
we can assume that pr has the same value in the three
materials. Consequently, in this paragraph we neglect
possible solid-state effects and assume the resonant emis-
sions are transitions taking place between discrete states of
the 3d°4f " excited configuration and the 3d'%4f° ground
state.

The intensity of a resonant emission cannot be
described by the simple model given in Ref. 33. Indeed,
the excitation and radiative-decay probabilities as well as
the self-absorption must be taken into account. We have
seen that the 3d°4f! state is produced essentially by direct
collisional excitation, a stabilization of the 4f shell in the
3d”° ion being also possible in the case of the metal In the
latter process, the twelve J levels of the 3d 5,54/ configu-
ration can be excited with a probability which depends on
the statistical weight of each J level. Then the probability
that the J=1 (;, ; ) level will be excited is only 3.5% of
the probablhty of the correspondmg twelve J levels. The
value is 5.5% for the J =1 (3,3) level. Its contribution
to the formation of resonant emission precursor states is
thus very small.

In what follows we consider only the collisional excita-
tion: In the range of validity of the Bethe-Born approxi-
mation, i.e., for E; more than twice the threshold, the op-
tically allowed excitations predominate to a great degree,
and the collisional excitation can be written as a function
of the optical oscillator strength. In this approximation
the intensity of an electron-stimulated resonant emission
is proportional to*

[ / Sw o fo —E—ln(aE) e ™xax (1)

where E is the incident-electron energy at a depth x, hAv is
the energy of the resonant emission, W; is the probability
of the direct radiative deexcitation, the W; are the various
deexcitation probabilities, ,;W; is proportional to the
width of the excited state, I', oy, is the photoexcitation
cross section corresponding to the line of energy hv, a is a
function of the momentum change supported by the in-
cident electron during the collision, e “T7% is the self-
absorption term, o7 is the total absorption cross section
which can be approximated by o, at the resonance, y, is
the path of the x-ray radiation in the target in the direc-
tion of observation corresponding to a range x for the in-
cident electrons, and N is the number of atoms per unit
volume. The integration is taken over the effective path
length of the incident electron in the target, i.e., to a depth
b where the average energy of the electron has fallen to
the excitation-energy threshold.3*

We have calculated® the intensity ratio pz for various
values of E, between the 3d3,, threshold and 5 keV by
means of relation (1), the method set out in Ref. 34, and
the stopping law of Feldman.*® The values of oy, are de-
duced from the photoabsorption spectrum. The statistical
weights of two precursor states (J = 1) being the same, the
ratio of direct radiative deexcitation probabilities of the
two states is equal to the ratio of their o, cross sections.
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The widths I" are the FWHM’s measured for each excita-
tion line. For large values of E, the self-absorption is
large and the corresponding term tends to a value propor-
tional to 1/0y,. Then pg tends to

[W/EW ] dm/ [W/EW ]Mm L‘M/ifsxz

(aph)dm Ts;

i.e., 0.94, in agreement with the experimental results. pg
is only slightly larger than p,, however, when E,~200
eV above the 3d thresholds. It is expected to vary be-
tween the two extremes as E varies between 1.1 and 3
keV.

The emission spectra are plotted in Fig. 3 for various
ene gles E, between 0.85 and 5 keV. Whatever E,, the
(3,7) and (3, ) resonant emissions coincide with the ab-
sorption lines. This confirms that the intensity of these
emissions is governed by the dipole-selection rules and
only the J =1 levels of the 3d°4f' configuration partici-
pate in these transitions. The measurement of pg is possi-
ble only after unfolding the emission spectra into their
various components. The error introduced is difficult to
estimate. Whatever the value of E, for pr we obtain an
experimental value which is larger than the calculated
one. The difference is of the order of probable errors
beyond about 2.2 keV, i.e., in the range where the Bethe-
Born approximation is valid. This agreement shows that
over this range the electron-excitation cross sections are
well governed by the optical oscillator strengths.

e e '
va Tv Ry Ry
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/-m-'.': : .(', -
. Stacgnes” Nhoote, 900

. L
— 850

p e e

| 1 1 | 1
820 830 840 850 860 E(eV)

FIG. 3. La 3d emissions in La,0; observed for various in-
cident electron energies Ej.
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On the other hand, near the threshold the difference be-
tween the experimental and calculated values exceeds the
probable error and the experimental values do not follow
the same variation with E; as the calculated ones. As is
well known, over this range the generalized oscillator
strength cannot be assimilated to the optical oscillator
strength, and relation (1) is no longer valid. In fact, all
the J levels of the 3d°4f! configuration can be excited.
According to our results the ratio of electron-excitation
cross sections to the J =1 levels should be close to unity.
No data for the electron-excitation cross section of inner
shells near their threshold are available for comparison.

Consequently, the increase in py with respect to p4 is
due, to a very large extent, to the processes which made
the ratio I';,/I's/, larger than unity, in agreement with
the preceding results.’>** However, we shall see in Sec.
VI that other processes not contributing to the widths of
3d°4f" excited states can create the precursor state of the
(3,%) resonant emission. Such processes modify py dif-
ferently according to E, and contribute to make the
values of pg larger than the predicted ones close to thresh-
old.

Independently, two important points must be em-
phasized concerning the absolute intensity of the resonant
emissions: First, we have verified that its variation with
E, is different from that of characteristic x-ray emis-
sions.* This confirms that the precursor state of the R
lines is not formed by ionization followed by relaxation.
Second, the intensity is slightly weaker in the metal than
in LaF; and La,O;. We interpret this difference as a
solid-state effect; it is discussed in Sec. VIT A.

V. OTHER EMISSION LINES

Apart from the intense resonance lines, three other
types of lines are present in the La3d—emission spec-
trum.

A. Lines due to transitions between normally filled levels

The 3p3/2-4s and 3d3/2’5/2-5p1/2,3/2 atomic transitions
are located in the spectral range we have considered. The
energies of these transitions for La in metal, LaF;, and
La,0; have been calculated from the photoemission bind-
ing energies (cf. Table II). The 3p;/,-4s line (M- Ny) is
very close to the Ryy emission on the high-transition-
energy side; it is mixed with the satellites and, consequent-
ly, cannot be resolved. The same is expected for the
3d3,,-5p1,2,3,2 lines, the calculated energies of which are
very close to those of the intense emission Ry. Only the
3ds/,-5p3, emission can be resolved.

For La metal we observe an emission at 819.0 eV, in
agreement with the calculated value for the 3ds,,-5p;,»
transition; its intensity is only a few percent of that of
Ry. Another emission of larger intensity is present at
812.4 €V, i.e., shifted by 6.6 eV toward lower energies
with respect to the first line. For La,O; and LaF;, no line
is observed at the expected position; a single emission is
present at 812.4 eV, coincident with the low-energy emis-
sion of the metal (Fig. 4).

Similar behavior is observed for the 3ds/,-5p3,, emis-

TABLE II. Energies of the levels from available photoemis-
sion measurements and expected and observed x-ray emission
energies (all in eV).

Energies of the levels (eV)

La L8203
5p3/2 16.82 18.8"
5p1/2 19.32 21.3b
4s 270°
832.4¢
3ds; 835.6¢ 837.7°
841.6°
3ds, 852.4* 854.5°
858.4°
3pin 1123¢
X-ray emission energies (eV)
La, La,;03
Expected  Observed  Expected  Observed
8124 812.4
5p3,;-3d5/2 818.8 819.0 818.9
5p1,2-3ds,; 833.1 828.6 833.2 828.6
4s-3p12 853
Ry 834.9 8349
Ry 851.5 851.5
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‘Reference 24.

Ry
La
R -
3ds,, ~Sp 3, 3dy, - 5 Y
LN 277, 3| -
I i ~
ec L3t fonlabt exc Lot [
.‘: o .‘. -.‘.‘. Sat
5 . (%} o -.w.._..\\. s
:..l- ..I. et
i ety o e, o -~
el EC et
La F3
" o 5,
-.‘,r"‘-. & e
4 "N < T
- N _f"" .
o i Y g i
1 1 L |
810 820 830 840 E(eV)

FIG. 4. Comparison of La 3d emissions in the metal and in
LaF; observed at Ey=2.8 keV.



sions of Gd and Tb metal and oxide. It has been inter-
preted*® as a modification of the electronic distribution in
the oxide subsequent to the formation of the inner hole:
A valence electron should be localized in a 4f orbital to
screen the charge due to the 3d hole, the final configura-
tion being 3d°4f™+!'V~1. However, in the Gd,0; 3d
photoemission spectrum,*! no peak is present to make
such an interpretation possible. The same thing is true for
La,O; and LaF;. In fact, the La 3d;,, and 3ds,, core-
level satellite peaks characteristic of the 3d°4f'¥V~! con-
figuration lie at a higher binding energy than that of the
principal peak, and from them the energy of the 3ds,,-
5p3/, line should be 823 eV. Moreover, no peak is seen in
the photoemission spectrum of La,O; and LaF; toward
the lower-binding-energy side of the 3d principal peaks.
Then, it is not possible to explain the low-transition-
energy x-ray emission observed for LaF; and La,-O; from
photoemission spectra, i.e., from the energies of the levels.

We suggest that this low-energy emission corresponds
to the 3ds/,-5p3,, transition in the excited configuration
3d554f". Indeed, the energy of the 3ds/,-5p;,, transi-
tion is expected to be smaller in the presence of an extra
4f electron than in the 3d° ion: For this estimate the en-
ergy of the initial state is taken to be equal to the average
energy of all the J levels of the 3d 5‘/124f ! configuration,
i.e., 831.8 eV (cf. Table I); it is approximately 4—5 eV
smaller than the energy of the 3d level. On the other
hand, the 5p electrons are repelled by the 4f electron.
Then the energy of the 3ds,,-5p3/, transition is smaller in
the excited configuration than in the ionized one, in agree-
ment with the observed shift.

By considering that the transitions to 3d5/, shift in the
same manner, we identify the weak line present at about
828.6 €V in the spectra of LaF; and La,O, to be the un-
resolved 3d;,,-5p,,,,3,, emissions in the excited system.
This line is also weaker in the metal than in the com-
pound.

Hence, for LaF; and La,O; the 3ds,,-5p3,, transition
is observed only in the excited configuration and not in
the 3d5,/5 ion. We deduce from this that the number of
3d 5_/12 ions created in the experimental conditions of Fig. 4
is very small with respect to the number of the 3d 5‘/124f 1
states. Likewise, the number of 3d5‘/12 ions formed by an
autoionization process from the excited states must be
very small. It has previously been suggested®>*? that the
increase in width of the (3,5) emission (there denoted 'P)
with respect to the (3,7) emission (D) is due mainly to
the process 3d3 4f'—3ds55. If we suppose that the
widths associated with the autoionization and the other
processes are additive, the increase would have to be ex-
plained by the autoionization of a third of the 3d3,54f"
states initially formed. The number of 3d5,} ions would
then be approximately half the number of 3d5/54f" (5,7)
excited states. Then the 3ds,,-5p;,, emission could be
observed in the 3d5"/12 ion, contrary to our observations.
In fact, other processes can contribute to broaden the
3d354f' (3,%) level with respect to the 3d554f! (3,2)
level. A large number of states can be formed with an en-
ergy excess of about 16 eV corresponding to the 3d; ;-
3ds, difference if the valence states and all the J levels of
the excited configuration are considered (cf. Sec. VIC).
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For the metal, the 3ds,,-5p3,, line is observed simul-
taneously in the two configurations. We interpret the
difference between the metal and the compounds by a
solid-state effect; this is discussed in Sec. VII A.

B. Satellite emissions

Satellite emissions are observed on the high-transition-
energy side of the resonance lines; they: correspond to
transitions in multiply excited or excited-ionized systems.
These lines are not resolved in the two compounds and are
spread over about 5—6 eV. Their intensity is very weak; it
increases slightly with E, and they are clearly observable
only beyond 3 keV.

As generally observed, the satellite lines are clearly
more intense in the metal than in the compounds because
the multiple excitation by shakeup process is more prob-
able in a conductor than in a wide-gap insulator. Thus, in
the metal a distinctly resolved feature is seen at about +6
eV of each resonant emission. These lines are difficult to
interpret because various states with similar energies can
be created concurrently and only precise calculations can
make their interpretation possible.

C. R‘lines

Two R lines are present about 3 eV below each R line.
Their intensity varies very strongly as a function of Ey:
In fact, these lines are very intense for a value of Eg just
above the excitation threshold, and then their intensity de-
creases rapidly as E, increases; however, they are still ob-
served for energies equal to several times the threshold (cf.
Fig. 3).

The R lines were seen for the first time by Liefeld
et al”® from experiments made close to 3d thresholds
and interpreted as a resonance in the bremsstrahlung radi-
ation. These results have been confirmed by various au-
thors.”!! A many-body model was developed to explain
these observations.! Subsequently, other studies have
been made and have led to different interpretations. Thus
an alternative explanation in terms of a one-electron
model has been proposed by Kanski et al.'? from experi-
ments of electron-excited Auger-electron APS, electron-
stimulated x-ray APS and characteristic-electron-
energy—loss spectroscopy. On the other hand, from the
CIS of La metal obtained by Riehle,** Ulmer'* has inter-
preted the RY line as a radiative transition of an electron
of the valence band to the 3ds,, core hole. Kanski and
Wendin!® proposed that the R lines were due to the de-
cay of a 3d°V~!4f? state formed by shakeup excitation.
Recently, it has been suggested that these features should
arise from multiplet effects of the 3d °4f "' configuration.!$

We have suggested'® that the R® lines should be as-
cribed to radiative transitions from discrete states created
by collisional interaction between the incident electron
and the atom. During the single excitation by impact of
an electron whose energy just exceeds the core-hole excita-
tion threshold, a complex state consisting of two excited
electrons in the hole field can be formed. Indeed, if a pro-
jectile electron is slowed down to such an extent that, after
exciting the 3d°4f! state, its velocity becomes comparable
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to that of the excited electron, the two electrons remain
correlated until a dissociation process of the complex
takes place. Such a complex has the 3d°4f? configura-
tion; its formation has already been suggested by various
authors.”"12 As emphasized by Liefeld et al.,” projectile
electrons having an energy just equal to that necessary for
the 3d°4f? configuration to be created will always be
present whatever their initial energy E,. This is due to
the collisional slowing down of incident electrons in the
material, and explains that the R® lines can be observed
whatever Ej is.

Then, by analogy with the process of resonant emission,
we have suggested that the R® lines are due to the direct
radiative deexcitation of states of the 3d°4f? configura-
tion, i.e., to transitions

3d 1940+ e~ —3d°4 4839 eV)
—3d1%4f1(7 eV)+hv(832 eV) .

It must be noted that in agreement with this interpretation
the separation between the R and R lines is of the same
order of magnitude as the separation between the more in-
tense 3d photoabsorption lines of Celll and Celv which
correspond to the transitions 3d'°4f'—3d°4f? and
3d'1°—-3d%4f!, respectively. This interpretation will be
discussed again in Sec. VIIB by taking into account the
results that we deduce from the CIS of R and R° lines.

VI. ISOCHROMAT SPECTRA

A. Bremsstrahlung isochromat

A bremsstrahlung isochromat spectrum (BIS), obtained
for LaF; at about 860 eV, i.e., away from any characteris-
tic x-ray transition, is shown in Fig. 5(a). It describes the
scattering of incident electrons into the empty conduction
levels of the system at the ground state and gives the dis-
tribution of these levels. Its shape is comparable to that
of the BIS obtained for metallic lanthanum.”* By analo-
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FIG. 5. Logarithmic curves of La isochromats in LaF;. (a)
Bremsstrahlung isochromat, (b) characteristic isochromats.
Dashed line denotes Ry line, solid line denotes RY line, and
dashed-dotted line denotes 3ds,,-5p3,; line.
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gy with the proposed interpretation for La, we ascribe the
increase in intensity at the -threshold (E; ~Ahv) to the
lowest empty conduction states and the strong peak (A4) to
4f empty levels; these are situated 6.9 eV above the bot-
tom of the conduction band in LaF;, instead of 5.5 eV in
the metal. A feature labeled B is seen about 15 eV above
the threshold; it involves the presence of a maximum in
the empty-state distribution; a density-of-states calcula-
tion would be necessary to determine the character of
these states.

B. Characteristic isochromats in the range 3ds,,

The characteristic isochromat spectra, or excitation -
functions, of lines Ry, RY, and 3d5/,-5p3, are plotted in
Figs. 5(b) and 6 for LaF;. Figure 5(b) corresponds to raw
experimental data with a logarithmic intensity scale. In
Fig. 6 each spectrum with a linear scale is corrected by
taking into account the overlap of the closest transitions,
i.e., RY and 3d;,,-5p for Ry, Ry and 3d;,,-5p for R,
(cf. Sec. II). The results obtained for La,0; are similar.

Usually, a CIS describes the inelastic scattering of in-
cident electrons in the empty conduction levels accom-
panied by the excitation of an atomic nl electron in the
same levels. Therefore, at the threshold of an x-ray
characteristic emission, two electrons are present in the
first empty levels, the incident electron and the electron
ejected from an atomic inner shell. If the perturbations
due to the presence of the inner hole can be neglected, the
CIS corresponds to the self-convolution of the empty-state
distribution as obtained by BIS. None of the three CIS of
Fig. 5(b) corresponds to such a curve.

In the case where a resonant emission is stimulated by
direct collisional excitation, the ejected electron is local-
ized in a discrete excited level and only the incident elec-
tron is free to move in the empty conduction states. The
CIS is thus a function of two terms: the probability that
the excited level will be formed, and the empty-state dis-
tribution in the excited system. Moreover, because the
threshold energy and the emitted-photon energy hvg are
the same, BIS and R CIS are superimposed.

Ncorrected
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FIG. 6. La 3ds;, characteristic isochromats for LaFs;.
Dashed line denotes Ry line, thick solid line denotes R line,
and thin solid line denotes 3d;s/,-5p3,; line.
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Let us consider the Ry CIS [Fig. 5(b) and 6]. Only the
(%,%) level of the 3d°4f! excited configuration contri-
butes to the Ry emission. As expected, the observed
threshold energy (E,) is equal to the energy of this level
and the intensity increases rapidly just above the thresh-
old. An asymmetrical enlarged maximum is observed 5.5
eV above E;. Towards the higher incident-electron ener-
gies the intensity decreases more gradually, then increases
again; several features of unequal intensity are present.
The first feature, labeled B’, is located about 15 eV above
the threshold and corresponds to feature B in the BIS
spectra. The intense feature labeled CK (Coster-Kronig)
is close to the 3d;,, threshold. This peak and the one ac-
companying it at higher energies will be discussed in Sec.
VIC.

The isochromat spectrum observed at the energy of the
3ds;y-5p3,, line (812.4 eV) is much less intense than the
Ry CIS. At the threshold (E; ~hv), the spectrum is iden-
tical to the BIS because only the continuum radiation is
excited. The excitation threshold of the 3ds,,-5p;,; line
is shifted down by about 2 eV with respect to the Ry line.
This shift confirms that, firstly, for LaF; and La,03, the
3ds,,-5p3,, emission is observed in the system of 3d°4f!
configuration and not in the ion of larger ionization ener-
gy; secondly, at threshold the excitation by electrons is not
governed by optical selection rules, and all the J levels of
~ the excited configuration participate in the 3d-5p transi-
tions. On the other hand, the shape of the maximum is
not exactly the same as that of the Ry CIS. However, the
superposition of the BIS in the case of Ry can explain, in
part, the broadening observed on the high-energy side in
Ry and not in the 3ds/,-5p3,, CIS. A feature is also seen
near the 3d3,, threshold at the same energy in the 3ds ;-
5ps,, and Ry CIS, showing that the two CIS are similar.

The shape of the RY, CIS is very different from that of
the Ry CIS: We observe, from the threshold energy
which is equal to the energy of the R line, A¥(RY), an
increase in intensity equivalent to that of BIS, and then an
intense almost symmetrical peak (FWHM of 2.8 eV from
Fig. 6) at about 839 eV, i.e., approximately 4 eV above the
3d°4f! excitation threshold; this maximum is clearly
more intense than the Ry maximum (Fig. 6). Toward
higher energies the intensity again falls to the value of the
BIS before a faint monotonic increase takes place which
makes it more intense than the BIS; no feature is observed
in this region. By taking into account the instrumental
broadening, it appears that the energy range in which the
R% line is emitted intensely is narrowly determined; it is
less than 2 eV wide. The small extent of the R%, CIS
maximum with respect to that of the Ry CIS and the ab-
sence of density-of-states features beyond the maximum
suggest that, in a narrow energy range centered on the
maximum of the R¢ CIS, the system formed by La**+ and
the incident electron is in a discrete state. As a conse-
quence, we deduce that over a range of less than 2 eV cen-
tered on 839 eV, the incident electron has a strong proba-
bility of being scattered in a localized atomic 4f state, to-
gether with a second 4f electron excited from the atomic
3d level by makmg the configuration of the system to be
3d; ,24f Then in the R¥, initial state, the incident elec-
tron is localized on the excited La®* ion and no electron is
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free to move in the empty states, in contrast with the Ry
initial state where the incident electron is decoupled from
the excited La>* ion and moves in the potential of this ion
and of the neighboring ions. In this model, the law of en-
ergy conservation imposes that only the incident electrons
having energles equal to the energies of radiative J levels
of the 3d5 /24f confxguratlon participate in the transition

ds/4f2—3d%f '+ hv. The R§ CIS thus represents
the probability that these levels can be created under elec-
tron impact as a function of electron-beam energy Ej.
This probability is at a maximum when Ej is {ust equal to
the energy of radiative levels having the 3d5,,4f* config-
uration. The increase in the CIS intensity beyond the
maximum corresponds to the proportion of incident elec-
trons having an energy in this range.

From the position of the RS CIS rnax1mum, we deduce
that the average energy of the 3d5 /24f configuration
radiative states exceeds the 3d°4f! (3, %) excitation ener-
gy by 4 eV (cf. Fig. 6). By taking into account the separa-
tion between the Ry and RY lines, which is

hv(Ry)—hvRY)

—E(3d°4f'—3d'°4f°) — E(3d°4f2—3d"%4f")

~+3eV,

and the energy of 3d'°4f! as deduced from the BIS, one
obtains

E(3d°4f*—3d%f")~4 eV,

in qualitative agreement with the value deduced directly
from Fig. 6. This difference involves only the J levels
participating in the Ry and R radiative transitions. Ac-
cording to Table I, the separation between the (3, <) level
and the baricenter of the 3d°4f"! configuration is 2.8 €V.
A separation of the same sign equal to 2.4 eV has been
found between the radiative levels and the baricenter of
the 3d°4f? configuration in Ce3*.#> Then it is possible to
deduce that the average energy of the 3d°4f? configura-
tion exceeds that of 3d°4f! by approximately 4 eV. Let
us note that, from Ref. 20, the 3d°4f2-3d°4f! separation
would be only 1.6 eV in the metal, but this value is ob-
tained from various spectroscopies taking into account
other J levels for the two configurations.

The 3d°4f2-3d°4f! separation is the energy necessary
for the incident electron to surmount the potential barrier
and to be localized in a discrete level; it gives a measure-
ment of the f-f Coulomb repulsion energy.

On the other hand, the maximum of the R$ CIS is
below the principal part of the Ry CIS. One deduces
from this result that the potent1a1 energy necessary to
create the discrete state 3d; /24f is smaller than that of
the 3d554f'ef! state. Therefore the energies of various
states can be arranged in the following order:

E[3d°4f (5, 7)1 <E(3d554f%) < E[3d°4f (5, T)ef'] .
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It must be emphasized that, in BIS and R% CIS, the
separation between the threshold and the maximum, AE,
is the same:

AE(R% CIS)=3d; 124f2——hv(R'{’;)=3d1°4f1—3dl°
/

The intermediate state 3d ;‘/‘24f 2 relaxes via photon emis-
sion in a final state identical to that of the bremsstrahlung
process.

We have seen that the Ry CIS describes the inelastic
scattering of the incident electron into an empty electron
level accompanied by the excitation of an atomic 34 elec-
tron into a localized 4f level. Because the spectrum is
identical for LaF; and La,0;, we suggest that the incident
electron is preferentially scattered into an f level. When
the scattering of the incident electron takes place in such a
level, the final state of the resonant-emission process is
3d°4f!, i.e., the same as that of the R line and brems-
strahlung process.

C. Characteristic isochromats in the 3d3,, region

The CK feature observed close to the 3d3, threshold in
the R, and 3ds/,-5p3,, CIS reveals the possibility for a
system with a 3d; £ hole to decay very rapidly to a sys-
tem with the 3d5, /24f configuration. Various processes
can transfer a 3d;,, hole to a 3ds,, hole; they are shown
schematically in Fig. 7. Among them only the processes
leading to the precursor state of the Ry line need be taken
into account to explain the CK feature.

Firstly, we consider the transmon denoted I in Fig. 7.
All the J levels of the 3d 3 /24f 2 initial configuration can
contribute to the 3d3, /24f -3d; /24f nonradiative transi-
tion. Then one expects a feature in the Ry CIS 2—3 eV
below the peak of the Riy CIS, in agreement with our ob-
servations. We label transition I a Coster-Kronig—type
transition. Its probability must be relatively large at the
threshold because the Coster-Kronig 3d3/,-3ds/, X tran-
sitions are the most probable amongst the nonradiative
transitions expected in lanthanide ions with a 3dj,,
hole.*® Moreover, its contribution can explain the slight
enhancement of Ry CIS beyond the 3d;,, threshold. In
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fact, as seen from the R¥, CIS, the formation of 3d 3_,54f 2
is possible whatever the energy of incident electrons. Pro-
cess I contributes to increase the width of the Rfy line
and to decrease its intensity. On the other hand, it does
not modify the Ry line, but enhances the intensity of the
Ry line above the 3d;/, threshold, in agreement with our
observation.

The equlvalent process from the 3d3 {‘ configura-
tion (denoted II in Fig. 7) leads to the 3d5,; ion. It does
not contribute to the feature present in the Ry CIS and
does not modify the Ry line. On the other hand, it in-
creases the width of the Ry line and decreases its intensi-
ty. We have seen that this process is not very probable be-
cause in the compounds no 3d-5p transition is observed in
the 3d 55 ion, and for the metal this transition is weak.

The 3d;/;-3ds/, separation being about 16 eV, only
another Coster-Kromg—type transition is possible from
the 3d3 /24f conflguratlon, it is denoted III in Fig. 7. Its
final state, 3d5 /24f ¥V ~1, can decay via emission of a Ry
satellite. However, all the J levels of the initial and final
configurations can contribute to process III, and the parti-
cipation of the 3d-4f radiative transitions to the total de-
cay of this excited state is weak. Process III is possible
whatever the incident-electron energy. It increases the
width and decreases the intensity of the Rpy line. It
leaves Ry invariant except if the energy separation be-
tween Ry and the satellite is sufficiently small for the two
lines not to be resolved.

Lastly, a process could be considered at the threshold
(process IV): the incident electron would participate in
this process and would be localized in the presence of the
3d5, final hole. Process IV is less probable than process
I. It increases the width and decreases the intensity of
R,y; it increases the intensity of Ry. However, as it is
possible only at the threshold, it cannot explain the results
observed for the higher energies of incident-electron beam.

In summary, the CK feature observed in the Ry CIS is
due to process I and, to a lesser extent, to process IV.
These processes contribute to enhance the intensity of the
Ry line with respect to that of Ryy at the 3d;,, threshold
and. beyond. Moreover, process I is responsible for the
broadening of the Rfy line with respect to that of the RY
line and its relatively weak intensity. The width of the
Ry line and its decrease in intensity are due essentially to
process III and, to some extent, to process IL. It is
surprising that process III should be more probable than
process II. Nevertheless, this can be explained from the
high stablhty of the 3d5, /24f configuration which makes a
transition to 3d5,54f¥V ~' more probable than to the 3d3, s
ion.

VII. DISCUSSION

A. 3d°4f! states

Various properties of the 3d°4f! configuration states
can be deduced from our experimental results. In the first
place, some important points must be emphasized.

(a) Contrary to what is expected according to various
authors,® the 3d°4f! states are created only by direct col-



30 ELECTRON-EXCITED 34 HOLE STATES OF La** IN SOLIDS

lisional excitation in La,O; and LaF;. The same is prob-
ably true for other lanthanum insulating compounds. In
the metal, the direct excitation is largely predominant and
the contribution of the relaxation process to the formation
of the J =1 levels can be neglected. On the other hand,
the relaxation process can contribute weakly to the excita-
tion of other J levels of the 3d°4f"! configuration.

(b) The observation of 5p-3d characteristic emissions in
excited La* with a spectator 4f electron shows that the
decay of the La’t 3d°4f! states can take place through
atomic processes other than the direct recombination of
the excited electron and the inner hole. This confirms
that the resonant emissions are not of an excitonic type.*
The same conclusion can be arrived at from the coin-
cidence in energy of the 3d°4f! state in the metal and in
LaF; and La,0;. In fact, the energy of an excitonic state
may be different in the metal and an insulating com-
pound.

From a more general point of view, we deduce that the
3d°4f™+! states formed in lanthanum and the rare earths
can be deexcited through all the atomic transitions possi-
ble in an x-ray state, i.e., an ionized state with an inner-
shell vacancy.

(c) The interactions between the La3* 3d°4f! highly
excited states and the La**-ion continua are weak; it is
the same for the autoionization transitions, which here,
are of the type 3d°4f!'—>Xx~1.

Indeed, for 3d554f' (3,71), the energetically possible
autoionization transitions take place to the continuum
states of the La*t (X~!) ion with X =4s,4p,.... The
interactions between the excited state and these continua
are very weak because the energy of the excited state is
much larger than the ionization energy of the subshells
This is in agreement with the fact that the (3, ) absorp-
tion and emission lines are identical and well described by
Lorentzian curves. Let us note that analogous results are
expected for the excited states with an inner hole over the
entire x-ray range

For 3d354f" (3,%), the autoionization to 3ds el is
energetically possible, but we have seen that the continu-
um of states associated with the 3d ”, subshell is very

weak in the energy range of the (5,3) discrete state.
Thus the mixing of this discrete state with the contlnua 1s
very weak. In agreement with this conclusion, the (3,5
emission and absorption lines coincide in energy, the emls-
sion is very well described by a Lorentzian curve, and the
shapes of absorption and emission lines are identical on
the low-energy side. Moreover, because the coupling be-
tween the discrete and continuum states is weak, we can
admit to a first approximation that the transitions to these
various states are additive and treat the 3d;,, photoab-
sorption as the sum of a transition to the nomnteractmg
discrete (3,) state and transitions to the 3d 3,5 continu-
um.

(d) There exists in the metal a weak interaction between
the 3d°4f! discrete excited states and the extended states
in the solid: We have seen in Sec. III that this interaction
is energetically possible only in the metal and not in LaF;
and La;0;. On the other hand, the resonant and charac-
teristic 5p-3d emissions, which take place in the excited
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system, are less intense in the metal than in LaF; and
La,0;. The relative probability of creating the excited
system by direct excitation being the same to within the
experimental precision for the three materials, we deduce
that the number of excited systems deexciting by radiative
processes is smaller in the metal than in LaF; and La,;0;.
Moreover, the 5p3,3ds,, characteristic emission is ob-
served in the La** ion for the metal and not for the com-
pounds. These results suggest that the excited atoms of
the metal can decay to the ion via an interaction between
the discrete excited state and the solid continuum. This
decay process can be assimilated to a “tunneling” effect.*
It is simultaneously responsible for the intensity differ-
ences and the broadening of the emission and absorption
lines in the metal with respect to LaF; and La,O;. This
tunneling process decreases the number of excited states
and is in competition with the relaxation process. It must
be remarked that these differences remain small. It fol-
lows that the perturbation due to the extended states is
weak, in agreement with the fact that all the other spec-
tral characters are the same in the metal and the com-
pounds.

In summary, the La3t 34%4f! excited states can be
treated as quasiatomic states in the solid, practically
noninteracting with the underlying continua. These
La3t 3d°4f' highly excited states have a different
behavior from those of optical excited states which au-
toionize very rapidly. Indeed, the lifetime of an inner hole
(here, 3d) is much shorter than that of a hole in an optical
level. Then the autoionization is a relatively slow process
as compared to the other recombination processes towards
an inner hole which predominate. As a consequence, the
3d°4f! monoexcited states behave rather as x-ray states,
and the radiative and nonradiative transitions which take
place in an ion with an inner-shell vacancy can take place
from 3d°4f!. It is convenient to designate these transi-
tions by means of the usual x-ray spectroscopy terminolo-
8y-

We propose that this terminology should be kept for the
transitions involving the excited 4f electron in La3*. Ac-
cording to our observations these transitions take place be-
tween quasiatomic discrete states for which the configura-
tion interaction, particularly with the continuum states,
may be disregarded. Thus their decay may be described
by the Weisskopf-Wigner independent-particle model.
According to this model, it is possible to assign the direct
radiative decay processes of the 3d°4f! state, i.e., the
resonant lines, to characteristic x-ray emissions. It is well
known that all the radiative x-ray transitions can have as-
sociated nonradiative Auger transitions. Consequently,
we assign the 3d°4f!'—X~! transitions to Auger-type,
transitions which are the direct nonradiative decays asso-
c1ated with the resonant emissions. In the same way, the

3 /24f —3d3, /2 transitions can be asmgned to Coster-
Kromg—type transitions, as already discussed in Ref. 32.

It must be emphasized that the results we obtain for
La®* are different from those obtained for the 3d-4f tran-
sitions of Cs* in CsCL.*® The 3d-4f resonant emissions in
Cs* have Breit-Wigner-Fano—type shapes, but here the
4f empty levels lie high in the conduction band and are
strongly mixed with the empty extended states.
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B. 3d°f? states

From the isochromat spectra we have shown that the
precursor states of La’* R® lines are discrete states.
Indeed, only the formation of an intermediate bound state
consisting of the incident scattered electron in a localized
atomic level together with the excited electron can explain
the very strong and narrow enhancement observed by us-
ing CIS.

We have determined the energy of formation of these
intermediate states for La,O; and LaF;, and, from energy
considerations, have confirmed that they have the 3d°4/?
configuration. It has been suggested!® that the initial state
of R€ lines should be 3d°V~'4f"*24e~ as a conse-
quence of a shakeup excitation which occurs simultane-
ously with the excitation of one 3d electron to the 4f level
by interaction with the incident electron. The energy and
the creation probability of such an initial state can be dif-
ferent in the metal and the two compounds (cf. Sec. III).
The emission lines being practically identical for the three
materials, this indicates that the valence states are not in-
volved in the R transitions.

The 3d°4f? state can relax simultaneously by photon
emission and nonradiative transitions just as any discrete
state with an inner hole. We have interpreted the
enhancement of the Ry resonance line at the 3d3 2
threshold to be due to the nonradiative decay of 3d3, /24f 2
to 3ds; /24f state, i.e., by a Coster-Kronig—type transi-
tion. Moreover, as seen by electron-excited Auger-
electron APS,'? the precursor state of the R¢ emissions
can decay by an Auger-type process. The simultaneous
observation of radiative and nonradiative decay processes
from R° precursor states confirms that the R¢ emissions
are of the characteristic radiation type.

Thus, in agreement with our previous suggestion,!> we
attribute the R° emissions to resonant emissions in the
presence of an extra 4f electron. Such emissions are ob-
served when incident electrons with a kinetic energy equal
to the energy of formation of the 3d°4f? state interact
with La®*+. As shown by CIS, these emissions are very in-
tense at threshold and can be observed at relatively high
incident energies. The probability of creating this 3d°4f2
state depends on the slowing-down function of incident
electrons in the target. To determine the variation of the
R° line intensity as a function of E,, it is necessary to
know this slowing-down function and to treat the col-
lisional interaction for an unseparable system formed by
the incident electron and La3*. The intensity of R¢ lines
also depends on the radiative-recombination probability of
this state to 3d!%4f! as compared to other recombina-
tion-process probabilities. Comparing the intensity of the
R and R° emissions and their variation with incident en-
ergy is thus a difficult problem.
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In summary, the R® lines are resonant lines in an excit-
ed system having a slow electron trapped in the weak (r)
4f subshell. From a general point of view, one expects
that X ~'Y*! and X 'Y *? states could be created by in-
teraction with an electron beam whenever strongly local-
ized empty levels Y are present in a material, and provid-
ed that the X levels have a proper symmetry consistent
with the dipole excitation to the Y level.

VIII. CONCLUSION

All the data support the interpretation that the resonant
effects present in the La 3d EXES of LaF; and La,0;
arise from the radiative decay of discrete states, 3d°4f!
and 3d°4f?, almost noninteracting with the underlying
continua and populated by direct excitation of the inner
subshell. We have shown that the various transitions
possible from an x-ray state, i.e., an inner-shell-
vacancy—ionized state, can take place from these excited
states. As an example, a characteristic line emxtted in the
presence of a 4f spectator electron in the 3d 5 ,24f excited
state has been evidenced. On the other hand, we have em-
phasized that, in contrast with the d-f resonant emissions
for which only the J =1 levels of the 3d°4f"! configura-
tion contribute, all the J levels of this configuration can
contribute to characteristic emission and Auger- and
Coster-Kronig—type transitions.

To a first approximation it is possible to neglect the
coupling effects at the initial state of the radiative pro-
cesses and to suppose that these processes are decoupled
from the excitation process. However, strictly speaking,
only a theoretical treatment which considers the excitation
process and radiative and nonradiative decay processes
from all the J levels on a unified basis can correctly
describe the La®*+ 3d —! excited states.

The role of the solid-state effects in the decay of the
various excited x-ray states has been brought out by
means of the comparison between results for La metal and
LaF; and La,0O;. This role is very small because the ex-
cited x-ray states have a relatively large probability to de-
cay by filling the inner hole before they can undergo a
tunneling process; this arises from the localization of the
La 4f wave function within the centrifugal well of the at-
tractive potential due to the 3d inner hole, and confirms
that the La 3d spectra in the solid can be treated in terms
of a quasiatomic model.

To conclude, we would like to emphasize that EXES
together with CIS makes it possible to identify the various
excited x-ray states created under electron impact and to
investigate their dynamics on a time scale defined by the
lifetime of the inner hole.
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