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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~+ 3d94f ' configuration are well

described in jj coupling. It is shown that the 3d94f ' 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 3d3/p
and 3d5/2 thresholds are studied and interpreted as f ddiscrete -emissions from J levels of the
3d94f 2 configuration. A nonradiative transition from J levels of this same configuration is also evi-

denced by CIS at the 3d3/2 threshold; it is identified as a 3dqi'24f ~3ds/'24f ' Coster-Kronig-type
process. The various nonradiative processes transferring a 3d3/2 hole to a 3dsiq hole are considered
and their relative intensity discussed. From all of the results it is concluded that final-state-type
coupling effects are weak in the radiative decay of 3d ' excited states in La +.

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. ' 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 ionization 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 obseryed as a
consequence of the electron-beam excitation. In fact, a

systematic study of the La and Ce3d —emission spectra
by Liefeld et al. ' as a function of the incident-electron
energy Eo showed, for Eo close to the 3d5/2 and 3d3/2
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 La203,
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. ' lt 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.

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, Eo, 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 LaF3 and

La&03 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
1nsulat1Ilg compounds.

In Scc. II we give a brief description of the experimen-
tal procedure. A concise analysis of present data on the
electronic structure of lanthanum in LaF3, Laz03, 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.
VIII.

II. EXPERIMENTAL PROCEDURE

LRF3 and LR203 samples were prepared by vacuum

deposition on appropriate clean substrates at room tern-

perature at a residual pressure of about 10 6 Torr. For
LaF3, spectroscopically pure powdered fluoride was used;
for La203, 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 pm) or Makrofol (2 pm) substrates.

The spectra were analyzed by means of a 50-cm-radius
beni 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 RVRIlablc was about 10 .

The absorption spectra were recorded using the brems-
strahlung radiation emitted by a W target bombarded by
electrons of 1400 eV energy. The x-ray characteristic
cIIiissioiis wci'c produced by means of Rll clcctioil bcaIli
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-
. 'tioils (standard x-IRy cIIiissioil), Rnd (ii) 011c type obtRiiicd

by keeping the Bragg angle constant and varying the ener-

gy of the incident electrons by steps of 0.65 CV (charac-
teristic isochromat spectroscopy i.e., CIS).

In CIS only LaF3 targets were studied, as the fluoride is
particularly stable and not as sensitive as the oxide to sur-
fRcc coiltRIIIIIIR'tioII, cspcciRlly by watci vapoi'. OwiIig '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 bctwccn their cncI'gy distributions may occuI'. To do
this, we have fitted calculated curves to the emission lines

and subtracted the contribution due to the closest lines;
thus corrected intensity curves are obtained.

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 38„ form the conduction band. The opti-
cal properties of LaF3 in the vacuum-ultraviolet region
have already been investigated and compared to those of
the early rare-earth trifluorides, CeF3, PrF3, and NdF3.
It was shown that in these three compounds the 4f levels
RI'c pI'cscnt 1n thc band gap Rnd Rlc Ilot mixed with thc
valence band. This is in agreement with the x-ray photo-
emission spectrum of CeF3, according to which the Ce 4f
level lies about 5 eV above the valence band. Moreover,
no 4f electron is present in LaF3.

When a 3d hole is created in a rare-earth ion, a modif-
icatio 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 LaF3 several electron volts above the
valence band. A 3d electron has a high probabihty to be
excited to this empty 4f level, and the 3d 4f' state can
thus bc formed by a direct cxcltRtioII process. Tlic giouIid
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.
T1iis cxplaiils tllc prcscilcc of high-binding-energy satel-
lites in the La 3d photoemission of LaF3. 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-
ratio~ to be similar. But in this case the valence band
arises from the 0 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 configur-
atio 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 than; 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 CV

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, Crecehus et al. ' have observed
a low-binding-energy satellite in the 3d XPS of La metal
3.2 cV below cacli mR1n 3d peak w1fh Ril ilitcilsity of Oiily

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 3d5/2 low-

energy satellite (832.4 eV) is related to that of the 3ds/2
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 3ds/z4f ' 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 3d5/2 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 LaF2 and La203 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.

b
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IV. RESONANT EMISSIONS
AND 3d ABSORPTION LINES

FIQ. 1. La 3d spectra in La&03. (a) Photoabsorption; (b)
emission at 1.2 keV. Dots denote experimental data, solid line
denotes Lorentzian curve.

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 3d' 4f

+3d 4f +'. '—' As 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 6'

is even smaller than the direct one I' . 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 Sto 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 Tm + 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
almost pure L-S—coupling character. Thus for the
strong peak, a 99.8% 'P~ (L S) character is-predicted,
while its ( —,, —,) (jj) character is only about 45%. This
large difference between the 3d 4f and 4d 4f ele-ctrostatic-

TABLE I. Calculated baricenter and excitation energies for the La 3d94f ' configuration. The per-

centage compositions are shown for the three radiative levels. The radial parameters are also given.

Energies (eV)
Average Excitation JJ-coupllBg percentage L-S—coupling percentage

831.8

848.5

830.3

834.6

850.9

t

88.7% d5/2f5/2+ 11.1% d5/2f2/2

84. 5%%uo ds/2f2/2+11. 3%d5/2f5/2

95.6%%uo d2/2fg/2

76.7' P+23.0/o D

49.5% D +38.8 /o P

60.9% P+27.5% D

Parameters (meV)
F =5.985, F =2.633, G'=3.990, 6 =2.237

G'=1.525, gd =6.650, gf =80, pw =p
d S/2f 2/2 =0.63
d3/2f 5/2
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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 3d 4f' configuration and the bari-
centers of the 3dz~'I4f' and 3dz&'z4f ' configurations (cf.
Table I). These are situated —2.8 and —2.4 eV below the

( —', , —', ) and ( —,', —,
'

) radiatively decaying states, respectively,

which are the highest-lying states in each 3d~&z or 3d3/I
1angC.

Unlike 3d photoemission, 3d photoabsorption is identi-
cal for the three Inaterials. 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.

(5/2 7/2 }

~ ~ 0 ~ ~ \g4

~ ~ ~ 0
~ ~ ace

I

840

( 3/2 5/2 )

850

~ IW ++4 ~ ~ ~ ~I

I 0~ ~ ~ ~ ~~ ~ ~y 4
~ ~

SBO E(eVj

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 La203 irradiated under 1

keV, the full widths at half maximum (FWHM's) of the
( —', , —,) and (—,,

—', ) emissions are 1.2 and 1.8 eV, 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
fi/FWHM. Then, one also expects the photoexcitation
lines which correspond to the transitions from the ground
state to these same states to be I.orentz curves.

Indeed, the ( —,', I ) absorption line is a Lorentzian curve
of the same FWHM as the (—', , —,') resonant emission. The
( —,', —,

'
) absorption transition can be fitted by the superposi-

tion of a Lorentz curve of the same FWHM as the ( —', ,
—', )

resonant emission in addition to an arctangent curve, ' the
latter curve has the same width as the ( —,', —,') line, has a
low amplitude, and is situated on the high-energy side of
the (—', , —,) maximum at a distance of about +2.2 eV in
the case of the La203.

This shows that a weak absorption jump is present at
thc 3dsgI tlllcsllold. A very falilt jlllllp is also observed at
the 3d5&I threshold when the contrast is increased by the
use of a thick sample (Fig. 2); under these conditions the
absorption jump at 3dq&2 is strongly enhanced and clearly
identifiable by the presence of a distinct elbow in the
curve. Moreover, the lines are broadened, the ( —,, —,) tran-
S1tlon becomes observablc, aIld the cross scctloIl dccr'cases
beyond the 3ds~q 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 photoabsorption. From the ratio between
the amplitude of the (—,', —', ) line and the 3dl&2 absorption

jump we have estimated the probability for direct ioniza-
tion at the 3d3&I threshold to be approximately 9% of
that of the direct excitation. Since the 3d5~2 jump is
much lower than the 3d3~2 one, one can deduce that ioni-

FIG. 2. La 3d photoabsorption in La~03 for two sample
thicknesses: (a} 280 A; (b} 1350 A. Dots denote experimental

data, solid line denotes Lorentzian curve, and dashed line

denotes afctangent curve.

zation takes place essentially towards the 4f continuum
with —, character. On the other hand, as already men-

tioned, the 3d3/z ionization energy is relatively close to
the sum of ( —,, —,) excitation and 5p ionization energies.
This concordance can perhaps enhance the transitions to
continuum states beyond the 3dq~l threshold.

The absorption and resonant emission lines have thus
the same Lorentzian shape and the same width to within
the experimental precision. W'e return to this point in the
d1scusslon.

C. Intensity

The relative intensities of the absorption lines have been
calculated in the same manner as described in Ref. 27.
VA'th the parameters indicated in Table I, the predicted in-
tensity ratio for the transitions to the (—,, —,) and ( —,, —,)

states is 0.63, in agreement with the ratio pz of areas mea-
sured ug.der the two corresponding absorption lines
(p„=0.61 for LaIO3). The transition to the (—,', —', ) state
is predicted to be only 1% of the one to the (—,', —', ) state
(Fig. 2). Thus only two intense resonance lines are expect-
ed 1n thc cIYlission spectrum, 1n agrccmcnt w1th thc experi-
ment (Fig. 1).

The ratio pE of the areas measured under the resonant
emissions of Fig. 1 [p@——( —,', —', )/( —,', —,

' )=0.95] is clearly
higher than the ratio pz 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 3d3~2 hole and the
La"+ ion with a 3d,~, hole." Indeed, such decay process-
es are in competition with the ( —,', —,') resonant emission

and can-contribute to decrease its intensity. W'e shaH
show that other processes can modify pz.
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The evaluation of pE is more difficult than that of p~
and the Spi/z-3d3/2 characteristic line is superimposed on
the (—,', —', ) R line in the metal (cf. Sec. V A). Nevertheless,
we can assume that pE 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/'z4f ' 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 probability of the corresponding twelve J levels. The
value is 5.5% for the J=1 ( —,, —,') 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 Eo 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

The widths I are the FWHM's measured for each excita-
tion line. For large values of Eo, the self-absorption is
large and the corresponding term tends to a value propor-
tional to 1/a.~h. Then pz tends to

w, gw,
'

i 3d5/2

(cr
5/2 ~3/2

3d
(~ph)~„, 15/2 *,

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

The emission spectra are plotted in Fig. 3 for various
energies Eo between O.S5 and 5 keV. Whatever Eo, the
( —,, —,) and ( —,, z ) 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 pE is possi-
ble only after unfolding the emission spectra into their
various components. The error introduced is difficult to
estimate. Whatever the value of Eo, for px 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-ex'citation cross sections are
well governed by the optical oscillator strengths.

hV Ss
e

Ry Ry
e

RIV RiV

where E is the incident-electron energy at a depth x, hv is
the energy of the resonant emission, W, is the probability
of the direct radiative deexcitation, the W~ are the various
deexcitation probabilities, g,.w; is proportional to the
width of the excited state, I, o~h is the photoexcitation
cross section corresponding to the line of energy h v, a is a
function of the momentum change supported by the in-' TNy„cident electron during the collision, e " is the self-
absorption term, g T is the total absorption cross section
which can be approximated by o.

~h 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.

We have calculated the intensity ratio pE for various
values of Eo between the 3d3/2 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 cr&h 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 cr~h cross sections.
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FIG. 3. La 3d emissions in La203 observed for various in-
cident electron energies Eo.
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On the other hand, near the threshold the difference be-
tween the experimentaal and calculated values exceeds the
probable error and the experimental values do not follow
the same variation with Eo 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 vahd. 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 pE with respect to pz is
due, to a very large extent, to the processes which made
the ratio I 3/2/I 5/2 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
( —,', —', ) resonant emission. Such processes modify p@ dif-

ferently according to Eo and contribute to make the
values of pz 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

Eo 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 LaF3 and La203. We interpret this difference as a
solid-state effect; it is discussed in Sec. VII A.

16.8'
19 3'

270'

18.8
21 3'

832.4
835 6 837.7'

841.6'

3p3y2

854.5'
858.4'

5P3'-3d5/2

X-ray emission energies (eV)
La,

Expected Observed Expec

8 12.4
819.0

812.4

5p 1/2-3 d3/2
4$-3p ]/2
Rv
R Iv

833.1
853

834.9
85 1.5

833.2

834.9
85 1.5

'Reference 37. bReference 39. 'Reference 38. dReference 5 .
'Reference 24.

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

V. OTHER EMISSION LINES

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

R v

A. Lines due to transitions between normally filled levels

The 3p3/2-4s and 3d3/2 5/p 5pi/Q 3/2 atomic transitions
are located in the spectral range we have considered. The
energies of these transitions for La in metal, LaF&, and
Laq03 have been calculated from the photoemission bind-

ing energies (cf. Table II). The 3p3/2 4s line (MH&-Ni) is
very close to the R lv 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/Q 5pi/2 3/2 lines, the calculated energies of which are
very close to those of the intense emission Rv. Only the
3d5g2-5@3/2 emission can be resolved.

Fox La metal we observe an emission at 8 19.0 eV, in
agreement with the calculated value for the 3d5/2-5p3/q
transition; its intensity is only a few percent of that of
Rv. Another emission of larger intensity is present at
812.4 eV, i.e., shifted by 6.6 eV toward lower energies
with respect to the first line. For La203 and LaF3, no line
is observed at the expected position; a single emission is
present at 8 12.4 eV, coincident with the low-energy emis-
sion of the metal (Fig. 4).

Similar behavior is observed for the 3ds/2-5pi/2 emis-
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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'. However, in the GdiOi 3d
photoemission spectrum, ' no peak is present to make
such an interpretation possible. The same thing is true for
LazO& and LaF&. In fact, the La 3d3/2 and 3ds/z core-
level satellite peaks characteristic of the 31 4f'V ' con-
figuration lie at a higher binding energy than that of the
principal peak, and from them the energy of the 3d5/2-
Sp3/2 line should be 823 eV. Moreover, no peak is seen in
the photoemission spectrum of La20i 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 LaFi and Laz-Oi from
photoemission spectra, i.e., from the energies of the levels.

We suggest that this low-energy emission corresponds
to the 3d5/z-Sp3/g transition in the excited configuration
3d5/24f'. Indeed, the energy of the 3d5/2-Sp3/2 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&&'24f' configuration,
i.e., 831.8 eV (cf. Table I); it is approximately 4—S eV
smaller than the energy of the 3d level. On the other
hand, the Sp electrons are repelled by the 4f electron.
Then the energy of the 3d~/2-Sp3/2 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 3d3/i shift in the
same manner, we identify the weak line present at about
828.6 eV in the spectra of LaF& and La20& to be the un-
resolved 3d3/p 5p]/p 3/2 emissions in the excited system.
This line is also weaker in the metal than in the corn-
pound.

Hence, for LaF& and La20i the 3d5/2-Sp3/z transition
is observed only in the excited configuration and not in
the 3ds/z ion. We deduce from this that the number of
3d 5/2 ions created in the experimental conditions of Fig. 4
is very small with respect to the number of the 3d5/z4f '

states. Likewise, the number of 3dq~'i 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 (—', , —,) emission (there denoted 'P)
with respect to the (—,', —', ) emission ( D) is due mainly to
the process 3di/'z4f'~3di/'i. 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 3di/'24f '

states initially formed. The number of 3d~&z ions would
then be approximately half the number of 3d 5/24f

'
(—', , —,)

excited states. Then the 3d5/2 5+3/2 emission could be
observed in the 3d5/2 ion, contrary to our observations.
In fact, other processes can contribute to broaden the
3d3/$4f '

( —', , —', ) level with respect to the 315/24f '
(—', , —,)

level. A large number of states can be formed with an en-
ergy excess of about 16 eV corresponding to the 3d3/2-
3d5/2 difference if the valence states and all the J levels of
the excited configuration are considered (cf. Sec. VI C).

For the metal, the 3d&/2-Sp3/z 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 Eo 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 Eo.
In fact, these lines are very intense for a value of Eo just
above the excitation threshold, and then their intensity de-
creases rapidly as Eo 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 A.PS, 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 Rv line as a radiative transition of an electron
of the valence band to the 3d5/2 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 3d94f ' 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-
tloll; its folTI1Rtloil llas Rllcady been sllggcs'tcd by VRIlous

authors. ' As emphasized by Liefeld et a/. , projectile
electrons having an energy just equal to that necessary for
the 3d 4f configuration to be created will always be
plcscnt Whatever their lnltlal cncrgy Eo. This ls duc to
the collisional slowing down of incident electrons in the
material, and explains that the R' lines can be observed
whatever Eo 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' 4f +e ~3d 4f (839 eV)

~3d' 4f'(7 CV)+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 CCID and Celv which
correspond to the transitions 3d ' 4f ' +3d94f —and
3d' ~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.

A. Sremsstrahlung isochromat

A bremsstrahlung isochromat spectrum (BIS), obtained
for LRF& at about 860 CV, 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 thc BIS Obtalllcd fol Illctalllc lalltllallu111. ' By Rllalo-

gy with the proposed interpretation for La, we ascribe the
increase in intensity at the threshold (E, -II@) to the
lowest empty conduction states and the strong peak (A) to
4f empty levels; these are situated 6.9 eV above the bot-
tom of the conduction band in LRF&, instead of 5.5 CV in
the metal. A feature labeled 8 is seen about 15 CV above
the threshold; it involves the presence of a maximum in
the empty-state distribution; a density-of-states calcula-
tion would bc necessary to dctcrlilillc tllc cllai Rctcl' of
these states.

B. Characteristic lsochromats in thc range 3d5y2

The characteristic isochromat spectra, or excitation
fllllctiolls, of llllcs Rv, R v, Rnd 3dsy2-5P3yz Rrc Plotted 1I1

Figs. 5(b) and 6 for LRFI. Figure 5(b) corresponds to raw
experimental data with a logarithmic intensity scale. In
Flg. 6 each spectrum &1th a linear scale is coll'ected Qy

taking into account the overlap of the closest transitions,
1 c , R.v .Rnd 3dsgz-5P fol Rv, Rv Rlld. 3dlyz-5P for Rv
(cf. Sec. II). The results obtained for LRIOI 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
dlstrlblltloI1 as obtained by BIS. None of.thc tlllcc 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 e'xcited 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 hvar are
the same, HIS and R CIS are superimposed.

810 830 E 840 850 860 E feV)

FIG. 5. Logarithmic cuxves of La isochromats in Lap3. (a)
Bremsstrahlung isochromat, (b) characteristic isochromats.
Dashed Hne denotes R~ line, solid line denotes E.~ linc, and
dashed-dotted linc dcnotcs 3d5g2-5p3y2 linc,

PIG. 6. La 3d5~q characteristic isochromats - for LaF3.
Dashed line denotes R~ linc, thick solid hne denotes R~ line,
and thin solid line denotes 3d&&2-5p»& line.
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Let us consider the Rv CIS [Fig. 5(b) and 6]. Only the
(—', , —', ) level of the 31 4f' excited configuration contri-

butes to the Rv emission. As expected. , the observed
threshold energy (Ei) 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
CV above Ei. 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 8', is located about 15 eV above
the threshold and corresponds to feature 8 in the BIS
spectra. The intense feature labeled CK (Coster-Kronig)
is close to the 3dz/I threshold. This peak and the one ac-
companying it at higher energies will be discussed in Sec.
VI C.

The isochromat spectrum observed at the energy of the
385/I 5+3/I line (8 12 4 eV) is much less intense than the
Rv CIS. At the threshold (E,-h v), the spectrum is iden-
tical to the BIS because only the continuum radiation is
excited. The excitation threshold of the 3d5/2-5@I/2 line
is shifted down by about 2 eV with respect to the Rv line.
This shift confirms that, firstly, for LaFI and LaIO&, the
3d5/I-Spi/z emission is observed in the system of 3d94f '

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 Rv CIS. However, the
superposition of the BIS in the case of Rv can explain, in
part, the broadening observed on the high-energy side in
Rv and not » thc 3d1/I-5@I/I CIS. A feature is also seen
near the 3ds/2 threshold at the same energy in the 3ds/I-
5p3y2 and Rv CIS, showing that the two CIS are slmllar.

The shape of the Ry CIS is very different from that of
the Rv CIS: We observe, from the threshold energy
which is equal to the energy of the Rv line, hv(Rv), 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 CV above the
3d 4f' excitation threshold; this maximum is clearly
more intense than the Rv 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
Ry llllc ls emitted liltcllscly ls narrowly dctcHIllncd; lt ls
less than 2 CV wide. The small extent of the Rv CIS
maximum with respect to that of the Rv 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 v 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 making the configuration of the system to be
385/z4f . Thcll 111 tllc Ry lllltlal state, tllc Incident clcc-
tron is localized on the excited I.a + ion and no electron is

free to move in the empty states, in contrast with the Ry
1111'tlal state wllclc tllc lncldcnt clcctl'oI1 is dccouplcd f10111

the excited Lai+ 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 energies equal to the energies of radiative J levels
of the 3d5/z4f configuration participate in the transition
3d5/'14f ~3d' 4f +hv. The Rv CIS thus represents
the probability that these levels can be created under elec-
tron impact as a function of electron-beam energy Eo.
This probability is at a maximum when Eo is just equal to
the energy of radiative levels having the 3d5/24f 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 R v CIS maximum, we deduce
that the average energy of the 3d5/'I4f configuration
radiative states exceeds the 3d 4f ( —,, —,) excitation ener-

gy by 4 CV (cf. Fig. 6). By taking into account the separa-
tion between the Av and R v lines, which is

h v(Rv ) —h v(R v )

=E(31 4f ' —3d' 4f ) E(3d 4f— 31' 4f '—),

and the energy of 3d' 4f ' as deduced from the BIS, one
obtMQS

E(3d 4f 3d 4f')-4 —eV,

in quahtative agreement with the value deduced directly
from Fig. 6. This difference involves only the J levels
participating in the Rv and R v radiative transitions. Ac-
cording to Table I, the separation between the (—', , —', ) level
and the baricenter of the 3d 4f ' configuration is 2.8 CV.
A separation of the same sign equal to 2.4 CV has been
found between the radiative levels and the baricenter of
the 3d 4f configuration in Ce'+. Then it is possible to
deduce that the average energy of the 3d 4f configura-
tion exceeds that of 3d94f ' by approximately 4 eV. Let
us note that, from Ref. 20, the 3d 4f 3d 4f ' separati-on
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 3d94f -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 Rv CIS is
below 'the principal part of the Rv CIS. One deduces
from this result that the potential energy necessary to
create the discrete state 3d5/z4f is smaller than that, of
the 3dI/'I4f'ef' state. Therefore the energies of various
states can be arranged in the following order:

E [3d94f '( —', ,
—', )]«E (3d 5/'24f ) «E[3d 4f '( —', , —,)C'f '] .
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C. Characteristic isochxomats in the 3d3g2 region

The CK feature observed close to the 3d3~z threshold in
the R„and 3dsiz-5p31z CIS reveals the possibility for a
system with 8 3d3g2 hole to decay very rap1dly to 8 sys-
tem with the 3d, z'z4f' configuration. Various processes
can transfer a 3d„, hole to a 3d„,hole; t cy are shown
schematically 1xl Flg. 7. AIDong them Only thc proccsscs
leading to the precursor state of the Rv line need be taken
into account to explain the CK feature.

Firstly, we consider the transition denoted I in Fig. 7.
All the J levels of the 3d3i'z4f initial configuration can
contribute to the 3d qiz4f -3d&iz4f ' nonradiative transi-

tion. Tllcil onc cxpccts R fcatui'c 111 t11c Rv CIS 2—3 cV
below the peak of the R iv CIS, in agreement with our ob-

servations. % c label trans1tIGQ I R Coster-Kron1g —type
transition. Its probability must be relatively large at the
thx'cshold bccausc thc Coster-Kron1g 3d3y2-3dgy2 X tx'RIl-

sitions ax'e thc most probable amongst the nonradiativc
transitions expected in lanthanidc ions vrith a 3d 3~2

hole. Moxeover, its contribution can explain the shght
enhancement of Rv CIS beyond the 3dziz threshold. In
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FICx. 7. Schematic I'cprcscntatlon of possible 3d 3'"3d gg2

transitions for lanthanum. I denotes 3dqi24f'~3d~i'z4f', II
denotes 3dqiz4f '~3dqi'z, III denotes 3d3iz4f '~3d~i~4f ' V

and IV denotes 3d qii4f '+ le ~31qi'24f '.

It must be emphasized that, in HIS and E.v CIS, the
scpaIat1GQ bctwccn thc threshold Rnd thc IDax1IDUID, AE,
is the same:

hE (R '
CIS ) =3d i' 4f h—v(R '

)=3d ' 4f ' 3d—'

=b,E(BIS) .

The intermediate state 3dq&z4f relaxes via photon emis-
sion in a final state identical to that of the bremsstrahlung
pI'occsS.

We have seen that the Rv CIS describes the inelastic
scattering of the incident electron into an empty electron
level accompanied by the excitation of an atomic 3d elec-
tron into a localized 4f level. Because the spectrum is
identical for I.RF& and I.azOS, 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 v line and brems-
strahlung process.

fact, as seen from the R v CIS, the formation of 3dqiz4f
is possible whatever the energy of incident electrons. Pro-
cess I contributes 'to lilci'cRsc tllc width of tl1c R iv lillc
and to decrease its intensity. On the othex hand, it does
not modify the Riv line, but enhances the intensity of the
Rv line above the 3d3iz threshold, in agreement with our
observation.

The equivalent p«cess from the 3dqiz4f configura-
tion (denoted II in Fig. 7) leads to the 3d, qz ion. It does

not contribute to the feature present in the Rv CIS and
does not modify the Rv line. On the other hand, it in-
creases the width of the Rtv hne and decreases its mtensi-

ty. Wc have seen that this process is not very probable be-
cause in the compounds no 3d-5p transition is observed in
thc 3d5y2 ion& Rnd foI thc metal this tlRQsltlon ls weak.

The 3dz~z-3d5iz separation being about 16 CV, only
another Coster-Kronig —type transition is possible from
the 3d~&z4f configuration; it is denoted III in Fig. 7. Its
final state, 3d ~i'z4f 'V ', can decay via emission of a Rv
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 radi-ative transitions to thc total de-

cay of th1s cxcltcd state 1s weak. P1occss III 1S poss1blc
whatever the incident-electron energy. It increases the
width and decreases the intensity of the E, Iv line. It
leaves Rv invariant except if the energy separation be-
tween Rv and the satellite is sufficiently small for the two
lines not to be resolved.

I.astly, 8 px'occss could bc consldcx'cd at thc threshold
(process IV): the incident electron would participate in
this process and would be locahzed in the presence of the
3d~&z final hole. Process IV is less probable than process
L It increases the width and decreases the intensity of
Riv,' it llici'cases t11c 111'tcilsity of Rv. Howcvci, Rs it '1s
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 Rv CIS is
due to process I and, to a lesser extent, to process IV.
These processes contribute to enhance the intensity of the
Rv line with respect to that of Riv at the 3dziz threshold
and. beyond. Moreover, process I is responsible for thc
broadening of the Riv line with respect to that of the R v
line and its relatively weak intensity. The width of the
RIv line and its decrease in intensity are due essentially to
process III and, to some extent, to process II. It is
surprising that px'ocess III should be more probable than
process II. Nevertheless„ this can be explained from the
high stability of the 3d qiz4f configuration which makes a
transition to 3d siz4f V ' more probable than to the 3d ziz
1OQ.

Various p«p«ics « the 3d 4f co~figuration states
can bc deduced fi'0111 our experimerital results. In the first,
place, some 1ITlportRQt po1nts must bc cIDphasizcd.

(a) Contrary to what is expected according to various
authors, the 3d 4f ' states are created only by direct col-
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lisional cxcitatioIl iIl LR263 and LRF3. Thc same is prob-
ably true for other lanthanum insulating compounds. In
thc metal thc direct excitation is largely prcdoIMDRnt 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-31 characteristic emissions in
excited La + with a spectator 4f electron shows that the
decay of the La + 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

LRF1 and LRIOI. In fact, the energy of an excitonic state
may be different in the metal and an insulating coln-
pound.

From a more general point of view, we deduce that the
3d 4f +' states formed in lanthanum and the rare earths
can be decxcited through RB 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 La + 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 '~X

Indeed, for 3d, &z4f' (—', , —', ), the energetically possible

autoionization transitions take place to the continuum
states of the La + (X ') ion with X=4s,4p, . . . . The
interactions bctwccD thc cxcitcd state RI1d thcsc coDtinus
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 ( —', ,

—', ) absorp-
tion and emission lines are identical and well described by
Lorentzian curves. Let us Dote that analogous results are
expected for the excited states with an inner hole over the
entire x-rsy Iange.

For 3dq~z4f' ( —,', —', ), the autoionization to 3dz&zel is

energetically possible, but we have seen that the continu-
um of states associated with the 31~&1 subshell is very
weak in the energy range of the ( —,, —,) discrete state.
Thus the mixing of this discrete state with the continua is
very weak. In agreement with this conclusion, the (—', , —', )

emission and absorption lines coincide in energy, the emis-
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 3d3~z photoab-
sorption as the sum of a transition to the noninteracting
discrete ( —,, —,) state and transitions to the 3dq&z continu-

(d) There exists in the metal a weak interaction between
the 31 4f discrete excited states and the extended states
in the solid: %e have seen in Sec. III that this interaction
is energetically possible only in the metal and not in LaF3
and La203. QD the other hand. , the resonant and charac-
teristic 5p-3d emissions, which take place in the excited

system, are less intense in the metal than in LRFI and
LR201. 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 LRFI and LRIOI.
Moreover, the 5pl&z3d5&2 characteristic emission is ob-
served in the La + ion for the metal and not for the com-
pounds. These results suggest that the excited atolns 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-
cnccs Rnd tllc broadening of tllc cIlllssloll Rlld absorption
lines in the metal with respect to LaF3 and La203. 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 slnall. It fol-
lows tllRt tllc pcrturbatlon duc to tllc cxtclldcd states ls
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 La + 3d 4f' excited states can be
treated as quasiatomic states in the solid, practically
noninter acting with the underlying contin. ua. These
La'+ 3d94f ' highly excited states have a different
behavior from those of optical excitlxl states which au-
toionize very rapidly. Indeed, the lifetime of an inner hole
(here, 31) 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 recoInbination 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'. lt is convenient to designate these transi-
tions by means of the usual x-ray spectroscopy terminolo-

gy.
We propose that this terminology should be kept for the

transitions involving the excited 4f electron in La +. 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 part-icle 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 nonrsdiativc Auger transitions. Conscqucntly
we assign the 3d 4f ~X transitions to Auger-type,
transitions which are the direct nonradiative decays asso-
ciated with the resonant em. issions. In the same way, the
3dz&z4f ~3dz&z transitions can be assigned to Coster-
Kronig —type tI'ansitions, 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 CsC1. The 3d-4f resonant emissions in
Cs+ have Breit-signer-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 La20& and LaF&, and, from energy
considerations, have confirmed that they have the 3d 4f2

configuration. It has been suggested' that the initial state
of R' lines should be 3d V '4f" + +e 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 Rv resonance line at the 3d3/z
threshold to be due to the nonradiative decay of 3d3/24f
to 3ds/z4f' 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 4f
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 Eo, 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 La +. 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.

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 Ylevel.

VIII. CONCLUSION

All the data support the interpretation that the resonant
effects present in the La 3d EXES of LaF& and La20q
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 emitted 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 fresonan-t 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
LaFq and La20q. 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.

iC. Bonnelle and R. C. Karnatak, C. R. Acad. Sci. (Paris) 268,
494 (1969);J. Phys. (Paris} Colloq. 32, C4-230 (1971).

P. Motais, these de troisieme cycle, Universite de Paris, 1978.
A. Belhrmi-Belhassan, these de troisieme cycle, Universite de

Paris, 1979.

4C. Bonnelle, AdUances in X-Ray Spectroscopy (Pergamon, New
York, 1982), Chap. 6.

5G. Crecelius, G. K. Wertheim, and D. N. E. Buchanan, Phys.
Rev. B 18, 6519 (1978).

6J. Kanski, in Proceedings of the XVIth Rare Earth Conference,



30 ELECTRON-EXCITED 3d HOLE STATES OF La + IN SOLIDS 4411

City, June 1981 (unpublished).
7R. J. Liefeld, A. F. Burr, and M. B. Chamberlain, Phys. Rev,

A 9, 316 (1974).
M. B. Chamberlain, A. F. Burr, and R. J. Liefeld, Phys. Rev.

A 9, 663 (1974).
R. J. Smith, M. Piacentini, J. L. Wolf, and D. %. Lynch, Phys.

Rev. B 14, 3419 (1976).
~oG. Wendin and K. Nuroh, Phys. Rev. Lett. 39, 48 (1977);

Phys. Rev.B 24, 5533 (1981).
%. E. Harte and P. S. Szcezepanck, Phys. Rev. Lett. 42, 1172

(1979).
J. Kanski and P. O. Nilsson, Phys. Rev. Lett. 43, 1185 (1979).

tsP. Motais, E. Belin, and C. Bonnelle, in Proceedings of the In
ternational Conference on Inner Shell a-nd IRay P-hysics of
Atoms and Solids, Stirling, 1980, edited by D. J. Fabian et al.

(Plenum, New York, 1981),p. 451.
~ K. Ulmer, Z. Phys. B 43, 101 (1981).

J. Kanski and G. Wendin, Phys. Rev. B 24, 4977 (1981).
J. A. D. Matthew, G. Strasser, and F. P. Netzer, Phys. Rev. B
27, 5839 (1983).
C. Bonnelle, R. C. Karnatak, and J. Sugar, Phys. Rev. A 9,
1920 {1974).

8J. M. Mariot and R. C. Karnatak, J. Phys. F 4, L223 (1974).
J. K. Lang, Y. Sacr, and P. A. Cox, Phys. Rev. Lett. 42, 74

(1979).
J. Kanski, P. O. Nilsson, and I. Curelaru, J. Phys. F 6, 1073

(1976).
~S. Bergwall and A. Nigavekar, Phys. Kondens. Mater. 10, 107

(1969).
C. G. Olson, M. Piacentini, and D. W. Lynch, Phys. Rev. B
18, 5740 (1978}.

~3S. Sato, Y. Sukisaka, and T. Matsukawa, in Proceedings of the

IVth International Conference on Vacuum Ultrauiolet Radia

tion Physics, Hamburg (Pergamon, New York, 1974), p. 414.
24H. Berthou, these de doctorat d' Etat, Universite de Paris,

1976.
D. W. Fisher and W. L. Baun, J. Appl. Phys. 38, 4830 (1967).
J. Sugar, Phys. Rev. A 6, 1764 (1972).

C. Bonnelle, R. C. Karnatak, and N. Spector, J. Phys. B 10,
795 (1977)

J. E. Hansen, Phys. Scr. 21, 510 (1980).
A. Belhrmi-Belhassan, R. C. Karnatak, N. Spector, and C.
Bonnelle, Phys. Lett. 82A, 174 (1981).
%'e thank Dr. N. Spector who kindly put at our disposal his
diagonalization and recoupling program and for helpful dis-

cussions.
3 T. M. Zimkina, V. A. Fomichev, S. A. Gribovskii, and I. I.

Zhukova, Fiz. Tverd. Tela (Leningrad) 9, 1447 (1967) [Sov.
Phys. —Solid State 9, 1128 (1967)].

~P. Motais, E. Belin, and C. Bonnelle, J. Phys. F 11, L169
(1981).
J. P. Connerade and R. C. Karnatak, J. Phys. F 11, 1539
(1981).

4C. Bonnelle, Ann. Phys. (N.Y.) 1, 439 {1966}.
We thank J. Brosse, who helped carry out these calculations.
C. Feldman, Phys. Rev. 117,455 (1960).
M. Campagna, G. K. %ertheim, and Y. Baer, in Photoemis-

sion in Solids, edited by L. Ley and M. Cardona (Springer,
Berlin, 1979), Vol. II, p. 217.
J. A. Bearden and A. F. Burr, Rev. Mod. Phys. 19, 125 (1967).
S. Sato, J. Phys. Soc. Jpn. 41, 913 (1976).

4oR. C. Karnatak, .and A. Belrhmi-Belhassan, in Proceedings of
the International Conference on Inner Shell an-d X Ray Phys-
ics ofAtoms and Solids, Stirling, 1980, Ref. 13, p. 753.

4IG. Dufour, these de doctorat d' Etat, Universite de Paris, 1978.
G. Wendin, Phys. Rev. Lett. 53, 724 (1984).

43F. Riehle, dissertation, Kernforschungszentrum Karlsruhe,
1977. Recently, we have found these unpublished results,
which are in good agreement with ours.

~K. Ulmer, Z. Phys. B 43, 95 (1981).
45N. Spector and C. Bonnelle (unpublished results).
46E. McGuire, Phys. Rev. A 5, 1043 (1972).
47M. H. Tuilier, D. Laporte, and J. M. Esteva, Phys. Rev. A 26,

372 (1982).
P. Motais, E. Belin, and C. Bonnelle, Phys. Rev. B 25, 5492
(1982).


