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The free-atom binding energies up to 4d core levels have been determined from monochromatic
synchrotron-radiation-excited photoelectron spectra for the elements La, Ce, Nd, Sm, Eu, and Gd.
They are compared with the corresponding solid-state values, and the atom-to-metal binding energy
shifts are discussed in comparison with the theoretical calculations available. Atomic and solid-
state 4d-based Auger and direct recombination (autoionization) spectra of the elements La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, and Tm have also been studied and are compared in detail. The spectra
show clearly very different solid-state shifts for the 4d-based Auger and 4d —(4f,€f) autoionization
peaks indicating a very useful method for distinguishing these two processes in electron-excited
spectra. The intensities of the recombination peaks in the spectra of La, Ce, Sm, Eu, and Gd were
also measured, using the white-light synchrotron radiation obtained in zeroth order from a
toroidal-grating monochromator, and were found to be increased in intensity. The autoionization
and Auger energy shifts are discussed in terms of theoretical models.

INTRODUCTION

The binding-energy shifts of 4f elements have attract-
ed considerable theoretical and experimental interest.
One reason for this is the valence change found for some
lanthanides upon condensation of free atoms to solids
and, on the other hand, between bulk and surface states
of the same metallic elements. Furthermore, the valence
changes have been found to take place between different
compounds of given lanthanide elements. In this study
we will deal with experimental free-atom—to-metal bind-
ing, Auger, and direct recombination energy shifts of La
and several 4f elements. Extensive comparisons based on
direct experimental results have not been possible earlier
due to the lack of much needed free-atom spectra. The
measurement of free-atom spectra has been hampered by
both the considerable difficulties arising from the high
temperatures needed to produce the necessary vapor
pressures and the high reactivities of some lanthanides as
liquids and vapors.

Electron-beam-excited electron emission spectra of
lanthanides have, apart from some 3d metals, proved to
be exceptional because the spectra show in addition to
the conventional Auger transitions strong direct recom-
bination peaks from core excitations. The appearance of
direct recombination or autoionization lines was first sug-
gested by Dufour and Bonnelle’'? and later confirmed by
several authors.3~7 The 4d-4f and 4d-5p direct recom-
bination spectra appear on the high-kinetic-energy side of
the very broad 4d-based Auger peaks and therefore their
unambiguous identification is often difficult.

The direct recombination lines originate from
4d —(4f,€ef) giant-resonance excitations observed both
in the x-ray-absorption,®® photoelectron,!®!! and
electron-energy-loss spectra!? of metallic lanthanides, as
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well as in free-atom spectra. > ~1% 4d —(4f,ef) giant res-
onances of the rare-earth metals are many-electron phe-
nomena which can be thought of as arising from large
overlap between the occupied 4d and unoccupied 4f
wave function. The overlap of the wave functions results
in a strong coupling of the 4d core-excited
[4d'°4f"—4d°@4f,ef)" T'] states with the 4f ionization
@4f"—4f" —1 €l) continua. These interferences manifest
themselves as asymmetric resonance profiles in the total
and partial cross sections. Other important decay chan-
nels of these giant excitation resonances are the recom-
bination processes leading to the emission of a 5p or Ss
electron. High-energy electron beams which correspond
to a white light source can also produce 4d —(4f,€f) res-
onance excitations. The large cross sections at the giant
resonances result in intensities from the autoionization
decay channels which are comparable to normal Auger
processes created mainly at higher photon energies via 4d
ionization. An excellent compilation of recent review ar-
ticles on giant resonances has been edited by Connerade
et al.V’

The white light of the synchrotron radiation, reflected
undispersed (zeroth order) from the grating, produces,
analogously with high-energy electron beams, both ion-
izations and resonance excitations. However, the intensi-
ty profile of the synchrotron radiation as a function of en-
ergy is manifested in the intensity ratio between autoioni-
zation and normal Auger lines being different from that
obtained by electron-impact excitation.

In this study we wish to compare electron-excited
solid-state rare-earth-metal ejected-electron spectra with
electron- and/or white-synchrotron-radiation-excited
atomic ejected-electron spectra with special emphasis on
the metal-to-atom kinetic-energy shifts in corresponding
Auger and autoionization lines.
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Kinetic-energy shifts between the solid and vapor
phases of the 4d-based Auger and autoionization spectra
of rare-earth metals are interesting for two main reasons.
First, the contributions to the metal-to-atom kinetic-
energy shifts resulting from the extra-atomic relaxation
energies in the metallic state should be very different for
the Auger lines and autoionization lines. The Auger pro-
cess creates a double-hole final state which is more
strongly screened by the surrounding electronic charge
than in the single-ionized states, in the initial state, or in
the final state of the autoionization process. Different
shifts of Auger and autoionization lines were pointed out
by Netzer et al.’ in studying the spectra of clean and oxi-
dized solid Sm. Second, a number of the rare-earth
atoms (Pr to Sm and Tb to Tm) undergo changes in their
electron configurations upon condensation to solid metal
which should also influence the metal-to-atom Auger and
recombination line energy shifts.

Theoretical studies of atom-to-metal binding-energy
shifts for La and 4f elements have been performed by
Herbst?® and Johansson et al.,?"?? but direct compar-
isons with experimental data have not been possible until
now. Recently, Meyer et al.!” have presented the 4d-
based ejected-electron spectra of these elements and a
comprehensive study of the spectra of solid lanthanides
has been presented by Riviere et al.? The discussion in
the present paper is based, for solids, on these experimen-
tal results, whereas for the vapor-phase binding energies
obtained from photoelectron spectra®* are used.

The theoretical calculations of Herbst® predict clearly
different binding-energy shifts for various nl/ subshells
when the rare-earth metals have differing electron
configurations as free atoms and as a solid. On the other
hand, the semiempirical thermochemical model*! used
very successfully to predict atom-to-metal shift for many
elements can give only one common value which is sup-
posed to be valid for different nl/ binding energies. There-
fore it was interesting to experimentally test the depen-
dence of the solid-state shifts for different nl/ subshells.
The atom-to-metal L-level binding-energy shifts deter-
mined from absorption data> were in agreement with the
predictions of both models.

Different models to predict metal-to-atom Auger ener-
gy shifts have been used?®—3* successfully for lighter ele-
ments. Among those most commonly used are the pro-
cedures based on excited-atom models,?%27 the self-
consistent-field (ASCF) density-functional formal-
ism,2~3% and thermochemical models applied also to
Auger shifts.?231:32 The basic problem in the present
case of lanthanides is the complexity of the spectra and
calculations due to the partially filled 4/ subshell.

EXPERIMENT

Most of the vapor Auger spectra to be discussed were
obtained using electron-beam excitation (1.5 keV, 1 pA).
The vapor-phase spectra were measured in HASYLAB at
DESY, Hamburg, using the cylindrical-mirror analyzer
at the energy resolution of 0.78%; the electron-beam-
heated high-temperature oven*® was applied in these mea-
surements.

In addition, the vapor-phase spectra of Sm, Eu, Gd,
and Tm were measured at the University of Oulu using a
cylindrical-mirror analyzer and an inductively heated
metal-vapor system; the energy resolution in these mea-
surements was 0.05% and the typical primary electron-
beam parameters were 3 keV and 1 mA. The agreement
between the two vapor-phase measurements is very good.

The vapor-phase binding energies of the atomic outer-
core levels up to 4d were obtained?* for La, Ce, Nd, Sm,
Eu, and Gd from photoelectron spectra excited by syn-
chrotron radiation from the BESSY storage ring in Ber-
lin, monochromatized by a toroidal-grating monochro-
mator (TGM) (AE /E ~350). Using the white-light syn-
chrotron radiation obtained in zeroth order from the
TGM, Auger spectra have been measured in addition to
the electron excitation spectra.

The solid-state spectra have been taken from the
comprehensive study of Riviere et al.?® In the energy
calibration of the spectra, vacuum and Fermi levels have
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FIG. 1. Lower part: single-hole atom-to-metal binding-

energy shifts. Experimental values: B, AE(2p) from Ref. 25;
A, AEg(4d); O, AE(5s); X, AE(5p); @ and O, AEz(4f); O
from Ref. 20. Calculated values (Ref. 20): —.—.—. , AE(2p);
» AEg(5s); - - - -; AEg(5p); , AEg(4f). Upper part:
Double-hole atom-to-solid binding-energy shift. 4, AE 8(5p,5p);
O, AE3(5pAf).
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been used as the reference energy levels for atomic and
solid-state spectra, respectively.

RESULTS AND DISCUSSION

Atom-to-metal binding-energy shifts AEg(nl)

The photoelectron spectra of the rare earths which we
have studied are often complicated by the strong cou-
pling between the core hole created and the holes in the
partially filled 4/ subshell. This coupling splits the pho-
tolines into several line components. In this study we
have in most cases estimated the center of gravity of the
overlapping components and then used these values for
the binding energies of the corresponding subshell.

The atomic Eg(nl) and the metallic Ef(nl) binding-
energy values are given in Table I and the experimental
free-atom—to—metal binding-energy shifts AEg(nl)
=Eg(nl)—Eg(nl) are plotted in Fig. 1. For the solid-
state binding energies the values are taken from the col-
lection given by Riviere et al.?* Also included are the 2p
binding-energy-shift values for Ce, Sm, and Gd deter-
mined by Materlik et al.?® from absorption measure-

ments and estimates?’ for 4f shifts based on optical free-
atom data. The uncertainties of the atom-to-metal
binding-energy shifts are given in Table I. For compar-
ison, theoretical shift values calculated by Herbst® are
also included in Fig. 1. Inspection of Fig. 1 shows that
the shifts of 2p, 4d, and 4f levels lie close together, with
the 4d shifts systematically slightly smaller and in good
agreement with the calculated values. Only in the case of
Nd are the experimental 4f shifts approximately 2.5 eV
higher than the theoretical values. The 4d and 4f shifts
also clearly follow the steplike changes between Ce and
Pr and Sm and Eu when the configuration changes be-
tween the free atoms and solid metals start and end, re-
spectively. Also, the 2p binding-energy shifts of Materlik
et al.® for Ce, Sm, and Gd are very close to our 4f
binding-energy shifts for these systems. The experimen-
tally observed close agreement between the 2p, 4d, and 4f
shifts indicate that also 4f levels are well-localized core
levels in the metallic state.

The 5p binding-energy shifts obtained for Nd and Sm
and the 5s shifts for Sm are essentially higher than their
4d and 4f shifts. In fact, all the 5p shifts are in the range
7-9 eV and do not show as pronounced changes indicat-
ed by the theoretical values in going from Ce to Pr and
from Sm to Eu.

TABLE 1. Binding energies Ez(nl) of atomic and metallic (Ref. 23) La, Ce, Nd, Sm, Eu, and Gd. The atom-to-metal binding-
energy shifts AEg(nl) are presented in separate columns. The AEz(2p) values have been taken from Ref. 25.

AEg(2p) Egz(4d) AEg(4d) Egz(4f) AEg(4f) Eg(5s) AEg(5s) Eg(5p) AEg(5p)
Element (eV) (eV) (eV) (eV) (eV) eV) (eV) (eV) (eV)
atom 113.1+0.5 43.8+0.5 26.8+0.5
La 9 +1 12+1 9+1
metal 104.3£0.5 31.3 17.8+0.5
atom 118.7+0.5 10.24+0.5 43.8+0.5 26.8+0.5
Ce 10.2+0.3 8 +1 9+1 8+1 8+1
metal 110.5£0.5 1.1+0.5 36.0 18.41+0.5
atom 124.0£0.5 8.6+0.5 29.2+0.4
25.3+0.4
Nd 4 2 4+1 7+1
metal 120 4.7+£0.5 38.0 22.4
18.5
atom 133.0+0.5 10.2+0.5 46.7£0.5 31.4+0.4
26.4+0.4
Sm 2.5+0.3 1 +1 4+1 6*1 71
metal 131.9+0.5 6.5£0.5 40.6 24.3
19.0
atom 142.5+0.4 10.3+0.3 48.3£0.5 32.5£0.4
137.6+0.4 26.7£0.4
Eu 8.5+0.8 8.3+0.6 10+1 8+1
metal 134.0+0.4 2.0+0.3 38.7 24.5
129.2+0.4 18.9
atom 156.6+0.4 17.4+0.3 53.6+0.5 35.9+0.4
151.3+0.4 29.2+0.4
Gd 10.5+0.5 8.6+0.8 9.3+0.6 111 8+1
metal 148.1+£0.4 8.1£0.3 43.1 27.7
142.7+£0.4 21.4
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Auger and recombination spectra

The experimental vapor- and solid-phase electron emis-
sion spectra excited by white synchrotron radiation (SR)
or electron impact (e ) for La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, and Tm are shown in Figs. 2—-6. A noticeable
feature is the overall similarity between the electron-
excited solid and vapor-phase spectra. Most of the spec-
tra appear to consist of two dominating line groups, a
lower-energy broad doublet followed by one or two broad
structures at higher kinetic energies. In particular, the
low-energy groups of the corresponding vapor and metal
spectra show very similar structures. In Figs. 2-6, in or-
der to make the visual comparison easier, the energy
scales of the spectra are shifted so that the positions of
the strongest low-energy peaks coincide. As in the case
of unresolved transition arrays observed in the laser-
produced plasma emission of rare-earth metals (see, e.g.,
O’Sullivan®), many Auger and autoionization transi-
tions, respectively, blend to form the broad peaks dom-
inating our spectra. The second characteristic feature of
the spectra is that, although they show basically similar
structures for both metal and atom, the vapor spectra
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FIG. 2. Upper part: electron-excited Auger spectrum of me-
tallic La (Ref. 23). Auger spectrum of atomic La excited by un-
dispersed synchrotron radiation (SR). Lower part: electron-
excited Auger spectra of metallic (Ref. 23) and atomic Ce. The
spectrum excited by SR is presented by the bottom curve. The
4d-4f (4f),4d-5p (5p) direct recombination lines and the
N4’502,302,3 (NOO), N4,502)3N6_7 (NON) Auger lines are indi-
cated.

M. RICHTER et al. 38

clearly extend further into the high-energy region, indi-
cating that the highest-energy peaks originate from
different transitions with much smaller metal-to-atom
shifts than those of the main low-energy peaks. The spec-
tra excited by high-energy electrons or white light arise
from three different types of processes: 4d Auger, 4p
Auger emission, and direct recombination emission. As
pointed out by Riviere et al.,? the ionization probability
for 4p levels is about 26% of the ionization probability of
4d levels by 2-keV electrons. Using white-light excitation
4d ionization can be expected to be still more dominating
due to the higher cross section of 4d levels and the fact
that the large relative portion of the photon flux between
4d and 4p ionization thresholds contributes only to 4d-
based spectra. Therefore the 4d spectra can be expected
to dominate, although some weaker spectral structures
can originate from ionizaion of 4p levels. Our
identification of the main peaks agrees with that of Rivi-
ere et al.?® and is indicated in Figs. 2-6. The metal-to-
atom kinetic-energy shifts of the corresponding Auger
lines, AE ,=E}—E¢, and of the direct recombination
lines, AEpgr =EJr —EpDg, can be read off the figures.
Superscript m stands for metal while superscript @ means
an isolated atom is considered. The spectra shown in
Figs. 2—6 will be briefly discussed separately.
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FIG. 3. Upper part: electron-excited Auger spectra of metal-
lic (Ref. 23) and atomic Pr. Lower part: electron-excited Auger
spectra of Nd metal (Ref. 23) and Nd atoms. The 4d-4f
(4f), 4d-5p (Sp) direct recombination lines and the N, 50,30,
(NOO), N4 50, 3N 7 (NON) Auger lines are indicated.
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La {[Xe]5d6s? atom, [Xe(5d,65)° metal])

The upper part of Fig. 2 shows the solid-state spectrum
of La excited by e~ and that of the vapor phase excited
by synchrotron radiation (SR). La has no 4f electrons in
the ground state, by outermost electrons being 5d and 6s
which form the valence band in the metallic state. The
peaks denoted by a and b can be identified as
N,50,30,; and N, 50,V Auger transitions, respec-
tively, and they show a metal-to-atom kinetic-energy shift
of 14+1 eV. The structures b’ and 4"’ do not have clear
counterparts in the solid-state spectrum, but they are
both shifted with respect to peak b by approximately the
same amount as the structure ¢ (7.5+1.0 eV); the latter is
identified as the 4d-5p direct recombination (DR) line.
The energy separation between b’, b"’, and ¢ corresponds
to the 5s-5p binding-energy difference of 17 eV. Thus, the
structures b’ and b"’ are most probably the 4d-5s recom-
bination lines. The weak peak d in the vapor spectrum,
being approximately 20 eV from peak ¢ in agreement
with the 5p-to-(5d,6s) binding-energy difference, could be
the 4d-(5d,6s) recombination line.

NOO Lf Smmetal

60 70 80 890 100 M0 120 130 140
NON

Eu metal

intensity (arb units)

Eu atom
SR

NOO

1 1 1 I ]
60 70 80 90 10 MO0 120 130 140

kinetic energy (eV)

FIG. 4. Upper part: electron-excited Auger spectrum of me-
tallic Sm (Ref. 23). Electron- and SR-excited Auger spectra of
Sm atoms. Lower part: electron-excited Auger spectrum of me-
tallic Eu (Ref. 23). Electron- and SR-excited Auger spectra of
atomic Eu. The 4d-4f (4f) direct recombination lines and the
N4 50,30,3 (NOO), Ny 50,3Ng 7, (NON) Auger lines are indi-
cated.
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Cel. .. 4f5d6s? 4f(5d,65)°]

The e ~ solid- and vapor-phase spectra of Ce shown in
the lower part of Fig. 2 are similar. However, the SR
light-excited atomic spectrum does reveal more struc-
tures and enhanced intensities in the high-energy region.
Ce has one 4f electron which also makes 4d-4f DR pos-
sible, creating peak d, which is strongly enhanced by SR.
We obtain a value of 91 eV for the d-d, c-c, and b-b’
shifts, which supports the interpretation of ¢ to 4d-5p and
b’ to 4d-5s recombination lines. The shifts of structures
a, b, and ¢’ are 14-15 eV, as would be expected for
Auger transitions.

Pr[...4f36s%, 4f%(5d,6s5)°]

Pr is the first element in this series which undergoes a
change in its 4f electron number going from the atomic
to metallic ground state. The e ~ spectra of metallic and
atomic Pr (Fig. 3) deviate considerably at higher kinetic
energies. Peaks a and b, Auger transitions, have shifted
by 16-17 eV to higher energies in the metal. Peak d is
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FIG. 5. Upper part: electron-excited Auger spectra of metal-
lic (Ref. 23) and atomic Gd and SR-excited Auger spectrum of
atomic Gd. Lower part: electron-excited Auger spectra of Tb
metal (Ref. 23) and Tb atoms. The 4d-4f (4f) direct recombina-
tion lines and the N4.501.302.3 (NOO), N4'502,3N6,7 (NON)
Auger lines are indicated.
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again the 4d-4f DR line with the shift of 8+1 eV. The
weak structure ¢'’ in the atom spectrum shows the same
average shift with respect to ¢ in the metal spectrum.
Thus it is most probably caused by 4d-5p DR. Peak c in
the metal is the superposition of the 4d-5p DR line and
the Auger transitions; in the vapor spectrum peak c’ is
most probably the Auger transition N, sNg ;N 7.

Nd[...4f*6s%, 4f3(5d,6s5)°]

The spectra of Nd (Fig. 3) are rather similar to those of
Pr, except that in the metal spectrum structures ¢ and d
are now more overlapping. It is obvious that d arises
from the 4d-4f DR, but its location in the metal spec-
trum is rather uncertain, the shift being estimated to be
7+2 eV. From peaks a and b we obtain an Auger shift of
17-18 eV. The structure ¢ in the metal spectrum prob-
ably is again a superposition of N4 sN¢ ;N7 Auger and
4d-5p recombination lines, which are resolved in the
atom spectrum (c’,c”’).

Sm[...4f%s?, 4f3(5d,65)°]

The spectra of Sm shown in Fig. 4 display new and in-
teresting features. The e~ vapor spectrum shows an in-
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FIG. 6. Upper part: electron-excited Auger spectrum of me-
tallic (Ref. 23) and atomic Dy. Lower part: electron-excited
Auger spectra of metallic (Ref. 23) and atomic Tm. The 4d-4f
(4f) direct recombination lines and the N,;0,;N¢; (NON)
Auger lines are indicated.
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tense 4d-4f DR peak, which is very strongly enhanced by
the use of the SR. The lower-energy regions of the spec-
tra are again almost identical. N,sO0, ;N ; Auger tran-
sitions form the most intense peak, b, and the intensity of
the 4d-4f DR lines is clearly increasing as the number of
4f electrons increases, making its energy position in the
solid-state spectrum easier to estimate. Thus for the
highest-energy peaks, d, we obtain a shift of 612 eV and
for the strongest N, 50, 3N¢ 7 peaks, b, a shift of 17£1
eV, the smaller shift confirming the autoionization origin
of peaks d.

The origin of peak ¢ in the vapor spectrum requires
closer consideration. Energetically it could be direct
recombination line with a 5p-electron emission, or the
normal N sNg ;Ng ; Auger process. If it is the former, it
should shift upon going from atom to metal by approxi-
mately the same amount as the 4f recombination line,
putting it at the bottom of the valley on the high-energy
side of the strong peak b. Instead, peak c¢ in the solid-
state spectrum has 19 eV higher kinetic energy than in
the atom spectrum, in reasonable agreement with the
shift of the main peak. It can be concluded therefore that
the peak c¢ at 102.5 eV is a superposition of Ny sNg ;N 5
Auger and 4d-5p DR lines with a dominant Auger contri-
bution.

Eu[...4f76s2, 4f7(5d,65)%]

Atomic Eu has a half-filled 4/ subshell which manifests
itself as the sharpest peak structures [6-8 eV full width
at half maximum (FWHM)] in the atomic spectrum. For
the solid-state shifts we obtain 7+2 and 18%1 eV for the
high-energy recombination peak d and the strongest
Auger peaks b, respectively. Following the line of the
previous discussion for Sm, the main origin of peak c in
the vapor spectrum would seem to be the superposition of
Auger and DR-type transitions; peak ¢ again shows a
slightly higher shift than the main Auger peak. Charac-
teristic of the Eu solid-state spectrum is the apparent
asymmetry of peak b.

Gd[...4f75d6s?, 4f7(5d6s)’]

Gd also has a half-filled 4f subshell. Taking this close
similarity of electron configurations with Eu into ac-
count, the observed spectral change between them is
surprising. The 4d-4f DR peak d is the most intense in
both phases. The solid-state shift of peak d is 91 eV
and that of the N, 50, ;N ; Auger structure b, 161 eV.
The peak d in the e ~ solid-state spectrum of Gd was first
suggested by Dufour and Bonnelle! to originate from the
4d-4f DR process. The atom spectrum taken with SR
shows the relative intensity of this DR peak to be greatly
enhanced. The width (FWHM) of the DR line in the va-
por spectrum is approximately 11 eV, with an electron
spectrometer resolution of 1.0 eV.

The vapor-phase spectrum shows structure in the ex-
pected energy region of N, 50,30, ; Auger transitions
(70-85 eV), but this structure is almost completely
smeared out in the solid-state spectrum.
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Th[...4f%s?, 4£%(5d6s)’]

In the spectra of Tb (Fig. 5) 4d-4f recombination lines
d in the metal spectrum appear as much broader features
than in the case of Gd, overlapping partly with
N4 sNg7(Ng,) Auger transitions ¢ and resulting in a
large uncertainty on the value of the shift, of 81+2 eV.
N4s50,3N¢, transitions b form the best resolved
“peaks,” and are shifted by 1612 eV. It is interesting to
see how clearly distinguishable peak a of N, 0, ; O,
transitions becomes in vapor phase, whereas it can be
barely located in the solid-state spectrum.

Dy[...4f"%s?, 4f°(5d6s)’]

For Dy (Fig. 6) peak a (N, 50, 30, ;) has disappeared
completely from the metal and vapor spectra, but peaks
b, ¢, and d are enhanced. The 4d-4f DR peak d is partic-
ularly strong in the e~ vapor spectrum, but overlaps
strongly with the Auger peaks in the solid-state spec-
trum. Our estimates for the shifts are 16+2, 17+2, and
7+x2 eV for peaks b, ¢, and d, respectively.

Tm[...4f 3652 4f'%(5d6s)’]

In going to Tm (Fig. 6) the relative intensity of the 4d-
4f DR (d) decreases markedly, the structures for the
solid-state spectrum being almost completely smeared
out. The observed shifts between the structures b, ¢, and
d are surprisingly small, 10£3, 10%2, and 7+3 eV, re-
spectively.

Metal-to-atom shifts of DR lines

The experimental values for the metal-to-atom shifts
AEpg of the 4d-4f recombinaion lines studied are shown
in Fig. 7. The recombination process creates a single hole
state analogously with photoemission. Hence the metal-
to-atom shifts, caused mainly by extra-atomic relaxation
of surrounding charge distribution in the metals, could be
of about the same magnitude. In fact, our shift values
typically span the range 6-9 eV, and we obtain similar
values for binding-energy shifts. However, the 4d-4f DR
and 4f binding-energy shifts are different. For example,
DR shifts do not display the same changes as binding-
energy shifts for those elements which undergo valence
change between atomic and metallic states.
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FIG. 7. Metal-to-atom Kkinetic-energy shifts of the

Auger, AE,, and the direct recombination lines, AEpg
(AE ,: ., N4 50,,30,3; 90, N4sO33Ne7. AEpg: @,
4d°4fm+nl —4d'%4f™ ~lel’).

The direct recombination of a 4d hole could be de-
scribed energetically as a two-step process, where one 4d
electron is first excited to a (4f,€f) resonance state and
then decays with the emission of, for example, one 4f
electron. The kinetic energy of the emitted electron is
then given by the difference of 4d —(4f,€f) resonance ex-
citation energy E,; .47 s and 4f binding energy, where
the same energy reference level is used for the binding
and kinetic energies. The solid-state shift is thus given by

AEpgr =AE 4y 45 +AER(4f) ,
with
AEy aper=Efi_aser—Ela_ages -

Experimental values for 4d —(4f,€f) giant resonance ex-
citation energies can be obtained from the measurements
of partial cross section o(4f) for atomic and solid
lanthanides.!! These data for Ce, Nd, Sm, Eu, and Gd
are given in Table II, which also includes the present 4f
binding-energy shifts and, calculated from them, 4d-4f
DR shifts, together with the experimental values. It can
be seen that the agreement between the “calculated” and
experimental DR shifts is excellent within the limits of
the experimental uncertainties.

TABLE II. Energy of the 4d —(4f,€f) resonance, E4y_ 4y, s, for metallic (Ref. 23) and atomic Ce,
Nd, Sm, Eu, and Gd. The shift of this resonance energy, AE,; .47/, and the atom-to-metal 4f
binding-energy shift AEz(4f) are given in columns 4 and 5. Columns 6 and 7 show the metal-to-atom
kinetic-energy shifts of the direct recombination lines, AEpg (4f), obtained from the model discussed in

the text and the experimental values.

AE44_.aper €V)

AEDR (4f) (eV)

Element Metal Atom AE;4_.4per (€V) AE(4f) (eV) Model Experiment
Ce 121.3+0.3 121.5+0.3 —0.21+0.6 9+1 9+2 9+1
Nd 131.0+0.5 128.0+0.5 3+1 4+1 72 7+2
Sm 138.8+0.5 134.8+£0.3 4.0+0.8 4+1 812 612
Eu 140.8+0.3 140.7+0.3 0.1+0.6 8.3+0.6 8+1 7+2
Gd 149.5+0.3 149.6+0.3 —0.1+0.6 9.3+0.6 9+1 9+1
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From the values of Table II it can be seen that for Nd
and Sm, which change valence, 4d —(4f,€f) excitation
energy shifts are rather large (3—4 eV) compared to those
of the other elements ( <1 eV). This almost completely
compensates for the lower 4f binding-energy shifts of the
valence-changing elements and results in a smooth
change in the DR shifts as a function of Z.

Auger-energy shifts

Experimental metal-to-atom Kkinetic-energy shifts of
the Auger peaks, AE ,, are also plotted in Fig. 7. The re-
sults show a smooth variation with atomic number Z
and, similar to the DR shifts, do not display prominent
changes for the valence-changing elements analogously
with the binding-energy shifts. However, between Ce and
Pr there is a clear increase of about 2.5 eV in the Auger
shifts, but there is a significant change between Sm and
Eu. The overall magnitude of the Auger shifts is very
close to that found®® experimentally for 4d elements
Pd-Te, taking into account that the solid-state energies
are now referred to the Fermi level. Another noticeable
feature of the present results is that the shifts for different
Auger transitions, N, 50,30,; and N, 50, ;N¢;, seem
to be almost the same. The Auger energy E ,(ijk) is the
energy difference between the single Eg(i) and the
double-hole binding energies Eg(jk),

E ,(ijk)=Eg(i)— E(jk) .

As a consequence, the shift of the Auger energy is given
by the difference of the double-hole atom-to-metal shift
AEg(jk)=Eg(jk)—Eg(jk) and the single-hole atom-to-
metal shift AEg (i),

AE ,(ijk)=AEg(jk)—AE(i) .

The double-hole energy shift is the real new information
contained in the Auger-energy shifts. The experimental
results for AE,(N,s50,;0,;), AE,(N,50,3:Ng;),
AER(5p,5p), and AEg(5p,4f) are summarized in Table
III. The double-hole atom-to-metal binding-energy shifts
are also displayed in the upper part of Fig. 1. The values
smoothly decrease from La to Sm, but there is a dramatic
increase between Sm and Eu. The double-hole binding-
energy shifts of Eu and Gd are approximately 7 eV
higher than the values for Sm. The ratios
AEg(5p,5p)/AER(5p) and AEg(5p,4f)/AEg(5p) are close
to 3. The ratio AEg(5p,4f)/AEg(4f) oscillates between 2

and 7, reflecting the changes of the 4f binding-energy
shift. The absolute values for the double-hole binding-
energy shifts and the ratio of 3 are consistent with the
data presented for a series of elements by Martensson
et al.?? The high single- and double-hole atom-to-metal
binding-energy shifts for Eu and Gd are due to the stabil-
ity of the 47 configuration in both phases. The 4f — 5d
valence change upon condensation of Nd and Sm results
in a reduction of the double-hole binding-energy shifts.
Different screening channels may add to the observed
differences in the atom-to-metal binding-energy shifts. In
this respect the importance of 4f screening forms the
most intriguing problem.

The basic problem in undertaking a detailed investiga-
tion of these Auger spectra and the metal-to-atom Auger
shifts is that, due to very large multiplet splitting both in
the “initial” single-core-hole states and especially in the
double-hole final states, the intensities of Auger transi-
tions are divided between an extremely high number of
overlapping line components. This manifests itself as
very broad structures in the experimental spectra, often
making the location of the peak positions inaccurate. An
extra complication arises from the change of the 4f-
electron number for valence-changing systems, resulting
in different multiplet structures in free atoms and metals.
The broad structures frustrate any attempt to determine
the configuration of the two-hole final states from the
splitting of the Auger lines.

We will first consider the metal-to-atom Auger-energy
shifts in a simple model with the aid of one electron bind-
ing energies. The Auger electron E ,(ijk) of the (ijk)
transitions can be written, neglecting fine-structure term
symbols, as

E ,(ijk)=Eg(i)—Eg(j)—Eg(k)—F(jk)+R , ,

where Ep’s are binding energies, F (jk) is the interaction
energy between the two final-state holes, and R , is the
additional relaxation energy caused by the creation of the
second final-state hole in the presence of the first. The
metal-to-atom Auger-energy shift is thus

AE ,(ijk)=—AEp(i)+AEg(j)+AEg(k)
—AF(jk)+AR 4 .

The most simplified model, which assumes that

TABLE III. Metal-to-atom kinetic-energy shifts, AE 4, of the N, 50,30, ; and N, 50, 3N¢; Auger
lines. The last two columns give the atom-to-metal double-hole binding-energy shifts AEz(nl,n'l’).

AE,(Nys0,30,3)  AE,(NysO53Ng;)  AEs(pSp)  AEs(Spaf)
Element (eV) (eV) (eV) (eV)

La 14+1 23%2

Ce 14+1 15+1 22+2 2312

Nd 17+1 18%1 21+2 2212

Sm 1812 171 1943 1812

Eu 172 18+1 262 2712

Gd 161 25+2
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AER(i)=AEg(j)=AEg(k),
AF (jk)=0, AR ,=const,

predicts that the Auger shifts should show the same
lower shift values for valence-changing systems as the
binding energies. The experimental values, however,
show just the opposite trend between Ce and Pr and no
significant change between Sm and Eu. The obvious
oversimpifications of this approximation are assumptions
of the equal binding-energy shifts for different (nl) levels
and that the hole-hole interaction energy remains un-
changed for valence-changing systems in both phases.
Our results for 5p binding-energy shifts are significantly
higher for Nd and Sm than the corresponding 4d and 4f
shifts, which are the same within our experimental accu-
racy. For Pr, Nd, and Sm this should cause larger shifts
for the N,s0,30,; peaks than for the N,0, ;N
peaks of the same elements. However, this is not
confirmed by the experimental results, indicating that
this simple consideration of the binding-energy shifts fails
to explain the Auger shifts.

Possible changes of hole-hole interaction energy and
additional relaxation energies can be studied by using the
experimental binding and Auger energies to calculate the
quantity

Ugg=F(jk)—R 4 .

Values of U are plotted in Fig. 8 for both vapor and
solid-state results from La to Gd. The uncertainties of
the experimental binding energies and especially the
Auger energies cause a large scatter in the data which
combine these quantities. However, some trends can be
seen. The atomic Ug; values do not vary dramatically,
but show rather a steady increase from La to Gd. Only
the values for Sm lie approximately 3 eV below the value
obtained by simple interpolation. The metallic U
values are almost constant. If the hole-hole interaction
energy is supposed to remain unchanged in going from
free atoms to metal, the differences in U4 are due to the
extra-atomic relaxation energy of metal. Our data indi-
cate a considerable increase of this relaxation energy
from La to Gd. The significantly higher relaxation for
the hole combination including the 4f orbital is con-
sistent with the notion that the 4f holes are much better
localized than the more diffuse 5p holes.

An alternative method of studying experimental Auger
shifts could be based on the comparison with the esti-
mates obtained from the thermochemical model exten-
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FIG. 8. U, values for solid (Ref. 23) N,s0,30,; (O),
N, s50,3Ng, (V) (), atomic N450,30,; (O), and atomic
N,50,3N¢; (@) transitions. The uncertainties of the atomic
values are approximately +2.5 eV.

sively used by Johansson and Mértensson,2""?? which has
been found to give good estimates for binding- and
Auger-energy solid-state shifts for several elements. Un-
fortunately, for most of the rare earths studied here the
second ionization potentials, needed in this model in ad-
dition to the first ionization potentials and cohesive ener-
gy values, are not available or are very inaccurate. How-
ever, by applying the values given by Martin et al.’” and
published cohesive energies,*® we were able to obtain a
rough estimate of 19+4 eV for the metal-to-atom Auger
shift of Eu, in good agreement with our value of 18 eV
for N, 50, 3N ; transitions.
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