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We have measured and calculated the 3d (M, s) absorption spectra for all the rare-earth metals,
as well as the full 3d°4f"*! multiplets for the early and late rare earths. The quality of agreement
between theory and experiment is excellent, except for Sm. In x-ray-absorption spectroscopy (XAS),
only dipole selected lines are seen but all multiplet effects can be observed in x-ray photoemission
spectroscopy. The line shapes and 3d-4f interactions are discussed. Our results provide an im-
proved basis for use of the 3d XAS spectra for studies of “mixed-valence” systems.

I. INTRODUCTION

There is a long history of studies of the 3d (M, s) x-
ray-absorption spectra (XAS) of rare earths dating back at
least to Lindberg’s study in 1931.! However, many fac-
tors combine to make a new and systematic study of these
spectra by both experimental and theoretical methods
desirable. These include advances in experimental tech-
nique and the use of synchrotron radiation, advances in
the uses of computers,2 and new recognition of the role
that XAS has to play in studies of solid-state and mixed-
valence properties of rare earths.®> Further motivation
comes from the recognition of interesting relaxation of di-
pole selection rules in electron energy-loss spectra near the
core-hole threshold* in certain x-ray photoemission spec-
troscopy (XPS) peaks,’ and the interest in observation of
strong variation of photodesorption cross sections for
photon energies near x-ray-absorption edges in rare
earths.®

The x-ray-absorption spectra of the rare earths in the
region of the 3d levels have strong sharp peaks near the
edges due to 3d'%4f"—3d%4f"**! transitions. These ab-
sorption lines dwarf the true 3d —6p edges and the ab-
sorption cross sections are ~ 10~'® cm?, which is too high
to permit absorption studies by conventional thin film or
powder techniques, such as used for the L, ; edges of the
rare earths’ (RE). Thus until quite recently the best XAS
studies of the rare earths were made by measurements on
evaporated rare-earth films sandwiched between two car-
bon films"#~!! with all the dangers of reactions with the
films, although self-absorption methods have also been
used. These methods are tedious and cannot compete
with the use of synchrotron radiation and photoyield
methods, which gives good quality spectra in a matter of
. minutes.

Line saturation effects aré expected to be present in the
yield spectra when the photon penetration depth becomes
comparable to the electron escape depth. In such situa-
tions, as in the case of M, 5 spectra of RE, the analysis of
experimental line shapes and widths needs a careful data
treatment for an estimation of true line shapes and widths
and their comparison with theoretical predictions.

A second major advance has been in the use of comput-
ers to calculate the shape of the 3d°4f"+! multiplet ef-
fects. These are strong because of the strong 4f localiza-
tion. There have been several calculations of the multiplet
structure in individual elements!!~!5 and Demekhin!? cal-
culated spectra of Eu?*t, Gd**, Tb3+, Dy*+, and Ho’*
using only the states of highest multiplicity. However,
there are now computers available capable of dealing with
even the most complex d°f™*! multiplet structure in in-
termediate coupling. We felt that calculations were desir-
able for the XAS multiplet structure for each of the possi-
ble ground-state configurations for each of the rare earths
because some rare earths form compounds with more than
one valence, or even with configurational fluctuations.
This has been done. Finally we have, where practical, cal-
culated the full d°4f"*! multiplet structure which is im-
portant for understanding the origin of some satellite
structure in electron-initiated spectroscopic methods like
X-ray emission, energy-loss spectroscopy, appearance po-
tential spectroscopies, etc.

The organization of this paper is as follows. In Sec. II
we describe briefly the computational method and in Sec.
III we give experimental details. In Sec. IV we give the
experimental and computational results and discuss their
general significance and their relation to other measure-
ments.

II. CALCULATIONS

The complete atomic multiplet calculations in inter-
mediate coupling, including all the states of the configura-
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TABLE 1. (Continued).

(b)

Shift
A (eV)

Qso

q3/

O Gauss (€V)

AEAV (CV)

Tb3+
Dy3+

119
121

0.384
0.221

1.075
1.010

0.888

—42
—-5.0

—55
-50
—3.8
-38
—4.38

0.40
0.40
0.40
0.40
0.40
0.40
0.40

1252.0

99.6

1308.1

107

0.108
0.056

99.3

1365.2

H03+
Er’t

114
126

0.699

99.4

1423.4

0.019

0.488

99.2

1482.7

Tm?+

0.241

99.2
100

1481.2

Tm?*t
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258

0.256

1543.1

Yo+

®Percent reduction of the Hartree-Fock value spin-orbit required to fit to the experiment.

®Cross section integrated over the peak group.

tion 4™ for the ground state and 3d°4f™*+! for the excit-
ed state, have been performed for all the rare-earth ions
for all ionization states known in the solid state. These
calculations could be made using Cowan’s program? on a
Digital Equipment Corporation VAX 11/750 computer
using about 1 Mbyte (10°X 8 binary digits) of central
memory. The values of the parameters were obtained by
Cowan’s atomic Hartree-Fock (HF) program with relativ-
istic corrections.? This calculation was done for the aver-
age of the 4f" ground-state configuration and the average
of the 3d°4f"*! excited-state configuration with all lower
shells filled. The electrostatic and exchange parameters
were all scaled down to 80% of their HF value. These
scaled values are given in Table I. The scaling accurately
described the total spread of the lines in the 3d;,, and
3ds,, peaks in La’*, Ce’*, and Tm>*+. The same scaling
was satisfactory for the other rare earths. More detailed
optimization was considered unnecessary because the un-
certainty of the measurement and the neglect of configu-
ration interaction make fully optimized values artificial
and unphysical. The spin-orbit parameter for the 3d orbi-
tal was adjusted by the factor ago [Table 1(b)] to give the
correct distance between the 3ds,, and 3d;,, peaks. The
HF values for the spin-orbit parameters are given in Table
I as well as the HF values for the difference in the average
energy of the two configurations. This value had to be
shifted by A, also given in Table I. The absolute intensi-
ties of the possible dipole transitions were convoluted by a
Lorentz line shape of width 2T'5/, full width at half max-
imum (FWHM) for the 3ds,, peaks and by a Fano line
shape of 2T';,, and asymmetry parameters g3, for the
3d3,, peaks. The resulting spectrum was finally convo-
luted by a Gaussian line shape with standard deviation
OGausss The values used for the linewidth are discussed in
Sec. IVC. The total integrated intensities of the 3d;,,
and 3ds,, peaks (A3, and As,,) in Table I have been
calculated from the theoretical spectrum. These values
may be used to obtain concentration ratios of a mixture
of, e.g., two valence states of a rare-earth ion.

To obtain the absorption length, at the maximum of the
spectrum, it.is necessary to broaden the line spectra with
the physical (noninstrumental) contributions to the line

TABLE II. Major absorption peak energies in eV, experimen-
tal error +0.3 eV unless otherwise stated.

Element 3ds,, 3d;,, Difference
La 834.2 850.5 16.3
Ce 882.3 889.6 17.3
Pr 929.6 949.3 19.7
Nd 978.4 1000.2 21.8
Sm 1079.0 1103.9 24.9
Eu 1128.1 1155.0 26.9
Gd 1148.1 1213.2 29.1
Tb 1238.4 1270.1 31.7
Dy 1292.9 1326.9 34.0
Ho 1348.1 1385.1 37.0
Er 1404.9 1446.3 41.4
Tm 1463.0+1 1508.1+1 45.1

Yb 1519.6x1
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shapes (e.g., lifetime broadening 2I" and Fano effects) to
obtain o, the maximum absorption cross section. A is
then 1/(op) where p is the density of atoms. As described
later, there are uncertainties in the 2I" values and other
physical effects on the line shapes. Nevertheless we think
it useful to list the A values obtained from our theoretical
simulations in Table I, although these may be up to
~50% too high, because our simulations include instru-
mental broadening. It is not generally realized just how
low the values of A are.

III. EXPERIMENTAL

Pure rare-earth metals supplied by Johnson and
Matthey were used for most of these investigations. For
Tb, of which we had none, TbAl, was substituted and
Yb,0; was substituted for Yb as the latter has 14 4f
electrons atom ~! and yields no 3d —4f adsorption signal.
For other elements oxides were not used because the sur-
faces of oxide powders may be contaminated with hydrox-
ides, higher or lower valence oxides and carbonates, and
because XAS in the photoyield mode is surface sensitive.

- The samples were scraped clean and measured in ul-
trahigh vacuum (typically 3 10~!° Torr).

For the experiment, radiation from the ACO [Anneau
de Collision, LURE (Laboratoire pour 1'Utilisation du
Rayonnement Electromagnétique)] synchrotron ring was
filtered using a Be window to remove low-energy radia-
tion, and to reduce background, and then monochroma-
tized using a double crystal beryl monochromator.!® The
resolution of the monochromator varies between ~ 380
meV at 830 eV and ~700 meV at 1500 eV.!'® The flux
from the monochromator was checked using the photoy-
ield from elements which have no structure in the spectral
region of interest (e.g., ;3Al). The only sharp structure is
a “glitch” at ~ 896 eV, for which we have corrected in the
Ce spectra, and an absorption at ~1079 eV due to Na im-
purities in the Beryl crystals. There are changes in
transmitted flux from ~800 to ~ 1600 eV, due to the
properties of the synchrotron and the dispersion of the
monochromator which are not serious for our purposes.
We also found the flux to vary slowly with energy on a
scale of ~100 eV in the low-energy region (800—900 eV)
in a way that was dependent on the precise crystal adjust-
ment. We could not correct for this and hence one should
not attribute significance to the M,:M s peak ratios in La
and (to a lesser extent in Ce).

The spectral reported here were recorded with an x-ray
incidence angle of 50°—70° to the surface normal and
recording the yield of electrons with a single Channeltron
in the pulse-counting mode.

IV. RESULTS

A. Comparison with earlier experimental spectra

The observed and calculated spectra are given in Fig. 1.
The observed spectra show significant differences with
respect to those measured by Fischer and Baun.’ Thus,
apart from improved resolution in our experiments we
find that many extra, satellite lines present in earlier data
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for Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Tm are not
found in ours. These extra lines are a characteristic of the
self-absorption method in which one is dependent on the
identity of the emission spectra at two different energies
of the exciting electron beam. However, the emission
spectra are not necessarily the same because in near-
threshold excitation dipole selection rules do not apply
and with high-energy beams double-ionization satellites
become important. The agreement between our data and
those for RE oxides reported by Kaindl er al.!” is better
and the resolution is comparable. There are, of course,
major differences for Ce and Eu where the oxides used by
Kaindl er al. (CeO, and Eu,0;) have valences and
initial-state configurations differing from those of the
pure metals. We also find sharper peaks for Ho and Tm
than these authors report. As our monochromator should
have similar performance we attribute the differences to
differences in experimental geometry (see Sec. IV C) or to
contamination of their oxide surfaces.

B. General features

The spectral shapes in Fig. 1 are unlike normal “edge”
structures in that they have sharp peaks attributable to the
3d —4f transitions which led early workers to suggest
that they were better described as “line” absorptions. The
spectra features are in two groups whose separation corre-
sponds roughly to the 3d3/,-3ds,/, spin-orbit splitting (see
Table II). Note, however, that the individual groups show
considerable structure which is due to coupling of the spin
and orbit moments of the 3d and 4f electrons. The spec-
tra must be described in intermediate coupling and hence
the designations 3d;,, (M) and 3ds,, (Ms), while con-
venient, are only approximate. It is interesting to note
that the 3d;,, and 3ds,, line shapes in the full multiplet
are rather similar, especially for Nd and Pr, but the ob-
served XAS line shapes are quite different. This is be-
cause the dipole matrix elements give appreciable intensity
to quite different parts of the total multiplet.

The integrated intensity of the M, absorption lines is
comparable to that of the M lines in the early rare
earths, but its relative intensity rapidly decreases in the
heavier rare earths (see Table I). The origin of the effect
is certainly in the selection rules because the ratio of num-
bers of levels in the ds/,, and dj,, states is always 3:2.
However, the basic physics is not easy to-visualize in in-
termediate coupling. For La and Yb an explanation
where spin-orbit coupling is the dominant interaction and
Aj=+1 is the dominant channel is not completely un-
physical. For La the “weight” of the 3d;,,—4f5,, exci-
tation is 4X6=24 and that of the 3ds,—4f;, is
6X8=48. Other possibilities are forbidden so that the ra-
tio of the 3d;,,:3d5/, peaks is 1:2. Our full calculation in
intermediate coupling yields 1.09:1.70. For Yb the only
4f hole has 4f7;,, character so that only the 3ds,,—4f;,,
excitation is possible and only the 3d;5, line should be ob-
served. If spin-orbit coupling were the dominant interac-
tion the 4fs,, states would be filled first and only the
3ds/; lines would be observed for all the late rare earths.
This is not in agreement with experiment but the general
trend that the 3d;/,:3ds, ratio decreases across the rare-
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FIG. 1. Spectra of the rare-earth metals. The spectra labeled XAS are the experimental curves. The label /" denotes the theoreti-
cal dipole excitation spectrum from the Hund’s rule ground level of the configuration f* to the levels of d°f"+!. The spectrum la-
beled “total” gives each level of d°f"+! with weight 2J +1. The horizontal axes gives the excitation energy in eV. The experimental
spectra have an unknown vertical scale. The scale of the theoretical spectra is indicated at the left. The dipole spectra give the ab-
sorption cross section o in A2 the “total” spectra give the density of states in numbers of ‘atomic levels per eV for the curves. The
vertical lines have been normalized; close lying lines have been added.
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earth series is probably related to a tendency for the occu-
pied 4f levels in the ground state to have more 4f's, char-
acter than the empty states.

The 3d lifetime broadening of the 3d levels derived
from our measurements ranges from 2I'~0.4 eV for
La3ds,, to 2I'x~1.2 eV for Tm3d;/,. This is not large.
However, although the radiative transition rates we calcu-
late are large, they can still only account for a few percent
of the lifetime broadening so that even here Auger pro-
cesses are the predominant 3d hole decay channel.

C. Saturation effects

Two experimental effects immediately suggest some sa-
turation effects in some of our data: (1) in many spectra
the main peaks are experimentally weaker with respect to
the small multiplet lines than calculated, (2) in elements

 like La, with a very simple XAS spectrum, we observe

that a curve fitted to the wings of the peaks overestimates
the observed peak intensity (this effect is not illustrated in
detail here). .

In the photoyield method one usually collects all pho-
toelectrons, including secondaries. In a simple model for
x-ray absorption in the photoyield mode we would have

Y=A4 f0°‘°e—x/(kcosa)dx/(kcose)e-—x/d
=Ad /(d +Acosf) ,

where A is the number of electrons produced per photon,
which run in the direction of the surface, 0 is the angle of

. incidence of the x-rays, A is the absorption length, and d

is the escape depth of the electrons (suitably averaged).
When A is large, this is approximately equal to
Ad /(A cos@). When A is of the order of d, there is satura-
tion. The maximum possible yield is 4. The Tm>+ spec-
trum can approximately be obtained from the theoretical
spectrum if we assume that the highest peak is reduced
about 40% by saturation effects and thus here
d/(Acosf)=1.5. Assuming that cos@~0.5 and using
Atm=126 A [Table I(b)], we estimate d to be 65—115
A for our experiments. From clear shoulders in the spec-
tra of other rare earths we obtained values ranging from
15 to 115 A with a distribution strongly peaked around 60
A. Such values are not unreasonable in view of experi-
mental data on thin layers.!® Assuming that d does not
vary much over the rare earths, we estimate that d is
probably between 50 and 75 A. Thus, for. example, the
equal intensities of the two strong La peaks could be due
to saturation effects. Because of this assumed saturation,
the experimental FWHM is larger than the true 2I" value.
Therefore we decided to choose o and I'" for the experi-
mental and lifetime broadening not by optimizing the fit,
but to choose them such that the amount of structure was
reproduced. We believe that values for the total lifetime
broadening (2I') increase across the lanthanide series.
Values of I's,, as low as 0.2 eV for La, 0.3 eV for Yb and
I'3,=0.4 eV for La, 0.6 eV for Tm, seem most realistic
(We did actually use slightly different values to simulate
the experiments in order to show the multiplet structure
well.) The values of I" we find most realistic are lower
than those in the literature, where saturation effects have



5114

not been treated.'®~23, The Fano parameter ¢ for La and
Ce may also not be accurate because of the saturation. In
other elements the error is probably within 10%.

The saturation effects here are significant, although
they do not negate the whole experiments. A fuller study
of these effects, using various angles of incidence is desir-
able. For the future it would also be desirable to use some
simple energy selection of the photoelectrons, for their
average escape depth A is dependent on their kinetic ener-

gy-

D. Multiplet effects

The total 3d°4f"+! multiplet structure is very com-
plex, and the total numbers of levels runs into thousands
for many elements in the middle of the rare-earth series.
Dipole selection rules greatly reduce the number of states
which can be reached from the ground-state 3d %4/ con-
figuration term, but even this does not produce simple
spectra. Thus using Aj =0, 1 selection rules we find that
the number of final-state levels that can be reached in-
creases from 3 in La to 53 in Ce, to 200 in Pr and to 1077
in Gd. In the later rare earths, where the number of f
holes is reduced, it falls again to 4 in Tm and 1 for Yb3+,
Natural linewidths (2I") due to lifetime broadening.of the
3ds/y level are ~0.4 eV for La and 0.6 eV for Yb while
the M, ,, linewidths are ~—0.8 eV in La and ~1.2 eV
for Tm. Thus it is not possible to resolve all the multiplet
lines in the 3d XAS spectra except for La, Tm, and Yb.
Nevertheless the multiplet effects do lead to significant
structure in the XAS curves and this is clearly observed in
the spectra and the calculated curves.

In general, most multiplet calculations published to
date have relied upon bar diagrams to represent the calcu-
lated spectra. We have preferred to broaden and add the
individual contributions as it gives a clearer picture of the
degree of agreement. The agreement between theory and
experiment is excellent except for a few minor features.
The first notable disagreement does not always show up
well in the global pictures we present, but we do find that
the small shoulders in the wings of the main peaks are
generally higher than calculated. As discussed in Sec.
IV C, this is typical for saturation effects and may be ex-
plained by the exceptionally high absorption cross section
in the rare earths. The second notable problem is the
disagreement between calculated and observed spectra for
Sm. The discrepancy in the Sm M5 (3ds/,) line shape is
much larger than for the other elements. We will consider
this point separately in Sec. IV K.

To compare our calculated spectra with those in the
literature we must return to the line diagrams. We find
diagrams very similar to those found for XAS of La, Ce,
Er, and Tm by Sugar et al.'"'>!* and by Bonnelle et al.
for Eu and Gd."> When comparing our results with
Demekhin’s work!? we find reasonable correspondence be-
tween the line diagrams for La, but not for Gd, Tb, Dy,
Ho, Er, and Tm. For instance, in Gd3* our calculation
indicates a small weight in a very large number of lines on
the high-energy side of the main 3ds,, and 3d;,, lines.
This weight adds up to recognizable shoulders in the cal-
culated spectra. Here this may be because Demekhin
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neglects all but the terms of highest multiplicity. In other
cases, such as Er or Tb there are differences in the num-
ber of major lines he calculates but his paper does not give
enough details for us to determine the reason for the
discrepancy.

E. Comparison with energy-loss spectra

Netzer et al.* have found that at ~1000 eV above
threshold a reflection electron energy-loss spectrum is
equivalent to an XAS spectrum, but that near threshold
the dipole selection rules break down and the peaks of the
full multiplet are observed. For the early rare earths this
extra structure comes on the low-energy side of the
dipole-allowed peaks, as our calculations indicate. For the
heavy rare earths we predict that extra intensity should be
observed on the high-energy side, as shown in Fig. 1 for
Er and Tm, and in Yb the 3d3,, line should become visi-
ble.

F. The position of the 3d —4f lines with respect
to the 3d — VB edges

A 3d electron can be excited to the 4f or the valence-
band (VB) levels,?* i.e.,

3d %4 VB)Y*—3d°4f* *(VB)* (1)
or

3d %4 VB)*—3d°4f"(VB)*t1 | (2)

whereby the transition (2) of lowest energy corresponds to
the edge for direct excitation of an electron into valence
states as conceived in early work,?>26 where screening due
to an f electron was not considered. The relative energy
of processes (1) and (2) are important for interpretation of
the 3d; , line shapes®® and for interpretation of XPS spec-

tra.>?72% However, it is not trivial to observe this energy
difference directly in XAS spectra because process (2) is
very weak. Further, as described below, the relative ener-
gies of processes (1) and (2) depends on the effective
Coulomb interaction between the 3d hole and the 4f elec-
tron, U,.. To determine U, we must utilize data from
XPS and bremsstrahlung isochromat spectroscopy (BIS).

Let the ground state of the rare-earth ion in the metal
have a configuration 3d!%4f™"(VB)*.?* Then the 4f"+!
configuration has an energy A* which can be measured
by bremsstrahlung isochromat spectroscopy.?’ Usually
several peaks are observed in BIS of the lanthanides corre-
sponding to the various 4f"*! states which may be ob-
served by addition of an electron to the 4" ground state.
It is convenient to define an average value of the BIS peak
positions A* as shown in Fig. 2 for Ce where A™ is ap-
proximately 5 eV.?>%

Now consider the XPS spectrum shown in the lower
part of Fig. 2. The lowest energy 3ds,, hole state is actu-
ally one corresponding to a 3d°4f*(VB)* state at ~877
eV in the spectrum.>?”2® At higher energies the XPS
spectrum shows first more intensity due to excitation to
the higher energy 3d°4f? states and then the major peak
due to the 3d°4f(VB)Y**! states centered at ~883.7
eV.3! Thus from XPS we can derive that the 41" *! states
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are actually an energy A~ ~5 eV lower than the 4/" states
which correspond to the true edges in XAS. Transposing
this information on to the XAS spectrum of Ce we note
that the 3d'°4f™VB)*—3d%4f (VB)**! edge energy is
slightly to the high BE side of the 4f? multiplet line
structure observed experimentally for both the 3ds,, and
3d;,, regions. A similar result has been recorded for La.’

Note now that the bulk of the 3d°4f? multiplet states is
not observed in XAS and that there are many A~ and A+
values. The energy by which the 4f"*! level is lowered
with respect to a valence level at Er may be defined as
U,. =A~ +A™ but, as shown in Fig. 2, one could actually
choose many values of both A* and A~. The particular
value chosen must, in fact, depend on the use to which it
is put. The average value of A~ from 3d XAS of Ce is
~2 eV so that for Ce the value of U,. appropriate to a
BIS-XAS combination is ~7 eV. Using BIS, XPS, and
XAS data we arrive at U,, ~6 eV for La, ~6 eV for Pr,
and ~6 eV for Nd. Larger values of U, are appropriate
to an XPS-BIS combination because XPS selection rules
allow a different distribution of weight in the 3d°4f"+!
final states.

G. Line shapes and the 3d —6p edges

The M, (3d;,,) edge has an asymmetric appearance
with an obvious tail to higher energy in most of the ele-
ments studied. In elements, from Nd to Ho this can be
partially explained by the presence of many multiplet lines
with low weight on the high-energy side of the lines
[indeed the same phenomena is often found on the high-
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FIG. 2. Top, BIS spectra of Ce; middle, XAS and full d°4f
multiplet for Ce; lower section, XPS spectrum of Ce. This com-
bination of data is used to determine the strength of interactions
between a 3d hole and the 4f electrons.
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energy side of the M5 (3ds,,) lines]. However, there is an
additional effect in the M, (3d;,,) lines associated more
or less directly with the 3ds,,— VB (valence-band) excita-
tions which overlap the 3d;,,—4f excitations. Motais
et al.”? have suggested that the asymmetry in the s;La
M, (3d3,;) line is due to the onset of a steplike edge due
to the excitation of a >D, line and an ionization of 5p sub-
shell electron. These authors argue that the energy coin-
cidence of this double excitation-ionization transition and
M, (3d;3,,) threshold is responsible for the enhancement
of the transitions to continuum states beyond the M, -
(3d3,,) threshold. It is rather difficult to extend this ar-
gument to other higher RE. For these cases such energy
coincidence cannot be reconciled with the much slower
variation of the 5p ionization energy compared to the M,
(3d3,,)—M 5 (3ds5/,) separation along the RE series.

The 3d—VB excitations have weak strength and are
identified with difficulty because dipole selection rules re-
strict this excitation to the 3d —np channel where n =6
dominates near the edge. This channel is weak, not only
because of the low 3d—snp cross section per p hole, but
also because near threshold the empty valence-band states
have mostly 5d character with a little 6s. The np charac-
ter increases with energy above Er. In the rare earths, the
3d spin-orbit splitting is larger and the 3d;,, lines need
not obscure the 3ds,,— VB structure. In some elements,
such as Tm, a broad, weak absorption is seen ~15 eV
above the 3ds/, line and this may be the 3ds,, continuum
with which the 3d;,, lines interact to give a Fano line
shape.

H. La

The La 3d XAS spectrum exhibits just two lines in the
3ds,, region (P, and *D;) and one in the 3d;,, region
(*P,). It provides a good case for analysis of the line pro-
files if saturation effects can be properly treated. We find
a lifetime broadening of only ~0.4 eV most realistic.
This is only approximate, but 2I" is clearly lower than
previously assumed: indeed it is probably the narrowest
core-hole state known at such high energies?® and as such
it deserves more detailed study. Its width certainly seems
to be as narrow as theoretical estimates would suggest.'’

I. Ce

Ce is one of the most studied rare earths because of its
interesting solid-state properties. There have also been
many studies of the spectroscopic properties mostly seek-
ing to clarify the role of the 4f(VB)® and 4/°%(VB)* con-
figurations in the ground state. The general conclusion of
all these studies is that the weight of the 4% VB)* config-
uration in the ground state is never larger than ~30% but
that the hybridization between the 4f state and the
valence levels is not negligible.

We find that for y-Ce itself the observed XAS spec-
trum corresponds very closely to the multiplet structure
calculated for the 3d°4f? configuration when a
3d1%4f1(%F; »2) ground state is assumed. In a separate pa-
per we consider the effect of mixing of 2F;,, character
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into the ground state.>? The lines due to the Ce 3d°4f!
configuration appear when the 4/° configurations play a
role in the ground state. No Ce compound gives an XAS
spectrum corresponding to the pure 3d°4f! multiplet
which should resemble that of La. Not even the chemi-
cally 4-valent CeO,,'7333* whose ground-state configura-
tion is nominally 4f°, gives the simple 3-line spectrum.
This is presumably because very strong hybridization of
the 4f level not only causes shift of spectral weight from
the 41! to the 4f? peaks, but also cause the 4f! and 4f2
states to mix in the final state.>

The separation of the Ce 4f! and Ce 4/ multiplets has
not been adjusted in the calculated spectra for Ce in Fig. 1
and is only ~3 eV, while in the experiments the separa-
tion was ~5 eV.> This is very respectable agreement for
the energy difference in two total energy calculations but
is an indication that the calculated multiplets must nor-
mally be shifted into alignment with experiment before
they can be utilized to interpret spectra of mixed-valence
lanthanide materials.

J. Pr, Nd, and Pm

For Pr and Nd the shape of the observed spectra agrees
well with that calculated for Pr’* and Nd3*. As in Ce
the full 3d°4"+! multiplet is shifted a little to lower en-
ergy with respect to the dipole-selected part of the multi-
plet. This is borne out by experiment, as for Ce: in XPS
spectra the observed BE of the Pr 3d°4f? feature is cen-
tered at 927.0 eV, and the Nd 3d°4f* feature is at 975.3
eV (Ref. 27), and in both cases this is ~2 eV below the
center of gravity of the absorption lines. Pr** ions are
known to exist in oxides and oxide salts** but have not yet
been investigated. Our calculations show that the XAS
multiplet structure should be quite distinctive from that
of Pr**. Pm, having an unstable nucleus, is not generally
available for experimental studies.

K. Sm

Sm metal is considered to be trivalent although divalent
and mixed-valent Sm compounds do exist with a contribu-
tion of the 4f° configuration to the ground state. The
spectrum of Sm metal is very similar to that published for
Sm,0; (Ref. 17) which is clearly trivalent with the 4f°
configuration. Nevertheless we find agreement between
the observed Sm XAS spectrum and the calculated
(3d1%4£°—3d°4f") transition spectrum poorer than for
any other element studied: the M5 peak has most intensi-
ty in a single (broad) peak, rather than the doublet calcu-
lated, and while the small M, peak at ~1099 eV is
correctly placed, the major M, peak is at ~2 eV higher
energy than the ~ 1004 found. There are anomalies in the
crystal reflectivity in the Sm M5 region due to Na impuri-
ties. Correction for these anomalies would decrease the
intensity of the main M line at 1079 eV by ~40% and
improve agreement with experiment. However, this does
not explain all the differences in the M5 region and makes
no correction to the M, discrepancies. The experimental
Sm** M, s spectrum published by Kaindl et al.!” is very
similar to our calculated Sm?* spectrum, which suggests
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that our multiplet calculations are reasonable. Also those
results confirm the ~2.5 €V shift between the major 2+
and 3% peaks (although there is a difference in absolute
energy scales between their measurements and ours) which
again suggests that the discrepancies cannot be due to
presence of Sm?* material in our sample.

We are thus left with the conclusion that there is a
discrepancy between the Sm3+ XAS spectra measured and
calculated. We think that one possible explanation for the
discrepancy lies in the small separation (~ 100 meV) be-
tween the ground-state Sm 4f° ®H,, configuration and
the first excited state Sm ®H,,.3¢ In a spherical configu-
ration these are not allowed to mix but this may no longer
be true in the lower symmetry of the solid. This could be
confirmed by studies of other Sm environments or studies
of gaseous Sm. Certainly we caution against excessive
emphasis on interpretation of the M, s XAS line shapes
of Sm compounds until the puzzle of the Sm** line shape
is solved.

L. Euand Gd

The XAS spectra of Eu and Gd are very similar to each
other and to the calculated 3d!%4f7—3d°4f® spectra.
There is also good agreement with the spectra of Gd,0;
published by Bonnelle et al.'® and by Kaindl et al.!” The

“calculations of Bonnelle et al. failed to explain the inten-
sity on the high-energy side of the M5 lines. The should-
ers we calculate at ~1132 eV for Eu and 1189 eV for Gd
are actually not due to intensity in a few lines, but are due
to very small weights in well over 100 multiplet lines. It
is not surprising that these were missed in the earlier
work. We still do not reproduce the shape of the should-
ers and the weak peaks at ~1132 eV in Eu and ~1189 eV
in Gd. The failure to reproduce this little peak is prob-
ably symptomatic of the accuracy of the approximations
in our calculations. We reject any explanation on the
basis of Eu* in the Eu spectrum because the peak posi-
tion does not match Eu’t and because the same feature is
found in Gd and this would require the presence of Gd**
(Gd 4f°) in the Gd and this species is not chemically
stable.

The calculated XAS spectrum for Eu®* is very similar
to that of Eu,0;.3”!7 Further, we note that the calculated
separation of the main features o the Eu?’* and Eu’t
spectrum is very similar to that found by Kaindl et al.,!”
although comparison of the figures shows a difference of
~1 eV between his experimental excitation energies and
ours.

M. Tb

Tb is another of the rare earths which is known to exist
in two valences. We lacked a sample of Tb metal and had
to be satisfied with one of TbAl,. This is very closely re-
lated to that calculated for Tb>* (4f8). The spectrum of
Tb*+ (4f7) is similar in shape to that of Eu®>* and Gd>*.
No experimental XAS spectra of a Tb*+ compound have
been published but the broad structures found in Tb;;O5
are compatible with a sum of our calculated 3* and 4%
spectra with appropriate weightings.!”
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N. Dy, Ho, and Er

Besides giving examples of the good agreement between
theory and experiment, these elements deserve little fur-
ther specific comment. The experimental spectrum of
Ho,0; (Ref. 17) is much less sharp than that which we
present for Ho which may be due to saturation effects or
to degradation of the oxide surface.

O. Tm

We obtain good agreement between the calculated
Tm>+ spectrum and that calculated by Sugar'* as well as
with the experimental result. Our experimental result is
marginally sharper than that of Kaindl et al.!” for Tm,0,
which may be due to degradation of the oxide. The Tm?*+
(43 4f1%) XAS spectrum is calculated to show a single
M line at lower energy than the Tm*+ M line. This re-
sult is compatible with a study of mixed-valence Tm com-
pounds.>3#3° Our own results certainly support the asser-

tion that the Tm spectra can be used for studies of Tm

mixed valence, although saturation effects and the ap-
parent chemical sensitivity of the broadening of the Tm>+
(f'2—£13) line shapes, indicated by a comparison of our
work with Ref. 38, suggest that some literature estimates
of the error limits on valences determined by XAS are too
optimistic.

P. Yb

Yb metal itself is divalent and has the f'* configura-
tion. It should thus exhibit no 3d—4f absorption line
and Combley et al.®° attributed the very weak line they
measured to divalent impurities. In Yb,0; we find a sin-
gle line at 1519.6 eV due to the 3d'%4f7,—3d2 41
transition. Transitions to the 3d3,,4f0 state, shown in
the full multiplet calculation, are forbidden. We did not
try to check the 3d;,, (M) line region carefully because
Al in the beryl crystals of the monochromator absorbs in
the Yb M, region.

V. CONCLUDING REMARKS

We have shown that the measured 3d absorption lines
of the rare earths have complex structure due to the
d’4f"+! multiplet. With the exception of Sm, these mul-
tiplet structures can be adequately explained by calcula-
tions based on Hartree-Fock calculations of the initial and
final states and an atomic-state calculation in intermediate
coupling to give the weights of the individual final-state
multiplet lines. As in other systems the Slater F and G
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integrals must be reduced to ~80% of the Hartree-Fock
values to obtain good agreement with experiment. We
conclude from an analysis of the line shapes in those spec-
tra with simple multiplet structure (La and Tm) that the
intrinsic linewidths are smaller than assumed heretofore.
The spectra show saturation effects near peak absorption,
even in photoyield mode.

In XAS dipole selection rules hold and only a part of
the full d°4f"*! multiplet is observed. This is not true
for the d°4f™*! lines in XPS because the “screening” 4f
electron is taken from the valence band of the solid in
such a way as to allow higher Aj terms.?’ 32 It is also not
true in ELS with low primary beam energies* so that the
“full multiplet” can be observed in those experiments.
For the light rare earths the center of gravity of the full
multiplet is calculated and observed to be at lower energy
than the dipole-allowed terms.

In the rare earths the energy of the 4f"*! level is
lowered with respect to Er by the core-hole potential U,,.
It is only an approximation to use a single U,, value be-
cause of the complicated multiplet effects in both the
d'%4f"+! and d°4f"+! configurations.

We calculate shifts in the 3d absorption energies as a
function of f count due to the differences in final state /"
and f"~! configuration energies. This can be used as a
probe of mixed valence, as already pointed out in the
literature.»'73® However, because of the overlap in the
contributions from different configurations, a knowledge
of the multiplets of the individual configurations is desir-
able.
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