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ABSTRACT

The partial photoionization cross-sections of the 4d-, 5p—, 4f-
shells and the valence band of Ce, Pr, Nd, Eu and Gd are measured
in the region of the 4d*4f excitation. The sum is compared with the
corresponding absorption spectrum in order to estimate the impor-
tance of different decay channels of the excited 4d94£N+] configura-
tions. For the heavy rare earth metals, which show a large 4f multi-
plet splitting, we demonstrate that the coupling of the 4f ioniza-
tion to the 4d*4f excitations strongly depends on the particular
(4£N-1) 25+1LJ - multiplet lines. This effect is also discussed for
the 5p multiplet lines in Eu which arise from the coupling of the
5p hole with the 4f electroms.

INTRODUCTION

The partially filled and localized 4f shell in the rare earths
gives rise to many interesting problems in different physical fields.
The absorption spectra in the region of the 4d excitation show a
number of sharp lines followed by a large maximum over an energy
range of 10 to 20 eV !. These spectra, similar for rare earth atoms
and solids 2, could be explained by excitations into bound 4f
states 3 with a large multiplet splitting of the excited 4d94fN*I
configuration 2,4, Strong intershell interactions in the region of
the 4d+4f excitation have been well established in photoemission
experiments by use of synchrotron radiation ("resonant photo-—
emission"). The partial photoionization cross-sections (PPCS's) show
intensity variations which can be described by the Fano-theory 5,6,
For barium, which has no 4f electron in the ground state, the PPCS's
of the 4d, 5p and 5s shell have been measured by Hecht and Lindau8
at the 4d threshold and the results are compared with several calcu-
lations. For the 4d- and 5p-cross—sections the best agreement was
found for RPAE calculations by Amusia? and by Wendin!©. The theore-
tical understanding of the subshell cross-sections at the 4d thres-
hold is quite satisfactory for the elements without 4f electrons
(Ba and La) for which a consistent interpretation of alternative
calculation procedures could be given by Wendin and Starace .

For the rare earths with a partially filled 4f shell the theo-—
retical description is much more complicated. For Ce, which has one
electron in the 4f shell in the ground state, Zangwill and Soven!2
presented a calculation of the different PPCS in a time dependent
local density approximation. We have measured the 4d-, Sp-, 4f-
shells and valence band cross-sections for Ce, Pr, Nd, Eu and Gd
which show a relatively simple 4f-multiplet structure in photo-
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emigsion spectra. Since the sum of all PPCS's gives the total absorp-
tion coefficient, the individual importance of the different contri-
butions can be estimated. For the rare earths with a large 4f multi-
plet splitting our. high resolution photoemission spectra demonstrate
that the coupling of the 4f ionization to the 4d-+4f excitation
strongly depends on the particular (4£81) ZS+ILJ-mu1tiplet line.
This is shown as an example for Er and Tm. This effect is also ob-
served for the 5p multiplet lines which arise from the coupling of
the 5p hole with the partially filled 4f shell and will be discussed
for Eu. .

EXPERIMENTAL PROCEDURE

Our measurements were performed at the Hamburger Synchrotron-
strahlungslabor HASYLAB with the monochromatqr FLIPPER. Details of
the experimental setup are given elsewhere 13 The samples were
evaporated in situ from tungsten baskets under UHV conditions cnto
stainless steel substrates. The spectra presented here are normalized
to thTAincoming photon flux which was monitored with a Au-photo-
diode '. The cylindrical mirror amalyser was used in the retarding
mode (AE=const.) to allow the measurement of high resolution CIS-
spectra from narrowlyspaced structures. The spectra are corrected
for the analyser transmission by a new method described in ref. 14.
The influence of the mean free path to the PPCS has been omitted
since the variati? of the mean free path is small in the energy
range of interest ~. The different PPCS's are measured continuously
by use of Constant—Initial-State (CIS) spectroscopy.

Although we used ultrapure materials (rare earth products
99,99 %) which we evaporated in ultrahigh vacuum (%1.10710 Torr)

a small contamination signal at about 6 eV binding energy was detec-
table on all samples. Auger measurements of the samples show that
this contaminations are mainly oxygen and chlorine whjgh are pro-
bably residuals from the technical production process . We can
estimate the coverage to be less than O.] monolayer if we take into
account that our measurements are extremely surface sensitive. There-
fore we do not expect an influence of the contaminations to the
PPC5's of interest,

RESULTS AND DISCUSSION

The data analysis for the PPCS-measurements is the same for all
materials and shall be described in detail only for Ce. Fig. 1 shows
a series of Electron Distribution Curves (EDC) for photon energies
in the region of the 4d excitation. The Ce spectra show a double
structure with maxima at 0.5 eV and 2 eV binding energy. It is still
a matter of discusgi?9 Ygefse§oonly the 2 eV peak or both structures
have 4f character -? /*'%* 7 72“Y  Both peaks show drastic intensity
variations when the photon energy is tuned to the region of the
4d~+4f excitation. This phenomenon is usually described as a direct
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recombination of the excited state resulting from a process such as
4a'%5525p04eNy > 4a%5525pP4s Ny > 4a'055%5p04EN Tveg
V stands for the valence band
5d- and 6s-electrons. The pro-
cess given above interferes with
the direct photoemission from
the 4f shell., The resulting in-
tensity profile can be described
by the Fano interference forma-
1ism6,17.
Apart from this process

the energy from the direct re-
combination may be transferred
to electrons from the other

w outer shells resulting in pro-—
| 135 ¢ cesses such as
¥
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Fig. 1: EDC's of Ce metal in the 4d electron. The 4d hole decays

via an Auger process leading to
an Auger structure in the spec-
tra at fixed kinetic energy. In
Fig. ! the main Auger peak is
indicated by an arrow. The in-

region of the 4d -~ 4f excitation.
The spectra are normalized to the
photon flux. The arrows indicate

the main Auger peak.

tensity of the Auger peak should be directly proportional to the
number of 4d holes. From Fig. | it is obvious that this autoionisa-
tion process is an important competition compared to the direct re-
combination processes.

In order to determine the relative intensities of all PPCS's we
have measured CIS-spectra from the structures with Eg = 0,5 eV and
ER = 2 eV and the 5p structure with the lowest binding energy and
normalized these spectra to the corresponding peak areas as shown
in Fig. 2. For each structure the background of inelastically scat-
tered electrons which is created by the other structures at lower
binding energies is considered by subtraction of a CIS-sprectrum
of the preceding background at lower initial energy.

Since the direct 4d emission near threshold is superimposed on
the very steep background of scattered electrons at low kinetic
energies, this channel could not be obtained with high accuracy by
CIS-spectroscopy. In order to solve this problem we have measured
a series of Constant—-Final-State (CFS) spectra, where the electron



"7 '] Fig. 2: EDC of Ce
metal measured
with a photon
energy of 9o eV
indicating the
peak areas which
are used for the
correction of the
CIS-spectra
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Fig. 3: Series of CFS—-spectra of Ce
metal with different final energies
Ef. The 4d emission is superimposed
on the absorption structure and
shifts on the photon energy scale
when changing the final energy

analyser is fixed to a con-
stant final energy Ef while
the photon energy 'is varied.
The result for five diffe-
rent final energies is shown
in Fig. 3. In such spectra
the shape of the background
is proportional to the ab-
sorption structure inde-
pendently of the analyser's
final energy. The contribu-
tion from the direct 4d
emission appears at different
photon energies superimposed
on this background and can
be much easier extracted. At
threshold the Auger intensi-
ty serves to estimate the
4d~PPCS. In Fig. 4 the dif-
ferent PPCS's are compared
with the absorption struc-
ture which was measured
using the partial yield tech-
nique, i.e., by measuring

the yield of low-energy elec-
trons as a function of photon
energy. The 4f-, 5p, EB =

0.5 eV- and ER = 2 eV PPCS's
which are continuously mea-

sured by CIS- spectroscopy are subtracted from the total yield
("a~b" in Fig. 4). The remaining part agrees well with the data
points obtained for the 4d-PPCS. The 5s-PPCS could not be determined
because of overlapping Auger structures for excitation energies
within the giant resonance.This fact may explain the remaining small
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Fig. 5: Line shapes of the diffe-
rent PPCS's for Ce metal on an ar-
bitrary scale
data, fitted Fano-profiles
with given g-values, —-—-:theory
of Zangwill and Sovenl2,

deviations between the sum of
all measured PPCS's and the
yield since the 5s PPCS must be
expected to be of comparable
magnitude to the valence band-
PPCS. The 4d-PPCS is by far the
most dominant part of all PPCS's
for Ce and is obviously respon-—
sible for the high energy part
of the absorption structure
while the preceding shoulder

is reproduced by the enhance-
ment of the cross—-sections of
the outer levels. Apart from
the relative intensities it is
interesting to note the dissi-
milar line shapes of the diffe-
rent PPCS's from Fig. 5. While
the two structures with Ep =
0.5 eV and Eg = 2 eV can be
fitted quite well by a single
Fano-profile with a positive
g-value, the S5p-PPCS consists
of at least two curves with
negative gq-values and peak-
positions corresponding to the
double-structure of the absorp-
tion profile. Our results can
be compared with the calcula-
tion of Zangwill and Soven!2 in
the TDLDA. The relative inten-
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sities of their calculationare
in agreement with our results
with respect to the experimen-
tal error which is mainly
caused by the difficult deter-—
mination of the exact peak
areas for the normalization of
the CIS spectra. This is due

to the rich muitiplet splitting
of the 5p- and 4d core levels
in the photoemission spectra.
On the other hand the calcula-
ted line shapes and peak posi-
tions are in distinct contra-
diction to our results (see
Fig. 5). The 4d- and 4f PPCS’'s
differ in line shapes as well
as in the position of the maxi-
ma (v 4 eV) while Zangwill and
Soven emphasize the similarity
of the energy dependence of
both PPCS. Furthermore, the
theory is unable to explain

the double-structure of the 5p-—
PPCS which is obviously coupled
to different multiplet lines of
the absorption curve. We can
compare our results for Ce with
an analysis of our Pr data. Pr
is the following element of the
rare earths with two 4f elec-
trons in the ground state. The
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4f emission appears at about 3.5 eV binding energy in the photo-
emission spectra. The different PPCS's in the region of the 4d ~
4f excitation are shown in Fig. 6.

Similar to Ce the absorption—curve of Pr consists of a double
structure in the giant maximum but the separation of the peaks is
significantly larger in Pr. While the relative intensities of the
different PPCS's changed from Ce to Pr, the line shapes are com-
parable (see Fig. 6 and Fig. 7). Again the 4d-PPCS coincides with
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valance band !' of Sp
relative elative relarive v

intensity E, (a¥) [T (av) intenwity | Fo (e¥V) | T (e¥) 2 fincensity | %o (e¥) [T (eW) q
119.25 2.9 2 120,05 2.8 2.1 120.6 2.5 -3

Ce 80 100 200
124.3 6 =20
122.6 2.2 4.5 122.6 2.4 2.0 123 3.3 -5

Pr 20 100 60
129 6 ] 130.5 5.0 -5
Eu 2.5 138.2 3.7 5 100 138.9 3.0 1.45 13 140.5 2,75 -3
Gd 3 148 3 100 100 148 3 1.85 10 148 3 -6

Table 1: Fit parameter for the Fano-profiles for Ce, Pr, Eu and Gd.
The relative intensities of the different PPCS refer to the in-
tensity in the maximum of the giant resonance relative to the in-
tensity of the 4f level (Eg = 2 eV in Ce) which is arbitrarely cho-
sen to be 100 in each case.

the high energy maximum of the yield. The 4f-PPCS only contributes
to the onset of the giant resonance and can be well fitted by a
single Fano-profile. The valence band- and 5p-PPCS's are coupled

to the whole absorption structure and can be fitted by a sum of two
Fano-profiles each with negative q-values for the 5p- and positive
g-values for the valence band PPCS. The significantly lower q-value
for the first Fano-profile of the valence band-PPCS in Pr compared
to the second one may be caused by an overlap of the relatively
broad 4f multiplet lines (HWHM ¥ 0.4 eV) with the preceding valence
band resulting in a mixture of 4f- and VB-PPCS in the measured CIS-
spectrum.

The line shapes for the different PPCS's discussed above appear
to be independent of the material. This is confirmed by the analysis
for Nd, Eu and Gd: negative g-values for the 5p-PPCS's, low posi-
tive q-values for the 4f-PPCS's and high positive (nearly Lorentzi-
an-like) g-values for the valence-band PPCS's (see Table 1). Es-—
specially the elements in the middle of the rare earths series, Eu
and Gd which both have a half filled 4f shell in the ground state,
are a good example for the different PPCS-line shapes. The width of
the absorption structure decreases from 2o eV to about lo eV for the
heavy rare earths (from Eu to Tm) resulting in PPCS's with a single
peak in the giant absorption maximum. Here, the peak positions are
nearly the same for all different PPCS's. Their relative intensities
change continuously from Ce to Gd. The data analysis for Eu in Fig.
8 shows the increasing importance of the 4f-PPCS compared to the
lighter rare earths. In Fig. 9 the different line shapes of the
PPCS's in Gd are presented on an arbitrary intensity scale. In Gd
the valence band and the 4f level are well separated by about 8 eV
in the photoemission spectrum. This provides an easy determination
of the PPCS's without mixing of different levels. In this case the
valence band PPCS can be fitted with an almost Lorentzian curve.
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Fig. 11: CIS spectra of two
different 4f multiplet lines
(b and ¢ from Fig. l1o) and
from the 5dés-valence band
(a) compared with a CFS
which is proportional to the
absorption structure

Comparing the results of Ce, Pr, Nd, Eu and Gd it is striking

that only for Ce the line shapes of the two structures with Ep =
0.5 eV and Eg = 2 eV are very similar and both show a 4f-like re-

sonance, e.g. there is no structure in the Ce spectra which shows
the same behaviour as the 5d6s-valence electrons from the other ma-
terials. Since we have no reasons to expect the 5d6s—electrons in
Ce to be totally different from the other elements we come to the

conclusion that there is also 4f character in both the EB = 0.5 eV
and Eg = 2 eV peaks. Indeed, it is also possible to fit the Ce CIS-
spectrum of the peak with Ep =0.5 eV with a sum of a Lorentzian and
a Fano profile which corroborates with the expectation that the Ep
0.5 eV peak consists of a 5d6s— and a 4f-part.

The data analysis presented here comprises only the most im-
portant decay channels in the 4d + 4f excitation range. We neglect



_40_

1 1 1 1 T ¥ I

Tm

hv=100 eV

e

12

CFS
{E =5 &)

L
 Egelhaft et al

N\
N
CIS &f ™~
(Eg =84V~ -

c CIS &4f

{Eg=73eV)
&
CIS 5d 6s
a

1 | 1 | 1 1 i [ L l
160 170 180 190 200

hv (eV}

Fig. 13: CIS spectra of two diffe-
rent 4f multiplet lines (b and c)

and from the 5dé6s-valence band (a)
from Tm metal compared with a CFS

and a 4f CIS spectrum from Ref.

22 (dashed curve).

poe o)

Fig. 12: EDC of Tm metal at
JO0 eV photon energy show—
ing the multiplet structure

of the 4f12 + 4£11 transi-
tion (experimental resolu-

tion: 0.2 eV). The letters
refer to the CIS spectra
in Fig. 13
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smaller effects such as the
appearance of_ additional mul-
tiplet lines 4! and different
PPCS's for the different
(4EN-1)25+1p 1 qultiplets which
influence the sum of all PPCS's
mainly in the region of the
absorption fine structure
preceding the giant maximum.
The latter effect can easily
be studied on heavy rare

earth metals if monochromator
and spectrometer are operated
with high resolution., Fig. lo
shows a series of EDC's of Er-
bium (ground state 4£11y a-
round the 4d -+ 4f resonance,

A dramatic change in the re-
lative intensities of the 4f
multiplets lines occurs when
the photon energy is tuned to
the region of the 4d > 4f ex-
citation. Fig. 11 presents
CIS—spectra of the valence
band and two different 4f mul-
tiplet lines as indicated in
Fig. 10 compared with an ab-
sorption curve (CFS in Fig.
i1). Equivalent measurements
for Tm are presented in Fig.
13, The different 4f-CIS spec-—
tra refer to two neighbouring
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Fig. 14: EDS's of the 5p multi-

plet lines in Eu for photon
energies below and within the
4d resonance. The spectra are
measured with zero—-suppresion.
The amplitudes are normalized
to the incoming photon flux.
A dramatic change in the re-
lative multiplet intemsities
appears in the region of the
4d resomnance

4f multiplet lines in Fig. 12, We
note that also for the heavy rare
earths the CIS spectra of the.
5d6s valence electrons clearly
show almost Lorentzian profiles.

Our results for Tm are com—
pared with a recent measurement
from Egelhoff et al. obtained
with obviously reduced resolution
demonstrating the importance of
measuring these spectra with high
resolving power.

The theoretical description
of these effects is complicated
but Davis4? succeeded in calcu-
lating the PPCS's of the diffe-
rent (&f]2)28+1LJ multiplet-lines
in Yb203 in the 4d + 4f excita-
tion range. The sum of this dif-
ferent PPCS's is in good agree-
ment with an experimental result
from Johansson et al,24

Finally Fig. 14 shows a se-
ries of EDC's of the Eu-5p-core
level for excitation energies
below and within the 4d-resonance.
The photoemission of a 5Sp-electron
in the RE results in a coupling
of the 5p-hole to the partially
filled 4f-shell which leads to a
complicated multiplet structure.
The simplest case is given for
the half filled 4f-shell in Eu
with 6 possible final states:
4£7 (887720597 759Py. It is obvi-
ous from Fig. 14 that the coup-
ling of the individual 5p multi-
let lines in the EDC's to the
individual 4d - 4f resonant sta-
tes differs. In this respect the
result is similar to that obtai-
ned for the 4f-multiplets on the
heavy rare earths. For Gd which

has the same number of 4f electrons the result is completely equiva-
lent to Eu. For the other rare earths we find the same behaviour.
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CONCLUSION

We have shown that the main absorption structures of the rare earths
in the region of the 4d - 4f excitation can be composed by the sum
of the different outer shell PPCS, e.g. there are no important de-
cay channels which lead to satellite structures of considerable in-

tensity as observed in the elements of gh? 3d*§eries.15’ =26,The
relative intensities of the different 25+IL3 final state multiplet

lines are strongly influenced by the intershell interaction. This
has been demonstrated for the 4f}o multiplets in Er and the 4£11
multiplets in Tm as well as for the 5p multiplet lines in Eu which
arise from the coupling of a 5p-hole with the partially filled 4f
shell. These effects as well as the appearance of additional multi-

plet lines!9 influence the sum of the PPCS mainly in the fine struc-
ture of the absorption.For Tm it was possible to correct previous

errors in the 4f resonance spectra of other authors?2 by our high
resolution measurements. A further improvement of our experimental
set—up which is now in preparation will in future allow an even more
detailled analysis including all effects described above in the
measurements of the PPCS and therefore will provide even deeper in-
sight into the intershell interactions in the rare earth resomnances.
The theoretical understanding of the resonant photoemission in the
rare earth is in the beginning stage and we hope that our results
may stimulate a futher progress in this field.
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