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Partial photoionisation cross sections of valence bands and cuter ato-
mic levels in solids show anomalies at the thresholds of core electron
excitation. For the rare earths and the transition metals and their com-
pounds these coupling phenomena are dramatic resonances. lhe quantitative
investigation of these effects provides insight into many-body effects
in solids and has useful application for the investigation c¢f the valeace

state of atoms in solids.

i. INTRONUCTION

I wish to approach my topic from an experimentalists point of view trying to
fundameatal and simple pictures. In order to speak about shells in a solid one
a5 ta consider the individual atoms embedded into a solid state contizuum. The ou-
electrons and also the unoccupied states above the Fermi level glue together the

sol:d in the form of bands while the inner electreons occupy virtually unchanged ate-

mic sinells.
4s a result spectroscopists are widely used to interpret an absorption spectrum
of a solid as shown in Fig. |, namely as a superposition of the contributicn from

dif:ereat subshells. While in absorption spectra the '"rails™ of the partial subshell
cro:s sections are decomposed by a “reasonable' extrapolation, photoemissicn spec-

tyvaszcpy allows to measure these cross sections individually.

Such a picture is suggestively supported by the independent particle wadel of
tte periodic table of elements and the Hartree-Fock model of calculating many elec-
tren systems. In this model all electrons bub the one which s excited directly are
wcpt zigid and thus unaifected by the excitation. Also the X-ray absorption spectra

ippsar to support such a model at first sight.

o be published in: Proceedings of VIIth Internaticnal Corference on Vacuwn
Ltraviviel Radiation Physics, §-12 Augusl 1938, Israel, as Invited Paper.
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1. Schematic absorption spectrum

!

The coupling of electrons of different shells and of electrons within the same
snell must, however, clearly influence the excitation spectra of solids. This is
quite obvious frca the fact that during the excitation process all olher electrons in
the system expericnce fhe force due to a sudden change in the electrostatic potential.

The zlectrons react and thus try to screen the field. In dolng 30 the system is s5.ub-

jert to Its gquantum techanical boundary conditions.

Tnese coupling effects are difficult to treat theoretically since they involve
coopiex series expansions of the many-bedy interactions which can be treated omly

Hevertheless a trewendous progress has been made in the theory of
-3

approximately.

I
2 Pprocesses

3

The YUV (vacuum ultraviolet) is the spectral regime where these coupling ol
“wTen3 play an essential role. Even from a phencmenclagical point of view tioss

¢ii:cts are visible in a large aumber of absorption spectra ol different matevia.s. 1

w2nC To menticn the Fano profiles of discrete zbsorpticn lines superimpused iuio tae

. . . . 4
laudg in the uspectra of solid and atomle rare gases , the 00 eV resonance n.- .-

1id and atomia Xe probably the best known test eximple of many-body t-.nri -

: : . h - .
ve garths at the 4d excitation theeshole and rthe transition metals af tie
; . Va7 . . .

Sp t=Teshold’ amang others, In all absorpticn spectra, nwever, these couplin

~:=ena are detected oaly through a compiarison between theory and experimen

Jther woerds these efflects are nol a new experinental phenomeaon. They are voco g |
caly in the difference betweea experimant awd a geoad one electron calculatis

25 such discrepancies are large cornetad to ezpzrimental uncertainitics an

¢ompuetational errors it is not difficult —o tind thase eflects. Smaller couplin:

rhenoTena say, however, be hiddea in both errov harrs.
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There is, however, at least one c¢lass of coupling phenamena, namely the inter-
shell coupling, which can be recognized by experimental techniques alone without re-
ference to a theoretical calculation. The technique is to measure the partial cross
section for the excitation of an outer atomic level (or a valence band in a solid)
over a large energy range continuously. When the photon energy passes through the
threshold of an inner shell excitation the coupling with that specific shell is borne
out by structures which in a one electron picture would belong to the inner shell ex~
citation only. One of the first cases of such an investigation was the increase of
the partial photoionization cross sections for the Ss and 5p excitations in Xe above

the threshold of 4d transitions by West et 31.8 in 1976,

The occcurrence of satellites to the photoemission lines of core and valence
spectta is another manifestation of a many-body coupling of the electrons in matter.
Such satellites are frequently interpreted in rterms of two- or more-electron exci-
taticns. Since this phenomenon is at least as important in XPS as in UPS we do not
consider it to be characteristic for the VUV. There is, however, a phenamenon which
was first aobserved by Guillot et al.g in 1977, namely a resonance of the 6 eV satel-
lite in EDC's of Ni metal near the Ni 3p threshold. Also such satellite resonances
are a manifestation cf intershell coupling. They are, however, fairly difficult to

. 10
interpret

In 1978 Lenth et al.]l observed huge enhancements of several features in the
valence bands of rare earth compounds at the 4d threshold. These rare earth resonance
phenomena are probably the most clear-cut examples of intershell coupling. They pro-
vide up to date the spectra with the richest details. The intershell coupling in
rare earth metals and their compounds have been widely investigated since. Several

exacples will be given in this paper.

This paper cannot be a complete review of this fi -*d but it rather is referring
to racent work done by the group at the FLIFPER moncchromator at the DORIS storage
ring in the HASYLAB lahoratary. Especially two receatly completed thesis papers have

13
been centered on this topic namely the work of J. Barrhl2 and F. Cerken ~.

Before I shall discuss some recent results [ want to mention a few experimental

problens and the approach with which we have tried to solve them.
2. EXPERIMENTAL PROLLEMS

In order to determine the partial cross section of a subshell correctly, the
primary resulr, namely the variation of the intensity of peaks in an EDC as a func-

tion of h-, Nas to be corvected in several ways. In many of the early publications

not even the correction for the incoming photon intensity was made. This does not
appear to be acceptable any longer since it leads to a lot of discrepancies in the

resules from different groups. The following corrections ought to be madeiaz

1. Noroalization to the incoming phaton intensity (typically measured by a calibrated
Au diode), correction for straylight and higher orders,

2. correction for the mean free path of the photoelectrans,

3. correction for the escape and diffraction of the photoelectrons through the sur-
face (which may be a problem when the surface is rough),

correction for the limited analyzer acceptance, which has to be transformed to the

=

inside of the crystal by taking into account the surface refraction,

5. ia connection with point 4 the anisotropic photoemission with respect to the elec~
tric vector of polarization given by the P-parameter ought to be considered but is
usually not known, in addition the unknown effects due to the crystal asymmetry
are neglected,

6. an additional problem is the background subtraction in the EDC's. While this needs
a model for the shape of the peaks and for that of the scattering background,
—“easurements taken in the "'constant initial state mode" (CIS) contain a background
contribution from the outset which is almost impossible to correct for,

7. rinally a correction for the transmission of the electron analyzer as a functien
of the energy of the incoming photoelectrons must be made. This depends on the

~cde of operation (constant or varying pass energy modus).

14 . : .
In a paper by Barth et al, all these corrections have been described in de-
taii, the geometrical corrections are exemplified for the special geometry at the
FLIPPER station at HASYLAB where a cylindrical mirror analyzer (CMA) is used. An ex-

ampie of the importance of these corrections will be shown below in Fig. 6 and Fig.7.

3. RARE EARTHS

In his thesis Cerken13 has measured the spectra and the rescnance effects for
all accessible rare earth metals. Part of this work is publishecl!5 and more will be
publishedl6 soon. Also the earlier literature is cited there. Rare earths and their
corTpounds are now intensively investigated with synchrotron radiation and XPS by many

different groups (see also other contributions to this conference}.

Figure 2 shows an EDC of Ce. The dashes indicate how the contributions from the
different Ce states are separated. The background of scattered electrons was deter-
nined by a Monte-Carlo scattering simulation. We do not want to address here the re-

cently neavily discussed question whether or not both peaks (EB = -0.5 eV and EB =

-2 V) are originatiap fron ¢ .o 4f levels.
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Fig. 2. Background subtraction for the curves Fig. & (from Ref. {3}

The direct 4d emission is difficult

T T i T T T
(:e to obtain in this way since at threshold

it is superimposed on the background of
all scattered electrons on the far left
side outside the limirs of Fig. 2. The
background is varying there considerably.
Fig. 3 shows how these contributions are
chtained from ranstant final state (CF§)
spectra. Another method to obtain the 4d

cross section [s to monitor the 4d5pV-

Intensity (arb. units)

Auger intensity which is proportional to

the real 4d holes created.

| I 1 A 1 |
120 140 160
hv (eV]) -

Fig. 3. Series of CFS-spectra, normalized to enable appropriate background sub-
traction. The final state parameter was set (o kinetic energies 10 eV,
15 eV, 20 eV, 30 eV and 40 eV from left to right (from Ref. 13)

The sum of all these decay channels should give the absorption coefficient,
which is proportional to the spectral dependence of the total photoelectric yield
accsrding to yield spectroscopy. Fig. 4 gives such a comparison. IL shows the rela-
Live contrihutions of the different channels to the total cross section. With respect

te the relarive intensities the parrial cross sections are in good agreement with a

Yieid {a) (:ia

— = CiS of Eg=05eV
—— CIS of Eg= 2eV
—— CIS of 5p level

o 4d cross section
4d S5pV- Auger
intensity

Sum of
CiS{b)

Intensity {arb. units)

Fig. ~. Pa tial ionization cross sections for the different decay channels of the
4d "4f" resonance.
theory by Zangwill and Soven]7. The individual dependence on photon energy is, how-

ever, quite different.

: 13
A first analysis of this type was made by Heeht and Lmdau18 for Ba. Gerken

kas gerformed the same analysis also for Pr, Nd, Eu and Gd.

: . I .. . . .

Figure 3 shows the muitiplet of the 4f1 final state configuration of Tm in

an ESC. The line structure is well understood. Near the 4d threshold at 170 eV the
i-dividual lines undergo complicated fluctuations. The interpretation, as in all

. . . . 9, .13 .
tre rare earth spectra is that an intermediate 4d bfl state decays into the 4d

P | . . .
I state through intershell interaction.

The CIS spectra in Fig. 6 show the dependence of the cross secticn on b for
a few of the lines. The threefold structure in the cross section is due to the multi-
plec splitcing of the Aila configuration. The differences for the peaks a, b, ¢ are
~ot vet understood. They need a detailed theoretical treatment as that described by
Comhet Farn0ux19taking into account the actual states inveolved. Note that an uncor-
rected spectrum as that of Egelhoff et al.zo can give (apart from the inferior ener-

ay resolution) quite distorted line shapes.
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Fig. 6. C18 spectra [or the str -

tures a, b, ¢ in Fig. 9

{from Ref. 13 and Ref. 20).
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Fig. 7. 3d-intensity and partial cross section without the mean free path correction
(from Ref. 12),

4. IRANSITION METALS

rigure 7 shows the partial 3d cross section for Ti aver a large caergy range
as 2btained by Barthzz. Normalizarion to the photon flux when measuring uver such a
wide enerTgy range is a necessity. But in addition, the analyzer transmission gives
1 considerable correction as shown. In this case the mean free path dependence on
%, .5 not known, therefore the latter correction could not be made. It Is interesting
to nate that the intershell coupling ts not confined to shells with the same prin-

cipal quantum number as in tle rare earths 4d +4f and heve 3p *+ 3d. Also deeper

sheils are coupled is here 2p + 3d.

Cigure 8§ shows the 3d-spectra of Lhe whole hr—ri(‘sh Ca to Cr. The oaset cof

larze structures s ohserved near the 3p threshold. The fact that such a strung in-
teracri»n between the shells occurs already in Ca Is due ta an intermediate 3p53dl re-
sonance state. Mest remarkable are the doubie humps above threshold with a sysrematic

increase of the second maximum over the first in the serics. The corrections discuszsed



L ' T in section 2 are essential in order to ob-
M23M,

tain the shape of such broad maxima correc-

3d-Intensity

ly. The spectrum of Cr is an improvement
over an earlier relult2| which was dis-
cussed there. The origin of the second
maximum which is not present in the ab-
sorption spectra is still unclear. Fairly
complex many-body mechanisms could be the
origin of this structnre'z. It is quite
remarkable to note that the corresponding
spectra of free Cr atoms show only one
sharp peak near threshold and no second
humpzz. Further I want to mention that
Sugawara et nl.zl have measured the next
element in the series, namely a mangane-
se, and there the ratio bertween second
and ‘irst peak is reversed again, the

second peak being only very weak.

0 1 1 o e
0 50 100 150
f\u (eV) 36154

Fig. 8. 13d-partial cross sections (from Ref. 12).
- 78 TEANSITION METAL COMPOUNDS

In the study of atoms with open outer shells intershell interaction has shown
its phesomenologically most prominent effects. The number of vacancies in the [ or d
shell has a large effect on the intemediate resonance state and thus on the signature
seen 1o the cross section. This has been used for the study of valence fluctuations
in rare earths, where the 4f occupancy changes, and in the change of 4f and d occupan-
cy «hen rare earth and transition element compounds form. For transition metal com-
pounds Ishii and his group (see subsequent paper and references cited therein) has
done pioneering work. In some compounds of transition metals a hybridization of li-

gand electrons and the d states occurs. The theoretical aspects of resonances in

Fig.
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volving such interatomic hybridization was
studied by Dnvisza. We have investigated

for this purpotezs the series of Ni halides.
While the systematic trends predicted by Da-
vis are clearly showing up, I do not wish
to discuss this aspect here in detail. The
close connection with atomic spectroscopy

in the gas phase is demonstrated here.

Figure 9 shows a series of EDC's of
Nilr2 at different photon energies in the
vicinity of the Ni 3p threshold. For compa-
rison we use a recently measured spectrum
of Ni vapour by Schmidt et 11.26. These au-
thors have made a thorough investigation of
the intershell coupling phenomenon with Ni
vapour. Their spectrum consists of a d7 and
a ds configuration. They observe a two-hum-
ped resonance curve for the d7 states while
the d8 states show a single resonance peak.
Our peak 4 shows also a two-humped reso-
nance, thus supporting an assignment of a
d7 configuration to our peak 4. The fact
that our peak 4 has a much stronger reso-
nance than the other peaks is in accord with
Davis's theoryzb. While such a behaviour was
predicted for the more covalently bound com-
pounds as Nilrz. in the strongly heteropo-
lar Hi?z the resonance shifts to the less
intensily bound d-states in agreement with
theory.

Xilrz EDC's in the region of the 3p threshold. The gas spectrum is taken

from Ref. 26.

CONCLUSTION

Intershell coupling as observed in the partial photoemission cross sections of
cuter shell electrons has now been observed for a wide variety of substances. The most

pro=inent effects occur for elements with incomplete shells and almost bound states.
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A point has been reached where theorists attempt quantitative calculations rather
than qualitative interpretations on simple models. This deserves, however difficult
this may be, partial cross section measurements which are fully corrected for the

instrumental response functions and the escape process of the photoelectrons.

I wish to thank R. Nyholm, J. Schmidt-May and B.F. Sonntag for a critical

reading of the manuscript.

This work was supported by the Bundesministerium fiir Forschung und Technologie
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