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Par t ial photO Ionisation cross s e c t i n n s n l v a l e n c e band s and c u t e r ato-
raic levels in so l ids .show anomal ies a t t he t h r e sho ld s of core e l e c t r o n
ex^i ta t ion. For t he rare ear ths and the t r ans i t ion mo ta l s and t ho i r i-om-
pounds these c o u p l i n g phenonena are drama t ic resonances . l he q u a n t i t a t i v e
invest i ga t i on o f these e f f e c t s p rov ides ins igh t i n to many-body e f f e c t s
in so l ids and h a s u s e f u l a p p l i c a t i o n for the invest ig.it ion of the valence
state of atoTr.s in s o l i d s .

I N T R O D U C T I D S

I w i s h to approach my topic f r o m an exper i m e n t i l i s t s po in t of v i e w t ry ing to

use f u n d a m e n t a l and s implc pic eure s . In order t o speak. ab out shel 1s in ,T s o l i d t ) n p

ha s t a cons ide r the i nd iv idua l atons embedded int o a so l id s tate cont inuu^. The ou-

ter e i ec t rons and also the unoccupied states above the Fermi l eve l g lue toge the r the

sol id in the f o r m of bands whi le the inner e l ec t rons occupy v i r t u a l l y r .nrhangcJ ,-iti:-

n ie

As a r e su l t spec t roscopis t s are w i d e l y used to I n t e r p r e t .TR a b a o r p t i o n i p e c C r u -

of a solid äs shown in F ig . l , na^iely äs a s u p e r p o s i t i o n of the c o n t r i b u t i o n f r o m

d i i i e r t T i t s u b s h e l l s . ' Jhile in a b s o r p t i o n spec t r a the " t a i l s " o f t he p a r t i a l s u b s h e l l

c r : j = s cc t lons are decotnposed by a "reasonable" E x t r a p o l a t i o n , phot ;>eni iss ion spec-

t : 0 5 ^ C p y a l lows to mrasure these eross s e c t i o n s i n d i v i d u a l l y .

iurh a p i c tu re i s s u g g e s t i v e l y suppoyt cd by the i n d e p e n d e n t p a r c i c i e -t-dt1 1 of

t i 'L 1 p e r i o d i c t a b l e of cler.eii ts and rhe H a r t r e e - F o c k model of c a l c u ' a c i n g nany e lec-

t i c n S y s t e m s . Ln t h i s model a l l e l e c l r o n s but the nie w h i c h i s e i t c i t e d d i r e c t l v ;irc

'-;cpt r i g i d and thus u n a f f e c t e d by the exc i t a t i on . Also the X-ray a b s o r p t i o n s p e c t r a

.ippe.är to Suppor t such a model at f i r s t s i g h t .
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Schemat ic a b s o r p t i o n spec t rum

The co-.ipli.ng of e. ler troiis of d i f f e c e n t she l l s and of e l e c t r o n s w i l h i n t h e same

sheI L T I U S t , however , c l e a r l y i n f l u e n c e the e x c i t a t i o n spec t r a of s o l i d s . This i s

q- j i te o b v i o u s f r o n the f a c t t ha t du r ing the e x c i t a t i o n process a l l o i h r r e l e c t r o n s in

the S y s t e m e x p c r i o T i c e the f n r r e due to a suddt-n change in the e l e c t r o s t a t t e p o t c n l i a l .

Th= e ' . ec t rcns reac t and t hu 5 try to screer, t h e f i e l d . In d o i n ^ -so the s y starr, is .; ib-

j e c t to i t s q u a n t u m Kiechan ica l boundary c o n d i t i o n s .

These r o u p l i n g e f f e c t s a r e d i f f i c u l t t o t rea t t h e o r e t i c a l l y s ince th i?y i n v i i l v e

c r -p iex ser ies c x p a n s i o n s of t he many-body i ^Lc r . i c t ions u h i i h r.an be t rea ted on ly

a p p r c - x i m a t e l y . He ve r t he Ies s a treaendous progress has been tnade in the t h e o r y o i
1-3: r.:: ir p r o c e s F e s

The V L"1/ ( v a c u u m ul t r a v i o l e t ) i s the spec t r a l regime wheri1 theae coup l in j rl •

-.CT.c.-.a pl iy an es .^ent ial role . Even f r o m a pbi;r.o!TieTiologica' po in t of v i ow t i . • s r

L :"::•.T : ä are vis i b l e in a large nu'-ber of ahsorp t inn spei t r.i iif di f f eren t aid L < ; i !.ai i . l

•..•;-1 ro r j & n t i c n tl:e Fan o p r o f i l e s of d i s c r e t p sbso rp t i cn l ine s super iTnpo.scd ; n ; c t je

c" : ; t : r iL i j in [ h e : , pe i - t r a of .solid and a toa i -C r a r e ^a.se.1. , l b.^ 100 eV resonsnce p - ' 1

:n = : " id and a t er:, 1: Xs , p robab ly the best k n o w n les t s x i m p l e of many-bo i ly t • , o r l - ,

t:, i : ire r . a r t h s u t t h t' id exr i ta t iu:i t h ce:.l>; ] i: ,-md L ' l i ' - : r .ins L t io*i rne t a l s ;; t t : e

in l'- resrio1 . d a-nong o t he r s . In a l l a b s o r p l :, n 3 pect t a , .n wovor , l best c o u p l I 11

phe" :~ena are J= t ec ted on ly throu^'.i a cc ' i t ip- i r I s o n bei wet n cheory and o spi= r i m - ' i .

-,''-.•=:' w r urds I h e s t ' c - f f e i ^ s are no t a nc:W f ! K p ' j i i .Tient a l j h'1;: j m e n c n . TViey «tre r < . .;• . .'

c i L v n t he d i f f e r t n c e be tveen ü X p e r i •-•.•• n ! ,r;d a o r n d iine el ec t ron r a l c u l a t j ; ;

l CT. 2 ^ 5 such d i s c r e p a n c ie.-i a re ( a r g e cc^pr "<':d to «?.[; = r i nie n t a l unce r t a in i t i.-.-, ir.

ccr.p'j: 3 t :;jn.i l o r ro r s i t i s not d i f f i c u l t :o t nd t!: ̂ se e:" ."ect.s . Smal l e r c o u p i . n '

f'-.r- -cna -,&y , l ' owever , be h i d d e n in b o t h t-'i- r h 3 r rs .



There is , houever , a t leas t one c l a s s of coupling phenonena, n a m e l y the inter-

shell c o u p l i n g , w h i ^ h can be recognized by expe r imen ta l techniques a lone w i t h o u t re-

ference to a t heo re t i ca l c a l cu l a t ion. The t echn ique is Co raeasvire ehe p a r t i a l cross

sect ion for the exci ta t ion of an o u t e r a t o m i c level (or a valer ice band in a s o l i d )

over a Large energy ränge c o n t i n u o u s l y . When the photon energy passes Chrough the

t h r e s h o l d of an i:mer shell e x c i t a t i o n the coup l ing w i t h that speci f l c shell is borne

out by s t r u c t u r e s which L n a one e lec t ron p ic tu re would belang to the inner shel l ex-

c i t a t i o n on ly . One of the f i r s t cases n f such an inves t iga t ion was the increase of

the par t ia l photoioniza t ion cross s c c t i o n s for the 5s and 5p e x c i t a t i o n s in Xe above
Q

the threshold of 4d t r ans i t ions by Uest et a l . in 1 9 7 6 .

The occcurrence of sateil i tes to the photoemission l ines of core and valence

spect ra is ano the r M a n i f e s t a t i o n of a many-body coupl ing of the e l e c t r o n s in ci.it t e r .

Such s a t e l l i t e s are f r e q u e n t l y In t e rp re t ed in te rms of two- or more-e lec t ron exci-

t a t i c n s . Since this phenomenon is at least äs impor tan t in XPS äs in UPS we do not

cons ide r i t to be c h a r a c t e r i s t i c fot the V U V . There is , houever , a phenomenon w h l c h
9

was f i r s t ohserved by C u i l l o t et al. in 1 9 7 7 , namely a resonance of the 6 eV satel-

l i t e in E Ü C ' s oE Ni netal near the Ni 3p t h r c s h o l d . Also such s a t e l l i t e resonances

are a m a n i f e s t a t i o n cf in te rShe l l coupl ing . They are, however, f a i r l y d i f f i c u l t to
10

I n t e r p r e t

In 1978 I.enth i11 a l . observed huge enhanceaients of several f eacu re s in the

valenee bands of rare ear th compounds at the 4d t h r e s h o l d . These rare ear th resonance

phenotnena are probably the raost c lear -cut exaaiples of intershell c o u p l i n g . They pro-

vide ap to da te the spectra with the r i ebes t de ta i l s . The intershel l coupl ing in

rare ear th m e t a l s and the ir compounds have been wide ly inves t iga ted s ince . Several

exar.ples w i l l be given in th i s paper.

This paper cannot be a complete rev iew of th i s f i "d but i t r a t h e r is r e f e r r i n g

to recen t werk done by the group at ehe FLIPPER nionochroraator at the DORIS s torage

r ing in the HASYLAB h a b o r a t n r y . Espec . ia l ly two r e c e n t l y completed thesls papers have
12 13

been c e n t e r r d on t h i s topic namely the uork of J. B a r t h and F. Cerken

Before I sha l l d i scuss sorae recent r e su l t s 1. w a n t to m e n t i o n a few e x p e r i n i ^ n t a l

pyobleais and the appro;!ch u i t h wh ich we have t r i c d tu s t i lve them.

2. E X P E R I M E M T A L PROBLEMS

In order to de te rmine the p a r t i a l cross section of a subshel l co r rec t ly , the

p r i n a r y r e s u l t , namely the V a r i a t i o n of the i n t e n s i t y of peaks in an EÜC äs a f u n c -

c i o n ;f h . , has to be c n r r e c t e d in several uays . In many of the early p u b l i r a t i o n s

not even the c o r r e c t i o n for the incoming photon i n t e n s i t y was made. This does not

appear to be acceptable any longer s ince it leads to a lot of d iscrepancies in the

r e s u l t s f r o m d i f f e r e n t groups. The fo l lowing co t r rec t ions ought to be made :

1 . X o r a a l i z a t i o n to the incoming photon i n t p n s i t y ( t y p i c a l l y measured by a c a l i b r a t e d

Au d i o d e ) , correct ion for s t r a y l i g h t and h igher O r d e r s ,

2. c s r rec t ion for the mean f ree path of the p h o t o e l e c t r o n s ,

3. correc t ion for the escape and d i f f r a c t i o n of the photoelectrons through t h e sur-

face (which may be a problem when the su r face is r o u g h ) ,

4. cor rec t ion for the l imited analyzer acceptance, which has to be transfora:ed to the

inside of the crystal by taking into account the surface r e f r a c t l o n ,

5. in connec t ion ui th point 4 the an iso t rop ic photoemission w i th respect tn the elec-

t r i c vector of polar izat ion given by the ß-parameter ought to be cons idered but is

us 1131 ly not known, in addit ion the unknown e f f e c t s due to the c ry s t a l asyrnmetry

are neglec ted ,

6 . an add i t iona l problem is the background sub t rac t ion in the E D C ' s . W h i l e t h i s needs

a Tr.odel for the shape of the peaks and for t h a t of t-he s c a t t e r i n g background ,

-.easurements taken in the "constant i n i t i a l s t a t e mode" ( C I S ) con ta in a background

c o n t r i b u t i o n f rom the outse t which is alraost imposs ib le to cor rec t fo r ,

7. f i n a l ly a correct ion for the transniission of the e l ec t ron ana lyze r äs a f u n c t i o n

of the energy of the incoming photoelec t rons mus t be made. This depends on the

_cde of Opera t ion (constant or varying pass energy tnodus) .

14
In a paper by Barth et al. all these correc t ions have been descr ibed in de-

tai i , the ge:imetrical corrections are exempl i f i ed for the special geometry at the

F1_IFP£R S t a t i o n at HASYLAB where a c y l i n d r i c a l m i r r o r a n a l y z e r (CMA) is used. An ex-

a m p i e of the impor tance of these correct ions wi l l be shoun below in F i g . 6 and F i g . 7 .

3. RARE EARTHS

13
In his thesis Cerken has measured the spec t r a and the resonance c t ' f cc t s for

all access ible rare earth meta l s . Par t of t h i s work Ls pub l i shed and more w i l l be

p u b i i s h e d soon. Also the e a r l i e r l i t e r a t u r e i s c i t e d t h e r e . Rare eo r th s and the i r

coTpounds are now i n t e n s i v e l y invest igated w i th S y n c h r o t r o n radia t ion and XPS by many

d i f f e r e n t groups (see also other c o n t r i b u t i o n s to th is C o n f e r e n c e ) .

Figure 2 shows an EDC of Ce. The dashes ind ica te how the c o n t r i b u t i o n s from the

d i f f e r e n t Ce states are separa ted . The background of scat tered e l e c t r o n s was deter-

•niied by a Monte -Car lo s c a t t e r L n g S imula t ion . We do not want to address here the re-

c e n t l y h e a v i l y d i scussed q u e s t i n n w h e t h e r or not both peaks (E - -0.5 eV and E n =
B B

- .' •:-".") are er ig i na t inp , f r sv. t i • : ' • • 4 f level s .
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F i a . 5 . S e r i e s of E D C ' s in the region of the
4d 4f t r a n s i t i o n s . For a, b, c see

F i g . h ( f r o m R e f . !3) .

hv («VI _

F i g . 6. C1S spec t ra lor the s t r i -

tu res a, b, c in F i g . '>

( f r o m K e f . 1 3 a n d R e f . 2 0 ) .

Ti^d-lntensity 0.2 2p -» 3d

460 480

tiu (eV)

nwnalized to phoion flu« orily

^ normaliiw] to phoion tluü

ßf and analyztr transmiSS'On

tiu (eV)
100 150

F i g . 7 . 3 d - i n t e n s i t y and par t i a l cross section wi thout the mean f ree pa th c o r r e c t i o n

( f r o m R e f . 1 2 ) .

i . IKANSITION METALS

F i ^ u r e 7 sl iows the pac t l a l 3d cross sec t ion f o r T i tiver -a large < n e i g y r ä n g e

äs . r b t a i i e d by B a r t h . N o r m a l i zac ion to the phcton i lux when c ;pasur in j r i iver such -i

v i d e cr te rgy ränge is a n e r c s s i t y . Rut in a d d i t i o n , the a n a l y z c r t r . i n sn i i s s ion gives

a COT s i t lerable co r rec t i on aa shown. In t h i s case ehe mean f r ee patli dependence on

h, .s r. o t k:iown, t .herefore the l a t t e r c o r r e c C i o n couLd not be i n j J e . 1t is i n t e r e s t i n g

t o n o r e t ha t tne i n t e r s h e l l co'.ipl i n ^ is not. r o n f i n e d ;.i s h e l l s w i t h I h r garne p r in -

c i p a L quan tun number äs in tl.e rsre ea r ths 4d -*if and here 3p * J d . Als" deeper

•V.f l i 3 src r o u p l t ' d -i^ her f i 2p ^ j l d .

tc r a c r i ?a be tween the shell s oc.c.urs a l rea i ly in Ca i s ih:e t n an i n t e r m e d i ate 3p 3d re

sonance s t a t e . Meist r emarkab l e are the double h u m p s above C h r e s h o l d w i t h a sys teT.sL i c

LriiT:-:] .sc of !be second m a x i n u m over the £ ir s t i n r h e srr i r-s . The c o r r e e t i o n s d isc i i . ' sü
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•^ point has been reachcd uhere theoris ts a t t e m p t q u a n t i t a t i v e ca lcu la t ions r a the r

[han qualitative interpretations on simple models. This deserves, however d i f f i c u L t

th t s r a ay be, pa r t i a l cross sec t ion raeasureroents which are f u l l y corrected for the

;nstru:nental response functions and the escape process of the photoelectrons.

I wish to thank R - Nyholci, J. Schmidt-May and B . F . Sonntag for a c r i t i ca l

reading of the manusc r ip t .
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