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The understanding uf correlatioii e f f e c t _ s in rare earths ha s gai ned eonsiderably

by resonant photoemission in Lhe last years. The dccay processes of the excited

states in the regi»n of the 4d •* 4f "giant absorption resonance" i n f l u e n c e the

photo ioniza t ion c.ross-yect i ons of the 4f mul t ip le t s in the rare carths (see

e .%. R e f . l - A ) . In th i s p;iper, we report the f i rs t observation of addi t iona l

if m u l t i p l e t sLrutiture in the electron d i s t r i b u t i o n curvcs (EDC) of Cd in the

region of the 4d •+ Af exc-i ta t ion. It is well cstablished thaC ordinary 4f

phu tuemlsKion spectra artf well descri btd by the fract ional parentago scheine.

whii:h Eor Cd imly a]Lows the septet configuration. We proove that the addi-

Liunal s truc-tnre ori ginal-es f rom exci ted quintet conf igurat i ons of the 4f

9 fi
s ta te reached by Llie Anger decay of the resonantly excited 4d /i £ configura-

Lio i iH. Oiir f i n d i n g shcds iit;w light on the mechanism of the resonance inter-

ne L ion.

A h K t r a c L

;<t',^,-^-:i pirnctfim-inöion spcatm of ^. mt-tai in ihc ^Itoton cncrgy

i'.!,.^, L H" t.h: 'hi ' 4f i.xsitati&t shX- pwj<•.,;-'ftly unobsürved 'Jf

! ; ; t i t ! p t , - t - jLi'iui.'MT'i?. This BH-uc-wi' if <•&,<.?. Lfi.t><l afs t;j,v;,'; JuJ

.Vf. ' ' ' . , ' ,-; (.--ViL-f.; b>j shoiyiru tkat --i ::,il.'nl.itif>t> i", tnc fr-j.ciioy.ai

r ^ > ' f y j , - i , , ^tfiraa; yii'ldz an txv-ill-.i-t <^)'>:<"^i:t ij-'ift t-'ic sxpi r\-

Üur measurements were performed in the HASYLAB w i t h the FLIPPER

using the Synchrotron radiatior

monochromator

n öl the s torage r i ng DORIS in Hamburg. The

photoelectrons were collected with a commercial double pass cylindrical mirror

analyser . The geometry oL the experiment i.s deycr ibed in R e f . ö . The Gd samples

were evaporated in situ on scainles:ss steel Hijbstrate.s under UHV conditions.

Three EDC's of Gd measured in the region of the giani resonance, are shöwn

7 K
in. Fig. 1. Since the ground state of Gd is (4f ) ^ 7 / 9 1 f " r photon energies

below the resonance the only f inal state for photoemiss ion from the f-shell

is (4f ) F which leads to the dominant s tructure at 8. 'j eV binding energy.

The d i t f e r e n t J-components cannot be resolved. The in tens i ty of this peak is

i - n r r e l a L e d wi th the absorption structure and can be wel l f i t t e d wi th a single

i-ant; p r o f i l e . In a d d i t i o n , curve 2 in Fig. l shows new structure in the binding

entrrp.y region of 10 to 7.0 cV, In Fig. 2 the intensity of tlii.s structure versus

phoLun energy is j f ive i i by Lhe dotted curvc . For photon energiew in the maximum
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i > l tiie absorp t ion the K L r u c t u r e s are domii:at t ;d by the giant resonance of

t!ie F l ine , and the i i i tensi ty could not be dc te rmined . For EU n t e t a l ,

which has the sarae 4f conf igurat ion äs Gd , we f i nd equivalent r e s u l t ü .

T h i s suggcsts that the details of the o f f o u t are dc.pnndent on Lhe

iic i - .upaLion of tbe 4 f - she l l .

We assign this S tructure to exr.i Led q u i n L e L con£ igurat ions of the 4l

s t a t e which are a c c e s s i b l e by the Auger decay of the resunant ly excited
o

4f conf igurat ion äs i l lus t ra tcd in Fig. 3. In the ground s ta te Cd ha K
u

seven 4 £ electrons w i t h parallel Spins üb ich t orm the c o n f i gu ra t ion S? .,.

In a "normal photoeniission process" j u s t one e l e c L r o n is kicked out and

we get the f i n a l state (4£ ) F. b'or photon enurgies in the giant resonance

g 8
a Ad -' 4f exci ta t ion leads to the c o n f i g u r a t i o n 'td i.f . FoLlowing tlie Paul i

p r i n c i p l e the e ighth eleotron must have opposi te s p i n . The excited conf i gu-

r a L i o n can decay by d i r tc t rccombina t ion in two di f fe.rent c h a n n c l K :

I. Tho nxci tcd c lec t ron f i l l s the /id-hole and the energy is transüerred

to a n n t h c r 4 f - c l cc t ron or vice versa. This leads to Lhe same final srate äs

in "nurmal phoLoemissiun". T h i s process ia rnspons i h l i > for tbc' in ti'.nsi t y

V a r i a t i o n of the f-peak in the giant resonanre.

.'. The t ' l e -c t ron u i t h "spin down" stays in tlie 41 s l ie l l and L wo other 4f

c . l ü f t r o n s t a k o part in the Anger proness. Tliis leads to the f i n a l state ^X

whi'rc1 VL S t a n d s for all poss ib le augular uiumimLum quantum numbers . To reach

thusc t i n a l ,st;itcs a spin f l i p of une eLec t ron i s requ i rcd e i t he r in the

9 fi
e x u i t a t i o n of a 4d electron to the 4 f - she l l ur in the decay of the 4d 4f

conf i g u r i i L i i i n . TL is obvious f r o m Fig. 2 that the i n t e n s i t y V a r i a t i o n of

the quinte t l i iu;s does not in l l o w the shape of the absorpt ion curve but i s

n i u i n l y corre lalc'd with the f i n e s t ruu tu re ind i ca t ed hv numbcr 2 in V\y,. 2.

Sugar 's c a l c u l a t i o n for Gd a strong absorption line

i.ivolving a sp in f l i p appears at the onset of tbe giant resonance. S i nee the

absorption fine. s t r u ^ L u r e is not too wel l rcproduced , a re f ined ca l cu l a t i on

would be w o r t h w h i l e .

In order to v e r i f y our assignment for tbe a d d i L i o n a l 4l m i i l L i p l e L s L r u c t u r e

Q

we cotnpare Lhe spt;cLrum wi th a ca l cu la t ion in Lhe i raf.L ional parentage scheme

for the relative intensi t ics of Lhe qu in te t lines. Sinci

absurp t ion even at a f ixed photon em

which do not all lead to quinte t statt

nee the 4d •> 4f

ärgy may contain d i f f e . r e n t exe i tation

tes we c anno t nxpec.L Lu reproduce the

correct septe.t to quintet in tens i ty r a t io w i t h our c a l c u l a t i o n . WiUV ca lcu la t i

the

R 77 W
F . x c i L a L i u n from tf ) S , to (f ) F

S ? , 2 and ; and2. Decay from ( f 8 ) ?F to (f } S ? , 2 and \y f r o m ( f ? ) 8S? „ (or S'j) to ( t6) 7FJ (or '')

X and Y again stand for all p o s s i b l e angular momenti

This calcula t ion was done for

turn quantum numbers .

every possible J-value of the di f i ereilt con-

9
r i g u r a t i o u s using a formula given by Cox . In L h i s Approx ima t ion the i n f l u

of the. 4d hole is neglected.

ence

The energy positions of Lhe d i f f e r e n t levels of the f con f igu ra t iuns up to

5 eV above the groimd s taLe F wtre taken from optical da ta of F,u and a

calculation in interme.di atc. coup l ing . He ca lc i i l a ted the higher lyinj ; levels

in LS coupling approximation. A scaling factor is applied in order to account

for the d L f f e r e n c nuclear Charge of EU and Cd and for the screening of the

valence electrons in tbe metal (Fig. 4). We then fold the ca lcula ted lines

wi th asymmetri c Doni.-ich-Sunj ic ciirves LO account for the fact that the

atomic lines occur in a metal l i r . sample. The experiraental r e so lu t inn was

ronsidcred by a cunvolutioa wiih a üaussian curve of 0.35 eV FW11M (lower



curve in Via,. r ' )> Since we have strong evidence LhaL the binding energy

öl the 4f li-vels in Gd is lower in the bulk than aL the surface this

curve CGnsist. i of two sets öl l ines wi th an energy di f terem-.e of 0.48 eV

and a bulk to Ki i r face pe.uk he igh t r a t io of 1 /0 ,4 .

Rüc.ause the c a l c u l a t i o n does not give Lhe correct ra t io between the F and

t l u > 'x con t r ibu t ion w. add a F part to Üie curve w i t h a 4 . 2 r j t imes higher

ampli tudr. Final ly , we? generate a background for the bulk c.untribution of Lhe

tl ieoretical curve w i t h a Computer program w h i c h s imula tüs Lhe travel of Lhe

ptiotoelcctruns through the. sample. The upper curve in F ig . 5 shows the s um

uf all disci issed contributions in compariso« w i t h the measured curve.

As a resulL we See an exc.elleilt agre.ement between theory and experiir^nL

par t i cu la r ly in the f i r s L part of the dpectrum wticre Lhe energy p o s i t i o n s

of Lhese lines are ava i lab lü f r o m interiwd Ute coupling calculations. For Lhe

si-al ing factor we determined the valui? of Ü . 9 7 . The. äqu iva len t resul ts t rura

EU metal wert> analysed in Lhe same way äs described for Gd. We determined

a acaling f a c t u r of 0.93. These values are much lowcr Lhan publ i shed hy Lang

PL a L . 5 ( l for EU and 1 . 2 6 for Cd). W h i l t > Lang et al. could only use the

7F-peak from XPS measurenmnts with a FWHM of about 1 .1 eV ue can us t: the

l a v g L - 7f and 5X mul t i p l e r .Spl i t t ing »f about 10 c-V LO fit the s c a l i n g fac tor .

Our sc;il i ng factor £or EU mctal shows that the i n f l u c n c f 1 of the *is valrncc;

e J c L ' L r n n a in Lhe screening of the nuclear Charge is not ney l lg ib l e . In Gd

tlic W ü l n n c c band cuntains a loca l i zed 5d electron «h ich obvious ly leads to

n vi ' ry e f f e k t i v e screening of Lhe a d d i l i c ^ n a l nuc. lear char^e i'ompared w J L h EU.

'riif i 'xei ta t ion nl new raul t iplet sL ruc tu re via resonant photocr i ss ion p o s s i b l y

iy
p r u v i d c s also t l u > exp lana t ion for ;i rcsouance s t ruc tu re r epo r tud for SmS

f u r w l i i c h a sät i s l a c t u r y unders tandi i ig i s s t i l l l a t k i n g . The photoemission

spec t ra uf d iva len t Sra in SmS c o u t a i n Lhree niaxirca w t i i t - l i an: assigned to H,

t' and F. Fi>r a photun ener^v i r- -''e r eg icn of the fine s t r u c t u r e p rcccd inp .
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the giant resonance, R e f . J2 reported a very sharp resonance enhancement

of tiie photoemission i n L e n s i t y at Lhe P l ine on ly . This was interpreted

äs a Fano resonance of the P l i n e . AL Lhe. same t ime , the FWHM of the EDC

st ructure at the P l int gocs Lhrough a maximum which was argued to reflt'-ct

a minimum l i f e t imc ; of the excited state.

This explanation must be strongly questioned s inte Lhe FWHM uf an EDC

sLructure taking part in a resonance remain.s essen t ial ly unchanged because

it reflects the lifetimc of the final hole state, not that of the inter-

mediately exe i ted conf i guration. On Lhe r.onLrary, these ubservatiuns quite

naturally fit into the framework of new multiplen bLruc.ture with lower

multiplicity crcated by the Auger decay ot an intermediate]y excited confi-

guration äs we ouLlined for Gd. Indeed, Lhe energy pusitions uf all quartet

lines of Sm are reporLed to coincide with the P state covering a ränge

1 3 . . . .
of 2.5 eV . The intensity profile obtained in Ref. 12 i K sirailar to our

finding for Cd (see Fi^. 2 dashed curve).

We have shown that in the region uf the giant resuiiances all details in

Lhe pliutnentisKion spectra are geaerated by the Auger decay of 4d 4f

configurations, Our calculations within the fractiuiial parentage schems

a first step towards a quantitative thüoretical description of the phc

sion rüsonances. The inclusion of Auger matrix elernents and the other

are

photoemis-

.n themeLers entering the Fano formalism now appears to be feasible also i

rare eartn quite along the lines of the successful theory of the Mn 3p

absorptiun resonance by Davis and Feldkamp
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Figur t' Captions

Fig . Energy d i s t r i b u t i o n c.urves of Gd taken ;iL photon energics

of 130 eV ( I ) , 142 .44 eV (2 ) , and 149 eV (3) (comparc F ig . 2).

Fig. 2 Yield spectrum of Gd in the region ul the 4d -*- 4f excitation.

The numbers refer to the EDC' s of Fig . 1. The dashüd curve

givey Lhe in tens i ty of the qnin te t l lnes,

Fig. 3 I l l u s t r a t i on of the 4t photoemission process and the deuay
n ij

i-.hannels of the rcsonaiitly excited 4d 4£ co i i f iguraLion in Cd.

Fig. 4 Cut of curve 2 in t'ig, l showing Liie quinte t s t i l l es of 4f

on an cnlarged scale (aero anppress ion !), The ve r t l ca l l ines

i n d i c ü L e the result of our ca lcu la t ion .

Fig. 5 Theure t ica l lincs from Fig. 4 fo ldcd w i t h asyrnmc'tr i t: Doniach-

Sunjic line shapes (solid curve) and cumpared to Lhe raeasured

EDC (points) äs described in the texi;. The fit parameters

are given in R e t . 6.
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