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ABSTRACT

Surface ehifts on variow rare earth wtaU are determined uaing high

resolutio* Synchrotron radiation indwed phctoeleatron epectroscopy.

man free path of the photoelectrcns is evalvated. The *urfacz of ."

metal ia oonfirmsd to be oorrplstely divalent.
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Contr ibuted paper IV. Europ. Conf. on SUrface Science,

to be publislu-d in Surface Scii-nce.

Binding energy sh i f t s for core levels at clean metal surfaces are by

now a well established e f f e c t (see, e.g., Ref . l and references cited ^

therein) which is now applied to study ehe surface structure of metals

and surface segregation in a l loys 3 . Invest igat ionfl are mainly focussed on

the 5d transit ion metals where the enission from the sharp, shallowly

bound 4f core levels is vell suited to detect surface shif ts . However,

also for the rare ear th (RE) metals the par t ly f i l l ed 4f shell is wel l

localized, core-like. anö hardly affected by the band structure.

We have in i t ia ted a program to study the UPS spectra of all RE metals at

Photon energies ranging from 30 eV to 200 eV with high resolution

(AE - 0.1 ... 0.2 eV). Our spect ra can be compared wi th recently published

high resolution (AE - 0.25 eV) XPS data by Lang et al. . The mean free

path of the photoelectrons excited in the solid is in the order of 20 8

for k ine t ic energies around l keV (at XPS e x c l t a t i o n ) and reaches its

minimum for k inet ic energies below 100 eV with only a few 8. Thus, our

UPS spectra are extremely surface sensitive, and in fact the detect ion of

surface s h i f t s etnerges äs one fundamental result fron, our measurements.

Data are taken at the new Hamburger Synchrotronstrahlungslabor HASYLAB.

Synchrotron radiation from the storage ring DORIS is monochromatized by the

FLIPPER monochromator. The photoelectrons are analyzed by a double pass

cyl indrical mirror analyrer. High pur i ty samples (99.99Z) are evaporated

fron, tungsten fi laments onto s ta inless steel Substrates under UHV conditions

(base pressure of the System ca. l - lo"'° Torr). The cleanliness of the

sample surfaces can be checked with high sensi t iv i ty by monitoring the

Oxygen 2p signal at 40 eV photon energy.

Our resul ts for the surface s h i f t of EU and Cd are already presented

elsewhere together wi th a dctai led description of the data analysis applied

to detect the surface s h i f t 5 . The intensit ies of the d i f f e r en t mult iplet

lines of the ionized f-shell are calculated in the fractional parentage

scheme and convoluted with a Doniach-Suiijic lineshape with Parameters for

wid th and asynmetry for which XPS data4 serve äs a reference. This is donc

for each J-value. All contributions are added up and folded wi th a Gauss ian

lineshape to account for the instrumental resolution. For the surface

emission the mul t ip le t l ines are r igidly s h i f t e d in energy, the magnitude

of the displacement being the surface s h i f t , and convoluted with a Doniach-



Sunj ic l ineshape wich another set o t Parameters . AI L parameLers i n c l u d i n g

the su r face s h i f t are obta ined by comparison of the gene ra tüd curvi> w i L t i

the measured spect ra .

The data analysis is not ye t comple te . Kere we present our resul ts for

some heavier KE nie t als w i t h a r e l a t i v e l y s i m p l e m u l t i p l e t s t ruc ture . For

l'b and üy Lhe ana lys is could be cor.fined to the mul t ip le t l i n e s w i L h Lhe

I i igher m u l t i p ] ici ty which fo rm a group well separated fron the o thers .

These da ta are connected to our resul ts for EU and Gd , and for Yb w h i c h

confirm carl ier measurener.Ls . The surlace s i i i f t of Sm which leads to a

8 9
sur tace valenr.e change ' is also discussed in the llght of our ^easurcirents .

The Si tuat ion for the heavier R E ' s is i l lusLra ted by Uy (F ig . l) and Ho (Fig. 2)

Both elements exhibit r i eh mul t ip le t structure in t h e i r phoLoemiss ion spectra

containing two d i f fe ren t mul t ip l ic i t i es . For Dy, however, a small proup of

lines at 4 eV b ind ing energy f o r m a s t ruc ture well separated from the res t .

Here, a componc-nt shifted towards higher h inding energy by ca. 0.5 eV is

c lear ly discernable by the cnmparison wi t.ti the Xl'S specLrur;. For the rest

of the spe.ctrum, this sh i f t ed component a lways overlaps wit. l i et he r s t ructure

and thus rather manifes te i tseif in d i f f e r en t relative in tens i t i es of the

mul t ip l e t s tructure compared to the XPS spectrum. This Si tuat ion is l i k e l y

met with in Ho (Fig . 2) wh ich we show äs an example for the complexi ty of Lhe

determination of surface shif ts in niany heavy RE meta ls .

In order to prove that the sh i f t ed component of the 4f emission is an in-

tr insic e f f e c t of the clean surface, we Look spei: t r a al_ var ious photon energles .

Ey tuning Lhe photon energy we also tune the k ine t i c energy o t' Lhe photoelec-

Lrons w h i c h leads to a Variation of the mean f r ee pa th of the p h o t o c l n c t r o n s

inside the solid and thus to a Var ia t ion of the surface sensitivity. Fig. 'j

displays two spectra of üy Laken at 40 eV and 80 eV photon energy. Note

that the d i f l e r e n t crosK^sect ion dopendence of the s-d-valence e lecLrons and

the 4f-electrons leads to the dramatic intensity Var ia t ion of thc- va l cn t - e band

near the i'erni energy. Kote fu r the r t h a L L l i e cross-section for oxypen 2p

electrons is highest at ca. 40 eV photon energy. Thus the complete absem-.e of

s t ructure around ö eV b ind ing energy, where the 0 2p emission is to be

expected, indicates t h a L the sample sur täte i s n f h igh pur i ty . This fact

proves, togeLher w i t h the i n t e n s i t y i n r r e a s e nf the h i ^ h h i n d i n g energy

shoulder of the 4 eV-structure when the photon enerpy decreases from 100 eV

(Fig. I) to 40 eV (Fig. 3 ) , that the sh i f t ed 4f emission o r ig ina l e s f r o m

tiie clean surface.

All va lues obLained so far for the surface s h i f t s of thc RF metals are

compiled in F ig . A. For the surface s h i f t of the trivalent m e t a l s , the

theoret ical estirr.atc of 0,3 ... 0.4 eV towards higher binding energies is

given . Keglecting Sm in t h i s context we f ind the su r face s h i f t . s of the

t r iva len t metals Cd, Tb and Dy w i t h 0.48 eV, 0.51 eV and 0.53 eV being

s i g n i f i c a n t l y d i l f e r e n t but not far t 'rum this es t imatr . Thon^h not signi-

f i c a n t , the surface shi f t has a trndency to inrrease f rom Gd to Dy. The

d i v a l e n t metals EU and Yb show the sarne surfac.e sh i f t of 0,63 eV.

The mean f ree path of the photoi-1 1± cLrons inside thc solid can be ex t rac ted

f rom our data by the determination ot the surface-to-bulk in tensi ty rat io

of the 4f e m i s s i c m . This extremely va luab le quan t i ty is h a r d l y accessible

by other techniques in this energy ränge where it is assumed tu pass a

minimum of only a few S. An evaluat ion of the mean free path can be carried

out on the basis of a model which depends on the i-ollection geometry of the

analyzer. Our model is d r s r . r i bL-d in detail in R e f . 5 yielding the equat ion:

- o

which gives the mean f ree path S in teruts of the thickncss a of the

surface layer äs a tunction of the k i n e t i c energy Fk£H of the photoelectrons

( referenced to the Fermi l eve l ) . "t1 Stands for the work func t i on n f the

sample, and IB and Ts are the in tens i t i es of Lhe surface and bulk conponents.

The resu l t ing values of the mean f ree path covering the ränge of energies

between 30 eV and 220 eV are displayed in Fig. 5. For a l l investigated meta l s

we find decreasing values of the niean f r ee path tovards lower energies,

the iniiiicuiu being apparently reached at 30 eV or even below. D i f f e r e n c e s

between t r ivalenL and divalent iretals are not yet s i g n i f i k a n t , although the

data points for the trivalent ones tend to lic at lower values, especia l ly

at higher onergies .

O Ü

For Sm a su r face valence ch.inge has been detected hy XPE and UPS measure-
1 l

ments both yie lding a mean surface valence of 2 .6 . Conibined measurcments

of Bremastrahlungs-Isochronat-SpecLruscopy (BIS) and surface sensitive Xl'S

spectra related this valence change to a surface shif t that p u l l s the lowest



[ lie v.\ i'nri. i; hange requires a nüiiiaiuiii sur face shi f t cf on l y 0. 46 eV w h i c h

i s i : i I . K - L L u w e r t hau «ur v a i u e s n b t a i n e d fo r nther t r i v a i c n t RF m e t a l s .

Add i L i i j i i a ; i>:iergy maj1 be so t f ree by the valence ci'.angc i t sei f r e s u l t ir,j; i n

L l u.1 i i i i i in-.;i l o i i r i l y l i i ^h total value for t he surf ace slii f t .

m e a s u r e m r n t y . Any L r f v a l ent i-or. L r i hu t i 11:1 :;L L l i e surf ate must experier.ce a L

l east the n in imun surf ace shif t t ha t i s suf t" i r i rn i L o dr iv i : L i ; e va lcnce

c hall te ( 0 . 4 6 eV) . If th is cont r i hu t i on n i a k e s u p a suhst.anl. i ;i l l rat: 1 1011

f > l OK) 0 d i sp lat-.dd m u l t i p l e t st nie ture should accompany ehe -'if b u l k emiss ion .

üur spect ra siiow no indicat ion fo r s s h i f t o d t ' i r i sa ion Trum L t i o L r i v a l u n L

f " p r n u i i d s t ä t e (compare F i g . 6). In fac t the emissicn f rom t nc f cnn f i -

j:urat ion i s in per f c1 ct. a^reemei iL wi t!\' resul t s . iVe note t ha t a l so the

in tens i ty rat i o between the 4 f -surf act- u in i h s ion and b u l k e m i s p i o n i s

e y ( i m a L e d Lo [je co.TipaCible w i t h a ccupl r t e l y d i v a l c n L s u r f ; i i - e .

i > e cor.cludo t ha t Synchro t ron r ad i a L ion ir.duced UPS spect rcscopy i s best

s u i L d d :"or L he invest iga t ion ot sürfar . i - i - t i i u - L s , if a monoch roma to r is used

t- i . - i t t f ivors t he ' o n ü r j j y ränge f ron 20 eV to ,'00 eV wi t i: h i a n r t sol u l i o n . 1;:



Figure C.Tipt i ons

Comparison »t onr L'IJS spec t rum and an XPS spec t rum of M y .

4
Centpsrison of our UPS spet t rum and an XPS spec-trum of Ho.

UPS spectra of Dy shoving tho increased contr ibut i un of

Lhe surf ace Emiss ion a t 40 eV photon etiergy.

F i g . Magp.itudt; ü f the su r face s h i f r u i" Lhe RE tne tal s.

*) ThüoreLical e s t ima te for thi> L r i v a l e n c me ta l s I rom R e f . 10,

**) va luc Laken from R e f . M .

Hean frce pa th S uf the photoe lc 'c t rons in terms of thc

Chickness a of tht; su r f ace layer p lo t tcd versus the

k ine t i c energy of ttii- pho toe lec t rons , The so l i d l ine drawn

äs a visual aid connccts Lhe daCa points for Yb.

Comparison of our LTS spectra and an XPS
4

spectrum of Sm. Vertical bars give tne energy posi t ions

•> 4
and ral cul Jitt 'd i n t i^ns i L i e s of tlie bulk emiss inn ( 4 1 "*if ) ,

su r face emission (4f -'k l" ) , and Bremss t rah lungs - I so f lmra ia t -

spec t rum (4f -"4f ) .
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