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0,62 eV binding energy skift. For Cd ths corf^ai'i-son üiih Xt'S dat

g-ives sträng e viele na e for a surface shifted If-cotwonent (& - o.

The Keim free patk of photoeleetra^.s is äeleiwined.
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Cure l £^ve l h i n d i n j j energy shif ts at the su r f ace of clean metals ("surface

s h i f t s " ) havn recently been observed ir. photoeTcission spectroscopy for a

number of 5d-transition metals in quant i ta t ive agceement w i t h a rela-

tively simple theory . For rare ea r th raetals the possibility of a change

in the 4f-occupation has Co be considered: a gain or a loss in b inding

ertergy could lead to an exchange of an electron between the valcnce states

and the Al '-shell . Tb i s has heen es tabl ished for the sur f act; of Sm metal .

For L hose rare earth e lernen t s which remain t r ivalent up t n the surface

hiyer , the Lheoretical es t ima te for the surface sin f t of 0. 3 ... 0.4 eV

towards higher binding energy has hecn given . So far , exper imental da ta

for surface binding energy sh i f t s on rare earth metals have only hccn pre-

7 R
sented for the divalent Yb netal ' . While in R e f . 7 the observed s h i f t of

0.6 eV towards higher binding en^rgy was discussed in terms of surface

atoms chemically bound to oxygen, i t was later confirmed äs an e f f e c t of

the clean surface .

In t h i s Ictte.r wn präsent a direct observation of Lhe 4f surface binding

energy s h i f t t:f EU. Ttie spectra are f itted using the 1 innst iape f ornula

. . 9
giver. by Don i an r. and Sunj ic , Etrt iTig evidence for a surface siii f ted

4f-component in Cd i s presented by a comparison between our sur face sensitive

UPS spectr.-i with an XPS spectrum, a l though a surface s h i f t e d 4f-component

is not cirert lv nbserved in our spectra .

The da t a were taken at the FLIPI'ER monochromator in the nc.w Synchrotron

radia t icn laboratory in Hamburg, HASY1.AB. The overall instrumental reso-

l u t i o n ranged from 0 .19 eV to 0.5 pV. Samples were evaporatfd onto staiuless

steel Subst ra tes imder UHV condi r ! ons .

LIJ be published in Solid SLate Commur. icat iuns.
Figur0 ! shc«s the comparison between our Ul'S spectrum at 40 eV pho ton

! 0
energy and an XPS spectrum . EU a toms are d i v a l e n t in the metal . Thus we

see ,•) Msak intensity in the valence band criginating from the t wo 6s electrons,
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The 4f configuration of the ionized f-shell left behind in the photo-

emiseion experiment leads to the dominant maximum at 2,1 eV binding

energy.

In the LS coupling scheine we find the F äs ehe only possible tenn. The

Splitting of the different J-values (J = 0 6) is too small to be

resolved in the spectra . Additionally, the UPS spectrum clearly displays

a shoulder at higher binding energy which is not reflected in the XPS

data. Because the mean escape depth of photoelectrons has its minimum

below 100 eV kinetic energy with only a few S, the surface sensitivity of

the UPS experiment is considerably enhanced over the XPS experiment.

Therefore, we explain the shoulder seen in the UPS spectrum äs a surface

effect . An oxygen contamination of 0.1 L smears out the shoulder, but does

not lead to a change in intensity (see Fig. 1), This demonstrates that the

shoulder of the clean EU spectrum is caused by the emission from intrinsic

surface states which is partly replaced by the emission from. chemically

shifted and broadened 4f states after the oxygen exposure. A detailed dis-

cussion of the oxidation of EU is presented elsewhere .

In order to extract the surface shifted 4f-level out of the measured curves

we compare a series of spectra taken between 30 eV and 220 eV photon energy

to theoretical curves generated with the lineshape formula of Doniach and

Sunjic . As an exaraple, the fit to the 60 eV spectrum is displayed in

Fig. 2. The energy Splitting of the multiplet is taken from absorption

3+ 12 l ^spectra of EU ions and raultiplied with a scaling factor of 0,93 äs we

measured metallic EU, and the relative intensities of the multiplet lines are

taken from R e f . 14. Thus the bulk and surface contributions to the 4f-emission

are reproduced hy seven Doniach-Sunjic-lineshapes each.
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Finally, a background of scattered electrons is generated and added to

the curves. This takes account of extrinsic energy losses by inelastic

scattering äs the photoelectron travels through the solid. Note that

these losses occur in addi t ion to the int r ins ic losses created a t the

excitation of the photoelectron which give rise to the asymmetric Doniach-

Sunjic lineshape. The influence of ext r ins ic losses to the measured

spectrum becmnes more and raore important w i th decreasing kinetic energy

of the initially created photoelectron, so that negligence of this e f fec t

y ie lds anomalously high asymmetries for the fit of the UPS data campared

to the asyrametry determined from XPS data. The resul t ing fit tn the 60 eV

spectrum (Fig. 2) resembles the measured curve within the accuracy of the

measurement,

The complete series of spectra between 30 eV and 220 eV photon energy

agrees well wi th the theoretical curves generated with f ixed parameters for

the width, asymmetry and surface binding energy sh i f t . The convolution with

a Gaussian profile took the experimental resolution into account.All para-

meters are summarized in Table 1. The parameters Eor the bulk contribution

deviate from the values determined from XPS data up to a factor of 2,

Possibly, this is related to the d i f ferent sca l ing factor for the energy

Splitting of the mul t ip le t . In R e f . 10 a value slightly higher than l was

used to connect the energy S p l i t t i n g of f ree EU ions to that of photoionized

EU atoros emhedded in the metal . Such a value, however, neglects a possible

screening of the miclear charpe by the conduction electrons. We used a scaling

factor of 0.93 which we determined independently with high accuracy

The contribntion of the surface emission relative to the bulk emission

could thus be determined by the peak areas of the generated curves. It is

d i rec t ly related to the mean free path of the photoelectrons. Such an
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analysis has already been presented for Yb . The formula, however,

af ter vhich the data were Analyzed, appears not to be appropriate for

the collection geometry of the cylindrical mirror analyzer (CMA) which

was the same in Ref . 7 äs in the experiment presented here.

The axis of the CMA is perpendicular to the incoming photon beam and

tilted by 45 against the plane of the electric vector of the radiation.

The samples are illuminated under 60 (measured from the surface normal)

by s-polarized light. With respect to the axia of the CMA, the collection

geometry corresponds to averaging over all azimuthal angles and over

polar angles between 36 and 48 . With respect to the surface normal of

the sample, however, polar angles between 28 and 90 are accepted

For our analysis of the bulk-surface intensity ratio we assume that the

CMA accpets a representative fraction of all photoelectrons emitted from

the s«nple, Within the 3-step model of the photoemission process we

calculate the ratio of bulk electrons to surface electrons that can be

detected outside the sample under the conmon additional assumptions :

the absorption coefficient y is constant over the escape depth of photo-

electroos ; the sample surface is atomically smooth and perfectly clean;

photoelectrons are excited into all polar angles with equal probability.

The probability for a bulk electron excited in a distance x from the sample

surface to escape into the vacuum without an energy loss is then given by

! 2n 6max _ x

^ o o

where 6max corresponds to the maximum polar angle under which electrons

penetrate through tne surface without being reflected, and AfE^^j^) is the

mean free path of the photoelectrons with the kinetic energy Ek^n given

with respect to the Fermi level.
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Since the probabi l i ty for an electron excited in the surface layer to

escape into the vacuum is 1/2, we find for the intensity ratio

(E k i n > t ) :

2ir o o

. 2

(O

5 being the work function of the sample. This expression yields

in terms of the thickness of the surface layer. For Ekin » <J> (4>F,,=2.5 eV)

the raean free path is simply given by twice ehe bulk-to-surface intensity

Fig. 3 displays several EDC's taken at different photon energies, the

intensity ratios extracted froia those measurements and the evaluated mean

free path of the photoelectrons. The photon energy scale can be converted

to the kinetic energy scale by subtraction of ehe mean 4f-hinding energy in

the bulk ( 2 . 1 eV) . Evidently, the minimum mean free path is reached below 30 eV.

It is interesting to compare the 4f-photoemission of Gd with that of EU

because of the equal 4f occupation. The binding energy of the 4f-electrons

in Gd is about 6 eV higher than in Eu f and Gd is expected to be the most

stable trivalent element of the rare earths. Thus the theoretical estimate

for a surface shift of 0.3 ... 0.4 eV towards higher binding energy6 must be

applicable. Fig. 4 shows several EDC's of Gd taken at d i f ferent photon

energies. The 4f-emission has its maximum at 8.3 eV binding energy and a

FUHM of 1.4 eV, A surface component is not resolved in the spectra. Gut a

comparison with XP5 spectra gives interesting information. The XPS spectrum

of EU shows a 4f peak at 2.0 eV binding energy with a FWHM of about 0.7 ev'°

in good agreetnent w i t h the bulk contrihution deconvoluted from our UPS
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spectra. We find also for other rare eartti metals that apart from

surface e f fec t s , widths and binding energies of the 4f mult iplets

18measured in UPS agree well with those measured in XPS comprising

the case of Yb for uhich a controversary statemerit ig made in Ref . 7.

For Cd, the XPS spectrum shows a 4f peak. at 8.0 eV binding energy wi th

a FUHM of about 1 . 1 eV . Although the resolution of our UI'S experimenL

was even higher, our spectrum ref lects a broader peak wi th its roaximum

at higher binding energy.

Therefare we applied the same f i t t i ng procedure to our Gd spectra äs

deacribed for EU. The energy Splitt ing of the mult iple t is taken from

Ref , 12 and scaled w i t h a fac tor of 0.97 which was also deterrained in-

1 3dependently and deviates markedly from the value used in R e f . 10

(approx. ] .26). As a result we f ind that the measured curves agree w e l l

with the sum of a bulk and a surface mul t ip le t with a binding energy

di f fe rence of 0,48 cV (see Fig. 4 ) . The parameters used for the cheore-

tical curves are given in Table I. The deconvuluted bulk contr ibut ion

to the 4f emission again is in good agreement wi th the 4f peak of the

XPS spectrum. The evaluation of the mean free path of the photoelectrons

af ter equation (1) gives values approx. 40™ lower tlian those obtained for EU,
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Tablg|__1_; Parameters of t he Doniach-Sunj ic lineshape anal ys i s uf the surface and bulk 4f -photoemiasion

ot" EU and Gd ( 2y - FWHM, a -aaynmecry index, AE - surface binding energy shift)

Bulk 2Y Surface Surface

(0. H-0.03)eV O.2+O.02 (O.!3>0.03)eV 0.18+O.02 (0.63+U.02)eV

Gd (0.3+0,05) eV 0.22-1-Ü.02 (0.35>0.05)eV 0.18+0.02 (0.48+0.03)eV
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