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Core level binding energy shifts at the surface of clean metals (“surface
R-81/08 . . P
EEEszr 19é1 shifts") have recently been observed in photoemission spectroscopy for a

- ‘s 1-3 . . ; -
number of 5d-transition metals 1n quantitative agreement with a rela-

A
4f-Surface Binding Energy Shift for Fu and Cd Metals tively simple theory‘. For rare earth metals the possibility of a change
-3 5 id Metals

in the 4f-occupation has to be considered: a gain or a loss in hinding
R. Kammerer, J, Barth and F. Gerken energy could lead to an exchange of an electron between the valence states
IL. Institut fir Experimentalphysik, Universitdt Hambure, and the A[~shell. This has been established for the surface of Sm metals.
D-2000 Hamburg 5C, BKD For those rare earth elements which remain trivalent up to the surface

and layer, the theoretical estimate for the sutface shift of 0.3 ... 0.4 eV
A. Flodstrdm and L.I. Johansson towards higher binding energy has been givans. So far, experimental data
Department of Physics and Measurement Technology, Limképiny for surface binding energy shifts on rare earth metals have only been pre-
University, $-58183 Linképing, Sweden sented for the divalent Yb meta17’8. While in Ref. 7 the observed shift of

0.6 eV towards higher binding energy was discussed in terms of surface
atoms chemically bound to oxygen, it was later confirmed as an effect of

8
the clean surface .

Abstract

In this letter we present a direct observation of the 4f surface binding
S Aiatior 3 hotoemisston spectra of Fu and od . . . o
Synchrotron radiation excited phot Teem s . o energy shift of Eu. The spectra are fitted using the lineshape formula

are pregsented. For Eu a 4f-surface compoment i resclved witd

©

. . . 9 .
given by Doniacn and Sunjic”, Stromg evidence for a surface shifted
0,83 eV binding enavgy ehift, For Gd the comparissn with XPE data ) .
& ing aY J e 4f-component in Gd is presented by a comparison between our surface sengitive
.o : ~ Wi LEad dfwnonm (i s o AR )
1ves strong evidence for a surface shifted sf-component (A& = U, 4% wV), ] . ) i .
g g UPS spectra with an XPS spectrum, although a surface shifted 4f-component
The mean free path of photoelsetrons is determined. ) - .
) is not directly nbserved in our spectra,

The data were taken at the FLIPPER monochromator in the nrew synchrotron
radiaticn laboratory in Hamburg, HASYL.AB, The overall instrumental resc-
lution ranged from 0.19 eV to 0.5 eV. Samples were evaporated onto stainless
steel substrates under UBV conditions.

. ) Figure ! shcews the comparison between our UPS spectrum at 40 eV phaoton
to be published in Solid State Communications. -
energy and an XPS spectrum . Eu atoms are divalent in the metal. Thus we

see a weak intensity in the valence band criginating from the two 6s electrons.



The 4f6 configuration of the ionized f-shell left behind in the photo-
emission experiment leads to the dominant maximum at 2.1 eV binding

energy.

In the LS coupling scheme we find the 7F as the oniy possible term. Tﬁe
splitting of the different J-values (J =0 ..... 6) is too small to be
resolved in the Bpectral? 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 X, the surface sensitivity of
the UPS experiment is considerably enhanced over the XPS experiment.
Therefore, we explain the shoulder seen in the UPS spectrum as a surface
effect, An oxygen contamination of 0.] 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]l.

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 example, the fit to the 60 eV spectrum is displayed in
Fig. 2.  The energy splitting of the multiplet is taken from absorption
spectra of £ ions’? and multiplied with a scaling factor of 0.93‘3 as we
measured metallic Eu, and the relative intensities of the multiplet lines are
taken frem Ref. 14. Thus the bulk and surface contributions to the 4f-emission

are reproduced by seven Doniach-Sunjic-lineshapes each.

-4 -

Finally, a background of scattered electrons is generated and added to
the curves. This takes account of extrinsic energy losses by inelastic
scattering as the photoelectron travels through the solid. Note that
these losses occur in addition to the intrinsic losses created at the
excitation of the photoelectron which give rise to the asymmetric Doniach-
Sunjic lineshape, The influence of extrinsic losses to the measured
spectrum hecomes more and more important with decreasing kinetic energy
of the initially created photcelectron, so that negligence of this effect
yields anomalously hipgh asymmetries for the fit of the UPS data compared
to the asymmetry determined from XPS data. The resulting fit ta 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 with the theoretical curves generated with fixed parameters for
the width, asymmetry and surface binding energy shift, The convolution with
a Gaussian profile took the experimental resolution intc account,All para-
meters are summarized in Table 1. The parameters for the bulk contribution
deviate from the values determined from XPS data'® up to a factor of 2.
Possibly, this is related to the different scaling factor for the energy
splitting of the multiplet, In Ref. 10 a value slightly higher than 1 was
used to connect the energy splitting of free Eu3+ ions to that of photoionized
Fu atoms embedded in the metal. Such a value, however, neglects a possible

screening of the nuclear charge by the conduction electrons. We used a scaling

. . 13
factor of 0.93 which we determined independently with high accuracy .

The contribution of the surface emission relative to the bulk emission
could thus be determined by the peak areas of the generated curves. It is

directly related to the mean free path of the photoelectrons. Such an
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analysis has already been presented for Yb7. The formula, however,
after which 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 as 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 axis of the CMA, the collection
geometry corresponds to averaging over all azimuthal angles and over
polar angles between 36° and 48°, wWith respect to the surface normal of

the sample, however, poclar angles between 28" and 90° are acceptedls.

For our analysis of the bulk-surface intensity ratioc we assume that the
CMA accpets a representative fraction of all photoelectrons emitted from
the sample, 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 common additional assumption516:
the absorption coefficient u is constant over the escape depth of photo-
electrons ; 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

1 S max
Prix) = = f [
o o]

x
o E(Ekinicosg sin® 46 d¢

where @y, corresponds to the maximum polar angle under which electroms
penetrate through the surface without being reflected, and £(Egj,) is the
mean free path of the photoelectrons with the kinetic energy Epji, given

with respect to the Fermi level.

® -

Since the probability for an electron excited in the surface layer to

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

(Ekin > )
I 27 rsmax 7 _ X

| J i & ;
— = ;’) : o (Eyin) cosd sin  dx dfé  d¢
I

.26
_ sin R _ ¢
_._3.25_2 ) L(Eyin) = 3 (1 En} % (Eg in) n

¢ being the work function of the sample, This expression vields 2 (Eyip)
in terms of the thickness of the surface layer. For Eyin >> ®(®Fr=2.5 eV)l7

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

ratio,

Fig. 3 displays several TDC's taken at different photon energies, the
intensity ratios extracted from 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 the mean 4f-binding 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 6d is about 6 eV higher than in Eu, 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 +vo 0.4 eV towards higher binding energy6 must be
applicable. Fig., 4 shows several EDC's of Gd taken at different photon
energies. The 4f-emission has its maximum at 8.3 eV binding energy and a
FWHM of 1.4 eV. A surface component is not resolved in the spectra. But a
comparison with XPS 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 eVlO

in good agreement with the bulk contribution deconvoluted from our UPS



_7_
spectra. We find also for other rare earth metals that apart from
surface effects, widths and binding energies of the 4f multiplets
measured in UPS agree well with those measured in XPS]8 comprising
the case of Yb for which a controversary statement is made in Ref. 7.
For Gd, the XPS spectrum shows a 4f peak at 8.0 eV binding energy with
a FWHM of about 1.1 eV]9 Although the resolution of our UPS experiment

was even higher, our spectrum reflects a broader peak with its maximum

at higher binding energy.

Therefore we applied the same fitting procedure to our Gd spectra as
described for Eu, The energy splitting of the multiplet is taken from
Ref, 12 and scaled with a factor of 0.97 which was also determined in-

dependently‘3

and deviates markedly from the value used in Ref. 0
(approx. 1.26). As a result we find that the measured curves agree well
with the sum of a bulk and a surface multiplet with a binding energy
difference of 0,48 eV (see Fig. 4)., The parameters used for the theore-
tical curves are given in Table |. The deconvoluted bulk contribution

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

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

after equation (1) gives values approx. 40% lower than those obtained for Eu.
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Paramerers of the Doniach-Sunjic lineshape analysis of the surface and bulk 4f-photoem

1

Table

of Eu and Gd ( 2y - FWHM, o -asymmetry index, AES_B - surface binding energy shift)

ME

Suriace

(¢

Surface

2y

Bulk

a

Bulk

2y

(0.63+0.02)eV

0.18+0.02

{0.13+0.03)eV

0,240.02

(0.140.03) eV

Eu

(0.48+0.03) eV

(0.35+0.05)eV 0.18+0.02

0.22+0.02

(0.3+0.05)eV
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