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Abstrast
ihe core level binding enevgy shifts for surface atoms relative to bulk
atoms {"surface shifte') have been measursd for Lhe 2p levels of Na (23C meV)
ard Mg (140 meV) using synchrolron vadiation excited photoelectron
spectroecopy. For Al, both a surface shifi and a broadening ave concidered.

The eign and magnitude of these shifts ave compared with cateulated values

based on surfuce energies. "'he mean free palh of the photoelectrons
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Recent photoelectron spectroscopy measurements have demonstrated that the core

1-3
level binding energies of surface atoms differ from those of bulk atoms .
These surface shifts have been used to distinguish between different recon-—

struction models of metal and semiconductor surfaces and to study surface

segregation in alloysq. Only for the 5d transition metals and the lanthanide

series, however, enough experimental data have been reported to systematically

compare calculated and measured surface shifts,

In a thermodynamic medel, the surface shift AEC can be expressed as 5,6
AEC = LS(Z*I) - bs(z) (1)
with ES(Z) the surface energy of the element with mass' number Z, Using this

model and surface energies either estimated from bulk cohesive energies5

- . e . a,7 .
or from tight binding calculations of the surfaces ', the surface shifts have

been obtained for the 5d transition metals. A comparison between experimental

and calculated shifts has been encouraging; the trend (a change of sign in
the middle of the 5d series) has been found in experiments, the magnitude
compares reasonably well and the predicted difference in surface shifts of
the different crystal faces of the same ‘metal has been found.® The thermo=
dynamic model appears to be a promising theory and gives reason to expect
surface shifts on free electron like metals as well. Therefore it is

challenging to search for them.

The present letter reports measurements on the 2p levels of Na, Mg and Al,

We studied evaporated films and single crystals (Mg(0OO!), Al(100) and AL(111)).

Two aspects of the surface shifts are treated: First, we correlate

sign and value of the observed surface shift with calculated values

usirg relation (1) and surface energies obtained from theoretical calculations

. 10-12 ]
or from other types of experiments 0-1 . Second, we estimate

8;9



the mean free path of the photoelectrons from the bulk-to-surface

intensity ratio of the 2p peaks (IB/LS).

The experiments were performed at the Hamburger Synchrotronstrahlungslabor
(HASYLAB) using synchrotron radiation of the storage ring DORIS. Munéchrnmatic
radiation from the FLIPPER monochromator was used in the energy range of

36 - 200 eV andthe photoelectrons were analysed in a commercial CMA. The
overall instrumental resolution was 0.09 ... 0.19 eV in all data presented,

The films were evaporated onto stainless steel (Mg,Al)} or OFHC~copper (Na)
substrates under UHV conditions and specttra recorded at 300 and 100K. The
single crystals were polished in a standard way, "sputter'-cleaned and annealed.

All data on single crystals were recorded at 300K.

Fig. 1 shows spectra of the Na 2p level at several excitation energies. Ta
fit the experimental spectra, a procedure shown in the 100eV-spectrum of

Fig. | was used: We assumed two sels of peaks, {bulk) and

*P3/2,1/2
2p3/2!l/2(surface) with the spin-orbit intensity ratio fixed to 2:1.
According to the theory of free electron like metals we used Doniach-Sunjid
lineshapes convoluted with a Gaussian of temperature-dependent width to
consider phonon broadeninng. Parameters of the bulk doublet were taken from

13,14 . L.
? which are not surface sensitive. The sum of the doublets

XPS~measurements
was then convoluted with a Caussian to take the instrumental resolution into
account. Thus the intensity ratio IB/IS, the surface shift Ec(bulk) - Ec{surface),
the width and asymmetry of the surface doublet were used as parameters., It was
necessary to use a greater width for the surface doublet in order to fit the

observed spectra. This may be caused by random orientation vf crystallites

at the surface of the evaporated [ilm or by cxtrinsic broadening caused by

surface roughness. The Na data are confimed by evaluation of the 2s peak.

It can be fitted using the parameters determined from the 2p-spectra with

a width corresponding to XPS data. Compatible results have been obtained
using yield spectroscopy at the edge as in refs. 1,15, Since our experimental
set-up permits more accurate evaluvation of energy distribution curves (EDCs),

we will focus on these results. The experimental data are compiled in Table T.

In order to discuss the surface shifts using relation {l) we need the surface
energies of Na, Mg, Al and Si. Surface energies have been calculated in the
density functional formalism applied to the inhomogeneous electron gas. By
including pseudopotentials of the metal ions and the classical electrostatic
cleavage energy into the model and improving the numerical calculation of the
cxchange energy, good agreement with experiments for Na, Mg and Al was achieveda’g.
The experimental surface energies for metals have usually been obtained at

the melting pointlo. Only few experiments report on data measured at low
Lemperaturcs]l. In Table I surface energies derived in several different

ways are shown together with expected surface shifts for Na, Mg and Al which we

calculated according to relation (1).

Spectra of Na (Fig. 1) and Mg (Fig. 2) clearly show the presence of an energy-
-shifted surface doublet. On the other hand, the surface sensitive (100 and

120 eV) spectra of A1(100) {(Fig. 3) just show a broadening ol ambiguous

origin. This was interpretcd by Eberbardt et al.lj to be a broadening due to
crystal-field splitting., Very recently, Chiang and EasLman] reported a surface
shift of -97 meV also measured on an AL{100) face in yield spectroscopy.

A theoretical sLudle resulted in both a splitting and a surface shift of -120 meV
for the top layer atoms. We are able to fit the experimental curve by adding

a surfacc doublet shifted by -120 meV, but we can also reproduce the experimental

result using just one doublet which is allowed to broaden as measurements



become surface sensitive. ExperimenLal uncertainty prevents reliable judgement
trom the expected shift ol the curves' center of graviLy. Therefore our data

on Al (100) do not enable us to resclve this discussion beyond deubt.

Measurements on the Al(111) face, however, show no surface sensitivity at all,

All specira can be fitted wusing just one doublet with constant FWHM {Fig. 3}.
Since the theoretical value of the surface energy of Al(111) Is about 130 meV/atom
smaller than the (lDO)—valueS, an extremely small or vanishing surface shift

is expected trom the theoretical model. If the reader follows Llie contention

that a broadening mechanism existing only on the (100} (and mavbe on Lhe (110))
face is unlikely, in lineshapes of the 2p levels appear to be given by a

superposition of a bulk and a surtace doubler.

The inLensity ratio IR/IS has so far been used to estimate the number of
surface altoms versus bulk atoms for reconsiructed surfaces. On the cther hand,
by comparing the IB/Is ratios for different kinetic energies of the photo-
electrons we will be able to express the mean free path in units of atomic
layers as a function of electron kinetic cncrgyz. This techrique is
demonstrated on Na, It has the largest surface shilL which makes the
determination of IBIIS more accurate., Fig, 4 shows Lhe mean [ree path versus
kinetic emergy over a wide energy range. The minimum is clearly discernible

at 20 to 40 eV. For higher kinetic energies our results can be compared with
the calculation by Pennl7 who used a free electron pas model. Calculations of
the mean free path for low kinetic emerpies are few and disagreeing. Present

results may sLimulate new work.

In summarizing our results, we have for the first time ciearly abserved the

cxistence of surface shifts on free electren like metals, namely Na and Mg.
The shifts can be successfully correlated with surface energy data by the

Juhaussuu/Mgrtenssou theory5. The surface shift of Al{i1}) is practically
zero, while Lhe vase of Al(100) appears Lo be more involved., Thete is some

indication, however, that the tiheoretical concept also holds for AL,
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Figure captions:

Fig. 1: Spectra of the Na 2p level taken at I00K and several photon cnergics
to illustrate the energy-dependent prominence of a surface AOUblOtL
The fit-procedurc as explained in the text is shown at the [00eV-
-spectrum (see ref. 14), For clarity, the convolution regarding

instrumental resolution has not yet been carried out.

Fig. 2: Spectra of Mg at I00K show the surface doublet but not as clearly
as in Na. This is duc to the reduced surface shift and the larger

spin-orbit splitting.

Fig. 3: Spectra of Al 2p taken from different crystal faces., In the

surface-sensitive spectra at 100 and 120 eV, the {l00)-spectrum

(solid) is broadened as compared with the (111)-spectrum (dashed-dotted).

Fig. 4: The mean free path (0) of the photoelectrons is determined from the
intensity ratio of the bulk- and surface doublets (x) and expressed
in units of the distance bhetween layers, o compare with theory,

we assumed a bee (110) packing resulting in an a = 38.
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