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Thß aoz>ß Level bindiruj e~>ißrgy shifts for surfaae atoms r-elaiiv^ to In l. k

atGTts ("siipfaae ühifts") havß baen n&aQux'&d for ine 2p Isvels of Na. \22G meV)

artd Mg (140 meV) uaing synehrcipcn mdiati-on esxiited photoßlectfon

spsctposcopy. For AI, boih a sux>j'ae& shifL and a Dra^zdening ai't. eonoi-äsreü.

The sign and macpiitudk vf thess shiftu are uornparfid tri-t'n calaiiiated values

bas&d on suvface er.ei'gies, 'l'hß mßan free pa'Ji of tfit r>hotoälect?'ona in

determined by eval'uatiün vf lh& intänvity vaiia f . - , , (Zp)/I , .'5p;.
•' J SiAt,!'. b<AZ'j:Zt?t.
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Recent photoelectron spectroscopy measurements have demonstrated that the core

1-3
level biiiding energies of surface atoms differ from those of bulk atoms

These surface shifts have been used to distinguish between different recon-

structior. models of metal and seraiconductor surfaces and Co study surface

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

seriea, however, enough experimental datia have been report'ed to systematically

compare calculated and measured surface shifts.

In a thennodynamic mcdel, the surface shift AE can be expressed äs »

A E --- E (Zf 1) - E (Z) (1)
e s s

with E (Z.'1 the surface cnergy of the elemtnt with mass' numbcr Z. Using this

raodel and surface energies either estimated from bulk cohesive energies

OT 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

cooipares reasonably well and the predicted difference in surface shifts of

the different crystal faces of the same-metal has been found.G The thermo-

d>-nara;c model appears to be a. promising cheory and gives reason to expect

surface shifts on free electcon like metals äs «eil. Therefore it is

challenging to search for them.

The present letter reports taeasurements on the Zp levels of Ka, Mg and AI,

We studied evaporated films and single crystals (Mg(OOOl), Al(lOÜ) and Al(lll)).

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

sign and value of the observcd surface shift with calculated values

usir.g relation (1) and surface energies obtained from theoretical calculations

or from other types of experiments '~. Second» we estimace
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the mean free path of the pliotoclectrons from the bulk-to-surface

intensity ratio of the 2p peaks (I /I ).

The experiments were performed at Ehe biaraburger Synchrotronstrahlungslabor

(HASYLAB) using Synchrotron radiation o£ the storage ring DORIS. Monochromatic

radiation from Ehe FLIPPER monochromator was used in the energy ränge of

36 - 200 cV anAthe photoelectrons were analysed in a commercial CMA. The

överall instrumental resolution was 0.09 ... 0.19 eV in all data presented.

The films were evaporated onto stainless steel (Mg,AI) «r OFHC-copper (Na)

Substrates under UHV conditions and spectra recorded at 300 and 100K. The

single crystals were pnlislied in a Standard way, "sputter"-cleaned and annealed.

All data on single crystals were recorded at 300K.

Fig. l shows spectra of the Na 2p level at several excitation energies. Tn

fit the experimental spectra, a procedure shown in the lOOeV-spectrum of

Fig. l was used: We assumed two sety of pcaks, 2p , /0 (bulk) and

^P3/2 ]/2^surface^ with ttle spin-orbit intensity ratio fixed to 2:1.

According to the thenry of free electron like metals we used Doniach-Sunjic

lineshapes convoluted with a Gaussian of temperature-dependent width to

13
consider phonon broadening . Parameters of Lhe bulk doublet were taken from

13 14
XPS-measuremonts ' which are not surface sensitive. The sum of the double t s

was then Convoluted with a Gaussian to take the instrumental resolution into

account. Thus the intensity ratio 1D/I~, the surface shift E (bulk) - E (surface)
B b c c

the width and asymmetry nf the surface doublet were used äs parameters. It was

necessary to use a greatcr width for thu surface doublet in order to fit the

observed spectra. This may bti caused by randon-i orientatiun uf crysL,-iLl itr.x

at the surface of the evaporated film or by cxtrinsic broadening caused by

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

It can be fitted using the parameters determiued Erom the 2p-spcctra witli

a width corresponding to XPS data. Compatible results have been obtained

using yield spectroscopy at the edge äs in refs. 1,15, Since our experimental

set-up permits more accurate evaluation o£ energy distribution curves (EDCs),

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

In order to discuss the surface shifts using relation (1) we need the surface

energies of Na, Hg, AI and Si. Surface energies have been calc.ulated 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

exchange energy, good agreement with experiments for Na, Mg and AI was achieved

The experimental surface energies for metals have usually been obtained at

the melting point . Only few experiments report on data measured at low

temperatures . In Table l surface energies derived in several different

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

Ccüc-.ulatäd according to relation (1).

Spectra oC Na (Fig. 1) and Mg (Fig. 2) clearly show the presence of an energy-

-shifted surtace doublet. On the other hard, the surface sensitive (100 and

120 eV) spectra of Al(IOO) (Fig. 3) just show a broadening of ambiguous

origin. This was interpretcd by Eberhardt *̂ t al. to be a brnadening due to

crystal-fi«ld Splitting, Very recently, Chiang and Eastman reported a surface

siiift of -rj? meV also measured on ;m Al(lOO) fate in yield spectroscopy.

A theoretical study16 resulted in both a Splitting and a surface shift nC -120 meV

for the top layer atorns. We are able tu fit the experimcntal curve by adding

& surface doublet shifted by -120 meV, but we can also reproduce the experimental

result using just one doublet which is allowed to broaden äs measurements
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become surface sensi t ive . Exper i iwmtal imcer ta in ty prevents r e l i a b l e judgemenL

t rom the expected sh i f t of the curves' centcr of g r a v i L y . The r « f o r n our data

on A I (100) do not enable us to resolve this discussion beyond d o u b t .

Heasurcments on the AI (l l l ) f asie, however , s lmw nt> sur f;u-e sens i t iv i ty aL all .

Al l spectra can be f i t t e d u s i n f > just, one d o u b l e t w i t l i i : t>Lis tan t f 'WllH ( F i g . 3) .

Since the theore t ica l value of the su r face ^Tic-rgy of A l ( l l l ) i s abuut 130 aeV/atoir.
o

smal l er t hau the (100)-value , an extremely small or vani sinn;; a u r l ac.e K l u f t

i s expected f reim the theoret ica l model. If. the reader f öl lows 11»; i-.on t t f n t ion

that a broadening raechanism exist ing only on the (100) (and m a y b y on tlie ( 1 1 0 ) )

face is unl ike. ly , in l ineshapes of the 2p levels appear to be. g iv^r . by a

superposi t lon of a bulk and a surf.ir.t d o u b l e t .

The intensi ty ratio I /l has so f a r been used to os t ima te the nuraber of

surf act? atoras versus bulk atoms for rccons t ruct.es] surf aces . On the et her band ,

by coaparing the I , . /^ c rat ios for d i f f e r c n t k i n e t i e energieh of the photo-

electcons wc wi l l be able to express the mean f ree paLh in uui ts of atontic

2
layers äs a funct ion oi e lec t ron k ine t i c energy . This techmqiie is

demonstrated on Na. It has the largest surface. s h i f t which niakes the

determination of I R / I C toorc acsmrate. Fig. 4 shows the mean £ree path versus

kinetic energy over a wide ener;;y ränge. The m i n i m u m i s e l e a r l y d i s c e r n i b l e

at 20 to 40 eV. For higher k ine t i c energies our rcsult.s can be corapared wi th

the ca lcu l at is i t i by l'enn who u^ed a Cree e lec t ron p,as m o d e l , Calculat ions of

the mean f ree path for low kinetic energies are tew and d i K a ^ r e c i n g . I 'resent

resul th, mav s t i r n u l a t e new work.

In summarizing our r i^sul t s , we havt? f u r the f i r s t t i r e s i c i e a r l y obse rved the

cxi sLüi ic . e of surface shif ts on I r e K e l e c l r n i i l i ke met ;ds , i iamely Na and Hg.

The s h i f t s can be suceess fu l ly correlated wi th surface energy data by Lhe

Juha i i s sun /Mar teLisson theory . The s u r f a t e shif L of A l ( l l l ) is practically

zuro, w l i i le L he [-äse of AI ( l UO) appear s tu be meire i nvol vi id . Thcte i S sotne

ind i f.üi. [< ) ! i , however , LhaL Lhe theoretif .a l cunciipL a l s n h o l d s f ü r Al .
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î

PI
n
ma
>

Ml
H'
!-•
B

H-
n
M3

B-
(r-

n
ff
rt

W
B
fl>
r\

c:
rt

U
in

rt
ff
It

rt
X
•c
it>
«
M-
B

S
rt
Sa
!-•

In
C
1
Hl
W
o
rt
n
s
n•-i

oo
r-
ft
Ul

cn
01

.-̂
B
rt
<:^^_
Ü3
rt
O

£

Hl
O
M.

aPI••

DU

OJ
P
d.

>
r-1

P
rt
(6
M
rt
U
H-
P
rt

^
O
Ml

O
P

n
x•a
M
M-
B
(L
P
rt
P



Figure capjiioins:

Fig. 1 : Spectra <j f the Ma 2p level takcn at l OOK and se.ve.ral photon e.ne.rgies

tn i llustrate ehe energy-dependent prominence of a surface doublet i

The fit-proce.dure. äs explained in the text is shown at the IGOeV-

-apectrum (see re f . 1 4 ) . l'or c.lari t y , the convolutiou regarding

ins t rumenta l resulut ion has not yet_ beeu c.arried out.

Fig. 2: Spectra of Mg at l O O K show the surfaco double t buL not äs c l < ; a r l y

äs in Na. This is duc to the reduced surfacc s h i f t and tlie la rg^r

spin-orbit Spli t t ing.

F i g . 3: Spectra of Al 2p taken from d i f f e r e n t crystal faces . In the

sur faue-sens i t ive spectra at 100 and 120 eV, the {100)-spectrurn

( H o l i d ) is bruadened äs compared with the ( 1 1 1 ) - s p e c t r u m (dashed-do t ted) .

Fig. 4: The mean free paLh (o) of the photoelectrons is determined from the

intensity rat io of the bulk- and surface doublets (x) and expressed

in units of the distance hetween layers. To compare wi th theory,

we assumed a bcc (110) pack ing resul tnig in a.n a = 3Ä.
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