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l . Introduction

Surface atoms experience a d i f fe ren t local environment relative to bulk

atoms which is reflected in a chartged local electronic structure (po-

tential variations, d i f fc rences in bonding) near the surface compared to

the b u l k . In mctals these changes are expected to be smal l , because of

the short screening lengths. Howevcr, using photoemission techniques,

it has recently become f e a s i h l e to probe these changes in the local

electronic structure? ncar the surface for sewral clean metal surfaces by

carefully tneasuring core level binding energy shi f ts for surface atoms

(see, for example, references l to 4 and the references ci ted therein) .

Surface states or rcsonances associated with the valence band of metals

are difficult to observe experimentally, since there is no bandgap in the

bulk density of states. Neverthelcss, in angular resolved photoemission

Experiments, where k,, selected density of states (DOS) is observed, surface

states have been found in s, p gaps for many nobel metals, transition metals

and simple metals (see Ref. 5). Detailed calculations have iadicated that

these surface DOS 's are generally restricted essential ly to the outermost

atomic. layer of the samples (e.g, 6 to 9). Attempts to identify surface

induced features for polycrystalline samples, thereby

averaging over all angles and syiranntry directions have been less successful

and surface state bands or re.sonances have not yet been unambiguoiisly iden-

tif ied (e .g . R e f . 2 ) .

In th is paper we present a direct observation of surface induced local

states associated wlth the 4d bands of Ag on polycrystalline samples. By

tuning the piioton energy between 20 eV and 100 eV we were able to render the

photoemission Experiment extremely surface sensitive. Covering the Ag

f i l m s w i t h a thin AI overcoat leads to a depression of the surface induced

features , a change from s- to p~polari.zed excitation leads to an enhancement,

and for silver surfaces, which were prepared by depositing at 120 K a

th in silver overlaycr onto clean polycrystalline silver f i l m s , the surface

contr ibut ion of the photoemission is further enhanc.ed. In this way, the

surface character of the local sca tea is clearly denonstrated.



Cumpar ing our resu l t s wi th recent calculatior.s for a slab model et

solid Ag by Snith et al. (8) we f i n d a good q u a l i t a L i v e agreer t ienL.

Our results are a l s o in ac.cord w i th the general trends which can he

derived rrom L he work by Tersof f and Falicov (9) whr studied the

local e l e c L r o n i c occupancy u f f l a t and s tepped ( 1 1 1 ) surfaces of Ni

and Cu by LCAO c-alculations.

The observatiun of surface induced local d-band states for p o l y c r y s t a l l i n r

Ag filias and their enhanceaent by f .ryodeposit ion of the s i lver nay also

y i e l d new In fo rmat ion concerning the ori^.in and detai led explanation of

the phenonenon of Surface Eiihanced Kair.au Scat ter ing (SERS) (10 ) from

adsorbates on silver electrodes.

2. F.xperiniental Details

Photoelectron energy d is t r ibut ion curves ( E D C ' s ) were measured wi th a

commercial double-pass cyl indrical m i r r o r analyzer (CMA). Synchrotron

radiat ion from the 5 CieV sLurapc r ing DORIS at DESY monochromat ized by

the FLIPPKR monoehromaLor ( 1 1 ) in the new Synchrotron radiation laboratory

in Hamburg, HASYLAB, served äs a tunable l ight scnirce. The count-rates
i,

were about 10 /sec for the Ag 4d valence bands w i t h an overall resoli iLion

(raonochromator and elei-.tron energy analyzer) of 0.15 - 0.2 eV. The Ag

samples were evaporated in s i tu onto s ta inless steel Substrates under U1IV

conditions at room temperature (base pressure below l x 10 Torr,
--1 n

pressurc during evaporatinn 5 x 10 T o r r ) . The cryodeposited f i l n s were

evaporated ontu Lhe in i t i a l ly prepared Ag filtns at 120K at a rate of

30 A/minute . The exact mic roscop ic s t ructure of the filir.s used in our

experinents is nn t known. T h i c k opaque cryodeposi ted s i l ve r f i l ras , w h i c h

are "SERS-active" (12 , 13) show an extra absorption Komparable to silve.r

Island f i l m s ( 1 4 ) . This indicates a "bumpiness" of those f i lms on a scale

of 50 - 100 A, The disorder induced Raman scattering frora Lhe .-it-.coustical

phonons in these coldly evaporated süver f i l m s (13) indicates a certaln

concentratiun of bu lk point defec. ts , w h i c h are annealed near 240 K ( 1 3 ) . W<

assume that a coldly evaporated silver f i l m at I20K has more "atomir

scale surface roughness" (that means a higher surl"ac:e concentration of

atömic scale defec t s of the ideal sir.ooth sur face) than a f i l m evapurated

at RT or annealed to RT ( 1 5 ) .

The geoiüetry used in our experimetits essent ial ly corresponds to an

average over photoemission angles . The axis of the CMA is perpendicular

to ehe incoming photon beam and tilted by 45 against the p l ane of the

e lec t r i c vector of the r a d i a t i o n . The samples are i l l u m i n a t e d under 60

(neasured f rom the surface normal) by s-polarized or p-polarized l i g h t

(16) . witi, respect to the surface normal of the sample, polar angles

between 28° and 90° are accepted. The collection geometry remains un-

c.han^ed for excitation with s- or p-polar ized light.

3. Re s u 11 s ajid D i s c u s s i p n

In F i g . l, the valence.-band spectra of Ag are shown measured at three

d i f f e r e n t photon energics. The EuC at hv = 40 eV obt.-ained at room

temperature is compared to a spectrum obta ined from a sample prepared and

measured at 120 K. Data for all spectra have been accumula ted under other-

wise identical condit ions. We note in passing that the angle integrated

photoelectron spectrum at 40 eV closely resemblea previous results obtained

w i t h He (40.8 eV) exci tat ion ( 1 7 ) and tha t the gross features of the

angle integrated photoelectron spectra are well understood (18) .

The 40 eV spectrum shows a strong peak at the upper 4d band edge at

in i t ia l energy E- = -4.2 eV which is d i f f i c u l t to explain. Atömic cross-

sectlon e f f e c t s , äs discussed by Wehner et al. ( 1 9 ) for the Ag 4d bände,

can be ruled out äs origin for the extra peak at hv = 40 eV. The 4d

cross-secticm shows a smoath hv -dependence in this energy ränge w i th a

broad maximum at hv = 60 eV ( l a , 20). VCe argue that a s ignif icant part

of the maximum at E^ = -4 .2 eV for hv = 40 eV is due to surface emission

from the uppermost atoraic layer. Several observations support this assign-

went:

(i) The escape depth A for Ag has only been determined for a few

kinetic energies (A7 eV= K K, A7 5 eV = 4 S, A35° eV = 8 8) ( 2 1 ) .

Nevertheless, it seems clear that it has its minimum below

100 eV kinetic energy with only a few A and hence the experiment is

extremely surface sensitive.
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( i i ) Recent self-consistent local-orbital calculations by Smith et

al . (8) for AgClOO) predict a large density of surface states near

the top of the 4d bands £or silver. According to their calculations,

the surface states contribute 222 to the Charge density in tlie

surface plane. We tiote that at hv = 40 eV the onset of the 4d

emieaion is extremely sharp (HWHH = 0 ,15 eV) and comparable to the

widtli of the Fermi edge (Figs. ] and 2).

( iü) A thin overcoat by an AI f i lm leads to a predominant attenuation

of the surface induced local states at the top of the d-bands (Fig. 2),

whereas the deeper lying parts of the d-bands remain essentially

unchanged. Thus, tbe spectrum for hv - 40 eV with the AI overlayer

becomes very similar to the XPS result (17) which is more represen-

tative for the bulk.

(iv) Finally, the photoemission spectra from thin (ca. 3 X) silver fi lms

deposited at LNT onto the polycrystalline Ag samplea corroborate our

identification of surface induced Local d-band states at the upper

4d band edge, The results in the 4d ränge carefully measured with

good statistics are displayed in Fig . 3 (panel I) on an expanded

scale. The EDC for the cryodeposited Ag-film in s-polarisation

(curve c) shows a 4% increase in emission intensity in a narrow ränge

at the top of the d-band. The emission excited wi th p-polarized light

shows a further 5Z increaae for the cryodeposited Ag-film (curve b).

Note that the enhancement for p-polarized geometry occurs now in a

broader ränge of roughly 1.5 eV width, Af te r several hours of annealing

at room temperature, the cryodeposited fi lms resemble the d-band

Btructure of Ag prepared at room temperature. No enhanced emission

in the s, p-band ränge extending Erom EF dovn to - 4 eV was observed

within our experimental accuracy for the same samples.

Similar observations have been made for hv = 20, 30 and 50 eV. The en-

hancement for cryodeposited films at the upper d-band edge has also been

observed by us with unpolarized He radiation in a different apparatus. We

restrict, however, the following discussion to the 40 eV spectra, since they

show the inost prominent e f f e c t s .

- 6 -

In Fig. 3 we also display differcnce curves to enhance the visibility

of the surface induced emission (curve II and IV). The intensities have

been adjusted at the high binding energy part of the d-bands. These

fi ts resulted in equal intensities in the s-band region at the same time.

In order to avoid structure being introduced to the difference spectra by

improper energy scale alignment, we have adjusted the curves at the top

of the d-band in their energy scales. Here, sh i f t a up to 30 meV have been

applied. This is in the order of the accuracy of the measurements. Ad-

justment of the curves in their energy scales at the bottom of the d-bands

resulted in larger intensity differences in the upper d-band ränge, but

we prefer to display here only the more conservative results. In any case,

the subsequent discussion is not depending on any of these changes, since

the shape of the d i f fe rence curves remains essentially unchanged. The

sharp onset of the d-bands at around - 4 eV is limited by the experimental

resolution. Ue have measured curve a and c with better overall

resolution <AE = 0.15 eV) in order to determine precisely the onset of the

difference curve IV. Again, the sharp onset of the d i f fe rence curve is

resolution limited.

In discussing the difference curves in Fig. 3 in more detail, we first

observe a remarkable s imilar i ty of curve II (p-polarized minus s-polarized)

to the surface state DOS for Ag(ICO) äs calculated by Smith et al, (8)

(histogram curve III). This difference curve is qualitatively the same,

whether obtained at room temperature or at!20K, though the difference is

somewhat larger at 120K. The comparison with the calculated results for an

Ag(lOO) surface is made in absence of any other slab calculation, although

we assume largely a ( 3 1 l ) orientation for polycrystalline films.

We can safely assurae that the observed polarization ef fec t is not due to

k-dispersion, since we are working with polycrystalline films and in a

geometry which corresponds to an average over photoemission anglea, Recent

studies of surface photoemission (22) , both experimental and theoretical,

have shown that excitation with p-polarized light enhances the surface photo-

emission. Without going into a detailed discussion of this point, we can argue

that the difference curve II shows a strong contribution of the uppennost



layer of the Ag f i l m to the photoemissioii £or a binding energy ränge

from - 4 .0 to ca. - 5.5 eV. Moreover, this observation is corroborated

by (i) the close s imi lar i ty in width and energy pos i t ion of this

emission wi th those parts of the 4d-bands which are preferent ia l ly

at tenuated by the AI overlayer (Fig.2), and thepreferent ia l a t tenuat ion of

photoemission at the upper 4d band edge ubserved in pho toemiss ion adsorhate

studies on s i lver (e. g. R e f . 23) and ( i i ) by the close similarity wi th

a calculated surface state DOS (curve I I I , Fig. 3 ) . We expect this extra

emission with p-polarize.d l ight tö he present also on an ideal ly sir.ooth

single crystal surface, since it is associated with extended two-dimensional

states in the surface layer.

The d i f fe rence spectrura (curve IV) between a sample, prepare.d and mcasured

at RT minus the !2GK-case shows a pronounced sharp (0 ,4 eV, FWHM) peak at

the upper d-band edge. We associatc th i s extra emission with de fec t sites

at the surface (e.g. adatoms at steps, socalled "fuzzy Steps") , the number

of which is intreased by the preparation at 120K. This interpretation is

supported by the fo l lawing observat ionE: (i) the extra-emission disappears

upon annealing, (ii) the difference curve IV resembles closely the photo-

emiss ion spec t rum from silver atoms ( 2 4 , panel V ) . Further Support of our

Interpretat ion coraes from the general cunclusions which can bei drawn fron

the local density of states ca lcu la t ions by Tersoff and F a l i c o v (9) for f l a t

and stepped t rans i t ion meta l surfaces . In the latter investigation it was

found that w h i l c there is a net de f ic i t of electrons at the sur face , the

number of d-1ike electrons increases and f u r t h e r that the resu l t ing lucal

atomic configurat ions are s h i l t e d to the upper edge of thc? d-band for those

atorns, which are posi tioned a t edges and s teps .

The annealiiig of the. extra photoenission closely reserables the observed

irreversible annealing of tlie "SERS-ac t iv i ty" (13) whit-.h has been a t t r ibu ted

to "SERS active sites of atomic scale roughncss" (25) . Wh a r conce.rns the

hypothetical nonclassical SERS mechanism beyond the classical local f ie ld

enhancement ( 1 4 ) , this present work does not indicate new electronic excitat-

ions at the clean surfai-.e in the ränge bctwccn 2 and 3 eV due LO a d i f fe ren t

electronic s t ructure of the surface. The present work shows changes in

the electronic ground state only at. energies 4 eV below the Fermi level.

Provided tha t Koopman's theorem holds, this invulves changes of the optical

properties only in the spectral ränge above 4 eV.

llowever, in th is context one should mention the recent observations

cf Schmeisser et a V . (26 ) . They report strong Charge, t ransfer excitat-

ions at 2 - 4 eV for CO, 02, C2H4 alld ^51151^ adsorbed on a silver film

evaporated at 20 K. These excitations are nearLy absent for a s i lver

f i lm evaporated at RT and cooled to 20 K. This indicates that the

charge transfer excitations may only exist for adsorbates at surface

defect sites.
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