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Abstract

Differential reflectivity A R/R measurii-ents between a smooth

Ag surface and the same surface cov - ilver ucpozits of

various thicknesses were performed in ultra high vacuum over

thel.5 - 5 eV spectral range for different Ag substrate temperatures.

One silver monolayer on silver substrate at 125 K gives rise to
..... . • . -3 )

~ '~ylarj C!c--nq0S in " fle *'1t - ) 3

For thicker deposit, (from 4 monolayers up) a "well defined

absorption at 3.5 eV due to surface 2las-on excitation is found.

The experimental results are compire to computed values of

A R/R. Some structures found in the vicinity of the Ag surfac>

plasmon frequency are interpreted as a surface plasmon splitting

due to the surface roughness.

A R/R variations during sfimplus annealing to room tempe2rature are

also investigated and compared to the reported d.c resi stance and

SERS measurements. Roughness was also investigated by electron

microscopy by "pinning" the surface at T = 140K with a superficiai

3oxyde. An additional absorption found for thick (% 10 A) quenched

silver films is attributed to a surface effect.
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I - lNTR)DUCTION

A large araount of w.,ork has been alre.pd' u-rfcr-. d in order to

understand the optical properties of a flat surfaCe. This problemn

is particulary complicate for p-polariz1- light a7O d careful

analyeis requires a non-loci. forncB-P r-;_rI.e'n th, surface

region via a dielectric function dependi.-ng on freu:ency and wave

vector. Nevertheless in most practical cases t .e classical Fresnel

formulas are a good description of the refleczicn of light on a good

metallic mirror. In fact a flat surface is an abstraction and all

real surfaces have some roughness, on the light wave-length scale, and

this is the real incentive to the study of roughness effects on surface

phenomena, like electronic or vibraticns! proerties of molecules on

a rough surface.

For instance, when investigating t:-.e elezt-rnic properties of

ad.orbates by reflectivity m.asurements one relates the observed

absorptions to electronic transitions be_.:een electronic states of

the acLorbate and/or the surfece. T o) acs)o-io- o a molecul

is given by Im (a) E , where c is the molecule polar izability and

E the field seen by the molecule. Focaflat surface E can be known

from the Fresnel formulas and it is usually slowly varying with frequency.

This is not the case for a rough surface w..here optical absorption

depends, besides the values of Im ( 0)on the values of E at the molecule

site, the resulting effect depending on the average of the local fields

for all adsorption sites. The local field E is in general a complicated

function depending on the sur[Ace sape. it can r-tch vory high values,

for instance in the neighbourghood of a n-edle like in lightning-rod effect.

There are a large number of theorical method3 to investigate the

electromagneticproperties of rough surfaces and much of experimental

work has already been devoted to the caracterization of different

kinds of roughness using light waves. Very often these

L 6 ..
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studies aue related to surface oolaritons excitat-ion or interaction

with roughness. A recent theoretical review can be found in the paper

by Mar.-idudLn(1) and experimental aspects are discussed by Raether (2)

A simple theory very often used is the "Scalar scattering theory "

This considers only the phase modulation of the incident and outgoing

light by interface shape. In the frame of the scalar theory, the scat-

tered light and the specular beam are ind-ependent of light polarization

depending on the roughness height only. This theory is a long wave

limit theory and does not take into account the possible excitation

of surface modes which are the main effect found in the experiments

discussed in this paper. In contradistinct2on, rigourous theories
c~sed onL the e::tinction' tiieoc::, req~uir: a iarc.e am o.unt 0: cofl1:)uta-

tional work even for periodic gratings leading to nu_-.erical results

which are not always very accurate in or.er to interpret the results

to be prez;ented here, we have made use of a perturbative theory due

to Kr6ger and Kretschmann (3)

In the past most investigations .;ere devoted to electromagnetic

f ielK; far from the surface, but Jn or-_2: to :C a:L Lhe oPtical

properties of adsorbates some authors have studied the near field

on reflecting rough surfaces. The near field for silver grating

surfaces of different shapes was already computed (4,5).

An other approach of a rough surface is to consider a protuberance

on a flat surface. Berreman (6,7) considered a hemispherical bump on

otherwise smooth surfaces for several dielectric material in the elec-

trostatic approximation. He found resonant frequencies related to

the bump modes. Ruppin (8) computed, again in the electrostatic appro-

ximation, the electromagnetic field at the surface of a hemispherical

bump on a flat surface for Ag, Au, Na and found fields enhancement

strongly depending on the light frequency. Gersten and Nitzan (9) studied,

also neglecting retardation, the case of an hemiellipsoid on a perfectly

conducting plane and found very high values of the extinction coefficient

and of the electric field at the surface depending on the hemiellipsoidal
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shape. Kerker et al (10), using electro7- ::Ltic theory !;tudied the ,at-
tering of plane wave by a Ag sphere arid fouad agein a reonant behviour

as a function of frequency. With minor modifications, Kerker et al (10)

results can be applied to a hemisphere on a perfectly conducting

medium. Obviously, in the general case, a rough surface cannot be

considered as being made of isolated protulberancesibecause each irregula-

rity receives the fields which are scattere-1 fro.n the neighbouring bunps.

This should be particularly true at th n_ _onance frequency of tha bu::.s.

Nevertheless it is clear that a rough surface can support localized

electromagnetic resonances (surface polarizons resonances localized

at the surface irregularities) in a manner similar to the well known

resonances on colloidal particles (11). This point was probably first

demonstrated experimentally in the work of Beaglehole and Hunderi on

light scattering by rough surfaces (12,13). Recently we wereable to

estimate the field enharcement at the quenched silver film surface by

measuring the reflectivity changes indaced by Cu aduorbates for 0.1-i

monolayer coverage (14).

An other effect related to rough surfaces is the possible exci-

tation of surface plasmon waves. These propagating surface modea cxist

at the flat surface of a free electron metal, but cannot be excited

by light. For a rough surface this posibility exists as first pointed

out by Fano (15) in order to explain the Wood anomalies of gratings.

For a wave impinging a flat surface at an angle 0 the wave vector k

parallel to the surface is in all cases equal to W/c sinG whereas on

a rough surface there are, beside the diffrated orders, with wave

vector k<w/c leading to the scattered light, other wave with k<w/c

which are evanescent in the direction normal to the surface and

with a wave vector parallel to the surface large enough to excite

surface plasmon waves. It must be underlined that this kind of

excitations are propagating modes travelling along the surface in

contradistinction to the already mentioned localized modes at the

bumps.

Another interesting phenomen-on occurring at rough surfaces only

and not yet well understood is the surface enhanced Raman scattering
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(SERE) erfoct. Tt is cleir rw that a roi- :,rc,(-e in a orercq"i.ire

to the oCcursence of .SERS, Lut not all rou~ji surfac:s give rise to

SERS and a point still under discussion is what kind of roughness is

involved in SERS. An overview of the actual situation in SEPS investiga-

tions can be, found in a recent paper by Otto (16). SERS was first

observed on Ag surfaces roughened by an electrochemical treatment (17),

then it wan reported on silver deposited on CaF 2 (18) and in some cases

on mech.:ically polished Ag (19). ;Another method to obtain surfaces

with very high (,v 10 6) Raman cross-section enhancement is by quenching

Ag on substrates cooled in liquid nitrogen temperatures (20). An optical

study of this kind of surface has already been briefly reported (21),

and will be developped in details in this paper. in particular w:e are

inte-st in the rou;un of ai lv__;D_ s - ;uenc.i an ,u

140K small Ag deposits (few monolayers).At this temoerature, many faults

are created during the crystal growth producing some roughness on the

atomic scale, tlhe roughness becoming macroscopic for thicker deposits.

To study very smAll roughness producing very small m:odifications of

reflectivity(, 10- 4), we employed a differential technic Differential

reflectivity measurements were first employed to investigate the

electroric prooe,_t Ls of diluted alloys (22,23) a-d aso for surface

roughness studies (12). The avantages of differential measurements of

reflectivity were used by several groups (24,25,26) to investigate

gas ad'sorption on surfaces kept under ultra-high vacuum.

In section II we describe the experimental set-up : the ultra-

high vacuum system and the differential reflectometer. Section III

is devoted to a discussion of roughening induced by thin silver

deposits,the annealing of these deposits being examined in section IV.

Section V contains a comparison between experimental results and

numerical calculations performed with the Krdger and Kretschmann

formalisn. Fin-illy we investigate in section VI the topography of

quenched silver surfaces and their relationship with the observed

optical absorptions.
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II EXPERIMENTAL

a) The ultra high vacuum chamber

Our samples are prepared and studied in a stainless steel

ultra high vacuum system working at pressurE in the low 1010

torr range. Pumping is assured by a 2007/1;c ion pump, a titanium

sublimation pump and liquid ritrogen cryotraps. A four-grid LEED-

Auger spectrometer with a grazing incidence electron gun is currently

used for Auger surfaces analysis. Details of this equipment can be
-2

found in ref (27). A high precision goniometer (- 4 10 degrees)

allows to perform optical measurements as a function of the angle

of incidence, for different polarizations of light, as described

in ref (27), but the results which will be presented in this paper

were performed at normal incidence only . Another facility of this

equipment is to allow Raman studieL with a spectrograph especially

attached to the vacuum chamber.

b) Samples preparations

The Ag surfaces and superficial layers of Ag , Al and Cu

have been prepared evaporating these metals on glass or fused silica

substrates with two crucibles located at a distance of approximately

33 cm from the substrates: Carefully polished glass or fused silica

plates are placed on a copper holder cooled by a copper plate in

contact with a small liquid nitrogen reservoir. To ensure a better

thermal contact several indiiim tios are inserted between the Cu holdeor

and the silica substrate. The temperature is measured at the glass/

vacuum interface by a Cu-constantan thermocouple. Temperatures as low

as 120 K are generally obtained. When stopping the pumping on the

capilar ensuring the filling of the liquid nitrogen recipient, room

temperature is reached in about 3 hours. Glass or silica substrates are
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cleaied with a method currently employed in rhe lcaoratory. It

consists in rubbing the surface with a mixzure of sodidu. hydroxyeiu

and calciun carbonate, then rincing with H NO 3 and finally with

desionized water. The crucibles are shield:!.i by coId liquid nitrogen
-9

walls. The pressuecduringj mtal dposl U tic,: ; isoer than 10 torr.

The u.onitoring of the thickness of the met l depos;its is performed

with a 5 MHz sloan oscillating quartz located at about 21 cm from

the crucibles in order to increase the sensibility of the thickneus

measureents. A shutter allows to evarorate on t- -...hole surface of

the samnle or just on one half as needed for differential reflecti-

vity measurements which will be discusedc later. Depending on the

position of this shutter it is possible to evaporare at the same time

on the sample and/or on a spare glass plate. The zi-ickness of the

metal film on the spare glass is determined with approximately 1.

accuracy by X-ray interference in reflection at grazing incidence

(Kiessig method (28) ). These measurements allow the accurate cali-

bration of the quartz microbalance. Tyircal values of this calibra-

tion 1.1r_ I1 Lz/ Acj . .. 12 !z.. 3,7, f7: , cr/A tor Ail. In

the present experiments we did not perform the quartz microbalance

calibration for each experiment, therefore the indicated thickness

are estimated to 5 %. The surfaces under investicjation art those of

Ag films about 0.1 pm thick evaporated on substrates kept at room

temperature.. The silver films are made of many iicrocrystals with

lateral dimensions about 0.5 pm with the axis [111] nearly perpen-

dicular to the substrate surface but rando-mly oriented on the

sibstralte planes. There[ore our surface' ; wss - s.s&; essentially

as (1,1,1) single crystals surfaces. Microstereographic studies

of carbon replicas of samples similar to ours (29) indicated that

-oughness is definitely smaller than 30 A, the main irregularities

occurring at the grains boundaries. The investigation of the rough-

fning of these rather smooth surfaces by quenching at T = 140 K

various amounts of silver is one of the aims of the work described

in this paper.

L[
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C- Optical set-up

The principle of the set-up use , for dife:-eential reflectivity

experiments is represented on fig. l. A ocroriatic bean is focusedi

on a mirror vibrating at G00 H, (my nufactxareJ by General Scan.nihj, radel

G 112) which sends the beam U: ana Uo n ,tctig satple.

The beam is alternatively refected on t:e h of a aomplu (A s::e B

having a small difference on reflectiviy (_R, ] Rt belfre being

fozused on a photomultiplier (P4). The vihrat:ng .irror and the photo-

multiplier being optically conjugated, the beams reflectod by the A

and B areas of the sample impinge on ti- z; me point of the ohotomni-

tiplier and this is a necessary condilicn in order to avoid spurious

signals. A feed back on the high voltgc of the photomultiplier

maintains a constant mean value of thed current as usual in

modulation spectroscopy. A locl:--in amp iierdetection at the frequency

of the vibrating mirror, 6ombined with te mnioe feed back on

the PM high voltage supply gives a signal proportional to A R/R = 2

(RA-Rj)/(RA+R) . In order to have absolute value; of A R/R, we need

a calibration operation. This is Ieror.- ,t a Fopectrophotometr

included in the apparatus and allowing to teasu ab solute values of

the reflectivity. We will return to thtis point later. The insert indi-

cates the shape of the photomultiplier outLit. Tle details of the optical

mounting are represented in figure 2. The sample is located at the

center of the U.14.V system and the same window is used for the entranze

into and the exit of the light. We have used a Xe jamo(Osram X B075)

in the 0.28 - 0.4 p m spectral range (S 1 ) and a W-ribbon source (Osram

250 W) (Sc)ifl.the 0.4-0.9 pm rdgion. The i:,onchrozanur is a Cidarj

(f = 0.3 m) of aperture f/5 equipped with-i a holographic grating

(1800 lines/mm) with great efficiency at 250 nm and a grooved

grating (1800 lines/mm) blazed at 550 nm. Tha mirrors in1 and in2

provide an image 0' of the monochromator slit 0 on the vibrating

mirror M. The vertical dimension of the ouput slit was limited

to approximately 0.5 mm and the image 0' on the vibrating mirror

M is about 2x2 mm. The mirrors m4 and T 5  focuse the oscillating

4 5



beam,after reflection on the -;a::olt,, o. :%e P.1 (L. 9&59oB). A

ground fused silica plate is located in front of t PMe P photocathuD:

in order to minimize any spurious effuc::; due to _h*2 vibrating beo.

A bean-solitter '' can h- itnser*-__ _n t-h of tie optical

beam to collect part of thle incident .. .a -o 1 1 ow measurin ;:i

a double beam technique the absJute vKi e of t.. refl-cnivity. 'ine

chopper C modulates at different Crequ -zea tne c.:o beams before

reaching the photomultiplier and lock--:. a&iiiK d-.tections with

feed-back preamplifier control allow to odnain th intensity ratio

of the beams (see ref. 27). C 1 b :t:. s of fcrez.iai spectra

are obtained with mirror M at rest b, 7-as'ring the reflectivity on

areas A and B of the sample (position um a7n- down) when the refl -

tivity difference between them is high e.nou.nh to hew: a good accuracy

(typically 10 to 20 %). be should like to noint oun this method , hich

allows calibration of differential spe:-:, g~ncraii\ a difficult tas'

with a reasonably goo3 accuracy (- 2 %).

III - THIN SILVER DEPOSITS ON SILVER

In a first series of experiments, %-;e have prepared thin films

about 0.1 Jim thick by condensing silveL onto well polished fused si-

lica substrates kept at room temperature. The structure of these films

was discussed in chapter II. We will indicate later that in the

neighbourhood of the plasmafrequency films even as thick as 0.1 pm

cannot be considered from the optical point of view, as semiinfinite

media, but this fact is irrelevant for the problems investigated on

this paper. We did not prepare thicker films in ord-r to avoid tram:.-

mitted light at the plasmifrequency because we were interested in

starting with a surface as flat as possible and generally roughness

increases with film thickness (30). In order to investigate the early

stages of roughening of a Ag surface we have prepared simultaneously

at room temperature two Ag surfaces which were afterwards cooled to

about 140K. At this temperature we have quenched on half of the



- l 9fo. in ;r f r 1 r out

refleci vity measurment . i s, */ -, v n ::S - snr-e with a

Agu sa trate 86 A thick at k'i 125 K . t f 2.6, 10.8 ..A

19 of silv.r(ono 2lA at - a rate of 0.7 A/sec.

To unlerstand the real 0s1 cu o ec one shculd keeprz

in mind that A R/R gives . ru,. r.er mr that

ref Lccivity of bulk Ag ecs v in the vri.city

of t-e plasn:ifrequency ( 1 3 79 eV) to greatly enhaned

values of A R/R even for verv ;! R. : inet: in fig 3 shows the

bulk silver reflectance R vs T', -he two -rm with oCcosite s

in A R/P (for 10.8 A and 19 A er-' -1: t - :.) e:.i*

i) the finite thicknss of the silver s-bstrate,

i.i) the slight df-n c... e- nte ...... Eween
the que nched fil-: a:. ulk silver,

i.i) rougqhness induced by too siver neoo.

The main contribution to the f P/R structure arorn, 3.9 ev arises;

from the first two contributions. The t-o oeks do not describe any

surface effect and are of no interest to the subject investigated

in this paper, nevertheless we will discuss this psint again in chapter

V with the help of some nu-,ericel calculations. In fig. 3 we

notice that an optical absorption due to the surface deposit itself

starts at hIw = 3.6 eV for the two thicker layers (10.8 A and 19 A)

absorption is clearly due to surface plasmon excitation by roughness,

a point well documented today (31) . In chn-pter V :e will clearly

show that the minimum is not influenced by the- finite thickness

of the substrate and is nearly onfeun. of the optical constants.

It was indicated above that our surfaces hav imainly a cristeo-

lographic (1, it 1) structure. Beside faults mainly located at grain -

bounda-ries, each single crystal (about 0.1 i m diameter) has large

terraces separated by atomic steps with a large number kink sites.

Urien a foreign atom is adsorbed on a terrace it has a probability

I to migrate to an other site given by 'i v 0 exp(-E/kT) where



1 0

L....,2:. Sct:,,.,. .. :: ,, t . . .:_::: L , con ant and

a. rc::...... t ( 2)

~i~vK.~.8 tnI t -u .D La t2 I lij:: Cn Ds.K 1 ~~a ufc.

migra:, at t.:%._,rciture , T .2 _ . : - _::iar values of

F~o !' '..'- cIo<-:t J . 'i/a.>O :: 0;: .O : .2::: . >-,2 t'/ 3 t.,: cro..:t1 . O-f

t suur t ci -11 iye is a Jynco:U. Z):.... >3,iL.O coeting processes

n. . " the atoms cond-ens i t ion on a:i a3:- in given by the

r-,a r'<_in rate if d do and t:3t. . to a kink site pos;ition

goverreci by th juop probV i I.; L -L de dant of

te ratur.. Ch,_.uvifneu (33) h~a renti .- a a cc--uter sinu-

latic: of .rvatal o r stt 0>V°5-_± -. eeL .ith rand
an:!.. :: ,ff only and

he foa... fo.. ;Ij-> moility (high .) Vzn7ner zy onolae r growh.

.5, i -o.0>i.c rDU3i..reK oicillat .n:: periodi~*Call-.- the aposited

thickness -. ,.. monolayer period (flat for a fulL monolayer, rcucsh

for one half of a rFnoaler) }' l. - - ,- increese of the 7- -

crosco:%roughness with thickness 'ca:: f:und. For a very low nobility

o tltr:.1 r_ . s-'r o the ro-gnness i

increases is the square root of the deposait thickness. Fig. 3 sho-.ws

that even for a monolayer coverage the induced rou hness induces

important optical effects. For this coverage surface plasmons are appa-

rently not efficiently excited. We estimate that at this low coverage

the observed effect is related to the surface electronic structure

induced by atomic faults like atoms with broken bonds. This is an

interesting point which should be investigated at liquid He temperature at

which one his for low cover<oge- a iar3e .izffs a. isolated adatoms

on the terraces.

To illustrate the influence of the .obilit. on roughness growth

we have performed the same kind of experiments at room temperature and

the results are indicated in fig.4. At 3.9 eVand 4. leV we have again the

two peaks which are irrelevant for the questions discussed here, but we

have also an optical absorption starting at 3.7 eV with a maximum at

3.6 eV, and clearly related to surface plasmon excitation. We have

thoroughly investigated whether this structure originates from unex-

pected reasons like roughness of the starting surface combined with

size effects and we have concluded that the minimum at 3.6 cV is, indeed,



A iirs;t pc)xutt to u:S' , h, .th t i - - v'y MrucI

smaller than at T K. r, a caf; L 1 r , i! r ig . 3

and 4 tIe Lhickn .s and int k,-s ti 2,; tnt, C, ' CV a t For

T = 300 K '.,'herentn quite Tiz<L.I- : 140 .

It is known thaL the d.c resistance of thin -iljm- (a few huncrc.'
a
A thick) depends not only on the metal re.;xntivixv but lso on tire

more or less specular refLection of cznduc_ , n -t on t-

sur Lc2 n'ut is to s.w on !:-1 .Aonic - y tlhe :ree

electrons (3411.

If the absorbed ato.;is on a ti*n fimsurfc. induce a les:;

specular reflection of the conducticT. el. zr, t.e -. c re-sistance

can increase even it the mean tnin filn _ notectses also.

Resistance measurements at 300 K during, Au iepos;io n U.H.V on

Au thin films (35) and of 1,c- on Ac; thin i 3::, A) .ive.; a 6necresii .-
( Lue.. re .stjnce;,'tu i;!crec5:xI l ts'.c. 'A , r . resl:- bein'g

assigned to the increase of tix vcknss o 'n, _ .. -ro - . rceient experi-

ments it appears that some roughness ojcnrs;, which is measurable for

large enough thicknesses.E"or high iuobil ity an" for and ideal crystal

crystal growth can take place in prircipLt, wiz.out faults, but, in our

case on the one hand we do not have an ideal crys tal but rather a

polycrystal with many faults and, on the other hand, a possible

contamination of the surface, even with .- very low coverage, can

disturb the growth mechanism. ,\nother i.portant noint to be underlined is

thatthe optical absorption due to surfac- olas'n excitation is located

over a narrow spectral region, prooatlbly :riat inn a roughness with rela-

tively small scale, i.e with great wave r~uc',r Fouriter components. This

is a surprising result that we do not well understand, because one would

rather expect a large scale roughness when silver is deposited at room

temperature. Fig. 5 shows experiments analogous to those of fig. 3 but

L |AN



for thicker film;. With increasiing thickness, the minimu:a at 3.6 eV

broadens and simultaneouslv another absorrtion J lower energy becme

more and more important ev-ntually Iecominj the most important for

t h thXes .- i ( s2Dt0 C!. '2 C r.e _P.'. r.

first found by 11'nderi end Myers (37) o quenched silver films and

assigned by lIund-eri to bulk ciftces. Noadays there is a renewed

interest concerning the physical origin of this oprical absorption,

because it is present for silver films displaying SERS and disappears

o;. warming up the sample in the same way as SERS. M.oskovits et al

(38) claimed that this arnomalous, absorption is due to surface irre-

gularities; anomalous absorption, and surface enhanced Raman effect being

two aspects of the same proble.-.. .e have show.n (39) and we will discuss

in section VI that anomalous absorotion of quenched silver films is,

indeed, a surface effect.

On the flank of the high-enerqy negative peak (corresponding to

small values of silver reflectivity) a shoulder can be observed in fig. 5

t3. & L. <K ::i te - cc i. <red a splitting of

surface plasmon excitation as pointed out by Kretschmann et al (40).

For a smooth surface one has a single surface electromagnetic mode,

but for a rough surface, like a grating , a gap can appear in the

surface dispersion curves (41). The reason of this splitting is that

the incoming light can excite two surface plasmons with the same

energy but with wave vectors of different directions; for instance,

for a one dimensional grating two surface plasmons with opposite wave

vectors. For a statistical roughness a similar eff e!t can occur as

investigatiby Kretschmarin et al. (40) and Xaradudin et al. (42).

Experimental evidence for this splitting was provided by Kts

et al. (43) for electrochemical roughening of a (1,1,1) silver

electrode by anodic dissolution and subsequent redeposition of

silver with a standard method employed to obtain SERS active

surfaces. Roughness induced surface plasmon splitting on a K
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surface was observed by Williams et al. (44) in p'asina radiation

excited by fast electrons (1.5 KV). In fi g. 6 we examine mr.3r , cierly

the structures in the vicinity of the Ag plasma fremuency, reproducing

part of fig.5( on an expanded -;cal- in orl. to Yt-t-r "'I" t'_

In the present case, R is rapidly dec-.- ;inc w:ith ince&':;inq ;

we have measured A R/R, the pos. i abu.ruien (::nimwn in L R)

appears' just as a should..er 2on the 5 Pi .surv, T!_ '- .- :I-;-

for a free electrons metal the two peaks are quasi sy:.-etrically

situated around the surface plasmon fre uenc- for a flat surface

(E - 1). This is not the case here due to the d-b,nsd contributio:n

to the dielectric constant of silver. T.:a zwo poss ible plasmon absorp-

tions are tentatively indicated by arrow*:s. The splittin is slightly

increasing with the thickness of the de st- iver ovwerlayOr from
o 0

0. 15 eV for d - 19 A to about 0.22 eV far d 187 A. T'he spectral

position of the shoulde-r is; difficult to ascertain because it is

situated on a sharply decreasing curve.

Let- us, now, rc all sore' Lh' ori i__ 1, se s -f tlr! I -

at hand, taken from the work of Kretsc. 7-.n (!'- a!. (40) - For a flat

interface between a metal with dielectric constant C (wi) arid vacuu..

one has a single surface plasmon mode witn a dispersion relation given

by w/c. ns (w,k) c t k 2 + 0 (1 )

where k= E )2 - k 2  1/2 k 2  [ )2 - k2 11/2

and k is the surface plasmon wave vector parallel to the surface.

For a rough surf0ice, the surface olasmom c -; ' is no -.,ore .,v-,n

by eq. (1) but by

n (w,k) - n (w,k) - (- S) 2<2> I (k) ( 2
r s

2where n (w,k) is given by dq. (1)<s > is the mean-square roughness
S

height and I (k) is an integral over all first order scattering pro-

cesses with final wave-vector k. For large wave-vectors (k> 2 si/c)

some simplifications can be performed on the integral I (k) and

the dispersion relation for a flat surface can be approximated



by W n_ (k) k(£+1) lCedtl to

~+ r 2 2 (3

~+

with 11 <s > (k)

(k) ~ 2 1 g' cjOk- * kk' (1 Co-

k' >2

C

where g is thO Sur lace- rouqhnecF carrela,-ixn _fU_fiic.Io anid I (k)

describ-.-i all possible f Lrft ordcr :-cut -eriria pfoc' anes ..ith wave
LO

vector k:'> 2 -into surra.--e nlason7,it wave v-c-tor k. is the

angle b ettwee2n k and k. For _i c.iILr 11'Of I, L>-o diiuornion relaticsn

given eqj. 3 can b, verified for t.ovl of the dielectiric constant

F + (1~a) I + a) 4ndic it a urfrepl-t ,.-,-n !;n)ittin-g. Rih-an

layer rmuJeI.

To obtain more initori:n ion Yoout ou,.r cxpocit!-ntal result--, we

have computed, using cc-. 3, the rosriona2. function. c 2 /W 2kn for

different values of a and usinq the bulk silver di-olectric constants

(45). The results are shown in fig. 7. Thie curve corresponding to a

smooth s~urface (a 2= 0) is repr(!svnted Iby the ciis-ntinuous line and

the vailuoa of the reail part of thue Ji lLz iic~. CTIndcated

on the upp-er scal . WIE see that the hiyhi freII,1rri', rhitts slowly

in ene-rgy with increasing vailuet; ot a 1 in olar exer1it vei; i

as; ilready pointed out, it. is diLi ictiIL to fin-d t >.-ir s;pect ral

position, they seem to have the same behaiviour. Thev low-er energy peak

shi ft,;, ini our experi nents-, in tho s-ame w iy is exp, t-e from the thoory. The

experimcants of K,75tz et al. (43) were p frormt-c at a met,11 electrolyte

interface and their surface pao reshiftvd to lowor energies

farther from th" s;ilver volumt, plioron ird from the Ag absorption d,

whert, nur fau'- pl aurnori ab:;ourpt to:) can be e,%; ier obvervod . From thO
2

prenent experimen tt; , we found 'I vs luen c-o:-.ir i s d be tween 0.05 and

0.1, whereas Kbtz et at. fou.nd a 0.01
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IV - ANNEALING

Interesting informations aboutcuo.: . fil-7:s can be obtaine d

from the study oi A R/1. during ann-aling. 7n oarticular, it is po:sibli

to estbis h re-. Ii noins -:wi- rh othr..Lh~ I 1 i.e d.c

resistivity, light Scatterin'j or S-R i ans i0:, 1ic tions orn

quenched films reported in the literature.

The annealing of quenched films, whic'n, as we already saw, do

not have a well defined crystallographic structure, is a complicated

process. To be more specific, it is not -passible zo find an activation
energy characteristic of film defects like, for instance, for vacancies

on quenched silver wires (46), because . ave a. - seble of hetero-

geneous faults. In any case, the most impoetant defects in our films are

the grain boundiries and annealing induces a gro:. of the larger single

crystals at the expense of the smaller onzes by a lateral displacement

of grain boundciries, leading to a letter crystalographic structure.

Simultaneously, with increasing temperature surface atoms increase

their surface iobi lity ani cve alcg t*srface "fron the mountain

to the valley" leading to a decrease of the macroscopic roughness.

We must keep in mind that, in principle, bulk annealing and surface

annealing occur together leading to a supole-entary difficulty in the

interoretation of optical data. Foreign atoms can strongly reduce

surface mobility and prevent the flattering of surface with annealing.

We will employ this particularity in the experiments reported in

section VI. Moreover, superficial layers can "pin" bulk defects

ending at the surface like diu;locations --- r anar f !ults :'ndina -t

the surface. In this case we can imagine that "surface quenching"

prevents annealing of bulk defects too.

0

Fig. 8 shows for several temperatures, A R/P vs-n w for a 19 A

deposit corresponding to the experiments of fig. 3. The annealing

from T = 125 K was carried out at a rate of '1 2 K/minute. Fig. 8

clearly displays the progressive decay of surface plamons excitation
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with increasing temperature. The remz i- structures on the A, R/R:

curve for T = 253 K arejust tromn a size effect due to the larger

thickness created by the silver deposi rthe silver film is; not

thick eniough to be opIqUe in the spectr. region near the olasma free'ency

This will become ap:'arent from caicut:L.s whicU vii be reiorted in

the next paragraph. We conclude that the adltio..l surface roughness

induced by the quenched surface deposit comletely disappaars with

annealing. A similar behaviour is observed on ann-aling of thicker
o

layers as shown in fig .9 for a superficial den+osit of 158 A. In fig. 10

we have represented A R/R at 3.55 eV as a fur.ctio: of temperature for

the experiments reported in fig. 8 and fig. 9. The chosen frequency

(3.55 eV) corresponds to the minimum of -'e A R/R curves dae to surfene

plasmon excitation. In fig. 10, we have also repoted unpublished ex,--

riments by Chauvineau (47) indLcat ing a irreversible d.c reslstaree

changes during annealingof a 80 A thick Ag layer deposited at T=120 Kon
o

270 A thick silver substrate prepared at room temperature in a similar

way as our samples. The corresponding r a: c chang;es do: ng ar:ss I ng

at 3 K/minute, are given in ohms on the richt ordina e scaleof fig. 10.

We notice that the large changes of A R/R do not occur at the same

temperature for both layers, indicating a thickness dependence of the

annealing characteristics.

The resistance changes are probably due to

i) a decrease of the importance of the defects in the bulk

of the superficial layer

i.i) a decrease of surface roughness.

The shape of the resistance curve variations is essentially the

same as that of the reflectivity variations for a 158 A dezposit displaying

rapid variations at about 225 K, probably indicating that at this

temperature the metal is quickly organized and at the same time that



its surface in flattte sd out. On 1ig. 10 : , rpr..;ontc'
-1

the SERS intensity of the 1006 cm brc - r );ton m.-)a of

pyridine for a Ag surface expot.ed to iL of pvyid-i;. - ,-urinq anreali:vl

of a "cold film" reported by Pockrand Ot to (46). i r ThV. ;,v

length employed for tie [Zxiiari uxper1no:.- ' -I, F. F Iq. 10 di:, ,

a corre Lation between tIhe thre, "ar, m . (. -!, :1. r, ; : ,.n.

SERS peak) : the SERS peak has its maxi:7u.-, i2. the :.,'J-itive )lopL

both the other curves ; but we cannot setl , cijent relationol: Cc

between them.

V - NUMERICAL CALCULATIONS

Untill now we have discussed the rxri- .,, ;:its in a raither
qualitative way, sometimes indicating t :ccri. cii ur,:on to

presented in this paragraph corrobnrate v'. int rm- i ion:;. An ,tc-.urace

calculation of the effects duo to irxaort>.nt rcu-r is a difficult

task which cannot be achievced without ha':y co:pu-:.To shine

our r - ,lt- ; we hiave ch-, '' . . , --.- ( : , . y K- , r:i-

and Kretschmann (3), which jives in our ,,, sUp.1,' formulas for the roug-

hness induced modifications of the specular reflec-ivc ty. Kroger and

Kretschmann employ a perturbattve theory whic is e- :entially th an.

as the Rayleigh method. Therefore it is texpcted. to b2 correct for

roughness heights S much smaller than the wave length and for very

small slopes only. We do not know whether the latter condition is

always verified in our case, but we think that this approach should

be acceptable at least qualitatively.

Kretochmann and Krager (49) consider th,, rou.hni; S () --

S (x,y) as a statistical dist urb.ince ot a p,-,ne I C Zh 11n avrge V 1 U-2

< S >= 0 and with a Fourier transtorm
1d- -k - (k'k

s(k) (2Tx) S (x) e , k K )

A normalized correlation function G (x) is (.,fired by

1 2.GX) d x I S (X') S ('+ x
'2S F



with a Fourier transform

2 1 .- 12
g (k) = (2 ') 2 2Fk)<S2>F

Where F is a very large intecgration area.

ver.es t nti~z lunctions e::pluyed in tile problerm at hand, considering

g (k) independant of the k direction and some other approximations

to obtain the electromagnetic fields at the surface, the reflection

and transmission coefficients r and t at normal incidence for a rough

metal of dielectric constant E in contact with vacuum are given by

r r. - 2 (W/c) 2 < S2 > &vE +(i - ) . (

t t. i + (W/c)2 < S2 > (1 - ,)2 (1/2 - (-+ 1) Q 1
whQe Q d-.k g(k). M w(k)

w(k)= w (k) + w (k)
p s

k 1 k 2c 12 __

w (k) = + ' and w (k) = --p w 6 k 2  + k 1  s c k 2  + kI

2hr k 1 c 22 an1k

where k1 = /E (W/C)2 _ k and k2  /(w/c)2 k 2 are the wave vector

components normal to the surface in the metal and in the vacuum

respectivelly and 1 _ 2
r + + ad

are the reflection and transmission coefficients for a flat surfa'e

(that is to say with <S 2> = 0).

We see that Q can reach important values when the W (k) denominator
p

vanishes, that is to say for k 1/k2 = -EIwhich is the condition for surface

plasmon excitation. The resulting effect is modulated by the surface
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function k.g(k) describing th- roughness ' os; ra:',.

In our calculations,we have used c-etry indicated in the

inserts to the computed curve; figure;, tr-kin ir.-o account the

finit, thicn'->; of th'ne ., ' 2.-r - ---. , nt onA,:-!

constants of the overlayer. We have ei olcyed h t-in film formulas

for a two layer system with flat surfar-s, bt using for the reflectic.1

and transmission coefficients at the ,et1/vacuum interface eqs. (4)

rather than the coefficients r. and t. corresnonding to a flat surface.

In the present calculations surface r unzness .-;as approxirated by
-- 2 2

a gaussian correlation function G (x) = exo (-x ) with a Fourier-

transformed correlation function g (k)= a 2 exo 2 k 2/4). This

choice is very often employed for statiszica2 roughness. Sumarizing,

in our model we consider : the finite thickness cf the substrate layer

(about 0.1 Pm),the thickness of the sucerficial dcoDsit (raring from

one to one hundred moriolayers) , both values being determined from

the microbalance frequency shift, the optical constants of the Ag

ouostrae a!:,, aed to be thse of tC '- nk... - , =hose of the ,suser-

ficial layer which will be sometimes uodified to ta!Ze into account

a different crystalographic structure and, finally, the roughness

parameters : the mean square height of roughness <S 2> and the corre-

lation length 0.

We have already indicated that the negative minimum at % 3.9 eV

and the maximum at ; 4 eV are not related to rough .ness. Fig. 11

shows th- computed values of AR/R is. , for a s_::r rfjid layer 57 A

thick having tha bulk silver optical constants and a superficial
2> - 0 2 0 3 0

roughness (<S 900 A and 0=I000 A)d.2pcsite2 on Ag substrates 10A

thick and infinitely thick. It is clearly acprent that the finite

thickness of the substrate is responsible for the pronounced minimum

at about 3.9 eV. At this frequency silver is highly transparent and

the reflectance is strongly dependent on the samnle thickness.

Lk
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It is not pto ibic to conoare the -c:.1t _ ?_ x :z vqntal v' 

of AR/R for this enetrgy bwcaue ,, do a: krv r, to accuratclv.

compute the tunwanted reflection at th", f"-se sili~a-conuer sampl,

holder. We have shown in fig. 11 the cculete2 v :!ues of AP/R for

a flat surface, demonstrating that in t-.is ca5sC- , minimu, at 3.9 eV

is always present and thus clearly ind ci-t. is'e it C _!- to a

size effect. It is also apparent .rom fic'ure rhat the m_.au"..

at 3.4 eV is due to surface roughness. q 1bsc- - Ls prod;_S

by surface plasmon excitation, related to toe hior values of % (w)
p

at this frequency. It should be underlined tha th surface plarron

absorption at 3.4 eV is peaked at the sane re-ny i-dpendaently

of the substrate thickness, its intensi-y being cy'v very slightly

dpend2ilt on the substrate t_ LC:.

To give an idea of the possible influence of different dielectric

constants of the surface denosit due to eor- ---.- ;rta1orahic

structure than that of bulk silver we hw ' -: - e - in fig. 12 LaR/R
0 o

for a substrate 1000 A thick and a suoerric>1l aver 57 A thicr:
(<2>= 90 02 tIloeanso h

(<S 900 A , G = 600 A) modLfying the optical constants of the

surface laover in two ways :

i) dividing by two the exoero -mEnl value of the mean free

path of the conduction electrons for ,ell annealed Ac;
films (45) (this is equivalent to an increase of the ima-
ginary part of the Drude dielectric constant)

i.i) besides this reduction of the mean free path of free electrons,
shifting by 65 meV (corresponding to 50 Angstroms on the wave
length scale) in order to lower the energy of the Ag absorp-

tion edge.

To perform the later calculation we needeA the intayboad contribut ion

to the dielectric constant . This was obtained by substracting the Drud,
f

contribution f of well annealed films from the exssriinental values
b

of the dielectric constant. Then E was rigidily shifted by 65 meV

towards lower energies. This rather arbitrary choize was dictated by the

observed absorption edge shift with disorder (50). It is not our aim



here to investigate the effect of the :iical co.:-ants on the lLu£

shape around the plama frequency buc r:her to iho'.; their small

influence on the roughness characteriic struccurK-.s. -.e noLce

that the surface plasmon ebS oiction is nearly indepund.n- I

et "ie1ctr LC Co:.taSt :,. ct i tiqc- is: stri'stures near

4 eV. This dependence on the optical cr.cm t e:0:olain the struc-

tures observed at about 4 eV in exzeri:cents report.ed in fig. 3,4,5,8

an1 d.

Let us notice now that the surface plasmon absorption intens ity

is proportional to <S2 > and that the spe-ctral cosition and .,idth of

the resonance, depend on the roughness carrei t'- length a. To

estimate the roughness correlation len-th, in our -.:eriments we have
0

computed in fig. 13 AR/R vs. At for a subsrace 1 .yver 1000 A thick
o

and a surface deposit of 57 A (correscsn.iinc, to one of the experiments

of fig. 5) taking for the substrate and for the s;.rface layer the bulk
2 09 _ o

Ag optical constants, with <S > 900 A and 7 = 100,300 and 1200 A.

Comparing fig. 13 with the eNzerimenta.l results renorted in fig. 4

corresponding to deposits on substrates at room cemerature, we can

conclude that for these experiments a is approxi-tely 100 A.

comparing now the experimental results reported in fig. 5 with fig. 12

and 13, we see that a is rather 'u 500 A. The sa7ce value can be esti-

mated for a from the experiments reported in fig. 3. From our experi-

ments it appears that a increases with the surface plasmon absorption

intensity , that is to say with <S 2 >. On comparing fig 12. and fig. 5

we see that the calculated value of the intensity of the surface

Dlasmon minimu m is only one third of the ex eic'ec-nilv foumrd valU-.

We roughly estimate that in this case <S > should be about 50 A
2

(the optical absorption is nearly proportional to <S >, as it can be

seen in eq. (4)). We conclude from our experiments to a rapid increase

of roughness with thickness for the thinner layers, the increase being

much slower for thicker layers.

The calculations reported in fig. 14 are to be compared to the

annealing experiments of fig. 8 from the shapes of the curves it can
0

be concluded that, for a 19 A thick deposit, annealing completely

suppresses the surface plasmon excitation existing at 125 K. Thus
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they pce oent tvery ;tronq SEPk for ± r
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' One of the

on stir. Lut 's: i; t -- L it co::rzcietc 1'e thnov are war.-ed

uo to room tem:ne-raturo. To our 'rwe t ' 'ro emo-; no.t exit an y

report-J "in s:it u" elucLron mi cros:copo scxFdis of sucl, filir::s, the rt fore

their s;tructure is peorlyknw.

We have inicated that adsorbates can prevent thie motion of

surfaco ato-ns during annealing, maintainincj a ronon1-ness which would

o the rci'. Ibe :ure;-2i:meo o c t r u- Thju, effct .- is

cxoiariicen totlv dnAtrtuby us %vith Al aiu2 Cu oorotosbeuu

t ly ox: i ucci andi it; ao X0 0 en to inft coth i~rfact, of

rou ;h i:-ice-i Is . Let us- de r c';-; n, of our ~cu -ret*We

prp;e first ,at roe(-:- te;noerature, in a VdCUL.cn bu tter thoin 10- 9ot

a silver film 600 A th ick , and theni we cool tihe soo:'le iintill the

temporature s tailze to 151 K. In tt.e ifeet exoeirental runo3

we- ob)"tl ii;mi ring- te:::.-rarourec cli f fr ii-, nue:cott 10 K. Thi.c



glaSS ol ate atnJ the sas:clc holder. Than ,o evtoor :te 1470 A of si v* r

on the samo:loe :ta i:ta~nld at 153 K -ot ',' the, , e cjrat on of S A

on one h-alf of thie a n . The samole is that. e:-: maci to 45 L (1 1,

-6

') .7

e~ zbu 2n a a--

o;<yge-n e:<oure± and ,rnealtng was al~l £.-. C"[ b spIt~ me sre~t o

45 degrees after having taken t s-uol u t acw cain'r

Fig. 15a corresponds to the surface without the AL deposit and fi-. 15b

to the Ag] surface covered by daAlsurfnce--l"-. On fig. 15a the grain

boundar; ripples are clearly visible but otherwisa the surface azpe-r

rather smooth. On fig. 15b an i:=portan ro Is is aapparent, with a
0

quasi-per to of 200-300 A cl, ilv reat- to thce coreation len-th.

It must 1u, unLerlined tht the surf-ce ro -cess ia n th-. micro raoh

of fig. 15 b is .- iVaitcim by the Al oxv,-de and is not an effect of the

oxydo itself. It could be aroumented th-it the Ag s'rfacc not covered

.y Al - . - ;-:il

effect should oe observed. The possible ra'~.:.ss induced by oxv;-n

on silver is in any case much smaller than the one due to the Al oxvde,

as can be seen from fig. 15, probably because of' the v.ry low sticking

co3fficient of oxygen on silver (6.10 - 4 at room temperature 151)). We

have performed equivalent exm-eriments with superficial Cu layers exposed

to oxygen and we have found similar results. In conclusion, it appears

that we can maintain, at room temperature, an important roughness

exist on cueche ! si -vsr fib;, just -'. ctver nn , sur wt.

very thiLn surface layer.

We will naw ,xamiTe the poa nt, actually discussed, from an optic.l

point of vrew with differential reflectivity masurements.The continuous
AR

curve (labelled I) on fig. 16 shows AR--2(R'-P)/(R'+R) between the cleanR

Ag surtace (R) and the surface covered with the A! oxyde (R') for the

experiments reported in the discussion of fig. 15. We found the pronoun'-ced

minimu, at 3.9 eV corresponding to the small values of R as indicated



f: IIt nt

be. to iqs!p" t. ctructwr, - 2 , c. tra. ,' .

be ','._ t~lecrro liLC .;t ',~e 1, l- ;,.' £:.., vn o'.,. ,. d. to n o :

absorpYion due to ta:e,-~ c, r."-:; .Lo F!-..J~'. t?: -i:c'xin :.-

that bt h ii i: .' '' -

17.

The curve label-e T cor-e a -Q. to , r a:L.

silver covered by th Cu po t jl 0 -L l n_ two abs.r-_n_

similar to tos16 of iiq. 16 at nearly _ ,o:- -i.-c. Tt -,,'ou v

u~nlikt, Lv th.1t c' srn:tjons idced tv, c.:- k ::iL rr::itl, - : > o:te

should dispa1%y a :ery s 1i iar -rl r:, ,r t :1 -,:r ''-

If we ex_ ;ine n C, tv., -.t: V iatL <. -< :in ' is ns,.!! iLL n repr--se-_-.

by discontinuous curves in fig. 16 a d7, r.-_ )_ th. in bot:h ca';ir

the absorptions originally located at de:z 2 asci 3 cV rccrssv--iy

they are not absorptions chara- teri tic of -c i tote but of the

surface itself. In particular, for hig..-...rari s (for intanc, '2=

275 K in fig. 16) we are co.,=rring to . sArfaces with cnite diff-rn-j

roughness (fig. 15a and b) which give rise to largo values of LR/P

(% 30 %) obviously not due to the suoerficial laver itself.

We can inquire whether one or both absorptions are due to a

effect. This is certainL not thc o icjis of thh- hii':<;- er" ab e'---

tion which is progressively shifted. with annealinj to the surface

plasmon frequency reaching a deep minimum similar to the one seen in

fig. 5. Having in mind the reported interpretation of the optical b.-rp-

tion of quenched Ag films (52) we can ask about the origin of the low e.er.,,-

minimum. We can imagine that during annealing the film portion which is

not covered by the surface layer is acquering a more perfect crystall:-

graphicstructure leading to different optical constants with corres-

ponding changes in the reflectivity. Mloreovor Hunderi (52) assigns the



a /a 1bn orpt i I ucr A; f i 1 m,- t o i L). ct.< :i the t 1 -i i~ whch behav .

i:%,,v11 t m im w it h tw ; 0 1 2iC. Lri C :0~> :1-. t . (1 1 a rea_;Ond " 1

t req ui-; r cy .1;. t he T) -, ri L cai Se , we oar; tiiao i;; not the reason

for the obs-erved, ahc)Lorpt.ion-;,becau-se them? are e: ruatyshifti nc; awa-,y

L-:1.,;,LL.,..:, o:L ' a S ur.>

ct~~:ir th i L . reu:

it b:;o CL)-:La'te' ey n:mr: :aea.coios*it mu-sZt be

ci~0 ga ito tre Stir TaIC. F-or tra r , , re±!:.:- Lviy tvot-ructurt2:; seen

in fici. 17 fo a Cui mo,,iolay -r (ci~I!) wwo Laiit", (exOo;urc to

150 L of oxygen. The presen~t exp' zimen- cur, be y ta as du.e to

rough:i---, iridiiced enhanced el-ectromaq,7,- fieid ; ,-- t- surface inl th,-e

samz wa as electromaqCj--tiC fil- :Kiace SU ai '-rae lso

excitat to;; expoarimerits with .. grat 1; n , - an ateo.t L~at reflectiton

couplet-. For a n Lan2 -wave imolp:iq on a iit ur fat:-- eli ctromanr,-e tic

field h:e y a surface irio locla , is a 2,ifun;ily dedlucod

from the--, opt.Lcad consLtants of the r~~Ibut for.--a- ufc th-,

f to ld a' the c-urf-ice is nrot Eci-I knv -:n and e:I 1revlu;fr

ments. From this point of vie;', the optical11 aho- n t % 2 eV and

'3 e%' in fig. 16 and 17 cre;ndto high eiectro ;j onec fields at

these froauencies. The sarme argumeint can 1be: put l%:ar in order to

explain the cba;erved modfications dlurincueai W,- are compoaring

a rougjh surface having pronounced elect romoane tic re. oances with an

other which beccriles m-or- a-nd miore flat with the corresponding vaniohning

of the resonances. It is riot our aim here to ictsethe enhancement of

must h-oa , int acOuViL (tr iopocros-oa c s t-ii. .; on rouigh Four fa-ea,,

Ve have a 1roeady repor ted a cota a ie0tu~iy ol -1 :?:a ol ; ! yer otl

absorpL.ton on rouigh anid fiat A( u ae;i o :uI U o Ll- te rmin-e the

averagie local field at the surface (14). in ou.r op: othe low tre-

quency iboroirii duo! to loca I izod pla:;:-.rs ath 1ou1r.1ce pint ue

ranceo and tehigh frequicncy albsorpt tor- cre:o h apoajt i



fet -i cc tar tueC a.: br. t:u>

o: inE nicvrL - :--'.cat 2 (-V

is faU.' \:.A fac)r a ruv ao t__*s ezjlto 3

enzsrgy,, we, can .ra nt thur hat ir ;.Li-~ flat:ringofZ:r

surc u r f cja -u'u r aIn neil.n AI rr:~ :-, .. c c-u I u 3 _le P-,,a)Lxiut

this

jc:: oe Ca -1 U'u r c (-. -1 ac:t 10u

C),tic ~ i xP;. c>K .:-1 'c,: s- su bof'p iai d

t:rS rcc frjt ti.. ,.- .c ic s ucD-mt rate. -

re lc~ Len throun;:; tn',- -f&0I c .. .. ~co'e ln

block, ~_ th -n )rr 10 C. ov.rco-oz this difficu 1
i

with thLe restrictivo canlit tan a--~ --- 1-,-,: of reflcctivit:'

and te,-::ceratu-re cannoat bue k-now.n. .-.2o ;~ arz! -- zerested in a ca~o-

rativta study, this restrictions wilnot b crucieil far obtaining the

supplemrsntary information sought for.

a gj 1as; plt 10.-Lt2 uli;- r tha t the. 1,;r'~r e on it. P3:

it18 ratc-It-ion of L'Oc ~cc,'~'rl cith.er the,

v.cn;.~d of thu t;J.lver film or th i:i frcntL u" tht-

optical ;taidow. A schcama-tic rersg r ~xeiaua com-try

is indicat-d in fig. 16l. Relative al' C leor -cttvity, i'.e

reflectivity multipliedl by an apparatu- a'r, e a otined usirng

thle CbuL )"1, beuam !;o2ctronhotaa.,-.ter 4n ~ -o II. The tern-

ptc-'aur. ("- 140 'K) Ls known onI t'l2i contact with theo

ilold-:r, hut nOt on th- unutinuparte' (,n-!



W-, -t :I.2 ,k t. , ~ i, .

ft ti. L, stt~~ n~ 1~ iL! ii,_iri -±.n_:j I ~ ru~nu

Cu t~iutt f.ar :',I at- h icjh r'xrtuon2 hiir at . 3 eV h~

f~rydc~zau or tln& cu oxyci-'. 7,- '.7, Ij

of aL nrc"L onO~ rteLC a cou;duct r ~ n C: at '-V

is fuund on Ac3 for a ratiau ti 7ajC 1

(9) n> f CI n to C72C z-;-~. t- tht r0 *-)

surface lcumc.- cdurinq annoal in7-. At preci:nr ouc'c conclc-a aAO

this hypoth-esis.

To chec-: our co:nclusLor', which T nnm ~
to surtace rouutenness and itut to b,-ulk u--!f uL n, we hnva nfLr.ed .

ferent kind of isoe net; huie n tatii Ci aisorp'Lion is- di_

to surfac:e roujimesn; it shOUld et no.cru inc_ r._ftect ivity n'-

ments cefrndfrom th-u baick siof tihu fu_;-l s i.Iisa u tat.l

reflection throuqjh the funuJ siia uCtc fth-e copp r coalIic:

block, but, writh a minor miodi ftcation, -weSV ovtorconut- this difIi cuL-- ...

with the restrictive condition that asutvlu of re2flectivi*:y

and temperature cannot be kno-wn. LBeca uce t.e irc ir.Lerested in aco-

rative study, this restrictions wilL not be crucial for obtainincI the

supplementary information souoht for.

14-s have Procsi_ .,c as; :a L

a glass plate longor that tfu cold ci rL fixcud on it P-,

a 180 o rotationi of the sample!, we can prcsa~Li n-,trly either-! thuo

vacuum sido of the silver film or the cglaiss sibl ini :ront. of thu

optical window. A schematic representation of the Exporirnantal gunn

is indicated in fig. 18. Relative values of the rceflectivity, i.U

reflectivity multiplied by an apparatus factor, arc Ootained ui-

the double beam spectrophotometer describoci in sect:ion TI. The ten.%-

perature (1-. 140 K) is known on the sample side in contact with thf-

holder, but not on thp unoupported end.



l:i the tl ri;t -xerx iL a coli t..~r: a 16 ,O A thi&.

Si lvOL CI1: 15 is ',p:d ted on1 tme- Li- lpC'rt' Ci idC- G th. scr-mple aid

the re Il ct iv t -I-s metsuro,.; r ;t at t."i:;, unkns*' rxe-rature a:,.-

thenl, a t 0 r ar '-_ 1 nJ_ i, -it elter-oc 2ra tue Lf- st~c e exrats

rrcom tin c' b. ,, r -tn t y ; ,' v ty dre

measur-d -w~ti a Cary 14 " oetntcr - :that these vaIL-2s

.rr~ aan Ce _' 2 c& i 0: st of rile

apparatus is obtained. Fic. lI sno-.s thei_ caI~orcod_ value-- of the

reflectivity from the vacu'n -j _ at low:t~rtr (curve A) anj

at room cemrerat ure (curve 13). I- a secon ei.lr;., c have depos itei

1800 A of silver on the coetoJ2 s-uhbatra- an(! we ::eve eured the

reflectivity from th- qias3 szie at low __ (curve C) and at.-

room temoerature (curve B). havoe ae;'that e re rjflect ivit. at

room tsrtueis the sa-ne_ tot: both exiir;nr. id nit ta~;e izrlc

account the rnulzsiple reflection):s in the glas s plat-~ anid the differenrc-

in thel refracti v-2 inC- ," n of the2 :;du n c :Inr i h s il1ver ,~ t

re c-L :-_ isa i r. z -i: ccE (vs VJ r I i Or . q!1 C jLe I n - -1) ) i s cl1ea 1r thiia t i:

the prese~nt exosriments we cannot expect to obta".. accuratte valu-e:.; ef the

reflectivity, but the reaievalues of curves A ,iJ B3 and curve,,~ A

and C should ho at least queI tat ivtely go This 2i;, thie interesiting

point in our discussion. For fiJ2,Vcurve 3 takeshinir ale that

curve A. This is probably a real fact and not an artefact of our

experimental set-up. At low temperature, roughness has a small corre-

lation length producing little scatteredi light. Whnthe sample is

warmed us the raoghnesn, beri.se;avior" i 0_~__::ertne i: _r.-

Fourier components and the uicetun t of c tre Ij>Lincreases with

correzspinli ng re flectIvityvtes Theincras ut ;a.I-plrL1

scattered li(ghIt with annealing of equivlvet.qe- hdfl; was

clearly shown by Pettenkofer (53).

Al though, these mnedsurei Fits art, not very acitthe cor.I 1r-; ye

values tor each experiment. with temperature hul ' siy'alticar't



sugjcestinj that on the va-Uw . a ;,'-u - :.iltio ex;

besides th, ;urfance olasmon excitat ion. :di- - foun.d be-t..-.

curve C and B are probably due to diff:.. - s ,u-- of t.e optical

constants only. Tiiis confirm:; the inte-:--at2:. ! for the

annealing curves (fig. 16 and 17).

CONCLUS ION

From the experimental point of vi:.:, -we h3- .ao! shown thz

StJ!]CtQ : "DDLC----------------- . . -L , .- :... - - -

surface studies. It allows the r. easurem:-nt of ele- ::nic : ziciifications

of an interface induced, for instance, hv azonc : molecular adsorp-

tion or, as in this paper, to investigat-, .. ec-_-a-.eic prop,{rites

of a surface.

We have thoroughly developed an innvei, the early

roughening of a clean silver surface Lh . .tri-ous thick nesses

of silver overlayers. When the silver tfoztrati'-- cooled to 140 K,

measurable values of AR/R are fouund even for a c..oyer coverage only.

The observed structure, orobably du-_ t le -- ,srts or

surface defects on the atomic scale, are ,o- vt t-er-. understood

by us. For thicker deposits, a well defined absor:-- n at % 3.6 eV

due to surface plasmon excitation is found. Exoari---ta! evidence of

a roughness induce splitting of surface plasmons is siven for various

thicknesses of the deposited silver and the experi.ents are compared

with theory. A large amount of theoretical work was already devoted

to this subject, but only few experimental resuls ..ere reported.

For extremely rough silver films we noticen ::.2a ,arvnce of

an optical absorption at about 2.5 eV due to sur- - ounes, .

conclude that differential reflectivity exper1-:r:0 tis be success-

fully employed to investigate electromagnutic res-.t phenomena other than

surface plasma waves, which are actually %..ell knc,'..n. Specific studies
concerning the surface modes are not widely gener,7ed and we indicate

how such studies can be performed, in particular by using a superficial

oxide layer, to fix the surface roughness existin4 at low temperature

on quenched metal films.
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F-'£URES C:'ill'o0.-

Fiq. I - Principle of the diffrntial "r- t'r. The

vNbr!tinI rirte M I:-r th- or-uI . . K .,n tLV.

on the two halves (A 13nd ) oi te snoL< ,:os>- slight

difterenco of ret ect ..ince is to b< :.es..... .. Th, synchr: r:ius

detection (2.D' and i, fecbck C voltae o .

photcsulip icr (4-M) r. 1 also i-nul&,teO. - :.i Insert snu.;s

the PM output a-" a furL :ic of tim:-- for a given wve-1jn-t>.

Fig. 2 - The op'tical seL-um S and S ore the ultraviolet and visih e
1 2

sources resoectively. A conc. irr mM is used to form the

image of the ex'it !31it 0 of th..ochromator(iono) in 0 on

the vibrating mitror M. Tb", mirror m3 is used to focus the bes

on the photoultiplie PM. Th., ole is located at the center

of the vacuum ctrtr. N' is -- slit r v-

rofor. r.ee bess" .: :wi 1 ,:u.> l ,.:i';ue:l<'" -. -:., .. ' o[ : .,.: C

is the chopper used for th,,se ms: -

Fig. 3 - AR at nomal incidence vs. < for 2.6, 10.5 s d 1b A of silver
R

deposited at T=125 K on a 836 A thick silver film. One silver

monolayer corresponds to 2.35 A. The insert represents the bulk

silver reflectance.

Fig. 4 - AR/R as normal incidence vs.isw for 24.5 an-I 65.5 A of siLver
0

deposited on 1253 A thick silver substrata kept at room

temperature.

Fig. 5 - AR/R at normal incidence vs.Ax for various thicknesses d of the
0 0 o

surface layer d= 19 A ; - - ci 57 A , 124 A
o 0 0

-.. d= 187 A ; ........ d= 2000 A on a 1000 A thick Ag substrat

kept at T = 140 K. The last curve is reduce by a factor of 3.

L Ak-



-12 ave Lv . C ) "e v. a:

Fig. 8 -Me Aure d vausoL APR/R P 11 1j i I:':C

in fliq. 3 durinqj anneailing sL~rru I cu reueC )I

srzlesT 125 1 7':~ __ ~ (

Fig. 9 - L R/R vs,.fla for a 15S0 A thick Ia'. nuiigat d

teuse ratureS' of the- Ka1p;~ T SiK

T - 2 30 K;....... 260

Fig. 10 - AR/-. . vs. temperaturo T at Z., x' frcsuescv ( tw -' 3.7 ev)

C-10 asa:l Q to the' !1ir 2 ' .

for oua: !nched layers 19 A tik- all' I as thick +- t

(inner ordinlates scale at the I,) Thr curve for the1" A

thick film was rocduco 1 bv a fcof o 10. Thec dI.C res;istance

variation of 80 A thick silver J-pras 11 tie~e at 120 K on

asilver substrate 270 A thiick% are2 also shaown (-,ordinate

scale at the right, after Cnau:-inoau (47)) roqeother wit-h the

SERS intensity of the 1006 cm pyriline_ line: after Pockrand

and Otto (4F)) (outer ordin'ate scaIo at theit left--.

Fig. I1 I Cor-putted values of AR,'R qtj :-)! a su' c t ler 57 A

th ick withi opt ical constat L) vV ak iii e ad a ufc'
2 1 3 "

roughaness given by ,- S > -- 9C)0 Atnd C o 10 A on silver
3 0

substratef. 10 A (- ) anda J'finittel tliiu' (- -

A7-/R vs.thiw for the same film 'a sct- utaoon t he

1000) A thick silver Substrate al!,o suaca (-*---)



')lA A', 5 A i A t>LC_ ct ~jIV r Substrx' 100 L, I

*c) r 3 _ ,i- .. cr oF bu1' C-1) .: : .'2-ir.c.icI ]

vals3f th~ 1-i, L, ix e 4lecrzro.o p1~ f r

of ti CC i C c l _: -Lx J, ;2.: r --I 's

of E ( ,-iad an ovoraill s7,, :.Jc contribul a n
f

CE-_ by 65 no-V to., .irds I

iq. 13 -Comoute-1 u"ufi of"t/R rla-:;r 57 rA o~- n

a slvr u atefiLxfi:J havin7. t*nt

bulk optical co.nstants- ii' - c: cugnesL, is

2, _ 02- 2 -describedc b,, <S 900 1 10 : m 10 A. h

case of a sixxt a15: rz-Dc

q'i. 14 -Cr.'t2' ' F.T/ e 1 ?vx r 1) A~

thick on a sntae836 A thic'_ the~sgsb bulk s~iver

opticail constants. The2 rou ;,n.es of the saerfici al layer is

0 2 0 2 0 2
characterized! by aY - 500 it and <S > = 22r A 100 A and

02
0 A

Fig. 15 -Electron microscope photograplis of carbZon replicas made at

room temperature by evaporating C at an a-ngle of incidence

of 45 cdegrees :a) bare silver surface ; b) the silver surface

is- cx.,. -loci with a 5 A a nnt laver. !De ar crer~

to 10 A.

Fig. 16 -Diffcrc tl reflectivity AR/R v.SASS 5, Oxee-n a silver film-,

1470 A thick quenchedl on a substrate at 153 K and the s-ime
0

covered by 5 A of At and exoocd to 45 L of 0 2. Thedion

tinuious lines gives A,'.durine n"j~ l- at various tem~pera-

tures; (.indicated at the left of the? curv-:es-) . Each curve is sjt~

by 2.5 10 -



Diq 1/ fi L, t !i I rf I tivL -V8T ZA P/ V

S iI V 0r f L Im I C I :> 1r C~ T1. 0 :1L

COVE!rl>J by 2 .6 A ut Cu (Curv, 12 7 ~ u~ to 150 L A

Oxygenr' (clurve 1)-T Q diconri 1 2utls I ::5;5 vr_ the '

ValUC'S dUr.i ug ariuEalincj at i CJ*_-,_ ',-t e~r ra (ld

-2
at the left of the curvei) urvp 5:1. h-,yi1 10

Fl:;.iU_ 16T T lci'a s t :.u: i~-u

film approximately 1400 A thich cuhe on a fus ilie.

plate. Curve A corrc2socauda to -if~~aran: t-IIIE

side at low temperature and curve-: 3 Lo tl- sac perfori3 a

room teiroerature, while curve C she;;-1 tiuef ofaurcv~:

R at low temoerature but Rro~rthe glass a it _. The- results

shown on curves A anJ C ,:ere O'bt:inecl On adisf-rent aa.

The exoerimental qeometrv iSske'~ in r e n--rt.
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