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Abstract. On the basis of different types of experiments, we develop implicitly the 
model of surfaceenhanced Raman scattering (SERS) of adsorbates on metal s u r f a c g .  
The long-range enhancement by resonances of the macroscopic laser and Stokes field 
is separated quantitatively from the metal eledmn-mediated resonance Raman ef- 
fect. The latter mechanism proceeds b y  increased electron-photon coupling at an 
atomically rough surface and by temporary charge transfer to orbitals of the adsor- 
bates. This model can account for the chemical spedficity and vibrational selectivity 
of SERS and (partly) for the SERS specificity of the various metals. 
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1. Introduction 

After the first observation of a Raman signal of pyridine adsorbed at a rough silver 
electrode by Fleischmann and co-workers [l] and the discovery of the ‘surface enhance- 
ment’ [2,3] of about 6 orders of magnitude the research on ‘surface-enhanced Raman 
spectroscopy’ (SE-) w a s  focused up to about 1985 on the enhancement mechanism(s), 
as documented by many review articles [4-131, 20 articles in [14], and [15-361. About 
85 selected papers on the SEW mechanisms will appear in [37]. 

Though considerable progress was made, a full understanding of all aspects of the 
enhancement mechanisms was and in the opinion of the authors is still missing (see 
section 6). In the meantime, SERS has become a domain of applied science. In 1989 
and approximately the first half of 1990, about 170 publications listed in chemical 
abstracts were concerned with or used SEW, about 9% of them in biological, 22% 
from materials sciences, engineering and environmental, 41% from chemical, 9% from 
physicechemical, 4% from applied industrial and 15% from physical laboratories. 19 
SERS citations have appeared since 1989 in biological abstracts. A review of recent 
literature of the applied and mechanistic research on SERS is given section 8. 

In the main part of this article we will present experiments and theoretical consid- 
erations of our own research group on the so-called classical and chemical origins of 
SE% (in the sense of a previous review article [17], where ‘chemical’ refers to resonance 
effects by charge transfer). 

We have chosen the implicit method of representation, following our experimental, 
empirical and positivistic approach to the issue. This implies that in the course of the 
discussion we often have to refine or to replace some previous concepts or hypotheses. 
Therefore we have taken care to refer to these concepts in quotation marks with 
the exception of ‘SEX?’ itself. For instance, we will proceed from the ‘first-layer effect’ 
(section 3) via ‘SERS-active sites’ (section 5 )  to adsorption sites not available at smooth 
low index surfaces of single crystals (so-called Esites) (section 5.2) and the hypothesis 
of increased surface-electron-photon coupling (section 4.2). If the discussion of a 
particular point is resumed further below, this will be pointed out. Open questions 
and our present understanding of SERS are summarized in section 7. 

2. Classical and resonance Itaman aspects of SERS 

Figure l(a) displays the unenhanced Raman spectrum of a solid film of C,H, (about 
1.7 pm thick) frozen on top of a silver film. This silver film was deposited on a Cu 
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substrate at mom temperature by thermal evaporation in ultra-high vacuum (UHV). 
In figure 1(b), the Cu substrate was cooled to  40 I( before so-called cold degosition 
of the silver film. This sample yields the ‘surface-enhanced’ Raman spectrum. (In 
this case, 5 L corresponds to less than a monolayer, the quantitative evaluation of the 
enhancement is described in section 4.) 

Stokes  shift  Lcm-‘) 

Figure 1. Raman spectra of ethylene (CzH*), laser wavelength 514.5 nm. Intensity 
(counts per second) is normalized for incident laser power. (a) Substrate is a ‘smooth’ 
silver film (deposited at mom temperature in WHY), covered by a condensed film of 
CzH, by exposure to 7500 L at the substrate temperature of 40 K; ( b )  substrate is 
a ‘porous’ silver film, thickness 100 nm, cold-deposited at 40 K ,  exposed to 5 L of 
CzH,. Y is the C-C stretch mode YCC, a is the CH2 scissor mode ~ c H , .  va is the 
symmetric CH, wagging mode WCA? and ”1 is the symmetric CH stretch mode WCH. 
For a comprehensive assignment see [38]. Aft- [38]. 

In this example the presence or absence of SERS must be ascribed to unknown dif- 
ferences of the differently prepared silver surfaces. (The same holds for silver electrode 
surfaces at  which the majority of sERS investigations are done-see section 8.) One 
difference is certainly the ‘roughness’. The room-temperature deposited film has only 
some residual roughness, whereas cold-deposited films are highly porous (the ratio of 
true surface to apparent surface is about 20-40 [39], see also figure 16(b)). 

Is the enhancement of Raman scattering of C,H, caused (or partly caused) by 
the resonant enhancement of the local electromagnetic laser field Eloc(wL, v )  within 
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‘cavities’ of the porous film? (The relevant literature on the porosity is given in 
section 8.) The intensity at frequency wL causing Raman scattering is enhanced by 
the factor 

where E,,, is the field strength and QL the direction of the incident laser beam, 
far away from the sample. Also the ‘emissive power’ of the molecule a t  the Stokes 
frequency ws into direction Q, is enhanced by local field resonances a t  frequency 
ws. According to the law of optical reciprocity, the emitted field in direction Qs is 
enhanced exactly as the local field is at r when light is incident on the sample with 
direction -Qs.  Given a statistically rough surface, one has  to integrate over r. 

This enhancement, which we call ‘classical electromagnetic enhancement’ (CEME) 
is usually approximated [18] by the product of the average local field intensity factors 
at  the surface, on the vacuum (or electrolyte) side at the incident (inc) frequency wL 
and the emitted frequency w s ,  namely 

We now turn to the question of whether the enhancement is caused (or partly caused) 
by resonant Raman scattering in a kind of ‘surface molecule’ complex. 

The molecule C2H, has no internal electronic excitations in the visible spectral 
range, but when it is bonded to single neutral silver atoms (in other words if one 
forms silver-ethylene complexes by dispersing silver in solid ethylene or ethlyene-Ar 
matrices at low temperatures) one observes a pronounced optical absorption band 
centered around 550 nm (see figure 2). This band corresponds to the charge transfer 
excitation of an electron from the Ag 5s state t o  the lowest unoccupied molecular 
orbital (LUMO), a n’b,, state [40]. (For a detailed discussion see section 6.6.) In 
the following, we will call these unoccupied orbitals ‘afinity levels’. The band is not 
observed when silver is isolated in a C,H, matrix [41] (see figure 2) since a hydrogen- 
saturated hydrocarbon molecule has neither occupied nor empty n-states. Tuning 
into this charge transfer (CT) band (hwL = E,,, where E,, is the charge transfer 
energy) should yield resonant Raman scattering by the CC stretch vibration. The 
a’h,, state is C-C antibonding, and C-H non-bonding. If it is temporarily occupied 
by an electron this will push apart the carbon atoms, but not change the distance 
between C and H atoms. This naive picture translates within Lee and Heller’s short 
time-domain picture of resonant Raman scattering (421 into the scheme of figure 3. 

The Ag-M complex is quasi-instantaneously excited by photon annihilation to the 
charge transfer state, Thus, the conformation of the ligand M is not changed by the 
transition and the starting point of nuclear dynamics is the ground state wavepacket 
n = 0. The wavepacket n = 0 propagates along the normal coordinate Q(C-C) of the 
CC stretch vibration: the propagation along Q(C-A) is negligible. After transition 
into the electronic ground state by quasi-instantaneous photon emission, there is a 
finite overlap of the propagated wavepacket with the excited vibrational states of the 
electronic ground state leading to a final state with n = 1 given by the Frank-Condon 
factor F = (n = 0, propagated/n = 0, ground state). The Raman intensity is pro- 
portional t o  1FI2 [42]. The time for propagation is given by Heisenberg’s uncertainty 
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Figure  2. Absorbance spectra (left scale. arbitrary units [40] for silver atom in 
matrices at 10-12 K ,  silver concentration not quoted. 1: undiluted C ~ H I ;  2: CzH,: 
Ar = 1: 10; 3: CzH,: 0 2  = 1 : 1. The schemes of the Ag complexes are from 
reference [40]. Absorption spectra from reference [41], right scale 4 CzH,-iilm, 
d = 4 pm, Ag concentration Cns = 7.8 x 5: CzHs-film, d = 5 ~ m ,  Cns = 
5.3 x lo-’. 

principle, 0 = h/lTw, - ECTl [42]. IF1 will increase linearly with 9. Hence, Raman 
scattering will be resonant, the intensity given approximately by (ILL - ECT1)’. 

Figure 4 shows the result of Raman experiments with solid C,H, matrices, in which 
silver atoms were dispersed at low atomic concentrations; the details are described in 
reference [41]. The hatched bands in the range of v(CC), 6(CH,) and w(CH,) were 
assigned to vibrations of C,H4 in Ag-C,H4 complexes. No new bands appear in 
the spectral range of the v(CH) modes and in the case of matrix isolation in ethane 
C2H,. The new bands are assigned to the resonant Raman effect of about 2 orders of 
magnitude [41]. Inspection of the spectra in figure 4 and the SERS spectra in figure l(b) 
reveals in both cases a conspicuous low intensity of the C-H stretch modes. 

There is one further analogy. The CT band in the visible range is not observed 
when Ag is dispersed in a mixed C,H,/O, matrix-see figure 2 [40]. This is explained 
by the oxidation of Ag to Ag+-see the inset in figure 2. Charge transfer excitation 
is now only possible from the Ag4d states to the “‘b,, state of C,H,, which yields 
the ultraviolet absorption bands in figure 2 [40]. In consequence, this must lead to 
a loss of the resonance Raman effect at a laser wavelength of 514.5 nm. When one 
adsorbs submonolayer quantities of oxygen before or after exposing the cold-deposited 
silver film to C2H,, SERS can be quenched below the detection threshold [45] (see also 
section 3.1). Is this the suppression of resonant Raman scattering within a ‘surface- 
C2H4’ complex? 

Jiang and Campion [46] estimated an enhancement of 15-65 for the Raman scab 
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Figure 3. Scheme of resonant Raman scattering in a silver atom (Ag)-ligand 
(molecule M, e.g. CzH4) complex within the Borndppenheimer [43] and Frank- 
Condon [43] approximation. The potential curves of the totd electmnic energy of 
the ground state (Ag t M) and the charge transfer (CT) state (Apt t M-) versus 
thenormalco~rdinatesQoftheC-Gstretchvibration (e inthecaseofGH4) andof 
the symmetric C-H stretch vibration (ut in t h e c a e  of CzH, ) are separated at Q = 0 
by the charge transfer excitation energy ECT. Nuclear wavefunctions in the ground 
(n = 0 )  and vibrationally excited (n = 1) states in the electronic gmund state and 
the corresponding wave packers n = 0 in the CT state and their propagation along 
Q(C-C) are indicated qualihtively. Vertical mows characterize quaiinstantaneous 
electmnic tramitions by photon annihilation (a) and mation ( c ) .  

tering intensity of pyridine adsorbed onto silver that  was deposited on Rh(100) with 
a thickness of 10% of a silver monolayer. The Raman signal was assigned to pyridine 
chemisorbed to silver adatoms. This is comparable to the resonant Raman scattering 
in the isolated Ag-C,H, complexes. 

An obvious approach to the question of a surface-resonant Raman process is the 
search for short-range, or ‘first-layer’ SEW by adsorbing and condensing the Raman 
scatterers on well-prepared ‘LEED-clean’ low index faces of silver single crystals in 
UHV. With some exceptions, most investigators agree [32] that on Ag(l l l ) ,  Ag(100) 
and Ag(ll0) faces there is no special extra SERS for the adsorbed molecules with 
respect to molecules condensed on top of the adsorbed molecules; in other words, no 
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Stokes shift (cm-’l 
Figure 4. Raman spectra (normalized for film thickness and power) of a solid 
ethylene matrix [41]. The broad background structure in the upper spectrum is from 
the earbomcontaminated silver substrate [44]. h e r  wavelength 514.5 nm, substrate 
temperature 10 K.  The hatched structure is assigned to Ag-CZHI complexes. (The YJ 

band at 1329 cm-’ may contain contributions fmm the Davydov couple, see figure 1, 
top). After 1411. 

‘first-layer’ effect [47-511 and no ‘active sites’ [52]. 
The classical electromagnetic enhancement model should be tested for samples of 

controlled and known roughness, for instance for the case of silver films deposited on 
an  optical grating under UHV conditions-see inset in figure 5. 

On metallic gratings, one may resonantly excite surface plasmon polaritons (SPP) 
(see for instance [54]) by angle tuning p-polarized light (e.g. [55]). On gratings with 
the optical constants of silver, laser field intensity enhancements (h - 2.5 eV) of 20-200 
may be expected directly above the silver surface [56-601. This enhanced field decays 
exponentially over several hundred nanometres into the vacuum or into a dielectric 
layer (for instance about 250 nm into a thick benzene layer condensed on the grating 
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Figure 5.  The peak intensities (normalized for incident power) of the indicated 
Raman bands of the ~1~ vibrations of CBHB and CsFe versus exposure at a substrate 
temperature of 7'~ = 40 K. The actual spectra are depicted in figure 16(6). The 
substrate is a silver film deposited at room temperature onto an optical grating 
schematicd4v depicted in the h e t .  The laser beam is tuned to the SPP resonance. 
The exposlues are given in Langmuirs uncorrected for the gauge sensitivity factor 
(L).  After [53]. 

shown in the inset of figure 5, as has been demonstrated experimentally [38]). 
Thin condensed layers of benzene or hexafluorobenzene of only a few nanometres 

thickness, produced by the exposures given in figure 5 will lhus be exposed to a 
constant, enhanced exciting field. 

The Raman intensities grow linearly with coverage. (At T' = 40 K the sticking 
coefficient of C,H, and C,H, is 1 and the extra first-layer enhancement is smaller than 
2, if it exists a t  all.) This result corresponds to the absence of 'first-layer SEW' of 
C,H, [61] and pyridine [62] adsorbed on a silver film deposited at room temperature 
on a smooth flat substrate in UHV. 

Apparently, the residual roughness of the room temperature deposited silver films 
(e.g. observed by scanning tunnelling microscopy [63-651 does not induce a measurable 
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‘first-layer effect’. We will come back to this point in section 6. 
The results in figure 5 corroborate the nearly linear increase of the S E E  intensity 

of the alg-CC mode of benzene condensed on Ag(ll1) reported by Hallmark and 
Campion [66]. They point to a nearly symmetric form of the Raman tensors of the 
alg vibrational modes of C,H, and C,F,, as will be discussed in section 4.3. 

From these examples is It obvious that for well-controlled surfaces there is no 
apparent ‘non-classical’ SERS. One might conclude that SERS is nearly exclusively 
explained by CEME, notwithstanding some less important effects due to molecular 
adsorption, orientation (see section 4.3),  and depolarization (see section 8) .  

This conclusion is supported by the fact that the best metal substrates for SERS 
investigations are those which support strong electromagnetic resonances (see sec- 
tion 6.6). This conclusion discards the possibility that a significant resonance effect 
might exist at disordered metal surfaces because of states of adsorption and elec- 
tronic properties (especially optical properties) of these surfaces that differ from those 
encountered at smooth surfaces. In the following sections we will focus on these prob- 
lems. 

3. Separation of ‘first-layer’ SERS and long-range classical electromagnetic 
enhancement 

9.1. Silver island films 

Thick cold-deposited silver films 124,671 and silver electrodes, activated for SERS by 
an oxidation-reduction cycle [22] are less well characterized than silver islands. For 
the latter, quantitative calculations of classical electromagnetic enhancement (CEME) 
[20,21,23,26] are available. 

Deposition of silver from the vapour phase onto room temperature dielectric sub- 
strates in a quantity corresponding to an average thickness of 30-150 A leads to discon- 
tinuous films of irregularly shaped islands (e.g. [68,69]). Silver island films or small 
separated silver islands on regularly spaced posts [70] or stochastically distributed 
posts [71,72] are considered as excellent ‘classical enhancers’ (e.g. [73]). Indeed, the 
concept of CEME was first introduced by Moskovits in connection with collective elec- 
tromagnetic resonances in films consisting of silver islands [74]. The dependence of 
CEME on the distance d of a scatterer from the surface of a silver sphere of radius r 
and dielectric constant ~ ( w )  has been calculated without approximations by Kerker el 
al [75], but more often quoted is the result of the dipolar plasmon approximation for 
silver spheres by McCall et  d I761 for a molecule 

12 

CEME - ($) 
or for a monolayer at a distance d [77] 

10 

CEME - (5) 

(3) 

(4) 

Following electrostatic calculations by Gersten and Nitzan [78,79] for spheroidal par- 
ticles it is usually assumed that the distance dependence of CEME from irregularly 
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shaped islands also follows equation (3) or (4), where T is now the local radius of 
curvature of the part of the surface next to the Raman scatterer 131,801. Any slower 
decays of CEME with d due to the collective resonances between bumps (discussed 
in [lq) is not considered. To our best knowledge, experimental data on the distance 
dependence of CEME have always been fitted to equation (3) or (4). This dipolar, local 
curvature approximation is also used in the field of surfaceenhanced fluorescence [271. 

The following results were obtained with silver island films on sapphire substrates, 
produced and kept in UHV. Experimental details are given in [84-861. From compre- 
hensive investigations of thermodesorption of Xe, C2H6, C,H,, and the observation of 
ordering in the adsorbed layers (see detailed description in [86]) the following picture 
emerges: (a) the surface of the island films is a factor of three to four larger than 
the geometrical area of the sapphire substrate-the islands contain no ‘pores’; (b) at 
low temperatures, one can form spacer layers, monolayers, bilayers and multilayers of 
cyclohexane. They separate other aromatic molecules, adsorbed or condensed on top 
of the spacer layer without intermixing by place exchange, provided the temperature 
is low enough. 

The clean unexposed silver island films yield an intense and rather uniform back- 
ground of inelastically scattered light [86]. (We will come back to this point in sec- 
tion 6.4 and 6.5.) The SERS bands of the adsorbed and condensed species are superim- 
posed. Figure 6 shows the dependence of the intensities of the C-C and C-N Rsman 
bands of benzene on exposure. The vcc intensity saturates at an exposure of about 
5 L, corresponding to about 1.3-1.7 monolayers. The v2, C-H intensity is relatively 
weak, compared to the ratio of C-H to C-C intensities of benzene adsorbed on a silver 

3059cm-’ 
v2 C-H,cleon 

10 20 30 
Benzene exposure ILI 

Figure 6. Coverage dependence of the peak Raman intensity of the totally sym- 
metric C-C YI and C-H stretch modes y of benzene (Wilson mode numbers). Full 
and open circles: VI and v? of benzene adsorbed on a silver island hlm of average 
thickness 42 A and deposition rate 0.9 A a-’. Each exposure w w  performed at 28 K 
followed by a low- temperature anneal at 77 I< to ‘order’ the adsorbate, sco [%I. 
Crosses: VI of benzene adsorbed at 10 K on a silver island film of average thidmess 
61 A and deposition rate 0.9 A s-’, pre-exposed at 25 K to 5 L of 02 and annealed 
to 75 K. AU Raman spectra were recorded at a sample temperature of 26 K. After 
[W 
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grating (see figure 5) and of liquid benzene (see figure 16(a)). 
The saturation of the Raman intensity with coverage at about one monolayer, cor- 

responding to an enhancement of the v, band of benzene of about lo4 (see section 3.4) 
is lost if the silver island films are first ‘passivated’ by oxygen (see figure 6). They 
are exposed at temperatures of about 30 K to 5-10 L of oxygen, then warmed up 
to about 50-80 K and cooled down again to 28 K. No change of the optical trans- 
mission and reflection spectra of the island films were observed, indicating that the 
classical electromagnetic resonances are not changed. ‘This is consistent with the clear 
demonstration of electromagnetic resonances of silver island films in ambient air (e.g. 
[87,88]). However, the inelastic featureless background is reduced by about 50%. (We 
will come back to this point in section 6.4.) 

After the ‘passivation’ the long-range chemically unspecific CEME becomes observ- 
able by the increase of the Raman signal with growing thickness of the condensate. 
The initial gradient of Raman intensity versus exposure (see figure 6; the line marked 
'vir quenched’ is about 200 counts s-’W-lL-’-counts per second per Watt laser 
power, per L exposure) and eventually reaches the average gradient ab - 0.7 counts 
s-’W-’L-’ of very thick condensed layers (averaging over the interference pattern 
a t  high exposures, for more details see [86]). This corresponds to an enhancement of 
about 200/0.7 - 3 0 0 s e e  below. CEME is observable u p  to a distance of about 13 nm 

The ‘passivation’ of the silver islands is envisioned as a ‘decoration’ of sites of 
atomic scale roughness with atomic oxygen, whereby (111) terraces remain clean from 
oxygen. The reasons are: oxygen physisorbed by an Ag(ll1) surface or by silver films 
deposited at room temperature desorbs at  44 K [45]. After this desorption, the Ag(ll1) 
surface is clean, as demonstrated by ultraviolet photoelectron spectroscopy [89]. This 
corresponds to the very low sticking coefficient of 0, on Ag(ll1) of 5 x lo-‘ at 150 K 
[go]. On room-temperature-desposited silver films there remains a low coverage of 
oxygen [89]. This result corresponds to (i) an initially increased sticking coefficient of 

at 77 K ,  which drops to about 1.5 x after an oxygen coverage of 1% [Ql] 
and (ii) to increased sticking after damaging an Ag(ll1) surface by ion bombardment 
[92]. Both results are explained by oxygen adsorption at  defects [QO]. The quenching 
mechanism will be discussed in section 6.4. Apparently, there exists a ‘first-layer’ 
SERS for silver island films-in contrast to SERS of adsorbates and condensates on the 
grating sample. 

The first-layer effect of SERS of adsorbates on island films was clearly demonstrated 
with the help of two isotopic pyridine species (deuterated and hydrogenated) [93]. At 
low temperatures (30 K) the films were first covered with one monolayer of one isotopic 
species, on top of which w a s  condensed a multilayer of the second species. Raman 
signals were observed only from the first monolayer adsorbed. After warming up above 
100 K, the SERS spectrum contained signals from both isotopic species. The results 
are easily explained with two assumptions: 

1861, 

(i) There exists a short-range enhancement mechanism confined approximately to 
adsorbates within the first directly adsorbed monolayer in addition to the long-range 
classical electromagnetic enhancement. 

(ii) Warming the sample from low temperature during exposure allows for molec- 
ular place exchange. In this way, molecules outside the short range of the extra 
enhancement have a chance to enter it at the expense of others which have to leave it. 
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3.2. Spacer ezperimenls 

The long-range electromagnetic enhancement is revealed by separating the Raman 
scatterers from silver island films and silver films deposited at room temperature on 
rough CaF, films by spacer layers of cyclohexane-see figure 7. The 'firstlayer effect' 
of paranitrobenzoic acid on rough silver films (figure 7(6)) was not observed in previous 
experiments [94,95]-the possible reasons for this discrepancy are discussed in detail 
in reference [%I. 

-, 1 M L  8 ( L l  

0 10 20 30 LO 
I I I 

10 20 30 LO 

' C ~ H I I  ' 
Figure 7. Relative Raman scattefing enhancement G(B)/G(O) BS a function of the 
cyclohexane (CeH111) spacer layer thickness given by the exposure 8. (a) Silver i s  
Land films, average thickness d ,  - 40 A. %tangles: C-C-VI mode of pyridine 
(1003/990 cm-l), circles: C-C-vi mode of benzene (* 990 cm-l). At B = 0, only 
one mark at ordinate one has been used for r e m m  of clarity. Arrow indicates a p  
proximately one monolayer of spacer; ( 6 )  silver films, deposited at room temperature 
on rough CaFi fiLn (see insert). Circles: C-C-VI mode of Ce,Hs, crosxs: mode 
of paranitrobenzoic acid (PNBA) at 1598 cm-'. After [SS]. 

Fitting the long-range enhancement in figure 7 to equation (4) yields radii of local 
curvature of 50-100 8, and 100-200 A in the case of the island films and the rough films 
on CaF,, respectively. These radii correspond to the structure of the silver samples 
seen by electron transmission microscopy [96]. From SERS with a spacer configuration 
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(between PNBA and a silver film on CaF,) different from the one depicted in the inset 
of figure 7, Murray and Allara deduced P - 130-260 A [95]. 

3.3. Ezcifalion spectm 

The absolute 'firselayer enhancement' of the u1 and U, modes of benzene and the 
U, mode of cyclohexane on silver island films was evaluated at 6 different laser pho- 
ton energies [96]. In figure 8(a) the individual enhancement factors are interpolated to 
yield a reasonable symmetric excitation spectrum. The normal-incidence transmission 
spectra (see figure 8(b ) )  of the same samples were taken immediately after preparation 
of the island films at room temperature before cooling down and exposure to benzene. 
They follow the shift in the resonance curve towards the red as the average film thick- 
ness d ,  increases indicating collective electromagnetic resonances [97]. We believe 
therefore that the excitation spectra are dominated by electromagnetic resonances. 

0.3 
_._..' 

__.._.-- 
-. ......__...._.._.. ._.''' 

60 6 
156 h 

- 
........... 0 .1 

1.5 1.6 2.1 2 . L  2.7 3.0 3.3 
energy l e v 1  

Figure 8. ( a )  Enhancement G of the v3 mode of benzene adsorbed on three island 
films of avemge thickness d, = 40, 60, 156 A and depasitim rates 0.9, 1.3,1.4 A s 
at 6 different laser photon energies h w ~ .  For the connecting cupves see text. ( b )  
Transmission T spectra of the three island film3 above before exposure divided by 
the transnission To of the sapphire substrate without island film. After [96]. 
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However, there is a problem. We followed [98] the approximations of reference [87] 
and [SS] which derive CEME from absorption and transmission [87l and absorption only 
[88]. In all cases we obtained CEME spectra in the range of lo6 to lo’ at 2.5 eV with a 
tendency to increase towards the red [QS]. Considering the spectral shapes of the ‘first- 
layer’ excitation spectra in the case of island films and of cold-deposited silver films 
[99,100], they seem to follow the spectral shapes of the anomalous optical absorption 
(see also figure 16 in [67]) rather than that of the CEME approximations. The latter 
are dominated by the factor 1c(wL)I2 Ic(ws)lz [87,88] and increase enormously towards 
the red spectral range (see also section 6.5). This point needs further consideration. 

3.4. DC resistonce meosurements 

The methods described above to separate a ‘firstlayer’ effect from long-range CEME 
fail for cold-deposited silver films. in this case, the ‘firstlayer’ SERS effect can be 
clearly demonstrated by simultaneous Raman spectroscopy and 4-point contact DC 
resistance measurements [83,65] of continuous silver films on insulating substrates. 

Condensation ofXe, CH,, C,H,, C,H,N and C,H, on smooth silver films leads to a 
positive resistance change AR that saturates a t  monolayer coverage [loll.  Apparently, 
the adsorbates act as centres ofelectron scattering like impurities in the bulk. However, 
when thick cold-deposited silver films are exposed to the same species, the absolute 
gradients of A R / R  versus exposure at  low exposures are bigger than in the case of 
the smooth films. AR is positive for CH, and C,H,, but negative for C,H,N and 
C,H, [loll and it saturates in all cases at  submonolayer coverage of the porous films. 
This has been explained by increasing ( A R  < 0) or decreasing (AR > 0) the electron 
tunnelling rates by molecules in narrow ‘tunnelling sites’ in ‘porous grain boundaries’, 
according to the presence (C,H,N, C,H,) or absence (CH,, C,H,) oflow-lying unfilled 
molecular m’ orbitals [loll. (We will come back to this point in sections 4.2 and 6.2.) 

Figure 9 demonstrates that only those molecules contribute to the Raman signal 
which contribute to AR. In other words only molecules in measurable interaction 
with the metallic electrons at  the Fermi level (which are responsible for transport 
phenomena) yield an observable SERS effect. It should be noted that these molecules 
constitute less than one monolayer. This is one of the reasons to postulate ‘SERSactive 
sites’-see section 5.  The quenching of SERS by oxygen is connected with a relatively 
large A n ,  both phenomena already saturating at an exposure of only 3 L [83]. 

5.5. Quantitative sepamtion of CEME and ffirst-layer SERS’ for various substrates 

The extrapolation of the long-range enhancement inferred from spacer experiments 
to direct adsorption (no spacer layer) in figure 7 agrees approximately with the en- 
hancement observed at  low exposures after quenching the ‘first-layer’ effect by oxygen, 
as given by the vertical arrows in figure 7. Therefore we consider the enhancement 
observed after oxygen quenching quite generally as the contribution of CEME to the 
overall enhancement of the Raman scattering of adsorbates. In this sense we compare 
SERS of the u1 ring breathing vibration of benzene adsorbed on various Ag samples in 
the “quenched’ and ‘quenched‘ states in figure 10. 

The submonolayer enhancement G has been evaluated in all cases by comparing 
the initial gradient of the Raman intensity versus exposure (see for instance figure 6) 
with the Raman intensity of condensed layers on various reference substrates. The 
fourth line in figure 10 is for silver deposited in UHV on a graphite single crystal, on 
coal and on exfoliated graphite (for details see [SS]). As expected, the firstlayer SERS 
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effect is quenched by oxygen passivation. After this no signal of benzene attributable to 
long-range CEME is observable. This is easily understood by a substantial suppression 
of the electromagnetic resonances of the silver islands (see for instance [103,104]) by 
the carbonaceous substrates. 

A nice demonstration of this effect is the work of Lyon and Worlock [105]. They 
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Figure 10. Submonolayer enhancement G of the peak Raman intensity of the V I -  

breathing mode of benzene on various silver substrates in scatteling contigurations 1 
or 2, evaluated by compaison to the m e  of thick condensed benzene layen on silver. 
free reference samples. (The normalized signal from the condensates at constant 
spectrometer setting are indicated in the second column. but have not been used in 
the comparison of G of the different silver substrates.) Upper values: Clean silver 
substrates; lower values: oxygen.-ivated silver substrates (arrows: signal below 
detection threshdd). Numbers piw average film thickness of island h. GSC: 
graphite single uysbal, c: coal, EO: exfoliated graphite. For horizontal bars, see text. 
After [SS] and 1381. 

produced a silver island film on a highly ordered pyrolithic graphite (HOPG) substrate 
partly covered by a wedgeshaped intermediate film of SiO,. The Raman intensity 
of adsorbed PNBA on the island for a 20 nm intermediate SiO, layer was 300-500 
times stronger than in the case of direct contact between the islands and HOPG. The 
excitation spectra (Raman intensity versus laser frequency) only displayed a resonance 
in the first case. The results were explained by a decrease of CEME hy damping the 
plasmon-type resonances by the optical absorption of graphite. 

Stochastic post structures [72] (line 5 in figure 10) are randomly distributed parallel 
SiO, posts on a quartz substrate with average spacing hetween the posts of 200- 
300 nm. Each post is 400 nm tall. Silver is deposited at 45’ incidence, forming roughly 
ellipsoidal islands in the I00 nm range [72] on one side of the posts. These islands 
are bigger than those constituting the island films (average size about 30 nm). The 
laser beam was incident from the same direction as the Ag vapour beam, polarised in 
the plane of incidence with respect to the quartz substrate, and the Raman-scattered 
light was collected in a backscattering configuration. (Also in this case, the first-layer 
effect evaluated with the help of cyclohexane or benzoic acid monomolecular spacer 
layers and oxygen quenching agreed approximately). 

Preexposure of cold-deposited silver films suppresses SE= of the ul mode of ben- 
zene to about 200-300 (see line 6 in figure 10). Cold-deposited silver films have a 
very high roughness factor of 20-40 [39] and probably the highest ‘surface defect’ 
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concentration-even in this case less than 10% of a monolayer of oxygen remains after 
desorption of physisorbed oxygen [45]. Also in this case, the inelastic background and 
the Raman intensity of internal vibrations of the silver substrate are reduced [lo61 
(see also section 6.4). Except for the cold-deposited films the substrates of the silver 
samples (e.g. sapphire, stochastic post structure) served also as substrates of the thick 
condensed benzene reference films. Because of the comparatively low optical reflec- 
tivity of these substrates, the references should yield, within a factor of 2, the same 
Raman intensity as an ideal unsupported benzene film of equal thickness. But conden- 
sation of a film much thicker than the laser wavelength on an ideal plane mirror will 
enhance the Raman signal at normal incidence of the laser beam by a factor of ahout 
8 (from the average of (.E,0,/E0)4)-f~r more detailed considerations see [107,108]. 
This explains the different intensities from the thick benzene reference films (second 
column of figure 10). 

Whereas there is no ‘first-layer’ effect for the ‘smooth’ silver film on the grating, 
the benzene vl Raman enhancement a t  submonolayer coverage of silver island films 
and of silver films on rough CaF, films is about 2 orders of magnitude bigger than 
CEME for the first layer. Interestingly, the ‘firstlayer effect’ on the islands on the 
posts (size ahout 100 nm) is only ahout one order of magnitude, intermediate between 
the values for small islands (size about 30 nm) and ‘smooth’ silver films. 

The best ‘classical enhancers’ are the islands on the posts where CEME reaches 
about four orders of magnitude, whereas the exclusive CEME for silver films on the 
grating reaches only two orders of magnitude. The latter case can be explained ap- 
proximately by considering the two local-field enhancement factors in equation (2). 

Even if ws - wL the second factor is not necessarily equal to the first, if the 
direction QL and (-Os) of the incident and emitted beams are different, as discussed 
in [17]. This holds in particular for the silver film on the grating. Whereas the well- 
defined incident beam is angle-tuned to the surface plasmon polariton (SPP) resonance, 
the scattered radiation is collected in a wide (-as) range given by the 1 : 1 aperture 
of the collecting lens, and the SPP back-scattering emission is even partly blocked by a 
small mirror necessary to handle the incident beam. Thus the observed enhancement 
of about 200 is mainly attributed to the first factor in equation (2) (see also [109]), in 
reasonable agreement with theory [56-601. 

In the case of the silver islands on SiO, posts and the Ag condensation described 
above and the scattering configuration described in figure 10, the two factors in equa- 
tion (2) should be approximately equal. The average enhancement of the intensity 
at the surface of silver spheroids with major axis 100 nm and minor axis 50 nm, and 
the electric vector parallel to the major axis was calculated to be about 32.5 at the 
excitation wavelength A, of about 630 nm and about 15 at A, = 514.5 nm [110]. 
According to equation (Z), this should yield a CEME of about 200 at A, = 514.5 nm, 
about two orders of magnitude less than observed. 

In the case of the island and rough films the smaller absolute value and the range of 
CEME of oxygen-passivated silver island films are in good agreement with the results 
of Cotton et al [77] and Kovacs et a( [111]-both groups studying SERS of organic 
molecules separated from silver islands (transferred to air) by Langmuir-Blodgett 
films. In summary, we have experimentally quantified CEME in special cases, but 
apart from the silver gratings we cannot yet rationalize the absolute values-see also 
section 3.3.  

Long-range CEME has been separated from ‘first-layer’ SERS for roughened silver 
electrodes by Notholt and Ludwig [112]see section 5.4. SERS at silver electrodes is 
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quenched by submonolayers of particular metals (see the literature review in section 8). 
One might be tempted to assign the quotient of 'first-layer' SEW and CEME, ob- 

served after oxygen passivation, represented by the lengths of the horizontal bars in 
figure 10, to an extra, first-layer 'chemical effect'. This is prematureone would 
neglect the evidence for 'active sites' (see section 5). Before trying to understand 
the differences apparent in figure 10, we will discuss the 'chemical specificity' of the 
'firstlayer effect'. 

4. Chemical specificity; evidence for resonant Raman scattering by charge 
transfer 

4.1. Absolute 'Jirst-layer' enhancement 
The absolute enhancement G, evaluated from the initial gradients of intensity (in- 

tegrated over the vibrational bands) versus exposure of the silver island films (see for 
instance figure 6) and of thick layers condensed on reference substrates, is very much 
dependent on the adsorbate and on the vibrational mode (see the results for CO, C6H6, 
C,H,N, C,H,,, C,H, and C,H6 in figure 11). The general trend is smaller enhance- 
ment G for saturated hydrocarbons and for C H  stretch modes (see also section 4.3 

U 

, I I I 

2 3 L 5 6 

Figure 11. Enhancement G for the integrated Raman intensity of various modes 
of adsabates (E: *extra' line or 'chemisorbed'. N: 'normal' line or 'physisorbed'. 
see section 6.5) on thee different substrates (errors of G are up to 10.5 orders of 
magnitude): (a) clean island films on sapphire, of average m s  thickness d ,  = 
43 A or 100-120 A (for entries above or below the Gscalc);  refemcer are  thick 
condensed layers on clean sapphire; (6) oxygen-passivated island fih on sapphire 
( d ,  is indicated), references BS in (a). (c) thick colddeposited (30-60 K) silver films; 
References me thick condemed layen on the silver 6lm itsell. After 1861 and [113]. 
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and figure 14). Note that G does of course not only depend on the absolute SERS 
intensity but also on the Raman intensity of the condensed gases serving as reference. 
(For CO, the latter signal is, for instance, relatively weak.) Figure l l ( a )  indicates, for 
CO, separate entries for ‘chemisorbed’ (E) and ‘pbysisorbed’ (N) CO-this is discussed 
in detail in sections 5.2 and 6.5 and in [I141 . After oxygen passivation, the remaining 
enhancement does not seem to be chemically specific (see figure l l ( b ) ) .  This is to be 
expected for pure CEME. 

The ‘chemical specificity’ of SERS of adsorbates on cold-deposited silver films (see 
figure Il(c))  displays a trend similar to that in figure l l (a) .  G for water is compara- 
tively low. We cannot exclude the possibility that  water does not ‘penetrate’ all the 
‘pores’ (see the detailed discussion in [115]). In this case, the G value for water should 
not be discussed within the ‘chemical specificity’ model. 

A contribution of a short-range quasi-first-layer effect of about 2 orders of magni- 
tude to CEME, at roughness features of very small local radii of curvature less than 
10 A, according to equation (3) or (4) cannot be excluded a pn’or i see  for instance 
reference [99], but also the footnote [80]. 

The clear ‘first-layer’ enhancement for silver island films, for room-temperature 
deposited silver films on rough CaF, films (see figure 7), and for cold-deposited films 
after ‘smoothing’ them by thermal annealing [116,117] (see also section 6.5) would 
imply in any case approximately the same very small scale roughness. This is very 
unlikely. How does one explain the chemical specificity, vibrational selectivity and the 
quenching by oxygen, using this argument? 

4.2. The relation between ‘SERS’ and the position of fhe affinity level 

We now change from the correct description of the electronic state of a molecule in 
terms of total electronic energy (neutral molecule and free electron a t  the vacuum 
level: E(M) + E-; anion: E @ - ) )  t o  the single-electron orbital picture, by assigning 
the energy difference between two electronic states to the energy E, of the orbital, 
whose occupation is different in the two electronic states, i.e. 

E, - E,, = E(M-) - E(M) . (5) 

We call the highest occupied singleelectron state of M- or of the adsorbed species 
Mads the affinity level and E,, - Ea the electron affinity. 

E, will depend on the geometrical configuration of the molecule-if the electron 
is attached to the molecule M for a very short time, M- will have the equilibrium 
conformation of M, and E,, - E, is called the vertical electron affinity. If M- relaxes 
to its equilibrium configuration, E,, - E, is called the adiabatic electron affinity. 

The adiabatic and vertical position of the affinity level above the vacuum level 
is obtained by electron transmission (ET) experiments in the gas phase (e.g. [ l lS] ) ,  
and its vertical position above the Fermi level without relaxation for adsorbed Mads is 
determined by inverse photoemission or Bremsstrahlung isochromat spectroscopy (BIS) 
(e.g. [119]). The positions of the affinity levels of some benzenederived molecules are 
given in figure 12. (The figure does not include the position of the lowest U* resonance 
of benzene, about 7 eV above the vacuum level as observed for a 2-3 monolayer film 
of benzene on Ag(ll1) by BIS [120].) The differences of the zeros of the E - E,, and 
E - EF ordinates are the work functions q5 of clean Cu(ll1) and Ag(l l1)  surfaces, 
respectively. 



1162 A Of lo  et  a1 

0 
C u l l l l )  I Ag (111 I 

Figure 12. Energetic positions of the n*-levels of hexaffuorobenzene. benzene, pyri- 
dine and pyrazine above the vacuum l e d  in  the gas phase as deduced from electron 
transmission (ET) (full lines: adiabatic position for the lowest 11.5 of CeHs, CaHsN 
and C~HIN,,  vertical positions for the upper n*s)-the lowest 8 level of condensed 
C~WS, about 11.2 eV above EF of Ag(ll1) [120] is not displayed-and the position 
of n' and CeHs-o* levels above the Fe- level EF, when adsorbed at Cu(ll1) or 
Ag(l l l ) ,  as deduced from Bremsstrahlung i sochrana l  spectroscopy (BIS) (broken 
Lines, vertical position). The vertical arrows characterize approximately chemical 
and electronic relaxation shifts. The ban level of pyrazine a n n o t  be observed by ET, 
and the lowest a'-doublet of pyridine (azjbl )  wb5 not resolved in BIS. Levels with 
dot are t en ta t idy  deduced from SERS experiments at silver electrodes at a potential 
P = -0.68 VSCE. see text. Reference a: 11211, b: [118], c: [122], d: [123], e: 11241, f: 
[125]. 

To first order, the excitation energy ECT of a metal electron at the Fermi level EF 
into the affinity level is given by 

ECT = E,- E,, i- 9- C ( 6 )  

where C is the sum of the 'chemical' shift by M--metal bonding and 'electronic 
relaxation' by the attractive potential between the electron in M- and its image 
charge (or better its hybrid-image-exchange-eorrelation hole in the inhomogeneous 
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electron gas at the surfacesee section 6.3). C corresponds to the vertical arrows in 

At a silver electrode, the variation of the potential of the electrode with respect 
to the potential of the electrolyte (characterized by the potential of the reference 
electrode) is given by the variation of the dipole layer at the electrodeelectrolyte 
interface. In the vacuum-surface scientist’s language, this corresponds to a variation 
of the work function 4. (For a tutorial introduction to SERS at electrodes, see 1221.) 

According to equation (€4, the charge transfer excitation energy EcT from EF to 
the affinity level can thus be tuned in and out of resonance with the incident photon 
energy [I%-1361. 

Thietke e l  al [125] measured the SERS intensity of the C-C ring breathing modes 
of benzene, pyridine and pyrazine as a function of electrode potential for different 
hw,. The potentials P,, of maximum sERS are plotted in figure 13 for different 
hw,. Of course the concentration and orientation of the adsorbed species as well as 

figure 12. 

0.1 M K C I  
0 . 0 5 M  

2.0 

-1.0 -0.8 -0.6 -0 .4 

PmoxScE/V 

Figure 13. FuU circles indicate the potential Pmax (measured versus a saturated 
calomel electrode (SCE)) of maximum R a m  intensity from the skeleton breathing 
modes of bennene, pyridine and pymzine adsorbed at ‘actimted’ silver electrode. in 
0.1 M KC1 electmlyte versus laser photon energy h w ~ .  Fuu lines are guides to the 
eye. (Data from reference [125].) 
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the local potentials 11271 will vary with potential, hut it should not depend on the 
colour of the laser light. Thus one may tentatively interpret the IwL versus P,,, 
plots in figure 13 as ECT (vertical) versus P. The positions of the affinity levels at an 
arbitrarily choosen P are given in figure 12. They scale quite well with the results of 
inverse photoemission BIS hut they are lower, see section 6.2. It should be noted that 
we have assumed without justification that the electrons start at EF. This problem 
will be discussed in section 6.4. 

The search for the electron transfer excitations by optical reflection spectroscopy 
in our laboratory has so far been unsuccessful, both in electroreflectance from silver 
electrodes in pyridine-containing electrolyte [137] as in differential reflectance of clean 
and pyridine- or CO-covered thick cold-deposited silver films [138]. This corresponds 
to the missing change of the optical properties by the small amount of auygen, which 
‘passivate’ the substrates [106]. A more sensitive method for charge transfer excita- 
tions i s  electron energy loss spectroscopy [139,140] (see sections 6.2 and 6.3). 

4.3’. SERS seleciion rules 

In many cases the relative vibrational band intensities in the SEW spectra are different 
to the Raman spectrum of the unadsorbed molecule (see for instance figure 1). The 
‘SEW selection rules’, according to the different mechanistic models of SERS and relo 
vant experiments have recently been discussed in a comprehensive article by Creighton 
11411. In the spirit of the exclusive CEME model of SERS one neglects, in a first or- 
der approximation, the molecular symmetry reduction by adsorption. The molecule 
is characterized by its Raman tensor Q unaltered by adsorption and its orientation, 
with respect to the surface. The enhancement of the various Raman active modes 
depends on the magnitude of the local field components parallel and perpendicular 
to the local surface. In this local Cartesian frame (L is normal to the surface) the 
effective Raman tensor of a molecule adsorbed on an isolated sphere has  been given 
in the small particle dipolar resonance approximation by Creigthon [142,141] as 

Following reference [143], the ‘SEW propensity rule’ of the dominance of the a,, 
component is often used to infer the adsorbate orientation at the rough surfaces (for 
instance [144,145]). Since in most cases the Raman tensors are not known, i t  is often 
assumed that the dominant diagonal Raman tensor components are fixed to the ‘direc- 
tion of the vibration’ (neglecting the fact that in mnltiatomicmolecules the vibrational 
patterns usually involve several bonds in different directions). This sequence of as- 
sumptions makes the ‘SERS propensity rule’ similar to the infrared surface selection 
rule-only vibrations with dynamic dipole perpendicular to the surface are observed. 

Table 1 demonstrates the expectations for benzene based on the CEME selection 
rules. Benzene adsorbs flat on an Ag(ll1) surface as derived from energy loss spec- 
troscopy [148]. We concentrate on the Raman active modes vs, Y,,,, v l ,  va and vz. 
For the green AI+ laser line, hL = 2.41 eV, and IC[ - 10 [149]. Since the Y1-Raman 
band of free benzene is polarized, a is of the order of 6 and hence one should expect 
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that the intensity ratio SERS:liquid should scale roughly as IO-' : IO-' : 1 : 
Since isolated silver islands on posts are good electromagnetic enhancers (see fig- 

ure 10) they are well suited to test the 'classical selection rules'. The experimental 
ratios are given in the last line of table 1. They cannot be considered as a confirmation 
of the CEME selection rules. We come to the same conclusion for CO on copper-see 
section 5.3. The symmetry reductions or electric field gradient effects which might 
activate the modes that are non-Raman-active in free benzene but observed in SERS 

: 1. 

stretch modes :  
1- SIGH,) 4- CH-modes 

3 1  -8- C F-modes 2 

+ C C - m o d e s  e---+ 
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l o g  G 
Figure 14. Absolute enhancement G of the integrated SERS bands of various adsop 
bate vibrations at submonolayer coverage of silver films, colddeposited and exposed 
a t  40 K. Reference samples are condensed film on sapphire. Notation of the vibration 
of the aromatic molecules are according to Wilson, and of the other molecules accord- 
ing to Henberg. Arrows to the left or right denote vibrations with non-detectable 
SERS, respectively normal Raman bands. '"(C-H)' denotes the integration over all 
unassimed C-H s t re tk  SERS bands normalized by the integral over all C-H stretch 
bands of the reference sample. 'w(CHa)' has the analogous meaning. Numbers of the 
tot+ symmetric modes are underlined. After [38]. 
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(see table 1) have been discussed in reference [66]. Elechon energy loss spectroscopy 
(EELS) in specular scattering configuration of benzene adsorbed on cold-deposited 
(60 K) silver (1501 shows all vibrational modes in contrast to the infrared dipole selec- 
tion rule operative, for instance, for benzene on Ag(ll1) [148]. According to reference 
[150] it is not known a priori whether EELS and SERS probe the same surface species. 
Ion resonances and impact scattering contributions should be considered [150]. These 
results demonstrate again the breakdown of selection rules, based on the model of clas- 
sical macroscopic fields at a step-shaped metal surface in the case of highly disordered 
surfaces. 

Figure 14 gives the relative and absolute submonolayer enhancements of the 
Raman intensities of the various vibrational modes of molecules adsorbed on cold- 
deposited silver films. We have only chohsen modes whose assignment both in the 
SERS and the free molecule Raman spectra seems reliable to us. Like in the case of 
island films (see figure 11) the G values of the C-H stretch modes and of the C-C 
stretch modes of the saturated hydrocarbons are relatively low (except for C,H,,, see 
below), but still at least one order of magnitude above G for the uI mode of benzene 
after oxygen quenching (see figure 10). The SERS intensity of the C-C stretch modes 
of the hydrogen-unsaturated molecules is more prominent. If hydrogen is replaced by 
fluorine, SERs of the C-F stretch modes exceeds SEW of the analogous C-H stretch 
modes. This is most obvious for the u2 modes of the couple benzene-hexafluorohenzene 
(see also figure 16(a) and 16(e)). 

We rationalize these trends with the help of the SERS model of Persson [151] 
(see figure 15(a)). It is based on the Newns-Anderson model (described for instance 
in [152]), featuring a free-electron metal, an affinity level Ea of an adsorbate, and 
a transfer amplitude V,, of electrons between metal and E,. A very simple ansaiz 
of electron-photon interaction is given by -eE,l, where En is the electric vector 
component of the laser field normal to the surface, and I is the distance between 
the metal surface (characterized by the image plane) and the ‘centre of gravity’ of the 
‘affinity orbital’ (see figure 23(b) ) .  (We will come back to this point in sections 6.1 and 
6.3.) The electron-vibration coupling parameter is given by the gradient aE,(Q)/aQ 
(see figure 15(a)). This corresponds to the Jahn-Teller selection rules, discussed by 
Creighton (1411. The Raman cross-section is maximal when the charge transfer energy 
ECT = E,(O) - EF is equal to the photon energy of the incident or emitted light. 
Persson assumed that the optical transitions take place between filled and unfilled 
adsorbate-induced states. This emphasizes transitions starting immediately below EF 
(see figure 15(a)). 

This model can explain the resonance Raman effect in silver complexes (see sec- 
tion 2) when the electrons at EF are replaced by an electron in the 5sp orbital of 
an isolated silver atom. (Obviously, this resonance Raman effect is absent at smooth 
surfaces; we will discuss this problem in the next two sections.) 

We envision the lowest ?I* affinity levels near resonance, with an appreciable cou- 
pling parameter aE,/aQ only for C-C stretch vibrations, the C-H stretch vibrations 
being excited via off-resonance charge transfer to the higher-lying C-H and C-C an- 
tibonding o’(C-H) states (see figure 15(b)). Only these U* affinity levels are present 
for the saturated hydrocarbons. (In reference [I531 some arguments about the ratio 
of on- and off-resonance scattering have been presented, based on the analogy of the 
charge-transfer Raman mechanism and inelastic electron scattering in the gas phase. 
An estimate based on the yields of the surface photo-effect on the light emission yield 
by hot electrons and on the inelastic cross-sections in so-called shape resonances [154- 
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Figure 15. (a) Schematic diagram for Persson‘s model [151] of SEW. E: single 
electron energy, p ( E ) :  density of states in the metal, EF: F e d  energy. E A ( Q )  - 
E.(Q = 0) - aE./aQ , Q : energy of the affinity level above Er ,  for small nor- 
mal coordinates 8 of an adsorbate vibration, charge transfa energy E m  = E A ( Q ) ,  
V.r: electron transfer amplitude between metal and aAnity level, h: Laner photon 
energy. (6) Qualitative scheme of positions of lowest r* and r* &ty levels cen- 
tred at C-C, C-H and C-F bonds, and of the electrowvibration coupling constants 
aE./aQ, for C-C, C-H and C-F stretch vibrations. 

1571 shows that the hypothetical Raman scattering process of figure 15 (at unordered 
surfaces, see section 5 and 6) may be the origin of ‘firstlayer’ S E W  [153]. From the 
relatively low intensity of overtones in SEW (the most noteworthy ones have been re- 
ported by Creighton [158]) residence times of the electron in the adsorbate of s 
have been estimated 11531. 

We explain the dominance of the C-F stretch SEW signals by the strong elec- 
tronegativity of fluorine, which leads to a lowering of the C-F antihonding u*(C-F) 
levels. For C,F,, the adiabatic electron affinity is even positive (see references in 
[53])-the lowest vertical U* affinity level of C,F, adsorbed on Cu(ll1) derived by 
inverse photoemission [122] is below the lowest a’ affinity l eve l see  figure 12. 

In contrast, Moskovits and co-workers 11591 explain the conspicuous increase of 
the Raman intensity of the totally symmetric v2-alg C-F breathing mode of C,F, by 
the classical electromagnetic ‘propensity rule’. 

Moskovits et al assume that C,H, and C,F, are adsorbed flat. In this case, the 
Raman tensors of the alg modes are given in table 1, and a,, = b ,  The experimental 
facts are explained by Moskovits et al by arguing that the tensor component b of 
the C-C modes of C,H, and C,F, and the C-F mode of C,F, is comparatively big, 
while that of the C-H mode of C,A, is small. This assumption cannot be proven 
from the depolarization of Raman scattering of the free molecules, and contradicts 
experiment: the Raman intensity increases linearly with exposure of the silver grating 
for all the alg modes (see figure 5). This cannot be understood when the relative 
difleerence between a and b is large: since benzene adsorbs flat, but condenses to 
an amorphous or microcrystalline state, its orientation will nearly randomize with 
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increasing distance from the silver surface. (For a detailed investigation in the case of 
a Ru(001) substrate, see [160].) In the case of long-range CEME by the surface plasmon 
polariton resonances on the grating the electromagnetic propensity rule will also hold 
for condensed molecules even beyond the range of exposures given in figure 5. Thus, 
with increasing exposure, a and 6 will both contribute to a,, and the intensity of the 
a,,-C-H mode of C,H, should increase superIinearIy if 6 < a. This is not observed 
(see figure 5). 

As discussed in section 3.5, the best substrate to demonstrate the electromag- 

1550 1450 EO0 SO0 
Slokes shift (cm.') 

Figure 16. Raman spectra of CeHe (left) and CeFa (right) in the axg C-C. C-H, 
and the C-F mode range, respectively, (a) in liquid form, ( b )  adsorbed on the grating 
depicted in the inset of figure 5, (c) adsorbed on silver islands on the stochastic post 
structure passivated by oxygen exposure, ( d )  adsorbed on the grating in the inset of 
figure 5, precovered by 14 A of silver at 40 K ,  (e) adsorbed on a thick cold-deposited 
silver film. Exposure is given in Langmuirs, uncorrectedfor the ion gauge sensitivity. 
After [53]. 
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netic selection rule should be the silver islands on the stochastic post structure whose 
‘first-layer effect’ is passivated by oxygen exposure, Nevertheless, the SERS spectra in 
this case show no conspicuous difference to the Raman spectra of the liquids (com- 
pare figures 16(a) and U(c)).  The conspicuous SERS of the C-F breathing mode is 
only observed when a small quantity of silver is cold-deposited on the grating (see 
figure 16(d), right half). We will come back to this point in the next section. 

We have no explanation for the very broad and down-shifted SERS band of the 
C H  stretch modes of cyclohexane C6H,, [38] and the relatively large value of the 
enhancement G-see figure 14. This might correspond to the broad and strong ‘C- 
H’ stretch band observed by electron energy loss spectroscopy of C,H,, adsorbed on 
Ni(ll1) and Pt(ll1) by Demuth el  a1 [161]. This latter phenomenon was attributed 
to a kind of hydrogen bonding of C6H,, to the surface and related to dehydrogenation 
at higher temperatures. 

Surprising is the clear presence of the v, hand of CA, (an asymmetric CH, angle- 
bending mode) which is neither observed in the Raman spectra of a condensed film of 
CH, [38] nor in the gas phase [162]. 

The selection rules by charge transfer excitation discussed above, based on the 
Jahn-Teller resonance Raman effect in complexes 11411 or shape resonances [163], 
cannot explain the appearance of nearly all vibrational modes of adsorbates on thick 
cold-deposited films [24]. So far, the CT model assumes the residence of electrons in 
one orbital which is a good concept for relatively long residence times. For the short 
residence times envisioned in reference [153] the electron propagator might reach only a 
part of the adsorbate. This must be described by a coherent superposition of molecular 
anionic eigenstates which brings more vibrations into play, albeit with low intensity. 

5. The search for ‘SERS-active sites’ 

The by now undoubtable fact that there exists a chemically specific and vibrationally 
selective ‘first-layer SERS’ effect, but only at ‘non-smooth’ surfaces as indicated early 
in the work of Pettinger and Wenning [47], leads to the assumption that ‘SERSactive 
sites’ [I641 are not present at smooth surfaces. Billmann et af [165] and one of the au- 
thors [7] introduced the ‘adatom hypothesis’: ‘strong electron-photon coupling caused 
by atomic scale roughness’ and ‘tunnelling of the electron or hole from the metal via 
the adatom into electronic states of the adsorbate’ [7), proposed among other mecha- 
nisms by Burstein et  af [166] and by Gersten el a1 [167] albeit without atomic-scale 
roughness. In the following, several approaches to the problem are described. 

5.1. Silver complexes at disordered surfaces 

The proposals that the SERS-active sites a t  rough silver surfaces are presented by silver 
adatoms [165,168], Agt sites [169-1721, or Ag4+ clusters [173] lead to the search 
for resonant Raman scattering in isolated silver complexes with the adsorbates as 
ligands of the complex. The detection of charge transfer bands and of resonant Raman 
scattering in neutral Ag-C,B, complexes has already been described in section 2, 

The absence of resonant Raman scattering in Ag+ pyridine complexes in acetron- 
itrile was demonstrated in reference [62], corresponding to missing optical absorption 
in the visible spectral range [174]. The oxidation of Ag to Agt in silver-CO complexes 
makes charge-transfer bands in the visible disappear [175], analogous to the silver 
ethylene complexes described in section 2. (The correspondence to SERS is given by 
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the oxygen quenching of SERS of CO [176].) Apparently, the removal of the outer 
5sp electron in Agf quenches the resonant Raman scattering (see also section 6.6). 
Therefore, regardless of whether ‘Agt-sites’ in the sense of a single, fully charged silver 
cation exist at all at clean unordered silver surfaces, we do not include these sites into 
our list of possible candidates for ‘SERSactive sites’. 

However, in section 6 we propose to replace the concept of ‘SEW active sites’ by 
the concepts of ‘adsorption sites of lowered affinity level’ (so-called Esites-see next 
section) and sites of ‘increased surface-electron-photon coupling’. In this sense, we do 
not exclude the possibility that the Esites might be sites of deficient electron density 
at  disordered surfaces as assumed in Smoluchowski’s model [177] (see figure 23(g)). 
This is further discussed in section 6.5. The relatively small difference of 0.2 eV in 
the work functions of ‘SERS-active’ and ‘SERSinactive’ clean silver surfaces [39] does 
not indicate a relevant surface concentration of ‘Agt  sites’. 

5.2. ‘Normal’ and ‘eztm’ Raman bands 

The frequencies of the skeleton vibrational modes of molecules adsorbed in UHV 
by Ag(ll1) or by silver films deposited at mom temperature or at low tempera- 
tures and then properly annealed at  room temperature are nearly unshifted (within 
f 3  cm-l) from the free molecular case. This adsorption state has therefore been 
called ‘physisorbed’ [178,179,51]. On unordered, ‘rough’ silver surfaces one observes 
shifted bands attributed to ‘chemisorbed’ species at sites of atomic scale roughness 
[178,179]. On cold-deposited Ag films, partly ‘smoothened’ by annealing at 250 K, 
one may observe both bands [116,117]. (This will be further discussed in section 6.5.) 
We prefer to call the nearly unshifted bands the N-lines (N =_ normal), assigned to 
molecules adsorbed a t  ‘N-sites’ provided by atomically smooth parts of the surface 
and the shifted bands the Elines (E extra) of molecules at  ‘Esites’, i.e. at sites 
not available on atomically smooth, low-index surfaces. We prefer this nomencla- 
ture, because often a ‘physisorbed’ molecule A desorbs a t  higher temperature than a 
‘chemisorbed’ molecule B (see table 2), and in order to avoid the impression that ‘the 
chemical effect is caused by chemisorption’. (Note that the notion ‘chemical effect’ is 
often a euphemism for all the unravelled ‘non-classical’ aspects of SERS.) 

The relative differences between N- and E-frequencies, measured within the course 
of many individual experiments in the Diisseldorf laboratory is given in table 2. In 
principle, we expect a small difference of N- and E-frequencies for any adsorbate. For 
weak intensity spectra of C6H6 the assignment of the vt signal to either N- or E 
bands is sometimes difficult. When Raman signals were obtainable from an adsorbed 
monolayer on ‘smooth’ silver films, only the N-bands were apparent-for pyridine see 
[62], for C,H, see [61]. The Ebands are prominent in the SERS spectra of silver 
island films and cold-deposited silver films. In the latter case, only the species with 
the highest desorption temperature contribute to sERs. This is demonstrated by the 
comparison of the development of the SERS intensity and the downward shift of the 
desorption temperature of CO during submonolayer coverage of porous, cold-deposited 
silver films [183] (see figure 17). Desorption of bilayer and multilayer (condensed) CO 
below 35 K is only observed at CO exposures above 30 L. Experiments with mixtures 
of CO isotopes prove that  the adsorption in the ‘pores’ is not geometrically ordered 
[180]. N-lines of CO have been detected only in SEW spectra of CO on silver island 
films [114], as further discussed in section 6.5. One should notice the correspondence 
of the results in figure 17 with the changes of the DC resistivity shown in figure 9, 
which demonstrates that the ’E-species’ interact more strongly with electrons at  EF.  
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Table 2. Frequency diRerences (in cm-I of the N- and E-bands of some totally 
symmetric vibrations, thermdesorption temperature TD of N - t y p e  adsorbates on 
smooth siher samples and maximum desorption temperature TD,.. after adsorption 
on thick cold-deposited Ag and Cu flms. For pyridine, TD (N) and To,,,,. were derived 
Imm SERS experiments. 

vibration vl , ucc YI , YCC YZIVCC OCCH2 UCO U' U12 

w - e  shifting from shifting from 
(cm-') 6*2* ( -15)t0(-10)~ 3 3 f S  1 5 f 2 '  Oto25d -17h -7h 

T n N  (220-240 K)C 90 K' 41 KE - 240 K h  
Tnmax (> 270 K)C 180 K' 100 KS > 290 Kh - 1381. 
d [180]. 

8 (183). 

[24]. 
[116]. 

[181] (evaluated by SERS). ' (1821. 

[184]. 

This is also supported by further resistivity experiments described in section 5.4 and 
by consideration of the shift and linewidths of the Ebands, see section 6.2.1. Our 
heuristic introduction of 'Esites' implies that there may exist several distinct ones- 
see section 6.2.4. 

5.3. CO on copperfilms 

SEW of the stretch vibration of CO on cold-deposited copper films is only observed 
from Especies. The SERS spectrum (see figure 18) displays the CO stretch vibration 
at  about 2102 cm-', the CO-Cu vibration at  352 cm-' and a CO frustrated rotation 
at  279 cm-'-these assignments are supported by SERS and IR data of different CO 
isotopes [190]. The feature a t  24 cm-' is assigned to a frustrated CO translation 
based on the scattering data  of other systems. According to the representations of the 
vibrations of CO at high-symmetry adsorption sites (top and bridge) [191,192] and 
the corresponding finite Raman tensor components [193], the classical electromagnetic 
selection rules discussed in section 4.3 predict strong Raman signals from the C-0 and 
CO-Ag stretch vibrations but only weak intensities from the frustrated rotation and 
translation, in contrast with the experimental result. 

Included in figure 18 are the vibrational frequencies for CO on low- 
index faces of copper, obtained by infrared reflection absorption spectroscopy 
[194,187,185,195,196,188] and by inelastic He scattering [192], The SE= band at  
2102 cm-' cannot be assigned to CO adsorbed on the top sites of Cu(lll), Cu(100) 
and Cu( 110). CO bands above 2100 cm-' have been observed by infrared spectroscopy 
in the presence of steps [197] or defects at the Cu surface [I861 or at polycrystalline 
Cu surfaces [194]. 

One cannot explain the dominance of a band at 2102 cm-' over a band at about 
2080 em-' by 'intensity borrowing'. This is a valid concept only in infrared spec- 
troscopy [187,194] but not in Raman scattering, as demonstrated experimentally in 
references [lSO] and [114]. Hence, at  least the G O  stretch SE= band is assigned to 
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Figure 17. ( a )  Peak intensity of the CO stretch band in SERS from a cold-deposited 
silver film (at 9 K )  versus exposure to CO (at 9 K ) .  ( b )  CO themodesorption (TDS) 
spectra. The silver film WBS deposited at 30 K and pre-eded at 110 K in order 
to avoid film reconstruction during TDS . Parameter is the exposure to CO at 20 K,  
heating rate abut 4 K 5 - l .  Bilayer and multilayer desorption below 35 K is only 
observed at exposures above 30 L. For ‘smooth’ silver films, bilayer desorption starts 
&ady at expos- of about 1.75 L. After [183]. 

CO at &sites-whereas CO at sites of high local symmetry on microcrystalline ter- 
races (‘N-type CO’) does not contribute. The increased C-0 stretch frequency might 
indicate adsorption at  a site of electron depletion as predicted by the Smoluchowski 
effect at disordered surfaces (see figure 23(g)). The increase of the C-0 stretch fre- 
quency and a simultaneous increase in the desorption temperature of CO on Cu(100) 
have been observed in the presence of electron-withdrawing co-adsorbates [198] and 
have been explained by increased 5a donation and decreased 2a backdonation [198]. 
An analogous increase was observed for CO on cold-deposited silver by oxygen coad- 
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Figure 18. Raman spectrum of CO on copper. The tbi& copper film wa5 cold- 
deposited at 40 K and exposed to 4 L of CO, subsequently warmed to 150 K and 
recooled to 40 K. The light scatlering spectrum next to the laser frequency (wave 
length 647.1 nm) was attenuated by B filter of transmission T = 1W8. Above the 
SERS spectrvm are indicated the ranges of the w e r a g e  dependent CO stretch k. 
quendes of CO on low index single crystalhe faces of Cu, from idrared reEection- 
absorptionspectroscopy (IRAS) with Cu(ll1) [lSs], Cu(lO0) [186], andCu(ll0) [187]. 
Also indicated arc the positions of the CO-Cu stretcfi frequency (345 cm-') and a 
frustrated rotation of Cu(lO0) c(2 X 2) CO (at 285 cm-l) obtained by IRRAS [ISS], of 
a non-dispersing mode a1 about 85 cm-l, and the dispersing band of the frustrated 
translations from inelastic He scatteling of CO on Cu(l00) [189], After [102h], 

sorption before the quenching of SERS was complete [176]. One must expect that the 
double degeneracy of frustated rotational and translational modes of CO adsorbed at 
top sites is removed by adsorption a t  &sites. However, we have so far only identified 
one frustrated rotation (shifting between 280 and 290 cm-' [102b] and one frustrated 
translation (- 24 cm-')). The situation is complicated because of the Cu phonon 
structure below 240 cm-'. IR data taken between 70 cm-' and 300 cm-' have prc- 
duced no evidence of any vibrational mode other than the mode at  285 em-' (noise 
level is A R / R  - 5 x lO-')-Y Chabal, private communication. 

5.4. Small quantities of cold-deposiied silver 

The controlled preparation of sites of atomic scale roughness has not yet revealed 
the nature of the 'SERS-active sites'. Explicit experiments with pyridine adsorbed 
on stepped and kinked surfaces of silver single crystals were reported in refer- 
ences [199,49,200,178]. According to Rowe el a1 [199], the first-layer enhancement 
produced by a 5' vicinal face of Ag(100) is less than 100, and according to Pettenkofer 
and Otto [49] the 'first-layer' extra enhancement produced by a 6O vicinal face of (110) 
(approximately (540)) is about 10. This result was not corroborated by Campion and 
Mullins [200,178] at Ag(521), Ag(987) and Ag(540) surfaces, well characterized by 
LEED 11781. We will come back to this point in section 6.5. 

LOO 300 200 IO0 LO 30 20 10 0 -10 -20 -30 - L O  
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A r t  bombardment of the Ag(521) surface kept at 100 K did not induce a ‘first-layer 
effect’ [178], in contrast to  older positive reports by Smardzewski e l  ai who sputtered 
polycrystalline silver [ZOl]  and Ag(521) [202] and observed a ‘first-layer effect’. All the 
work described above was performed before it became known that oxygen quenches 
the ‘first-layer effect’. 

In order to test the hypothesis of SERS-active sites by atomic-scale roughness, sil- 
ver was deposited at about 40 K with an average thickness dcold on the grating shown 
in figure 5, following reference [203]. (The optical reflectivity changes of smooth sil- 
ver films by cold-deposited silver (at 12 and 50 K) with d,,, < 60 8, is smaller than 
3% in the spectral range of 1.8-5.0 eV [204] (see also [205]), and thus there are no 
indications of short-range electromagnetic resonances within the thin cold-deposited 
silver film on top of ‘smooth’ silver films.) Subsequently, the samples were exposed to 
benzene. Besides weakening the long-range classical electromagnetic enhancement dis- 
cussed in section 2.1, a ‘first-layer’ non-classical effect is induced by the cold-deposited 
silver. This effect ‘boosts’ the C-F stretch mode of C,F, (compare figures 16(b) and 
16(d)) as discussed in section 4.3. It saturates a t  a benzene exposure of about 2-5 L, 
independently of dcold. When pyridine was used in these experiments allowing for an 
easier differentiation of E- and N-bands (see table 2), only Ebands were observed at 
dcold = 9 A. The ‘first-layer effect’ induced by dcold < 20 8, (see figure 19) is chemi- 
cally specific; for instance there is no apparent short-range enhancement for C,Hs [38]. 
The long-range enhancement GI, is evaluated by comparing the gradients of Raman 
intensity versus benzene exposure, dJld8, a t  10-20 L exposure for the grating and the 
clean sapphire reference substrate. 

The surface plasmon polariton resonance deteriorates with increasing dcold as was 
reported earlier by Reed el  al [206], and hence G,, decreases with dcold (see the lower 
frame of figure 19). (The initial increase a t  d,,,, - 4 A is caused by the increase of 
the angular halfwidth of the SPP resonance, allowing full tuning of the focused laser 
beam into the resonance.) The short-range enhancement G,, is evaluated from the 
ratio of dJ/d8 at 0-1 L and 10-20 L under the reasonable assumption that the ‘first 
layer’ enhancement is given by 

G(8 + 0) = G,,(8 + O)G,, . 

G,, grows nearly exponentially with dcold for dcold < 20 A. This is analogous to [47]. As 
in the case of the silver island films and thick cold-deposited Ag films G,, is quenched 
by oxygen without an observable change of Glr. 

A related experiment, using the method of attenuated total reflection to excite 
SPPs and electrochemical oxidation-reduction cycles to roughen the silver electrolyte 
interface has been described by Notholt and Ludwig [112] with a similar separation of 
electromagnetic and chemical enhancements. 

Figure 19 also contains the short-range Raman enhancement reported by Ertiirk 
and Otto [62] after first covering a smooth silver film with pyridine and then deposit- 
ing extra silver at low temperatures. Though the possibility was not excluded that the 
silver, postdeposited at 40 K, makes contact only with the silver substrate at higher 
temperatures during a TDS scan [61], one of the authors (AO) thought this to be very 
unlikely. This belief was proven wrong by simultaneous Raman spectroscopy and DC 
resistance (R) measurements [207,208]. When silver is postdeposited on a smooth 
silver film, covered by a few monolayers of benzene, there is an increase of about 2 
orders in the U,-C-C Raman signal but no change of R. Warming up induces a big 
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Figure 19. Separation (see text) ofshort-range C,, and long-range CL, enhancement 
of the Raman intensity of the C-C ring breathing mode Y Z  (squares. triangles) and 
the C-H-ring breathing mode v2 (circles) of benzene as a function of precovering 
the grating in figure 5 with the average thick"- d, of silver al 40 K (squares) 
or 10 K (triangles). Lines are guides to the eye. (Note that there is no short 
range enhancement in the ca5e of n.) The curve E.O. reproduces the results of 
reference [62]-see text. After [SI. 

increase in R above 120 K and a strong decrease of the Raman signal of the order of 
the difference between the two curves in the C,, frame of figure 19. Obviously, silver 
migrates above 120 I( from a position on top of the benzene layer to the silver sur- 
face, inducing atomic-scale surface roughness. Simultaneously, the resonance Raman 
effect in the isolated silver-benzene complexes is replaced by the apparently weaker 
S E W .  With the new interpretation the silver postdeposition experiments by Ertiirk 
[62,50,61]-resulting in a negligible Raman enhancement for C,H, [50] but a strong 
one for C,H4-are now in good agreement with the results of Raman spectroscopy of 
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isolated silver complexes [ 4 l ] s e e  section 2. 
If we exclude strong clustering of very small quantities of silver deposited at  40 K 

onto the silver grating, then the quasi-exponential increase of G,, at d < 20 if demon- 
strates that  isolated silver adatoms on smooth silver are no potent ‘SERS-active sites’. 
However, a submonolayer ( d ,  = 0.8 8,) of cold-deposited silver on a smooth film is 
sufficient to induce strong resisitivity changes A R / R  [209], and it is easy to differen- 
tiate between E and N-type adsorbates [209]. Apparently the adsorbates that induce 
strong AR yield strong SEW only in the case of cold-deposited Ag films of average 
thickness exceeding a monolayer. The exponential increase of the ‘first-layer effect’ in 
the range of 0 < dcold < 20 8, (see figure 19) cannot be explained by an exponential 
increase of the Esi te  density, since the ‘first-layer’ signal always saturates a t  the same 
exposure! We rationalize this with the assumption that the existence of Esites is a 
necessary, but not a sufficient condition for SERS-see section 6.5. 

6. Mechanistic considerations 

In the following, we will replace the concept of ‘SERS-active sites’ by two necessary 
conditions: the avaiIability of ‘E-sites’, and increased surfaceelectron coupling, in 
order to account for three independent classes of observations which will be discussed 
in the following sections. 

(i) Adsorbates at ‘Esites’ are present as demonstrated by DC resistivity measure- 
ments [209] (see section 5.4) or by electron energy loss spectroscopy (see section 6.3) 
without an appreciable ‘first-layer enhancement’ above one order of magnitude. 

(ii) The so-called inelastic background (see section 6.4) is related to the SERS 
intensity (see section 6.5). 

(iii) In special cases we observed besides the ‘first-layer effect’ by the Eband,  also 
a ‘first-layer effect’ by the N-hand, in contrast to the case of smooth surfaces (see 
section 6.5). 

6.1. Smooih surfaces 

The important experimental result of missing ‘physical’ or ‘chemical’ first-layer Raman 
enhancement a t  smooth surfaces is only trivial within the CEME model. 

Shortly after the discovery of SE=, the so-called ‘image dipole model’ by Van 
Duyne and co-workers [210] was discussed frequently. Though it is understood that  the 
very high enhancements calculated at those times [211] were caused by extrapolations 
of the classical model of screening which do not hold [212], a corresponding ‘physical 
enhancement’ still appears when screening is treated within the self-consistent jellium 
model using the dynamical density-functional approach [213]. Gies and Gerhardts 
modelled silver by a jellium with rS = (4an/3)-’ = 3, (n is the electron density) and 
assumed pyridine to sit as a classical dipole with a polarizability of 12 A3, 2 if in front 
of the jellium and to vibrate at  the laser frequency (6 x lOI4 s-I). The electromagnetic 
enhancement was calculated to be about 700 [213]. In order t o  introduce the possibil- 
ity of Raman scattering, in spite of the assumption of a point dipole, it was implicitly 
assumed that the polarizability of this localized classical dipole is modulated by an 
internal vibration. Obviously, this calculation does not reproduce the experimental r e  
sult. The assumed distance of 2 if is comparable to the small number of data available 
on species adsorbed a t  Ag(ll1) (illustrated in the lower part of figure 23(c)). Thus 
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the adsorbates are probably embedded in the tail of the electron density distribution 
(as indicated in figure 23(c)). According to TDS, CO, Xe and hydrocarbons are all 
weakly bonded to smooth silver surfaces-see table 2. For a jellium surface with a 
density appropriate for AI, Lang and Williams [214] determined that Xe lies almost 
completely outside the electrostatic dipole layer potential of the substrate while it lies 
almost entirely within the region where the exchange correlation potential is appre- 
ciable. The latter varies as the cube root of the density n(z) and therefore approaches 
zero more slowly than n(z) itself. The neglect of the internal electronic structure of 
the adsorbed molecule and of the extension of its orbitals may perhaps explain the 
failure of the classical point dipole model of Gies and Gerhardts [213]. F’urthermore, 
confirmation that the response of the inhomogeneous electron gas to the coherent 
superposition of the incident field, the emitted field and the vibrating molecule may 
be modelled by the response to a classical dipole may be helpful. No self-consistent 
calculation of static screening at a metal surface with adsorbates is known to us. 

The ‘chemical’ SERS models of ‘photon-driven’ charge transfer from metal to ad- 
sorbate also meet difficulties since they have been derived with a smooth surface in 
mind. For instance Persson’s model, which we have discussed in section 4.3, does 
qualitatively explain resonant Raman scattering in silver complexes-but why does 
one not observe the analogue ’first-layer effect’ at a smooth silver surface? That  may 
have two reasons: 

(i) The positions of the affinity levels of the adsorbates are off-resonance at smooth 
surfaces but may be lowered at  ‘&sites’ which brings them closer to resonance. This 
will be considered in sections 6.2 and 6.3. Nevertheless, according to the results 
in figure 12, one should be in pre-resonance or even resonance condition for N-type 
pyridine or pyrazine, respectively. We will offer an explanation for this discrepancy in 
section 6.4. 

(ii) The simple ansalr of electron-photon coupling as -E,(w)l (E,(w) is the elec- 
tric field strength normal to  the surface, I the distance from the surface to the centre 
of gravity of the affinity orbital-see figures 23(a), ( b ) )  does not consider the scrcening 
of the light fields at a metal surface. This will be discussed in sections 6.4 and 6.5. 

6.2.  Position of affinity levels of adsorbafes  at ‘E-sifes’  

There are several indications that the affinity levels of the &type adsorbates are below 
those of the N-type adsorbates (see figure 20). 

6.2.1. Frequencies and line skapes.  All E-type adsorbates (adsorbed at  sites not avail- 
able at  smooth low-index faces) have a stronger interaction with the metal electrons 
than the N-types as demonstrated by their increased influence on the DC resistivity 
(see section 3.4 and [209]) and the shift of the E-bands of the total symmetric stretch 
modes to lower frequencies (see table 2),  with the exception of pyridine (see [ZZO]). 
The latter is explained by a partial population of the lowest antibonding affinity level 
(empty in the free molecule) by adsorption [223]. 

According to the Newns-Anderson model [152] this population is increased by 
lowering the position EA of the affinity level and/or increasing the electron transfer 
amplitude V,,, see figure 15. Within the Newns-Anderson model, the damping of 
an adsorbate vibration by electron-hole pair excitation increases with the adsorbate 
induced density of states a t  the Fermi energy, p,(E,)  [225]. The measured halfwidth 
of all the Ebands given in table I1 is bigger than that of the N-bands. Though a 
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Figure 21. Relative enhancement at 6 different laser photon energies h w ~  obtained 
by normalization to the Raman intensity of thick-condensed lay- on sapphm. Sub 
strates are silver films of tbidmesr d,  = 10 nm, colddeposited at 40 K on 'smooth' 
silver. (In the case of CeHs and CsHsN the films were annealed at 90 K before 
exposure. after exposure at  40 K the films were annealed again at 90 K-see the 
so-called 'law-temperature anneal' in [229,23&45].) Exposurea are, in all cases, 4 L 
at 40 K.  All Raman spectra were taken at 40 K. For explanation of the w w s ,  see 
text. After 1381. 
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SEW excitation profiles of different vibrational modes are plotted versus the Stokes 
frequency, they all have the maximum near a Stokes photon energy of about 2.0 eV 
[227], irrespective of the chemical nature of the adsorbate. This fact is not properly 
understood but it favours an explanation of the observed broad resonance of about 
1-2 orders of magnitude by electromagnetic resonances [227,24]. This electromagnetic 
resonance is observed as so-called ‘anomalous optical absorption’ by optical reflection 
spectroscopy ([228] and references therein). It is probably caused by electromag- 
netic resonances within small internal voids (but still of supra-atomic size) within the 
porous structure of the thick cold-deposited films ([115] and references therein). The 
‘anomalous optical absorption’ is not observed for relatively thin cold-deposited sil- 
ver films (thickness d, < 20 nm) on thick smooth silver films [204,205]. Apparently, 
the resonating ‘cavities’ are only formed at larger d,. On the other hand, the short- 
range extra contribution to SERS, characterized by the Ebands, is already induced by 
d, - 1-2 nm (see section 5.4). 

Therefore, one might hope to observe the excitation profile of the charge transfer 
processes under the condition d, = 10 nm. This is complicated by the observation 
that the Raman intensity versus exposure plots depend on the exciting laser frequency 
[38]. (A tentative explanation will be given in section 8 in connection with the discus- 
sion of depolarization effects.) We have arbitrarily chosen the exposure of 4 L (above 
8 L, the intensities are saturated) and compare the relative excitations of the C-C 
stretch modes of C,H, (C,H,) and its hydrogen saturated counterpart C,H, (C,H,,) 
in the upper (middle) frame of figure 21. It is possible to connect the data points 
by the assumption of a resonance for the unsaturated hydrogens and a missing reso- 
nance for the saturated hydrocarbons (see section 4.3). If one tentatively follows this 
curve fitting one obtains the affinity level of CZH4 approximately 2.3 eV above Er, 
which agrees with the charge transfer excitation energy in silver-C,H, complexes ( s e  
section 2). 

In this sense, the lowest charge transfer excitation energy of Etype pyridine- 
apparent from the fit for the v1 mode in the lowest frame of figure 21-is approxi- 
mately 2.0 eV [231], i.e. about 1 eV less than expected from the results of inverse 
photoemission measurements (see figure 12). 

6.2.4. Dtflerenl %-sites’ on cold-deposited copper. Despite a lack of detailed charac- 
terization we have identified two different ‘E-adsorbate sites’ on cold-deposited copper 
films by comparing the SERS bands of CO, and N, on cold-deposited silver and potas- 
sium films, respectively (see figure 22). 

The SERS band of the N, stretch vibration of N, adsorbed on cold-deposited silver 
films has a lower frequency than the stretch vibration of N, physisorbed on Ag(ll1)- 
compare the top three entries in figure 22(a). Analogously to all other adsorbates listed 
in table 2 (with the exception of pyridine) the down-shifted SERS band is assigned to 
Etype adsorption. The N,-SERS band of N, on cold-deposited potassium is shifted 
downwards by about 500 cm-’, and in the case of a K colloid in solid N, a weaker 
and less shifted band has also been observed [233]. The different downward shifts are 
easily explained by various permanent electron transfers into the lowest antibonding 
rg affinity level of N, [235]-the shift of about 500 cm-l was assigned to the formation 
of N, [233]. For N,, adsorbed on cold-deposited copper, we observed two SERS bands, 
reflecting different occupancies of the rg level-see lowest entry in figure 22(a). 

For free CO, only usym is Raman-active and the overtone of 6 and the fundamental 
of vsym lead to a Fermi resonance, yielding the doublet at 1286 and 1388 cm-’ (see 
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Figure 22. (a) Frequencies and assignment of the stretch mode of Nz adsorbed 
on various substrates ( b )  Frequencies and assignment of the bending mode S (not 
Raman-active for free COz) and the symmelric CO2 stretch mode uIym of CO? 
adsorbed on various substrates. c-d.: cold-deposited at substrate temperature T.. 
Intensities: w: weak, m: medium, 6 :  strong. References: a = [146], b = [SI], E = 
[45], d = [233], e = [234], f = [IOZC]. E; = [116]. 

figure 22(b) ,  first entry). 
The lowest affinity level of CO, (a linear molecule in the neutral ground state) is 

a ru antibonding level [154]. Its occupation leads to lengthening of both C-0 bonds 
and 0-00 angle bending [154]. Therefore, the symmetric CO, stretch vibration and 
the 0 - G O  bending mode 6 are prominent in the SE= spectra [lOZc] as well as in 
the shape resonance of inelastic electron scattering at 3.8 eV 11541 . The asymmetric 
skretch mode (at 2349 cm-' for free CO,) is barely observed in the SERS spectra. 

The shift of the 6-band of the %species on cold-deposited silver is about equal 
to the shift of the high frequency component of the Fermi doublet. Therefore, the 
condition 246) = w(vSy,)  is less well fulfilled, and accordingly the low-frequency 
component of the Fermi doublet (approaching 2w(6))  becomes weaker. On potassium, 
the increased partial occupancy of the rU affinity level induces considerable shifts 
(see figure 22(b ) ,  third entry) and no Fermi doublet is apparent. The SERS spectrum 
of CO, on cold-deposited copper shows more bands than in the case of Ag and K ,  
and very roughly looks like a superposition of the CO, SERS spectra of Ag and K .  
Tentatively, we assign the two SERS bands of N, on cold-deposited copper, and the 
two 6 bands and the three bands in the spectral range of the usym vibration of CO, 
on cold-deposited copper to two different Etype adsorption sites, which we call El 
and E, (see figure 22). This assignment is proofed by annealing the copper films, 
cold-deposited a t  40 K, to 200 K, 
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Recooling to 40 K and exposing the restructured films to N, or CO, yields only 
the E1-SERS bands [lOZc]. The N, and CO, molecules resemble messengers from ‘odd 
sites’, destroyed by annealing. These sites are certainly not steps of Cu(ll1) surfaces, 
since these are annealed only at higher temperatures, between 375 and 665 K [236]. 
The different partial occupancies of the affinity levels and/or the different electron 
transfer amplitudes V,, of the El and E, species are also reflected in the halfwidth 
of the stretch bands. Those of the E2-bands are considerably broader than those 
of the E,-bands irrespective of inhomogeneous broadening [102c]. The results and 
interpretation of this section support the interpretations of the previous one. 

6.3. Screening at  smooth surfaces 

We resume the question of section 6.1 concerning the missing resonance Raman effect 
of pyridine on Ag(ll1). We attribute the missing ‘first-layer SEW’ at smooth single 
crystalline Ag surfaces to  screening. 

Screening has to be discussed without self-consistency by resorting to screening at 
clean metal surfaces. In the case of isolated silver atoms and molecules the internal 
electronic excitations start in the UV spectral range; therefore the incident and emitted 
electromagnetic fields are not significantly screened within the complex and Persson’s 
ansalz -elE, for the electron-photon coupling is reasonable when I is taken as the 
distance between the centres of the Ag atom and of the ligand, and E, is taken as 
the component of the electric vector of the exciting light in the direction connecting 
the two centres (see figure 23(a)). However, in the metal case (where I is the distance 
between the image plane and the centre of the adsorbate and E,, is the field component 
normal to the surface-see figure 22(b)) an external field is very effectively screened. 
It is easily calculated in a quasi-static approximation that the surface charge density 
a = EJ4a which screens the laser field under the usual experimental conditions 
(50 mW power, focused to  1 mm x30 pm, A, = 514.5 nm) amounts to only 1 . 4 2 ~  lo-’ 
electrons per surface atom of an Ag(ll1) surface. The centre of gravity of the static 
screening charge at an Ag(100) surface was calculated by Aers and Inglesfield [241] to 
lie about 1.0 atomic units (1 au = 0.53 A) to the vacuum side from the geometrical 
surface (the plane where the bulk is chopped in two). According to jellium models 
(see section 6.4) the centre of the dynamical screening charge at wL or ws is still at 
the vacuum side. Consequently, Persons field E, within the first silver atom layer is 
considerably screened (for further discussion see section 6.4.2). This point is related to 
the fact that charge transfer excitations in EELS of pyridine and pyrazine on Ag(ll1) 
are weak [148]. Our judgement ‘weak’ is based on an EELS result of Campion: he 
reported [242] a charge transfer excitation at 1.89 eV for pyridine on a Ag(540) surface 
that was stronger than any of the internal electronic r-a* excitations of pyridine. Of 
course, this result and the missing SERS of the same system [200] seem to contradict 
any correlation between SERS and CT excitations [242]. This problem will be addressed 
further below. 

6.4. Increased surface-electron-photon coupling 

Considering the results of cold-deposition of small quantities of silver in section 5.4 and 
the EELS results described above (section 6.3) it seems that a position of the affinity 
level appropriate for resonance is a necessary but not a suficient condition for ‘first- 
layer’ SERS. We think that the second necessary condition is increased electron-photon 
coupling a t  the surface. We see two possibilities: 
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Figure 23. (a) Resonant Raman effect in asilver-unsaturated hydrocarbon molecule 
complex by electron transfer from the Ag 5s,p level to the lowest unowupied molecu, 
lar orbital w* of the molecule. Q is the n o d  coordinate of a C-C stretch vibration, 
1 is the distance between the centres of the silver atom and the ligand molecule. ( b )  
SERS model of Persson [I511 (see also fig- 15). 1 is the distance between the in- 
age plane of the metal surfaa and the centre of the adsorbed molecule. (c)  Upper 
part: ground-state electron density distribution no(r) and static screening charge 
distribution nl(i) (in arbitrary unitr) with centroid d(0)  at the edge of a jellium of 
vs = (4xn/3)-1 = 3. n = electron density, 1 au - 0.53 A. (After [237].) Lower 
part: Ag(ll1) surface, first and second layer of the centres of the silver atoms are 
indicated, the jellium edge is set equal to the geometrical surface. The position of 
adsorbed Xe is taken from the average distwce of Xe at Ag(1l l )  of 3.55 f. 0.1 A 
evaluated by LEED 12381, the position of the CsHs ring plane is from a cluster cal- 
culation [239]. (d)  non-local corrections AR to the Fresnel reflectance R, angle of 
incidence 45O, p-polarized. lls a function of photon frequency Tor jellium rs = 3, 
3, = 4rne2/m. Parameters are the applied static electric field in units of V h-'. 
(After [240].) (E)  Equilibrium electron density protile for an Na (vs = 4) monolayer 
on an A1 (7s = 2) substrate. The electronic density protiler of the clean AI and Na 
s u r l a a s  are indicated by the broken and full cuwes, respectively. (After [237].) (f) 
Im d(w) for jellium models of pure K (7s = 5 ) ,  pure A1 crs = 32) and a monolayer of 
K on Al. After [252] and [253]. (9) Smoothing of groundstate electron distribution 
at  sites of atomic-scale surface roughness (Smoluchowski effect [17q). 
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(i) According to  Ljungbert and Ape11 [243] electron hole pair excitations a t  the 
surface can dominate the optical absorption of small metal spheres. This and other 
theoretical work (e.g. 1244,2451) was motivated by the wish to explain the 10-100 
times enhanced photo-yield of small silver particles suspended in gas {246,247]. On 
the other hand, near threshold, photoemission of small Cu and Au island and thin 
films in UHV showed no drastic changes with respect to the bulk [248]. 

These experiments were repeated with increasing quantities of silver deposited on 
oxidized silicon wafers in UHV, forming island films and eventually continuous ‘smooth 
films’ [249]. The photoelectric yield at 4.89 eV photon energy (about 0.8-0.4 eV above 
the threshold), did not exceed the yield from thick films [249]. Nevertheless, we cannot 
exlude the possibility that increased surface-electron-photon.coupling is caused simply 
by confinement of electrons in structures smaller than the coherent mean free path of 
electrons. 

(ii) Next we present our hypothesis of ‘active sites’ of surface-electron-photon cou- 
pling. First, we discuss the theoretical situation a t  smooth surfaces. Static screening 
a t  a jellium surface, treated by Weber and Liebsch [237] in the density functional 
approach is shown in figure 23(b). 

The distance of the centre of gravity of the screening charge distribution nl(z) 
from the jellium edge is denoted by d [250]. In the static case d(0) at frequency w = 0 
represents the position of the so-called image plane. In dynamic screening, the surface 
photoabsorption cross-section is proportional to Im d(w) 12501, with [252] 

t w  

d(w) = 1, dznl(z ,w) (9b) 

where nl(z ,w) is the dynamic screening charge distribution. 
The best choice of the homogeneous electron density for the case of silver is rS - 3. 

In this case d(w) increases only very little from d(0) with increasing w (see figure Z(a) 
in [253]). The jellium approximation for silver will hold qualitatively only below 
h - 3.5 eV, the onset of d-band transitions. Positive d(w)  has recently been confirmed 
experimentally to be the negative dispersion of surface plasmons on K and N a  [251]. 
Inspection of figure 23(c) shows that most of the electron density of the surface layer 
of silver is screened from the outside field. In the classical sense, there is only the weak 
internal field E,/E(w) for z < d(w).  For frequencies below the plasma frequency the 
contribution to the matrix element of surface-electron-photon coupling comes from the 
region of strong gradients in the electromagnetic field and the electron density profile 
at  t > d(w) [250]. Thus, compared to the free silver complex, the electron-photon 
coupling within the surface layer of silver atoms (see figure 23(c)) is smaller than in 
isolated Ag complexes and only a number of electrons much smaller than one per 
silver surface atom can be involved in the resonance Raman model of Persson [151]. 
The electronic tail at  z > d(w) consists nearly exclusively of electrons at  the Fermi 
energy with the component of the k vector parallel to the surface approximateley 
zero. Therefore the surface-electron-photon coupling involves mainly electrons at 
EF. These points have been discussed in detail by Persson and cwworkers [254,255]. 
Consequently, experimental verifications of the surface-electron-photon coupling by 
photoemission [256] or inverse photoemission [257] involve initial or final states near 
E F ,  respectively. 
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The ‘softer’ the tail of the inhomogeneous electron gas at  the surface, the stronger 
is the surface-electron-photon coupling, characterized by Im d(w).  This point is 
supported by two theoretical approaches: Gies and Gerhardts [240] presented the 
time-dependent local density response theory of strongly charged metal surfaces (e.g. 
electrode-electrolyte interfaces). Depending on the sign of the static external field 
strength, the tail of the electron distribution is either further extended from the jel- 
lium edge (e.g. cathodic electrode) or the electron density profile near the jelliumedge 
becomes steeper (e.g. anodic electrode) (see figure 1 in [258] and figure 3 in [259]). In 
the first case, the non-local corrections to the Fresnel reflectance calculated from the 
surface response function d(w) is increased, in the second case it is nearly suppressed 
(see figure 23(d)). 

The second approach is by Liebsch [252] who successfully explained the enhance- 
ment of optical second harmonic generation (SHG) by several orders of magnitude after 
covering rhodium [260] or silver [261] by submonolayers of alkali metals. The more 
diffuse the electron density profile (figure 23(e)), the more susceptible it is to the opli- 
cal fields as demonstrated by the low frequency loss function Im d(w) in figure 23(f). 
The backing of the low density tail by an electron gas of higher density increases the 
low-frequency surface-electron-photon coupling [252] (compare the spectra for K and 
K-AI below 3 eV in figure 23(f)). The peak increases with decreasing density in the 
overlayer [252] and shifts to lower photon energy. Within the jellium model, partial 
coverages (e.g. of alkali metal on AI) are equivalent to lower average electron densities 
in the overlayer [252]. The increased surface-electron-photon coupling was  observed 
by photoemission of Cu covered partially by N a  [262] and by electron energy loss spec- 
troscopy of Cu(100) with submonolayer coverage of K [263]. Atomic scale ‘pockets’ of 
low density electron gas with a diffuse profile backed by high electron density material 
will also exist near sites of atomic-scale roughness where the electrons smoothen the 
surface profile given by the cores of the surface atoms (so-called Smoluchowski effect 
[177]) as schematically depicted in figure 23(g). These sites are considered to be the 
active sites of surface-electron-photon coupling (see also the discussion in [153]). 

As described in section 3.1 oxygen adsorbs preferentially at  sites of atomic scale 
roughness. The electron density in the ‘floppy’ tail will he depleted by electron transfer 
to the localized 0 2p orbitals, 2.9 eV below the Fermi level, as observed by photoemis- 
sion [264,265]. In this way active sites of increased surface-electron-photon eoupling 
are ‘passivated’. 

Light emission from tunnel junctions [266,267] was used to demonstrate these 
mechanisms. A silver film, deposited at room temperature on a rough CaF, film (see 
insert of figure 7 ( b ) )  shows a pronounced ‘non-classical’ ‘first-layer effect’ (see sec- 
tion 3.2). Similar silver films were produced in ultra-high vacuum as the top electrodes 
of Al-AI,O, tunnel junctions on rough CaF, substrates (see the insert in figure 24 

The intensity and the spectral distribution of the emitted light of a given junction 
depends on the polarity of the junction bias-there is about 3 times more intensity, 
when the electrons tunnel from the AI to the Ag electrode than there is in the opposite 
direction even though the tunnelling currents are larger in the second case. This excess 
intensity is quenched by a 1 L exposure to oxygen at  about 40-50 K,  see figure 24. 
These experiments clearly demonstrate the increased photon emission by hot electrons 
at sites of atomic scale surface roughness. Of course the time-reversed process, which 
is the first step of the electronic Raman scattering (see section 7), exists as well. 
The hot-electron picture of light emission from tunnel junctions was first proposed 

[2681). 
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by Kirtley el 01 [269,267], albeit without the concept of increased electron-photon 
coupling at sites of atomic scale roughness. However, according to reference [269], 
a very interesting puzzle arose from their results, since light emission from tunnel 
junctions was symmetric, or nearly so [266] with respect to the bias voltage polarity. 
Note that these results were obtained with the junctions in air-the results of Aanisch 
[268] in ultra-high vacuum (see figure 24) have solved this puzzle. 
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Figure 24. Light emission spectra (uncorrected for wavelength-dependent spectral 
sensitivity, n o d e d  for tunnelling current) of two (left-hand side. right-hand side) 
tunnel junctions on rough CaFl substrates (see insert in ( d ) ) .  The silver top elec- 
trodes were produced in UHv by vapour deposition at room temperature; (a) - (c) :  
silver electrode biased positively, electron tunnelling towards the silver electrode (de- 
fined as positive diredion of current); (d)-(f): Silver electrode biased negatively; (a) 
and ( d ) :  cleansilver surfaces; ( b )  and (e): exposed to 1 L of 0 2  at 50 K; (c) and (I): 
exposed to 10 L of 0 2  at 50 K.  Bias voltage and diode merit are given in every 
case. After [268]. 

The only observed exception from SERS quenching by oxygen passivation is oxygen 
itself. The Raman spectrum of silver films deposited at 30 K, exposed to oxygen 
only displays a broad band around 335 cm-' (see figure 25(b) ) ,  which was assigned 
to the Ag-0 vibration of dissociated oxygen [45,270] based on the agreement with 
the Ag-0 frequency at 325 cm-' of dissociated oxygen on Ag(ll0) [271]. However, 
when the films are deposited at 120 K,  one also observes SERS from peroxidic and 
superoxidic dioxygen [270]. The excitation mechanism is probably hole transfer rather 
than electron transfer [272]. 

With the concept of surface-electron-photon coupling one may explain why the 
Fermi level is the discrete lower energy level of the charge transfer excitations (see 
section 4.2). Originally Ueba [273] and one of the authors (AO) in [274] introduced 
a hypothetical increased density of states near E ,  at silver adatoms (which could 
not be confirmed by photoemission [275,39]) in order to explain the discreteness of 
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Figure 25. [ a )  Inekrtic background spectra of two (upper and lower frame) un- 
exposed silver films of about 100 nm thickness. deposited a& 50 K,  annealed to the 
indicated temperatures TA and recooled to 50 K. Laser wavelengthr XL = 514.5 nm 
and 476.5 m. An& of incidence 65*, ppolarized, scattered light cone normal to 
the surface. Noire and a small peak caused by CO are omitted. (4 )  Development 
of the background spectrum of a silver film of about 200 nm th ibess .  deposited at 
35 K. annealed to 250 K. 86 a function of exposure to oxygen at 35 K.  Structure at 
about 335 cm-I is an Ag-0 vibration. [After [IOZa].) Bars in the upper part of (a) 
are the normalized (at TA = 150 K )  peak intensities of the N-band of the v2-C-C 
stretch vibration of CzH, after 5 L exposwe at 40 K of various ccl&deposited Ag 
films, annealed to the indicated TA's. After 11171. 

the excitation. Now this may as well be understood by the surface-electron-photon 
coupling being mainly restricted to electrons a t  EF. 

We think that the increased surface-electron-photon coupling is also manifest in 
the so-called inelastic background (see figure 25(a ) )  which one already observes in 
the uncovered clean state of those silver samples which yield a 'first-layer' SERS efTect 
([276,17] and references therein, [277]). The low-frequency part of the spectra in 
figure 2 5 ( a )  is not displayed-it contains the vibrational structures of silver itself [278] .  
Since the spectral structure of the background of cold-deposited and partly annealed 
silver filmsshifts with rhe laser frequency ut (see figure 2 5 ( a ) ) ,  i t  is tempting to assign 
this background to Raman scattering by electron-hole pair excitations [102a]. In any 
case, the quenching of the inelastic background by oxygen (see figure 25(b) )  that is 
also observed for other 'SERSactive' samples demonstrates that the background is a 
surface phenomenon-as, for instance, second harmonic generation [279,280] .  

The intensity increase of the background between 300 and 1000 em-' was assigned 
to the increasing three-dimensional phase space for e-h excitations [277], the decrease 
at higher frequency shifts to inelastic scattering of photons by fluctuations in the 
number of electrons in an adatomic quasi-level [281]. Monreal et a l  [282] calculated 
Raman scattering by electron-hole pairs at metal surfaces using the semi-classical 
infinite barrier model-the classical polariton skin effect field distribution provides the 
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momentum needed to excite an electron above the Fermi level. In this model it cannot 
be understood why the background is quenched by oxygen, given the unchanged optical 
reflectivity. Electron Raman scattering of spherical particles filled by Sommerfeld’s 
free, non-interacting electron gas has been treated in reference [283]. 

The background at  TA = 250 K resembles qualitatively the theoretical spectra 
[284,285] of Raman scattering in metals with bulk impurities in the ‘dirty limit’ when 
the mean free path of electrons is smaller than the skin depth. However, the SERS 
background seems to  be connected with ‘surface impurilies’. We think that the nature 
of the background is not yet properly understood. 

6.5. ‘Non-locality’ 

The apparent similarities between resonant Raman scattering in AgC,H, complexes 
(section 2) and SERS from ‘Etype’ C,H, (see section 6.2.3) may be considered as 
indicating a localized interaction due to direct neighbourhood of a site of increased 
electron-photon coupling and an Eadsorption site (for instance adjacent sites of elec- 
tron accumulation and depletion in the case of CO on copper-see section 5.1). 

On the other hand, one might envision the extreme ‘non-local’ case of electrons 
confined to a small silver island, coupling to light, and interacting with the adsorbates 
( E  and N-types) on the island surface (see section 6,4(i)). 

The combination of increased surface-electron-photon coupling and CT excita- 
tions is revealed by genuine ‘first-layer SEAS’ of N-type adsorbates. When there is 
no increased surface-electron-photon coupling, indicated by a very low inelastic back- 
ground, for instance, at well-prepared low-index silver single crystalline surfaces, there 
is no ‘first-layer SERS’ of N-types (Etypes do not exist in this case). On cold-deposited 
silver films (30-120 K) one observes no N-bands of CO [183], a very weak N-signal of 
C,H, [117], but the N-signal of pyridine is about 20% of the corresponding Esignal 
(see for instance [286,99]-at the time of these publications the porosity of the films 
was not yet known; today i t  is certain that the N-bands are observed at submonolayer 
coverage). This trend corresponds to the position of the affinity levels of N-adsorbates 
in figure 20-at tW, = 2.41 eV one is out of resonance with N-CO, but close to r e s  
onance with N-C5H5N. Apparently, this is the long-searched-for firstlayer resonance 
Raman effect. It does not require special adsorption sites and is active because of 
increased surfacephoton-elec tron coupling. 

Accordingly, the intensity of the N-bands should follow the development of the 
inelastic background with annealing temperature (see figure 25). For the example 
of the C-C stretch vibration of N-type C,H,, excited with the green A r t  laser line 
(A, = 514.5 nm) we have a good match to the inelastic intensity at  the frequency of 
the N-band (see figure 25). Oxygen, which adsorbs only at surface defect sites (see 
section 3.1) quenches both E and N-type Raman signals [117] without changing n- 
ticeably the electromagnetic resonances. Oxygen will not stick at  the “-sites’. If it 
passivates the hypothetical sites of increased electron-photon coupling (section 6.4) 
this demonstrates non-local interaction by the electron propagators between sites of 
increased electron-photon coupling and sites of N-type adsorption. A very high back- 
ground is displayed by the silver island films [96]. In this case, even CO displays 
‘first-layer SEW’ of N-type CO (see figure l l ( ~ )  and reference [114]). 

Apparently, the SERS intensities of N- and E-adsorbates are influenced by four fac- 
tors: the increased surface-electron-photon coupling (represented by the background), 
the charge transfer energy (different for E- and N-type adsorbates), the transfer am- 
plitudes V,, (about which we know little) and the surFace concentration of &sites. 
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We attribute the quasi-absence of SERS of pyridine at adsorbed Ag(540) reported 
by Mullins and Campion [200] in spite of a strong CT excitation [242] (see section 6.3) 
to very weak surfaceelectron-photon coupling as indicated by a very weak background 
that is comparable to that of the Ag(ll1) surface [200,287]. This holds also for 
silver films deposited at room temperature. In the same way we rationalize the small 
enhancement at about a monolayer of cold-deposited silver described in section 5.4. 

As pointed out by Mal’shukov [288], the recent observation of strong SERS a t  near- 
infrared excitation (see section 8.2) raises problems: (i) can plasma resonances in the 
infrared give the observed SERS effect? (ii): If ‘chemical enhancement’ is present in 
the near-infrared ‘one should either exclude all theories based on resonance effects or 
try to  find a model which assumes a wide spectrum of electronic transitions’. Point (i) 
is related to the discussion in section 3.3. According to the approximation of small- 
particle electromagnetic dipole resonances, the factor If(wL)12[f(ws)[z would increase 
enormously towards the infrared spectral range. But why do most excitation spectra 
decrease in the red visible range? Concerning point (ii), the range of ‘non-locality’ 
scales with the elastic mean free path of ‘hot’ electrons [153] which also increases 
strongly with decreasing energy above EF [153]. In summary, these problems need 
further consideration. 

6.6. The ‘SERS specificiiy’ of various melds 

Besides the noble metals, the alkali metals are good substrates for SERS (see also 
section 8). For AI, the high reactivity with minute quantities of oxygen is a problem 
[289] but SERS of pyridine has been demonstrated by Gao and Lopez-Ria [290] and 
by one of the authors [lOZa]. The electromagnetic enhancement of AI islands on posts 
in air was observed by Liao and Stern [291]. Raman, optical reflectivity, DC resistance 
and oxygen passivation experiments on cold-deposited indium films have revealed the 
same qualitative trends [lOZa] as those reported here for silver. 

It is certain that for these nearly free electron metals classical electromagnetic en- 
hancement contributes to SERS-whereas weaker contributions are expected for tran- 
sition metals (see the references in [292]). Recently, Bilmes el a l  [292] reported SERS 
of pyridine in electrodispersed platinum electrodes. The Raman intensity for adsorbed 
pyridine was enhanced by at least one order of magnitude after taking the increase 
in the electrode area into account. Nothing is known about screening and surface 
electron-photon coupling at transition metal surfaces. 

The approximate correspondence between the charge transfer excitation bands in 
isolated Ag-C,H, complexes and the SERS excitation profile of Etype C,H, (see sec- 
tion 62.4) raises the question of the energy of charge transfer excitations in complexes 
of C,H, with other met.als. 

Figure 26 compiles the results of a literature survey on matrix-isolated complexes 
with CO and C,H, ligands. There are no absorption bands above a wavelength of 
400 nm from the transition metals, and the absorption bands of the noble metal 
complexes in the visible region are suppressed by oxidation (see the lowest frame of 
figure 26). These differences between the complexes with group I, (Cu, Ag, Au) and 
the group VI11 atoms Ni, Pd, and Pt may he understood with the example of SCF- 
Xor-SW results of orbital energies in Ni and Cu [305], Cu, Ag, Au [40], and Ni, Pd, Pt 
[306] complexes with one moiety of C,B, (see figure 27). 

The orbitals of the complexes may be discussed as belonging to four groups by 
projecting them on the atomic orbitals of the metal atoms and molecular orbitals 
of C2H,: (i) the low-lying orbitals representing the five U and the one ?i bond of 
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Figure 26. Centre position of assigned optical absorption bands in various mstrk- 
isolated complexes of noble metals (upper frame), of transitionmetals (middle frame) 
and of Ag+ (by mixing 02 into the matrix (lower frame. see also figure 2)). Refer- 
ences: (*) [2931, (6) [294], (c) [40], ( d )  [295], (e) [296], (1) [297l. (9)  (2981, ( h )  [2991, 
(i) 13001. (j) (3011, (6) [3021. (I) (3031, (m) 13041, (n) 11751. 

CzH4, including some d-n hybridization (3a1), usually addressed as donation; (ii) 
five narrowly spaced d-orbitals, including d--?F hybridization (5a1) usually addressed 
as 'back donation'. (Apparently-using the approximation of atomic orbitals-the 
chemical bonding energy between Ni and C,H, accounts for the energy of about 
1.83 eV to transform the 3da4s2 ground state of a Ni atom into a closed 3d1° shell 
(figure 7.30 of [307]). The details of d-lr hybridization for the different 'metal atoms' 
depend on the relative position of the d and n orbitals. (iii) An empty (Pd) or filled 
(Ag) Pd(Ag)-C21i, antibonding orbital (6a,), mainly composed of the 4s (Pd) or 5s 
(Ag) state hybridized with the C2H4-r state. (iv) The empty n* state (sal). 

The lowest optical absorption band of the group Ib-C,H, complexes is assigned to 
the 6a1 - 3b2 transition, which is approximately the s -t lr' charge transfer excitation 
[40]. This excitation is lost by depleting the 6a1 level by the transformation of M 
to Mtb by oxidation [40]. Relatively unaffected by oxidation is the quasiL'intrameta1 
transition from the 'd-states' to the half-filled (M) ot empty (MFb) Gal-which cor- 
responds approximately to an internal transition in M,, or M:,. This transition is 

b, 



1192 

Figure 27. Orbital energies of Pd-CzH, [306] and Ag-ClHl 1401 from S C F - X e S W  
calculations. CT: charge transfer transition. IM: ‘intra-metal-atom’ transition. 

the lowest one possible in the MvII,-C2H4 complexes. In the right frame of figure 26, 
the bands below a wavelength of 400 nm will have various degrees of ‘internal’ and 
‘charge transfer’ character, and therefore will induce various Jahn-Teller distortions 
in the excited states [308]. Hence the result of a search for a resonance Raman effect 
by ligand vibrations cannot be predicted. 

It seems that s-electron metals are good SEW substrates for three reasons: 

(i) The collective screening by the nearly free electrons allows for high-quality 
electromagnetic (‘surface plasmon type’) resonances (below the onset of d-electron 
excitations in the case of the noble metals [309,100]). 

(ii) Discrete charge transfer excitations in the visible spectral range are possible. 
Nevertheless, a systematic survey of smooth and rough metal surfaces concerning this 
point is missing. 

(iii) ‘Hot electrons’ of 2-3 eV energy above EF have a relatively high coherent 
mean free path [153] allowing for ‘non-local SERS’ [153] (see section 6.5). 

7. Summary 

In this article we review our present understanding of the enhancement mechanism of 
surface-enhanced Raman scattering (SEW) by adsorbates on ‘rough’ metal surfaces. 
Beyond the contribution of surface-plasmon-type resonances of the incident and emit- 
ted light fields (the so-called classical electromagnetic enhancement (CEME)) SEW 



Surface-enhanced Raman scaitering 1193 

displays many features depending on the electronic configuration of the combined 
metal-adsorbate system and its resonant excitation by the incoming laser field. 

Our experimental results clearly reveal the existence of an extra enhancement of 
the Raman signal confined to a part of the adsorbed molecules in the first monolayer 
for many different ‘rough’ metal surfaces studied, e.g. silver films with thickness from 
1 nm up to 100 nm deposited on metal substrates whose temperature was held below 
50 K, silver island films, silver films deposited on a rough CaF, substrate, silver island 
films on a stochastic post structure, and silver electrodes. 

On the other hand, this first-layer enhancement is missing for an Ag(ll1) single- 
crystal surface and for continuous, polycrystalline silver films annealed a t  room tem- 
perature or above. I t  is also missing for atomically smooth silver films with a 500 nm 
wide grating structure that facilitates the excitation of the surface-plasmon-polariton 
resonance by the incoming laser light. 

In each case the value of the ‘first-layer’ enhancement depends on the chemical 
nature of the adsorbate and on the mode of vibration. It is characterized by the 
appearence of vibrational bands (extra (E-)lines) which are frequency-shifted with 
respect to adsorption at  atomically smooth surfaces (normal (N-)bands). 

A clear conceptual identification of CEME is only possible when the electronic ef- 
fects (substrate-adsorbate-photon interaction) are excluded by separating the Raman 
scatterers from the surface. In the case of silver island films and ‘macroscopically 
rough silver films deposited on rough CaF, we succeeded in discriminating between 
first-layer enhancement and long-range classical electromagnetic field enhancement 
(CEME) by using monomolecular spacer layers to bring the top molecules out of range 
of electronic interaction with the surface. In this way the chemically and vibrationally 
unspecific, long-range classical field enhancement for multilayer adsorbates becomes 
apparent. In the case of thick cold-deposited silver films, the ‘first-layer’ effect is 
demonstrated by simultaneous DC resistance and SERS experiments. 

Empirically, the ‘first-layer’ effect is suppressed by ‘oxygen passivation’ of the 
surface-we interprete SERS of the adsorbates after ‘oxygen passivation’ as ‘first-layer 
CEME’. It reaches about lo4 at separated silver islands in the 100 nm size range, 
but only about two orders of magnitude for silver island films and ‘macroscopically 
rough’ silver films. Room-temperaturedeposited silver films on an optical grating are 
quasi-pure classical enhancers of about 2 orders of magnitude. 

Conceptually and empirically i t  is difficult to identify CEME of cold-deposited 
‘porous’ silver films-the upper limit is about 2 orders of magnitude. Transition 
metals do not support electromagnetic resonances of the same quality as nearly free 
electron metals or noble metals (at photon energies below the d-excitation threshold) 
because of a continuum of optical transitions between d-band states. This explains 
partly the relatively poor performance of d-metals as ‘SERS substrates’. 

Given all our experimental results, we consider the electronic Raman process by 
substrate-adsorbate-photon interaction to operate in the following steps: 

(i) Laser photon annihilation by excitation of electrons a t  EF by a considerably 
increased surface-electron-photon coupling at  rough surfaces. The increased surface- 
electron-photon coupling in the case of ‘macroscopically rough’ silver films was directly 
observed via light emission from tunnelling junctions. 

(ii) Propagation of the electron into affinity levels OF the adsorbates (charge trans- 
fer) and back towards the metal. 

(iii) Jahn-Teller distortions of the internal adsorbate configuration according to 
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the residence time of the electron in the affinity level. The lifetime and consequently 
the vibrational excitation is maximal when the photon energies (incoming laser or 
scattered Stokes frequency) are equal to the charge transfer energy. 

(iv) Stokes photon creation by the time reversed process (i). 

Points (i) and (iv) account for the fact that  electronic Raman scattering at  smooth 
silver surfaces has not been observed. The ability of a metal surface to screen adia- 
batically the external field is reduced by roughness and surface defects. The damping 
of the polarization currents by electron-hole pair excitations involves preferentially 
electrons at EF because only those have a considerable amplitude in the region of 
the unscreened optical field. The ‘oxygen passivation’ is caused by depletion of the 
susceptible inhomogeneous electron gas at  sites of atomic-scale roughness. ‘Oxygen 
passivation’ also quenches the s-called inelastic background scattering observed from 
many ‘SERS-active’ surfaces. This background demonstrates the increased surface- 
electron-photon coupling. Point (iii) accounts qualitatively for the chemical specificity 
and vibrational selectivity of SERS. 

The resonance character of the charge transfer process explains the order of mag- 
nitude differences in the enhancement of the Raman signal of different molecules, 
especially of the C-C vibrations of saturated and unsaturated hydrocarbons adsorbed 
at cold-deposited silver films. The resonance condition, namely matching of laser pho- 
ton and charge transfer energy, is not fulfilled for saturated hydrocarbons within the 
optical range, so they are only excited via an off-resonance charge transfer process 
similar to electron impact scattering. 

The highest electronic contribution to SERS is observed for CO on cold-deposited 
silver films. I t  is at least 3 orders of magnitude. The vibrational selectivity, as demon- 
strated by the example of the C-C, C-A and C-F vibrations of hydro- and fluoro- 
carbons, may be explained by the different coupling of nuclear motions to the charge 
transfer state. Point (ii) introduces ‘non-locality’. Interestingly surfaces simultane- 
ously displaying E- and N-lines, always support an extra first-layer enhancement for 
N-type adsorbates as well. In these cases we have to assign the N-lines to molecules 
adsorbed on terraces or generally smooth parts of the surface. 

We explain the first-layer SEFS for N-type adsorbates as a non-local charge trans- 
fer excitation, consisting of electron excitation a t  sites of enhanced electron-photon 
interaction and subsequent propagation to N-type adsorption sites. Thus the missing 
SEW from smooth surfaces is due to weak surface-electron-photon coupling. 

By comparison of inverse photoemission results and SERS excitation profiles of E 
bands we conclude that the affinity level of the adsorbates yielding the Ebands is lower 
than that of the N-species. Accordingly, in many cases (e.g. CO, benzene, ethylene, 
pyridine) the &species are closer to resonance than the N-species. An affinity level 
closer to EF implies increased electronic damping of the adsorbate vibration 12251. 
Experimentally the E-bands are broader than the N-bands. For N, and CO, on Cu, 
we observe two extra bands. Again, the more extensively shifted E-bands are broader 
which can be understood within the Newns-Anderson model. 

The poor performance of d-metals as ‘SE= substrates’ can be explained partly 
by the absence of charge transfer excitations in the visible spectral range and by a 
comparatively small coherent mean free path of ‘hot electrons’. 

Our picture of ‘first-layer SERS’, though accurately based on our empirical knowl- 
edge, is tentative because there are still open problems In spite the direct experimen- 
tal demonstration of increased electron-photon coupling at disordered, SERS-active 
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surfaces, its impact on the non-local SEW effect and the inelastic background needs 
further clarification. It seems to us that electron-photon coupling is most effective on 
surfaces with only a modest concentration of atomic defects but dominant roughness 
on a more macroscopic level. This stems from the obsewation that SERS from N-type 
adsorbates is very pronounced on silver island films and cold-deposited silver film 
subsequently annealed to 250 K and not pronounced on cold-deposited silver films, 
which on the other hand provide the highest concentration of Esites. Therefore, the 
relationship between collective resonances in small particles and the electron-photon 
coupling has to be addressed. 

Another problem is that in spite of the identification of E-sites through the shifts of 
the vibrational frequencies of adsorbed molecules we have no further characterization 
of these sites. We only know that they have to be special defects on an atomic scale. 
Finally, although CEME is understood in principle there remain open questions. CEME 
is always treated within the macroscopic field approximation. This is certainly alright 
for condensed molecules which are separated from the surface. However we do not 
know how to treat CEME for E and N-type adsorbates as yet (see section 3.3). 

8. Literature review 

8.1. Biological research 

The application of sERS to biological or biochemical systems has been reviewed in 
[310-3131. Examples are neurotransmitters [314], immunglobulin G [315], enzymes 
and aminoacids [316], cytochrome c [31T], nuclear acids (e.g. [318]), eye lens pigments 
[319], and intermediate states of rhodopsin [320]. It is particularly interesting that the 
DNA double helix adsorbed at silver electrodes [310] or at silver hydrosol [321] yields 
Raman signals of the bases (usually within the double helix not in direct contact with 
the silver surface) only after modification by y-irradiation or from destabilized regions. 
SERS seem to be the most sensitive detection method in biochemical research. 

8.2. Applied research 

Much effort has been devoted to develop silver substrates for trace analysis as reviewed 
in [322]. Among them are silver-coated filter paper [323], silver-coated latex [324] and 
polystyrene spheres [325], silver islands on stochastically distributed posts [TI, 326,721 
or silver-coated Sn spheres [327]. Electroplating with dilute KAuCIO, or AgCIO, 
solutions yields strongly enhancing arrays of spherical nodules [328]. 

Technical developments using SERS were made in the areas of remote sensing using 
optical fibres [329,330], efficient optical collection systems using the surface plasmon 
polariton resonance at smooth surfaces [331,332] (allowing to observe the displace- 
ment of paranitrosodimethylaniline adsorbed at a smooth silver surface by C1 [52]), 
high spatial resolution [333], rotating electrode [334], detection of short-lived inter- 
mediates in electrochemical reactions using time-resolved SERS [335], and extension 
to near-infrared excitation either with weak diode lasers and a CCD camera 13361, or 
with Nd-YAG excitation (1.06 pm) and Fourier-transform infrared spectroscopy [337- 
340,336,3411. 

The potential of SERS for trace analysis has been assessed, for example, for sub- 
surface water contaminants 13421, nitrogen-containing drugs [343], and dioxines [344]. 
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SERS is used to analyse the pattern of substances fractionated by chromatography, 
for instance by spraying silver colloid on high-performance thin-layer chromatogra- 
phy plates [345-3491 or by flow injection of silver sol into the effluence of a liquid 
chromatograph [350-3531. 

8.3. Chemical reseamh 

Major applications of SEW in chemistry comprise for instance studies of polymers and 
polymerization [354-3601, apparently yielding information on the polymer-silver inter- 
face [145]. Other studies have been concerned with surfactants [361,362], Langmuir- 
Blodgett films [363-3651, phtalocyanines [366-3681, and haemoglobin [369], other 
dyes (for instance [370-3721) and photographic sensitization [373-3771 including for- 
mation of Ag colloids from AgC by. photosensitizing dyes [378]. In this context, 
surface-enhanced resonant Raman scattering (SERRS) is often observed, for instance 
of methylviologen dichloride [379] used as an electron relay for the photochemical 
splitting of water. 

In the early work it was found and explained that RRS is less ‘surface-enhanced’ 
than normal Raman scattering [380,381] (see also the enhancement between 100-300 of 
‘type 1’-methylviologen radical cation at  a silver electrode [379]). Detailed experiments 
on the quenching of fluorescence and surface-enhanced resonant Raman scattering 
(SERRS) of rhodamine 6G adsorbed to silver colloids have been described in (3821 (and 
references therein), [383-3851. According to reference [382], in aqueous sols without 
CI-, the quenching of fluorescence and SERRS occurs at  identical molecular adsorption 
sites. Adsorption of CI- creates ‘active sites’ (about 3.3 per silver particle), which 
leads to an overall increase of the SERBS signal by a factor of 70. The quenching of the 
fluorescence by adsorption is a prompt process [383,384], whereas the SERRS bands 
of Rh6G only appear after minutes (apparently independently of C1- [383,384]). The 
peak SERRS bands reach about the same intensity as the broad spectral distribution of 
fluorescence (quantum yield 0.2) before quenching. From this fact, the enhancement of 
the Raman intensity is estimated as about 10 orders of magnitude [384]. Based on the 
idea that excitation-relaxation and resonance Raman processes compete [380] ([381] 
and references therein) the classical electromagnetic enhancement to SERRS follows, 
according to reference [386], the sixth power of the field enhancement. Consequently, 
the SERRS of Rh6G after C1- addition has been assigned to those molecules adsorbed 
within ‘cavity sites’ between silver particles, which have coagulated under the influence 
of CI- [385]. (Resonant) Raman scattering of Rh6G adsorbed on AI roughened by 
mechanically polishing in air was not observable in reference [387]. 

Corrosion inhibitors on Cu have been studied by SERS ([388-3921 and references 
therein) and on brass [393] as well as catalytic reactions with oxygen of SO, [394,395], 
NO, NO,,%”, 1396,3971 and ethylene [398,399] and of SO, with adsorbed NO, [400] 
at the gas-silver interface. Sometimes, the reactions induce strong changes of the 
inelastic background [400]. On cold-deposited silver films, adsorbed oxygen reacts 
with CO, to form carbonate [401], 

SERS from adsorbates on silver electrode surfaces in non-aqueous electrolytes has 
been described in [379.402-409]. SERS of water apparently needs the breaking of 
hydrogen bonding in water (see references in 1171 and [338], and [41&413]). In this 
case, a met.al cation effect on the SERS of interfacial D,O and H,O is observed [414]. 
The same holds for ammonia [415]. Water enters the pores of cold-deposited silver 
films only at  temperatures just below thermodesorption [115]. 
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8.4. Subsirales for SERS actiualion and quenching 
Besides the noble and alkali metals, cold-deposited Ga 14161 and In films [2$] are well 
enhancing substrates, whereas only weak signals have so far been observed in the caJe 
of AI ([290] and references therein, [387$ 

Enhanced Raman scattering has been reported for Pt(CN):- on Pt colloids 14171, 
benzene on Pt [418], pyridine on Pt [292] and Rh electrodes [419] and on supported Rh 
particles [420] and on &palladium hydride [421,422], for pyridine on a-FezO3 colloids 
[423], as well as for Cu-phtalocyanide on small GaP particles [424]. In the last case, the 
enhancement factors of up to 700 have been assigned to electromagnetic resonances, 
rather than to resonant Raman scattering by coupling the intramolecular transitions 
to excitons [425,426]. Earlier reports of SEW from Hg could not be confirmed [427]. 
Unenhanced Raman spectra of 4-cyanopyridine adsorbed on a rhodium electrode [428] 
and of CIO; on a smooth Pt electrode 14291 have been observable, as well as resonant 
Raman scattering of heptylviologen [430] and crystal violet [431] on platinum. 

In order to use the well-established ‘enhancing power’ of silver and gold for vibra- 
tional spectroscopy at other interfaces, two approches have been pursued: 

(i) Deposition of small amounts (submonolayer to several monolayers, averaged) 
of transition metals on noble metals, for instance Pt and Pd on Au [432], Rh and Ru 
on Au [433], Rh on Ag [434], Ni and CO on Ag [435,436], Fe on Ag [437-4391 or of 
SiO, on Ag [MO], or of Si on Ag [441]. 

(ii) Deposition of silver on non-metallic substrates, for instance on semiconduc- 
tors [442-444] on carbonaceous substrates [103,104,445], on corrosion layers on iron 
[446,447], on SnO, [448], and on polymers [449,450]. 

SERS is enhanced by adding Cl- to the aqueous solutions, for instance for colloids 
[382,451,452,321] (also in some cases without evidence of particle aggregation [382]), 
electrodes [453] and Cu(ll1) faces in UHV [454]-the action of Br- and J-  being 
comparable [382,455,456]. The initial stages of growth and the subsequent reduc- 
tion of AgCl films at a silver electrode in aqueous chloride solutions was studied in 
reference [457]. Reduction of three-dimensional AgCl nuclei is characterized by two 
cathodic peaks, the more cathodic one is related to the creation of ‘SERS-active sites 
(adatoms)’ [457]. This reduction peak is not observed when the electrode is kept for 
some time at negative potential before the weak ORC is performed. This is analogous 
to cathodic quenching of SEW (see below). The action of trace chloride on roughening, 
annealing and dissolution of Au(ll1) was observed by in-situ scanning tunnelling mir- 
croscopy (STM) in an electrochemical cell [458]. Chloride induces faster step motion 
and promotes gold dissolution during oxidation and reduction. Roughness, if present 
at all, anneals too fast for observation [458]. 

Photoelectron spectroscopy on chlorine on silver electrodes emersed from 0.02 M 
NaCl aqueous electrolytes shows two chlorine species with a difference in the 2p elec- 
tron binding energy of 1.3 eV. The majority species at the ‘smooth’ silver electrode 
has the higher 2p binding energy (assigned to adsorbed CI), whereas after an oxida- 
tion reduction cycle the low-binding-energy species (assigned to Cl-) dominates [459]. 
This is discussed as evidence of cationic (Agt)  SERS-active sites (4591. 

On the other hand, SERS of adsorbates on roughened silver electrodes is 
quenched by very small quantities of adsorbed lead [460,461,435,462], thallium 
[389,460,463,435] and cadmium [464] and by cathodic quenching [465,466] ([467] and 
17 references therein). Nobody has yet addressed the problem of why in some cases 
foreign metal deposition on ‘activated’ (roughened) Au and Ag electrodes allows for 
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Raman spectroscopy of molecules adsorbed to the foreign metal (see further above) 
and in some cases quenches SERS (see above). 

The ‘surface flattening’ [468] on large scale by the coalescing nodular structure, 
within 19 hours after a heavy ORC (400 mC cm-’) in 0.1 M Cl- aqueous electrolyte 
was observed by scanning electron microscopy and scanning tunnelling microscopy 
(STM) [469]. In this work, a fine structure on the nanometre scale on the nodule 
surface (immersed 15 hours in Ar-saturated water) was revealed by STM [469]. STM 
of polycrystalline silver in Cl- aqueous electrolyte before, during and after the ORC 
demonstrated roughness on an atomic scale after the reduction [470]. More SEW and 
second harmonic generation is observed, when the electrode is illuminated during the 
oxidation-reduction cycle (ORC) (e.g. reference [471]). This so-called ‘photoactivation’ 
was  studied as a function of intensity and exposure time [472] and assigned to the 
formation of organometallic complexes, which survive subsequent ‘dark’ ORCS and are 
readsorbed at the surface at negative potentials, leading to a ‘memory effect’ [472]. 

Photoemission at 488 nm and 514 nm wavelength of a silver electrode into the 
electrolyte is enhanced by 2-3 orders of magnitude by an ORC [473]-see also the 
discussion in [153]. The changes of the optical reflectivity by the cathodic quench- 
ing [474,464] are negligible [467,475]. However, a change of optical absorption by 
cathodic quenching was observed by photoacoustic spectroscopy [476]. Raising the 
electrode temperature to about 40-80’ also quenches the Raman signal [474,464]. 
Active hydrogen evolution at the electrode before the ORC yield stronger SERS inten- 
sities [477]. Probably all these phenomena are related to submicroscopic restructuring 
of the surfaces or self-edges and changes of the local electronic structure including 
the adsorbate. Many explanations are based on the formation, decay [478,479] and 
stabihation (for instance by Cu [480482]) of ‘SERSactive sites’. A large effort in 
discriminating between macroscopic and atomic-scale roughness in this respect has 
been reviewed by Pemberton and co-workers [483]. 

Underpotential deposition of silver on platinum (yielding a coverage up to one 
monolayer) has frequently been used to demonstrate the ‘chemical SERS effect’ 
[484,485,171,172,486]. Also in this case, a roughening oxidation-reduction cycle in- 
creases the Raman intensity [172]-it is under debate whether this leads to surface 
structures supporting electromagnetic resonances [487,486]. 

8.5. Porosity 
SEW under UHV conditions has been investigated mainly a t  cold-deposited silver films 
[24]. These films are porous [488-4901 and the roughness factor of films of 2000 A 
thickness may reach a value of 40 [39]. They display a so-called anomalous opti- 
cal absorption, probably caused by electromagnetic resonances in internal cavities 
[228,115] of the porous film. The excitation spectra of SEW follow roughly this res- 
onance [99,227,24] (reviewed in [67]). Classical electromagnetic SERS calculations 
for various geometrical forms of the cavities have been presented in [488], [491-4951, 
12881 and [496]. Based on these theoretical results, the cavities are envisioned as the 
‘SERS-active sites’ and the SERS mechanism is the classical one [489,488,497,498]. 
No in-situ investigations of cold-deposited silver films at low temperatures by STM 
are known to us, but only after (partial) annealing by transfer to air [63,499,500]. 
STM cannot reveal a hypothetical nodular structure, as obser-ved by scanning electron 
microscopy of ‘activated’ silver electrodes (see the simultaneous application of both 
microscopies in reference [469]). The Auger signal of Pd and Ag during the covering 
of a cold-deposited silver film by Pd shows the completion of the first Pd layer at 
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approximately the same quantity of Pd as a smooth silver film [501]. Surprisingly, 
the light scattered elastically by a cold-deposited film is relatively low-it increases 
considerably during the irreversible loss of ‘SERSactive sites’ by annealing to room 
temperature [278]. Platinum carbon replica of Ag films, deposited at 83 K on mica 
are smooth [502], not displaying any sign of the ‘bump-column’ structure of films de- 
posited at room temperature [502,503]. Do these three independent results indicate 
that the ‘external’ surface is rather smooth in spite the larger roughness factor? 

Recent reports of SERS of molecules ‘trapped’ [504] or ‘intercalated’ [505] (see 
also earlier conjectures [506]) within the silver electrode self-edge by the roughening 
oxidation-reduction cycle (ORC) may perhaps be related to adsorption within the 
‘pores’ of cold-deposited silver films. Hindered or slow migration of molecules within 
porous grain boundaries might explain some slow (on the order of 10 minutes) intensity 
changes observed at electrode surfaces [507,467]. On shorter time scales, SERS of 
pyridine on silver electrodes only depends on the pyridine concentration within the 
electrolyte during the ORC-it cannot be changed by variation of this concentration 
after the ORC [508]. 

8.6. Resonant Raman scaltering 

An overview of the different contributions to resonance Raman scattering of adsor- 
bates on metals has been given in [509]. Beyond the references in [17], the the- 
ory of photon driven charge transfer excitations has been extended in references 
[16i,510,2i3,511,380,512], the ground state dynamic charge transfer theory in ref- 
erences [513-5151, the latter extending a previous model of the modulation of the 
effective barrier potential by adsorbate vibrations [516,517]. 

In order to explain the enhancement of non-totally-symmetric modes besides tc- 
tally symmetric modes and the weak overtone spectrum of SERS [518], a photon driven 
charge transfer model including Herzberg-Teller coupling was developed in [511]. 

Weak overtones not observed in the caSe of normal Raman scattering by the free 
molecules have been reported in references [24] (figure ll), [519,233,520] and rela- 
tively strong ones in [158]. The first demonstration of photon-driven electron transfer 
to the adsorbates is given in references [126-1281, the first ‘reversed’ adsorbate to 
silver photon-driven electron transfer was reported in references [129,130]. System- 
atic trends in substituted pyridines and saturated nitrogen heterocycles were observed 
in [131]. Further evidence for resonant Raman scattering by photon driven charge 
transfer is contained in [125,506,132,521,133,135,522,136,523]. 

Charge transfer excitations relevant for the SERS mechanism have been observed 
by electron energy loss spectroscopy (see references in [li]). There is only one report 
on the optical detection of a charge transfer excitation, namely of pyridine adsorbed 
on silver islands [524,525]-a search for it on electrode surfaces by electroreflectance 
was negative [137]. 

Polarization-dependent Raman excitation spectra of vibrations of dyes yielded the 
following results: various vibrational modes of free-base phtalocyanine adsorbed flat 
on silver island films follow only the lowest 7-7. transition (polarized parallel to the 
molecular plane, shifted slightly (31-44 nm) toward the red) [526]. In contrast, Raman 
scattering by the central carbon breathing mode of positively charged crystal violet 
(CVt), adsorbed flat on smooth gold showsnot only the influence of the intramolecular 
7-7’ transition, but furthermore for the at-Raman tensor component ( z  normal to 
the surface) a profile, monotonously increasing towards the red, assigned to electron 
transfer from Au to CV+ [527,528] . 
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The excitation spectra of SERS of adsorbates on colloids is often explained by the 
aggregation of the colloid particles (see references in [17,529-531])-but the excita- 
tion spectra of adsorbed cyclohexane displayed a maximum, though the absorption 
spectrum of the sample did not show any maximum in the visible region [532]. The 
overlap of the excitation profile with the absorption spectrum was virtually negligible 
for adsorbed vanadate (no aggregation in this case) [533]. 

8.7. Disfance dependence 

Often, experiments on the dependence of SERS on the distance between scatterer and 
the silver surface did not reveal a ‘first-layer effect’, hut only long-range classical elec- 
tromagnetic enhancement. Spacers were polymer films [94,95] or Langmuir-Blodgett 
films [111,77,534] on CaF, roughened silver films or island films of silver in air. 

When electrochemically roughened gold electrodes are covered by an overlayer film 
(e.g. nickel oxide [535]), the integrated SERS intensity of the overlayer grows with film 
thickness provided the film has not yet become opaque. This is explained with the 
long-range electromagnetic enhancement to distances of 20-30 .& from the gold surface 
[535]. 

The following interpretations do not agree with the conclusions of this article 
in sections 1-3: silver island films on glass were covered by copper-phtalocyanine 
(CuPc) layers of various thickness d ,  and SERS was recorded with the samples in air 
[log]. Strikingly, the absolute SEM intensity increased with decreasing d ,  reaching 
the absolute maximum at one monolayer, corresponding to an enhancment of about 
lo4. Maximum ‘first layer enhancement’ was observed at  an average silver island of 
about 5 nm-which lead to the conclusion that the large enhancement is caused by 
surface plasmon polariton modes [I081 (see, however, section 3). In reference [536] 
silver island films and continuous thicker films were deposited on the base plane of a 
prism-the SERS intensity of adsorbed and condensed CuPc wasobserved as afunction 
of the total reflection (ATR) and of the polarization of the incident light. In the case 
of island films, the extreme first-layer effect of [lo81 was reproduced; in the case of the 
continuous silver films the long-range enhancement in the surface plasmon polariton 
mode without ‘first-layer effect’ was reproduced (analogous to our own results of island 
films and films on optical gratings (see figure IO)). 

Following the conclusions of [lo81 a ‘chemical effect’ was ruled out,  and the first- 
layer effect in the case of silver islands was assigned to local fields within cavity sites, 
e.g. pores and crevices [536]. The angular and polarization dependence of SERS could 
be fitted to the square of the incident field in the interior of a homogeneous film with 
effective dielectric constant ((U) [536]. 

SERS of (Ru/NH,)6,+ at silver electrodes w a s  assigned to the species within the 
outer Helmholtz layer, and therefore not to a ‘first-layer effect’ [537]. On the other 
hand, the ‘first-layer effect’ was used as indicator of diffusion of C,H4 and Xe through 
thin pyrazine films condensed on cold-deposited silver films (5381. 

8.8. Depolarization 

The local electromagnetic field a t  a surface changes with adsorption [ls]. According 
to references [539-5411, within the model of exclusive electromagnetic enhancement, 
the SERS intensity should first increase and then decrease with the coverage as a 
function of the adsorbate due to the depolarizing field from neighbour molecules. A 
very strong variation, following the predicted trend, was indeed observed for pyridine 
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on cold-deposited silver 1286,5421 and interpreted by depolarization [542]. A more 
comprehensive experimental study showed very different dependencies of the Raman 
intensity versus coverage for different molecules of comparable optical polarizability, 
even different trends for the various vibrational modes of the same adsorbate [543]. 
This was found to be inconsistent with the depolarization model and was tentatively 
assigned to coverage-dependent shifts of the affinity levels. This may perhaps also 
explain that the development of the SERS intensity as a function of coverage is strongly 
dependent on the exciting laser wavelength (see section 6.2.3). 

A weaker decrease of SE= of pyridine with increasing coverage of macroscopic 
rough silver was found in reference 15441, but no decrease at all for silver island films 
in UHV [84], probably because 'first-layer SERS' cannot be explained solely by classical 
electromagnetic enhancement. On smooth polycrystalline gold electrodes in CIO; 
aqueous electrolyte it was convincingly demonstrated that the Raman intensity of the 
breathing mode of pyridine depends only on the pyridine surface coverage (evaluated 
with the differential capacity [545,546]). At relatively low coverages, the intensity 
grows quasi-linearly with coverage and does not depend explicitly on potential as it 
is expected for pure electromagnetic enhancement. A small decrease of the Raman 
intensity beyond a coverage of about 3.2 x lo-'' mol cm-a (equivalent to about 
2 x IOl4 mol cm-') is explained by depolarization. 

The dependence of Raman intensity on coverage changes drastically after one or 
several oxidation-reduction cycles [546]; also the SERS signal now reaches full intensity 
at comparatively low coverages analogous to our results from cold-deposited films (see 
section 5.2). 
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