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By the investigation of the cyanide silver system we show that the crucial condition for a 

106 times enhanced Raman cross section is the roughness of the electrode surface on an atomic 

scale, e.g. by silver adatoms. The momentum conservation rule in electron-photon, electron- 

electron and electron-adsorbate interaction is broken by the presense of the atomic roughness. 

This leads to strong resonant Raman scattering from metal electrons and adsorbate vibrations. 

1. Introduction 

After the first detection of a Raman signal from an adsorbate on a silver metal 
electrode [l] , it is now well established that in some cases there is a giant enhance- 
ment (about 1 06) of the Raman cross section of adsorbates at an electrode-electro- 
lyte interface (e.g. pyridine on silver [2-4]), on metal colloids (pyridine on gold 
and silver [5]), at a metal-air surface (e.g. CN- on silver [6]) and at a metal- 
vacuum surface (CO on silver [7]). 

Numerous models for the enhancement have been proposed: The influence of 
the strong electric field ‘at the electrode-electrolyte interface [8], the influence of 
image dipoles [9], a resonant Raman effect by coupling to surface plasmons involv- 
ing roughness [lo-121, resonant Raman effect due to different single particle 
excitation mechanisms [13-161, an analogy to electroreflectance [6,17,18], inter- 
ference with roughness induced electronic Raman scattering [17,19], enhancement 
by dynamical charge transfer [ 13,201. 

In all previous work on Raman scattering from silver electrodes [l-4,1 5, 
23-251, the enhanced Raman signal was only found when the silver surface was 
reformed by one or several anodic oxidation-reduction cycles (see section 3). 

Fleischmann and Hendra [l] subjected the silver electrode to cyclic linear 
potential sweeping for about 15 min between +200 and -300 mV in 0.1 M KCI, 
0.05 M pyridine. Thus the effective surface area was increased by forming an 
extremely rough black surface [11,26]. Jeanmaire and Van Duyne [2] demon- 
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strated that after one single anodic cycle, with charge transfer of 2.5 mC cm-2 
(corresponding to a dissolution and subsequent precipitation of a silver surface 

layer of about 2.50 A thickness), the Raman cross section for adsorbed pyridine was 
enhanced by about a factor of IO”. 

Pettinger and co-workers [4,25] f ound that the Raman intensity from pyridine 
adsorbed on silver single crystal faces of orientation (11 I> and (100) was dependent 
upon the quantity of reformed solid silver, given in monolayers of silver. Between 
0.03 and 9 monolayers, the Raman signal was growing exponentially. Within the 
sensitivity of electroreflectance and high energy electron diffraction (RHEED), no 
roughening of the silver surface was observed. 

Therefore, an explanation based on an increase of surface area can safely be 
excluded. 

So, what is the significance of the anodic cycle? One might think of three possi- 
bilities: 

(a) An electrochemical reaction is forming a surface complex, which would not 
exist without the anodic cycle. 
(b) By the anodic cycle, a co-adsorbate if formed (e.g. adsorbed oxygen), enhancing 
the Raman cross section in some unknown way. 
(c) The structure of the silver surface (on an atomic scale) is changed by the anodic 
sweep. 

To study the enhancement and the significance of the anodic cycle, we have 
chosen the system cyanide on a silver electrode, following some previous work [6, 
15, 17,2 1,221, by Furtak and one of the authors. Because (CN)- is isoelectronic to 
CO, one may hope to profit from the vast literature of CO chemisorption for the 
interpretation of (CN)- chemisorption and also to apply the same computational 
methods. 

It is the aim of the work reported here to understand why the anodic axidation 
reduction cycle of the silver electrode is necessary to gain enhanced Raman scatter- 
ing and to assign the observed vibrations of (CN)- chemisorbed on silver. The 
section 2-7 give a comprehensive account of our experimental work. In section 8 
and 9, we propose in a short version a microscopic model of the enhancement effect. 

2. Experimental set up 

The sample, the working electrode W in fig. 1, was a polycristalline silver slug of 
9 mm diameter, whose lower surface was immersed in the electrolyte. Before every 
new electrochemical Raman experiment, the sample was etched in a mixture of 
H202 and NHdOH. In some cases we also used evaporated silver films, which 
yielded the same results as the silver slug. The electrolyte was 0.1 M Na2S04 or 0.1 
M Na2S04 with 0.01 M KCN; it was purged by oxygen-free nitrogen. The reference 
electrode was a saturated calomel electrode (SCE) separated from the electrochemi- 
cal main cell by a bridge tube with vycor tip. The counter electrode was a platinum 
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I:ig. 1. Raman backscattering from the silver electrolyte interface. L laserbeam, A analyzer, CL 
cylindricai lens, Ml, M2 mirrors, 0 1 : 1 aperture objective, R Raman scattered light cone, P 
polarizer, EC electrochemical cell, C counterelectrode, W working electrode, S saturated 
calomel electrode, Nz nitrogen inlet. 

wire. The voltage between sample and reference electrode was controlled by a 

potentiostat-galvanostat with integrated coulombmeter. In general, laser light from 
an Arf laser was incident perpendicular to the silver surface, its polarization could 
be chosen by rotating a Fresnel prism. Focussing onto the silver surface was 
achieved by a cylind~cal lens tf= 150 mm). The incident power at the sample was 
of the order of 200-500 mW. The scattered light was analyzed with the help of a 
double monochromator with holographic gratings, wavelength drive and standard 
photon counting equipment. Because of normal incidence of the laser light, 
depolarization ratios could be measured by rotating the polarization of the incident 
light, keeping the polarizer P in fig. 1 in fixed position. 

3. Electrochemical measurements 

Different voltammograms for the 0.1 M Na2S04 aqueous electrolyte and the 
0.1 M Na2S04 0.01 M KCN electrolyte are depicted in fig. 2. Whereas the pH value 
for the 0.1 M Na2S04 electrolyte is about 5, the pH value is changed to about 11 in 
the mixed electrolyte of 0.1 M Na2S04 and 0.01 M KCN. This may be calculated 
from the dissociation constant of HCN and is corroborated by measurements with 
pH paper. The low H+ concentration is caused by formation of undissociated HCN. 
Nevertheless, about 99% of the cyanide from the 0.01 M KCN are still free CN- 
ions. According to the Pourbaix diagrams of the Ag-HZ0 [27] and CN-HZ0 
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Fig. 2. Voltammogram from -1.0 to 0, 0.3, 0.5 V and immedeately back to -1.0 V at 50 
mV/s (a), 5 mV/s (b) in 0.1 M NazSOQ, 0.01 M KCN aqueous solution and one sweep from 
-1.0 to +O.S V and immedeately back at 50 mV/s (a), 5 mV/s (b) in 0.1 M Na2S04 aqueous 
solution. 

system [28] (see fig. 3), the positive current (corresponding to electron 
transfer into the silver electrode) above about 0.3 V for the pure Na2S04 electro- 
lyte is caused by the oxidation of silver which goes into solution as a free ion: 

Ag(meta1) + Ag+(solution) t e. (1) 

Only part of the dissolved quantity of Ag+ is reduced in the form of metallic silver 
on the electrode surface - the rest has been lost by diffusion into the electrolyte. 
This is indicated by the relatively low negative current in the cathodic sweep (decreas- 
ing voltage versus SCE) compared to the anodic sweep (increasing voltage versus 
WE). 

The increase in anodic current at about -0.6 V in the 0.1 M Na2S04 0.01 M 
KCN electrolyte corresponds to the dissolution of silver as silver cyanide or silver 
isocyanate complexes: 

Ag(meta1) t n(CN)- -+ Ag(CN)$-I)- + e, (2) 

Ag(meta1) + n(CN)- + n Hz0 -+ Ag(NCO)F-‘)- + 2n H+ + (2n + 1) e. (3) 

At about -0.3 V, a constant current density of about 400 PA/cm2 is reached due 
to process (2) or (3). The observed hysteresis in this range is caused by different 
concentrations of silver cyanide complex ions in front of the electrode in the 
anodic and cathodic sweep. If the cathodic sweep is performed with dU/dt = -50 
mV/s, some of these complexes are reduced to Ag, (CN)- (and HzO). At dU/dt = 
-5 mV/s, this is no more the case. 
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Fig. 3. Pourbaix diagrams of the systems Ag-Hz0 (-----) and (CN)--I-I20 (- - -). The 
potentials correspond to 1 : 1 concentration of the partners of the respective redox system. 
Dashdotted lines correspond to the thermal equilibrium dissociation of water, upper line 
oxgyen evolution, lower line hydrogen evohltion. 

The strong increase in the anodic current at about 0.1 to 0.3 V corresponds to 
the formation of an Ag,O surface film by 

2 Agfmetal) + Hz0 -+ Ag,O(solid) i 2 Hf + 2 e. (4) 

According to the Pourbaix diagram in fig. 3, at a pH value of 11, one has to expect 
the formation of solid Ag,O in this voltage range. The reversed reaction (4) causes 
the current minima in the cathodic sweeps around -0.1 V. Ag,O is not soluble in 
water. Nevertheless, silvercyanide complexes go into solution also in the presence of 
the Ag,O film as indicated by the current of about 400 pA/cm2, on which the 
current maxima and min~a due to reaction (4) are superimposed. 

Probably the Ag,O film is dissolved at the Ag,O-electrolyte interface by 

Ag,O + 4(CN)- + Hz0 + 2 Ag(CN); + 2(OH)-, (5) 

and is growing at the Ag,O-Ag interface by reaction (4). For the following, it is 
important to note that metallic silver is reformed at the electrode surface when the 
AgzO fdrn is reduced at about -0.1 V. 

As in the pure Na$O., electrolyte, one observes the onset of a further electro- 
chemical reaction at 0.3 to 0.5 V. According to the Pourbaix diagram (fig. 3) this 
corresponds to 

Ag,O(solid) + Hz0 + 2 AgO(solid) + 2 H+ + 2 e. (6) 
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The reversed reaction (6) is responsible for the structure around +0.2 V in the 
cathodic sweep. 

After completing the cycle to -1 .O V there is no electrochemical indication for 
surface films beyond monolayer thickness. 

4. Raman measurements 

After insertion of the silver sample into the electrolyte at about -1 .O V and 
before any voltage sweep, there was only a background signal from the electrolyte 
(fig. 4). The slope from 250-900 cm-l and the weak peaks near 1618 and 2100 
cm-l are due to liquid water [29], the line at 982 cm-r is a vibration of the SO, 
ion. 

However, a very strong Raman signal is obtained after stepping for 5 to 0.5 V 
and stepping back to voltages between -0.7 to -1 .O V. This spectrum is identical 
to the spectrum published by Furtak [ 151. As discussed in section 6, this signal is 
probably due to an Ag(CN)S surface complex. Raman spectra from the electrode 

surface were taken at different points of the voltammogram in fig. 2 - that means, 
the sweep was stopped at several voltages within the anodic or cathodic sweep and 
a Raman spectrum was recorded. In the voltage range from about -0.7 to -1 .O V, 
the strong Raman signal was only existent after the anodic stepping described above 
or after the pre-treatments described in section 5. No surface specific signal was 

Fig. 4. Raman spectra from a polycristalline silver electrode at -1.0 V in 0.1 M NazSOd, 0.01 

M KCN aqueous electrolyte, before any anodic sweep (above) and after switching for 5 s to 
+0.5 V (below). Spectra have been taken in backscattering configuration without polarizer 

(fig. l), with laser wavelength 5145 A, abcissa is linear in wavelength, stokes shifts of maxima 

are given in cm-l. 
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found in the range of dissolution of metallic silver as silver cyanide complexes 

(about -0.7 to 0.1 V). When an Ag,O layer was on top of the metallic silver 
(between 0.2 to 0.3 V), we observed sometimes two lines at 273 and 2165 cm-l on 
a higher background than that from the electrolyte. These frequencies are 
characteristic of bulk AgCN [6] (see section 6). 

The Pourbaix diagram in fig. 3 may lead to the expectation of a Raman signal of 
silver isocyanate AgNCO. To check this possibility, we have precipitated AgNCO 
from mixing an AgN03 aqueous solution with KNCO solution. The Raman 
spectrum in fig. 5 shows the asymmetric stretch vibration of the linear NC0 group 

at 1328 cm-r, the symmetric vibration at 2270 cm-l. (For the assignment see 
ref. 1301.) There is no resemblance with the spectrum in fig. 4. However, when 
silver is electropolished in cyanide solution and exposed to air under rather poorly 
defined conditions, one observes a line at 1324 cm-l [ 171 which is probably due to 
AgNCO (see fig. 5). 

In contrast to the cyanide ion, the NCO- bonds to silver via the nitrogen atom 
[31]. Thus the oxidation of CN- to NCO- in the adsorbed state would involve a 
flip over of the CN group. 
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Fig. 5. Upper spectrum: Raman spectrum of a Ag(ll0) surface, electropolished in iar saturated 
solution of 5 g KCN, 9.5 g KC0 3, 13 g KAg(CN)z in 250 ml Hz0 at about 0.1 A/cm2 for 

5 min, rinsed in destilled water, exposed to air. Lower spectrum: Raman spectrum of freshly 
precipitated AgNCO, in aqueous medium. 
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5. The formation of a new silver surface by reduction of silver 

To decide between the three possibilities to explain the necessity of the anodic 
sweep (see section l), the following experiments were performed: 

Starting with the silver sample in pure 0.1 M Na2S04 electrolyte at -1 .O V, 
stepping for 5 to to.5 V, KCN solution was added only afterwards at -1 .O V to 
yield 0.01 M KCN concentration. After adding the cyanide, the Raman spectrum 
was similar to the result for cyanide present during the anodic cycle (fig. 4). This 
excludes the first possibility, namely the exclusive formation of the silver cyanide 
surface complex by anodization. However, a new silver surface has been formed by 
reduction of Ag+ (process (1)) as discussed in section 3. 

The following experiment excludes a possible influence of coadsorbed oxygen: 
The anodic cycle was performed in 0.1 M H,S04. Up to to.5 V, at the pH value 0 
to 1, there is no chance for oxygen evolution at the silver surface (see fig. 3). After 
completing the anodic cycle, the electrolyte was neutralized by 0.2 M NaOH at 
-0.3 V, and 0.01 M KCN added at -1 .O V. There was again a strong Raman signal 
like in fig. 4. In this experiment also, a new silver surface was formed. 

Apparently, the necessary precondition for an enhanced Raman signal is the 
formation of a new silver surface: As discussed in section 3, in the 0.1 M Na2S04 
0.01 M KCN electrolyte, metallic silver is reduced on the electrode surface only 
when solid Ag,O has been formed before. Therefore, a new silver surface is formed 
only by those anodic sweeps which have their maximum voltage above 0.2 V. 
Indeed, only for those sweeps does one observe the strong Raman signal around 
-1.0 V, provided that the cathodic sweep velocity is not much slower than 
50 mV/s. When the cathodic sweep is performed too slowly, the new silver surface 
formed by reduction of Ag,O is dissolved by the formation of silver cyanide com- 
plexes which go into solution (reactions (2) and (3)). For instance, when the 
electrochemical cycle is stopped at about -0.2 V after the reduction of Ag,O and 
an additional charge of about 0.02 As crnm2 is transferred by dissolution of metallic 
silver as cyanide complexes, and subsequently the cathodic sweep to -1 .O V is com- 
pleted with 2 mV/s, the signal at 2113 cm-i is lost completely. 

What would be different on a newly formed silver surface with respect to the 
original surface? The original one is either formed by etching a polycrystalline silver 
slug or by evaporating a silver film. In both cases one might expect, in small scales, 
thermodynamically stable surfaces with only a small number of silver adatoms 
sitting on the surface lattice planes or on surface terraces: For etched samples, these 
adatoms would most likely go into solution. For evaporated samples, surface atoms 
have a relatively high surface mobility and growth rates are only of the order of l- 
10 monolayers per second. Hence, surface atoms will most probably be captured at 
steps and kinks and the resulting films will be smooth on atomic scale. 

On the other hand, when hydrated Agt ions are discharged at a silver electrode, 
this process is diffusion controlled. Surface diffusion is more difficult due to the 

presence of an adsorbed water layer. 
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This explains, first, that the growth rate determining step in electrocrystalliza- 
tion of silver single crystals is the linear growth of surface layers of monoatomic 
step height [33], and second, that the incorporation of Ag atoms at the kinks of 
these steps is directly from the electrolyte and not by surface diffusion of adatoms 

[341. 
In the electrocrystallization experiment [33,34], current densities are in the 

range of 10m5 A cmW2 and overpotentials in the range of some mV. Additionally 
there is a high concentration of Ag+ in solution, so that the direct incorporation of 
silver atoms at kinks sites is not limited by lack of Ag+ ions near the kink site. 

On the other hand in the anodic stepping procedures described here, current 
densities are some orders of magnitude higher, overpotentials in the range of 
100 mV. 

As the amount of reducable Ag+ is limited, the concentration of Ag+ is going to 

zero during the reduction. Therefore, one has to expect as result of the fast reduc- 
tion a high density of small nucleation centers because of low lateral growth rate 

and finally a non negligible surface concentration of adatoms. In this respect, it is 
interesting that silver has the lowest surface energy with respect to all transition and 
noble metals [35], and therefore the greatest stability of adatoms. 

Anyway, the transformation of an originally smooth silver surface to the 
extremely rough surface by repeated anodic cycling [11,26] or by the dendritic 
growth of silver by cathodic reduction of Ag’ [36] must have some intermediate 
state where roughness exists on an atomic scale. In the early stages, this atomic 
roughness may well escape the detection by methods like RHEED and optical 
reflection spectroscopy. 

The necessary precondition of the formation of a new silver surface with atomic 
scale roughness is confirmed by a cathodic sweep to negative voltages up to -3 .O V 
in the presence of Ag+ ions or Ag(CN), complexes in the electrolyte. In this case, 
no bulk silver is dissolved like in the anodic sweep to 0.5 V but Ag+ or the silver 
cyanide complexes are reduced to metallic silver at the silver electrode [32]. 

Between -1 .O and -2.0 V, in 0.1 M KAg(CN), solution and in 0.01 M AgNO, 
solution, starting with a smooth electrode, about 25 monolayers of silver are 
reduced per second. In this case no Raman signal from a surface adsorbate can be 
obtained, when stepping to -1 .O V (and adding KCN to the solution in the case of 
the silvernitrate electrolyte). One has to conclude, that the silver electrode remains 
smooth. 

However, if silver is reduced in the presence of the strong hydrogen evolution 
between -2.0 and -3.0 V, one obtains the strong Raman signal at -1.0 V. 
Apparently, hydrogen evolution interferes with the reduction of silver, thus leading 
to a rough electrode surface (the details of this process are still under investigation). 
On the other hand, when the silver electrode was made cathodic at -3.0 V in KCN 
solution, and KAg(CN)Z was added at -1 .O V, the result was negative. In this case, 
no silver was reduced at the silver electrode. 

The results of these experiments make it very unlikely that the enhancement is 
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due to a coadsorbate, because for anodic and cathodic sweeps the coadsorbate 
should be different, the enhancement effect is the same, however. The SO, ions are 
without any importance as was proved in less detailed experiments in 0.1 M KCl, 
0.01 M KCN and 0.1 M and 0.01 M KCN electrolytes, where spectra like in fig. 4 

could be obtained by suitable anodic oxidation-reduction cycles. 
One should note that in this section we have discussed roughness on a much 

finer scale than the comparatively macroscopic roughness which couples photons 
with surface plasmons in the various theoretical proposals for the enhancement 
effect involving surface plasmons and roughness [ 10-121. 

The hypothesis of the significance of isolated Ag atoms on the silver surface is 
supported by the steric arrangement of the Ag(CN); surface complex as described 
in the next section, and by considerations concerning the enhancement mechanism 
(see sections 8 and 9). 

6. Silver cyanide surface complexes 

It is well known that the following silver cyanide complex ions may exist in 
aqueous solution: Ag(CN),, Ag(CN)i, Ag(CN)T [37-391. In solid form, only 
AgCN [49] and salts like KAg(CN), [41] and K3Ag(CN&, exist [37]. The bonding 
of the (CN)- group to silver in the complexes is via the C atoms ]40] (this follows 
also from structural evidence of Cu and Au cyanide complexes). Without exception, 
it is assumed in the literature that the Ag(CN), ion in solution is linear, similar to 

its structure in KAg(CN)), [41]. it is also assumed that Ag(CN)F is tetrahedral like 

the Cu(CN): tetrahedron in solid K,CU(CN)~ [43]. The Ag(CN); may have pyra- 
midal symmetry Csv or planar symmetry Dsh. Jones and Penneman [38] proposed 
a tetrahedral coordination of the (CN)- groups and one water molecule around the 
silver atoms. 

The relevant observed CN-stretch vibrations are comp~ed in table 1. The overall 
trend 

may be explained by increasing bonding to silver via the 50 orbital of the (CN)- 
ion 147,481. The 50 orbital of CO and (CN)- is a bonding orbital between the 
metal and the ligand, but ~tibond~g with respect to intra ligand bonding. There- 
fore, increasing 50 metal ligand bonding should increase the ligand stretch vibration 
frequency. This effect is compensated in cabonyles by electron backdonation into 
the antibonding 2n orbital of CO [47]. For cyanides, however, the antibonding 
nature of the 50 orbital is much stronger than that for CO as derived from the cal- 
culation of so-called 50 overlap populations for CO and (CN)- [48]. Therefore, the 
increase in the CN stretch vibration due to 55 bonding is not fully compensated by 
backdonation to 2n [48], and there is a net increase of the (CN)- stretching 
frequency with increasing Ag-CN bonding. In solid AgCN, there are Ag-CN-Ag- 
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CN chains [49], and perhaps there is also some Ag-N bonding like in the isocy- 
anates. If this involves also the (CN)- 50 orbital (according to ref. [50], the 50 

orbital of (CN)- has about equal weight on the carbon and the nitrogen side), the 
additional 5a bonding in AgCN would contribute to its high CN stretch vibration 
frequency. 

For the CN stretch vibration of the Ag(CN); complex, point group analysis 
yields for C&Dar,) symmetry one totally symmetric Ai and a double degene- 
rate E(E’) mode, both modes Raman active, the degenerate model also infrared 
active. The difference in frequency between these modes is not more than 3-5 
cm-l (see table 1) as confirmed by our own results from depolarization measure- 

ments. 
In fig. 6, we compare the spectrum of the silver-cyanide complex ions in a solu- 

tion of 0.5 M KCN, and 0.18 M KAg(CN)2 with the spectrum from the polycrystal- 
line Ag electrode after the treatment described in section 5 at -1 .O V versus SCE. 

At the relatively low concentration of cyanide and silver in that solution, the 
signal from Ag(CN), complex is missing. At higher overall concentrations, this 
signal appears at around 2095 cm-1 as already observed by Chantry and Plane [46]. 
This is in agreement with the equilibrium constants of the silver cyanide complexes 
of Jones and Penneman [38]. 

The CN- coverage of the electrode after one cycle from -1 .O C to +0.3 V and 
back to -1 .O V is (0.6 ? 0.12) X 1015 crns2 as measured with (C,,N)) as radio- 
active tracer in the 0.1 M Na2S04, 0.01 M KCN electrolyte by Piitz and Heitbaum 
[51]. This is corroborated by the results of Bergman et al. [52] who find a 
coverage between 0.8 and 1.4 X 1015 cm-* after stepping from -0.95 to +0.5 V 
and back for 0.1 to 20 s. (See also the older work of ref. [53].) A smooth silver 
(111) surface has 1.38 X 10’ 5 silver atoms/cm* for comparison. 

The increase of the Raman cross section for the adsorbed CN with respect to 
free (CN)- in solution was measured to be 106-107. This is of the same order as 
for pyridine adsorbed on silver [2]. As pointed out in sections 7 and 9 we believe 
that the Raman cross section is considerably increased only for those CN- ions, 
bound to an atomic scale surface roughness. Hence, the enhancement could even be 
greater. 

The coincidence of the CN stretch frequency of the adsorbate and of free 
Ag(CN); indicates that the surface adsorbate is probably a pyramidal Ag(CN)S 
complex on top of densily packed terraces which are atomicallv plane over some 
lattice constants (see fig. 7). Once there are silver adatoms on such terraces (whose 
possible creation has been described in section 5) such a pyramidal complex may 
easily be formed without distortion from its postulated Csv geometry in solution 
[38]. When three CN- ions are attached to such a silver adatom and form the 
Ag(CN); surface complex, the Ag adatom will partly be ionized to Ag+E. From steric 
considerations, the other possibilities would be an Ag(CN), surface complex which 
would be distorted from its linear form in solution and a simple linear Ag-CN 
complex perpendicular to the surface. 
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Fig. 6. Dotted line: Raman spectrum from a 0.5 M KCN, 0.18 M KAg(CN), aqueous solution, 

with assigmnent to CN stretch vibration of (CN)-, Ag(CN)T and Ag(CN)F. Full line: Raman 

spectrum from the cyanide adsorbate on a polycristalline silver electrode, after electrochemical 

treatment see in fig. 4. 

Fig. 7. Model of a Ag(CN); surface complex on a silver (111) terrace. The Ag+-N distance 

corresponds to the value for KAg(CN)a [41,42], the CN distance to the value found in 

KAu(CN)a [42]. The direction of the three CN axis with respect to the normal has been 

assumed like the angles between the connection lines between the middle and corner points of 

a regular tetrahedron. Radii correspond to Paulings covalent radii for Ag+ (ca. 1.12 A), C (ca. 

0.85 A) and N (ca. 0.75 A). 

We think that the CN stretch frequency of undistorted complexes is not much 
altered by adsorption because the changes in coordination involve only second 

nearest neighbors of the CN groups [.54,55]. 
There are also indications for an enhanced Raman effect from other silver 

cyanide surface complexes: On a (110) single crystalline Ag surface, etched electro- 
chemically in a cyanide solution and exposed to air, a Raman line was found at 
2141 cm-i apart from one at 2102 cm-l (see fig. 5). This may be indicative of an 

Ag(CN); surface complex [17] (see table 1). On might speculate that the two 
(CN)- groups are attached perpendicular to the direction (110) of the edges and 
grooves of silver surface atoms. In the presence of an Ag,O layer, there is a Raman 
signal corresponding to bulk AgCN (see section 4). It is possible that this signal is 
due to an AgCN complex linearly coordinated to the rough silver surface sitting 
underneath the AgaO layer. 

The Ag-CN stretching and Ag-C-N bending frequencies have to be expected 
by analogy to data from Ag(CN)F [40] and Cu(CN)F [57] between 200 and 
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400 cm-l. These vibrations probably account for the observed peaks at 230 and 

312 cm-’ in fig. 4, though an analysis is not yet possible. 

7. The significance of atomic scale surface roughness 

We have shown that an enhanced Raman signal from adsorbed cyanide is only 
found after formation of a silver surface which is rough on an atomic scale. 

In this work, roughness has been created by electrochemical means, but apart 
from this, the electrolytic environment of the surface adsorbate seems to be 
unimportant. Therefore, other ways to produce atomic roughness should also yield 
the same results for the given system. 

This is corroborated by previous results of one of the authors [6]: when a silver 
surface is mechanically polished in air, one observes a strong Raman signal due to 
adsorbates out of the air. 

One might argue that cyanide is only adsorbed on a rough surface and hence the 
enhanced Raman signals can only be observed form a roughened surface. 

This is ruled out by the measurements of fitz and Heibaum [Sl] : On a smooth 
silver electrode, exposed to the electrolyte for 5 min at -0.65 V, one finds a CN- 

coverage of (0.83 * 0.16) X 1015 cme2, and after a cycle from -1 .O to 0 V back a 
coverage of (0.78 f 0.15) X 1015 cm-* comparable to the coverage after the anodic 
roughening cycles. (See section 6.) 

Finally, one might argue that only a special silver cyanide surface complex shows 
the enhancement effect (e.g. Ag(CN);) and that this complex does not exist at 
smooth surfaces. We think that this is very unlikely because we have presented 
evidence for an enhanced Raman effect also for other adsorbed silver cyanide com- 
plexes (AgCN, Ag(CN),), see section 6. Fig. 5 shows an enhancement also for silver 
surface complexes with NC0 and the carbonate group [6]. Raman enhancement has 
beeri found for many molecules adsorbed to silver but only after the anodic cycle 
treatment [2,23]. 

Therefore, we conclude that roughness on an atomic scale is crucial for the 
occurrence of an enhanced Raman effect. We conjecture that, once a molecular 
group is bound to an adatom, a step or any other kind of atomic scale surface 
roughness, the Raman effect will be enhanced. 

In the next section, we will give a short outline of a model which explains the 
enhanced Raman effect by the atomic scale surface roughness. 

8. Roughness induced electronic Raman scattering 

It was first pointed out by one of the authors [ 171 that a Raman signal from the 
vibrations of an adsorbate is always superimposed on a strong background. For 
instance in fig. 4, the general background in the enhanced spectrum is stronger than 
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the Raman signal from the electrolyte. It was first conjectured by this group [17] 
that this might be due to roughness induced electronic Raman scattering [I 7,191. 
Like Burstein and co-workers [ 191, we observed that the background signal is com- 
pletely depolarized. 

We think that the background is mainly caused by third order electronic Raman 

scattering described by 

u(wk) - 

In (7), ~$0~) is the Raman cross section for the Stokes shift wk, OL is the laser 

frequency, i, j and k denote electron hole pairs, Hep corresponds to the e(pA + Ap)/ 
2mc term of electron-photon interaction and He, is the electron-electron interac- 
tion. Hep and Hee are different from the corresponding quantities in the bulk metal 
or in the free electron gas since additional momentum is available for scattering of 
the electron hole pairs i and j at the adatoms or at other atomic scale surface rough- 
ness. This may be made plausible by the following arguments: 

In the bulk of a nearly free electron metal scattering of electrons by the atomic 
cores is weak because momentum transfer is restricted to reciprocal lattice vectors 
and the form factors for these processes turn out to be small. This is not true for 
adatoms. In this case, the broken lattice symmetry allows any momentum transfer 
and the form factors will be much larger for a wide range of momentum transfer. 
Such scattering processes account also for the well known increase of the resistivity 
of thin metallic films if the surface is rough on an atomic scale [59]. 

Because of the relaxation of the momentum conservation rule, the electron hole 
pairs i, j, k, for which the matrix elements in (7) are non zero, do extend over the 
whole single particle excitation band, whereas with momentum conservation, only 
very small portions of the single particle excitation band would be involved in (7). 
With relaxation of the momentum conservation, matrix elements do exist also for 
those electron hole pairs, for which the denominators in (7) become zero. As 
explained by Martin and Falicov [60], a cross section like in formula [7] for a 
continuum of intermediate states i and j is resonant. For constant numerator it is 
proportional to the square of the product of the electronic susceptibilities at OL 
and WL -. wk. In our case, these susceptibilities would correspond to the additional 
surface susceptibility by the formation of atomic scale roughness. 

There exists also an analogy to the resonant Raman scattering from dyes, which 
also have a broad continuum of electronic excited states. In this case, the cross 
section could be considered as analogous to formula (7), where Hep is replaced by 
the interaction of photons with the valence electrons of the dye molecule, and Hee 

by the interaction of these valence electrons with the dye molecule vibrations, i and 
j would correspond to excited vibronic states, Hence we conclude by analogy, that 
the first term in (7) is resonant. As the directions of the vector potential A of the 
incident light in (iiH,,(O) and of the scattered light in (OIH,,Ij) are uncorrelated, 
the scattered radiation wil be depolarized. 
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More experimental evidence for the existence of roughness induced electronic 
Raman scattering will be presented elsewhere [6 11. 

9. Roughness induced enhancement of the Raman scattering from adsorbates 

Like Chen and Burstein [19] we observed that the Raman line of the CN stretch 
mode (see fig. 4) is completely depolarized like the background. We think that this 
indicates a common origin of the enhancement of the Raman scattering cross 

section of the vibrations of the adsorbate and of the background signal (see also 
Chen and Burstein [19]). Our model is within the philosophy of local scattering 
processes of electron hole pairs as outlined by Burstein et al. [13,.58]. However, 
starting from our experimental results, we put more emphasis on the local rough- 
ness. We propose that the cross section is given by formula (8) 

(0 IH o(o,)_ c _.P__ li)( 1 ,i IH,, IO, iXilH,, IO) + time ordered terms * 
(8) 

Li CwL - wv - wj)(WL - wi> 

H,, is the interaction between metal electrons and the vibration of frequency o, of 
the adsorbate. 0 and 1 in the matrix element (1, ilH,,lO, i) denote the number of 

vibrational quanta w, in the adsorbate. Because of the relaxation of the momentum 
conservation by the presence of the adatom, to which the adsorbate is bound, the 
interaction is much stronger than for an adsorbate bound to a smooth part of the 
surface. One should note that the relaxation of the momentum conservation rule 
for the H,, matrix elements in formula (8) is caused by the adatom to which the 
adsorbate is bound. The arguments about the influence of the relaxation of the 
momentum conservation on Hep with respect to formula (7) also apply to formula 

(8). 
In the case of silver cyanide complexes, an experimental evidence for the 

strength of H,, is given by the tenfold increase in infrared absorbance by the CN- 
stretch vibration when CN- is bound to Agf in solution [38]. Jones [47] explained 
this by dynamic charge transfer from the CN- group to Ag+. In the case of silver 
cyanide surface complexes, one might expect a dynamic charge transfer from CN- 
via Ag+ to the Ag metal. (This corresponds to mechanism b for H,, in ref. [ 131). 

The proposed mechanism is not necessarily in contradiction to the experimen- 
tally observed frequency variation of the Raman cross section of pyridine adsorbed 
to silver, and the corresponding variation of the electro-reflectance coefficient with 
the frequency of the laser light measured by Pettinger, Wenning and Kolb [ 251. (See 

also ref. [62].) As already pointed out in ref. [17], the atomic scale surface rough- 
ness will also induce additional absorption in the visible spectral range. 

In our simple model, these roughness induced absorption processes are pro- 
portional to j(e IH,, 10)12 where e denote electron hole pairs with excitation energy 
hwl. The matrix element (elH,plO) is similar to the matrix elements (ilH,,IO) and 
(klH,,lk,j)* in formulae (7) and (8) in the case of resonance because then the 



J. Bilhnann et al. /Enhanced Raman effect from cyanide on silver 169 

electron hole pairs i and j have about the exitation energy t2wr. Or, in different 
words: When the H,, matrix element in (8) does not vary much with wi and tij, 
u(w,) and u(w,J will show the same dependence on oL. As explained in section 8, 
u(wk) is approximately proportional to the fourth power of the roughness and 
adsorbate induced surface susceptibility. 

The variation of the matrix elements with Ao, will depend on the variation with 
wL of the form factors mentioned in section 8. This effect can be incorporated in 

our simple model when (i]H,,IO) is evaluated for the particular adsorbate- 
adatom-metal complex. 

10. Comments 

After havening presented a possible explanation for the enhancement in sections 
8 and 9, a discussion of some other hypothesis seems necessary and in order [63]. 

IO. I. Resonant Raman effect by coupling to surface plasmons [IO-12J 

Raman scattering experiments on pyridine adsorbed on silver and gold sol 
particles have been performed by Creighton, Blatchford and Albrecht [5]. Accord- 
ing to these authors, their experiments confirm, that surface plasma oscillations are 
involved in the intense Raman scattering. The main argyment was the following: 
The sol particles showed an absorption spectrum with two maxima. According to 
Mie’s scattering theory each maximum corresponds to a special particle diameter. 

The Raman cross section, taken as function of the exciting laser frequency matches 
qualitatively the cross section for elastic light scattering for the particles with 

greater diameter, as calculated from Mie’s theory. 
However, Creighton et al. give no explanation, why the analogous signal for the 

particles of smaller size was not observed at all. These experimental observations 
may also be explained in the following way: The excitation spectrum of the Raman 
cross section is the product of the macroscopic electrodynamic Mie scattering cross 
section and the excitation spectrum of the microscopically enhanced Raman cross 
section, as observed for pyridine on relatively smooth plane silver surfaces by 
Creighton et al. [62] and by Pettinger et al. [25]. The latter spectrum shows 
approximately a twentyfold stronger cross section at 600 nm than at 450 nm. (This 
cannot be explained by surface roughness coupling of light to surface plasmons, 
because this effect would be strongest near 360 nm.) Therefore, one would not 
expect a significant contribution from the silver sol particles of smaller size, because 
of the lower Mie scattering cross section and the low microscopic enhancement. 

We consider a strong coupling of surface plasmons to adsorbates as very unlikely 
[64], because surface plasmon polaritons on a silver surface are delocalized on the 
scale of the adsorbate dimensions - they extend into the vacuum (or the liquid 
electrolyte) several thousand A, and into the metal about 200-300 A 1651. Only at 
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the limiting frequency o,n (corresponding for silver to 360 nm) the surface 
plasmons are fairly localized. Hence, only for adsorbates with an electronic excita- 
tion near o,n would one expect strong coupling between adsorbate and surface 
plasmons [66]. 

10.2. Image dipole effects. 

King, Van Duyne and Schatz [9] have proposed a model, in which the dynami- 
cal dipolar moment of the adsorbate, induced by the laser beam is enhanced by the 
presence of the image dipole. The enhancement factor F is given by 

Y(WL) @AWL) -4 
F= ;[l + y(wL)*] 1 - ----4R3 , 

%n(WL) - El(WL) 
Y(WL) = ~-__- 

fm(wL) + E1(“L) 

In (9), CY,(OL) is the electronic polarizability of the adsorbate, E,(w~) and et(w~) 
are the dielectric functions of the metal and the liquid electrolyte, all taken at the 
laser frequency wL. R is the distance adsorbate to metal surface. For small R, F can 
reach values of 1 OS to 1 06. 

Within the same model, the softening of the vibrational frequency we of the free 

adsorbate by the influence of the image dipole has been calculated by Lucas and 
Mahan [67]: 

w = wo{l -y(o) odO)/[4R3 - e_,(o)]}“* . (10) 

Because y(w) x y(oL) and oe(w) x o,(wL), F and the vibrational softening 

S=(we - w)/o,, are correlated. 

For typical values QI, - 2 A3 and OL, (0) - 0.05 A3, one obtains S = 0.2 for F = 

lo* and S = 0.8 for F = 106. Near the maximum value of F, the molecule disso- 
ciated. However, Jeanmaire and Duyne [2] observed for pyridine on silver S < lo-* 
[54], but F > lo’, which is not easily reconciled with the image dipole model 
[9,67], Also the Raman experiments by Allen and Van Duyne on different cyano- 
pyridines [68] do not show the strong dependence of the CN stretch signal on the 
distance R of the cyanide group from the metal surface according to formula (9), 
provided that the adsorbtion geometries as proposed in ref. [68] are correct. 

The image dipole theory of King, Van Duyne and Schatz [9] is a good approxi- 
mation to Efrima and Metiu’s classic theory of light scattering by a molecule 
located near a solid surface [69]. In this sense, the arguments given above also hold 
for this theory. 
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11. Conclusion 

The results of this paper may be summarized as follows: 
(1) A strong Raman enhancement for an adsorbate on a silver surface is only 

possible when the adsorbate is bound to an atomic scale surface roughness, e.g. an 
adatom. 
(2) The relaxation of the momentum conservation rule for scattering of metal 
electrons from an atomic scale surface roughness causes resonance Raman scattering 
at metal electrons and adsorbate vibrations. 

This mechanism is a local one which is definitely different from models involving 
surface roughness induced surface plasmons [lo-l 21. 

The strength of the resonance effect will depend on the electron adatom scatter- 
ing form factors. We conjecture that the proposed roughness induced enhancement 
mechanism should also exist for other metals besides Ag, Au, Cu, and Pt, for 
instance on Al. An adsorbate on a smooth surface is also a “roughness on atomic 
scale”. In general, the form factor for electron scattering from the adsorbate will be 
weaker than from an adatom, and therefore, the Raman cross section will not be 
increased so much. This is confirmed for atmospheric contaminants and cyanide on 
silver [6]: An evaporated smooth silver film exposed to air and cyanide solution 
will be covered at least with one monolayer of adsorbates, but no Raman signal 
could be detected (see also section 7). 

Nevertheless, we do not exclude the possibility that the mechanisms mentioned 
in the introduction and in ref. [59] may cause some enhancement of the Raman 
cross section of adsorbates on smooth surfaces in special cases. Even so, we think 
that the resonance effect, introduced by the atomic roughness of the metal surface, 
is the most important enhancement mechanism. 
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Note added in proof 

Bruce Laube (United Technologies Research Center, East Hartford, Connecticut 
06108, USA) has presented experimental data to us, indicating that the structures 
in the voltammograms (fig. 2) which we have assigned to Ag,O, are probably due 
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to AgCN. In this case, in eqs. (2) and (3), II is greater than 1; eq. (4) should be 
replaced by Ag(meta1) + CN- -+ AgCN(solid film) + e; and eq. (5) should be replaced 

by AgCN(solid film) + (12 - 1) CN- --f Ag(CN)F-‘)(aqueous). As the important 
point of our reasoning is the observation of the Raman signal after the reduction 
of a surface film (be it Ag,O or AgCN), our conclusions do not depend on this par- 
ticular point. 
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