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ABSTRACT 

An increase in the optical second-harmonic signal arising from an 

electrochemically treated silver surface upon adsorption of a monolayer 

of the centrosymmetric molecule pyrazine is reported and an effective 

second-order nonlinear polarizability for the adsorbed species is de-

duced. These investigations illustrate the potential of second~harmonic 

generation in the elucidation of the character of interfaces on an aton-

ic scale. 

This work was supported by the Director, Office of Energy Research, Of
fice of Basic Energy Sciences, ~1aterials Sciences Division of the U.S. 
Department of Energy under Contract Number W-7405-ENG-48. 
*On leave from Laboratoire d'Optique Quantique, Ecole Poly technique, 

91128 Palaiseau, France. 
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In centrosymmetric media, no optical second-harmonic generation 

(SHG) can occur within the electric-dipole approximation.
l 

As a conse-

quence, the weak second-harmonic (SH) signal produced by such materials 

may be strongly influenced by surfaces, regions where the inversion syrnr 

metry of the bulk material breaks down. We have previously determined 

that the adsorption of a monolayer of pyridine onto an electrochemically 

f d Ol f k d h 0 h SH 0 0 2 re orme S1 ver sur ace causes a mar e growt 1n t e 1ntens1ty. 

Lacking inversion symmetry, the free pyridine molecule has an electric

~(2) 
dipole contribution to the second-order nonlinear polarizability a 

Therefore, a simple alignment of molecules upon adsorption could explain 

the increase in'SilC. For the adsorption of centrosymmetric molecules, 

however, such an alignment alone cannot account for a change in the SH 

intensity. In this paper, we report on the augmented SH signal associ-

ated with the adsorption of a monolayer of the centrosymmetric molecule 

pyrazine on an electrochemically treated silver surface. We interpret 

this effect in terms of the broken inversion symmetry of the adsorbed 

molecules interacting with the metal. Our work underscores the sensi-

tivity of SHG to the details of surface structure~ 

The experiment was carried out with an electrochemical cell consist-

ing of a mechanically polished polycrystalline silver plate and a plati-

num working electrode in an electrolyte of O.lM KCi in doubly distilled 

( 

• 
water. A saturated calomel electrode (SCE) was also present, with respect to 

o which all potentials are quoted. Pulses of 10 nsec duration from a Q-

switched Nd:YAG laser operating at a wavelength of 1.06 ~ and a repeti-

tion rate of 10 Hz illuminated the silver sample. This fundamental 

beam, which had a cross-sectional area of 0.2 cm2 and an energy 

, 
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of 0.3 mJ/pulse, was p-polarized and incident on the silver surface at a 

45° angle. A significant fraction of the angularly diffuse .53 ~ SH ra-

diation generated at the interface of the roughened silver was collected 

by f/1 optics aligned along the direction of the specular reflection. 

Relying on color and,interference filters'to block light of undesired 

frequencies, we detected the SH signal with a photomultiplier and gated 

electrometer. 

The principal results of these investigations are given in Fig. 1. 

The plot represents the SH intensity from generation at the silver sur-

face as a function of the reverse bias applied between the silver and 

platinum electrodes, registered by the silver-SCE potential,VAg_SCE 

The silver sample was prepared by completing three oxidation-reduction 

2 cycles, each with a charge transfer of 90 mC/cm. Through this proce-

dure, the silver surface was reformed and an appreciable roughening on 

the scale of 100 nm resulted, as we confirmed with.the aid of a scanning electron 

microscope. The SH signal in Fig. 1 does not exhibit a pronounced depen-

dence on the voltage applied following the third cycle in the presence 

of just the pure electrolyte. Upon introduction of pyrazine to form a 

O.OSM solution, however, we observe an increase in SH intensity and a 

characteristic voltage dependence of the signal. It should be noted 

that we recorded the SH signal while making the silver electrode more 

negative at each step, since irreversible changes in the surface chemis

try or structure seem to be induced for large reverse biases. 3 In the 

pyrazine solution, the maximal SH intensity was found to be - 10 times 

as great as that originating from the roughened silver surface in the 

pure electrolyte. By way of comparison, the adsorption of pyridine gave 
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rise to a - 50-fold increase in SHG. 2 The SH radiation was angularly 

diffuse and unpolarized, as one would expect in view of the rough pro-

file of the silver surface on the scale of an optical wavelength. That 

the signal was, in fact, SH was verified by checking its monochromaticity 

and its quadratic variation with the intensity of the fundamental exci-

tation. 

The dependence of the SH intensity on the silver electrode poten-

tial depicted in Fig. 1 can be compared to that obtained by Raman scat-

t 
. 3,4 

er~ng measurements. In the latter case, strong signals have been 

observed from what is taken to be a monolayer of adsorbed pyrazine under 

experimental conditions similar to ours for VAo-SCE --O.4V. The in-
c 

crease in SHG that we have attributed to the adsorption of pyrazine also 

reaches a peak in the vicinity of VAg-SCE = -O.4V. The Raman spectra of 

the adsorbed pyrazine molecules were notable for the appearance of in-

frared-active bands, which for the centrosymoetric free pyrazine mole-

cule are not Raman active. The observed comparable intensity of these 

otherwise forbidden transitions was attributed to the lowering of the 

symmetry of the adsorbed pyrazine molecules by a strong molecule-metal 

interaction. The same conclusion follows from our SHG measurements: if 

pyrazine adsorption occurred with only a minimal redistribution of elec-

( 
n 

tronic charge in the molecules and in the metal, such adsorption would • 

not cause an appreciable change in the SH signal, since'the undistorted \1 ,. 
pyrazine molecules have a vanishing second-order polarizability in the 

electric-dipole approximation. 

In this experiment, we dealt with particularly strong SH signals, 

5-9 which can be understood as stemming from a significant enhancement 
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of the optical fields near the rough structures formed on the silver 

surface by the electrolytic cycling. At a fundamental wavelength of 

1.06 u, such a surface enhancement of ~ 104 in SH intensity of a cycled 

silver surface compared with a flat one has been established. 9 Even for 

the relatively low intensity excitation (- 100 kW/cm2) utilized in this 
6 . 

experiment, we observed - 10 photons/pulse of SHG. This suggests that 

under favorable conditions,2 detection of such surface sensitive SH sig-

nals should also be practical in the absence of surface enhancement ef-

fects. 

We can deduce from our measurements an approximate value for the 

effective second-order nonlinear polarizability of a pyrazine molecule 

adsorbed to a silver surface. The term effective polarizability is used 

advisedly, as the SH radiation may well arise largely from the metallic 

conduction electrons in the distorted distribution induced by the inter-

action with the adsorbed pyrazine, rather than from the perturbed distri-

bution of the electrons in the adsorbed molecules themselves. Let us 

suppose for the purpose of estimating the nonlinear polarizability that 

the ratio R of the SH intensity £rom the pyrazine-silver system to that 

of the clean silver surface is independent of the degree of roughness of 

the silver. Since the absolute SH signal strength arising from a flat 

silver surface can be readily determined,2,10 t'he SH conversion effi-

ciency for pyrazine molecules adsorbed on a smooth silver surface can be 

inferred from the known ratio R. Modeling the system as a monolayer of 

1 d i . 11 1 . a igne , non nteract~ng, po ar~zable molecules positioned directly in 

front of a reflecting plane, we can then determine the second-order polari-

b l · f h lIb 1 1 . 2,12 za i ~ty 0 t e mo ecu es y an e ementary ana ys~s. With R-lO and a 
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surface density of adsorbed molecules of '" 4 x 10
14 

cm-
2 

for a full mono-

layer coverage, we obtain for the effective second-order nonlinear polar

izability of pyrazine adsorbed on silver, a.~~i (pyrazine/silver) '" 4 x 

10-30 13,14 esu. Following the same procedure for pyridine with the ad-

sorbate surface density given above, but with the experimental ratio R 

50, we infer a.~~~ (pyridine/silver) '" 8 x 10-
30 

esu. 

In the environment of the electrochemical cell, static electric 

6 15 
fields in excess of 10 V/cm are found in the double charge layer, and 

one cannot dismiss out of hand the possibility that the SH signal arises, 

at least in part, from a third-order nonlinear process involving the 

static electric field. This mechanism, however, does not appear to be 

dominant in these measurements, since there is only a weak variation of 

the SH signal with applied voltage in the absence of pyrazine, while in 

the presence of pyrazine the Raman scattering and SH signals show simi-

lar voltage dependences. 

The detection of SH associated with the adsorption of the centro-

symmetric molecule pyrazine to silver described here exemplifies the 

high degree of surface sensitivity afforded by SHG. The results obtained 

also substantiate the idea of a strong adsorbate-metal interaction, as 

previously suggested by Raman scattering measurements. SHG, or its ex-

tension to resonant sum-frequency generation, appears to hold promise 

as a new probe of surface structure, one that is useful for the difficult 

study of interfaces between two dense media. 

One of the authors (T.F.H.) gratefully acknowledges partial support 

from an N.S.F. graduate fellowship. This work was supported by the Di-

rector, Office of Energy Research, Office of Basic Energy Sciences, Ha-

f 
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terials Sciences Division of the U.S. Department of Energy under Contract 

Number W-7405-ENG-48. 
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Figure Captions 

Fig. 1 SH intensity from the cycled silver surface as a function of its 

potential VAg-SCE for an electrolytic solution of O.lM KCt with 

and without 0.05M pyrazine present. The error bars are indica-

tive of the uncertainty in the relative shape of the voltage de-

pendence; the overall ratio of the signal in the two cases is 

possibly subject to a somewhat larger error. 

, 
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