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In recent years, we have been interested in the stuc 
cal effects at interfaces. Our motivation is twofold, 
ear optics in a bulk medium is now well developed, 'ha* 
not received much attention since the earl, invest 
and co-workers on second-harmonic reflection from 
with the understanding of surface nonlinear optics 
the stud;, of surface properties, in particular, for 
adsorption and overlayers on surfaces. There alread 
niques for studies of this nature, such as phctoems 
frared, and Rar.an spectroscopy [2], but laser optica 
sically fetter in spectral resolution. 
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rounding dielectric medium, respectively. At the surface plasmon resonance, 
Re[e m(>4 + 2£(uj)] = 0, and L m a x ( ^ ) " Im[e m(w) + 2 e ( u ) ] - 1 is resonantly en
hanced. This is possible for metals because Re(S m) is negative below the 
bulk plasmon resonance. More generally, the local field on a particular 
surface area of a small metal aggregate of a certain shape can be written 
as L(u) a l/f(6), and the surface plasmon resonance is excited when 
Re[f(e)] = 0. 

A nonlinear optical process is usually governed by the nonlinear polari
zation [10] 

P ( n ) U ) = x
( n ) U = U l + - - - + -JE, - - - E n (2) 

wi th x ' n ' = L W L l . , ) L (u j n )Na ' n ^ , where a ' n ' and x ' " ' are the n th-or 
der p o l a r i z a b i l i t y and s u s c e p t i b i l i t y , r espec t i ve l y , and N is the densi ty 
of atoms or molecules. We note tha t i f L ( u ) , L(u i [ ) , . . . , L ( u n ) are a l l re
sonantly enhanced, then x ' n ' and the corresponding nonl inear op t i ca l e f f ec t 
would be g rea t l y magni f ied. In the case of Raman s c a t t e r i n g , the e f f e c t i v e 
Raman c ross -sec t ion o e f f is propor t iona l to x' (~s = ^i - :*>i + *s) • "There
fo re , we have 

c e f f = L 2 (o> ) , )L 2 (u ) s )a . (3) 

I f L(un) = L(i js) = 20, which is a conservat ive es t ina te on s i l v e r , one f inds 
" e f f = 1.6 « 10 5 o. On top of t h i s l o c a l - f i e l d enhancement, the Raman cross-
sect ion c can, o f course, be f u r t he r enhanced through the i n t e r a c t i o n of the 
molecules w i th the meta l . 

Eq.(2) suggests tha t other nonl inear op t i ca l processes should also exper
ience such a l o c a l - f i e l d enhancement. In p a r t i c u l a r , second-harmonic gener
a t ion is p ropor t iona l to ' x ' 2 ' (2u>) ! 2 and there ore has a l o c a l - f i e l d enhance
ment fac tor ' : ; o c (2u>) = L u ( u . ) l 2 ( 2 i . ) . S i m i l a r l y , th i rd-harmonic generation 
has - i f o c ( 3 j ) = L 6 (u j )L 2 (3u j ) , and coherent ant i -Stokes Raman sca t t e r i ng has 
"i o c ' - a ' = L " ( ^ - l L 2 ( ^ i s ) L 2 ( u j a ) . I f we assume, appropr iate fo r rough s i l v e r , 
l L ) = L ( - ) = L ( . 5 ) = l_U a) = 20 and L(2^) = L(3u,) = 1 , we f i n d n ! o c ( 2 ^ ) = 
1.6 •• 1 0 \ 'toc'lJ = 6 - 4 * 1 0 " ' a n d n ; 0 c ( ^ a ) " z - 6 " , Q l C - T h e s e a r e h u S e 

emancement f a c t o r s , suggesting that even i f only a monolayer of atoms or 
• - r ' e c l e s c c t r i b u t e s to t i e nonl inear op t i ca l e f f e c t s , they cculd be obse1".'-
a! i e . 

We have indeed observed surface-enhanced second-harmonic generation (SHG) 
from a roughened silver surface [7]. In this case, SHG from a metal surface 
•: s believed to come from the first one or two surface layers of metal atoms. 
The enhancement can be directly measured by comparing the signal with the 
second-harmonic reflection from a smooth silver fiIn. A 3-switched Nd:YAG 
'aser at 1.06 ;m was used in the exoeriment to provide the pump beam. The 
'.ample was roughened by an electrolytic oxidation-reduction process and then 
rinsed in distilled water and dried by nitrogen. The second-harmonic (SH) 
reflection from the rough surface was highly dif^se. Its integrated power 
over the nearly isotropic angular distribution M ; found to be — I • U " 
times larger than the colligated second-harmonic signal from the smooth sur
face. The results are shown in Fig.l. That the signals were indeed from 
SHG is confirmed by the quadratic dependence of the signals on the input la
ser power, together with a measuremen* of the spectrum. To find the actual 
local-field enhancement, we realize that essentially all the enhanced SHG 
came from the silver aggregates on the roughened surface. Electron micro-
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F i g . l Power-law dependences of the 
nonl inear s ignal on s i l v e r . The upper 
and lower so l i d curves show the quad
r a t i c dependence o f the d i f f u s e SH s i g 
nal from the rough bulk sample and o f ' 
the co l l ima ted SH signal from the 
smooth f i l m , r espec t i ve l y , the dashed 
curve shows the cubic dependence of the 
d i f f use ant i -Stokes signal from the 
rough bulk sample 

graphs showed t h a t the surface consis ts o f ~ 500 A Ag aggregates separated 
by 1500 - 3 0 0 0 A. We there fore estimate that the aggregates occuoied a 
f r a c t i o n of roughly 5* o f the t o t a l surface. Then, i f we assume that the 
coherent dimension o f surface second-harmonic generat ion is approximate!v 
equal to the s ize of the aggregates, the actual loca l f i e l d enhancement of 
SHG from the aggregates i s w ( 2 w ) 10V0.05 = 2 « l o 5 . This may s t i l l be 
an underest imate, since not a l l aggregates give the maximum l o c a l - f i e l d en
hancement. Since u is very d i f f e r e n t from 2 * . i_U) and L ! 2 ^ ) cannot both be 
a t surface plasmon resonances. For the maximum enhancement, we exDect L'^ 
to be apprec iab le , but L(2u>) ~ 1 . Then, from - . ( 2 J = L " U ) L : ( 2 _ ) , we ' i n -
fe r L(u) ~ 20, which seems reasonab le ' o c 

lle have used, in a separate exper-
..m and "cund tha t the surface enhanc-
expected because L ( - ) is roughly pro, 
ter decreases as .. approaches the bu 
have also found that the surface enhc. 
->•. at 1.06 -jn and j ; at 0.53 urn is at" 
than that of SHG wi th „, at 1.06 -m, v 
" l O C ^ l + ' - 2 ) / n ; 0 c ( 2 - ) = <- : U] + - ) < 
per and gold has also been seen. The 
magnitude weaker than tha t f o r s i l ve r 
r e s u l t i n g from the heightened values 

nent [ 1 1 ] , a pump beam at 0.53 and 0 
nent o f SHG was only - 1 0 : . Tnu is 
j r t i o r ^ l to t m ( ^ . ) / l m [ e r i ; . ) ] and ;'-• 
< piasmon resonance of the meta l . « 
ncement of sum-frequency generat ion 
Jut three orders of magnitude smalle 
:ich can be understood from the re 'a 
- ' ( - ) . Surface-enhanced SHG f r o i co; 
enhancement is at least one order o' 
and can be explained by the smal ler 
f ImS fo r copper and gold [ 7 ] . 

Among the surface-enhanced nonl ine r op t i ca l e f f e c t s , BOYD and YU [ 1 1 " i r 
our laboratory have observed th i rd -ha monic generat ion from a roughened aold 
S U » ! V l \ a ? U m p b e a m a t ] - 0 6 " m - F o r a 1 0 n s e c P u l s e . w i th peak i n t e n - ' 
s i r y of 5 M.J/cm^ in an area o f .2 cm' , a rough estimate suggests tha t the 
th i rd-harmonic s ignal from a smooth gold surface is about 3 orders of magni
tude weaker than the second-harmonic signal in the absence of any surface 
enhancement. With surface enhancement, i t should be about 1 order of magni
tude weaker, i n general agreement wi th our measurements. We have a lso ob
served surface-enhanced luminescence from roughened surfaces of s i l v e r cop-
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per, nd gold w i th one- and two-photon e x c i t a t i o n . Luminescence w i th one-
photon e x c i t a t i o n from a smooth s i l v e r surface was ra ther weak, and tha t 
w i th two-photon e x c i t a t i o n i s not observable. We can consider luminescence 
wi th n-rhoton e x c i t a t i o n as an (n + l ) -pho ton process, but the surface en
hancement fac to r i n t h i s case is more d i f f i c u l t to est imate because the ra 
d i a t i on e f f i c i e n c i e s from smooth and rough surfaces may be very d i f f e r e n t . 
Hyper-Raman sca t t e r i ng i s another three-photon process. I t i s ra ther weak 
and not eas i l y observable even in bulk media. With surface enhancement, 
however, i t even becomes possible to observe hyper-Raman sca t te r i ng from 
molecules adsorbed on sur faces, as has recent ly been reported by CHANG fo r 
S0 2 on s i l v e r powder [ 1 2 ] . The l o c a l - f i e l d enhancement f ac to r i n t h i s case 
is [n jodHR = L ' * ( i i j j l )L 2 (u s ) = 1.6 * 1 0 5 , i f L ( I D I ) = 20 an . L ( u s ) = 1 . Sur
face-enhanced coherent ant i -Stokes Raman sca t te r i ng (CARS) is espec ia l l y i n 
t e r e s t i n g , s ince , as we mentioned e a r l i e r , the l o c a l - f i e l d enhancement fac
to r is as high as 2.6 x 1 0 1 0 fo r L(u) = 20. In a d d i t i o n , i n t e rac t i ons be
tween the molecules and metal can f u r t h e r enhance the process. One would 
then expect tha t i t would be possible to observe surface-enhanced CARS from 
molecules adsorbed on s i l v e r . Un fo r tuna te ly , d i sc r im ina t i on of the a n t i -
Stokes signal against e l a s t i c sca t t e r i ng of the pump beams from the rough 
surface is d i f f i c u l t . Work to detect surface-enhanced CARS is present ly 
s t i l l in progress. 

Since one can observe SHG from one or two layers of metal atoms on a me
ta l sur face, one would expect tha t i t i s also possib le to observe SHG from 
a monolayer of adsorbed molecules. This is confirmed by a t heo re t i ca l e s t i 
mate using the equation [ 8 ] 

s = 2 5 5 A , | N ^ ( 2 ) | 2 j 2 A T p h o t o n s / p i j l s e , (3) 
he ( 2 ) 

where S is the SHG s i g n a l , N a is the surface densi ty o f molecules, a is 
the second-order p o l a r i z a b i l i t y , I ] i s the i n tens i t y of a p-polar ized pump 
beam inc ident at 45° , A is the beam c ross -sec t i on , and T is the pu lsewid th , 
a l l in cgs u n i t s . I f a ( 2 ) ~ 1 » 1 0 " 2 3 esu, N a ~ 4 x 10 1 1* c m " 2 , I , ~ 1 MW/ 
cm2 at 1.06 u m, A = 0.2 cm 2 , and T = 10 nsec, we f i n d tha t S - 1.5 x 10 3 

photons/pulse. Tr s, even wi thout surface enhancement, SHG from a monolayer 
of adsorbed molecules w i th | N a a ( 2 ) i ^ 1 0 " 1 5 esu should be detectable i f the 
pump sean does not induce surface damage. 

S., preparing a monolayer of p-ni trobenpeic acid adsorbed on an aluminum 
oxipe surface, we have obtained d i r e c t evidence for the de tec tab i 1 i t y of a 
molecular monolayer by SHG in the absence of any surface enhancement e f f e c t s . 
In th i s case, tne adsorbed monolayer produced - 5 times as much second-harmon
ic signal as the substrate alone. In another case of i n t e r e s t , we have s tud
ied Ŝ G from a smooth Ag electrode in an e l e c t r o l y t i c c e l l , which consisted 
of a glass c e l l con ta in ing 0.1K KC1 in doubly d i s t i l l e d water. In add i t i on 
to the Ag e lec t rode , a Pt working e lect rode and a saturatea calomel e lect rode 
were submerged in the e l e c t r o l y t i c c e l l , w i th a bias voltage appl ied between 
the Pt and Ag e lec t rodes . The e f f e c t of ;he double charge layer in the so lu 
t i on at the Ag surface on SHG can be read i l y seen. The observed re f l ec ted 
second-harmonic signal as a func t ion of the voltage drop between Ag and the 
reference saturated calomel e lect rode (SCT), VAg-scE, appears in F ig .2 . This 
curve can be understood as the resu l t o f nterference between the SHG from Ag 
and the f i e ld - induced SHG from the double charge layer . In f a c t , the data 
can be f i t very wel l by an e f f e c t i v e nonl inear s u s c e p t i b i l i t y 

(2) = v

( 2 ) + - ( 2 ) in) 
' e f f x A g A DC H j 
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Fig.2 SH from a smooth s i l v e r f i l m 
in 0.1H KC1 versus V, 

(2) 2 
w i th x5c " a E o + b E o > where E0 i s the DC e l e c t r i c f i e l d in the double charge 
layer and is assumed to be l i near in Vftg.sCE [ 1 3 ] . We assume that x U ' i s 
independent o f V. e r r . Ag-SCE 

With surface enhancement, SHG from adsorbed molecules is even more eas i l y 
observable [ 8 ] . This can be shown by moni tor ing the d i f f u s e SH from the Ag 
e lect rode submerged in the e l e c t r o l y t i c c e l l dur ing an ox ida t ion - reduc t ion 
cyc le . The f i r s t one or two e l e c t r o l y t i c cycles roughen the Ag surface and 
presumably ac t i va te the adsorpt ion s i t e s . The SHG signal from the roughened 
Ag e lect rode is then monitored dur ing a subsequent cyc le . A t yp i ca l r esu l t 
is shown in F ig .3 . At the beginning o f the ox ida t i on c y c l e , the signal r i ses 

cL 
flg + D AqC:*e ' 

— -gCl + e" I — acrCl" 

^N^ iW 

V; U 

-0 30V 

+ OCZV 

0 

0 5 

-0 30V -0JOV -1 10 V 
0 

0 5 _ + 0 0 8 V 
T»T>e ( t r . r j ! e 

0 

0 5 _ 

Fig.3 Current and d i f fuse SH as a 
func t ion of time dur ing and a f t e r an 
e l e c t r o l y t i c cyc le . The voltages 
l i s t e d in the lower curve are VAg-SCE-
Pyr id ine (.05M) was added to the 0.111 
KC1 so lu t ion fo l low ing the completion 
of the e l e c t r o l y t i c cycle 



6 

sharply, indicating the formation 
off after an average of 3 or 4 mon 
the amount of charge transfer that 
only the surface layers of molecul 
the field-induced SHG in the solut 
surface, and the signal from AgCl 
At the end of the rtJuction cycle, 
4 layers of AgCl are reduced. The 
cycle can probably be explained by 
redeposition of silver. 

of AgCl on the surface. The signal levels 
olayers of AgCl are formed, as judged from 
occurred. This confirms the picture that 

es contribute to SHG. In the present case, 
ion is presumably averaged out at the rough 
in Fig.3 is rather insensitive to V/\g-SCE-
the signal drops suddenly as the last 3 or 
rise in the signal near the end of the 
the increase of surface roughness through 

A striking demonstration of the capability of SHG for detecting a monolay
er of adsorbed molecules is provided by the case of pyridine adsorbed on the 
silver electrode in an electrolytic solution. As shown in Fig.3, after the 
reduction cycle is completed, if pyridine (0.05M) is added to the solution 
and a bias corresponding to VAg_5r,[r = - 1.1 v is applied, the second-harmonic 
signal increased by 25 - 50 times. This signal arises from the adsorption of 
a monolayer of pyridine on the Ag surface, which is known to depend on 
vAq-SCE [*>]. T h e SHG data in Fig.4 show that pyridine begins to be adsorbed 
at V. s r (- — 0.5 v and reaches a monolayer at — 0.9 v. 

J2 15 
c 

I 

• with Pyridine 
o without Pyridine 

•w 

-0.5 -1.0 -I 
V A g - S C E ( v 0 l , S ) 

Fic.4 Diffjse SH signal versus 
V^n-SCE following an electrolytic 
cycle, with .05M pyridine and O.IK 
KC1 dissolved in water 

We can use SHG from adsorbed pyridine to obtain the adsorption isotherm, 
i.e., the surface density of adsorbed pyridine molecules versus pyridine con
centration in the electrolytic solution. We as si le that the second harmonic 
signal can be expressed by P(2u) = (A + B N a ) 2 , where the BN a term is from ad
sorbed pyridine, with N a being the surface density of pyridine molecules, and 
the A term coming from the Ag background. Fig.5 gives the measured (,P(2«) -
A) a N a versus the pyridine concentration . in the electrolytic solution for 
VAg-SCE = - 1.0 v. It happens that the result can be fit nicely with the 
simple Langmuir equation [14] 

— N c as 
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Fig,5 Equilibrium (^P(2u) - A) ver
sus bulk pyridine concentration. The 
solid curve is a theoretical fit to 
the experimental data using the Lang-
muir model 

where N as is the saturated value of N ana K (in mole/i) is related to the 
adsorption free energy AG by 

K = 55 exp(- AG/RT) . 

From the theoretical fit, we find &G = 5.1 kcal/mole for pyridine on silver 
in 0.1H KC1 aqueous solution. From surface-enhanced Raman scattering, we 
have deduced a very similar adsorption isotherm, differing only in that the 
initial slope of the curve is somewhat higher, with a corresponding tG = 5.7 
kcal/mole. 

Other molecules adsorbed on Ag, including CN, cyanopyridines, pyrimidine, 
and py.azine, have also been stud:ed. In all these cases, adsorption and 
desorption of a molecular monolayer by control of the bias voltage can be 
observed. T_ne c a s e °f pyazine is of special interest. While the pyridine 
molecule vI^N is not centrosynmetric, the pyrazine molecule NC^~^N d ° e s 

have inversion symmetry. Therefore, the former has a nonvani shi~r\g <j(2J, but 
the latter has a vanishing a' 2). If, however, the molecules are chemically 
adsorbed on silver, then both will have nonvanishing a( 2) because the inter
action between molecules and metal breaks the symmetry. The SHG sianal from 
the adsorbed pyrazine versus V a _,... is presented in Fig.6. In comparison 
with Fig.4, it is seen that the--ia>:im;,-i signal -"ro~ p>.raz'ne is only 4 - 5 
times smaller than that from pyridine. Tnis means that :-.(:-•• for pyrazine is 
only - 2 times smaller than :,i:) for pyridine. This result confi'ms the fact 
that pyrazine is chemically adsorbed on Ag with a strong metal-adscrbate in
teraction, as previously suggested by the Raman measurements [151. 

Detection of molecular monolayers by SHG unfortunately lacks SDectral se
lectivity. The technique can, however, be extended with sum- and difference-
frequency generation. As one or both frequencies approach resonances, the 
signal is expected to be greatly enhanced. The resonant enhancement feature 
should then allow us to carry out spectroscopic studies of adsorbed molecules 
With pulsed lasers, transient spectroscopy of adsorbed molecules may also be
come possible. 

Acknowledgement T.F.H. acknowledges partial support as an NSF graduate fellow. 
This work was supported by the Director, Office of Energy Research, Office of 
Basic Energy Sciences, Materials Science Division of the U.S. Department of 
Energy under Contract Number W-7405-ENG-48. 
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