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RAMAN SCATTERING FROM A MOLECULE ADSORBED AT THE METAL SURFACE. 

THE MOLECULAR CHARGE OSCILLATION MECHANISM 

A.G. Mal'shukov 

Institute of Spectroscopy, USSR Academy of Sciences, Troitsk, Moscow r-n, 
142092, U.S.S.R. 

Résumé - On présente un modèle de diffusion Raman exaltée de 
surface, dans lequel l'exaltation résulte de la modulation 
de la réflectivité par la charge moléculaire totale qui 
oscille avec la fréquence de vibration. Les oscillations de 
charge sont dues à la variation périodique de la position du 
niveau moléculaire. 

Abstract - The model for Surface Enhanced Raman Scattering 
is presented in which the enhancement is a result of 
reflectivity modulation by the molecular total charge which 
oscillates with the vibrational frequency. The charge 
oscillations are caused by the periodical variation in the 
molecular level position. 

I - INTRODUCTION 

There are experimental reasons to believe now that a considerable 
part of the Raman Scattering (RS) enhancement is due to some short-
-distance mechanism closely related to nature and geometry of the 
molecular bonding to the metal substrate. Several experimental 
observations provide the evidence for such a mechanism: the first 
monolayer effect /1,2/; the effect of bonding geometry /3,4/> 
evidence for active sites at the metal surface /5-7/; influence of 
the tunneling barrier height between the molecule and the metal /&/; 
"activation" of the Pt surface by a monolayer of silver /9/. 
One can find a complete discussion of related works in /10/. 

Another part of the RS enhancement displays a long-distance 
behaviour and depends on electromagnetic.aspects of the molecule-
-metal interaction rather than chemical ones. The theory of electro­
magnetic enhancement which explains the effect of Surface Enhanced 
Raman Scattering (SERS) in terms of the classical local-field 
enhancement induced by plasma resonances at the rough or specially 
shaped surfaces can provide successful interpretation of data in 
many cases, especially in metal colloids /11/ arid silver structures 
produced by microlitography /12/. Thus there is unambiguous evidence 
for the electromagnetic mechanism to be responsible for at least a 
part of the enhancement. 

However there is no suitable theory for the "chemical" enhancement. 
The system consisting of an adsorbed molecule and a metal is too 
complicated for any microscopic calculation. Therefore most of the 
theories are based on purely speculative arguments, or employ a 
highly approximate description of the molecule-metal interaction. 
Hence there are no reliable predictions which could allow one to 
find out the nature of the "chemical" enhancement. 
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Here a simple model f o r  the  "chemical" enhancement i s  presented 
which gives c l e a r  p red ic t ions  avoiding a t  the same time complicated 
microscopic ca lcu la t ions .  Some r e s u l t s  of this theory were published 
e a r l i e r  /13/. We s h a l l  discuss here m a i n l y  q u a l i t a t i v e  aspec t s  of the  
theory and r e l a t e d  experimental r e s u l t s .  

A general  property of the  adsorbate system is t h a t  conduction 
e lec t rons  of the  metal can be involved i n  the  RS process. They take 
p a r t  i n  c o l l e c t i v e  plasma resonances a t  the  rough stmface microstruc- 
tu res  /14/. !t'hey can a l s o  be involved i n  the  charge t r a n s f e r  process 
providing the resonance RS i n  v i s i b l e  /15,16/. But a p a r t  from these  
e f f e c t s  conduction e lec t rons  could se rve  a s  s c a t t e r e r s  of l i g h t .  The 
scheme of t h i s  s c a t t e r i n g  is  the  following: the  inc iden t  Laser l i g h t  
(frequency Cd . ) induces ca r sen t  ( o r  po la r iza t ion)  i n  the  metal; 
molecular v ib rh t ions  modulate t h i s  cur ren t  a t  the  v ib ra t iona l  f re -  
quency W and the  l i g h t  emission a t  the frequencies + (d 
appears asva r e s u l t .  This mechanism can be very e f f e c t i v e  $0;  the'^^ 
enhancement due t o  l a sge  polaz'izability of conduction e lec t rons  i n  
v i s ib le .  

!be idea  about the  poss ible  r o l e  of conduction e lec t rons  a s  sca t t e -  
r e r s  w a s  proposed by OTTO /,IT/ who considered R S  i n  terms of the  
n e t a l  r e f l ec . t iv i ty  modulation by the  no lecu la r  v i b r a t i n g  dipole.  
However, the d ipo le  cannot produce e f f e c t i v e  modulation of the 
e lec t ron ic  cur ren t  a t  t h e  f l a t  surface;  only a t  the  rough surface  
the breaking of the  momentum conservation law causes the growth of 
the dipole  con t r ibu t ion  t o  RS /13/. Another modulating mechanism 
involves o s c i l l a t i o n s  o f  the  t o t a l  molecular charge d r iven  by vibra- 
t ions  i n  the molecule. 'Jkis m z i s m  was considered by UcCALL and 
PLBTWR /18/ i n  t h e i r  model of a v i b r a t i n g  i o n  per iod ica l ly  dipping 
i n t o  e lec t ron  gas, by AUSSEILEGG and LIPPITSCIl /I 9/ by analogy wi th  
charge t r a n s f e r  i n  ion ic  compounds and by the  author /13/ i n  terms 
of o s c i l l a t i o n  i n  occupancy of molecular o r b i t a l s  i n  chemisorbed 
molecule. 

A basic  assumption of the l e t t e r  model is the exis tence of the  mole- 
c u l a r  e lec t ron ic  l e v e l  near  the  Pexmi energy E . I n  an i s o l a t e d  mole- 
c u l e  t h i s  l e v e l  i s  d i s c r e t e  and may be occupieg by one o r  two e lec t -  
rons  o r  be empty. Thus, t h e  molecular o r b i t a l  includes  an  in teger  
quant i ty  of e lec t rons .  However, f o r  the chemisorbed molecule this 
is  no t  the  case;  due to mixing of t h i s  molecular o r b i t a l  with the  
continuum of e lec t ron ic  s t a t e s  i n  the  metal  the l e v e l  w i l l  acquire  
the  width f: and its occupancy could be var ied continuously 
dependingon r and the  l e v e l  p o s i t i o n r e l a t i v e  to  EF. It should 
be mentioned t h a t  t h i s  p o s i t i o n  does no t  coincide wi th  t h a t  f o r  an 
i s o l a t e d  molecule; i t  can be Sh i f t ed  s i g n i f i c a n t l y  as a r e s u l t  of 
i n t e r a c t i o n  with the  metal. Thus, i n  a chemisorbed molecule we have 
the  continuum spectrum of e lec t ron ic  s t a t e s  wi th  the densi ty  centered 
about the s h i f t e d  energy E . The Anderson-ITewns model p r e d i c t s  f o r  
t h i s  densi ty  of s t a t e s  t h e a ~ o r e n t  z ian form. Therefore, the  occupancy 

n i s  given by 

EF-B 
(1)  

where D(E)= ~f [(E - E )2  + v2 ] and B is the conduction 
zone bandwidth. I n  the  gq. (1) B can be s a f e l y  taken a s  cr, 

i f  i-4 B. 



The connection between t h e  occupancy of t h e  l e v e l  and molecular 
v ib ra t ions  is  now d i r e c t l y  seen from the  eq.(l) .  The molecular 
v ib ra t ions  a d i a b a t i c a l l y  d r ive  the  l e v e l  pos i t ion  and hence the  
occupancy and the  t o t a l  molecular charge. For example, energies of 

7f and 7f* o r b i t a l s  i n  hydrocarbons a r e  s e n s i t i v e  t o  the  
C -C s t r e t c h  mode. For occupancy v a r i a t i o n  An we g e t  from(1) : 

A n = D ( E ~ )  A E ~  , (2) 

where A Ea is the v a r i a t i o n  of Ea during one normal mode 
o s c i l l a t i o n  ~q A E  =(dE /dq) A q  . It should be mentioned 
$ k ~ a 3 i  a l l  t h i s  a d i a b i t i c  p?ctur'8 o f  chmge per iod ica l ly  flowing i n t o  
and from the molecule is cor rec t  only i f  the  ad iaba t i c  condi t ion 

f 7) Ctr', is f u l f i l l e d .  

The t o t a l  e l e c t r i c  charge on the molecule which o s c i l l a t e s  wi th  t h e  
frequency Lt), induces the e l e c t r i c  f i e l d  E( O ) ins ide  the  metal 
which, i n  i t s  tu rn ,  modulates the Linear responsevto the  applied 
f i e l d  E( W. ) o f  l a s e r  l i g h t .  %is c r e a t e s  the emission of l i g h t  
a t  f r e q u e n d e s  Ci). 5 0 . !&e modulated metal  response can be calcu- 
l a t e d  by analogy k t h  tge RUDNICK and STERN /20/ theory of %he second- 
-harmonic generation. How ever, now we have two i n t e r a c t i n g  f i e l d s  
E ( O  ) and E(CJ.1 to  y ie ld  E (  W .  k O ) ins tead  of second- 
-har&onic gener&tion where E( O.) t tb . t e rac t8n  wi th  i t s e l f  t o  give 
E(2 0 . ) . m e s e  c a l c u l a t i o n s  '/13/ give the  RS enhancement about lO 

f&r3unsaturated hydrocarbons ( the  UPS d a t a  /21/ were used) and 
about 10 f o r  CO on Cu(100) using d a t a  on the v i b r a t i o n a l  l i f e t i m e  
for CO on Cu(100) /22/ (see below). But i t  i s  more i n t e r e s t i n g  t o  
discuss  q u a l i t a t i v e  r e s u l t  which follows d i r e c t l y  from t h i s  model 
and do no t  depend on d e t a i l s  of ca lcula t ions .  

111 - DISCUSSION 

The c ross  s e c t i o n  f o r  RS is equal t o  
2 tY= f(Cdi, W v ) ( A n )  , (3) 

where A n is given by the eq. (2) and t h e  f a c t o r  f ( 13. , W ) is 
determined by the  nonl inear  metal response and may inclhde a d o  the  
l o c a l  f i e l d  enhancement fac to rs .  

The amplitude of the  occupancy o s c f l l a t i o n  An includes  a l l  
information on the  adsorbate system. But the ca lcu la t ion  of n 
i n  a r e a l  adsorbate system is r a t h e r  d i f f i c u l t ,  e spec ia l ly  i f  the  
molecule forms a complex with an adatom o r  o ther  de fec t  s i t e s  a t  the  
surface .  It is poss ib le  t o  es t imate  A n  only i n  simple cases  
when the molecule adsorbs a t  s i n g l e  c r y s t a l  su r faces  and the  bonding 
geometry is known. Such es t imat ion had been made f o r  hydrocarbons 
wi th  the use o f  UPS d a t a  t o  c a l c u l a t e  D(E). However, s i n g l e  c r y s t a l  
su r faces  a r e  not  SERS ac t ive .  The r e a l  SERS a c t i v e  s i t e s  a t  the  rough 
sur face  and bonding geometry a re  not  known. In  s p i t e  of t h i s  some 
conclusions can be made. 

a )  AS it has been shown /23/, occupancy o s c i l l a t i o n s  cause changes 
i n  v i b r a t i o n a l  spectra .  These a r e  the  s h i f t  i n  t h e  v i b r a t i o n a l  f re -  
quency and the  decrease o f  the  v i b r a t i o n a l  l i f e t ime .  The same approach 
was used t o  expla in  a n  observable (by EELS) decrease of the  l i f e t i m e  
o f  t h e  s t r e t c h  mode CO and N on s i n g l e  c r y s t a l  s w f a c e s  o f  some 
metals /22/. An important f ac3  is t h a t  t h i s  l i f e t i m e  is propor t ional  
t o  ( ~ n ) - ~ .  Therefore a conclusion follows: the  width (and s h i f t )  of 
any l i n e  i n  the  SERS spectrum increases  wi th  its in tens i ty .  It should 
be noted t h a t  t h i s  width appears due t o  e x c i t a t i o n  of e lec t rons  i n  
t h e  subs t ra te .  Hence, i t  does not depend on temperature and looks as 
a n  inhomogeneous broadening. MOSCOVSTS e t  a 1  /24/ observed the  come- 
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l a t i o n  between t h e  broadening and SERS i n t e n s i t y  i n  s p e c t r a  of CO and 
N adsorbed a t  Ag and L i  surfaces.  The authors noted t h a t  t h i s  corre- 
l g t i o n  is  a general  property of SERS spectra .  Independent measurements 
o f  FWl!!I of v i b r a t i o n a l  s p e c t r a  by EELS i n  SERS "activen systems \vould 
allow to  ge t  a simple est imation f o r  A n  and . 
b)  The cross  s e c t i o n  6. from ( 3 )  has i t s  maximum when E - I n  
t h i s  case  the  l e v e l  a t  t h e  Permi surface  provides a resonb&%iannel 
f o r  electronic tunnel ing between the  metal and the  molecule. The 
c o r r e l a t i o n  between the  e f f e c t i v e  b a r r i e r  height  and the SERS e f f e c t  
was observed i n  tunnel  junctions / 8/. In tense  s i g n a l s  were cor re la ted  
wi th  lower e f f e c t i v e  ba r r i e r s .  

c )  Any f a c t o r  which changes r o r  the  p o s i t i o n  of E could inf luence 
the  SERS in tens i ty .  One could s h i f t  the l e v e l  Ea by c8adsorbtion o f  
i o n i c  species  (such a s  ch lo r ide  ions )  o r  by the appl ied p o t e n t i a l  i n  
a n  electrochemical  c e l l .  Po ten t i a l  dependence of SERS was observed i n  
/25/. However, t h e  p o t e n t i a l  behaviour of SERS w a s  d i f f e r e n t  f o r  
d i f f e r e n t  inc iden t  l i g h t  frequencies. This behaviour does no t  follow 
from (3)  and seems t o  support  s t rongly  the model of the  resonance RS 
i n  adsorbate complexes /I 5,16/. However, the model of o s c i l l a t i n g  
charge could a l s o  expla in  this e f f e c t  . The f a c t o r  f ( W - , W ) i s  a l s o  
dependent on the  po ten t i a l .  There a r e  two contr ibut ion& t o  %he nonli- 
near  response of the  metal. One o f  these is  long-range modulation of 
the  metal po la r iza t ion  ( s  kin-depth) and the o ther  is  the  s u r f  ace 
con t r ibu t ion  /20/. The former does not  depend on the  p o t e n t i a l .  Howe- 
ver,  the l a t t e r  v a r i e s  wi th  applied voltage. Both of them display 
d i f f e r e n t  frequency dependence. Therefore some frequency dependent 
shift of6vs p o t e n t i a l  curve should take place.  The ca lcu la t ion  of 
t h i s  e f f e c t  i s  now i n  progress.  

d )  A general  property of any mechanism which involves modulation of 
r e f l e c t i v i t y  is the  shaxp angular dependence of g . !Phis depen- 
dence has no th ing i n  common with  the  angular  resonances observed on 
g ra t ings  and could be observed even at,flat skbs t ra tes .  Resonance 
occurs when components of wavevektors k. and ks p a r a l l e l  t o  the, 
su r face  s a t i s f y  the  equation% (r - E f  = , where Q (k)  
i s  the  surface  plasmon-polari Bn Sdisp&rsion curye. This con8gtion 
i s  t h a t  of the nresonancell modulation of r e f l e c t i v i t y ,  The surface  
(random) roughening should l e a d  t o  broadening of the  resonance while 
t h e  g r a t i n g  p e r i o d i s i t y  w i l l  r e s u l t  i n  appearence of s a t e l l i t e s .  

e )  The concept of lladatomsll o r  "active s i t e s1 '  can be e a s i l y  included 
i n  the  model proposed here. One may argue t h a t  the  "act ive  s i t e t f  is 
the  s i t e  where the  e lec t ron ic  l e v e l  is c lose  t o  the  Permi energy. 
Por example, ch lo r ide  ions  change the l o c a l  work funct ion of the  
metal and, consequently, s h i f t  the  % - l e v e l  of pyr idine  u t o  the  
Permi l eve l .  One should mention t h a t  the  l e v e l  Ea i n  D(E? is  no t  
necessary a rnoleculacr one. It should belong t o  any surface  s t a t e ,  
possibly t o  the  s t a t e  located a t  the adatom. In the  surface  complex 
molecular v ib ra t ions  can lldriven this l e v e l  as the  molecular one, 
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