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Ultrafast Coherent Raman Spectroscopy 
W. Zinth and W. Kaiser 

P h y s i k D e p a r t m e n t E l l , Technische Universität München, 
D-8000 München, F e d . R e p . o f G e r m a n y 

1. I n t r o d u c t i o n 

D u r i n g the past decade, time r e s o l v e d c o h e r e n t methods have a t t r a c t e d 

much i n t e r e s t f o r the s t u d y of f a s t dynamic p r o c e s s e s . In p a r t i c u l a r , 

time r e s o l v e d c o h e r e n t Raman s c a t t e r i n g a l l o w e d to measure - i n the 

time domain - r a p i d d e p h a s i n g p r o c e s s e s o f m o l e c u l a r v i b r a t i o n s i n 

l i q u i d s and e l u c i d a t e d v a r i o u s l i n e - b r o a d e n i n g mechanisms /1-4/. It i s 

the aim o f t h i s paper to f o c u s a t t e n t i o n on two more r e c e n t s u b j e c t s . 

W hile time r e s o l v e d Raman s c a t t e r i n g i s a method working i n the time 

domain, i t a l l o w s to o b t a i n v a l u a b l e i n f o r m a t i o n i n the f r e q u e n c y 

domain /5,6/. The r e s u l t s of c o h e r e n t e x p e r i m e n t s i n the time domain 

have to be t r a n s f o r m e d by a p p r o p r i a t e methods, e.g. by F o u r i e r t r a n s 

f o r m a t i o n , to show p r o p e r t i e s o f the i n v e s t i g a t e d system i n the 

f r e q u e n c y domain. We p r e s e n t here two d i f f e r e n t approaches to r e l a t e 

time and f r e q u e n c y domain: ( i ) A time r e s o l v e d c o h e r e n t Raman e x p e r i 

ment i s pe r f o r m e d and the s pectrum of the c o h e r e n t l y s c a t t e r e d l i g h t i s 

r e c o r d e d , ( i i ) A n u m e r i c a l t r a n s f o r m a t i o n i s a p p l i e d to c o h e r e n t d a t a 

o f h i g h time r e s o l u t i o n g i v i n g p r e c i s e v a l u e s o f f r e q u e n c y d i f f e r e n c e s 

o f v i b r a t i o n a l modes s e p a r a t e d by s e v e r a l t e r a h e r t z . Both t e c h n i q u e s 

g i v e - when a p p l i e d i n an a p p r o p r i a t e way - r e s u l t s s u p e r i o r to s t e a d y -

s t a t e spontaneous s p e c t r o s c o p y . 

A f t e r a s h o r t t h e o r e t i c a l d e s c r i p t i o n of the b a s i c i d e a s o f the two 

t e c h n i q u e s we g i v e e x p e r i m e n t a l r e s u l t s . Measurements are p r e s e n t e d 

where c o n g e s t e d s p e c t r a l r e g i o n s c o n s i s t i n g of s e v e r a l o v e r l a p p i n g 

bands are r e s o l v e d and the v i b r a t i o n a l t r a n s i t i o n f r e q u e n c i e s of the 

d i f f e r e n t components are d e t e r m i n e d . We a l s o show that t e r a h e r t z 

quantum b e a t s can be measured w i t h advanced e x p e r i m e n t a l systems; they 

g i v e p r e c i s e v a l u e s f o r the f r e q u e n c y d i f f e r e n c e s between v i b r a t i o n a l 

t r a n s i t i o n s s e p a r a t e d by more than 200 cm
- 1

. 

2. Theory 

Time r e s o l v e d c o h e r e n t Raman s c a t t e r i n g i s commonly t r e a t e d under the 

f o l l o w i n g a s s u m p t ions / ! / : L i g h t f i e l d s are d e s c r i b e d by Maxwell's 

e q u a t i o n and the v i b r a t i o n a l t r a n s i t i o n s are r e p r e s e n t e d by t w o - l e v e l 

s y s t e m s . Changes i n the p o p u l a t i o n o f the two m o l e c u l a r l e v e l s are 

n e g l e c t e d (weak Raman i n t e r a c t i o n ) . Important i s the c o h e r e n t a m p l i t u d e 

<q>, i . e . the e x p e c t a t i o n v a l u e o f the v i b r a t i o n a l a m p l i t u d e . F i r s t we 

d i s c u s s a s i n g l e homogeneously broadened t r a n s i t i o n w i t h d e p h a s i n g 

time T 2 . We use the a n s a t z of p l a n e waves f o r the c o h e r e n t a m p l i t u d e 

<q> = ( i / 2 ) Q exp(-io)q t + ikq x) + c . c . and assume an i s o t r o p i c Raman 

t e n s o r f o r the i n v e s t i g a t e d v i b r a t i o n . The c o h e r e n t a m p l i t u d e of a 

Raman a c t i v e mode at f r e q u e n c y wq i s e x c i t e d v i a t r a n s i e n t s t i m u l a t e d 

Raman s c a t t e r i n g by a p a i r of l i g h t p u l s e s , the l a s e r p u l s e E L and the 

Stokes p u l s e ^ E s /1,7/. The e l e c t r i c f i e l d s are c o n s i d e r e d to be p l a n e 

waves, e.g. E L = 1/2 E L exp ( - i COL t + i k L x ) + c . c . w i t h the wave v e c t o r k L 
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and f r e q u e n c y U L f o r the l a s e r f i e l d . The d r i v i n g f o r c e F ( x , t ) f o r the 

co h e r e n t a m p l i t u d e Q i s p r o p o r t i o n a l to the pr o d u c t o f the l a s e r and 

the Stokes f i e l d , F ( x , t ) « E L E S * ; as a r e s u l t the c a r r i e r f r e q u e n c y of 

the e x c i t a t i o n f o r c e i s W L - C O S . The l i n e a r r e s p o n s e t h e o r y a p p l i e d to 

the e x c i t a t i o n p r o c e s s l e a d s to the f o l l o w i n g e q u a t i o n f o r the c o h e r e n t 

a m p l i t u d e Q: 

t 

0 ( t ) — K / d t * E L (t ' )Es* ( f ) e x p [ ( t * - t ) / T 2 - i A w t ' ] -

The c o n s t a n t tc i s d e f i n e d i n R e f . / l / and c o n t a i n s m a t e r i a l parameters 

such as Raman c r o s s s e c t i o n and v i b r a t i o n a l f r e q u e n c y w q . T 2 s t a n d s f o r 

the d e p h a s i n g time o f the t r a n s i t i o n . D e t u n i n g between e x c i t a t i o n f r e 

quency and v i b r a t i o n a l mode i s g i v e n by Aw = w L - w s - w q . The c o h e r e n t 

a m p l i t u d e <q> under the a c t i o n o f a s h o r t e x c i t i n g f o r c e e v o l v e s as 

f o l l o w s : <q> r i s e s to a maximum w i t h the e x c i t i n g f o r c e and, subse

q u e n t l y , decays e x p o n e n t i a l l y w i t h the d e p h a s i n g time T 2 . D u r i n g the 

f r e e e x p o n e n t i a l decay the m o l e c u l e s o s c i l l a t e at t h e i r r e sonance 

f r e q u e n c y coq . In the e x p e r i m e n t s d e s c r i b e d h e r e , the l a r g e bandwidth of 

the s h o r t d r i v i n g f o r c e a l l o w s to e x c i t e s e v e r a l v i b r a t i o n a l modes 

s i m u l t a n e o u s l y . The a d d i t i o n a l modes may be t r e a t e d w i t h the same 

a n s a t z , i n t r o d u c i n g the i n d i v i d u a l r e s o n a n c e f r e q u e n c i e s w
q
j , a m p l i 

tudes Qj , and phase f a c t o r s <j>j . 

In a time r e s o l v e d c o h e r e n t Raman experiment the a m p l i t u d e <q>, 

g e n e r a t e d at time z e r o , i s m o n i t o r e d by c o h e r e n t Raman s c a t t e r i n g o f a 

d e l a y e d p r o b i n g p u l s e E L 2 . We i n v e s t i g a t e the a n t i - S t o k e s p a r t of the 

sp e c t r u m , which i s g e n e r a t e d by the n o n l i n e a r p o l a r i s a t i o n P N L A S : 

P N L A S = Y < q> E L 2 + X < 3 ) N R E L E S * E L 2 . ( 2 ) 

The c o h e r e n t s i g n a l c o n s i s t s o f two p a r t s . The f i r s t p a r t on the r . h . s . 

o f Eq.(2) d e s c r i b e s the c o h e r e n t Raman s i g n a l s c a t t e r e d from the ex

c i t e d v i b r a t i o n a l mode. The c o n s t a n t y c o n t a i n s the Raman c r o s s s e c t i o n 

o f the mode. T h i s p a r t o f the c o h e r e n t s i g n a l i s e m i t t e d at the r e s o n a n t 

a n t i - S t o k e s f r e q u e n c y W A S = coL2+ioq and c o n t a i n s i n f o r m a t i o n on the 

dynamic p r o p e r t i e s o f the i n v e s t i g a t e d mode. The second p a r t on the 

r . h . s . of Eq.(2) i s caused by the nonresonant n o n l i n e a r s u s c e p t i b i l i t y 

X ( 3 ) N R , which i s r e l a t e d to o f f - r e s o n a n t modes and e l e c t r o n i c c o n t r i 

b u t i o n s . E s p e c i a l l y d i s t a n t e l e c t r o n i c t r a n s i t i o n s d e t e r m i n e t h i s 

s i g n a l /8/. The nonr e s o n a n t p a r t o f the s i g n a l g i v e s an i n s t a n t a n e o u s 

r e s p o n s e , i . e . i t f o l l o w s the p r o d u c t E L E S * E L 2 and decays very r a p i d l y 

w i t h the time r e s o l u t i o n o f the e x p e r i m e n t . The re s o n a n t p a r t , on the 

o t h e r hand, shows the s l o w e r r e s p o n s e o f the r e s o n a n t l y e x c i t e d mode. 

The nonresonant p a r t o f the c o h e r e n t s i g n a l does not p r o v i d e any i n f o r 

m ation on the i n v e s t i g a t e d modes. I t has to be s e p a r a t e d from the 

r e s o n a n t s i g n a l . T h i s f a c t i s not p o s s i b l e i n the s t e a d y - s t a t e c o h e r e n t 

a n t i - S t o k e s Raman s p e c t r o s c o p y (CARS). In the t i m e - r e s o l v e d c o h e r e n t 

a n t i - S t o k e s e x p e r i m e n t s d e s c r i b e d here the s e p a r a t i o n i s p o s s i b l e . 

M e a s u r i n g at l a t e r d e l a y times a l l o w s to o b t a i n i n f o r m a t i o n on the 

r e s o n a n t p a r t of the s i g n a l a l o n e , w h i l e the nonresonant p a r t has 

v a n i s h e d at t h a t t i m e . 

The two t i m e - r e s o l v e d s p e c t r o s c o p i c t e c h n i q u e s d i s c u s s e d next a p p l y the 

same t r a n s i e n t e x c i t a t i o n p r o c e s s , but d i f f e r i n the way the p r o b i n g 

p r o c e s s i s p e r f o r m e d . 

2.1 Short E x c i t a t i o n and P r o l o n g e d I n t e r r o g a t i o n s p e c t r o s c o p y 

We i n t r o d u c e the s o - c a l l e d s j i o r t e x c i t a t i o n p r o l o n g e d i n t e r r o g a t i o n 

(SEPI) s p e c t r o s c o p y . P e r f o r m i n g t h i s t e c h n i q u e one uses a s h o r t and 
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b r o a d - b a n d e x c i t a t i o n p r o c e s s f o l l o w e d - at l a t e r d e l a y times - by a 

c o h e r e n t s c a t t e r i n g p r o c e s s u s i n g a l o n g p r o b i n g p u l s e / 5 , 9 - H / . The 

f r e q u e n c y s p ectrum o f the c o h e r e n t l y s c a t t e r e d s i g n a l i s d e t e c t e d . In 

o r d e r to g a i n optimum s p e c t r a l r e s o l u t i o n , a l o n g and p o s s i b l y G a u s s i a n 

shaped p r o b i n g p u l s e E L 2 i n t e r r o g a t e s the c o h e r e n t m a t e r i a l e x c i t a t i o n 

at a l a t e d e l a y time tp a f t e r the peak of the e x c i t i n g f o r c e . At t h a t 

time the c o h e r e n t a m p l i t u d e decays e x p o n e n t i a l l y and the nonresonant 

c o n t r i b u t i o n to the c o h e r e n t s i g n a l X ( 3 ) N R has d i s a p p e a r e d . The a n t i -

S t o k e s spectrum becomes 

S A S ( Ö ) « | E A S ( ß ) |
2 

« i T d t e i ß t E A s ( t ) | * = i T d t e i ( ö " W L 2 " W q ) t K L 2 ( t ) Q ( t ) |
2

. ( 3 ) 
— CO — CO 

The a n t i - S t o k e s s i g n a l i s c e n t e r e d at the a n t i - S t o k e s f r e q u e n c y 

U À = o ) L 2 + c j q , p r o v i d e d t h a t the p r o b i n g l i g h t f i e l d does not e x h i b i t 

phase m o d u l a t i o n . E q . ( 3 ) r e p r e s e n t s the F o u r i e r t r a n s f o r m o f the 

p r o d u c t ( p r o b i n g f i e l d E L . 2 times the c o h e r e n t a m p l i t u d e Q), i . e . the 

F o u r i e r t r a n s f o r m o f the p r o d u c t o f a G a u s s i a n f u n c t i o n times an expo

n e n t i a l f u n c t i o n . T h i s p r o d u c t i s a g a i n a G a u s s i a n f u n c t i o n of the same 

w i d t h , which i s s h i f t e d i n t i m e . In o t h e r words, the width of the a n t i -

S t okes spectrum i s d e t e r m i n e d by the G a u s s i a n shape of the p r o b i n g 

f i e l d E L 2 , which may become v e r y narrow p r o v i d e d one works w i t h l o n g 

( i . e . s p e c t r a l l y narrow) p r o b i n g p u l s e s . When the p r o b i n g p u l s e s are 

s u f f i c i e n t l y l o n g , t
P
 > 1 . 4 T 2 , the o b s e r v e d SEPI l i n e i s narrower than 

the spontaneous Raman band w i t h A v s p o n t - 1 / T T T 2 . As a consequence, the 

a n t i - S t o k e s f r e q u e n c y may be d e t e r m i n e d w i t h h i g h a c c u r a c y . Of s p e c i a l 

i n t e r e s t i s the a p p l i c a t i o n o f the SEPI t e c h n i q u e to c o n g e s t e d s p e c t r a l 

r e g i o n s made up o f o v e r l a p p i n g v i b r a t i o n a l bands. In t h i s c a s e , the 

n a r r o w i n g o f the d i f f e r e n t t r a n s i t i o n s below the spontaneous w i d t h 

a l l o w s to r e s o l v e i n d i v i d u a l t r a n s i t i o n s b u r i e d under a broad inhomo-

geneous s p e c t r u m . 

2.2 F o u r i e r T r a n s f o r m Raman S p e c t r o s c o p y 

In a second a p p r o a c h we r e c o r d the c o h e r e n t s i g n a l f o r a l o n g time 

p e r i o d i n a pure time-domain e x p e r i m e n t . In o r d e r to have optimum 

te m p o r a l r e s o l u t i o n p u l s e s of v e r y s h o r t d u r a t i o n f o r the e x c i t i n g and 

p r o b i n g l a s e r f i e l d s a r e r e q u i r e d . Under these c o n d i t i o n s the e x p e r i 

ment d e t e c t s the t i m e - i n t e g r a t e d c o h e r e n t s i g n a l as a f u n c t i o n of the 

d e l a y time between e x c i t i n g and p r o b i n g p r o c e s s : 

+ 00 

S ( t o ) « / d t | E A S ( t , t o ) I
2 

— CO 

+ 00 + 00 

« / d t | P
N L

A s ( t , t o ) I
2

 = / d t | y < q > E L 2 + X ( 3 > M R E L E S * E L 2 | 2 . ( 4 ) 

_co — œ 

For s h o r t e x c i t i n g and p r o b i n g p u l s e s t h i s experiment measures the 

component due to X ( 3 ) N R at time z e r o and, most i m p o r t a n t , the time 

dependence o f the c o h e r e n t a m p l i t u d e . When s e v e r a l modes are e x c i t e d 

s i m u l t a n e o u s l y , the s i g n a l decay i s complex. It c o n t a i n s c o n t r i b u t i o n s 

o f the d i f f e r e n t v i b r a t i o n a l modes. It can be shown t h a t f o r s h o r t 

d r i v i n g and p r o b i n g p u l s e s the c o h e r e n t s i g n a l i s e q u i v a l e n t to the 

a b s o l u t e s q u a r e o f the F o u r i e r t r a n s f o r m of the spontaneous Raman 

spectrum /5,6/. As a c o n s e q u e n c e , f r e q u e n c y domain i n f o r m a t i o n may be 

o b t a i n e d from time r e s o l v e d d a t a by F o u r i e r t r a n s f o r m a t i o n . 
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The two t e c h n i q u e s i n t r o d u c e d here a n a l y z e the m o l e c u l a r system i n a 

s i m i l a r way. In the F o u r i e r - t r a n s f e r m s p e c t r o s c o p y the m a n i p u l a t i o n of 

the measured d a t a p r i o r t o the t r a n s f o r m a t i o n may l e a d to improved 

s p e c t r a l r e s o l u t i o n . In the SEPI experiment the h a n d l i n g o f the 

i n f o r m a t i o n s t a r t s w i t h the p r o l o n g e d p r o b i n g p r o c e s s u s i n g G a u s s i a n 

shaped p u l s e s . In t h i s way, the e x p o n e n t i a l decay o f the s i g n a l due to 

the d e p h a s i n g p r o c e s s - c o r r e s p o n d i n g to the homogeneous L o r e n t z i a n 

l i n e shape i n spontaneous s p e c t r o s c o p y - i s removed p r i o r to the 

s p e c t r a l a n a l y s i s . T h i s p r o c e d u r e i s e q u i v a l e n t to a n u m e r i c a l 

f i l t e r i n g of the time r e s o l v e d d a t a i n the F o u r i e r t r a n s f o r m Raman 

s p e c t r o s c o p y / 6 / . 

3 . The E x p e r i m e n t a l System 

An e x p e r i m e n t a l s e t - u p used s u c c e s s f u l l y i n v a r i o u s c o h e r e n t Raman 

i n v e s t i g a t i o n s i s d e p i c t e d s c h e m a t i c a l l y i n F i g . l . A pumping l a s e r 

s o u r c e g e n e r a t e s s y n c h r o n i z e d e x c i t i n g and p r o b i n g l i g h t f i e l d s at the 

f r e q u e n c i e s C O L , C O L 2 , and u s i n s e v e r a l dye l a s e r s . The d u r a t i o n s o f the 

v a r i o u s l a s e r p u l s e s a r e d e t e r m i n e d by the s p e c i a l type o f the l a s e r . 

For the SEPI e x p e r i m e n t we use a p i c o s e c o n d ( s y n c h r o n o u s l y pumped) dye 

l a s e r e m i t t i n g p u l s e s E L and E L 2 w i t h W L = I O L 2 of d u r a t i o n tp - 12 ps 

and a second p i c o s e c o n d dye l a s e r (pumped by the same mode-locked Ar-

i o n l a s e r ) to pr o d u c e the Stokes p u l s e Es ( t
P
 - 5 ps) /12/. For the 

Pumping Laser 

Frequency 
Convertors 

Optical 
Delay 

Polarization 
Control 

Sample 

Polarization and 
Wavelength Filter 

Spectrometer 

Detection 

F i g . l S c h ematic of the e x p e r i m e n t a l 

system used to s t u d y time r e s o l v e d 

c o h e r e n t Raman s p e c t r o s c o p y . A mode-

l o c k e d A r - i o n l a s e r s y n c h r o n o u s l y 

pumps dye l a s e r s as f r e q u e n c y con

v e r t o r s . The c o h e r e n t l y s c a t t e r e d 

s i g n a l i s r e c o r d e d by a h i g h l y sen

s i t i v e d e t e c t i o n system 
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F o u r i e r - t r a n s f o r m c o h e r e n t Raman experiment one works w i t h the same 

Stokes p u l s e s , but the e x c i t i n g and p r o b i n g l a s e r p u l s e s a r e v e r y 

s h o r t , namely 60 f s . The l a t t e r a r e produced i n a femtosecond u n i 

d i r e c t i o n a l r i n g dye l a s e r /13/. The e x c i t i n g Stokes and l a s e r p u l s e s 

a r e f o c u s e d i n t o the sample g e n e r a t i n g the coh e r e n t m a t e r i a l e x c i t a t i o n . 

The p r o b i n g p u l s e s are d e l a y e d r e l a t i v e to the e x c i t i n g p u l s e s i n the 

o p t i c a l d e l a y OD and then t r a v e r s e ( a t the phase-matching a n g l e ) the 

e x c i t e d volume o f the sample. The weak c o h e r e n t l y s c a t t e r e d l i g h t i s 

s e p a r a t e d from the i n c o m i n g p u l s e s v i a diaphragms, p o l a r i z e r s , and 

a p p r o p r i a t e s p e c t r o m e t e r s . In the case of SEPI s p e c t r o s c o p y a h i g h -

r e s o l u t i o n s p e c t r o g r a p h ( A X / A = 1 0 ~
 5

 ) s e r v e s to observe t h e a n t i - S t o k e s 

s p e c t r u m . The d e t e c t i o n system i s a h i g h l y s e n s i t i v e c o o l e d photo-

mult i p l i e r . 

4. S h o r t E x c i t a t i o n and P r o l o n g e d I n t e r r o g a t i o n S p e c t r o s c o p y o f 

Hydrogen-bonded A g g r e g a t e s 

With the SEPI t e c h n i q u e m i x t u r e s o f l i q u i d p y r i d i n e and methanol were 

s t u d i e d . In the s e m i x t u r e s hydrogen bonds between p y r i d i n e and methanol 

o c c u r , s t r o n g l y i n f l u e n c i n g the spontaneous Raman s p e c t r a . In F i g . 2 the 

spontaneous Raman d a t a o f p y r i d i n e : methano1 m i x t u r e s are d e p i c t e d f o r 

the s p e c t r a l range o f 980 cm"
1

 to 1030 cm
- 1

. In neat p y r i d i n e ( l o w e s t 

t r a c e i n F i g . 2 ) the v i mode o c c u r s at 990.5 cm
- 1

. When methanol i s 

added to p y r i d i n e , an a d d i t i o n a l b r o a d band appears around 1000 cm
- 1

, 

which s h i f t s w i t h i n c r e a s i n g methanol c o n c e n t r a t i o n /14/. S h o u l d e r s i n 

the spontaneous Raman s p e c t r u m i n d i c a t e t h a t t h i s band i s made up o f 

s e v e r a l components. The s p o n t a n e o u s Raman data do not a l l o w to d e t e r 

mine the number, the f r e q u e n c y p o s i t i o n s , and the a m p l i t u d e s o f the 

d i f f e r e n t components. In F i g . 3 b and 3c we p r e s e n t SEPI d a t a taken o f 

two m i x t u r e s . For each m i x t u r e a dozen s p e c t r a were r e c o r d e d . The l a s e r 

f r e q u e n c y COL was kept c o n s t a n t and d i f f e r e n t a n t i - S t o k e s s p e c t r a were 

measured, when t u n i n g the S t o k e s f r e q u e n c y i n s t e p s o f 1 c m
- 1

. Of 

s p e c i a l i n t e r e s t a r e the narrow SEPI s p e c t r a around 1000 c m
- 1

. One 

f i n d s two d i s t i n c t bands at 997.3 cm
- 1

 and at 1000 cm
- 1

, and a weaker 

component at 1001 cm
- 1

. The t h r e e f r e q u e n c y p o s i t i o n s a r e marked i n 

F i g . 3 by v e r t i c a l d a s h - d o t t e d l i n e s . The r e l a t i v e a m p l i t u d e s o f the two 

major components change c o n s i d e r a b l y w i t h c o n c e n t r a t i o n . W h i l e the com

ponent at 1000 cm
- 1

 i s s t r o n g e s t at xpy = 0.33 molar f r a c t i o n ( F i g . 3 b ) , 

one f i n d s the component at 997.3 cm
- 1

 to dominate at xpy - 0.66 molar 

f r a c t i o n ( F i g . 3 c ) . A l a r g e number of SEPI s p e c t r a was ta k e n f o r 

P y r i d i n e : M e t h a n o l 

990 1000 
Raman Shift C c m _ , J 

F i g . 2 Spontaneous Raman s p e c t r a o f 

pure p y r i d i n e ( l o w e s t t r a c e ) and o f 

m i x t u r e s of p y r i d i n e and m e t h a n o l . 

In the m i x t u r e s a new band a p p e a r s 

around 1000 cm
- 1

, which i s due to 

complexes of p y r i d i n e and m e t h a n o l . 

The band i s r e s o l v e d by SEPI s p e c t r o 

scopy i n t o t h r e e l i n e s (see F i g . 3 ) 
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-n I — T
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» 0.5 

,1000 

"1000 

F_:Lß.:...Ii Raman s p e c t r a of p y r i d i n e : methanol 

m i x t u r e s , (a) P o l a r i z e d spontaneous Raman 

spectrum measured at a p y r i d i n e concen

t r a t i o n of 0.33 molar f r a c t i o n taken w i t h 

a s t a n d a r d Raman s p e c t r o m e t e r of s p e c t r a l 

r e s o l u t i o n o f 0.5 cm
- 1

, (b) and (c) Sh o r t 

e x c i t a t i o n and p r o l o n g e d i n t e r r o g a t i o n 

(SEPI) s p e c t r a o b t a i n e d f o r a s e t o f ex

c i t a t i o n f r e q u e n c i e s V L - V S at two p y r i 

d i n e c o n c e n t r a t i o n s , x p y - 0.33 molar 

f r a c t i o n (b) and x p y = 0.66 molar 

f r a c t i o n ( c ) . The s p e c t r a , taken at ex

c i t a t i o n f r e q u e n c i e s V L - V S < 994 cm
- 1

, 

are drawn w i t h reduced a m p l i t u d e s [x0.25 

in (b) and x().()2 i n ( c ) ] . The SEPI 

s p e c t r a r e s o l v e t h r e e Raman l i n e s o f 

d i f f e r e n t hydrogen-bonded a g g r e g a t e s 

h i d d e n under the broad band o f the spon

taneous Raman spectrum (see dash d o t t e d 

l i n e s ) 

o c 
CO 

CL 
LU 
(J) 

990 995 
R a m a n Shif t 

F i g . 4 C o n c e n t r a t i o n dependences o f the 

a m p l i t u d e s of the two SEPI l i n e s at 

997.3 cm"
1

 and 1000 cm"
1 

4) 
N 

"o 
6 
O 
Z 

0.5 

v=997.3cm 1 

v* = 1000cm" 

Pyri di ne 
0.5 1 

Concentrat ion 

p y r i d i n e c o n c e n t r a t i o n s between x p y
 =

 0.1 and 1.0 molar f r a c t i o n . The 

c o n c e n t r a t i o n dependence of the a m p l i t u d e s i s shown i n F i g . 4 f o r the 

two SEPI l i n e s at 997.3 cm"
1

 ( f u l l p o i n t s ) and 1000 cm"
1

 ( c i r c l e s ) . The 

band at 997.3 cm
- 1

 r i s e s to a peak v a l u e at x p y - 0.5 molar f r a c t i o n , 

w h i l e the band at 1000 cm
- 1

 shows a maximum at h i g h e r methanol concen

t r a t i o n s w i t h x p y = 0.25 molar f r a c t i o n . 

Our d a t a suggest the f o l l o w i n g p i c t u r e o f the hydrogen bonded complexes: 

( i ) There e x i s t at l e a s t t h r e e d i s t i n c t complexes o f p y r i d i n e and 

m e t h a n o l , ( i i ) The s p e c i e s at 997.3 cm
- 1

 c o n s i s t s of one p y r i d i n e and 

one methanol m o l e c u l e (PM). T h i s complex has i t s h i g h e s t c o n c e n t r a t i o n 

when p y r i d i n e and methanol are at e q u a l numbers i n the s o l u t i o n , ( i i i ) 

The component at 1000 cm-1 appears to be made up of one p y r i d i n e and 

two or - more p r o b a b l y - f o u r methanol m o l e c u l e s ( P M 2 or P M 4 ) . I n d i 

c a t i o n s f o r the l a t t e r complex are found i n the l i t e r a t u r e ; s e l f -

a s s o c i a t i o n of methanol i s r e p o r t e d to o c c u r at h i g h methanol concen

t r a t i o n s w i t h a predominance o f methanol t e t r a m e r s /15/. ( i v ) The 

component at 1001 cm
- 1

 i s t e n t a t i v e l y a s s i g n e d t o complexes PMn w i t h 

n > 4. 
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5. F o u r i e r T r a n s f o r m Raman S p e c t r o s c o p y of T r a n s i t i o n s w i t h 

T e r a h e r t z F r e q u e n c y d i f f e r e n c e s 

H i g h - r e s o l u t i o n F o u r i e r t r a n s f o r m c o h e r e n t Raman s p e c t r o s c o p y was f i r s t 

r e p o r t e d by G r a e n e r and L a u b e r e a u , who worked w i t h l i g h t p u l s e s o f 

twenty p i c o s e c o n d d u r a t i o n . The a u t h o r s s t u d i e d v i b r a t i o n a l - r o t a t i o n a l 

t r a n s i t i o n s i n C H 4 s e p a r a t e d by l e s s than 1 cm
- 1

 w i t h h i g h r e s o l u t i o n 

o f 10~
3

 cm"
1

. The d a t a were taken i n a time i n t e r v a l o f 12 n s . 

In t h i s paper p r e c i s e measurements are d i s c u s s e d of f r e q u e n c y 

d i f f e r e n c e s between v i b r a t i o n a l modes i n l i q u i d s which a r e s e p a r a t e d by 

t e n s to hundreds o f wavenumbers. These l a r g e f r e q u e n c y d i f f e r e n c e s 

may be s t u d i e d i n e x p e r i m e n t s which r e v e a l the r e l a t e d b e a t i n g 

phenomena. For example, a f r e q u e n c y d i f f e r e n c e o f 200 cm
- 1

 p r o d u c e s a 

b e a t i n g p a t t e r n w i t h peaks s e p a r a t e d by 167 f s . In o r d e r to r e s o l v e 

t h i s v e r y s h o r t phenomenon, one has to work w i t h femtosecond l i g h t 

p u l s e s . L i g h t p u l s e s o f a p p r o x i m a t e l y 50 f s d u r a t i o n became a v a i l a b l e 

o n l y r e c e n t l y . We p r e s e n t two examples of t i m e - r e s o 1ved c o h e r e n t 

Raman s p e c t r o s c o p y w i t h f e mtosecond time r e s o l u t i o n /16/. F i r s t we show 

d a t a of pure l i q u i d p y r i d i n e . 

L i q u i d p y r i d i n e has Raman a c t i v e v i b r a t i o n s at f r e q u e n c i e s 991 cm
- 1

 and 

1030 cm
- 1

. They a r e a s s i g n e d to two Ai r i n g modes /II/. Both v i b r a t i o n s 

have s i m i l a r s p e c t r a l w i d t h (2.2 cm
- 1

) and s i m i l a r Ramn c r o s s s e c t i o n s ; 

t h e y are s e p a r a t e d by 39 cm
- 1

. In the Raman e x c i t a t i o n p r o c e s s a 

f r e q u e n c y d i f f e r e n c e o f ( IOL-cos ) / 2T T C = 1010 cm
- 1

 between the l a s e r and 

the Stokes f r e q u e n c i e s i s a p p l i e d . Due to the broad s p e c t r a l w i d t h o f 

the femtosecond e x c i t i n g f o r c e o f 200 cm
- 1

 b o t h p y r i d i n e modes a r e 

s i m u l t a n e o u s l y e x c i t e d i n the e x p e r i m e n t . F i g . 5 a shows the o b s e r v e d 

a n t i - S t o k e s s i g n a l p l o t t e d as a f u n c t i o n o f the time d e l a y between 

la) P y r i d i n e 
V , (py ) = 991 cm" 
v 6 | p y ) » 1030cm- ' 

o 

c 

< 

(b) P y r i d i n e : C y c l o h e x a n e 
1:1 by vol 

v 5 {eye ) = 602 c m ' ' 

V , (py ) = 991 cm 1 

10 0 2 A 
D e l a y T i m e C p s J 

6 

F i g.5 T i m e - r e s o l v e d c o h e r e n t Raman 

s c a t t e r i n g u s i n g femtosecond time 

r e s o l u t i o n . (a) Beat p a t t e r n r e 

s u l t i n g from pure p y r i d i n e a f t e r 

e x c i t a t i o n o f the two p y r i d i n e 

modes at 991 cm
- 1

 and 1030 c m
- 1

, 

(b) Beat p a t t e r n r e c o r d e d from a 

m i x t u r e of p y r i d i n e and c y c l o h e x a n e . 

B e a t i n g of t h r e e m o l e c u l a r modes i s 

o b s e r v e d 
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e x c i t i n g and p r o b i n g p u l s e s . D u r i n g the e x c i t a t i o n p r o c e s s , at time 

z e r o , the c o h e r e n t s i g n a l r i s e s t o a pronounced peak. I t s u b s e q u e n t l y 

decays q u i c k l y o v e r more than an o r d e r o f magnitude. L a t e r , the s i g n a l 

r e c o v e r s and shows s t r o n g o s c i l l a t i o n s . The m o d u l a t i o n depth exceeds a 

f a c t o r o f t e n . Two f e a t u r e s of the c o h e r e n t s i g n a l are of s p e c i a l 

i n t e r e s t h e r e . 

( i ) The p e r i o d o f o s c i l l a t i o n i s 0.85 p s . C o n s e q u e n t l y , the f r e q u e n c y 

d i f f e r e n c e between the two modes i s 1.175+0.015 THz or 

A v = A v / c = 39.2+0.5 c m
- 1

. We emphasize t h a t A v may be d e t e r m i n e d w i t h 

h i g h p r e c i s i o n , m a i n l y d e p e n d i n g on the s i g n a l - t o - n o i s e r a t i o o f the 

e x p e r i m e n t and the a c c u r a c y o f the o p t i c a l d e l a y l i n e . 

( i i ) The e n v e l o p e o f the peaks o f the o s c i l l a t i o n decays e x p o n e n t i a l l y 

w i t h the decay time T 2 / 2 * 2.55+0.15 ps. The depths of the o s c i l l a t i o n s 

s l i g h t l y d e c r e a s e f o r l o n g o b s e r v a t i o n t i m e s , i n d i c a t i n g a s l i g h t 

d i f f e r e n c e o f 20% between the d e p h a s i n g times o f the two modes. 

In F i g . 5 b we p r e s e n t an a m a z i n g l y c o m p l i c a t e d but p e r f e c t l y r e p r o 

d u c i b l e a n t i - S t o k e s p a t t e r n . A m i x t u r e o f c y c l o h e x a n e and p y r i d i n e (1:1 

by volume) was i n v e s t i g a t e d w i t h femtosecond l i g h t p u l s e s . (Note, t h a t 

t h e r e a r e no hydrogen bonded a g g r e g a t e s i n t h i s m i x t u r e ) . In t h i s case 

t h r e e v i b r a t i o n a l modes w i t h s i m i l a r T 2 v a l u e s beat t o g e t h e r ; they a r e : 

one c y c l o h e x a n e mode at 802 cm"
1

 /18/ and the two p y r i d i n e modes at 991 

cm
- 1

 and 1030 c m
- 1

. We f i n d a r i c h b e a t i n g s t r u c t u r e o r i g i n a t i n g from 

the i n t e r f e r e n c e o f the t h r e e modes. 

The f r e q u e n c y d i f f e r e n c e s o f the i n v e s t i g a t e d modes were d e t e r m i n e d by 

the f o l l o w i n g p r o c e d u r e . The e x p o n e n t i a l decay was removed by m u l t i 

p l y i n g the s i g n a l w i t h an e x p o n e n t i a l r i s i n g f u n c t i o n . An a p p r o p r i a t e 

window f u n c t i o n was i n t r o d u c e d to remove the i n f l u e n c e o f the b o u n d a r i e s 

o f the time r a n g e . A f t e r t h e s e a r i t h m e t i c a l m a n i p u l a t i o n s a F o u r i e r 

t r a n s f o r m a t i o n o f the time dependent data gave the r e s u l t s shown i n 

F i g . 6 . Three s h a r p and pronounced peaks a r e found at 39 cm"
1

, 189 cm
- 1

, 

and 228 cm
- 1

, which c o r r e s p o n d to the f r e q u e n c y d i f f e r e n c e s between the 

t h r e e modes e x c i t e d i n the m i x t u r e . 

P y r i d i n e : C y c l o h e x a n e 
1:1 by vol. 

A V = 39 cm" 1 

v 6 (py ) - v, (py) 

F r e q u e n c y v Cerri"1.] 

F i g . 6 D i f f e r e n c e spectrum o f p y r i d i n e and c y c l o h e x a n e o b t a i n e d by 

n u m e r i c a l F o u r i e r t r a n s f o r m a t i o n o f the time r e s o l v e d d a t a from F i g . 5 b . 

Note the s t r o n g peaks at 39 cm'
1

, 189 cm
- 1

, and 228 cm
- 1

, which 

c o r r e s p o n d t o the d i f f e r e n c e s between the t h r e e e x c i t e d modes. The 

h i g h e s t d i f f e r e n c e f r e q u e n c y o b s e r v e d i s A v = 6.84 THz. 
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An i m p o r t a n t a s p e c t remains to be d i s c u s s e d here: In o r d e r to improve 

s p e c t r a l r e s o l u t i o n i n the time-domain e x p e r i m e n t , the c o h e r e n t s i g n a l 

has to be measured over d e l a y times as l o n g as p o s s i b l e . T a k i n g i n t o 

a ccount the e x p o n e n t i a l decay o f the s i g n a l , o n e i m m e d i a t e l y f i n d s t h a t 

the s p e c t r a l r e s o l u t i o n i s d i r e c t l y r e l a t e d to the s i g n a l - t o - n o i s e r a t i o 

o f the e x p e r i m e n t . The f o l l o w i n g numbers s h o u l d i l l u s t r a t e the s i t u a t i o n 

For d e p h a s i n g times o f a p p r o x i m a t e l y T 2 = 3 ps and w i t h e x p e r i m e n t a l 

d a t a of the c o h e r e n t Raman s i g n a l a v a i l a b l e over t h r e e o r d e r s of magni

t u d e , one e s t i m a t e s an a c c u r a c y of the A v v a l u e s of a p p r o x i m a t e l y 

0 . 3 cm-
1

 . 

6. C o n c l u s i o n s 

We have shown that time r e s o l v e d c o h e r e n t Raman measurements p r o v i d e 

s p e c t r a l i n f o r m a t i o n h a r d l y o b t a i n e d from s t e a d y - s t a t e spontaneous 

s p e c t r a or from coherent s t e a d y - s t a t e s p e c t r o s c o p y . We have p r e s e n t e d 

two d i f f e r e n t t e c h n i q u e s which a r e o f v a l u e i n t h e i r own r i g h t s . The 

sho r t e x c i t a t i o n and p r o l o n g e d i n t e r r o g a t i o n (SEP1) t e c h n i q u e i s w e l l 

adapted to r e s o l v e c o n g e s t e d s p e c t r a l r e g i o n s ; l i n e s s e p a r a t e d by 

a few wavenumbers are r e s o l v e d . On the o t h e r hand, F o u r i e r - t r a n s f o r m 

c o h e r e n t Raman s p e c t r o s c o p y u s i n g femtosecond l i g h t p u l s e s i s w e l l 

s u i t e d to measure a c c u r a t e l y f r e q u e n c y d i f f e r e n c e s o f modes s e p a r a t e d 

by more than 200 c m
1

. 
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