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ORIENTATION OF THE POLARIZABILITY AND ABSORPTION 
TENSORS. - INTRA- AND INTERMOLECULAR EXCITATIONS 
I N  ORGANIC CONDUCTORS * 

H. W .  HELBERG 
Dri t tes  P h y s i k a l i s c h e s  I n s t i t u t  
U n i v e r s i t a t  Gat t ingen  

Received for p u b l i c a t i o n  October 5 ,  1981 

I n d i c a t r i x  measurements i n  t h e  VIS and N I R  show t h a t  
t h e  o r i e n t a t i o n  of  t h e  p o l a r i z a b i l i t y  t e n s o r  i s  g o v e r n 4  
by t h e  o r i e n t a t i o n  of t h e  planar molecules  of t h e  s t a c k  
i n  t h e  whole f requency range.  But  t h e  shape o f  t h e  i n d i  
c a t r i x  changes s i g n i f i c a n t l y :  I n  t h e  case  of in t ramole-  
c u l a r  e x c i t a t i o n  t h e  opt ic  s i g n  is p o s i t i v e  and t h e  ab- 
s o r p t i o n  i s  g r e a t e s t  f o r  l i g h t  v i b r a t i n g  para l le l  t o  
t h e  long  axes  of t h e  molecules .  I n  t h e  case of intermo- 
l e c u l a r  e x c i t a t i o n  t h e  o p t i c  s i g n  is  n e g a t i v e  and t h e  
a b s o r p t i o n  i s  g r e a t e s t  f o r  v i b r a t i o n s  p e r p e n d i c u l a r  t o  
t h e  p l a n e s  of t h e  molecules ,  n o t  parallel  t o  t h e  s t a c k .  
The temperature  dependence of  t h e  a b s o r p t i o n  obeys Ur- 
b a c h ' s  r u l e .  This  makes p o s s i b l e  t h e  i n v e s t i g a t i o n  of 
t h e  CT-process. 

I NTROD UCT I ON 

Organic conductors  c o n s i s t i n g  of  c h a i n l i k e  s t a c k s  of p l a n a r  
molecules  are cons idered .  The f l a t  p l a n a r  molecules  are cha- 
r a c t e r i z e d  by t h e  l o n g i t u d i n a l  a x i s  L, t r a n s v e r s a l  a x i s  T, 
and t h e  a x i s  N normal t o  t h e  molecule p l a n e ,  i n  most cases 
i n c l i n e d  t o  t h e  s t a c k  d i r e c t i o n .  The o r i e n t a t i o n  of t h e  po- 
l a r i z a b i l i t y  t e n s o r  r e l a t e d  to  t h e s e  molecule a x e s  i . e .  t o  
t h e  c r y s t a l  s t r u c t u r e  a r e  i n v e s t i g a t e d  by measuring t h e  
o r i e n t a t i o n  and d i s p e r s i o n  of t h e  i n d i c a t r i x .  

t h e  d i r e c t i o n s  ( o p t i c a l  d i r e c t i o n s  X ,  Y ,  and 2 )  of t h e  t h r e e  
p r i n c i p a l  axes  of  t h e  i n d i c a t r i x .  The i n d i c a t r i x  i s  a tri- 

The p r i n c i p a l  axes of t h e  p o l a r i z a b i l i t y  c o i n c i d e  w i t h  

*Work suppor ted  by t h e  Deutsche Forschungsgemeinschaft  . 
[1481]/91 
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9 2 4  14821 H. W. HELBERG 

- 

- 

- 
- 

- 

- 

- 

- 

a x i a l  e l l i p s o i d  formed by three p r inc ipa l  axes of the length 
2n,, 2n and 2n which l i e  along the X I  Y, and Z o p t i c a l  

,, nB,  and n a re  the three prin- direct ions , resp&Avely.  n 
c ipa l  indices of r e f r ac t ion  ( n  - > n  > n 1 .  Perpendicular to 
each of the two c i r c u l a r  sect igns of raaius  n 
axis  OA. The op t i c  axes i n t e r s e c t  a t  acute angle 2 V and 
define the o p t i c  plane (XZ-plane). 

of three o p t i c a l  d i r ec t ions  X I  Y ,  or 2. 

measurements of four excamples. 

6' 
Y 

B is  an o p t i c  B 

The maximum absorption is  found always p a r a l l e l  t o  one 

The following chapter represents the r e s u l t s  of 

13OO 
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RESULTS OF MEASUREMENTS 

(MTPA). (TCNQ)2 

A l l  TCNQ molecules have the same o r i en ta t ion  (TCNQ s tacks,  
t r i c l i n i c ) .  The o p t i c a l  d i r ec t ions  coincide with the direc- 
t ions of the  TCNQ molecule axes : X p a r a l l e l s  N ,  Y pa- 
r a l l e l s  T I  and Z p a r a l l e l s  L. There is  only a small sinus- 
o ida l l i ke  ro t a t a t ion  (A 9 ) on T probably due t o  i n t e r -  
action between the molecules (mixing of molecular exci ta-  
t i o n s ) .  The upper curve i n  Figuxe 1 shows the angle ( Z , L )  

0 

energy - 
1 2 3 ev 

I I ...**.. . 

0 0  absorption 0 0  

-3P l l Y +  -- I12 
I 1 I I I ' 5 0 0  

0 a5 ? 1.5 2 cm-J 2.5.10~ 
wovenumber - 

FIGURE 1 Angle 
number for (MTPA) * (TCNQ) 

(2, L) and a x i a l  angle 2 Vz vs. wave- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
58

 2
1 

Fe
br

ua
ry

 2
01

3 



POLARIZABILITY A N D  ABSORPTION IN ORGANIC CONDUCTORS [ 1483]/93 

i n  t h e  VIS and I R  range .  

2 V ( r e l a t e d  t o  b i s e c t r i x  2 ) .  The a n g l e  changes d r a s t i c a l l y  
fro: VIS ( <  90°) t o  I R  ( >  90°) a t  a b o u t  1*104 cm-' ,  t h a t  
means t h e  shape of t h e  i n d i c a t r i x  changes from "rod-l ike ' '  
p a r a l l e l  Z ( L )  t o  " p l a t e - l i k e "  normal X ( N )  . The n -d isper -  
s i o n 2  ( i n t r a - m o l e c u l a r  e x c i t a t i o n  a l o n g  L) can be recognized  
a t  1.8*104 c m  . 

Maximum a b s o r p t i o n  is  found para l le l  Z ( L )  i n  t h e  VIS 
and a ra l l e l  X ( N )  i n  t h e  I R .  The change l i e s  a l s o  a t  about  
I* 10' cm-1 ( t r a n s i t i o n  from i n t r a -  t o  i n t e r - m o l e c u l a r  ex- 
c i t a t i o n s  (change t r a n s f e r  CT) ) .  

The lower curve i n  F igure  1 r e p r e s e n t s  t h e  a x i a l  a n g l e  

Y 
-1 

TTF TCNQ 

The TTF and TCNQ molecules  are a r r a n g e d  i n  a herr ing-bone 

I), 2.5 eV 3 

08 

0.6 
t 

44 
h - 

0.2 

0 

T TF . TCNQ 

x II b ,  II stack 

< ( Z . T )  
goo, I1 v, = 11; 1 

2 BOO 
3 70° 
4 6 0 0  
5 50° 

--- IIX. IIstadr 

1 1.5 2 10'.cm-' 2 5  
wave number - 

FIGURE 2 
a n g l e s  of i n c i d e n c e  4 ( 2 ,  E) f o r  TTF.TCNQ 

O p t i c a l  dens i ty+vs .  wavenumber a t  d i f f e r e n t  
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9 4 4  14841 H. W. HELBERG 

s t ruc tu re  (segregated s tacks , monoclinic) . The i n d i c a t r i x  
or ientat ion i s  a l s o  dir$cted by the o r i en ta t ion  of the stack 
molecules: X parallels+b (b i sec to r  of 4 (N, N:), stack di-  
r e c t i o n ) ,  Y p a r a l l e l s  a (T), and Z p a r a l l e l s  c* (b i sec to r  
of 4 ( L ,  L'), without dispersion i n  the V I S  ( L ,  L' and 
N ,  N' a r e  the symmetric d i r ec t ions  of the longi tudinal  axes 
and of the normal axes of the mcrlecules, r e spec t ive ly ) .  The 
a x i a l  angle 2 V ( r e l a t e d  t o  b i s e c t r i x  X) is smaller than 
goo (op t i c  s ign negat ive) .  X 

2 2.5 rV 3 

wave number - 
FIGURE 3 Relative birefringence ( r e l a t e d  to birefringence 
a t  549 nm) and o p t i c a l  density vs. wavenumber f o r  
(Perylen) 2*AsF6, PF6 (d c r y s t a l  thickness) 
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POLARIZABILITY AND ABSORPTION IN ORGANIC CONDUCTORS [ 14851195 

Figure  2 shows t h e  a b s o r p t i o n  for  d i f f e r e n t  a n g l e  of 
inc idence :  maximum a b s o r p t i o n  is  found p a r a l l e l  Y (T)  a t  
about  2.39 lo4 cm-I (probably  i n t r a - m o l e c u l a r  e x c i t a t i o n  
4blu + 3b& i n  TTF , T p o l a r i z e d )  and p a r a l l e l  Z (bisector 
of 4 (L, L ) )  a t  about  1 . 6 0 1 0 ~  cm-'  (p robably  i n t r a -  
molecular  e x c i t a t i o n  3b -+ 3b* i n  TCNQ-, L p o l a r i z e d ) .  

i- 

l u  2 9  

( P e r y l e n )  AsF6, PF6 

The pery lene  molecules  l y i n g  her r ing-bone- l ike  i n  t h e  
or thorhombic c r y s t a l  and determine a l so  t h e  i n d i p t r i x  
o r i e n t a t i o n :  X p a r a l l e l s  b i s e c t o r  of (N, N '  ) (a, s t a c k ) ,  
YQarallels T (g) , and 2 p a r a l l e l s  b i s e c t o r  of 4 (L, L') 
( c ) .  The a x i a l  a n g l e  2 V i s  smaller than  90° (opt ic  s i g n  
n e g a t i v e ) .  

Maximum absor t i o n  is  found p a r a l l e l + ) (  ( a ,  s t a c k )  i n  
t h e  ran  e 2 1 . 9 0 1 0 ~  cm-' and para l le l  Y ( b ,  T) for  1.7. 
lo4 cm-' ( F i g u r e  3, lower p a r t ) .  

A t  about  1.5. lo4 cm-l t h e r e  is  a s t r o n g  n - d i s p e r s i o n  
(compare w i t h  r e l a t i v e  b i r e f r i n g e n c e  i n  t h e  upper  par t  of  
F igure  3)  (probably  i n t r a - m o l e c u l a r  e x c i t a t i o n s  a + b 
and b 

(Anthracen)  (P ic r ic  Acid) 

X 
-+ 

Y 

39 i n  p e r y l e n e ,  T p o l a r i z e d ,  d e g e n e r a t e d ) .  l u  + b2g 

The molecules  a r e  a r ranged  i n  a herr ing-bone s t r u c t u r e  
(monocl inic)  i n  mixed s t a c k s .  The o r i e n t a t i o n  of  t h e  i n d i -  
c a t r i x  is determined by t h e  o r i e n t a t i o n  of t h e  a n t h r a c e n  
molecules:  X p a r a l l e l s  b i s e c t o r  of ( N ,  N ' )  ( o r i e n t a t i o n  

V 

FIGURE 4 D i r e c t i o n a l  dependence of t h e  o p t i c a l  d e n s i t y  i n  
t h e  ( X , Y )  p lane  of ( A n t h r a c e n ) * ( P i c r i c  Acid) a t  t h e  CT edge 
(1.62.104 c m - ' )  
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9611 14861 H. W. HELBERG 

a n g l e  a ( X I  3 )  = 24.6O), Y para l le l s  bisector of 4 (T, T ' )  
(g) , and Z p a r a l l e l s  bisector of 4 (L, L') , w i t h o u t  d i s p e r -  
s i o n  i n  t h e  V I S .  The a x i a l  angle  2 V i s  75.7O (observable  
i n  t h e  range 1 . 7 - l o 4  an-', o p t i c  sf n e g a t i v e ) .  

Maximum a b s o r p t i o n  a t  1.6-  104cm-' (CT e d g e )  i s  s t r o n g -  
l y  d i r e c t e d  p a r a l l e l  X (F igure  4 ) .  The temperature  depend- 
ence of a b s o r p t i o n  obeys Urbach 's  r u l e  3 

a ( E )  = a 0 exp -y(Eo-E)/kT 

with 

y = yo (2kT/hw ) tanh(hw /2kT) 
P P 

E ma- 
0, Y o r  0 

(a. a b s o r p t i o n  c o e f f i c i e n t ,  E photon energy ,  CL 

t e r ia l  parameters )  which g i v e s  t h e  energy  hw of t h e  
phonon involved  i n  t h e  exciton-phonon i n t e r a h o n .  I n  t h e  
p r e s e n t  case  E = 2 . 1  e V  and y = 0.59 are estimated 
fo l lowing  for  &e phonon energy  hu M 42 rneV 
( roughly approximated f K o m  y e t  o n l p t w o  tempera ture  curves) .  

0 340 c m - l  
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