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PHOTOINDUCED ABSORPTION SPECTROSCOPY OF GAP STATES I N  
P OLYACETYLENE 

Z. VARDENY, E. EHRENFREUND AND 0. BRAFMAN 
Physics Department and Solid S t a t e  I n s t i t u t e ,  Technion, 
Haifa. I s r a e l  

Abstract  We measured steady-state photoinduced absorp t ion  i n  
t r ans  and i n  c i s - r i ch  (CHIx from 0.1 t o  2.5 eV. By ass igning  
the  so o p t i c a l  t r a n s i t i o n s  t o  the  1.45 e V  band we can f u l l y  
account for both the bleaching and absorption p a r t s  of t he  
spectrum. The e-e c o r r e l a t i o n  energy involved i n  the s o l i t o n  
defec ts  is found t o  be - 0.5 eV. 

INTRODUCTION 

The op t i ca l  absorption of photoexcited gap s t a t e s  can be d i r e c t l y  
detected by the  photoinduced absorp t ion  (PA) technique. The ap- 
p l i c a t i o n  of PA to  polyacetylene has produced a wealth of new in- 
formation i n  recent The PA spectrum i n  trans-(CHI is 
due t o  photoinduced I R  a c t i v e  v ib ra t ions  ( I R A V ) ~ - ~  and the efec- 
t ron ic  t r a n s i t i o n s  involving photoexcited gap states.l s4 
t he  IRAV spectrum is now q u i t e  well u n d e r s t o ~ d , ~  the  e l e c t r o n i c  PA 
bands o r ig in  is st i l l  an open question. 

In t h i s  work we repor t  s teady-s ta te  PA measurements i n  t rans-  
and c i s - r ich  ( C H I x  i n  an extended energy range from 0.1 t o  2 . 5  eV. 
I n  addi t ion  t o  the various PA bands with Aa > 0 (Aa is the photo- 
induced change i n  the o p t i c a l  absorp t ion  constant a), we pay spe- 
c i a l  a t t e n t i o n  t o  the bleaching p a r t  of the spectrum with Aa < 0. 
The latter shows the energy from which the  d i f f e r e n t  bands de r ive  
t h e i r  o s c i l l a t o r  strength.  The following mechanism is consis- 
t en t  with the da ta :  (i) photoexci ta t ion  i n  trans-(CHI mainly 
produces bound neu t r a l  so l i t on -an t i so l i t on  pairs. 
t ron  hole p a i r s  which a r e  exc i ted  on neighboring chains6 are 
trapped a t  neu t r a l  s o l i t o n  defec ts  and thus c rea t e  charged s o l i -  
tons. The s teady-s ta te  PA s p e c t r m  of a c i s - r ich  sample is shown 
t o  arise only from the  t r a n s  isomer segments i n  the  sample. 

While 

(iir Some e lec-  
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246 2. VARDENY. E. EHRENFREUND AND 0. BRAFMAN 

EXPERIMENTAL 

The ex erimantal  se tup  f o r  steady-sta e PA is described else- 
where.! For e x c i t a t i o n  we used an A r  laser a t  2.7 e V  with an 
i n t e n s i t y  of 20 mW cm-l. For measuring Aa spectrum we used broad 
energy range lamps followed by a monochromator. The samples were 
held i n  a c ryos t a t  and measurements were taken from 10 t o  300K. 
The samples were t h i n  f i lms  grown on KBr  o r  sapphire s u b s t r a t e s ,  
i n i t i a l l y  polymerized as cis-(CH) and subsequently isomerized t o  
trans-(CH) by heat treatment of f80°C f o r  10 min. 
held a t  20ff°C f o r  2 h; we r e f e r  t o  it as super-isomerized (SI) 
trans-(CH),. 

% 

One sample was 

RESULTS AND DISCUSSION 

The PA spectrum (-ATIT - Aa) of trans-(CH) at  1oK is shown i n  
Figure 1 together with the regular  absorptfon a ( o )  spectrum. 
l o r e n e r g y  (LE) PA band a t  0.45 eV and i ts  assoc ia ted  o s c i l l a t i o n s  
i n  the PA spectrum from 1.4 t o  1.8 eV, were i d e n t i f i e d z D 4  a s  due 
to  photoexcited charged de fec t s ,  most probably charged so l i t ons3  s 7  
(s+,s-). Since a double peak is not observed in the  LE band, t he  
t r a n s i t i o n s  from 8- t o  the  conduction band (CB) and from the 
valence band (VB) t o  8 , a r e  iden t i ca l .  This confirms the  charge 
conjugation symmetry i n  t r ans  (CH),.B 
band a t  1.4 e V  is due to neu t ra l  exc i ta t ions .& In trans-(CH), t he  
HE band completely disappears from the PA spectrum for tempera- 
t u re s  9 > 200K.l 
photoinduced bleaching assoc ia ted  with the LE band a s  shown i n  
Figure 2 f o r  0 = 210K. 

The 

+ 
The h i  h-energy (HE) PA 

This gives  a unique opportunity t o  measure the  

a2 0.1 1.0 1.4 1.8 2.8 2.6 
Pc#IToN ENERGY IrV1 

I I I , 1 I 1 , 

TIMI -ten,, 
210K 

t g -2- 

- 4 -  

6- 

-8 - 

FIGURE 1 PA spectrum of trans- FIGURE 2 PA spectrum of trans- 
(CH), at 10K. (CHI, a t  210 K. 

The interband t r a n s i t i o n s  i n  trans-(CH), peak a t  1.95 eV, a s  
seen i n  Figure 1 f o r  a h ) .  However, as seen from the  bleaching 
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PHOTOINDUCED ABSORPTION SPECTROSCOPY 241 

p a r t  of the  spectrum i n  F igure  2 ,  t h e  LE band d e r i v e s  i ts  s t r e n g t h  
from a below band-gap o p t i c a l  t r a n s i t i o n s  centered  at about  
1.45 eV. This  proves that  an e x t r i n s i c  d e f e c t  is the source  of 
t h e  LE band. F u r t h e r  s u p p o r t s  f o r  t h i s  assignment are: ( i )  t h e  
LE band s a t u r a t e s  a t  moderately high laser i n t e n ~ i t i e s . ~ ' ~  
(-.ti) Its s t r e n g t h  depends on sample p r e p a r a t i o n s 6  as shown i n  
F igure  3 f o r  t h e  SI trans-(CH), sample. The LE band (and i t s  
a s s o c i a t e d  o s c i l l a t i o n s )  p r a c t i c a l l y  d isappear  from t h e  PA spec- 
trum. The quantum e f f i c i e n c y  (QE) of t h e  LE band6 in-  
creases monotonical ly  with t h e  e x c i t a t i o n  photon energy %. while 
t h e  QE f o r  t h e  HE band is approximately independent of A 
p o s s i b l e  candida te  f o r  t h e  d e f e c t  a s s o c i a t e d  with the LE%nd is 
t h e  n e u t r a l  s o l i t o n  d e f e c t  s o ,  known t o  e x i s t  i n  trans-(CH) 
a sample p r e p a r a t i o n  dependent c o n c e n t r a t i o n  around 1019 cmX3. 
With t h i s  ass ignment ,  charged s o l i t o n s  can be $reatEd by 
p h o t o e x c i t a t i o n  only v i a  t h e  process:  

( i i i )  

w i t h  

2s0 + s + s .6  

.F-- 
TIMI- ICHl, I 1 Super- # O K '  Iwrrurliad 1 

I I I I I 1 
0.S 1.0 1.8 2.0 2.1 3.0 

PHOTON ENERGY lev1 

10 
3% 

10 - 

- 2  - 
-4 - 

02 a6 1.0 1.4 1.8 2.2 2.6 
PHOTON ENERGY WI 

FIGURE 3 PA spectrum of SI FIGURE 4 PA spectrum of 80% 
trans-(CH)x a t  80K. cis-(CH), a t  10K. 

Allowing f o r  l a t t i ce  r e l a x a t i o n  with energy Er and coulomb 
r e p u l s i o n  with energy U s 8  but  not f o r  l a t t i ce  dynamics, t h e  o p t i -  
c& t r a n s i t i o n s  from 6- t o  t h e  CB are peaked a t  A0 - U (where 
U is t h e  e f f e c t i v e  c o r r e l a t i o n  energy of t h e  f u l l y  r e l a x e d  s and 
2A0 is  t h e  g i m e r i z a t i o n  gap). Symmqtr ical ly ,  the t r a n s i t i o n s  from 
t h e  VB+to s- are peaked a t  A0 - U 
t i o n  U = U . Analogously, t h e  o p t i c a l  t r a n s i t i o n s  from so t o  t h e  
CB and from t h e  VB t o  so are peaked at A0 + U o ,  where Uo is the  
e f f e c t i v e  c o r r e l a t i o n  energy of t h e  f u l l y  re laxed  so. Now, us ing  
t h e  LE PA band a t  0.45 eV (s*) and i t s  a s s o c i a t e d  so bleaching  
1.45 eV, we d e r i v e  2Ao + AU - 1.9 e V  (AU = U" - U 1, and Uo + U 
1 eV.  
e V  , 9  w e  g e t  U = 0.5 e V  and Er = 0.1 eV. 

and because of charge  conjuga- 

gt = 
Assuming t h a t  Er f o r  so and s* are i d e n t i c a l  and 2A0 - 1.7 D
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248 Z.VARDENY, E. EHRENPREUND AND 0. BRAFMAN 

The HE band, on the o ther  hand, is an i n t r i n s i c  e x c i t a t i o n  of 
the polymer chain,  for  the  following reasons: (i) the bleaching 
part  of i ts spectrum can be i so l a t ed  i n  the SI sample and as seen 
i n  Figure 3 i t  is peaked a t  1.95 eV, as the "(W) spectrum 
(Figure 1). This shows t h a t  the HE band der ives  o s c i l l a t o r  
s t rength  from the interband t r a n s i t i o n s  r a the r  than from a defec t  
level.  ( i i )  The HE band does not sa tura te .  In  f a c t  AT/T a t  
1.4 eV reaches 0.1 i n  the  picosecond time domain, much higher than 
i n  Figure 1.l0 
sample preparation. ( i v )  S t a r t ing  from 1.4 eV i t s  QE spectrum is 
ra ther  flat. ' l  
Figure 1) it is reasonable to ass ign  this PA band as due go tran- 
s i t i o n s  involving so and the photoexcitation is a bound 8s p a i r  
composed of neut ra l  s o l i t o n s  r a the r  than two separa te  charged 
so l i t ons . l l  A possible binding mechanism are 3D e f fec t s12  and 
loca l i za t ion  due t o  unavoidable remnant cis bonds i n  the t r a n s  
chains.13 Further support fo r  t h i s  assignment can be infer red  
from the PA spectrum of a c i s - r ich  sample. 

The PA spectrum of a 80% c is - r ich  (CH) a t  lOK, together with 
the  a(w) spectrum are shown i n  Figure 4. h e  LE PA band is about 
10 times weaker than the corresponding peak i n  trans-(CH) This 
is cons is ten t  with an order of magnitude reduction of so aens i ty  
fo r  t h i s  sample. The HE band (at  1.47 eV) and the o s c i l l a t i o n s  up 
t o  1.8 eV belong t o  the t rans  segments i n  the sample fo r  the fo l -  
lowing reasons: ( i )  the bleaching par t  of the spectrum peaks a t  
1.9 eV, where the peak i n  a(w) of the t r ans  segments i n  the sample 
i s  located; a(w)  of the cis segments, on the other hand, peaks a t  
2.3 eV.  (ii) The HE band increases  from 1.47 eV a t  1OK t o  1.55 eV 
a t  250K, cons is ten t  with similar increase in the  t r ans  HE band 
(and osc i l l a t ions )  and with the increase of the  t r ans  phonon fre- 
quencies with the t e m p e r a t ~ r e . ~ '  The cis o s c i l l a t i o n s  (from 2 t o  
2.4 e V )  and its ghonon frequencies do not s h i f t  when the tempera- 
t u r e  increases.l  
HE band i n  t rans  (1.39 eV) by 80 meV. This is cons is ten t  with a 
p a r a l l e l  increase  i n  the energy gap and phonon frequencies of 
t rans  chains i n  c i s - r ich  ~ a m p 1 e . l ~  
degeneracy is l i f t e d  in  the t r a n s  segments surrounded by the  cis 
chains,16 (due t o  CW in te rac t ion  from neighboring chains or due 
t o  short  chains e f f e c t s ) ,  the photoexcited 8s p a i r  cannot sepa- 
rate.  It is not su rp r i s ing  therefore  that they form bound 8s 
pairs. In  t h i s  case the HE band is assoc ia ted  with the  8s pa i r  
op t i ca l  t rans i t ions .  The s i m i l a r i t y  between the  HE PA bands i_n 
80% c i s  and i n  the trano sample supports therefore  the bound 8s 
assignment for  the  latter. 

( i i i )  The HE band i n t e n s i t y  does not depend on 

Since the HE band peaks around 1.4 eV (Figure 3 and 

( i i i )  The HE band a t  1.47 e V  is higher than the 

Since the t r ans  twofold 
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