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PHOTOINDUCED ABSORPTION AND RESONANT RAMAN SCATTERING IN 
TRANS-(CD), 

2. VARDENY, 0. BRAFMAN AND E.EHRENFREUND 
Department of Physics and Solid State Institute, Technion, 
Haifa 32000, Israel 

Abstract The three resonantly enhanced Raman modes and 
the three photoinduced ir-active vibrations in trans-(CD), 
are described in terms of amplitude modes of the Peierls 
gap and charged induced ir-active modes, respectively. The 
detailed spectra are accounted for by a dressed phonon 
propagator and a coupling parameter. The photoinduced 
electronic bands and the primary Raman frequencies increase 
with increasing temperature; the origin of this anomaly is 
discussed. 

INTRODUCTION 

It is now well established1 that trans-polyacetylene undergoes a 
spontaneous symnetry breaking dimerization due to the Peierls 
instability, which causes an energy gap 2A0 in its IT electronic 
system. A. is primarily determined by the electron-phonon (e-p) 
interaction; the same e-p interaction causes a renormalization 
of the strongest coupled phonons2. The electronic gap and the 
strongly coupled phonons are therefore intimately related and it 
is possible to analyze the electronic system in polyacetylene by 
investigating the phonon spectrum. Perhaps the best techniques 
suitable for showing the relation between the phonons and the 
electronic gap are resonant Raman scattering (RRS) and 
photoinduced absorption (PA). 

The RRS spectra in trans-polyacetylene show two kinds of 
Raman lines3. 
excitation laser frequency WL, and satellite lines which shift 
to higher frequencies with WL (dispersion). 
explained2 by the existence of disorder in the films which 
causes a distribution P(A> in the gap A, and consequently 
different phonona are resonantly enhanced when WL is varied. 
The PA spectrum in trans-polyacetylene ia due to vibrations4 and 
electronic bands5. 
(IRAV) were discovered6; their frequencies are isotope 
dependent617. 
discovered5. 
localized charge defects; the higher energy band (= 1.4 eV) is 

Three primary lines, which do not shift with the 

This dispersion is 

Below 0.2 eV, 3 sharp ir-active vibrations 

n o  main electronic PA bands were also 
The lower energy band (= 0.45 eV) is due to 
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356 2. VARDENY, 0. BRAFMAN AND E. EHRENFREUND 

due to neutral excitations. 
developed2 which could explain all details of RRS and induced 
IRAV spectra, based on the amplitude mode (AM)  formalism8. 

In this work we present PA and RRS measurement8 done 
simultaneously on the same films of trans-(CD),. 
the 3 IRAV can be directly connected with the 3 RRS phonons 
using the AM formalism. 
dependence of the electronic PA energies and the primary RRS 
frequencies; they increase with increasing temperature. This 
behaviour is in accord with the Peierls type gap in trans- 
polyacetylene and also confirms the AM identification for the 
RRS vibrations. 

A successful approach was recently 

We show that 

We also report an unusual temperature 

!& a 1000 1:oo I 1ho ' 

RESONANT RAMAN SCATTeRING IN TRANS-(CD), 

- -  
t6bO horizontal lines 

- + 
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3 - 
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Fig. 1: RRS spectra of 
trans-(CD), at 300K; 
.try, are indicated. The 
dots are experimental, 
full lines are 
theoretical fit2. Do(w) 1 is disdaved and the 

The trane-(CD)x sample was polymerized at Nagoya University in 
the form of a thin film (thickness of about 0.2 vm) grown on KBr 
substrate; the film was isomerized by heat treatment at 18OOC 
for 10 minutes. 
' n w ~  - 2 eV and 2.6 eV are shown in Fig. 1. The primary 
frequencies at 300K are: uf = 855, 

Typical RRS spectra at 300K excited with 

= 1198 and u; = 1362 cm-l. 
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PHOTOINDUCED ABSORPTION AND RESONANT RAMAN SCATTERING 351 

Fig. 2: The RRS 
inte rated intensity 

C M e s  - (cD),, 
squares - (CH),. The 
full lines are 
calculated based on 
the Do(w) functions 
of these isotopes. 

IR/I w vs. WL. 

The inte rated intensity ratios at 5 w ~  = 2 eV are IR/IR = 3.8 

shown in Fig. 2 for I!/If. 

increase also in trans-(CHI,, as shown in F i g .  2. 
dispersion ~W(WL) is the largest for mode 3 in (CD), (Fig. 1). 
All these properties are well accounted for by the AM 
approacha. 

The dressed phonon frequencies wR are given in the AM 
formalism by2 a 

and I;/I! = 6. Both IR/IR and IR/IR ratios increase 3 1  withWL, as 
3 1  3 2  

We note that the IJ/If ratio 

The satellite 

n 

0 2  

(1 1 

where wo are the three bare-phonon frequencies and An  are their 
corresptnding iimensionless e-p couplings. 
and 1-2A = 2 Ei(Ao),  where E;(A) is the condensation energy and 
211, is the dimerization gap. 

'n (w,) -1 =- 
'L Do(w) 1 

n= 1 w - ( w y  1 - 2A 

In Eq. (1) A = EXn 

For a Peierls system2,8 

2A0 = 4Ec exp(-1/2X) (2) 
'L 
X = X and Ec is a cut-off energy. 

The cross-section UR for RRS from AM has the form2 

Do (w> 
OR % I f(w~/2~.,) I2 Im ( 3 )  

1 + ( l - 2 2 ) D o ( w )  

where Do(w) is defined in Eq. (1) and lfI2 is strongly peaked9 
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358 Z. VARDENY, 0. BRAFMAN AND E. EHRENFREUND 

at -KUL = 2A0. 
line integrated intensity 1: (and line-wid& is proportional to 

the residue at each pole2, i.e. to the inverse of 

D'(w) Z 3Do(w>/3w at w = u:. 

entire information about the frequencies, the relative 
intensities and the relative widths of the RRS lines. 

previously2 by fitting the 3 satellite frequencies at various 
q. Do(w) parameters are: wf - 921, hl/X = 0.06, = 1207, 

X2/X = 0.01, w s  = 2040, X3/X = 0.93. We note that w3 has the 
strongest e-p coupling and it is not surprising that the shift 
from its bare frequency wo is the largest. 
increase with q. 
by larger 2A0 (and from Eq. (2) also larger A) so that the 
horizontal lines drawn at -1/(1-2X) intersect Do(w) at higher 
frequencies. 

The poles of Eq. (3) gives wR (Eq. 1) while the 

Do(w) contains therefore the 
0 

The function Do(w> for (a), shown in Fig. 1 was obtained 

Pig. 1 shows how < 
At higier % resonance conditions are matched 

Using the product rule for AM frequencies8 

We showed2 that the Peierls gap equation (Eq. (2)) holds for 
polyacetylene, with Ec = 6.3 eV. The two horizontal lines for 
the two were calculated using Eq. (2). The theoretical fit 
shown in Fig. 1 was calculated2 assuming a narrow distribution 
in the parameter A. With no additional ad'ustable parameter we 

and Eq. (2); the agreement with the experimental values is 
remarkably good. 

calculate in Fig. 2 the dependence of IR/I R on UL using Do(w) 
3 1  

PHOTOINDUCED IR4V IN TRANS-(CD )x 

Fig. 3: Photoinduced 
IRAV in trans-(CD),. 
The dashed line is 
theoretical7. Do( w) 
is displayed and the 
horizontal line inter- 
sections give the IRAV 
frequencies. 

The same (a)x film was used for PA measurements. 
mental set-up for steadrstate PA is described elsewhere7. 
Fig. 3 the induced absorption (-ATIT) at 8OK obtained with a 

The experi- 
In 
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PHOTOINDUCED ABSORPTION AND RESONANT RAMAN SCATTERING 

laser intensity of 20 mw cm-2 is plotted vs. the probe energy up 
to 2000 cm-l. Two IRAV modes are photoinduced at 
w1 = 1045 and w1 = 1225 cm-l. Blanchet et a1.6 have extended 3 tie PA measurements to lower energies and reported in (01, a 
third mode at w1 2. 400 cm-l; this mode is also shown 1 (schematically) in Fig. 3. There are therefore a total of 3 
IRAV in (CD),, as in the RRS spectrum. However, there exist 
several differences between PA (Fig. 3 )  and the RRS (Fig. 1) 
spectra. (i) u i  < wR for all three modes. (ii) The integrated 
intensity Ii of the 8 IRAV modes are very different from the 
respective intensities in RRS. (iii) We have not noticed any 
changes in the IRAV spectrum with WL. 
connection exists between the IRAV and the RRS vibrations as 
revealed by the AM theoryz: 
Do(w)  function using the same form of the dressed phonon 
propagator as in RRS. 

When charges are added to the chain Aa is given by8 

359 

n 

However, a distinct 

the IRAV can be derived by the same 

where D o ( w )  is defined in Eq. (1) and a 
The IRAV are the poles of Eq. (5) and tleir frequencies w1 
satisfy the equation Do(w) = -l/(l-ap>. 
RRS ?ase7,. the integrated IRAV intensities Ii are proportional 
to wi/D'(wi). 
exises alsg for the IRAVB, namely 

Do(w) inferred from RRS is plottgd in Fig.'S and its 
intersections with the horizontal line drawn at -l/(l-ap) with 
a 0.055, inferred from the IRAV product rule, accurately give 
tge three experimental IRAV frequencies7. This process yields 
the correct IRAV relatiye intensities. 
above we calculate Ii/I$ = 0.09 while the experimental value is 
0.07. 
photogeneration (or by doping) are determined by the Raman data 
and a pinning parameter. 

is a pinning parpeter. 

Simjlarly as fornthe 

A similar product rule-as fornRRS (Eq. (4)) 
(wl/0:)2 = a . 

With ap value found 

We conclude tierefore that all IRAV phonons iriiucrd by 

TEMPERATURE DEPENDENCE 

Fig. 4: RRS spectrum of w1 
and w 3  in (CD), at 10 and 
300K. 
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360 2. VARDENY, 0. BRAFMAN AND E. EHRENFREUND 

Fig. 5 :  The s h i f t  w(T) -w(lO) 
of the primary peak posit ions 
f o r  w 1  and w 3  i n  (CDlx. 
AEp i s  the s h i f t  of t he  

P '  
f :j 
W egm-m electronic  PA bands. The 

; .+----+- 
E m  
y ;  
m- 

Temperature ( O K )  l i l ies a r e  drawn t o  guide t h e  
eyes. 

We measured RRS and PA as  a function of temperature. 
Raman l ines  wR and w! a r e  shown i n  Fig. 4 a t  10 and 300K. 
primary frequencies increase with increasing temperature and 
Fig. 5 shows the s h i f t  Aw(T) = w(T) - ~ ( 1 0 )  f o r  both modes. 
Aw3(T) i s  larger  than A w l ( T )  and it  reaches 'L 13 cm-l a t  300K. 
We also found upward s h i f t s  for  w 1  and w3 i n  trans-(CH),, 
however fo r  t h i s  isotope Awl(T) L: Aw3(T). 

increases,  due t o  the force constants softening a t  high 
temperature. 
(wq) has the regular temperature dependence: w 2  decreases by 
4 cm- l  from 1OK t o  300K. This shows tha t  the unusual upward 
s h i f t  fo r  01 and w3 is caused by t h e i r  stronger e-p couplings 
whose temperature dependence overcomes the force-constants 
softening. This confirms t h a t  the phonons i n  trans- 
polyacetylene a re  renormalized and the e-p in t e rac t ion  must be 
included i n  any l a t t i c e  dynamics calculationlo.  
product r u l e  (Eq. ( 4 ) )  w e  can conclude that  the increase i n  the 
phonon frequencies r e f l e c t s  an increase i n  the  e-p coupling . 
This i s  shown schematically i n  Fig. 6 where the two horizontal  
l i nes  are  drawn a t  -(1-2A)-l a t  80 and 30OK and X increases with 
tTpe ra tu re .  CBanges i n  X influence w 3  much more than w 1 ,  s ince 
[D (w3)I-l > [D (w1)l-l (Pig. 6) f o r  t he  values of Do(w) 
su i t ab le  f o r  RRS. This explains why A M  (TI > Au~(T).  
t ha t  for  the s a t e l l i t e  dispersion 6w(q? we a l s o  found 
6 w 3  > 6 w l .  This is caused by the same mechanism as fo r  the 
temperature s h i f t ;  X increases with 0~ and (D0-l  > (Di1-l. The 
opposite temperature s h i f t  A w 2  < 0 fo r  w 2  i n  ?CD), cannot be 
explained by Fig. 6 since Do(w) does not contain yet the changes 
expected i n  wo with temperature (m: should decrease with 
temperature l&e regular phonons). 

The two 
The 1 

Normal phonon frequencies decrease when the temperature 

We found tha t  the weakest coupled phonon i n  (CD), 

From the  AM 

We note 
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PHOTOINDUCED ABSORPTlON AND RESONANT RAMAN SCATTERING 361 

TRANS - ( C D h  

' 300~- Fig. 6: Do(w) of 
trans-(CD),2. The 
two hor i zon ta l  l i n e  

1 1  I l l  i n t e r s e c t i o n s  g ive  w 1  
800 loo0 1200 1400 1600 and a3 primary 

f requencies  a t  80 
and 300K. w ( cm" I 

We measured an upward s h i f t  wi th  inc reas ing  temperature  f o r  
a l l  e l e c t r o n i c  PA bands. 
high-energy band and a l s o  t h e  o s c i l l a t i o n s  found i n  PA5 i n  t h e  
energy range of 1.4 t o  1.7 eV.  
o s c i l l a t i o n s  i n  t h e  PA spectrum a s  a func t ion  of temperaLure, is 
shown i n  Fig. 5. 
doping-induced "mid-gap" absorp t ion .  F i n a l l y ,  s i m i l a r  upward 
s h i f t s  were re  
pol yacet  y l  e n e C  

t h e i r  upward s h i f t  i n d i c a t e  t h a t  t h e  energy-gap i t s e l f  i nc reases  
with temperature. This is i n  con t r a s t  t o  the  behaviour of 
convent ional  semiconductors12 with direct-gap (GaAs o r  i n d i r e c t  
gap (Ge, S i ) .  I n  a l l  of them the  o p t i c a l  gap decreases  with 
temperature. The P e i e r l s  gap-equation (Eq. ( 2 ) )  may exp la in  
t h i s  anomaly. We have concluded from RRS t h a t  1 i nc reases  with 
t h e  temperature and Eq. ( 2 )  y ie lds  h igher  do f o r  l a r g e r  A.  
d e t a i l e d  ca l cu la t ion  of A, s h i f t  with tem e r a t u r e  based on the  
RRS r e s u l t s ,  w i l l  be published elsewherelg.  

This inc lude  the  low-energy band, t he  

The average s h i f t  AEg of the  

An upward s h i f t  was repor ted6  a l s o  f o r  t he  

r t e d  f o r  t he  i r  photoluminescence i n  t rans-  

Since a l l  these  var ious  energ ies  are a s soc ia t ed  with A,,  

A 
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