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ABSTRACT 

In the present paper the following subjects are discussed about conjugated polymers: the first is a model of the 
relaxation of excitons, the second is the Raman spectrum of the excitons with Ips lifetime, and the third is the optical 
Stark effect of the Raman gain spectrum. 

(1) The decay kinetics of self-trapped (ST) excitons in one-dimensinal conjugated polymers were explained with a 
model in which potential crossing and tunneling between two potential curves of the ST exciton and the ground state are 
the major processes in the relaxation. The weak temperature dependence indicates that the activation process over the 
potential barrier between the ST exciton and the ground state is not dominant in the radiationless relaxation of the ST 
exciton. 

(2) Geometrical relaxation of main chain configuration in PDA was also investigated by time-resolved Raman gain 
spectroscopy with 300 fs resolution which is the highest time resolution of the vibrational spectrum ever reported. The 
Raman signal due to the ST exciton in PDA was observed at 1200 cm-1. The observed Raman signals offer most direct 
evidence of the structure of ST exciton being butatriene-like structure after geometrical relaxation from acetylene-like 
structure in free exciton state. 

(3) The stimulated Raman gain signals of a single-crystal PDA-DFMP, with the sidegroups 2,5-bis 
trifluoromethyl-phenyl, were reported to exhibit an optical Stark shift of about 50 cm-1. Using an ultrashort, near- 
resonant high intensity laser, the intensity dependent signal shifts to higher probe photon energies for both the C=C and 
C=C stretching modes. Semi-quantitative agreement between the data and a 3-level system density matrix calculation is 
achieved using a nonlinear optical mechanism in which a pump laser field is optically coupled to both the exciton t 
zero-phonon ground state and the exciton t one-phonon ground state transitiofis. 

1. INTRODUCTION 

The latter-half of the twentieth century is marked by the development of electronics based on semiconductor 
industry and technology. The speed and memory in computers will reach the limit, which will not be sufficient in near 
future. Since the bandwidth of optical wave is much broader than that available with electronics, the next century is 
expected to be an "Optopia", where extensive development of optronics and/or photonics is to be attained. The industry 
of the early stage of optronics or photonics, namely, optoelectronics, has been developed for the last ten years and the 
gross products of this industry in 1992 in the author's country, Japan, is reported to have exceeded five trillion yen. In 
order for the industry of optronics or photonics to realize the optopia, the search for the nonlinear optical materials is 
of key importance.] The properties of the materials for the information processing and memory storage should satisfy 
some or all of the following requirements. (1) Large third-order optical nonlinearity. (2) Ultrafast nonlinear response. 
(3) Low absorption, reflection, and scattering loss at operation wavelengths. (4) Possibility of manufacturing 
waveguide. (5) Long-term stability of nonlinear susceptibility and dynamics. (6) Stability and absence of degraduation 
at the operational level of lasers. From these viewpoints there are a few groups of materials attracting scientists in the 
field. 

Among others conjugated polymers seem to be promising candidates for future practical applications in nonlinear 
optical devices. Because of their often large nonlinear optical susceptibilities and their role as model compounds for 
quasi-one-dimensional semiconductors. Considerable interest has been directed to the electrical and optical properties of 
polymers with long conjugated chains such as polyacetylenes(PA), polydiacetylenes(PDA), polythio henes(PT), 

shows the molecular structures of these polymers. The major differences in the electronic and optical properties among 
these polymers lie in the backbone structure. For example PA possesses the conjugated polyene type (-CH = CH-), main 
chain, PDAs have the diacetylene-type configuration (=CR-C=-C-CR=)n with both double and triple bonds, and PTs, 
PTV, PP, and PPV contain ring structures in their repeating units. 

It is of great interest to study the kinetics of excitations in PDAs, PTs and PTV and compare the results with those 
of PA, especially the formation and decay processes of solitons in PA and ST excitons in PDAs and PTs. The kinetics of 
photoexcitations have been studied in a polydiacetylene-toluene-sulfonate (PDA-TS) single crystal. The 
population decay time was measured to be less than 2 ps by transient absorption spectroscopy,24 and by degenerate 
four-wave mixing in a PDA-TS single crystal.25 In nanosecond time-resolved reflection spectroscopy studies, decay 
kinetics represented by erf[(t/~)-ln] with ~ = l  .O ps has been reported. 2325 The decay kinetics was explained in terms of 
the geminate recombination of a pair of excitations after random walks in one-dimensional chains.27 The 
photoexcitations in the nanosecond region were assigned to photoinduced polarons. 

polypyrrole, polythienylenevinylene(PTV), polyphenylene(PP), and polyphenylenevinylene (PPV).*-2 f Figure 1.1 
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2. RESULTS AND GISCUSSION 

2.1. Mechanism of exciton self-trapping in one-dimensional system 

From the extensive experimental study of polymers in our group, the following model to describe the self-trapping 
process of free exciton and decay dynamics of the self-trapped exciton is proposed. 

Fig.2.1.1 shows the potential curves of free and self-trapped excitons in one-dimensional conjugated polymers. 
Since there is no barrier in the potential curve between free and ST excitons in an ideal one-dimensional system, the 
formation of the ST excitons is expected to take place within the period of the coupled phonon cycle TM=~x/OM, The 
experimental results of the absorption spectra, the Raman gain 27-29, the resonance Raman scattering, and the phonon- 
mediated optical nonlinearity show that the singlet excitons in polydiacetylenes are coupled with the C=C and CnC 
stretching modes. The coupled stretching mode frequencies are about 1500 cm-1 (C=C stretching) and 2100 cm-1 (CeC 
stretching) and correspond to oscillation periods of 20 and 15 fs, respectively. Both of them are much shorter than the 
experimentally observed appearance times of ST excitons, which are 150 fs in PDA-3BCMU, 100 fs in PDAdBCMU, 
70 fs in P3MT, and 100 fs in P3DT. 

R e l a x a t i o n  Rate from STE t o  Ground S t a t e  

Fig. 2.1.1. A model of the relaxation kinetics and the dependence on exciton energy shown in the potential 
surfaces of excitons in PDA. State 1.2 and 3,rland 5 are free exciton (FE). nonthermal self-trapped exciton (STE), 
quasithermal STE, and thermal STE, respectively. Gbluc and Grd are ground states of blue-phase PDA and red- 
phase PDA, respectively. 

In the following, the terminology "self-trapping" is used in two ways. One is the change in the potential curve of 
excitons which have the same energy as the free excitons. The self-trapping time estimated above from the oscillation 
period is used in this meaning. The other is the emission of phonons of the most strongly coupled mode to the excitonic 
transition. After this process the exciton energy is lower than that of the free exciton, and the population of the ST 
excitons is distributed near the bottom of the "ST" exciton (STE) potential in Fig. 2.1.1. 
According to Jortner?O the rate of the self-trapping process of the second meaning in rare gas solids such as Ne and 
Ar at low temperatures is given by kST=WMexp(-WM/mD), where WM and OD are the frequencies of the most strongly 
coupled mode and the Debye frequency, respectively. Using the values of WD in literature and OM given above, the 
calculated rate kST is several orders of magnitude smaller than the observed rate in the p0lymers.2~.28 This is because of 
the too simple phonon structure in the model only suited to the rare gas solids. Much longer self-trapping time can be 
explained by the geometrical reorganization (relaxation) involving the lower frequency modes than the oscillation period 
of the strongly coupled modes. The lower frequency modes may include those associated with the structural change in 
the bulky side chains, which are lacking in the rare gas solids. 

There is difference in the formation time of ST excitons, namely "self-trapping" time of the second meaning, 
between PDAs and PTs. The formation times are 150 fs in PDA-3BCMU and 140 fs in PDA4BCMU in the blue phase 
and 70 fs in P3MT and 100 fs in P3DT. This can be explained by the diffcrence in the chemical structures of these two 
groups of polymers. PDA-3BCMU and PDA-4BCMU have side groups with hydrogen bonds connecting neighboring 
side chains, while P3MT and P3DT have rigid structures of thiophene rings conjugated with each other. The side chains 
of PTs have the helical noncoplaner structure due to the steric hindrance among the side groups?1,32 The van der Wads 



Ultrafast nonlinear optical responses in rr-conjugated polymers 389 

interaction bctwecn thc sidc chains and that betwccri main chain and side chains x e  morc intcnsc in PDDT than in P3MT 
becausc of the longcr sidc group in the former. This explains the longer formation lime in thc formcr. 

The sclf-trapping time constant of excitons in P3MT is 70 fs, which is different from 150 fs in PDA-3BCMU only 
by a factor of two although the differences in the structure and size of the side chains are very large. This may be due to 
the following three possible mechanisms. Mechanism (1); Finite time is needed for the self-trapped exciton to slide down 
along the adiabatic potential because the pstential curve of the self-trapped exciton deviates from the free- exciton 
potential bottom, which is flat with null derivative.33.34 Mechanism (2); According to Sumi's theory concerning the self- 
trapping process in reduced dimensionalities~4 the spontaneous geometrical relaxation, which takes place from infinitely 
extending free exciton to the self-trapped exciton, follows a reaction pathway with very small slope along the reaction 
coordinate. Mechanism (3); Because of the interchain interaction, the conjugated polymers may not be an ideal one- 
dimensional system. Then there may be a low barrier between two minima in the potential curves of the ground state and 
the ST exciton state. 

2.2. Decay mechanism of self-trapped excitons in conjugated polymers 

polymers, especially polydiacetylenes. 
In this subsection the following properties are addressed concerning the excited state dynamics in conjugated 

(1) Many of conjugated polymers are nonfluorescent or only weakly fluorescent. Especially the quantum 
efficiency of the nonfluorescent blue form of polydiacetylenes is estimated to be lower than 10-5 and that of the 
fluorescent red-phase polydiacetylenes is only of the order of 10-4. 

(2) There are common features in the transient absorption spectra of both PDAs (blue-phase PDA-3BCMU and 
PDA4BCMU and red-phase PDA4BCMU) and PTs either in random films or in oriented films. One feature is very 
broad absorption spectra in 1.35-1.9 e V  region observed just at excitation (0 ps). 

(3) Triplet exciton cannot be formed directly from the singlet exciton. They are formed only at high density 
excitation of exciton transition or by charge carrier creation by the interband transition. 

(4) The formation and decay times and photoluminescence properties of the ST excitons in several PDAs and FTs 
studied are summarized in Table 2.2.1. 

Table 2.2.1: The formanon time (7f) and the decay dme*l (q) of self-trapped (ST) excitons and 
fluorescence propeny of several polymers 

polymer zf(fs) m(ps) zd(ps) fluorescence 
(290K) (10K) (290K) property*2 

PDA-3BCMU (blue,oriented film*3) 150L40 1.933.2 1.6f0.1 
PDA-3BCMLJ (b lueps t  film) 150f50 2.0k0.2 1.550.2 
PDA-DFMP (blue,single crystal) 10M30 --- 1.6%. 1 
PDA-4BCMU (blue,oriented film) 1 4 M O  2.1k0.1 1 . 6 S . l  
PDA-4BCMU (red,oriented film) 120k60 0.96+0.09*4 --- 
P3MT (electrochemical preparation) 7 M O  0.62+0.07*4 --- 
P3DT (electrochemical preparation) 100f50 0.4520.06*4 --- 

PDA4BCMU (red,cast) <200 0.88+0.08*4 --- 

n 
n 
n 
n 
wf 
wf 
wf 
wf 

* I  The formation of ST exciton comsponds to the emission process of srrongly coupled phcmcm LO the excironic mnntion. 
*2 Polymers with about lo4 and lower fluorescenccquantum cfficicncy than I @  is indicated by wf (weakly fluomcent) and n 
(nonfluoraant), respectively. 
'3 The sample is prepared by h e  polymerization of evapontd monomer fh of PDA-3BCW on a KCI crystal. The sample is 
composed of  small crystals and amorphous regions. 
'4 This decay time is dercmrined by the initial slope of the semilogarithmic plot in the carly delay lime shorter than 1 ps. 

Figure 2.2.1 shows the time dependence of the absorbance change due to the self-trapped excitons in several PDAs 
and PTs, after the component, which does not decay within 150 ps, being subtracted. As can clearly be seen in the 
figure, the decay of nonfluorescent PDA-3BCMU in the blue phase and PDA-4BCMU in the blue phase are 
approximately given by an exponential function except the early stage within 500 fs. The other fluorescent polymers 
have nonexponential decay from very early delay time until 30 ps. The initial decay times defined by the slope of the 
semilogarithmic plot of the absorbance change against delay time just after excitation are determined as 89M160 fs, 
620f60 fs, and 45M50 fs in PDA-4BCMU, P3MT, and P3DT. respectively, at 10 K. The decay becomes slower and 
slower at longer delay times because of the less efficient tunneling due to the thicker barrier width through which the 
population of excitons must tunnel to relax to the ground state. 

The lifetime of the self-trapped IB, excitons in PDA-3BCMU is much shorter than the radiative life (a few ns) 
estimated from the oscillator strength of the transition. This means predominant radiationless relaxation in the exciton 
decay process. Excitons in many semiconductors and organic molecular crystals have lifetimes between several hundred 
picoseconds and several hundred nanoseconds at low temperatures. More than one order of magnitude differences in 
the lifetime of these excitons are usually found between low temperatures and room temperature. The activation 
potential barrier is very often invoked to explain the temperature dependence in most excitons in semiconductors, 
organic molecular crystals, and also in ionic crystals. 
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Fig. 2.2.1. Time dependence of the 
absorbance change due to the self-trapped 
excitons in several PDAs and PTs, after 
the very long-life component being 
subtracted. The decay c w e s  from the cop 
to the bottom correspond to 1.  P3MT 
(observed at 10K at the probe photon 
energy of 1.63 eV); 2. F'3DT (lOK, 2.34 
eV); 3. PDA-4BCMU (red-phase cast 
film. ]OK, 1.77 eV); 4. PDA-4BCMU 
(blue- hase oriented film. 1 OK, 1.77 eV); 
5. PiA-4BCMU (blue-phase oriented 
film, 290K, 1.77 eV); 6 .  PDA-3BCMU 
(blue-phase cast film, 290K. 1.77 eV); 7. 
PDA-3BCMU (oriented single crystals 
and amorphous domains prepared bv 
evaporation on a KC1 singlk crystd 
surface (loo), 290K, 1.77 eV). and 8. 
PDA-DFMP (297K. 1.98 eV). The 
excitation pulse width and energy are 
lOOfs and 1.97 eV. respectively. The 
samples of PDA4BCMU in red-phase are 
excited by the two-photon process. 

- 1  0 1 2 3  4 5 
Delay T i m e  ( p s )  

The relaxation of photoexcitations in polymers in general can be described as follows using PDAs and PTs as 
examples.27-29135 The differences in the relaxation kinetics of excitons in the nonfluorescent PDA-3BCMU and PDA- 
4BCMU in the blue phase and fluorescent PDA-4BCMU in the red phase and PSDT and P3MT are discussed. The 
discussion is based on the Toyozawa's theory.36.37 Figures 2.2.2 and 2.2.3 show the potential curves of the ground state 
(G) and self-trapped exciton (STE), and free exciton (FE) band of the nonfluorescent (Fig. 2.2.2) and fluorescent (Fig. 
2.2.3) polymers, respectively. The curvature of the potential of STE is larger than those of G and FEi states in order to 
take into account the discussion on the reaction coordinate by Sumi et  a1.34 and the small Stokes shift of 
fluorescent polymers. The electronic structure of the polymer systems are too complicated to be represented by the 
one-dimensional potential curve. The small Stokes shift may also be explained by the ground-state potential having two 
minima with a small barrier between two configurations corresponding to h e  acetylenic and butatrienic resonance 
structures or to the aromatic and quinoid resonance stmctures in the cases of PDAs and FTs, respectively. 

In Figs. 2.2.2 and 2.2.3, the self-trapping process from FE (indicated by the number 1 in the figures) to STE 
(indicated by 2) is the process 1 - 2, followed by the emission of phonon of strongly coupled modes to the excitonic 
transition. 

The STEs after the phonon emission process still remain in the nonthermal states (3). The nonthermal STEs (3) 
are coupled with phonon modes (intrachain vibrations) of low frequencies and thermalize to states, where temperatures 
of the intrachain vibration can be defined. The thermalization process (3 - 4) is observed as the spectral change at delay 
times from 0.5 ps to 5.0 ps. The time constant of the thermalization can be determined by the time dependence of 
absorbance change ratio among several different wavelengths. The obtained time constant of the thermalization process 
is about 1 ps in both red-phase PDAs and P3DT. However, the temperature of the STEs defined from equilibrated 
vibrational modes after this 1-ps thermalization process may be still higher than the bulk temperature of the polymer 
sample. Therefore, the cooling down process (4 - 5 )  with a time constant of several or a few tens picoseconds is 
expected to take place after the observed thermalization process. However the spectral change due to the cooling down 
process of the STEs could not be clearly detected in this study because of limited signal to noise ratio of the spectral 
data. 

The change of the decay rate observed in the red-phase PDA-4BCMU and PSDT can be explained by the 
competition between the thermalization and tunneling processes. The STEs relax to the ground state mainly by 
tunneling through the barrier between the STEs and ground-state potentials. The initial fast decay is the relaxation from 
the nonthermal and quasi-thermal STEs (indicated by 3 - 4 in Fig. 2.2.3) with the time constant of about 1 ps or slightly 
less. After the thermaliration the STEs come down close to the bottom of the potential and the loss rate by the tunneling 
becomes slower because of the increase in the barrier height and thickness. The decay time constant of about 5 ps is due 
to the tunneling from the thermal STE (indicated by 4 in Fig. 2.2.3). The thermalization process of the STE is 
estimated as about 1 ps from the spectral change. The wavelength dependence of the decay curve can be explained by 
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h c  hermalization process. The absorbance change at 2.00 CV in Ihc red-phase PDAs is mainly due to the quasi-thcrmal 
STEs and the thermal STEs have the absorption peak at 1.6 eV. Therefore, the decay curve at 2.00 eV can be fitted to a 
single exponential function with the time constant of about 1 ps. The time constant of the absorbance change below 1.8 
eV is longer than that of the bleaching, because the quasi-thermal STEs thermalize with the time constant of 1 ps and 
the absorption peak due to the thermal STEs appears at 1.6 eV. The observed data for P3MT and P3DT can be 
explained in the same way. 

/ energy distribution 

Fig. 2.2.2. Potential curves of the ground state (G), free exciton (FE). and self-trapped exciton (STE) of the 
nonfluorescent PDAs with fluorescence efficiency lower than 105. The meanings of numbers 1.2. and 3 are the 
same as in Fig.2.1.1. 

enernv diatribution 

4 
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l u m i n e s c e n c e  I 
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G I 
Fig. 2.2.3. Potential curves of the ground state (G), free exciton (FE) band, and self-eapped exciton (STE) of the 
very weakly fluorescent PDAs with fluorescence quantum efficiency of about 10-4 or slightly more. Numbers 1, 
2, and 3 are the same as in Fig. 2.1.1. Number 4 means STE after thermal equilibration among intramolecular 
vibrational modes to a local temperature, which is higher than the bulk experimental temperature of the samples. 
Number 5 indicates the STE after the local temperature is lowered to the bulk experimental temperature. 

The change of the decay rate observed in the red-phase PDA4BCMU and P3DT can be explained by the 
competition between the thermalization and tunneling processes. The STEs relax to the ground state mainly by 
tunneling through the barrier between the STEs and ground-state potentials. The initial fast decay is the relaxation from 
the nonthermal and quasi-thermal STEs (indicated by 3 - 4 in Fig. 2.2.3) with the time constant of about 1 ps or slightly 
less. After the thermalization the STEs come down close to the bottom of the potential and the loss rate by the tunneling 
becomes slower because of the increase in the barrier height and thickness. The decay time constant of about 5 ps is due 
to the tunneling from the thermal STE (indicated by 4 in Fig. 2.2.3). The thermalization process of the STE is .  
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estimated as about 1 ps from the spectral change. The wavelength dcpendencc of the decay curve can bc explained by 
the rhcrmalization process. The absorbance change at 2.00 eV in the red-phase PDAs is mainly due to the quasi-thermal 
STEs and the thermal STEs have the absorption peak at 1.6 eV. Therefore, the decay curve at 2.00 eV can be fitted to a 
single exponential function with the time constant of about 1 ps. The time constant of the absorbance change below 1.8 
eV is longer than that of the bleaching, because the quasi-thermal STEs thermalize with the time constant of 1 ps and 
the absorption peak due to the thermal STEs appears at 1.6 eV. The observed data for P3MT and P3DT can be 
explained in the same way. 

The decay of the nonthermal (but relaxed, namely after large frequency phonon emission) STE in blue-phase 
PDAs is faster than in red-phase, because the crossing point is lower than the point in red-phase PDAs. The major part 
of the STEs relax to the ground state before thermalization. The decay rate from the nonthermal STEs to the ground 
state is not much slower than the decay rate from the quasi-thermal STEs. Therefore, the decay curves in the blue- 
phase PDAs can be fitted to single-exponential functions. The wavelength dependence of the time constant is due to the 
mixed signals of the S T E  states. The bleaching signal exhibits the unrelaxed and relaxed (i.e. after large frequency 
phonon emission) but nonthermal STEs, while the absorption around 1.8 eV is due to the unthermalized STEs. 
Therefore, rhe observed decay time constant of the bleaching is shorter. 

The difference between fluorescent and nonfluorescent polymers is in the time constants of the tunneling from the 
nonthermal and quasi-thermal STEs to the ground state. The time constants in the blue-phase PDAs are between 1 ps 
and 3 ps and they are shorter than that in the red-phase PDAs. Therefore the number of the remaining STE at the 
bottom of the STE potential curves in the blue-phase PDA is smaller and the luminescence could not be detected. The 
fast component of the luminescence in the red-phase PDAs is considered to be due to the free excitons and/or STEs and 
the slow component is due to the traps in the polymer chains. The detailed study using highly oriented samples is also 
consistent with the above mode1.38 

The proposed relaxation model predicts that the decay rate of the STE in conjugated polymers depends on the 
exciton energy. Conjugated polymers with large exciton energy are considered to have excitons with long lifetime and 
to be more fluorescent. For example poly(p-phenylenevinylene)(PPV), which has an absorption peak at 2.5 eV has 
strong luminescence with a quantum yield of several percent.39~40 Much higher fluorescence quantum efficiency of 
PPV than red-phase PDAs may also be due to non-ideal one dimensionality in the polymer, caused by interchain 
interaction because of small side groups. 

Recently, a Langumuir-Blodgett film of PDA-(12,8), which has an exciton peak at 1.88 eV, has been studied and 
the decay time constant of the STE is estimated as 1.3k0.1 ps at 290 K.41 I t  is shorter than that in blue-phase PDAs 
which have an exciton peak at 1.97 eV. These results are consistent with the above proposed model. However, PDA 
under the hydrostatic pressure has different decay kinetics. When the pressure increases, the absorption edge of red- 
phase PDA-4BCMU shifts to lower energy but the decay kinetics becomes slower.42 This pressure effect is probably 
due to a subsequent three-dimensional distortion of the polymer chain. The decay kinetics under the pressure may be 
different from that in the one-dimensional system. 

Thus low fluorescence quantum efficiency of the one-dimensional polymers is systematically explained by the 
proposed model shown by Figs. 2.2.2 and 2.2.3. While in fluorescent PDA-4BCMU in the red phase and P3MT and 
P3DT. the crossing points are higher than in PDA-3BCMU and PDA-4BCMU in the blue phase because of the higher 
energy of free and ST excitons. In the red phase PDA-4BCMU a larger fraction (probably 10 to several tens %) of free 
excitons are relaxed to ST  excitons with 3 ps lifetime at 10 K. This is shown in Figs. 2.2.2 and 2.2.3 as fast tunneling 
through and passing through the crossing point of the potential curve between the ST exciton and the ground state. The 
ratio of the contribution of the tunneling and activation processes must be qeterrnined for each polymer by detailed 
experiments of the temperature dependence of the primary decay kinetics. The time constants of the various relaxation 
processes in three polymers are listed in Table 2.2.2. 

Table 2.2.2: Time constants of the relaxation processes of excitons at 290 K 

Relaxation processes*l 

I - 2 (self-trapping)*Z 
2 - 3 (phonon emission) 
3 - 4 (thermalization) 
2 - G (tunneling from 
unrelaxed STE) 
3 - G (tunneling from 
nontherrnal STE) 
4 - G (tunneling from 
thermal STE) 

PDA-4BCMU(blue) PDA-4BCMU(red) P3DT 
(oriented film) (oriented film) 

(10-20 fs) (10-20 fs) (1 0-20 fs) 
140540 fs 120f60 fs 100+10 fs 

---*3 l . l M . l  ps 1 .oi0.2 ps 
< 1.0 ps 

0.7f0.1 ps*4 0.3M.1 ps*4 
1.6M.1 ps 

---.*5 4.4k0.5 ps*6 4.7k1.2 ps*6 

'I 1-4, and G are the states shown in Figs. 2.2.2 and 2.2.3. 
*2 Tnc lime constants of the self-uapping pmcuscs could not be time-resolved in this study. 
'3 Tnc lhermalizaucm procus could no( be detected in the bluc-phare PDA. 
'4 Tnc uuuding proccsscs from the unrelaxed STE and from the nonthermal STE could not be 

' 5  The lunneling from thermal STE in !he blue-phase PDA-4BCMLl could not be observed bccause the 
nonlhmnal STEs disappear before thcrmaliiauon. 
'6 Tnc dccay limes am dacrmincd by the absorbance change at lower delay time than 5ps. 

S c p u l l d .  
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2.3. Temperature dcpendencc of decay kinetic 

The photoinduced absorbance changes (AA) at 0.5 ps in PDA-(12,8) LB films are shown in Fig. 2.3.1 with the 
pump spectra. Bleaching due to absorption saturation and broad photoinduced absorption below the absorption edge are 
observed. The  photoinduced absorption has two peaks at 1.4-1.6 eV and just below the absorption edge. The peak 
around 1.4-1.6 eV and that near the absorption edge are assigned to the transitions from the lowest IBu exciton to ml  Ag 
(m>l)  excitons and to composite exciton state, i.e. biexciton with lAg symmetry, respectively.35 

Fig. 2.3.1. Transient absorption 
spectra at 0.5 ps in  PDA LB 
films at 290 K. (a) PDA- 
(12,8)-PAA, (b) blue-phase 

phase PDA-(l2,8)-Cd. The 
absorption (dotted curves) and 
pump spectra are shown 
together. The pump photon 
densities are (a) 9 .2~101~.  (b) 
1.8~1015,  and (c) 2.5~1015 
photons/cm2. 

PDA-(12,8)-Cd, and (c) red- 

I 
1.2 1.6 2.0 2 . ~  2.8 

Pho ton  Energy (eV) 

Fig. 2.3.2. Transient absorption 
spectra of PDA-(I2,8)-PAA at 
290 K. The absorption (dotted 
curve) and pump spectra are 
shown together. 
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The time constants defined by the decay curves at dclay timcs longer than 2 ps are summarizcd in Tablc 2.3.1. The 
dccay time constant becomes shorter at higher temperatures and in PDA with smaller exciton energy. 

Table 2.3.1: Decay time constants obtained from the data at dclay times longer than 2 ps in PDA-(12.8) LB 
films at several temperatures. 

Exciton Decay Time Constant (ps) 

Ex (eV) 10K 100K 200K 290K 
PDA LB films Energy 

(a) PDA-(12,8)-PAA 1.88 1.8f0.1 1.7k0.1 1.5f0.3 1.3M.1 
(b) PDA-(12,8)-Cd (blue) 1.97 2.150.1 1.8f0.1 1.6k0.1 1.5M.1 
(c) PDA-(12,8)-Cd (red) 2.32 6.1k1.2 420.5 3.9f0.6 3.3k0.5 

Since the ultrafast relaxation processes in PDAs are insensitive to the sample morphology,43 the exciton energy 
dependence of the decay kinetics can be discussed using a model shown in Fig.2.1.1. Here, the potential curves of free 
exciton (FE) and self-trapped exciton (STE) are assumed to be independent of the exciton transition energy Ex. 
Polyenes have the 21Ag state below the llB, state$4 but the 21Ag state in longer polyene systems is expected to separate 
to form two 3Bu states.45 The observed long-lived triplet excitons in PDAs are not created directly via the l l B u  exciton 
generated by single photon excitation of the 1.97 eV pump ulse, but created by fission of a higher excited singlet 
exciton generated by the Auger process of two l l B u  excitons.86 Therefore, the relaxation rate from the l l B u  exciton to 
the 21Ag exciton is considered to be much smaller than the relaxation rate to the ground state. The 21Ag state in PDA 
can be neglected in the ultrafast relaxation of the l lBu exciton. 

Time D e p e n d e n c e  o f  A b s o r b a n c e  Change  
P D A -  (12 ,  8 )  L B  f i l m s  290K 

WC.' = 0. 98iO. 28ps u - '  = 0 .  0 6 6 i 0 .  016eV 

E e  = 0. 04eV ( P A A ) ,  0. 05eV (Cd b l u e ) ,  0, 1 l e v  (Cd r e d )  
E L - E o =  0. 26eV ( s t a b i l i z a t i o n  e n e r g y  o f  S T E )  

A E e / A E , =  0. 1 5 t 0 ,  0 3  

- 1 0 1 2 3 4 5  
Delay Time ( p s )  

Fig. 2.3.3. The time dependence 
of the absorbance changes in PDA 
LB films at 290 K plotted in a 
semilogarithmic scale. (a) PDA- 
(12,8)-PAA (solid circles), (b) 
blue-phase PDA-(12,8)-Cd (open 
squares), and (c) red-phase PDA- 
(12,8)-Cd (solid squares). The 
probe photon energies are (a) 1.88 
eV, (b) 1.94 eV. and (c) 2.30 eV. 
Dashed l ines  are single- 
exponential functions obtained 
from the data at delay times longer 
than 2 ps. Solid curves are decay 
kinetics simulated using eqs. (16)- 
(18)withTo=3000K. 

The spectral change of the photoinduced absorption with a time constant of about 150 fs is due to the geometrical 
relaxation of FE to STE. Since the formation process of STE has no barrier in one-dimensional system, the 
photoexcited FE (state 1) is coupled with the C-C stretching modes within the phonon periods of 10-20 fs. However, 
STE has not relaxed to the bottom of the potential curve and the stabilization energy remains as the kinetic 
energy of the lattice vibration (nonthermal STE (state 2)). The nonthermal STE then relaxes to quasithermal STE (state 
3) coupled with vibrational modes within a single chain of polymer. The observed spectral change with a time constant 
of about 150 fs is considered to be due to this process. Slow spectral change with a time constant of l . l M . l  ps observed 
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in  red-phase PDA-4BCMU corrcsponds to relaxation from quasithermal STE to thermal STE (state 4).41 There are 
thrce possible mechanisms of nonradiative relaxation in the decay kinetics from STE to the ground state as shown in 
Fig.2.1 .l(b), i.e. (1) thermal activation, (2) multiphonon transition, and (3) tunneling in configuration space. 

(1) If the relaxation from STE to the ground state is mainly due to passing through the crossing point shown in 
Fig. 2.l.l(b)(l), the temperature dependence of the decay rate is given by 

RaU) = Rao exP(-EB/kT), (2.3.1) 

where EB is the activation energy to pass through the crossing point and Ra0 is the frequency of the activation process. 
Using the data in Table 2.3.1, EB and Rao-1 in PDA-(12.8) LB films are obtained as (a) 0.18 meV (2.1 K) and 1.5 ps, 
(b) 0.24 meV (2.8 K) and 1.6 ps, (c) 0.45 meV (5.2 K) and 3.7 ps, respectively. The weak temperature dependence 
gives very small activation energy. The fastest decay rate in the activation process (kT>>EB) is R,o, but the observed 
initial decay rate is faster than the obtained decay rate Rao. Therefore, the relaxation via the crossing point is concluded 
not to be a major relaxation process. 

(2) The ultrafast nonradiative decay in cis-polyacetylene was once explained by multiphonon transition.47 The 
temperature dependence of the multiphonon transition rate is approximately given by 

(2.3.2) 

where Rw is phonon energy and Eo is the energy difference between the bottoms of the STE potential curve and the 
ground state.48 Since the corresponding temperature of the phonon energy in PDA is much higher (0.19-0.26 eV = 
2200-3000 K) than the experimental temperature, the difference between multiphonon transition rates at 10 and 290 K 
is very small and estimated to be less than 1%. Therefore, the multiphonon transition is not a main relaxation process. 

(3) The main relaxation process from STE to the ground state is considered to be due to tunneling in the 
configuration space from the STE potential to the ground state (Fig.2.1.1 (b)(3)) and the following phonon emission 
process from high vibrationally excited levels of the ground state. The nonradiative transition probability from the 
excited state Ij,x> to the ground state Ij+p,g> with the same energy, where both j and j+p specify the vibrational levels, 
was calculated considering the overlap of vibrancy wavefunctions.49.50 The transition rate was obtained as 

Wj = C I<j,xlj+p,g>lz 
1 

= C exp(-S)SP (i+p)! [LPj(S)J', (2.3.3) 

where C is a physical factor, p=Eoiiiw, S=(EX-Eo)bo, and LPj is the Laguerre polynomial. Since S and j in PDA are 
expected to be much smaller than p (S, j<<p), the transition rate is approximately given by 

(2.3.4) 

This is consistent with the tendency that STE with higher energy from the bottom of the potential curve has faster 
tunneling rate because of narrower barrier width. Since STEs in conjugated polymers are coupled with both intrachain 
and interchain phonon modes, the STE energies are expected to be distributed continuously. Therefore, the transition 
rate of STE with energy E is assumed as . 

W(E) = Wo exp(a!3) = Wc exp[a(E-EB)l 

W(E) = Wo exp(aEB) = Wc 

(E<EB) 

(E>EB), 
(2.3.5) 

where a = logp/lio. WC is the transition rate of STE with the energy larger than the crossing point and is assumed to be 
constant and independent of the exciton transition energy. The energy distribution of the thermal STE is defined by the 
temperature. At higher temperatures the thermal STEs are distributed to higher energies and the transition rate is 
faster. The relaxation rate of STEs at temperature T is calculated as 

m 

jn(E) W W d E  

(2.3.6) 

where the distribution of exciton, n(E), is assumed to be exp(-E/kT). Since the position of the ground state shown in 
Fig.2.1.1 depends on the exciton energy Ex, the height of the crossing point depends on the exciton energy. When the 
exciton energy increases by AEx (solid curve Gbluc to dotted curve Grcd in Fig.2.l.l(b)), the crossing point becomes 
higher by AEB. When the change in the exciton energy is small, the barrier height is given by 
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(2.3.7) 

The parameters are determined by the least-square fitting using the data in Table 2.3.1 as Wc-1 = 0.98M.28 ps, C2-l = 
0.066M.016 eV, AEB/AE, = 0.15k0.03, and ExO = 1.62 k 0.14 eV. KO means the exciton transition energy with 
zero barrier height. However, Eq. 2.3.7 is not a good approximation for E,-E,o. The actual exciton energy with zero 
barrier height is smaller than the obtained Exo. The value of a-1 is calculated from the relation between Eqs. 2.3.4 and 
2.3.5 using g=10 and Ro=0.19 eV as 0.083 eV. This is consistent with the value obtained from the experimental results. 
The potential barrier height (Es) and the relaxation time from the bottom of the STE potential curve (Wo-1) in PDA- 
LB films are obtained, respectively, as (a) 0.04 eV and 1.8 ps, (b) 0.05 eV and 2.1 ps and (c) 0.11 eV and 5.2 ps. The 
decay time constant in yellow-phase PDA with exciton energy of 2.6 eV is calculated as 6 .22.1 ps at 293 K. This is 
consistent with the fluorescence lifetime of 9+3 ps obtained in PDA-3KAU yellow-phase solution.51 The main 
relaxation process of STE is concluded to be due to the tunneling in the configuration space. 

The time dependence of the bleaching shown in Fig. 2.3.3 can be explained by the thermalization processes of 
STE. Since the pump pulse excites the excitonic absorption peak, the distribution of the nonthermal STE is defined as 
Nnon~h(E)=G@-(E,-Eo)l. Then the nonthermal STE relaxes to the quasithermal STE with time constant T~~~~ = 150 fs. 
The temperature of the quasithermal STE decreases with time constant of T ~ , , , ~  = 1.1 ps and the relaxation rate to the 
ground state becomes slower. Therefore, the rate equations for the populations and temperature change are given by 

(2.3.8) 

(2.3.9) 
(2.3.10) 

where Nnonlh and Nqu., are the populations of nonthermal STE and quasithermal STE, respectively, Ttherm is the 
experimental temperature, and the initial temperature increase, To, is assumed to be (E,-Eo)/k from the stabilization 
energy of STE. Since the population of thermal STE corresponds to N,, at Them, the photoinduced bleaching signals 
are proportional to the sum of Nnonrh and Nqulr. The calculations with To = 3000 K give good fitting curves for each The 
PDA, as shown in Fig. 2.3.3. The stabilization energy Ex-Eo is determined as 0.26 eV. It is larger than the potential 
barriers in both blue- and red-phase PDAs. PDAs in both phases correspond to type I1 in Toyozawa's cla~sification3~ 
and it is consistent with a very low quantum efficiency of fluorescence. Su has calculated the stabilization energy of 
triplet exciton polaron (triplet STE) in PDA as 0.46 eV.52 

2.4. Femtosecond time-resolved resonance Raman gain spectroscopy in PDA3BCMU 

Time-resolved resonance Raman spectroscopy has been recognized as a powerful method for studying structures 
of transient species and electronic excited states. Terai et al. have calculated phonon modes of localized excited states in 
PA and predicted that solitons and polarons can be distinguished by Raman spectroscopy.53 However, only a few time- 
resolved Raman experiments have been done in conjugated polymers54-57 because of the difficulties due to very short 
lifetime (about 1 ps) and near-infrared absorption of the excited states. Z k n g  et al. have investigated picosecond 
transient Raman scattering in PDA-4BCMU (4-butoxycarbonylmethylurethane) and observed the 'reduction of the 
Raman intensity due to the saturation of the Raman cross-section caused by photogenerated excit0ns.5~ Lanzani et al. 
have measured transient photoinduced resonance Raman scattering in PA using two color picosecond dye lasers.55 
However, since the laser pulses are resonant with the absorption from the ground state, the observed signal AID is 
negative and has been explained using the phase space filling model. To the best of our knowledge new phonon modes 
of excited states in conjugated polymers have not been observed by the transient resonance Raman spectroscopy, 
because two color ultrashort pulses which are resonant with the absorption from the ground state and from the excited 
state, respectively, and a near-infrared detector with high sensitivity are needed for the experiment. In this section, the 
configuration of main chain in a polydiacetylene PDA-3BCMU (3-butoxycarbonylmethylurethane) has been 
investigated by femtosecond time-resolved resonance Raman gain spectroscopy. 
In the experiment the amplified pulse was split into three beams. The first beam (pump-1) was resonant with the 
excitonic absorption and generated excited states in PDA. The second one was focused in a 3-mm cell containing cc14 
and femtosecond white continuum was generated by self-phase modulation (SPM). A part of the white continuum was 
selected with a set of prism pairs and a slit and amplified by a two-stage dye amplifier pumped by the second-harmonic 
of the Q-switched Nd:YAG laser. An interference filter (CORION, S10-700-F) was inset between the amplification 
stage to suppress the amplified spontaneous emission and to stabilize the wavelength. The amplified pulse has the center 
photon energy of 1.78 eV and the duration of 200 fs. The 1.78-eV pulse (pump-2) was resonant with the absorption 
from the STE and was used for the pump pulse of the Raman gain spectroscopy. The probe pulse was white 
continuum generated from the last beam by SPM and detected with a polychromator/CCD system. Using this technique 
the time dependence and spectra of photoinduced absorption, bleaching, stimulated emission, and Raman gain were 
observed at the same time. The Raman gain signal was distinguished using the time dependence and sharp structure, 
because the photoinduced absorbance change and luminescence in PDA have finite lifetime longer than 150 f s  and broad 
spectra.35,41,43,j8.59 Polarizations of the three beams were parallel to oriented polymer chains of PDA-3BCMU 
deposited on a KCI crystal.* All the experiment was done at room temperature. 
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Figure 2.4.1 shows transicnt absorption spectra induccd by thc 1.97-cV pulse (pump-I), which is cxactly resonant 
with an excitonic absorption peak. When the pump arid probe pulses overlap in time at the sample, three sharp negative 
peaks are observed. The peak at 1.97 eV is due to saturation of the excitonic absorption and coherent coupling between 
pump polarization and probe field.58 The other two peaks at 1.79 and 1.71 eV are due to the Raman gain of the 
stretching vibration modes of C=C and C=C bonds, respectively. The photoinduced absorbance change below 1.8 eV 
shifts to higher energy with time from 0.0 to 0.5 ps. This spectral change has been explained by the relaxation model 
shown in Fig.2.4. 2 .35.41,58 The FE (state 1 )  photoexcited by the pump-1 pulse is coupled with the stretching modes of 
carbon atoms within the phonon periods of 10-20 fs and becomes nonthermal STE (state 2). Then the nonthermal STE 
relaxes to the bottom of the potential surfaces (quasithermal STE, state 3) by quasithermalization process. Therefore, 
the transient absorption is shifted to higher energy and the transient fluorescence of the FE decays very rapidly as 
observed by P S S . 5 9  The STE relaxes to the ground state (G) by tunneling in the configuration space before 
thermalization with the time constant of 1.5 ps. The 1.78-eV pulse (pump-2) is resonant with the transition observed at 
1.8 eV. This absorption peak is assigned to the transition from the STE to a biexciton with l A g  symmetry.35.58 

F i g .  2 .4 .1 .  Transient  
absorption spectra induced by 
the 1.97-eV pulse in PDA- 
3BCMU. The stationary 
absorption spectrum and the 
spectra of the 1.97-eV (pump- 
I j  and 1.78-eV (pump-2) 
pulses are shown together. The 
excitation photon density is 
1.7~1015 photons/cm2. 

1.2 1.6 2 .0  2.4 2.0 
Photon  Energy ( e V )  

Fig. 2.4.2. Relaxation model in 
polydiacetylene shown in 
potential surfaces of excitons. 
States 1, 2, 3,  and G are free 
exciton (FE), nonthennal self- 
trapped exciton (STE),  
quasithermal STE, and the 
ground state, respectively. 
STE* is  a biexciton state with 
'Ag symmetry. 

Transient absorption spectrum induced by the 1.78-eV pulse (pump-2) is shown in Fig.2.4.3. The pump-2 and 
probe pulses pass through the sample simultaneously. Two minima due to the Raman gain are clearly observed at 1.60 
and 1.52 eV. The broad positive absorbance change is due to the photogenerated excitons, because the 1.78-eV pulse 
excites the edge of the excitonic absorption. The Raman gain spectra is obtained by subtracting the absorption spectra 
due to the excitons from the observed absorbance change. The absorption spectra of the excitons are estimated from the 
data in the regions at 1.42-1.46 eV and 1.67-1.71 eV using a quadratic equation, because the spectra have no sharp 
structure between 1.4 and 1.8 eV except the Raman gain signals as shown in Fig.2.4.1. 
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Figure 2.4.4(aj shows the normalized Raman gain spectra obtained using the 1.78-eV pulse at several delay times 
after the 1.97-eV photoexcitation. At -0.5 ps, two Raman gain peaks are observed at 1440 and 2060 cm-1. They are 
assigned to the stretching vibrations of the C=C and CrC bonds in the acetylene-like structure of the ground state. The 
spectrum at 0.0 ps has broad signal below the 1440 cm-1 Raman peak down to 1000 cm-1. At delay time longer than 0.2 
ps the Raman signal has a clear peak at 1200 cm-1. The spectral change of the Raman signal around 1200 cm-1 is 
reproducible and is observed also in PDA-C4UC4. The width of the 2060 cm-1 Raman signal becomes slightly broader 
after the photoexcitation, but no new Raman peak is observed around 2000 cm-1. 

Figure 2.4.4(b) shows the transient Raman gain change at 1200 and 1440 cm-1. The negative change at 1440 cm-1 
is explained by the depletion of the ground state due to the formation of STE. The time dependence is 
consistent with the decay kinetics of the STE. The signal appears slightly slower than the 1.97-eV pump pulse and 
decays within several picoseconds. The solid curve is the best fitted curve using the formation time constant of 150 fs 
and 1.5 ps. The change at 2060 cm-1 is also negative and has similar time dependence with the 1440-cm-1 signal. The 
time dependence of the Raman signal at 1200 cm-1 has two components. The long-life component decays within several 
picoseconds and is assigned to the STE. The short-life component has time constant shorter than the present resolution 
time of 300 fs and is probably due to the nonthermal STE, because the 1.78-eV pulse can be resonant with the transition 
between the nonthermal STE and the ground state. 

0.03 I I 

600 1200 1600 2000 2400 
Raman Shift (crr i i ' )  

Fig. 2.4.4. (a) Normalized resonance Raman gain spectra at several delay times and @) transient Raman gain 
changes at 1200 cm-1 (open circles) and 1440 cm-1 (closed circles) of PDA-3BCMU after the 1.97-eV 
photoexcitation. The solid curves in (b) are the best fitted curves with time constants of 150 fs and 1 .5  ps. The 
resolution time is 300 fs. The excitation photon densities of the 1.97-eV and 1.78-eV pulses are 2 .9~1015  and 
9.0~1015 photons/cm*. respectively. 

The Raman signal of the ground state in PDA has a weak peak assigned to the bending mode of the C=C bond 
around 1200 cm-1.60961 Therefore, the observed 1200 cm-1 Raman signal may be explained by the increase in the 
Raman cross-section of the bending mode. However, since the 1200 cm-1 spectrum at 0.0 ps is broader than at later 
times, this spectral change cannot be explained by the increase of the cross-section. It suggests that the geometrical 
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rclaxation of main chain configuration duc to the sclf-trapping proccss takes place after the 1.97-eV photoexcitation. 
Since the wave packct of the nonthermal STE oscillates in the configuration space as shown in Fig.2.4.2, the Raman 
signal due to the nonthermal STE is broad. After the quasithermalization, the nonthermal STE relaxes to the bottom of 
the STE potential surface. Therefore, the oscillatory motion in the configuration space becomes smaller and the clear 
Raman peak is observed at 1200 cm-l. 

The theoretical calculation has predicted that the localized excitations in bans-PA have several Raman active 
phonon modes.53 The expected signal is the reduction of the stretching vibration modes and new Raman lines at lower 
frequencies than the stretching modes. The Raman signal observed in PDA is similar to this feature. However, the 
phonon modes of the STE in PDA have not been investigated. Here, the observed Raman frequency is compared with 
stretching modes of center bonds in unsaturated hydrocarbons with four carbon atoms, i.e. repeat units of PDA.62 The 
formation of the STE in PDA is expected to be the geometrical relaxation from the acetylene-like structure (=CR-GC- 
CR=)x to the butatriene-like structure (-CR=C=C=CR-)x. The C=C bond in (ram-butene-2 (CH3-CH=CH-CH3) has a 
stretching mode with 1675 cm-1, while the frequency of the C-C bond in rrans-1.3-butadiene (CH2=CH-CH=CH2) is 
1202 cm-1. Therefore, the 1200 cm-1 Raman peak can be assigned to the C-C bond in the butatriene-like structure. 
However, Raman signal due to the C=C bond in the butatriene-like structure cannot be observed in this study. It may be 
explained by close frequencies of the stretching modes of the center C=C bond in butatriene (CHz=C=C=CH2) and the 
C=C bond in dimetylacetylene (CH3-C=C-CH3), 2079 and 2235 cm-1, respectively. The expected new Raman signal 
near the 2060 cm-1 peak is not resolved in this study because of the broad pump spectrum. 

The intensity of the 1200 cm-1 peak is about one third of that of the 1440 cm-1 peak as shown in Fig.2.4.4(a) and 
the change at 1200 cm-1 is also smaller than the change at 1440 cm-1. The resonance Raman signal of the ground state 
pumped by the 1.78-eV pulse is estimated to be about 15% of that pumped by the 1.97-eV pulse using the homogeneous 
and inhomogeneous widths of the excitonic absorption of the PDA-3BCMUPI The absorbance of the sample at 1.97 eV 
is 0.8, while the maximum transient absorbance at 1.78 eV is 0.13 when the STE is generated by the 1.97-eV pulse with 
the density of 2.9~1015 photons/cm2. Therefore, if the ground state and STE have the same Raman cross-section, the 
Raman signals due to the STE and the ground state are estimated to have almost the same intensity. The smaller 1200 
cm-1 signal indicates that the Raman cross-section of the STE is smaller than that in the ground state. It is mainly due to 
broader absorption spectrum of the transition from the STE to higher excited states than the excitonic absorption from 
the ground state. - 

The exciton energy dependence of the ultrafast relaxation processes has been investigated in the PDA-(12,8) LB 
films with three exciton transition energies. The relaxation of exciton is faster in PDA with lower exciton energy. The 
decay kinetics is discussed using the model potential curves of FE, STE, and the ground state. The main relaxation 
mechanism from STE to the ground state is the tunneling in the configuration space. The dependencies of the decay 
kinetics on the exciton energy and temperature are well explained. The stabilization energy of STE and the barrier 
height between STE and the ground state are estimated. 

The new Raman peak due to photoexcited states in PDA has been observed at 1200 cm-1 for the first time by the 
femtosecond time-resolved Raman gain spectroscopy. The observed Raman signals indicate that the acetylene-like 
structure of the main chain relaxes to the butatriene-like structure due to the formation of the self-trapped exciton with 
the geometrical relaxation. The formation and decay kinetics of the Ramandignals is consistent with the relaxation 
processes of excitons observed by femtosecond absorption and fluorescence spectroscopies. 

Some discussions presented here have already appeared elsewhere 63 and cited in the text. 
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