
RAPJI) CO'\I,\1l "'dCA flO~S 

PHYSICAL REVIEW B VOLUME 42, NUMBER 5 15 AUGUST 1990-1 

Resonant-Raman-scattering studies of disorder in solution-cast polydiacetylene films 

L. X. Zheng, R. E. Benner, and Z. V. Vardeny 
Department of Physics. Department of Electrical Engineering. and University of Utah Laser Institute. 

University of Utah. Salt Lake City. Utah 84112 

G. L. Baker 
Communications Research. Incorporated. 331 Newman Springs Road. P. O. Box 7040. Red Bank. New Jersey 07701-7040 

(Received 24 May 1990) 

The disorder in polydiacetylene films cast from solution is studied by Raman scattering under 
preresonance and resonance conditions in both Stokes and anti-Stokes configurations. The 
disorder-induced inhomogeneities in the exciton energy levels and the strongly coupled vibrations 
cause strong dispersion of the C = C and C =C stretching frequencies with the laser excitation 
photon energy, surprisingly similar to that of trans-polyacetylene. We show, however, that the 
complete inhomogeneously broadened phonon distribution is revealed when the excitation is not in 
resonance. In addition to the excitation resonance, resonances associated with the Stokes and 
anti-Stokes emission beams strongly affect the measured Raman profiles. 

Resonant Raman scattering (RRS) is an efficient 
method for studying disorder in conducting polymers since 
the inhomogeneously broadened distribution of phonon 
frequencies caused by the disorder is selectively probed by 
changing the excitation laser photon energy h(J)L. 1-9 The 
resonant enhancement causes the frequencies of the most 
strongly coupled Raman-active phonons to shift with (J)L; 

this phenomenon is known as phonon dispersion. The 
RRS dispersion in polyacetylene [(CH)x] has been the 
focus of exr-rimental and theoretical studies for the last 
decade 1 - 3, -9 because of the relative simplicity of the 
polymer backbone structure, the measured large phonon 
dispersion, and the convenient laser excitation range Gn 
the visible and near uv spectrum). Two competing mod­
els, an heuristic distribution of chain lengths 6 and the am­
plitude modes model,5,8 can explain well the RRS disper­
sive spectra in various isomers and doped forms of (CH)x. 
Recently, a successful attempt was made 10 to unify these 
two theories into a single model. It is now generally be­
lieved that the electron interactions and consequently the 
energy gap in (CH)x are dominated by the electron­
phonon (e -p) coupling and that the disorder in the films 
causes an inhomogeneous distribution of the e -p coupling 
through a distribution of conjugation lengths. 10 Polydi­
acetylene (PDA), on the other hand, is believed to be 
dominated by stronger electron-electron (e-e) interac­
tions. A comparison between the RRS dispersion in PDA 
and that of (CH)x may reveal new information on the rel­
ative importance of these interactions. Also PDA exhibits 
exceptional electronic and optical properties which in­
clude high nonlinear optical constants 11 and strong 
exciton-phonon coupling; 12,13 both properties stem from 
the strong one-dimensional (ID) anisotropy of this ma­
terial. Moreover, optical-quality PDA thin films 14 can be 
easily prepared by the technique of spin casting from solu­
tion, and is also the first conjugated polymer to form a 
real all-optical device. 15 

In this paper we present RRS studies of the disorder 
in PDA [poly (4-butoxycarbonyl-methylurethane) (4-

BCMU)] films. We show that under resonant conditions, 
the Stokes (S) as well as the anti-Stokes (AS) Raman fre­
quencies of the C=C and C=C stretching vibrations ex­
hibit strong dispersion with (J)L surprisingly similar to that 
in trans-(CH)x. We also show that the complete 
disorder-induced phonon distribution is directly revealed 
when (J)L is not in resonance. By measuring the S- to AS­
intensity ratio as a function of (J)L, we demonstrate the im­
portance of the resonance enhancement with the scattered 
(outgoing) beam; this effect has not been taken into ac­
count in any of the existing theories concerning RRS 
dispersion in conducting polymers. 

Large-area PDA 4-BCMU films of thicknesses between 
1000 and 8000 A were prepared by spin casting from solu­
tion onto sapphire substrates. 14 Some of the films were 
further annealed at temperatures near the 4-BCMU dis­
ordering temperature (- 115 0 C) to vary their inhomo­
geneity and disorder. Raman-scattering data were 
recorded in a transmission-scattering geometry using vari­
ous excitation lasers including He-Ne, Ar + , Ar + -pumped 
dye lin the Rhodamine-6G and DCM, or 4-(dicyano­
methylene)-2-( methyl-6-(p- dimethyl) -amino-styryl )-4H­
pyran, dye spectral ranges], frequency-doubled neody­
mium-doped yttirum aluminum garnet (Nd:YAG) and 
Ar + -pumped Ti: sapphire lasers. Irradiance levels at the 
PDA samples were kept below 104 W/cm 2 to suppress 
light-induced defects in the films. Scattered radiation was 
collected at //1.2 using an achromatic lens combination 
and was focused onto the entrance slit of a triple spectro­
graph equipped with 300-, 600-, or 1200-groove/mm ruled 
gratings. We have used optical multichannel detection 
with a cooled CCD (Thomson-CSF) having an array of 
384 x 576 picture elements (pixels), each with dimensions 
of 23 x 23 J.Lm 2; this corresponds to about I cm - 1 
resolution/pixel using the 1200-groove/mm grating in the 
red visible range. Depending upon (J)L, spectra were 
recorded with exposure times ranging from 10 to 200 sec 
for (J)L in resonance and 10-30 min when (J)L was not in 
resonance. For the 4-BCMU films resonance conditions 
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were achieved for 1.9 -< WL -< 2.4 eV; this is in the absorp­
tion tail of the PDA films, in contrast to (CH)x where res­
onant conditions are usually observed when WL is above 
the film absorption maximum. 1-3 

The complete RRS spectrum of the PDA films contains 
about eight resonantly enhanced phonon lines. We found, 
however, that strong dispersion only occurs in the C=C 
(w3=1500 cm- I ) and C=C (w4=2100 cm- I ) stretch­
ing vibrations. Typical RRS spectra of the C=C stretch­
ing vibration (W3) for various excitations WL in Stokes and 
anti-Stokes configurations are shown in Fig. 1. From 
a(w) given in Fig. 2(c), resonance scattering occurs for 
WL 2: 1.9 eV. Under these conditions strong dispersion in 
W3 in both S and AS configurations is observed when WL 

increases. We note, however, that for each WL, 

w3(S)~w3(AS) and the S and AS spectra exhibit 
different line-shape characteristics. For WL -1.88 eV, the 
excitation beam is in preresonance [Fig. 2(c)] and Fig. 1 
shows that a very broad S Raman line (width of about 60 
cm -I) is obtained; this line essentially contains all W3 Ra­
man frequencies which are excited at WL in resonance 
and, thus, it reveals the complete in homogeneously 
broadened phonon distribution in the sample. It is quite 
remarkable that a single experiment, Raman scattering in 
preresonance condition, can quite accurately reveal the in­
homogeneity in PDA samples. We have checked the 
feasibility of this method for various samples of PDA 
prepared or annealed under different conditions. In all 
cases the preresonant spectrum was quite sufficient to 
detect the different degree of disorder. 
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FIG. l. Resonant-Raman-scattering spectra from the C=C 
stretching vibrations in polydiacetylene 4-BCMU films, in the 
Stokes (+ w) and anti-Stokes (- w) configurations, for various 
excitation photon energies. The Stokes l.88-eV spectrum is not 
excited in resonance and thus the whole distribution of the C = C 
stretching vibrations is observed. 

The frequency dispersion with WL is summarized in Fig. 
2 for the (a) C=C and (b) C=C stretching vibrations for 
both S and AS configurations. We attribute this disper­
sion to a resonance Raman process in which different por­
tions of the inhomogeneously broadened phonon distribu­
tion are selectively enhanced by resonances at WL, or at ei­
ther the S (WL - WR) or the AS (WL + WR) emission (out­
going) beams. The S data in preresonance (WL < 1.9 eV) 
reveal the entire inhomogeneous distribution (Fig. I) and, 
therefore, W3 peaks in the middle of the frequency disper­
sion in Fig. 2(a) (w3=1512 cm -I). As WL increases, 
W3(S) shows evidence of selective resonant enhancement. 
We note that this occurs in PDA for WL at or below the 
pronounced exciton band in a(w) [wx in Fig. 2(c)] and, 
therefore, the disorder in the electronic bands in PDA is 
probably associated with the distribution in the I D exci­
ton levels, not with Eg as is the case in (CH)x. For 
WL > 2.5 eV the excitation laser is beyond resonance, but 
the frequency-shifted S emissions (WL - (3) are near res­
onance. Consequently, W3<S) decreases and moves to­
wards the center of the phonon distribution [Fig. 2(a)1. 
We also note from Fig. 2(a) that W3 at the center of the 
phonon distribution is selectively enhanced at WL -2.25 
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FIG. 2. Stokes (0) and anti-Stokes (.) RRS dispersion with 
WL for the (a) C=C and (b) C=C stretching vibrations of 
PDA. (c) The PDA film's optical density (OD) spectrum 
a(w)d, showing the dominant exciton band at Wx =2.25 eV. 
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eV, which is the exciton absorption band maximum lUx 

[Fig. 2(c)1. This further confirms that the disorder in the 
exciton levels is the underlying mechanism for the RRS 
dispersion in PDA. 

The AS C=C data [Fig. 2(a)) are consistent with the S 
data interpretation, but the dominant resonance is associ­
ated with the AS emission at lUL +lU3, rather than with 
lUL. As lUL increases, portions of the inhomogeneously 
broadened phonon distribution are again resonantly 
enhanced, but lU3(AS) is greater than lU3(S) (Fig. I) cor­
responding to resonance at lUL + lU3, not at lUL. Indeed, as 
evident in Fig. 2(a) the dispersion in lU3(AS) is shifted to 
lower lUL with respect to the dispersion in lU3<S) by about 
0.19 eV (==0)3), but deviations caused by variations in the 
relative contributions of lU Land lU L + lU3 resonances are 
also evident. 

Figure 2(b) shows the measured dispersion in the C=C 
stretching frequency lU4 in S and AS configurations. Be­
cause of the larger value of lU4, it was more difficult to ob­
tain data for AS and, therefore, only data at full reso­
nance, where lUL +lU4=2.3 eV, are shown. Again, we see 
preresonance for lUL -< 1.9 eV and a monotonic increase in 
lU4 for lUL > 2 eV. We note, however, that the dispersion 
in lU4 does not saturate as for lU3(S) [Fig. 2(a)] because 
the S emission at lUL - lU4 is not in full resonance even at 
the highest lUL attained. 

The dependence of the measured AS- to S-Raman­
intensity ratio on lUL is shown in Fig. 3 for the C=C vi­
bration. The measured ratios, corrected for the spectrom­
eter response, vary over more than 3 orders of magnitude 
with lUL. Since the Raman data in Fig. 1 are normalized 
to be of equal intensity, the S and AS intensity differences 
are not plotted. Nevertheless, the nearly equal signal-to­
noise ratios observed for S and AS peaks at some excita­
tion energies is surprising since the room-temperature 
Boltzmann factor for lU3 -1500 cm -I is - 8 xl 0 -4. This 
value for the AS- to S-intensity ratio is expected when 
both the AS and S peaks are not in resonance. At 
lUL -1.9 eV in Fig. 3, the S and AS peaks are in prereso­
nance and a value for the AS- to S-intensity near the 
Boltzmann factor is observed. As lUL increases, the AS in-
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FIG. 3. AS- to S-Raman intensities ratio of the C=C 
stretching vibrations vs the excitation photon energy WL. The 
nonresonant (Boltzmann) intensities ratio is 8 x 10-4

• 

tensity initially increases because of the AS emission reso­
nance at lUL + lU3. The intensity ratio increases to a max­
imum value of -0.4 near 2.0 eV, when lUL +lU3 are close 
to lUx. For lUL > 2.0 eV, the excitation energy is coming 
into resonance resulting in an increasing S intensity and 
the AS emission resonance is decreasing resulting in a 
lower AS- to S-intensity ratio. For lUL ==2.5 eV, the S 
emission is near resonance at lUL - lU3 == lUx which causes 
the S intensity to be optimally enhanced and consequently 
the AS- to S-intensity ratio becomes lower than the 
Boltzmann value. These results show the importance of 
the resonances associated with the outgoing Raman­
scattering beams at lUL ± lU3. From Fig. 3 we estimate the 
resonant enhancement to be about 103. This resonance 
process has not yet been taken into account in any theory 
of RRS in conducting polymers6 -

9 and our results prove 
that it cannot be neglected. 

A crucial test to identify the type of disorder underlying 
the RRS dispersion in conducting polymers is provided by 
the disorder amplitude-mode (AM) model. 8 A powerful 
relation is the multiplication rule II; (lUk) 2 - 21.., where 
lUk are the Raman frequencies of all Ag lines which are 
resonantly enhanced at lUL and i.(lUL) is the renormaliza­
tion parameter for the AM frequencies at lUL. Using this 
relation, we plot in Fig. 4 ni (lU~/lUn2 vs In(hlUL), where 
lU~ and lUI are all eight RRS frequencies at lUL 

-lUx -2.25 eV (P) and at lUL (S), respectively. The 
above RRS frequencies ratio is proportional 8 to 
[i. (lUL)] - 1 and, thus, Fig. 4 shows that (i.) - 1 is propor­
tional to -In(hlUL), surprisingly similar to the case of 
trans-(CH)x. 5,8 The deviation from the straight line seen 
in Fig. 4 at high lUL is caused by lUL - lUR resonances, as 
explained before for Fig. 2(a). Moreover, from a com­
plete fit to the RRS data using the AM model to find i. 
and lUb (bare frequencies) in a similar way as for trans­
(CH)x,8 we obtained 16 the relation 

i.p/i.(lUL) -1-0.51ln(lULilUx ), 

where i.p is i. at lUx. The AM analysis shows a Peierls-
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FIG. 4. The multiplication ratio lli (Wb)2/lli (wn 2 for all 8 
RRS vibrations in PDA films, where p denotes excitation at 
WL -Wx (the exciton band) and s stands for any WL, vs InU/wL). 

The straight line is a theoretical fit to the data using a Peierls­
type relation. 
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type relation for Eg with Eg -exp( - 1/2/.J and ~ -A, the 
e -y coupling. According to this model,8 the ordered 
2Ap - 2Ap - O. 51 and the inhomogeneity occurs in A, which 
in turn broadens the distribution in the electronic energies 
(and Ex) and in the Raman-active phonon frequencies 
WR. Since PDA is believed to exhibit stronger e-e interac­
tions than (CH)x, it is surprising to see such a good fit 
with the Peierls relation, which is based only on e-p in­
teraction. On the other hand, the similarity with trans­
(CH)x may indicate that the same type of disorder exists 
in both materials. Since the interaction parameters ulti­
mately depend on the conjugation length N, 10 we believe 
that a distribution of conjugation lengths is the underlying 
mechanism for the RRS dispersion in both PDA and 
(CH)x. In PDA it causes inhomogeneity in the exciton 
energies Ex, in (CH)x it is Eg which varies with N. How­
ever, W (N) in both materials is similar. More theoretical 
work is needed to elucidate these points. 

In summary, we have investigated RRS in PDA 4-
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