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We present the results of electroabsorption measurements for nonoriented cis- and trans-
polyacetylene and for oriented trams-polyacetylene. The electroabsorption spectrum of the as-
grown (nonoriented) material is dominated by a series of field-induced absorptions and bleachings
near the band edge. These spectral features are interpreted as vibronic sidebands (arising from elec-
tronic coupling to the excited-state phonon modes) which are broadened by the applied electric
field. The existence of such vibronic sidebands in the as-grown material indicates that the band-
edge states are localized. In oriented trans-(CH), the vibronic features (the strongest of which is ob-
served as a “knee” near 1.5 eV in the absorption spectrum) are highly suppressed, while the induced
absorption at 1.28 eV is enhanced relative to the unoriented case. No electroabsorption signal is
present when the external field is applied perpendicular to the chain direction. The dependences of
the electroabsorption spectrum on temperature, electric field strength, incident light polarization,
and intensity are also presented. Since stretch orientation suppresses the vibronic sidebands, we
conclude that such postsynthesis processing leads to improved structural order and to delocaliza-

tion of the band-edge electronic states.

INTRODUCTION

Trans-polyacetylene [trans-(CH),] is the most
thoroughly studied of all conducting polymers. As a re-
sult, there exists a wealth of experimental and theoretical
results for this degenerate ground-state material. Optical
excitations across the Peierls gap are believed to rapidly.
evolve to oppositely charger soliton pairs with associated
localized states within the energy gap. Consequently,
numerous experimental techniques have been employed
to probe this range of excitation energies in an effort to
gain information regarding these states.

A particularly rich area of the spectrum is near the ab-
sorption edge of trans-polyacetylene, located around
1.3-1.6 eV. At this energy several spectroscopic features
have been reported including an infrared luminescence,’
a photoinduced absorption feature,>”> a shoulder or
“knee” in the absorption spectrum,® and the electric-
field-induced absorption peaks.? In addition, it has been
suggested’ ~° that the direct photoproduction of solitons
may occur near the energy. In this paper we focus on an
experimental study of the electroabsorption features.

Franz!° and Keldysh!! predicted in 1958 that the appli-
cation of a uniform electric field should induce optical ab-
sorption below the energy gap of a semiconductor as a re-
sult of photon-assisted tunneling. These predictions
were confirmed in electroabsorption'?”!* and electro-
reflection!®~17 experiments. Since these techniques pro-
vide a very sensitive probe of externally induced changes
in the optical spectrum they have been used extensively
to probe the band structures of inorganic semiconduc-
tors.'® 2% Calculations by Aspnes and Rowe?""?? showed
that the quantum-mechanical expressions for the
electric-field-induced changes in the optical constants, in
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the limit of large broadening, produced modulation spec-
tra which were related to the third derivative of the un-
perturbed optical spectrum. This third derivative regime
was found to occur only if the energy gained by an elec-
tron upon acceleration by the field was less than the
broadening parameter.® At higher field strengths the full
quantum-mechanical treatment of Franz and Keldysh is
necessary, and at very high fields (not normally attained)
the field drop across the unit cell is so large that the band
structure itself is altered (the Stark effect). Reviews of
electromodulation spectroscopy of localized excitations
(e.g., F centers) have been presented by Luty?* and Gras-
sano.?’> Dow?® has also reviewed the effects of modula-
tion spectroscopy on excitons. Recently electroabsorp-
tion of quantum-well structures has been interpreted in
terms of the quantum confined Stark effect as described
by Miller et al.?’

Several researchers have performed electroabsorption
experiments on molecular crystals such as tetracene, pen-
tacene,?® and anthracene,?® and also on single crystals of
the conjugated polymer polydiacetylene [PTS,*
DCHD,*! and TCDU (Ref. 32)]. They found the polydi-
acetylene systems to be highly anisotropic with little or
no signal when the field was applied perpendicular to the
chain axis. The modulation spectra were related to first
and second derivatives of the unperturbed absorption
spectra and scaled quadratically with the applied field.
Orenstein et al.? investigated electroabsorption spectra
in nonoriented polyacetylene and found it to be related to
the second derivative of the unperturbed absorption
coefficient. The relationship between photoinduced ab-
sorption features and the electroabsorption spectrum has
been investigated by several researchers.>>3* Initial re-
sults on the anisotropy of the electroabsorption signal as
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a function of angle between the optical polarization and
the field direction were presented by Worland et al.** for
nonoriented trans(CH), and poly(3-hexylthiophene).

In considering the optical properties of a sample, the
transmitted intensity I, may be written in terms of the
sample thickness d, absorption coefficient «, and
reflection coefficient R as

I;=Iy,(1—R )% %, (1

where we have assumed the same reflection coefficient
from the front and back surfaces of the sample and
neglected multiple reflections. The effect of the modula-
tion field, F, can be expressed as

al,
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Dividing by the unperturbed intensity yields

a+—2—AR, 3)

where T is the transmission coefficient. Writing this in
terms of the complex index of refraction, N=n +ik,
where k =ac /2 and using the relation
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For polyacetylene,’3¢ n and k are such that the last

term of Eq. (5) is typically more than an order of magni-
tude larger than the first term for film thickness =0.2
um; thus AT /T = —Aad. If the thickness of the sample
is known, we can, therefore, obtain from the electroab-
sorption spectrum the values of Aa (and hence Ak) as a
function of wavelength. Though Kramers-Kronig
analysis, the changes in the real part of the index of re-
fraction, An, can then be calculated.

EXPERIMENT

The apparatus used to investigate the electroabsorption
spectrum consisted of a grating monochromator with a
tungsten-halogen light source and appropriate filters to
prevent second-order light from reaching the sample.
The optical resolution at the exit slits was typically 50 A
and the data point increment was 10 A. For experiments
involving polarized light, a near-infrared polarizer was
used to establish the polarization and a half-wave plate
(optimized at 850 nm) was used to rotate the polarization
vector of the light. The sample was mounted on a one-
inch-diam sapphire disk (zero orientation) on which 100
A of chromium (for surface adhesion) and 1000 A of gold
were successively deposited in the form of two semicircu-
lar pads with a 0.5-mm gap located between them. The
semitransparent polymer sample was located across this

gap.
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Thin (=~0.2 um) films of nonoriented polyacetylene
were grown directly on the substrate using either the
standard Shirakawa’’ method or the modified catalyst
developed by Akagi et al.3® The cis-(CH), samples were
loaded into a liquid-nitrogen cold finger as soon as possi-
ble; however, they still contained approximately 20%
trans content due to partial conversion during the syn-
thesis and handling procedure.** The trans-(CH), sam-
ples were isomerized for 50 min at 170°C under high vac-
uum. Conductivities of the films, as inferred from resis-
tance measurements (R ~10°Q), were typically~10°
S/cm.

Free-standing films used to make the oriented samples
were synthesized using the catalyst developed by Akagi
et al. since the results in a somewhat more stretchable
film than the standard synthesis. The films were mechan-

ically stretched by a factor of 4—6 in an argon dry box
and then isomerized as outlined above. No attempt was
made to examine stretched cis-(CH), films since the pro-
longed mechanical handling would result in a large
trans-(CH), content. As a check of sample quality, some
stretched samples were doped with iodine yielding a con-
ductivity of 20000 S/cm (these doped samples were not
used in the electroabsorption experiment). The thickness
of the nonoriented free-standing films was =4.5 pum and
that of the stretched (5X) films was =3 pum as measured
by a comparative indicator with a resolution of +0.1 um.
The free-standing polymer films were again evaporated
with gold (no chromium) electrodes onto their upper sur-
face and attached with silver paint to the substrate elec-
trodes, thus ensuring that the electric field developed
across the gap was uniform throughout the thick sample.
For thin films grown directly onto the substrate, the sub-
strate electrodes were sufficient to provide a uniform
field. This was checked by measuring the electroabsorp-
tion with both substrate only and substrate plus surface
electrodes present and observing no change in the spec-
trum.

The high voltage supply consisted of a sinusoidal audio
oscillator connected to a power amplifier and then to a
20:1 high voltage transformer. The voltage was moni-
tored at the output of the transformer with a high voltage
oscilloscope probe (Tektronix P6015) which provided
both the voltage measurement (via a digital oscilloscope),
and a convenient reference signal for the lock-in
amplifier. This arrangement was capable of generating
voltages of 2000 V peak amplitude, hence peak fields of
40 kV/cm over a frequency range of 200—9000 Hz. The
high voltage was applied to the sample via stainless steel
feed-through leads into the cryostat to the sample holder.
Contact to the gold electrode pads was achieved by
spring loaded (Pt/Ir) pins. The cryostat was evacuated to
a pressure of ~107° torr, and the sample temperature
was controlled either by a cold finger for liquid-nitrogen
temperature, or with a helium gas flow cooling head for
continuous temperature variation down to 20 K. Light
transmitted through the semitransparent sample was
detected by a silicon photodiode and the output was sent
to a lock-in amplifier and simultaneously to an analog-
to-digital (A-D) converter. The use of the lock-in allowed
detection (both in magnitude and phase) of small changes
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in the transmitted intensity due to the application of the
electric field, while the A-D converter concurrently
recorded the total transmitted intensity.

The electric field produced during the positive portion
of the voltage biasing cycle has the same effect as that of
the negative portion on the centrosymmetric polymer
system. This was verified by the absence of any electro-
absorption signal at the fundamental frequency. Since
the voltage source was sinusoidal (sin w?) and the
response is quadratic in the applied field, the instantane-
ous change in the transmission coefficient for an induced
bleach (i.e., AT=0) is proportional to F3sin*(wt)
=1F 2[1—cos(2wt)]. The lock-in amplifier reference
was set to twice the fundamental sin2wt, hence the
dynamical component of the electroabsorption signal
[ —cos(2wt)=sin(2wt — 7 /4)] had a phase of — /4 rela-
tive to the lock-in reference. Similarly, an induced ab-
sorption had a phase of -+ /4 relative to the reference.
The measured phase of the electroabsorption signals
agreed well with these values, and the transition from an
absorption to a bleach corresponded to an abrupt 180°
phase change of the signal. The output of the lock-in,
which is the rms signal strength, was multiplied by 23/2
so that we report the peak value of AT /T induced for a
given peak field strength.

All components of the apparatus were checked for
their frequency response. The high voltage scope probe,
which is specified to be linear over a frequency range of
several megahertz, was checked against a probe known to
be linear over this range and found to be in good agree-

ment. The photodiode response was checked by using an

infrared LED driven by a square wave generator (with a
small resistive load placed in series to limit the current) at
a constant voltage, as the frequency of the generator was
varied. The photodiode output was in phase with the
LED and of nearly constant magnitude over the entire
frequency range of interest (decreasing by 10% at 20000
Hz). The total stray capacitance of the high voltage
cables, stainless steel feedthroughs, and sample
configuration was negligible ( < 107 '* F as measured with
an LCR meter). Electromagnetic pickup from the high
voltage source was not detectable, as checked by blocking
the exit slits of the monochromator and observing no
detectable signal at the lock-in amplifier. The optical in-
tensity dependence of the electroabsorption signal was
obtained using a series of calibrated mneutral density
filters. Unperturbed absorption curves were obtained by
dividing the transmitted intensity by a reference scan (us-
ing a blank substrate).

RESULTS

Figure 1 displays the absorption and electroabsorption
spectra at 80 K and 25 kV/cm field strength (using unpo-
larized light), of a thin (=0.2 pum), unoriented film of
trans-(CH), grown directly on the substrate by the Akagi
synthesis. The electroabsorption spectrum is similar to
that produced by the conventional Shirakawa®>* method
although the low-energy (1.28 eV peak is noticeably more
pronounced (see Fig. 3). The spectrum consists of a series
of field-induced absorption maxima (1.28, 1.42, 1.53, 1.64,
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1.75 eV) and minima (1.33, 1.48, 1.59, 1.69, 1.79 eV). The
electroabsorption spectrum as a whole shifts to lower en-
ergy with decreasing temperature (by 0.040 eV at 80 K
relative to 300 K); this is due to a decrease in the band
gap since the electroabsorption peaks remain fixed with
respect to each other and to the band edge. The electro-
absorption features become slightly sharper and increase
in magnitude (by =25%) upon cooling from room tem-
perature to liquid-nitrogen temperature, with little fur-
ther change at lower temperatures. The dependence of
the electroabsorption spectrum at all wavelengths is
quadratic in applied field strength (F20%0-1),

To check for Joule heating effects, which would also in-
duce optical perturbations at 2w, we investigated the
dependence of the electroabsorption spectrum on the fre-
quency of the applied field, at a constant field strength.
The electroabsorption signal increased roughly linearly
with increasing frequency, by 509% over the frequency
range accessible with our equipment (2f=400-18 000
Hz). The modest increase is in contrast to that expected
from thermally generated changes in transmission which
would decrease with increasing frequency. As described
in the experimental section, we extensively checked our
apparatus for frequency-dependent components and
found none, so we interpret the observed increase as a
real effect, probably due to dielectric relaxation.®® The
dependence of the electroabsorption signal upon incident
optical intensity is linear (1.01+0.05), as is the transmit-
ted intensity; hence AT /T is intensity independent.

Figure 2 displays the anisotropy in electroabsorption
signal of unoriented trans-(CH), (80 K, 25 kV/cm) at
1.42 eV, as a function of angle between the incident opti-
cal polarization and the field direction. Although the
sample is not oriented, this technique can be used to infer
the anisotropy of the signal with respect to the direction
of the polymer chains.*> The observed anisotropy
(I max /I min) 18 2.3%£0.1, with the maximum signal occur-
ring when the polarization of the light is along the field
direction. We have scanned the entire electroabsorption
spectrum with the optical polarization both perpendicu-
lar and parallel to the applied field and found that the an-
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FIG. 1. The absorption coefficient (dashed line) and the elec-
troabsorption (solid line) spectrum (80 K, 25 kV/cm) of a thin
film of unoriented trans-polyacetylene.
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FIG. 2. The anisotropy in electroabsorption signal of

unoriented trans-polyacetylene (80 K, 25 kV/cm) as a function
of angle between the incident optical polarization and the field
direction.

isotropy of 2.3 holds for all electroabsorption features.

Figure 3 illustrates the relationship between a typical
electroabsorption  spectrum (from the standard
Shirakawa synthesis) and the second derivative of the un-
perturbed absorption coefficient with respect to photon
energy. The modulation spectrum clearly reveals salient
features present in the unperturbed absorption spectrum.
The oscillations above 1.35 eV fit well to the second
derivative of the unperturbed absorption curve. We have
examined eight separate samples and found similar re-
sults. However, the small feature at 1.28 eV is not ac-
counted for in the second derivative spectra.

The absorption coefficient and electroabsorption spec-
trum for cis-(CH), (80 K, 25 kV/cm) are shown in Fig. 4.
The electroabsorption peaks are located at 2.02, 2.19, and
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FIG. 3. The relationship between a typical electroabsorption
spectrum of trans-polyacetylene and the second derivative of the
unperturbed absorption coefficient with respect to photon ener-
gy.
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FIG. 4. The absorption coefficient (dashed line) and the elec-
troabsorption spectrum (solid line) for cis-polyacetylene (80 K,
25 kV/cm).

2.37 eV while the minima are at 2.11, 2.26, and 2.47 eV.
Below 1.8 eV the existence of a fraction of the trans iso-
mer is clearly evident, although blue shifted by 0.12 eV,
perhaps due to confinement between adjacent cis regions.
The cis-(CH), electroabsorption spectrum also closely
corresponds to the spectrum derivative of the corre-
sponding unperturbed absorption spectrum, but there is a
slight energy shift (0.02 eV) between the two.

The electroabsorption spectra of free-standing films of
trans-(CH), are presented in Fig. 5. The dashed line
represents the unoriented free-standing film electroab-
sorption spectrum which has been scaled to account for
the difference in sample thickness (by a factor of 3.0/4.5
pm or 0.66). The lack of any orientation of this sample
was directly verified by measuring a constant transmitted
intensity for all incident optical polarizations. The elec-
troabsorption spectrum of a stretch-oriented (5X) sam-
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FIG. 5. The electroabsorption spectra of trans-polyacetylene;
an unoriented free-standing film (dashed curve), a stretch-
oriented (5X) free-standing film with the chain direction paral-
lel to the field direction and the optical polarization parallel
(solid curve) and perpendicular (dot-dashed curve) to the field.
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FIG. 6. The anisotropy of the electroabsorption features of
the oriented sample; solid circles are the 1.27-eV peak; open tri-
angles are the 1.42-eV feature.

ple with both the chain direction and the optical polar-
ization parallel to the field direction is given by the solid
curve. This spectrum is limited to the near-infrared re-
gion since the thick films are completely opaque in the
visible. The 1.42-eV feature (one of the several vibronic
sidebands) is strongly suppressed relative to the low-
energy peak and to that found in the unoriented material.
The low-energy (1.27 eV) absorption is slightly red shifted
and substantially enhanced relative to the corresponding
feature in the unoriented electroabsorption spectrum tak-
en with unpolarized light. It should be noted that the
low-energy feature is related to the first derivative of the
unperturbed absorption spectrum while the suppressed
1.42-eV peak continues to have a second derivative line
shape. The dot-dashed curve is the spectrum with the
chain direction parallel to the field, but with the optical
polarization perpendicular to it and shows very little elec-
troabsorption signal at any wavelength.

Since the thick films are completely opaque in the visi-
ble, we were able to check for pin holes; none were found.
Spectra on samples stretched 4—6X showed similar elec-
troabsorption features and anisotropy. The electroab-
sorption spectrum with the chains mounted perpendicu-
lar to the field direction was considerably noisier and pro-
duced no detectable signal (AT /T <107 °%). Some of the
stretch-oriented samples were compensated with anhy-
drous ammonia gas (20 torr for 3 h) to check that the
electroabsorption spectrum was not a result of impurities
which are known to have optical absorptions in this re-
gion.*! The compensated samples showed the same elec-
troabsorption spectrum (with slightly broadened features)
and anisotropy as the uncompensated samples, thus
ensuring that the electroabsorption effects are not the re-
sult of extrinsic impurities.

The anisotropy of the electroabsorption features of the
oriented samples is shown in Fig. 6. The suppressed
1.42-eV electroabsorption feature is clearly isotropic with
respect to incident optical polarization and fits very well
to a constant of —AT /T =6.4X10"% In contrast, the
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low-energy feature centered at 1.27 eV is strongly aniso-
tropic with a maximum when the polarization direction
coincides with the chain axis (and the field direction).

Figure 7 displays the result of a Kramers-Kronig
analysis (based on the data in Fig. 3) by which An is cal-
culated (from Ak) and combined with the linear optical
constants®»*? to compute the third-order nonlinear sus-
ceptibility ¥*(w,0,0) involved in the electroabsorption
process from

NAN __Ae
2wF*  4mxF?
Hence the real and imaginary parts of '’ are related to
field-induced changes in the dielectric function (€).

We note that the field-induced change in the real part
of the index of refraction (An) at 1.17 eV (1.06 um) for
stretch-oriented trans-polyacetylene (i.e., the solid curve
in Fig. 5) is 1.8 X 1077 at a field strength of 25 kV/cm, as
shown in Fig. 8. Since the magnitude goes as F?, one can
extrapolate to a value of An(1.17 eV)=~8X 1073 at a field
of 5X10° V/cm. Using published numbers*® for LiNbO,
(electro-optical coefficient » =30.8 pm/V), we estimate a
value for An from the linear electro-optic effect of the
same magnitude. Thus, because of their large third-order
susceptibilities, it may be possible to utilize conjugated
polymers with a center of symmetry in electro-optical de-
vices.

X(@,0,0)=

(6)

DISCUSSION

To analyze the spectra of the polyacetylene films we
define a coordinate system with the direction of light
propagation in the +z direction, the polymer sample lo-
cated in the x-y plane with thickness d, and the electric
field direction along the x axis. Let a polymer chain
make an angle ¢ with the x axis and the optical polariza-
tion vector an angle © with the x axis. We define a sub-
script notation where || (1) denotes the direction parallel
(perpendicular) to the polymer chain. Thus the transmis-
sion coefficient for a polymer chain is given by

3.0 T T T T T

-20 +

-3.0 Il 1 L 1 1
1.0 1.2 1.4 1.6 1.8 2.0 2.2

ENERGY (eV)

FIG. 7. The real (solid curve) and imaginary (dashed curve)
parts of ¥¥(®,0,0).
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FIG. 8. The real (solid curve) and imaginary (dashed curve)
parts of the complex index of reflection for oriented trans-
polyacetylene (80 K, 25 kV/cm) with both the field and optical
polarization parallel to the chain direction.

T(©—¢)=(1—R) )% “I"cos(©—¢)
+(1—R, % ““sinA0—9¢) . (7a)

The application of the modulation field perturbs the ab-
sorption coefficient «;(i =||,L) by Aa; where Aq; is pro-
portional to F2. Since a;d <10 in the spectral region
considered and Aq; <<a;, Aa;d <<1, and

e_ai(F)dzeaid(1~Aa,-d) . (7b)

The change in transmission coefficient due to the field can
be expressed as

—AT=d[T,AajcosX(©—¢)+T,Aa,sin((©—¢)]

where ®
T,=(1—R, % ““.
(i) Oriented case. For the case with the polymer orient-
ed along the field direction (¢=0)
—AT _ d[T)Aqcos’(©)+T Aa;sin’(©)]
T T cos*(©)+ T, sin*(©)

9

Equation (9) provided the fitting function used in Fig. 6,
where the ratio of transmission coefficients (7', /T ) was
set to the experimentally observed value (5.54 at 1.27 eV,
17.9 at 1.42 eV). The electroabsorption feature at 1.27 eV
is highly anisotropic (see Fig. 6) and is slightly red shifted
with respect to that observed in the unoriented films.
The data are accurately described by Eq. (9), yielding a
value of Aq/Aa;=44. In contrast, the 1.42-eV feature
is strongly suppressed relative to its magnitude in the
unoriented material (Fig. 5). Furthermore, AT /T is iso-
tropic in polarization angle as clearly seen in Fig. 6. The
residual signal is not simply due to some remaining
unoriented (but crystalline) fraction of the polymer since

that would be expected to show an anisotropy similar to
that of Fig. 2. The isotropic feature implies that there ex-
ists a small (5%) fraction of residual amorphous material
in the oriented polymer. Consequently, it may be that
the 1.27-eV electroabsorption feature is strictly one di-
mensional and that Aa,(1.27 eV) is largely due to this re-
sidual fraction of amorphous material.

(ii) Unoriented case. The transmission coefficient for
an unoriented sample can be written

2
Ry*TR, | [—(a+a,)/2)d
1*“‘7*‘ e .

T= (10)

The unoriented polymer has, in general, the chain direc-
tion at an arbitrary angle with respect to the field. From
the results on the oriented material, we know that there is
negligible signal when the field is applied perpendicular
to the chains, so we will only consider terms involving
the field projected onto the chain axis. The random chain
direction can be accounted for by integrating over all
possible chain angles, resulting in a change in the frac-
tional transmission coefficient given by

—AT _ d

T g{Aa”[2cosz(9)+1]+Aal[—2cosz(9)+3]} ,

(11)

where 0 is the angle between the optical polarization vec-
tor and the applied field.

The anisotropy of the nonoriented samples is con-
sistently found to be a maximum at 6=0%5° (see Fig. 2);
thus the second term in Eq. (11) containing the factor
Aa, must be negligible. This is consistent with the data
from the 1.27-eV feature of the oriented material where
Aa=44Aq,. Using these values from the oriented sam-
ple predicts an anisotropy in the unoriented material of

._AT(0°) _ 3Aa”+Aal _
—AT(90)  Aaj+3Aa,

This value is somewhat larger than the observed anisotro-
py of 2.3 in the nonoriented samples, hence the chains of
the oriented material are more nearly one dimensional
than the as-grown nonoriented material, perhaps due to
an increase in the mean conjugation length upon stretch-
ing. Equation (11) is of the form A(1+ B cos’0) which
was used for the fitting function of Fig. 2; the best fit
yielded B=1.3, implying Aa;=8.4Aq, for the polymer
chains in the nonoriented material.

To compare the electroabsorption of the nonoriented
material directly to that of a sample of the same thickness
with both the optical polarization and chain orientation
in the field direction we need to consider the ratio of the
angular average of Eq. (11) to Eq. (9) evaluated at 6=0.
Considering only the Aa; term of Eq. (11) we find

_AT/THJ?o)riented —
—AT/Ti?r;x?ted
It is important to note that Eq. (13) assumes that Aq| is
the same for both the nonoriented and oriented materials.

Equation (13) implies that in stretching the polymer it is
only necessary to consider the geometrical projections of

2.83. (12)

(13)

-
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the field and the optical polarization, onto the chain axis.
By scaling the nonoriented absorption curve shown in
Fig. 5 by a factor of 4, we see that this assumption ap-
pears to be approximately correct for the low-energy
electroabsorption feature at 1.27 eV where the predicted
and measured electroabsorption signals (for polarized
light and an oriented sample) are in reasonable agreement
to within about 30%. The assumption completely fails
for the 1.42-eV electroabsorption peak where the predict-
ed and measured signals differ by a factor of 25.

(iii) Interpretation. In considering the origin of the
electroabsorption spectral features of polyacetylene, it is
useful to examine data which do not include electric field
modulation. We concentrate first on those features of the
electroabsorption spectrum above 1.35 eV which are as-
sociated with second derivative of the unperturbed ab-
sorption coefficient. As shown through thermal modula-
tion spectra,33 reflectance data,** and the second deriva-
tive of the unperturbed absorption coefficient (see Fig. 3),
there exists, in the absence of any applied field, a series of
vibrational peaks located at the same position and energy
spacing as those found in the electroabsorption spectrum.
It is important to keep in mind while examining the vari-
ous spectra that the vibrational sideband appears as a
secondary peak (or a “knee”) in an absorption spectrum,
as a zero crossing in a thermal modulation (first deriva-
tive) spectrum, and as an absorption minimum (bleaching
maximum) in a second derivative electroabsorption
modulation spectrum. It should also be noted that the
80-K spectra are red shifted by 0.04 eV relative to the
room-temperature spectra.

A general expression for the absorption spectrum, in-
cluding vibronic sidebands, can be written as follows:

ale)=3 a° [e—zvﬁwo]e“s(svv!), (14)
{v} v

where the sum {v} is on all possible excited vibrational
states of the optical phonon with energy fiw,, € is the
photon energy, a®e) is the absorption coefficient in the
absence of vibronic effects, and S is the Huang-Rhys fac-
tor [in Eq. (14), we have assumed coupling to a single op-
tical phonon]. The Huang-Rhys factor*® is a measure of
displacements in the configurational coordinate of the ex-
cited state relative to the ground state; i.e., S measures
the change in the energy of the lattice due to an excita-
tion on one electron from the ground state to the first ex-
cited state. Since in an ordered semiconductor, the band
wave functions are extended over the entire lattice, the
change in charge distribution (which leads to a change in
the configurational coordinate) due to the photoexcita-
tion is negligible; thus S should be of order 1/N. Conse-
quently, in conventional semiconductors with delocalized
electronic levels, such vibronic features are neither ex-
pected nor observed.

Vibronic transitions involving optical phonons in the
absorption between the localized levels in small molecules
are, however, well known. Thus the existence of the vib-
ronic features implies that the band-edge wave functions
in polyacetylene are localized. This is consistent with the
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fact that quasi-one-dimensional systems are especially
sensitive to localization by disorder.*® It has been sug-
gested by Moses et al.* that the combination of a small
amount of localization (i.e., a finite Huang-Rhys factor)
and a sharp feature in the density of states, such as the
divergence at the band edge of a one-dimensional semi-
conductor, leads to the appearance of vibronic structure
in the absorption spectrum. Their analysis assumes a
constant localization length (as a function of energy) for
all states and leads to a series of progressively smaller vi-
brational peaks appearing above the absorption max-
imum.

In general, however, the localization length (/) is a
strong function of the energy, /(e) being maximum for
states near (or below) the three-dimensional band edge;
i.e., the usual situation for disorder-induced band tails.
Thus we expect the Huang-Rhys factor to be a maximum
near the band edge and to fall off in magnitude for transi-
tion energies involving initial and final states well into the
band. Indeed, as seen in Fig. 1, the observed vibronic
progression begins below the absorption peak. The ex-
istence of well-defined vibronic sideband structure implies
that the product of the Huang-Rhys factor and the joint
density of states is peaked at an energy below the absorp-
tion maximum, in the vicinity of the three-dimensional
band gap. The observation that stretching the sample
suppresses the vibrational modes, therefore, implies that
chain orientation leads to a corresponding increase in the
localization length for states with transition energies near
the energy of the three-dimensional gap (and indirectly
implies an improvement in structural order).

The phonon structure involved in the vibronic series is
that of the electronic excited state of the polymer; i.e.,
after the interband transition, as given by Eq. (14) and the
Franck-Condon principle. Consequently, the optical
phonons ( iw=0.11 eV from Fig. 1) involved in the pro-
cess would be expected to be of lower energy than those
found in the ground electronic state where the lowest op-
tical phonon*’ has energy 0.132 eV. In a simple
molecular-orbital picture of the excited state, an electron
has been removed from a bonding orbital and placed in
an antibonding orbital; hence this should soften the
mode.

The evidence supports the assignment of the electroab-
sorption features above 1.35 eV as due to excited-state
phonon vibronic sidebands associated with disorder-
induced localized states near the band edge. The “knee”
typically observed in the absorption spectrum at 1.5 eV is
thus vibronic in origin, as initially suggested by Orenstein
et al.? We emphasize, however, that through postsyn-
thesis processing (stretch orientation) the disorder can be
reduced to the point where the vibronic sidebands are
heavily supressed. The residual vibronic is isotropic, im-
plying that it originates in a small residual fraction of
amorphous material.

The interaction of the electric field with the localized
band-edge electronic states leads to the second derivative
relationship between the unperturbed absorption
coefficient and the electroabsorption spectrum. As is well
known, if a Gaussian peak is slightly broadened while
conserving oscillator strength, the difference spectrum is
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exactly the second derivative of the original Gaussian,
within a scale factor. This implies that the electroabsorp-
tion spectrum is dominated by field-induced broadening.

The nature of the 1.27-eV feature is less clear. Al-
though we do not have sufficient information to firmly as-
sign the origin of this feature, we discuss some of the
various possibilities.

(1) Although another phonon mode is possible, its per-
sistence upon stretching makes this appear unlikely; any
tendency toward localization (which would result in vi-
brational modes appearing in the energy gap) should be
reduced by the improved structural order upon stretching
and would be expected to affect all localized phonon
modes similarly.

(2) Band-structure calculations*® have predicted that
the three-dimensional band gap may be located near 1.1
eV. The ability of electroabsorption measurements to lo-
cate such critical points in the joint density of electronic
states is well known.!® =2 However, the strong anisotro-
py in favor of an intrachain absorption process (see Fig.
6) rules out the possibility that this feature is a result of
interchain interactions.

(3) Although a bound exciton is possible, the fact that
the photoconductivity onsets at about the same energy
suggests that charged carriers are involved. In addition
the anisotropy implies that such an exciton must be one
dimensional as opposed to oppositely charged excitations
on adjacent chains.

(4) It is possible that the 1.27-eV feature marks the on-
set of absorption enabled by the nonlinear quantum fluc-
tuations of the lattice as suggested by Matsuoka and co-
workers. Zero-point motion involving S§ pairs is pre-
dicted to lead to a contribution to the optical absorption
at energies #io such that 4A /7 <#iw <2A where 2A is the
one-dimensional Peierls gap. Since the probability of an
SS pair fluctuation with S and S separated to infinity is
negligible, the onset of absorption is at e=4A /7 (i.e., the
absorption is zero at threshold). However, weak inter-
chain confinement due to adjacent chain phasing will
shift the onset energy to somewhat greater than 4A/w
and lead to a finite absorption at threshold. Interaction
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with the extenal field may modulate this onset energy
leading to the observed first derivative line shape.

SUMMARY AND CONCLUSION

By carrying out electroabsorption ‘measurements, we
have investigated the effect of an external electric field on
the absorption spectrum of cis- and trans-polyacetylene.
A series of oscillations, which have been identified as vib-
ronic sidebands, appear on the band edge of the absorp-
tion spectrum; these vibronic features are brought out
clearly through electric field modulation. We have ar-
gued that these oscillations arise as sidebands to the in-
terband transition from coupling to the optical phonon
modes characteristic of the excited state and that their
existence is due to localization of the electronic wave
functions at energies near the band edge. Upon stretch
orientation of the trans isomer, the vibonic modes are
strongly suppressed, indicative of delocalization of the
band-edge states through postsynthesis processing. In
contrast, the low-energy (#w=1.27 eV) feature is
enhanced by stretch orientation and is highly anisotropic
with maximum when the light is polarized along the
chain direction. This implies that the low-energy feature
is intrinsic to the intrachain m-electronic structure. The
onset of absorption at 1.27 eV is modulated by the exter-
nal field via a second-order Stark effect. Since the one-
dimensional band gap is at a higher energy, we conclude
that the 1.27-eV threshold is either the signature of a
one-dimensional exciton or the onset of the direct pho-
toproduction of soliton-antisoliton pairs.
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