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We have measured the full spectrum of the third-order optical susceptibility, y®’(w), in polyacetylene
using an infrared free-electron laser. The magnitude of y ®(w) reaches ~10 78 esu at 0.6 eV, the larg-
est value of an electronic y ® () inside the gap of a semiconductor. There are two peaks at 0.6 and 0.89
eV in the spectrum of y®(w) that are assigned to three- and two-photon resonance enhancements, re-

spectively, implying that states of opposite symmetry lie near the 1D band gap at Eg~1.8 eV.

PACS numbers: 42.60.—v, 42.65.Ky, 78.65.Hc

The extensive recent interest in the nonlinear optical
(NLO) properties of conjugated polymers has focused on
studies of their third-order susceptibility, 1(3)(w), since
almost all of these materials possess a center of symme-
try. Although many recent studies have been fueled by
the technological implications of the large NLO coef-
ficients in conjugated polymers,' an understanding of the
large values of ¥ (@) in polyenes has historically been
important because they are the simplest conjugated sys-
tems.? Polyacetylene, the infinite polyene, deserves spe-
cial attention since it is the prototype conjugated poly-
mer and is useful in modeling the NLO properties of
conjugated polymers in general.

Most studies of the NLO properties of the polymeric
semiconductors have been concerned with third-harmon-
ic-generation (THG) experiments. Besides the demon-
stration of large 1(3), THG measurements in polyace-
tylene have addressed the role of Coulomb correlations, >
and the possibility of new mechanisms for large x(” in
conjugated polymers.* Unfortunately most of these
studies have been based on single-frequency measure-
ments. In contrast, the spectrum of 1(3)(w) not only
provides insight into the origin of such large nonlineari-
ties, but it also determines the operating window for po-
tential applications of conjugated polymers as NLO
materials. This is clearly seen in the strong energy
dependence of the calculated y*(w) and n,(w), the
intensity-dependent part of the index of refraction, for
polyacetylene.>® Our early measurement of the x(3)
spectrum of polyacetylene had gaps in its energy cover-
age and did not extend to energies lower than Av~0.8
eV.? However, these results hinted at a further rise in
the magnitude of x® for pump photon energies below
~0.8 eV, and identified the low-energy region of the y
spectrum as an important region for further studies.

In this Letter we report the measurement of y* (@) in

trans-polyacetylene down to 0.38 eV (3.3 um) using an
infrared free-electron laser (FEL). In addition to the
previously reported resonance enhancement at 0.89 eV,>
we have discovered a much stronger resonance enhance-
ment of 1(3) at 0.6 eV (2.1 um). The magnitude of 1(3)
at 0.6 eV is ~10 ~® esu, which is the largest measured
electronic 1(3) in the transparent gap region of any semi-
conductor. We attribute the peaks in the x(” spectrum
at 0.6 and 0.89 eV to three- and two-photon resonances
at 5 and 3, respectively, of the semiconducting (opti-
cal) gap E,. The observation that the position of the
three-photon resonance is at 5 of the energy of the two-
photon resonance implies that the state responsible for
the parity-conserving two-photon transition lies at the
band edge. This study is the first use of an infrared FEL
in nonlinear optical spectroscopy, and emphasizes the
importance of a FEL as a tunable, intense source for
spectroscopic studies.

The Mark III infrared FEL used to generate the fun-
damental pump frequency is continuously tunable from 2
to 8 um.” Its output is in the form of a series of ~2-us
duration macropulses every ~67 ms. Each macropulse
contains 10* micropulses of ~2-ps duration with
Fourier-transform-limited resolution separated by ~ 360
ps from each other [see Fig. 1(a)]l. There is some varia-
tion in the wavelength of the individual macropulses
within the macropulse envelope. However, the mono-
chromaticity of the spectral content of the macropulse
[see Fig. 1(b)] is adequate for the high-resolution study
of electronic resonances reported in this Letter. Typical
micropulse peak powers used in our studies lie in the
range 10 to 10° W.

The FEL results cover the range from 1.15 to 3.3 um.
Between 2.1 and 3.3 um the pump is generated directly
by the FEL. In order to fill the gaps in the data reported
in our earlier study,3 we have extended the short-wave-
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FIG. 1. (a) The structure of a 2-us duration macropulse
and ~2-ps duration micropulses in the Mark III infrared
free-electron laser. (b) The spectral content of a typical ma-
cropulse that contains 104 Fourier-transform-limited micro-
pulses.

length range of the laser by a combination of frequency-
doubling schemes using an AgGaSe; crystal for the 1.8
to 2.1-um range and a LiNbOj crystal for the 1.15 to
1.25-um range. The wavelength range from 1.6 to 1.8
um is reached by operating the FEL at its third harmon-
ic.® Two Ge plates set around Brewster’s angle are
placed in front of the sample to block the intrinsic har-
monic light generated within the FEL. The polyace-
tylene sample used in THG experiments is a thin
(~1000 A) film directly polymerized on a sapphire sub-
strate and sealed in rectangular glass tubing under vacu-
um after isomerization. The third-harmonic light gen-
erated by the sample or the reference is filtered with a
set of 10-nm notch filters placed before an infrared-
sensitive photomultiplier tube (PMT). The TH intensi-
ties are measured by synchronously gating the output of
the PMT. As detailed elsewhere, at each wavelength the
absolute calibration of y®’(w) is carried out by compar-
ing the signal from the polymer with that from a silica
plate used as a reference.’> These results are corrected
for the absorption and scattering of light at the funda-
mental and TH frequencies using the equation for THG
efficiency in thin films.® The index of refraction at w
and 3w used in the calculation of 1(3)(w) from THG re-
sults was measured directly by an ellipsometric tech-
nique.'o

Figure 2 shows the spectrum of () from 0.4 to
1.5 eV. The closed squares are the results obtained using
the infrared FEL, and the open squares are from our
earlier work.? Points with error bars show the variation
in the measured value of ¥ from different runs on
different days. This variation is caused by the slow drift
in the spectral content of the macropulse, since the TH
signals from the sample and the reference are not mea-
sured simultaneously. The length of the error bars is
twice the standard deviation of a normal distribution
used to obtain the average value of 1(3 ) for different runs
at a given wavelength. The solid and dashed lines are
fits to the experimental points using two recent calcula-
tions of x® that are based on weakly and strongly corre-
lated models for polyacetylene, respectively.>!!

We identify two distinct regions in the spectrum of
x(”(w): the off-resonance regime that extends from
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FIG. 2. The y® (o) spectrum in trans-(CH),. The results
obtained using the free-electron laser (filled squares) and those
obtained from previous work (Ref. 3) (open squares) are
shown. The solid and dashed lines are calculations of y®’
within the free-electron (Ref. 5) and highly-correlated-electron
(Ref. 11) models, respectively.

~1.0 to > 1.5 eV, and the multiphoton-resonance re-
gime that extends from ~0.4 to ~—1.0. eV. In addition
to the previously found peak in @’ (w) at 0.89 eV, the
FEL measurements have uncovered a broader and much
stronger peak at % of that value, 0.6 eV. Both peaks
correspond to multiphoton-resonance enhancements of
1(3) since there is not a similar structure in the spectrum
of 'V, the absorption coefficient.'> We note that no
other structure of comparable intensity and width ap-
pears in the energy range extending down to i of Ej,
the optical gap.

The ®(w) measured by THG experiments is the
2P (—3w;0,0,0) component of the third-order optical
nonlinearity tensor. Since the 1@ of a semiconductor is
determined by contributions from one-, two-, and three-
photon energies, its measurement provides information
on all excited states irrespective of their symmetry.'3 In
particular, resonance enhancements in 2@ occur when-
ever the energy of one, two, or three photons couples two
states with a large transition probability. Clearly, a full
understanding of the nonlinear optical response of a
semiconductor requires measurements at all frequencies
inside the gap.

Since our measurements (see Fig. 2) extend below
E,/4, the intense three-photon resonance enhancement of
2% (w) that couples the even-symmetry ground state to
the odd-symmetry band edge must lie in this energy
range. This statement is true for a free-electron model,’
as well as for a highly-correlated-electron model for po-
lyacetylene.'! Since both @ and 4 correspond to
transitions between states of opposite symmetry and
2 (®) peaks at ~2 eV '2 [see Fig. 3(a)], we assign the
newly found peak at 0.6 eV to the three-photon reso-
nance enhancement of y’(w). The dashed line shows
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FIG. 3. (a) The spectrum of absorption coefficient y ()
in trans-(CH), as a function of w (Ref. 12). (b) The spec-
trum ¥y () in the vicinity of the two-photon resonance as a
function of 2w. (c) The spectrum y®’(w) in the vicinity of the
three-photon resonance as a function of 3w. The dashed line is
the position of the 1D energy gap (Ref. 14).

the position of the 1D energy gap in trans-(CH), at 1.8
eV.!'* In Fig. 3(c) we replot the spectrum of this peak in
1(3)(60) as a function of 3w. This is to be compared with
the spectrum of y‘" in Fig. 3(a). We note that, con-
sistent with the assignment of the 0.6-eV feature as a
three-photon resonance, the two spectra shown in Figs.
3(a) and 3(c) are quite similar. The faster drop in the
intensity of y®(3w) compared to y"(w) at higher en-
ergies results from extra energy-dependent terms in the
expression for @) that decrease with increasing energy
above the band edge. '’

The peak in y’(w) at 0.89 eV is assigned to a two-
photon resonance enhancement since the spectrum of
)(”) does not show a similar structure at the same or 3
times that energy.'? The significance of the 3 ratio in
the positions of the two peaks in y’(w) becomes clear
by plotting the spectrum of the two-photon resonance
peak as a function of 2w in Fig. 3(b) and comparing the
result with the other two spectra in Figs. 3(a) and 3(c).
It is clear that the excited-state energy levels responsible
for the parity-conserving and parity-nonconserving tran-
sitions are at the same position near the band edge. As
discussed in the following, the positions of resonance
enhancements associated with these two types of transi-
tions are important fitting parameters in evaluating the
role of Coulomb correlations in polyacetylene.

Correlation effects on the optical response of 1D elec-
tronic systems are of fundamental importance and have
been the subject of several theoretical treatments.> '3
Because of the simplicity of its molecular structure, po-
lyacetylene is a model system to evaluate the effects of
Coulomb correlations in conjugated polymers as 1D elec-
tronic systems. There are two types of elementary exci-
tations which are related to the optical responses of such
a system: (i) charged excitations associated with one-
and three-photon transitions and (ii) neutral excitations
which involve a parity-conserving two-photon transition.
The relative positions of the gap to charged excitations
A, (the ionic or optical gap) and the gap to neutral exci-
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tations A, (the covalent gap) depend upon the strength
of the electron-electron interactions in the system.'>™!’
In the weakly correlated system A.~A,, while for the
strongly correlated system A.>>A,. Thus, the multipho-
ton resonances of strongly and weakly correlated systems
should appear in different positions in the spectrum of
1(3). For the weakly correlated system, the lowest two-
photon resonance in y?’(w) occurs at L of the optical
gap or 3 of the energy of the three-photon resonance.’
In contrast, for the strongly correlated system, the ener-
gy of the lowest two-photon resonance is lowered consid-
erably compared to E,/2."!

We now compare our experimental results with the
spectrum of 1(3) calculated for the two opposite limits of
Coulomb interactions.>'! The critical test of these cal-
culations of @ () is in their ability to predict the rela-
tive positions and intensities of the two- and three-
photon resonances. The full spectrum of ) in trans-
(CH), contains only two resolvable resonance enhance-
ment peaks; one at 0.89 eV and the other at 0.6 eV (see
Fig. 2). Their assignment to the lowest-energy two- and
three-photon resonance peaks, respectively, is consistent
with the picture that in polyacetylene the gap to charged
excitations has the same magnitude as the gap to neutral
excitations, as expected for a noninteracting-electron
model. The solid line in Fig. 2 rePresents the result of
the calculation of electronic yx 3 within the non-
interacting-electron model.> For this fit we have used
the experimentally determined value of E,~1.8 eV for
the 1D band gap.'® The agreement between the experi-
mental points and this theoretical curve is reasonable.
However, as seen in Fig. 2, there is a clear enhancement
in the experimental two-photon resonance peak com-
pared to the prediction of a noninteracting-electron mod-
el of polyacetylene. This enhancement can be accounted
for by the quantum lattice fluctuation contribution to
%% in trans-(CH), that is not in the electronic part.*

The dashed line in Fig. 2 represents the result of the
valence-bond approach to exact calculation of 1(3) using
E,~1.65 eV for the optical gap.'' This is an exact cal-
culation of ¥ within an extended Hubbard model that
incorporates a realistic expression for Coulomb interac-
tion between the electrons on different sites. These cal-
culations can be carried out only on finite-size systems
such as the small polyene models of polyacetylene. As a
result, the resonances are sharper, and the absolute mag-
nitude of 1(3) is considerably smaller than the infinite po-
lyene limit, consistent with the experiments and approxi-
mate calculations on the length dependence of y©’.2!8
Therefore, in our fit the magnitude of 2@ s arbitrarily
scaled to compare the results with experimental points.
With the choice of E;~1.65 eV, the lowest-energy two-
photon resonance enhancement in 1(3) is the sharp peak
at 0.68 eV. The next-order two-photon resonance is,
however, very weak and lies in the small peak near ~0.9
eV together with two other higher-order resonances.'!
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As seen in Fig. 2, a strong three-photon resonance and
weak two-photon resonance(s) also exit in the highly-
correlated-electronic models of polyacetylene where the
lattice distortion plays only a minor role. The exact
magnitude of theoretical 1(3) at the three-photon reso-
nance peak is not known since neither of these two works
has applied a realistic rounding of the divergence due to
the 1D density of states at the band edge.>'' Such a
divergence does not appear in the case of a two-photon
resonance enhancement peak. 56 An important observa-
tion is that, in both fits to the data (see Fig. 2), the in-
tensity of the calculated two-photon resonance enhance-
ment in 1(3) is much smaller than the experimental peak
at 0.9 eV. Using a value of E;~1.8 eV makes a better
fit to the three-photon resonance peak and identifies the
strong first two-photon peak that would be at ~0.75 eV
as the candidate for the experimental peak at 0.9 eV.
But, there is a need to further increase the energy of this
two-photon resonance peak. The recent theoretical study
of 1(3), where the intrachain Coulomb interactions are
reduced by the interchain screening effects, appears to
have the needed ingredients to account for the experi-
mental results. !’

In summary, we have extended the spectrum of )((3) in
polyacetylene to an energy less than E,/4 using an in-
frared free-electron laser, the first use of such a laser for
nonlinear optical spectroscopy. The spectrum of 2
shows an off-resonance regime from 1.0 to > 1.5 eV, and
two resolvable multiphoton resonances at 0.6 and 0.89
eV. The magnitude of x(” reaches ~10 "8 esu at the
peak of a strong three-photon resonance at 0.6 eV. The
position of the three-photon resonance is 5 of the posi-
tion of the two-photon resonance, implying that states of
opposite parity lie at the band edge. We find that nei-
ther of the two recent calculations of ¥ that consider
weak and strong limits of the Coulomb correlations in
polyacetylene provide a complete explanation of the ex-
perimental results.
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