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Excitation spectrum for ultrafast photogeneration of charged solitons in polyacetylene
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Ultrafast photoinduced absorption by infrared-active vibrational modes is used to detect charged solitons in
orientedtrans-polyacetylene. Soliton pairs are photogenerated with®b0 fs with quantum efficiencies(,)
approaching unity. The excitation spectrum ¢f, shows an onset at1.0 eV with a weak photon energy
dependence up to 4.7 eV. The results are consistent with the ultrafast soliton formation predicted by Su and
Schrieffer and with the Su-Scrieffer-Heeger threshold B 2 for soliton pair production. The recombination
dynamics of charged solitons is very fd#titial decay<1 ps) with a modest dependence on the pump photon
energy.
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INTRODUCTION in trans(CH), has been confirmed with time-resolved
spectroscop§® These early ultrafast experiments used pho-
The discovery of electrical conductivity in doped toexcitation energies above the energy gap*E,). How-
polyacetylen&initiated the field of semiconducting and me- ever, direct photogeneration of soliton pairs can occur even
tallic polymers. Motivated in part by their potential for use in for 2E,/7<hv<Ey, enabled by nonlinear zero-point mo-
applications, this novel class of materials, which combine thdion of the latticet® The absorption coefficient for direct soli-
optical and electronic properties of semiconductors and meton photoexcitation was predicted to be small near the
als with the mechanical properties and processability othreshold E,/, and to increase exponentially as the pho-
polymers, continues to be the focus of an active field ofton energy approach&g 1 |f this is the dominant absorp-
research. tion process in thdrans(CH), samples below the energy
Polyacetylene (CH)is the simplest semiconductiigon-  gap, one would expect that the quantum efficiency for
jugated polymer. The theoretical description of the degenercharged soliton pair photogeneratiog.f) to be unity for
ate ground state, the electronic structure and the soliton e2E,/7<hv<Ey and, if the charged soliton pair is the low-
citations oftrans-(CH), has been generalized to the broaderest energy photoexcitation, well abo
class of semiconducting polymers in which the ground state This issue has been addressed experimentally by measure-
degeneracy has been lifted. The successful model of Suments of steady-state photoinduced absorptPiA) (Refs.
Schrieffer, and HeegefSSH (Ref. 3 treats the polymer 12 and 13 and photoconductivity yielding the excitation
chain as a tight-binding one-dimensional semiconductor irspectrum for charged soliton generation. The excitation spec-
the one-electron approximation and explicitly includes thetrum drops exponentially frork, towards an onset at1.0
electron-phonon interaction, but neglects electron-electroeV, and¢, was estimated to be only about 1% for energies
(el-el) interactions, assuming they are relatively weak due taboveE,. These results have been interpreted both in sup-
screening. The SSH model predicts that the lowest energgort of (smce the onset is consistent W|trEgJ7-r)12 and
fundamental excitations in polyacetylene are solitons, selfagainst the SSH modékince ¢.,~1% at 2.0 eV and is
localized by the electron-phonon interaction. The solitons irreduced to 0.1% at 1.4 @V However, steady-state mea-
trans-(CH), have a reversed spin-charge relationship; neusurements do not probe the early time intrinsic photoexcita-
tral solitons &°) have spin, and charged solitonsS(,S™) tions, but only the long-lived solitons that are usually asso-
have spin 0. The minimum energy required for creation of aiated with traps due to defects and impurifiés.
soliton pair was calculated to beEg/m within the SSH  Measurements with femtosecond time resolution are needed
model, whereE, is the 7-7* energy gap. Solitons in poly- to obtain the excitation spectrum for intrinsic photogenera-
acetylene have been studied experimentally by severaion of soliton pairs.
techniques. Here we use ultrafast photoinduced absorption by
Calculations by Su and Schrieffedescribed the process infrared-active vibrationa(lIRAV) modes>® an all-optical
of charged soliton pair formation subsequent to photoexcitatechnique with subpicosecond time resolution carried out in
tion via thew-7* interband transition itrans-(CH), with a  zero applied electric field, to investigate soliton photogenera-
photon energy tfv) equal toE,. They showed that within tion and dynamics in orientedrans-polyacetylene. The
~100 fs, the lattice around a photoexcited electron-hole paitRAV absorption results from Raman-active vibrational
relaxes to form a well separat&f-S~ pair. Other calcula- modes that become infrared-active when the local symmetry
tions have shown that this picture remains correct whens broken by self-localization of charges with associated
weak electron-electron interactions are included in thechanges in the bond lengtlis.g., soliton formation The
model® The predicted ultrafast photogeneration of solitonsIRAV modes have a one-to-one correspondence with the
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strongest modes observed in resonant Raman scatterin 30—z ——T——— 0.12
and have an unusually high infrared absorption cross-
section @ ray~10 ®cn?, comparable to electronic 251 g o10f H0.10
transitions.>*!” The intensities of the IRAV modes are a E ool
well-known probe of photo-induced or doping-induced 20} ° “ -0.08
charged excitation$soli8tcl)9ns, polarons, and bipolargna S [ %% 500 2000 o, o / <
conjugated polymerd!®1® Thus, ultrafast photoinduced < 45| IR Frequency (cm’) -o,erf
IRAV absorption can probe the early time photogenerationE B>
and dynamics of charged solitons in polyacetylene, but with- + 44 4004 !
out being sensitive to neutral solitons.
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EXPERIMENTAL DETAILS
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(Shirakawa synthesiy, with draw ratio of 4 and §m thick, IR Frequency (cm™)

were used. When doped with FgClthese high quality
samples have electrical conductivities 25000 S/cm at
room temperaturé! The trans-(CH), film was mounted in a
cryostat with two 6 mm thick BafFwindows. The sample
handling was done inside a glovebox under &imosphere.
All experiments were performed with the sample at roomrepresenting the ultrafast IR laser bandwidttashed ling For

temperaturg298 K) in a vacuum better than 16 mbar. A comparison, this convoluted spectrum is plotted as a solid line to-
feW_ meas_urements were done -a80 _K; the results were gether with the ultrafast measurements in the main panel. The pump
indistinguishable from the data obtained at room temperaﬁvavelength and sample temperature were 662 nm and 298 K for the

ture. The pulsed laser facility consisted of an amplified Ti-;jrafast measurements, and 514 nm and 10 K for the steady-state
:sapphire systenwavelength 795 nm, 1 mJ/pulse,100 fS  easurements.

pulse duration, 1 kHz repetition ratpumping two optical

parametric amplifierOPAs). The first OPA was used to ATIT(0)=2¢40F, whereF is the photon flux absorbed by
pump the samples and generated pulses tunable from 1500 §Q sampldphotons/crf) ande is the cross section for IRAV

300 nm by nonlinear mixing of pump, signal, and idler absorption at the probe wavelength.
beams. Additional pump wavelengths were obtained by

second- and third-harmonic generation of the fundamental
wavelength. The second OPA was equipped with a
difference-frequency generation stage and generated the in- Figure 1 compares the spectra of the IRAV modes ob-
frared (IR) probe beam, tunable from 3 to Jm (1000 to  tained with steady-state excitatidnand with the ultrafast
3300 cm'Y). The pump and probe pulses overlapped on thénstrumentation. The inset shows the steady-state data from
sample and the delay between them was controlled with &ef. 22 (solid line) and its convolution with a Gaussian of
variable delay line. The beam sizesd Intensity radiugat 100 cm * full width at half maximum(FWHM), represent-

the sample position were 7Am for the probe beam, and ing the ultrafast IR laser bandwidtkashed ling This con-
varied from 130 to 40Qum for the pump beam, depending voluted spectrum is then plotted as a solid line in Fig. 1 for a
on the wavelength. Polarizations were linear, with the IRcomparison with the spectrum measured with the ultrafast
polarized along the stretch direction of the sample. The pumjaser (solid point3. These points are the values of
could be polarized either parallel or perpendicular to the- AT/T(0) extracted from curve fitting to the results of a
stretch direction(since the samples were optically thick to —AT/T(t) measurement at each IR frequency. The steady-
the pump beam for either polarization, no difference wasstate and ultrafast spectra are in good agreement, with all the
observed The pump beam was modulated with a mechanispectral features present in both. The ultrafast photoinduced
cal chopper, and the differential changes in transmissiolRAV modes demonstrate unequivocally that charged soli-
[AT/T=(Ton— To)/ Tox] Of the probe induced by the pump tons are produced in less than 250 fs, consistent with the
beam were measured as a function of the pump-probe delasarly predictions of Su and SchrieffeAlthough also con-

(t) with a lock-in amplifier. The smallest detectable signalsistent with previous ultrafast measureméts the IRAV

was AT/T=103, and the typical pump fluence on the data provide the first evidence that the bond length distor-
sample was<300 wJ/cn?, resulting in a maximum excitation tions which form the soliton pair are generated in less than
density at the absorption peak of the order of 5250 fs.

x10%° cm™3. Each measurement afT/T(t) was fit to a Figure 2 shows two measurements of the IRAV photoin-
convolution of multiple exponential decays and a Gaussianluced absorptiorisignal vs time for excitation at two dif-
representing the temporal resolution of the experinfgmi-  ferent photon energies, with their corresponding best fit lines.
cally about 250 fs From the fit, we extracted the initial The curves were normalized for easy comparison of the
differential transmissiom\T/T(0), which is related to the charged soliton recombination dynamics. It can be seen that
quantum efficiency forcharge pair generation ¢.) by  the dynamics of charged solitons is very fastl ps for

FIG. 1. Photoinduced IRAV spectrum for orientddans
polyacetylene. Solid circles are the ultrafast measurements extrapo-
lated tot=0 [ —AT/T(0)]. The inset shows the steady-state IRAV
spectrum for unorientedrans-polyacetylene from Ref. 22Zsolid
line) and its convolution with a Gaussian with 100 thiFWHM,

RESULTS AND DISCUSSION
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. . o FIG. 3. Dynamics of the IRAV photoinduced absorption for dif-
FIG. 2. Dynamics of the IRAV photoinduced absorption in ori- ferent pump fluences: 28aJ/cn? (filled circles, 136 wJ/cn? (open
entedtrans-polyacetylene. The pump photon energy was 1.87 eVgircleg, and 60uJ/cn? (open triangles The pump photon energy
(triangles and 4.7 eV(circles. The IR probe was at 1360 cth s 1.87 eV and the IR probe was at 1360 énBoth polarizations

The solid lines are fits to multiple exponential decays, convoluteduere linear and parallel to the stretch direction. The curves were
with a Gaussian representing our time resolutisee text for de-  normalized for comparison of their dynamics.

tails). The curves were normalized for easy comparison.

excitation near the absorption maximutriangles. This has  dition, excitation at high photon energies is expected to in-
been previously observed by other ultrafast stufiiggivel- crease the probability of generating charges on different
son and Wa explained the fast recombination as resultingchains(polarons, which are known to have a slower recom-
from charge recombination as charged solitons separate aftbination dynamic$.
the optical excitation, leading to the formation of neutral The above comparison has to be done with care. The
soliton pairs which decay into the ground state. In our excharged soliton dynamics could depend on the excitation
periments, where the IRAV modéat ~0.17 e\j probe only  density due to bimolecular recombination, as we have ob-
charged solitons, the recombination dynamics appears eveserved previously for PPV derivativé$To investigate that
faster than previously reportéd:® possibility, we performed measurements with different pump

To our knowledge, all ultrafast measurements to date havBiluences. The values of AT/T(0) extracted from curve fit-
usedexcitationwavelengths near the absorption maximum.ting were linearly proportional to the pump fluence, as ex-
Here we vary the excitation photon energy over a widepected for direct photogeneration of charged solitons. Fur-
range. We found that the recombination dynamics dependermore, both the maximum ef AT/T(t) and the values of
on the excitation wavelength, as shown in Fig. 2. For 1.87—AT/T(0) were linearly related, indicating that bimolecular
eV excitation, the dynamics can be fitted with two exponen+ecombination is not significant. Figure 3 also displays three
tial decays of lifetimes 0.0990.024 ps and 1.480.21 ps, normalized measurements ef AT/T(t) at different pump
with amplitudes 4.6%1.08 and 0.2%0.03, respectively. fluences, showing that the recombination dynamics is inde-
Pumping at 4.67 eV leads to slower dynamics and a longpendent of excitation density, at least for the density range of
lived tail, so the curve was fitted with three exponential de-our measurements.
cays. Their lifetimes are 0.330.04 ps, 3.3+ 0.37 ps, and The excitation spectrum, from 0.86 to 4.67 eV, for ul-
189+ 36 ps, with amplitudes 1.310.09, 0.310.03, and trafast charged soliton photogeneration is shown in Fig. 4,
0.09+0.01, respectively. Both the lifetimes and the fractiontogether with an absorption spectrum fotrans:
of longer-lived charged excitations increase for excitation apolyacetylené® The results are plotted as twice the soliton
higher photon energies. Other measuremémys shown in- pair photogeneration quantum efficiency times the cross sec-
dicate that for photon energies 0s86v<3.0 eV, the dy- tion for the IRAV mode at 1370 cht (20 ¢). This can be
namics is very similar to that with 1.87 eV excitation. For directly determined fromAT/T(0) and the measured pump
hv=3.0 eV, the recombination dynamics evolves toward thefluence at each excitation wavelength. The results were cor-
data shown for pumping at 4.67 eV. rected for the pump transmission through the sandgect-

We do not propose a specific explanation for this chang@ble below 1.35 eY but not for reflection or scattering
in dynamics with excitation photon energy. However, be-losses. The most striking feature is the onset of charged soli-
cause the recombination process involves inter-conversioton pair photogeneration at1.0 eV. The quantum efficiency
from well separatedrelaxed®® charged to neutral soliton for charged excitation is nearly independent of photon en-
pairs (as suggested by Kivelson and ®yuhighly excited ergy over a wide range, except for a modest pealpgfat
charge pairs might take considerably longer to attain a re=~1.5 eV. The onset energy agrees well with that predicted
laxed staté? where efficient recombination can occur. In ad- for the formation energy of a soliton pailgg/m within the
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Wavelength (nm) agreement with other measuremé&dtsand with predictions
2??'0.””1'000 500 0 of Su and Schrieffet.If charged soliton pair production is
' T ' ' ' the dominant process following optical absorption, thiegq
should be 100% for any excitation wavelength, below or
above the gap. This is what we observe in our measurements
for energies above 1.0 eV, below that, residual absorption in
the sample due to defects or impurities dominate, aggl
begins to drop. The very fast charge recombinatjpoorly
resolved by our measurementsould be explained as fol-
E lows. The photogenerated charged solitons quickly relax to
{ I E I 02 their lowest energy of-2E,/x for a charged pair by in-
I j creasing the pair separatibh® For excitation near this
. . . . . oo threshold, the photogenerated soliton pair must be already
o0& 10 15 20 25 30 35 40 45 50 well separated and the photogeneration process must be
Photon Energy (eV) assisted by nonlinear quantum fluctuations of the lattice

FIG. 4. Excitation spectrum for ultrafast charged soliton photo-In the ground' State', Once well separated, the .Charged
generation in orientedranspolyacetylene(filled circles. The IR and neutral soliton pairs are almost degenerate. This should

probe was kept at 1360 cth The solid line is the absorption spec- 9réatly facilitate charge recombination into a pair of neutral
trum taken from Ref. 25. solitons?® which do not contribute to the IRAV intensity.
(Presumably, the neutral soliton recombination dynamics

SSH modef In the literature, values foE, range from 1.4 has been observed by PIA at other probe enefifies.
t0 1.8 e\A1012.251f \ua take E,=1.6 eV, the SSH threshold We note that this charge recombination mechanism seems

should be 1.02 eV, in excellent agreement with the observelf P€ very efficient as well, since for photon energies near
onset(~1.0 eV). This is remarkable, considering the sim- ©" below E,4 the s_urV|vaI probability of _charged solitons is
plicity of the model. Of course, the uncertaintyfiy would V€Y small (see Fig. 2, although pumping well abové,
lead to SSH thresholds ranging from 0.89 to 1.15 eV, bufMay lead to a somewhat higher survival probability. This is
these values are within our uncertainty in determining thefonsistent W'th22 the low ¢, obtained in steady-state
threshold. As noted in the Introduction, previous steady—stat@easure_me”fg’-' This fast and efficient nonradiative decay
measurements of thé, excitation spectrum using PIA and Mechanism could also explain whyans-polyacetylene is
photoconductivity®' obtained very different results, where Nonluminescent.
¢cn drops exponentially frone, to the SSH threshold.

We can estimate the absolute value of the soliton pair
photogeneration efficiencyd(,) if we know the cross sec- CONCLUSION
tion (o) for the IRAV mode at 1370 ci'. The cross section
can be estimated from doping-induced IRAV absorptiah
datal’ usinga= 3 No, whereN is the doping density and the
factor 3 arises because the measurement was done under Wibn. We observe that solitons are generated within our time
polarized Iig_ht(the IRAV absorption is_ poIarize.d. along the resc;lution and have a very fast recombination dynartiigs
polygner chaip. The m_elasured abs_orptlon coefficient at 1370tial decay<1 p9, which is moderately sensitive to the exci-
cm ~ was a~250 cm - for an orientedirans(CH), film 5400 photon energy. The quantum efficiency for charged

. — —~ 8 —3
doped W|th701.703nr]?ole %; (N~6x10 cm ). Therefore,  gpjiton pair formation b is inferred from our measure-
0~8.3x10 " cnr". However, the effective IRAV Cross sec- ments to be close to unity. The excitation spectrum dog

tion for_ our ultrafast measurements should be reduced_ Plas an onset at1.0 eV and a relatively weak photon energy
approximately a factor of two because of the large bandwidthyenendence out to 4.7 eV. These results imply that photoex-
of the IR pulses{seeimset of Fig. )i resulting in an effective  itation of polyacetylene above the SSH threshold Bf 27
value ofo~4.1x 10" ci?. Thus, gy=100% COrTesponds  |eads to ultrafast charged soliton pair formation with nearly

. _17 - . . .
to an ordinate~8.3xX 10 cn? in Fig. 4. Considering the unity quantum efficiency, followed by very fast and almost
uncertainty in our measurements, we conclude tiat complete recombination.

ranges from 50 to 100 % for photon energies above 1.0 eV.
This is remarkable when compared to our ultrafast IRAV
measurements in PPV derivativ€sywhere we foundeé,,
~10%.

The results presented in this section are in general agree- This work was supported by the Air Force Office of Sci-
ment with theoretical models describing the photoexcitatiorentific Research under Grant No. F49620-99-1-0031 and the
and recombination processes in polyacetylene. We obsernSF under Grant No. DMR 00968202. Work in Korea was
the onset for ultrafast charge photogeneration ndgy/z,  supported by the National Research Laborat®RL) pro-
implying that the detected charges are indeed soliton pairgram M1-0104-00-0023 of the Ministry of Scien@dOST)
They are generated within our time resolution-e250 fs, in  Korea.

20

20 ¢, (10" cm?)

In summary, we have used photoinduced IRAV modes to
study the photogeneration and recombination dynamics of
charged solitons in polyacetylene with250 fs time resolu-
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