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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 within;250 fs with quantum efficiencies (fch)
approaching unity. The excitation spectrum offch shows an onset at;1.0 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 of 2Eg /p for soliton pair production. The recombination
dynamics of charged solitons is very fast~initial decay,1 ps) with a modest dependence on the pump photon
energy.
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INTRODUCTION

The discovery of electrical conductivity in dope
polyacetylene1 initiated the field of semiconducting and m
tallic polymers. Motivated in part by their potential for use
applications, this novel class of materials, which combine
optical and electronic properties of semiconductors and m
als with the mechanical properties and processability
polymers, continues to be the focus of an active field
research.2

Polyacetylene (CH)x is the simplest semiconducting~con-
jugated! polymer. The theoretical description of the degen
ate ground state, the electronic structure and the soliton
citations oftrans-(CH)x has been generalized to the broad
class of semiconducting polymers in which the ground s
degeneracy has been lifted. The successful model of
Schrieffer, and Heeger~SSH! ~Ref. 3! treats the polymer
chain as a tight-binding one-dimensional semiconducto
the one-electron approximation and explicitly includes
electron-phonon interaction, but neglects electron-elec
~el-el! interactions, assuming they are relatively weak due
screening. The SSH model predicts that the lowest ene
fundamental excitations in polyacetylene are solitons, s
localized by the electron-phonon interaction. The solitons
trans-(CH)x have a reversed spin-charge relationship; n
tral solitons (S0) have spin1

2, and charged solitons (S1,S2)
have spin 0. The minimum energy required for creation o
soliton pair was calculated to be 2Eg /p within the SSH
model, whereEg is thep-p* energy gap. Solitons in poly
acetylene have been studied experimentally by sev
techniques.3

Calculations by Su and Schrieffer4 described the proces
of charged soliton pair formation subsequent to photoexc
tion via thep-p* interband transition intrans-(CH)x with a
photon energy (hn) equal toEg . They showed that within
;100 fs, the lattice around a photoexcited electron-hole p
relaxes to form a well separatedS1-S2 pair. Other calcula-
tions have shown that this picture remains correct wh
weak electron-electron interactions are included in
model.5 The predicted ultrafast photogeneration of solito
0163-1829/2002/66~12!/125202~5!/$20.00 66 1252
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in trans-(CH)x has been confirmed with time-resolve
spectroscopy.6–9 These early ultrafast experiments used ph
toexcitation energies above the energy gap (hn>Eg). How-
ever, direct photogeneration of soliton pairs can occur e
for 2Eg /p,hn,Eg , enabled by nonlinear zero-point mo
tion of the lattice.10 The absorption coefficient for direct sol
ton photoexcitation was predicted to be small near
threshold 2Eg /p, and to increase exponentially as the ph
ton energy approachesEg .11 If this is the dominant absorp
tion process in thetrans-(CH)x samples below the energ
gap, one would expect that the quantum efficiency
charged soliton pair photogeneration (fch) to be unity for
2Eg /p,hn,Eg and, if the charged soliton pair is the low
est energy photoexcitation, well aboveEg .

This issue has been addressed experimentally by mea
ments of steady-state photoinduced absorption~PIA! ~Refs.
12 and 13! and photoconductivity,14 yielding the excitation
spectrum for charged soliton generation. The excitation sp
trum drops exponentially fromEg towards an onset at;1.0
eV, andfch was estimated to be only about 1% for energ
aboveEg . These results have been interpreted both in s
port of ~since the onset is consistent with 2Eg /p)12 and
against the SSH model~since fch;1% at 2.0 eV and is
reduced to 0.1% at 1.4 eV!.13 However, steady-state mea
surements do not probe the early time intrinsic photoexc
tions, but only the long-lived solitons that are usually as
ciated with traps due to defects and impurities.5,9

Measurements with femtosecond time resolution are nee
to obtain the excitation spectrum for intrinsic photogene
tion of soliton pairs.

Here we use ultrafast photoinduced absorption
infrared-active vibrational~IRAV ! modes,15,16 an all-optical
technique with subpicosecond time resolution carried ou
zero applied electric field, to investigate soliton photogene
tion and dynamics in orientedtrans-polyacetylene. The
IRAV absorption results from Raman-active vibration
modes that become infrared-active when the local symm
is broken by self-localization of charges with associa
changes in the bond lengths~e.g., soliton formation!. The
IRAV modes have a one-to-one correspondence with
©2002 The American Physical Society02-1



er
ss

a
ed

d
io
ith

m

ra
Ti

00
er
b

nt

e

th
h

d
g
IR
m

th
to
a
n
io
p
el
a
e

5

ia

l

y

ob-

rom
f

r a
fast
f
a
dy-
l the
ced
oli-
the

tor-
an

in-

es.
the
that

apo-
V

to-
ump
r the
state

MIRANDA, MOSES, HEEGER, AND PARK PHYSICAL REVIEW B66, 125202 ~2002!
strongest modes observed in resonant Raman scatt
and have an unusually high infrared absorption cro
section (s IRAV;10216 cm2, comparable to electronic
transitions!.3,9,17 The intensities of the IRAV modes are
well-known probe of photo-induced or doping-induc
charged excitations~solitons, polarons, and bipolarons! in
conjugated polymers.3,18,19 Thus, ultrafast photoinduce
IRAV absorption can probe the early time photogenerat
and dynamics of charged solitons in polyacetylene, but w
out being sensitive to neutral solitons.

EXPERIMENTAL DETAILS

Free-standing oriented film of trans-polyacetylene
~Shirakawa synthesis20!, with draw ratio of 4 and 8mm thick,
were used. When doped with FeCl3 , these high quality
samples have electrical conductivities of;25 000 S/cm at
room temperature.21 The trans-(CH)x film was mounted in a
cryostat with two 6 mm thick BaF2 windows. The sample
handling was done inside a glovebox under N2 atmosphere.
All experiments were performed with the sample at roo
temperature~298 K! in a vacuum better than 1025 mbar. A
few measurements were done at;80 K; the results were
indistinguishable from the data obtained at room tempe
ture. The pulsed laser facility consisted of an amplified
:sapphire system~wavelength 795 nm, 1 mJ/pulse,;100 fs
pulse duration, 1 kHz repetition rate! pumping two optical
parametric amplifiers~OPA’s!. The first OPA was used to
pump the samples and generated pulses tunable from 15
300 nm by nonlinear mixing of pump, signal, and idl
beams. Additional pump wavelengths were obtained
second- and third-harmonic generation of the fundame
wavelength. The second OPA was equipped with
difference-frequency generation stage and generated th
frared ~IR! probe beam, tunable from 3 to 10mm ~1000 to
3300 cm21!. The pump and probe pulses overlapped on
sample and the delay between them was controlled wit
variable delay line. The beam sizes (1/e intensity radius! at
the sample position were 70mm for the probe beam, an
varied from 130 to 400mm for the pump beam, dependin
on the wavelength. Polarizations were linear, with the
polarized along the stretch direction of the sample. The pu
could be polarized either parallel or perpendicular to
stretch direction~since the samples were optically thick
the pump beam for either polarization, no difference w
observed!. The pump beam was modulated with a mecha
cal chopper, and the differential changes in transmiss
@DT/T5(Ton2Toff)/Toff# of the probe induced by the pum
beam were measured as a function of the pump-probe d
~t! with a lock-in amplifier. The smallest detectable sign
was DT/T51023, and the typical pump fluence on th
sample was,300mJ/cm2, resulting in a maximum excitation
density at the absorption peak of the order of
31020 cm23. Each measurement ofDT/T(t) was fit to a
convolution of multiple exponential decays and a Gauss
representing the temporal resolution of the experiment~typi-
cally about 250 fs!. From the fit, we extracted the initia
differential transmissionDT/T(0), which is related to the
quantum efficiency forcharge pair generation (fch) by
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DT/T(0)52fchsF, whereF is the photon flux absorbed b
the sample~photons/cm2! ands is the cross section for IRAV
absorption at the probe wavelength.

RESULTS AND DISCUSSION

Figure 1 compares the spectra of the IRAV modes
tained with steady-state excitation22 and with the ultrafast
instrumentation. The inset shows the steady-state data f
Ref. 22 ~solid line! and its convolution with a Gaussian o
100 cm21 full width at half maximum~FWHM!, represent-
ing the ultrafast IR laser bandwidth~dashed line!. This con-
voluted spectrum is then plotted as a solid line in Fig. 1 fo
comparison with the spectrum measured with the ultra
laser ~solid points!. These points are the values o
2DT/T(0) extracted from curve fitting to the results of
2DT/T(t) measurement at each IR frequency. The stea
state and ultrafast spectra are in good agreement, with al
spectral features present in both. The ultrafast photoindu
IRAV modes demonstrate unequivocally that charged s
tons are produced in less than 250 fs, consistent with
early predictions of Su and Schrieffer.4 Although also con-
sistent with previous ultrafast measurements,6,7,9 the IRAV
data provide the first evidence that the bond length dis
tions which form the soliton pair are generated in less th
250 fs.

Figure 2 shows two measurements of the IRAV photo
duced absorption~signal vs time! for excitation at two dif-
ferent photon energies, with their corresponding best fit lin
The curves were normalized for easy comparison of
charged soliton recombination dynamics. It can be seen
the dynamics of charged solitons is very fast,,1 ps for

FIG. 1. Photoinduced IRAV spectrum for orientedtrans-
polyacetylene. Solid circles are the ultrafast measurements extr
lated tot50 @2DT/T(0)#. The inset shows the steady-state IRA
spectrum for unorientedtrans-polyacetylene from Ref. 22~solid
line! and its convolution with a Gaussian with 100 cm21 FWHM,
representing the ultrafast IR laser bandwidth~dashed line!. For
comparison, this convoluted spectrum is plotted as a solid line
gether with the ultrafast measurements in the main panel. The p
wavelength and sample temperature were 662 nm and 298 K fo
ultrafast measurements, and 514 nm and 10 K for the steady-
measurements.
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excitation near the absorption maximum~triangles!. This has
been previously observed by other ultrafast studies.6,9 Kivel-
son and Wu5 explained the fast recombination as resulti
from charge recombination as charged solitons separate
the optical excitation, leading to the formation of neut
soliton pairs which decay into the ground state. In our
periments, where the IRAV modes~at ;0.17 eV! probe only
charged solitons, the recombination dynamics appears e
faster than previously reported.6,7,9

To our knowledge, all ultrafast measurements to date h
usedexcitationwavelengths near the absorption maximu
Here we vary the excitation photon energy over a w
range. We found that the recombination dynamics depe
on the excitation wavelength, as shown in Fig. 2. For 1
eV excitation, the dynamics can be fitted with two expone
tial decays of lifetimes 0.09960.024 ps and 1.4860.21 ps,
with amplitudes 4.6761.08 and 0.2160.03, respectively.
Pumping at 4.67 eV leads to slower dynamics and a lo
lived tail, so the curve was fitted with three exponential d
cays. Their lifetimes are 0.3360.04 ps, 3.3160.37 ps, and
189636 ps, with amplitudes 1.3160.09, 0.3160.03, and
0.0960.01, respectively. Both the lifetimes and the fracti
of longer-lived charged excitations increase for excitation
higher photon energies. Other measurements~not shown! in-
dicate that for photon energies 0.86<hn<3.0 eV, the dy-
namics is very similar to that with 1.87 eV excitation. F
hn>3.0 eV, the recombination dynamics evolves toward
data shown for pumping at 4.67 eV.

We do not propose a specific explanation for this cha
in dynamics with excitation photon energy. However, b
cause the recombination process involves inter-conver
from well separated~relaxed!23 charged to neutral soliton
pairs ~as suggested by Kivelson and Wu5!, highly excited
charge pairs might take considerably longer to attain a
laxed state,24 where efficient recombination can occur. In a

FIG. 2. Dynamics of the IRAV photoinduced absorption in o
entedtrans-polyacetylene. The pump photon energy was 1.87
~triangles! and 4.7 eV~circles!. The IR probe was at 1360 cm21.
The solid lines are fits to multiple exponential decays, convolu
with a Gaussian representing our time resolution~see text for de-
tails!. The curves were normalized for easy comparison.
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dition, excitation at high photon energies is expected to
crease the probability of generating charges on differ
chains~polarons!, which are known to have a slower recom
bination dynamics.8

The above comparison has to be done with care. T
charged soliton dynamics could depend on the excita
density due to bimolecular recombination, as we have
served previously for PPV derivatives.16 To investigate that
possibility, we performed measurements with different pu
fluences. The values of2DT/T(0) extracted from curve fit-
ting were linearly proportional to the pump fluence, as e
pected for direct photogeneration of charged solitons. F
thermore, both the maximum of2DT/T(t) and the values of
2DT/T(0) were linearly related, indicating that bimolecul
recombination is not significant. Figure 3 also displays th
normalized measurements of2DT/T(t) at different pump
fluences, showing that the recombination dynamics is in
pendent of excitation density, at least for the density rang
our measurements.

The excitation spectrum, from 0.86 to 4.67 eV, for u
trafast charged soliton photogeneration is shown in Fig
together with an absorption spectrum fortrans-
polyacetylene.25 The results are plotted as twice the solito
pair photogeneration quantum efficiency times the cross
tion for the IRAV mode at 1370 cm21 (2sfch). This can be
directly determined fromDT/T(0) and the measured pum
fluence at each excitation wavelength. The results were
rected for the pump transmission through the sample~detect-
able below 1.35 eV!, but not for reflection or scattering
losses. The most striking feature is the onset of charged s
ton pair photogeneration at;1.0 eV. The quantum efficiency
for charged excitation is nearly independent of photon
ergy over a wide range, except for a modest peak offch at
;1.5 eV. The onset energy agrees well with that predic
for the formation energy of a soliton pair 2Eg /p within the

d

FIG. 3. Dynamics of the IRAV photoinduced absorption for d
ferent pump fluences: 285mJ/cm2 ~filled circles!, 136mJ/cm2 ~open
circles!, and 60mJ/cm2 ~open triangles!. The pump photon energy
was 1.87 eV and the IR probe was at 1360 cm21. Both polarizations
were linear and parallel to the stretch direction. The curves w
normalized for comparison of their dynamics.
2-3



ve
-

bu
th
ta
d
e

a
-

e
r
e
7

-
b

idt

e
AV

re
io
er

ir

or
ents

in

-
to

ady
t be
ice
ged
ould
ral
.
ics
.
ems
ear
is

is
e
y

to
of

me

i-
ed
-

y
ex-

rly
st

i-
the

as

to

-
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SSH model.3 In the literature, values forEg range from 1.4
to 1.8 eV.3,10,12,25If we takeEg51.6 eV, the SSH threshold
should be 1.02 eV, in excellent agreement with the obser
onset ~;1.0 eV!. This is remarkable, considering the sim
plicity of the model. Of course, the uncertainty inEg would
lead to SSH thresholds ranging from 0.89 to 1.15 eV,
these values are within our uncertainty in determining
threshold. As noted in the Introduction, previous steady-s
measurements of thefch excitation spectrum using PIA an
photoconductivity13,14 obtained very different results, wher
fch drops exponentially fromEg to the SSH threshold.

We can estimate the absolute value of the soliton p
photogeneration efficiency (fch) if we know the cross sec
tion ~s! for the IRAV mode at 1370 cm21. The cross section
can be estimated from doping-induced IRAV absorption~a!
data,17 usinga5 1

2 Ns, whereN is the doping density and th
factor 1

2 arises because the measurement was done unde
polarized light~the IRAV absorption is polarized along th
polymer chain!. The measured absorption coefficient at 13
cm21 was a'250 cm21 for an orientedtrans-(CH)x film
doped with 0.03 mole %I 3

2 (N'631018 cm23). Therefore,
s'8.3310217 cm2. However, the effective IRAV cross sec
tion for our ultrafast measurements should be reduced
approximately a factor of two because of the large bandw
of the IR pulses~see inset of Fig. 1!, resulting in an effective
value ofs'4.1310217 cm2. Thus,fch5100% corresponds
to an ordinate;8.3310217 cm2 in Fig. 4. Considering the
uncertainty in our measurements, we conclude thatfch
ranges from 50 to 100 % for photon energies above 1.0
This is remarkable when compared to our ultrafast IR
measurements in PPV derivatives,16 where we foundfch
;10%.

The results presented in this section are in general ag
ment with theoretical models describing the photoexcitat
and recombination processes in polyacetylene. We obs
the onset for ultrafast charge photogeneration near 2Eg /p,
implying that the detected charges are indeed soliton pa
They are generated within our time resolution of;250 fs, in

FIG. 4. Excitation spectrum for ultrafast charged soliton pho
generation in orientedtrans-polyacetylene~filled circles!. The IR
probe was kept at 1360 cm21. The solid line is the absorption spec
trum taken from Ref. 25.
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agreement with other measurements6,7,9 and with predictions
of Su and Schrieffer.4 If charged soliton pair production is
the dominant process following optical absorption, thenfch

should be 100% for any excitation wavelength, below
above the gap. This is what we observe in our measurem
for energies above 1.0 eV; below that, residual absorption
the sample due to defects or impurities dominate, andfch

begins to drop. The very fast charge recombination~poorly
resolved by our measurements! could be explained as fol
lows. The photogenerated charged solitons quickly relax
their lowest energy of;2Eg /p for a charged pair by in-
creasing the pair separation.11,5 For excitation near this
threshold, the photogenerated soliton pair must be alre
well separated and the photogeneration process mus
assisted by nonlinear quantum fluctuations of the latt
in the ground state. Once well separated, the char
and neutral soliton pairs are almost degenerate. This sh
greatly facilitate charge recombination into a pair of neut
solitons,26 which do not contribute to the IRAV intensity
~Presumably, the neutral soliton recombination dynam
has been observed by PIA at other probe energies6,7!
We note that this charge recombination mechanism se
to be very efficient as well, since for photon energies n
or below Eg the survival probability of charged solitons
very small ~see Fig. 2!, although pumping well aboveEg
may lead to a somewhat higher survival probability. This
consistent with the low fch obtained in steady-stat
measurements.13,22This fast and efficient nonradiative deca
mechanism could also explain whytrans-polyacetylene is
nonluminescent.

CONCLUSION

In summary, we have used photoinduced IRAV modes
study the photogeneration and recombination dynamics
charged solitons in polyacetylene with;250 fs time resolu-
tion. We observe that solitons are generated within our ti
resolution and have a very fast recombination dynamics~ini-
tial decay,1 ps!, which is moderately sensitive to the exc
tation photon energy. The quantum efficiency for charg
soliton pair formation (fch) is inferred from our measure
ments to be close to unity. The excitation spectrum forfch
has an onset at;1.0 eV and a relatively weak photon energ
dependence out to 4.7 eV. These results imply that photo
citation of polyacetylene above the SSH threshold of 2Eg /p
leads to ultrafast charged soliton pair formation with nea
unity quantum efficiency, followed by very fast and almo
complete recombination.
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