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A mechanism, due to the presence of bipolarons, for large resonantx (3) in dopedcis-polyacetylene and other
conjugated conducting polymers is presented. Under optical pumping, the electronic occupations of the two
intragap energy levels of the bipolarons will vary, resulting in a shift in their energies, which in turn causes a
dramatic change in the absorption spectrum. Even for moderate doping concentrations of bipolarons,x (3) is
found to be as high as 1028 esu.@S0163-1829~96!06648-9#

In recent years a great variety of conjugated polymers
have been found to exhibit large optical nonlinearity in suc-
cession, and enormous attention1 has therefore been focused
on the understanding of the mechanisms of these effects, and
the discovery of new ones for potential applications. In par-
ticular, there has been extensive interest in their resonant
third-order optical susceptibility (x (3)), due to demand from
optical switching applications, as well as the desire to clarify
the underlying quasiparticle dynamics.2

In this paper we present a mechanism of large resonant
x (3) for non-degenerate-ground-state~NDGS! conjugated
polymers. The idea is simple. Positive bipolarons with two
empty intragap energy levels of NDGS conjugated polymers
are produced by doping.3 No linear optical absorption due to
transitions from the lower to the upper level is possible, be-
cause the former is empty. However, with an intense pump
some electrons will be excited to the lower level from the
valence band, such that the transition from the lower level to
the upper becomes possible. This new absorption channel
causes a peak in the photoinduced absorption spectrum.
Moreover, the energies of the levels~and therefore the peak
position! depend on their electronic occupations, and there-
fore the pump intensity. Due to the discreteness of the intra-
gap levels, the peak can be, in principle, arbitrarily high. The
corresponding large photoinduced change of refraction index
implies large nonlinear optical susceptibility.

Since cis-polyacetylene~cis-PA! is the simplest NDGS
conjugated polymer, it is an ideal prototype for the realiza-
tion of our ideas. We base our study on the continuum
limit 4–6 of the Su-Schrieffer-Heeger~SSH! Hamiltonian.7,8

The lattice displacement is described by the gap parameter
D(y):

D~y!5D i~y!1De , ~1!

whereD i(y), sensitive to electron-lattice coupling, is the in-
trinsic order parameter,De is a constant extrinsic order
parameter,6 andy is the coordinate along the chain direction.
The well-known bipolaron solution9 for the gap parameter is

Dp~y!5D02K0vF$tanh@K0~y1y0!#2tanh@K0~y2y0!#%,
~2!

with the geometrical size y0 determined by
tanh(2K0y0)5K0j0 of the perfectly dimerized chain. Two
localized intragap eigenstates appear with energies

e656v0 ,v05~D0
22K0

2vF
2 !1/2, ~3!

wherevF is the Fermi velocity. The constraint that the bipo-
laron profile in~2! satisfies the self-consistent gap equation7,8

imposes the relation

p

4
~n12n212!2geK0vF /v02sin21~K0vF /D0!50,

~4!

with ge5De /(lD0). l[4a2a/(pK0vF) is the dimension-
less electron-lattice coupling constant.n1 ,n2 are the elec-
tronic occupations of the upper and lower intragap states,
respectively.

For p-type bipolarons, there is no electron on either of the
two intragap levels. Therefore transitions between those two
levels do not occur, i.e., the linear absorption spectrum does
not have a peak atv5e12e252v0. However, under in-
tense pumping light the electronic occupation will be altered.
The photoexcited electrons from the valence band will oc-
cupy the intragap levels, such thatn1 andn2 are not equal
to zero any more. A sharp absorption peak is then expected
to appear in the optical absorption profilea(v) of a weak
probe beam. Moreover, the variation ofn1 andn2 changes
the lattice distortion parametersK0 and y0, such that the
energies of the discrete intragap levels are shifted. The rea-
son is that the change of the electronic occupations requires
readjustment of the lattice distortion to minimize the total
energy.

We consider thep-type bipolarons created by acceptor
doping. For low dopant concentrations~i.e., low bipolaron
concentrations!, the bipolarons are independent of each
other, and the descriptions discussed in the preceding section
are good for each of the bipolarons. An independent bipo-
laron, with two discrete intragap states, can be viewed as a
two-level system in contact with a particle reservoir~the va-
lence band!. These two levels are denoted by indexa (e1

level! and b (e2 level!, respectively. We denote the elec-
tronic pumping rate from the valence band to thei th state as
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l i , and the decay rate from thei th state to the valence band
asg i , herei5a,b. Since the bipolaron concentration is low,
the electronic occupation of the valence band is assumed to
be approximately unaffected by the pump, as long as the
pump photon energy is below the band gap. The pumping
light is treated as a classical electromagnetic waveE(t)5 1

2

Eeivpt1c.c., and we consider the density matrix for the two-
level system:

r5S raa rab

rba rbb
D ,

whereraa is the probability that the upper level is occupied,
andrbb the probability that the lower level is occupied. For
isolated two-level systems, the density matrix satisfies the
standard optical Bloch equations.10,11 The effect of the res-
ervoir ~valence band! is included by introducing pumping
and decay terms into the equations. The result is the
following:10

ṙab52~2ivo1g!rab1 iVab~raa2rbb!, ~5!

ṙaa5la~12raa!2garaa2~ iVabrba1c.c.!, ~6!

ṙbb5lb~12rbb!2gbrbb1~ iVabrba1c.c.!, ~7!

whereg is the phenomenological dipole dephasing rate, the
interaction energyVab is equal to2 1

2`Eeivpt ~in the rotating-
wave approximation!, and`[^auer̂ub& is the dipole matrix
element. Note that the pumping term is proportional to
~12r i i ), which is the probability that the level is empty,
while the decay term is proportional tor i i , the probability
that the level is occupied. After the introduction of the terms
~terms proportional tol i , g i , andg), the occupation num-
ber r i i can be arbitrary, and the constraintraa1rbb51 for
an isolated system is relaxed. In most semiconductors, the
dipole dephasing time (1/g), which is related to the relax-
ation time of coherent transients, is much smaller than the
occupation decay time (1/g i) of each level. Therefore we can
takeraa andrbb as approximately constants in~5! and inte-
graterab(t) to get

rab~ t !52 i
`E
2
e2 ivpt

raa2rbb
g1 i ~vp22v0!

. ~8!

Substituting this into~6! and~7!, and solving them in steady
state condition (ṙaa5 ṙbb50), we get the population differ-
ence

raa2rbb5
la /~la1ga!2lb /~lb1gb!

11 Ĩ pL~vp22v0!
5
1

2
~n12n2!,

~9!

where the dimensionless LorentzianL(vp22v0) and the
dimensionless pumping intensityĨ p are given by

L~vp22v0![
g2

g21~vp22v0!
2 ,

Ĩ p[u`Eu2
1

2g S 1

ga1la
1

1

gb1lb
D .

Note n12n252 (raa2rbb); the factor of 2 is due to spin
degeneracy.

In fact, the meanings of the three terms on the right hand
sides of~6! and~7! are now transparent: the first term is the
transition rate from the valence band, the second is the decay
rate into the valence band, and the third is the transition~or
decay! rate from~into! the other discrete level. These three
rates must balance each other in stationary conditions. Under
such conditions, the mean occupation numbersn6 of the
localized levels are, in general, nonintegers. The relations~2!
and ~4! between the bipolaron parametersK0, y0, and the
electronic occupationsn6 are assumed to be still correct af-
ter replacingn6 by their ~noninteger! means. These param-
eters, in turn, determine the energiese6 and the wave func-
tions of the localized levels, and all the transition rates
involving them. The underlying justification for this proce-
dure is that the time scale for the fluctuations of the occupa-
tion number is of the order of the electronic transition time,
which is usually much shorter than the lattice response time.
Therefore, under stationary conditions, even though the elec-
tronic occupations change among 0, 1, and 2 constantly, the
lattice remains basically fixed at the configuration deter-
mined by the mean electronic occupations.

For fixed pump intensityI p and frequencyvp , we deter-
mine the occupation number differencen12n2 by ~9!. As
stated before, the lattice distortion parametersK0, y0 are
functions ofn12n2 , therefore the transition ratesla , lb
are functions ofn12n2 too. Equation~9! then becomes an
implicit equation forn12n2 , which can be solved numeri-
cally for arbitrary I p andvp . Explicit expressions forla,b
are worked out in Ref. 9. Oncen1 , n2 are determined, we
can use the relations P52`* eivptrabN, and
a(v)5Im@(k/2e)(P/E)# to obtain the probe absorption co-
efficient due to transition between discrete levels for the en-
tire probe wave spectral range. HereN is the bipolaron con-
centration andP is the polarization. The result is

a~v!e2→e1
52

ku`u2

2e
~raa2rbb!

g

g21~v22v0!
2 .

~10!

Remember that the peak position 2v0 is also a function of
raa2rbb5

1
2(n12n2), and therefore depends on the pump

intensity. The total probe absorptiona(v) is equal to the
e2→e1 absorption in~10! plus the absorption due to tran-
sitions from the valence band.

The absorption changeDa(v) due to pumping can be
converted to the refraction index changeDn(v) using the
Kramers-Kronig relation11

Dn~v!5
c

p
PE

0

`

dv8
Da~v8!

v822v2 , ~11!

where P indicates the principal value, and the third-order
nonlinear susceptibilityx (3) for Kerr effect can be evaluated
by the relationship12

n25
dn

dIp
, ~12!
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x~3!5
3n0

2

~4p!2
n2 . ~13!

In the following, parameters suitable forcis-PA are used
for our final numerical calculations: the NDGS confinement
parameterge50.31, and band gap 2D052.1 eV.8 Figure 1
shows the probe absorption spectraa(v) for 0.1% dopant
concentration under various pumping intensitiesI p . The
pumping frequencyvp is selected to be slightly larger than
the resonant frequencye12e251.01D0 at zero pumping.
As is clearly seen in the figure, the absorption band on the
left for v/D0 below 0.8 is due to the electronic transitions
from the valence band to thee2 level, while the small band
on the right forv/D0 larger than 1.5 is due to the electronic
transitions from the valence band to thee1 level. The pump
frequencyvp is equal to 1.225D0. We note that the peak
position of the left band moves toward smaller photon ener-
gies as the pump intensifies. This is because the energy level
e2 moves down toward the valence band as its occupation
increases. More importantly, when the pump is turned on, a
sharp absorption peak shows up forv/D0 between 1 and 1.5.

This peak is due to the electronic transition between the dis-
crete levelse6 . The peak position moves toward higher
photon energies, becausee1 ande2 move apart as the elec-
tronic occupation increases. The evolution of the bipolaron
shape under the same pumping frequencyvp51.225D0 is
shown in Fig. 2. The bipolaron can be seen as a bound kink-
antikink pair, j0 is the correlation length of the kink, and
y0 is the distance between the kinks. The distortion profile
first approaches a positive polaron~the lower dotted line! due
to the gradual filling of thee2 level (n12n2.21). Then
the profile evolves nearly into ann-type bipolaron~the upper
dotted line! after both of the discrete levels are filled
(n12n2.0). This is because the occupation of thee1 level
increases rapidly immediately after thee2 level becomes
nearly saturated~see the abrupt change atI p'100I 0 in Fig.
2!, andn12n2 increases rapidly from21 up to nearly 0,
forming then-type bipolaron.

Figure 3 shows the refraction index changeDn(v) for
1% dopant concentration, calculated by~11!, with
a(v)[a(v;I p)2a(v;I p50), as the pumping intensity in-
creases from zero withvp51.05D0. In Fig. 4, we fix

FIG. 2. The pumping dependency of the geometrical sizey0 of
the lattice distortion ofp-type bipolaron is plotted.j0 is the corre-
lation length of soliton kink. The upper dotted line is the pure
bipolaron limit (n12n250), and the lower dotted line is the pure
polaron limit (n12n2521). The solid line is only a guide for the
eyes.

FIG. 3. The refraction index changesDn(v) are shown for
1% dopant concentration andI p50.001I 0.The pumping frequency
vp is fixed as 1.05D0.

FIG. 4. The refraction index changeDn and the corresponding
x (3) of cis-PA with 1% dopant concentration are plotted as a func-
tion of I p . The frequency of probe light is fixed at the pump fre-
quency~self-modulation! vp51.05D0. The sharp absorption peak
due to the electronic transition frome2 to e1 level shifts through
this frequency asI p increases. Such an effect is essential to opti-
mize the resonant nonlinearity.

FIG. 1. The probe absorption spectraa(v) are shown for vari-
ous pumping intensitiesI p . I 0 is 1 kW/cm2. Decay rates are se-
lected asg50.025D0 ,ga50.001D0 ,gb50.01D0.
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vp51.05D0 and plotDn(vp), the self-phase modulation, as
a function ofI p . Much smallerI p is used in accordance with
the conventional perturbative definition ofx (3). vp is delib-
erately chosen to optimizeDn(vp) for this range ofI p . We
numerically differentiateDn with respect toI p , and obtain
the ~intensity-dependent! nonlinear refraction indexn2. Us-
ing ~13!, the corresponding nonlinear susceptibilityx (3) is
shown together withDn. We find that thex (3)(v5vp) of
cis-PA here is of the order 1029 esu for 1% doping. In some
NDGS conjugated polymers~see Ref. 19, and references
therein!, the semiconductor-metal transtion13–20will not hap-
pen until the dopant concentration becomes as high as
29%. This indicates that the independent bipolaron approxi-
mation may be valid up to such dopant densities. Since
Da(v) andDn(v) are both proportional to the dopant con-

centration,x (3) may rise up to the order of 1028 esu, or even
higher.

In summary, the electronic occupations of the bipolaron-
like topological defect are sensitive to the pumping intensity.
In thep-type bipolaron, photoinduced change in the energies
and electronic populations of the discrete intragap levels
causes a remarkable third-order optical nonlinearity.x (3) can
be at least of the order of 1028 esu. Such a mechanism is a
resonant mechanism utilizing the lattice repositioning under
pumping, and is contrary to the off-resonant phenomena due
to purely electronic correlation, as was mostly discussed in
other works.
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