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Bipolaron-induced third-order optical nonlinearity in conjugated conducting polymers
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A mechanism, due to the presence of bipolarons, for large resgffri 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 bipgfatass,
found to be as high as 16 esu.[S0163-18206)06648-9

In recent years a great variety of conjugated polymersvith the geometrical size y, determined by
have been found to exhibit large optical nonlinearity in suc-tanh(2yy,) =Ky&, of the perfectly dimerized chain. Two
cession, and enormous attentidras therefore been focused localized intragap eigenstates appear with energies
on the understanding of the mechanisms of these effects, and
the discovery of new ones for potential applications. In par- €=+ wy,wo=(AF— K52, ()
ticular, there has been extensive interest in their resonant

third-ord tical tibilityy(), due to d df wherev is the Fermi velocity. The constraint that the bipo-
Ird-order optical Susceptbiiity ), due to emand from - \5.qp profile in(2) satisfies the self-consistent gap equatfon
optical switching applications, as well as the desire to clarify.

the underlying quasiparticle dynamits. imposes the relation

In this paper we present a mechanism of large resonant .
X&) for non-degenerate-ground-statdlDGS) conjugated Z(m —n_+2)— yKove/wg—sin Y (Koup/Ag) =0,
polymers. The idea is simple. Positive bipolarons with two @)
empty intragap energy levels of NDGS conjugated polymers
are produced by dopingNo linear optical absorption due to with y,=A./(AAy). A=4a?al(wKw§) is the dimension-
transitions from the lower to the upper level is possible, bedess electron-lattice coupling constant, ,n_ are the elec-
cause the former is empty. However, with an intense pumpronic occupations of the upper and lower intragap states,
some electrons will be excited to the lower level from therespectively.
valence band, such that the transition from the lower level to For p-type bipolarons, there is no electron on either of the
the upper becomes possible. This new absorption channeko intragap levels. Therefore transitions between those two
causes a peak in the photoinduced absorption spectrurtevels do not occur, i.e., the linear absorption spectrum does
Moreover, the energies of the levélnd therefore the peak not have a peak ab=e, —e_=2w,. However, under in-
position depend on their electronic occupations, and theretense pumping light the electronic occupation will be altered.
fore the pump intensity. Due to the discreteness of the intraThe photoexcited electrons from the valence band will oc-
gap levels, the peak can be, in principle, arbitrarily high. Thecupy the intragap levels, such that andn_ are not equal
corresponding large photoinduced change of refraction indeto zero any more. A sharp absorption peak is then expected
implies large nonlinear optical susceptibility. to appear in the optical absorption profid ) of a weak

Since cis-polyacetylene(cis-PA) is the simplest NDGS probe beam. Moreover, the variationmf andn_ changes
conjugated polymer, it is an ideal prototype for the realiza-the lattice distortion paramete#§, and y,, such that the
tion of our ideas. We base our study on the continuumenergies of the discrete intragap levels are shifted. The rea-
limit*~® of the Su-Schrieffer-HeegelSSH Hamiltonian’®  son is that the change of the electronic occupations requires
The lattice displacement is described by the gap parametegadjustment of the lattice distortion to minimize the total

A(y): energy.
We consider thep-type bipolarons created by acceptor
A(y)=Ai(y)+Ag, (1) doping. For low dopant concentratiofise., low bipolaron

concentrations the bipolarons are independent of each
whereA;(y), sensitive to electron-lattice coupling, is the in- other, and the descriptions discussed in the preceding section
trinsic order parameterA, is a constant extrinsic order are good for each of the bipolarons. An independent bipo-
parametef,andy is the coordinate along the chain direction. laron, with two discrete intragap states, can be viewed as a
The well-known bipolaron solutidrfor the gap parameter is two-level system in contact with a particle reservgire va-
lence bang These two levels are denoted by index e
Ap(y)=A¢—Kove{tanf Ko(y +Yo) ] — tanf Ko(y —yo) I}, leve) andb (e_ level), respectively. We denote the elec-
(2)  tronic pumping rate from the valence band to ittestate as

0163-1829/96/53)/163654)/$10.00 54 16 365 © 1996 The American Physical Society



16 366 BRIEF REPORTS 54

\i, and the decay rate from thith state to the valence band Noten, —n_=2 (p.,— ppp); the factor of 2 is due to spin
asvy;, herei=a,b. Since the bipolaron concentration is low, degeneracy.

the electronic occupation of the valence band is assumed to In fact, the meanings of the three terms on the right hand
be approximately unaffected by the pump, as long as thsides of(6) and(7) are now transparent: the first term is the
pump photon energy is below the band gap. The pumpingransition rate from the valence band, the second is the decay
light is treated as a classical electromagnetic WBy®=3  rate into the valence band, and the third is the transitan
ge'“r'+c.c., and we consider the density matrix for the two-decay rate from(into) the other discrete level. These three

level system: rates must balance each other in stationary conditions. Under
such conditions, the mean occupation numbers of the
Paa Pab localized levels are, in general, nonintegers. The relatidhs
- Pba  Pbb) and (4) between the bipolaron parametdfg, y,, and the

electronic occupations.. are assumed to be still correct af-
wherep,, is the probability that the upper level is occupied, ter replacingn. by their (nonintegey means. These param-
and py;, the probability that the lower level is occupied. For eters, in turn, determine the energies and the wave func-
isolated two-level systems, the density matrix satisfies thgons of the localized levels, and all the transition rates
standard optical Bloch equatiotfs™* The effect of the res- jnyolving them. The underlying justification for this proce-
ervoir (valence bandis included by introducing pumping qyre is that the time scale for the fluctuations of the occupa-
and decay terms into the equations. The result is thgion number is of the order of the electronic transition time,

following:*° which is usually much shorter than the lattice response time.
. ) _ Therefore, under stationary conditions, even though the elec-
Pab=—(2i 0o+ Y)papt i Van(Paa™ Pbb), ®  tronic occupations change among 0, 1, and 2 constantly, the
, lattice remains basically fixed at the configuration deter-
Paa=Na(1=pPaa) = YaPaa— (i VapppatC.C), (6)  mined by the mean electronic occupations.
. For fixed pump intensity, and frequency,, we deter-
Pob=No(1 = Pbb) = Y6Pbbt (1 Vapppat C.C), (7)  mine the occupation number differenne —n_ by (9). As

stated before, the lattice distortion parametkrs y, are
Junctions ofn, —n_, therefore the transition rates,, A\
are functions oh, —n_ too. Equation(9) then becomes an
implicit equation forn, —n_, which can be solved numeri-
cally for arbitraryl, and w,. Explicit expressions fok ,
are worked out in Ref. 9. Onae, , n_ are determined, we
can use the relations P=2p*e'“r'p, N, and
a(w)=Im[(k/2¢€)(P/E)] to obtain the probe absorption co-

where y is the phenomenological dipole dephasing rate, th
interaction energy,, is equal to— 3p £e'“#* (in the rotating-
wave approximation andp=(aler|b) is the dipole matrix
element. Note that the pumping term is proportional to
(1—pii), which is the probability that the level is empty,
while the decay term is proportional 1%; , the probability
that the level is occupied. After the introduction of the terms

(terms proportional t.;, y;, andy), the occupation num- efficient due to transition between discrete levels for the en-

ber p;j can be arbitrary, and the constrapyf + ppp=1 for = ¢ probe wave spectral range. HeMds the bipolaron con-
an isolated system is relaxed. In most semiconductors, th

. ; . L Eentration andP is the polarization. The result is
dipole dephasing time (4}, which is related to the relax- ® P '
ation time of coherent transients, is much smaller than the

occupation decay time (%) of each level. Therefore we can () _ k|50|2( —pet) Y
take p,, andpy, as approximately constants (§) and inte- -7+ 2¢ ‘Paa” Pob Y2+ (0—2wg)?"
gratep,,(t) to get (10
) ot Paa”Pbb Remember that the peak positiomg is also a function of
pan()=—i—>-¢ yri(wy—2w0) ®  p.a—pop=1(n.—n_), and therefore depends on the pump

o o ) ) intensity. The total probe absorptian(w) is equal to the
Substituting this intd6) and(7), and solving them in steady ¢__. ¢, absorption in(10) plus the absorption due to tran-

state condition &aa=bbb= 0), we get the population differ- sitions from the valence band.

ence The absorption changA a(w) due to pumping can be
converted to the refraction index change(w) using the
Nal/(Nat ¥a) = Np/(Np+ vp) 1( ) Kramers-Kronig relatiott
— Pbb= = =-(n,—n_),
Paa™ Pbb l+|p£(wp—2w0) o W+
9) c_(».  Aa(e)
An(w)=—P| dw vl (11)
T Jo W~

where the dimensionless Lorentzigi{w,—2w,) and the

dimensionless pumping intensity are given by o o .
where P indicates the principal value, and the third-order

2 nonlinear susceptibility® for Kerr effect can be evaluated
L{wp—2wo)= P+ (wp—2ag)?" by the relationshit?
T a2 1 1 N 1 dn (12
= — . ny=—o),
P |9¢] 2v\vatNa Yot Ap 2 dl,
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_ _ FIG. 3. The refraction index changesn(w) are shown for
FIG. 1. The probe absorption spectrgw) are shown for vari- - 194 dopant concentration arig=0.001,.The pumping frequency
ous pumping intensitiek,. 14 is 1 kW/cn?. Decay rates are se- w, is fixed as 1.08,.

lected asy=0.02%\,, y,=0.001A,, y,=0.01A,,.

This peak is due to the electronic transition between the dis-
crete levelse... The peak position moves toward higher
photon energies, because ande_ move apart as the elec-
tronic occupation increases. The evolution of the bipolaron
In the following, parameters suitable fois-PA are used shape under the same pumping frequeagy=1.225, is
for our final numerical calculations: the NDGS confinementshown in Fig. 2. The bipolaron can be seen as a bound kink-
parametery,=0.31, and band gap&,=2.1 eV® Figure 1  antikink pair, &, is the correlation length of the kink, and
shows the probe absorption spectréw) for 0.1% dopant y, is the distance between the kinks. The distortion profile
concentration under various pumping intensitigs The first approaches a positive polar@he lower dotted lingdue
pumping frequencyw, is selected to be slightly larger than to the gradual filling of thes_ level (n, —n_=—1). Then
the resonant frequency, —e_=1.01A, at zero pumping. the profile evolves nearly into amtype bipolaron(the upper
As is clearly seen in the figure, the absorption band on thelotted ling after both of the discrete levels are filled
left for w/A, below 0.8 is due to the electronic transitions (n, —n_=0). This is because the occupation of thelevel
from the valence band to the_ level, while the small band increases rapidly immediately after the level becomes
on the right forw/A, larger than 1.5 is due to the electronic nearly saturategsee the abrupt change lat=100, in Fig.
transitions from the valence band to the level. The pump 2), andn, —n_ increases rapidly from-1 up to nearly O,
frequencyw, is equal to 1.22A,. We note that the peak forming then-type bipolaron.
position of the left band moves toward smaller photon ener- Figure 3 shows the refraction index chanya(w) for
gies as the pump intensifies. This is because the energy leveébs dopant concentration, calculated bgll), with
€_ moves down toward the valence band as its occupation(w)=a(w;l,)—a(w;1,=0), as the pumping intensity in-
increases. More importantly, when the pump is turned on, @reases from zero withw,=1.08,. In Fig. 4, we fix
sharp absorption peak shows up &afA , between 1 and 1.5.
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FIG. 4. The refraction index changen and the corresponding

FIG. 2. The pumping dependency of the geometrical gizef x® of cisPA with 1% dopant concentration are plotted as a func-
the lattice distortion op-type bipolaron is plotteds, is the corre-  tion of I ;. The frequency of probe light is fixed at the pump fre-
lation length of soliton kink. The upper dotted line is the pure quency(self-modulation w,=1.0%,. The sharp absorption peak
bipolaron limit (h, —n_=0), and the lower dotted line is the pure due to the electronic transition from. to e, level shifts through
polaron limit (0, —n_=—1). The solid line is only a guide for the this frequency as, increases. Such an effect is essential to opti-
eyes. mize the resonant nonlinearity.
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wp=1.0%, and plotAn(w,), the self-phase modulation, as centration,y(®) may rise up to the order of I8 esu, or even

a function ofl ,. Much smaller , is used in accordance with higher.

the conventional perturbative definition §f*. w, is delib- ~ In summary, the electronic occupations of the bipolaron-
erately chosen to optimiz&n(w,) for this range of ,. We like topologlcall defect are ser]smve to the pumping mtensﬁty.
numerically differentiateAn with respect tol ,, and obtain  In thep-type bipolaron, photoinduced change in the energies
the (intensity-dependentonlinear refraction index,. Us- ~ and electronic populations of the discrete intragap levels

ing (13), the corresponding nonlinear susceptibili® is causes a remarkable third-oréder optical nonlineaxif;“?_). can
shown together withAn. We find that they®(w= wp) of be at least of the order of 10 esu. Such a mechanism is a

cis-PA here is of the order I8 esu for 1% doping. In some resonant mechanism utilizing the lattice repositioning under
NDGS conjugated polymer¢see Ref. 19, and r.eferences pumping, and is cpntrary to .the off-resonant phenomena dye
thereir), the semiconductor-metal transti‘&ﬁzowill not hap- to purely electronic correlation, as was mostly discussed in

pen until the dopant concentration becomes as high agther works.

29%. This indicates that the independent bipolaron approxi- This work was supported by the National Science Council
mation may be valid up to such dopant densities. Sincef Taiwan under Contract No. NSC85-2112-M-009-008. C.
Aa(w) andAn(w) are both proportional to the dopant con- M. L. is grateful to T. J. Yan for helpful discussions.
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