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When the energy of a pump wave is in resonance with the exciton creation energy, the electric susceptibility
of a conjugated polymer in response to the probe wave is altered by the exciton gas. In this paper we calculate
the dependence of this change on the exciton populations by the equation of 1tiEe®df) method. The
magnitude of optical nonlinearity is also influenced by ambient temperature, by the extent of exciton wave
functions, and by the strength of electron-electron interaction. All of these factors can be easily incorporated in
the EOM approach systematically. Using the material parameters for polydiacetylene, the optical Kerr coeffi-
cientn, obtained is about 10 cn?/W, which is close to experimental value, and is four orders of magnitude
larger than the value in nonresonant pump experimé¢st#163-18207)02743-4

I. INTRODUCTION Motivated by the desire to have a more accurate theoret-
ical tool to understand this phenomenon, we present a de-
As a class of materials promising for applications in all- tailed analysis of the nonlinear susceptibility based on EOM.
optical devices for communication and data processing, con#/e will utilize the technique developed by Haug, Koch, and
jugated polymers have been a subject of great researc®chmitt-Rink to make a connection between exciton popula-
interestt A conjugated polymer such as polydiacetylenetions and the electron populations that appear in the E&M.
(PDA) has long been recognized to exhibit large nonresonartdowever, since the link is suitable for dilute exciton gas
third-order optical nonlineariti€s.Most of the theoretical only, we shall concentrate our study in this regime. Further-
works on the nonlinear optics of these materials are based onore, from the comparison between the lineshapes of time-
the perturbative sum-over-state forntiat suits anonreso-  resolved and cw photoluminescence spectra, the typical in-
nant pumping well(but is inappropriate for resonant pump- traband scattering time is estimated to be less than a
ing). A fair agreement between experiments and theories hggcosecond in polymers. Therefore, it is possible to con-
been achieved for a variety of nonresonant spectra, includingider a simpler situation in which the exciton gas is in qua-
two-photon absorption, third-harmonic generation, andsithermal equilibrium, and in which the population is deter-
electroabsorptiofl. In addition, the equation of motion mined by the intensity of the pump wave. Because of these
(EOM) approach has also been employed in these stddiesapproximations, phenomena such as exciton-exciton interac-
The EOM for polarization, which is similar to the semicon- tion, excited-state absorption, and off-equilibrium momen-
ductor Bloch equation originally used for inorganic tum distribution are not considered.
semiconductor§,is a general tool whose validity goes be-  In this paper we have done extensive studies on the opti-
yond the perturbative regimand will be used in this paper. cal nonlinearity of PDA. There are several advantages in
For conjugated polymers undeesonantpumping, most choosing this material: First, it has the largest nonresonant
of the optically excited electrons and holes remain bound athird-order nonlinearity of all polymers and very large reso-
room temperature and form an exciton gas, instead of aant nonlinearity. Second, it is one of a few conjugated poly-
plasma as in the 11l-V semiconductdtdhis is because the mers that can form high-quality single crystals and is more
magnitude of the exciton binding energy in conjugated poly-amenable to theoretical analysis. Third, its chain-to-chain
mers(of the order of 1 eYis much larger than that in inor- distance is large because of large side groups and, therefore,
ganic semiconductor@ few me\). This presents a difficult the interchain interaction is less important. Various aspects
situation for the calculation of resonant nonlinearity. Evenof the nonlinear spectra are investigated. By choosing a rea-
though there are numerous experimental works, few theoresonable value of the Coulomb interaction strength, the reso-
ical works have been devoted to this subject. A simple andhant optical Kerr coefficient, being calculated agrees very
heuristic explanation of this nonlinearity based on phasewell with experiments. Furthermore, the effect of electron-
space filling(PSH has been proposed, and the result agreeslectron interaction on the height and position of the exciton
quantitatively with experimentsThe esssence of PSF is that absorption peak is studied. We also study the influence of
when there is a finite concentration of excitons, the phaséemperature, as well as the relative populations of singlet and
space for further excitons to form is reduced because of th&iplet excitons, on the probe spectra. This work provides a
exclusion principle, and henceforth the probe absorption sigsystematic analysis of the influence of various microscopic
nal is reduced. The limitation of PSF is that it cannot predictparameters on the optical nonlinearity and may serve as a
the whole spectral response of the electric susceptibility, noguide for the search for optical materials with larger resonant
the effects of temperature, strength of electron-electron intemonlinearities.
action, etc. This paper is organized as follows. In Sec. I, the equation
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of motion for polarization in conjugated polymers is derived.whereV,, is the screened Coulomb interaction between the

In Sec. Ill, the Coulomb potential matrix elements and elec-rr electrons, andl,, are the Bloch states solved froHy,.

tron occupation numbers are calculated. The numerical reFhe usual practice is to neglect, from the very beginning, the

sults are presented in Sec. VI, and Sec. V is the conclusionerms that do not conserve electron numbers in each band,
which include half of the 16 terms that do not have equal

Il. EQUATION OF MOTION FOR POLARIZATION numbers ofc indices andv indices, plusy !@<s ang

. 3 } k1k2k3k4 14 [ - . . i
A conjugated polymer is a macromolecule with manyY coco - 1HiS IS reasonable in metals or inorganic semi

electronic and ionic degrees of freedom. There have beegonductors where the Coulomb interaction is weak, but is not
several attempts to include both types of degrees of freedorecessarily valid in conjugated polymers where the Coulomb
in calculations on the electronic and optical properties ofinteraction is much stronger, as indicated by the large exci-
conjugated polymers. This is a very difficult task. To date, arfon binding energies. Therefore, these terms will be kept in
exact solution for chains longer than 20 sites is stillthe derivation until they are proven negligible. It will be
lacking?? It is especially challenging to calculatesonant —shown later that the terms without equal numbers ahdv
optical nonlinearity by including the effects of electraits-  indices indeed make no contribution, but tﬁé;i?c“k“ and
cluding excitongand phonons simultaneously. In this paper,Vkl'ézkskzt terms cannot be ignored. In fact, unlike all the

CvCv
we choose a modest approach and focus only on the elegyhar terms, these two terms do not conserve the electron and
tronic contribution to the nonlinearity. By doing so, we will o6 spin individually, thus are essential to the lifting of the

not, for example, be able to produce satellite phonon peakg, fold degeneracy in the spin subspace of the exciton
next to the main resonant absorption p&akur main goal states.

is to calculate the optical nonlinearity due to the exciton gas, |, the following, we derive the EOM for

mhic;: iii d%riv?dtifrr?m thke dnet[:;]endsnii;enof thel r?iagnittjndfe Oé)k(s(alkoavk(,}. The total polarizatiod P), which is equal
Greeena(la aarlwdsc():(?-m?orlfe?r% h?;lve geemgncs)traqtzzutﬁa? tﬁe PS{:II(::.0 Ek”[HUC(k)pk”JrMC‘,’(k) Pics], can be easily obtained by
model, whose origin is purely electronic, can explain majormtegratlon E\f(e,[ kallks. In general, terms of the form

f ; s, Pk gt - gt a a are encoun-
eatures of the spectra well. Furthermore, we consider onI?klkzks 0"V N NN I 1K TN ko P gk’ Anke

the dynamics ofz electrons; theo electrons are tightly tered in the derivation. By using the random-phase approxi-
bound to the ions and have little influence on the dynamicaimation(RPA), the mean values of the product of four opera-
response. However, they do contribute to the renormalizatiotors can be factorized,

of the interaction betweem electrons, and between ions and +

7 electrons. These effects appear implicitly through the pa axlkloaxzkza'axsksa’aMksz)

rameters in ther-electron Hamiltonian.

. . . —/aT t
Our calculation is based on the Su-Schrieffer-Heeger-like  ~— <ax1klaa)\4k10><a)\2k2¢r’ahgkza’>5k1k45k2k3
Hamiltonian with electron-electron interactions,
H=Ho+H,+H,, where - <a}tlklaa}\3klo><alzkzaa)\“kztr) B ks Ok ks Ocror” -
(2.9
Ho= 2, (€ckdii aekot €pk@ ook 2.1 _ _ _
0 % (oot Acko ™ €okuioBuko) @ After a straightforward but tedious calculation, we have
_ kikoksky t t .. OPke
Hl_)\1>\2>\3)\4 kykokaky AAohghy Alklaa)‘zkzl’"a>‘3k3",a7\4k4‘7’ it at = (€,k— €ck) Pkt E(1) tyc(K) (Nyie— Nekor)
(2.2
kk’ kk’
and _E I:(V UUUU_V CUCU)(nUk/(r_an’u’)
k/
Ho= =B 2 [0k ajkoaekt en(K)ack Bk =
y _E (Vvav_vCch)(nvk’u’_nck/(ﬂ) Pke
2.3 p
In these equations,e;, are the energies for the
dimerization-induced conduction and valence band Kk’ Kk' *
’ + % P % ,
51‘;2';3'(;‘ are the Coulomb potential matrix elements kz { veewPko ™V vvecPi s
1742734
(A=c,v), and u,, (k) are the dipole matrix elementkl, _ _
describes the coupling between polarization and fitabe DV Elé;cpk’o’+v Eg'ccp:,o,) (Nyko— Neko)
field E(t) along the chain. The influence of the pump field o'

will be accounted for when calculating the conduction elec-
tron populations in the next section. The potential matrix +2 ASS K’ +y ke Neyr
elements are k/ vvCv v o vCCC g

kikokgks _ 3. 43¢ I * * ~ KK o~
Vs = | drd W (09 =2 Vil fedono) | (Nuko
o

XVedr =)Wy s, (1 Wy i, (1), (2.4 —Neko), (2.6
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where ncyvk(,=<alyvk(,acyvk(,) are the one-electron occupa- electron populations, can be obtained given physical condi-
tion numbers in the conduction or valence bam,dzk;\ \ tions such as the strength_ of eI(_ectron interaction, thg intensity
—_ . X of pump wave, etc. This is derived in the next section.
andV ¥, |, are abbreviations fov X<\ | andV KK,
respectively. The terms that are quadraticpy, are ne-
glected in Eq(2.6), because only the linear response of the
probe wave is considered. Also, relations such as

YK =YK andV KK =V ¥ have been used, which are A. Potential matrix element

vvvv CuvCv vCvC

based on the symmetry between the conduction band and A natural choice for the interaction potential between
valence band in the present model. Note that the potentialectrons isVy/|r—r’|, whereV, is given bye?/ ea,, € is
matrix elements with unequal numbers ofand v indices  the intrachain dielectric constant, aag is the average dis-
result in the last three lines of E.6). These matrix ele- tance between neighboring sites. The positiorbeing di-
ments are multiplied by terms quadratic in electron or holemensionless now, is measured in unitsagf To calculate

occupations, which under resonant pumping may be largs,, kk’ : )
Notwithstanding, because of inversion symmetry, it can bgl; Mg, the unperturbed eigenstates are expanded by lo

shown that for thermalized exciton gas, these terms actuall§@/ized Wannier functions;
have no effect on the dynami¢see the Appendjx Conse-
quently, Eq.(2.6) becomes

Ill. POTENTIAL MATRIX ELEMENT
AND ELECTRON POPULATION

M
‘lf)\k(r)sz uyj(k (\/—m . 2ika2(m—1)+j(f)).

[(€ck— €u) — @—1Y]Pyo( @) (3.

= E(w)MUC(nUk(T_ nck(r) . . . .
whereM is the number of unit cells. The total chain length is

o » 2M. Defining {,=[e(t, cosk—iét sink)/e,J'?, where
_2 (V 5000~V cver) (Nukr o~ Nekr ) to—(—1)'8t is the hopping amplitude between neighboring
k sites, then
kk’ —
- E (V vav_ V vac)(nvk’(r’ - nck’a") pka’(w) ( ucl( k) UCZ( k)) B ( gi’(‘ £k> (3 2)
Up1(K)  U,o(K) - &) .

2

cwpk’(r(w) chcpk/a-( o)

When calculating the matrix elements W¥g(r—r’"), only

the integrals involving Wannier functions at the same site are

kept (zero differential overlap approximatiptf To improve

upon this, we need to know the shape of atomic orbitals,

which will not be considered here. For the same site, there is
2.7 a finite on-site energy

_2 [VUcUcpk’ ’(w)+VvvCCpk’ 4

X(~w)]

(nUkO'— ncko')l

_ Uo=1/2fd3d3 "W* (r)W* (r")Vedr —r" )W(r" )W(r).
where py,=(Pks T P-ks)/2, and a damping termy has 0 f (NWHI)Ved JW(r)Wr)

been added. Notice tha,(— ) # Px,(w) becausedy, is  since the exact form of the Wannier function is not known,

junction with the equation satisfied If,, which is similar  choice of the potential is essentially of the Pariser-Parr-Pople
to Eq.(2.7) but with » replaced by- » andp,, replaced by  form. Defining

P, . The meaning of the various parts on the right-hand side

of the equation is explained below: The first square bracket, 1 .

after being summed ovek’, contributes to the band-gap Vi(a)= 17 > Ved2m+1)e~i(2m+a
renormalization. The magnitude of renormalization depends m

on the strength of interelectron interacticas well asthe

electron populations. Inside the second square bracket, the

' . . . . = — 2imq
V Kk term is most crucial to the formation of excitons; the Va(@) =y % Ved2m)e =, 33
VKK term is related to the singlet-triplet splitting of the

exciton levels and leads to an unusual coupling betweethen a straightforward calculation gives

positive and negative frequency components of the polariza-

tion. It will be shown in the next section thatkk =V kK

because of the charge neutrality condition. We can also showV }‘1’\2’\

that VX< and VXK' are simply constants and can be .
! ’ * * ! !

treated as corrections XK. and V¥ .. The only un- +Va(@LeMuy p(KUL 1 (KU1 (K)uy (k")

knowns in Eq(2.7) are{py,(®),pr,(— »)}. All of the other iq, * . i )

guantities, including the potential matrix elements and the +e uMl(k)ukzZ(k )uksz(k)uMl(k )1,

=V,(q) 2 ur (Ul (KU (K uy (k")

3N
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~ 1 a one-dimensional system, the exciton wave function near
Vg~ 5 V2(0)+V1(0) band bottom can be approximated by ¢5'(k)
=(2r3 Y m)YA{1+[ (k= 7/2)r§'1%}, wherer3!' are the radii
X[uflz(k)ule(k’)uksl(k’)uMz(k) of the excitons. Note that the conduction band bottoms are at
* /2. The ground state makes a major contribution since all
Uy 1 (K Uy o(Kuy o(k )y 1 (K) ], the other levels are far off resonance and barely occupied.

According to the single configuration interacti¢8Cl) cal-
(34 culation of Abe, Yu, and StF the ratioU,/V, determines
where g=k—k'. We require V,(0)+V,(0)=0 because whether the singlet exciton levet§,) or the triplet exciton
of the charge neutrality condition. After combining Eq. level (B,) is lower in energy. They found that, f&f,=t,
(3.4) with Eq. (3.2, it can be shown thay Kk —p K< — ;}”dUo> 1-39}:&" SBtu iS |0W€flthanl§[uﬁ_aﬂd vice versa. :”
kKKK e even-pari states are lying at higher energies. How-
[V2(0)+V1(0)]/.2:O' and.VvCUC:V UUCCZ[VZ(O)__Vl(O)]_ ever, it ispfoundg in some fin)i/te-?:hain géalculatiogs that the
Jowest excitation is actually an even-parity stdteThis
would have a significant effect on the efficiency of lumines-
cence since the optically excited electrons'Bf, may relax
to theA, state first, then release their energy via nonradiative
channels. Nonetheless, it has been shown that the relaxation
rate from the IB, exciton to the 2A, exciton is much
smaller than the relaxation rate to the ground stafurther-
The electron population can be linked to the excitonmore, from the point of view of phase space filling, both
population by using the method developed by Haug, Kochl *B, and 2'A, excitons contribute almost equally to the
and Schmitt-Rink. Their relation is derived below. First, thereduction of phase space. Both factors seem to diminish the
connection between electron operators and an exciton cré&ffect of this even-parity state. In fact, for the optical nonlin-
ation OperatoeljmK islo earity being studied, one study shows that, for both SCI and
finite-chain calculations, the optical nonlinearity is deter-
1 mined almost entirely by the odd-parilyg, exciton, a domi-
aZklo-lavkzozz — > (im|o1o) ¢ m(K) el k. nantA, exciton above the'B,, level (not considered heye
V2M and the threshold of the conduction bafidherefore, as far
(3.9 as optical nonlinearity is concerned, we will neglect the in-
where (jm|oi0,) is the Clebsh-Gordon coefficient, fluence of this even-parity state in this paper.
k=(ki+kp)/2, K=ki—K;, and ¢,jm(Kk) is the wave func- The thermal distribution of excitons is given by
tion of an exciton at thexth bound state with angular mo- g3x=(exp{Bl&(K)—us}—1)", where €'(K)=¢€'(0)
mentum{jm}. Helped by this relation, we can writg, i in +#2K2/2m,, are the energies of excitons, the exciton effec-
terms of exciton operators as follows: By using an identitytive massm,, is ﬁzlaﬁto, and us, are the quasichemical
operator potentials. Immediately after the optical pumping, there are
only singlet excitons because of the selection rule. Part of
| = i N—E al a _ i E a.al (3.6) these excitons then fall down to the triplet level via spin-
N, £ Cvkouoke TN £ TokeCuken A orbital interaction. Their populations are controlled by the
quasichemical potentials in our calculation.
After summing over all the electrons in the conduction
band, we have

the reduction of the exciton binding energy whegis tuned
to a larger value while keeping, fixed. The same behavior
is observed by Abe, Yu, and Stiwhere their concern is the
energy spectrum of the excitohs.

B. Electron population

whereN is the total number of electrons ahy is the num-
ber of conduction electrons, we have

1
oo o _ T T
nckl=2 nckltrl_N_ 2 acklolaCklo'laUkzgzaukzgz
g1

kooqio R
¢ kpo10y chz Aok,
1 . e
:ZMNC 2 kzz ¢:Jm(k)d)n’Jm(k)enjmKen’jmK- 1 T
nn'jm = * k . k el e
(3.7 2MN, nnz}m %:‘ bnjm ) Pnrjm(K) njmkEn’jmK
For a dilute exciton gas, the exciton number _ i E o e 39
(€] imK€n’jmk)=Onjmknn’ » Wheregnjmi is the thermal dis- Ng ik _mmKEnimK: .
tribution of excitons® Therefore,
1 where we have used the completeness relation for the exciton
Meks ™ 2MN, % [l 6n(K)[2ghk+ 3l Sn(K)]?gnil, wave functions. By taking the expectation value of E3j9),
2

(3.9 we have
where the subscripts and t stand for “singlet” (j=0,
m=0) and “triplet” (j=1, m=*1,0 respectively; the fac- el e y=N2 31
tor 3 in front ofg}, accounts for the triplet degeneracy. For njEmK< nimkCnjmi) = Ne - (310
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This identity is used to determine the values of the chemical 0.05 . : . : :
potentialsus and u;, once the total population of, and the
relative populations between singlet and triplet excitons are 0.04
given. 0.03
0.02

IV. ABSORPTION SPECTRA: NUMERICAL RESULT % 0.01

Most of this section is devoted to the calculation of the ~ © 0
resonant nonlinear optical spectra of PDA for reasons stated
in the Introduction. At the end of this section we will com- -0.01
ment briefly on the calculation for polyphenylene vinylene 0.02
(PPV).

PDA has four carbon atoms per unit cell, and conse- '°~°312
quently four bands in the tight-binding approximation. Since '
our focus is on the exciton state within the band gap, which
is composed of the electron and hole from the middle two
bands(conduction and valence bandhe outer two bands 0.07 : :
can be safely neglected. We choose the dimerization-inducec 0.0%
band gap, 4t, to be the unit of energy. The value tf, 0.06 0.5% ---- .

which determines the total band width of conduction band

and valence band, is chosen to be *2Fhe average bond

length of PDA is 1.35 A The Coulomb interaction param- 0.04

eter Vo=e?/ea, can be determined from the intrachain di-

electric constant. According to the Kramers-Kronig analy-

sis of the reflectivity and with permittivity measurements,

this value is close to ¥ We choosee=3.5, such that

Vy=2.84 eV, to fit the calculated exciton binding energy 0.01

with the value observed in experiments. In most of the fol-

lowing calculations the on-site energiyy=2V,.*® We have 0

also done several calculations using different choiced pf

andV, values(see Fig. 4. In all of the following calcula- Energy

tions the number of S'tes is 400 and the damp?“!g 0.02. ) FIG. 1. Real(a and imaginary(b) parts of y(w) for different

We have done calculations on a larger system with 800 sit€8yiton concentrations, labeled by the percentages of the occupation

and confirmed that the finite-size effect is unimportant. of conduction band0, 0.5%, 1.0%, and 1.5&t room temperature.
Figure 1 displays the electric susceptibiljgfw), in room  probe energy is in units of the bare band gapt.4The “vucc”

temperature, for various concentrations of the singlet exciton ;e comes from the calculation without thekk’ and ¥ Kk

gas. The percentages of electrons excited from the valenggiys and in the absence of excitons. The arrow at the bottom right

band by the pump wave are indicated in the legend. Thes Fig 1) indicates the position of the band edge for the solid line.
absorption peak in Imp(w) can be clearly identified at

hw=1.39 in the absence of pumpirithe solid ling. The SH/f= — o /nst 4.1
renormalized band gap is determined by the first maximum extexe '
of Imy(w) beyond the exciton peak, which is barely observ-Wheref is the oscillator strengtim,, is the exciton density
able at%iw=1.71. Notice that the band-gap renormalizationper unit length, anchgy' is the saturation density, at which
due to the Coulomb interaction is quite large. With differentexciton wave functions begin to overlap in space. By using
exciton populations, the magnitude of renormalization alsd=d. (4.1), we can estimate the exciton radius and the result is
changegsee the discussion after EQ.7)]. The exact value about five unit cells, which is again consistent with earlier
of the conduction-band edge is difficult to measure expericalculations:*°
mentally because most of the oscillator strength is “concen- Figure 2 shows the absorption coefficieat and the
trated” on the exciton peak. On the other hand, the singleehange of refraction index¥n near the exciton peak. The
exciton absorption peak at 1.97 eV is one of the few valueyalues of the exciton concentration are the same as in Fig. 1.
that can be determined accurately and is generally agreethe chain-to-chain distance for PDA in the crystalline phase
upon by researchefd®1® Therefore, it is used to set the is about 10 A and the intersite distance is 1.4 A. Therefore,
overall energy scale and that means X3®t=1.97 eV, or 1% concentration has 7x110"° cm™3 conduction electrons.
45t=1.42 eV. Consequently, the position of conduction-The pump intensities, required for this electron concentra-
band edge is at 2.43 eV in our calculation and the bindingion ne, can be obtained fronh,=nefiw,/a;7 (reflection
energy of the singlet exciton is approximately 0.46 eV. Thisfrom the sample is ignoredwherefiw,=1.97 eV, the peak
falls within the range 0.4—0.5 for the values reportéd. absorptione; (including 7 electrons and the backgrounid

In Fig. 1, the absorption signal is reduced as exciton conapproximately 16 cm™1,” and the recombination timeis 2
centration increases. The reduction is approximately proporps? Consequently, to excite 7410 cm™2 electrons re-
tional to the number of excited electrons. This is consistenguires a pump wave with intensity,=1.14x 10" Wicn?.
with the picture of PSF, which givés The optical Kerr coefficienh,, which measures the change

0.05

Im{X}

0.03

0.02

1.2 1.3 1.4 1.5 1.6 1.7
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0.05 T T T T T T T T T

| P 300k(singlet) — _|
0.045 i 300k(triplet) ----
0.04

0.035
0.03
0.025
0.02
0.015
0.01
0.005

," 10k(singlet) ----- -
G 10k(triplet) -

Absorption coefficient
Im{X}

Energy

FIG. 3. The effect of temperatures and singlet/triplet populations
on Imy(w). The percentage of conduction electrons is 2.5% for all
of the curves. At room temperature, it makes small difference
whether the excitons are singlet or triplet. The distinction is more

apparent at 10 K.

band edges foy=4 andV,=1.5, 2, 2.5 are at 1.54, 1.71,
and 1.89, respectivelgsee arrows in the figuyeThe widths

of the band gap vary roughly linearly witi;. On the other
hand, the short-ranged on-site enetdy has little influence
on the band gap. Furthermore, contrary to the effeatpfa
larger U, leads to a smaller binding energy. This adverse

effect can be traced back to the exchange téyﬁh%zhgh‘l in

Eq. (3.4). The dependence of the position of the exciton level
onUg andV, resembles closely the calculations by Abe, Yu,
and Su®

This work is based on the simplified model of an infinite
and rigid chain and seems to be applicable to other conju-
gated polymers with exciton levels as well, such as PPV and
of refraction index due to pumping, is given by polysilane?®?* At the end of this section, we present a cal-

n,=|on|/8l,. For a pulse withl,=1.14x 10" W/cn?, we
have|on|=0.196 at resonandesee Fig. 20)] and, therefore,
n,=1.7x10"8 cm?W. This is four orders of magnitude
larger than the nonresonant value, and is close to the obsel
vation of Greeneet al, 3.0x10 & cnm?/w.°

All of the above calculations are for singlet excitons at 0.1
room temperature. Using the same formalism it is quite easy
to investigate the influence of exciton species and tempera:
ture on the resonant nonlinearity. We consider a two-level
model where only the singlefB,) and triplet €B,) exci-
tons are considered. The exciton radii are chosen toae 6
(r3) and 4.% (r}).* In Fig. 3, we show the extreme cases
where the populations are either all singlet or all triplet. This
difference traces back to the different distributions of the
relative part of the electron-hole pair wave functioﬁ@t(k).
It can be seen that the difference between singlet and triple:
curves is more significant at low temperati® K). Such a
temperature effect has not been studied experimentally, hOW- £ 4. The influence of Columbic parametels, andV,, on
ever. . _ Imx(w) in the absence of pumping. The value &f{~ V) is indi-

In Fig. 4, we show how different choices of the strengthcated for each curve. The arrowfsom left to right indicate the
of the electron-electron interaction may affect the absorptiomang edges for the curvéd—1.5), (4—2.0), and (4—2.5), respec-
spectra. It can be seen that the magnitud&/gf the long- tively. Their positions shift linearly with/,. On the contrary, the
range interaction, has significant effect on the band-gapand edge is not affected by varyibl (cannot be seen easily from
renormalization and the binding energy. For example, thehe figure. The energy is in units of &t.

Change of refraction index
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1.35 1.4
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FIG. 2. The effect of different exciton concentrations @)
absorption coefficientr and (b) the change of refraction indexn.
 is in units of 2.0<10* cm™L. The energy is in units of &.
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culation for PPV. Its optical nonlinearitffor a perfect crys- interaction, etc. The present study is able to access the effects
talline samplg is found to be of the same order as PDA's. of various microscopic parameters by using the EOM
The following parameters obtained from the spin-densitymethod. We produced the electric susceptibilifyw) that
profile of nonlinear excitation are uséd:t,=2.02 eV, contains the information about the positions and oscillator
Uo=2.5y, Vo=1.3,. The displacement of ions due to the strength of exciton level and conduction-band edge. By vary-
double-bond alternation is about 0.055 A. This gives ing the exciton populations, we can observe the change of
46t=1.15 eV because the lattice stiffness for PPV is 5.23he resonant oscillator strength and the trend is consistent
eV/A.25 From the absorption spectrum being calculated, wewith the PSF moddlEq. (4.1)]. We also calculated the opti-
estimate the exciton binding energy to be 0.6 eV, while eareal Kerr coefficient n, and the value obtained,
lier calculations range from 0.4 efRef. 2310 0.8 eV®The  1.7x10 8 cn?/W, agrees well with observations.
exciton radius in PPV is about 50 A, which spans eight It has to be borne in mind that several complications in a
unit cells. The interchain distance for PPV is about #°&he  real polymer system have been left out to simplify the dis-
absorption coefficient for PPV at 400 nm is 2.30°/cm at  cussion. We have used a rigid and infinite polymer chain
room temperature, and the total exciton lifetime for PPV filmwhile in actual experiments it is finite and may be flexible.
is 0.32 ns?’ From these data and the change of refractionThe phonon degrees of freedom will contribute to extra fea-
index being calculated, we find that the optical Kerr coeffi-tures in the absorption curve such as the phonon side
cient for PPV to be & 10 8 cm®W. This is of the same bands® We have also used the quasiequilibrium condition
order as the value for PDA. for the exciton gas. In future research, the dynamical evolu-
However, in actual practice, PPV is rarely used in thetion of exciton density can be included by coupling the equa-
study of optical nonlinearity, whether it is resonant or off tion of motion to the rate equation of the electron population.
resonant. This may be related to engineering or chemicdfinally, the present theory has to be modified at high exciton
problems in growing high-quality single crystals. These asdensity when exciton-exciton interaction plays a more im-
pects are beyond the scope of this paper. Even if a highportant role and the RPA is no longer valid. This may lead to
quality single crystal for PPV can be obtained, the interchairexciton-exciton annihilation, formation of biexcitons, and
distance will be much smaller in PP8—4 A, comparing to  even the existence of a gain threshold beyond which lasing
10 A for PDA). Under this circumstance, the effect of inter- can happen!
chain coupling probably will invalidate our result presented

here. Another complication for PPV is that, for the intensity ACKNOWLEDGMENTS
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or less make our calculation futile for PPV. support from the National Center of High-performance Com-
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play a significant role in PDA below pump intensity
10° W/cn?. A recent paper by Schmid showed that the sus- APPENDIX A

ceptibility of PDA does not deviate from a pugé® behav Based on the symmetry of inversion, we can show that the

ior until the peak intensity Fow/cn?.2 This seems to indi- s /
cate that, neither exciton-exciton annihilation, nor exc:ite—terms that are quadratic im ., in Egs.(2.6) do not affect

state absorption, is appreciable within the range of ou?hi ?;Q:;ngsthcg é?c?cﬁ)ts?;tzzlzrrléa“on. First, the inversion
consideration. One possible reason for the higher threshhofd °P
of exciton-exciton annihilation is that the exciton radius in

PDA (about 10 A is much smaller than that in PP§about We(—r)=—=WYc_ (1),
50 A) and has higher saturation density. This explains to
some extent why the same formalism works so well for
4 Vo~ 1) =T, (7). (AD)

PDA, but not for PPV. This is also supported by the fact that
simple estimates on the exciton density without such annihi-_ . L "
lation effect has been quite consistent with the NS 1eads to the following identities:
experiments:®

Mvc( - k) :lu’vc( k)! (AZ)
V. CONCLUSION and
Resonant optical nonlinearity for conjugated polymers Y o =Y K A A T, Tas T
can be understood using the simple picture of PSF, in which
the probe signal is reduced because the phase space for final Pokok kK . (A3)
states has been occupied by the excitons. This model pro- MAohghy AhoAghg A A A TRy

vides only an order of magnitude estimate and fails to pro- _ ,

: Jere m=—1, m,=1. It is clear thatV ¥ changes
duce more details such as the probe response over the wh c » Ty M Aohghy g
spectral rangée.g., the band-edge absorptipthe position  sign when the number afindices does not equal the number
of the exciton peak, the effect of temperature and Coulomtf v indices.
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Second, combining the exciton wave function,
SH k) =(2r3YmY{1+[(k=w/2)r5'1%, and the Bose-
Einstein distribution function, g3k = (exp{Bl& (K)— usJ}
—1)"! (see Sec. B, and using the fact that
U\ (r)=V,..(r), itis not difficult to see from Eq¢(3.8) that

nC,v—ka'= nC,vku’ . (A4)
Because of the symmetries in E§82), (A3), and(A4), the
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equation forp_, has the same form as the equation [igr
[see Eq(2.6), with k andk’ being replaced by-k and—k’]
except that the signs of the terms quadraticnyy, are
changed. Consequently, they do not contribute to the total
polarization(P), in which p, and p_, appear through the
combination ofu,.(k)(pxt+ p—_x) only. Notice that the con-
clusion may not be valid if the electron population is not in
thermal equilibrium.
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