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Third-order nonlinear optical spectsd® of conjugated polymers are theoretically studied within the treat-
ment of double-excitation configuration interaction for the Pariser-Parr-Pople model. We consider a realistic
situation of dephasing rates being much larger than depopulation rates. It is shown that, on the low-energy side
of the one-photon resonance, the absolute valug'Bf—w;w,—w,») is approximately proportional to the
linear absorption spectrum(w). Additional peaks show up in thg® spectrum at frequencies corresponding
to energy differences among excited states. Their intensities can become comparable to and even stronger than
ordinary two-photon absorption peaks in the same energy region. The same is true for the electromodulation
spectrumy®(— w;,0,0). In this situation the product of®(— w;,0,0 anda(w) is shown to be approximately
proportional toy'®(—w;w—w,w).

. INTRODUCTION tromodulation spectrumy®(—w;»,0,0. We will demon-
strate that, when the transverse relaxationdephasingrate
Conjugated polymers accommodate delocalizeglec- IS much larger than the longitudinal relaxati(@r depopula-
trons, which are responsible for many interesting electroni¢ion) rate as in a usual situation, the contributions of extra
and optical properties. The relatively large optical nonlinearf&€sonances can become comparable to or even stronger than
ity of this class of materials makes it possible to obtain in-th0se of two-photon resonances. This implies that one has to
formation about the nature of electronic excited statef® Very careful in interpreting experimental data.
through various nonlinear spectroscopic measurements such Anhqther ISsue V‘(]e discuss in t;f%pres:ent paper 1s thhe rela-
as degenerate four-wave mixing, two-photon absorptionr.Ions P tt:etwegant emagnltude_l (_f'{;“”_“”“’) anddthe
electroabsorption, and third harmonic generafichimpor- oo & sorption spectruna(w)=Im[x~(w)] around the

tant issues discussed in the past included the ener Iocatioone'phmon resonance peak. Bubattial.™ analyzed their
X ep . gy lo Bégenerate four-wave mixing data for various materials and
and symmetries of low-lying excited stafeshe excitonic

. _ ) various frequencies, and proposed scaling laws betwé&&n
n_ature_of one-photon excited st_afie@,and the role of biex- ande: in the case of conjugated polymey(é?g(—w;w,—w,w)
citons in two-photon resonanc®s-:

_ 0 is almost proportional te(w). They interpreted this result on
In a previous papé? two of the present authors calculated the hasis of the phase-space filling model and the assumption

X (~wio,~w,w) of conjugated polymers by use of the of large inhomogeneous broadening. We will demonstrate
double-excitation configuration-interaction method for thehere that the linear relationship betweg(—w;w,—w,w)

Pariser-Parr-Pople model to find the electronic excited stategind a(w) approximately holds even for a single chain of
focusing on the biexciton-related two-photon absorptionpolymer without inhomogeneous broadening, if the trans-
peaks located below the exciton resonance energy. We useerse relaxation rate is much larger than the longitudinal one.
the Orr-Ward formul# for x®, in which damping was in-

corporated by adding imaginary parts to the energies of ex- Il. THEORETICAL APPROACHES FOR x®®

cited states. Although this approach was suitable for a dis- There are two main approaches to derive an expression
cussion of two-photon excited states, there is a certaif,, ¥ on the microscopic basis. The first one utilizes the
limitation in its applicability: it cannot be used for the im- {jme_dependent perturbation theory to find a solution of the
portant frequency region of the one-photon resonance, andchralinger equation, which is supposed to be suitable to
also it neglects contributions of dephasing induced extrgjescribe the behavior of the quantum system under consid-
resonanceS™'* In order to deal with these effects, in the eration. The formula obtained in this way is usually called
present paper we employ an alternative expression®f  the Orr-Ward formuld? Clearly, the use of a wave function
derived from the Liouville equation of motion for the density to describe the system does not allow us to take rigorously
matrix.®* We discuss the role of longitudinal and transverseinto account the process of the radiation absorption, because
relaxation rates in'®(—w;w,—w,w) as well as in the elec- the latter necessarily involves an interaction of the system
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FIG. 1. The realdashed lingpand imaginarysolid line) parts of

¥ (—w;0,—w,w) as functions of photon energy for the polymer

ring of N=30 sites withst=0.1t. Through the whole paper the

electron-electron potential used is the Pople potential With2t whereT,,, (n#m) andT,, are the transverse and longitudi-
_ . . . nm nn
and V=t. (@ is calculated using the Orr-Ward formula Wiffi' a1 gamping constants, respectively. Inverse values of the
;FO-E%’F&_”S g‘g is obtained in the density-matrix formalism with 45 hing constants are called the transverse and longitudinal
e relaxation times, respectively. It should be noted that, in gen-

with a reservoir. The absorption can be included here byral, in a multilevel system with all levels participating in the
simply allowing the energies of the system to be Comp|e)(elel_xat|on of the excess populat|on.|n the giveh level, Eq..
numbers. The Orr-Ward formula fof® is relatively com- ~ (2) is not correct, but can be considered a good approxima-
pact, valid for the treatment of two-photon resonariéemd  ton in the case for optically excited stafes. _
easy to compute. That was the reason why we used it in Ref.(3;°‘ completely general expression for
10 to calculate two-photon absorption spectra. X (= w1, wy—w3;01,07,03) can be found, for example, in
The Orr-Ward approach treats only the resonances that dagf- 18. In this wor(lé) we are interested specifically in
not produce a significant excited-state populatofhat is X (~®@0,~w,0) andx” (- w;0,0,0 spectra, expressions of
why the Orr-Ward formula is not applicable, for example, inWhich can be found from the general one choosing properly
such an important frequency region as the region of absorghe values ofw;, w,, and ;. The former susceptibility is
tion saturation. Also, we should not expect it to give correct’®Sponsible for such important nonlinear processes as degen-
results if the photon energy is close to other resonant transgrate four-wave mixing, two-photon absorption, and absorp-
tions involving long-living one-photon excited states. To tion saturation. The latter determines the change of optical
analyze such cases we can use another approach, namely fiffstants such as refractive index and absorptivity under an
density-matrix formalism, which correctly allows for interac- applied static electric field. A complete expression for
tion with a reservoir. A general scheme to calculate nonlineak ~ (—@;®,—,w) can be found, for example, in Ref. 19, and
susceptibilities is based on a perturbation expansion of th¥/€ present it in Appendix Ablocks are labeled in accor-
density matrix of the quantum systéfiThe damping relax- dance with the corresponding terms in Ref) 1@ the case
ation is supposed to be governed by the following equation8f zero temperature. Here we deal with a polymer ring, so

for the off-diagonal and diagonal density-matrix elements: that we consider only the case of all the relevant dipole op-
erator components parallel to some specified axis. An expres-
( Pnm

sion for Y¥(—w;®,0,0 is given in Appendix B. Unlike the
ot

FIG. 2. The resolved two-photon absorption region of the spec-
tra presented in Fig. 1.

) - ~Lampnm  (n#m), D) orr-ward formula, the triple summation here cannot be re-
damping duced to the product of ordinary series, therefore the numeri-
Ipmn cal computation time is dr_astically increased. Thi_s is the rea-

(—) =—T n(Pan— PO, (2) son why here we consider polymer rings with smaller

damping number of sites than in Ref. 10.
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TABLE I. Excitation energiegin units oft) of one- and two-

100 P T photon excited states for the polymer ring N6 sites with 6t
8o [ @ b =0.2. Electron-electron interaction is modeled by the Pople poten-
a° [ AT, =0.020t P 1 tial with on- and off-site Coulomb potentiald =2t and V=t,
:’f 60 [ L 3 respectively. A transition between the one-photon-excited level of
g r P 2.72% and the two-photon excited level of 4.8 7@ntributes to the
é: 40 L 3 resonance peak in Fig. 3 Atv=2.15%.
3 L [ 3
5\'/ 20 [ One-photon excited states Two-photon excited states
= [ Number Energy Energy Half-energy
0 N 1 2.721 2.140 1.070
05 1 15 2 3.481 3.202 1.601
Photon energy (units of t) 3 4.848 4.088 2.044
100 et e 4 5.864 4.447 2.223
r ; 5 6.039 4.509 2.255
go o O d 6 6.344 4.876 2.438
a; hT,=0.002t 7 6.975 5.337 2.669
é 60 - = 8 9.277 5.457 2.729
Cf 9 5.645 2.822
g 40 10 5.825 2.912
I [ 11 6.341 3.170
% 2r 12 6.471 3.236
o 1 13 6.729 3.365
N R Y 14 6.764 3.382
05 1 15 2 25 3 35 15 6.913 3.456
Photon energy (units of 1) 16 7.564 3.782
T 17 7.780 3.890
— N 18 8.481 4.240
6o L © 19 9.728 4.864
@: kT, =0.001t
g *0 ; same procedure for eigenstates calculation as in Ret. i%0:
& 40 an averaged magnitude of the transfer integ#il,is its
g b modulation,U andV are the on- and off-site Coulomb po-
& 20 | B tentials of the electron-electron interacticall the data pre-
= i ; A sented here were calculated using the Pople potential with
0k ¢ P U=2t andV=t), I is the broadening constant in the Orr-
L) Ward formula, and’; andT’, are the longitudinal and trans-
05 1 15 2 25 3 35 verse damping constants, respectively, in the density-matrix
Photon energy (units of t) formalism. Normalization constanjg’ and & are defined
FIG. 3. The realdashed linpand imaginarysolid line) parts of as
x¥(— w;0,~w,0) as functions of photon energy for the polymer X51)=e2a2/t,
ring of N=6 sites with 6t=0.2, and #I',=0.02Q. The vertical 3)
arrow points the lowest one-photon resonariae#l’;=0.02a. (b) Xg3)=e4a4/t3,

#I';=0.002. (c) AI';=0.001.
wheree is the electron charge aradis the averaged distance
1. TWO-PHOTON ABSORPTION between adjacent sites. Figure 1 clearly demonstrates the
AND SCALING RELATIONSHIP failure pf the Orr-Ward formula to describe the region of t_he
saturation absorption. In the two-photon absorption region,
Certainly it is interesting to compare results obtained withwhich is resolved in Fig. 2, the difference is tiny, and the
the Orr-Ward formul® and in the density-matrix formalism. spectrum obtained in the density-matrix formalism demon-
However, in doing so one must be aware of the qualitativestrates only some additional peaks, which are the result of
difference between these two approaches, because in intrthie additional resonances corresponding to the energy differ-
ducing the damping in the Orr-Ward scheme it is, for ex-ence between one- and two-photon excited stédes be-
ample, impossible to make a distinction between the longifow).
tudinal and transverse dampings. To avoid such a problem However, such good agreement fails to be satisfied if we
we take the same values for all damping constants in bothrastically decrease the ratio bf to I',. To demonstrate this
approaches. Figures 1 and 2 sheW(—w;w,—w,w) per site  we show in Fig. 3 the spectra §(— w;w,— w,0) calculated
of a polymer ring withN=30 sites. Here we use the same using the density-matrix formalism for a relatively smel
designations for parameters of the polymer chain and the=6) polymer ring(to avoid a complexity in the assignment
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of resonant pealisExcitation energies of the one- and two-
photon excited states are presented in Table I. Fig(aeiS

for Al'y=hI",=0.02G, while Figs. 3b) and 3c) are for
#';=0.002 and 0.001, respectively, keepingl’,=0.02Q.

The vertical arrow points out the lowest one-photon reso-
nance(at Aw=2.721%). In Fig. 3a) the largest peak in the
region below the one-photon resonartaefiw=2.438) cor-
responds to the two-photon excited state with an excitation
energy of 4.87§ but the doubled photon energy of another
resonance peak lying G.3ower (at Zw=2.15%) does not
match with any two-photon excited state. This resonance en-
ergy equals the energy difference between the one-photon
(2.721) and two-photon (4.81% excited states, and the cor-
responding resonance comes from blogkg, (a,), (c,) and

(d,) in the expression of®(—w;w,—w,w) (Appendix A. PR ST Sl AT
This kind of resonance is called additional resonance, be- '
cause it is not present in the Orr-Ward formula. WHgris
rather small compared with,, the intensities of some addi-
tional peaks can be much larger than those of two-photon ) . . )
fesonances. This isclearly demonsiated by Fig, iere 1, 5%, The Pec of e foue o mert and rer sbsortor
reducingl’; to the value of 0.00tresults in a drastic increase variousT,.

of the additional peak, which considerably exceeds the un-

changed two-photon resonance peaks. Moreover, at a photdierefore one has to be careful in interpreting experimental
energy near Ot5a negative resonant peak is observed, whichdata of two-photon absorption.

certainly cannot be assigned to a two-photon resonance. In- To understand Figs.(B) and 3c), one should analyze the
deed, experiments have shown that in conjugated polymemontribution of the first and third terms from blocka3),
I';tis typically 1-3 pS° whereas'; ! is less than 50 &  (A4), (A6), and(A7) in the expression of®(— w;0,— v,0)
implying thatT'; is an order of magnitude smaller thdh.  (Appendix A),

—r 20

o
WX )
w

X

Q

8
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5 x10* |
Ax10° [

4.5 x10° |

2x10° F

Re [x®(~o;0,~0,0)] / Im(x") (units of ¥®

0.5 1 1.5 2 25 - 3
Photon energy (units of t)

23 (gIPIn)}{n[P[m)(m|P|I)(I[P|g) (g|P[n){n|P[m){m|P[I){I|P|g)
I;m,n (w+wnm+irmn)(wnl+irln)(gq_wlg+irlg) I,mn (w+wnm+ian)(wnI+irln)(_w_wlg"'irlg)
2 (gIP[n){n[P[m)(m|P|I)(I[P|g) (gIPIn)}{n[P[m)(m|P|I)(I[P|g)
'mn (0t ountiTn)(on+iln) (0t wngtily)  imn (0t opmTilp) (g +iln)(—o+w,g+il'y,)
5y (glP[n)(n[P|m){m[P|I){I|P|g) B (glPIn)(n[P[m){m|P|I){I|P|g)
I,m,n (w+wml+irlm)(wnl+irln)(w+wng+irgn) I,m,n (w+wml+irlm)(wnl+irln)(_w+wng+irgn)
(gIP[n)(n|Pm)(m|P[I){I|P|g) (gIP[n)(n[Pm)(m|P[I){I|P|g)

4

B I,m,n (w+wm|+iF|m)(wn|+iF|n)(w—w|g+iF|g) I,m,n (w+wm|+iF|m)(wn|+iF|n)(—w—w|g+iF|g)’

wheren and| label one-photon excited state®, numerates two-photon excited statgsmeans the ground state, and
wjj=(Ej—E;)/A. This can be reduced to

1 1
2,2, (alPIn)n|Plm)mIPII)IIPlg) (0F ong T g (—@— g+ 1Trg) | (— @+ ng+ Tgn)(@—wrg+1T)

[wng_ wlg+i(Flg+rgn)][wnl_2wnm+i(rlm_rmn)]
(0TIl (0+ @pmT il (@+ @p+ilm)

(5

The additional resonances come from the terms with, in ~~ where we assume all transverse damping constants to be the
which the last multiple is same and equal tb',. It is apparent that additional reso-
nances can be both positive and negative depending on the
_ 4_FZ “nm (6) sign of w,,. TheI'; ! dependence is easy to see if one com-
I (0t oyntil) (0= opgtil’y)’ pares Figs. ®) and 3c).
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ImC ™) 12
Im[xY(w)]. It is easy to see that the ratio has a considerable

B e —
FIG. 5. (&) The absolute value of *(~ww,~ww) and the oy e in the relatively wide spectral regi@sually,t is

imaginary part Of)((l)(w) as functions of photon energy in the re- .
gion of the lowest one-photon resonance for the polymer ring of"bolJt 2 eV just below the one-photon resonance. Such a

N=20 sites withst=0.02, #T';=0.00%, and various,. (b) The wide region adds another attractive feature to conjugated
absolute value 0f®(—w;w,—w,w) as a function of the imaginary polymers as promising candidates for futur_e appllcatlohs_.
part of y¥(w). The solid lines correspond to the low-energy side of Another interesting issue related to the figure of merit is a

the resonance peak and the dashed lines correspond to the highP-Called  scaling IaW—la relationship  between
energy side. Y~ ww,—w,0)| and InfxY(w)]. Examples of the two

guantities are plotted in Fig.(® as functions ofw for vari-

The existence of extra resonances was discussed in tigaisT,. The dependence ¢f®(— w;w,— w,w)| upon Infx\]
past in a different context. Bloembergen, Lotem, and |_§/F\ch is presented in Fig. (). The solid lines correspond to the
pointed out the presence of dephasing-induced Raman-tygew-energy side of the linear absorption peak, and the dashed
extra resonances in the general expression of four-wave mix@nes to the high-energy side. As a whole these lines indicate
ing, x¥(—w, ;0,,~ w,,w3). The effect was later observed in a power-law behavior
Na vapor as a pressure-induced resonahcehis type of
extra resonance occurs when frequency difference; —w, X®(— 0, 0,—0,0)|~c{Im xV(w)]}P. (7)
or wz—w, corresponds to an energy difference between two
initially unpopulated excited states. Obviously it is different The exponenp is close to 1(p~1.2) on the low-energy side,
from the one discussed here for degenerate four-wave mixwhile it is much larger than 1p~1.7) on the high-energy
ing, where the extra resonance condition is that the freside. What should be noted here is that the coeffictent
guencyw itself corresponds to an energy difference betweerrapidly decreases upon increasing the transverse damping
excited states. Furthermore, thg! dependence in expres- constantl’,. Due to the relative simplicity of measuring the
sion (6) is specific to the present case, and is absent in thabsolute value oﬁ((3)(—w;w,—w,w), this fact can be useful
Raman-type resonance. To our best knowledge there haver an estimation of’,.
been no experimental studies of the type or extra resonances
discussed here. . . IV. ELECTROABSORPTION

A figure of merit is always a matter of interest in search-
ing for nonlinear optical materials. In Fig. 4 we presentdhe The electromodulation spectrums)(—w;w;0,0) obtained
dependence of the ratio B&Y(—w;w,—w,w)/IM[x'?(w)]  in the density-matrix formalism also demonstrates some spe-
for various I',, together with the linear absorption cific features, which are lost in the Orr-Ward approach. Fig-
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ure Ga) presents the electroabsorption spectrum togethemances as seen in the two-photon absorption spectra of Fig.
with the linear absorption for a polymer ring witi=20 3, each resonance corresponding to an energy difference be-
sites and damping constantd’;=0.00% and AI',=0.0Z2.  tween excited levels. To make it clear, we consider the sum
What we want to pay attention to at this stage is a group obf the last terms in the four block83), (B4), (B6), and(B7)

small peaks in the photon energy region below the oneef the expression fof'®(—w;w,0,0) presented in Appendix
photon resonance. They are the same sort of additional res&:

‘2 (glP[n)(n[P|m){m[P|I){I|P|g) (gIP[n)(n[Pm){m|P[I){I|P|g)
I,m,n (w+wnm+ian)(wnl+irln)(_wlg+irlg) I,m,n (w+wnm+irmn)(wnl+irln)(wng+irgn)
(glP[n)(n[P[m){m|P|I){I|P|g) (g[P[n)(n|Pm)(m|P[I){I|P|g)

22 T o 1T (wn 1T (ng+ T 212 (@ F ampt T (om T Tl —org 1Ty @

This can be reduced to

<g| P|n><n|P|m><m|P||><I|P|g> [")ng_‘Ulg+i(an+rlg)][wnl_2wnm+i(rlm_rmn)]

+2 . . . - - 9
I%n (wng+|rgn)(_w|g+|rlg) (0Tl (@+ @ymt il ) (0 + @p+il'm)

|
The resonances come from the terms withn, the contri- As already mentioned, a direct measurement of transverse
bution of which, using notation¥; andI',, can be repre- relaxation time in conjugated polymers is a challenging sub-
sented as ject for experimentalists because of a large inhomogeneous

broadening existing in actual systems. Various indirect meth-
2 2 ods can facilitate an evaluation of such an important param-
- 8_F2 Kal E|n>| [l le?l eter. That is why here we have analyzed the evolution of the
Iy iwn (0ngtiT2)(—ongtil) electroabsorption spectrum with varyilg. Since the inten-
sity of the electroabsorption spectrum in the region of the
(10 one-photon resonance is proportionalt?, a signal here is
expected to be rather sensitive to the magnitude of the trans-
verse damping constant. Figure&6and 7, which corre-
The peaks corresponding to the additional resonances can bpond to#4I', increasing from 0.02[Fig. 6(b)] to 0.1@,
observed only whetr'; is small enough. Similar to the case clearly corroborate such an assumption. A very intense posi-
of two-photon absorption, in which the intensity of addi- tive peak just below the lowest one-photon resondifig.
tional resonance peaks is drastically reduced whgis in-  6(a)] practically disappears after an increase#df, from
creased, the same effect occurs for the corresponding res0:02 till 0.06t. This peak can be a good indicator for a
nances in the electroabsorption spectrum as well. Figiime 6 magnitude of the transverse broadening.
shows the electroabsorption spectrum calculated with only The extra resonance discussed here is an effect of damp-
one parameteF;, changed referring to the case presented iring in x'® processes. There is a completely different method
Fig. 6@. In Fig. 6b), Al';=A1',=0.02, and small peaks
below the one-photon resonance are so strongly decreased

% @Wnm
(ot wpmtiT)(w—wgntils)’

due to largd’; that they just cannot be seen. 200 ———r1r

An analysis of both the expression fgf(—w;w,0,0 and 100 E E
calculated spectra shows that forbidden transitions to two- e g f
photon excited statdsnore specificallyA™ (|K|=0,2) states; % 0 a3 E
see Ref. 10 practically do not reveal themselves as strong 5 -100 AE. —0.10t N E
peaks in the electroabsorption spectra. The reason is that I 200 F h;:o'ost ’ 3
allowed one-photon transitions and additional resonances $ a0 b AT .04t E
discussed here contribute t9®(—w;w,0,0) through the o 3 > \ ]
terms proportional td', 2 (the first term in the expression of ? -400 ]
Appendix A andI'; %, respectively, while the forbidden tran- = 500 F E
sitions only throughl';*. An observation of the additional 600 bt o N
resonances can be assured by taking a very sihalbut a 05 1 15 5 25 3
signal due to a forbidden transition is always much smaller Photon energy (units of t)

than that due to an allowed one. It should be noted here that

such a conclusion is valid only until an applied static electric  FIG. 7. The electroabsorption spectra for the polymer ring of
field becomes very large and makes a perturbation solutioN=20 sites withst=0.2, #I’;=0.001, and varioud™,. The verti-
inapplicable. cal arrow points the lowest one-photon resonance.
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Photon energy (units of FIG. 9. The proportionality factor€g (dashed ling and C,

. . . o (solid line) as functions of photon energy for the polymer rings with
FIG. 8. (&) The real(dashed ling and imaginary(solid line) st=0.2t, A, =0.001, A',=0.10@, and various number of sites,
parts of ¥¥(—w;w,~w,w) divided by Im(x™) as functions of pho- N (a) N=6. (b) N=12. (¢c) N=22.
ton energy for the polymer ring oN=20 sites with 6t=0.2,

#il';=0.001, and#I';=0.10G. (b) The real(dashed lingand imagi- V. RELATIONSHIP BETWEEN x®(—w;®,—w,0)

nary (solid line) parts ofy®(—w;w,0,0 as functions of photon en- AND x®(=:,0.0 B

ergy for the same polymer ringc) The ratios of(a) plots over e

correspondingdb) plots multiplied byN; that is, the proportionality There is one more interesting featureydt (— w;»,— w,w)
factorsCg andC, . The vertical arrow points the lowest one-photon andX(3)(—w;w,0,O) spectra that is worth mentioning. In cases
resonance. when the transverse damping constant is about two orders of

magnitude larger than the longitudinal one, we numerically
of calculating electroabsorption without using thés) observe the relations
formula—by calculating linear absorption spectra with and

without a finite electric field and by taking the difference N Re[X(3>(—w;w,—w,w)]Xgl)

between them? This approach does not give any extra reso-

nance, because it can take damping into account only in lin- ~Cr REX¥(— 0;0,0,0]Im xP(w)], (119
ear absorption processes. Which of the two approaches is a

better description of real experiments may depend on the N Im[ x® (- 0;0,— o,0)]x5"

strength of the electric field and the magnitude of the damp-
ing. ~C IM[x¥(~ w;0,0,01Im x(w)], (11
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where all susceptibilities are those per site, and the propor- VI. CONCLUSIONS
tionality factorsCg and C, are practically equal and do not
depend upoN and w in a very wide range of photon ener-  We have studied thg® spectrum of conjugated polymers
gies. In other words, we can write an approximate equality within the Pariser-Parr-Pople model. Several interesting as-
@ D~ B pects of x¥ have been elucidated. First of all, the linear
NY (- w0, —w,0)x ~Cx™(- 00,00 relationship between the magnitude P (— w;w,— w,w) for

X Im[xP(w)], (12)  degenerate four-wave mixing and the linear absorption spec-

. ] ] ) trum a(w) approximately holds on the low-energy side of the
with a real factorC mdgpendgnt oN and . This relation  exciton peak, when the transverse relaxation Fates much
can help in the evaluation of¥(—wiw,—w,w) for materials larger than the longitudinal relaxation rdfg. The linearity
with F2>F1_on the bas_|s of Imgar and electromodulation coefficient Y@/« is strongly dependent of,, and approxi-
spectra, which are relatively easier to measure. __mately inversely proportional t6,. Under the same condi-

. To become convinced of this, one ShO.UId look at Fig. 8.tion I',>T";, additional peaks due to extra resonances among
Fggure ] &a) sho.w.s real ar(‘g imaginary part; of excited states appear, and can be much larger than the ordi-
X~ (~w,0,~w,0) divided by Injx“(w)] for a polymer ring 4y tyyo-photon absorption peaks. This implies that we have
with N(=3)20 sites1I',=0.00% and4l’,=0.10Q. Figure 8b) 5 e very careful about the interpretation of obsery&t
gives y*(—w;w,0,0 for the same polymer ring. Obviously, spectra as two-photon absorption. Similar additional

these two figures are very alike. Figur(a:)f_Bshows ratiqs of resonances show up in the electromodulation spec-
(a) plots over corresponding) plots multiplied byN, i.e., trum ¥®(— w;,0,0. Finally we have shown numerically
the factorsCr and C,. Up and down leaps of the plots in approximate relationship  x¥(—w:w,—,0)

Fig. 8(_c) take plgce _for photon energies at which _the corre-za(w)xe)(_w;w,o,o)_ All these features are dép,endént on
sponding plots in Fig. @) and 8b) cross a zero line, and the ratioI',/I";, hence a systematic experimental investiga-

since they cross it at slightly different photon energies the;o, of ,(3"gpectra with a determination of the relevant re-
leaps occur. Setting aside these leaps we can conclude th?&{xation rates would be strongly desirable

as a whole;Cg and C, coincide and do not change with
photon energy. This is especially true for the spectral region
of two-photon absorption below 1.9To show the indepen-
dence ofC andC, from N, here we present their spectra for
rings withN=6, 12, and 22 sitefFigs. 9a), 9(b), and 4c), i
respectively, all other parameters being the same as in Fig. 1 he authors wish to thank E. Hanamura and J. Inoue for
8(c). Again ignoring the leaps we can see that all plots are agtimulating conversations. One of the auth8sA,) thanks

the same level, about&L0%. For relatively largeN =22 [Fig. A Esser, M. Schreiber, and C. Bubeck for useful discus-
9(c)] there is rather a wide region just above one-photorP'ons-

resonancéshown by vertical arroyy where a deviation from

that level does not look like a sharp splash, but for the range

of two-photon absorption all the features are still satisfactory. APPENDIX A

Unfortunately, an analytical derivation of relati¢tl) seems

to be too cumbersome for such a wide spectral region; there- The third-order nonlinear optical susceptibility
fore in this work we have restricted ourselves to a numericals((3)(—w;w,—w,w) per site of anN-site molecule is written
consideration. with the dipole operatoP as follows:

ACKNOWLEDGMENTS

> (g[P[n){n[P[m){m|P[I){I|P|g)

TBNAS | S (0= wngtiTng)(— @mgt i Dmgl(@—@g+iT1g)

3 (glPIn) (nlPIm)(miPl1) Plo)
I'mn (0= wngTil) (20— 0ngtil g (o—wg+ily)
(glP[n)}{n[P[m)(m|P[I)}{I|P|g)

—2%” (0= gL ng) (— OmgtiTmg) (—0—wig+iTg) (AL)

X®(— w0, 0,0)

(g[P[n)(n[P[m){m|P[1){I|P|g)
+2I%n (0+ @amT il m) (= wmg+irmg)(w_wlg+irlg)

(g|P[n){n[P|m){m|P|I){I[P|g)
+2%ﬂ (0F Ot 1L ) (20— g+ 1 Timg) (0— wig +1T1g)

(g|P[n){n|P|m){m|P[1){I|P|g)
+2I%n (0+ wymtiTmn)(— wmg+irmg)(_w_wlg+irlg)

(A2)
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(g[P[n){n[P|m){m|P[I){I|P|g)

(w+wnm+ian)(wnl+irln)(w_wlg+irlg)

(g[P[n)(n[P[m){m|P[I){I|P|g)

(0t oymtiTmn) (2ot oy +il)(0—wg+ily)

(g[P[n){n[P|m){m|P[I){I|P|g)

(w+wnm+irnm)(wnl+irln)(_w_wlg+irlg)

(g[P[n)(n|P[m){m|P[I)(I|P|g)

(0+ wumtiTmp)(0n+iln)(0+ wag+il'y,)

(g[P[n)(n[P[m){m|P[I){I|P|g)

(0+ oyt iTmn) (2o+ oy i) (0+ w,g+ily,)

(g[P[n){n|P|m){m|P[I)(I|P|g)

(0+ oymtiTmp)(0n il (- o+ ongtily,)

(g[P[n){n|P[m){m|P[I){I|P|g)

(0t omTilp)(0ngtilgm (0t wngtil'y,)

(g[P[n)(n[P[m){m|P[I){I|P|g)

(0+ o Tiln) (20t ongtilgn)(0+w,g+ily,)

(g[P[n){n[P[m){m|P[I){I|P|g)

(0t omT il (Ongtilgm)(— o+ ongt+ilyn)

(g[P[n){n[P[m){m|P[I){I|P|g)

(‘U+‘Uml+irlm)(wnl+irln)(w+wng+irgn)

(g[P[n}{n[P[m)(m|P[1){I|P|g)

(0t omTiln)(20+ oy i) (0+w,g+ily,)

(g[P[n){n[P[m){m|P[I){I|P|g)

(w+wml+irlm)(“’nl"’irln)(_w+wng+irgn)

(g[P[n){n|P|m){m|P[1)(I|P|g)

(‘U+wml+iFIm)(wnl+irln)(w_wlg+irlg)

(g[P[n)(n[P[m){m|P[1){I|P|g)

(w+ wm|+iF|m)(2w+ wn|+iF|n)(w—w|g+iF|g)

(g[PIn)(n|P|m){m|P[1)(I|P|g)

(0t om+ilim)(oyn+iln)(—o—wg+ily)

(g[PIn)(n|P[m){m|P[I)(I|P|g)

(0t wg+ilg)(@ngtilgm(o+wyg+il'y,)

(g[P[n)(n[P[m){m|P[1){I|P|g)

(0t wgtilyg)(2o+ongtilgn)(o+w,g+ily,)

(g[PIn)(n|P[m){m|P[I)(I|P|g)

(0t wg+tiTg)(Ongtilgm)(—otongt+ilyy) |

(A3)

(A4)

(A5)

(A6)

(AT)

(A8)
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APPENDIX B

The third-order nonlinear optical susceptibilit}’(— w;,0,0 per site of arlN-site molecule at zero temperature is written
as follows:

N (g|P[n){n|P|m){m|P|I){I|P|g)
6N7%3 Imn (0= opgtilg) (0= ongtiTng(w—wg+ily)

s (alPImolPimmiPIIPl)

imn (0= wpgtil ) (@—ongtilng(—wg+ily)

X¥(~©0;0,0,0=

23 (g[P[n)(n[P[m){m|P[1){I|P|g)

- - - Bl
I,m,n (w_wng+|an)(_wmg+|rmg)(_wlg+|rlg) B1)

(gIPIn)}{n|P[m)(m|P|I)I[P|g)
+2I%n (UH’wnm+irmn)(“’_wmg+irmg)(w_wlg+irlg)

(g|P[n){n[P[m){m|P[I){I|P|g)
+2I%n (w+wnm+ian)(w_wmg+irmg)(_wlg+irlg)

(gIPIn)}{n|P[m)(m|P|I)(I[P|g)
+2I%‘1n (w+wnm+irmn)(_wmg+irmg)(_ w|g+irlg)

(B2)

(glP[n)(n[P|m){m|P|I){I|P|g)
+2I%n (w+wnm+ian)(w+wnl+irln)(w_wlg+irlg)

(g[P[n)(n[P[m){m|P[1){I|P|g)
+2I%n (w+wnm+ian)(“H’wnl+irln)(_wlg+irlg)

(gIPIn}n|P[m)(m|P|I)I[P|g)
+2I%n (w+wnm+irmn)(wnl+irln)(_wlg+irlg)

(B3)

oS (alPIny(nlPlm)(mIPIH ([P
I,m,n (UH’wnm+irmn)(“’"’wnl+irln)(w+wng+irgn)

(gIPIn)}{n|P[m)(m|P|I)(I[P|g)
+2I%n (w+wnm+ian)(w+wnl+iFIn)(wng+irgn)

(g|P[n){n|P[m){m|P[I){I|P|g)
+2I%‘1n (w+wnm"’irmn)("’nl"'irln)(wng+irgn)

(B4)

S (gIP[n)(n[P|m){m|P[I){I|P|g)
imn (0+ on+ilp)(0+ongtilyn) (0+ongt+ily)

s (@Pn(mlPlmmPIIPlg)

mn (0+ on+ilig) (0t ongtilyn) (whg+ily,)

S (g[P[n){n[P[m){m|P[1){I|P|g)
1S (0F 0m 1 D) (Omg 1L gm) (@ng+iTgn)

(B5)

O s Ll Y T DL
I;m,n (UH’wml+irlm)(“”’wnl+irln)(w+wng+irgn)

s (alPImPImmIPIn 1Pl
I;m,n ((1)+wml+irlm)(w+wnl+irln)(wng+irgn)

oS (gIPIn)}{n|P[m)(m|P|I)(I[P|g)
imn (0+ wml+irlm)(wnl+irln)(wng+irgn)

(B6)
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(g|P[n){(n|P[m){m|P[I){I|P|g)
imn (0+on+ilig)(e+oy+il)p)(0—wg+ily)

s PPl miPlPl)
I;m,n (w+wml+irlm)(w+wnl+iFIn)(_wlg+iFIg)

(g[P[n){n[P[m){m|P[1){I|P|g)

_2|%n (0t om+ilim)(0y+iln)(—og+ilyg) ®7)
oy PP PPl
mn (0t ogtilg)(wt+ongtilyn(ot+wngtily,)
(g[P[n){n|P[m){m|P[I){I|P|g)
t22 (0F w1g+1Tg) (0 + Omg™ 1T gm) (@ng+1 T gn)
oy @PERImmPPl .

Iimn (0+ wig+ [ 1-‘gl)((’-’mg"' i 1—‘gm)(wng"' i an).
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