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Third-harmonic-generation spectroscopy of pol¥p-phenylenevinyleng:
A comparison with oligomers and scaling laws for conjugated polymers
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The third-order nonlinear optical susceptibiliff’’(—3w;w,w,w) of thin films of poly(p-phenylenevinylene
(PPV) and several corresponding oligomé@PVn) has been investigated by third-harmonic generation using
variable laser wavelengths from 900 to 1520 nm. The oligomers show a single three-photon resonance of
2 (—3w;w,w,0) Which is closely related to the linear absorption spectrum. We can identify, however, two
maxima in they'® spectrum of PPV. They are assigned to three-photon resonances with the maximum of the
exciton absorption and with the threshold of the continuum of states, which can be locatetl @tl3¥. This
corresponds to an exciton binding energy of 0071 eV. We observe a general scaling behavior for PPV,
OPV-, and other one-dimensional conjugateetlectron systems in their neutral form. Thai® values,
evaluated at comparable resonant or low-resonant conditions, follow an empirical scaling relationship
X(3)/amax’“)\?naw where g2« and 5, denote the absorption coefficient and wavelength of the low-energy
absorption maximum. We obtain an expongrt10+1 which is much larger than expected from an earlier
theory. Possible reasons for the difference between theory and experimental results are discussed.

I. INTRODUCTION 0.9 eV® or 1.1 eV?® Hence the existence of the exciton state
in PPV is far less clear than in the case of polydiacetylenes
The electronic and nonlinear optical properties of organiqPDA's), whereAE,=0.5 eV was found consistently in vari-

materials with extended conjugatedelectron systems have ous experiment’~2°
generated much interest recerlfly. There is a continuing  According to recent theories of Abet al®® and Guo
controversy as to the physical nature of the excitation statest al,! the energy levels of the exciton absorption and the
of conjugated polymers, which possess a conjugate@onduction-band threshold should be visible as two separate
mr-electron system delocalized along the polymer baCkﬁonethree-photon resonance maxima in third-harmonic-
Poly(p-phenylenevinylene (PPV) belongs to this class of generation THG) experiments. THG can be used as a spec-
polymers. It has been studied by many groups because of i??oscopic technique, if the fundamental laser frequendg

.. . . ...0°13
Ioror_msmg gl'er'order . nonl!nearltlé_slt atrrl]d electro- , varied. This allows the detection of multiphoton resonances
uminescence. Two contrary VIEWS exist on the assignment iy, electronic states, which are not visible in the linear ab-

of the optical absorption of PPV. : )

The first view is based on the observation that the Iow—tsrzrsr::tgon ?c?fr(\:ggtmud Tgfretla;:?énvi\é:es:qaetl;: ;ﬁﬁ:f?”;?(;f ;p;e\;:
energy onset of photoconductivity in PPV occurs very close dt Py th y th th fits ol aPYs '
to the onset of the optical-absorption edge at the enEpgy and to compare tem wi 0s€ 01 1S ollgomers
wavelength,. This onset is defined as the intercept betweerp'ﬁerent bu_t w«_all-defmeql lengths. The chemical structures
the baseline and the tangent to the absorption edge, arfti€ shown in Fig. 1. It will be seen that the THG spectra of

yields E, around 2.4 eV. It was concluded that PPV behaved PV and its oligomers differ considerably, and it will be
like a semiconductor, and that the optical absorption isshown how this relates to the existence of exciton and band

caused by a direct photogeneration of free charge carriers vEat€S in PPV,

a transition between the valence and conduction b&ds.  The se%))nd part of this work is concerned with the mag-
The band gapE,, sometimes also called the conduction- nitude ofx™(—3w;w.w.w), its dependence on the lendtof
band threshold energy, should then be identicdgo the oligomer and the linear optical properties of Of¥nd

PPV. The third-order nonlinearities of conjugated systems

signed to an exciton transition, where bound electron-hol@'® Strongly influenced by ther-electron delocalization
pairs are formed initially. The singlet excitons can dissociate®N9th La, which is also called the conjugation length. For
rapidly via polaron pairs to single-charge carriguslarong ~ Short conjugated chains, whetg is I|m|te% oné)gzbgg the

in thermally activated process¥sTherefore, the exciton Cchain lengthL, early mvestlgatlons_showe;d ~L> 7 For
model of the primary photoexcitation in PPV is compatible POlymers with a _one-dimensional(1D) ~conjugated
with an onset of the photoconductivity &.1° Major sup- m-electron system, Fl_ytzanls and_ co—workgrs usectkel
port for the exciton concept of PPV comes from fluorescenc&€0rY tsa_(g7erlve a universal scaling behavior betwaeh
investigation€2-23According to the exciton concept, the en- @'d La-~ =" As they found that. 4 is also related to the
ergy gapE, should be observed at significantly higher ener_Ilnear_optu:_al prop_ert|e_s_ of 1D systems, this scaling law can
gies thanE,. The energy difference betwedfy, and the be written in the simplified form

zero-vibrational level of the exciton is the exciton binding

energy AE,,. Recent theoretical and experimental studies (3)_\6

yield very different values oAE, for PPV such as 0.4 ¥, X~ Nmae @

In an alternative view, the optical-absorption band is as
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" I OPA: optical parametric generator/amplifier configuratibn: fil-
ORy-4 0.0.0.0 ters. BS: beamsplittes: Glan-polarization prism. PM: photomul-

tiplier. M, g : monochromator. PD: photodiode. PA: preampliftgr.
sample.R: referenceP: pump. SHG: crystal for second-harmonic
generation.

Il. EXPERIMENT

Thin films of PPV were obtained by spin coating of the
[ [ tetramethylene sulfonium chloride precursor polymer on
NC“ JYCN NC_N\M/“ B N\/“j_CN e fused silica substrates, followed by thermal annealing at
\N 285 °C for 6 h invacuum. This precursor polymer route to
é(ﬁx PPV has recently been described in déetaff The synthesis
and spectroscopic characterization of the oligomers @PV-
has been reported elsewhé&fé® Thin films of OPVnon
fused silica were prepared by vacuum sublimation below
107° Torr. The film thicknesses were measured with a Tencor
FIG. 1. Chemical structures and abbreviations of some conjuinstrumentsa- step profiler. The typical film thicknesses for
gated polymers and oligomers. The substitudhteepresent alkyl o THG experiments were 50—100 nm.
chains of various lengths. Transmission and reflection spectra were measured with a
Perkin ElImer model Lambda 9 spectrophotometer. The re-
where \ s IS the wavelength of the low-energy absorption flection spectrum at nearly perpendicular incidence was used
maximum of the 1D conjugated polymers. Although thisto calculate the spectrum of the refractive index in the TE
scaling law became very popular and was frequently used tpolarization for PPV and OPV-5 by solving the Fresnel equa-
interpret the third-order nonlinearities of conjugatedtions by an iteration procedure without any fit
systems? a final experimental proof of its validity has not parametefS~*The results of this technique agree very well
been presented. with a Kramers-Kronig analysis, which requires a fit of the
The systematic behavior of trpé3)(—3w;w,w,w) data of background index of refraction. For thin films of OPV-3 and
various 1D conjugated polymers was observed in our earlieDPV-4, only the latter technique was used.
THG experiments with a single laser wavelengih=1064 Measurements of THG by using the Maker fringe tech-
nm3°~*and was discussed in context with the scaling lawnique were performed by means of the experimental setup
(1). However, we always noted in these earlier reports thawhich is shown in Fig. 2. An actively/passively mode-locked
THG studies at variable,, would be required for a final Nd:YAG (yttrium aluminum garnegtlaser was use{Quantel
guantitative proof of the scaling law. Now we are able tomodel YG 50). The typical duration of the fundamental
perform these experiments with variable obtained using laser pulses was on the order of 30 ps. The laser pulses were
an optical parametric generator/amplifier configuration. amplified in a double-pass amplifier, and transformed into
In a search for general structure-property relations, the 1bhe second harmonic with a KDP crystal. The second-
systems PPV and OPW-will be compared with other con- harmonic pulses of 2—3-mJ energy were used to pump an
jugated systems. Their chemical structures and abbreviatioraptical parametric generator/amplifier configuratiG®PA)
are also shown in Fig. 1. The focus of the second part of thibased on two LilQ crystals!® The parametric signal and
paper is on correlations between chemical structures and liridler waves could be used for THG in the range between 900
ear and nonlinear optical properties of conjugatedlectron  and 1520 nm. The laser beam was focused on the sample,
systems. We present a masterplot which shows that a genemsthich was placed in an evacuated chamber and mounted on
relation between the linear and nonlinear optical properties rotation stage. The harmonic signals of the sample and
of 1D conjugated systems really exists. However, we findeference were measured simultaneously to compensate for
significant deviations from the scaling laid). In particular  the effect of laser intensity fluctuations, as shown in Fig. 2.
the exponent is much larger than 6. Possible reasons for this The Maker fringes were evaluated taking into account the
discrepancy will be discussed. measured data of the samgteickness, refractive index, and
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absorption coefficients at the fundamental and harmonic - . - . - .
wavelengthy the free and bound harmonic waves and their 4L PPV (@ |
reflections at the interfaces as described eaflighThe only
fitting parameters were the modulus and phase afglef

the complex value of Y®=[y®expi®. The
¥¥(—3w;w,w,0) values were determined with respect to the
same reference valyg®(—3w;w,w,w)=3.11x10 * esu for 5
the fused silica substratefor all laser wavelengths,, . =
Since this reference value is not accurately known, its weak =
spectral dependence was not taken into account. The data of
¥¥(—3w;w,w,w) given in this work always refer to the ori-
entation average.

_1]

Ill. RESULTS

A precise knowledge of linear optical properties is crucial
for an exact evaluation of the nonlinear optical susceptibility
X2 (—3w;w,0,0) of thin films. Studies of ultrathin films with 28|
thicknesses smaller than 100 nm require special care, since ,g
the reflection losses at the film/air and film/substrate inter-
faces become comparable to the internal absorption losses of 2*[
the films. Therefore the absorption spectrum 1 of the PPV 5,1
film, which is displayed in Fig. @), shows an apparent tail <
toward longer wavelengths. The reflection losses are calcu- I
lated by means of the dispersion of the refractive index pre- 18}
sented in Fig. @). They are subtracted from spectrum 1, and
the corrected intrinsic absorption spectrum 2 results. L ]

The intrinsic absorption spectrum of a thin film of the 14 - ' . . ‘ ¥
oligomer OPV-5 is shown in Fig.(d). It is obtained after 200 400 e00 80 000 1200
correction of the reflection losses, as described above. The A [nm]
modulus and phase angleof ¥'®(—3w;w,»,») measured at
various laser wavelengthg are also shown in Fig. 4. The FIG. 3. Spectra of the absorption coefficienand the refractive
scales of the wavelength of the absorption spectkuand of  index n of ultrathin films of PPV.(a) Spectrum 1(dashed ling
A_ are appropriately chosen to visualize a three-photon res@ontains reflection losses, which are corrected in spectruflR
nance Of)((3)(—3w;w,w,w). line), which shows the intrinsic absorption of a 62-nm-thick film of

The THG spectrum of OPV-5 shows ordyepronounced PPV.(b) Dispersion of the refractive index obtained from reflec-
three-photon resonance ®t=1222 nm, which corresponds tion spectroscopy of a 33-nm-thick film on fused silica.
closely to the linear absorption maximum. The dispersion of

the phase anglé displayed in Fig. &) is representative of enhancements. A major maximum gf° is observed at

a single three-photon resonance, which leads to the charag- _ ; -
teristic value®=90° at the peak of the three-photon reso-sEL 1336225 nm. This main resonance occursatclose to

nance. The oligomers OPV-4 and OPV-3 show similar reso-?’)\max’ and corresponds to a phase are 115°-15°. This

nances of'®(— 3w:w,,0) to those seen in OPV-5. They are phase angle is only slightly larger thdn=90°, which would
only shifted to shé)rt,er’wavelengths be the typical value at a three-photon resonance. In contrast

A representative selection of the linear and nonlinear op!© the case of the oligomers, a second maximum in the THG

tical data of thin films of the oligomers OPV-5, OPV-4, and SPectrum of PPV is visible ak <3\ This additional
OPV-3 is shown in Table 1. In the case of OPV-2 and OPV-1résonance at, =1155-25 nm has no corresponding feature
it was not possible to prepare thin films with sufficient opti- in the linear absorption spectrum. But its existence is con-
cal quality and stability by the sublimation technique. Thefirmed by ® near 270°. Representatiyé” data of PPV are
absorption coefficient and wavelength of the absorptiorfiven in Table | at the characteristic laser wavelengths
maximum are denoted,,,, and\ ... The onset of the opti- A =1064 nm,\ =3\, andi =3\, for comparison with
cal absorption at the wavelengily corresponds to the en- the data of the oligomers and of other conjugatedlectron
ergy Eq as defined in Sec. |. The absorption maxima of di-systems.
luted solutions of OPWt are also shown in Table | for We emphasize that the THG spectra of the oligomers
comparison with the thin-film data. The absorption spectra 0fOPV-n showonly oneresonance maximum, in contrast to the
OPVq systematically show a blueshift in going from dilute polymer PPV, which showwo resonances at, =3\,,,, and
solution to solid, condensed films. AN <3\qax- We further note a very strong and systematic
The modulus and phase angle of ¥'®(—3w;w,0,0) of  increase of the representatiy€ values with increasing,,
the thin film of PPV are shown in Fig. 5 for various laser of OPV-n and PPV. These characteristic features will be dis-
wavelengths\, . The spectra ok'¥(—3w;w,w,w) anda are  cussed and compared with other conjugatedlectron sys-
also displayed together to visualize three-photon resonandems in the following sections.
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FIG. 5. Comparison ofy®(—3w;w,w,w) with the absorption

3(—3, -
FIG. 4. Modulus and phase angle of x™(~3w;w,0,0) mea spectrum of a thin film of PPV displayed similarly as in Fig. 4.

sured by THG with variable laser wavelengths and correlated
with the linear absorption spectrugi\) of a thin film of OPV-5. o ) ] )
and excitation states of PPV in connection with the other

IV. DISCUSSION one-dimensiona{1D) conjugated polymers.

Many arguments derived from studies of polydiacetylenes
(see, for example, Refs. 62 and)6&rongly support a 1D

The appearance of a second resonance maximum in tleemiconductor model as sketched in Fig. 6. It consists of a
THG spectrum of PPV leads to the question of which addi-valence-bandVB), a conduction-ban¢CB), and an exciton
tional electronic state exists in the polymer, that is notstate(EX) located below the CB. According to very general
present in the oligomers OPVwith n<5. The more general principles derived by Haug and Koéfthe one dimension-
guestion is: What is the appropriate description of conjugatedility leads to a shift of oscillator strength from the VB-CB
polymers—molecular states or band states? transition to the VB-EX transition. In contrast to three-

Clearly, the electronic properties of short conjugateddimensional semiconductors, the threshold of the conduction
chains like OP\h can be well described by molecular band of 1D semiconductors is usually not visible in the linear
states”® The THG spectrum of OPV-5 can be understood onabsorption spectrum, which is dominated by the exciton ab-
the basis of a three-photon resonance, with the one-photoserption. For example, in PDA the CB edge is located ap-
allowed optical transition including the vibrational levels of proximately 0.5 eV above the exciton which can be con-
the resonant electronic state. This situation is rather similacluded from photoconductivity and electroreflection
to the behavior of all-trang-carotene(3-C). Recent THG  experiment$’ ~2°The exciton picture of the absorption spec-
investigations of3-C by Aramakiet al®® and van Beek and tra of conjugated polymers is widely accepted, at least for
co-workers**® also revealed a single three-photon reso-polydiacetylenes. There is strong experimental evidence
nance. The dispersion gf®(—3w;w,w,w) in the range of the  from fluorescence investigatiod& >*that it can also be ap-
three-photon resonance could be modeled well, if inhomogeplied to PPV.
neous broadening and various Frank-Condon-allowed vi- Therefore, we assign the strong maximum of
bronic levels were taken into account. X¥(—3w;w,0,0) in the THG spectrum of PPV at, =1336

Our observation of two resonance maxima in the THGnhm to a three-photon resonance with vibronic states of the
spectrum of PPV appears very similar to observations o€&xciton (process 1 in Fig. 6 which corresponds to a maxi-
other conjugated polymers. They have been reported, for exxaum of the exciton absorption at,,=458 nm(E,,,=2.7
ample, in studies of all-trans polyacetylefiePA),°%°" poly-  eV).
diacetylenegPDA),*8~%% and polythiophengPT).6* There- The additional resonance at higher energies can have two
fore we have to consider the physical nature of the groungbossible origins, as indicated by processes 2 and 3. Process 2

A. THG spectra of PPV and its oligomers
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TABLE I. Linear and nonlinear optical data of thin films of PPV and OfMwhich are explained in the
text. Thehax data in brackets are from ORVdissolved in CHCJ (20 °O.

Omax
10 cecm™  Apax Mo AL n(\,) nA/3)  XO(—3w0,0,0) o
(0.1 (nm  (m)  (hm (*£0.02 (*0.002 (10 % esy ©)
PPV 3.4 458 521 1064  2.01 1.572 8:360.7 22715
1336  1.98 2.047 16 1.7 115+15
1512 1.97 2.625 3.2 0.7 4315
OPV-5 2.4 406 492 1064  1.609 1.130 17D.2 12315
(418 1222 1.608 1.591 3.60 0.4 89+15
1485  1.605 1.833 0.81 0.2 23+15
OPV-4 2.1 394 475 1064 1574 1.174 17®.2 10115
(412 1155  1.573 1.393 1.94 0.2 95+15
1485  1.570 1.720 0.4- 0.1 10+15
OPV-3 2.0 383 460 1064  1.559 1.208 1610.2 10215
(403 1155  1.558 1.506 152 0.2 93+15
1440  1.555 1.670 0.32 0.1 23+15
OPV-2 (387
OPV-1 (360

is a three-photon resonance with the threshold of the conef the CB threshold to gap energies sucliEgs-3.5 eV(Ref.
tinuum of state$”*" which may be identified with the CB  26) or E;~2.4 eV>'®®|f we identify the relative maximum
threshold. Process 3 is a two-photon resonance with a twaf the inhomogenously broadened absorption spectrum of
photon state which consequently should be located energefrPV at 492 nn{2.5 eV) with the zero-vibrational state of the
cally below the exciton level. Because processes 2 and &xciton, we obtain an exciton binding enerfy¥,=0.7=0.1
could lead to a resonance enhancement'df—3w;w,w,) eV. This value of PPV is only slightly larger than that of
at the same fundamental laser wavelength it is not pos- AE,=0.5 eV for polydiacetylene¥-2°
sible to distinguish between them only by means of THG Now we have interpreted the THG spectra of ORVA
experiments. terms of molecular states, and the THG spectrum of PPV by

Two-photon absorption spectroscopy or other nonlineameans of band states, this raises the question: What is re-
optical techniques can help to elucidate the origin of thequired for the existence of band or continuum states? A pe-
additional THG resonance of PPV. Recently the two-photorriodic structure is surely needed. But which number of repeat
fluorescence excitation spectrum of PPV was reported bwnits is necessary for band states in 1D systems and what is
Baker, Gelson, and Bradl&y.The strong peak of this exci- the influence of the crystal size or the morphology of the
tation spectrum locates the energy of the lowest even-paritysample?
excited singlet state at 2.95 eV. This agrees with the results Obviously, we do not observe band states in thin films of
of Lemmeret al®® that the two-photon resonance lies ener-OPV-5. This could be for two reasongt) The number of
getically well above the lowest dipole-allowed optical tran-repeat units of OPV-5 is not large enough. As longer oligo-
sition. This was also found in theoretical investigations by
Sooset al®’ A two-photon level of PPV at 2.95 eV would
correspond to process 4 in Fig. 6. It should be visible as a
two-photon resonance in THG st around 840 nm, which is
not accessible with our present experimental setup.

These investigations exclude process 3, and strongly sup-
port a three-photon resonance with the CB threskmidcess
2) as an explanation for the additional resonance in the THG
spectrum of PPV. Our observation of the two THG resonance
maxima of PPV is in good accordance with the theoretical
models of Abeet al® and Guoet al®! Because the addi-
tional resonance occurs af =1155+25 nm, we can locate
the CB threshold at 3:20.1 eV above the valence-band edge
of PPV. This is in good agreement with the experimental [, 6. Energy-level scheme of a one-dimensional semiconduc-
value 3.1-0.1 eV for the CB threshold of Chandrossal?®  tor model of conjugated polymers, VB: valence band. CB: conduc-
derived from photoconductivity, although their sample hadiion band. EX: exciton. In third-harmonic generation, processes 1
an absorption maximurg,,,~2.5 eV. Our experimental re- and 2 correspond to three-photon resonances with the exciton and
sults and the arguments presented above agree very well withe CB threshold. Processes 3 and 4 describe two-photon reso-
the exciton concept for PPV, and give further support for thishances with levels located either below the exciton or between the
model. However, they contradict other previous assignmentsxciton and the CB threshold, respectively.




4372

mers are not available, we have no answer yet to the inter-
esting question of which chain lengths or number of repeat
units the transition from molecular electronic states to band
states can occu¢2) Owing to the different preparation tech-
nigues for thin films of PPV and OPN; their morphologies
differ significantly. The size of crystalline areas in ORV-
films is not known yet, and may be much smaller than in
PPV films, where this size was found to be in the range of 27
nm®° The morphology of the sample, indeed, has a profound
influence on its electronic properties which can be concluded
from recent electroreflectance studies of PDA single
crystals?® 0 It was observed that the size of the signal lo-
cated 0.5 eV above the main exciton absorption can vary
widely in different samples. It was assigned to the Franz-
Keldysh effect for free-electron states. These observations
indicate that the morphology of the sample can indeed have
a strong influence on the visibility of such continuum states,
and that it is very difficult to verify them experimentally.

1B(30;0,0,0) [esu]

B. Masterplot of third-order nonlinearities
for one-dimensional conjugated systems

Since OPWh and PPV show the systematic increase of
x with A4 this can be used to test the general scaling law
(1). Therefore the modulus of®(—3w;w,w,w) is displayed
in a double-logarithmic scale versus,,, in Fig. 7(a). To
visualize the extent of the resonance enhancement, the rangeg
of x¥(—3w;w,w,w) obtained at various laser wavelengths is S
symbolized by vertical bars between triangles facing up and &~
down. They represent the maximum gf at the three-
photon resonancéh, =3\, Up-trianglé and the low-
resonanty'® value (down-triangl@ obtained at\, =3\, re-
spectively. As manyyx®(—3w;w,0,0w) values have been
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measured at 1064 nm, these data are given in Fig. 7 by the g 7. Masterplots of 1D conjugated polymers and oligomers
individual symbols for various oligomers and polymers. i a double-logarithmic scale to visualize different scaling laws with
To reveal characteristic structure-property relations, sevexponents given by the slopes of the full, dotted, and dashed lines,
eral additional data of conjugatettelectron systems are in- respectively. The individual data points represent the orientation
cluded in this masterplot. The data of polyphenylacetyleneaverages ofy'®(—3w;w,0,) for various compounds with 1D and
(PPAS),%*5! polythiophenes (PT’s),”* polyphenothiazino- 2D electron delocalizatiortfor assignments, see insets and ext
bisthiazole (PPT),”? oligorylenes (ORy-),”>’* and an They are plotted V&, Which are the wavelengths of their ab-
oligomeric-bridged phthalocyaninato ruthenium complexsorption maxima. Theiy®(—3w;w,0,0) data are measured at the
(OP9 (Ref. 75 are from our own work. The chemical struc- laser wavelengtih, =1064 nm. The up- and down-triangles show
tures of these compounds are shown in Fig. 1. The opticaheir resonani(\ =3\n,,) and low-resonanth =3\ x® data,
data of substituted PPAs and PT’s can vary significantly,respectively. The vertical bars between them indicate the ranges of
because different synthetic routes were used. x values, which are obtained at variable. Plota shows that the
Additionally some results of other groups are included forX(3) data can scatter significantly due to different concentrations of
comparison, such as data of all-trans polyacetylenéhromQDhg’res- In plob this dilution effect is com_pensatec_i _for by
(t_PA),56,57,76 cis polyacetylene (C_PA),76 and all-trans the ragox_( )/amaxwhereamax denqtes the a_bsorptlon _coeffluent of
B-caroteng-C), which was diluted in polystyrer@.‘%Be- the .thln films ath,,5x and the unique scaling behavior of the 1D
causeB-C can be viewed as an oligomer bPA, the com- ~ conjugated systems can be seen.
parison of these materials is related to our study of @PV-
and PPV. They®(—3w;w,w,w) value ath\ =3\, was not more, we see that thg/® data of several conjugated
available fort-PA. Therefore the data point represents in thism-electron systems which have,,, in the range between
case the smalles{® value, which was found at, =1064 450 and 500 nm can scatter over more than two orders of
nm.>’ magnitude. This can lead to doubts as to whether a general
The low-resonant(\, =3\;) and resonant(\, =3\,,,)  Scaling between linear and nonlinear optical properties exists
data of OPVh and PPV are connected by dotted lines in Fig.at all.
7(a). The slope of these lines is 11. The line which connects However, closer inspection and comparison with the
the resonant data fits quite well toPA andt-PA. This seems chemical structures of the different materials does indeed
to disprove the general scaling &), which should lead to reveal a systematic behavior. First, it must be taken into ac-
the slope of 6 as indicated by the full line. Deviations fromcount that the chromophores of the materials can be very
the power law(1) were also observed by othefs’’ Further-  diluted. This happens in the case @iC dissolved in poly-
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styrene and in the case of the polymers PT, PPT, and PPA,(OPV-3=2.9 nm,L(OPV-4=3.5 nm, andL (OPV-5=4.2
which have long alkyl substituents. The different number ofnm, with an uncertainty of-0.1 nm. With this argument it
7 electrons per unit volume also influences the absorptioman be qualitatively understood that ORy-4 has a much
coefficient a,, Of the thin films. The easiest way to com- smallerx® value as OPV-3.
pensate for this dilution effect is to plot the ratio
X (—30;0,0,0)] oy VETSUSAmay @s shown in Fig. ®). In C. Discussion of scaling theories
this normalized masterplot, we recognize that the nonlineari-
ties of PPV, PPT, an@-C are indeed very similar, which is
not clear in Fig. 7a).

The x® data measured at, =

masterplot in a systematic manner. For materials which hav oo e . . X
Amay ClOse to one-third of\, =1064 nm, the three-photon m-electron delocalization within the tight-binding approxi-
max ’

resonantx(s) values are obtained; see, for example, OPV_3matipn by linear combination of'atomic orbita(lsﬂclkel ap-
and OPV-4. For materials withy,, in the range between 450 Proximation. For extended chains of length, which are
nm and approximately 500 nm, thé®(—3w;w,w,®) values much larger than the delocalization lendth of the 7 elec-
which are measured at 1064 nm ang Bave a similar mag- tr(o)ns, it was found that the third-order optical susceptibility
3

nitude. If A, is larger than 500 nm, thg®(—3w;www) X should follow the power law
value measured at 1064 nm can be much smaller than at 3)_16
A_=3\;, because the harmonic wavelength falls into the X7~k )
spectral window of low absorbance which is usually ob-tng crycial quantity here is the delocalization length In
served between t_he strong bands in the visible and UV spegra model of Flytzanis and co-workers the relation
tral ranges. This is the case foiPA.

Now we are able to derive the scaling behavior of 1D ~

) : : La~Er/Eq 4
conjugated systems from the normalized masterplot shown in
Fig. 7(b). The dashed lines show that it can be written in thewas derived, wherd is the Fermi energy an&, is the

For a discussion of the disagreement of the exponents in
relations(1) and(2), we have to consider the major steps in
1064 nm also fit to the the theory of Flytzanis and co-workets” The general
scaling law was derived for systems with extended 1D

form band gap, which in this context was called the “optical gap
. . where the main absorption peak is located.” Therefore, we
X (—30;0,0,0) Emax=Nhay (2 have to identifyEy With Ea~1/A\max, and obtain

with an exponenk=10+1. As multiphoton resonances lead Lo—x )
to large variations ofy®(—3w;w,w,w), relationship(2) is d™ Amax:
valid only for those experimental data which are measured 8 he general scaling law in the form of relationskip results
comparable resonant, low-resonant or nonresonant condirom the combination of relationshig8) and (5).
tions. The 1D conjugated systems indeed follow a general The major disagreement exists in the assignment of the
scaling of their third-order nonlinearities with respect to the'roptical absorption maximum of 1D semiconductors. In the
linear optical properties, as expected in the early work Ofmodel of Flytzanis and co-workers the optical-absorption
Flytzanis and co-worker$™*"However, our exponent dif-  maximum results from a singularity of the density of states at
fers significantly from the exponent 6 given in the scalingthe semiconductor band gap. In the exciton concept for 1D
law (1). A possible reason for this difference is discussed ingemiconductors of Haug and Koéhthe singular 1D density
Sec. IVC. _ S of states is not visible in the optical-absorption spectrum,
We emphasize that our relationsh@) is valid only for \yhich is dominated by the exciton absorption. Two possible
those conjugated-electron systems which have 1D electron yeasons for the discrepancy between the exponents remain to
delocalization. To substantiate this important point we haveg,g discussedi) The exponent in relatiof8) is either much
included our recent results of ORyand OPc in th_e master- larger than 6, ofii) relations(4) and (5) do not correctly
plot. These dyes have=-electron system which is delocal- gescribe the linear optical properties of conjugated oligomers
ized in two directions of space. It is obvious from Fig. 7 that 3, polymers.
the nonlinearities of these 2D dyes deviate strongly from the The electron delocalization lengthy is not easily avail-
1D systems. This difference can be explained with the modelpje for extended 1D systems. Therefore, short oligomer
of an electron in 1D and 2D potential wel™® Owing t0  chains are considered. If their lengthis shorter thari of
additional degeneracies, the energy levels in a 2D well arg,e corresponding polymer, quantum confinement occurs,

more closely arranged than in the 1D well. With this argu-ang jimits the electron delocalization. In this case several
ment, it can be qualitatively understood that a 2D well of theihepries lead to a scaling law of the form

same maximum lateral length as the 1D well should have

a larger\,.x value. Thus the 2D dyes appear at a very dif- Y3 ~L-, (6)
ferent position in the masterplot as the 1D conjugated sys-
tems. In the early work of Ducuinget al. and Flytzanis and co-

The crucial quantity which determines the third-orderworkers, =5 was derived>*° Later, other theories led to
nonlinearities is the electron delocalization lengthand not ~ smaller exponents, e.qu=4.6% u=4.258" 4=4.0828%and
Amax- IN the case of short oligomets; is limited not least by ~ ©=3.58 These theories are in fair agreement with experi-
their sizeL. Taking standard bond lengths and angles, wemnental studies of oligomefS:8 Therefore, a larger exponent
estimate the maximal sizes of the dyes and oligomersthan 6 in relationship§3) and(6) is improbable, and can be
L(ORy-2=0.7 nm,L(ORy-3=1.1 nm,L(ORy-4=1.6 nm, ruled out.
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~— . . — D. Implications of the masterplot

Sor HoPvn A large variety of 1D conjugated polymers and oligomers

with very different chemical compositions and morphologies

of thin films can be described by the masterplot shown in

Fig. 7(b). This underlines that the search for a unifying con-

cept, which can describe the third-order nonlinearities of 1D

conjugated systems by an electron delocalization lehgth

is justified. The theoretical difficulties of this concept have

been reviewed recently by Silb&/We also considet 4 as

the crucial quantity which determines the linear and nonlin-

ear optical properties of 1D systems. Although a quantitative

] functional relationship betweehy and A, iS not yet

03 o7 osos o5 4 2 3 4 5 known, A,y Of 1D systems is correlated with, . Therefore,

L [nm] our scaling relationshig2) describes only the cases where

similar relationships between,,,, and L, exist. Conse-

FIG. 8. Length dependence af,,, for 1D conjugated oligo- quently, relationshig2) is not valid in other cases, for ex-
mers. The experimental data are from diluted solutitins refer-  ample 2D systems or when substitution effe@s., the in-
ences, see text corporation of electron donor or acceptor groupscur.

The observation that the oligomers ORVand g-C fit

Now we consider the length dependence\gf, for 1D  closely to the nonlinear optical properties of the 1D conju-
conjugated oligomers. Figure 8 shows experimental data ajated polymers demonstrates that relatively short chain seg-
diluted solutions of OP\ and Stilbené’ which is structur- ments of the polymers are responsible for their optical prop-
ally related to OP\A. For comparison some literature data of erties and not their entire chain length. As such, conjugated
oligoenes (OEn) (Ref. 8§ and oligothiophenegOT-n) polymers can be considered as arrays of chromophores origi-
(Refs. 85, 89, and 90are also shown. At the limit of very nating from subunits of the polymer ch&h®*High degrees
short chains withL<2 nm, the experimental data of,,,  of polymerization, therefore, are not necessary to achieve
follow a power law large ¥® values. Conjugated oligomers with a chain length

in the order of several tens of nm should have similarly large

M~ L7, (7 x? values. An important question, still to be addressed, is

which process limits the delocalization length of theslec-
with v=0.47 for OEn andv=0.3 for OTn. The exponent  trons in conjugated systems. The relative importance of
for OE is quite similar to the value 0.5 which was already chemical and topological defects versus torsional motions of
found in the early studies of oligoen®s’?For chains longer the polymer backbon¥, and other physical proces§s
than~2 nm, \,,., deviates from(7) and approaches the satu- needs to be clarified. This is a prerequisite for the develop-
ration values of extended polymer chainsLat5 nm. The ment of improved materials for nonlinear optics.
lengths of OPWh with n=3-5 are located in the transition For applications of the third-order nonlinearities, e.g., in
regime 2 nm<L<5 nm. waveguide devices, a large nonresongftvalue and a neg-

In the case of quantum confinement we would expect thaligible absorption of the material at the laser wavelength are
relationship(5) leads to a linear increase a&f,,, with the  required. Figure (b) shows that systems with 1D electron
oligomer lengthL. Figure 8 shows that this is not the case. delocalization are much better suited for this application than
Therefore, we conclude that relati@s) is not appropriate to  systems with 2D electron delocalization.
describe the experimental results obtained from 1D conju-
gated oligomers and polymers. The invalidity of relationship
(5) is seen as the primary reason for the disagreement of the
exponents in the scaling law4) and (2). We have applied the measurement of third-harmonic gen-

More refined theories than tdkel calculations are neces- eration(THG) as a spectroscopic technique to the character-
sary for a relevant description of these conjugated syst@ms.ization of thin films of polyp-phenylenevinylene(PPV) and
They should take into account electron correlation effectseveral corresponding oligome(®PVn) of well-defined
and excitons in 1D conjugated chains. This would lead to dengths. We observe a single three-photon resonance in the
more appropriate functional dependencengf, on Ly for ~ THG spectrum of the oligomers ORV-and two such reso-
1D conjugated systems as expressed(By However, this nances in the case of PPV. To interpret our experimental
extended theoretical treatment is beyond the scope of thiesults we consider the question of how the electronic states
paper. of OPVn and PPV can be described most appropriately by

Our experimental valug=10+1 in relationship(2) can  molecular states, excitons, or a semiconductor model which
be interpreted in a speculative manner for short chains: If wénvolves valence and conduction bands. Oligomers @PV-
take into account that the extinction coefficient of short oli-with n<5 have molecular electronic states. PPV has two
goenes increases nearly linearly with®” we have to set resonances in the THG spectrum showing an additional elec-
amax—L". For OPVn, the value ofx is found in the range tronic state which does not exist in short oligomers. In agree-
0<k<1. Using(7) we obtainx=(u—«)/v. With u=5 and a ment with recent theories on excitotfs: we assign these
typical value 0.3v<0.5, a rough agreement with the experi- three-photon resonances to the peak of the exciton absorp-
mental value o is obtained. tion at 2.7 eV, and to the threshold of the continuum of states

Amax [OM]

V. CONCLUSIONS
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at 3.2£0.1 eV. The latter can be identified with the edge of adelocalization length. 4 of these 1D conjugated systems. Re-
conduction band, because a steep rise in the photoconductifined theories should take into account electron correlation
ity of PPV occurs approximately at this energy. effects and excitons.

We have shown that the third-order nonlinearities of PPV,
OPVq, and a large variety of other 1D conjugated polymers
and oligomers can be described by a scaling relationship
X(g)/amaf)\)r%ax- Such a general scaling law was predicted This work has been supported by the Bundesministerium
by the theory of Flytzanis and co-workers3"However, our ~ flir Forschung und Technologie and the Volkswagen-
exponentx=10=1 is much larger than the theoretical value Stiftung. We thank Professor G. Wegner for helpful discus-
of 6. Presumably, this Hikel approach does not appropri- sions, and H. Menges and W. Scholdei for technical assis-
ately describe the relationship betweep,, and the electron tance.
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