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On the basis of an extended configuration-interaction description of the lowest singlet excited states, we
investigate the third-order nonlinear optical response of@toarotene molecule by means of the sum-over-
states approach. We first uncover the nature of the electronic states contributing primarily to the cubic mo-
lecular polarizabilities. From this starting point, we apply a simplified model to evaluate the frequency-
dependent third-harmonic generatifHG) and electroabsorptio(EA) spectra; the vibronic structure of the
spectra is described by taking into account Franck-Condon factors calculated in a displaced oscillator model.
For both the THG and EA processes, we obtain good agreement between the theoretical simulations and the
experimental data, which underlines the general character of our Mi&@4di63-18287)00603-4

I. INTRODUCTION The dispersion of the modulus of the third-order nonlinear
susceptibility of g3-carotene-doped polystyrene film was ex-
Due to their highly delocalizea-electronic cloud, conju- tensively studied by van Beek and co-worKeérsia third-
gated polymers and oligomers are usually characterized bigarmonic generatiofTHG) throughout the B, absorption
very large optical nonlinearities, which make them suitableband (from 2.3 to 2.9 eV. These authors interpret the
for a wide range of applications in the field of information frequency-dependent THG curve on the basis of a three-
technology* In order to develop organic materials with im- electronic-state model, taking into account six Franck-
proved nonlinear opticalNLO) properties, a good descrip- Condon active normal modes in the resonant electronic state.
tion of the microscopic origin of the NLO response is re- Such a three-state modghcluding the A, 1B, andm
quired. state$ is supported by quantum-chemical calculations on
In this context, because such compounds possess the langelyenes, indicating large transition dipole moments between
est nonlinearities, many experimental efforts have been dehe 1A, and 1B, states and between theB]l and m
voted toward the characterization of the nonlinear responsetates’L7g 20Although the three-state model of van Beek and
of conjugatedpolymers such as polydiacetylend®DA),>™>  co-workers provides an overall reliable description of the
polyacetylengPA),6~8 or polythiophengPT).> " However, THG process in the resonant region, it misses the falloff of
in this approach, one usually suffers from two importantthe cubic response to the blue of thB 1band. A slightly
drawbacks:(i) The polymeric material$except for the par- better agreement with the experimental data in this energy
ticular case of PDAare generally formed by an inhomoge- range is obtained by including in the sum-over-sta809
neous mixing of chains with different effective conjugation formalism another low-lying state, i.e., the two-photoA 2
lengths, which makes the analysis of the optical propertiegxcited staté*?! The shape of the THG curve betweefd. 5
somewhat uncertain; an@i) the information provided by and~1.2 eV is then explained on the basis of a four-state
quantum-chemical models for infinite chains has to be conmodel (including the ,, 2A,, 1B,, andmA, state$ and
sidered with much care in view of the different approxima-overlapping 2, and JB resonance%1L

tions usually assumed. Here we remvesngate the nature of the essential states
Recently, another strategy has been developed, that codeminating the third-order response gfcarotene, and cal-
sists of investigating the nonlinear susceptibilitiesva#ll-  culate the dispersion curves for the third-harmonic genera-

defined oligomerssuch as the dimethyl-amino-nitro-stilbene
(DANS) moleculé®!® or B-carotené?~1® We consider
B-carotene(Fig. 1) to be the molecule of choice as a proto-

type for the description of the nonlinearities in conjugated SRS \Q
systems: with 11 double bonds, it can be considered as a
good model for polyacetylene, while its finite size allows one

to apply high-level theoretical techniques for the calculation
of its NLO response. FIG. 1. Chemical structure of thé-carotene molecule.
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FIG. 2. INDO/MRD-CI transition dipole moment@ D) from (a) the ground state to the one-photon excited stdteghe 1B, state to
A, excited stateg(c) the 2A, state toB,, excited states; an@), (e), and(f) the states forming the, Ay andm,A, bands tdB,, excited states.
The horizontal axiglower abscissais the state energy with respect to the ground state; the upper abscissa gives the energy gaps.

tion (THG) and electroabsorptiofEA) processes. By com- the electronic states g8-carotene, obtained by considering

parison to the body of knowledge accumulated so far, outhe full chemical structureof the molecule.

contribution to the description of the third-order response of (i) The model is applied to simulate two third-order phe-

B-carotene should be regarded as relevant for the followingiomena. More particularly, we extend the investigation of

reasons: the THG process to higher fundamental excitation energies
(i) The model proposed to describe the cubic nonlinearityup to 1.8 eV, for which recent experimental measurements

is based on &igh-level description of the couplingetween have been performed,and make use of the complementary
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styrene onto spectrosil substrates on which 40 interdigitated
aluminum electrodes with gaps of 1Q0n were preevapo-

rated. Sample 1 was used to measure the linear optical-
absorption and electroabsorption spectra. Both EA and one-
photon absorption spectra were recorded at liquid-nitrogen

e) 8A, > {B,}

Energy gap (eV)

2 4 0 1 2 3 4 5 6 temperature to enhance the resolution of spectral features.
24 1 | 1 | i | | | | . .
1B The EA spectrqmeter.co_nss.ts of a light source, a mgnochro—
u B mator, a cold finger liquid-nitrogen cryostat into which the
20 3B, sample is mounted, and a detector. Measurements involve

monitoring the modulation in the transmission of the light
through a sample in response to perturbation by an external
16 electric field. The transmissioh and change of transmission
AT are simultaneously measured as a function of photon

:? energy via a standard lock-in technique: The reference fre-
e 127 n,B, guency for measurements AfT was the second harmonic of
S the modulation frequencfquadratic electro-optic response

8 The normalized EA signal is obtained by taking the ratio

—AT/T, which follows to good approximationA «, the
film thickness times the change in absorption coefficient. Ad-

47 ditional details of the apparatus and analysis are given
‘ ‘ HH elsewherée?®
0 l . I|| |“| I I| !. |11 lll I|II The third-harmor_ﬂc generation spectrum gBfcarotene
3 4 5 6 7 8 9 10 11 12 has been recorded in Orlando; the samplereafter denoted

sample 2 used for the measurements was prepared by de-
positing polystyrene thin films witiB-carotene at a 4% mo-
f)9A, > (B,} lar content on top of fused silica substrates. The experimen-
tal setup has been described previod$lyBriefly, an
injection-seededQ-switched Nd:YAG (yttrium aluminum
Energy gap (V) garnej Iaser. was frequency doubled. to pump a dye laser
operated with DCM and Rhodamine-110 dyes. Maker

Excitation energy (eV)

30 20 -1.0 00 10 20 30 40 50 ! : . ;
! | ! ! | . | fringes were recorded by focusing the vertically polarized

| l
2 near-infrared laser beam onto the sample placed in vacuum,
with the film facing the photomultiplier. The optical-
20 n.B absorption spectrum of this sample was also measured for
1B, s comparison.
16
T Ill. ELECTRONIC MODEL
e
8 12 n.B The ground-state geometry of th&carotene molecule
= 1 has been optimized at the AM@ustin Model 1 level?®
g The AM1 calculations indicate that the molecule is essen-
tially planar. However, there are torsions around the external
single bonds connecting the conjugated chain to the cyclo-
4 hexene ring$* such a deviation from planarity is due to
steric hindrance, and reduces the effective conjugation length
o l ’ | l | | h |“ of the molecule. In the conjugated segment, the single and
T T T T
7

' double bonds are close to 1.45 and 1.35 A, respectively,
3 4 5 6 8 9 10 11 12

leading to an average bond-length alternation-@10 A.

Excitation energy (eV) On the basis of the AM1-optimized geometry, we de-
) scribe the excited states gfcarotene by means of the inter-
FIG. 2. (Continued. mediate neglect of differential overlaNDO) (Ref. 25

multireference double-configuration-interactiqiViRD-CI)
information provided by the EA datd.We are thus confi- (Ref. 26 technique. The MRD-CI scheme has been de-

dent in thegeneral character of the modgroposed. scribed in detail elsewhefé Briefly, it consists of a two-step
selection of the electronic configurations, each step being
Il. EXPERIMENTAL DETAILS based on a single and double configuration-interact®D-

Cl) calculation. Globally, single, double, triple, and qua-
The experimental data reported here were recorded falruple excitations with respect to the Hartree-Fock reference
two different samples oB-carotene. The first onghereafter determinants are included in the Cl expansion of the multi-
denoted sample)lwas prepared in Sheffield by spincoating electronic wave functions, at a cost largely inferior to that of
toluene solutions of3-carotene(10% by weight and poly-  a conventional quadruple excitation configuration-interaction
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(QCI) calculation. Here, we have considered single and TABLE I. Labeling of the “bands” formed by the main elec-
double excitations from the seven highestto the seven tronic excited states in the description of the third-order polarizabil-
lowests* molecular orbitals on the basis of the Hartree-Fockity of g-carotene. We chose arbitrary lettérs;, m, ny, np, and
determinant, and from the five highestand five lowestz*  Na) to differentiate these bandRef. 36.

levels on the basis df) the electronic configuration built by
promoting one electron from the highest occupied moleculaPand

Excited states

orbital (HOMO) to the lowest unoccupied molecular orbital 5, oA

(LUMO); (ii) the configuration resulting from the promotion ; g’ 1B

of one electron from the HOMO to the LUMOL; and(iii) p 4A”

the determinant where two electrons are excited from the 9 8A S;,A

HOMO to the LUMO. Even with such a sophisticated tech-n 2% 8891989

nique, the electronic correlation effects are not fully taken *_Y weu

into account. Therefore, we have adopted the Matagar-]2 u 1OBu,i$u,i$u,138u
ur u

Nishimoto potentigf rather than the Ohno-Klopman N3By
potentiaf® to describe the electron-electron interactions,
since the former expression is characterized by a larger
screening effect and, hence, implicitly introduces a largeimolecule very similar coupling schemes have been obtained
part of electron correlation when the INDO method ison the basis of both the INDO/MRD-CI description of the
coupled to the MRD-CI formalism. excited states and high-levalb initio CASSCF/CASPT2

In Fig. 2, we sketch the longitudinal transition dipole mo- calculations® This confirms the overall reliability of the
ments among the main electronic states@tarotene, as INDO/MRD-CI approach we use to characterigearotene.
calculated at the INDO/MRD-CI level. From Fig. 2, we can A closer look at Fig. 2 clearly shows the existence of
draw the following conclusions: “bands” of closely spaced excited states with a given sym-

(i) The ground stateA, possesses an overwhelming tran- metry that share oscillator strength with other bands belong-
sition dipole moment with the first one-photon allowed ex-ing to the other representation. Therefore, in the following,
cited state, B, [Fig. 2a)]. _ ~ we will refer to these bands rather than to the individual

(i) The 1B, state is itself coupled via large electronic gycited states and use the labels defined in Tathete that
transition moments to several, e_x0|ted states, mainly the ., lettersm,, m,, Ny, N,, andng in this table denote the
2A9..’. 4Aq. BAy, and A statesFig. 2Ab)]. . guantum numbers of the different bahds

(iii) Ef"‘Ch relevant tvvo-photon state, that '?.COUp.IEd to the With this information as our starting point, we computed
1B, excited state, also displays huge transition dipole mos

ments with higher-lyind3, excited states; &, with 8B, and tsrljemt_g'\rlgfsr?;; gcojlgcglarrgs(l;??nggwg;jgznmzan(s)v\?grtgs.
9B, states; A, mainly with 1B, 118, 12B,, and 1B, pproaciy. gap

states’ and &. and 9. with 8B.. 9B . 15B... and 18 pansion of the Stark energy with respect to the electric field,
statesfFigs K?:)—Z(f)] 9 ur T Y Y theijkl component of the cubic nonlinearity tensor can be

H 32
It is worth stressing that in the case of the octatetraend/M tten

Vi (— @4 01,0p,03)=§1P(i,j K| — 0y, 01,0;,03)

s s (gl il my(ml wjln){(n| wil p){pl @)

m m P (omgm o, Tyg)(wng—w—w3—ilhg)(wpg—w3z—ilg)

S (gl il m)(ml [ g)(g| s M| 9)
m n (omgm 0, 1T g (wng—wr— 03—l hg)(wpg—w3—ilhg)

, D

whereP(i,j k,|;— o, ,0;,0,,03) is a permutation operator higher the excited state, the shorter its lifetifiend express
defined in such a way that for any permutation if (k,I),  the damping, in eV, &8
an equivalent permutation df-w,,w;,w,,03) IS made si-

(o)

multaneously;w,=w;+w,+ w5 is the polarization response ®mg

frequency; w;, w,, and w; indicate the frequencies of the Fmg= 0.08><w—1g. @
perturbing radiation fieldsi, j, k, and| correspond to the

molecular axesx,y, andz; m, n, and p denote excited The evolution with the number of excited states included

states and, the ground statey; is theith component of the in the SOS formalism of the chain-axis component of the
dipole operator (m|u;|n)=(m|u;|n)—(g|ui|g)Smn); wxg  static third-order polarizability;,., Which totally domi-

is the excitation frequency from statggo k; andl',4is the  nates the cubic response, is displayed in Fig. 3; the main
damping factor of excited statm. We consider that the contributions toy,,, are collected in Table Il. The third-
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Yuxxx Value according to the basis set sidbe inset shows the b) EA spectrum
evolution of y,44, from 400 to 1915 states
1.0x10°

order nonlinearity in3-carotene is dominated by the positive

channel B;—1B,—m,A;—1B,— 1Ay and the negative .
channel ]Ag—>18u—>1A%—>18u—>1Ag. Similar results 5.0x10" 1
were obtained in polyen&s?°as well as in other conjugated
oligomers®®=3"and support the rather successful three-state
model, as first proposed by Heflint al’ However, as
shown in Fig. 3, an accurataithin ~10% error of the con-
verged valug quantitative description of the static cubic po- z .
larizability in B-carotene requires us to include at least the w—-5.0x10
100 lowest excited states in the SOS approad®0 states

have to be considered to obtain the fully converged,,

valug. Among these states, theBl, 2Ay;, mA;, MyA, -1.0x10%
n,B,, n,B,, andn;B, bands(see Table)l play a major role

(10 esu)

TABLE II. Main contributions to the chain-axis component  —20x10° ' ' ' T
Yexxx OF the third-order molecular polarizability g8-carotene, as 3 4 5 6 7 8
calculated by the INDO/MRD-CI schentpurely electronic contri- Energy (eV)
butions, computed at the static limitVe also include the suid of
all these contributions, as well as the converggd,, value FIG. 4. Comparison between the INDO/MRD-CI/SOS simula-

(7ixx » Obtained by considering the full set of excited std®%L5  tions of the third-harmonic generation(THG) spectrum
stateg within the chosen configuration space. All the contributions(|y,,...(—3w;w,,w)|/5] (8) and the electroabsorption spectrum

are given in 10%¢ esu. [IM (Y — @;@,0,0)/5] (b), obtained(i) by including the 500 low-
est singlet excited states gf-carotene(solid lineg; and (ii) by

Channel Contribution considering the simplified “eight-state” modéfiashed lines
1Ag—1B,—1Ag—1B,— 1A, —469 in the description of the third-order nonlinearity. It is worth
1Ag—1B,—2Ag—1B,— 1A, 123 stressing that, within such an “eight-state” mod@lA,,
1Ag—=1By—mAg—1B,— 1A 90 1By, 2A4, m;Ay, mAy, nyBy, nyB,, andn;B,), the chan-
1Ag—1B,—mA;—1B,— 1A 1160 nels involving the high-lyingB,, excited states give rise to
1A4—1B —2A3—n B, — 1A, —49 negative contributions that reduce the amplitude of the effec-
1Ag—n1By—2A;—1B,— 1A, —49 tive response. On the basis of extended Hubbard calculations
1A;—1B,—myA;—n B, — 1A, —-59 on polyenes, Guet al. proposed a very convincing general
1Ag—n;B,—myA;—1B,— 1A, —-59 model to describe the microscopic origin of the third-order
py 688 nonlinearities in conjugated polymers. In this model, devel-

conv 708 oped for infinite chain-length conjugated systems, they in-

XXXX

clude the Ay, 1B,, andmA states, as well as a higher-
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lying B, state, which possesses a huge transition dipole IV. VIBRONIC STRUCTURE
moment with themA,, excited state. The high-lying,, state

is involved in pathways giving rise to negative contributions
to the total response, and is stated to correspond to the b

As proved by our recent investigations on the DANS
molecule!?!® an important feature when dealing with the

. ) g Oéfudy of the dispersion of the optical nonlinearities in conju-
tom of the conduction barif. Their four-state model differs gated compounds is to include the vibronic structure, i.e., to

from ours essentially by the fact that thé2excited state is  ¢onsjder the summation over the vibrational levels of the
not taken into account and by the nature of the coupling$esonant electronic  states. Assuming both the Born-

involving the high-lyingB,, states(as well as the correspond- oppenheimer and Franck-Condon approximations, the total
ing excitation energigs Such differences could result from ansition dipole moment; (m—n;a—pB) can be ex-
finite-size effects, which can certainly not be ignored in thepressed as a product of pure electronic transition moments,

case of thes-carotene molecule. {m|x;|n), and a nuclear factor corresponding to the overlap
To calculate the frequency-dependent curves, we applyenveen two vibrational wave functions 2&:
Eq. (1) for various radiation-field frequencies by considering

wv;=w,=ws=w for the third-harmonic generatioiTHG) Mi(m—n;a— B)=(m|u|n)F2&, (3)
process; and;=w and w,=w;=0 for the electroabsorption
(EA) spectrum(only the chain-axis component of the non-
linear polarizabilities is retainedIn Fig. 4, we show the
THG and EA dispersion spectra, as obtairiedy including
the 500 lowest singlet excited states in the SOS formalism, SN-6

and (i) on the basis of the simplified “eight-state” model M;(m—n;a—B)=(m|wn) [] (val V). 4
defined above. Although small differences are observed in x=1

the high-energy domaifebove 7 eV of the electroabsorp- Substitution of Eq(4) into Eq. (1) leads then to the follow-
tion spectrum, we find a good agreement between the overalig expression for the third-order polarizabiliwe assume
shape of the frequency-dependent nonlinear curves, simihat only the zeroth vibrational level of the ground state is
lated on the basis of the converged and simplified SOS expopulated at room temperature, which is reasonable since the
pressions, which demonstrates the validity of our simplifiedmodes coupled to the excitations have energies in the 0.15—
electronic model. 0.2-eV range; see belgw

where a (B) denotes the quantum number of vibration in
electronic staten (n). If we factorize the vibrational space
into 3N-6 normal modes, denoted, Eq. (3) becomes

7ijk|(_wo;w1!w21w3):%ﬁgp(i!jlkll;_wulwliw21w3)

Jdesssss (ol il my(m| i Iny(n| il Y Pl | GYTTENT O Wl w5 s 5)( 5] 0)

_% ; >SS (9l il m)(ml i g){gl e m{nl il G)TIE; °(0] v5) (0] )

S5 (ong 001D (ong= w0310 (g 03—1) | ©
|
where 3(v%) corresponds to the sum over the vibrational e~ (b4
levels « for each modex. We stress that these summations (v, |vp)=—~— -
are performedor all intermediate excited states,m, and p. (27 vyl vgh)*t
w4 denotes the energy difference between stataadg in 27— 1)¥(b K20 xp X
their respective vibrational levdl.e., the sum of the elec- xS (=17 M (by—a) "« " Tl v
tronic excitation energyw,4, and the difference in vibra- ” V!(VZ—V)!(VZ—V)!
tional energy between statksandg). )

To estimate the overlap functiods,|v%), we adopt the
model of the displaced harmonic oscillators. In that model, a  a¢ this stage, we need to identify the Franck-Condon ac-

harmonic oscillator is associated to each normal mode ofiye viprations and their displacement parameters. Raman ex-
vibration in the ground state. Moreover, we assume that thgitation profiles(REP’9 offer rich insight into the vibronic
normal modes and hence the vibration frequencies are coRfetail of an electronic absorption band. In the case of
served in the excited states, i.e., we do not take into accoum-carotene, six vibrational normal modes are active in the
possible Duschinski rotation effectsThe geometric relax- 1A,— 1B, excitation’® Among them, two modes dominate
ation in the excited states is simply taken into account bythe description of the vibronic structuféthe signal-to-noise
imposing that its potential-energy curve is displaced withratio of the nonlinear experimental data in the spectral range
respect to that of the ground state. Within this approxima-considered does not allow us to check whether the inclusion
tion, for displacements, and b, of statesm and n, the  of other vibrational modes improves the fit. We have thus
overlap integral is given By considered two modes in our model, with a ratio of two
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between the associated squared displacements; this ratio was
estimated from the REP spectrufREP intensities can be
shown to be proportional to the square of the potential
displacement®). In the case of theA,— 1B, transition, the
absolute value of the displacements are obtained from a fit of
the linear absorption spectrum. 100
For the other excited statdAy, m Ay, MA,, n;B,,
n,B,, andn;B,), the Franck-Condon active vibrations and

a) OA spectrum

corresponding displacements are unknown and we are thus 80
forced to make the following severe assumptions.
(i) The INDO/MRD-CI =-bond orders in the excited 60 -

states ofg-carotene indicate that much stronger lattice dis-
tortions occur in the &, excited state with respect to the
other excited states included in the simplified model. These 40
results are confirmed by experimental data, indicating much
larger bond-length modifications in the lowest two-photon
excited state of octatetraene with respect to the lowest one-
photon excited stat&¥*3 We thus considered larger values
for the displacement parameters in thég2excited state, 0
which are consistent with earlier investigation of the THG 2 3 4 5 6
dispersion curve of-carotené’’

(ii) We chose the same set of displacement parameters for
the m;A;, mAy, n1B,, n,B,, andnzB, states as for the b) OA spectrum
1B, . This assumption leads indeed to a significant simplifi-
cation of Eq.(4), since only the terms conserving the same 1600
number of vibrational quanta are allowed between states
with equivalent geometric structures. Moreover, it provides
frequency-dependent nonlinear curves that are in good agree-
ment with experimentsee Sec. ¥ To check more closely 1200
on the validity of this approximation, a high-level description
of the potential-energy curves of these excited states is re-

OA (arb units)

20

Energy (eV)

@
quired, which is unfortunately out of our reach for a mol- g
ecule like B-carotene. £ 800
<
O
V. LINEAR AND NONLINEAR FREQUENCY-DEPENDENT
CURVES OF B-CAROTENE 400
In Figs. 5, 6, 7, and 8, we present, respectively, the one-
photon optical absorptiofOPA), the amplitude of the third-
harmonic generation process, the phase of the THG process, 0 : . :
and the electroabsorption spectrg@tarotene, as calculated 2 3 4 5 6

on the basis of the simplified “eight-state” model discussed
above. Before going into the description of the linear and

nonlinear spectra, we would like to make the following com- . , .
ments concerning the quality of the description of the exciteqn FIG. 5. Linear optical-absorption She ct_rum/ﬁfc arotene(@) as

. easured experimentalfsample 1: solid line; sample 2: dashed
states ._afforded by t.he INDO/MRD'C! technique. To allow line); and (b) as simulated at the INDO/MRD-CI/SOS level
for a direct comparison _to the experimental data, we WeIIm(a(—w;w))) (the solid line corresponds to the first series of dis-
forced to shift all the excited states by 1.93 eV. Such a larggacementsp? in Table II; the dashed line corresponds to the
difference between the measured and calculated excitatiofpcond seth?).
energies is mainly the consequence of an unbalanced de-
scription of the correlation effects in the ground state and iragreement with the values extracted from various optical
the excited states, due to the fact that we include moreneasurements, ranging from 0.33 éRef. 44 to 0.63 evh
double excitations in the CI calculation than higher-orderand the energy0.67 eV} extrapolated from one- and two-
excitations; this leads to an overstabilization of the groundphoton absorption data on polyerfésA slightly larger en-
state with respect to all excited states. However, we found iergy separatio0.76 eV} is deduced from the electroabsorp-
essential in the Cl wave functions to take into account asion measurements presented in this work.
many as possible doubly excited configurations in order to Excited-state absorption spectra of long carotenoids were
reproduce the ordering of the lowest two excited states coreported recentl§® These transient measurements show a
rectly; using our MRD-CI formalism, we calculate the re- strongS, — S, absorption, that correspond to th&2-n;B,,
laxed 2A, excited state at about 0.5 eV below the zero-excitation in our calculations. Fg@-carotene, the experimen-
phonon level of the B, excited state, which is in good tal data give rise to a singlet-singlet 0-0 transition energy that

Energy (eV)
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FIG. 6. Third-harmonic-generation amplitude spectrum of FIG. 7. Th|rd-harmon|c-gent_erat|on _phase spt_ectrgm of
p-carotene(a) as measured experimentaligircles; the line is a B-carotene(a) as measured experimental(gircles; the line is a

guide to the eyg and(b) as simulated at the INDO/MRD-CI/SOS guide to the _ey)_e and (b) as simulated a_t the INDO/MRD'CI/SOS
level [| %o — 3;0,0,0)|/5] (the solid line corresponds to the first Iel/t_al (the solid line correspo_nds to the first series of displacements,
series of displacements in Table I1I; the dashed line corresponds by, in Table IlI; the dashed line corresponds to the secondbsgt,

to the second seh?). . o ,
the 1A,— 1B, electronic excitation, characterized by a very

amounts to~2.8 eV, in reasonable agreement with the cal-large transition dipole moment. The vibronic structure,
culated ~2.4-eV value. Furthermore, the INDO/MRD-CI clearly observed in the experimental data, is well described
1A,— 1B, transition dipole momer{t~14 D) compares very by our theoretical model including two normal modes of
well with the value extracted from the linear absorption specvibration (Fig. 5); the good agreement between the experi-
trum of a B-carotene-doped polystyrene thin fil(a-13.5  mental and theoretical line shapes shows that it is sufficient
D).!® We are thus confident that the MRD-CI scheme pro-to consider only two vibrational modes in our theoretical
vides both good estimates of the energy separations betweemodeling. Differences in the shape of th& labsorption
the excited states as well as accurate wave functisrosn  band are observed between samples 1 and 2, and are associ-
which the transition dipole moments are computed ated with a different degree of order in the two samples;
The main absorption band gkcarotene, with an onset at these can be accounted for by considering two series of dis-
~2.3 eV and a maximum peak &at2.67 eV, is assigned to placement parameters, as indicated in Table Ill. Weak ab-
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TABLE Ill. Parameters considered in the displaced oscillator
model for the description of the vibronic couplings.is a vibra-
tional mode with frequency,, and displacemenb? or b2. The

a) EA spectrum

120 vibrational frequencies are taken from resonance Raman spectra
100 4 (Ref. 37. The displacement parameters for thB lexcited state
were adjusted in order to reproduce the experimental data for
80 - samples 1 and 2 and were assumed to be the same fon,thg,
myAg, N1By, NyBy, and ngB, states; larger displacements were
60 considered for the &, excited state, to account for the more pro-
@ 40 - nounced geometric deformations taking place in that $tate text
=
3
g 20 1By, miAg, MyAy,
= o 2A4 n,B,, n,B,, andn;B,,
20 - hv, (eV) 0.189 0.189
hv! (eV) 0.143 0.143
-40 - bl/b2 1.83/1.66 1.29/1.18
50 - by /b, 1.30/1.17 0.92/0.83
'80 T T T
1 2 3 4 5 rings. As these are mainly polarized in the direction perpen-
Energy (eV) dicular to the chain axis, they only contribute weakly to the
o) EA spectrum nonlinear responsgotally dominated by the chain-axis com-
ponen} and, therefore, are not considered in our model to
40000 describ_e the cubic nonlinear_ities. Note also that local rgsidual
absorption of polystyrene is observed at 4.75 eV in the
optical-absorption spectrum measured for sample 1. A more
30000 f ; X ) i
in-depth analysis of the linear response will be presented
20000 elsewheré’ _
The theoretical frequency-dependent THG spectrum of
B-carotendFig. 6) shows resonances associated with the dif-
= 10000 ; X ; > .
3 ferent excited states involved in the minimal modgl:the
8 0 - low-lying feature, peaking at-0.9 eV, corresponds to the
=1 overlapping resonances to th&Jland 2A, singlet excited
& 10000 4 states;(ii) the peak at-1.5 eV is a three-photon resonance
! associated with then;,B,, state, which is characterized by
20000 4 large transition dipole moments with both tha 2andm,A,
excited stated(iii ) the features located at1.6 and~1.7 eV
230000 - ' result, respectively, from two- and three-photon resonances
to the coupledm;A; and n,B,, excited states; andv) the
40000 . : ' intense resonant peak a eV is due to superimposed reso-
1 9 3 4 5 nances to the. coupleah,A, and n.SBu states. _Note that the
Energy (&) relative intensity of these peaks is very sensitive to the exact

location of the different excited states, since most of them
involve double-resonance phenoménampare the shape of
the THG curves in Figs. 4 and).6McWilliams and Soos

and (b) as simulated at the INDO/MRD-CI/SOS level calculated similar double resonances in polyenes, and
[IM (30— ,,0,0)/5] (the solid line corresponds to the first se- §howed _thgt the|r_|nten3|ty is strongly reduced by mc!udmg
ries of displacements? in Table III; the dashed line corresponds INteérchain interactions that modify the energy separation be-
to the second seh?). Note that we also show a magnificatity ~ tWeen theAy and B, states involved in the overlapping

a factor 200 of the experimental spectrum between 1.2 and 2.1 eviesonance? Guo and Mazumdar argued that double reso-
to see the A, resonance feature. nances are due to finite-size effects, and should disappear in

polymers?® Another possibility that was investigated by
sorption peaks are also observed at higher energy. The pe&loos and Mukhopadhy&yis related to the relative sign of
at 3.56 eV on the experimental spectrum is referred to as the displacementsh, associated to the coupled excited
“cis-peak” on account of its intensification following the states; considering values with opposite signs leads to a
introduction of cis linkages into the polyene chdinThe  much weaker resonance, since the vibrational overlap be-
broad absorption band extending from 4 to 5 eV involvestween the two states is much smaller in this case. Clearly,
contributions of several excited states including thé3,  this point remains unsolved and requires more whkt is,
states involved in our minimal model as well as other excitedt would be interesting to extend the THG measurements up
states, described in terms of single excitations from molecuto 2 eV, to check whether such double-resonance effects ac-
lar levels with large weights on the cyclohexene externatually occur around that energy vajue

FIG. 8. Electroabsorption spectrum gfcarotene(a) as mea-
sured experimentally(circles; the line is a guide to the eye
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Nevertheless, in the energy domain covered by the experi-

mental data, we find an overall good agreement between the E (eV)

measured and calculated shapes of the THG c(the cal-

culated second resonant peak, however, is redshifted by 6.0+

~0.2 eV with respect to the corresponding measured fea- nsBuy ]

ture). A quantitative comparison between the experimental
and theoreticaly values should be considered with caution:

on one hand, the measured values are always affected by 30T noBy | |
dispersion effects, that are very sensitive to the displacement

and damping factors adopted in the model; and on the other n{By —
hand, due to the different approximations considered in the 401 myAg lEFejﬁ
INDO/MRD-CI scheme, this technique only provides rea-

sonable estimates for the absolute values of the third-order

polarizabilities® For illustration, the chain-axis component m;Ag

value of y, estimated from the calculated THG curve in Fig. 307 !

6, ranges from 7.810 3 to 12.0x10 > esu in the energy

range from~0.6 to ~0.7 eV, while the measured value at 1By L K

0.66 eV is 8<10 32 esu®® 2ot

As first pointed out by Soos and Mukhopadhyaythe
low-energy part of the frequency-dependent THG curve is
very well reproduced by a model including thé\%'Zexcited
state, which, in contrast to the model of Gebal,*® makes
a nonvanishing contribution to the third-order response. The
INDO/MRD-CI/SOS simulated THG spectrum also com-
pares well with the experimental spectrum of van Beek 00+ 1  —
et al,® although our “eight-state” model is significantly Ag
different from their three-state model. From the fit of the _ _
experimental THG data, they obtained B t>mA, transi- FIG. 9. Energy diagram of the “eight-state” model for
tion dipole moment of-31D (i.e., 2.3 times the A,—1B, B—carloltene.. We also indicate the main coupl.lngs, through large
transition dipolg, with the dominammAg state lying~0.3 transition dipole moments, among the electronic states of the mol-
eV above the B, (i.e., 1.1 times the B, excitation energy ~ ecule(@rows.

This description is in marked contrast with that obtained on

the basis of exact semiempirical Pariser-Parr-PaplEP is the case for typical linear optical absorption, is resonantly
(Refs. 17—20 and 47r highly correlatedab initio (Ref. 30 enhanced when the perturbing radiation-field frequency is
calculations in short polyengsvhere the ratio between the close to the energy of one of the excited states of the system;
1B,—mA, and 1A,— 1B, transition dipole moments and therefore, except for very close-lying excited states, double
between themA, and 1B, excited-state energies are both resonances to coupled, and B, states are avoided for the
close to 1.5-1.); This feature clearly points out that the electroabsorption spectrum, which provides a more meaning-
three-state model is inadequate to describe the third-orddul test for the theoretical models. Moreover, since the ap-
nonlinear response of finite conjugated chains. Moreover, welied static electric field breaks the molecular symmetry,
note that neglecting theA excited state would lead to a both A; andB,, excited states can be accessed by this tech-
much more intense peak atl.5 eV, since, in this frequency nique. In the case oB-carotene(Fig. 8), besides the well-
range, they value is determined by the competition betweenresolved resonance to th&] excited state, characterized by
positive and negative channels involving the lowest two-oscillations resulting from the vibronic progression, we cal-
photon excited state, i.e., mainlyAl—1B,—2A,—1B, culate(i) a very weak feature at lower energy, that we asso-
— 1A, (positive contributiop and 1A;—1B,—2A;—n,B,  ciate with the low-lying 2\, excited state(ii) a broad posi-

— 1A, (negative contribution tive peak around 4 eV; an(i) a negative feature just above

The balanced description of both types of contributions(centered around 4.3 @\¢orresponding to superimposed ab-
also allows for a proper description of the phase of the thirdsorptions into the two-photom,A, and the higher-lying
harmonic generation response; see Fig. 7. In the energy,B, bands. We stress that, from our theoretical approach,
range covered by the experiments, both the measured amge cannot distinguish the contributions associated with the
calculated frequency-dependent curves of the THG phase am,A; andn;B, bands in the high-energy region of the EA
characterized by three domaing). between 0.5 and 1.0 eV, spectrum, since the NLO response in that frequency domain
the phase increases from 0° to 1888 a consequence of the is dominated by channels where these states are strongly
three-photon resonance to th@lstatg; (i) a plateau is coupled(of the form 1A;— 1B,—m,A;—n;B,—1A).
reached between 1.1 and 1.4 eV, where the phase fluctuates The theoretical simulation of the electroabsorption spec-
around 200°; andiii) the second resonance featutBree- trum between 2 and 6 eV is in excellent agreement with the
photon resonance to thgB,, statg leads to the appearance experimental spectrum, which confirms the accuracy of our
of a step in the frequency-dependent phase spectrum justodel to describe the dynamic NLO responsg3afarotene.
above 1.5 eV. The redshift of the B, transition observed in the experimen-

The optical response associated with electroabsorption, dal EA spectrum can be explained within the theoretical

1.0
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model by the larger coupling of theB], excited state to the structure of the spectra was described by including Franck-
higher-lyingm,A, state with respect to the ground stéiee ~ Condon factors within the displaced oscillators approxima-
effects of the 2, andm; A, excited states on the position of tion. For both processes, the theoretical curves are in good
the 1B, excitation more or less cancel each ojh&lote also  agreement with the experimental data, which supports the
that, in accord to the theoretical predictions, a weak electrovalidity of our model. Moreover, a very similar model was
absorption signal associated with thé2excited state is successfully applied to calculate the third-harmonic genera-
observed just below 2 eV. The small intensity associatedion and two-photon absorption spectra in heptathiopfi&ne.
with this peak(despite the rather largeB],-2A, coupling is  Although further work is required, we are confident that our
due to the superimposition of the various contributions deimodel also holds true for other conjugated systems. In com-
scribed above, and can only be reproduced by consideringarison to previous workS:?138the information provided by
both the 2, and n,B, states, in contrast to the previous this study can be summarized in two poin(g). the 2A,
models proposed by Soos and MukhopadByand van excited state makes a nonvanishing contribution to the third-
Beeket al'® order responséat least for finite chains and (i) each rel-
evant two-photon state, coupled to thB lstate, also pos-
VI. SYNOPSIS sesses large dipole moments with higher-lyiBg excited
states, that therefore need to be included in the SOS expres-

On the basis of extended configuration-interaction calcusjon for a proper description of the dynamic NLO response.
lations, we investigated the nature of the essential states con-
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