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Nonlinear optical properties of linear chains and electronworrelation effects
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The large third-order nonlinear optical properties y;jk&(
—to4, to&, top, to3) observed for conjugated

organic linear chains, such as polyenes, are explained by strong electron-correlation behavior in

virtual, two-photon 'Ag states. The dominant chain axis component y,„,is found to possess a
power-law dependence on the chain length with an exponent of 4.6+'0.2, independent of chain
conformation. Good agreement in sign and magnitude is obtained between calculated and experi-
mental gas-phase values of yjk/( —2to;to, to, O)

A principal focus of current nonlinear optics studies has
been the origin and mechanism responsible for the unusu-

ally large microscopic second-order pijk (—top', toi, tu2) and
third-order y;jkt ( —to4, toi, to2, toi) nonlinear optical suscep-
tibilities observed for conjugated tr-electron organic and
polymer structures. Considerable progress has been
achieved in many-electron microscopic descriptions of pijk
in terms of electron-correlation effects. However, one ma-
jor case still outstanding' is yikt of centrosymmetric
conjugated linear chains such as polyenes and polyenynes
which represent the finite-chain limit to the corresponding
infinite-chain polymers polyacetylene and polydiacetylene.
Current discussion of yikt( —tu4, toi, to2, tu3) has centered
on the results of one-electron theories such as nearly free
electron and tight-binding Hiickel models which ignore
electron-electron interactions and correlation.

Experimental and theoretical studies of p;jk in conju-
gated structures7 '2 and of one-photon and two-photon
resonant processes in finite polyenes' ' have demon-
strated that the tr-electron states are dominated by elec-
tron correlation and that, correspondingly, single-particle
descriptions are inadequate. One principal result observed
in polyenes, for example, is that below the first optically
allowed, dominant singlet 1 'B„state is located a two-
photon singlet 2 'Ag state. Calculations based on
Pariser-Parr-Pople (PPP) and Hubbard models have ob-
tained the correct state ordering and have shown that the

I

2 'Ag state is a highly correlated tr-electron state that ap-
pears in the theoretical results only upon inclusion of at
least doubly excited particle-hole configurations (DCI's).

In this paper, we report a symmetry-controlled
electron-correlation mechanism that describes the proper-
ties and behavior of y;jkt(-tu4', toi, tu2, to3) of conjugated
linear chains. The microscopic description is obtained
from a direct summation method proven successful in the
case of tjk(- co3', toi, to2) for three major structural
classes 2 in which each frequency-dependent suscepti-
bility component is evaluated based on self-consistent-
field configuration-interaction theory. We consider po-
lyenes ranging in number of carbon sites N from 4 to 16 in
both the all-trans (tratts) and cis transoid -(cis) confor-
mations shown schematically in Fig. 1. These finite-chain
studies also provide important insight for the infinite-
chain polymer limit.

The molecular third-harmonic susceptibility

ytikt (—3to;co, to, to) is defined by the expression

p3 y jk(( 3to;to, to, to)EtoEg EP,

where p;3 is a component of the molecular polarization
induced at a frequency of 3tu in response to the cube of an
electromagnetic field E oscillatin~ at to. The analytic ex-
pression for y&kt( 3to;to, t—o, to) is o

4 j k ( j i k l
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3! 4h 3, , n, (to,~ —3to)(to„~ —2tu)( gto—to) (to„~+to)(to.„2r )(to.,g
—to)—
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+ jkl ~gn3~n3n2~n2nII'nlg + Pj ki (rgn~rn3n2rn2n, rn, g )

(to.~+to)(to„~+2to)( gto—to) (to„~+co) (to„~+2to) (to„,g+ 3to)
(2)

where r„',„, is the matrix element (ni (
r'

( n2), @to„,g is the
excitation energy of state ni, and Plkt denotes the sum
over all permutations of j, k, and i ensuring that y;jki is in-
dependent of the ordering of those three indices. The con-
vention has been chosen that the electric fields are repre-
sented as E"sin(tot —k. r).

(a)

FIG. 1. Schematic diagrams of (a) trans-polyenes and (b)
cis-polyenes.
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The individual terms of Eq. (2) were directly evaluated
from the singlet-state excitation energies and transition-
dipole moments obtained by configuration-interaction
(CI) methods in which all singly (SCI) and doubly (DCI)
excited n-electron configurations were included in order to
describe properly electron correlations. (For example,
the number of configurations for N 12 are SCI: 36 and
DCI: 666, and the total number of states: 703.) The CI
n-electron basis sets were obtained by an all-valence-
electron self-consistent-field (SCF) molecular-orbital
(MO) method in the standard, rigid lattice complete
neglect of differential overlap/spectroscopic (CNDO/S)
approximation. ' Although the calculation of the ground
state includes all of the valence-shell electrons for each
atom in the molecule, CI theory needs only consider n-
electron orbitals since the low-lying excitations are
x n transitions and for conjugated systems the x-
electron contributions to y~jkt(

—
to4,'to~, to2, to3) dominate

those from cr electrons. Bond lengths and bond angles for
the molecular configurations are experimentally deter-
mined values, and consequently, the bond alternation
(carbon-carbon bond lengths of 1.34 and 1.46 A.)'4 is
treated directly. The hopping interaction between all
pairs of sites in included, and the electron-electron repul-
sion is accounted for via the Ohno potential. ~2 The values
calculated at the SDCI level of the excitation energies for
both the one-photon allowed 1'B„state and the two-
photon allowed 2 'As state are in good agreement with ex-
perimental values and with previously reported theoretical
results '4' '

For all chain lengths and conformations studied, the

y»» component of y;Jk~(
—3rD;to, to, co), with all fields

along the direction of conjugation, is far larger than the
others, even as the input photon energy approaches the 3to

resonance with the 1 'B„state. For example, the calculat-
ed values for the independent tensor components of
y;Jkt(

—3';e, co, ra) of trans-octatetraene (trans O-T) with
N 8 at a nonresonant fundamental photon energy of
0.65 eV (X 1.907 pm) are y„„„„15.5, y„yy„0.6,
yyzzy 0.5, and yyyyy 0.2 x 10 esu.

For centrosymmetric conjugated chains, the x-electron
states have definite parity of As or 8„,and the one-photon
transition moment vanishes between states of like parity.
Since the ground state is always 'As, it is evident from
Eq. (2) that the z states in a third-order process must be
connected in the series g '8„'As 'B„g. Vir-
tual transitions to both one-photon 'B„and two-photon
'As states are necessarily involved. In the summation
over intermediate states for trans-OT there are two major
terms which constitute 70% of y„„„„.In both of these
terms, the only 'B„state involved is the dominant low-

lying one-photon 1
' B„nelectr on excited state. In addi-

tion to its low energy, the importance of this state lies in

the value of its transition-dipole moment with the ground
state of 7.8 D being the largest of all those that involve the
ground state. For one of the two major terms, the inter-
mediate 'As state is the ground state itself; but for the
other, it is the 6'As state of OT calculated at 7.2 eV.
Since this state has a transition moment with 1 'B„of13.2
D, it is much more significant than the 2 'As that has a
corresponding transition moment of only 2.8 D.

Important major features of the microscopic descrip-
tions of third-order virtual processes are contained in the
transition density matrix p„„. The 2 'As and 6 'As states
are both nearly 60%%uo composed of doubly excited config-
urations, and the contributions to y„„„,of these two high-

ly electron-correlated states are distinguished by p„„
defined by

p„„(ri)=„y„(r~,r2, . . . , rsvp)y„(r~, r2, . . . , r~)dr2 dr~,' &p„„&
—e rp„„(r)dr,

where M is the number of valence electrons included in

the state wave function. Contour diagrams for p„„ofthe
ground, 2 'As, and 6 'As states with the 1 'B„state are
shown in Fig. 2 where solid and dashed lines correspond to
increased and decreased charge density. Whereas the vir-

tual transition 2'As 1 'B„results in a modulated
charge redistribution, the 6 'As 1 '8„ transition, in

sharp contrast, produces a large charge separation that
spans the entire chain length and results in a large transi-
tion moment. The same characteristic features are found
for all other chain lengths of both trans and cis conforma-
tionS.

Gas phase third-order susceptibility measurements of
ys( —2';co, co,0) for polyenes have been obtained3 using
dc-induced second harmonic generation (DCSHG). At
the nonresonant fundamental input of 1.787 eV (A. 0.69
pm), the values for butadiene (BD) with N 4 and hexa-
triene (HT) with N 6 are (Ref. 23) 3.45~0.20 and
11.30~1.05X10 36 esu, respectively. Although the BD
gas was more than 99'%%uo trans-BD, the HT was believed to
contain 40% cis-HT. 3 ~4 Based on the results of our calcu-
lations described above and the appropriate expression for
ys( —2';m, co,0) with isotropic averaging, we calculate

3 xxxx ~" (4)

with v 5.4+ 0.2 for trans and 4.7+ 0.2 for cis. There
are several features common to both conformations that
emerge from comparison of polyenes of different length.
First, the lowest optical excitation energy decreases pro-

l

the n-electron contributions at the same frequency to be
2.1, 11.5, and 9.1&10 36 esu for BD, trans-HT, and cis
HT, respectively. Although the o-electron contribution to
ys is negligible for longer chains since it increases much
more slowly with respect to chain length than the n-
electron contribution, it is more significant for shorter
chains and should be included in the cases of BD and HT.
After adding in respective o contributions of 1.5 and
2.4X10 36 esu as estimated in Ref. 3, we obtain values
for ys( —2';co, co,0) of 3.6 and 12.9x10 esu for BD
and HT, respectively, in agreement with experiment both
in sign and magnitude.

The calculated values of y„,„„( 3';co, tu, co—) far from
resonance at 0.65 eV for the N 4 to 16 trans- and cis
polyenes are plotted against N as the upper scale of Fig. 3.
The good linear fit in both cases shows that the suscepti-
bility has a power-law dependence on N:
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FIG. 3. Log-log plot of y, ( —3m;ro, co,co) vs the number of
carbon sites N (upper scale) and the length L (lower scale) for
cis- and trans-polyenes.

FIG. 2. Transition density matrix diagrams for (a) ground

state, (b) 2 'Ag state, and (c) 6 'A~ state with I 'B„state. Cor-

responding transition-dipole moments have x components of 7.8,
2.8, and 13.2 D, respectively.

portionally to the inverse of the number of sites with a
lowering from 5.9 eV in butadiene (N 4) to 3.7 eV in the
case of dodecahexaene (N 12). Second, the magnitudes
of transition-dipole moments along the chain axis increase
steadily with the number of sites. Third, while for OT and
the shorter chains the nonlinear susceptibility is almost
entirely composed of the contributions from only a few
states, longer chains have significant contributions from
an increasingly larger number of both 'B„and 'As states.
All three of these factors are responsible for the very rapid
growth that is observed in the nonresonant
y„„,(-3to;to, to, to) with increased ntlmber of sites. Al-
though various power-law behaviors for y have been previ-
ously reported based on delocalized, noninteracting elec-
tron models, 5 these calculations are in strong disagree-
ment with experiment in the magnitude and, in one case,
even the sign of y, and are, therefore incomplete descrip-
tions of third-order properties. The apparent similarity in
power-law behavior simply reflects the delocalized nature
of the conjugated bonds in polyenes as compared to, for
example, the linear dependence resulting from the bond-
additivity rule for localized bonds.

The calculated values of the dominant tensor com-
ponent of the nonresonant y„„(—3';oi, co, co) for the cis
conformations are smaller than the values for the trans of
an equal number of sites for all of the chains considered.

In addition, there is a lesser rate of growth for y„„,„with
increasing N for the cis. These apparent differences in the
two conformations are well accounted for by plotting
y„„„(—3to;to, to, to) against the actual length of the chain
L rather than N as is shown on the lower scale of Fig. 3,
where L is defined as the distance along the x direction be-
tween the two end carbon sites. This plot unifies the cal-
culated values for the two conformations and yields a
power-law dependence of y,„„„onL:

~L4.6~0.2 (5)

Because of the different geometry, a given cis chain is al-
ways shorter than its corresponding trans form. The
difference in y„„, ( 3to;to, to,—co) values for the two is

simply due to this fact, and y„„,„ is therefore, much more
sensitive to the physical length of the chain than to the
conformation.

Finally, from our calculated power-law dependence, we
can draw several important results for polymers. A typi-
cal value of the nonresonant macroscopic third-order sus-
ceptibility X(3)(—3';to, co, co) observed for polymers is
10 'o esu. 2 For an isotropic distribution of chains
considered as independent sources of nonlinear response
with a single dominant tensor component y,„,„, we have
X(3) ,' N(f )3f3 y„,„„—whereN is the number density
of chains and f (2+n )/3 is the Lorentz-Lorenz
local-field factor. Using typical values of N 10
molecules/cm and 1.8 for the refractive index, we esti-
mate a y„„„ofroughly 2X10 ' esu. From Eq. (5), this
value would correspond to a chain of N = 50 carbon sites,
or a length of approximately 60 k Since these polymers
consist of much longer chains, we infer that y,„„„must
deviate from the power-law dependence and begin to satu-
rate at some length shorter than 60 A. This then suggests
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that large values of y, and correspondingly X, require
only chains of intermediate length of order 100k

In summary, we have reported a symmetry-controlled
correlation mechanism for y;Jki(

—3';to, to, to) of polyenes
ranging in chain length from N 4 to 16 in both trans and
cis conformations. After showing on general symmetry
grounds that two-photon allowed states, as well as one-
photon allowed states, must play a role in y;Jkt, we have
identified in detail the significant contributions, especially
dominant terms from highly correlated two-photon 'As
states, and demonstrated good agreement between our
calculations and previous experimental measurements.

Finally, for both trans and cis conformations over the
range of chain lengths we considered, y„, , exhibits a
power-law dependence on the chain length I. with an ex-
ponent of 4.6+ 0.2.
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