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Within Hiickel theory, the nonresonant third-order nonlinear optical susceptibility of a conjugated polymer is
directly proportional to the bandwidth raised to the third power, and inversely proportional to the optical gap
raised to the sixth power. This functional dependence, if correct, implies that polyacetylene is already an
optimal organic material with regards to the magnitude of the nonresonant hyperpolarizability. Therefore,
any improvements in the figure-of-merit for optical switching applications will come at the expense of the
magnitude of the hyperpolarizability. Here, singles configuration-interaction (S-Cl) theory is used to solve
the PariserParr—Pople (PPP) Hamiltonian of polyacetylene, treating both the strength of ele@lectron
interactions and the degree of bond alternation as model parameters. The results show that the hyperpolarizability
is independent of the strength of electraglectron interactions and thus the degree of eleethate correlation,

and instead depends almost exclusively on the optical gap and the bandwidth. Furthermore, the functional
dependence on the optical gap and bandwidth is nearly identical to that obtained fokel Heory, giving

strong support to the Hikel description of long chains, and its implications for materials optimization. In
addition, the inverse-sixth power dependence of the hyperpolarizability is shown to imply a strong dependence
of the transition moments on the optical gap. Finally, the resonant hyperpolarizability associated with two-
photon absorption is found to tend toward an inverse-sixth power dependence on optical gap, although deviations
from this dependence are considerably larger than for the resonant response.

I. Introduction whereo is the density oft-electrons, andg is the gapEg =
2|1 — P2|. Equation 1 indicates that the response is directly
proportional to the density af-electrons and the bandwidth,
and inversely proportional to the band gap.ckel theory then

This paper explores the factors that establish the magnitude
of the third-order nonlinear optical susceptibility of conjugated
organic systems. We begin by considering the nonresonant third- . !
order nonlinear optical responsa using polyacetylene as a suggests three w_ays_to increase the magnitude of the nonresonant
reference system. Although the nonresonant response of poly_respon_se. The first is to increaj#y + B2| and thus th_e total
acetylene is among the largest of any known matériake ban_dW|dth of th_e system. However, |ncreaslﬁg+_ﬁ 2l |s.not
properties of this material still fall short of those needed for easily accomplished because the overall magnltud,é Sia
optical switching applicationsWe also consider two photon fundamental property of the carbenarbon multiple bond. and
absorption, a resonant third-order nonlinear optical process with IS not amenabl_e to synthetic control. The second way to increase
applications in biological imaging and optical fabricatfori, ~ the response is to lower the band gap. Although this can be
In particular, we consider whether the conclusions obtained for accomplished synthetically by lowering the effective bond

the nonresonant response apply also to this resonant responsé/térnation|: — f|, the band gap of polyacetylene is already
In considering the optimization of the nonresonant hyper- quite low. If the gap were lowered further, it is likely that the

polarizability, a central issue is whethef kel theory captures ~ Penefits resulting from an increase in the magnitude of the
the essentials of the nonlinear optical response. This issue is"onresonant hyperpolarizability would be more than offset by

central because Hiel theory implies that, at least with regards increased optical loss at the frequencies of relevance to device

to the magnitude of the nonresonant response, polyacetylene iglesign” Finally, the response can be improved by increasing
already an optimal organic material. Within"&kel theory, the densny ofﬂ-eleqtrons but, since .al! of the non-hydr.ogen
polyacetylene is a one-dimensional semiconductor with two _atoms are involved in the network, this is also nearly optimal
z-electron bands, one valence band and one conduction®§and. In polyacetylene.

The properties of these bands are set by the transfer integrals The above argument implies that polyacetylene is optimal
for the single and double bongs, andf3,. The bond alternation, ~ with regards to the magnitude of the nonresonant hyperpolar-
2|51 — B2, sets the band gap, while® + f5,| sets the distance  izability, but not necessarily with regards to the figure of merit
between the bottom of the valence band and the top of the for optical switching applicationsHowever, optimizing other
conduction band, thereby establishing the bandwidth. The third- aspects of the figure of merit will likely come at the expense of
order nonlinear optical susceptibilityy, can be obtained lowering the magnitude of the nonresonant response. For

analytically, and the result scales approximatel/ as instance, an important parameter in the figure of merit for optical
switching applications is the optical loss of the material. As

|ﬁ1+ﬁ2|3 alluded to. above, th?; places a Iower.limit on the optical gap of

O——%— Q) the material. In addition, the absorption spectrum of polyacet-

= ylene exhibits a low-energy absorption tail that increases the
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optical loss and thus lowers the figure of merit. Alternative classes of states, the nonresonant third-order hyperpolarizability
structures, such as those that introduce phenyl rings into theagrees with that from S-CI theory. This agreement indicates
main chain, may eliminate the low-energy absorption tail and that these new classes of states have little impact on the
lower the optical loss. However, phenyl rings increase the nonresonant response of a long chain, and that single electron
effective bond alternatidfi and thus decrease the per-chain hole pair states dominate the response. A more detailed
hyperpolarizability. They also introduce higher-energy pi-bands, discussion of the validity of S-CI theory is given below in
such that not all of the pi-electron density participates in the section 2.1.
lowest energy excitation where it can contribute optimally to  Qur goal here is to test the second of the above two
the nonresonant response. conjectures by comparing the predictions ofddel theory with

So within Hickel theory, it is not clear how to design a those of S-CI theory for a broad range of model parameters.
conjugated polymer that significantly improves on polyacet- The validity of the functional relation in eq 1 is of particular
ylene. However, the reliability of Hikel theory remains an open interest because this relation underpins the above arguments
issue. For instance, it is well-known that ekel theory fails to regarding materials optimization. In’elkel theory, the electrons
correctly describe, even qualitatively, many aspects of the two- and holes do not interact with one another, and all states contain
photon excited states that mediate the nonlinear optical free electror-hole pairs. It is not surprising, therefore, that the
responsé® 14 For short polyenes, detailed comparisons between hyperpolarizability depends only on the band gap for creation
the nonlinear optical response predicted bickkl theory and of electron-hole pairs, and the bandwidth that characterizes
that obtained from exact solutions of Paris@arr—Pople (PPP) their motion. In S-CI theory, the Coulomb interactions between
theory show substantial differenc¥si®even when the param-  the electron and hole cause their motion to become correlated.
eters are adjusted such that both theories give the same opticaCoulomb interactions can, for instance, lead to the formation
gap. In addition, using an anharmonic oscillator model on the of bound electrorrhole pairs or excitons. It seems reasonable
PPP Hamiltonian, Mukamel and co-workE¥¥ concluded that to expect that the hyperpolarizability will depend on the strength
electron-hole correlation plays a central role in establishing of these Coulomb interactions, such that the simple functional
the nonresonant response. dependence of eq 1 holds only in the limit of vanishing

Despite the above indications that ¢kel theory is not electron-hole interactions. However, in ref 23, we showed that,
sufficient to describe the hyperpolarizability, there is some for the PPP model of polyacetylene with standard Ohno
evidence that its predictions are valid in the limit of long chains. Parametrizatiori? the nonresonant hyperpolarizability of S-Cl
For instance, the predictions of Ekel theory for the nonreso-  theory agrees with that obtained froni ¢kel theory, provided
nant response of long polymer chains are in reasonablethatthe Hekel parameters are adjusted to yield the same optical
agreement with experimeft:22 A rationale for the reliability ~ gap as S-Cl theory. This suggests that the nonresonant hyper-
of Hiickel theory in the long-chain limit is that it captures the polarizability is insensitive to electroerhole interactions, but
essentials of the mechanism that dominates the response of longhe comparison was done for only one set of parameters and so
chains. In Hakel theory, the large nonlinear optical response May not be general.
results from two-photon processes in which the first photon  Here, we examine the nonresonant hyperpolarizability pre-
promotes an electron from a valence to a conduction band, dicted by S-CI theory for a broad range of model parameters,
thereby creating an electretnole pair, and the second photon and show that the functional dependence on the optical gap and
operates on the electron or hole created by the first pitgh.  bandwidth is nearly identical to that of eq 1, predicted bkl
Such two-photon processes are very nonlinear because, in effecttheory. The results therefore support the conclusions arrived at
the first photon sees an insulator while the second photon seesabove regarding materials optimization.
a conductor. Although conjugated molecules possess many This paper also briefly considers the resonant response
electronic states that are not of this single electrbole pair associated with two-photon absorption, to see whether optimiza-
character, it is plausable that (i) the nonresonant response istjon of this resonant response is fundamentally different than
dominated by single electrerhole pair states, and that (i)  optimization of the nonresonant response.da Marder, and
Huckel theory captures the essentials of the two-photon co-workerd®-28 have suggested a chromophore design strategy
processes mediated by these single eleettmie pair states. based on acceptedonor-acceptor (A-D—A) and donot-
(Note that because thetikel parameters are adjusted to give acceptor-donor (D-A—D) symmetric charge-transfer systems.
the bandwidth and optical gap obtained either experimentally The A-D—A systems consist of linear conjugated molecules
or from higher-level theories, it is the functional dependence ith electron acceptors on both ends and electron donors in
on bandwidth and optical gap of eq 1 that is being tested, not the center. This pattern is reversed ir-B—D systems. Here,
the ability of Hickel theory to predict the bandwidth or optical e use an internal field to model the effects of the acceptors
gap.) and donors. Once again, the magnitude of the resonant response

In ref 24, we tested the first of the above two conjectures by shows a dependence on optical gap that is similar tokielu
comparing a single electrerhole pair theory with a higher-  theory, although the variance is larger than that observed for
level theory, using the PPP model of polyacetylene as a testthe nonresonant response.
system. The single electretinole pair theory was singles
configuration interaction (S-Cl) theory, which describes the | computational Methods
excited states as linear combinations of all possible single
electror-hole pair configurations. The higher-level theory was ~ A. Nonresonant Calculations.The nonresonant calculations
a scattering formalism that includes double electrbole are done on a periodic polyacetylene structure, with carbon
configurations in a manner that allows for size-consistent carbon double and single bond lengths of 1.35 and 1.46 A, and
calculations on long polymer chains. The inclusion of double bond angles of 120 We treat PPP theorysaa 3 parameter
electron-hole pair configurations introduces new classes of model. Two of these parameters are the transfer integyats
states, such as low-lying JAsymmetry states and states [1(82) for single (double) bonds, and one paramefgre, sets
containing two excitons. Despite the introduction of these new the strength of electrerelectron interactions. The Hamiltonian
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is therit The nonresonant calculations presented below are done on a
polyacetylene chain withNge double bonds and periodic
Hppp= Z [—16,; + o] a‘.'fo a, boundary cc.nnditioné?'?“Unless otherwise noted, all calculations
o are done withN.e = 81. A transition moment operatot of eq
1 5, that is consistent with periodic boundary conditions is
A a\a an obtained by using thk operator appropriate for a ring oNg
+§ ZU(pi Doy + ; SUDLT @ carbon atoms32431In the long chain limit,yxxx Of a ring is
3/¢h that of a linear chain with the same number of unit c&I&.
We remove this geometric factor by multiplyingxxx of the
ring by &/s. Theyxwxxs reported here thus reflect those of a long,
linear chain. Note that the ring geometry is used only to obtain
a periodic transition moment operator. The Hamiltonian param-
eters used are those appropriate for a linear chain because
inclusion of curvature effects in the Hamiltonian would serve
only to slow convergence to the long-chain limit.

whereaIa(a;,g) creates (destroys) an electron with spim the
p-orbital on theit" carbon,p; is the charge operator on thié
carbon,p = 1 — al,a. — aljas andr; is the distance
between carbons i and j. Both the electratectron repulsion
and the electronnuclear attraction are described with the
following scaled Ohno potenti&l

14.397eVA The excited states used in eq 5 are generated using S-ClI
ur =S . ' (3) theory and a complete basis of all singly excited configurations.
\/(14.397eVAU)2 +r? In periodic boundary conditions, the one-dimensional crystal

momentumk, is a good quantum number. The selection rule

whereU is the Hubbard parameter. The param&eg sets the  for optical transitions is\k = =+ 27/, whereL is the length of
strength of electronelectron interactions, and is equal to one the polymer, or equivalently the circumference of the ring used
for the PPP modeH; and zero for Hakel theory.l andU are for theX operator. The one-photon allowed states will therefore
chosen such that application of the Hamiltonian to a single havek = 27/, and!B, symmetry. The energy of the lowest such
carbon atom yields the ionization potential and electron affinity state is identified as the optical gap. The two-photon allowed
of an sp hybridized carbon, = 11.16 eV andJ = 11.13 eV states will have eithek = 0 or k = 47/, The m!A, state is

In Hiickel theory, the transfer integrals establish both the band defined as the two-photon state that has the largest transition
gap and bandwidth. The band gap is set by the difference moment with the 1B, state. In S-CI calculations with periodic
between the transfer integrals|s2 — fB.|. The difference in  boundary conditions, this is the lowest state with symmetry,
energy between the top of the conduction band and the bottomand so here, thetA, state is assigned to the lowest allowed
of the valence band (the total bandwidth) i$2+ f|. In the two-photon state. The band, or free-charge, gap is assigned to
Huckel model, all of the excited states contain free electron  the energy of the HartreeFock HOMO-LUMO gap, since it
hole pairs and the band gap, for creation of free charges, isis at this energy that unbound electremole pair states appear
equal to the optical gap, the energy of the lowest allowed optical in a S-CI calculation.
state. In the PPP model, electreglectron interactions may lead The S-CI calculations performed here constrain the excited
to the formation of bound electron hole pairs or excitons. states to contain one electron and one hole. This approximation
Because the exciton carries optical intensity and lies lower in requires some justification, as it is well established that double
energy than the free electrehole pair states, the optical gap  excitations must be included to obtain even a qualitatively valid
is lower than the band gap. In PPP theory, the optical and banddescription of some of the electronic states of polyenes, most
gaps depend on the transfer integriisandf, and the strength  notably the 2A, state!®11 Despite the large effects that doubly
of electron-electron interactions&-.. PPP calculations on  excited configurations can have on specific excited states, there
polyenes typically usg; = —2.228 eV ang3; = —2.581 eV. is the following strong evidence that S-CI theory provides a
Unless otherwise stated, in this paper we fix the sum of the valid description of the nonresonant response.
transfer integral$f; + f2| at 5.0 eV, and tregp}; — 2| as an First, Mazumdar and co-workéfs4 examined exact solu-
adjustable parameter. We then explore the dependence of theions of the PPP model for polyenes with up to 12 carbon atoms
hyperpolarizability on two parameterS,-e and the difference  using a wide range of Hamiltonian parameters. Based on these
between the transfer integras, — f3|. calculations, they identified three excited states that dominate

To connect the nonlinear optical response to the structure of the nonlinear optical response, thBJ, mtA,, andn!B, states.
the excited electronic states, we work within the sum-over-statesThe 1'B, state carries most of the one-photon intensity. The

formalism for the nonresonant hyperpolarizabflity miA, state lies above the'B, state and carries most of the two-
photon intensity. Th&'By state is a high energy state that has
Voox = V+ 7 V- 4 a large transition moment with the'A; state. Abe and co-
workers?-34 identified a similar set of essential states when
[GSX|ATA|X BIB|X|CHIC|X| G using singles-configuration interaction (S-Cl) theory to model
Ve = ) third harmonic generation spectra. Within S-Cl theory, th, 1
ABC EaBsEc andm'A states contain a bound electreimole pair and tha'B,

state is a nearly free electrehole pair state that occurs at the

[GIXATAX|GSIGSX|CIIC|X| G edge of the conduction band. Mazumdar and co-workers have
V-= Z B (6) given similar qualitative interpretations to the essential states
' EAEc of their model. That S-CI theory and exact solutions of the PPP

model agree on the nature of théB}, m'A;, andn'B, states
where|GSis the ground electronic statgd] [BL)and|Clare  suggests that S-Cl theory provides a valid description of the
excited electronic statek, is the energy of statglrelative to  dominant pathways establishing the nonresonant hyperpolariz-
the ground state, and|k|JOare the matrix elements of the ability.
transition moment along the axis, which is chosen to lie Another indication that doubly excited configurations are not
parallel to the polymer backbone. important in nonresonant calculations comes from considering
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Figure 1. Log—log plot of the hyperpolarizability obtained from
Huckel calculations on polyacetylene, as a functionff — [, for

(B1 + B2) = —5 eV. The breakdown into inter-band and intra-band
contributions is described in section 2.1.

the approximations involved in applying S-ClI theory to the
Huckel Hamiltonian. Because theoperator is a one-electron

Moore and Yaron

Consider, for instance, a two-photon process in which two
electron-hole pairs are created. In a model that includes
electron-electron interactions, these electrdmle pairs may
interact through Coulomb forces in addition to the Pauli
exclusion interactions present iri' ekel theory. Also, electron
electron interactions may lead to a strong mixing between single
and double electrenhole pair configurations and the consequent
formation of low-energyA; symmetry state¥>!'In a previous
work,2* we developed a scattering formalism that includes both
of these effects. Those results indicate that, although inclusion
of double electrorrhole pair configurations has a large effect
on the structure of the excited states, the nonresonant hyper-
polarizability of a long chain is nearly identical to that obtained
from S-CI theory. This strongly suggests that S-CI theory
provides a valid description of the nonresonant hyperpolariz-
ability.

B. Resonant Calculations.The A—D—A and D—-A-D
systems of Brdas, Marder, and co-workéfs28 are modeled
by applying an internal field to a polyene with 20 carbon atoms.
The internal field is zero at the center of the polyene and either
increases (BA—D) or decreases (AD—A) linearly with
distance from the center. The Hamiltonian is then

Hpppt Z VIx1p; (1)

operator, the one photon states, A and C in €qgs 5 and 6, mus{pare,.0is given in eq 2\ is a free parameter describing

contain a single electrerhole pair. The two-photon states, B
in y+ of eq 5, may contain either one or two electrdrole

pairs. Because S-CI theory restricts B to states containing a

single electror-hole pair, the summation ipy is over two-

photon processes in which the first photon creates an eleetron
hole pair and the second photon moves either the electron or
the hole within the one-dimensional band structure. This is the

intra-band tern?;2324and it dominates the hyperpolarizability.

The approximation involved in S-CI theory is the omission of

those terms iy in which B contains two electrenhole pairs®”

the strength of the acceptors and donors, aqds the
x-coordinate of theth atom relative to the molecular center.
The nonlinear hyperpolarizability(—ws; @1, w2, w3) IS
calculated using eq 6.37 of ref 35. ThéA state is identified
as the state with the largest transition moment to #8y 4tate.
The 2-photon absorption cross section to thkd; state is
calculated as Im(—w; w, —w, w), with w equal to half the
energy of them'A state.

I1l. Results

These terms correspond to two-photon processes in which both

the first and second photon create an electioole pair. If the
two electror-hole pairs do not interact, then their contribution
to y+ is identically canceled by terms appearingyin. This

A. Nonresonant Hyperpolarizability. We begin by examin-
ing the magnitude of the intra-band and inter-band contributions
of Huckel theory. Section 2 pointed out that S-ClI theory does

cancellation makes sense because the creation of two noninfot include double electrerhole pair states. It therefore
teracting excitations does not correspond to a nonlinear processncludes the intra-band contribution to the hyperpolarizability,

and so should not contribute to the hyperpolarizability. lickél
theory, the electronhole pairs interact only through Pauli-
exclusion, whereby the electreiole pair created by the first
photon suppresses formation of an additional eleettmie pair.
This “saturable absorbance” or “inter-band” contributigtieads
to a small decrease in the hyperpolarizability. So withiick&l

but ignores the inter-band (saturable absorbance) contribu-
tion.®23.24The relative importance of these terms withiidkal
theory is examined in Figure 1, which shows both the intra-
band and inter-band contributions as a functiorjfaf — 32,

with (81 + f) fixed at =5 eV. The results indicate that the
intra-band term dominates the hyperpolarizability over a wide

theory, the approximations involved in S-CI theory are equiva- range of band gap. The ratio of the inter-band to intra-band
lent to neglecting the negative inter-band or saturable absorbancderm remains relatively fixed, changing from 22% to 33% as
contribution to the hyperpolarizability. However, the unique the band gap, [B1 — f2|, increases from 0.9 to 9.6 eV. The
aspect of conjugated polymers is the large positive hyper- weak dependence of this ratio on band gap may be rationalized
polarizability, which arises from the intra-band contribution and as follows. As|$1 — f,| approache$3. + (2|, f1 approaches
dominates the nonlinear response (this it illustrated further in zero and the system approaches a collection of noninteracting
Figure 1 of section 3.1). ethylene units. In this limit, the system is no longer a
When applied to the Hikel Hamiltonian, S-ClI theory  semiconductor and the inter-band, saturable absorbance, con-
captures the intra-band contribution that dominates the hyper-tribution begins to dominate. But even wiipy — 55| = 4.8 eV
polarizability of conjugated polymers. In the PPP Hamiltonian, and|31+ 2| =5 eV, for which the band gap is 9.6 eV and the
electron—electron interactions lead to a number of new effects. bands are only 0.2 eV wide, the system is sufficiently
One such effect is the correlation between the motion of the semiconducting that the hyperpolarizability is dominated by the
electron and hole in the single electremole pair states, and  intra-band contribution.
this effect is captured by S-CI theory. But electraiectron In Figures 2-4, we examine the dependence of various
interactions introduce other effects that are not captured by S-Clcalculated quantities 08— of eq 3, which sets the strength of
theory and that could potentially alter the hyperpolarizability. electror-electron interactions.
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Figure 2. State energies as a function of the strength of eleetron 2 and 3.

electron interactions}.—¢ in eq 3. The one-electron-transfer integrals

are fixed a3, = —2.0 eV and3. = —3.0 eV, corresponding to a'ldkel L ' f L B
gap, 21 — B2|, of 2.0 eV. The band gap is the Hartreeock HOMO— 1028 © =
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See The Hickel results & - =0.0) are shown as open circles, and the
. . . PPP results%-e = 0.2 to 1.2 in increments of 0.2) are shown as filled
Figure 3. State energies as a function of the strength of eleetron  ¢jrcles. To be consistent with S-CI theory, thé dial calculations
electron interactions&-— in eq 3, holding the optical gap fixed. The  contain only the migration contribution to the hyperpolarizability (see
calculations are similar to those in Figure 2, except the bond alternation section 2). The solid line is a least-squares fit to the PPP data, showing
|1 — B2l is adjusted to maintain a constant optical gap of 2.0 eV. y 0 Eg oL

Figure 2 shows the energy of the essential states as a function . _ o _
of S—e. The bond alternation8; — 2|, is fixed at 1.0 eV, substantial lowering of the hyperpolarizability. This strong effect

corresponding to a Hikel gap of 2.0 eV. AS. . is increased, of electron-electron interactions seems to argue against the use
the difference between the optical gaiBlstate and the band  Of Hiickel theory to model the nonresonant nonlinear optical
(free-charge) gap is increased. This is an indication of exciton response of conjugated polymérs® However, in Hickel
formation, with the difference being the exciton binding energy. calculations, the parameters are typically adjusted to reproduce
The binding energy of then'Aq state, a higher-lying exciton the optical gap of the material. A better comparison is then to
state that carries most of the two-photon intensity, also increasesexamine the dependence on the strength of eleetetectron

with S.—e. An important feature of these results is that, in interactions while holding the optical gap fixed. This is shown

addition to raising the exciton binding energies, increaSing in Figure 3, whereS— is varied over the same range as in
causes an increase in both the optical gap and the energy of thdrigure 2 but where the bond alternatigfl, — 52|, is adjusted
mtAg state. to maintain a constant optical gap. Just as in Figure 2, increasing

Figure 4 demonstrates that increasing the strength of electron S leads to an increase in the exciton binding energies and
electron interactions, in the manner of Figure 2, leads to a the energy of then'Aq state. However, Figure 4 shows that the
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calculated hyperpolarizability varies by only about a factor of

3, as opposed to the nearly 2 orders of magnitude observed when

S was increased without holding the optical gap fixed. This
indicates that the hyperpolarizability is primarily a function of
the optical gap and not the exciton binding energy, as we will
now examine in more detail.

Figure 5 provides a more detailed comparison between S-Cl
calculations performed on the PPP andckiel Hamiltonians.
According to the Huakel relation of eq 1, the nonresonant
hyperpolarizability scales ag O E4 8. The open circles of
Figure 5 show results obtained from"ekel theory, holding
the sum of the transfer integrals fixed &t (- 82) = —5.0 eV,
and varying|$1 — f2| between 0.4 and 1.0 eV. On this teg
log plot, the Hieckel results fall on a line with slope-6, as
expected becaugel] E5 8. The closed circles of Figure 5 show
the results of PPP calculations obtained by vanyifyg— [2|
between 0.4 and 1.0 eV asd . from 0.2 to 1.0. The PPP results
are nearly collinear, with a slope ef6.1. This indicates that
0 Eg %% which is nearly identical to the behavior of Ekel
theory in eq 1.

The dependence of the nonresonant hyperpolaribility on the
optical gap,y O Eg % has consequences for the transition
moments between the essential excited states. In the essentia
states model?~14 the 1B, state carries most of the intensity
out of the ground electronic state and tmA; state carries
most of the intensity out of thell, state. The hyperpolariz-
ability of eq 5 may then be written

)= [GSK|1'B,OF| LB, IXIm'A T
Ey Ermiag

®)

where we usedy for the energy of 1B, state, since this state
sets the optical gap. If we take the energy of iféy, state as
scaling roughly a&g, then the energy denominator of eq 8 leads
toy O Ey 3, as opposed to the inverse sixth power dependence
of eq 1. The remaining dependencelymust then come from
the transition moments.

The transition moment between the ground state and®e 1
state can be understood in terms of the Kdfihomas sum
rule. This sum rule states that the sum of the oscillator strengths
for optical absorption is equal to a constant. Because Bg 1
state carries most of the optical intensity, this implies that the
oscillator strength to this state

fug = [GSX|1'B,IFE, (9)

is a constant. For eq 9 to be constant, the transition moment
must be inversely proportional to the square root of the optical
gap, |[GI%/1'B,J O Eg~*2 Figure 6 shows a loglog plot of
this transition moment versus optical gap for the PPP calcula-
tions of Figure 5. The results follow a line of slopel/2,
consistent with the predicted behavior. For eq 8 to yield
Eg 6, the transition moment between th&B]l and mtA4 state
must then be inversely proportional to the optical gap,
|[ByIXIM*AG O Eq . Figure 7 shows that the PPP results
approximately obey this proportionality, although the deviation
is somewhat larger than that seen for @3%|1'B [ transition
moment in Figure 6.

The dependence of the hyperpolarizability i#h + (2 is
examined in Figure 8, which plots lagy) versuslogio(|1 +
B2l) for S—e ranging from O to 1. The optical gap was held
fixed at 2.0 eV by adjusting|B1 — f2|. The Hickel results fit
a line with slope 3, as expected becaysg |51 + S32/° in eq
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Figure 6. Log-log plot of the transition moment between the ground
and IB, electronic states versus the optical gap, for the calculations

Iof Figure 5. The line of slope-/; is provided as a guide to the eye.
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Figure 7. Log-log plot of the transition moment between thiB,1
and mlAq electronic states versus the optical gap, for the calculations
of Figure 5. The line of slope-1 is provided as a guide to the eye.

1. The PPP results also fit lines with slope 3, indicating that
the functional dependence is the same as that'ckelutheory,
y O 1B+ Bal.

The above results examine the long-chain limit of the
hyperpolarizability. Figure 9 examines the dependence on chain
length. Because these calculations assume periodic boundary
conditions, they do not reflect the actual dependence on the
length of a polyene chain. Nevertheless, they do give some
indication of the relative system size needed to reach the long-
chain limit. Figure 9 shows results obtained for a number of
different values of5; — f32|, and withS._e adjusted such that
the long-chain optical gap is fixed at 2.0 eV. The results show
that the length at which the hyperpolarizability saturates is fairly
independent of the strength of electreglectron interactions
(S-¢), and so depends only on the band gap and bandwidth.

B. Resonant Hyperpolarizability. The resonant hyper-
polarizability associated with two-photon absorption, calculated
as described in section 2.2, is shown in Figure 10. The
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Figure 10. Log—log plot of the resonant hyperpolarizability versus

logyo[ IBy+Bl (eV) ] the optical gap obtained from S-Cl calculations on a polyacetylene chain

Figure 8. Log-log plot of nonresonant Versus‘ﬁl + ﬂz‘ from S-ClI with 10 unit cells, for both the Htkel and PPP Hamiltonians. The
calculations on the PPP Hamiltonian for various value&.of. |31 — gray circles showy for |81 — 5| = 0.2..2.0 eV and. = 0...2. The
B2l is adjusted to yield an optical gap of 2.0 eV. All other details are black crosses shoy for the same range of PPP parameters, and with
as in Figure 5. ADA acceptor-donor substitution modeled with the internal field model

of eq 7 withV = 0.1...0.5 eV/A.

8x10734—
the points for ADA substitution lie below those for the

unsubstituted polyene. This indicates that for systems with
equivalent optical gaps, the resonant response of the unsubsti-
tuted system will be larger than that of the ADA substituted
system.

T
IB,-B,|

- 6—=© 025

6x10734

IV. Discussion

4x10734 Section 1 discussed the consequences ‘afkidutheory for

materials optimization. In Htkel theory, the nonresonant
hyperpolarizability is given by eq 1, and this implies that
polyacetylene is already an optimal organic material, in terms
of the magnitude of the hyperpolarizability. Thus, any improve-
ments in the figure-of-merit for optical switching applicatibns

will likely come at the expense of the magnitude of the
nonresonant response. This argument was, however, based on
Huckel theory, a model that fails to capture many aspects of
the excited electronic states that mediate the nonresonant
responsé?d-14

¥/ N (esu/unit cell)

2x10734

N (unit cells)
Figure 9. Plot of y/N vs chain lengthl) for |31 — f5,| ranging from The calculations presented here show that S-CI solutions of

0.251t0 0.95 eV.f{1 + fo) is fixed at—5 eV, andS. . is adjusted such

that the optical gap is 2.0 eV. the PPP model of long polyene chains obey the same functional

relation as Hakel theory, eq 1. Because there is strong evidence
calculations were done on a polyene with 10 unit cells, using that S-Cl theory provides a valid description of the nonresonant
the potential of eq 7 to model the effects of ADA substitution. hyperpolarizability of long chains (see section 2.1), this gives
The gray circles are for a polyene without an ADA potential strong support to the functional relation of eq 1 and its
applied. The results indicate that the resonant hyperpolarizability implications for materials optimization.
has a strong dependence on the optical gap. The nonresonant This observed agreement between thiekéhand PPP models
hyperpolarizability followed ay 0O E;® dependence, and a is somewhat surprising, since the Coulomb interactions in the
similar dependence here would cause the points in Figure 10PPP Hamiltonian lead to correlated electrdmle motion and
to lie along a line of slope-6, such as that provided in Figure the formation of bound electrerhole pairs or excitons. The
10 as a guide to the eye. Although the results do tend toward degree of electronhole correlation may be characterized by
this behavior, the spread encompasses about an order othe exciton binding energy, the energy needed to break the
magnitude, such that parameters that give the same optical gagexciton into an unbound electron and hole. For the range of
can lead to resonants that differ by an order of magnitude.  model parameters considered here, the exciton binding energy
The black crosses are for ADA potentials of varying strength. spanned from 0 to 4 eV (see Figure 3). Yet over this large range,
(Due to electror-hole symmetry, DAD potentials give identical  the nonresonant hyperpolarizability is essentially independent
results.) The points tend toward &g © behavior, but with a of the exciton binding energy, instead depending almost
wider spread that encompasses 2 orders of magnitude. Despitexclusively on the band gap and bandwidth.
this spread, the band gap remains a predominant factor in The dependence of the nonresonant response on the inverse-
establishing the magnitude of the response. In addition, for mostsixth power of the optical gagy, 0 E5 ¢, implies that the optical
sets of parameters, and all sets that lead to gaps below 3 eVransition moments depend strongly on the optical gap. Because
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the energy denominator of eq 5 can account for only an inverse- 5000 g T T T T T
third power dependence, the remainder must be in the transition 4000 L
moments in the numerator of eq 5. Figure 6 shows that the 3000
transition moment between the ground electronic state and the
11B, state is inversely proportional to the square root of the
optical gap. This is consistent with the behavior expected from
the Kuhn-Thomas sum rule. In addition, Figure 7 shows that
the transition moment between théB}l and mtAy states is
inversely proportional to the optical gap. Taken together, these
dependencies account for the inverse-sixth power dependence
ineq 1.

Two-photon absorption is a resonant third-order nonlinear
optical process and it is interesting to consider whether the - e .
optimization of this process is fundamentally different than the
optimization of the nonresonant response. The results of Figure J | | ] |
10 show that the resonant hyperpolarizability has a strong 50 a0 0 a0 550 s00es0
dependence on the optical gap, scaling roughly as the inverse
sixth power. However, the variance is much larger than for the

nonresonant hyperpolarizability, such that two different sets of Figure 11. log—log plot of the two-photon absorption cross section

: : versusimax for the experimental measurements of Albota &t dlhe
model parameters can give the same optical gap yet havedotted line is the result of a linear fit, and the solid line is of]

resonant hyperpolarizabilities that differ by an order of mag- Aol
nitude. This variance becomes even larger when an internal field

is used to model the effects of ADA or DAD substitution. obtained from S-Cl theory. Figure 11 shows a-dgg plot of
The symmetric charge transfer present in ADA and DAD  the two-photon absorption cross sectidnyersusimax. Because
systems has been suggested as a means to optimize the crogsJ w2y, if gamma scales as the band gap to #@&" power,
section for two-photon absorption. In the results of Figure 10, thend will scale as the-4t power of band gap, or thé'ppower
the hyperpolarizability of an ADA substituted polyene tends to of A, Figure 11 shows that the experimental data do follow

be smaller in magnitude than that of an unsubstituted polyene such a dependence, although there is considerable variance.
with an equivalent optical gap. This does not argue against the

use of such substitution patterns because they provide a useful;. conclusion

synthetic handle while the other parameters varied in Figure

10 (the bond alternation and effective strength of electron This work examines the positive, intra-band contribution to
electron interactions) are not as easily controlled. However, thesethe hyperpolarizabilty that dominates the nonresonant response
results do suggest that the ADA substitution pattern may serve ©f long polyene chains. The results show that the response is
primarily as a means to control the optical gap. This interpreta- insensitive to the strength of Coulomb interactions, and exhibits
tion is somewhat different than that of Albota et,&lwho a dependence on bandwidth and optical gap that agrees with
suggest that the symmetric charge transfer in the excited statedhat of Hickel theory in eq 1. As discussed in the Introduction,
of ADA and DAD systems increases the transition moments this functional dependence on bandwidth and optical gap implies
thereby enhancing the cross sections for two-photon absorption that polyacetylene is already an optimal organic material with
However, a significant portion of the increase in transition regards to the magnitude of the hyperpolarizability.

moments can perhaps be attributed to the above dependence of For the resonant hyperpolarizability, the functional depen-
the transition moments on optical gap. dence of eq 1 holds only in terms of general trends. In the simple

The model used here to study the resonant hyperpolarizability M0del of D-A—D symmetric charge transfer systems consid-
has two potential shortcomings. First, the use of an internal field €red here, the intra-band cont(rslbutlon to the hyperpolarizability
model may not accurately describe the ADA and DAD substitu- 1S roughly proportional toEq™ but can deviate from this
tion patterns. Second, although S-CI theory may be adequatedePendence by up to an order of magnitude. Substantial
for studying the nonresonant response of long chains, doub|edeV|at_|ons from a S|mple_scallng behe_mor are also seen in the
electron-hole pair configurations can be important for smaller €XPerimental results of Figure 11, which show a general trend
systems such as the dye molecules used for two-photonconS'Stent withy O E4~5, but with sufficient variability to allow
absorption. Section 2.1 argues that the large positive hyperpo-for materials optimization by means other than controlling the

larizability of long chains arises from the intra-band contribution ©Ptical gap. Nevertheless, in comparing various molecular
and this contribution is well described by S-CI theory. For engineering approaches, it is useful to take the general scaling

smaller systems, the inter-band or saturable absorbance contriwith bandwidth and optical gap into account, noting especially

bution can become important. Indeed, the saturable absorbanc&h@t the scaling of the hyperpolarizability with optical gap arises
contribution dominates the response of dye molecules with low not onIy_ from the energy denominator in t_he sum-over-st_a_tes
bond alternatiof® causing these cyanine-like molecules to expression .Of eq 5 but also _from the scaling of the transition
exhibit negative hyperpolarizability. In addition, although the moments with optical gap (Figures 6 and7).

nonresonant response may be insensitive to the detailed structure

of individual excited states, this is not true of the resonant
response. If double electreinole pair configurations play an
important role in the state that is in resonance, then S-ClI theory
is unlikely to provide an adequate description. Nevertheless, References and Notes
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