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Diagrammatic exciton-basis valence-bond theory of linear polyenes

M. Chandross
SPAWAR Systems Center, Code D364, San Diego, California 92152

Y. Shimoi
Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba 305, Japan

S. Mazumdar
Department of Physics, University of Arizona, Tucson, Arizona 85721
and The Optical Sciences Center, University of Arizona, Tucson, Arizona 85721
(Received 10 August 1998

Understanding the photophysics wfconjugated polymers requires a physical understanding of the excited
states involved in the photophysics. Detailed physical understanding is difficult because of the extensive
configuration interaction that occurs within realistic theoretical models for these systems. We develop a dia-
grammatic exciton-basis valence-bond representation that is particularly suitable for the intermediate magni-
tude of the Coulomb interactions in these systems. We present detailed comparisons of our exact exciton-basis
treatment and previous approximate approaches, focusing on the specific many-body and single-particle inter-
actions that have been ignored in the past, and the consequences thereof. Following this, we present the results
of exact numerical calculations for the noninteracting band limit, the limit of isolated dimers interacting
through Coulomb interactions, and for the Pariser-Parr-Pople Ohno Coulomb interactions with two different
bond-alternation parameters for the ten-carbon linear polyene. Simple pictorial descriptions of the eigenstates
relevant in photophysics are obtained in each case, and taken together, these results provide a systematic
characterization of both low- and high-energy excited states in linear ehawnjugated systems for realistic
parameters. Two different quantities, the number of effective excitations within the exciton basis, and the
particle-hole correlation length for the one-excitation eigenstates are defined and calculated for further quan-
titative comparisons between the eigenstates. A pictorial description of optical nonlinearity is obtained thereby.
For both small and large bond alternation, it is found that the two-photon state that dominates third order
optical nonlinearity in the low-energy region is the lowest even parity one-excitation state with a larger
particle-hole correlation length than th@&J] exciton. The reason for the dominance by timig, state can be
understood within the exciton basis from the nature of the current operator. It is shown that the relationship
between the correlatett A, and the correlatedB, is identical to that between the uncorrelatedl;zand the
uncorrelated B, . In the high-energy region of the spectrum evidence for stable biexcitons is found from the
nature of the singlet-singlet two-excitation wave functidi®0163-18209)01408-3

I. INTRODUCTION Theoretical approaches to understanding the excited state
energy spectra of--conjugated polymers have in many cases
The effect of electron-electron interactions on the energyocused on the available nonresonant and resonant nonlinear
spectra ofr-conjugated polymers continues to be a topic ofspectroscopic experimental resuitd? Broadly speaking,
current interest? Recent discussions in this area havethese approaches can be classifiedaaspproximate long-
largely centered on the band versus exciton character of thehain calculations that include the configuration interaction
lowest optical state, and the associated effects on the phot¢cl) among a subset of the one-electron configurationy
physics of the experimental systeffsAlthough there is and(b) exact, or full configuration-interactiofFCl) calcula-
now a broad consensus that the opticaB,1state in tions for short chain§=23 (we do not attempt to make finer
m-conjugated polymers is an exciton, there is no generatlistinctions between the FCI calculations and the multirefer-
agreement on the magnitude of the exciton binding energyence double-CI calculations of Beljonm al,?* which in-
as well as excitonic effects on the photophysics. The primargorporate the most important high-order Cl terms. The chain
reason for this is that electron-electron interactions in thdengths reached by this method are roughly about twice that
experimental systems are intermediate in magnitude, witlof the FCI calculations, and the advantages as well as disad-
the on-site Coulomb interactiofthe Hubbard interaction vantages of this technique are comparable to those of the FCI
being close to four times the one-electron hopping integratalculation$. The approximate calculations miss the low en-
between neighboring carbon atorfsDirect theoretical de- ergy even parityA, states that occur below theB}, state in
terminations of exciton binding energies and excitonic ef-linear polyenes as well as any possible biexciton states.
fects on the photophysics then are difficult, because of th&urthermore, within these approaches the energy of the
many-body nature of the Coulomb-correlatedelectron conduction-band threshol@he Hartree-Fock band gajis
Hamiltonian. independent of the Hubbard interaction. This result is clearly
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incorrect. On the other hand, although short-chain calculaused by Soos and coworkéré°to understand the physical
tions can give the correct ordering of excited states in theharacteristics of the lowest eigenstates for realistic Coulomb
low-energy region, the energies of excited states found to beorrelations, and by us for understanding nonlinear spectros-
important in nonlinear optics in these calculations are stillcopy in the limit of infinite on-site Coulomb interactidf?
very far from their long-chain limiting values. As a conse- High-energy excited states for realistic Coulomb interactions
guence, there exist fundamental disagreements over the iare very complex even within the standard VB approach,
terpretations of the physical natures and energy locations afnce again, precisely for the reason that such eigenstates are
the excited states that dominate nonlinear spectrostfdy. superpositions of many simple VB diagrams. On the other
Very recently, the density-matrix renormalization grup hand, therequirementfor a theory within which simple
(DMRG) approach has been used to understand some of thghysical characterization of eigenstates could be obtained, is
same excited eigenstates. At the moment, however, severelear from both the MO and VB approaches to Cl. Specifi-
of the DMRG results, as obtained by different practicingcally, eigenstates should be superpositions feadominant
groups®~**seem to be different in their detailed predictions, basis functions that are themselves easy to interpret physi-
and further progress in this promising area would be necesally. This is the logic that has gone into our development of
sary before definitive conclusions are reached. Furthermorgne giagrammatic exciton-basis VB approach to eigenstates
it has until now not been possible to probe excited states thgff 1he PPP model. The basis states herehgtarids of MO

are near twice the energy of th@} (Refs. 21 and 3pusing g configuration space VB functions, and are therefore ideal
the DMRG approacitsee, however, note added at the end Offor the case of intermediate Coulomb interactions. A brief

thelnpztir?ee)r.present paper, we report a new approach to eXagtresentation of the diagrammatic exciton-basis method has
! LN . reviousfy.We give here a complete discussion
short-chain calculations that focuses on ta@ve functions een made p FS? g P

. . ; of the transformation of the Hamiltonian to the exciton
rather than energetics. The goal of this work is to develop a L . ) o
pictorial, physical characterization of excited states, in par-S.p":.u_:e’ physical mterpretat.lons Of the eigenstates N simp le
ticular, those eigenstates that are most relevant to the phot!im't'ng cases as We_” as.n reall_stlc cases and a p|ctor!al
physics. Although the FCI nature of our calculations limits Nt€rpretation of nonlinear absorption. Although our focus is
us to short chains, we believe that by focusing on the wav@n the PP'I3 |nteract|ops, we also present a brief d.ISCUSSI(?n of
functions we can bypass the disadvantages usually associaté$ evolution of the eigenstates as the Coulomb interactions
with short-chain calculations. As we discuss here, whether &€ varied from weak to strong.
particular eigenstate evolves into a localized exciton or de- The exciton-basis VB approach that we present here is an
localized bandlike state as the chain length is progressivelgxtension of the molecular exciton approach to linear poly-
increased can be determined by careful inspection of thenes, as originally formulated by SimpsSnwithin which a
eigenstate in question, provided the right basis space is usekhear polyene is visualized as coupled ethylenic two-level
This is particularly true if proper care is exercised in com-units. Within the original Simpson approach, there is no
paring the eigenstates of the full Pariser-Parr-PqBIBB  electron-hole delocalization between the units, and optical
Hamiltoniar*® with those of limiting band and localized excitation is to a tightly-bound Frenkel exciton, which can,
models, whose eigenstates are already understood physicallyowever, form an exciton band due to exciton migration.
This is precisely the approach taken here. One argument th&urthermore, all interunit many-body interactions between
can be given against such short-chain calculations is thahe dimeric units are neglected. Unless electron-hole delocal-
because of confinement effects associated with short chainzation between the units and the many-body Coulomb inter-
excitonic effects are exaggerated in short chain calculationactions are incorporated, the Simpson model can apply only
(since, for example, there always is an energy gap betweeto molecular aggregaté&3® Over the years, different inves-
the optical B, and higher excited states in short chaiWe  tigators have gone beyond the simplest exciton picture to
do not believe this to be a serious problem. A recent workdescribe realr-conjugated systenf8-* However, as we
has shown that although exciton formation is conditionaldiscuss later, in nearly all of these cases important one-
when only nearest-neighbor intersite Coulomb interaction i®lectron as well as many-body interactions that occur in the
retained, the optical state is necessarily an exciton when thstandard Pariser-Parr-PoglePP Hamiltoniar?'® for conju-
intersite Coulomb interactions are long rarigess indeed gated systems were ignored. As a consequence, the results
they are within the PPP mode. obtained within these approaches are of limited vasee

The intermediate magnitude of the Coulomb interactionselow). The two exceptions to this are the works by Ohmine
in mr-conjugated systems implies that standard ClI calculaet al*? and Mukhopadhyagt al*® Ohmineet al. carried out
tions are not suitable for the physical interpretation of eigena singles-Cl calculation of long polyene systems within the
states that is our goal. For PPP interactions, even in shodxciton approach, without ignoring any term in the PPP
chains, extensive configuration interaction occurs among thmodel. Because of the neglect of higher order CI, however,
fundamental one-electron molecular orbitslO) basis func-  accurate results for the even pariy; states could not be
tions. As a consequence, a given excited state eigenstate iobtained. In contrast, Mukhopadhyay al. carried out their
superposition of numerous MO configurations, such that th&ClI calculations using the configuration space VB approach
simple physical picture that describes the band limit of zerdn the limit of artificially large bond alternation, and calcu-
Coulomb interactions is lost entirely. This is particularly true lated overlaps with the simplest basis functions within the
for high-energy excited states that occur considerably abovexciton representation. This approach cannot be extended to
the 1B, exciton. An alternate approach to Cl, using configu-the case of realistic bond alternation, where there is consid-
ration space valence-bon¥B) basis functions, has been erable configuration mixing. The resultant physical descrip-
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tion, while still of value, is thus not applicable to the case of A. The atomic basis
realistic polyenes. . The PPP model is commonly written within the atomic

In contrast to the earlier work*>“"“%the present calcu- representation
lations using the exciton-basis VB diagrams are exact. We
retain all terms within the full PPP Hamiltonian, and our t +
calculations are then carried out using the exciton represen- H= _<ij2)o' tij(ci(,c,-(,+cj(,ci(,)+U§i: NitNiy
tation directly. There is, however, a price to pay. Because of ’
the FCI nature of our calculations, they are necessarily lim-
ited to short chaingspecifically, to the case of the 10-carbon + 2’1 Vis(ni=1)(n; = 1), (1)
chain. Since our aim, however, is to obtain benchmark
qualitative results that provide physical insight, and againstwhere() implies nearest neighbors;, creates an electron of
which approximate long-chain calculatiori®cluding the ~ Spino on thep, orbital of carbon aton, n;,=c{,c;, is the
DMRG approachcan be tested in the future, we believe thatnumber of electrons with spier on atomi, andn; =X ,n;, is
this is a small price to pay. This is especially because outhe total number of electrons on atdmThe parametert)
focus is on wave functions, and not on energies. As we sho@ndV;; are the on-site and long-range Coulomb interactions,
here, even though the energies of the short-chain polyend§spectively, whilg;; is the one-electron hopping matrix el-
are very far from their infinite chain values, the physical®ment. In the case of linear polyenes and polyacetylenes,
natures of the variouslassesof wave functiongviz., local-  tij=t(1*6) whereé is a rigid bond alternation parameter.
ized exciton states, delocalized bandlike states, biexcitol/Ithin the Ohno parameterization of the PPP Hamiltorffan,
states, et¢.are already visible at short chain lengths within t=24eV,U=1113 eV, and the/;; are obtained from the
the diagrammatic exciton-basis VB theory. relationship

In Sec. Il we present a complete discussion of the basis
space and the transformation of the PPP Hamiltonian into a Vi; :;' 2)
form that is suitable for direct calculations of exact eigen- \/1+0.611'Ri2j
states using the exciton-basis VB diagrams. The specific ) _ _ _ )
terms that have been neglected in the past within the aﬁ’-vhereRii is the distance in A between carbon atonasidj.
proximate exciton-basis calculatidAg3-4>4"4&nd their im-
portance are discussed. In Sec. lll, we present the relevant B. Exciton-basis VB diagrams
results for the two limiting cases of the simple one-electron We begin by transforming the site operators in EL.to
Huckel model for polyenes and for the case of PPP Coulombhe creation and annihilation operators for the ethylenic
interactions with zero interunit electron-transfer. The secondonding and antibonding MO'’s,
scenario is related, but is not identical to, model Hamilto-
nians that are used to discuss molecular aggredaté®ur -

. . . . al :—[CT,7 +(_1)(?\ Del 1. (©)]

goal is to obtain a complete picture of the evolution of the i\o 2 2i-1o0 2,0
eigenstates as various interactions are incorporated, and these
two limiting cases serve very well towards that purpose. In 1
Sec. IV, we d|scu_ss the complete PPP modelf for two differ- &y o=—=[Coi_1,+(—1)* Yy ], (4)
ent bond alternation parameters, corresponding to the cases \/5
of linear polyenes and polysilanes. The physical insight that - :
is obtainepd f)é)r the Wavepfu)r/mtions reIevagt |)|/q the phO?OphySyvhereaiT,)\,a(ai_,A,a) createsannihilateg an electron of spin
ics here leads directly to a qualitative picture of the dominan’ N the bonding §=1) or antibonding ¥ =2) MO of eth-
nonlinear optical channels, as is shown in Sec. V. In Sec. viylene uniti. TMany-eIectron configurations are then of the
we discuss the evolution of wave functions as a function oform Il &/, ,|0), where|0) is the vacuum. Instead of
the strength of the Coulomb parameters. The conclusion tha¥orking directly with this particular representation, we con-
emerges from our work is thatrovided the intersite Cou- Struct VB dla_grams that arelllnear. combinations of the many-
lomb interactions are strong enough to give excitotie glectron excnon—bas_ls conf_lgur'atlons, as the VB representa-
relationship between the optically relevant eigenstates aéon allows block diagonalization of the Hamiltonian into
well as the dominant nonlinear optical channels are almosdifferent total spinS subspaces. _ _
independent of the actual magnitudes of the Coulomb param- The VB exciton basis is best understood from illustration.
eters. Only the actual configurations that describe a particulaf/e therefore begin with a description of the simplest build-

wave-function change continuously as the overall wave funcind blocks of the correlated wave functions of long chains

ylene are trivial, and consist of only three diagrarisdou-

bly occupied bonding MO, empty antibonding M@,) sin-

gly occupied bonding MO, singly occupied antibonding MO,

and (iii ) doubly occupied antibonding MO, empty bonding
We discuss in this section the construction of the exciton™MO. The complications encountered in the many-unit case

basis valence-bon@B) diagrams, and the transformation of are first encountered in the case of the two-unit d@sea-

the PPP Hamiltonian from the atomic representation into thelieng. We illustrate the exciton basis by discussing the

exciton representation. exciton-basis VB diagrams for the two-unit case in detail.

Il. THE PPP HAMILTONIAN AND THE EXCITON BASIS
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+H — ) +H FIG. 3. Linear combination of exciton-basis VB diagrams that

g) I I h) H — 1) I — give a(a) crossed diagram, and) a TT diagram.
while linear combinations ofc) and its reflected version oc-

i) -H__Z k) i i cur in both theAy andB,, subspaces.

The next group of diagrams in Fig. 1d) through (h),

FIG. 1. Exciton-basis diagrams fdd=2. Bonding and anti-  consist of two excitations from the Simpson ground state
bonding MO'’s of the coupled two-level systems are occupied by Opiagram(d) has one doubly excited unit, while diagraie)
1, and 2 electrons. Singly occupied MO's are paired as singlefnyolves both two excitation and CT. CT between the bond-
bonds. Mirror-plane and charge-conjugation symmetries are asihg MO’s couples(e) and (f). Note that(f) is distinct from
sumed(see text (g), although the orbital occupancies @ and (g) are the

. ) ) . same. The diagrams beyofg) in Fig. 1 have little relevance

In Fig. 1 we show the VB exciton diagrams for the simple jn the physical descriptions of optical processes, although
two-unit oligomer. The diagrant®) in Fig. 1 is the product  their inclusion in calculationis important for accurate ener-
wave function of the ground states of two noninteractinggies and wave functions.
units, which we refer to hereafter as the Simpson ground Before proceeding further we note three interesting fea-
state. All other VB exciton diagrams are one- , two-, ... tyres of diagramgf) and (g) in Fig. 1. First, the two dia-
2N-electron excitations from the Simpson ground state of &rams are not orthogonal, and the corresponding overlap in-
N-unit chain. In our description of eigenstates we will g0 tegra| (f|g)=—1/2. Second, the linear combination|f)
back and forth between Cl theory involving MO basis func- _|q) is equivalent to a “crossed” diagram, in which the
tions and the exciton-basis VB diagrams. In order to distin{)onding (antibonding MO of a given unit is bonded to the
guish between MO and exciton-VB configurations we will gntihondingbonding MO of a neighboring unifsee Fig.
use the following nomenclature. MO configurations exciteds(g)]. This diagram will be relevant in the context of biexci-
from the Hickel ground state will be referred to a&-nh  ton wave functions with large bond alternation. The third
(for n electron-n hole excitationy while exciton-VB dia-  interesting feature of these diagrams is that the linear com-
grams will be described as excitations. With this nomen- pination 2f)+|g)=TT, whereTT implies a pair of triplet
clature in place, we now describe the remaining basis funces—1) excitations localized on different units that are
tions in Fig. 1 below. A bond connecting two MO'&ndj is  coupled to form an overall spin singlitee Fig. &)],
the spin-singlet linear combination *’1”2(aiJr,)\’Ta;r’A,’l
- ah’lajT’A,’THO), as in configuration space VB theory. The
intraunit excitation in diagrartb) and the interunit excitation TT=— > aiT,l,(raiT,Z,a-a]T,lﬁ (ra'JT,Z,*(r_F E
in diagram(c) are both singly excited with respect to the 7
Simpson ground statéa). All diagrams of the typgc), in

. ! 1
which charge transfer from one unit to another has occurred, X(aiTlTaiTZl"—aiTlLaiTZT)_(ajTlIajTZJ'—ajTlLajTZT)-
are hereafter referred to as CT. Although for bdthand(c) B el S I
we show a single diagram, mirror-plane symmetry is as- (5)

sumed and each diagram also represents the diagram that

would be obtained by reflection about the symmetry plane Equation (5) can be proved by simply writing out the
passing through the center of the chain. In addition to mirrory, 4| expression for diagram®) and (g). There are three
plane symmetry, diagrams in the exciton basis may be rejistinct terms in Eq.(5). These correspond toS{, S))
lated by charge-conjugation symmetfin which double oc-  _ (+1-1):(—1-+1): and (0, 0 excitations on e indi-
cupancies and vacancies are interchanged. As an example’viﬂjual ,units’ whéréiz i,s thez c,om onent of the sbin on unit
Fig. 2 we show the completd, basis statgi.e., with all . ' P P
symmetry related diagramsorresponding to diagrare) in
Fig. 1 [see below for more discussion of diagrde)]. The
“plus” linear combination of diagram(b) and its mirror-
plane counterpart occurs only in the optida} subspace,

The exciton-basis VB diagrams for chains longer than two
units are similarly obtained by considering all possible exci-
tations out of the corresponding Simpson ground state, and
constructing the appropriate singlet linear combinations. The

TR possit_)ility of multiple excitations out of the Simpson gr(_)und
+ + - - state introduces only two qualitatively new features. Firstly,
— = ~— ~— multiple electron-hole excitations in long chains can lead to

FIG. 2. Linear combination of exciton-basis VB diagrams thatdiagrams of the typ@ TT, TTTT, etc., which like theTT
are related by mirror-plane and charge-conjugation symmetry. Thdiagrams consist of multiple intraunit triplet excitations that
particular linear combination shown forms a single basis function incombine to give an overall singl&.An example of aTTT
the A, subspace. diagram for the three-unit case is shown in Figa)4 Sec-
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2) —\—fl between the bonding MO of one unit and the antibonding
—~_ MO of a neighboring unitX#\"). With our phase conven-
rr tion for the exciton-basis operatof&gs. (3) and (4)], the
matrix element corresponding to the CT between the anti-
b) 2 — " - — — bonding MO of theith unit and either MO of thei(+-1)th
~ — I —Z ITT_OC/T_'__ unit is negative, although the magnitudes of all CT matrix
elements are the same.
FIG. 4. (a) A TTT exciton-basis VB diagran(p) linear combi- The on-site Coulomb interaction is written as
nation of exciton-basis VB diagrams corresponding o= CT. U
ondly, more complicated versions of the 2:1 linear combina- Hu=7 I% Nia N

tion of the type in Fig. &) are now possible, as is shown in
Fig. 4(b). As in the case of Fig.®), it is easily proved by

writing out the formal expressions for the two diagrams on +Z
the left that the 2:1 combination is equivalent to two triplets,

which however, are no longer localized on individual units. (17
We shall refer to this combination 8ST® CT.

T T
> al, ca,-al, &, |
M1#Ap NgE Mg By TFA2 T g [N )

In the above,NiymzaI)\y,,aW, is the occupation within
_ o MO X\ of theith unit. This term contains both density-density
C. Transformation of the PPP Hamiltonian correlations and two electron hops involving MO’s within a
We now show the complete transformation of the PPRunit.
Hamiltonian into the exciton basis, using the operators in The intersite electron-electron interaction is more compli-
Egs. 3 and 4. We rewrite the PPP Hamiltonian in the follow-cated than the on-site term, and is written as
ing form:

H 12 > v 1 1 12
H:H%{ra"' H%trer"' Hee (6) V_Ei,j =~ ijmn(Vi,m )(Vj,n ), ( )
Hee=Hy+Hy. (7)  Wherev; ., is the number of electrons on timeth atom (n

=1,2) of theith dimer unit, and is given by
In Eq. (6), HS.l.. and HST., describe the one-electron 1
charge transfer within and between neighboring ethylene _ N 1ymat
; , . - im= SINine— (=DM, sai,, o], (13
units, respectively, anH ., contains the terms describing the Vi UE; MZ:M N ™ (Z D780 i, o] 3
Coulomb interactions among the electrons.

The intraunit charge-transféiﬂ,a is written as andVjjn,, is the Ohno potential between atomon uniti and

atomn on unitj. From Eqgs(12) and(13), Hy contains three
kinds of terms: density-density correlations, two-electron
Hﬁ{,a= —tlz (cZi_lngZi,UvL cgi’UCZi_m). (8 hops, and products of density and electron hopping between
' MO’s.
In the abovet;=t(1+ &) is the matrix element correspond-  As discussed above, several groups have obtained
ing to the hopping of electrons within a dimeric unit. For alimited results  within -~ simplified  exciton-basis
chain with 2N carbon atomsHCT . describesN uncoupled ~Hamiltonians™=*>#"*Swithin these simplified models the
two-level systems, and the solutionstef,!,, are theN-fold electron hopping between the bonding MO gi one “”',t and
degenerate bonding and antibonding MO’s of a single ethylth® antibonding MO of a neighboring unit Hjner (A # A

enic unit.HS!, is diagonal within this representation. in Eq. 10 is ignored. Furthermore, only the density-density
correlation terms withirH; andH,, are retained, and terms

containing two-electron hops and products of density and

Hola=—ti > (- D™ Yal, &y, (9)  electron hop are discarded. Within these approximations the

b number of excitations from the Simpson ground state be-

The remaining terms of the PPP Hamiltonian are now writterfomes a true quantum number. The ground state within the

in terms of the exciton-basis operators. The interunit chargesimplified model§®~*>4"%s therefore the Simpson ground
transfer term is given by state. Similarly, all one excitations are completely decoupled

from two excitations, which are again decoupled from higher
or 1 (A =1) excitations, and so on. Although such block diagonalizations
Hinter=— 5"2' 2 (-1 make numerical simulations of relatively long chains pos-
PAAO sible[and even analytic results can be obtained in the limit of
X[aiT,)\,(rai+1,)\’,a+ aiT+l)\’ TR (10 H,=0 (Refs. 40 and 4, such simplification is achieved at
n the cost of ignoring terms in the PPP Hamiltonian that are of
wheret,=t(1-6) is the hopping matrix element between comparable magnitude to those that are retained. Important
dimer units. Note thaHS,T,, contains three kinds of terms, low-lying correlated stategfor example, the true Ry statg
which correspond to electron transfer betwégrthe bond-  are therefore missed within such calculations. Furthermore,
ing MO'’s of neighboring units X=X\'=1), (ii) the anti- as we discuss later, the description of the true biexciton state
bonding MQO'’s of neighboring units\(=\"=2), and (iii) is different from that obtained within the simple models.
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Since our primary concern is the description of statesandB, subspaces. The physical natures of the optically rel-
reached by linear and nonlinear optical excitations, we alsevant eigenstates are then discussed in terms of the dominant
transform the dipole operator to the exciton basis. In theexciton-basis VB diagrams. We will begin with results from

atomic representation, the dipole operator is the Hickel model, which includes hopping between the
dimer units, but sets all electron-electron interactions to zero.
~ Following this, we will present results from the opposite
M:E n;X; , (14 9 P pp
]

limit, in which interunit hopping is disallowed, but the full
electron-electron interactions are retained. These two

v;/]herlexi IS the phosmon of atﬁrm. InhEth. (1.4)’ we h_ave talb<en1 ¢ complementary limiting cases will make the results of calcu-
the electronic charge as well as the lattice spacing to be 1 1qG;ions within the full Hamiltoniar(i.e., with full interdimer

S|mpI|C|ty. I?revu_)us work has .shown thaF for the Ohno pa'hopping and electron-electron interactipessier to under-
ram(.atgnz.auon _d|fferences in dipole g:ouplmgs that arise fromStand and interpret. Due to the excessively large number of
explicitly including the bond alternation in the expression foreigenfunctions of the full PPP Hamiltonian. we will be re-
w is tiny (bond alternation can lead to large differences instricting our discussions to those states that are relevant to
dipole moments, but this is a consequence of the differenthe nonlinear optical properties of conjugated systems. These
natures of the eigenstates of the dimerized Hamiltonian, angates are theA, ground state, theB,, optical state, and the
not of modifying ). 3***Within the exciton basis, the dipole even-parity mA, statés) most strongly coupled to the

operator is transformed to 1B, .1>"% We will additionally discuss the low-energyT
states, as well as the higher energy bound and free two-
~ : exciton states in the correlated models.
M:i; (2N—4i +2)Ni,M,+iE A% al\, oBin.o
N 0 N F A
(15 I1Il. NUMERICAL RESULTS: LIMITING CASES
where N is the total chain length. For a physical picture of A U=V;=0

the couplings introduced by optical excitation between

eigenstates, it is also useful to discuss the current operator Although the band limit of zero electron correlation is
TR . . . well understood, discussions of the eigenstates within the
j=i[H,u], whereH is the Hamiltonian and ...] is the

o ) -~ exciton basis is nevertheless useful, since it helps us under-
commutator. Within the atomic basjsis given by stand the evolution of the delocalized®] into a localized
exciton when electron correlations are included. Similar evo-
j=i 2 ti,i+1(Xi+l_Xi)(CiT,oCi+l,a_ cl, 16Ci.0). (16) Iution_s of excitedA states are also of interest. In particular,
[ we will show later that physically, theA, state of the band

Within the exciton basis, this is transformed to the following limit and themA, state for the Ohno parameters are very

expression: similar, thereby providing an intuitive understanding of the
large dipole coupling between the correlateB,land the
. ; R mAg .15—23
J:'tlg (208 10~ 81,108 20) Our exact numerical results are foi=5 and with §

=0.1. The A4 ground state is shown in Fig(&, where we
. S (@l + have included exciton-basis VB diagrams that make the
—|(t2/2)i , (@i, 0+ 1070~ 4107 6N o) strongest contributions. As seen in Figl@b the Hickel
CAPWY G .
ground state has the largest contribution from the Simpson
(17 ground state, with additional contributions from diagrams

From the commutation relationshio between the di OIewith nearest-neighbor CT. Ground-state stabilization is due
P P rimarily to CT between neighboring units.

and the current operators, one further obtains the followin The optical B, state and the &, state are shown in Figs.

) D51
relationship: 5(b) and 8c). Both the B, and the 2y,1e-1h excitations
R 1 R in the MO representation, are seen to be primarily one exci-
(W u|Wp)= E(*IQ,H [Py, (18  tations with additional weaker contributions from two exci-
tations in the exciton basis. The two-excitation contribution
whereAE is the energy difference between the eigenstatedo the 1B, and the 24 is a direct consequence of the one-
From Eq.(17), the current operator induces electron transfersxcitation CT contribution to theAy [see Fig. $)]. In spite
between the bonding or antibonding MO’s of neighboringof the significant contributions by diagrams that are two ex-
units. From Eq.(18), transition dipole moments are largest citations with respect to the Simpson ground state, we will
when the transfers induced by the current operator are beshow below that the eigenstates are true one excitations with
tween neighboring MO’s with theame\. For transfers be- respect to thérue 1A, eigenstate.
tween N#\',AE is larger, and the dipole coupling is  The delocalized band nature of th&lis clear from the
smaller. This concept will be very useful in understandingwave function shown in Fig. &). Note, for example, that all
the large differences in transition dipole couplings betweerone excitations contribute nearly equally to the wave func-
excited eigenstates of the PPP mog@=le below. tion, with the exception of the diagram with nearest-neighbor
We now proceed to the results of calculations within theCT near the center of the chaiwith coefficient 0.39 and
exciton basis. Our calculations are forN5, for which we the two diagrams in which the both the electron and the hole
construct and solve exactly the full CI matrices for thg  are at the chain end®ach with coefficients-0.12). The
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FIG. 5. Dominant contributions to the important ¢kel wave functions within the exciton basis. Here, and in all subsequent figures, only
one diagram corresponding to the full set related by mirror-plane and charge-conjugation symmetries are sho®panbe?A, are one
excitation relative to the exactdl, , in spite of considerable two-excitation contributidreslative to the Simpson ground state these wave
functions(see text The 2A, is seen to be related to thé] by charge transfer between MO's with the samé&he two-excitation 3, is
seen to be uncorrelated.

large contribution by the chain-center CT diagram and theative understanding of the nature of excited states from ex-
small contributions by the two diagrams with electron andact calculations of the number of excitationsfor each state
hole at chain ends are both consequences of the finite siz where

effects associated with an open short chain. The chain-center
CT diagram is cc_)up!ed to the Iargest number of diagrams ,732<2 aiT,2,a-ai,2,o> —<2 ai’fyzﬂai'2ﬁ> . (19
through one application dfiZi*", and is therefore the most Lo s V1o

“favorable” diagram in a finite chain. Similarly, the dia- o .

grams with a singlet bond terminating on the ends of the’s measures the true number of excitations, relative to the
chain are coupled to the least number of other CT diagramgxact By, for states. Olfr calculatednlBu and M2a, AT€

by HIM®" and are least favorable. In the long chain limit, 0-865 and 0.804, respectively. The numbers are understand-

this distinction between CT diagrams vanishes, and all Frer@Ply not exactly 1.0, but are nevertheless close to this. We

kel and CT diaarams will contribute equally to thB 1wave point out two important features. First, the one-excit_at_ion
function g qualy 4 character of the B, and the 24 could have been antici-

The Hickel 2A, can be simply characterized as a CT pated from the natures of the dominant exciton basis VB

eigenstate with respect to the th® leigenstate. There is diagrams for these eigenstatésg. 5. Second, within the

. exciton basis, is slightly smaller than , although
almost a one-to-one correspondence between the exciton ba- 728 gnty 18, 9

sis diagrams of theA?g and the B, : each diagram of the both are &1h states within the MO basis. We will see later

former can be obtained by one application of the bonding-that In the correlated case, th&and theA, state to which

to-bonding or antibonding-to-antibonding termsH@}er on !['E)lslmost strongly coupled both havg values that are close

a suitable diagram of thel,, . Among allA, states, the 2, For the subset of eigenstates that are predominantly one
has tzr(')e Ia_rgest dlpo_le coupllng_wnh thés ] in t_he HU‘.:kEI excitation with respect to the exacA}(»s close to 3, we
limit. > This large dipole coupling of the &, is a direct  yefine another physical quantity that is used to distinguish

ggsrliziiznggocjeits’EhCeTng?l?rr:((::fGtrhvc\e/iTu:?jr?tegt ;%fﬁg]éss between individual members of the subset. This is the aver-
(17) and (18) and the discussion followin t%dnﬂictatgs. age bonq lengtibs of the CT bonds in the one-excitation
g contributions to the statg

that the dipole coupling is largest between eigenstates that
consist of many-electron configurations related by CT be-

lAg

tween MO'’s with thesame\. Since the Huokel 1B, and bs=§i: cfl; Z ct, (20
2Aq are related precisely by such CT, the large dipole cou-
pling between them is easy to understand. wherel; is the length(in units of the bond in a given one-

In the MO basis, both the Hkel 1B, and 2A; are le-1h  excitation diagram and, is the coefficient of that diagram in
excitations with respect to theAl. In the exciton basis, the eigenfunction. Weak contributions by diagrams with two
however, the number of excitations is no longer a good quanand higher excitations are therefore ignored in the above
tum number. In spite of this, it is still possible to gain quali- definition. This is reasonable, since, as mentioned above,
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(@) 14,=+093 3Rk nw —023 Ranns —023 yarsky —016 yulyk Within the Hickel model(see abovg the A, was a CT
O 24,=+106 TET 4053 3R IT state higher in energy than theBl. In contrast, the 2,

here is lower in energy than theB], and is entirely com-

posed of TT excitations[see Fig. ) and the discussion in

(© 1By=+052 7uTnm +066 manln +0.45 prwnT

@ 2B.=+055 4y Tuw —0T6 L the previous sectign The 2A, is the lowest of a narrow
(6) B8A,/4B,=+092 Trnsw “band” of TT eigenstates (&;—7A,) that occur below the
e e Wy 1B, . The classification of the &; and the lowest even par-
(f) 184, =+083 3% %% T059 Hau"w T022 s 1032 kiuww . . .
ity states asI T has previously been discussed by a number
(9) 364,=+053 3T anL +042 pulal +042 3THI5 +038 walls of authors36:46.52-54
+032 TRyxwl +022 3yxII The 1B, itself is a pure Frenkel exciton in this limit, as

shown in Fig. 6. The relative signs of the diagrams in Fig. 6
identify the 1B, as thek=0 Frenkel exciton, wherk refers

to the center of mass momentum of the exciton. Similarly,
the 2B, is the lowestk#0 Frenkel exciton. With mirror-
comparisons obs values will be limited to states that have plane and charge-conjugation symmetry, we expect, and
75 close to 1. The magnitude &k then gives a measure of fing, a total of three Frenkel excitons in the opti&y sub-

the particle-hole separation in the one-excitation eigenstat(gqDace oN=5. In the long-chain limit, these states are part of
The lengthl; of Frenkel(i.e., intrauni} diagrams is taken t0 14 axciton band®3342

be 0.5, since the electron-hole separation in those diagrams is
one atom, or one half of a unit. Within the ekel model, the

calculated bond lengthb,;z and b,, are 1.44 and 2.83, . : . .

} s u g and B, eigenstates with the same orbital occupancies, and
respectively, confirming that thefg is related to the By by oach CT state is therefore doubly degenerate. We show the
charge transfer. o lowest pair of CT states, thef§ and 4B, in Fig. 6, where

With 6=0.1 andN=5, the lowest two-excitation eigen- 55 ysyal the diagram obtained by application of mirror-plane
state is the B4, which has exactly twice the energy of the gymmetry is not showrthe relative signs between these two
uncorrelate_d IB_U. The strongest contrlbutlons to this state diagrams distinguish betwedx, andB, symmetry. As with
are shown in Fig. &l). The dominant two-excitation charac- e TT states, the CT states form a band of states whose
ter of this state is seen both from comparison to tBg &nd  gnergies increase with electron-hole separation. These higher
the 2Ay, as well as from the calculategsa  Of 1.73. Fur-  energy CT diagrams have not been included in Fig. 6, as they
thermore, examination of the wave function indicates comyprovide no additional understanding.
parable contributions by configurations in which the two ex- Beyond the CT states are six nearly degenefBier
citations are close to each other and those in which thetates. These states are not shown, as triple excitations are
electrons and holes are well separated. We will show in theot relevant for optical processes. The next higher endggy
next section that Coulomb interactions dramatically alter thestate that is optically relevant is theA@(see Fig. 6, which
character of the lowest two excitation. is a two excitation consisting primarily of doubly excited

units. Doubly excited units must necessarily involve two sin-
_ _ glet excitations, and thus we classify theAl8as a singlet
B. PPP-Ohno Coulomb interactions, t,=0 singlet, or SS, state. Within the “ldkel model, the lowest

We now turn to the effects of Coulomb interactions stategwo excitation occurs at twice the energy of thB,l the
in the limit t,=0, butt,=2.4 eV. Partial results for some of lowest one excitation. The lowest two excitations here are
the eigenstates in this limit have also been discussed bie TT states, whose very low energies are consequences of
Mukhopadhyayet al*® This limit is complementary to the spin-spin correlations. Even upon exclusionTaf states, we
analysis of the Heokel model in the above. We will show find the lowest SS two excitation the Agto be considerably
that the lowest wave functions in this limit are easily classi-below 2<x E(1B,), whereE(1B,) is the energy of the B,
fiable into the basid@ T and CT diagrams discussed in Sec.state. With our parameters herd&(1B,)=2.64, and
Il. In addition, we will introduce the concept of two excita- E(18A4)=4.24,. We can thus classify the A3 as abound
tions that are singlet singléS9, which refers to pairs of state of singlet excitons, or biexciton. This classification is
singlet excitations. The optically relevant SS states are theerified by our identification of the 3§, as the lowesfree
ones containing two bound or independent excitons, and oS state as shown in Fig. 6, where we see that th, 36
discussion in this context has parallels with the literature orconsists of two separate Frenkel excitons. In the long-chain
two-exciton states in molecular aggregate® limit, there will be a band of such free two-exciton states.

In Fig. 6 we show the optically relevaht=5 wave func-  The energy of the 3§, is 5.41,, almost exactly twice the
tions for the Ohno parameterization of the Coulomb1B, energy, and we thus can classify theA3@s the thresh-
interactions'® in increasing order of energy. The ground old of the two-exciton continuurfi-383944.4
state in Fig. 6 is again dominated by the Simpson ground The exciton-basis diagrams not only give a pictorial de-
state. Sincé,=0, CT diagrams do not contribute to th&g  scription of the eigenstates, but also provide a physical basis
in this limit. The major effect of Coulomb interactions here for understanding the relative magnitudes of the dipole cou-
is the contribution from diagrams with doubly excited units. plings between them. In Table | we have shown the most
Equation(11) shows that this is primarily an effect of the relevant dipole couplings for linear and nonlinear absorption
on-site interactiory. in this limit. Within Eq. (17) the current operator consists of

FIG. 6. Dominant contributions to the optically important wave
functions witht,=0 in order of increasing energgee texk

Above the Frenkel excitons are tiAg andB, CT states.
In the absence db, there is no energy splitting betweéyg
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TABLE I. Normalized dipole couplingéelectronic charge= 1,  whereF are Frenkel exciton states, aBX and 2X are biex-
lattice constant= 1) betweenA, states and theB, (k=0 excito)  citon and two-exciton continuum states, respectively.
and B, (lowestk+0 excitor) for N=5, for t,=0. All excited A,
states below the 1§;, the lowest biexciton, have zero dipole cou-
pling with the one-exciton stated}, and the B,,. The 1Ry isthe  |v. NUMERICAL RESULTS: COMPLETE HAMILTONIAN
lowest nonzerd biexciton. Two-exciton continuum statésee texk ] . )
above the threshold state, theA36 are not shown. In the long- ~ We now discuss numerical results fdr=5 with the full

chain limit, A, states that have large nonzero dipole couplings withPPP—Ohno Hamiltonian witty # 0. We choose two different
the 1B, will have zero dipole coupling with the®, and vice versa. parameter sets,(@) 6=0.07, corresponding to trans-
polyacetylene andb) §=0.3, believed to describe the pol-
Ag state (kAg|1£|1B,) (kAgl1|2B,) ysilanes within the Sandorfy-C modélve ignore the fact
that U/t in silicon-based systems may be somewhat smaller

1 1.0 0.561 than that in carbon based systems; our purpose here is to
2 0.0 0.0 compare the effects of large and small bond alternation

18 0.806 0.151 only).?>2 The addition of nonzera, causes admixing be-

19 0.195 0.713 tween the basic exciton-basis VB diagrams that characterize
36 0.903 0.527 thet,=0 wave functions, and the analysis of wave functions

necessarily become more complicated. From @4), there

. . . i . . are two possible consequences of such admixing. First, the
(i) intraunit “vertical” excitation, and(ii) interunit CT. Un-  aqmiying is weaki.e., all wave functions can still be classi-
like the Huckel case, only the first term contributes in the o4 aspredominantly TT CT, etc) and the principal conse-
t;=0 limit. We therefore expect a strong dipole coupling q,ence of nonzero, is a reordering of energy states, espe-
between the A, and the B,,, as these states differ by single ¢,y at the boundaries between any two neighboring classes
vertical excitations. Further dipole excitation from thB.l ¢ siates. The second possibility is that the admixing between

can only lead to a pair of singlet excitations, and thus Weitterent classes of states is strong, and classification of the
expect(and find that the states previously identified as SS

by their wave functiondi.e., the 18, and 3@&,) are both
strongly dipole coupled to theBl,. One important result is
that the dipole coupling between theAg and the B, is A. 6=0.07

identically zero in the limik,=0. This is easily understoo_d. For weak bond alternation, we will see that in all cases the

excitation of the B, generates only the two t_axcitations thategslrtn (I))??r?eic\i/\(lj?t?(l)(ﬁ 2??]06:;;% .reDc())rr?l(iar::r?t L:sotr]fl(raibpur;ir:)(i:ps)ai)re
are agalogs of the diagranig) and (g? of Fig. 1. Then, the optically relevant wave functions for this case are shown
(1By|u|TT)=(g|TT)=(g|2f +g)=0, since(g|g)=1 and iy Figs. 7 and 9. Relevant energies, normalized transition
(flg)=—1/2. Thus, theT T diagrams play no role in optical gipole moments, and other wave-function characteristics are
processes in the limit,=0. We will show below that with  symmarized in Table 1.
t,#0, both the B, and the 2,4 mix with CT configurations 1A,4: The 1Ay, shown in Fig. Ta), is still dominated by
and their dipole coupling no longer vanishes. However, it isthe Simpson ground state, with now nonzero contributions
clear that any dipole coupling between th&2and the B,  from both nearest-neighbor CT diagrartas in the Hikel
has to originate almost entirely from the CT components Obround stateas well as doubly excited unit@s in thet,
the 2A,, and the two-excitation components make no con-= ground state
tribution. This has been pointed out previously within con- 1B,: The 1B, [see Fig. )] is now an admixture of
figuration interaction calculations using the MO baSi&s  Frenkel excitons and CT diagrams. In contrast to thekel
well as in other recent exciton-basis calculations in the re1B,, however, the contributions by CT diagrams decrease
gime of large bond alternatidi,but the present results are rapidiy as the length of the CT bond increases. This decrease
particularly transparent. _ . is strong enough that the contribution by the diagram with a
Within thet,=0 limit the effects of Coulomb interactions CT hond between third neighbors is less than half that of the
are clear. The single excitations are split into Frenkel excicT diagram with a bond between nearest neighkocte
tons and higher energy CT diagrams. Similarly, the mostnat these have the same weight in theckiel 1B,)), and the
relevant doubly excited states are split into the much disgiagram with the longest CT bond makes no perceptible con-
cussed low-energy T states”**and higher energy SS states. ribution to the wave function. This is a strong signature of
The SS states themselves are split into bound biexciton anghe |ocalized exciton character of th@1.%? One interesting
free two-exciton states. In addition to these, there exist tWQeatyre of the B, exciton is that the contribution by the
excitations with separated or uncorrelated electron and holgyenkel exciton diagram is smaller than that by diagrams

pairs. These states can never be reached in nonlinear optiGgjth nearest-neighbor CT, a feature that had been observed
absorption experiments, and are thus irrelevant to our disCugsarlier within an exact solution to the exciton problem in the
sions here. For the same reason three and four excitationg_,« |imit.33 The calculated average bond length for the

have been not discussed, although all these eigenstates g&gnkel and CT contributions to theB], exciton is byg
u

obtained in our calculations. We can summarize the ener- B
getic ordering of the relevant states as =0.98, halfway between thee=0 bond length of 0.5, and

the Hickel length of 1.44. The relatively largm g implies
TT<F<CT<TTT<BX<2X, (21)  that all two-exciton states are at relatively high energy com-

eigenstates becomes more involved.
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FIG. 7. Dominant contributions to tHé=5 optically relevant wave functions fdi=0.07 within the exciton basis. TheB}, and 2B, are
excitons, and the B, is the lowest charge-transfB, state(see text The nearly 2:1 contributions of the terms within the parentheses in the
2A indicate these to b& T or TT®CT. Only the diagrams that make larger contributions to additidniabr TT® CT contributions are
shown in some cases. Similarly, the small CT contributions are not shown. Ahevéhich is themA, here is predominantly CTsee text
and Fig. 8, with small 76A, and IargebeAg.

pared to 2<E(1B,) in short chain! This does not neces-  3B,: The 3B,, shown in Fig. 7d), is the first CTB,
sarily preclude the identification of biexciton states, as westate with greater electron-hole separation than tBg éx-
show below. citon. This is clear from comparison with thé] and 2B,
2B,: The 2B, shown in Fig. Tc), is still the lowestk  wave functions. The one-excitation character of thg, 3s
#0 exciton, as can be seen by comparing the relative signseen from the calculatefgjg,Bu (see Table ). It is therefore
of the diagrams with those in the exad lfor the complete  appropriate to calculate the bond lengtfg . The magnitude
Hamiltonian(see Fig. 7 as well as with the B, correspond- ¢ the bsg, (2.02, compared to that ObluBu (0.99 further

!ng to1;=0 Fsee Fig. 6. The calculated bond. Ier'lgth. bEB,u indicates the charge-transfer character of tli, 3For t,
is 0.725, slightly smaller thaib,g , further indicating its  —q the thirdB, state was the highest Frenkel exciton, and
exciton character. the lowestB, state of CT character appeared above thée
Sec. ll). The effect of nonzero, on the lowest eigenstates
TABLE II. The energies(in units of [t|=2.4 e\) and wave- Of the B, subspace is then easy to understand: there is a
function characteristics of excited states of the PPP-Ohno Hamilteordering of energiesdue to energy stabilization by GT
tonian shown in Fig. 7, fo=0.07. All transition dipole moments among the highest+0 Frenkel exciton and the lowest CT

are normalized with respect (dAg|,ZL|1BU). state, but actual mixing of the diagrams is small enough that
the basic characterization of eigenstates persists. Nonzero
State Energy (KAg|f2|1By) Ns bs simply increases the bandwidth of the exciton, such that the
highest exciton state can occur above the lowest CT state.
1Aq 0.00 1.0 0 1.05 The actual quantum number of the loweB} state with
2Aq 1.58 0.13 1.72 N/A greater electron-hole separation than tig, £xciton, as well
1B, 1.83 N/A 0.79 0.98 as the width of the band of lowest excitons, will of course
3Aq 2.16 0.081 1.55 N/A depend on the chain length and the details of the Coulomb
4A, 2.33 0.19 1.73 N/A potential. However, it is clear that fdd=5 with the Ohno
5A, 2.78 0.014 1.66 N/A parameters, the smallest possible quantum number By a
2B, 2.79 N/A 0.83 0.72 state with continuum character is 3. This has strong implica-
6A, 2.88 1.64 1.28 1.97 tions in our discussion of themA; state below.
3B, 2.94 N/A 1.29 2.02 2A4: The 2A, [see Fig. Te)], which still occurs below

the 1B, (see Table I}, is now a mixture of a number &f T
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__________________ FIG. 9. Dominant exciton basis contributions to the SS states for
3B 1 6=0.07. The 1A, is a biexciton, while the 18; and 2%\, are
" two-exciton continuum states.
1 0 1 1 1 1 [ [
2 3 4 5 6 7 8 9 classes of 2-2h states(see Sec. Il B and Ref. 2Xor non-
A, State zero Coulomb interactions. The exciton basis allows us to

determine both the relative location and the precise nature of
FIG. 8. The number of excitations from the correlated groundthe mA, state.
state for the lowest eight excitedy states, for6=0.07. The nor- From Fig. 1f), the mAg does have non-negligible contri-
malized dipole couplings of the same states to tBg are given as  putions from two-excitation exciton-basis VB diagrams, but
an inset. The B, identified as thenA, from its dipole coupling, is  the wave function is clearly dominated by one-excitation CT
seen fo be a one-excitation CT stdte text The dashed line  4i54rams with, on average, longer CT bonds than tBg.1
indicates the number of excitations for the3 The apparent two-excitation character of timg, is, with

and TT® CT diagrams. The wave function also has weak'€SPect to the Simpso_n_ gr_ound statet the correlat_ed
contributions from one-excitation CT diagrafmot included ~ 9round state. The classification of theA, as a one excita-
in Fig. 8 which leads to small nonzero dipole coupling with tion can be made more .quanutatuve by the actual calcu'la'uon
the 1B, .2>*®It is important to note that the/2, here and the of the number of excitationg, in Eq. (19) (note that this
Huckel 2A4 have very different characters. In their seminal definition is with respect to the correlated exagiy). In Fig.
work on the evolution of eigenstates with the increase in the8 we have plottedy; for the first eightA, states. The number
level of ClI between MO basis functions, Schultenof excitations in the low-energy states is large 1.5

et al#*252%3 implied that with increasing ClI the kel —1.7), indicating theiff T character. This number is smaller
le-1h 2Aq progressively admixes with more and more of than the 2 expected for pufieT states, because of admixing
2e-2h MO configurations to give the final state below the with CT configurations. The number of excitations drops
1B, . From our results, theharacterof the eigenstate, rather sharply at the 8. Note thatz for 6A, (1.28 is nearly the
than its quantum number, is more relevant for monitoring thesame for the B, (1.29, identified above as the lowest CT
evolution of eigenstates as a function of increasing CoulomiB,, state. Additionally, 7 for the correlated 84 and 3B,,,
correlations. From E¢21) and Fig. 7e), a more appropriate  while greater than the value of 0.804 for the diel 2A,
description of this evolution is that the correlatedi2actu-  (because of the greater contributions from two excitations in
ally evolves from high-energy €2h states, which mix the former two statgsis still substantially lower than the,
weakly with CT diagrams & is increased. There is a subtle of 1.73 for the lowest Hekel 2e-2h state, the 3. Both of

but important difference between the two formulations ofthese identify themA, as a one-excitation relative to the
this evolution. As we show below, different A, state, the  correlated A\;. The one-excitation character of thedy in-
much discusseth A, evolves from the Hekel 2A. dicates thabmAg is an appropriate quantity for characterizing

mAy: The 2A here is still the lowest of a “band” of T e mAy. The calculated average bond lengih, is 1.99,

states. The first nofi-T A, state(for N=5 with the PPP— S . S
Ohno parameterizatigris the 6Ay, shown in Fig. 7). The which I‘_S 0 pe compared agalrisiBu of 0'98’ and_ which is
nearly identical tob3Bu (2.02. Once again, thalifference

6Ay has previously been identified as tineA, from its
strong dipole coupling to theB,, (Refs. 22 and 36(see Fig. between the bond lengths of the correlated, and the B,

8, inse}, as well as its strong contribution to third-order non- on the one hand, and that between theck&l 2A; and the
linear optical processes. TheA, has been classified as an 1B, on the other(see Sec. Il A are comparable. Taken
even-parity exciton by u¥?° and as a biexciton by Soos together, all of the above give a precise characterization of
et al?*? The classification by Soost al. was based on the the mAy, viz., the relationship between the correlatad,
assumption tha#\; states can be broadly classified as 1 and the correlated B, is identical to that between the un-
—1h=2e—2h, with the “minus” combination correspond- correlated 2, and the uncorrelatedBl, . In both cases, the
ing to a “band” of low-energy states that begin from the Ay state in question is charge transfer with respect to the
2A4 and the “plus” combination corresponding to a differ- 1B,. The correlatednA, therefore evolves from the uncor-
ent “band” of states beginning from thmA, . As is evident  related 2\  as the electron correlations are “switched on.”
from our discussion of the &; above, this classification is SS States In Fig. 9 we show the wave functions of the
simplistic, primarily because there exist many differentthree lowest SS states for the PPP—Ohno Hamiltonian. The



PRB 59 DIAGRAMMATIC EXCITON-BASIS VALENCE-BOND . .. 4833

14A, is clearly related to the ¥§ with t,=0, with three TABLE Ill. The energies(in units of [t|=2.4 eV) and wave-
minor differences, all consequences of nonzgroFirst, the  function characteristics of the lowest seven excited stéte§.3.
14A, shown here is the lowedt+0 biexciton. Thek=0 The transition dipole couplings with theB] are relative to
biexciton within the complete Hamiltonian, though discern-(1Ag|x|1B,).

ible as such, is at slightly lower energy and is strongly mixed

with the highest energ§ TT diagrams. A second difference Aq State Energy  (kAg|u|1B,) s bs
between the 14, here and the 18, with t,=0 is the addi- 0 P : 1o
tion of interunit charge transfer, leading to contributions by : '
localized two excitations in which one of the two excited 266 0.81 1.49 152
electrons or holes has migrated to a neighboring [see 2.9 0.14 1.48 1.06
Figs. 1e) and 9. Finally, the 14y in Fig. 9 has contribu- 4 3.31 0.40 1.83 114
tions from one-excitation CT diagrams. TheAgand 2%, 3.60 0.14 181 1.30
here are both similar to the 3§ with t,=0, in that these © 3.69 0.97 1.69 17
wave functions are dominated by contributions that are twd 3.79 0.98 1.56 2.61

independent excitons. Once again, weak one-excita@idon
contributions are seen. The widths of the individual excitons
in these two-exciton states are considerably smaller than tHerenkel contribution to theB, wave function, and therefore
width of the 1B, exciton in Fig. Tb), which is a finite size ~an increase in exciton binding energy with increaséng
effect that is understandable: the=N chain simply does not ~ The energies, transition dipole couplings with tr&,1
have enough physical space to accommodate two optim&indbg for the states &, —7Ay are shown in Table Ill. The
excitons. Since the energy of theB] exciton is lowered 2Ag, 6Ag, and 7A, are now all strongly dipole coupled to
considerably by the electron-hole delocalization contributingghe 1B,,. This is due to the large CT component in all the
to its width, the small widths of the individual excitons in the wave functions, as shown in Fig. 10, where we show thg 2
finite chain two-exciton states imply that the energies of alland 7A4 for §=0.3. These states are boths are all of
two-exciton states in short chains would be considerably2Ag—12A,) strong mixtures ofTT,TT®CT, and CT dia-
above 2<E(1B,).?° Thus, even as our short-chain calcula- grams (note the nearly 2:1 contributions by the diagrams
tions are exact, no signature of exciton-exciton binding carwithin the parentheses in Fig. lONe characterize the three
be obtained from the energetic consideration which is valicstates 2y, the 6A;, and the Ay as predominantlyT T
in the long-chain limit, viz., two-exciton states below 2 +CT, which agrees with theys values of nearly 1.5, inter-
X E(1B,) are bound. Precisely because of this, an alternateediate between that for purelyT (2.0) and purely CT
criterion based on transition dipole couplingsee below  (1.0). Unlike the smallé case, therefore, classification into
was developed in Ref. 20. The advantage of the presemtredominantlyTT or predominantly CT is no longer pos-
exciton-basis calculation over our previous work lies in thatsible. If one defines thmA; now as the state that makes the
from the pictorial descriptions of the two-exciton states, thestrongest contribution to third-order optical nonlinearity,
bound biexciton nature of the &4 and the free two-exciton identification of this state from dipole couplings, or from Fig.
character of the 18; and the 28, are obvious. The absence 10, is thus no longer possible. However, it has previously
of delocalized two-exciton diagrams in theAgon the one been shown that a large dipole coupling to th#, Hoes not
hand, and the absence of the localized two excitations in theecessarily imply a strong contribution to third-order nonlin-
19A4 and the 28, on the other, indicates that Cl does not ear optical processes, because of cancellations arising from
lead to the appreciable mixing of localized and delocalizechonlinear pathways that involve the samg state and dif-
two-exciton diagrams. This, in turn, is a distinct signature offerentB,, states?® We can then use the calculated two-photon
the bound biexciton character of theA absorption to identify thenA,, defined as above.

In Fig. 11 we show the calculated two-photon absorption
(TPA) for N=5 with §=0.3. As expected, the contribution
) N . from the 2A (at 24 w/E(1B,)=1.05) is negligiblejn spite

Increasings leads to competition between two different of jts large dipole coupling to th&éB, (see Table II). This
correlation effects. On the one handit; decreases, and the simply requires that the energies of the tBq states to
energies of th& T diagrams increase relative to the Frenkelwhich the 2\, is coupled are close to each otRBrThe
and CT diagrams, pushing theAg above the B,. Atthe  strong TPA in Fig. 11 is to the &; and the A,. The TPA
same time, however, largéf/t, leads to increased exciton calculations were also performed by ignoring one of these
binding, as interunit charge transfer becomes less energetiyo states but retaining the oth@re., these modified calcu-
cally favorable. Within the exciton basis, the higher energylations were done twige In this fashion, it was determined
of the lowestA, states causes strong mixing between thehat the two states/&, and 7A, contribute nearly equally to
basicTT and CT diagrams, leading to eigenstates that argne strong TPA, and therefore both of these exhibif,
linear combinations of the type (C¥TT),(CT+TTT), etc.  pehavior.
We focus below on thé\; states that are most strongly di-  The above results then raise the following important is-
pole coupled to the B, as these are the states that are mosgye. In the smalls case (24 below the B,), the charge-
relevant for nonlinear optical processes. We do not show thgansfer character of the Ay is obvious from ther values
1B, explicitly, as it largely resembles theB}, state foré  of this state and neighboring states. For lagjethe #, for
=0.07. The major difference is thaityg here is 0.91, as the 274, the BAy, and the A, are nearly the same. Thus
compared to 0.98 in the previous case, implying a greatewhether or not thenA; stategs) can be considered as the

B. 6=0.3
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FIG. 10. Dominant contributions to the wave functions of ti#g 2the 7A;(mAy), and the 14, (lowest biexciton for 5=0.3. Both the
2A, and the A, are nowTT+CT, but the bond length,, is considerably larger thah,, andb;z (see text Note the nearly 1:1
¢} g g ] u
contribution by the diagrams within the parentheses in thi;14

lower threshold of the continuum band for lar§eannot be  the doubly excited single unit, which characterizes the biex-
determined fromzg calculations. The very strong CT com- citon at §=0.07 (see Fig. 9, we find nonzero contribution
ponents in the states being considered, however, allow us fwom the “crossed” diagrams of Fig.(d). This is in contrast
compare their bond lengths,, which are also included in to the work of Ishidd" in which the biexciton consists solely
Table lll. The very Iargeb7Ag, compared to theblBu of  of diagrams of the typég) in Fig. 1. The origin of the dis-
(0.9, indicates the charge-transfer character of thg .7As ~ crepancy is as follows. Figured) corresponds to the linear
in the case of smalb, therefore, strong contribution to third- combination of the configuration-space configurations 2002,
order optical nonlinearity are by a charge-transfgrstate 2020, 0202, and 0220, wher¢2 indicates an emptydou-
and anyA, state that is proximate to this state. In contrast toPly occupied atom. Thus Fig. @g) obviously contributes
the 7A,, the particle-hole separation in thé\2is small, and ~ Strongly to the biexciton wave functions. However, the re-
it contributes weakly to third-order processes. The chargePulsive interaction due to neighboring atoms with the same
transfer character of th@A,, and the more localized behav- charges is also extreme within this diagram. The binding that
ior of the lower A, states, ensures that th, state that —OCCUrS within the approximate calculations then has to be an
makes the strongest contribution to third-order optical nondrtifact of the neglect of important terms within the full PPP
linearity also gives a lower limit for the exciton binding en- Hamiltonian (see Sec. 1€ In contrast, the “crossed” dia-
ergy in conjugated polymers. gram in Fig. 3, can be viewed as the combinatief2f)

In Fig. 10 we also show the wave function of theAld  * |g))—|g). This diagram has strongT contributions, and

which is the lowest biexciton state fé=0.3. In addition to It iS the configuration interaction with lower energy con-
figurations that stabilizes the true BX wave function relative

to diagram(g) alone.
The charge-transfer character of thmed;, and the dem-
6A J7A, onstration that the true biexciton occurs at even higher en-
1500 | 1 ergy, raises an interesting possibility in the context of third-
order optical nonlinearity in polgi-n-hexyl-polysilang
(PDHS.Z The two-photon absorptiofiTPA) spectrum of
this material is characterized by a narrow, strong absorption
at 2hw=1.2E; (WhereE, is the optical gap with a weaker
broad feature starting at around@=1.5€,.* These have
previously been assigned to thé2and themA, ,2% where
the authors characterized the, as the biexciton. Addition-
ally, in order to fit the experimental spectrum these authors
introduced ad hoc linewidth parameters that were rather ar-
tificial. Specifically, the linewidth of the &, was taken to be
smaller than the linewidths of all other states by a factor of
75. This gave a sharp TPA to thé\¢, with a second intense
TPA to the remainingd states, with overall relative inten-
- N~ sity of the higher energy TPA considerably larger than that
0‘00.8 09 1.0 1.1 12 13 14 L5 L6 observed in the experiment. Our calculated TPA in Fig. 11
260/E(1B,) and the discussion above presents an alternate interpretation
that does not require this extreme narrow linewidth for the
FIG. 11. Calculated TPA fo6=0.3. 2Aq. Since TPA to the 2, is rather weak, the low-energy

100.0

TPA (Arbitrary Units)

500 |
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FIG. 12. Schematic of nonlinear optical processes in the exciton basis. Configurations, rather than VB diagrams are shown, as the
consequence of the application of the current operator is clearer. Each configuration can be obtained by one application of the current
operator to either of the two configurations to which it is linked by an arrow. The actual dipole coupling betweehthadinB,
eigenstates is weak but nonzdeee text

TPA can simply be assigned to tneA,. The CT character figurations(rather than th&=0 VB diagrams, since vertical
of this state, even fo6=0.3, explains its occurrence below and interunit excitations are easier to visualize within the
the threshold of the continuum bafftiThe cancellation ef- S,=0 representationand where we have chosgs 1. Each
fect in the nonlinear optical channels that reduces the TPA tarrow in Fig. 12 represents both a forwagkcitation and a

A, states in the vicinity of thenA; (see Fig. 11increases reverse(deexcitation process, and denotes the result of the
with chain lengttf® and can therefore naturally explain the application of the current operatffq. (17)] on either of the
narrow linewidth of the low-energy TPA in PDHS High- configurations connected by the arrow.

energy TPA is then assigned to the true biexciton stesies In Fig. 12, optical absorption from the ground state leads
Fig. 10 within our picture[the biexciton states in our calcu- {5 the 1B, exciton, which has both Frenkel and CT contri-

lation are above XE(1B,) because of finite size effects, 1 ions The creation of a second excitation on the same or a
and are thus not sEpwn n F|g. ]11. o | neighboring unit can lead to either thégor the biexciton,
mizggsggvrc:grfetht é_'ST Z%%Sgﬁlz?ég;p;rfssigiﬁietz dasr,?aetesWh”e the creation of a second exciton far from the first gives

' the threshold of the two-exciton continuum. All of these pro-

that are linear combinations of these occur above Bg. 1 cesses involve either the first term in the expression for the
The very lowest of thesé, states have CT bonds that are . P :
current operator in Eq(17) or the second term with\

short, and thenAy, which occurs at slightly higher energy, , e . .
is still the lowestA, state that is of charge-transfer characteﬁ).‘ - In addition to the_abgye processes, CT to neighboring
9 units, corresponding te=\" in the second term of Eq17),

51'2:3/; to the B, The true biexcitons are at even higher gives themA,. The large dipole coupling between this state
' and the B, (for realistic §) is simply a consequence of Eq.
(18). We have shown in the previous sections that the wave
function of the interactingnAy is nearly identical to that of
As has been emphasized by different groups, individuathe Hickel 2A,. The difference in the particle-hole separa-
third-order nonlinear optical channels for centrosymmetriction between the correlatedA; and the B, is also similar

V. NONLINEAR OPTICAL CHANNELS

linear -conjugated systems can be written as to the same quantity between the uncorrelatdd and the
_ 1B, . Excitation from them A leads to further electron-hole
1A4— B —kAg—IB,—1A,, separation, leading to theB, state, which has previously

H%een identified as the threshold state of the electron-hole

where each arrow denotes a dipole-allowed process. In t _ . o
P P continuum?®® Although Fig. 12 formally suggests a vanishing

event of exciton formation, significant contribution to the ~: ) s
overall nonlinearity requires that at least onej @ind| (but dipole coupling betv.veen.themg and thenB,, this is merely.
not necessarily bojhs 1. Based on the natures of the wave & consequence of 'gnoring the _smaII b.Ut honzero contribu-
functions and the dipole couplings between them, we ardOns by diagrams with neighboring CT in tieB,, (or more
able to describe the dominant nonlinear optical channelgistant CT in the B,) in the figure. In reality{1Ay|u|nB,)
qualitatively within the exciton basis. The case of sn@ais IS nonzero, and leads to a weak nonlinear optical channel
shown schematically in Fig. 12 where we have describedAg—1B,—mA;—nB,—1Agy, in addition to the strong
each eigenstate by the most representative exciton-basis caprocesses depicted in Fig. 12161920
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We do not give a separate figure for the case of lasjer of the mA; and the biexciton wave functions. As discussed
Our discussions in Sec. IV make it clear that the only differ-in the above, the configuration-space wave function
ence in this case is that there exist only three distinct classds .. 1112011 ...) + (...1110211...) makes a strong
of two-photon states, as opposed to four for sallhe TT  contribution to the strongly correlatedA;. However, pre-
and CT states are not distinct here, and both thg @nd the  cisely this same configuration describes the exciton-basis
mA, are TT+CT. diagram with a doubly excited unit that constitutes the biex-

Inspection of Fig. 12 and our eigenstates in Sec. IV ex<iton in the moderate Coulomb interaction casee the
plains the qualitative similarity between the proposed mechal4A, in Fig. 10. The configurations that describe t
nisms for nonresonant nonlinear optical nonlinearity withinand the biexciton then change continuously as the Coulomb
the singles-Cl calculation®1"*3and within the short-chain correlation parameters are increased from moderate values,
FCI calculations, as interpreted by 1f521*°Essentially, the so much so that for strong correlations the doubly excited
strongest effects of Cl are to cause the energy splittings bedimer is a component of the tlraA; and not the biexciton.
tween the Frenkel and CT one excitations on the one han®f course, all other wave functions change accordingly,
andTT and SS two-excitations on the other. SifICE states  since the relationship between them continues to be as sug-
do not have dipole coupling with theB],, the characteriza- gested in Fig. 12, but only between theA; and the biexci-
tion of eigenstates as predominantly one and two excitation®n is there a continuous reshuffling of the same configura-
is approximately true. Consequently, in the low-frequencytion.
region where the contribution by high-energy SS states are
}{veak,_ one excitations determine the nonresonant optical non- VIl CONCLUSIONS
inearity.

In conclusion, we have presented in detail a discussion of
the energy spectrum and dominant nonlinear optical channels
for linear polyenes within a diagrammatic exciton-basis VB

The above sections clearly indicate that while there existheory. The present exciton theory includes all interactions
only simple %-1h and 2-2h A, states at in the Hikel  within the PPP Hamiltonian. The chief advantage of this
limit, for moderate Coulomb interactions there occur fourtechnique is that physical, pictorial descriptions of exact
distinct classes of optically relevant two-photon states aeigenstates are obtained, thereby making the relationships
small . Although our interest lies in understanding the lin- between the excited states clear, and allowing us to extend
ear and nonlinear optical properties of conjugated polymerghe central concepts to the long-chain polymeric limit. Our
it is of theoretical interest to address the question of how thénost important result is that the relationship between the
strong Coulomb interaction regime is reached from moderateorrelatedm Ay and the B, exciton is the same as between
interactions. The strong Coulomb interaction regime hashe Hickel 2A, and the B, : in both cases thé, state in
been discussed within tHé— o limit before?® The relevant question is obtained from the respectiv@ lby charge trans-
quantity for the characterization of wave functions is nofer between MO’s of neighboring units that are either both
longer the number of excitationg, across excitonic units, as bonding or both antibonding. The large dipole coupling be-
it is for moderate interactions, but rathip, the number of tween the B, and themA is a simple consequence of the
carbon atoms that are occupied by two electrons. Thgifi  nature of the current operator: charge transfers between a
the U—x limit is dominated by the configuration bonding (antibonding and an antibondingbonding MO,

... 11111 ... ,where the numbers denote site occupancieshough allowed, is less favored. Eigenstates that belong to
by electrons. The B, for large nearest-neighbor intersite classes other than CT are obtained from tBg by precisely
Coulomb interactions is the linear combination such less favored charge-transfer processes. Our earliest
(... 11200 ...) - (...11021...), while themA, is a work on this subjedt focused on short-range interactions
linear combination of . .. 11201 ...) + (...11021...) only, and had claimed that th@A, is necessarily pinned
and (...112101... + ...110121...), with relative between the B, and the B,. With long-range interactions,
weights of the nearest-neighbor excitonic and the chargehis is not true, as the exciton band acquires greater width in
transfer contributions determined by the actual details of théhis case. Nevertheless, as discussed in Sec. IV, the lowest
theoretical model being considered. Similarly, thB, is  charge-transfeB, state occurs above thraA;. Even when
now an appropriate combination of...112101...) the 2A4 occurs above theB,, the Ay state that makes the
—(...110121...) and (...1121101...) largest contribution to the third-order optical nonlinearity is
—(...1101121...). The 2A is a spin-wave state, and the of charge-transfer character and is higher than thg.2Al-
biexciton and the two-exciton continuum states are now théhough the 2, in this case is no longer purelyT, the
...1120201 ... configuration, and the configurations particle-hole separation is small in this state. This has a very
...11201...1201 ..., respectively. These are the only important consequence as far as the current discussions of
kinds of two-photon states that are arrived at by two appli-excitonic effects inw-conjugated polymers are concerned,
cations of the current operator on the ground-state configwiz., the experimental determination of theA; must neces-
ration. One then sees that the fundamental description dfarily give a lower limit for the excitonic binding energy.
nonlinear optical channels is the same at at both moderaté/hether themA, is closer to the B, or to the band thresh-
and strong Coulomb interactions. old has also been a topic of discussion. In our opinion, this

The only difference between moderate and strong Coudepends on the character of th® lexciton itself. If the
lomb interactions lies in the actual compositions of theFrenkel contribution to the B,, exciton is larger than the
wave functions. This is best illustrated by the examinatiomearest-neighbor CT contribution, due to large effective

VI. THE EVOLUTION OF WAVE FUNCTIONS
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bond alternation, then the first step in the charge-transfeenergy excitations in these systems are similar to those in
process costs the most energy, andrth, is expected to be linear chains, at higher energies there occur even parity states
close to the band threshold. In systems where the reverse ghose counterparts do not exist in linear chafha. differ-

true (as in the polyengsthe mA, should be closer to the ent, and more plausible, interpretation of high-energy PA
1B, . seems possible. These results are presented elsevhere.

In addition to obtaining a physical description of the low-  We recently learned of the work by Shuai et al. on the
energyTT and CT states, the VB exciton theory also lendsnonlinear optical response of long linear polyerfeShe au-
support to the previous ideas of stable biexcitons inthors use the DMRG approach to calculate the nonlinear op-
m-conjugated polymers. The physical natures of the biexcitical properties of polyenes that are twice the length investi-
ton are slightly different for small and large bond alternation.gated here, within the nearest-neighbor extended Hubbard
Furthermore, the physical nature changes continuously withlamiltonian. The results pertaining to thé2and themA,
increasing strength of the Coulomb interaction, while main-are similar to our work. In addition, the calculated TPA spec-
taining the same relationship with thé] exciton. Finally, trum (see Fig. 5 of Ref. 58of octatetraene within the ex-
even though stable biexcitons might occursnconjugated tended Hubbard Hamiltonian is sparse, and weak TPA to a
polymers, this does not necessarily imply that a high energgtate whose energy is nearly 1.6 times that of tha is
photoinduced absorption (PA), seen in the found. Whether or not this very high-energy two-photon
poly(para-phenylenevinyleng$ is necessarily a transition state is a biexciton state is clearly of interest.
from the exciton to the biexciton. Although we had made
such_an assignment earliér?! this §hou|d striqtly be true ACKNOWLEDGMENTS
only in linear chain systems, for which the exciton-basis VB
theory presented here clearly shows that there are only two The authors acknowledge support from the NSF-ECS, the
classes oA\, stategviz., CT and bound 930 which PAcan  AFOSR, and the ONR through the MURI cent@AMP) at
occur. Recent calculations for polyphenylenes within thethe University of Arizona. We thank the referee for bringing
exciton-basis VB theory has shown that although the low-Ref. 58 to our attention.
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